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Preface

In Memoriam of Professor Jerzy Bałdyga (1950–2019)

“The aim of chemical engineering is to manufacture products of the chemical industry or
the wider range of products of the whole processing industries. Its most important task is to
describe these processes which is the basis for design, proper exploitation, optimization and
control of production installations, and to solve technical problems of process execution.
Therefore, it is extremely important to transfer the results of scientific experiments to
industrial practice and production of finished goods”.

Jerzy Bałdyga

The book is dedicated, in memoriam, to Professor Jerzy Bałdyga, a pioneer in
chemical engineering in Poland, in Europe, in the world. He opened new paths in
the theory and practice of chemical engineering. Professor Jerzy Bałdyga
was the inspiration of the first Seminary on Practical Aspects of Chemical
Engineering PAIC 2017.

Chemical engineering is the field of applied science that employs physical,
chemical, and biochemical rate processes for the betterment of humanity. This
sentence has been the underlying paradigm of chemical engineering and related
sciences, e.g. process engineering, chemical technology, and environmental pro-
tection engineering for at least a century, through the development of modern
chemical and petrochemical, biochemical, and materials processing, and into the
twenty-first century as chemical engineers have applied their skills to fundamental
problems in pharmaceuticals, medical devices and drug delivery systems, semi-
conductor manufacturing, nanoscale technology, renewable energy, environmental
control, and so on.

This book aims at presenting the reader a combination of scientific research with
process practice and product development, as well as the practical aspects of
chemical engineering and related sciences. It contains selected issues with a detailed
description of the use of research results, i.e.
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• Rheological properties of fluids
• Mixing
• Single- and multi-phase flows
• Reactors
• Momentum transfer processes
• Heat and mass transfer
• Design and modelling of chemical processes and devices
• Measurement and process control
• Environmental protection engineering
• Other issues of chemical engineering.

The editors of this book hope that it will be a valuable piece of reading for both
researches and students of chemical engineering and engineers working in the area
of design of chemical processes and equipment. The reader is presumed to have a
basic knowledge of chemical equipment design and the theory of chemical
engineering.

November 2019 Marek Ochowiak

vi Preface
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Analysis of Thermal Distillation Process
for Digestate in the Aspect of Gas, Liquid
and Solid Products of Thermal Conversion

Mariusz Adamski1(&) and Piotr Tomasz Mitkowski2

1 Institute of Biosystems Engineering, Faculty of Agriculture and
Bioengineering, Poznan University of Life Sciences, Poznań, Poland

mariusz.adamski@up.poznan.pl
2 Institute of Chemical Technology and Engineering, Faculty of Chemical

Technology, Poznan University of Technology, Poznań, Poland

Abstract. The paper presents a case study for the process of thermal decom-
position of digestate in order to obtain energy fractions. The aim of this work is
to produce digestate and to indicate the potential of obtaining solid biofuel
through thermal decomposition for the production of solid, gaseous and liquid
products. In order to achieve the objective of the work, it was planned to
produce digestate in mesophilic conditions, using a mixture of food and agri-
cultural waste. The methanation process was carried out in accordance with the
standard DIN 38 414 p.8. Thermal decomposition was carried out in the range of
low-temperature pyrolysis at atmospheric pressure. The air-dried mass has been
thermally decomposed. In the field of solid products, the acquisition of the form
of carbonized biomass was assumed. The concentration of process gases was
measured with the use of chemical and spectral sensors. In the scope of gas
products, the observation of the emission of basic process gases (CO, CO2, CH4,
H2, NOX, H2S, O2) was assumed. In the range of liquid products, the obser-
vation of moisture and tarry substances secretion was assumed. A case studie for
digestate under dry thermal distillation conditions indicated insufficient emission
of flammable gases (CO, CH4) and the possibility of obtaining a flammable
product in a low temperature range (from 200 °C to 300 °C).

1 Theoretical Fundamentals of the Thermal Decomposition

Popular methods of biomass thermal conversion include: drying, combustion, pyrol-
ysis, gasification and torrefaction (Kratofil et al. 2014; Bis et al. 2018; Jamrozik et al.
2015; Bergman et al. 2005). The torrefraction process takes place at a temperature of
range from 200 °C to 300 °C, without access to oxygen, and is known for improving
the quality of biomass as a fuel (Kratofil et al. 2014; Bis et al. 2018; Agar 2017).

During the torrefraction process, solid, gas and liquid products are obtained. There
is also a loss of chemical energy and a loss in the weight of the source material. The
initial mass is reduced by up to 30% and the chemical energy is reduced by 10%
(Kratofil et al. 2014; Bis et al. 2018; Jamrozik et al. 2015; Bergman et al. 2005;
Pawlak-Kruczek and Czerep 2016; Agar 2017).

© Springer Nature Switzerland AG 2020
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The torification method has been known for more than 70 years and is derived
technologically from the drying and roasting of coffee beans (Kratofil et al. 2014; Bis
et al. 2018; Jamrozik et al. 2015; Bergman et al. 2005; Pawlak-Kruczek and Czerep
2016).

In the process of thermal biomass decomposition, conversion is usually carried out
at atmospheric pressure (Pawlak-Kruczek and Czerep 2016). In the process of tor-
refraction, the following stages can be distinguished: drying, proper thermal decom-
position and cooling of the biomass (Fig. 1) (Kratofil et al. 2014; Bis et al. 2018;
Pawlak-Kruczek and Czerep 2016; Tremel et al. 2012; Mełgieś and Malinska 2016;
Agar 2017). Biomass drying can be carried out during the heating process or before the
substrate is introduced into the thermal chamber (Pawlak-Kruczek and Czerep 2016;
Jakubiak and Kordylewski 2010).

Maintaining the process of thermal decomposition in the nominal temperature
range and under atmospheric pressure allows the decomposition of fiber structures,
including cellulose, hemicellulose and lignin (Kratofil et al. 2014; Bis et al. 2018;
Jamrozik et al. 2015; Bergman et al. 2005; Pawlak-Kruczek and Czerep 2016; Jakubiak
and Kordylewski 2010; Neugebauer et al. 2010). Therefore, the chemical composition
of biomass is an important factor in determining the amount of solids and volatile
components.

The most reactive ingredient is hemicellulose, which is characterized by the highest
degree of decomposition at temperatures ranging from 225 °C to 325 °C.

Then, as a result of the torification process, cellulose is degraded at temperatures
from 300 °C to 325 °C and lignin is decomposed, which temperature range is from
250 °C to 500 °C (Pawlak-Kruczek and Czerep 2016; Durczak et al. 2018; Mitkowski
et al. 2016; Yan et al. 2009).

For these reasons, during the toryfication process, which takes place at temperatures
between 200 °C and 300 °C, the highest weight loss is observed in the degradation of
hemicellulose and lignin (Pawlak-Kruczek and Czerep 2016; Kaushik et al. 2018;
Adamski et al. 2018; Durczak et al. 2018; Mitkowski et al. 2016; Tremel et al. 2012;
Mełgieś and Malinska 2016; Agar 2017; Jakubiak and Kordylewski 2010; Neugebauer
et al. 2010).

Fig. 1. Possible steps in the torrefraction process (own source)

2 M. Adamski and P. T. Mitkowski



Compared to unprocessed biomass, torrefraction is characterized by higher energy
density and milling susceptibility and is structurally homogeneous material. The solid
thermal decomposition product resembles, by its properties, more low-calorific carbon
than biomass.

During the thermal degradation process, the initial substrate mass is reduced by up
to 30% by removing moisture and volatile substances (Pawlak-Kruczek and Czerep
2016; Jakubiak and Kordylewski 2010; Neugebauer et al. 2010).

The separated volatile components are the cause of energy loss, which usually does
not exceed 10% of the total energy of the raw material.

The mass and energy yield for a typical thermal conversion reaction may vary
depending on the type of biomass, process temperature, moisture content of the bio-
mass and the time spent in the thermal chamber.

The volatile parts called “tor-gas” contain a lot of flammable organic components,
but just as many of them are non-flammable, making it problematic to get a gas that can
be burned and provide the heat required during the process.

The gas from the torrefracion process is a moist gas, because even if the raw
material is dry, it can be expected that about 50% of the resulting gas mass will be
water and another 10% CO2 (Pawlak-Kruczek and Czerep 2016; Jakubiak and Kor-
dylewski 2010; Yan et al. 2009; He et al. 2013).

For this reason, it is difficult to obtain a flammable gas that, after combustion,
would supply the required heat stream to the process.

Wood pellets and wood chips are a popular material for the torrefraction process
due to their density and humidity. The digestate can be an alternative to typical sub-
strates in the thermal conversion process (Kratofil et al. 2014; Bis et el. 2018; Jamrozik
et al. 2015; Bergman et al. 2005; Pawlak-Kruczek and Czerep 2016; Jakubiak and
Kordylewski 2010; Neugebauer et al. 2010; Yan et al. 2009; He et al. 2013; He et al.
2018).

2 Aim of the Study

The aim of this work is to produce digestate and to indicate the potential of obtaining
solid biofuel through thermal decomposition for the production of solid, gaseous and
liquid products.

Thermal decomposition was carried out in the range of low-temperature pyrolysis
at atmospheric pressure. The air-dried mass has been thermally decomposed. In the
field of solid products, the acquisition of “bio-coal” was assumed. In the scope of gas
products, the observation of the emission of basic process gases (CO, CO2, CH4, H2,
SO2, NOX, O2) was assumed. In the range of liquid products, the observation of
moisture and tarry substances secretion was assumed.

In order to achieve the objective of the work, it was planned to produce fermen-
tation under mesophilic conditions using a mixture of food and agricultural waste.
Thermal decomposition of the acquired digestate was planned within the temperature
range from 200 °C to 300 °C.
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3 Materials and Methods

The fermentation process and the production of digestate were carried out in accor-
dance with DIN 38 414 p.8 (DIN 38414 S.8 2012).

The characteristics of liquid flow through the regulator reminded the outflow
characteristics through a small opening: if there is a small opening in any shape but
with rounded edges in the tank wall (Fig. 1).

The digestate was prepared on a multi-chamber stand in a periodical fermentation
system. (Fig. 2). The capacity of a single fermentation chamber is 1000 ml. The
produced biogas is stored in eudiometer tanks. The capacity of each biogas tank is
1200 ml (Fuldauer et al. 2018; KTBL-Heft 84 2009; Kaushik et al. 2018; Adamski
et al. 2018; Durczak et al. 2018).

The substrate mixture for the fermentation process was prepared on the basis of
cattle slurry, food and municipal waste (Table 1). The fermenting mixture was stirred
using a hydraulic mixer in which the sedimentation and flotation layers were disturbed
using gas and liquid fraction (Mitkowski et al. 2016, 2018).

Fig. 2. Research stand for the study of biogas productivity of substrates according to DIN 38414
S.8 (left), inoculum station for quasi continuous fermentation work (right) (own source)
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After a period of 64 days, the fermentation process has spontaneously stopped (DIN
38414 S.8 2012; Adamski et al. 2018; Durczak et al. 2018).

The fermentation process was carried out simultaneously in 10 fermenters to
accumulate a sufficient amount of digestate. Moist post-fermentation pulp with a dry
matter content of 6.35% was dried at a temperature not exceeding 67 °C.

During the extensive drying process the following material was obtained: moisture
content 10.54% m/m, average dry organic matter 51.52% m/m. The dried digestate was
crushed mechanically and divided into laboratory samples of weight 40 g.

Fig. 3. Components of the thermal chamber for torrefied biomass (own source): 1 - thermal
chamber, 2 - top cover, 3 - bottom cover, 4 - container for substrate, 5 - base, 6 - mounting plate,
7 - levelling regulation, 8 - 230 V power supply, 9 - process controller, 10 - temperature sensor,
11 - ceramic resistance heater, 12 - coolant supply, 13 - coolant outlet, 14 - safety valve, 15 -
pressure gauge, 16 - akuometer, 17 - vacuum pump, 18 - 230 V supply, 19 - process product
removal valve, 20 - liquid product container

Table 1. The composition of the fermentation mixture

Mixture Dry
matter

Proportion Amount of
dry matter

Fresh
matter

Organic dry
matter

Organic dry
matter

Ingredient [% m/m] [%] [g] [g] [%] [g]

Cattle slurry 2.822 1 0.2854 10.113 40.82 0.116
Manure 16.521 7 8.259 49.995 84.02 6.939
Potatoes 1.886 4 5.150 27.269 93.91 4.836
Cauliflower 9.167 2 1.152 12.570 93.64 1.079
Fried meat 27.963 1 1.816 6.496 93.73 1.703
Salad 4.315 2 0.719 16.672 0.851 0.612
Bread 63.367 2 8.416 13.281 0.970 8.163
Sweeds 83.271 2 9.354 11.233 0.998 9.335
Grass 20.170 5 7.061 35.005 0.896 6.327
Inoculation 6.957 73 34.785 500.000 0.676 23.513
Total moisture
[% m/m]

88.72 Totals 76.999 682.600 62.624

Total dry mass
[% m/m]

11.28
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The prepared material was used to study the process of thermal decomposition of
biomass. A scheme of the research station is shown in Fig. 3.

The fermentation process and the production of digestate were carried out in
accordance with DIN 38 414 p.8 (DIN 38414 S.8 2012).

Eudiometric tanks from the research station of the fermentation process were used
to store gas products (Fig. 2). The concentration of process gases was measured with
the use of chemical and spectral sensors. The measurement of process gas concen-
trations was performed with a multi-gas “Optima 7” meter from MRU.

4 Results and Discussion

Studies of thermal decomposition of digestate were tested in intervals of 10 °C starting
from 200 °C to 300 °C. Thermal and efficiency characteristics of the gasification
process indicate that the process times were maintained until the emission of the gas
fraction was stopped (Fig. 4, Fig. 5).
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Investigations of thermal decomposition of digestate allowed to obtain information
on the influence of temperature on the process time and the level of emission of
selected process gases (Table 2).

In the case of material with reduced raw fibre content and components of cellulose,
hemicellulose and lignin, an increase in methane concentration was observed (Fuldauer
et al. 2018; Adamski et al. 2018; Durczak et al. 2018).This tendency is opposite to
high-temperature processes of wood biomass decomposition (Pawlak-Kruczek and
Czerep 2016; Tremel et al. 2012; Mełgieś and Malinska 2016; Jakubiak and Kordy-
lewski 2010; Yan et al. 2009).

It should be noted that the total content of combustible gases (CO, CH4) is lower
than in the case of wood biomass and cannot contribute to the balance of energy
expenditure in the thermal process (Jamrozik et al. 2015; Pawlak-Kruczek and Czerep
2016; Tremel et al. 2012; Mełgieś and Malinska 2016; Jakubiak and Kordylewski
2010).

In the process of thermal decomposition no SO2 emission was observed for each of
the temperature ranges. Also no NO2 and hydrogen emissions were observed for
individual thermal ranges (Jakubiak and Kordylewski 2010).

Samples of dried digestate with an average organic matter content of 51.52%
allowed for the separation of carbonizate and visible liquid fraction (Table 3).

As a result of the temperature effect, the carbonizate mass loss was observed in the
range from 8% m/m to over 35% m/m.

The level of carbonizate combustible matter was observed in the range from 48%
m/m to over 59% m/m.

Comparison of the obtained parameters for solid products of the process of thermal
decomposition of dry digestate shows that wet or hydro-thermal gasification processes
allow to better intensify the decomposition of raw fibre components for energy pur-
poses (Yan et al. 2009; He et al. 2013; He et al. 2018).

Table 2. Emissions of gaseous products from digestate gasification

Process temperature CO CO2 NOX CH4 Gas volume O2

[°C] [ppm] [%] [ppm] [ppm] [ml] [%]

200 53673 7.10 419 1290 640 1.64
210 6659 2.10 53 670 825 1.16
220 39337 26.43 134 2530 1055 1.71
230 41210 64.11 940 6400 1370 1.34
240 46948 38.37 571 2230 1205 1.58
250 59205 54.88 783 5390 1355 1.40
260 56710 68.60 860 10000 1650 1.21
270 44994 76.28 1451 25850 1755 1.40
280 40096 68.83 1770 29660 1840 1.22
290 38057 64.84 1539 26130 1930 1.33
300 36207 65.62 1640 34010 1990 1.28
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5 Conclusions

A case study for digestate under dry thermal distillation conditions indicated insuffi-
cient emission of flammable gases (CO, CH4) and the possibility of obtaining a
flammable product in a low temperature range (from 200 °C to 300 °C). The solution
to the problem of high moisture content in the fermentation can be to use the digestate
only after filtration of the liquid fraction and to carry out the modified wet torrefraction
at 260 °C (He et al. 2018).
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Abstract. Drying with superheated steam is an innovative method for the
preparation of food products. Compared to hot air drying, this method allows
obtaining higher quality products. In addition to better quality features, super-
heated steam has a number of other advantages, such as low energy con-
sumption and high drying speed. The main purpose of the following work was
to determine the drying curve for pork subjected to superheated steam drying.
The parameter that was additionally determined was the temperature distribution
in the dried material. The tests were carried out at four temperatures (120, 140,
160 and 180 °C). The drying curves determined were similar to the drying
curves obtained by other scientists. The obtained results confirmed that steam
drying with superheated heat at a higher temperature reduces drying time.

1 Introduction

Pork meat is the most consumed meat in Europe. According to data from 2018, in the
European Union countries nearly 20 thousand tonnes of pork meat was consumed
during the year, which accounted for 18% of global consumption of pork (OECD
2019). The main ingredient of meat is water, which has a direct impact on the durability
and quality of food, which is caused by the fact that this ingredient causes biological
and physicochemical changes occurring in food products (Castell-Palou et al. 2011).
Meat also contains large amounts of protein, which is an essential component of the
human diet. In addition, the meat contains vitamins among them group B vitamins
(riboflavin and thiamine) and minerals such as potassium, sulfur, phosphorus, sodium
and iron (Kirschmann 2007). The oldest and most commonly used method of food
preservation is drying. The purpose of drying is to reduce the moisture content of the
dried material, which results in reduced water activity (Singh et al. 2006). Currently,
the most popular method of obtaining dried meat and meat products is drying with hot
air (Castell-Palou et al. 2011). This method is used to extend the shelf life, however, it
causes a deterioration in the quality characteristics of meat. Drying with superheated
steam allows for higher quality products (Uengkimbuan et al. 2006). The effectiveness
of SSD in obtaining higher quality products has been confirmed by many publications.
(Uengkimbuan et al. 2006) conducted research aimed at explaining the effect of salt on
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SSD kinetics and quality characteristics of dried pork slices. The qualitative features
during these tests were meat color and the ability to rehydrate (Uengkimbuan et al.
2006). Similar studies were conducted by (Swasdisevi et al. 2006). However, in this
case, apart from the meat color and rehydration ability, the effect of salt on meat
contraction during SSD was also examined (Uengkimbuan et al. 2006). As a result of
the conducted tests (Uengkimbuan et al. 2006), they found that along with the increase
in temperature, the time of dried pieces of pork decreases. The increase in temperature
also caused that the degree of meat redness increased and the brightness of dried meat
decreased, which was caused by Maillard’s reactions. Pork slices dried at a higher
temperature had less rehydration ability compared to slices dried at a lower tempera-
ture. They drew similar conclusions after the conducted experiments (Swasdisevi et al.
2006). In addition, they observed that the addition of salt increases the drying time and
increases the redness of meat. Pieces of salted meat had greater drying shrinkage but
had less rehydration capacity. (Pengpongsa 2006) during his research compared two
methods for drying seasoned beef slices. The first method was steam drying and the
second method was combined superheated steam drying with a heat pump. As a result
of the tests, it was found that the increase in drying temperature caused a shortening of
the duration of the process, pork dried using a combined technique had a higher redness
value, but had a lower brightness value than pork dried with superheated steam. In
addition, it was found that the use of a combined technique for drying seasoned pork
resulted in a decrease in the shrinkage of dried meat. Samples dried by combined
technique had a greater rehydration capacity than samples dried using superheated
steam. (Sa-adchom et al. 2011a) conducted research on the impact of slice thickness,
seasoning and cutting direction in relation to meat fibers on drying kinetics and quality
characteristics of dried pieces of pork subjected to superheated steam drying. The
obtained results showed that a thinner pork slice has a shorter drying time, a lower
redness value and its drying shrinkage is smaller compared to a thicker one. The
addition of seasoning extends the drying time, increases the value of yellowness and
reduces the strength and hardness of pieces of pork. Dried pork sliced parallel to the
fiber direction had a lower percentage of shrinkage, hardness and strength than that
sliced perpendicular to the fiber direction. The SSD, apart from positively influencing
the quality characteristics of dried products, has other advantages. The processing of
food products using superheated steam allows for pasteurization, deodorization and
inactivation of microorganisms and enzymes. In addition to positively influencing the
quality characteristics SSD allows for the use of pasteurization, deodorization and
deactivation of microorganisms and enzymes (Sehrawat et al. 2016). Additionally,
drying by superheated steam is characterized by low power consumption, small risk of
fires and explosions and a high rate of drying (Mujumdar 2007). In addition, studies
confirmed the effectiveness of superheated steam in decontaminating poultry skin
(Kondjoyan et al. 2008).
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2 Materials and Methods

2.1 Experimental Set-up

A schematic of the apparatus used during the experiments is shown in Fig. 1.

The apparatus by means of which the SSD kinetics have been determined operates
in a closed circuit and can work under a maximum pressure of 6 atmospheres. At the
time of start-up, steam is supplied to the heated apparatus from the steam generator
until the air contained in it is removed. Circulating steam in the apparatus it is over-
heated to the preset temperature by means of electric heaters (7). The steam flow is
forced by a built-in fan (8). In the measuring chamber (2), the samples are placed on a
strain gauge and then the chamber is sealed (1). With the help of two servomotors (3),
the measuring chamber with the samples inside is lowered into the apparatus, where the
tested material immediately contacts the superheated steam. The apparatus consists of
two identical measuring chambers.

Fig. 1. Schematic of the apparatus for determining the kinetics of superheated drying: 1-sample
insertion device, 2-measuring chamber, 3-sample insertion pressure cylinders, 4-pressure sensor,
5-temperature sensor, 6-window, 7-heater, 8-fan
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2.2 Materials

The material used during the experiments was pork loin, purchased from a local
supermarket. The meat samples used in the tests were cylindrical with dimensions
r = 9 mm and H = 70 mm and had an initial mass of about 14.6 g.

2.3 Methods

The process of drying pork with superheated steam was carried out at four temperatures
(120, 140, 160 and 180 °C) at atmospheric pressure. An additional parameter measured
during drying was the temperature distribution in the sample. This measurement was
carried out using two thermocouples placed in the sample. The first thermocouple was
located in the central part of the sample (r = 0) and the second in the middle of the
distance between the center and the edge of the sample (r = 4,5 mm) The results
obtained in this way allowed us to plot the drying curves, which are similar to the
drying curves found in the literature (Jamradloedluk et al. 2004).

3 Results

The results are shown graphically in Figs. 2, 3, 4 and 5.

Fig. 2. Drying curve and temperature distribution at 120 °C
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Fig. 3. Drying curve and temperature distribution at 140 °C

Fig. 4. Drying curve and temperature distribution at 160 °C
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From the drying curves presented in the drawings, it can be seen that the rate of
moisture removal from the material is related to temperature. An increase in the process
temperature causes an increase in the rate of moisture removal from the dried material.
Three characteristic stages of drying materials with superheated steam can also be
observed in the drawings. The first stage is related to the condensation of water vapor
on the dried material because the temperature of the dried material is initially lower
than the temperature of the drying medium (Jamradloedluk et al. 2004). Similar
observation regarding this drying step has been described by (Soponronnarit et al.
2006, Taechapairoj et al. 2006). The second is the CDR stage. This stage begins when
the film of water on the dried material disappears. The rate of moisture evaporation on
the surface of the material results from the rate of convective heat transfer (Mujumdar
2000). During this stage, the wet material temperature remains constant at saturation
temperature (Taechapairoj et al. 2006). The third stage is the FRP stage, which begins
when the moisture content of the material is lower than the critical moisture content
(Taechapairoj et al. 2006). The material temperature rises to superheated steam tem-
perature and the moisture content slowly decreases to the equilibrium moisture content
(Sa-adchom et al. 2011b).

4 Conclusions

Experiments on SSD kinetics of pork performed in this work indicate that drying time
to reach equilibrium MC strongly depends on steam temperature. The times were
approximately equal to 6500, 4500, 3500 and 2500 s for steam temperatures 120, 140,
160 and 180 °C respectively. Condensation stage lasted approx. 250 s in each case.

Fig. 5. Drying curve and temperature distribution at 180 °C
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In each case the obtained product has acceptable sensorial quality but further study on
this aspect is required.
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Abstract. The work focuses on current state, trends and further development
directions in solvent extraction of copper. The extractants used for this purpose
were reviewed and new pyridine-based proposals were described. Compounds
having copper chelating properties are described in detail, with particular
emphasis on oxime pyridine derivatives.

1 Copper and Its Production

Copper is a malleable, ductile metal that has excellent heat conductive and electricity
properties. It is also a metal resistant to corrosion (Rzadkosz et al. 2014; ICGS 2018)
and exhibiting antimicrobial properties (Ochoa-Herrera et al. 2011). Copper can be
found in the earth’s crust as pure native copper or in combination with other elements
(ICGS 2018; Pietrzyk and Tora 2018). With other elements, it occurs mainly in sulfide
deposits such as chalcopyrite, bornite, chalcocite, and kovelite. In smaller quantities,
carbonate deposits such as azurite or malachite and silicate deposits (chrycolla and
dioptase) copper is also found. Copper and its alloys are used in a variety of appli-
cations that are necessary for a good standard of living. Its continuous production and
use is necessary for the development of society. Figure 1 shows the changes in copper
consumption per person compared to their population in years of 2000–2017. It can be
seen that the data presented correlate with each other, indicating how necessary copper
is today (ICGS 2018). The growing demand for copper can be met through the dis-
covery of new deposits, the development of new processing technologies as well as the
proper management of its waste.

There are currently two main methods for obtaining metallic copper. The first is
pyrometallurgical processing of metal-rich deposits and their concentrates obtained by
flotation. Hydrometallurgical (also known as LX-SX-EW) treatment is an alternative
method, which can be used for poorer deposits. It consists of three stages (Fig. 2), in
which the main is to obtain a solution containing metal ions by leaching of ores with an
appropriate agent (Table 1) causing its dissolution (Chmielewski 1996). The leachate
solutions obtained (called pregnant leach solution, PLS) are further purified by reactive
liquid-liquid extraction (Wieszczycka 2018), during which metal ions are complexed
by a complexing reagent. Extractant plays a key role in hydrometallurgical process. Its
task is to transfer a desired component from the aqueous to the organic phase through
complexation reaction, leaving undesirable components of the mixture in the aqueous
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phase, and then in the reverse process (stripping), is to create the appropriate electrolyte
necessary for the metal electrowinning process (Schlesinger et al. 2011).

The processing of deposits within the hydrometallurgical route began to develop in
the 1960s due to the discovery of extractants. Based on data published by ICSG (ICSG
2018), in 2017 refined copper production by hydrometallurgy accounted 16% of its
total production (3.7 million ton of refined copper) (Fig. 3). Along with the rate of
decreasing of ores containing high copper content and at the same time with the
increase in copper demand, it has been estimated that SX-EW processes have become
more and more popular (Norgate and Jahanshahi 2010; Rotuska and Chmielewski
2008).
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Table 1. Sulphate and chloride based leaching processes of copper ore

Leaching agent Process Conditions

Diluted H2SO4 Heap leaching (Domic 2007)
ROM dump leaching (Domic 2007)

Ambient temperature
and atmospheric
pressure

Diluted H2SO4

with bacteria
BacTech/Mintek (Gericke et al. 2009)
BioCOP™ (Batty and Rorke 2006)

35–50 °C
65–80 °C

FeSO4 Sepona (Baxter et al. 2003)
Galvanox™ (Dixon et al. 2008)
Albion (Hourn et al. 1999)
Cobre Las Cruces Project (Fleury et al.
2010)

80 °C
80 °C
85 °C
90°

Diluted H2SO4

with NaCl
Diluted H2SO4 with
CaCl2

BHAS (Peacey et al. 2004)
CESL (Bruce and Seaman 2014)
CuproChlor® (Chilean Patent 2001)

Ambient temperature
Elevated temperature
and pressure
Ambient temperature

FeCl3, CuCl2, NaCl
FeCl3, NaCl
FeCl3, NaCl
NaCl-NaBr

Cymet (Peacey et al. 2004)
Cuprex (Peacey et al. 2004)
Outukumpu (Peacey et al. 2004)
Intec (Peacey et al. 2004)

75–85 °C
95 °C
n.d.
80–85°

(NH4)2SO4 BIOSHALE (Chmielewski et al. 2009;
Radmehr et al. 2012)

120–180 °C
5–12 atm
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2 Chelating Extractants

Depending on the metal leaching agent used, of various leaches may be formed i.e.
sulphate, chloride, nitrate, ammoniacal or mixtures thereof, e.g. chloride-sulphate
(Table 1). Therefore, a complexing agent used in the extraction step must be adequate
to work in desired conditions, e.g. by using an appropriate active compound or
modifier. For this, many different groups of compounds have been proposed, such as
carboxylic acids, hydroxamic acids, high molecular weight amines and organic com-
pounds based on phosphoric acid (Cheng et al. 2015; Preston 1985; Tait et al. 1995).

The a-hydroxyoxime (LIX®63) has been implemented in the industry as an
extractant of copper(II) from acid solutions together with ketoxime based on 2-
hydroxy-5-nonyl or -dodecylbenzophenone (LIX®64, LIX®64N, LIX®65N) Later
developed compounds were based on 2-hydroxy-5-nonylacetophenone (Table 2-I)
(Schlesinger et al. 2011), which, compared to previous ones, provided better extraction
efficiency from dilute acid solutions with a low content of copper(II). Ketoximes
provide sufficient extraction force useful in the pH range 1.6–1.8, sufficient selectivity
for iron(III) ions and adequate physicochemical stability (Yáñez et al. 2017). In
addition, they are characterized by excellent phase separation, low losses due to pen-
etration into the aqueous phase and do not cause crud formation (Schlesinger et al.
2011).

Hydroxyaldoximes are the next generation of extractants (Table 2-II). Their
advantages are above all even better extraction ability, especially from strongly acid
solutions and better selectivity towards iron(III) ions. An important aspect is also that
owing to the mutual miscibility of these compounds, we can influence on the extraction
properties by adjusting them to the needs of a given process by selecting their
respective ratios (Table 2-III) (Schlesinger et al. 2011).

The aforementioned compounds as well as their mixtures have also been used in the
extraction processes of copper(II) from ammonia leach solutions (LIX®860N,
LIX®84-I, LIX®973N) as well as b-diketone (LIX®54-100, Table 2-IV) (Alguacil
and Navarro 2002; Algaucil and Regel-Rosocka 2018). All extractants based on
aldoximes and ketoximes have been proposed to extract copper(II) in industrial pro-
cess, but finally used with a few exceptions (LIX®54, LIX®70, LIX®71, LIX®73, XI
51, SME 530, OMG, ABF), and are still used. Currently there are three main com-
panies on the market that produce extractants for industry. BASF (LIX extractants),
Solvay (ACORGA and CYANEX) and KopperChem (Mextral extractants). Table 2
presents a summary of the currently used commercial extractants in the copper(II)
removal (BASF 2019; KopperChem 2019; Solvay 2019).

3 Novel Extracting Reagents

Novel compounds that have complexing properties for copper ions have also been
designed and tested over last twenty years. Much research has been devoted to com-
pounds based on pyridine.
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Hydrophobic derivatives of pyridine-carboxylic acids capable of metal complexa-
tion include also the compounds with amide group, as indicated by results of the
studies performed for the derivatives with amide group at positions 2, 3 or 4 of the
pyridine ring and for diamides of pyridine-3,5- and -2,4-dicarboxylic acid. Similarly as
for esters, the complexing and extracting properties of the amide derivatives depend on
the basicity of the pyridine nitrogen, determined by the number and positions of
electron-acceptor groups. Most often, an increase in the number of amide groups and
their positions near the pyridine nitrogen result in a reduced extraction ability of the
compound. The exception from the above rule takes place when the extraction is
carried out at a low concentration of chloride ions. In such conditions the hydrophobic

Table 2. Commercial copper chelating agents and their applications
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derivatives with the amide group near the pyridine nitrogen are more potent extractants
than the analogous amide derivatives of pyridine-3- and 4-carboxylic acids. Most
probably the reason for this exceptional behavior is formation of more stable com-
plexes in which copper atom is bonded to pyridine-2-carboxyamide and pyridine-2,6-
dicarboxyamide via the pyridine nitrogen and the oxygen from amide group. Unfor-
tunately, most of the pyridineamide easily undergo protonation, which means that the
acid is moved to the organic phase (Borowiak-Resterna 1999; Borowiak-Resterna and
Lenarcik 2004; Bogacki et al. 1997; Klonowska-Wieszczycka et al. 2009; Woj-
ciechowska et al. 2017a, 2017b).

The hydrophobic pyridine ketoximes (Table 3-V) are the another type of extractant
which are a combination of a chelating extractant (oxime group) and a solvating
extractant (pyridine ring). This structure was expected to permit their use in different
extraction systems. The presence of an oxime group along with the pyridine ring in the
extractant increased the number of sites capable of metal coordination. Of particular
importance is the basic nitrogen atom that has a free electron pair, capable of making a
coordinate bond. Oximes comprise a weakly acidic hydrogen at hydroxyl group that
can undergo deprotonation and lead to formation of a stable chelate complex. Oxime of
1-(2-pyridyl)ethane-1-one belongs to the group of polydentate ligands that are capable
of forming complexes more stable than pyridine or oxime group alone. The complexes
are formed mainly via coordinate bonds in which the electron pair donors are the
nitrogen atoms from pyridine ring and oxime groups and the oxygen atoms, that can
make coordinate or ionic bonds with metals. Also the formation of the so-called
hydrogen bonds is possible, they additionally stabilize the complex and link e.g. two
ligands coordinating the metal ion between them.

The search for a new extractant was undertaken in response to the hydrometal-
lurgical industry demand for an effective, selective and stable complexing compound.
In particular demand was an extractant of copper ions from chloride and sulphate
solutions, and also, if copper is extracted from wastewater, from solutions of ammo-
nium chloride. Not all of the pyridine ketoximes proposed meet all these conditions. As
expected, the position of oxime group in pyridine ring determined the mechanism of
metal ions complexation. When copper(II) ions are extracted from weakly acidic
chloride solution, with toluene and 10% (v/v) addition of decan-1-ol as an organic
solvent, the compounds with an oxime group in direct vicinity of the pyridine nitrogen
complexed copper in 100% in the whole range of chloride ions studied making stable
chelate-type complexes. A shift of the oxime substituent to position 3 or 4 of the
pyridine ring leads to formation of complexes of different structure, and the process of
metal transition significantly depends on the concentration of chloride ions in water
solution (Klonowska-Wieszczycka et al. 2009; Wieszczycka et al. 2012a, 2012b; Parus
et al. 2015). Unfortunately, when copper(II) ions were extracted with hydrophobic
alkyl-2-pyridyl oximes, the sulphate ions prevented the metal transfer to the organic
phase, as they induced precipitation of the complex formed and formation of a stable
emulsion (Wieszczycka et al. 2012a, 2012b).
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The ether derivatives of pyridineamidoximes have also been studied (Woj-
ciechowska et al. 2017a, 2017b; Wieszczycka et al. 2019) (Table 3-VI). Regardless of
the type of alkyl chain (straight and branched), these compounds reached equilibrium
after 15 min of shaking. However, significant differences between the compounds can
be seen by observing changes in chloride ion concentration. In the case of compounds
with a straight alkyl chain, the best properties are obtained in whole range of chloride
ions concentration. Compounds having a 2-ethylhexyl chain exhibited completely
different behavior. Effective extraction occurred at a concentration of chloride ions
above 3.5 M. In addition, the compounds with branched chain had higher selectivity
for iron(III) ions from the acid chloride solution. The extractants were regenerated
easily using diluted (1%) sulfuric acid.

Recent literature have reported pyridine derivatives containing an imidoamide
moiety (Table 3-VII), in which the amino nitrogen is attached with two alkyl chains.
These compounds are characterized by very fast equilibrium achieving (120 s) and by

Table 3. Structures, names and extraction conditions
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the extraction properties depending on the substitution in the pyridine ring. Only
compounds with substitution at 2 position of the pyridine ring show adequate effi-
ciency, which also depends on the type of used diluent. When heptane is used as a
diluent, the 50% extraction is observed at pH of 1.7, while in the case of toluene, at pH
2.8. Regeneration of the extractant requires the use of a sulfuric acid solution or a spent
electrolyte, which after the process can be used at an electrowinning step. Moreover,
the pyridineimidamides are selective copper extractants especially in the presence of
iron(II) and (III) (Aksamitowski et al. 2018; Aksamitowski et al. 2019). Other studies
conducted using the hydrophobic pyridineimidamides have indicated that this com-
pounds are promising extractant of copper(II) from a sulphate mixture containing also a
high concentration of zinc(II). The length and type of alkyl chains attached to the
imidamide nitrogen, as well as the diluent type have been demonstrated as the main
factors influencing on the selectivity of the extraction. The results obtained have also
shown that compounds having less than 6 carbon atoms in a single chain attached to the
imidamide nitrogen form complexes that are too hydrophilic. The use of commercial
diluent counterparts additionally improved the extraction efficiency and improved
selectivity towards zinc(II). As in previous studies presented, regeneration of the
extractant was carried out using the sulfuric acid solutions (Aksamitowski et al. 2018;
Aksamitowski et al. 2019).

4 Summary

In the last 50 years, the hydrometallurgy ore treatment has become increasingly pop-
ular. Currently used commercial extractants have several disadvantages. The main ones
include such as susceptibility to nitration or hydrolysis. Currently, also classic sulfuric
acid leaching methods are gradually being abandoned in favour of solutions containing
chloride ions. This is because fresh water is replaced by sea water. It is therefore
necessary to consider the use of existing and new compounds under different then
classic conditions. It seems important to design and research novel compounds that
would have similar or better properties than commercial reagents, eliminating the
disadvantages of them.
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Abstract. The chapter presents the results of research on the vertical falling
flow and their analysis. Methods for calculating resistance in two-phase gas-
liquid mixture flow, which are characterized by high accuracy, and are often
proposed in the literature. Their accuracy was presented, as well as the method
with the highest computational usefulness when designing devices in which
two-phase gas-liquid flow is used.

1 Introduction

Determination of resistances in two-phase mixture flow is one of the three basic
parameters, next to flow structures and volumetric phase share, to be determined when
testing and analysing two-phase gas-liquid flow. Exact determination of pressure losses
during flow is very significant due to operating conditions, which force correct design
of devices using two-phase mixtures and well as operating costs of these devices during
their use in industrial installations. Precise determination of flow resistances has an
effect on the selection of feeding devices for pumps, for instance, as well.

Determination of flow resistances is very complicated due to the complex nature of
two-phase mixture flow. The summary value of flow resistances in such a mixture (ΔP/
ΔL)2F is determined by summing up friction resistance components (ΔP/ΔL)2F,T,
caused by the force of gravity (ΔP/ΔL)2F,H, and change in momentum (ΔP/ΔL)2F,A:

DP
DL

� �
2F
¼ DP

DL

� �
2F;T

� DP
DL

� �
2F;H

þ DP
DL

� �
2F;A

: ð1Þ

In the case of adiabatic flows, the component concerning the change in momentum
is very often left out and the component concerning the resistances caused by the force
of gravity is strongly dependent on the length of the channel, the diameter and the
direction in which two-phase mixture is flowing. The most significant element of the
equation describing pressure losses is related to the friction of the flowing mixture. The
determination of the component connected with friction is based on the homogeneous-
flow model or the separated-flow model. Assuming that the flow if based on the
homogeneous-flow model, a two-phase mixture is to be treated as a single-phase liquid

© Springer Nature Switzerland AG 2020
M. Ochowiak et al. (Eds.): PAIC 2019, Practical Aspects of Chemical Engineering, pp. 27–36, 2020.
https://doi.org/10.1007/978-3-030-39867-5_4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_4&amp;domain=pdf
https://doi.org/10.1007/978-3-030-39867-5_4


with substitutive properties. In those methods, the friction-induced pressure loss is
determined on the basis of the Darcy-Weisbach Equation:

DP
DL

� �
2F;T

¼ k2F
g2T

2Dq2F
; ð2Þ

where physicochemical properties of the mixture are determined from equations
including proper volumetric shares of streams of individual phases or their mass shares.
The homogeneous model allows achieving some accuracy mostly for bubble flow and
dispersive flow.

The other group of proposed methods are those based on the separated-flow model,
where mixture flow resistances are determined by the calculation of resistances of one
of the phases. The most well-known method based on the separated-flow method is the
method of Lockhart-Martinnelli, where the two-phase mixture flow resistances is
determined with the pressure loss of a given phase which is flowing independently
through the full cross-section of the channel, with use of multiplier u2:

DP
DL

� �
2F;T

¼ DP
DL

� �
i
u2
i : ð3Þ

In the original version of the method of Lockhart-Martinnelli, the value of multi-
pliers u2 was presented in graphical form (Fig. 1) and depends on one of four types of
two-phase flow characterised as laminar or turbulent flow of a given phase flowing
through the full cross-section of the channel independently and on the X parameter
determined from the following relation:

X ¼ DP
DL

� �
c
=

DP
DL

� �
g

" #0;5

: ð4Þ

Fig. 1. Graphical interpretation of the method of Lockhart-Martinnelli (Dziubiński 2005).
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The graphical interpretation proposed by Lockhart-Martinnelli is very popular, but
due to the fact that it may generate a considerable error in reading the exact value of the
multiplier, the method was mathematically described multiple times. One of the most
often quoted descriptions is the method of Chisholm (Dziubiński 2005), where the
author introduced the value of the C constant (Table 1).

2 Test Stand

Two-phase gas-liquid mixture flow resistances were tested on the stand presented in
Fig. 2, where the most important element was the vertical transparent tube with two
cut-off valves (17) allowing measurement of the volumetric share of gas with the trap
method.

Table 1. Constant C value.

Type of flow C value

laminar-laminar (l-l) 5
laminar-turbulent (l-t) 10
turbulent-laminar (t-l) 12
turbulent-turbulent (t-t) 20

Fig. 2. Diagram of the two-phase gas-liquid flow testing installation: 1, 2 – pump 3, 4, 5, 6 –

mass stream concentration gauges; 7 – mixing chamber; 8, 11 – flowmeters; 9, 10 – pressure loss
measurement; 12 – terminal liquid tank; 13, 14, 15, 20 – poppet valve; 16 – ball valve; 17 – cut-
off valve; 18 – controlled valve; 19 – check valve; 21 – measurement converter; 23 – computer;
24 – oil tank; 25 – water tank; 26 – power switch.
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Two sensors measuring pressure losses (10) were attached to the measurement
channel, at its inlet and outlet, as well as a sensor measuring pressure differences (11) in
the measurement section. The tube was mounted to the mixing chamber (7), where
individual phases were mixed. The gas agent was fed from the network and poppet
valves (18, 20) were used to regulate the amount of gas fed to the mixing chamber.
Water was also fed from the network, with a pump (2). Poppet valves (15) were used to
regulate the amount of liquid fed to the measurement tube. The installation was also
equipped with an additional line for feeding a liquid agent that is not water so as not to
contaminate the duct through which water was forced and to allow quick change of the
liquid agent used on the measurement stand. The amount of flowing agents was
measured with mass concentration gauges (3, 4, 5, 6). All data obtained during mea-
surements, pressure losses, flow concentrations and physicochemical parameters were
sent to a measurement converter (21) and a computer (23).

3 Measurement Results and Calculation Analysis

Using the results obtained from the review of literature (Mishima and Hibiki 1996; Lee
and Lee 2001; Kaminaga et al. 2003; Dziubiński 2005; Sun and Mishima 2013;
Witczak 2013) concerning methods for calculating two-phase mixture flow resistances,
it was found that a lot of methods has a very specific scope of application and that
calculation models differ from each other in terms of equation forms. Therefore, it is
impossible to directly compare and assess the applicability of individual methods.

Willing to analyse the applicability of individual methods for calculating two-phase
mixture flow resistances, typical systems used in laboratory tests and in the industry
were selected. To that end, the experiment data set of the Department of Process
Engineering of the Opole University of Technology (Department of Process Engi-
neering 2004) and the results of own tests were used. Proper data were extracted that
allowed analysing the accuracy of individual calculation methods. Table 2 illustrates
the surnames of researchers, diameters of measurement channels and ranges of gas and
flow speed ranges with co-current downward flow.

A preliminary assessment of methods (Table 3) presented in the literature allowed
to select six that allow describing two-phase mixture flow resistances. Some of them
are based on a mathematical model describing the graphical interpretation of the
Lockhart-Martinnelli correlation, which allows determining the value of multiplier u2,
or present their own mathematical models determining the value of the C constant.

The assessment of the accuracy of individual methods and their usability in
determining flow resistances for the purposes of design and construction work con-
sisted in the determination of characteristic statistical parameters including the deter-
mination of the mean value of relative error dRg and the mean value of absolute error
|dR|. Detailed results of the calculations are presented in Table 4.
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Table 2. List of data used for analysis.

Type of mixture Author of test Channel diameter, [m] Range of speed
liquid, [m/s] gas, [m/s]

air-water Oshinowo 0.025 0.22 10–23
Andreussi 0.024 0.03–0.3 40–85
Okoń 0.012 0.15–0.5 0.28
Okoń 0.012 0.3–0.45 0.56

air-steam Janssen 0.024 0.05–3.5 3.5–40

Table 3. Methods for calculating two-phase mixture flow resistances.
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The graphical interpretation of performed analyses is provided in Fig. 3, where the
results of assessment of calculation accuracy of the compared methods are illustrated.
As you can see, Kim and Mudawar’s method (Fig. 4) is characterised by the highest
accuracy. Calculations of pressure losses in two-phase gas-liquid flow made with the
above method show that over 60% of points are located in the range of ±30% of
absolute error. The method is characterised by high accuracy as the mathematical
model describing it takes into account physicochemical properties of the flowing
mixture as well as the nature of the flow of individual phases.

Table 4. Statistical analysis of determination of flow resistances.

Data Method Statistical values
dRg [%] │dR│ [%]

Oschinowo
water-air

Chisholm 44.97 53.15
Kaminaga et al. 45.90 53.64
Mishima and Hibiki 51.38 57.46
Kim and Mudawar −28.21 35.67
Lee and Lee −68.70 68.70
Sun and Mishima −48.30 69.49

Andreussi
water-air

Chisholm 42.21 42.21
Kaminaga et al. 44.44 44.44
Mishima and Hibiki 49.77 49.77
Kim and Mudawar −8.03 24.47
Lee and Lee −31.97 47.10
Sun and Mishima 21.24 21.24

Okoń
water-air

Chisholm 22.62 42.60
Kaminaga et al. 22.62 42.60
Mishima and Hibiki 55.57 66.01
Kim and Mudawar −19.10 27.21
Lee and Lee 248.22 248.22
Sun and Mishima 4.10 29.25

Okoń
water-air

Chisholm 111.42 111.42
Kaminaga et al. 111.42 111.42
Mishima and Hibiki 183.57 183.57
Kim and Mudawar 11.54 27.53
Lee and Lee 134.63 134.63
Sun and Mishima 95.72 95.72

Janssen
water-steam

Chisholm 235.35 240.75
Kaminaga et al. 219.82 227.41
Mishima and Hibiki 249.39 254.41
Kim and Mudawar −4.29 46.85
Lee and Lee 36.58 63.75
Sun and Mishima −47.17 89.30
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The study assessed the influence of selected parameters on the shaping of calcu-
lation results (distribution of points) in system DPa=DLð Þcal� DPa=DLð Þmeas. Graphical
interpretations of selected calculation methods for determining flow resistances for
various types of two-phase mixtures are presented in Figs. 4, 5, 6 and 7.

Fig. 3. Comparison of the accuracy of calculation methods for two-phase gas-liquid mixture
flow resistances

Fig. 4. Comparison of values of flow resistances measured and calculated with Kim and
Mudawar’s method
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Fig. 5. Comparison of values of flow resistances measured and calculated with Chisholm’s
method

Fig. 6. Comparison of values of flow resistances measured and calculated with Kaminaga’s
method
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4 Conclusions

Determination of mixture flow resistances is one of the three most important parameters
specifying two-phase flows. Exact determination of pressure losses is necessary for
proper designing of the equipment where two-phase flows are used and for proper use
of that equipment. Due to the essence of determination of flow resistances, a lot of
researchers deals with determining pressure losses during flow. The literature reports a
range of calculation methods proposed by them, which were developed on the basis of
past tests and which are reasonable within the scope of such past tests. A lot of authors
of pressure drop determination methods makes them dependent on hydrodynamic
parameters and physicochemical properties of agents forming multi-phase mixtures.

As a result of the performed analysis of flow resistance calculation methods pro-
posed by various authors, it should be noted that the calculated values do not overlap
the results obtained in experiments within the obtained scope of pressure drop. In a
wide range of changes in flow parameters and physicochemical properties of two-phase
mixture ingredients, the highest accuracy of results was exhibited by Kim and
Mudawar’s method, so it can be recommended for calculating two-phase mixture flow
resistances as the universal method.

Fig. 7. Comparison of values of flow resistances measured and calculated with Lee and Lee’s
method
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Abstract. Process engineering design faces many challenges (BIM methodol-
ogy or Industry 4.0). Paper presents the realization of the process installation
project on the example of the separation of the acetone-benzene-ethanol mixture
(ABE). The ABE mixture was separated in a processing system consisting of
four distillation columns and a separator. The process simulation was performed
in ChemCAD while the P&ID diagram, 3D installation model and 2D docu-
mentation were performed using the PDS software – Aveva Plant. It has been
showing the data flow between process simulation software (process data) and
the creation of final project documentation.

1 Introduction

Designing process installations nowadays has become a big challenge. On the one
hand, designers are required to execute the project in the shortest possible time and, on
the other hand, reduce project costs. This puts high demands for chemical engineers
especially the 21st century is the time of mobile working using tablets, smartphones,
and computers which requires chemical engineers to adapt to the new technologies.
The development of technology leads to the introduction of the so-called Industry 4.0
which is usually called the fourth industrial revolution.

It involves the use of different digital technologies to connect consumers and
manufacturers of products consisting of the Internet of Things (IoT), centralisation,
unification, and harmonisation of various data in digital form (i.e. process and assets
data), application of Best Practice (Elsevier 2017). This requires the chemical engineer
to use appropriate design tools that allow the integration of process and non-process
data, their exchange between different project groups (i.e. cloud sharing), the use of
digital documentation from the process simulation stage to the 2D and 3D documen-
tation release. Cooperation between designers is therefore essential, which will reduce
the time and costs of projects (Bakker 2015).

This trend is undoubtedly part of the BIM (Building Information Modelling)
methodology, which allows unification design documentation as well as managing and
sharing information. It is introduced in many European countries and the UK is the
leader.
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Table 1. Exemplary PDS software

Producer Software name Description

Bentley OpenPlant P&ID, 2D and 3D models, Isometrics, Data Server Management,
Supports

AutoPLANT
Modeller

Advanced 3D models of equipment, pipelines and raceways

PlantWise 3D conceptual front-end engineering process plant designs
AXSYS 2D conceptual plant designs

CADSchroer MPDS 2D, 3D modelling, data management, global collaboration, P&ID,
Piping, and steel design

Hexagon Smart 3D 3D modelling
SmartPlant P&ID P&ID

SmartPlant
Electrical

Design of electrical installations

SmartPlant
Instrumentation

Specification, design and maintenance of all plant instrumentation and
control systems

SmartPlant
Foundations

Data management, datasheets

Smart
Constructions

Constructions design

Smart Materials Materials management

HxGN SDx Assets management
Isogen Isometrics drawing

Autodesk AutoCAD Plant 3D P&ID, 3D modelling, pipelines, equipment, steel constructions, basic
data management

Aveva SimCentral,
PRO/II, DYNSIM

Process simulation

Aveva Diagrams P&ID
Aveva Engineering Advance data management, datasheets and documentation

Aveva
Everything3D

3D modelling, integration of P&ID and 3D, marine and nuclear
industry, mining

Aveva Draw 2D drawings based on the 3D model
AVEVA Electrical Design of electrical installations
Aveva
Instrumentation

Specification, design and maintenance of all plant instrumentation and
control systems

Aveva Assets Assets management
Alignex Smap3D 2D/3D plant and piping design and isometrics
IT and
Factory

CADISON Project Planning, Cost Estimation & Engineering Information
Management, PID, 3D modelling, electrical designing, pipe supports
modeller, steel structures

Cadmatic Cadmatic Diagram P&ID

Cadmatic 3D Plant
Design

3D modelling

Structural
Modelling

Creating the structural parts of a project,

Piping Design Advance piping design
Construction Data Documents management
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There are many software companies on the market however, the above require-
ments are compliant with Plant Design System (PDS). There are many PDS vendors in
the software market. Some of these are shown in Table 1. The biggest ones like Aveva,
Bentley, and Hexagon are trying to deliver the complete software i.e. in the field of
process calculations, perform 2D and 3D documentation and managing of the instal-
lation or facility up to decommissioning.

This is a good direction, because designing and managing is performed in a one
software platform and allows to limit the time lost to customise and convert various
data formats in the project.

2 Project Workflows

The implementation of the project requires specific treatment. Figure 1 shows a typical
simplified design schedule on the example of plant design for the separation of the
ABE mixture. The first step is to discern the project (preliminary project study) in
which the boundary conditions of the project are assessed, the requirements of the
customer, geodetic conditions, etc.

The second stage is the process simulation which results in a P&ID diagram and
then a 3D model. The data contained in the 3D model allow generating documentation
i.e. isometric drawing of pipelines, CAD drawings (2D), equipment list, nozzles, and
other items.

Fig. 1. Simplified project workflow
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2.1 Preliminary Project Study

TheABE is amixture of acetone, butanol, and ethanol (Table 2) obtained by fermentation
Sugars carried by the bacteria from the Clostridium culture (i.e. Clostridium aceto-
butylicum or Clostridium beijerinckii) (Kraemer et al. 2011). Currently, the ABE is
obtainedmainly by fermentation of rawmaterials as marine algae, corn waste, rice waste,
etc. Due to its physical properties, the ABE can form an azeotrope between their indi-
vidual components e.g. ethanol-water, butanol-water (Table 3) (Kujawska et al. 2015).

The ABE mixture can be separated by several techniques. The most important ones
are distillation, adsorption, crystallisation, extraction, pervaporation (Kujawska et al.
2015).

The designed installation is used to separate N-butanol from a water mixture
acetone–ethanol–N-butanol (ABE) using distillation. It is assumed that the purpose of
the installation is to receive n-Butanol of a purity of at least 0.99 (mole frac.).

Table 4 shows the presumed compositions of feed, its flux and the expected
composition of the distillate (Patrascu et al. 2017).

The installation consisted of four distillation columns and a separator.

Table 2. Physiochemical properties

Self-ignition
temperature [°∁]

Boiling
temperature [°∁]

Density
[kg/m3]

Dynamic viscosity
[mPa�s]

Acetone 465 56 790 0.306
n-Butanol 345 117 810 2.54
Ethanol 425 78.4 810 1.074

Table 3. Azeotropes of ABE-water mixture [12]

Azeotrope Temperature of azeotrope [°∁] Water mass fraction
in the azeotrope

Type

Water-ethanol 78.1 0.044 Homogenous
Water-n-butanol 91.7–92.4 0.38 Heterogenous

Table 4. Project assumptions

Azeotrope Feed mole fraction Distillate mole fraction Feed stream kmol/h

Water 0.97 0.99 1000
n-butanol 0.018 <0.01
Acetone 0.01 <0.01
Ethanol 0.002 <0.01
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2.2 Process Simulation

The ChemCAD process simulation software was used in this stage. In the first stage,
the PFD diagram of the installation was created. In this step, the basic conditions of
simulation have been set (i.e. streams compositions). After that, the pipelines, pumps,
valves were added to create a P&ID diagram (Fig. 2).

In the designed simulation, the feed is pumped by the P-1 pump to the heat
exchanger HE-1, which is heated to a temperature of T = 102.06 °C and introduce to
the distillation column K-1. The column shall separate the water from the other
components which are discharged from the top of the column. The removed water is
received from the bottom of the distillation column K-1 and after cooling in the heat
exchanger HE-7 transported by the P-6 pump to the storage tank B-4 (Dobrołowicz and
Ośkiewicz 2018).

The distillate leaving the distillation column K-1 is cooled in the heat exchanger
HE-2 and then transported by the pump P-2 to the column K-2. In this column, acetone
is removed from the mixture. The feed introduced into the K-2 column is heated in the
HE-3 heat exchanger to boiling temperature (T = 100.54 °C). The lighter fraction
formed after distillation in the K-2 column is propanone, which after cooling in the heat
exchanger HE-8 is transported by the P-7 pump to the storage tank B-5 (Dobrołowicz
and Ośkiewicz 2018). The heavier fraction remaining after distillation in the K-2
column, which is a mixture of water, n-butanol, ethanol and small quantities of pro-
panone is cooled in the HE-4 heat exchanger and then transported by the P-3 pump to
the S-1 separator. Between the P-3 pump and the S-1 separator, the upper fraction from
the distillation K-3 is returned. The organic phase after separation from the water on the
S-1 separator is transported by the pump P-4 to the K-3 distillation column
(Dobrołowicz and Ośkiewicz 2018).

The task of the K-3 distillation column is to separate N-butanol from the ABE
mixture, which due to the highest boiling point (T = 117 °C) will accumulate at the
bottom of the K-3 column as a liquid. Before inputting to column K-3, the feed is
heated to boiling point (T = 99.47 °∁) in the heat exchanger HE-5. The lighter fraction

Fig. 2. Simulation diagram – ChemCAD (Dobrołowicz and Ośkiewicz 2018)
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from the K-3 column is returned between the P-3 pump and the S-1 separator.
A mixture contained in a stream of exhaust fluid consisting of N-butanol contaminated
with admixtures of other components of the mixture after leaving the distillation col-
umn the K-3 is chilled to a temperature of T = 40 º C in the heat exchanger HE-6 and
then pumped by the P-5 pump to the B-3 tank, where the final product of the process is
collected. The aqueous phase consisting of water, n-butanol, ethanol, and acetone is
separated in the S-1 separator is pumped by the P-9 pump and then heated to boiling
temperature (T = 100.09 °∁) in the HE-10 heat exchanger. Next, the stream goes to the
distillation column K-4, whose task is to separate water from residues of N-butanol. N-
Butanol leaving the top of K-4 column is returned and entered between the distillation
column K-1 and K-2. A stream of exhausted fluid which is water with small admixtures
of N-butanol, after distillation in the K-4 column, is cooled in the heat exchanger HE-
12 to a temperature T = 40 °∁ and then transported by the P-10 pump to the storage
vessel B-5 (Dobrołowicz and Ośkiewicz 2018).

2.3 P&ID Diagram – AVEVA Diagrams

The next stage of work was to prepare the P&ID diagrams. For this purpose, the
AVEVA Diagrams software was used. This software is based on a central database
(Dabacon) in which whole project data are collected i.e. from process data as well as
from the electrical and construction branches (Fig. 3). This solution facilitates data flow
between different groups of designers and branches.

Hundreds of process data are generated during the simulation. In order to introduce
to the central database are imported into the AVEVA Engineering software. It deals
with the management of project data as well as the work of designers, which allows
assessing the stage of project completion. Such a solution facilitates data control e.g. in
a situation where the project changes required by the customer.

From the AVEVA Engineering, data can be shared with other programs and
branches (within a single software platform) using the Compare & Update mechanism.

Fig. 3. Relations between software modules
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Fig. 4. P&ID diagram 1 (Dobrołowicz and Ośkiewicz 2018)

Fig. 5. P&ID diagram 2 (Dobrołowicz and Ośkiewicz 2018)
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The process data introduced to AVEVA Engineering is then imported by process
engineers into AVEVA Diagrams where they perform the P&ID diagrams. In the
sample project, the P&ID diagrams consist of two parts which facilitate and simulta-
neously accelerates the work of designers.

The P&ID diagram has been divided into the following areas: B-1, K-1, B-5, S-1,
B-4 (Fig. 4) and S-1, K3, K-4, B-6 and B-3 (Fig. 5). The completed P&ID diagrams
had an intelligent passage which is set by OFF Page connectors and allow to view the
entire diagram installation in continuous mode. Also, the statuses are used to control
workflow and advancement of the project as well as the control of documentation
(P&ID schemes) i.e. their subsequent version. Process data can also be presented in
datasheets. The process engineer has access to them both from the AVEVA Diagrams
and AVEVA Engineering.

Work on the P&ID diagram does not end until the project is released to the
customer. For this reason, in order to save time, the software allows sharing parts of the
P&ID diagram with other branches, i.e. a single branch or pipeline between two types
of equipment.

This allows mechanism Set Release Status instruction. The shared part of the P&ID
allows starting a working pipeline or equipment designers.

2.3.1 3D Model – AVEVA Everything 3D
Preparation of the P&ID diagram allows performing a 3D model of the projected
installation. This model was made using AVEVA Everything 3D software (Fig. 6)

It should be noted that this model has the purpose to show the reservation of 3D
space under equipment’s, pipelines, structures, buildings, etc. Therefore, 3D models are
not perfect. If you need to make accurate models, you should use other software such as
SolidEdge or Autodesk Inventor.

Fig. 6. 3D model (Dobrołowicz and Ośkiewicz 2018)
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The 3D model is based on the information contained in the P&ID diagrams. It is
imported from AVEVA Diagrams by the AVEVA 3D Integrator and the role of the
designer is to give the appropriate 3D geometry, the arrangement of types of equipment
and design of pipelines between them. However, this mechanism does not allow to
control changes in a project. To do this, the Compare & Update mechanism should be
used.

For an optimal space utilisation, it was decided to place the distillation columns on
the vertices of a trapezoid and the S-1 separator in the centre of the longer base (Fig. 7).
During the arrangement of the installation equipment’s, the flammability of the pro-
panone and water mixtures and the overall explosiveness of acetone was considered.

The storage tank B-5 with acetone is located at a safe distance from the other
installation parts (approximately 50 m). Other storage tanks with the main and side
products are located at 10 m (Moran 2015).

Built-in pipe routing mechanisms were used in the construction of the piping
model. No calculation of the pipe supports was performed, and no model was created.
However, it should be noted that AVEVA E3D has bases of supports as well as steel
structural components.

Fig. 7. Equipment location (Dobrołowicz and Ośkiewicz 2018)
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The final stage of the project was the implementation of project documentation. It
consisted of equipment lists, piping lists, valve lists, nozzle lists, isometric drawings of
pipelines, CAD drawings of installations, CAD drawings of equipment (AVEVA
Draw). These drawings were made based on the previously prepared 3D model
installation.

3 Conclusions

Paper present application of the PDS software (Plant Design System) on the example of
separation of the ABE mixture. It has been presented the workflow in the project. In the
first step, process simulation was performed. The next step was to export process data
to the PDS software. Authors used the AVEVA Plant software system. Process data
were collected in AVEVA Engineering and shared via the Dabacon main database to
AVEVA Diagrams (P&ID diagram), AVEVA Eveything3D (3D modelling) and
AVEVA Draw (2D drawings).

PDS software is a useful tool in process designing. Especially use of one system
software can reduce wasting time in data exchange between various software. How-
ever, data import from process simulators still is time-consuming because the PDS
software cannot perform process simulation. The use of external software is favourable.
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Abstract. The passive Dry Powder Inhalers (DPIs) rely on the human’s
inspiratory airflow and negative pressure drop to create turbulent energy envi-
ronment inside the inhaler. It induces the forces provided by the flow field to
fluidize and disperse the drug aggregates into respirable aerosol, exposed to fluid
motions. Hence, aerosolization, transport and deposition phenomena with
respect to unsteady flow conditions constitute a subject of biomedical research
applying methodology of chemical and process engineering. In vitro pharma-
copoeia methods – inertial impaction sizing techniques – have been adopted to
assess the aerodynamic performance of powder drug-device platforms. The
necessity of investigating time-dependent breathing profiles during operation of
DPIs renders conventional testing insufficient. Recently, a method using cascade
impactor, mixing inlet and breathing simulator has been developed. The
hypothesis of the study was proven to be true: the dynamics of the flow con-
ditions influence the aerodynamic particle size distribution of a drug-passive
DPI platform. Research efforts focused on mimicking DPI drug delivery with
time-varying flow profile may help to develop better in vitro – in vivo correlation
(IVIVC) when linking the information gained from compendial testing to
clinical efficacy. Further insight of quality parameters in time series is desired to
better understand the dynamics of aerosolization process.

1 Introduction

Nowadays all possible efforts at a worldwide level have been taken to reduce the
burden of morbidity, disability and premature mortality related to chronic respiratory
diseases, especially chronic obstructive pulmonary disease (COPD) and asthma. In
both cases the therapy significantly improves patients’ inferior quality of life.
While COPD is progressive and cannot be cured, its symptoms may be relieved by an
appropriate treatment that decreases the risk of death. Medication can help to attain
satisfactory and long-lasting asthma control.

A basis for the treatment of chronic respiratory diseases is the delivery of inhalable
pharmaceuticals via the pulmonary route, where dry powder inhalers (DPIs) provide a
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notable opportunity to aerosolize the powder for further transport and deposition of
aerosol particles in the lower respiratory tract. The principle of operation of the most
marketed DPIs is to breath-activate the dose, since they rely both on the human’s
inspiratory airflow (Q) and negative pressure drop (DP) achieved at the mouthpiece to
create adequate turbulent energy environment inside the inhaler (Azouz and Chrystyn
2012). It induces the forces provided by the flow field to fluidize and disperse the drug
aggregates into respirable aerosol. The dose emission is then flow dependent, while
dynamics of aerosol transport and deposition are then governed by general physical law
and are determined by the non-steady local aerodynamic conditions in the whole
respiratory tract. The airways together with lungs act as a separation system for par-
ticles (aerosol classifier). The smaller particles are able to penetrate deeper into alveolar
region comparing to large one which deposit mainly in throat and bronchial tree.
Hence, aerosolization, transport and deposition phenomena with respect to unsteady
flow conditions constitute a specific subject of biomedical research related to the
optimization of aerosol therapy.

2 Process Variables for Drug Powder Delivery by Inhalation

In accordance with the methodology of chemical and process engineering, all process
variables responsible for efficient drug administration need to be identified. The two
key factors are technical. First one is drug formulation, associated with interparticle
interactions, which can be adjusted by selection, control of powder manufacturing and
post-process conditioning methods. Second one is inhaler design (the interaction
between device resistance and inhalation flow is related to the degree of powder
dispersion, as discussed above). Other factors are patient-related, for example: the
inhaled air volume, human’s throat geometry and, last but not least, the factor of the
highest variability and uncertainty – the inhalation technique with its varying inspi-
ratory flow (Sosnowski 2018). The airflow through the device must match the inhaling
force of the patients. The real issue is to deal with the interplay between the afore-
mentioned process variables, leading to the high complexity of the process evaluation.

3 Indicators of the Efficacy of Dry Powder Drug Delivery

Not only the emitted drug dose itself, but also the spatial deposition distribution of drug
particles within desired bronchial tree regions is a crucial piece of information. It can
enlighten the interpretation of clinical outcome parameters when assessing the efficacy
of the treatment. From the beginning of development of inhaler-drug platforms, it was
clear to aerosol-minded researchers that, for particles to collected within different lung
zones, these had to be small (in size). However, only the aerodynamic particle size
distribution (APSD) allows to foresee the behavior of particles in the aerosol flow field,
since the aerodynamic diameter constitutes the diameter of a standard density
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(1000 kg/m3) sphere that has the same gravitational settling velocity as the particle in
question. The influence of its shape and density is also taken into account. The
knowledge of the size distribution provides the ability to predict of the amount of drug
that will impact in the oropharynx (particles larger than 5 l in diameter) and helps to
define where the smaller particle fractions will deposit following inhalation (particles in
the range of 1 to 5 l).

Based on the aerodynamic PSD it is possible to find the crucial indicators of the
quality of drug aerosol, prerequisite for the optimization of drug delivery:

• the indicator for lung deposition, the dose of particles smaller than 5 l – fine particle
dose (FPD),

• the percentage of particles smaller than 5 l – fine particle fraction (FPF),
• mass median aerodynamic diameter (MMAD),
• the indicator of systemic delivery – total emitted dose (TED).

Therefore, it has been a highly desirable goal to develop and properly adapt a
comprehensive in vivo predictive in vitro method for process analysis in terms of
aerosol particle separation on the basic of aerodynamic size ((Marple et al. 2003);
(Mitchell and Nagel 2004); (Olsson et al. 2013)).

4 Conventional in Vitro Testing of Medicinal Aerosols

For the sake of conventional in vitro testing of medicinal aerosols, the particle size
distribution methodology was adopted from health protection fields. A group of
apparatuses has been developed, where classification is based on the differing inertia of
the incoming particles of various sizes. For a given inertial classifier, construction and
value of flow rate through the test setup determine the cut off points between measured
size ranges deposited at the consecutive separation stages. These so-called multi-stage
(cascade) impaction separators have become a natural instrument of choice to size-
analyze inhaler-derived aerosols within the critical range from 0.5 to 5 l, for three
predominant reasons (Mitchell and Nagel 2004).

First, cascade impactors measure aerodynamic particle size. Second, by using a
specific drug assay, cascade impactors allow to size-fractionate the incoming aerosol
weighted in terms of the active pharmaceutical ingredient (API) mass (the actual drug).
Thus, the APSD is not confounded with any non-drug material that may be in the
sample (drug carrier from the powder blend etc.). Third, cascade impactors measure the
entire dose, while the APSD measured on a sub-sample may not be representative.
These advantages of inertial impaction sizing makes other methods insufficient, for
example in comparison with techniques based on light scattering or time-of-flight
principle. The latest impactor, the Next Generation Impactor (NGI) may be recognized
as a gold standard for evaluation of DPI inhalers of different resistance values, since it
enables comparison at the same pressure drop, hence at different flow rates (from the
range of 30 to 100 dm3/min and down to 15 dm3/min).
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5 In Vitro – in Vivo Correlation (IVIVC) and Development
of Modified in Vitro Testing of Medicinal Aerosols Under
Realistic Unsteady Flow Conditions

Research efforts to date have been focused on developing better in vitro – in vivo
correlation (IVIVC) and bioequivalence when linking the information gained from
compendial DPI testing to clinical efficacy (e.g. (Clark and Borgstrom 2002), (Delvadia
et al. 2016), (Mitchell et al. 2007), (Sosnowski 2018), (Wei et al. 2017, 2018)).
Numerous reports abundantly confirmed the significance of the flow rate profile.
Dynamics of inhalation was proven to affect not only the deposition and the total
emitted dose ((Chrystyn et al. 2015); (Colthorpe et al. 2013)). It also influences the time
course and the time duration of the aerosol emission along with aerosol characteristics
(measured in time series with optical methods) after being dispersed from the passive
dry powder inhaler ((Dorosz et al. 2016); (Ung and Chan 2016); (Ziffels et al. 2015)).

The necessity of investigating time-dependent breathing profiles during ex vivo
operation of different DPIs renders traditional inertial impaction method inadequate.
Henceforth a new method using cascade impactor, mixing inlet and breathing simulator
has been developed to consider delivery efficiency and aerodynamic performance of
drug-device platforms under realistic, unsteady flow conditions possible for a given
inhaler design (the method was described in e.g. (Chrystyn et al. 2015), (Colthorpe
et al. 2013), (Miller et al. 2000), (Nadarassan et al. 2010)). A constant flow rate can be
maintained through the cascade impactor, whilst a zero flow is drawn through the
inhaler in situ. It is allowed by providing supplementary compressed air into the
cascade impactor of the same flow value as the vacuum that passes through the sizing
apparatus. A profile of a time-varying flow can be generated on demand through the
DPI by a computer-controlled breathing simulator. The smooth merging of the two
flow regimes (central aerosol-laden stream and surrounding sheath stream of constant
flow) is achieved utilizing the above-mentioned mixing inlet.

6 Objective of the Current Study

The current paper presents a comparative in vitro study on the delivery efficiency and
aerodynamic performance of drug-DPI device platforms, conducted using inertial
classification method under unsteady versus steady flow conditions. The aim of the
investigation was to verify the hypothesis: the dynamics of the flow conditions affect
collectively the delivered dose uniformity and aerodynamic particle size distribution
(APSD) of a model drug-passive DPI platform.
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7 Materials and Methods

7.1 Development of Model Drug Powder Blend

The fabrication of lactose-based model drug powder blend was accomplished in two
steps. First, the model API powder was produced utilizing model B-290 laboratory-
scale spray-dryer (Buchi Labortechnik AG, Flawil, Switzerland). The feed solution
(2% w/w) contained sodium fluoride (NaF) dissolved in ultrapure water. Spray-drying
parameters were adjusted to obtain satisfactory product. The final process variables’
values are presented in Table 1.

Secondly, milled lactose carrier (dedicated for inhalation pharmaceuticals) was
selected to acquire the model powder blend for further utilization in the research –

Lactohale® 200, DFE Pharma (Germany). The mixture (13 g, 20% w/w) of spray-dried
NaF and carrier was prepared by turbulent tumbling mixing for 30 min at 75 rpm
(Turbula T2F (Bachofen AG, Switzerland)). The model powder drug blend met the
USP homogeneity criterion regarding the uniformity of the inhalation blend when
exhibiting %CV value equal to 4.89% (less than 6%).

7.2 Powder Aerosolization with New Generation Cyclohaler (NGC
Inhaler)

Approx. 20 mg of blend was weighed into capsules (Capsugel, USA) and dispersed
from the New Generation Cyclohaler (NGC). This readily available, passive inhaler is a
representative of the low-mid resistance DPIs (0.055 hPa0.5min/dm3, based on the own
research of the authors). The airflow streams entered the dispersion chamber through
two opposite tangential inlets, leading to the spinning movement of the punctured
capsule around its minor axis. The loading was centrifugated out of the capsule through
the holes, allowing to be further aerosolized.

7.3 Selection of Flow Profiles

Four different flow profiles were chosen to experimentally investigate aerodynamic
performance of drug-DPI device platform both under unsteady and steady flow con-
ditions (Fig. 1).

Table 1. Spraying conditions

Feed flow rate [ml/min] 3
Inlet temperature [°∁] 120
Nozzle gas flow rate [m3/h] 0.819
Aspirator capacity [m3/h] 13
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Prior to the effects of realistic patient inhalation profiles on the aforementioned
performance being assessed, two unsteady profiles 1 and 2 were utilized. These profiles
mimic different ex vivo operation of DPI inhalers. Profile 2 is less deep, but a good deal
more forceful and quicker than profile 1. Both of unsteady profiles are characterized by
the same value of peak flow rate. The predefined time courses of profiles 1 and 2 were
supplied in the experimental setup by the high capacity breathing simulator ASL 5000
XL (IngMar Medical, United States). Afterwards, two steady profiles were selected to
be induced in the setup by the vacuum pump for further steady-state study. Profile 3
represents an averaged, constant flow rate calculated for the previous unsteady profiles.
Profile 4 constitutes a steady flow rate providing a constant pressure drop value (in the
DPI inhaler) equal to 4 kPa, as it is recommended by pharmacopeia to test inhalers of
various resistances.

Defined airflow conditions for investigated profiles are shown in Table 2.

7.4 Experimental Setups for Conventional and Modified in Vitro Aerosol
Sizing by Inertial Impaction

Figure 2 and 3 provide schematic designs of the two methods utilized in the study – the
conventional and the modified inertial impaction techniques, respectively. In both cases
the flow rate of air drawn through the NGC inhaler was measured in real-time during
the experiments (using mass flow meter).

The first steady-state part of the study encompassed simulating two fixed flow
profiles 3 and 4. These profiles were employed in in vitro testing using the standard
NGI setup presented in Fig. 2 (Apparatus 5 (The United States Pharmacopoeial
Convention 2007)). For both mentioned cases, the NGI impactor operated routinely at

Fig. 1. Flow profiles tested throughout the study

Table 2. Summary of the airflow conditions investigated throughout the study

Profile 1 Profile 2 Profile 3 Profile 4

Total volume of inhaled aerosol [dm3] 2.193 1.283 1.75 4.25
Whole time duration of the inhalation [s] 3.8 2.3 3.0 3.0
Peak flow rate [dm3/min] 55 55 35 85

52 A. Dorosz et al.



constant flow rates of the tested profiles. In the second part of the study taken under
unsteady flow conditions, time-varying profiles 1 and 2 were tested using the modified
experimental setup depicted in Fig. 3, with supplementary flow rate of 85 dm3/min.
For all analyzed cases the model powder blend was aerosolized using NGC inhaler and
discharged upon studied flow profiles 1 to 4 to the respective setup. Prior to each
experimental run, ten capsules with model drug powder blend were used.

In order to assay the cumulative mass against cut-off diameter of the respective
stages, the analysis of particles was done by recovering of collected samples using
ultrapure water (25 ml per NGI stage, USP port and preseparator). This procedure was
followed by the conductometric measurement (using conductivity meter HI 2030-02
edge (Hanna Instruments, USA)). The adequate contributions of particles were deter-
mined as the percentage of gravimetrically quantified total powder mass exiting the
capsule and the inhaler device.

The APSD results were then expressed by collecting data of relevance to lung
delivery: metered dose (MD), emitted dose (ED), fine particle dose (FPD), fine particle
fraction (FPD), mass median aerodynamic diameter (MMAD), span (the measure of
aerosol polydispersity) and geometric standard deviation (GSD).

Fig. 2. Experimental setup for the conventional NGI investigation under steady flow conditions

Fig. 3. Experimental setup for the modified NGI investigation under unsteady flow conditions
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8 Results and Discussion

8.1 Aerodynamic Performance of Model Drug Powder Blend-DPI
Inhaler Under Unsteady Versus Steady Flow Conditions

In the following section, the dose uniformity and aerodynamic particle size distribution
of a drug-passive DPI platform for all studied flow profiles were discussed. The
cumulative contributions of particles in APSD as the datasets were plotted against the
particle size values, as presented in Fig. 4. The main observation was as follows: for
unsteady profiles (1 and 2) and steady profile 4 (of 85 dm3/min) the shapes of obtained
distributions were almost identical. However, these flow conditions resulted in different
DPI performances when compared to the steady profile 3 (of averaged 35 dm3/min).
Furthermore, the aerosol produced upon profile 3 appears to be of somewhat poorer
quality (bigger particles) than in case of other profiles. Interestingly, it was noted that
relatively high standard deviation values were achieved for profile 3. This could be
attributed to the aerosolization of low stability, since the low value of 35 dm3/min may
not be efficient to trigger a reproducible, thus satisfactory aerosol dispersion.

The APSD results are supported by the findings presented in Table 3, summarizing
the values of indicators of the efficacy of aerosol delivery under different flow con-
ditions – profiles 1 to 4. At first, results concerning time-varying profiles 1 and 2 were
compared. The results indicate that the DPI user is capable of receiving aerosol of
similar characteristics, despite the differences in the time course, time duration of
inhalation maneuver and the inhaled volume for both profiles. Table 3 also reveals that
in case of profile 4 (of 85 dm3/min), the analyzed parameters exhibited similar values
(MMAD, span, GSD) or barely higher values (FPF, FPD) when compared with profiles
1 and 2. This observation decidedly confirms the formerly stated allegation (Dorosz
et al. 2016), that the initial part of the inhalation maneuver is crucial for the overall
process of DPI drug delivery due to the strong aerodynamic effects of unsteadiness
acquired from relatively small values of flow rates. Based on the findings attained for
profile 4 it was found that the distinctly higher ED along with the resulting higher FPD
were attributed to the value of the drawn air volume being a good deal higher than for
the other studied profiles (1, 2 and 3).

Profile 3 resulted in the highest value of MMAD and the lowest values of ED, FPD
and FPF. In reality, patients do not inhale with a sudden, steady flow rate, so for
compendial impaction testing a compromise is reached whereby studies are undertaken
at a chosen constant flow rate. The observed discrepancies between the results for
unsteady and the averaged, steady flow conditions raise a question whether the mid-
inhalation flow rate may be representative of the highly time-varying inhalation flow
profile.
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9 Conclusions

It was proven to be true that the dynamics of the flow conditions influence the delivered
dose uniformity and aerodynamic particle size distribution of a drug-passive DPI
platform. Obtained results show that steady profile recommended by pharmacopeia
(Profile 4), of flow rate providing a constant pressure drop value (in the DPI inhaler)
equal to 4 kPa, can lead to overestimating emitted dose MD and fine particles fraction
FPF parameters. However, the results obtained for Profile 1 and Profile 2 are very
similar and it is very difficult to conclude about influence of shape of the breathing
curve on the drug release process. Research efforts focused on mimicking DPI drug
delivery with time-varying flow profile may help to develop better in vitro – in vivo
correlation (IVIVC) when linking the information gained from compendial DPI testing
to clinical efficacy in reality. Further insight of quality parameters in time series should

Fig. 4. Cumulative particle size distribution for all studied profiles

Table 3. Indicators of the efficacy of dry powder drug delivery for all studied profiles

Quality parameter (mean value) Profile 1 Profile 2 Profile 3 Profile 4

MD [mg] 4.992 5.003 4.983 4.993
ED [mg] 3.494 3.505 3.381 4.259
FPD [mg] 2.820 2.664 2.090 3.095
FPF [mg] 56.490 53.257 41.959 61.984
MMAD [lm] 2.297 2.314 2.990 2.249
Span [−] 1.395 1.416 1.505 1.372
GSD [−] 1.823 1.831 1.757 1.823
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be gained to better understand the dynamics of aerosolization process. In the future,
more realistic protocols of DPI testing, including cascade impactor sizing under
unsteady flow rate may be desired as the next attempt to improve the clinical signifi-
cance of the obtained results.
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Abstract. The paper presents selected aspects of gas-liquid flow through open-
cell solid foams. The construction of foams and their characteristic features have
been described. The examples of use of foams in the construction of industrial
equipment and achieved technological benefits are given. The state of the art in
the field of hydrodynamics and heat transport during two-phase flow through a
space filled with solid foam were presented.

1 Introduction

Striving to increase their efficiency and – first and foremost – effectiveness, many of
technological processes expand the heat or mass transfer area or mass contact area with
packings of various sorts. The packings should be characterised by high specific surface
area and high porosity so that the increase in the active surface area of the equipment could
be achievedwith as little increase in pressure drop as possible. Those requirements aremet
by open-cell foams. Those are materials with fully open structure and very high porosity
(up to 98%), which allows a relatively free flow of liquid through the foam-filled area.

Two types of open-cell foams are known – ceramic foams andmetal foams. The latter
are characterised by a relatively high effective thermal conductivity. The continuity of the
skeleton limits thermal transport resistance, typical for poured and structural packings. It
is possible to produce foam from a wide range of metal alloys and various ceramic
materials. Consequently, foams are available the properties of which allow them to be
used even under extremely adverse working conditions, e.g. at high temperatures or in
chemically aggressive environments. The technology of placing catalysts on the foam
surface area has been mastered to a sufficient degree. Moreover, metal foams are char-
acterised by goodworkability, high plasticity and capacity to dampen vibrations, which is
significant when they are used as structural elements of the equipment.

The listed features of the foams result in the fact that thosematerials, despite their poor
availability, are more and more often seen as an alternative for other, more common
packings. The literature reports use of open-cell metal foams in the construction of
compact heat exchanger, rechargeable batteries and heat regenerators as well as chemical
reactors, including catalytic converters. In addition, the foams are used in evaporators of
cooling devices and solar energy collectors as well as in column apparatuses and biore-
actors. Open-cell foams are also used as flow stabilisers, pulsation dampeners, flame
arresters or filtration partitions.
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Examples of various application of the foams in the construction of the process
equipment are provided for instance by authors of works, Banhart (2001), Han et al.
(2012), Zhao (2012). In many cases, it is equipment with multiphase systems.

2 Structure of Open-Cell Foams

Open-cell foams have the form of spatial skeleton forming large empty cells. The size
of those cells is a grade higher than the transverse size of skeleton ligaments. Adjacent
cells are connected with numerous openings commonly known as pores. Such a
structure provides the foams with the specific surface area from several hundred to
several thousand m2/m3 and very high porosity, usually exceeding 90%, and it allows a
relatively free flow of liquids through those materials.

The geometric structure of ceramic and metal foams may be very similar, as
illustrated in Fig. 1, but in the case of the metal foams there is considerable geometric
diversity. For instance, Fig. 2 demonstrates 3 foams of similar porosity and cell size but
of different skeleton structure.

The cellular skeleton of the foam illustrated in Fig. 2a is characterised by relative
high shape regularity. The skeleton is built of ligaments in the form of rods with nearly
constant cross-section and similar length. The foam illustrated in Fig. 2b exhibits a less
regular structure. In this case, the skeleton ligaments have various lengths and varying
cross-section. Moreover, in some cells, at the junction of ligaments. Despite a seem-
ingly more “closed” structure, the porosity of that foam is merely by 1.4% lower than
the porosity of the foam from Fig. 2a. The skeleton of the foam illustrated in Fig. 2c is
composed of bonded platelets oriented diversely. The platelets have relatively high
surface areas, but their low thickness allows to obtain foams of porosity exceeding
90%.

Fig. 1. Open-cell foams, a ceramic, b metal.
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The shape of the ligaments forming the cellular skeleton, their combination into a
spatial network and, in turn, the shape of the cells depends on the method of foam
production. The size and number of pores binding neighbouring cells may vary, but in
most cases all cells may be treated as open. In foams, there are virtually no blind pores,
that is pores opened on one side only, so characteristic for porous materials.

Foams are assumed to be materials of isotropic structure and their geometry is
characterised on the basis of average values. The most important structural parameters
of foams are the following:

– pore density, PPI
– porosity, e
– specific surface area, amf
– cell diameter, dc
– pore diameter, dp
– skeleton ligament diameter, dl

Pore density PPI means the number of pores per inch. This value is commonly used
to classify foams. However, one needs to be aware that the pore density is not a size,
but merely a nominal value allowing to classify given foam as a member of a given
group. By standard, the pore density of solid foams ranges from 5 to 120 PPI.

The porosity of the metal foams used in practice most commonly ranges from 88 to
95%. The value of 98% is possible in some cases. When the porosity goes below 65%,
foams lose their ability to let liquids through. The specific surface area of solid foams

Fig. 2. Comparison of the structure of metal foams, a foam: 30 PPI, e = 94.3%, b foam: 40 PPI,
e = 92.9%, c foam: 40 PPI, e = 91.6%
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ranges from 300 to 6000 m2/m3 and depends on the porosity and cell size. In general,
foams with lower porosity and smaller cells have specific surface area higher than
foams with larger cells.

In relation to the size of cells, pores and cross-section of skeleton ligaments, the
term of ‘diameter’ is commonly used even though the cross-section of cells, pores and
ligaments is usually not circular. In terms of numbers, the substitute cell diameter dc
equals the diameter of a circle with the area or circumference equivalent to the surface
area/circumference of the cross-section of the cell. Likewise, the substitute pore
diameter dp and the substitute ligament diameter dl are determined. The cell diameter in
solid foams ranges from 0.3 to 7 mm. According to Duocel, the foam producer, the
pore diameter equals 0.5–0.7 of the cell diameter. The other geometric parameters of
cells are also interdependent, but to state those interdependencies precisely is quite
difficult. Therefore, unambiguous description of foam requires providing more than just
one structural parameter.

3 Gas-Liquid Flow Through Solid Foams

The most common case of the gas-liquid flow through open-cell foams is flow boiling.
Work in this respect is carried out in a lot of centres. Their authors emphasise that the
presence of foam on the boiling surface results in lower overheating point of the heating
surface, necessary for the nucleation of vapour bubbles, and in the shift of the boiling
crisis towards much higher heat fluxes. Hu et al. (2014) state that during the flow of
boiling coolant through a flat channel packed with metal foam, the heat transfer
coefficient is 1.5 to 2.6 times higher compared to the boiling on a smooth surface
(channel without packing). An even higher difference – 2 to 4 times in favour of foam –

occurs when the boiling happens round tubular channels. Jamal-Abad et al. (2017)
assess that the thermal effectiveness of solar energy collectors after packing their
evaporators with copper foam increases by up to 45% despite markedly higher pressure
drops. In turn Shi et al. (2018) found that a vapour condenser in the form of a tube with
an annular insert from copper foam is 30% more effective compared to a tube with
micro-ribs.

Diani et al. (2015) and Zhu et al. (2015) emphasise that the use of foam on the
boiling surface brings the best benefits when the process is carried out with a flow with
low liquid stream density and high participation of vapour. According to Wang et al.
(2013) increase in the intensity of heat exchange results from the flow disruptions in the
layer at the wall caused by the foam skeleton, more intense mixing of vapour and liquid
and elevated effective thermal conductivity. The merit of the last factor is underlined by
Kouidri and Madani (2017) and Pangarkar et al. (2010).

The effectiveness of foam-packed equipment also depends on the energy required
for forcing fluids through. Due to the specific structure of foams, that energy is low – it
did not exceed 1 W/m3 in studies performed by Lali (2017). Zhang et al. (2011) show
that two-phase pressure drop in metal foams is significant but evidently lower than the
pressure drops in other porous media and structural packings. According to them, the
gas-liquid pressure drop equals 20% of pressure drops in mesh packings. The authors
of work Stemmet et al. (2005) also registered relatively low pressure drops. Zalucky
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et al. (2017) claim that the pressure drop in a foam-packed column is several times
lower than in a column with a deposit of poured granules with comparative specific
surface area. Moreover, the authors of the studies performed in columns filled with
metal foams also found that the flow is much more stable compared to the flow through
columns with other packings. Due to high porosity, the column can be charged with
higher amounts of gas and liquid. In a wider range, the following flows occur: stream,
stratified, bubble and dispersive. Pulsation flow in counterflow columns occurs with
very strong gas stream. The void fraction of liquid can be higher than in columns filled
with other materials. According to Stemmet et al. (2005), in extreme cases the void
fraction reaches the value of foam porosity, especially in the case of foams of low pore
density.

Use of solid foams in packed columns allows to increase the intensity of mass
transfer. According to Zhang et al. (2011) the intensity of mass transfer is by ca. 40%
higher compared to columns with mesh packing and the mass transfer coefficient goes
up along with pore density (Stemmet et al. 2007). According to Tourvieille et al. (2015)
the intensity of mass transfer may increase even by 50% as the energy used to force
fluids through remains low.

When gas and liquid combined flow through foam-packed channels, specific flow
structures form, understood as a manner of liquid distribution in the channel. The type
of structures and the conditions under which they occur are not clear, which is very
much noticeable due to a significant impact of the structures on the course and results
of technological processes performed with multiphase systems.

Observation of gas-liquid flow was a subject of studies by Bamorovat et al. (2016);
those authors, however, performed studies only in terms of intermittent annular flow.
The results of the experiments described in work Dyga and Płaczek (2017), indicate
that more diverse flow structures may occur. What is significant is that during the flow
of the gas-liquid mixture through foam-packed channels, structures typical for the flow
in empty channels are observed. In work Dyga and Płaczek (2017), four basic types of
flow were differentiated – stratified flow, plug flow, slug flow and churn flow –

illustrated in Fig. 3. The type of structure is determined by flow conditions (speed,
participation and properties of fluids). No effect of the structure of foams on the type of
flow structure has been demonstrated so far.

Areas of occurrence of respective flow structures can be presented in a flow regime
map in a gL/gG�kw – gG /k reference system, proposed by Baker for the flow through
unpacked channels. In the system in question, gL and gG mark the mass velocity of
liquid and gas and k and w are dimensionless parameters reflecting relations between
physical properties of gas and liquid and the properties of air and water. As in Fig. 4, in
the case of the flow through metal foam-packed channels, the points corresponding to
the structures observed by Dyga and Płaczek (2017), form compact areas in the Baker’s
system, which – however – do not fully overlap with the range of occurrence of the
same structures in empty channels. When forcing the gas-liquid mixture through foams,
change in the stratified flow into other forms of flow occurs at a lower ratio between the
streams of liquid and gas compared to the flow through empty channels (particularly in
the case of change of stratified flow into plug flow). That relation results from higher
interphase slide in foam-packed channels, which is demonstrated in work Płaczek et al.
(2012).
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Gas, due to its low viscosity, flows through the geometrically complex cellular
space relatively freely, but liquid is stopped by the skeleton of the foam, which makes
the participation of gas in the mixture much lower than the inlet participation of that
phase (resulting from the ration between the streams of the flows introduced in the
channel). The situation is illustrated in Fig. 5.

Fig. 3. Structures of gas-liquid flow in metal foam-packed channels, a stratified, b plug, c slug,
d churn

Fig. 4. The scope of occurrence of gas-liquid flow structures in the case of flow through metal
foams against the Baker’s map
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The comparison of the void fraction of air Ra at the flow with water through three
foams of similar structure but different in terms of porosity and cell size, illustrated in
Fig. 6, indicates that the value of void fraction does not depend on the structural
parameters of foams.

Fig. 5. Comparison of actual void fraction of air Ra with inlet participation fa

Fig. 6. Void fraction of air in the mixture with water at flow through aluminium foams with
pore density 20, 30 and 40 PPI
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However, the structure of foams affects the movement of air to some extent and has
a very marked effect on two-phase pressure drop. Work Dyga and Troniewski (2015)
found that in metal foam-packed channels, heat is exchanged first and foremost by way
of heat transferring between the liquid and the wall of the channel. Foam participates in
heat transport mostly by conduction. This is why the value of heat transfer coefficient
depends on the hydrodynamic conditions of the flow in the first place. If comparable
conditions, heat exchange intensity is higher when the foam skeleton is characterised
by higher thermal conductivity ks, which is reflected by the experiment data presented
in Fig. 7, taken from work Dyga and Kos (2017).

Pressure drops of fluid in solid foams, apart from the obvious effect of hydrody-
namic conditions, depend on the structure of foams and the effect of geometric
parameters of the skeleton of foams on the values of pressure drops is very much
evident, which is illustrated in Fig. 8 on the example of air-water flow through two
types of aluminium foams. Pressure drop is much higher in the case of flow through
foams with higher pore density, or with smaller cells. Similar observations as to the
effect of pore density on the values of gas-liquid pressure drops were made by Hu et al.
(2013) and Ji and Xu (2012) when examining the flow boiling of coolants. In turn,
study Dyga (2015) demonstrated that the value of pressure drops depends not only on
the cell size, but also on the shape of the cellular skeleton. In the case of flow of fluid
through foams with geometrically regular skeleton, the pressure drops are markedly
lower compared to flow through foams with large knots at the junction of skeleton
ligaments or local skeleton deformations.

In the gas-liquid flow through foam-packed channels, what is observed are changes
in the pressure drops and void fraction of phases, seemingly inconsistent to the flow
conditions. An example may be abrupt reduction in pressure drops despite increase in

Fig. 7. Comparison of heat transfer coefficient a2f at air-oil flow through foams of various
thermal conductivity ks and similar geometric parameters
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phase streams (Fig. 8). Such singularities are related to changes in the structures of
flow, particularly change of plug or slug flow into stratified flow.

Phenomena accompanying gas-liquid flows through solid foams are described
mathematically to a limited extent, e.g. there are no analytical methods to determine the
heat transfer coefficient, and there are only few studies – Gerbaux et al. (2009), Hu
et al. (2013), Ji and Xu (2012) – concerning the modelling of hydrodynamics of flow.

Gerbaux et al. (2009) propose to determine gas-liquid pressure drops using the
Darcy–Brinkman–Forchheimer equation, valid for single-phase flow, to which coeffi-
cients correcting the value of permeability and the inertia coefficient in two-phase flow
were introduced. According to the authors of studies Hu et al. (2013), and Ji and Xu
(2012), the classic Lockhart–Martinelli method can be used to calculate the pressure
drops of boiling coolants in solid foams. Hu et al. (2013) indicate that the pressure drop
of fluid should then be determined by the procedure proper for flow through porous
deposits, which allows to take into account the parameters characterising foam (specific
surface area, porosity and pore diameter) in the calculations. A similar solution was
developed by Ji and Xu (2012) but in that case the pressure drop of liquid is determined
on the basis of the pressure drop number defined in the manner typical for single-phase
flows through solid foams. In addition, Hu et al. (2013) provide manners for calculating
the void fractions in the gas-liquid flow through solid foams. They suggest determining
the void fraction of liquid by evaporation of the agent on the basis of a dependence
developed for flow through empty channels by Rauhani and Axelsson (1970).

The insufficient mathematical description of the gas-liquid flow through solid
flows, particularly in the case of flows other than boiling of coolants, encourages to use
calculation models valid for other types of packings or unpacked channels. However,
the analysis presented in studies Płaczek and Dyga (2012) and Płaczek et al. (2012)
indicate that the application of those models to the flow through solid foams results in
too high deviations of the calculated values of void fractions from the actual values.

Fig. 8. Air-water pressure drop in aluminium foams of 20 and 40 PPI
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4 Summary

Open-cell foams can be used in the construction of various types of process equipment.
There are high expectations as to the application of metal foams in the performance of
the processes in participation of multiphase systems, including two-phase gas-liquid
systems. The knowledge concerning the phenomena occurring in the space packed with
open-cell foam requires supplementation. The information provided in this study come
from few studies devoted to two-phase flows through solid foams. The analysis of
those studies shows evident similarities of flows through foam-packed channels and
flows through empty channels. Despite that analogy and a growing number of studies
devoted to the flow through open-cell foams, it is still difficult to pinpoint the effect of
foams on the examined thermal and hydrodynamic phenomena. The largest gaps can be
found in the mathematical description of two-phase flow, which in general pertains to
one specific case of gas-liquid flow, i.e. flow boiling. Such a state of affairs makes
designing, optimisation and construction of metal foam-packed equipment very
difficult.
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1 Introduction

Oxyethylation leads to obtaining nonionic surfactants that are widely used in many
branches of industry. The potential hydrophobic raw materials used in this process
include, apart from widely used fatty alcohols, also fatty acid methyl esters. Direct
oxyethylation of fatty acid methyl esters needs application of a catalyst to activate a
hydrophobic substrate or ethylene oxide (Schick 1967). As the oxyethylated product is
a mixture of homologs with polyoxyethylene chains of different length, in order to
identify the dominant fraction it is necessary to use the conception of average degree of
oxyethylation. Depending on the catalyst used, the range of homologs distribution in
the product may vary. However, currently used catalysts allow the synthesis of prod-
ucts in which the main component constitutes max. 30 wt%. mixture of oxyethylates
(Alejski et al. 2003a). The obtained product may contain the ethoxylated derivatives,
by-products and unreacted starting material (Alejski et al. 2003b). For ethoxylated fatty
acids methyl esters the by-product may be methyl monoesters of polyoxyethylated
glycol and their diesters (Hama et al. 1997a; Szymanowski 2001).

2 Ethoxylation Catalysts

A typical homogenous catalyst for the oxyethylation substrates containing mobile
hydrogen is hydroxide of a I group metal. The most commonly used is sodium
hydroxide (Szymanowski 2005). The use of such catalysts leads to the formation of
products of a wider distribution of homologs and a significant amount of unreacted
alcohol (Alejski et al. 2003b). The simplest alternative to NaOH are simple or complex
alkoxides of alkali metal IIA group (Szymanowski 2005). The homogeneous catalysts
capable of catalyzing the oxyethylation of higher fatty acid methyl esters are those
based on calcium (Hreczuch and Szymanowski 1997, 2007; Białowąs and Szy-
manowski 2004). With increasing degree of oxyethylation, the distribution of
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oxyethylated derivatives in the product is significantly narrowed (Hreczuch 2002).
Unfortunately, homogeneous calcium catalysts show relatively low activity. Addi-
tionally, there is a problem with their separation from the post-reaction mixture and a
long time is needed for the reaction induction (Alejski et al. 2006).

An alternative to calcium homogeneous catalysts of the oxyethylation process can
be heterogeneous ones. Literature reports point to composite aluminum-magnesium
oxides that are used both in the fatty alcohol and in the fatty acid methyl esters
ethoxylation process. Various methods for the preparation of aluminum-magnesium
oxides are known. In general, this process is realized in two main stages. The first one
is to obtain the appropriate hydroxides, while the second is their calcination at a certain
temperature. Aluminum-magnesium hydroxides, being a catalyst precursors, can be
produced by coprecipitation from salt solutions (Okamoto et al. 2003), dry (Nakamura
et al. 1991) or wet (Nakamura et al. 1994) impregnation. Precursors of aluminum-
magnesium oxide can also be natural or synthetic hydrotalcites of the general formula
MxAly(OH)z(CO3)m�H2O (Hama et al. 1998a), commercial aluminum-magnesium
hydroxides nMgO�Al2O3m H2O (Hama et al. 1998b) or mixtures of aluminum and
magnesium salts (Imanaka et al. 2003).

Literature data indicate a very strong influence of the conditions of obtaining
aluminum-magnesium oxides on their physicochemical properties, which are crucial
from the point of view of their activity and selectivity. Both, the step of obtaining the
hydroxide precursor and its thermal treatment are important. A widely used method for
producing mixed metal hydroxides is coprecipitation, however, it requires taking into
account many factors affecting the physicochemical properties of the obtained product.
An extremely important issue during the co-precipitation process is full control and
stability of such parameters as: pH, temperature, mixing hydrodynamics, concentra-
tions of precipitating agents and maintenance of their pH, concentration of metal ion
solution. In the case of coprecipitation of two or more cations, it is particularly
important to find a pH range that would allow precipitation under conditions ensuring
the lowest possible losses due to the solubility of the sludge, leading to a composition
consistent with the assumed target one (Sokolovskii et al. 2003).

The coprecipitation process of aluminum-magnesium oxides can be carried out in
many ways. The processes are carried out at a constant pH or with pH increasing to the
assumed value, differing in the ways and time of contacting streams (Shuzhi et al. 1999,
Cantrell et al. 2005). The most commonly used precipitants and pH stabilizers are
potassium (Di Cosimo et al. 1998; Fraile et al. 2009), sodium (Climent et al. 2004;
Fishel and Davis 1994b) or ammonium carbonates and hydroxides (Shen et al. 1994;
Cantrell et al. 2005). The temperature of the coprecipitation process is usually main-
tained at 60–65 °C (Di Cosimo et al. 1998; Climent et al. 2004; Fraile et al. 2009),
lower values of around 40 °C (Shen et al. 1994; Okamoto et al. 2003) or much higher,
e.g. 90 °C (Imanaka et al. 2003) are less frequently used. Conducting the coprecipi-
tation process at high temperatures, needs a large amount of energy. It is possible to
carry out precipitation at room temperature without the need for ageing process (Alejski
et al. 2010a). Due to the direct effect of pH on the composition of the catalysts
obtained, coprecipitation is most often carried out by feeding streams containing a
mixture of aluminum and magnesium cations and a precipitating agent with the
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simultaneous dosing of the pH maintaining agent. The pH used is taken from the range
7.5 (Cantrell et al. 2005)–11 (Sokolovskii et al. 2003).

The mixing of the reaction mixture is very important. The point introduction of the
reagents implies inhomogeneity which may result in the lack of reproducibility of the
catalysts properties. As follows from the study on mixing hydrodynamics during the
coprecipitation process, the best selectivity is demonstrated by the catalysts obtained
with the Reynolds number around 100,000. At low values of Reynolds numbers (range
Re 30000–190000 analyzed) the range of particle diameters in the obtained oxides
significantly extends towards larger diameters (Alejski et al. 2010b).

Properties of the obtained aluminum-magnesium oxides are also influenced by the
total concentration of aluminum and magnesium cations. It has been observed that the
increase in the used total concentration of Al3+, Mg2+ is followed by a decrease in the
specific surface area, which is associated with an increase in the content of agglom-
erates with diameters above 40 lm (Emmons-Burzyńska et al. 2018). Appropriately
selected pH, stable during the coprecipitation process, results in the production of
aluminum-magnesium oxides with a composition similar to that assumed, which
indicates a complete precipitation of Al3+, Mg2+ ions during the synthesis (Di Cosimo
et al. 1998; Fraile et al. 2009).

Aluminum-magnesium oxides with an Al/(Al + Mg) molar ratio lower than 0.5 or
equal to 0.5 contain in their crystalline structure only MgO [ASTM 4-0829] in the
periclase type, crystallizing in a regular system. The crystallinity of the phase derived
from MgO decreases with increasing aluminum content in the catalyst, which is
manifested by a simultaneous increase in contribution of the peaks assigned to the
spinel MgAl2O4 in the XRD spectrum. The oxides enriched in aluminum (Al/(Al +
Mg) > 0,5) crystallize in a pseudo-crystalline form of Al2O3 [ASTM 10–425] (Fraile
et al. 2009; Shen et al. 1994; Di Cosimo et al. 2000; Diez et al. 2003). The analysis of
the surface composition indicates that in most cases the surface is enriched in alu-
minum when compared to the composition following from the elemental analysis.
(Fraile et al. 2009; Fishel and Davis 1994a; Emmons-Burzyńska et al. 2018). The tested
density of basic centers decreases with increasing aluminum content in the catalyst
(Fraile et al. 2009; Fishel and Davis 1994b; Diez et al. 2003; Parida and Das 2000). The
increase in aluminum content in the analyzed aluminum-magnesium oxides results in
the increase in the specific surface area (Fraile et al. 2009; Parida and Das 2000).

The influence of pH on the physicochemical properties of the obtained aluminum-
magnesium oxides was investigated. The pH values considered were 8, 9, 10, 11.
According to the results, higher pH causes a higher contribution of magnesium in the
hydroxide structure. However, no effect of the analyzed factor on the crystallographic
structure as well as the surface area was observed (Emmons-Burzyńska et al. 2018).
The use of alkali metal carbonates and hydroxides in the coprecipitation process
requires rinsing to remove them. The procedure is carried out until no metal ions are
found in the filtrate, which results in less than 0.1% wt. of metal ions in the catalyst (Di
Cosimo et al. 1998; Fraile et al. 2009). However, it turns out that the presence of alkali
metal in the aluminum-magnesium catalyst, significantly affects its physicochemical
properties. The type of alkali metal used is also important. Aluminum-magnesium
oxides, whose precursors are not washed, are characterized by a smaller specific surface
area and porosity. X-ray analysis indicates the appearance of a small degree of ordering
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coming from sodium aluminate (NaAlO2), as evidenced by the relevant weak reflec-
tions (Emmons-Burzyńska et al. 2018; Fraile et al. 2009).

The problem of the influence of calcination temperature on physicochemical
properties of the aluminum-magnesium catalyst has been discussed in many literature
reports. It is the factor that has a significant impact on both the morphology and the
catalytic properties of oxides. The aluminum-magnesium oxides studied were prepared
in the temperature range of 400–950 °C. Their hydroxides were obtained by various
methods differing significantly in the coprecipitation process parameters (Hama et al.
1997b; Liu et al. 2007). It has been found that irrespective of the preparation condi-
tions, as the calcination temperature increases, the specific surface area decreases. The
use of aluminum-magnesium oxides in fatty alcohols oxyethylation results in nar-
rowing of the distribution of homologs (up to 30% wt. of the main component),
reducing the unreacted substrate (<6%) and by-products, mainly polyglycols (<0.1%),
(Okamoto et al. 2003; Imanaka et al. 2003). The aluminum-magnesium oxide catalysts
for the process of ethoxylation of methyl esters of higher fatty acids, presented in
literature, allow the synthesis of a product with a broad distribution of homologs and
containing unreacted substrate (Fig. 1), (Hama et al. 1998a).

The procedure for the preparation of catalysts is very strongly reflected in the
distribution of produced particles, degree of surface area development of the catalysts,
internal structure and pore size distribution and characteristics of the active surface. The
mentioned parameters are crucial from the point of view of catalyst activity and
selectivity (Hama et al. 1997a; Szymanowski 2001; Emmons-Burzyńska et al. 2018).
Analysis of the influence of a number of preparation parameters allows obtaining

Fig. 1. Distribution of homologs in ethoxylated methyl dodecanoate using aluminum-
magnesium catalysts obtained by calcination: hydroxides produced by application method (■),
commercial hydroxides 2,5MgO�Al2O3�mH2O (□), natural hydrotalcites Mg6Al2(OH)16-
CO3�4H2O ( )
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aluminum-magnesium oxides with the desired morphology and catalytic properties. On
the basis of our studies, we identified the conditions of modified oxide aluminum-
magnesium catalysts preparation allowing the synthesis of a product with a narrow
distribution of homologs and a low content of unreacted substrate. The following
parameters of the coprecipitation process were analyzed: Al/Mg molar ratio, total
aluminum and magnesium ions concentration, concentration of precipitating factors,
maintenance of pH and pH range. It was found that the presence of an alkali metal in
the aluminum-magnesium catalyst, introduced at the stage of precipitation of
hydroxides, had a positive effect on the increase in the conversion of the hydrophobic
substrate and the narrowing of the homolog distribution in the ethoxylated product
(Fig. 2). Moreover, the type of alkali metal used was shown to affect the catalytic
properties and selectivity of the tested oxides (Fig. 3).

The alkali metal content on the catalyst surface was found decisive for catalysts
activity and selectivity. The catalysts containing no sodium on the surface showed very
high activity because most likely there were no constraints on the activation and
attachment of ethylene oxide. Too much surface sodium content (above 6%) disables
the activation of ethylene oxide causing no oxide activity.

The aim of the undertaken research was to determine the methodology for
obtaining modified aluminum-magnesium oxides as catalysts of ethoxylation of fatty
acid methyl esters, leading to products with a narrow distribution of homologs.
Because the content of alkaline cations strongly depends on the preparation conditions,
which limits the possibility of controlling their content, an attempt was made to change
the methodology for obtaining modified aluminum-magnesium oxides.

Fig. 2. Homologs distribution of oxyethy-
lated products (n = 3) as a function of
sodium content of aluminum-magnesium
oxides (□ – 3% wt., ○ – 0,8% wt.)

Fig. 3. Homologs distribution of oxyethylated
products (n = 3) as a function of the type of
alkali metal used in coprecipitation process (□ –

Na +, + – K +)
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3 Methodology

The tested oxide catalysts were obtained by dry impregnation of commercial c – Al2O3

(Alumina Spheres 1.8/210 from SASOL with high purity). Before impregnation, the
alumina was calcined for 5 h at 800 °C under nitrogen or dried overnight at 105 °C.
Aluminum and magnesium cations were applied from aqueous solutions of nitrates
(V) and alkali metals (Na+, K+) from aqueous solutions of carbonates. Aluminum and
magnesium cations were applied in a molar ratio of 1:5. In the case of surface modi-
fication with alkali metal cations, the mass concentration of the corresponding alkali
oxides in the catalyst was assumed to be 3 or 6%. Alkali metal cations were applied to
both, the aluminum support and the oxides formed after prior application of aluminum
and magnesium cations. After impregnation, the prepared catalyst precursors were
dried for 24 h at 105 °C and then calcined under nitrogen for 5 h at 800 °C (Table 1).

The catalysts obtained were subjected to comprehensive characterization. Their
chemical composition was determined by the ASAmethod using ContrAA 300, Analytik
Jena. Their BET texture and specific surface area were evaluated using the ASAP 2010
porous structure analyzer from the American company Micromeritics Instrument Cor-
poration. The activity of the obtained oxides was tested in a semi-periodic pressure
reactor made of stainless steel (Autoclave Engineers, Erie, PA, USA) of 2 dm3 capacity,
equipped with a mechanical stirrer, electric heating jacket and cooling coil, pressure
gauge and safety valve. The synthesis was started by loading the reactor with a defined
mass of hydrophobic substrate (300 g) and catalyst (0.5% wt. of the product). The
hydrophobic substrates used were lauryl methyl esters and lauryl alcohol. After loading
the reactor and checking its tightness, the feedstock was purged with nitrogen at 130 °C
for 30 min to remove trace amounts of water. After raising the reactor temperature to a set

Table 1. Conditions for the preparation of oxide catalysts

Nr Catalysts symbol Assumed catalysts
composition
[% wt.]
Na2O K2O MgO

I Al2O3/MgO/Na2O 3 – 4
II Al2O3/MgO/K2O – 3 4
III Al2O3/K2O – 3 –

IV Al2O3/K2O – 6 –

V Al2O3/Na2O 6 – –

VI Al2O3/Na2O 3 – –

VII* Al2O3/MgO – – 4
VIII Al2O3/MgO – – 4

* Prior to impregnations the support was dried
overnight at 105 °C, in other cases calcined for
5 h at 800 °C in nitrogen atmosphere.
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value of 185 °C, automatic dosing of ethylene oxide was started. Having completed
dosing of ethylene oxide, the reaction mixture was kept for 60 min at the reaction
temperature to ensure the maximum conversion of substrates. After cooling to 60–80 °C,
the reactor was purged with nitrogen and the resulting product was discharged, weighed
and analyzed. The fractional composition of ethoxylatedmethyl esters was determined by
gas chromatography (GC). Composition of the obtained ethoxylated product was
established using a chromatograph Agilent Technologies 6890N (II/005/BA-AA) with a
flame ionization detector equipped with a non-polar, high-temperature ZB-5HT column
measuring 15 � 0.25 mm � 0.10 lm. Chromatograph working conditions: 380 °C/det.
400 °C/furnace: 60 °C (2 min), 15 °C/min 380 °C (5 min)/carrier gas (helium):
2.0 ml/min/split: 100:1/injection: 0,4 ll (manual).

4 Results

The results were analyzed to determine the impact of the conditions for obtaining
catalysts on their physicochemical properties and activity in the ethoxylation process.
The actual composition of Al2O3/Na2O oxides is very similar to the assumed one. The
potassium content in Al2O3/K2O oxides differed significantly from the assumed one
and constituted about 40% (catalyst 3) and 70% (catalyst 4) of the initial value. The
lowest deposition efficiency was noted for the oxides obtained by modification of the
aluminum support surface with the cations of both aluminum, magnesium and alkali
metals (Table 1, Table 2).

Analysis of the pore distribution in the oxides obtained, indicates that there are
mainly pores with diameters of about 10 nm. The pore distributions in the catalysts are
very similar, only in Al2O3/Na2O (6%) oxide there is a shift in the maximum pore
contribution towards slightly higher values, which results in the largest decrease in the
specific surface area to 125 m2/g in relation to the aluminum support (157 m2/g)
(Table 1, Fig. 4). Under the assumed conditions of the ethoxylation process, when
using either lauryl alcohol or lauryl methyl esters the active catalysts were only the
oxides modified with aluminum and magnesium cations and the aluminum support.

Table 2. Physicochemical parameters of oxide catalysts

Nr Specific surface
area [m2/g]

Real composition
of catalyst [% wt.]
Na2O K2O MgO

I 130 0,88 – 0,38
II 140 – 0,45 0,38
III 151 – 1,24 –

IV 135 – 4,25 –

V 125 5,40 – –

VI 137 2,58 – –
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Analysis of the ethoxylated product indicates that it contains about 40% of unreacted
substrate and about 6% of by-products, including only about 1% of PEG. The maxi-
mum distribution of homologs is shifted towards lower values in relation to the
assumed n = 3. The oxyethylated derivative containing one molecule of attached
ethylene oxide is formed in the largest amount. The analysis of product composition
shows that the nature of the modified catalytic surface allows attachment of up to 6
ethylene oxide molecules (Fig. 5).

In the presence of lauryl alcohol the oxides showed greater activity expressed in the
rate of ethylene oxide attachment reaction and it was almost 3 times higher than the
catalytic activity of the unmodified support. When using lauryl methyl esters, the
catalytic activity was very similar, which may suggest that the surface modification did
not generate centers active in the process of ethoxylation of higher fatty acid methyl
esters (Table 3).

Fig. 4. Pore diameter distribution of obtained oxide catalysts

Table 3. Catalytic activity of aluminum-magnesium
catalysts.

Nr Raw material Average rate of
ethoxylation
[molEO/g-cat*h]

c- Al2O3 lauryl alcohol 0,13
VII 0,35
VIII 0,38
c- Al2O3 lauryl acid methyl

esters
0,12

VII 0,13
VIII 0,13

Fig. 5. Homolog distribution of
oxyethylated products (n = 3) using
aluminum-magnesium catalysts
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5 Conclusions

The actual composition of oxide catalysts is different from the assumed one. Magne-
sium and alkali metal oxides were incorporated to a lower degree than expected. The
specific surface area of each catalyst is lower than that of support and decreases with
increasing degree of coverage. The porosities of the modified oxides are very similar,
regardless of the conditions of their preparation. Contrary to expectations, the oxides
modified with alkali metal cations did not show catalytic activity, irrespective of the
preparation conditions and the type of hydrophobic substrate used. The resulting
product was a mixture of ethoxylates containing 3–6 attached EO adducts. The catalyst
activity was in the range 0.13–0.38 molEO/g-cat*h and was higher when lauryl alcohol
was used.
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Abstract. Mixing is one of the most important unit operations carried out in the
chemical, food and related industries. It is still in the research of many scientists
because of its high energy consumption. Unsteady mixing with an emphasis on
its use in gas-liquid systems is presented. In such a mixing there is no need to
use baffles e.g. in the food and pharmaceutical industries. In brewing, even with
steady mixing, baffles are not used because it makes the washing process too
difficult and affects its frequency. An experiment was conducted for the Scaba
6SRGT to compare the unsteady and steady mixing power in both a single-
phase and a two-phase gas-liquid system. One would like to achieve an
improvement in mixing power through the use of forward-reverse mixing.
Different oscillation frequencies are used for unsteady mixing using a triangular
time-course of impeller speed. Using forward-reverse mixing in a single-phase
system has caused an increase in mixing power by about 80%. For forward-
reverse mixing in the gas-liquid system, lower RPD values are observed com-
pared to steady mixing, which shows greater power decreases caused by gas
introduction.

1 Introduction

One of the most commonly used unit operations in the industry is mechanical mixing.
Because of its high energy and time consumption, there is a need for continuous
development. Conventional mechanical mixing uses impeller, which rotates in one
direction and constant rotational speed (steady mixing). In an unbaffled vessel, this kind
of rotation leads to the formation of the central vortex and fluid swirling (Nagata 1975;
Ciofalo et al. 1996; Myers et al. 2002). These phenomena are disadvantageous because
it causes a fall in mixing power. The solution to this is the use of baffles. Baffled mixing
eliminates vortexing and circumferential flow however it is not an ideal solution
because it causes problems itself e.g. (1) the occurrence of insufficient mixing zones,
(2) the need to clean baffles periodically (Yoshida et al. 1996, 2001b). Baffles can also
cause agglomeration of the catalyst in heterogeneous catalysis (Woziwodzki 2011) and
hinder the growth of crystals in processes where crystallization occurs (Yoshida 2011).

Sometimes, the use of baffles is not recommended e.g. in the food and pharma-
ceutical industries, where keeping cleanliness is very important. To improve the mixing
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efficiency in tanks without baffles, two methods are used: eccentrically located impeller
(Joosten et al. 1977; Nishikawa et al. 1977; Karcz et al. 2005) or mixing in which the
direction of rotation or impeller speed changes (unsteady mixing) (Kobayashi 1964).
Also, unsteady mixing can also reduce some problems such as (1) formation of cavities
behind the impeller blades, (2) flooding of the impeller by gas bubbles which limits the
range of gas sparging rate, (3) low probability of turbulence in the vicinity of the gas-
liquid interface (Yoshida et al. 2001b). These reasons make it necessary to research and
to develop an unsteady mixing technique. In particular, gas-liquid mixing is a study as
there is little information in the literature about this.

2 Unsteady Mixing

Various authors report the use of oscillation to intensify mixing and mass exchange. It
is used in standard stirred vessels for various systems such as gas-liquid, liquid-liquids
(Yoshida et al. 2002; Woziwodzki 2011) and vessels with multiple impellers (Yoshida
et al. 2001a; Woziwodzki 2013). Also, Cabaret et al. (2008) used a dual shaft stirred
vessel with two off-centred shafts operating in counter-rotating and co-rotating modes,
whereas Komoda et al. (2000, 2019), Hirata et al. (2007) and Senda et al. (2015)
applied a disk impeller reciprocating up and down. Oscillations can be successfully
used in OBC (Oscillatory Baffled Column) or OBR (Oscillatory Baffled Reactor)
devices (Ni and Gao 1996).

Unsteady mixing in the literature is carried out using various types of time course.
Woziwodzki (2017) used various triangular impeller speed-course, both in one and two
directions of rotation. For two directions they were symmetrical, symmetrical with a
break between changes of direction and asymmetrical, all for different oscillation
frequencies. Yoshida et al. (1996) used sinusoidal waves, while Roy and Acharya
(2011) a sinusoidal variation of the impeller speed and a step function. A significant
effect of this time-course on the results got was observed. Using a trapezoidal wave
appeared in newer publications (Gu et al. 2017). Also, attempts are being made to
change impellers for unsteady mixing (Frankiewicz 2017; Frankiewicz and
Woziwodzki 2018a, b).

The literature analysis shows that studies of unsteady mixing in the gas-liquid
system were usually conducted for two types of impeller time-course: sinusoidal and
triangular time course of impeller speed. The research was carried out for various types
of the impeller, both in single and multiple systems for various types of liquids as the
dispersing phase. Triangular wave research was carried out for impellers: RT, PBT,
SC3, A310, A315, HE-3, HE-3W (Woziwodzki and Broniarz-Press 2014a, b; Wozi-
wodzki et al. 2015; Woziwodzki 2017). For the sinusoidal course, the research was
conducted by Yoshida et al. (2002) for delta and RT impellers. Table 1 summarises the
values of the turbulent power numbers for various types of impellers for steady and
unsteady water mixing. It has been shown that the use of unsteady motion increases the
mixing power. This increase is explained by the formation of disturbance areas behind
the agitator blades, which increases the mixing turbulence and thus increases the power
number (Yoshida et al. 2002, Woziwodzki 2017).

80 S. S. Frankiewicz and S. Woziwodzki



The mixing power in a gas-liquid system is usually represented by the relative
power demand (RPD), which is the ratio of power in a gas system and the power in an
ungassed one. With steady mixing, introducing gas into the system causes a decrease in
mixing power, which results from density decrease and gas accumulation behind the
blades (gas caverns) (Kamieński 2004). Studies carried out by various researchers show
that for unsteady mixing higher relative power values are obtained than for steady
mixing (Frankiewicz and Woziwodzki 2018b). This is probably the result of the
destabilisation of gas caverns. In unsteady mixing, it destroys caverns formed behind
the impeller blades during acceleration of impeller because of deceleration and change
of rotation direction. In this way, their effect on mixing power is smaller, which is
helpful.

During unsteady mixing, two main forces occur inertia and drag. Which of the
forces prevails depends on the Keulegan-Carpenter number KC defined as follows:

KC ¼ nmax
f

ð1Þ

where nmax is the maximum impeller speed and f is the oscillation frequency
(Woziwodzki 2017). There are three various ranges of force domination. For the value
KC < 4, the inertia force dominates, for 4 < KC < 15, both the drag force and the
inertia force have a significant impact on unsteady mixing, and for KC > 15 the
dominance of the drag force is observing (Woziwodzki 2017). It was noticed that for
mixing in the range of resistance forces (KC > 15) and turbulent flow, mixing power in
a single-phase system is a constant and independent of Keulegan-Carpenter number.

One of the most important features in the mixing of gas-liquid systems is the gas
hold-up. Usually, the purpose is to increase the amount of gas in the liquid and thus
increases mass transport. Experimental studies show that during unsteady mixing the
gas hold-up is greater compared to steady mixing (Yoshida et al. 1996; Woziwodzki
et al. 2015; Frankiewicz 2017; Woziwodzki 2017). This may be because of increased
turbulence, which leads to an intensified bubble break-ups by eddies (Kresta 2015). In
this way, more gas is dispersed in the liquid. In addition, the influence of various
parameters on the gas hold-up, i.e. the oscillation frequency, the viscosity of the

Table 1. Power number comparison for steady and unsteady turbulent mixing

Impeller Steady Unsteady

CD delta type (Yoshida et al. 2002) 0.254 0.43
RT (Yoshida et al. 2002) 0.483 1.09
RT (Woziwodzki 2011) 4.9 7.14
ST (Woziwodzki 2011) 3.2 4.74
PBT (Woziwodzki 2011) 1.1 1.64
A310 (Woziwodzki et al. 2015) 1.06 0.72
HE-3 (Woziwodzki 2017) – 1.49
A315 (Woziwodzki 2017) – 2.98
SC-3 (Woziwodzki 2017) – 0.88
BT-6 (Frankiewicz 2017) 3.78 4.37
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continuous phase, the time-course and the gas supply method was studied (Yoshida
et al. 1996, 2003; Woziwodzki 2017).

Another important parameter used to determine the efficiency of gas-liquid mixing
is the volumetric mass transfer coefficient kLa, which describes the mass exchange
between gas and liquid. Usually, kLa is represented by the equation:

kLa ¼ a � Pg

V

� �b

�wc
g ð2Þ

where a, b and c are coefficients, Pg/V is an average energy dissipation per volume and
wg is superficial gas velocity. The volumetric mass transfer coefficient kLa also depends
on the physicochemical parameters of the continuous and the dispersed phase. The
research by Yoshida (2011) and Woziwodzki et al. (2015) have shown that for different
impellers, the use of oscillation causes a significant increase in the volumetric mass
exchange coefficient. The increase in gas hold-up caused by unsteady mixing, cause an
increase in the volumetric mass exchange. Only at high average energy dissipation
rates, kLa values for steady mixing are similar or slightly lower values compared to
steady mixing. The average energy dissipation rates from which the steady mixing
takes higher kLa values are depending on the impeller, e.g. for PBT Pg/V > 200 W/m3

(Woziwodzki and Broniarz-Press 2016) while for RT Pg/V > 1000 W/m3

(Woziwodzki and Broniarz-Press 2014a).

3 Experimental

The experimental setup has shown in Fig. 1. Mixing was carried out in a flat-bottomed
vessel. The diameter of the vessel D and the height of the liquid H was 0.29 m. Air was
introduced into the system using an air compressor and then a ring sparger of diameter
0.085 m. To measure the volumetric mass transfer coefficient, an oxygen electrode with
an oxygen meter and a temperature sensor were used. Compressed nitrogen introduced
into the system using a porous stone was used to remove oxygen from a liquid.

The impeller was mounted on the shaft (Ds = 0.012 m) connected to an electric
motor (Electrim SF400L4A) via a transmission belt. The pDrive MX Eco inverter with
a curve generator delivered by Schneider Electric Company and the MatriX-3.2
computer program controlled the engine.

Thanks to this, changes in the impeller speed and direction of rotation were possible
as a function of time. The applied impeller speed-course can be described by a trian-
gular wave with different oscillation frequencies f, represented by the equation
(Woziwodzki 2011):

n ¼ 8
p2

� nmax � sin 2pftð Þ � 1
9
sin 6pftð Þþ 1

25
sin 10pftð Þ

� �
ð3Þ
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The time-course of impeller speed obtained when applying the triangular wave is
shown in Fig. 2. The torque was measured using a torque meter Mt2 from Sensor AT.
The Scaba 6SRGT turbine was the impeller (Fig. 3). For steady mixing, the impeller
speed n ranged from 3 to 12 1/s and gas flow rates from 0.5 to 2.5 m3/s. For the
unsteady mixing, tests were carried out for three oscillation frequencies f = 0.23 Hz,
f = 0.46 Hz and f = 0.92 Hz. Average rotation frequencies ranged from n = 2.6 1/s to
n = 7.4 1/s. All studies were conducted in a turbulent flow in the range of KC number
from 5 to 60.

Fig. 1. Experimental setup 1 – tank, 2 – air compressor, 3 – rotameter, 4 – engine, 5 – inverter,
6 – computer, 7 – torque meter, 8 – oxygen electrode, 9 – oxygen meter

Fig. 2. Time-course of impeller speed for unsteady mixing (triangular wave)
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Figure 4 shows the relationship between power number Ne and Reynolds number
Re obtained during steady and unsteady mixing, respectively. With steady mixing, the
power number is 2.07 ± 0.05 and does not change with the Reynolds number than
expected. Saito et al. (1992) report that the value of the turbulent power number for
Scaba 6SRGT impeller (H/D = 1, d = 1/3 D) is about 1.7. The values are similar. The
power number is influenced by many parameters such as tank geometry, which may
cause a difference in values. Using oscillation leads to an increase in power demand
(Ne = 3.68 ± 0.09). For unsteady mixing in a single-phase system, no influence of
oscillation frequency is observed (KC2(5-62)). This is confirmed by the experiments of
other researchers.

Fig. 3. Scaba 6SRGT

Fig. 4. Relation between power number and Reynolds number for Scaba 6SRGT
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Figure 5 shows the relative power demand in a gas-liquid system as a function of
gas flow number Flg for steady mixing. The analysis shows that as the impeller speed
increases, the relative power decreases until a constant level of about 1 is achieved.
The RPD value is constant in the Flg range from 0.01 to 0.06.

Figure 6 shows the relative power demand in a gas-liquid system as a function
of gas flow number Flg for unsteady mixing. The analysis shows that a decrease in
RPD is observed (Flg < 0.15) with an increase in Flg for all oscillation frequencies.

Fig. 5. Relation between relative power demand RPD and gas flow number Flg for Scaba
(steady mixing)

Fig. 6. Relation between relative power demand RPD and gas flow number Flg for Scaba
(unsteady mixing)

Gas-Liquid Mixing in an Unbaffled Vessel 85



After reaching the value of Flg = 0.15, the RPD slightly increases with gas flow
number. The values obtained for all oscillation frequencies are similar.

It has been observed a slight effect of oscillation frequencies on RPD. The highest
RPD is observed for oscillation frequency f = 0.92 Hz and gas flow 0.5 m3/h and
1.0 m3/h. The effect of oscillation frequency decreases with volumetric gas flow i.e. for
Qg = 2.5 m3/h it is practical negligible.

4 Summary

The Scaba 6SRGT has a very high relative power demand, close to 1, which proves its
good mixing properties of gas-liquid systems in terms of unidirectional mixing power.

Using forward-reverse mixing in a single-phase system has caused an increase in
mixing power by about 80%. It suggests that unsteady mixing of gas-liquid systems in
a vessel equipped with Scaba impeller enhance mixing, namely an increase in the
mixing power and in the volumetric mass transfer coefficient. To confirm this, it would
be necessary to investigate the mass exchange in forward-reverse gas-liquid mixing and
the gas hold-up, which is to be a further step in the research.
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Abstract. Mechanical mixing of liquids in tanks can be performed with various
agitators which can be accompanied by baffles or other disturbing elements.
Such elements are not fixed to any part of the mixer but move freely within the
mixed volume. In this contribution, the experimental results of chaotic mixing
with spherical disturbing elements are presented along with the proposed
methodology for determining the mixing time based on the change of colour.
The proposed methodology utilizes the captured movie, which was split into
frames, and their analysis using the vTask Studio and Adobe Photoshop 7.0
software, followed by calculations in Microsoft Excel.

1 Introduction

The efficiency of the mechanical mixing process is determined by the mixing power
and time. The mixing time is determined by analysis of concentration of a selected
component or the change of colour intensity at a specific point or points in the mixing
space. The analysis of concentration is usually carried out based on the analysis of
changes in pH (Woziwodzki et al. 2013). Nevertheless, a dye can be used to evaluate
the mixing process (Mitkowski et al. 2016). Evaluation of the colour change is easy in
qualitative terms, however quantitative analysis is challenging.

Takanashi and Motoda (2009) reported studies regarding the improvement of
mixing efficiency in a mechanical mixer using spherical polypropylene capsules with
different diameters as disturbance objects. The objects were shaped like disks, cylinders
and oval balls. The mixing process was carried out in a transparent acrylic resin tank
equipped with four baffles and a Rushton turbine. The experiment was conducted using
an aqueous corn syrup solution and the Reynolds numbers were in laminar regime. The
disturbing element was filled with barium sulphate. In order to investigate the mixing
process and mixing time, the decolourization reaction of iodine with sodium thiosulfate
was applied. It was observed that the capsule moves under and above the agitator, and
forms circulation loops in accordance with the radial circulation of the Rushton turbine.
The researchers confirmed that the inserted element is moving and destroying the
isolated mixing areas below and above the mixer. The mixing times were significantly
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reduced, especially in case of larger disturbing elements. The best performance was
achieved for lower Reynolds number values.

Hirata (2007) investigated chaotic mixing by means of reciprocating motion of the
disk in the tank. The power demand and mixing time were measured when the disk
moved up and down at relatively low amplitudes. The disk generated four different
flow regimes. The mixing was carried out in a liquid-liquid system and started when the
two liquids were at equilibrium. When the disk moved upwards, the fluid entered the
vortex created behind the disk. In the further part of the experiment, simple shear
between fluids occurred.

The process was completed in a few seconds with few disk rotations due to the
created high turbulence. Chaotic mixing in combination with a strong turbulence
ensures fast mixing, which is not possible with conventional rotary mixing. In addition,
the change from rotary to reciprocating motion increased the mixing area of both fluids
(Hirata et al. 2007; Wójtowicz 2017).

The high viscosity of the liquids has a negative effect on the mixing efficiency
because it causes the formation of isolated mixing regions (IMR) in the mixer. The
viscous fluids can be mixed in mixers with two agitators on a common shaft. The
process is carried out in the laminar and, partially, in the transition range. The
occurrence of low mixing areas is problematic in the food industry, biotechnology and
processing of plastics, in case of which it is important to ensure the quality of the final
product and eliminate concentration or temperature gradients. Woziwodzki (2013)
presented a comparison of mixing efficiency of two turbine mixers placed acentrically
and in forward-reverse mixing mode, which can be also included into the group of
chaotic mixing. It was determined that IMR areas occur mainly in the surroundings of
agitators and are formed by applying agitators located in a non-centric position. For
forward-reverse mixing, a fibber structure is formed, in case of which the fluid flows in
the form of thin streams. After research and comparison of mixing times, it was
concluded that forward-reverse mixing can result in increased mixing efficiency in
different industries, in which fluids with significant viscosity (i.e. approximately 1 Pa�s)
are used.

Although there is a vast diversity of various ways of mixing, the authors of this
study report the experimental result of the mixing process in tanks with additional
disturbing elements, i.e. table tennis balls. The balls possessed holes of various
diameters, through which aqueous solutions characterized by different physicochemical
parameters were eluted. The experiments were carried out in a mixer without baffles in
a two-phase liquid-liquid system. The dye solution in the initial state of the system was
only inside the ball. The important part of the research was to find a suitable
methodology for recorded movies which would allow for a quantitative analysis of the
obtained results.
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2 Experimental Set-up and Materials

The experimental set-up consisted of a cylindrical mechanical mixer located vertically
with Rushton turbine (Fig. 1). One of the main elements was a standard tank (height of
liquid in the tank (H) to diameter (D) of the tank equal to 1, distance from tank bottom
to impeller center line (h) to diameter (D) equal to 1/3) with the following flat bottom
dimensions: inner diameter Din = 290 mm and outer diameter Dout = 300 mm. The
working volume was V = 0.0192 m3. The used agitator with a diameter d = 100 mm
was mounted at a height h = 100 mm. Table tennis balls with the outer diameter
db, out = 40 mm were used as the disturbing element. The internal volume of a single
ball was Vb = 3.351�10−5 m3. Each ball possessed two holes, along the ball diameter,
with diameters of 1, 2 or 3 mm. Due to the additional disturbing element, no baffles
were installed in the mixer.

The DC motor powered the agitator and the control system kept the agitator speed
constant. A torque gauge was used to measure the torque, which was an average value
taken from 10 measurements. Torque measurement were recorded and saved with an
accuracy of ±0.01 rpm. The process was recorded with a digital camera (Canon EOS
60D). The experiments were carried out in the same system configuration, under the
same temperature and lighting conditions (measured with Sekonic Illuminemeter i-346).

Distilled water with a temperature of 21 ± 1 °C and density of 998.02 g/cm3 was
the main medium used in the experiment. A solution of malachite green (alkaline dye)
and Rokrysol WF1 polyacrylamide were used to fill the inserted balls.

Fig. 1. Scheme of the measuring station (based on Szaferski and Mitkowski 2016)
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Rokrysol WF1 (PCC EXOL S.A.) is a solution of partially hydrolysed polyacry-
lamide. It is a synthetic flocculant with non-ionic character in the form of a colourless
to light yellow gel, recommended especially for concentration and filtration of inor-
ganic suspensions characterized by a very high content of dry matter. The dynamic
viscosity of Rokrysol WF1 at 25 °C is equal to 6 mPa�s and its density is equal to
1.01 g/cm3.

3 Experimental Framework

The experiments focused on the final distribution of the dye solution in the mixer in the
most efficient way and in the shortest possible time. The rate of solution release from
the sphere was investigated as the result of the concentration change of mixed solution
and as the dependence of the hole diameters in spheres. The contents of spheres were
under ambient pressure.

The used framework for colour analysis is presented in Fig. 2. Based on the
obtained movies divided into frames, the colour was examined in 10 selected points
within the mixer, which were described separately using the RBG mathematical sys-
tem. The obtained RGB components are a basis for calculating the hue (so called
average colour). It is possible to determine the dye concentration as a function of time,
knowing the value of the hue at the beginning and at the end of the process as well as at
specific intervals. All experiments of chaotic mixing with disturbing elements were
carried out using the measurement set-up presented in Fig. 1. The balls were filled with
a solution of malachite green and Rokrysol WF1 polyacrylamide dissolved in distilled
water with concentration of 1000, 2000 or 3000 ppm. The solution eluted during
experiment through various holes (1, 2 or 3 mm in diameter).

The rotational speed n and torque M were measured during mixing. The results
were recorded automatically with use of the computer. The experiment was recorded
under constant conditions, i.e. with a constant artificial light source and without
changing the position of the camera in relation to the tested system. The movie was
divided into frames at intervals of 10 s using Free Video to JPG Converter (Digital
Wave Ltd.). An individual frame showed a mixer containing a liquid with different
colours depending on the time of mixing with a ball containing the dye. The values of
RGB colour components were taken from each frame at 10 points on the surface of the
mixer (Fig. 3).

The points are placed in the form of a grid. In order to improve the work, a script
for image processing using vTask Studio application has been developed (Vista
Software). vTask Studio is an application which stores keyboard and mouse actions
based on the coordinates on the screen. It is also possible to create loops of any action.
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The images were described by RGB values in Adobe Photoshop 7.0. The data from
all the points were collected in a Microsoft Excel spreadsheet. The obtained RGB
values were averaged. Visualization of the mean colour was performed using the added
function in Visual Basic for Applications. A macro which changes the fill colour of a
cell in the table has been created. The mixing time was determined based on the
assumption that the colour will not change further after releasing all the dye from the
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disturbing element. On the basis of the experimental studies, the dependence between
the dye concentration in the mixer tank and the time was determined by means of a
camera and computer software (Dąbrowa and Krajewska 2000; Tarasiuk 2008).

There are several important details which should be taken into consideration while
using a script written in vTask Studio. First, it is designed for a computer with a
specific operating system and screen resolution. It can be used in its original version or
easily adapted to other requirements by changing the screen coordinates for repeatable
activities.

Any number of photos which need to be processed (Fig. 4) must be opened in
Adobe Photoshop and the full-screen mode should be activated (zoom 100%). The next
step is to choose a regular brush (3px) and black as the basic colour. The recommended
font is Arial of size 24.

Microsoft Excel spreadsheet requires previous preparation. Furthermore, the first
cell in the first empty row should be selected before the script in vTask in Excel is
activated. While the program is running, it is not allowed to move the cursor or to press
any keys on the keyboard. Processing one photo takes approx. 4 min, but the duration
of the loop depends on the capabilities of the computer.

Random errors must be removed from the data sheet. They may be manifested by
series of data for which the colour sampler was located on the ball and the colour differs
significantly from other results. The remaining data can be used to calculate the
arithmetic average. The average values can be represented as a cell with the colour
obtained after using the appropriate formula coded in the Visual Basic for Applications
in Microsoft Excel. The obtained results are further processed in order to achieve plots
of averaged dye concentration in function of process time with adequate colours as
a background for better representation of mixing.

Fig. 3. Example of a photo showing the position of a grid of points

94 A. Golczak et al.



After the calculations were finished and the results of concentrations for individual
times were obtained, the errors of the results were considered. Random errors were
rejected in the framework of an earlier stage. The uncertainty of type A was calculated,
which occurs during repeated measurements and is caused by a random scattering of
the measured quantity. The concentration was the tested parameter, which was cal-
culated separately for each of 10 measurements in series.

The uncertainty of the final result (the arithmetic average) is defined as the standard
deviation, which is the square root of the variance. The standard deviation is defined as
a measure of the distribution of a random variable of xi (i.e. concentration of dye)
obtained in n measurements (i.e. 10 measurements placed on the grid):

r�x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
i¼1 xi � �xð Þ2
n n� 1ð Þ

s

ð1Þ

The number of measurements did not meet the condition n > 60 and it was nec-
essary to extend the confidence interval by multiplying the standard deviation by
Student’s t-factor. The factor value is 2.262 for a confidence level of 0.95 and 10
measurements (Oleśkowicz-Popiel and Wojtkowiak 2007).

DxA; 0:95 ¼ tn; 0:95 � r�x ð2Þ

Fig. 4. Example frame of a movie before processing in Adobe Photoshop 7.0
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4 Results

The obtained results are presented in Fig. 5. The concentration was calculated on the
basis of hue using the RGB mathematical system. The final time of the individual
processes was obtained after reaching 100% concentration. The background under the
graph shows the change of colour in the mixer over time.

The mixing process has been accurately analysed during the release of dye via the
holes in the ball according to the framework presented above. The colour and con-
centration in the mixer became stable after specific times which are reported in Table 1.
The final time is the time after which the solution of malachite green and polyacry-
lamide Rokrysol WF1 has been completely released from the disturbing element.

5 Conclusions

The analysis of changes of dye concentration during chaotic mixing over the pro-
cessing time for different diameters of holes within balls and for variable concentration
of Rokrysol WF1 has been presented. It can be concluded that the fastest mixing
occurred for the ball with 3 mm holes for solutions of 2000 ppm and 3000 ppm. The
longest time was obtained for the ball with 1 mm holes. Almost the same mixing times
have been obtained for solutions of 2000 ppm and 3000 ppm. In general, the mixing
time decreases with the increase of hole diameter.

The important output of that research is the framework which presents all indi-
vidual steps of analysis of the recording. One of the important outputs of the framework
are coloured graphs which visualize the chaotic mixing. There are some measuring
points on the graphs which do not comply with the assumption that the concentration of
the dye in the mixer increases with time. Incorrect average values may be caused by the
low quality of the camera used to record movies or by deviations in the used the RGB
colour imaging system.

Acknowledgments. This research was supported by the Ministry of Science and Higher Edu-
cation in Poland subsidy for Poznan University of Technology, Faculty of Chemical Technology
(Grand No.: 03/32/SBAD/0902).

Table 1. Final mixing time in dependence of hole’s diameter and concentration of Rokrysol
WF1

Concentration of aqueous solution
of Rokrysol WF1 in a ball [ppm]

Diameter of holes [mm]

1 2 3
1000 810 [s] 290 [s] 80 [s]
2000 560 [s] 150 [s] 50 [s]
3000 630 [s] 150 [s] 50 [s]
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Abstract. The chapter focuses on the application of gas-phase preparation
methods for the synthesis of anatase titania nanocrystals with an emphasis on
their morphology. The general principles of powders’ synthesis have been
presented with the distinction for two groups of gas-phase preparation methods.
The key role of the flow character of reaction mixture in the gas-phase crys-
tallization process of titania has been shown. The chapter concludes that better
understanding of the particles’ formation principles, kinetic theory of gases and
molecular dynamics is crucial to propose the proper engineering solutions.

1 Introduction

Titanium (IV) oxide (TiO2; titanium dioxide) is widely used, among others as a pig-
ment, food and pharmaceutical additive, as well as biocomposites, catalysts and pho-
tocatalysts. Due to the growing demand for titanium dioxide with strictly specified
structural characteristics (e.g. phase composition, particle size and particle morphol-
ogy), correlated with the resultant properties (absorption/reflection, activity, stability,
etc.), industrial-scale synthesis methods have been sought intensively. A special role is
attributed to TiO2 occurring in the form of nanoparticles/nanocrystals, which signifi-
cantly expands the perspective of potential application due to the incorporation of new
properties that are not present in the case of particles with micrometer sizes (Chen and
Mao 2007; Cargnello et al. 2014; Rahimi et al. 2016; Zhang et al. 2009).

For the production of TiO2 on an industrial scale, traditional technological solutions
such as the sulfate and chloride methods are most often used (Braun et al. 1992).
Although these methods have been successfully used for many years to obtain large
quantity of titania products world-wide (mainly for pigment applications), two short-
comings, i.e., the inability (i) to produce materials with nanoparticle characteristics, and
(ii) to control structural properties precisely, hinder their application in modern nan-
otechnology. Therefore, other methods have been proposed to produce TiO2 in
nanometric sizes, which are mainly concentrated in two areas: hydrolysis from dis-
solved titanium salts and pyrolysis hydrolysis in the gas phase. Both approaches,
however, are associated with advanced technological solutions, limitations in pro-
duction efficiency, additional liquid-solid separation processes, and thus with high
production costs of these materials.
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It should be pointed out that besides the nanometric size, the shape of nanomaterials
is crucial for resultant activity, and thus specific applications. The crystal shape
strongly influences the functionality and quality of the final products, and the ability to
design processes through the modification of the crystallization process conditions to
obtain target crystal shapes has been defined as the crystal shape engineering (Lovette
et al. 2008). Obtaining materials based on titanium(IV) oxide with a specific mor-
phological structure is a particular challenge. Over the last decade, the development of
laboratory-scale methods, based on reactions carried out under hydrothermal condi-
tions, has been observed, which allows the production of semiconductor materials with
different morphological structure (Liu et al. 2011). However, the main disadvantage of
these methods is the strong adsorption of the reagents responsible for the morphology
control on titania surface, which can influence the resultant performance, e.g., decrease
the catalytic activity. In addition, many of these compounds (primarily fluorine-
containing compounds) are transformed at higher temperatures to products that are
highly toxic and corrosive, which limits the potential applicability of these methods.
The issue of enlarging the scale of these processes is also debatable, resulting from the
difficulties to precisely control the properties of the final product, especially as part of a
continuous technological process.

The strategy for obtaining TiO2 nanoparticles that allows extensive control of
product properties, with particular emphasis on the morphology of nanoparticles, is to
use the preparation methods based on gas phase reactions. The advantages of this
strategy are also the elimination of costly stages from the technological process, such as
liquid-solid separation, washing and drying, as well as much wider possibilities of
increasing the scale of the process (Wegner and Pratsinis 2005).

2 General Principles of Powder Synthesis in the Gas Phase

Powder synthesis in the gas-phase has many advantages, such as preparation of par-
ticles in continuous mode, high purity and easy control of process parameter. More-
over, production of solid particles in the gas phase does not involve the liquid
byproducts characteristic for wet chemistry processes. Finally, obtained particles are
separated from the gas stream without any additional operations. These processes can
be divided in two groups relying on: (i) evaporation and/or reaction of suspended solid
particles or precursor liquid droplets (particle-to-particle conversion), and (ii) reaction
of precursor gases at high temperature (gas-to-particle conversion) (Pratsinis and
Vemury 1996).

Important difference between these two groups of processes is the fact that with the
particle-to-particle conversion the target particle size is achieved by size reduction of
larger particles, especially sprayed droplets, but in the case of gas-to-particle conver-
sion particles are built from molecules all the way up to target size.

Analyzing gas-to-particle conversion, the molecules form quickly the particles
either by uninhibited molecular collisions (coagulation-driven process) or by nucleation
of subcrtitical molecular clusters (nucleation-driven process). The growth of the par-
ticles occurs by condensation and/or coagulation (Fig. 1). The strong point of this
conversion route is the narrow particle size distribution. However, the weak point of
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this process is the possible agglomeration of primary particles resulting from the
competition between coagulation and sintering. In the case of particle-to-particle
conversion the precursor liquid droplets (or solid particles) are suspended in gas
streams where the product powder is formed as the consequence of the reaction with
another gas or by pyrolysis. The size distribution of resultant particles depends on the
primary particle size distribution, and the produced particles are rarely agglomerated
(Pratsinis and Vemury 1996; Ulrich and Subramanian 1977).

3 Production of Anatase Nanocrystals by Gas Phase Methods

Anatase is the crystal form of TiO2 (ditetragonal dipyramidal) that is particularly
desirable as an active semiconductor material in such new field of application as
photocatalysis. Morphology of single-crystalline anatase particles can be decisive
parameter for their photocatalytic activity. Surface atomic arrangement and coordina-
tion change with crystal facets located in different orientations (Selloni 2008; Selcuk
and Selloni 2016). According to the Wulff construction and the calculated surface
energy, the shape of anatase under equilibrium conditions is a truncated tetragonal
bipyramid (decahedral morphology) enclosed in eight isosceles trapezoidal surfaces of
{101} and two top squares of {001} of small area, as shown in Fig. 2 (Oliver et al.
1997; Lazzeri et al. 2001). Preparation of such nanocrystals with well-defined facets
(faceted morphology) having different {001}/{101} ratio and controlled size with
narrow distribution is still an important challenge in the context of large-scale
production.

Fig. 1. Gas-to-particle conversion – scheme of particle formation and growth (adapted from
(Pratsinis 2000))

Fig. 2. The equilibrium shape of a TiO2 in the anatase phase (a) (Lazzeri et al. 2001); SEM
image of anatase crystal with decahedral morphology (b)
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To obtain anatase particles with faceted morphology by gas phase synthesis, the
sufficiently high reactor temperature is necessary, i.e., above 900 °C (Ahonen et al.
2002). With an increase in the reaction temperature, the shape of particles changes from
spherical to irregular, and finally to a faceted one. The proper production technology
should also consider the temperature for anatase to rutile (the most thermodynamically
stable form of titania) irreversible transformation, which can be found in the temper-
ature range of 400–1200 °C depending on several factors, such as the presence of
defects in anatase crystals (Shannon and Pask 1965; Kumar et al. 1993), crystallite size
(Gribb and Banfield 1997), the content of reaction atmosphere and the presence of
impurities and additives (Shannon and Pask 1965; Akthar and Pratsinis 1992).
Therefore, the selection of gas-phase method and establishing of the necessary process
conditions are the key points to obtain anatase single crystals with controlled mor-
phology at good efficiency.

3.1 Synthesis Strategy Based on Particle-to-Particle Conversion

Ahonen et al. proposed the gas-phase preparation method of faceted anatase particles
by a “droplet” particle-to-particle conversion starting from titanium tetraisopropoxide
(TTIP) as a titania precursor (Ahonen et al. 2001; Ahonen et al. 2002). In this method,
TTIP was atomized to droplets and carried by nitrogen as a carrier gas. The produced
aerosol was supplied with a flow of pressurized air. A fraction of the aerosol was
directly transferred to an aerosol tubular reactor with a high temperature zone (up to
1200 °C). In the reactor, the hydrated TiO2 particles were firstly formed. At elevated
temperatures these primary particles were thermally decomposed and resultant titania
particles were synthesized. The character of reaction mixture flow was identified as a
laminar for all considered temperatures. Pertaining to the reactor configuration the
different residence times in the reaction zone were observed.

In the case of horizontally-oriented tubular reactor the nanocrystalline anatase
particles started to transform to rutile at 800 °C and average residence times in the
heated zone were: 17.3 and 7.6 s for temperatures of 500 °C and 1500 °C, respectively
(Ahonen et al. 2001). Their results confirm previous findings showing that rutile phase
starts to appear at 700–850 °C, when titania alkoxide is used as a precursor (Schleich
et al. 1997). Schleich et al. observed the presence of rutile at these temperatures, but in
oxygen atmosphere and for much longer residence time (>1 min).

In the next Ahonen’s study (Ahonen et al. 2002), the reactor configuration was
changed to vertical orientation. Furthermore, a sample was taken from the reactor axis
by using a smaller sampling tube. This solution provided a better control of residence
time of particles in comparison to sampling from entire reactor volume. The Reynolds
number in the case of process conducted at 1100 °C was 25 and a residence time was
ca. 1 s – there were significantly lower than for previous reactor configuration. The
faceted anatase particles has been obtained at 1000–1200 °C. Therefore, the reactor
configuration and experimental conditions allowed to keep the high degree of stability
of the anatase phase, resulting from the fact that the obtained particles were defect-free,
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and thus free of crystal-crystal attachment points for calcination in gas phase. Fur-
thermore, it was proposed that the faceted crystal shape caused an increase in an
activation energy of anatase-to-rutile conversion (Ahonen et al. 2002).

Moreover, Ahonen et al. performed detail analysis of temperature distribution in the
reactor tube at 800 °C (Ahonen et al. 2002). The simulations of temperature distri-
bution (Fig. 3) by computer fluid dynamics (CFD) agree with the centerline thermo-
couple measurements, and experimentally obtained residence times taking advantage of
vertical reactor orientation. They found that as the flow moved downstream in highest
temperatures, it became more fully developed, and the axial velocity formed a para-
bolic profile characteristic for the laminar flow. Accordingly, the key-role of reactor
configuration to keep an identifiable reaction conditions (distribution of temperature
and residence time) was confirmed.

Pertaining to titania particle size distribution, the correlation with the properties of
generated aerosol (nebulizer output) was found. The particle size was reduced as the
reaction temperature was changed from room temperature to 500 °C. At the higher
temperatures (up to 1200 °C), particle size remained quite constant, as shown in Fig. 4.
The first temperature range (up to 500 °C) is attributed to the combustion and out-
gassing of organic species of alkoxy ligands (from TTIP) inducing the significant
decrease of particle size (from 40 to ca. 20 nm). Chemical reactions are completed at
ca. 500 °C, and the crystallization of anatase phase starts. At the temperatures above
700 °C, a slight increase of particle size was observed, resulting from a change in a
particle morphology to the faceted structure (Ahonen et al. 2002).

Fig. 3. Results of CFD simulation showing temperature contours in the entire aerosol reactor
(a) with velocity vectors and captured flow streamlines (b) (Ahonen et al. 2002)
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Additionally, Ahonen et al. analyzed the morphology of anatase at different cal-
cination temperatures (500–1200 °C) (Ahonen et al. 2002). Particles which were
synthesized at 500–600 °C had spherical or deformed shape. As the temperature
increased, the particle shape changed from spherical to irregular, and finally faceted
crystals were observed at temperatures higher than 1000 °C with similar morphology to
equilibrium shape of anatase crystal (see Fig. 2).

3.2 Synthesis Strategy Based on Gas-to-Particle Conversion

3.2.1 Diffusion Flame Reactor
Preparation of anatase single crystals by the gas-phase method with gas-to-particle
transformation is mainly based on using TiCl4 as a titania precursor. The key-stage of
chloride industrial process of TiO2 production relays on supplying TiCl4 and oxygen at
almost stoichiometric conditions in gas-phase flame reactors operating under near
atmospheric pressure and high temperatures in the range of 1000–1500 °C. Rutile form
is the main titania phase produced by typical chloride process (Gázquez et al. 2014).
Aeroxide® TiO2 P25 is known as a widely-used reference material for photocatalytic
processes. It is produced from TiCl4 in the flame reactor using a mixture of air and
hydrogen. Non-faceted particles with not specified morphology are obtained as a
mixture of anatase (ca. 80%) and rutile (ca. 20%) (Pratsinis 1998; Koirala et al. 2016).
The principle of operation of flame reactors is connected with the fact that the flame
energy is used to drive chemical reactions of precursor compounds that results in the
formation of product molecules, which then nucleate to form resultant particles
(Pratsinis 2000).

The application of flame reactors (Fig. 5) to titania production, and the phe-
nomenon of particles’ formation in flames have been extensively studied by Pratsinis’
group. They have examined the effect of additives on the phase composition of titania
produced by TiCl4 oxidation in a diffusion flame reactor. The addition of silica inhibits
anatase-to-rutile conversion, in contrast to the addition of AlCl3 accelerating the phase
transition, due to the formation of oxygen vacancies on titania surface (Pratsinis and
Vemury 1996). Additionally, the effect of gas mixing, precursor concentration, particle
residence time and flame configuration on the particle size and the phase composition
has been investigated during the titania synthesis in the flame reactor. It has been found

Fig. 4. Development of particle size and shape at different temperatures (Ahonen et al. 2002)
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out that low TiCl4 concentration, low residence times and low flame temperatures favor
the synthesis of small anatase particles (Pratsinis et al. 1996). In the case of flame
reactors, the particle morphology issue was analyzed mainly from the point of their
agglomeration, and the role of flame configuration and residence times has been
underlined – direct influence on the competition between particle coagulation and
sintering (Pratsinis 2000).

3.2.2 Tubular Gas Flow Reactor
The application of tubular gas flow reactors with external heat source (a furnace) to
proceed gas-to-particle conversion strategy for preparation of titania nanocrystals with
controlled morphology from TiCl4 is very promising strategy. The extensive studies on
this issue has been performed in Ohtani’s group where single-crystalline anatase par-
ticles with decahedral morphology has been prepared (Amano et al. 2009; Janczarek
et al. 2016).

The base element of the conception was to apply rapid heating (up to 1100–1200 °C)
and rapid quenching of reaction mixture to enable homogeneous nucleation, and sub-
sequent particle growth to the faceted anatase crystals. Furthermore, a narrow heating
zone prevents formation of aggregates with grain boundaries (Amano et al. 2009;
Janczarek et al. 2016). The first attempt was to apply an oxyhydrogen flame burner as an
external heat source of a quartz glass reaction tube (Amano et al. 2009). The vapor of
TiCl4 was liberated by bubbling argon through a titanium tetrachloride solution at 85 °C,
and then mixed with an oxygen gas. This mixture was fed to a reaction quartz glass tube.
The tube was rotated to ensure homogeneous heating. The resultant anatase particles
with decahedral morphology were collected at downstream by a glass-fiber filter
(Amano et al. 2009).

However, the above-presented reactor set-up had some limitations. A flame burner
temperature was controlled by the mixing ratio of hydrogen and oxygen, thus, the
control of the temperature in the heating zone was not precise. The lack of real

Fig. 5. Diffusion flame reactor set-up for nanoparticle synthesis (adapted from (Pratsinis 2000))
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continuous mode of reactor and ineffective control of process parameters were addi-
tional shortcomings of this design. Therefore, the source of heat was changed to an
infrared furnace equipped with platinum foil connected with thermocouple, located in
the center part of a reaction tube. In this solution only the platinum foil (and subse-
quently a narrow part of a reactor tube) was heated by absorption of infrared light
emitted from the infrared furnace (T-3; 1100–1200 °C; Fig. 6). The intensity of
infrared radiation was precisely regulated by a temperature controller. To establish
accurate and continuous addition of titania precursor, the TiCl4 feeding system was
reorganized. A portion of liquid TiCl4 was continuously fed to a vaporizer (T-1; 180 °
C) with a controlled flowrate, and simultaneously argon was passed as the carrier gas
for TiCl4 (Fig. 6). The mixture of TiCl4 vapor and argon was directed to a preheating
zone tube (T-2; 200 °C). Oxygen was also preheated, but without contact with TiCl4/
Ar stream, and was passed directly to the reaction zone through a small tube placed
coaxially inside the preheating zone. To assure stable conditions for crystallization and
high yield of powder production, the process proceeded under low vacuum. Further-
more, a shower-type scrubber with Raschig rings packing was used to remove liberated
chlorine from the exhaust gas. Anatase decahedral particles with small fraction of rutile
(2–3%) were successfully obtained (Janczarek et al. 2016).

The properties of the final product were precisely controlled by the three main
parameters: concentration of TiCl4 vapors, temperature in the reaction zone and line
speed ratio (relation between line speeds of TiCl4/Ar mixture and oxygen). The flow
character of gas reaction mixture was described as a laminar flow (Reynolds numbers at
the range: 5.3–21.5), and the corresponding residence times were 0.5–1.8 s. The

Fig. 6. Coaxial-flow gas-phase tubular reactor set-up for preparation of anatase decahedral-
shaped particles: (T-1) vaporizer heating zone, (T-2) preheating zone of gases, (T-3) reaction
heating zone (adapted from (Janczarek et al. 2016))
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laminar tubular flow profile in the reaction zone was showed in Fig. 7. It was proposed
that despite very high reaction temperatures, short residence times (below 2 s) inhibited
the anatase-to-rutile conversion. Furthermore, the excess of oxygen was responsible for
low density of oxygen defects, and thus in consequence also favoring the inhibition of
this transformation. It was found that the concentration of TiCl4 vapors had a dominant
influence on the particle size and the morphology. Moreover, it was proposed that the
parallel adjustment of the line speed ratio allowed to perform smaller changes in the
particles’ morphology, to reduce the content of aggregated crystals and to narrow
particle size distribution. The reaction temperature was decisive for the quality of the
product – the number of faceted particles quickly droped at the temperatures below
1000 °C. Therefore, the reaction temperature, the amount of precursor and the flow
character determine the final properties of obtained titania powders. The clear corre-
lations between main process parameters and the properties of the product might
contribute to the scaling up of this continuously proceeded synthesis of faceted anatase
single crystals (Janczarek et al. 2016).

4 Summary and Perspectives

The industrial synthesis of anatase crystals with high quality and strictly controlled
properties is still an important challenge. In this chapter the present state of application
of gas-phase preparation methods for the synthesis of anatase nanocrystals with an
emphasis on their morphology has been discussed. The general principles of powders’
synthesis have been presented with the distinction for two groups of gas-phase
preparation methods, i.e., particle-to-particle and gas-to-particle conversions. The main
examples of these methods with different types of reactor solutions such as aerosol
tubular reactor, diffusion flame reactor and tubular gas flow reactor have been described
with an emphasis on the relation between reactor configuration, process parameters and
the properties of the final product. The fundamental role of the flow character of
reaction mixture in the gas-phase crystallization process of titania has been shown. The
better understanding of the particles’ formation principles, kinetic theory of gases and
molecular dynamics is still needed to properly describe these systems, and to propose
the proper engineering solutions, particularly in the preparation of particles with
controlled shape. In this regard, the wider application of CFD simulations in the gas-
phase reactors’ design is recommended.

Fig. 7. Flow character profile in the coaxial-flow gas-phase tubular reactor (Janczarek et al.
2016)
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Abstract. In the modern era, the use of environmentally friendly and sus-
tainable solutions for effective performance of biocatalytic conversion is of key
importance due to high efficiencies of the above-mentioned reactions and mild
process conditions. In this context, the use of enzymatic bioreactors (EBR) with
the option for highly efficient and continuous biocatalytic conversion of sub-
strates of the reaction for conversion of biomass components as well as for
removal of hazardous pollutants from wastewaters offers numerous benefits and
seems to be particularly interesting. Enzymatic membrane reactors (EMR)
should also be mentioned as an attractive improvement of the classic enzymatic
reactors. By using the presented solution, simultaneous conversion of substrates
and separation of reaction products can be achieved, which additionally reduces
the operational costs and is time effective. Although the general criteria for a
bioreactor design include low shear stress, high mass transfer and efficient
mixing for proper substrate-enzyme interactions, it should be clearly stated that
prior selection of the most suitable reactor configuration and enzyme form as
well as the type of the process is required every time in order to achieve high
removal efficiency. Thus, in the framework of this chapter, we present an
overview of the impact of the type of bioreactor and its configuration as well as
the form of enzymatic beads on the efficiencies of the biocatalytic reactions
carried out using bioreactors. Finally, future perspectives regarding the use of
biocatalytic processes involving free and immobilized enzymes and their
application in biocatalytic reactors for removal of environmental pollutants and
biomass conversion were discussed.

1 Introduction

Due to the continuously increasing interest in the practical application of biocatalytic
reactions in various processes, such as biomass conversion or removal of hazardous
environmental pollutants, there is a need to evaluate and develop cost-effective, eco-
friendly and, most importantly, efficient solutions for their performance. One of the
most promising solutions is based on the use of bioreactors with free or immobilized
enzymes (Gosawami 2018). Enzymatic bioreactors (EBR) are usually characterized by
good flow regime and significant reduction of the mass transfer limitations which are
commonly observed in heterogeneous catalysis (Luckarift 2008). As consequence, the
processes carried out in EBR offer high selectivity and efficiency. Nevertheless, it
should be clearly stated that the efficiency of the EBRs is usually enhanced using
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immobilized biocatalysts due to the improved stability of the enzymes against reaction
conditions and increase of their reusability (Husain 2017).

In the practical application many various types and configurations of the biocat-
alytic reactors have been developed over recent years, which in general, can be divided
into: (i) classic enzymatic bioreactors (EBRs) and (ii) enzymatic membrane reactors
(EMRs) (Nanba et al. 2007). Both types of the reactors differ notably. Classic enzy-
matic bioreactors can be used in different operational modes, however, in order to
improve the biocatalytic process efficiency, the batch and continuous modes are applied
most frequently. Although the EBRs offer good reaction control, an additional step is
required after the process to separate free or immobilized enzymes from the reaction
mixture and to obtain pure stream of the products. In contrast, in case of enzymatic
membrane reactors the catalytic action occurs simultaneously with membrane separa-
tion (Sanchez-Marcano and Tsotsis 2002).

Nevertheless, both types of bioreactors can work in three operational modes:
(i) batch, (ii) semi-continuous and (iii) continuous mode (see Fig. 1), depending on
how the substrate is fed. Batch and semi-continuous mode bioreactors are the most
commonly used at an industrial scale, especially in the production of biofuels or
biomass saccharification. However, continuous-mode processes are characterized by
the highest efficiency (Pino et al. 2018). In addition, other types of bioreactors are also
available, such as stirred-tank and plug-flow reactors. Among others, the stirred-tank
reactors play an important role, because they ensure immediate and direct contact of the
substrate and the enzymes. In case of their application in biomass conversion, it is
important to select the orientation of the reactor and the method of reagents mixing.
Some scientists claim that horizontal orientation is more effective due to the possibility
of using gravitational or free-fall mixing. In contrast, others suggest that the use of
vertical tanks with typical impellers, such as the Rushton turbine or anchor impeller, is
more efficient (Modenbach and Nokes 2013).

As already mentioned, most of the enzymatic processes in the industry are carried
out in periodic reactors, which is associated with some limitations regarding the need of
enzyme recovery and the differences between separation of consecutive portions of the
product. The selection of the most suitable type of reactor depends on several important
factors, such as:

Fig. 1. Types of bioreactors in different modes: (a) batch mode, (b) fed-batch mode,
(c) continuous mode
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• form of the enzyme (free or immobilized),
• physical properties of substrates,
• scale of reaction,
• requirement for pH and temperature control,
• stability of the enzymes,
• total costs.

Thus, there is no single standard rule for selection of an enzymatic bioreactor. All
factors should be taken into account and the decision must be made on their basis
(Bagheri and Mirbagheri 2018).

As it has been previously mentioned, both EBR and EMR may be used for bio-
catalytic biomass conversion and removal of toxic substances from wastewaters.
However, particular attention should be paid to enzymatic membrane reactors, mainly
due to reduced number of operational steps and higher products purity compared to the
EBR. The membrane reactors are classified according to the mechanism by which the
enzyme can be contacted with the substrate. According to this classification, the fol-
lowing enzymatic membrane reactors can be distinguished:

• direct contact membrane reactors,
• diffusion membrane reactors,
• multiphase membrane reactors.

Direct contact membrane reactors allow the contact between the substrate and
enzyme immediately after being introduced into the reactor. In diffusion membrane
reactors, the contact is preceded by the diffusion of the substrate by a microporous film
separating the enzyme compartment. In turn, multiphase membrane reactors enable the
contact between the enzyme and the substrate in a membrane matrix and interfacial
transport is the main mechanism (Prazeres and Cabral 1994). The advantages and
disadvantages of enzymatic membrane reactors for biomass conversion were presented
in Table 1 (Rios et al. 2004; Al-Zuhair et al. 2013).

The above-mentioned features of enzymatic membrane reactors relate to the case in
which the native (free) enzyme is present in the reaction mixture. However, it is
possible to effectively reduce some of these disadvantages by the use of immobilized
enzymes. The key advantage of immobilized biocatalysts is the increase of their

Table 1. Advantages and disadvantages of enzymatic membrane reactors (EMR).

Enzymatic membrane reactors (EMR)
Advantages Disadvantages

Continuous mode Decrease of enzyme activity
Reuse of the enzyme Heterogeneity of reaction conditions
Reduction in substrate inhibition Membrane fouling
High selectivity and specificity Polarization layer
Enhanced control possibilities Leakage of enzyme
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stability and resistance to inhibitors and/or process conditions as well as facilitated
reusability. The methods of enzyme immobilization for use in membrane bioreactors
were presented in Fig. 2.

2 Application of Enzymatic Bioreactors

2.1 Biomass Conversion

Due to the constantly growing social awareness, more stringent regulations regarding
environmental protection and use of natural resources, there is an increasing interest in
the application of biomass. Therefore, it became popular to convert biomass compo-
nents, such as cellulose and hemicelluloses, to chemical compounds at lower molecular
weight, which could be used in many branches of industry. Biomass conversion can be
carried out using enzymatic methods which allow to develop technologies which are
completely environmentally friendly. In addition, these processes offer many advan-
tages, i.e. low energy consumption, use of non-toxic solvents, limited number of by-
products and mild environmental conditions (Alvira et al. 2010). Nevertheless, it
should be noted that the processing of a large amount of substrates in bioreactors
involves a number of disadvantages, which include low reaction yield, variable product
quality and loss of biocatalysts activity due to the presence of inhibitors (Rios et al.
2004).

During the conversion of biomass, a wide variety of chemical compounds is syn-
thesized. Their presence in the reaction mixture may lead to the inhibition of biocat-
alysts as well as to the promotion of thermodynamically unfavorable reactions (Bhatt
and Bal 2019). The application of enzymatic membrane reactors (EMR) seems to be
promising solution of the problem (Chakraborty et al. 2016). It is an ideal solution for
reactions such as hydrolysis of cellulose, xylan, maltodextrin or starch (Prazeres and
Cabral 1994). For instance, Ghazali et al. used an ultrafiltration membrane during the
enzymatic cellulose hydrolysis process, which allowed the separation of glucose from
the reaction mixture. As a result, a significant increase in the reaction efficiency, which
was 4 times higher than in case of a batch reactor, was achieved. Additionally, it has

Fig. 2. Examples of enzyme immobilization methods for use in enzymatic membrane reactors

Application of Enzymatic-Based Bioreactors 113



been confirmed that there are no meaningful changes in the activity of the enzymes
depending on the operational mode used (Ghazali et al. 2017).

In the industry, the main problem is associated with the efficient separation of
small-molecule products after biomass conversion. These problems are directly related
to the fact that monosaccharides possess similar structures and size. A possible solution
has been presented by Morthensen with co-workers, who designed an enzymatic
membrane bioreactor for separation of xylose and glucose. The reactor was equipped
with a nanofiltration membrane, which was used as a carrier for glucose oxidase,
enzyme responsible for the conversion of glucose to gluconic acid. This solution allows
for effective simultaneous enzymatic conversion and separation of xylose and gluconic
acid due to the difference of charge in both compounds. At pH 5.5, gluconic acid is
repelled by the membrane surface and remains in the reaction mixture, whereas xylose
penetrates the pores of the membrane and passes into the permeate (Morthensen et al.
2017).

To further improve the efficiency of the enzymatic membrane bioreactor for cel-
lulose conversion and simultaneously reduce the fouling effect by in-situ foulant
degradation, Gebreyohannes with co-workers have used a superparamagnetic biocat-
alytic membrane reactor. The idea is to reversibly immobilize cellulolytic enzymes on a
superparamagnetic polymeric membrane using an external magnetic field. The pre-
sented solution possesses numerous advantages, such as limited enzyme product
inhibition due to simultaneous separation of the product and reduced fouling of the
membrane due to dynamic layer of bionanocomposites (magnetic nanoparticles and
enzymes) on the membrane surface. In consequence, a 50% increase in enzyme effi-
ciency was noticed, as compared to the batch reactor. Furthermore, endo-glucanase and
b-glucosidase immobilized onto magnetic nanoparticles were applied for in-situ
membrane cleaning as glucose and other reaction products were recovered (Gebrey-
ohannes et al. 2018).

Nevertheless, enzymatic membrane reactors are not the only option to improve the
efficiency of biomass conversion. The use of fluidized bed reactors also seems to be
promising. For example, Ricca with co-workers carried out the enzymatic hydrolysis of
inulin, a polysaccharide found in many plants, to produce a fructose. From the point of
view of general costs, this process is definitely more beneficial than the classic iso-
merization of glucose. Using the methacrylic membrane support, the inulinase from
Aspergillus sp. was covalently immobilized. Initially, the biocatalyst was tested under
industrial conditions in a batch reactor, however due to insufficient hydrolysis rate, a
fluidized bed reactor was used. Although, the tests have shown that the efficiency
obtained in both bioreactors is comparable, the fluidized bed reactor seems to be more
time-effective, as hydrolysis occurred in a shorter time. Thus, the fluidized bed reactors
are an interesting alternative especially in the processes of conversion of natural raw
materials in the form of unclarified solutions (Ricca et al. 2010).

It could be briefly summarized that the data presented above and other aspects
regarding the types of bioreactors and the enzyme immobilization for biomass con-
version confirm the hypothesis that each system should be treated individually, par-
ticularly in the case of biocatalytic reactions. Furthermore, the fact that biomass is used
as a substrate is the source of a great variety of compounds which may inhibit enzymes
and decrease the process efficiency. However, the enzymatic-based bioreactors used for
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biomass conversion are gaining popularity due to their overall potential and corre-
spondence with the principles of green chemistry. Moreover, they allow to reduce the
process costs and facilitate the obtaining of wide range of valuable products under mild
conditions.

2.2 Environmental Protection

Currently, one of the challenges that humanity must face is to protect the natural
environment from pollution, which mainly results from various branches of the
industry, such as pharmaceutical, textile or automotive industry. Pollution of
wastewater is particularly dangerous for the living organisms, as such substances may
be easily introduced to the surface water, and then to drinking water. This may cause
several negative consequences for the natural environment and human health, such as
the extinction of ecosystems, or numerous human diseases, such as allergies, cardiol-
ogy and neurology disorders or even cancers (Bayramoglu et al. 2019). The possible
sources of environmental pollution and their negative effects were briefly summarized
in Fig. 3.

Biomolecules from the oxidoreductases group are enzymes which deserve special
attention in the field of environmental protection. Biocatalysts such as laccase,
tyrosinase or various peroxidases are used in the bioremoval of phenolic compounds
and their derivatives. The structure of oxidoreductases, their co-factors and reaction
mechanisms differ significantly for each of the enzymes, which means that different
reaction conditions should be applied depending on the type of enzyme used, degraded
compound and conditions of the reaction, and different efficiencies may be obtained
(Zdarta et al. 2018a). The use of the above-mentioned enzymes in bioreactors allows to
biodegrade hazardous compounds from wastewaters under controlled, mild reaction

Extinction of ecosystems

Human diseases:
obesity
cancers
allergies
hormonal disorders

Textile industry

WASTEWATERS

Automotive industry

Pharmaceutical industry

Fig. 3. The possible sources of environmental pollution and their adverse effects
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conditions with the possibility of changing selected parameters, such as the volume of
the initial solution and/or amount of the biocatalysts (Guzik et al. 2014).

Aside from the selection of the enzymes that will participate in the biocatalytic
reaction, the selection of a suitable reactor configuration is an important parameter. It
has a notable impact on the biocatalytic systems, their effectiveness and activity of the
used enzymes (Lema et al. 2010). The reactors with the batch systems and continuous
reactors are mainly used in environmental protection processes. The main difference
between batch and continuous reactors is the presence of inlet and outlet flow during
biodegradation process using a continuous system. The first ones find application when
the mechanism of the biocatalytic reaction plays an important role and is closely related
to the reaction kinetics. Continuous flow reactors are used when there is a need to
purify relatively high volumes of aqueous solutions. On the other hand, batch reactors
are usually applied for biodegradation of hazardous compounds from lower volumes of
wastewater. The types of bioreactors used for the removal of environmental pollution
were summarized in Fig. 4.

2.2.1 Free Enzymes-Based Bioreactors
Hitherto many scientists have designed the enzymatic bioreactors which could remove
or convert compounds found in industrial wastewater by means of biocatalytic reac-
tions. Dyes are among the compounds which pose a danger to the environment as their
presence in sewage can be toxic for organisms living in water due to the limitation of
photosynthesis process in water reservoirs (Antecka et al. 2018). In case of decol-
orization of azo dye Orange II from an aqueous solution, López et al. used the native
manganese peroxidase in a batch reactor and CSTR coupled with an ultrafiltration
membrane. The main aim of the investigation was the verification of operational
strategies, such as batch and continuous systems and determination of enzyme activity
during catalytic cycle. The highest removal rates of the dye (over 85%) were obtained

Fig. 4. The types of bioreactors used in removal of environmental pollutants
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using a continuous reactor after 18 days of reaction. Moreover, enzymatic inactivation
has been strongly limited (López et al. 2004). In another study, Kalaiarasan and
Palvannan used a native enzyme, namely horseradish peroxidase, in a batch reactor for
removal of phenol and Malachite Green dye from wastewaters. The scientists focused
on the investigation of the effect of stabilizers of native HRP and optimization of the
degradation process. It is worth noticing that guar gum and galactose showed the best
performance in terms of high enzyme activity. Moreover, the optimized process
allowed to remove over 95% of the pollutant from a model solution (Kalaiarasan and
Palvannan 2015).

The next group of compounds that might be hazardous for environment and human
health are natural or synthetic estrogens which originate from pharmaceutical industry
and municipal sewage. The similarity of these compounds to hormones may cause
serious diseases after their penetration into the human body. Bioreactors with free
enzymes could also be used for their removal. For example, Mao with co-workers
removed estrogens such as estrone (E1), 17b-estradiol (E2), 17a-ethinylestradiol (E22)
and estriol (E3) using native lignin peroxidase in a batch reactor. The enzyme con-
verted selected estrogens to dimers and trimers, which could be further separated from
an aqueous solution using membrane techniques (Mao et al. 2010). The same com-
pounds were also removed using a batch reactor by Lloret and co-workers. They used
native laccase from M. thermophila at various reaction conditions, such as pH and the
presence of mediators. The degradation products in the form of dimers and trimers are
less toxic than the parent compounds as was confirmed in their work (Lloret et al.
2010). Thus, the bioreactors with native enzymes may be used for the removal of
various compounds which contaminate the environment, not only dyes and pharma-
ceuticals. Unfortunately, the drawback of using native enzymes in bioreactors is often
associated with relatively high costs of the process, due to the inability to reuse the
biocatalyst.

2.2.2 Immobilized Enzymes-Based Bioreactors
Immobilized enzyme-based bioreactors are more popular bioreactors, compared to
bioreactors with native enzymes. This is caused by numerous advantages of the
immobilized enzymes. The biomolecules immobilized using solid supports can be used
in numerous reaction cycles and retain high biocatalytic activity. Currently, tubular
reactors, such as fluidized bed reactors or two-stage tubular reactors, are the most
popular for removing impurities with immobilized enzymes. In these bioreactors,
enzymes may be immobilized by numerous available methods, such as covalent
binding, adsorption or inside membrane pores (Zdarta et al. 2018b, Jesionowski et al.
2014).

In the work of Bayramoglu and co-workers, immobilized horseradish peroxidase
was used to degrade phenol and p-chlorophenol. The application of a magnetically
stabilized fluidized bed reactor allowed to maintain high activity of HRP during the
process and successfully conduct the biodegradation process in a large-scale continu-
ous reactor (Bayramoglu et al. 2008). On the other hand, Nicolucci et al. removed
bisphenol A (BPA), bisphenol F (BPF), bisphenol B (BPB) and tetrachlorobisphenol A
(TCBPA) using tyrosinase immobilized onto polyacrylonitrile beads in a fluidized bed
reactor. These compounds are used in the production of plastic items for everyday use.
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However, they can be released into wastewater in the form of free compounds. During
the investigation, BPF was removed from the aqueous solution with the highest effi-
ciency. Furthermore, the catalytic stability of the obtained system after 30 days was
over 80%. It is worth noticing that the use of fluidized bed bioreactor enables the
exchange of the carrier with the enzyme and controlled flow of the solution with
hazardous compounds (Nicolucci et al. 2011). In another study, Lloret et al. carried out
biocatalytic degradation of Acid Green 27 dye and estrogens, such as estrone (E1),
17b-estradiol and 17a-ethinylestradiol using a packed bed reactor with laccase
immobilized on Eupergit C and Eupergit C 250L. The total removal efficiency of
endocrine disrupting chemicals was over 65%. However, enzymatic degradation
reached an efficiency of approx. 50% as the remaining 15% of the compounds were
removed by the adsorption (Lloret et al. 2012).

Examples of enzyme co-immobilization for environmental protection can also be
found. For example, Krastanov removed phenols using co-immobilized laccase and
tyrosinase in a fixed-bed tubular bioreactor. This method enabled the removal of 40 to
approx. 90% of various phenolic compounds by a single passage through the biore-
actor. The operational stability of the co-immobilized enzymes was between 10 to 90 h,
depending on the phenolic substrate (Krastanov 2000).

Free enzymes and immobilized-based bioreactors find applications in environ-
mental protection. The types of used bioreactors and enzymes strictly depend on the
biocatalytic reaction, types of removed compounds and conditions of processes.
Moreover, the choice between batch system and continuous reactor depends on the
volumes of wastewaters and their density. Despite the satisfactory results of removing
dangerous compounds from wastewaters, it is still necessary to find new enzymes-
based bioreactors and to improve the entire biocatalytic processes carried out in
bioreactors. This fact is caused by the constantly emerging new environmental pollu-
tants with complex structures.

3 Summary and Future Perspectives

Toxic environmental pollutants, such as phenolic compounds, as well as natural and
synthetic dyes are present as wastes in effluents from many branches of the industry
and, consequently, they occur in waters and soils. Thus, there is a need to evaluate the
effective ways of their removal. Moreover, direct conversion, upgrade and separation of
the biomass components, such as transformation of monosaccharides into more valu-
able compounds, are overlooked areas. The above-mentioned queries might be solved
by the use of free or immobilized enzymes from the groups of oxidoreductases
(dehydrogenases, peroxidases) as well as hydrolases (cellulases, amylases) in the form
of catalytic beads. However, to achieve high conversion efficiencies in a more cost-
effective way, the use of various enzymatic bioreactors is required. Application of the
various modes of the EBR with free or immobilized enzymes for catalytic conversion
of environmental pollutants or biomass components appears to be a promising option
for large-scale processes under mild conditions in the future. It means that these pro-
cesses can be carried out at mild conditions and in accordance with the principles of
green chemistry.
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In the presented chapter, we have shown a brief overview regarding the application
of the free or immobilized enzymes-based bioreactors for bioremediation processes and
biomass conversion. We have emphasized the advantages of this approach and
established that with their use:

(i) bioconversion of valuable biomass components as well as removal of pollutants
is carried out under mild conditions, without organic solvents, in accordance
with the principles of green chemistry;

(ii) total conversion of the above-mentioned compounds can be achieved in more
efficient and cost-effective ways;

(iii) one-step conversion/removal and separation of the conversion products is pos-
sible to obtain an effluent stream of high purity.

We have also summarized the most frequently used operational modes of biore-
actors, which facilitate high reaction yields and enhance the reusability of the enzymes.

However, further studies are required to identify the most suitable and most long-
term operational modes and conditions of the enzymatic bioreactors. Moreover, the
development of the novel, more efficient configurations of the bioreactors will be
investigated. It should also be added that future development of the tailored made
support/carrier materials characterized by improved operational stability and biocom-
patibility should be carried out to achieve high reactions rates. Finally, future studies
should focus on the implementation of the developed solutions at large-scale appli-
cations for the bioremediation of wastewaters and biomass conversion. We hope that
the presented chapter may provide important and valuable information, suggestions and
ideas for the design, development and implementation of innovative, highly efficient
solutions for conversion of biomass components and removal of hazardous compounds
from wastewater with the use of enzymatic bioreactors.
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Abstract. Dynamic light scattering (DLS) is one of the most commonly used
for rapid particle size determination. The advantages of DLS for fast and simple
colloid systems (i.e. food, emulsions) and nanoparticles dispersion characteri-
zation is limited due to particle shape and possible interactions between the
sample and the measuring solution. In this paper, we present the results of
monodispersed polystyrene standardized nanobeads, silver and polydispersed
submicron-sized fluorinated particles (HFBMA) and silica synthesized by a
modified Stöber method. We compared the obtained results in “standard con-
ditions” with non-standard situations, such as using tap water or employing
Ringer solution as a dispersant. Furthermore, the studies were performed at both
room temperature (20 °C) and elevated temperature (37 °C) to simulate various
possible applications of nanosystem investigations in the biomedical field. The
results show that sample behaviours might not only vary with temperature and
dispersant changes, but may also fluctuate during the time of measurement (i.e.
aggregation process could be observed). Presented results will open discussion
about factors other than dilution and concentrations for observing behavior of
the nanoparticles and submicron particles in “real conditions”. Our studies
confirmed the hypothesis that more than one particle size determination tech-
nique is recommended. Moreover, particle size verification is recommended
during long-term storage and when environmental conditions change.

1 Introduction

Nanotechnology is an approach to develop processes for the manipulation of materials
in nanoscales and can result in new products. Particle size under 100 nm is commonly
considered as particles with unique properties and novel applications. Nanotechnology
covers science and technologies including chemistry, physics, engineering, and
biotechnology and has the potential to open opportunities in R&D and add novelty in
many areas, including cosmetics, medicine, agriculture and food industry (Chaudhry
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et al. 2008). Most materials, including foods and other biomaterials, show dissimilar
properties when they are converted into nano-size structures (Aguilera 2005). These
materials, when converted to nanoscale, may aid in improving safety properties,
nutritional value, and bioavailability of nutrients and health supplements, as well as the
potential functional properties which can affect the molecular synthesis of new
ingredients (Bai et al. 2006). The convergence of nanotechnology with other tech-
nologies can result in development in food processing and safety, color and flavor,
delivery methods, detection of pathogens, functional properties of foods, and storage
benefits. The product development, method designs, and instrumentation may also get
advantage from nanotechnology (Rashidi and Khosravi-Darani 2011). Hence, many
companies in the food segment are exploring the potential of using nanotechnology in
their processing and product development (Chaudhry et al. 2008).

Dynamic light scattering (DLS) is one of the most commonly employed technique
in the food and bioproducts industries for particle size determinations wherein a laser
beam is employed to illuminate a suspension of particles undergoing Brownian motion
(Dahneke 1983). An autocorrelator then analyzes the signal, G, of the time-dependent
fluctuations in the intensity of the scattered light to measure the speed of Brownian
motion. This signal decays exponentially at a rate dependent on the diffusion coefficient
(D) of the particle (Dahneke 1983), as shown in Eq. (1), which is then correlated to the
hydrodynamic diameter (dH) of the particle using the Stokes-Einstein equation (Eq. 2).

G ¼ Z1

0

I tð Þ � I tþ sð Þdt ¼ BþA � e�
32�p2 �l2 �D�s

k2o
sin2h2 ð1Þ

dH ¼ k � T
3 � p � g � D ð2Þ

where A is the amplitude, B is the baseline, D is the translational diffusion coefficient, h
is the scattering angle, ko is the vacuum wavelength of the laser, k is the Boltzmann
constant, µ is the solvent refractive index, η is the dispersant viscosity and T is the
temperature (Kaszuba et al. 2008). The minimum size limit for the DLS technique
depends on difference in the light scattering characteristics of the matter being studied
& the dispersant in question. This in turn depends on multiple factors such as the nature
of the laser source, detector sensitivity, instrument configurations, concentration of the
sample and the refractive indices of the sample and dispersant. Usually to minimize
deviations due to the dispersant for enabling a low minimum detection limit, investi-
gations are performed in highly defined and “sterile” dispersant, such us deionized and
Millipore water and with additional purification processes, such as filtration.

In this paper, we focused on understanding what happens on using non-ideal
systems as dispersants for particle size determination using DLS. We choose tap water
(which conditions might be determined by local water supplier) and Ringer solution as
a measurements environment. Presented results will open discussion for factors other
than dilution and concentration to observe the behavior of the nanoparticles and sub-
micron particles in “real conditions”.
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2 Materials and Methods

2.1 Materials

2.1.1 Latex Standardized Nanobeads
Size standard polystyrene (PS) beads dispersed in water with 216 nm ± 4 nm (cat.
3220 A) were purchased from Thermo Scientific™. Size Standards The latex standards
were used as delivered without further purification. Typically 50 µL of stock solution
was dissolved in 1 mL of selected solvent. Then the suspension was vortexed for 60 s
before the test.

2.1.2 Silver Nanoparticles
The silver nanoparticles (Ag60, 0.02 mg/ml) dispersion were purchased as silver
nanoparticles (60 nm, TEM confirmed by manufacturer) dispersion in aqueous buffer,
containing sodium citrate as stabilizer from Sigma Aldrich (Poland) and used without
further purification. For the analysis, 100 ll of stock dispersion was added to 1 ml of
the test solutions.

2.1.3 Silica
Fluorescent silica submicron particles (SiO) were synthesized as described in more
details in our previous works (Jarzębski et al. 2017a; Gapiński et al. 2016) according to
modified Stöber method (Verhaegh and van Blaaderen 1994). As a fluorescent dye,
Rhodamine B isothiocyanate (RBITC) in anhydrous 99.8% methanol from Sigma
Aldrich and 3-aminopropyltriethoxysiliane (APS) from Fluka (Germany) were used.
Before the DLS examinations, fluorescent silica samples were centrifuged several times
and re-suspended in fresh ethanol and water in order to remove the non-coupled
fluorescent dye. Then, highly dispersed aqueous dispersion was used for the mea-
surements (typically 10 µL silica dispersion in 1 mL of the solution).

2.1.4 HFMBA Polymeric Particles
Fluorescent polymeric submicron-sized HFBMA (H1) based on 1H, 1H-Heptafluoro-n-
butyl methacrylate 97% (SynQuest Labs, USA) with ethylene glycoldi-methacrylate
(Acros Organics, Germany) as crosslinker (Koenderink et al. 2001; Sacanna et al.
2004; Jarzębski et al. 2016) was used without further purification. Due to insoluble
residue the reaction mixture was investigated as is after synthesis.

2.2 Methods

The hydrodynamic diameters (dH) of the nanoparticles dispersion were determined by
dynamic light scattering (DLS) technique, using Zetasizer Nano ZS90 (Malvern).
For DLS measurements scattered light was recorded at the angle of 90°. The auto-
corellation curves were registered at temperatures of 20 °C and 37 °C. The measure-
ments were performed using automatic settings adjusted for the latex spheres. The
average values of the particle size distribution were obtained from 10 measurements.

The measurements were performed in deionized water, tap water (from local water
supplier Aquanet) and Ringer solution Fresenius (Fresenius Kabi, Poland) as infusion
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solution (natrii chloridum + Kalii chloridum + Calcii chloridum dihydricum). For the
results presentation and unification, average particle diameter was summarized up to
full nanometer (i.e. 203.2 nm, 203.9 nm ! 204 nm).

3 Results and Discussion

Berne and Pecora in (1976) presented the principles of the dynamic light scattering
technique for particle size characterization. In general, Brownian motion of the parti-
cles indicates fluctuation of scattered light intensity. As a light source for colloidal
dispersions illumination different lasers beams was used. The laser length should be
strictly defined for the calculation of hydrodynamic diameter of the investigated
particles.

What is more, the scattering light detection angle plays one of the crucial roles of
the particle size characterization (see Eq. 1). Kaszuba et al. (2008) pointed that fre-
quently used detection angle of 90° may not be enough sensitive and accurate enough
for the small particles characterizations. Furthermore, they suggested that at 173°
backscatter, the scattering light from smaller particles increased dramatically (up to 8
times than 90°).

Nowadays, a lot of DLS devices manufacturers have offered two or three detection
angles for small (backscatter angles at 173 or 175°) and big particles (forward angles 13
or 15°). Bhattacharjee (2016) defined that the samples which PDI index is � 0.1 shows
highly monodisperse values. In the range of 0.1–0.4 exhibit moderate polydispersity.
Beyound PDI value >0.4 are considered as highly polydisperse samples. In this paper
we presented the results of selected nanoparticles and submicron particles with low and
high polydispersity (PDI) index. The results presented in Table 1, were recorded at 90°
detection angle.

Typically, the recommended conditions for the DLS measurement solution were:
used deionized water (i.e. millipored water, 0.055lS/cm), additional purification pro-
cesses such as filtration might be needed, then dispersed particles in the previously
prepared solution and stabilized as prepared samples for few minutes at the desired
temperature. Nevertheless, suggested measuring conditions were suitable for stan-
dardization of the DLS technique. Using additional purification processes, the samples
were preserved from the aggregations, agglomeration, and impact on other conditions,
such as interaction between the particles and the ions in the solution. Unfortunately,
“live samples” including human fluidics, food or cosmetic systems do not behave as a
model system. So, we performed our measurements in tap water and Ringer solution.
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In Figs. 1, 2, 3 and 4 the particles size distribution by number and particles size
distribution by light scattering intensity were presented. In the DLS studies, two main
parameters are usually given to characterize the hydrodynamic diameter of the inves-
tigated samples: z-average (z-ave) and peak maximum. Z-ave parameter corresponds to
cumulant method, which is less vulnerable to noise than other algorithms and not
recommended for the high polydispersed samples (Maulucciet al. 2005; Bhattacharjee
2016). The second algorithm, which is most used in measuring devices is CONTIN.
This one has been recommended for more detailed studies of inhomogeneous samples
(Bhattacharjee 2016; Varga et al. 2014). The proves of this recommendation can be
easy observed in Table 1 where the z-ave were in good agreement with peak maximum
for the PS and Ag60 measured in standard conditions (deionized water). Standardized
latex beads presented stable values of dH and relation between z-ave and peak maxi-
mum (see Fig. 1), even when the environmental condition changed (tap water or
Ringer solution used). The differences between z-ave and peak maximum were
observed for Ag60 sample. In deionized water, the dH of Ag60 was in good agreement
with the declaration of the supplier. When tap water and Ringer solution and higher
temperature were used, the values of z-ave and average peak maximum increased.

Fig. 1. Results of DLSmeasurements of latex standard nanobeads (PS) (number by size – red bars,
size distribution by intensity – black curves), obtained in: A. 20 °C deionized water, B. 20 °C
tap water, C. 20 °C Ringer solution, D. 37 °C deionized water, E. 37 °C tap water, F. 37 °C Ringer
solution.
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Nevertheless, detailed studies presented in Fig. 2, shows that there is was plenty of
the particles which their size corresponded to base dH of Ag60. The histograms which
presented particles size distribution by number showed two main fractions (samples
dispersed in tap water and Ringer solution). First, bigger fraction of smaller particles
gave weaker signal for presented size distribution by intensity. It means that occurring
aggregates, which possibly were made by interaction between particles and the ions in
dispersion phase, strongly had impact on the registered signal from scattered light. It
can be easy observed in Fig. 2C, E, F that minor fraction presented on the histogram
size by number, gave strong signal where the size distribution was correlated with the
light scattering intensity. For that reason, we recommend more detailed studies, both
graph (or data) of particle size distribution by number and intensity. This solution
might be interesting, where the changes in the behavior of the sample occur during the
time, temperature or environmental changes should be considered.

Figure 3 presented the graphs of the particle size distribution of the samples with
high PDI index. Obtained from Stöber method silica submicron particles were detailed
characterized in (Kaszuba et al. 2008).

Fig. 2. Results of DLS measurements of silver nanoparticles (Ag60) (number by size – red bars,
size distribution by intensity – black curves), obtained in: A. 20 °C deionized water, B. 20 °C tap
water, C. 20 °C Ringer solution, D. 37 °C deionized water, E. 37 °C tap water, F. 37 °C Ringer
solution.
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Presented DLS measurements correspond to the results obtained from scanning
electron microscopy (SEM) and nanoparticle tracking analysis (NTA). Further studies
of SEM gave more detailed information about the purposes of the high PDI index. It
was pointed that twin or triple particles occurred during the synthesis (Jarzębski et al.
2017b). Moreover, NTA and FCS (fluorescence correlation spectroscopy) allowed to
confirm the efficiency of the incorporation of fluorescent agent into the nanoparticles.

One of the biggest benefits of DLS is the rapid evaluation of the particle size (Varga
et al. 2014; Bell et al. 2012). DLS technique had been frequently used for the synthesis,
such as polymerization, progress evaluation. Moreover, DLS is a useful tool for
evaluation of post-process behavior of the samples validation. Figure 4 presents the
results of HFMBA particles investigations which were made eight years after synthesis.
The results confirmed the high stability of submicron-sized HFMBA samples, even
when measuring condition changed. No significant differences in dH values were
observed when tap water and Ringer solution with 20 and 37 °C were used.

Fig. 3. Results of DLS measurements of polydispersed silica submicron particles SiO (number
by size – red bars, size distribution by intensity – black curves), obtained in: A. 20 °C deionized
water, B. 20 °C tap water, C. 20 °C Ringer solution, D. 37 °C deionized water, E. 37 °C tap
water, F. 37 °C Ringer solution.

Nanoparticles Size Determination by Dynamic Light Scattering 129



4 Conclusions and Final Remarks

Dynamic light scattering technique was recommended for the sphere-like nano- and
submicron particles. Some mathematical models allowed to study the non-spherical
samples, but the results need recalculation and shape factor should be taken into
account (Arenas-Guerrero et al. 2018). DLS allowed to perform rapid particle size
determination during the synthesis. What is more, DLS is a useful tool for “on-line”
changes registration, which might be caused by temperature, environmental changes (in
this case of using liquid with ions) or other “non-standard” conditions. Our studies on
silver nanoparticles showed that aggregation progress might be controlled by DLS.
Presented study also showed that the results should be considered not only for the
intensity of the scattered light versus particles size distribution but hydrodynamic
diameter versus particles number. On the other hand, more than one technique is
recommended for particle size evaluation. One of the most popular combinations was
using DLS with electron microscopy.

Fig. 4. Results of DLS measurements of fluorinated particles H1 (number by size – red bars,
size distribution by intensity – black curves), obtained in: A. 20 °C deionized water, B. 20 °C tap
water, C. 20 °C Ringer solution, D. 37 °C deionized water, E. 37 °C tap water, F. 37 °C Ringer
solution.
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Abstract. The effect of magnetic fields (MFs) on mammalian cells in vitro has
been studied to clarify in greater details potential influence on biological sys-
tems. In spite of the numerous and valuable experiments, the MF molecular
mechanisms that affect cells still remain unclear. Thus, the aim of the study was
to evaluate the cellular response of L929 fibroblast cell line to a rotating mag-
netic field (RMF) for 8-h exposure incubation period. We conclude that the
exposure of L929 fibroblasts to the rotating magnetic field (RMF) in tested
magnetic flux density range alerted the cellular dehydrogenases metabolism in a
dose-dependent manner, with the highest values in dehydrogenases activity for
cells incubated at 10.06 mT and lowest incubated at 1.23 mT of RMF.

1 Introduction

The biological effectiveness of magnetic fields (MFs) on mammalian cells has been
studied for a couple of decades. Some of the MF molecular mechanisms that affect
mammalian cells have still not been clearly defined (Feng et al. 2013). The increasing
number of publications which demonstrate the effects of MFs on in vivo and in vitro
models do not clarify intracellular mechanisms and do not allow the researchers to
formulate the clear conclusions (Rosen 2003; Pozzi et al. 2007; Marędziak et al. 2014).

Different biological systems have been investigated (from bacteria to animal and
human cells) in an effort to detect the biological effects of static magnetic field (SMF).
Current state of the art in this field indicates that SMF effect depends on many aspects
e.g. type of magnetic field, exposure protocols, magnetic induction level and duration
time of the experiments, type of cellular in vitro models, different assays used for
cellular response in the experiments (Teodori et al. 2002). The type of cells chosen for
the experiments has crucial impact on the obtained results from in vitro models. For
example, strong SMF (greater than 0.2 T) have been applied in biological systems to
study e.g. genotoxic effect and mutation studies (Ikehata et al. 2002); chromosomal
damage (Nakahara et al. 2002); DNA damage (Mahdi et al. 1994); proliferation
(Iwasaka et al. 2004); gene expression (Potenza et al. 2004); metabolic activity (Huang
et al. 2006); aggregation and cell adhesion (Testorf et al. 2002).
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Magnetotherapy has been used to accelerate the regeneration of injured tissues e.g.
bones, cartilage, tendons and is one of the forms of physiotherapy (Rosen 2003;
Marędziak et al. 2014). It has been reported that the low frequency electromagnetic
field (50–60 Hz) stimulates e.g. nerve regeneration, modifies gene transcription and
may play a synergistic role in the cellular proliferation (Rusovan and Kanje 1992;
Phillips et al. 1992; Manni et al. 2002). It was found that electrical stimulation at 20 Hz
can influence the orientation and growth of neurite or motoneuron regeneration
(Brushart et al. 2002). The application of low frequency magnetic fields (60 Hz and
100 Gauss) accelerates the healing process of the skin in Balb-C mouse (Cordova-
Fraga et al. 2014). Fathi et al. (2017) analysed rat adipose-derived MSC (mesenchymal
stem cells) exposed to extremely low frequency electromagnetic field (ELF-EMF) of
50 Hz and 20 mT and evaluated effect of ELF-EMF in the presence of zinc sulphate
(ZnSO4) on telomerase reverse transcriptase (TERT) gene expression and aging pro-
cess in MSCs. The effect of ELF-EMFs on cells is related with changes in the
expressions of genes involved not only in the metabolic pathways, response to stress,
cell proliferation, but also aging and death. A number of studies showed correlation
between Zn2+ and apoptosis, and suggested that Zn2+ play role as an antioxidant with
the ability to minimize oxidative damage in cells. The cells exposed to ELF-EMF in the
presence of zinc sulphate could significantly increase of TERT and decrease the aging
of MSCs (Fathi et al. 2017). From the therapeutic point of view the subset of ELF
electromagnetic fields such as pulsed electromagnetic field (PEMF) can be non-
invasively used in treatment for non-union bone fractures, failed joint fusions, con-
genital pseudarthroses, musculoskeletal disorders, rheumatological disorders, spinal
fusions, soft-tissue regeneration, pelvic pain, neurological disorders (Shupak 2003,
Iannitti et al. 2013). The long-term exposure to extremely low frequency of
(ELF) magnetic field (MF) induces also testicular germ cell apoptosis and impair
spermatogenesis process (Lee et al. 2004; Kim et al. 2009; Kim et al. 2014).

From the data available in literature it is clear that the attention has not been
focused on the experimental studies of the influence of RMF on the cellular response of
mammalian cells. Thus, the aim of this study was the evaluation of a RMF intensity (at
different magnetic induction values from 1.23 to 10.06 mT) on the cellular response of
L929 - mouse fibroblasts.

2 Experimental Details

L929 mouse fibroblast cell line (the L929 cell line was purchased from the American
Type Culture Collection; ATCC no. CCL-1) was seeded into 96-well plates at the
density of 4 � 103/well, and cultured in 200 µL cell culture medium per well. Com-
plete DMEM culture medium (Gibco, Langley, OK, USA) was supplemented with 10%
heat-inactivated foetal bovine serum (Gibco, Langley, OK, USA), 2 mM L-glutamine
(Sigma-Aldrich, St. Louis, MO, USA), 0.4% streptomycin/penicillin (Sigma-Aldrich,
St. Louis, MO, USA) and 10 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA). Cells
were maintained in standard cell culture conditions at 37 °C, 5% CO2, 95% humidity,
and were visualized with a Nikon TS-100 microscope (NIS Elements F Package, camera
Nikon DS-Fi1, Nikon, Melville, NY, USA). Sham-exposure samples were incubated for
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8 h in the water bath at temperature 37 °C ± 0.5 °C. The untreated cells were used as
the negative control. The positive control was obtained by treated L929 cells with 10%
solution of DMSO (Sigma-Aldrich, St. Louis, MO, USA).

Experiments on the influence of rotating magnetic field (RMF) on L929 cell cul-
tures were performed using self-designed equipment and adopted for the biological
studies experimental set-up previously described by Masiuk et al. (Masiuk et al. 2008).
This set-up is schematically presented in Fig. 1.

The experimental set-up contained a generator of the RMF, made of a three-phase
stator of an induction squirrel cage motor, and a glass container filled with the dem-
ineralized water that was a water bath incubator for the tested material placed inside it
during the exposition. The glass container was axially aligned with the RMF generator
and positioned symmetrically with the respect to its lower and upper ends. The
microplates with L929 cells were placed in the glass container in the center of the coil.

In the case of this experimental work the RMF was generated by means of the
modified three-phase stator of an induction squirrel cage motor. The frequencies of the
RMF were changed by the transistorized inverter (Commander SK, APATOR, Poland).
The investigations were realized for the frequency equaled to 50 Hz. The incubation
temperature during the exposition to the RMF was controlled by the thermostat (UTU-3,
ZEAMiL, Poland), the cooling jacket and the circulating pump (WZ-250/BY, Poland).
This system was used to keep the water flow rate constant in time and to set the constant
temperature of the water bath (37 °C ± 0.5 °C). The temperature fluctuation inside the
glass container during the experiment was measured using the microprocessor temper-
ature sensors (LM-61B, National Semiconductor Corporation, USA).

Fig. 1. The sketch of experimental set-up: 1 – cooling jacket, 2 – RMF generator, 3 – test plate,
4 – cylindrical glass vessel, 5 – heat exchanger for cooling system, 6 – water batch for control
probes, 7 – control plate, 8 – thermostat, 9 – microprocessor temperature sensor, 10 –

multifunctional meter, 11 – transistorized inverter, 12 – personal computer.
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The values of magnetic induction, B, inside the each well of the 96-well cell culture
plate were detected by using the Hall probe (Smart Magnetic Sensor-102, Asonik,
Poland) and a personal computer. The measurement of magnetic induction at the tested
RMF frequency (f = 50 Hz) was repeated several times and mean values of magnetic
induction was calculated. It is seen that the RMF distribution is strongly dependent on
the spatial coordinates (see Fig. 2).

As follows from the analysis of the obtained data, the mean values of the magnetic
induction are varied in the range between 1.23 and 10.06 mT. L929 cell line exposed to
RMF at different magnetic induction 1.23, 1.57, 2.36, 3.95, 6.58 and 10.06 mT and
control/sham culture samples were observed by phase contrast inverted Nikon TS-100
microscope (NIS Elements F Package, camera Nikon DS-Fi1, Nikon, Melville, NY,
USA) at 400x magnification.

Cell viability and the effect of RMF on cell cultures were determined using the
WST-1 Cell Proliferation Reagent (Roche Applied Science, Mannheim, Germany). The
WST-1 cell proliferation assay is based on the reduction of water soluble tetrazolium
salts to red formazan by cellular dehydrogenases from metabolically active cells. The
amount of formazan dye formed correlates to the number of metabolically active cells.
After 72-h cell cultures were exposed to RMF for 8 h. To study RMF effect to each
well of microplates 20 µL of WST-1 solution was added and incubated for additional
60 min at 37 °C. After incubation the absorbance at 450 nm (with a reference wave-
length at 630 nm), according to manufacturer’s instructions, was recorded on a Sunrise
Absorbance Reader (Sunrise, Tecan, Männedorf, Switzerland).

Fig. 2. The spatial distribution of the magnetic induction inside the 96-well cell culture plate for
the tested operational condition (fRMF = 50 Hz).
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The RMF effect rate on cellular metabolic activity can be calculated using the
following formula (1):

RMFeffect rate ¼ OD valuef gRMF� OD valuef gcontrol
OD valuef gcontrol

100% ð1Þ

where OD is optical density.
The cytotoxicity effects of RMF were determined using the LDH CytoTox 96®

Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA). The LDH
CytoTox 96® Non-Radioactive Cytotoxicity Assay measures lactate dehydrogenase
(LDH) enzyme released upon cell lysis. After the experimental treatment for the
maximum LDH release 10x lysis solution (Promega, Madison, WI, USA) was added
and incubated at 37 °C, 5% CO2 for 45 min. After the incubation period the plates
were centrifuged at 240 � g for 4 min and the supernatant was transferred into new 96-
well plates. The supernatant was mixed with Substrate Mix (Promega, Madison, WI,
USA) and incubated for 30 min at room temperature (wrapped in aluminum foil to
protect samples from light). Finally, 50 µL of Stop Solution (Promega, Madison, WI,
USA) was added and the absorbance at 490 nm was measured using a microplate
spectrophotometer reader (Sunrise, Tecan, Männedorf, Switzerland).

The percentage of LDH released (cytotoxicity) after 8-h exposure was calculated
using the formula:

%LDH released ¼ A490 nm of treated and untreated cells� A490 nm of control
A490 nm of maximum of untreated cells� A490 nm of control

100% ð2Þ

where A is absorbance.
Total LDH level present in cell cultures exposed to RMF were determined using the

LDH CytoTox 96® Non-Radioactive Cytotoxicity Assay. To the all walls of microplate
the 10x lysis solution (Promega, Madison, WI, USA) was added and incubated at 37 °
C for 45 min. After incubation the supernatant of lysed cells was transferred to the
enzymatic assay plate. The Substrate Mix (Promega, Madison, WI, USA) was added
into the enzymatic assay plate and incubated for 30 min at room temperature. After
incubation Stop Solution (Promega, Madison, WI, USA) was added and absorbance
was measured at 490 nm. Equation (1) allows the calculation of RMF effect rate for
data obtained from total LDH level.

The neutral red uptake assay was performed briefly, after 8-h exposition of L929 to
the RMF. The medium was collected and the cells were washed with phosphate buf-
fered saline (1xDPBS) (Gibco, Langley, OK, USA). Fresh complete DMEM containing
10% neutral red (In Vitro Toxicology Assay Kit, Neutral Red based, Sigma-Aldrich, St.
Louis, MO, USA) was added to the culture. L929 cells were incubated at 37 °C, 5%
CO2 and 95% relative humidity for 3 h. Next, cells were washed with DPBS and
Neutral Red Assay Solubilization Solution (Sigma-Aldrich, St. Louis, MO, USA) was
added to release the incorporated dye from the cells. The cultures were allowed to rest
for 10 min at room temperature, then were gentle stirred for 10 min and the absorbance
at 540 nm was measured (the background absorbance of multiwell plates at 690 nm) in
Tecan Sunrise microplate reader (Tecan, Männedorf, Switzerland). The RMF effect rate
for neutral red uptake assay was calculated using Eq. (1).
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3 Results and Discussion

Figure 3 presents microscopic observation of untreated L929 cells and cells exposed to
RMF. The population of cells exposed to RMF revealed the typical fibroblast mor-
phology and did not show morphological changes even after the exposure of cells to
the highest magnetic induction (10.06 mT, 50 Hz). The analysis of cells did not show
the tendency of multi-layer aggregates formation (Fig. 3).

The dehydrogenases activity of cells exposed to non-homogenous RMF (the
applied field is characterized by the different values of the magnetic induction inside
the 96-well plate) was determined using WST-1 assay.

Interestingly, the cell cultures treated with the highest magnetic induction (10.06
mT, 50 Hz) showed higher dehydrogenases activity than the cells exposed to the lower
magnetic flux density (1.23 mT–6.58 mT). The groups of cells incubated for 8 h within
the range of 1.23 to 6.58 mT of RMF showed also lower OD values in WST-1 assay
than the sham-exposure samples (Fig. 4; p � 0.05). The analysis of relative cellular
dehydrogenases metabolism showed that the magnetic field might have stimulating
effect on the cellular activity of L929 cell line in higher values of magnetic flux density.
This finding present that in the experimental condition the magnetic flux density (above
6.58 mT) exhibit the stimulatory effect.

Fig. 3. Morphology of L929 cells in (a) control culture; after 8-hour incubation in rotating
magnetic field (magnetic induction 1.57 mT) (b); magnetic induction 2.36 mT (c); magnetic
induction 3.95 mT (d); magnetic induction 6.58 mT (e); magnetic induction 10.06 mT (f). Scale
bar: 50 lm.
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The lactate dehydrogenase leakage assay shows that RMF slightly affected the cell
membrane integrity in comparison to sham exposure samples. It has been noticed that
10.06 of RMF evoked the highest cytotoxic effect (2.0%; p � 0.05). The lowest LDH
leakage was recorded for magnetic intensity in the rage of 1.23 to 3.95 mT of RMF
(p � 0.05). The level of LDH release for 1.23 (p � 0.05), 1.57 (p � 0.05) and 2.36
mT (p � 0.05) was marginally lower than for sham exposure samples (Fig. 4). The
cellular response upon the exposure to RMF affected cells in a dose-dependent manner
similarly as it was noticed for WST-1 assay. Results obtained from LDH assay suggests
that the cytotoxic effect might be obtained in higher magnetic flux density values –

above 6.58 mT.
Using the CytoTox 96® Assay the total LDH level was also evaluated. The

addition of lysis solution to each well allows the total LDH level quantitation (live and
dead). Figure 4 shows that the RMF influence total LDH level, but not in dose-
dependent manner. The highest total LDH level was determined for 1.23, 1.57 and 2.36
mT. In the contrary, the lowest total LDH level was recorded for cells exposed to 3.95
mT of RMF. This tendency was similar to result obtained from WST-1 assay. The
obtained results of this assay is presented in graph (see Fig. 4).

Both assays, WST-1 and LDH are based on enzymatic activity, thus to verify the
effect of RMF on enzymatic cell activity another test was performed. For that purpose
we used the neutral red uptake assay to determine lysosomal uptake of toluylene red.
As was presented in Fig. 4, the tiny difference was noticed for the cells incubated in
different RMF magnetic induction. For the cell population exposed to 1.23 mT of RMF
the lysosomal uptake of toluylene red was minimal higher than for the cell population
incubated in 10.06 mT of RMF. The statistical analysis shows significant differences
between NR results for 1.23 mT and other records obtained for the cells tested in the
range of 1.57–10.06 mT of magnetic induction. This result might suggest that in
presented experimental condition RMF in higher values of magnetic flux density affect
enzymatic activity of L929 cell line.

Fig. 4. Relative viability of L929 cells after exposure to different magnetic induction of RMF
(all samples were compared to sham-exposure).
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The effect of magnetic fields on living systems is a sum of the physical and
biological mechanisms. From the physical point of view the main mechanisms by
which MF affect living systems is in accordance with the Faraday’s Law. It is known
that the biological tissues are diamagnetic (some few exceptions are also known).
According to Faraday’s Law mechanical actions (relative motions) of a conducting
medium and static magnetic determine changes of surface charges on the cell mem-
branes. Those processes are related with changes in membrane potential, re-orientation
of the diamagentic membrane phospholipids, sodium and calcium content or affects
potassium-efflux (Hildebrandt et al. 2002; Hristov and Perez 2011). Other effects of MF
on living matter is based on the magnetic field properties that cause not only cellular
membrane penetration but deep MF penetration into cell body. In this context, Liu et al.
(2012) demonstrated the mechanism of temporary membrane permeabilization (simi-
larly as it happened during the cell electroporation). The membrane permeabilization
was repairable when the cell were exposed to weak RMF, due to magnetopores
undergo resealing (Liu et al. 2012). As noticed by Tenuzzo et al. (2008) the reorien-
tation of diamagnetic anisotropic molecules in the cell membrane is capable of dis-
torting ion channels to the point of altering their function. Ca2+ could also affect
morphology, phagocytosis rate, by interfering with the polymerisation of microtubules
and the assembly of actin filaments (Tenuzzo et al. 2006). Another finding suggest that
MF affect cytoskeletal organization (e.g. cellular shape, mitotic apparatus, endoplasmic
reticulum) due to reorganization of the electrostatically negative charged actin filaments
(Hildebrandt et al. 2002). It is be stressed that Larmor precession also defines MF effect
on biological systems at the level of subcellular structures, mainly those in motion
(Hristov and Perez 2011).

Calcium gradient between the extracellular and intracellular fluid is crucial in signal
transduction processes. Calcium is regarded to be intracellular transduction second
messenger (Bouschet and Henley 2005) and its gradient is maintained in several ways
that could potentially be affected by electromagnetic and magnetic fields. The cellular
response to MF may be due to the changes in enzymatic activities (e.g., enzymes
involved in mitochondrial metabolism), the ion concentration changes, changes in the
Ca2+ distribution or the transmembrane voltage (Fig. 5).

Walleczek (1992) concluded that membrane-mediated Ca2+ signalling processes
are involved in the mediation of field effects on the cells of the immune system (e.g.,
human lymphocytes, murine cytotoxic T cells (CTLL-1), and also human lymphoma
cells). Ca2+ mobilization is an effect of binding of a ligand (e.g., antigens, mitogens,
receptor antibodies) to a appropriate receptor structure exposed on the outer cell sur-
face. The ligand-induced Ca2+ mobilization is reflected by an initial rise in Ca2+caused
by inositol 1, 4, 5-triphosphate-induced release of Ca2+ from the extracellular medium.
Any changes and perturbation of mentioned above events with chemical agents (e.g.,
Ca2+ channel blockers, Ca2+-specific ionophores, or by lowering the extracellular Ca2+

concentration using chelators can lead to changes in Ca2+-membrane fluxes and
modification in cellular activity such as cell proliferation, DNA synthesis, RNA tran-
scription, secretion, motility and cytotoxicity (Walleczek 1992).
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The magnetic field effect on in vitro models is also related to the energy absorbed
by cells (e.g., microorganisms) during the time of exposure. For example, the SMF do
not evoke energy transmission to cells, but may affect the energy level of the some
selected molecules (Hildebrandt et al. 2002; Hristov and Perez 2011). Moreover, the
culture medium may be conductive due to presence of additional ions and the eddy
currents in medium may be induced (in the case of the RMF exposition). The RMF
creates the mixing process at the micro-level. The additional mixing effect may
strongly influence the transfer processes between the living cells and the culture
medium (Scharenberg et al. 2007; Jedrzejczak-Silicka et al. 2017). The other mecha-
nisms such as activation of the store-operated calcium entry (SOCE) pathway and Ca2+

distribution to pass across the plasma membrane may be also evoke by the RMF
exposition (Scharenberg et al. 2007).

In the context of some biological aspects, the mixing process at micro-level and the
heat dissipation are two processes affecting the cell metabolism and evoke heat-shock
response that refer to the micro-level dynamo concept (MLD) (Liu et al. 2012). Results
obtained from WST-1 assay show that cellular dehydrogenases activity increases when
the magnetic flux density is higher than 6.58 mT. An increase in total LDH level (total
LDH level assay) confirms results from WST-1 assay suggesting that the enzymatic
cell activity might be effectively affected by RMF exposition. The small rate of LDH
leakage and NR uptake ability show that, in the range between 1.23 and 10.06 mT and
50 Hz, RMF did not affect the cellular membrane integrity and the findings presented
by Liu et al. (2012) were not confirmed in the presented study. Despite presented study
has the preliminary nature, obtained results show that the rotating magnetic field could
be applied as a form of novel therapeutic strategy (in anticancer therapies or/and in

Fig. 5. Potential mechanisms of cellular response to rotating magnetic field.
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wound healing processes), but due to increasing interest in the application of magnetic
fields on cellular models in vitro, the knowledge about mechanism of MFs still requires
more attentive analysis.

4 Conclusions

We conclude that the exposition of L929 fibroblast cell line to the rotating magnetic
field in tested magnetic flux density range (B values from 1.23 to 10.06 mT) has slight
effect on cellular enzymatic activity and membrane integrity. The results present higher
metabolic activity and positive effects on examined in vitro model when cells were
exposed to higher magnetic induction values (higher than 6.58 mT for WST-1, LDH
and total LDH level assays). Additionally, the morphology of the cells in the performed
experimental conditions remained unchanged. The tendency of multi-layer aggregates
formation was not detected. The data obtained from LDH leakage and NR uptake
assays shows that the magnetic flux density in the range 1.23 to 10.06 mT did not affect
the membrane integrity. Due to interesting results obtained from presented analysis the
higher magnetic flux density should be applied to evaluate the response of cellular
models in vitro to obtain the knowledge about mechanism of RMF.
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Abstract. The chapter presents the results of field studies confirming the pres-
ence of selected compounds from the group of non-steroidal anti-inflammatory
drugs (NSAIDs) in the aquatic environment and in selected points of the tech-
nological process of the Central Wastewater Treatment Plant in Kozieglowy. The
first stage examined the occurrence and distribution of concentrations of selected
drugs (fenoprofen, ibuprofen, ketoprofen, naproxen, paracetamol and tolmetin)
in the Warta river, in the area of the city Poznan. The second stage of the study
allowed to estimate the types and concentrations of the above mentioned drugs on
four sections of WWTP in Kozieglowy. The collection points included: the
sewage pumping stations, denitrification chamber, nitrification chamber and
drainage section of the sewage purified to the Warta river. Analysis of drug
occurrence in the Warta river and their ability to decompose in WWTP in
Kozieglowy, carried out under real conditions. Analysis of drug occurrence in the
Warta river and their ability to decompose in WWTP in Kozieglowy, carried out
under real conditions.

1 Introduction

Compounds which exhibit toxic properties despite their very low concentration are a
serious threat to aquatic ecosystems. Such pollutants are of concern regarding envi-
ronmental changes. Among this group of pollutants, the group of pharmaceutical
substances in significant in terms of environmental changes caused by their toxic
effects (Luo et al. 2014). The highest load of this type of pollution originates from
hospitals, households, veterinary centres and breeding farms. Pharmaceuticals are
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mainly excreted as metabolites. Unchanged active substances are only a small per-
centage of compounds which enter the environment. Both the starting form of the drug
and its metabolites are compounds with various physicochemical properties, often with
a complex structure, which significantly hinders their detection and removal from the
environment (Luo et al. 2014). Companies and factories which produce pharmaceutical
products are also a significant source of therapeutically active pollutants. Post-
production sewage is often discharged directly into the receiver or discharged into the
municipal sewage network, without checking the residues of the pharmaceuticals it
contains. Studies carried out by scientific centres from various parts of the world
indicate that conventional methods of active sludge treatment, intended mainly for the
treatment of domestic and domestic wastewater, do not completely remove pharma-
ceutical substances. Therefore, the treated wastewater transported to the receivers
contains the residues of pharmaceutical products and their metabolites. Due to the fact
that intensified research regarding the presence of pharmaceuticals and their impact on
the environment has been conducted for approx. 10 years, there are currently no known
and predictable long-term consequences associated with the accumulation of phar-
maceuticals in the aquatic (sewage disposal) and soil (natural use) environment (Fent
et al. 2006; Martín et al. 2012; Ashfaq et al. 2017). The scale of pharmaceutical
production, including non-steroidal anti-inflammatory drugs, is becoming an increas-
ingly significant environmental issue. This study was devoted to removal of selected
drugs from the group of non-steroidal anti-inflammatory drugs (NSAIDs) transported
to the municipal wastewater treatment plant (CSTP Poznań, Poland), originating from
pharmaceutical plants and their impact on the quality of treated wastewater discharged
to the water receiver. The mentioned sewage treatment plant operates using biological
methods of treatment with activated sludge. The conducted biodegradation studies
(NSAIDs) using activated sludge and determination of their biodegradation efficiency
allowed us to conclude whether the sewage discharged into the municipal sewage
system, which originated from plants containing a high load of pollutants, and the long-
term presence of drugs interferes with the ability of activated sludge microorganisms to
decompose the compounds present in the wastewater. Inefficient removal of pharma-
ceuticals in wastewater treatment processes leads to surface water pollution, which is
the basic source of drinking water. Currently, there are no legal regulations which
indicate the highest admissible concentrations of pharmaceutical compounds in
wastewater for plants which generate pharmaceutical substances and discharge them
into municipal sewage networks as well as for recipients of such wastes (sewage
treatment plants). It is therefore necessary to urgently introduce regulations at inter-
national and national levels which would set the permitted and safe maximum con-
centrations for pharmaceutical substances in the environment and drinking water
(Ginter-Kramarczyk et al. 2013).

2 Pharmaceutical Compounds

Pharmaceutical compounds are medicinal products with a very wide range of appli-
cations. Their main purpose is therapeutic action, which leads to elimination of both
minor nuisances as well as very complicated types of diseases and the accompanying
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symptoms. Currently, the development of the pharmaceutical market has specialized in
the design and production of antidote drugs for the vast majority of diseases or ailments
that medicine is currently struggling with. The process of creating new pharmaceutical
products is continuous and very dynamic. This is primarily due to the enormous
competition in this field as well as the demand for new generation drugs.

Analgesic and anti-inflammatory drugs are among the most popular groups of drugs
available mostly without prescription. The list of most bought products includes
ibuprofen, paracetamol, naproxen, diclofenac carbamazepine and salicylic acid (Felis
et al. 2005;Khetan andCollins 2007). Ibuprofen is in the top tenmost popular drugs in the
world ranking (Murdoch and Hay 2015). These pharmaceuticals, together with their
metabolites, have been detected in surface waters, drinkingwaters and sewage (Felis et al.
2005; Kosjek et al. 2007; Adamek et al. 2011). The drug life cycle begins with the
planning and development of the drug formula followed by many years of research and
observation. After a patent for the analysed substance is obtained, the manufacturing
process begins. The drugs are transported from production plants to distributors: phar-
macies, non-pharmacy outlets, such as shops or supermarkets, or other suppliers. Indi-
viduals can be the recipients of drugs (predominantly analgesic and anti-inflammatory
drugs). Hence, domestic and household sewage contains pharmaceutical residues either
in their original form or as their metabolites due to biotransformation of the initial
substances. Hospitals, drug factories and wastewater from illegal drug production also
contribute to an increased load of pharmaceutical contaminants in wastewater.

Despite the fact that the concentrations of pharmaceutical compounds present in
domestic sewage are at trace levels, conventional sewage treatment plants do not allow
for their complete removal. Some pharmaceutical substances are decomposed during
biological treatment methods into simple inorganic compounds, in the form of carbon
dioxide and water. Sometimes, the removal of such substances is also possible by
means of adsorption in bottom sediments. However, the effectiveness of this method
depends on the electrostatic interactions of drugs with solid particles and its physic-
ochemical properties. Drugs with a lyophilic character (e.g. estrogens) are much better
adsorbed on bottom sediments compared to hydrophilic drugs. Another parameter
which determines the adsorption is pH. Acidic drugs, which include most NSAIDs, e.g.
acetylsalicylic acid, diclofenac, ketoprofen or naproxen, are poorly adsorbed and cir-
culate in the water phase, but pharmaceuticals from the group of antibiotics, e.g.
tetracyclines, macrolytes and sulfonamides, are well adsorbed on bottom sediments.
The drug removal processes by means of adsorption on bottom sediments carry the risk
of surface and groundwater pollution. The use of sludge for fertilization of the soil may
result in the introduction of adsorbed pharmaceuticals into the soil and thus, in the
penetration into groundwater due to the infiltration process (Szymonik and Lach 2012).

3 Activated Sludge

Wastewater which flows into the treatment plant and contains admixtures of pharma-
ceutical substances is subjected to treatment using conventional technological solu-
tions. The activated sludge method is one of the basic methods used in wastewater
treatment processes. Active sludge is a complex biological system, which includes both
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physical and biochemical processes, as a result of which sewage treatment is possible.
Microorganisms are a flocculent suspension. Adsorption of organic substances occurs
on the surface of the flocs. This allows for the distribution of larger fragments, which
are then absorbed directly into the core of the floc, in which further changes occur. The
microorganisms which constitute the activated sludge produce catalytic enzymes,
which enable the decomposition of multiparticulates (e.g. proteins, fats, carbohydrates)
into simple inorganic products (e.g. CO2, H2O, NO3

−, PO4
3−, SO4

2−) (Dymaczewski
2011). The process of activated sludge formation occurs during aeration of wastewater,
while the microorganisms present in the wastewater form larger agglomerates. The
proper course of flock formation affects numerous factors. The most important include:

• bacterial production of mucilaginous coatings which allow cells to merge into larger
clusters,

• positively charged ions allow attachment of negatively charged cells,
• the production of very thin polysaccharide threads by some types of bacteria

facilitates the agglomeration of cells (Kocwa-Haluch and Woźniakiewicz 2011).

The effectiveness of drug removal in treatment plants varies and depends on the
type of pharmaceutical compound, its concentration at the entrance and the techno-
logical parameters of the system. According to literature data, none of the pharma-
ceutical compounds analysed in the research have been completely removed, as
reported by (Quintana et al. 2005; Nakada et al. 2006; Samaras et al. 2013; Pereira et al.
2017). As a consequence, water receivers, which are a source of drinking water, are not
free from drug residues upon introduction of purified sewage (Zając et al. 2013).

Pharmaceuticals transported to municipal wastewater treatment plants can be
biodegraded during aerobic and anaerobic wastewater treatment. Both diclofenac and
ibuprofen are susceptible to purification using activated sludge methods and the
removal efficiency depends on the changing environmental conditions. It can be
observed that with longer wastewater retention, some compounds, such as diclofenac,
are removed up to 70% (Table 1). Ibuprofen, on the other hand, is degraded to
hydroxyl- and carboxyl- derivatives. Studies indicate that, in terms of oxygen con-
centration, ibuprofen is characterized by the highest reduction efficiency under aerobic
conditions (>95%, after two days of biodegradation the concentration of ibuprofen
reaches a value below the detection limit of the device) (Kujawa-Roeleveld et al. 2008).

Table 1. Effectiveness of diclofenac removal using selected biological methods based on
activated sludge, according to literature data (Zając 2017).

Diclofenac reduction
efficiency [%]

Treatment method Reference

75% Activated sludge, mesophilic conditions, SRT: 10d Zhou et al. (2013)
72% Activated sludge, thermophilic conditions, STR: 6d Zhou et al. (2013)

17% Outflow from a municipal sewage treatment plant Heberer (2002)
23–30% Outflow from a municipal sewage treatment plant Quintana et al.

(2005)
71% Outflow from a municipal sewage treatment plant Roberts and

Thomas (2006)

(continued)
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In contrast, under anaerobic conditions the effectiveness of ibuprofen removal
reached a maximum of 40%, regardless of temperature (Suarez et al. 2010). Metabo-
lites may exhibit higher or lower resistance to degradation compared to the original
drug forms. In most cases (Table 2), the effectiveness of ibuprofen removal using
traditional wastewater treatment methods remained at a level of >90%.

The efficiency of pollutant removal using biological treatment methods depends on
many variables, including ambient temperature, pH, sludge age, or sewage retention
time (SRT, solid retention time). Higher temperature accelerates the decomposition
process of both diclofenac and ibuprofen (at the temperature of 10 °C the decompo-
sition was much slower than at 20 °C). SRT (sludge retention time) and HRT (hy-
draulic retention time) are important parameters which influence the improvement and
quantity of removed pollutants.

Table 1. (continued)

Diclofenac reduction
efficiency [%]

Treatment method Reference

75% Conventional activated sludge, HRT: 3h Kimura et al.
(2005)

65% Conventional wastewater treatment Gomez et al.
(2007)

25% Activated sludge processes Martin et al. (2012)

<50% MBR, SRT: 10-55d, HRT: 0,5 - 4,0d Clara et al. (2005)
75% Conventional biological wastewater treatment,

SRT: 8d, HRT: 9h
Samaras et al.
(2013)

39% Conventional biological wastewater treatment,
SRT: 18d, HRT: 23h

Samaras et al.
(2013)

0–87,4% Membrane bioreactors Tadkaew et al.
(2011)

22% Conventional biological wastewater treatment with
chemical removal of phosphorus

Benz et al. (2005)

9–21% Initial wastewater treatment Larsson et al.
(2014)

92–98% Conventional biological wastewater treatment Larsson et al.
(2014)

45,6% Activated sludge Pereira et al.
(2015)

About 70% Conventional wastewater treatment,
SRT: 10d, HRT: 6h

Anumol et al.
(2016)

About 70% Conventional wastewater treatment,
SRT: 6d, HRT: 6h

Anumol et al.
(2016)

>50% MBBR Tang et al. (2017)
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Table 2. Efficiency of ibuprofen removal using selected biological methods based on activated
sludge (Zając 2017).

Ibuprofen reduction
efficiency [%]

Treatment method Reference

25–53% Initial wastewater treatment Larsson et al. (2014)
99% Conventional biological wastewater

treatment
Larsson et al. (2014)

99% Outflow from a municipal sewage
treatment plant

Thomas and Foster
(2004)

53–79% Outflow from a municipal sewage
treatment plant

Tauxe-Wuersch et al.
(2005)

97% Outflow from a municipal sewage
treatment plant

Quintana et al. (2005)

98% Outflow from a municipal sewage
treatment plant

Roberts et al. (2006)

37% Purified wastewater; Hajdów, Lublin Czerwiński et al. (2015)
59% Purified wastewater; Gdańsk, Wschód Czerwiński et al. (2015)
42% Purified wastewater; Szczecin,

Pomorzany
Czerwiński et al. (2015)

>90% Membrane bioreactors Tadkaew et al. (2011)

Increase of the age of the sludge may contribute to an increased removal of pol-
lutants. These conditions are particularly favourable in case of nitrifying bacteria
because they multiply slowly. Studies indicate that nitrifying bacteria effectively
remove some types of drugs, such as ibuprofen, naproxen, trimethoprim, erythromycin
as well as bisphenol A and nonylphenol (Luo et al. 2014). Research conducted by Clara
and co-workers (Clara et al. 2005) showed that nitrogen removal at SRT >10 days can
improve the removal efficiency of biodegradable pharmaceutical compounds, such as
ibuprofen, bezafibrate, bisphenol A or natural estrogens. The value of the hydraulic
retention time, assumed for the effective treatment of drugs from municipal wastewater,
ranges from 0.5 to 3.0 d (Jenicek et al. 1996). For the removal of acidic pharmaceu-
ticals, which also include ibuprofen and diclofenac, the pH is the key parameter for
decreasing the concentration of the drug in wastewater. Kimura K. and co-workers
presented the conclusions that lowering the pH from 7.0 to 6.0 allows to almost double
the reduction of the concentration of these compounds (Kimura et al. 2010).

4 Studies

Studies carried out at the Institute of Environmental Engineering of the Poznan
University of Technology included, among others, the determination of the degradation
efficiency of selected analgesic drugs at the Central Sewage Treatment Plant (CSTP) of
the city of Poznań in Koziegłowy. This treatment plant uses activated sludge in the
treatment process. The obtained results showed that all analysed types of NSAIDs
drugs flow together with municipal wastewater into the CSTP in Koziegłowy. In
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addition to determining the concentration of selected types of NSAIDs present in the
wastewater flowing into the treatment plant, their reduction efficiency achieved at the
selected sections of the technological process in CSTP in Koziegłowy was also
assessed (Figs. 1 and 2). The main mechanisms responsible for the removal of phar-
maceutical compounds in wastewater include biodegradation and sorption on flocs.
Paracetamol (99.97%) exhibited the highest reduction efficiency in the section from the
raw sewage pumping station to the section of the treated sewage discharge.

The highest reduction of the analysed drugs (ibuporofen, ketoprofen, naproxen,
paracetamol and tolmetin) was observed between the sewage pumping station and the
denitrification chamber. On the other hand, fenoprofen exhibited the highest reduction
efficiency in the section after the secondary settler. This leads to the conclusion that

Fig. 1. Concentration of selected NSAIDs at the selected points of technological sequence at the
CSTP.

Fig. 2. Reduction efficiency of selected NSAIDs at the selected points of technological
sequence at the CSTP in relation to raw sewage.
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drugs are susceptible to degradation not only under aerobic conditions but also under
anaerobic conditions (Suarez et al. 2010). A high degree of reduction of ibuprofen,
ketoprofen, paracetamol, tolmetin, above 90%, was observed at the section from the
inflow of raw sewage into the CSTP in Koziegłowy to the denitrification chamber.

The percentage of drug removal which occurs as a result of biodegradation was not
clearly defined. An increase of the concentration of ibuprofen and tolmentin at the
outflow from the treatment plant may suggest that these drugs are partially adsorbed on
flocs, which, as a result of the long-time of wastewater retention or the long age of
sludge, are released again into the supernatant liquid.

5 Summary

Activated sludge microorganisms possess the ability to remove compounds from the
group of non-steroidal anti-inflammatory drugs. The removal efficiency depends on the
physicochemical parameters such as temperature, pH, sludge load with impurities and
oxygen concentration. Diclofenac and ibuprofen may be an additional source of organic
carbon for activated sludge bacteria which enables them to carry out life processes.

Acknowledgments. The studies were carried out as part of the Ministry of Science and Higher
Education project no. 01/13DS-PB 0891/2018.
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Abstract. The chapter presents an analysis of the effect of the swirl chamber of
atomizer on the liquid atomization process. Atomization is a process, which
involves the conversion of liquid to form an aerosol. Atomization occurs in
atomizers. Atomizers have not only different sizes but also the presence of a
core-hole. The paper presents experimental results obtained for the modified
pressure-swirl atomizers. Examined factors are pressure drop, discharge
coefficient and spray angle.

1 Introduction

1.1 Theoretical Fundamental of Atomization

Atomization is a process, which involves the conversion of liquid to form aerosol. It is
used in many industries, because atomization of liquids allows to obtain larger area of
liquid, when it has aerosol form in comparison to stream of liquid. Atomization is also
used in processes, which require that the area should be evenly covered in liquid.
Currently there are many types of atomizers, including a pneumatic, rotary, jet and
pressure-swirl type (Bending 2002).

The subject of this research are pressure-swirl atomizers, which are among the most
popular atomizers. Although, their constructions are relatively simple, knowledge
about them is still not sufficient. Pressure-swirl atomizers are characterized by reliable
operation and they do not require large input of energy. Their construction and energy
efficiency means that they are relatively cheap and very often used in comparison to
another devices. Pressure-swirl atomizers consist of three basic elements: inlet port,
swirl chamber, and outlet port. Liquid delivered to device creating swirl movement
inside the chamber. Liquid leaves device by hole of low diameter, then liquid under-
goes a different types of hydrodynamic effects, and that is how droplets are formed
(Broniarzz-Press et al. 2013; Broniarz-Press et al. 2015).

Low energy demand also has connection with liquid velocity in chamber, and more
precisely this velocity is low in circumference of chamber, which results in low
resistance at walls. The liquid velocity increases due to the increase of swirl as the
chamber axis approach. Finally it reaches high value at outflow. Originally flow
coming out from atomizer takes the conical form, which causes faster breakup of film
to droplets, than in case of using another types of atomizers, at the same flow rate.
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Atomization process in pressure-swirl atomizers is well-known and unchanging,
however experimental research results indicate that this process can be affected by a lot
of factors, which cause discrepancies in designated dependencies. These factors are
operating conditions, measuring equipment using in research and especially construc-
tion of atomizers themselves (Orzechowski and Prywer 2008; Chinn 2009; Guangchao
2008; Liu 2017, Maly et al. 2019; Nonnenmacher and Piesche 2000; Orzechowski et al.
1997; Rashad et al. 2016; Rashid et al. 2012; Widger and Yule 1996).

Obtained pressure drop values were used to calculate discharge coefficient by using
correlation (Orzechowski et al. 1997):

CD ¼ wLqL
2qLDPð Þ0:5 ð1Þ

Discharge coefficient is often presented as a function of Reynolds number. The
Reynolds number is defined as follows:

Re ¼ wLdLqL
gL

ð2Þ

When liquid is atomized at different flow rates, four different atomization phases
were observed (Fig. 1): distorted pencil, onion, tulip, fully developed spray (Lefebvre
and McDonell 2017):

• Distorted pencil phase – liquid stream leaves atomizer as a distorted lane.
• Onion phase – a phase where liquid stream creates cone twice. First stream forms a

bubble, which undergoes atomization and second cone is created.
• Tulip phase – liquid stream undergoes atomization after outlet port and creates cone

which has large drops at the edges.
• Fully developed spray – the most important phase, in which liquid stream right after

leaving atomizer is atomized to small droplets.

Fig. 1. Atomization phases (Lefebvre and McDonell 2017).
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2 Design and Tests of Atomizers

Presenting research concerns pressure-swirl atomizers with one, cylindrical inlet nozzle
and with cylindrical outlet. Two groups of pressure-swirl atomizers were tested. One of
them was characterized by constant diameter of swirl chamber (D = 30 mm) and with
variable chamber height (H = 20, 30, 40, 60, 90, 120 mm). Second group was
described by constant height of swirl chamber (H = 30 mm) and variable chambers
diameter (D = 20, 30, 40, 50 mm). Furthermore, some of the atomizers have
“core-hole” of diameter d = 4 mm. Cylindrical outlet has diameter of 3 mm. Figure 2
presents the construction of pressure-swirl used in experimental studies.

Water was used as the liquid. The studies were carried out in the range of volu-
metric flow rate 0–250 l/h at temperature T = 20 °C. In the atomization process, the
most important issue is turbulent flow, therefore to further analysis we took into
consideration only the results with the calculated Reynolds number from 8820 to
29400. In this range, appropriate liquid atomization occurs. For each operating con-
ditions pressure drop was measured and visualization of process of the liquid
atomization by photographic method was performed. Afterwards, in the program called
ImageJ an analysis of photos was carried out and spray angle was determined. The
difference in the construction of tested devices and the influence of atomizer geometry
(especially height and diameter) on pressure drop, spray angle (and discharge coeffi-
cient) were discussed.

It was found after photo analysis that onion phase is created when velocity is
1.57 m/s (40 l/h), but only in case of atomizers without core-hole. In case of atomizers
with core-hole the formation of onion phase is skipped and the third phase was
immediately observed. This phase is tulip. Fully developed spray phase is formed at
two different ranges of flow rate. It depends on the presence of the core-hole.

In case of atomizers without core-hole, transition from 3rd to 4th phase takes place
in the velocity range 5.9–6.88 m/s (150–175 l/h), however in case of atomizers with
core-hole, it occurs only with the higher values of velocity 6.88–7.86 m/s (175–
200 l/h). This phenomenon allows us to conclude that occurrence of core-hole enforces
using higher value of flow ratio to reach fully developed spray than in the case when
atomizer is without core-hole. The characteristic atomization phases obtained during
experimental studies were shown in Fig. 3.

Fig. 2. Construction of pressure-swirl atomizers used in experimental studies.
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However, occurrence of core-hole results in reduced pressure drop in the atomizer.
Almost in every case, when we compare pressure drop at a given volumetric flow rate,
pressure drop in the atomizer with core-hole is much more less in comparison to
atomizers without core-hole, in some cases its value reaches even ca. 100 000 Pa
(Figs. 4 and 5).

When analyzing the spray angle, it is observed that in almost every case (the
exception is a device with D = 30 mm, H = 120 mm) a larger spray angle is obtained
for atomizers with core-hole than in the case of a device without this modernization.

For every device, only at determined flow rate of 75 l/h the atomization of liquid
begins (Re = 8820). Above mentioned differences in results were showed in our
analysis. In the case of atomizers with core-hole, the highest obtained spray angle was
85˚. In the case of atomizers without core-hole, the highest obtained spray angle
was 77˚.

Fig. 3. Atomization phases for experimental studies: a Distorted pencil phase, b Onion phase,
c Tulip phase, d Fully developed spray phase.
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Fig. 4. Relationship of pressure drop in function of liquid velocity for constant height of
atomizer.

Fig. 5. Relationship of pressure drop in function of liquid velocity for constant diameter of
atomizer.
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For atomizers with core-hole with constant diameter (30 mm), spray angle
increases with decreasing height of atomizers chamber, while for devices without core-
hole spray angle decreases with decreasing height of atomizers chamber (Table 1).

The application of core-hole also influences on values of discharge coefficient. In
the case of atomizers, which were constructed without any extras, lower discharge
coefficient was obtained than for devices with core-hole (Figs. 6 and 7).

Adjustment of atomizers’ dimensions also brings few dependencies resulting from
the introduced changes. A decrease of atomizer diameter at constant height results in a
decrease in the pressure drop value. However this phenomenon was observed also in
the case of atomizers without core-hole. In case of height changing at constant diameter
for atomizers without core-hole the trend is reversed. When chamber height decreases,

Table 1. Values of spray angle for atomizers with different diameter.

Atomizers with core-hole
Height [mm] 120 90 60 30 20
Spray angle [°] 66 69 75 85 85
Atomizers without core-hole
Height [mm] 120 90 60 30 20
Spray angle [°] 77 62 41 46 54

Fig. 6. Relationship of discharge coefficient vs. liquid velocity for atomizers with constant
height (H = 30 mm).
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pressure drops increase and discharge coefficient decreases. But these dependencies
were observed also in the case of atomizers without core-hole. The highest values of
discharge coefficient were obtained for atomizer with core-hole of following dimen-
sions: diameter D = 30 mm and height H = 60 mm.

3 Summary

From the above results we can pull out following conclusions:

• In the case atomizers without core-hole every four phases of atomization were
occurred and these atomizers need lower flow rate to reach appropriate atomization
phase.

• Atomizers with core-hole need higher flow rate to reach appropriate atomization
phase, but in this case onion phase was not occurred.

• Application of core-hole causes, that lower pressure drops, larger spray angles and
also higher discharge coefficients were obtained. Furthermore changing geometry of
atomizer also show that when diameter decreases (at constant height), pressure
drops simultaneously decrease and discharge coefficient increases, but if height
decreases (at constant diameter), the reverse situation occurs. Pressure drops
increase, but discharge coefficient decreases.

• Discharge coefficient is the highest for device with core hole for diameter 30 mm
and height 60 mm, and its value is 0.62. The application of a core-hole has a
positive effect on the atomization process. It increases the spray angle and flow rate.
For the atomizers with a core-hole, an increase in the spray angle and the discharge
coefficient was achieved.

Fig. 7. Relationship of discharge coefficient vs. liquid velocity for atomizers with constant
diameter (D = 30 mm).
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• Spray angle is the highest for device with core-hole for diameter 30 mm and height
20 mm and its value is 85˚.

• Application of core-hole has an essential influence on the change of spray angle,
because afterwards, the spray angle is larger than in case of atomizer with the same
sizes but without core-hole. Simultaneous decrease of chamber height also causes
the increase of spray angle.
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Abstract. Enzymes are important catalysts which have gained much attention
in various branches of science. The catalytic proteins are immobilized on var-
ious materials to increase their resistance to the unfavorable effects of pH,
temperature or other denaturants present in the reaction mixture. The hetero-
geneous form of biocatalytic systems is the most important advantage of the
immobilization process, and leads to the prolonging of catalytic activity. This
chapter reviews the use of immobilization as a useful technique for improving
the thermal and chemical stability of enzymes. Kinetic aspects of the immobi-
lization process are also discussed.

1 Enzymes: General Information

Enzymes are macromolecular, three-dimensional protein structures which catalyze
certain biochemical reactions. This occurs due to reduction of the activation energy of
one of the possible reaction paths and stabilization of the high-energy transition state of
the substrate-enzyme system, as a result of which the state of chemical equilibrium is
achieved more rapidly (Murray et al. 1995; Stryer 2003).

X-ray studies have shown that in the structure of an enzyme there is a slit con-
taining side chains of amino acids, which are responsible for binding the corresponding
substrate, as well as other structures known as cofactors, which are essential for the
process of catalysis. This slit is called an active site, and constitutes the catalytic center
of the enzyme (McDonald et al. 2014). The active site accounts for only a small part of
the enzyme’s total volume, and has a three-dimensional structure. The formation and
breaking of bonds between the enzyme and substrate requires that the shape, geometry
and arrangement of functional groups in the substrate be precisely matched to the active
site. Only a few molecules of the substrate are able to fit perfectly into the active site of
a specific enzyme; hence enzymes are said to have high specificity and selectivity, and
the resulting product exhibits precisely defined properties (Pleiss 2014).

Enzymology has developed to an enormous extent in recent decades. In the 1950s
information was available on 659 enzymes; by 1992 the number was larger by a factor
of five, while by the end of 2014 almost 5600 enzymes had been discovered, and their
number continues to rise (Cornich-Bowden et al. 2014).

The wide range of discovered biocatalysts led to difficulties in nomenclature. For
this reason, in the second half of the last century the International Union of Biochemistry
and Molecular Biology (IUBMB) appointed an Enzyme Commission (EC), whose tasks
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included the creation of a unified classification for enzymes. The Commission’s 1961
report contains a list of enzymes classified according to the type of reaction that they
catalyze. This division remains in use today, and newly discovered enzymes are
assigned to the appropriate groups (Tipton et al. 2000). The top-level classification of
enzymes consists of the following:

• EC 1 – oxidoreductases: catalyze oxidation/reduction reactions;
• EC 2 – transferases: transfer a functional group (e.g. a methyl or phosphate group);
• EC 3 – hydrolases: catalyze the hydrolysis of various bonds;
• EC 4 – lyases: cleave various bonds by means other than hydrolysis and oxidation;
• EC 5 – isomerases: catalyze isomerization changes within a single molecule;
• EC 6 – ligases: join two molecules with covalent bonds.

Enzymes, as important catalysts, significantly accelerate many processes taking
place both within living organisms and on an industrial scale. However, in view of the
low stability of biocatalysts and the rapid loss of their catalytic properties, the process
conditions and the reaction environment in which they function have a decisive impact
on the yield of the catalyzed reactions and on the catalysts’ lifetime. It is important to
maintain the properties of enzymes at an adequate level by carefully selecting the
reaction conditions and continuously monitoring them.

2 Immobilized Enzymes

Biocatalysts perform best in their natural environment (for instance, in living organ-
isms). The use of enzymes on an industrial scale is associated with a number of
difficulties resulting from the poor adaptability of those compounds in a foreign
environment (Faber 2017). The most important problems relating to enzymes include:

• instability in the conditions of industrial reactions, leading to reduced catalytic
activity, autoxidation or denaturation;

• difficulties in separating the enzyme from substrates or products;
• limited resistance to high concentrations of the substrate and to temperatures dif-

ferent from those in which the enzymes occur naturally.

To reduce the risk of occurrence of the aforementioned problems, the technique of
immobilization is used. Enzymes may be immobilized on various types of support.
Such immobilized systems may be used in a wide range of pH and temperature, and
most importantly they have a heterogeneous form, which enables them to be used
multiple times in catalytic processes (Zdarta et al. 2018a). The immobilization of
enzymes on various types of support may be carried out using a wide range of chemical
and physical methods (Fig. 1). The most popular method of immobilizing biocatalysts
is adsorption, which makes use of physical interactions between the enzyme and the
support (Hanefeld et al. 2008; Jesionowski et al. 2014). The adsorptive method is
simpler than other immobilization techniques and enables higher mobility of the
enzyme, which in many cases results in significant enzyme activity. However, the
adsorbed enzyme may be subject to desorption, by which it becomes detached from the
surface of the support—particularly in industrial conditions where high concentrations
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of reagents and products are present. This is a result of the weak physical interactions
between the enzyme and support (van der Waals forces, electrostatic interaction).
A more durable method of attachment is covalent immobilization. Here it is important
that amino acid radicals should not form covalent bonds with the support, as this may
reduce the high catalytic activity of the enzyme. This condition is quite difficult to
achieve; hence this form of immobilization is used in industry mainly in cases where
penetration of the enzyme into the reaction environment may disrupt the entire tech-
nological process (Brena et al. 2006; Zhang et al. 2016).

3 Morphology, Structure and Chemistry of Supports

An important role in the immobilization process is played by the supports used. The
selection of the support material is a key challenge, due to the major impact that this
material may have on the resulting properties. There is an extremely wide and varied
range of materials that may be used as supports in immobilization processes. Supports
include both organic and inorganic materials, and differ in terms of morphology,
structure and chemical properties. The most important properties that supports should
offer are presented in Fig. 2.

Fig. 1. Enzyme immobilization methods and their advantages and disadvantages

Fig. 2. Main properties of materials used as supports in the immobilization of enzymes
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The type of enzyme and process in which the immobilized enzyme will be used is
very important when it comes to choosing appropriate supports. Materials which have
high stability, availability, relatively low price, and high affinity to the bound enzymes,
are most commonly used in immobilization process. (Cao 2005; Zdarta et al. 2018b).
One of the important parameters determining the use of a given support in an immo-
bilization process is its chemical structure. The material should have a high content of
reactive functional groups, such as hydroxyl, epoxide and amino groups. These have
high affinity to the chemical groups contained in the protein structure, and thus ensure
effective attachment of the enzyme (Zhang et al. 2016; Song et al. 2018). If direct
binding of the enzyme is not possible, the chemistry of the support should be such that
it can be easily modified to introduce the chemical groups required for bonding.
Important parameters determining the potential use of a material as a support include its
morphological and porous structure—the size and shape of particles, the size and
volume of the pores of the material, and its specific surface area. The materials that
attract the greatest interest have specific surface areas above 100 m2/g, in addition to
high porosity (pore diameter above 3 nm) (Magner 2013). The choice of support is one
of the most important questions in the development of an immobilization process, and
has direct impact on the properties of the resulting biocatalytic system. When choosing
an appropriate support it must be remembered that, in spite of the availability of
numerous substances on which an enzyme may be immobilized, the final selection is a
highly individual matter. It depends greatly on both the properties of the biocatalyst and
the technological conditions of the catalyzed process. Table 1 lists examples of
materials used as supports for enzyme immobilization (Marschelke et al. 2019).

Table 1. Examples of materials used as supports for enzyme immobilization, and their
parameters.

Material Parameter Examples References

Synthetic
polymers

Presence of reactive functional groups, solubility,
porosity, stability and mechanical properties, low cost

Polyamide/laccase
Polyvinyl/alcohol/amylase

Song et al.
2018
Porto et al. 2019

Biopolymers Biodegradability to harmless products,
biocompatibility and nontoxicity, affinity to proteins

Chitosan/lipase
Cellulose/lipase

Chen et al.
2014
Karra-
Chaabouni et al.
2008

Minerals Occur in nature, easily available, high
biocompatibility, can be used as obtained without
further advanced treatment and purification

Montmorillonite/glucoamylase
Halloysite/acylase

Sanjay et al.
2008
Kolodziejczak-
Radzimska et al.
2019

Metal oxide Thermal and chemical resistance and good mechanical
properties, good sorption capacity

Silica/lipase
Zirconia/lipase

Amirkhani
et al. 2016
Zivkovic et al.
2015

Carbon-
based

Well-developed porous structure; high surface area-up
to 1000 m2/g; high adsorption capacity

Graphene/laccase
*MWCNT/lipase

Chen et al.
2017
Marzuki et al.
2015

Hybrid
materials

Thermal and chemical stability, good sorption capacity,
well-developed porous structure

Polyamide/chitosan laccase
Chitosan/Fe2O3/lipase

Maryskova
et al. 2016
Osuna et al.
2015

*MWCNT – multi-walled carbon nanotubes
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4 Useful Features of Immobilized Enzymes

As noted above, free enzymes exhibit high catalytic activity within a limited range of pH
and temperature. This is because they function mainly within the natural environment
found in living organisms. Many factors can affect the stability of an enzyme, including
pH, temperature, the solvent, and the presence of metals and surfactants. While free
enzymes exhibit high activity in a narrow pH range, their immobilized forms retain high
activity in a pH range from 4 to 10. At higher temperatures, most enzymes tend to become
inactivated or unfolded, and in consequence are no longer capable of catalyzing the target
reaction (Amin et al. 2017; Bilal et al. 2019). The increased stability of enzymes that
results from their immobilization is often attributed to the inherent characteristics of
specific immobilization procedures, and can be determined by stabilization factors
(Mateo et al. 2007).

Zare et al. (2019) showed that, while the activity of the free enzyme was greatly
reduced, lipase immobilized on modified polyether sulfonate with MOF (metal-organic
framework nanoparticles) retained more than 60% of its initial activity at 60 °C. This
improvement in thermal stability may be the result of a hydrophobic interaction
between the enzyme molecules and the MOF-based membrane. Additionally, the pH
stability was determined. While at acidic pH there was no substantial difference
between the free and immobilized lipase, a significant improvement in pH stability was
observed for immobilized lipase at an extreme alkaline pH (retaining approximately
60% of its initial activity).

Another study (Zdarta et al. 2017) showed that the new prepared biocatalytic
system lipase/spongin-based scaffolds has a high enzymatic activity at temperature
range 30–60 °C and in the pH range 6–9. This research demonstrate that obtained
biocatalysts have a better catalytic activity then free lipase. The lipase/spongin-based
scaffolds retain about 80–90% of its initial activity in conditions present above.

Lin et al. (2017) proposed a biocatalytic system type of cellulase/magnetic Fe3O4-
chitosan. The results of carried out studies showed that immobilized cellulase indicated
better pH adaptability and heat tolerance to compare with the native protein. That
situation could be associated with the good bonding of enzyme to the support.
Immobilized cellulase is more durable to structural changes caused by the high value of
pH and temperature.

5 Kinetic Parameters of Immobilized Enzymes

In 1913, Michaelis and Menten published their now classic paper, Die Kinetik der
Invertinwerkung (Michaelis and Menten 1913). They proposed a mechanism to explain
the dependence of the initial rate of enzyme-catalyzed reaction concentration. They
considered the following model, in which ES is the enzyme-substrate complex
(Johnson et al. 2011):
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Eþ S$k1 ES!k2 PþE ð1Þ

V ¼ dP
dt

¼ k2 � ES ð2Þ

E0 ¼ EþES ð3Þ

V ¼ k2tE0
S

Sþ k1
¼ VmaxS

Sþ k1
ð4Þ

Following a number of further investigations, the Michaelis–Menten equation used
to determine the kinetic parameters of an immobilization process was presented in the
following form (5):

V ¼ Vmax S½ �
KM þ S½ � ð5Þ

Equation (5) states that the initial rate (V) is equal to the product of the maximum
initial rate (Vmax) and the initial substrate concentration (S), divided by the Michaelis
constant, KM (k1), plus the initial substrate concentration (S) (Potratz 2018).

The definition of Michaelis constant (KM) describe that it is “the substrate con-
centration at which half of the enzyme active sites are filled by substrate molecules”
(Luo et al. 2018). In many cases the value of the KM is equal with the constant of the
enzyme-substrate complex (ES). This is an important parameter, because the value of
KM indicates the durability of binding created due to immobilization. The bonds are
weaker if the Michaelis constant is larger (Segal 1975; Marangoni 2002). The changes
on temperature, the nature of the substrate, pH, ionic strength, and other reaction
conditions have an influence on the value of KM (Nigh 1976).

Vmax ¼ k2E0 ð6Þ

In the equation (6) the k2 is called the “turnover number” (or catalytic constant,
kcat). The catalytic constant (k2) describes the maximum amount of substrate which was
converted to product in the presence of enzyme and in one second. The ratio kcat/KM is
a constant which evaluates the catalytic efficiency of an enzyme (Northrop 1998; Miller
et al. 2002).

The basic kinetic data of an enzymatic reaction are calculated using spectropho-
tometric methods. The substrate properties and reaction conditions (temperature and
pH) have a lot of influence on the measurement by this method. Alternatively, the
calorimetric methods can be used. The reaction rate are measured based on the enthalpy
changes, which is omnipresent in most enzymatic reactions (Luo et al. 2018).

Sample KM and Vmax values obtained for various free and immobilized enzymes are
given in Table 2. As the table shows, the value of Vmax decreased upon immobilization
in all cases. That results show that the kinetic parameters are changed after the
immobilization process. The changes mostly depend on the electrostatic and
hydrophobic interactions created during the adsorption of enzyme onto the support,
which could cause changes in the protein structure (Amirkhani et al. 2016; Zivkovic
et al. 2015). The values of KM and Vmax, because of the lower flexibility of enzyme
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which is smaller after immobilization, respectively increase and decrease. That sug-
gests a lower affinity of immobilized enzyme to the substrate. This is probably asso-
ciated with the steric barrier occurred during the immobilization process (Wang et al.
2006; Zdarta et al. 2016). On the other hand, a decrease in KM leads to an increase in
the enzyme’s affinity to the substrate. This probably occurs when the electric charges
on the support and substrate are of different sign (Ling et al. 2016; Yuan et al. 2016).

The factors, which are caused the changes in the kinetic parameters, it:

• changes in the protein structure appearing due to interactions between the support
and the enzyme;

• the immobilization methods, which—in the case of covalent attachment—can
involve different amino acid radicals;

• steric hindrances and diffusional effects introduced by the grafted monomers or by
the spacer (De Maio et al. 2003).

6 Summary

Catalysis based on immobilized enzymes has become one of the most important dis-
ciplines in bioorganic synthesis, and has played a noteworthy role in the development
of many chemical industries. Immobilization enhances the catalytic stability and
activity of enzymes and reduces the overall cost burden of the enzyme. The kinetic
parameters (KM and Vmax) are of great significance for the immobilization process.
Changes in the values of these parameters reflect the effectiveness of the process. Such
changes are naturally influenced by the immobilization method, the support used, and

Table 2. Kinetic parameters of various free and immobilized enzymes.

Material KM, mM Vmax, µmol/min References

Free urease
Urease/nylon membrane

18.1
25.8

11.5
8.7

Di Martino et al. 2003

Free catalase
Catalase/graphene

26.7
376.3

19.5
1.74

Barreca et al. 2018

Free lipase
Lipase/SiO2

3.9
8,9

71.5
20.4

Amirkhani et al. 2016

Free acylase
Acylase/SiO2

47.2
144.3

0.44
0.38

Jiang et al. 2018

Free amylase
amylase/chitosan/montmorillonite

6.8
9.1

1.30
0.62

Mardani et al. 2018

Free cellulose
Cellulose/polymer

4.82
3.64

0.06
0.04

Yuan et al. 2016

Free laccase
Laccase/TiO2∙ZrO2

0.05
0.10

0.04
0.03

Antecka et al. 2018

Free trypsin
Trypsin/Fe2O3/lignin

1.03
1.86

1.48
0.89

Zdarta et al. 2018c
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the nature of the enzyme itself. The technique of immobilization is coming to be used
widely for the successful development of sustainable and environmentally responsive
catalytic processes.
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Abstract. The chapter presents the methods of bacteriophage production with
the application of the alternate magnetic field. Bacteriophages are viruses that
can infect and destroy bacteria cells. Up to date, numerous types of phages have
been discovered. Nevertheless, the basic mechanisms and properties are com-
mon. Nowadays, the growing interest of the application of bacteriophages in a
different field (e.g. medical, pharmaceutical, food preservation, biosensors,
nanomaterials) causes the improved methods of phage’s production are neces-
sary to design. The magnetically assisted bacteriophages production method was
then proposed. The preliminary results suggest, that electromagnetic stimulation
may lead to process improvement by the increased number of produced virions
and their lytic activity.

1 Theoretical Fundamental of Bacteriophages

Bacteriophages (or commonly phages) are specialized viruses, which attack selected
bacteria strains or groups. Bacteriophages can be divided into two basic types: lytic and
lysogenic (Kropinski 2018). The lytic (also called virulent) phages multiplying inside
the bacterial cell and finally destroying them. These properties result in high application
potential in medicine, especially in the treatment of antibiotic resistant bacterial
infection. (Herada et al. 2018). In short, the lytic phages use one of two proteins to
destroy the host cell: holins or lysins. The holins can perforate the bacterial cytoplasmic
membrane. This situation creates an opportunity for endolysins to destruct the bacterial
cell wall. The lysins can rapidly destroy the bacteria cell wall, by cleaving peptido-
glycan, which is the major cell wall component. (Cisek et al. 2014). The second kind of
bacteriophage, representing the lysogenic life cycle is known as temperate phages.
They could integrate the viral genome into host DNA. Such DNA replicates as part of
the bacterial chromosome and is noninfectious (called a prophage). The prophage in
specific circumstances can force host bacteria to create phage particles in the lytic
cycle. Nevertheless, temperate phages can live together with bacteria in cooperation,
which can give advantages to both sides. The overview of the main differences between
the lytic and the lysogenic bacteriophages’ life cycle is presented in Fig. 1.
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The beginning of the bacteriophage studies was in 1915, when Frederick Twort,
a British physician described the probable occurrence of an “ultramicroscopic virus”
that could destroy bacteria. He discovered during work on vaccinia preparations
“glassy and transparent” spots within colonies of bacteria suggesting dead bacteria
zones. One of the possible explanations given by Twort was the presence of viruses but
he could not confirm this hypothesis (Twort et al. 2011). In 1917 Felix d’Herelle
observed a very similar phenomenon. He was convinced that bacteria were destroyed
by an invisible microbe which he named bacteriophage (Kakasis and Panitsa 2019).
This discovery led to a new idea of phage therapy and it was implemented in many
studies, but after the discovery of antibiotics and their application during the Second
World War, the bacteriophage area research was generally subsided. A small number of
experiments of phage therapy still carried on was mainly failure. The reasons for phage
therapy failure were inappropriate phage preparation, selection, and storage (Gill and
Hyman 2010). Additionally, bacteriophages pose high application potentials in other
fields, such as components of materials in batteries, fuel cells, sensors, optics, food
preservations and other disciples so far (Herada et al. 2018; Kakasis and Panitsa 2019;
Warner et al. 2014; Kilcher and Loessner 2019). This potential increases the interest in
bacteriophage research.

1.1 Structures and Functions of Bacteriophages

Bacteriophages are viruses that requiring host bacteria to the replication of their genetic
material and new virions production (Hyman and Abedon 2009; Skurnik and Strauch
2006). The average size of phage virion is generally about 50–200 nm, but the largest
known bacteriophages are bigger than 400 nm in length (Cuervo and Carrascosa 2012).
The most of the discovered (over 5100 types) phages are classified in Caudovirales
order, the Myoviridae, Podoviridae, Ackermannviridae, Herelleviridae and Siphoviri-
dae families. (Adriaenssens et al. 2018). Basing on the type of genetic material, bac-
teriophages can be divided into four groups: double-stranded DNA phages, single-
stranded DNA phages, double-stranded RNA phages, single-stranded RNA phages
(Herada et al. 2018). Caudovirales phages share a similar structure, like an icosahedral
capsid, that stores genetic information in the form of double-stranded DNA, with
attached spike tail with fibers (Ackermann 2007). Virion has a permanent dipole
moment because of charges position - the head structure possesses a negative charge
when the tail fibers have a positive charge. The tail fibers structure, attached to

Fig. 1. Bacteriophage life cycles
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bacteriophage baseplate, depends on the phage family and determining the bacterial
host specificity (Leiman and Shneider 2012). There are also different phage families
like Inoviridae (e.g. M13 phage, characterized by the filamentous structure of virion) or
Leviviridae (e.g. MS2 phage, almost spherical). The main difference of these phages,
behind the structure, is the genetic information that is stored in single-stranded RNA or
DNA (Baran and Bloomfield 1978). The typical structure of Caudovirales phage is
presented in Fig. 2.

The multiplication of virions required recognition of the proper bacteria host cell
which results in the precise and often multistep identification process. The electrostatic
interactions play a key role in the initial recognition. The surface of bacteria, which is
negatively charged is attracting phage tail fibers (positively charged). Following
specific receptor-binding proteins are utilized to recognize the proper bacterial-host
(Richter et al. 2018). Next, the phage tail fibers bound to the host surface towards it.
Reorientation of the tail fibers does not occur in free bacteriophage, but only on the
host cell surface and without any chemical energy (Herada et al. 2018). One of the
proposed mechanisms explaining this phenomenon based on theory, that during phage
encounters bacteria host an only a small amount of tail fibers (one or two) binds to
surface receptors. Attached phage is then subjected to the action of molecular motions
(convective current and thermally induced movements, Brownian motions) and
movement created by swimming bacteria (Herada et al. 2018). The second proposed
mechanism relates to the phage calcium requirement for bacterial infection. Molecules,
such as proteins, and polysaccharides, on the host surface, bind divalent cations, which
results in their higher concentration near the surface. This situation can promote
changes in the conformation of the phage baseplate with an extension of the tail fibers
(Herada et al. 2018). Finally, the phages use the bacteria intercellular transport
mechanism to transfer its genome inside the cell, where their progeny virions are
produced. in a consequence of a lytic cycle through host cell lysis virions are released.
(Richter et al. 2018; Martinez et al. 2018).

Fig. 2. Typical structure of Caudovirales bacteriophage
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1.2 Application of Bacteriophages

Bacteriophages have wide application in modern technology, not only for diagnostic
and treatment purposes but also is such branches as food safety, pharmaceutic, ener-
getic, sensors, electronic and other (Herada et al. 2018; Kakasis and Panitsa 2019;
Warner et al. 2014; Kilcher et al. Martinez et al. 2018; Monteiro et al. 2018). Nowa-
days, bacteriophages are a very desired alternative for antibiotic therapy due to the
increment of antibiotic resistance, mostly of highly morbific bacteria. This situation is
generally caused by to over-utilization of antibiotics (unreasonable treatment, excessive
application in animal breeding) or improper application (self-treatment, preventive use)
(Herada et al. 2018). Bacteriophages naturally kill bacteria by making them burst or
lyse. Moreover, they are highly specific, which results in action only on target bacteria
without harmful effects on the natural bacterial flora of the patient. Phages do not need
application of many doses – one use is often enough because after application their
concentration raising due to multiplication in host bacteria until host bacteria depleting.
(Kropinski 2018; Nobrega et al. 2015). Thanks to those abilities, phages have
numerous advantages in comparison with the antibiotic treatment (Monteiro et al.
2018). Nevertheless, bacteriophages similarly sometimes do not kill all bacteria,
because of the presence of bacteriophage resistant mutants. For this reason, the mixed
treatments are proposed, where combined phages and antibiotics are applied (Kakasis
and Panitsa 2019; Chang et al. 2018). Moreover, in case of rapid destroy of bacteria,
treated organisms can be poisoned by bacteria decomposition products (Kakasis and
Panitsa 2019; Nobrega et al. 2015). Bacteriophage action may induce immunological
reaction or can affect body tissues and non-target bacteria by transducing DNA
between bacteria or expressing virulence genes (Abedon et al. 2011). However, modern
methods of genome sequencing allow avoiding unwanted situations (Abedon 2017).

Bacteriophages for medical applications may be applied by the inhalation, inges-
tion, injection or transdermal methods (e.g. ointments, creams, lotions) (Kakasis and
Panitsa 2019). In respiratory tract infection, therapeutic phages can be applied by
inhalation through nose, mouth or inside inhalation chambers. Those methods were
tested on animals (e.g. mice) (Abedon 2018) and humans (Chang et al. 2018). This
kind of therapy was reported in Easter Europe (Georgia, Poland, and Russia) and was
continuously improved (Chang et al. 2018). Phages in the form of an ointment
impregnated dressing directly on the skin are utilized in wound infection treatment and
diabetic foot ulcers, mainly against Pseudomonas aeruginosa and Staphylococcus
aureus bacteria (Abedon 2018). Moreover, bacteriophages can be used in new gener-
ation vaccines (Herada et al. 2018). Two different approaches can be highlighted – first,
based on the production of immunogenic phage particles, which surface is coated by
foreign antigens due to fusion with selected structural proteins of virion; second
approach use incorporation of foreign antigens into phage’s genome under control of
strong eukaryotic promotors. In this case, bacteriophage acts as a passive carrier of
foreign DNA into mammalian cells, where the gene expressions taking place. These
two approaches are often combined (Herada et al. 2018). Bacteriophages can be also
applied to decrease the impact of the food industry on the environment. They are a
promising alternative for traditional food preservation techniques and at the same time
allow a reduction of antibiotics usage in animal breeding (Martinez et al. 2018). Phages
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are used in bio conservation of food, e.g. to protect before E. coli and Salmonella
bacteria (Richter et al. 2018) and to detect pathogens in food of animal origin (Martinez
et al. 2018; Fister et al. 2019). This mechanism bases on destroying pathogens harmful
for food and crops, which results in an increment of food production safety and harvest
size. The effectiveness of phage in crop protection is comparable to conventional plant
protection products. (Herada et al. 2018) Additionally application of bacteriophages
can reduce the number of pathogens transferred in food and help in the control of
slaughterhouses and process plants (Fister et al. 2019). The disadvantages of these
techniques are often the necessary application of phage cocktails, horizontal transfer of
genes, phage resistant bacteria mutants and virulence transmission (Martinez et al.
2018). Bacteriophages also may be used in the following applications:

1. As nano-carriers to precise gene delivery in specific regions. The phage coat pro-
tects DNA from degradation after injection. Moreover, targeting of specific cells in
enables due to the ability of foreign molecules display on the phage coat (Herada
et al. 2018; Kilcher and Loessner 2019).

2. Bacterial biosensors, thanks to the possibility of detection of bacteria by bacterio-
phage particles. Addition of bacteriophage to sample results in changes in impe-
dance when the target bacteria is present due to conductivity changes of the medium
caused by microorganisms. This happens, when microorganisms transforming un-
charged metabolites into charged molecules (e.g. acids). Moreover, phages identify
the specific structure of the bacteria surface, which can help in auxiliary bacteria
detection. (Herada et al. 2018; Martinez et al. 2018).

3. Surface disinfection through bacteria growth control, especially in health care and
food processing facilities. Most difficult to remove are bacteria forming biofilms,
but bacteriophages can hydrolysis of the peptidoglycan layer of cell wall causing an
osmotic imbalance which results in loss of the structural integrity and lysis (Herada
et al. 2018; Martinez et al. 2018).

4. In nanomaterials production as vectors or matrix for the creation of new nano-
devices. Some of the phages (filamentous, MS2, k, T) can be used in the form of
nano-carriers for target drug delivery in therapeutic and diagnostic applications.
There is three major potential application in drug delivery: target imaging, drug
targeting, and gene therapy. Phages can deliver specific genes efficiently to a cell or
tissue thanks to engineering peptide sequences on capsid surface, specifying
directly its target (Farr et al. 2014; Merzlyak et al. 2006), but also, they are pro-
tecting genes from degradation (Herada et al. 2018).

5. In material corrosion control – bacteria can cause corrosion on metal surfaces by
chemical changes that occur during bacteria growth. Bacteria biofilms are an
important issue in the oilfield system (Baldwin et al. 2012). Nowadays, biofilm
control in gas and oil industries is carried on by physical and chemical treatment.
Those methods can be efficient, but incomplete removal of biofilm can cause
bacteria regrowth after treatment. Bacteriophage lytic cycle is a very good alter-
native to inhibit corrosion-causing bacteria growth, generally by phage’s self-
replication ability, which is the main advantage of this technique (Zarasvand and
Rai 2014).
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1.3 Bacteriophage Production Methods

Isolation of bacteriophages can be performed from any environmental source, that
containing the target microorganism. The biggest source of phages is sewage and
wastewaters, especially from the hospital, where phages of clinically relevant bacteria
can be found (Latz et al. 2016). The simplest method to isolate bacteriophages is to
remove from sample unwanted microorganisms by sterilization. Next, the sample is
plated to bacteria host to evaluate the formation of the plaques (Gill and Hyman 2010).
Thereafter, isolated bacteriophages should be genetically sequenced and characterized
in the purpose of therapeutic applications. The keys parameters to select proper phages
are their efficacy, specificity, possible side effects (Weber-Dąbrowska et al. 2016).
Bacteriophage production methods can be divided into the batch, semi-continuous and
continuous, single or two-stage processes. The cultivation methods vary generally on
way of bacteria multiplication and phage isolation. Typically, bacteriophages are
produced in shaker flask (about a few liters volume) or bioreactor with mechanical
stirrer (Grieco et al. 2009). The batch method is the simplest and most popular method.
Host bacteria solution is prepared with a certain concentration and then inoculate with
bacteriophages. After some time, the cycle process is ended, thus phages are cen-
trifuged and isolated (Chen and Lim 1996; Oh et al. 2005). The biggest advantages of
this method are its simplicity, lack of problems with process control and residence time.
Although, a lot of manpower is required as usually in the batch process and its capital
costs are very high. Moreover, the throughput is limited by the high proportion between
downtime and production time, which results in small cost or time efficiency (Sau-
vageau and Cooper 2010). The continuous and semi-continuous methods are generally
characterized by more complicated equipment and procedures. Single-stage methods
use one tank, where the proper temperature is set to cultivate demanded bacteria
concentration and then the temperature is modified (Park and Park 2000). Two-stage
methods utilize two separate tanks. In the first one bacteria growth and multiplication
are conducted and then the suspension is transferred to the second tank, where after the
addition of phages cell lysis process and product formation taking place (Oh et al.
2005). This method allows us to obtain high volumetric throughputs, nevertheless
many disadvantages are known. The main issue is very hard to obtain a stable and
consistent production system and they are dependent on the population density for
infection control (Chen and Lim 1996). Continuous phage production is very time-
sensitive and creating difficulties in the system maintain which often results in small
final phage titers (Oh et al. 2005). Many problems are also connected with the esti-
mation of residence time distribution (Chen and Lim 1996; Oh et al. 2005). Never-
theless, it is possible to combine these two methods to obtain high phage titers, high
volumetric throughput by utilizing a proper designed semi-continuous process (Sau-
vageau and Cooper 2010). In Table 1 short compartment of different production
methods is presented, considering the type of bacteriophages, bacteria host and general
process conditions.
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2 Magnetically Assisted Bacteriophage Production

Stimulation of living cells for intensification of biotechnological processes and effec-
tive production of demanded compounds is possible thanks to the utilization of dif-
ferent factors (Domingues et al. 2000). Nowadays, the application of various force
fields (e.g. magnetic or electric field, ultrasounds) to increase biomass production is
very interesting and excessively studied. The electromagnetic field is also used in
enzymes production, biochemical and enzymatic process intensification and utilization
of this kind of field is the aim of many theoretical and experimental studies (Wang et al.
2017; Rakoczy et al. 2017). The new idea is to apply the alternating magnetic field,
AMF (e.g. rotating magnetic field, RMF) to bioprocess assist. AMF is a magnetic field
created by electric charges which move vary in time and/or in space (e.g. in a result of
direct current flow), which spread in space in form of electromagnetic wave. Our
previous studies showed, that in specific conditions under AMF exposition the stim-
ulation of biomass production, cell proliferation, and metabolic activity increment is
possible (Konopacki and Rakoczy 2019). Both gram-positive and gram-negative
bacteria were tested but various results were obtained: stimulation of gram-positive and
inhibition of gram-negative bacteria. Received data suggested, that AMF can affect
intercellular transport and alter the permeability of cell walls (Konopacki and Rakoczy
2019). The production of bioethanol utilizing yeast (Konopacka et al. 2019) and

Tab. 1. Review of bacteriophages production methods

Ref. Type Bacteriophage Host cultivation Phage production

(Sargeant
et al. 1968)

Batch T7 E. coli B, 37 °C Tanks: 3 L and 10 L, 37 °C

(de Czekala
et al. 1972)

Batch Phage lambda
mutant
(XCI857)

E. coli 3102 (XCI857)
E. coli C-600 (indicator)
32 °C
(i) a modified Vogel-Bonner
medium,
(ii) 1% tryptone broth

10 L of broth in 20 L tank
40 °C

(Warner
et al. 2014)

Batch M13 XL1-Blue MRF’ E. coli, 37 °
C, 225 rpm LB or TB medium
supplemented with 20 mg/mL
tetracycline, 1% (v/v) glycerol
or D-glucose

250 mL and 4 L shaker
flasks, (1.2 L and 75 mL of
medium), 50 mL tube spin
reactors, (15 mL medium),
Cultures were incubated in
32 °C for 20 h

(Chen and
Lim 1996)

Batch/semi-
batch
continuous

Q-mutant of
bacteriophage k

E. coli, the medium of
tryptone and yeast extract

n/a

(Park and
Park 2000)

Continuous Bacteriophage k E. coli CY15050 1 l bioreactors 30 °C to 38 °
C–40 °C

(Oh et al.
2005)

Batch,
continuous

Bacteriophage
kHL1

E. coli P90c 1 l bioreactors (500 ml
working volume), 33 °C to
40 °C (45/12 h)

(Sauvageau
and Cooper
2010)

Batch,
continuous

T4 ATCC
11303

E. coli ATCC 11303, 37 °C
250 rpm

1 l working volume, 37°C,
200 rpm, 0.5 vvm aeration
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bacteria-formed cellulose (Fijałkowski et al. 2015) was also studied. In both cases, an
intensification of processes increased yield, and proliferation of microorganisms and
their metabolic activity were obtained. Such a result suggests, that AMF can be suc-
cessfully applied to improve bioprocesses. Moreover, the influence of the external
electromagnetic field on lambdoidal bacteriophages was tested (Struk et al. 2017).
Received data indicated, that AMF exposition (B = 34 mT, f = 50 Hz) increased the
production of induced lambdoidal phages. It was assumed, that a similar phenomenon
can be observed for lytic bacteriophages and phages characterized by chronic infection.
In the next step, the preliminary studies of AMF application in lytic bacteriophage
production were tested. Bacteriophages were cultivated using the batch method in a
single tank, without a mechanical agitator but assisted with the RMF generator.
The RMF can create a micromixing effect, that can improve mass and heat transfer
inside the tank, but with smaller shear stresses in comparison to the standard agitator.
The experimental set-up is presented in Fig. 3

The main element of the experimental set-up is the RMF generator in the form of
three-phase coils situated inside the tank, which is powered by the alternated current of
controlled parameters (using phase inverter). Inside the generator culture tank is axially
situated, where the studied biologic material can be placed. The temperature of the
system is controlled by proper system and heat created by coils is recuperated in a plate
heat exchanger and then taken to heat-up the cultures, which result in no additional heat
source is required.

In present studies, the multiplication of bacteriophages and phage-host interaction
under the action of AMF were tested. The T4 lytic cycle bacteriophage and E. coli
bacteria as hosts were chosen for these preliminary studies. In the beginning, the
bacteria suspension was transferred to the generator for 20 min and exposed to the
AMF. After this time, the culture tank was inoculated by phages suspension and left for
1 h of exposition. The samples were collected every five minutes and then the

Fig. 3. Experimental set-up: 1 – tank, 2 – the RMF generator, 3 – sample, 4 – cultivation tank, 5
– heat exchanger, 6 – temperature sensor, 7 – multifunctional reader, 8 – phase inverter, 9 – PC
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bacteriophage cycle, its amount and its lytic activity were evaluated. The same
experiment, but without the exposition of AMF was performed as the control process.
The exemplary results are presented in Figs. 4 and 5.

The result of preliminary studies showed, that AMF exposition modified the bac-
teriophage life cycle and its lytic activity. It was observed, that the latent period of T4
lytic cycle was shortened from 20 to 15 min (without adsorption time). Additionally,
the bacteriophage burst size was significantly increased from 103 to 330 PFU per
infected cell. Moreover, the presented results showed the higher lytic activity of this
phage on liquid cultures of E. coli after 1 h of exposition. This preliminary result
showing great potential for AMF application in bacteriophage studies and production.
Additionally, conducted experiments indicated a highly increased (up to 400%)
number of produced bacteriophages and decrement of phage-resistant mutants in the
process with AMF exposition, which can be utilized in the production process. Those
results allowed to formulate an idea of magnetically assisted bacteriophage production.
In the near future, the batch method, which has its limitation is planned to upgrade into
the semi-continuous two-stage process. The goal is to design new technology to phage
production characterized in a high amount of bacteriophage in a short time, that can be
utilized in the treatment of antibiotic-resistant bacterial infections. Presented results
confirmed the possibility of stimulation of bioprocess by application of proper AMF
setup.

Fig. 4. Bacteria growth (A) and phage’s lytic activity (B) under RMF exposure

Fig. 5. Number of produced phages (A) and phage-resistant mutants (B)
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3 Summary

The literature analysis showed that bacteriophages pose high application potential in
modern technology, not only in therapeutic processes but also in food processing and
other industries, increasing researchers’ interest of this topic (Warner et al. 2014). Due
to the rising number of studies, very important is to design a proper, so efficient and
low-cost bacteriophage production, also for the industrial scale. Many of the works
concern the isolation of phages and optimization of cultivation parameters, such as
temperature and environmental conditions (Kim and Park 2000). The proper produc-
tion method needs to be taken into account and currently, the semi-continuous type
seems to be optimal, but not so easy to design and operate as batch methods (Oh et al.
2005). An alternative for improving the process can be the stimulation of phages by
force field applications, especially AMF (Konopacki and Rakoczy 2019; Konopacka
et al. 2019). Multiplication of phages can be stimulated by proper AMF. This kind of
field also facilitates phage adsorption to host bacteria, which can be very interesting in
terms of antibiotic-resistant bacteria infections treatment.

Acknowledgments. This study was supported by the National Science Centre, Poland [OPUS 16,
Project No.UMO-2018/31/B/ST8/03170, granted to Rafal Rakoczy].
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Abstract. In order to obtain abundant crops of satisfactory quality, it is nec-
essary to apply liquid chemicals during agrotechnical procedures. It is important
to target the treatment for a specific purpose and reduce the losses of applied
chemicals. The aim of a precise protection technique is to provide the active
substance in the proper place, in sufficient quantity and in the appropriate form.
One of the approaches to modify the physicochemical properties of plant pro-
tection products is the addition of small amounts of polymers. The efficiency
and safety of spraying process is determined by properly selected atomizers. In
the agriculture section on spatial cultivation and vegetables, vortex atomizers are
usually used in the spraying process. Two new constructions of two-phase
atomizers with a swirl flow and the experimental results on the spraying of
aqueous solutions of sodium carboxymethylcellulose with various concentra-
tions were shown in this chapter. The obtained results were compared with the
data obtained when spraying water. The addition of polymer allows to obtain a
much larger number of droplets with large diameters and reduces the share of
the smallest sized droplets. As the concentration of polymer increased, larger
diameter droplets were obtained and the spray angle was reduced. The obtained
results confirm the application possibility of the developed constructions in the
agriculture area.

1 Introduction

Chemical substances and mixtures are widely present and used in agriculture. Their
application is aimed at combating unwanted organisms, stimulating plant resistance to
pathogens, and broadly understood protection against the influence of destructive
factors. During all agrotechnical treatments, the most abundant crops of highest quality
are strived (Grausz 2015; Li et al. 2019). An important aspect that must necessarily be
considered is the issue of minimizing risks to people and environment associated with
the use of plant protection products. In connection with the regulations (Roz-
porządzenie Ministra Rolnictwa i Rozwoju Wsi z dnia 18 kwietnia 2013 r. w sprawie
wymagań integrowanej ochrony roślin (Dz.U. z 2013 r. poz. 505)) the concept of
integrated plant protection was introduced. The priority of this approach is undertaking
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actions in accordance with the concept of sustainable development. The correct
implementation of the procedure will allow achieving the intended efficiency, while
maintaining ecological and economic considerations. By the modification of the
composition of solution to be sprayed, the effectiveness of spraying can be improved.
The addition of small amounts of polymers may contribute to improving the properties
of solution (Mun et al. 1998; Harrison et al. 1999). The main aim is to minimize the
formation of droplets of smallest diameters during the spraying process. Small droplets
are susceptible to drift by wind, which results in adverse effects on the surrounding
environment (Hermansky and Krause 1997). The other research purpose is to increase
the stabilization of herbicides in the solution and to reduce the surface tension
(Harrison et al. 1999). Harrison and Mun explain the effect of polymer addition pri-
marily as extensional viscosity modifier, which results in the reduction of droplet decay
and hindering of satellite droplet formation.

In the agriculture section on spatial cultivation and vegetables, vortex atomizers are
usually used in the spraying process. It is necessary to obtain an aerosol of appropriate
quality. In order to protect the cultivated plant efficiently, aerosol droplets of certain
size and coverage uniformity should be formed. Modification of classic constructions,
widely known and described vortex atomizers, by changing the swirl chamber
geometry and introduction of second gas phase, allows for smaller droplets’ sizes with
a more monodisperse size distribution (Ochowiak et al. 2018).

2 Sodium Carboxymethylcellulose

Sodium carboxymethylcellulose (Na-CMC) is water soluble, etherified cellulose salt. It
is formed as a result of the reaction of alkali cellulose with sodium chloroacetate
(Kukrety et al. 2018).

Sodium carboxymethylcellulose has a hydrophilic nature, satisfactory film-forming
properties and high viscosity. It is a white or grayish granular powder, tasteless,
odorless. It is widely used in many industry branches, including as thickening agent,
but also as a filler, dietary fiber, anti-caking agent, component of varnishes, dyes and
emulsifier. It is also used as a modifier in solutions of substances applied for plant
protection (Kukrety et al. 2018).

3 Two-Phase Atomizers with a Swirled Flow

Among all types of atomizers, there is still growing interest in swirl atomizers and their
variations. They show a number of features that promote them among other con-
structions. They stand out, among others:

• durability and reliability,
• simple construction,
• stability,
• energy efficiency,
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• high quality of the obtained spray,
• decent price (Lefebvre 2000; Wimmer and Brenn 2013).

They are used during drying, painting, humidifying, burning, cooling or plant
protection (Moon et al. 2009; Liu et al. 2019). During agrotechnical operations, mainly
swirl atomizers with a full cone are applied (Halder et al. 2004).

The swirl atomizers consist of three main elements: tangential inlet ports, swirl
chamber and outlet port. For spraying, they use the energy of liquid itself, which is
spent to form a swirl inside the atomizer. The generated swirl supports the air core
inside the chamber. Stability of the gas core (constant shape and height) is one of the
most important distinguishing features of swirl atomizers. The liquid rotates inside the
swirl chamber as a result of centrifugal force. The peripheral velocity of liquid flow
increases as soon as it passes the outlet port. The centrifugal force also increases. The
thin layer of liquid film closes the outlet port and breaks into droplets (Rashad et al.
2016). A core of air is formed along the atomizer axis. The outlet port is then filled with
liquid only on the circumference and its center is filled with air. The proper use of the
swirl motion of liquid stream is one of the ways to improve the spraying process and its
optimization (Włodarczak 2016).

Due to many advantages, there is a growing interest in the two-phase spraying
technique that uses the phenomenon of swirl motion. Two-phase atomizers have low
sensitivity to the rheological properties of sprayed liquid, with a wide range of
liquid flow rates, which ensures good spraying (Sovani et al. 2001). They allow to
obtain small droplets while maintaining high operational reliability and efficiency
(Ramamurthi et al. 2009; Wimmer and Brenn 2013). Substantial saving of liquid can be
observed, and the process itself is more controlled, which results from the use of
additional gas stream.

An important issue in the two-phase spraying process is the atomizer construction,
the modification of which can significantly affect the parameters of sprayed stream
(Lefebvre 1989; Rashad et al. 2016; Ochowiak et al. 2017). The most important
geometric invariants are:

• HS/DS,

• h0/d0,
• DS/d0,

where: HS – height of swirl chamber, DS – diameter of swirl chamber, h0 – height of
outlet port, d0 – diameter of outlet port (Rashad et al. 2016). In their works, Eltkob
(1978) and Rashad (2016) show that there is a value of HS/DS ratio at which the most
favorable parameters of sprayed stream are obtained. In the publication (Rashad et al.
2016) it was shown that this value is 3.75. For the HS/DS range from 1.25 to 3.75, the
spray angle was independent of this geometric invariant, while a decreasing trend was
observed in the range from 3.75 to 5. This can be explained by the correlation of further
increase of swirl chamber height with simultaneous increase in energy losses. Similar
observations concerned the value of average droplet diameter. For HS/DS the SMD
value was practically constant up to 3.75, however, after exceeding this point, this
value increased rapidly. The explanation of this phenomenon also includes the aspect
of energy losses occurring with increasing the height of swirl chamber above the
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optimal value. Energy losses arise due to the large interaction between the liquid
elements and the swirl chamber wall, which permanently reduces the liquid angular
momentum. As a result, the diameter of the air core decreases and the thickness of
liquid layer inside the swirl chamber increases, so that the SMD increases. Eltkob
(1978) determined the value of HS/DS ratio of 2.75 as a critical one. Ochowiak et al.
(2018) showed that with HS/DS higher than 3 a rapid increase in SMD was observed.
The spraying process is also influenced by the properties and parameters of the sprayed
liquid. The most important liquid properties are: density, surface tension and viscosity.

The work of two-phase atomizer with a swirled stream is best described by such
parameters of the sprayed stream as: discharge coefficient, spray angle, volume-surface
average droplet diameter (Sauter diameter) and liquid distribution in sprayed stream.
These data are useful when designing this type of atomizers. There are many corre-
lation equations in the literature describing the basic quantities characterizing the
spraying process, combining the construction of atomizer, spraying liquid properties
and operational parameters (Włodarczak 2016; Rashad et al. 2016; Ochowiak et al.
2018). However, they take into account a limited number of input variables and pertain
to a specific constructional solution. Due to this fact, it seems reasonable to conduct
research aimed at proposing a new model and correlation equations allowing design
and more precise selection of such construction type. It will also allow to extend the
knowledge about the phenomenon of two-phase spraying, the principles of operation of
two-phase atomizers with a swirl flow and the mechanism of aerosol formation.

To determine the spray quality, the spray angle and to examine the nature of
resulting stream, the experimental set-up consisting of the following elements was used:

• liquid tank with a rotameter and valves enabling controlled regulation of the flow
rate of tested liquid,

• compressor and rotameter for determining gas flow,
• tested atomizer placed on the crane traveling along the designated track,
• measuring system - Spraytec optical unit (i.e. particle size analyzer) and a computer

with the appropriate Spraytec software.

The experiments were carried out at a constant temperature T = 20 ± 1 °C, in the
range of air flow rates not exceeding 6.94�10−4 m3/s and in the range of solution flow
rates not exceeding 6.94�10−5 m3/s. The influence of atomizer constructions with a
swirl motion, operational parameters, liquid properties on the spray angle, volumetric
values as well as radial distributions of droplet diameter and mean Sauter diameter were
determined. The considered atomizers differed in the dimensions of mixing chamber.
A simplified atomizer scheme was shown in Fig. 1. Detailed dimensions of tested
atomizers were presented in the publication (Ochowiak et al. 2018). The model liquids
were water and aqueous solutions of sodium carboxymethyl cellulose of various
concentrations. The rheological properties of considered Na-CMC solutions were
described using the Ostwald-de Waele power model:

s ¼ k � c�n ð1Þ
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The values of characteristic flow index n, consistency factor k, density and surface
tension for individual concentrations of aqueous solutions of Na-CMC were presented
in Table 1.

The concept of spray angle and its significance were described, among others, in
the work of Rashad et al. (2016). The tangens of half spray angle can be determined by
the tangential and axial velocity ratio. Knowledge of the spray angle is essential, e.g.
when designing gas turbine combustors. Ochowiak (2014) defines the spray angle as
the tip angle of droplets stream, which together with coverage characterizes its external
shape. Figure 1 presents the obtained values of spray angle as a function of different
applied constructions and the sprayed liquid properties.

It can be noticed that as the concentration of Na-CMC and the HS/DS ratio are
increased, spray angles are getting smaller. Furthermore, the spray angle increases as
the flow of liquid and gas increases. This observation is consistent with literature
reports (Harrison et al. 1999; Rashad et al. 2016). Rizk and Lefebvre also showed an
inverse relationship between the spray angle and the viscosity of liquid (Rizk and
Lefebvre 1987). Dafsari et al. (2019) explained the decrease of the spray angle as the
liquid viscosity increases through the increase in energy losses and the reduction of the
liquid angular momentum.

Fig. 1. The dependence of the spray angle on the construction geometry for solution with
different concentration

Table 1. Rheological parameters of the Ostwald-de Waele power model.

Solution k [Pa�s] n [-] r [N/m] q [kg/m3]

0.05% Na-CMC (aq) 0.0053 0.91 71.9 999.8
0.1% Na-CMC (aq) 0.0134 0.85 71.5 999.8
0.2% Na-CMC (aq) 0.0486 0.77 70.9 999.6
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Figure 2 shows the volumetric distribution of diameters of droplets obtained for an
exemplary atomizer with the same operating parameters for different liquids. By jux-
taposing the obtained results, it can be noticed that the addition of polymer results in
the reduction in the number of small droplets formed and the formation of higher
number of droplets with large diameters. This is a desirable effect in the case of
application of these atomizers in agriculture.

The addition of polymer also changes the value of average diameters of obtained
droplets and the nature of stream. The higher Na-CMC concentration in the solution,
the larger droplets formed during the spraying process. Lefebvre (1998) and Rashad
et al. (2016) correlated the value of obtained average droplet diameter with the prop-
erties of sprayed liquid and the operational process parameters. The higher the vis-
cosity, the liquid surface tension and the liquid mass flow rate, the larger the average
droplet diameter (Lefebvre 1998; Rashad et al. 2016). For the highest Na-CMC con-
centration used during the experiments, the nature of stream was changed as well, a
larger polydispersity was observed. Aerosols obtained with analyzed atomizers for
water and lower concentrations of sodium carboxymethyl cellulose have a monodis-
perse nature. The above trends were showed in Fig. 3.

Fig. 2. Exemplary droplet size distribution for CSA1 atomizer at volumetric flow rate of gas
_VG ¼ 1:94 � 10�4 m3

s and liquid _VL ¼ 8:33 � 10�6 m3

s : (a) water (b) 0.2% Na-CMC solution
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4 Summary

Agriculture is the area of economy characterized by the receptivity of modern tech-
nologies. The development of plant protection through the use of efficient spraying
results in an increase in the amount of crops obtained, a reduction in costs, while
respecting environmental protection requirements. Improvement of the spraying pro-
cess allows for more precise dosing of liquid fertilizers, which results in their lower
consumption. This fact subsequently influences a reduction in fertilization costs and
contributes to a reduction in the amount of fertilizer entering the environment.

This chapter presents the construction solutions for two-phase atomizers with a
swirl flow that can be used in agriculture to improve the spraying process for spatial
crops. On the basis of the determined values of individual parameters and their trends,
it is possible to create correlation equations, which will enable optimal design and
selection of atomizers for specific application.
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Abstract. The chapter presents the information about composite materials,
which due to their properties, can be used as fill/carrier in the technology of
wastewater treatment using a bed biofilm reactor MBBR (Moving Bed Biofilm
Reactor). In this work the susceptibility of surface of carriers made from the
wood-polymer composites (WPC) to the formation of biofilm in the wastewater
treatment process was investigated. Based on the carried out analyses, it was
found that the use of fittings consisting of wood polymer composite as a carrier
allow for the concentration of microorganisms in the bioreactor.

1 Introduction

The scale of production of pharmaceutical compounds, including non-steroidal anti-
inflammatory drugs, is becoming an increasingly notable environmental issue. Ineffi-
cient removal of pharmaceutical compounds during wastewater treatment processes
results in the pollution of surface water, which is the primary source of drinking water.
The increase in the production of drugs is influenced by factors such as aging of the
population, increase of the population’s income, increase of the incidence of civiliza-
tion and chronic diseases as well as a change in public awareness of health issues
(Koszowska et al. 2015; Tang et al. 2015; Wydro et al. 2016).

In English-language literature, the term Pharmaceuticals and Personal Care
Products (PPCPs) encompasses a number of biologically active compounds. PPCPs are
a group of bioactive chemical compounds used in medicine, veterinary medicine and
breeding farms. This group includes drugs used in case of both humans and animals,
active substances used in medicine and pharmaceuticals, food supplements and
nutrients as well as all types of cosmetics. These are compounds with various
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physicochemical properties, often characterized by a complex structure, which sig-
nificantly hinders their identification and removal from the environment (Donlan 2002;
Kruszelnicka and Ginter-Kramarczyk 2017).

Modified MBBR technology can be an alternative to traditional methods of phar-
maceutical wastewater treatment. The MBBR (Moving Bed Biofilm Reactor) tech-
nology was first developed by Professor Hallvard Ødegaard of the Norwegian
University of Science and Technology. A biological membrane composed of
microorganisms develops on the surface of the moving bed. Wastewater is delivered at
a fixed, controlled flow rate to the bed and contact between the organic compounds
contained in the wastewater, microorganisms and other organisms immediately occurs.
Living organisms absorb and consume the dissolved organic compounds for their life
processes, and their mass increases as a result (Koszowska et al. 2015), Flemming et al.
(2016) and Torresi et al. (2017) (Fig. 1).

Chemical compounds are retained on the surface of the biological membrane layer.
As a result, the biofilm acts as a semi-selectively permeable biological membrane.
Atmospheric oxygen plays an important role because it penetrates the biofilm layer and
intensifies the processes of biological decomposition carried out by settled microor-
ganisms in the outer part, called the aerobic layer. An anaerobic layer forms in the inner
part, where substances are decomposed in the framework of anaerobic processes.
Colonization of various surfaces by microorganisms is possible due to their adhesive
properties, and the structure of the produced biofilm is stabilized by extracellular
secreted polymeric substances, called EPS (Fig. 1). The biofilm is formed by complex
multicellular structures in which numerous microbial cells surround the mucus layer.
Cells of microorganisms which build the biofilm specialize in performing various
functions in enzymatic processes and exhibit different characteristics than those living
separately in the form of free cells. The design of such clusters protects microorganisms
against the adverse effects of external factors, and microorganisms in the biofilm are
much more resistant to changes of pH and temperature, which is why the biofilm can
function under conditions which would be difficult and in many cases even impossible
to survive by individual cells (Donlan 2002; Flemming and Wingender 2010; Kołwzan
2011; Łaskawiec 2015).

Fig. 1. Structure of the biofilm (Tang et al. 2015).
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The type of filling used has a significant impact on the treatment efficiency. Most
often it consists of a selected natural or artificial material. Synthetic fillings includes
various loose fittings or blocks from polystyrene, polyvinyl chloride, polyamide,
polypropylene, polyethylene, etc. Synthetic deposits possess a specific surface in the
range of up to 2000 m2/m3. This type of filling ensures better flow and even distribution
of wastewater when using lower loads and prevents the clogging of pores in case higher
loads. Currently, carriers of various shapes and sizes are used. In each case, they should
be designed to provide a large protected surface in order to create optimal conditions
for growth and maintain proper biological membrane activity. The use of polymer
composites with natural fillers (mainly WPC-Wood Polymer Composites) as carriers in
MBBR technology is an interesting option with can be successfully used for removal of
pharmaceuticals, primarily due to the large active surface available for development
biological membrane. Due to economic factors, i.e. increasing prices of raw materials
for the production of polymers (oil and gas) as well as a very high demand for these
materials, the composite materials based on the polymer matrix find applications in an
increasing number of industries. The dynamic development of the production of
polymer-wood composites results, among others, from the good combination of
properties of polymer components and natural additives. Ecological considerations play
an additional role since defective and post-use wood can be used to produce WPC
(Kruszelnicka et al. 2014a, b; Kruszelnicka et al. 2018a, b).

2 Research Methodology

Studies focused on the assessment of the removal efficiency of a non-steroidal anti-
inflammatory drug (NSAID), diclofenac, were carried out in a reactor filled with car-
riers (Fig. 2) which consisted of a polymer-wood composite. The matrix was
polyethylene. A scheme of a 12-L research reactor was presented in Fig. 3.

Fig. 2. Scheme of the biological membrane carrier.
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Coniferous flour under the trade name Lignocel type C120 with particle sizes in the
range of 70–150 lm was used as the filler. The laboratory experiment was divided into
2 stages; bed working time and pharmaceutical dosage period. A nutrient solution was
dosed during the preparation of the bed as described in Table 1.

The nutrient solution was prepared in a concentrated form and then diluted. A the
end of the working period, an appropriate concentration of diclofenac was added to the
system. The dilution was of the pharmaceutical compounds was equal to 1 mg/L,
5 mg/L, 10 mg/L, respectively. The value of pH was an additional parameter that was
artificially set in the reactor. The experiments were carried out at pH equal to: 7.0, 6.5
and 6.0. (Table 2). Microscopic analysis was performed using a Carl Zeiss Jena optical
microscope with 12.5� eyepiece, 5� and 10� lens and 1.5� tube at 93.75� and/or
187.5� magnification.

Fig. 3. Scheme of the research reactor.

Table 1. Composition of the dosed nutrient solution.

Compound name Dose [g/2L] bed preparation time Dose [g/2L] diclofenac dosing period

Casein peptone 22,0 16,0
Meat extract 22,0 16,0
Urea 6,0 5,4
NaCl 2,2 2,2
K2HPO4 5,6 5,2
Glucose 37,0 18,0
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3 Results

Microbiological analysis showed that there was a change in the quality and quantity of
microorganisms present in the system as a result of dosing the pharmaceutical com-
pound. A high variety of microorganisms was achieved in the WPC reactor. In the
activated sludge originating from the MBBR reactor, it was observed that the testate
amoebae Arcella sp. classified as amoebic shell was the most common bacterium. Her
presence confirmed the proper course of the nitrification process. Rotaria rotatora
rotifer was another group of organisms. The presence of rotifers and nematodes indi-
cates a long age of the sludge. In the sediment there were also microorganisms such as:
Vorticella convallaria, Carchesium polypinum and Colpidium colpoda. The presence

Table 2. Diclofenac dosing schedule.

Series Diclofenac concentration [mg/L] Level of imposed pH

I 1 –

I 5 –

I 10 –

II 1 7,5
II 5 7,5
II 10 7,5
III 1 6,5
III 5 6,5
III 10 6,5
IV 1 6,0
IV 5 6,0
IV 10 6,0
V 1 –

V 5 –

V 10 –

Fig. 4. Percentage distribution of bacteria occurring during the diclofenac dosing period.
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of the first of these bacteria may indicate the correct concentration of dissolved oxygen
in the reactor. An interesting observation is that at the time of diclofenac dosing (for the
first fourteen days), flagellates were very numerous, among them the Bodo sp.
microorganism (Fig. 4).

The studies have confirmed that the extent of diclofenac removal strongly depends
on the concentration of hydrogen ions. Analysis of the graph (Fig. 5) allows to observe
that the decrease of pH in the system contributes to an increase of the treatment
efficiency of the test substance. The most significant changes were observed on days 50
to 62.

The chemical oxygen demand value was determined using the dichromate method
throughout the diclofenac dosing period (Fig. 6). The COD level was very low
throughout the entire cycle. The COD of medium with diclofenac at 10 mg/L was equal
to 775 mg/L on the average. The lowest COD value was recorded on day 70 of the
experiment, which was equal to 0.70 mg/L.

Fig. 6. Chemical oxygen demand value.

Fig. 5. The pH level in the reactor during the diclofenac dosing period.
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Low values of chemical oxygen demand indicate a very good distribution of
organic compounds present in the medium, primarily the test substance – diclofenac.

4 Summary

The aim of the studies was to check and determine whether polymer-wood composites
can find application as materials for the production of components used in a moving
bed for the treatment of sewage containing diclofenac. Based on the carried out
analyses, it was found that the use of fittings consisting of wood polymer composite as
a carrier allow for the concentration of microorganisms in the bioreactor. In addition,
due to the well-developed active surface of the carrier, the susceptibility of living
organisms to adverse environmental conditions is reduced.

Acknowledgments. The studies were carried out as part of the Ministry of Science and Higher
Education project no. 01/13DS-PB 0891/2018.
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Abstract. The paper discusses different methods of formulating emulsions, and
presents a structural solution employed in the design and construction of an
experimental stand for the formulation of emulsions based on the method of
premix membrane emulsification. The main element of the designed stand was a
pressure tank suitable for the formulation of a premix which was then forced
through a membrane. The designed experimental stand can be used for the
formulation of emulsions using both conventional and dynamic membranes
(packed bed of spherical microparticles). Tests of the stand showed that it was
suitable for formulating emulsions with droplet diameters approximately 70%
smaller than the original emulsion.

1 Methods of Emulsion Formulation

An emulsion is a system consisting of two immiscible liquids. One liquid (the dispersed
phase) is dispersed in the other (the continuous phase). The third necessary component
of an emulsion is an emulsifier which, in addition to reducing interfacial tension and
facilitating the formation of the developed interfacial surface, stabilizes the emulsion by
preventing droplets from coalescing (Alvarado and Marsden 1979). Simple emulsions
can be divided into two types: oil-in-water (O/W) and water-in-oil (W/O). Phase “W” is
usually water or an aqueous solution, while phase “O”, regardless of its chemical nature
and composition, is typically referred to as oil (Zieliński 2017).

Emulsions can be formulated in several different ways. The most commonly used
methods are based on various types of homogenizers (rotor-stator, pressure, ultrasonic
types), colloid mills, and mixers (Fig. 1). The choice of formulation method depends
primarily on emulsion viscosity and changes in the viscosity of emulsions that may
occur during their homogenization.

Other factors that should be considered when choosing a method for formulating
emulsions include their thermal sensitivity and the potential need to pump the final
product (Fellows 2017). Using high-speed mixers, it is possible to obtain emulsions
with droplet diameters ranging from 2 to 10 lm. Colloid mills operate with very high
shear stresses between the rotary and stationary elements, which allows a reduction in
drop diameter to 1–5 lm. The devices are suitable for formulating highly viscous
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emulsions. High-pressure homogenizers make it possible to obtain emulsions with
droplet sizes ranging from 0.1 lm to 2 lm. In these devices, the break-up of droplets
occurs under the effect of shear stresses, cavitation and turbulence.

2 Formulation of Emulsions Using Membranes

Over the past few decades, a number of new emulsion formulation methods offering
superior control of droplet diameter and droplet size distribution have been proposed.
One of them is based on the use of membranes (membrane emulsification, ME). The
original variant of membrane emulsification, direct/cross flow ME, was proposed by
Nakashima and Shimzu in a Japanese paper published in 1993 (Nakashima and Shi-
mizu 1993). This method involves forcing the dispersed phase directly into the con-
tinuous phase through a membrane (Fig. 2a). Compared to the methods of emulsion
formulation used at that time, direct ME made it possible to easily control droplet sizes,
and obtain monodisperse emulsions. Only two main preconditions must be met. The
membrane must have narrow pore size distribution, and must not be wetted by the
dispersed phase. Unfortunately, the stability of the process of emulsion formulation can
be assured within a limited range of flow rates of the continuous phase (typically 0.01–
0.1 m3/(m2 h)), resulting in low productivity (Abrahamse et al. 2002; Kobayashi et al.
2003; Vladisavljević and Williams 2005).

In 1996, Suzuki, Shuto and Hagura (Suzuki et al. 1996) proposed a modification of
the membrane method of formulating emulsions, called premix ME. The process of
emulsion formulation was divided into 2 stages: formulation of a premix with relatively
large droplets (premix/coarse emulsion) by mixing the phases (i), and forcing the
premix through a membrane (ii) (Fig. 2b). If the membrane is well wettable by the
dispersion phase, and appropriate emulsifiers are used, phase inversion may occur
(after being forced through the membrane the continuous phase of the premix becomes

Fig. 1. Methods of emulsion formulation
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the dispersed phase of the final (fine emulsion) (Fig. 2c) (Suzuki et al. 1999). Com-
pared to the direct method, the new variant has several advantages (Vladisavljević and
Williams 2005):

• possibility to apply higher flow rates (above 1 m3/(m2 � h)),
• possibility to achieve smaller droplet diameters using the same membrane and

composition,
• simplified design of the experimental stand (no moving parts),
• easier control of the emulsification process.

The disadvantages of premix ME include the formation of emulsions with wider
droplet distribution than when using direct ME, and problems with pore blocking
(depth fouling). For these reasons, a solution was sought that would combine the
advantages of both types of membrane emulsification. Zwan, Schroën and Bloom (van
der Zwan et al. 2008) proposed replacing conventional membranes with a packed bed
of spherical particles (so-called dynamic membrane). A benefit of this solution is
simplified pore cleaning due to the possibility of separating the packed bed into con-
stituent parts. Moreover, pumping the emulsion through the packed bed several times
results in the narrowing of droplet size distribution (Vladisavljević et al. 2004).

3 Emulsion Flow Through Porous Packed Bed

Emulsion flow through a porous packed bed can be classified based on its stability and
the size of pores and droplets of the dispersed phase (Soo and Radke 1984). In the case
of diluted, relatively unstable emulsions with a very low mean droplet size to pore size
ratio (Spielman and Goren 1970; Spielman and Su 1977), two flow regimes are dis-
tinguished. One of them is distinctive for the presence of oil droplets dispersed in water,

Fig. 2 Membrane emulsification (a) direct, (b) premix, (c) premix with phase inversion (based
on Vladisavljević et al. 2004)
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while the other is characterized by the flow of the continuous oil phase resulting from
droplet coalescence (Scheidegger 1974). The flow of emulsions of this type does not
induce changes in permeability.

Studies examining the flow of quite stable emulsions through a porous packed bed
were initiated by McAuliffe (McAuliffe 1973), Alvarado and Madsen (Alvarado and
Marsden 1979) in the 1970s. Experiments conducted by these authors show that key
factors determining packed bed permeability include the droplet size to pore size ratio,
and the injection rate. Droplets with size comparable to the size of pore constrictions
(Fig. 3b) are retained in the packed bed by capillary forces, which leads to a significant
reduction in permeability. It is only the balancing of capillary forces with viscous
forces (e.g. by increasing the injection rate) that promotes droplet deformation and flow
through the constriction (Romero et al. 2007). If the size of droplets is smaller than the
size of constrictions (Fig. 3a), the droplets are not deformed during their flow through
the constrictions. If the size of emulsion droplets exceeds the size of the pores (Fig. 3c),
the droplets are too large to pass through the constriction (Zhou et al. 2018).

An emulsion is able to form by flowing through a membrane when the trans-
membrane pressure is higher than the critical pressure pc. The emulsion droplet
diameter resulting from this operation (d2) is affected by the ratio of the initial droplet
diameter (d1) to the pore diameter (d1=dm), and shear stresses at the pore wall, which
can be determined by the equation:

rw;p ¼ 8geJn
edm

ð1Þ

where ge - mean viscosity of emulsion inside the pores, J – transmembrane flux, n –

mean tortuosity factor of the pore, e – mean membrane porosity, dm – mean pore size
(Vladisavljević et al. 2004). At low shear stress values, the resulting droplets have
diameters larger than pore diameters (d2 [ dm, Fig. 4b).

Fig. 3. Flow of emulsions with varying droplet size to pore size ratio through porous bed (based
on Zhou et al. 2018)
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In this case, the droplets become deformed at the pore inlets, which is due to
friction against their walls. At the pore outlets, the droplets regain their spherical shape.
If high shear stresses occur, droplets collide with one other and with the pore walls,
producing droplets with diameters smaller than the pore diameter (d2\dm, Fig. 4c)

Fig. 4. Break-up of droplets in the porous medium – (a) droplet retention below the critical
pressure, (b) moderate shear stresses (dm\d2\d1), (c) high shear stress values (d2\dm\d1)
(based on Vladisavljević et al. 2004)
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(Vladisavljević et al. 2004). If the initial droplet diameter to the pore diameter ratio
a ¼ d1=dm is close to one, the critical pressure can be determined from the equation:

pc ¼
cOW 2þ 2a6

ffiffiffiffiffiffiffiffiffiffi

2a6�1
p � arccos 1

a3
� �� 4a2

h i

aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 � 1
p ð2Þ

where cOW is the interfacial tension at oil/water interface. However, if the ratio of the
diameters is a ¼ d1=dm � 1, the critical pressure is equal to the capillary pressure:

pc ¼ 4cOW cos h
dm

ð3Þ

where h - contact angle between disperse phase droplets and membrane surface in
continuous phase (Vladisavljević et al. 2004).

4 Emulsion Formulation in Packed Bed of Glass Microbeads

This paper addresses the structural solution for a device designed for premix membrane
emulsification, and characterizes emulsions formulated with the device.

The schematic representation of the device is given in Fig. 5, and detailed design is
shown in Fig. 6. Both emulsion phases and an emulsifier are transferred into the
pressure tank (4). An Aquael FAN Plus motor (2) creates a rotating magnetic field that
causes the magnet (1) on the agitator shaft to rotate.

Fig. 5. Schematic representation of the experimental stand
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In the course of mixing (5), a premix is formed, which is then forced through a
dynamic membrane located in the nozzle (6). The emulsion flowing out of the nozzle
goes to a beaker placed on a Radwag WTC 200 balance (reading accuracy: 0.001 g).
Integration of the balance with the R-Lab computer programme enables registration of
weight gain in time. Pressure in the tank is measured by means of EMS-20L digital
pressure gauge (Meraserw5) with a measuring range of 0 � 690 kPa (resolution:
0.01 kPa up to 100 kPa, resolution: 0.1 kPa above 100 kPa).

In order to assess the usefulness of dynamic membranes for the formulation of
emulsions, it was necessary to determine the parameters of the premix obtained using
the impeller, and the time of mixing after which the droplet size of the premix stabilizes
at a constant level. To this end, a series of tests was carried out. Formulated emulsions
were subjected to mixing for 15 s to 300 s, following which their droplet diameter was
determined. The result of the tests in the form of a correlation between the Sauter
diameter d32 and the mass diameter d43, and the mixing time, is shown in Fig. 7. On
their basis, it was found that the greatest changes in emulsion droplet diameters
occurred within the initial 90 s, while after approximately 200 s mixing did not lead to
any change in diameter.

In the constructed device, the packed bed of glass beads is placed on a sieve made
of 12/64 Dutch woven mesh (warp diameter 0.06 mm, weft diameter 0.04 mm). In
order to evaluate the effect of the mesh used in the device on droplet size, an exper-
iment was conducted in which the premix was forced through a sieve at various
pressure levels. As shown in the data in Fig. 8, during the flow of the premix through
the mesh, the diameters d32 and d43 decrease by more than half.

Fig. 6. Cross-section through the pressure tank of the experimental stand
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After determining the parameters of premix formulation and evaluating the effect of
mesh on droplet diameter, the proper experiment was carried out using a dynamic
membrane. To this end, a layer of packed bed of glass microspheres with a grain size of
71–100 lm was employed (d32 = 84.98 lm, d43 = 85.68 lm, polydispersity index
1.03, span 0.21). The resulting premix was forced through a dynamic membrane at
various pressure levels (from 250 kPa to 620 kPa). As shown by the data presented in
Fig. 9, the use of a dynamic membrane results in a reduced diameter of premix dro-
plets. The extent of the reduction is greater than when mesh alone is used, ranging from
approximately 30% to 25% of the initial value. The impact of pressure on the mean
diameter of droplets is also noticeable. The higher the applied pressure, the smaller the
droplet diameter.

Fig. 7. Effect of mixing on premix droplet size

Fig. 8. Effect of pressure on droplet diameter of emulsions forced through mesh
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5 Summary

The paper discusses different methods of formulating emulsions, and presents an
original structural solution employed in the design and construction of an experimental
stand for the formulation of emulsions based on the method of premix membrane
emulsification. The main element of the designed stand is a pressure tank suitable for
the formulation of a premix which is then forced through a membrane (in the form of
mesh or packed bed of glass beads) in order to obtain a fine emulsion. Dutch woven
mesh reduces the diameters of emulsion droplets by more than half, while the dynamic
membrane of glass beads (with diameters from 71 lm to 100 lm, height 5 mm) allows
obtaining emulsions with droplet diameters approximately 70% smaller than the initial
value.
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Abstract. The present work analyses the tendency of ignition of the “Barbara”
coal dust from a heated surface. Minimum coal dust layer ignition temperature
was measured at a fixed temperature of heating plate (standard method) and at
temperature of the heating plate increasing at constant rate. Dust layers of
thickness ranging from 5 to 50 mm were tested. Permissible temperature of
surfaces of electrical equipment were determined on the basis of PN-EN 60079-
14 standard requirements concerning the method of lowering the permissible
equipment surface temperature along with the increasing thickness of the layer
from 5 mm to 50 mm in order to maintain an adequately high safety margin.
Based on the results, significant differences were found for both methods of
determination. For a 5 mm dust layer, the permissible temperature of equipment
differed by ca. 140 °C and they decreased as the layer thickness rose, down to
ca. 40 °C for a 50 mm dust layer.

1 Introduction

One of the main dangers that occur nowadays in various branches of industry, resulting
from widespread use of dusts in technological processes, is the risk of fire or explosion
of powdered materials. Such risks appear in all the places where milling, fragment or
grinding of products is performed during mechanical processing, storage, packaging
and transport. According to Eckhoff (2003), the greatest number of events connected
with explosion of dust occurs in wood industry – 34% and grain processing – 24%.
Slightly fewer events – 14% - are generated by plastic dusts and 10% of events occurs
in the presence of coal and metal dusts. Coal dust generated in various technological
processes can present a fire risk, if it takes a form of layer deposited on hot surface of
equipment or machines. Taking into account the passive explosion protection, the
parameter of minimum dust layer ignition temperature is significant. Minimum dust
layer ignition temperature is determined as the lowest temperature of hot surface at
which a dust layer of given thickness deposited on that surface ignites. Fire protection
related to occurrence of organic dust in the layer is connected mostly with smouldering,
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incandescence, self-ignition and ignition. Smoldering is slow burning of materials
without emission of visible light, characterized by release of smoke and increase in
temperature. Incandescence is burning of materials in solid phase, without flame, but
with emission of light from the combustion zone. Self-ignition of dust occurs when the
rate of generating heat as a result of a series of reactions (biological, chemical) exceeds
the rate of releasing heat to the environment.

2 Minimum Dust Layer Ignition Temperature – Analysis
of References

Palmer and Butlin (1972) analysed the phenomenon of incandescence and smouldering
of beech wood dust in horizontal layers. In his analyses he took into account the
distribution of dust grains, movement of air above the layer and type of material on
which the dust is deposited. The results of his work confirmed the influence of all the
above-mentioned factors upon the minimum dust ignition temperature.

Lebecki et al. (2003) described the results of experiments performed to determine
the minimum dust layer ignition temperature on the basis of experimental studies of
coal dust for 5 mm and 50 mm layers. The measurements were performed with use of
two methods; the first one was a standard method of constant temperature of the heated
plate (CTHP), described in PN-EN 50281-2-1, which assumes determining the mini-
mum ignition temperature of dust layer deposited on a heated plate of constant tem-
perature. The second method was constant rate of heat generation (CRHG). The results
indicated that the lowest values of minimum dust layer ignition temperature were noted
in the CRHG method, the differences reached as much as several degrees for both
thicknesses of layers, yet the differences decreased as the layer thickness grew. The
results show that application of the procedure recommended in the standard can be
connected with a serious statistical error in a great deal of practical cases. More work is
required to develop a more universal method of testing that will reflect the actual
conditions better, while at the same time fulfilling the safety requirement.

Kim and Hwang (1996), on the basis of experimental studies, developed a math-
ematical model which reflects the heating and ignition of dust in a layer, and, in
addition to that, takes into account the shrinking of the combustible material. Having
analysed the impact of shrinking of the dust layer on the temperature distribution in the
layer, and, consequently, the impact on the minimum dust layer ignition temperature,
Kim and Hwang concluded that the dust layer thickness is the most important
parameter affecting the minimum dust layer ignition temperature. Dyduch and Majcher
(2006) used a one-dimensional model of dust layer ignition placed on a heated plate to
calculate the temperature field. The calculation results were compared with the results
of the experimental studies from the CRHG method, and the comparison turned out to
be satisfactory with reference to dust layers of thickness below 10 mm. In the case of
layers of thickness exceeding 10 mm, a reliable description should contain more than
one dimension, because in the event of dust layer thickness comparable with the radius
diameter, one cannot neglect the two-dimensionality of heat transfer in dust, and one
should then take into account the heat transfer through the ring. Nevertheless, such a
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situation fails to reflect the actual industrial conditions, as the deposited dust layers do
not form high cylinders confined by metal rings.

Querol et al. (2006) published results of testing a minimum dust layer ignition
temperature of thickness 75 mm with use of modified procedure from the standard PN-
EN 50281-2-1. Besides the description of the method and the criteria of ignition, the
standard contains a chapter regarding the scope of applicability of results and the
method of linear interpolation and extrapolation of the minimum ignition temperature
to results other than the measured dust layer thickness. To that end a logarithm of layer
thickness in an inverse function of the minimum ignition temperature expressed in
degrees Kelvin is used. The values measured by Querol et al. show high conformity
with the method of forecasting suggested by the standard.

Janes et al. (2008) analysed correlations between the values of minimum dust layer
and dust cloud ignition temperatures, which are the values obtained with use of method
A and B. Using the relations they developed it is possible to calculate the minimum
layer ignition temperature on the basis of minimum dust cloud ignition temperature,
knowing the Biot number. The Biot number is a dimensionless number that defines the
ratio between the heat conduction resistance by a body and the resistance of heat
transfer from its surface.

3 Experimental Set-up and Materials

Currently, minimum dust layer and dust cloud ignition temperatures are determined
based on the requirements of PN-EN ISO 60079-14. Until 15 November 2019, the
standard PN-EN 50281-2-1 was a binding document in that regard in European and
Polish law, whereas in American law it was ASTM E2021. The current standard PN-
EN ISO 60079-14 distinguishes between two test methods: A and B, the method of
testing dust layer on the heated plate of and the method of testing dust cloud in furnace
of constant temperature, respectively. They enable to determine the minimum dust
layer ignition temperature and the minimum dust cloud ignition temperature.

The standard distinguishes between the visual and temperature-related criteria of
dust layer ignition. Smouldering or flame burning indicates ignition of the layer.
Furthermore, if the measured temperature of the layer is higher than 450 °C or if the
difference between the temperature of the heated plate and the measured temperature of
the dust layer is higher than 250 °C, then, according to the standard, the measurements
should be also terminated with the results showing the occurrence of ignition. The
current standard indicates that it should be assumed that ignition of the sample did not
occur only in the event that none of the conditions confirming the occurrence of
ignition is fulfilled within 60 min from starting the test. The test cycle should be
interrupted, if the dust layer ignition does not occur within a cycle of three measure-
ments at a temperature of the heated plate equal to 400 °C, and in that event, it should
be assumed that the minimum dust ignition temperature is higher than 400 °C at the
given dust layer thickness. The measurements and the method of bisection should be
applied until the minimum ignition temperature is determined with an accuracy of 10 °
C. Test stand used for determination of dust layer minimum ignition temperature is
shown in Fig. 1.
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For the purpose of this article a series of experimental studies were performed in
relation to the “Barbara” coal dust which has the properties shown in Table 1 and
Table 2, aimed at determining the impact of the layer thickness on the minimum
ignition temperature defined at the constant temperature of heated plate and at constant
increment of heated place of 3 °C/min.

Fig. 1. Test stand for determination of dust layer minimum ignition temperature

Table 1. Percentage of mass fraction passing the sieve of dust tested

Percentage of mass fraction
passing the sieve of

“Barbara” coal dust

0.200 mm 100.0
0.100 mm 81.5
0.075 mm 76.0
0.063 mm 72.5

Table 2. Properties of dust tested

Properties of dust tested “Barbara” coal dust

Average ash content [%] 13.9
Average volatile content [%] 39.2
Average moisture content [%] 5.7
Bulk density [kg/m3] 542.0
Specific heat [J/kg K] 1323.0
Heat of combustion [kJ/kg] 24396.0
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The tested dust was the “Barbara” dust. It was selected because of its uniform
distribution of grains between fractions and due to increasing health and safety prob-
lems in the mining industry. All the measurements were performed at an air temper-
ature of 21 ± 2 °C and atmospheric pressure of 1000 ± 5 hPa. Minimum ignition
temperature of the dust layer for a thickness of 5 mm, 10 mm, 12.5 mm, 15 mm,
25 mm and 50 mm was determined.

4 Results

A difference between the results obtained with use of two different methods of
determining dust layer ignition temperature (CRHG and CTHP) is visible. A significant
difference of ca. 140 °C is highest for dust thickness of 5 mm and decreases to ca.
50 °C for a layer of 50 mm. The obtained results are presented in Table 3.

Temperature 75 °C lower than the minimum ignition temperature is the maximum
permissible temperature of the equipment surface on which a max. 5 mm layer of tested
dust can be deposited, with concurrent sufficiently high safety margin. The PN-EN
60079-14 standard contains a suggestion on how to lower the permissible equipment
surface temperature along with the increasing thickness of the layer from 5 mm to
50 mm in order to maintain an adequately high safety margin (Fig. 2).

For thin layers, the difference reaches 140 °C for coal dust. For thick layers there
are some indications showing that the difference stabilizes at the level of 40–60 °C.
The difference can be directly attributable to an increase in the temperature of the
heated plate in the CRHG experiments, when the heat transfer reaching the dust layer is
constant throughout the entire experiment, which consequently prevents from the loss
of heat as a result of the boundary touching the heated plate. During the CTHP tests, the
heated plate starts acting as a radiator and lowers the ignition temperature, and the
thicker the dust layer, the weaker the effect of heated plate as a radiator.

Table 3. Results of determination of minimum ignition temperature of the “Barbara” coal dust

Coal dust
layer
thickness
[mm]

Minimum dust
layer ignition
temperature at a
constant
temperature of
heated plate
[°C]

Permissible
temperature
of the
electrical
equipment
surface
[°C]

Minimum dust
layer ignition
temperature with
constant rate of
increase in the
temperature of the
heated plate [°C]

Permissible
temperature
of the
electrical
equipment
surface
[°C]

Difference in
the permissible
temperature of
the electrical
equipment
surface [°C]

5 320 245 180 105 140
10 250 210 150 150 60
12.5 230 190 140 140 50
15 210 180 130 130 50
20 180 165 120 110 55
25 160 150 110 90 60
50 150 100 100 60 40
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A method of estimating maximum permissible temperature of the device enclosure
surface for dust layers up to 50 mm depends on the minimum ignition temperature
estimated for a 5 mm dust layer of thickness and the thickness of the actual layer (based
on the selection of the curve – Fig. 2).

5 Conclusions

In the actual conditions the temperature of electric equipment enclosure on which a
layer of dust is deposited can increase significantly due to insulating properties of the
dust layer. That relation is confirmed by the measurement of the minimum ignition
temperature of the “Barbara” coal dust layer at a constant temperature of heated plate
(standard method) and at constant speed of increase in the temperature of heated plate.
The relation was confirmed for the analysed layers of coal dust of thickness ranging
between 5 and 50 mm. For the dust, the estimated minimum ignition temperature of the
dust layer at a constant temperature of the heated plate was higher than the estimated
minimum ignition temperature at a constant increment of the temperature of the heated
plate for each tested layer thickness. The noted difference was highest for thin layers
(140 °C) and decreased as the layer thickness got thicker, to reach a difference of
40 °C. The results suggest that in the simulated actual conditions ignition of the dust
layer can occur at temperatures lower than suggested by requirements of the standard.

Acknowledgments. The study was funded by the National Centre for Research and Develop-
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Fig. 2. Decrease of maximum permissible equipment surface temperature along with the
increasing thickness of dust layer.
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Abstract. In this chapter we discussed the results of application of silica
dioxide nanoparticles as foam modifiers prepared with cationic surfactant –

CTAB and their potential to control foamability. Foams are interesting systems
and their stabilization mechanism is still not fully known, cause it depends on
many factors included physicochemistry parameters of gas-liquid interface.
After nanoparticles being introduced into the foam system most of its parameters
change, especially the stability which is important due to flotation process. The
results indicate a potential for reducing the use of synthetic surfactants, which
gives a chance for the development of this method as more environmentally
friendly.

1 Introduction

Foams are gases dispersed in liquids, which not only surround humans in everyday life,
but are also an integral part of many technological processes including flotation - the
most widely used separation technique, whose main purpose is to separate minerals
from their ores (Fuerstenau et al. 2007). The stability of the foam plays a key role in the
final stage of flotation, which is the transport the solid particles to the foam formed on
the surface of flotation tank. This stage determines the effectiveness of further opera-
tions leading to flotation concentrate (Scheludko et al. 1976).

Due to the large specific surface area and lack of thermodynamic stability, the
description of such systems becomes much more difficult. In a typical flotation oper-
ation, synthetic surfactants are used to reduce the surface tension and thus to produce
foam stable enough to maintain the air-solution boundary with floated mineral particles.
These compounds – frothers and other flotation reagents – are difficult to biodegrade
and represent a significant environmental problem (Karakashev and Grozdanova 2012).
The variable quality composition of the ore additionally causes a decrease in the energy
of surfactants adhesion at the phase boundary, which in consequence contributes to
desorption of these substances, causing faster liquid outflow and foam degradation. The
effect of this phenomena is the loss of possibility for foam to carry solid particles
(Crawford and Ralston 1988).

Increasing popularity of nanoparticles in industrial processes has also contributed to
the attempts to use them as nanostructures controlling the stability of dispersion sys-
tems, including foam systems. It was found that nanoparticles with appropriate surface
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properties can act synergistically with surfactants in terms of regulation of foam life-
time (Kim et al. 2016). An additional advantage in favour of attempts to implement
such solutions in industrials processes seems to be relatively low cost of dispersion
generation and measurable environmental effects in the form of reducing the amount of
consumed surfactants (Arriaga et al. 2012).

The key to understanding the mechanisms ruling the stabilisation of dispersion
systems discussed in this paper seems to be controlling the hydrophobicity of
nanoparticles’ surfaces (Yang and Pelton 2011). As it turns out, it is the adsorption of
nanoparticles with surfaces modified with cationic surfactant that prevents the drainage
of liquid film, which is an important element of the morphology of the foam system
(Horozov 2008). Moreover, the emerging steric barrier counteracts the process of
ageing this type of system, i.e. coalescence of gas bubbles.

2 Methodology

For this experiments a commercial available hydrophilic fumed silica dioxide
nanoparticles (SNPs) AEROSIL 200 was used. Table 1 shows the physiochemical
characteristics of SNPs used in this research. Below data has been provided by the
manufacturer, Evonik Resource Efficiency GmbH (Essen, Germany).

Cationic hexadecyltrimethylammonium bromide of an analytical grade (Alpha
Aesar, Haverhill, USA) was used as an ionic surfactant. All solutions have been
prepared using Millipore ultrapure water with conductivity about 0,055 µS � cm−1 from
Milli-Q water purification system (Merck, Darmstadt, Germany).

The surface tension of the surfactant SNPs solutions were determined by the Du
Noüy ring method, using a T-100 tensiometer (Krüss, Germany).

Foam stability tests were carried out using a glass column with a flattened wall and
had a height of 400 mm and had a diameter of 50 mm. A speed camera MiriM120
(Phantom, USA) and LED light source was attached to the column to allow observation
of foam dynamics transformations. The liquid was dispersed by air pumped via peri-
staltic pump with a volumetric flow rate of 250 cm3 � min−1. The gas was distributed
through a blotting-paper filter at the bottom of the column. Size of the aggregates was
measured with the Photocor Complex (Photocor, Estonia) particle analyser. Foam
drainage kinetics was investigated using turbidimetric Turbiscan Lab-expert (Formu-
laction, France) analyser.

Table 1. Physicochemical characteristics of AEROSIL 200

SBET pH value in 4% weight dispersion SiO2 content Tamped density

m2 � g−1
175–225

–

3.7–4.5
%
>99.8

g � l−1
*50
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3 Foam System Analysis

3.1 Properties of SNPs in CTAB Dispersion

By definition, surfactants are a group of compounds that have the ability to reduce
surface tension. The mechanism of this phenomenon is based on the adsorption of this
very specific molecules at the interface (Fuerstenau et al. 2007). In Fig. 1.A one can see
a change in surface tension progressing with a change in concentration. Apparently,
there is a tendency for the surface tension to decrease (from 59,5 to 36,0 mN � m−1)
with increasing surfactant concentration (from 10 to 1000 mg � dm−3). For CTAB
solution we note adsorption region in the aqueous phase where surfactants can create
micellar aggregates, called critical micellisation concentration (CMC).

For CTAB molecule according to literature CMC is approximately 335 mg � dm-3

(Liu et al. 2013). Black line symbolises lowering the surface tension for CTAB
solution. The dash line in Fig. 1.A indicates the values of surface tension measured for
surfactant concentration in a range 10–1000 mg � dm−3 but with the addition of 0.1%
v/w of SNPs. It is evident that the surface tension is higher in the presence of SNPs and
the CMC is not reached in this case comparing to surfactant solution. This is the result
of cationic surfactant adsorption on the negatively charged surface of the SNPs. Some
of the molecules adsorbed by electrostatic interactions reduce the concentration of free

Fig. 1. (A) Change of surface tension in the presence (dash line) and in absence (black line)
SNPs, (B) diagram of scattering intensity for SNPs dispersions.
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surfactants monomers, so that the critical concentration for micellisation act is not
reached at the interface where surface tension is measured.

Interactions between nanoparticles in aqueous solutions depend on the electrical
condition of the surface, so-called zeta potential. In this system zeta potential is regu-
lated by the surfactants molecules attached to SNPs surface. Figure 1.B shows the
results of nanoparticles aggregates size distribution in dispersion using the dynamics
light scattering technique. The change of aggregates size has a non-linear progression
with respect to concentration. At lover than CMC values, quite large aggregates of SNPs
(250–375 nm) are observed, which is caused by their aggregation and probably by
interactions between monomeric and premicellar structures with the surface of the solid
matter (Takeshita et al. 2014). The structures interact by hydrophobic moyetes of sur-
factant molecules (Nana et al. 2018). This orientation towards solution contributes
directly to the process so-called hydrophobic coagulation. The SNPs aggregation ten-
dency increases until the CMC value is reached. When CMC is reached then, the size of
aggregates is becoming progressively smaller. This is due to the repulsion of two layers
of surfactants created on the SNPs surface. Positively charged surfactants head interact
electrostatically with each other and thus prevent coagulation (Liu et al. 2013).

3.2 Foamability and Foam Stability

Figure 2 shows two causes of results. The solid-line series indicate foamability of
solution without and with 0,1% v/w SNPs, respectively with increasing surfactant
concentration. The dash-line series represent the half-life of foam. As expected, in a
system without nanoparticles, initial foam height increases with increasing cationic

Fig. 2. Foam statics and half-time life.
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surfactant concentration. In the presence of nanoparticles, one can point out that SNPs
lower initial foam volume in the column test. Decreased foam volume formation in the
presence of SNPs might be associated with surfactant adsorption on the solid surface,
which causes a decrease in the concentration of monomers and other groups of CTAB
molecules that could be sorbed on the surface of a thin liquid film. A constant incre-
ment of change in initial volume can be observed for the same concentrations of
surfactant in the presence or absence of SNPs. Initial foam volumes ranges from 200 to
250 cm3 for surfactant concentration in the range of 10–1000 mg � dm−3. Moreover,
according to the literature, we can conclude that the lower foamability is also reflects
the changes in viscosity. Liu and his co-workers (AlYousef et al. 2018) found that in
the presence of nanoparticles the viscosity of surfactants solutions increases. This
makes it harder to disperse gas in the liquid, and thus the formation of gas bubbles is
more difficult.

The opposite effect can be noticed when analysing foam stability in the presence of
SNPs. An increase in the half-life time of decay is observed by roughly 150 s. This
effect is the result of the growing hydrophobicity of the particles. When surfactant
concentration increase, more hydrophobic tails are directed towards the air trapped in
the foam. This effect is enhanced when the CMC is reached, as monolayers are formed
in a kind of a scaffolding which prevent the coalescence effect. As the CMC is
increasingly exceeded, aliphatic chains interact with each other in a way of tail-to-tail
interactions, causing the drainage of liquid film to slow down. Furthermore, not only
does the electric charge decrease on the surface, but also the adhesion energy in the
interphase region increases.

Another interesting aspect of foam stability is the kinetic rate which the liquid
drains out. Foams in practice are systems in which there are dynamics changes in their
structural elements – foam cells. This causes some difficulties in quantitative and
qualitative analysis of the processes taking place at the interphase boundary. The
turbulence phenomena occurring in foam nodes contribute the basic ageing process –
liquid drainage – influencing the stability of this systems. The effect of this fact causing
the pressure fluctuations and thus disturbances of thermodynamics balance (Subra-
hamanyam and Forssberg 1988). The response of the system in an extreme situation,
when liquid drained out, may result in a rupture of thin liquid film, which in effect leads
to collapse of the dispersion structure.

In case under consideration, several techniques for measuring this phenomenon
have already been developed, but the most accurate seems to be the turbidimetric
method. This technique is based on the measurement of kinetics for destabilisation of
dispersion placed in the measuring cell. Definition of kinetic effects is based on
comparison in time of both: transmittance and back-scattering values for light of
defined length (880 nm) passing through the sample. Measuring cell is made of glass
and is 55 mm high with a diameter of 20 mm. Among numerous software options one
can also find a module calculating the increment of the continuous phase. Device
precisely detects changes in position of the boundary between continuous phase and
foam system. This boundary changes during the time – as the film drainages, the height
peaks increase.

Figure 3 shows height variability during the time. On the basis of the curves one
can easily determine which of foam dispersions has slower film draining. In general,
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with the increasing concentration of surfactants, the tendency to increase height of
continuous liquid phase in the sample decreased. The most interesting effect can be
observed at concentrations of 200 and 500 mg � dm−3 with SNPs. It can be seen that to
achieve more stable system there is no need to use more cationic surfactant, because
after adding SNPs drainage is more effectively slowed down.

4 Conclusions

At the beginning of the 21st century, the way that we look at foams has changed. The
potential for partially controlled foam lifetime has been recognised and could be used
not only in the metal ore processing industry but also in various applications.

The stability of foam is controlled by SNPs interaction with electrostatically
adsorbed CTAB molecules. Stability of the prepared and investigated systems increases
with surfactant concentrations. Due to additional interactions between the surfactant
hydrophobic tails and, as a result, creation of a barrier preventing rapid drainage of the
liquid film located between trapped air bubbles in the foam cells.

That synergic effect of using SNPs – ionic surfactant mixture has a potential in
reducing the consumption of surfactants, so this concept fits into the spirit of sus-
tainable development. Also, it can be a milestone in finding the rules for designing the
lifetime of the foam with greater precision.

Fig. 3. Peak thickness kinetics in measure cells. (A) zoom in on range of 25–80 s of
measurement, (B) general relationship between the change in height over time.
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Abstract. Authors have used impedance spectroscopy to assess water content
in diesel fuel successfully. The lack of similar research to compare obtained
results induced authors to verify the same methodology with a substance that
would be free of some aspects that make diesel analysis very complicated but
with similar electrical properties. Impedance of samples containing 500 ml of
extra virgin olive oil (EVOO) with known water contents were examined in the
frequency range of 0.02–500 Hz at a constant temperature. Obtained results
were used to fit equivalent circuit elements values. Similarly to diesel, water
added to EVOO caused major change in the equivalent resistance. The tests’
findings presented in the chapter show that basing either on the measured
impedance modulus or calculated resistance one can assess the water content in
EVOO with the use of impedance spectroscopy, therefore it confirms that the
methodology proposed by authors was also proper to be used with diesel fuel.

1 Introduction

Among other, research conducted at the University of Zielona Góra (Poland) Institute
of Metrology, Electronics and Computer Science includes water content assessment in
diesel fuel. The results obtained so far confirm the thesis that impedance spectroscopy
(IS) method can be used to estimate the water content in fuel (Macioszek and Rybski
2015, 2016). Complex chemical composition, lack of repeatability of the samples and
the manufacturer’s confidentiality of substances added during production make diesel
analysis very difficult. Very few research institutes are studying electrical properties of
fuel, including its impedance. They have to be studied at refinery laboratories but the
results are not publicly available. In such a case information can be only obtained via
private talk with people working in those facilities. The publicly available publications
are mainly focused on fossil diesel rather than modern commercially sold fuel, which
contain up to 7% of Fatty Acid Methyl Esters (FAME). Therefore, the authors are
unable to make any comparison of the obtained at the Institute results with other
research.
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Aforementioned difficulties induced authors to verify their methodology with dif-
ferent, yet similar mixture. From electrical point of view diesel can be considered as a
dielectric (De Souza et al. 2013), therefore using the same methodology to test the
water content of a similar dielectric, one should also expect reliable results. In terms of
dielectric constant of about 2 very close to diesel fuel is transformer oil which is one of
the greatest dielectrics available. However, water solubility limit (at 20 °C) in this oil is
ultra-low [below 60 ppm (Du et al. 2001)] and therefore it could not be used to test the
same methodology that was used before, as the EN 590 standard allows 0.2 g/kg of
water in diesel oil. Olive oil has slightly higher dielectric constant of about 3.1
(Paranjpe and Deshpande 1935) but still this value is far away from that for the water
itself (about 80). One of the commercial types of olive oils according to International
Olive Council is extra virgin olive oil (EVOO). It has 0.3–2.0 g/kg of water at the
moment of purchase (Ragni et al. 2013), thus its water solubility limit is very high. Karl
Fischer titration (AOAC 1998) and drying by heating (ISO 662 1998) are the most
commonly accepted methods of measuring water content in olive oil. The aforemen-
tioned Council limits water amount in commercially sold EVOO to 2 g/kg, as it affects
the taste, stability and preservation of quality during storage (Ambrosone et al. 2007).
Therefore, water in various amounts naturally occurring in olive makes this oil a good
material for a comparative research. The closest to this research were so far studies of
the olive’s electrical properties that concerned the estimation of water content by
measuring electrical capacity (Ragni et al. 2013) and olive free acidity estimation with
the use of electrochemical impedance spectroscopy, thus the oil under test had to be
mixed with a chemical reagent to create an emulsion to be electrically characterized
(Grossi et al. 2014).

Olive oils composition varies with the altitude, cultivar, time of harvest and used
extraction processes. It consists of fatty acids including oleic acid (from 70 up to 83%),
linoleic acid (10–21%) and 12–20% palmitic acid (Velíšek 2013; Kunachowicz et al.
2017). Although its composition is different than diesel’s, it is better known and does
not contain additives that are a secret of producer, like for example some sort of
conductive polymers that may be added to increase fuel conductivity and thus safety in
transport (Macioszek 2016). Authors believe that the changes in EVOO properties
caused by different water content addition could be detected with the use of impedance
spectroscopy making water content possible to assess. That would be a step forward in
confirmation of the IS method effectiveness when used to assess water content in
different oils, including diesel fuel.

2 Materials and Methods

The main objective of the study was to check experimentally water addition influence
on the impedance of extra virgin olive oil measured with the use of impedance spec-
troscopy. The olive was obtained from a grocery store, bottled in Portugal and filtered
during production. It had a density of 904,40 kg/m3 and water content of 454 mg/kg at
the moment of purchase. For testing, the oil was divided into 500 ml samples con-
taining different distilled water contents by adding known amounts of 100, 200, 300,
400, 500 and 600 ll. These volumes formed samples with the total water content of
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454 (no added water), 674, 895, 1115, 1335, 1555 and 1775 mg/kg respectively.
Prepared samples were stirred for one hour before and during the measurements with
the use of magnetic stirrer. Although much more efficient ways to mix water and oil
exist, authors consequently tried to use the same exact methodology that they have
been using with the diesel oil experiments. Oil samples were examined at the tem-
perature of 26 ± 0.5 °C.

Extra virgin olive oil samples’ impedance was measured in the frequency range of
0.2–500 Hz with a 100 mV RMS voltage. An EG&G/Princeton Applied Research
electrochemical impedance spectroscopy laboratory system was used. It consisted of
263A Potentiostat/Galvanostat, 5210 Lock-In Amplifier, PC computer with dedicated
software and electrodes. Diagram of the system is shown in Fig. 1.

The measurements were performed with two circular parallel electrodes made of
gold coated copper (shown in Fig. 2) with the surface area of 25 cm2 each, spaced by
0.8 mm, which were immersed in olive samples (Fig. 3).

Fig. 1. Measurement system diagram

Fig. 2. Symmetrical electrodes used in experiment
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The measured impedance in the form of:

Z�ðxÞ ¼ Z 0ðxÞ � jZ 00ðxÞ ð1Þ

was used to fit equivalent circuit elements values. The circuit was simple (shown in
Fig. 4) and contained the resistor with parallel constant phase element (CPE) and was
already used elsewhere to describe diesel oil properties (De Souza et al. 2013;
Macioszek and Rybski 2015).

Using the constant phase element instead of ideal capacitor in the equivalent circuit
has resulted in satisfactorily small fitting errors so far. Impedance of such circuit is
described by:

Z�ðxÞ ¼ R=½1 þ QRðjxÞn� ð2Þ

where Q is the CPE admittance 1/|Z| at x = 1 rad/s, real n satisfies 0 � n � 1. When
n = 1 the CPE is identical to the capacitor.

Fig. 3. Olive sample with immersed electrodes

Fig. 4. Electrical equivalent circuit used in experiment
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3 Results and Discussion

Extra virgin olive oil samples consisting the aforementioned water contents from 454
up to 1775 mg/kg were examined. Figure 5 presents the Nyquist plot with measured
real and imaginary impedance parts of seven olive samples. It can be seen that values
form single semicircles. Small but visible differences in the shape (angle) of the right
ends result from temperature fluctuations between measurements of subsequent sam-
ples. Better temperature stability would allow to obtain more similar semicircles.
Nevertheless, the results obtained seemed to be sufficient for this preliminary study.
Although some of the right ends of semicircles are a bit raised, a further decrease in
frequency did not reveal second semicircles (not shown in Fig. 5). This raise may be
associated with diffusion phenomena occurring in the dielectric when a metal electrode
is being used (Ming and Toh-Ming 2012) and was not treated as a primary and
dominant phenomenon. It is worth noting that the raise is more visible than with water
contaminated diesel and it may correspond to significantly higher water content in olive
oil.

Note that with the raise of water content resistivity decreases – semicircles have
smaller diameters. Such behaviour was observed in diesel fuel before. This may sug-
gest that distilled water addition is responsible for increasing conductivity of oils
significantly, thus changed impedance can be detected with the use of impedance
spectroscopy. It seems that none of the additives in diesel suppressed this phenomenon
confirming that measurements of diesel fuel impedance may be reasonable.

Fig. 5. Nyquist plot of examined olive oil samples
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Table 1 contains fitted values of equivalent circuit elements and the corresponding
v2 modelling errors. For calculations, the EIS Spectrum Analyser software was used
(Bondarenko and Ragoisha 2005). Relative errors of fitting individual values did not
exceed 1.8% in the presented samples.

Note that the most changing value is the parallel resistivity of equivalent circuit
with 13.71 GX calculated for the sample containing 454 mg/kg of water and only
8.54 GX for the 1775 mg/kg sample. Values of the constant phase element Q param-
eter seem not to change and oscillate around 45.5 pS � sn. Slightly bigger, but still very
small variation was observed in diesel fuel but it was hard to assess its trend and again
their differences were not so significant as resistance R. Fitted value of the parameter n,
the other describing the CPE, for all tested samples reaches a value of approximately
0.986. Although it is close to 1, the use of an ideal capacitor (which is the same as CPE
with n = 1) in the equivalent circuit resulted in unacceptably large modeling errors. It is
associated with a visible decrease in the semicircle centers relative to the real impe-
dance part axis of the Nyquist plot (Fig. 5). For comparison, the measured impedance
of connected in parallel resistor and capacitor on the Nyquist plot creates semicircle
with center lying exactly on the real impedance part axis. Values of v2 modelling errors
do not exceed 0.00065 for each sample tested, which confirms the good choice of the
equivalent circuit.

Given the values in Table 1, it is possible to create a calibration curve based on the
fitted value of resistance R. In this particular case, this curve takes the form of a straight
line shown in Fig. 6. The value of R2 correlation of 0.9904 is high and would be even
higher with better temperature stability during measurements.

Some points deviations are visible, caused mainly by the temperature, which has a
very significant impact on the dielectric impedance. The examined range of water
content almost completely covered the most common values (0.454–1.775 g/kg as
against 0.3–2 g/kg). Very complicated reactions take place in water-in-oil mixtures and
their analytical description is very difficult or even impossible. Their electrochemical
nature was not within the scope of this paper, therefore it was not presented.

Increasing the precision of estimating the water content of olive oil certainly
requires either increasing temperature stability during measurements or taking into

Table 1. Fitted values of electrical equivalent circuit and corresponding modelling errors

Added water/% (v/v) Total water amount/mg/kg R/GX Q/pS � sn n v2

0 454 13.71 45.48 0.9858 0.00061
0.02 674 13.04 45.51 0.9862 0.00057
0.04 895 11.60 45.56 0.9854 0.00065
0.06 1115 11.09 45.53 0.9858 0.00060
0.08 1335 10.11 45.55 0.9859 0.00059
0.10 1555 9.47 45.45 0.9859 0.00056
0.12 1775 8.54 45.51 0.9861 0.00058
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account its effect on olive impedance. Further research on the selection of the best
electrode geometry and size would also be recommended. However, the results
obtained seem to be sufficient for the purposes of this paper, as it was possible to detect
changes in olive impedance as a function of water quantity.

4 Conclusion

In this paper, the use of impedance spectroscopy for water content in the extra virgin
olive oil assessment was discussed. Experimental results were reported and analysed.
The electric equivalent circuit modelling olive oil properties was proposed and even-
tually the calibration curve was determined based on the circuit element fitted values.

The experimental results show that impedance of extra virgin olive oil in the
function of water content changes significantly, wherein the most changing value is
calculated resistance which is the part of used equivalent circuit. These changes can be
detected with the use of impedance spectroscopy, thus it confirms that the evaluation of
water in olive oil with the use of this particular measuring methodology is possible. The
proposed circuit, although it was previously used to model the properties of another oil,
also in this case proved to be good for a similar range of used measurement fre-
quencies, relatively low water concentrations, used electrodes and primarily mixture
type (water-in-oil). Despite the fact that extra virgin olive oil and diesel fuel have
different chemical contents, their impedance seem to react similarly to water addition.
After all, from an electrical point of view both can be considered as dielectrics,
therefore the tests’ findings confirm that the proposed methodology may be suitable to
assess water content both in olive oil and diesel fuel.

Fig. 6. Calibration curve based on the fitted value of resistance R
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Abstract. The chapter describes the standards for rainwater discharge to the
environment, it is discussed the legislation and paid attention to economic
issues. Also the review aims to examine requirement of aquaculture solids and
petroleum management strategies. Focused on defining the maximum concen-
tration values of the most important pollutants present in the runoff water and
the conditions which must be satisfied in the selection of the separators. Ref-
erence was also innovative solutions in terms of separators design and research
on improving the efficiency of pollution reduction in liquid separators, compared
to commercial solutions. The study was focused on relations between purifi-
cation efficiency and dispersion medium viscosity. Conclusion was the assort-
ment of the analyzed constructions to be more productive. It is known that for
light fraction separation with increasing continuous phase’s viscosity, highest
purification efficiency is gained from construction with relocated baffle towards
the outlet from the separator.

1 Introduction

The accessibility of water resources is an essential requirement to sustain life. It is
indispensable for the most aspects of human activity, that also includes industry. Both
quality and quantity of useable catchment impact the health and safety of population,
economic and industrial development, non-production segments (like tourism) and
condition of natural environment (Bąk et al. 2010; Zanotti et al. 2019). Any kind of
rainwater pollution should be under an appropriate supervision of valid decrees. They
impose reduction of adverse systems and substances in rainwater flow guided to
manifold types of sectors after proper processing (pre-treatment, thickening, disinfec-
tion etc.) (Abdullah 2016; Recko 2018). Presently the public awareness of unarranged
sewage disposal hazardous is rising. The current rules and regulations entail duty of
wastewater treatment from cities, industrial areas, transportation depots, etc. (Króli-
kowska 2011; Fashae et al. 2019).

The aim of this paper is to bring economic and legal aspects of rainwater treatment
closer to the reader. Pointing the current ecological problems and possible engineer
solutions provides fresh look at present natural environment condition.
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2 Legislation and Economic Issues of the Rainwater
Treatment in Poland

Management processes consist of following elements: manufacturing, division,
exchange and consumption. Existence of connections between firms based on cause-
and-effect relationship, creates complete chain of environment aggravating process
(Marciniak 2013). These relations are presented in the scheme in Fig. 1. The envi-
ronmental abilities of absorption and regeneration are limited and nowadays even
insufficient for constant development of anthropogenic factors. That is why it is an
obligation to obey fundamental laws and ecological principles (Królikowska 2011;
Marciniak 2013). Manufacturing as a production process of public goods proving
apposite needs, results in increasing consumption. In both cases wastes still arise.
Significant part of them can be recycled. Rest is undeveloped and has a negative impact
on the environment (Marciniak 2013).

The amendments of legislation in European Union in last few years led to
improvement and development of Polish legal provisions about water management and
environmental protection. The demand is to unequivocally establish wastewater as an
item of cities sustainability using methods that mimic flow and rain retention in natural
conditions. There is also required expansion, maintenance and modernization of
existing sewerage, and also construction of the new ones (Królikowska 2011).

The sustainable development is a keystone in EU regulations. The environmental
protection law area includes over 70 directives and over 20 decrees. This attitude is
going to suppress the negative influence of traditional methods applied in wastewater

Fig. 1. The relations between economical and ecological systems based on Marciniak (2013).

232 M. Markowska et al.



management, and also rehabilitate it as much as possible (Królikowska 2011). Few of
the primary rules are:

• the principle of application the best available technology,
• the principle of knowable information about environment’s condition
• the principle about how to prevent contamination or dispose of it at the source
• the principle of financial responsibility of contaminant emitter.

In Poland the requirements that must be fulfilled at draining sewage to water or soil
and concerning substances particularly harmful for water environment, are regulated by
the Ordinance of Minister of Environment of 18th November 2014 (Dz.U. z 2014 r. nr
023, poz. 1800). Additionally, two Laws can be distinguished: Water Law Act of 18th

July 2001 and Environmental Protection Law Act of 27th April 2001 (Królikowska
2011; Sawicka-Siarkiewicz 2011; Bąk et al. 2012). First one regulates methods of
water management according to sustainable development, it defines the instruments
applied at that matter, hydrological documentation and waters proprietorship. Second
Law pertains to obligations, programs and requirements of registration, report or
notification about operations within environmental protection (Dz.U. nr 62, poz. 627 z
późn. zm.; Dz.U. nr 115, poz. 1229, z późn. zm.). In case of groundwater pollution by
oil and petroleum substances the ordinance of Minister of Environment of 23rd July
2008 in matter of criterion and groundwater assessment method and Act 30th May 2014
(Dz. U. 2014, poz. 850) as an expletive regulation are applied. Surface waters are
regulated by decree of Minister of Environment of 21st July 2016 in matters of clas-
sification methods of uniform surface waters sections condition and qualitative envi-
ronmental standards for priority substances (Dz. U. 2016, poz. 1187). Moreover, there
is applied the Chemical Hazard Identification and Assessment Tool (CHIAT) for
chemical danger assessment, that had the desired result of selecting compounds of
supreme environmental threat (Sakson et al. 2014). Preparation of priority lists of
wastewater pollutants took five steps: determination of pollution root’s and charac-
terization of affected area, identification of problems and risk, threat evaluation, and
finally selection of substances by group of experts. The selection is based on i.a.
retention in natural surroundings (decay vulnerability, bioaccumulation, toxicity), effect
on living organisms (i.a. carcinogenic and mutagenic potential, reproduction and
hormonal disorder, allergy) as well as technical and esthetic issues (precipitation,
smell) (Eriksson et al. 2007; Sakson et al. 2014).

2.1 Type and Contents of Pollution in Rainwater Run-off

Main contaminations identified in rainwater run-off from roads and involved
facilities/areas are: suspensions, fat, oil and grease (FOG), petroleum hydrocarbons,
other substances extracted by petroleum ether (SEPE), heavy metals (lead, zinc, copper,
cadmium, chromium, nickel, etc.), organic and inorganic compounds that can be
defined by total and organic carbon content and also by biochemical (BOD) and
chemical (COD) oxygen demand, chlorides, sodium, magnesium, calcium, thick
floating contaminants, biogenic substances (nitrogen, phosphorus, potassium), micro-
contaminants (arenes) (Królikowska 2011; Bąk et al. 2012; Abdullah 2016; Fashae
et al.2019; Dz.U. z 2014 r. nr 023, poz. 1800).
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Currently substances subjected with special attention are petroleum hydrocarbons.
It is a group of compounds that can be distinguished fuel, solvents, resins, vaselines,
paraffins, naphthenes and arenes mixture (Dz.U. z 2014 r. nr 023, poz. 1800). They are
characterized as non-polar, lipophilic and very slightly soluble in water. Furthermore, if
petroleum hydrocarbons are emitted to the environment it causes formation of thin
layer on water surface and impedes gas exchange or disturbs biological balance in
natural reservoirs (Lazim et al. 2019; Dz. U. 2016, poz. 1187). Among them few are
harmful in particular: benzene, naphthalene, fluoranthene, benzo(a)pyrene, benzo(a)
fluoranthene, benzo(k)fluoranthene, benzo(ghi)perylene and indene(1,2,3-cd)pyrene
(Dz. U. 2016, poz. 1187; Włodarczyk-Makuła 2016).

Distinctly it is difficult to provide an accurate value of contamination due to reli-
ance to geographical localization, climatic zone, season or national economic. Table 1
presents few selected rainwater pollutants depending on the data source.

As shown in the table above, contamination concentration reaches different values
and it is hard to lay down the average characteristic of rainwater run-off. There are
many factors that effect on quality and properties of sewage: way of management and
formation of catchment area, type of roads surface and how are they utilized and
supported, class and intensity of traffic, atmosphere contamination, specific of pre-
cipitation (rain, snow, hail, break length between ones, intensity and time of falling)
(Królikowska 2011).

2.2 Permissible Pollution Concentration Values in Rainwater Run-off
in Order to Legal Regulations

While effectuating rainwater flow in sealed surface it is necessary to provide for legal
regulations and normative prescriptions. Permissible concentration of contaminants in
wastewaters that can be drained either to surface waters or soil, derived from industrial
and deposit areas, transportation bases, docks, airports, cities, railways, national,
regional and district roads class G, car parks over 0.1 ha, storage and fuel distribution
facilities is regulated by the Ordinance of Minister of Environment of 18th November
2014 (Dz.U. z 2014 r. nr 023, poz. 1800) (Sawicka-Siarkiewicz 2011). According to

Table 1. Analyzed concentration of selected pollutants in rainwater flow according to research
source.

Data source Brombach et al.
2002

Bąk et al.
2012

Langeveld et al.
2012

Sakson et al.
2014

Type of pollutant Concentration value range [mg/L]

Suspension (TSS) 29–1535 144–272 11–874 11–1450
Lead (Pb) 0.007–2.408 0.096–1.405 0.01–0.129 0.021–2.458
Cadmium (Cd) 0.00046–0.030 0.007–0.090 0.0003–0.024 0.0002–0.008
Zink (Zn) 0.024–3.563 0.107–0.858 0.130–0.520 0.247–12.357
Petroleum
hydrocarbons

no data no data no data 0.15–7.25
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the law maximum value for total suspended solids (TSS) is 100 mg/L, and for pet-
roleum hydrocarbons is 15 mg/L. In case of run-off from storage and fuel distribution
facilities, mentioned regulations are in effect for precipitation with frequency once a
year and 15 min long but not less than wastewaters drained from 1 ha of sealed surface
from fall flow of 77 L per second (Sawicka-Siarkiewicz 2011; Bąk et al. 2012; Sakson
et al. 2014; Rećko 2018). Earlier mentioned petroleum hydrocarbons are strictly
determined in matter of maximum concentration in sewage. Table 2 shows provision of
ministerial ordinance about surface waters.

With reference to groundwater valid regulation is the ordinance about criterions and
assessment methods of their condition (Dz. U. nr 143, poz. 896). Following compounds
are mentioned: BTX (volatile aromatic hydrocarbons as benzene, toluene, xylenes)
benzo(a)pyrene and PAH (polycyclic aromatic hydrocarbons) (Włodarczyk-Makuła
2016).

3 Assortment and Legally Preconditions of the Liquid
Separators Characteristic in Poland

Reduction of suspensions in rainwater flow is performed with sedimentation phe-
nomenon and takes place in retention and gravitational devices. In case of petroleum
hydrocarbons the separation is caused by flotation processes and buoyant force (Wu
et al. 2010; Królikowska 2011; Sawicka-Siarkiewicz 2011). Fundamental rule is to use
the differences in density between oil and water phase. Oil is collecting in top layers of
separator and after that it is disposed of. Application of devices configured in a way to
stop arising excessive turbulences gives satisfying results and supports oil drops coa-
lescence (Rećko 2018).

Separators practiced in rainwater treatment must comply with adequate legal reg-
ulations. Reference standard number PN-S-02204:1997 contains the information about

Table 2. Permissible concentration of petroleum hydrocarbons in surface waters according to
(Dz. U. 2016, poz. 1187)

Indicator Uniform waters sections (stream,
brook, river, canal, lake, reservoirs)

Uniform temporary and
coastal waters sections

Maximum concentration mg/L� 103

Benzene 50 50
Naphthalene 2.4 1.2
Fluoranthene 1 1
Benzo(a)pyrene 0.1 0.01
Bezno(b)fluoranthene 0.03 0.03
Benzo(k)fluoranthene 0.03 0.03
Benzo(ghi)perylene 0.002 0.002
Indene(1,2,3-cd)
pyrene

0.002 0.002
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drainage and depurative road equipment. It is defined that drainage units must be
characterized with specific technical requirements in the matter of planning, design,
construction and proper usage. In addition, basic ecological requirements are discussed
including roads desiccating and beside that, calculative process for control reasons. To
engineer petroleum hydrocarbons separator it is recommended to comply with the PN-
EN 858-1:2005 + A1:2007 and PN-EN 858-2:2005 standards and also technological
approval from the Institute of Environment Protection (Sawicka-Siarkiewicz 2011;
Rećko 2018). Part one of PN-EN 858:2005 defines rules about product design, usage
and analysis ability, marking and quality control. Part two characterizes choice of
nominal dimensions, installing, exploitation and service. Both pertain to light fluids
classifier (for substances with weight density below 0,95 g/cm3) (Rećko 2018). Heavy
pollutant separator, so-called settling tanks, should carry out regulations about volume
criterion defined in the PN-EN 858-2:2005 standard. Volume values cannot be equal
less than 100, 200 or 300 times of separators nominal capacity (Sawicka-Siarkiewicz
2011).

3.1 Suspension Separators

Settling tanks are applied in order to separate suspended solids. They are characterized
by simple construction and often massive sizes. The reason is a needful long way of
solid particles falling to separate phases. Settlers area is determined as a proportion of
rainwater volumetric flow and permissible maximum hydraulic load (Wu et al. 2010;
Sawicka-Siarkiewicz 2011). Technological assuming is that on every 1 m3/h of liquid
flow the necessity is at least 0.24 m2 of active area. This allows to sustain over 50%
separator efficiency, which is measured as a performance of stopping suspension
particles in the device. However, there are many factors effecting on the sedimentation
efficiency as particles’ dimensions, shape and density, suspension concentration or
continuous phase’s temperature (Królikowska 2011; Sawicka-Siarkiewicz 2011).
Recently, new construction of settling tank which keeps remote gross covered area
arrangement and is characterized by vortex movement extending particles falling
pathway has been applied. They gain comparable results with 2 to 5 times greater
hydraulic load (Królikowska 2011).

3.2 Petroleum Separators

Separation of petroleum hydrocarbons is connected to application of specific con-
structional elements to create chamber for blocking out light fraction inside the tank.
This process can be affected gravitationally by flotation or it can be supported by
coalescence, where microparticles of oil substance merge together into larger drops
(Sawicka-Siarkiewicz 2011; Rećko 2018). Efficiency of separation increases by
applying coalescence frustums such as polyurethane sponges or batches with honey-
comb structure (Rećko 2018; Lazim et al. 2019). The basal work parameters are as
follows: nominal capacity as flow volume in time unit, materials and equipment of the
tank, content of storage of light fraction and allowable thickness of oil substance layer
inside the tank (Sawicka-Siarkiewicz 2011).
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3.3 Other Concepts of Pollution Separators

Nowadays liquid separators are being improved and developed in order to create
purifying constructions that can unite both sedimentation and petroleum tanks’ char-
acteristic. The reasons are also energy and management area savings.

One of the currently analysis pertained to the relation of continuous phase’s vis-
cosity on precipitation process of pollutant particles with lesser density than the dis-
persion medium. The aim of the study was to determine the effect of separator’s
construction on separation process efficiency and also to characterize the liquid dam-
ming and flow resistance inside the tank. It conditions capacitive and hydraulic
capabilities of separators. Ochowiak et al. (2017) presented modified settling tanks
designed to separate heavy fraction from the water stream. This concept was developed
on chosen constructions in order to improve existing separators.

Two settling tanks constructions were operated (Fig. 2) and they were characterized
by total height H = 0.69 m, internal diameter D = 0.19 m, inlet and outlet lines
internal diameter d = 0.03 m, escape from inlet line height h1 = 0.2 m and from the
outlet h2 = 0.4 m, baffle hang height hb = 0.3 m. These constructions differed in baffle
location in reference to tank’s axle: l = 0 m or l = 0.055 m (half distance from the
middle and the outlet of the separator). The analysis was performed in room temper-
ature 20°C. Hydraulic load range set for the analysis was from 20 to 57 m3/(m2 � h).
Dispersion mediums were water from the pipeline and aqueous glycerol solutions with
percentage weight concentration 59% (11.5 cP), 55% (9.4 cP), 50% (6.8 cP), 41% (4.2
cP) and 24% (2 cP). Research material was granulated low-density polyethylene with
density 0.928 g/cm3 and particles diameter ds > 0.6 mm and 0.5–0.6 mm.

Fig. 2. Technical diagram of analyzed modified settling tanks characterized by baffle: a located
in tank’s axle, b relocated in the half way between tank’s axle and outlet
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Selected material was supposed to represent pollutant of lower density than con-
tinuous phase, for example: dust, ash, organic remnants from vegetation, litter from
cigarettes and food packages.

The study result was the choice of construction characterized by the highest effi-
ciency of light fraction separation in relation to liquid’s viscosity. It was determined
that the settling tank with relocated baffle achieved the highest performance among
studied with increasing continuous phase’s viscosity (Fig. 3), which valued maximum
80%. This result was connected with larger volume of inlet chamber where light
fraction was ejected up by the liquid and then stopped by the baffle. Second con-
struction with baffle located in the tank’s axle was distinguished by opposite relation
with liquid’s viscosity. Arguably, the reason was that glycerol solution were charac-
terized by lesser hydraulic resistance so it was easier for the liquid flow to dragged out
solid particle from the separator.

4 Summary

Gravity separator tanks are used to separate solids and oil from water in treatment units.
Achieving the maximum removal efficiency is related to the construction that is chosen
for processing. It is appertained to absolutely remember about purification the
wastewater flow before the drainage to the environment. It is based on application of
purification devices with diversified performance. In matter of assortment the qualified
information should be presented by the designer but it is also suitably to be aware of the
available possibilities and what should be complied with the professional requirements.
Fundamental rules in that case are: learn about current state of knowledge related to

Fig. 3. Settling tanks’ liquid stream purifying efficiency from light solid pollutant particles with
size over 0.6 mm in dependence of hydraulic load
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obligatory regulations on wastewater purification process, define quantity and quality
of sewage flow drained from the catchment area, choose the appropriate type of sep-
arator based on the technical specification, abide installation and device’s exploitation
provisions. Continuation of studies performed on separators seems reasonable owing to
the fact that it could bring more satisfying results with similar labor input.

Acknowledgments. This work was supported by the Polish Ministry of Science and Higher
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Abstract. The aim of the work is to consider the influence of thermal pro-
cessing and dosing of target components in order to maintain optimal parameters
of the methanation process of the distillers grains and optimal pH level.
Molasses and aluminium phosphate were indicated as intentional supplements.
The purpose of the additives is to increase the alkalinity buffer in terms of
acidogenesis and hydrolysis. In order to achieve the aim of the study, the
following methods were used: methodology according to DIN 38 414 s8 and
methodological guidelines related to the determination of physical and chemical
parameters of the distillery brew, target additives and inoculum. In the study the
following determination was made: volume of biogas and concentrations of
biogas components such as CH4, CO2, H2S, O2. The yield of biogas was
compared with reference to: mixtures of distillers grains, not thermally pro-
cessed and thermally processed in the presence of the indicated ingredients. The
thermal method of distillers grains processing allowed to accelerate the
hydrolysis process and changed the pH of the substrate only slightly. Distillers
grains not thermally treated showed a biogas yield that was about 67% higher
than the unprocessed distillers grains. The best results of the pH stabilization
process for the distillers grains were obtained for the mixture with molasses. The
biogas yield of the mixture has increased by 2.7 times in relation to the heated
WDGS.

1 Introduction

Distillers grains together with soluble substances (WDGS) is a by-product of the
production of ethyl alcohol in the alcoholic fermentation process (Bhoite, Vaidya
2018). Wet distillers grains with solubles (WDGS) and dried distillers grains (DDGS)
are used as high-protein feeds (Laurinavichene et al. 2018).

WDGS contains only 5–8% dry matter, stored in humid rooms it quickly moulds
and is useful as feed for short periods of time. Drying or ensilaging is the perfect way to
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conserve distillers grains. The liquid fraction, rich in vitamins, minerals and fat, is
concentrated into a syrup that resembles molasses.

The chemical composition, physical properties and nutritional value of dried dis-
tillers grains (DDGS) depend on the alcoholic fermentation feedstock and the drying
and granulation temperatures. Too high drying temperature and medium pressure
granulation contribute to the decomposition of sugars and protein, which results in
carbonization and reduction of nutrients in relation to unprocessed substrate. Under the
influence of temperature, irreversible protein denaturation may occur.

Raw and wet distillers grains contains a significant amount of energy, the average is
2.25 Mcal/kg (Bell et al. 2019).

The distiller grains can be classified according to the substrate of the fermentation
process into starch and sugar brew. The fermentation process causes an imbalance in
the main nutrients: nitrogen, phosphorus and potassium. The problem is that the
phosphorus content is lower than the content of nitrogen and potassium.

The use of distiller grains as fertilizer means that the lack of nutrients must be
supplemented by the use of mineral fertilizers. An important factor that hinders the use
of raw distillery stock as a fertilizer is the low dry matter content.

Another problem is the low pH. Composting with the addition of targeted structural
components is a technology that can allow to change unfavourable physical properties
and balance nutrients (Bustamantea et al. 2008). Composting means the release of
biological heat and the emission of heat results in the dehydration of the distiller grains
(Semitela et al. 2019).

Therefore, thermal processing appears in many technologies related to the man-
agement of biomass after the alcoholic fermentation process (Basu et al. 2015; Trajer
et al. 2015).

Biological stabilisation of biomass in anaerobic processes also allows modification
of physical and chemical properties (Pant, Adholeya 2007). Methane fermentation
requires precisely defined process parameters such as anaerobic conditions, tempera-
ture, mixing, moisture level, nutrient content and balance, absence of inhibitors
(Durczak et al. 2017).

The availability of plant substrate nutrients is limited by the levels of raw fibre,
lignin, cellulose and hemicellulose (Sakdaronnarong et al. 2015; Adamski et al. 2017).

Liquid or semi-liquid substrates are suitable for the methane fermentation process
(Iglinski, B. et al. 2012). This results from the possibility of using different mixing
techniques such as mechanical, hydraulic and pneumatic mixers (Mitkowski et al.
2018).

2 Aim of the Study

Due to the physical and chemical properties of the distillers grains, it is possible to
connect the method of applying intentional additives and the thermal method with the
process of anaerobic stabilisation.

The aim of the study is to analyze the influence of thermal processing and dosing of
target components such as molasses and aluminum phosphate on maintaining optimal
parameters of the anaerobic stabilization process.
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Two research assumptions have been formulated and tested: thermal processing of
the distillers grains will increase the pH and target components with a high pH
(pH > 7) will increase the biogas yield. A range of detailed activities were formulated
to achieve the objective of the work.

• Acquisition of the distillers grains together with the description of physical and
chemical parameters.

• Application of the thermal processing technique for distillers grains.
• A change of the ph-value of the distillers grains through the use of additives in the

form of molasses and aluminium phosphate.
• Testing of biogas yield of the selected distillers grains samples on a laboratory scale

and using the methodology of DIN 38414 p.8.

3 Materials and Methods

Potato based distillers grains was used for the study. Characteristic parameters have
been presented in Table 1.

In order to produce mixtures for the methane fermentation process, 4.5% m/m
aqueous Aluminium phosphate solution and sugar-beet molasses were used. Both
intentional substrates were doped to the distillers grains in order to obtain the initial pH
of the mixture at the level of 7.45.

The process of thermal processing of the distillers grains (WDGS) was carried out
at atmospheric pressure. The distillers (WDGS) was adjusted to a temperature close to
boiling point and then the temperature was maintained with observation of substrate pH
changes. The condensate was returned to the process (Fig. 1).

Table 1. Physical and chemical parameters of the wet distillers grains (WDGS)

Parameter Unit of Measure Value

1. pH before thermal processing pH 3.68
2. Dry Matter (DM) % 12.67
3. Organic Dry Matter (ODM) % 94.39
4. Nitrogen xpressed in protein % 2.80
5. Crude Fat % <1.00
6. Starch % <1.20
7. Sugar calculated as sucrose % <1.00
8. Sodium mg�kg−1 68
9. Potassium % <0.135
10. Phosphorus % <0.10
11 Nitrate and nitrite content mg�kg−1 15.8
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In order to achieve the aim of the study, the methodology of biogas yield testing
(DIN 38 414 s.8, 2012) and methodological instructions related to the determination of
physical and chemical parameters of the distillers grains, targeted additives and
inoculum were used (KTBL Heft 84, 2009).

In the research, the biogas component gas detection system (CH4, CO2, H2S, O2)
was used.

The research was carried out on a test stand consisting of a reaction chamber with a
capacity of 1 dm3 and an eudiometric tank storing process gases with a capacity of
1.2 dm3. Biogas productivity studies were conducted in three repetitions (Fig. 2).

Fig. 1. Thermal processing and pH measurement stand

Fig. 2. Research station scheme for methane fermentation process: 1. water heater with
temperature regulator, 2. glass water jacket, 3. reactors with a capacity of 1 dm3, 4. cylindrical
tanks in which gas is stored with a capacity of 1.2 dm3, 5. shut-off valve, 6. gas flow meter, 7.
equalizing tank, 8. measuring station: gas analyzer AG-BIO by Alter, pH-meter, CP-215 by
Elmetron, two temperature sensors, multimeter CX 401 by Elmetron
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4 Results

Thermal processing was based on heating the distillery to boiling point and keeping it
boiling for specific periods of time (15 min, 30 min, 45 min and 60 min). The result of
the thermal conversion process was an increase in pH by 0.1. The heating process of
the wet distillers grains is shown in Fig. 3.

Using raw and thermally processed distillers grains (WDGS), new test mixtures
were made. The behavior of four standard mixtures was studied: M1 - with heated
WDGS without additives, M2 - with heated WDGS with aluminium phosphate, M3 -
with heated WDGS with molasses, M4 - with unheated WDGS without additives. The
composition of the blends has been presented in tabular form (Table 2).
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3,7
3,72
3,74
3,76
3,78

3,8

15 30 45 60

[p
H]

Time [minutes]

Effect of a pH modifica on as a result of heat treatment on the dis lla on brew

pH

Fig. 3. Result of the pH thermal modification for WDGS sample

Table 2. Initial composition of mixtures for biogas production process

Mixture Dry
matter

Ratio Amount of
dry matter

Fresh
matter

Organic
dry matter

Organic
dry matter

M1 [% m/m] [%] [g] [g] [%] [g]
WDGS heated 9.32 25 11.650 125.00 92.35 10.759
Inoculation 4.42 75 17.010 384.90 59.56 10.133
Total Moisture 94.38
Total Dry Matter 5.62 28.660 509.90 20.893
M2 [% m/m] [%] [g] [g] [%] [g]
WDGS heated 9.32 23 11.650 125.00 92.35 10.759
Inoculation 4.42 72 16.973 384.00 59.56 10.110
Alum. Phosphate 51.21 5 12.579 24.56 5.10 0.642
Total Moisture 92.28
Total Dry Matter 7.72 41.202 533.56 27.158
M3 [% m/m] [%] [g] [g] [%] [g]
WDGS heated 9.32 23 11.650 125.00 92.35 10.759
Inoculation 4.42 72 16.973 384.00 59.56 10.110

(continued)
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Mixing during the fermentation process was carried out with the use of author’s
pneumatic-hydraulic system of a hybrid mixer (Mitkowski et al. 2016). The fermen-
tation of the mixtures was carried out to spontaneously suppress the process. The
biogas efficiency of intentional blends (Table 3) was determined together with the
characteristics of daily and cumulative biogas emission.

The process of thermal treatment of the distillers grains caused a slight increase in
pH (to pH = 3.78), but led to a decrease in the dry matter content (Table 2). Protein
denaturation was shown to be irreversible and this had an impact on the fermentation
process. A lower biogas yield of the distillers grains after thermal processing was
obtained (Table 3).

Table 3. Biogas yield characteristics for tested mixtures

Values Productivity of biogas per mass unit
[m3�Mg−1]
M1 M2 M3 M4

Fresh Matter 11.85 29.55 29.43 19.77
Dry Matter 210.73 382.63 319.68 306.73
Organic Dry Matter 289.10 580.48 504.72 401.61
Average methane concentration (maximum*) 39

(67*)
59
(72*)

58
(72*)

45
(67*)

Average concentration of carbon dioxide
(current value**)

23
(32**)

35
(27**)

18
(20**)

23
(22**)

Average hydrogen sulphide concentration
(current value**)

271
(655)

390
(309)

446
(63)

481
(775)

Average oxygen concentration 0.67 0.54 0.79 0.75
* Maximum value in the hydraulic retention time (HRT) range
** Current value for the maximum methane concentration

Table 2. (continued)

Mixture Dry
matter

Ratio Amount of
dry matter

Fresh
matter

Organic
dry matter

Organic
dry matter

Molasses 82.14 5 20.535 25.00 87.45 17.958
Total Moisture 90.79
Total Dry Matter 9.21 49.158 534.00 38.827
M4 [% m/m] [%] [g] [g] [%] [g]
WDGS 12.67 25 15.838 125.00 94.39 14.950
Inoculation 4.42 75 16.973 384.00 59.56 10.110
Total Moisture
Total Dry Mass 32.810 509.00 25.059
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The results of the fermentation process under the conditions of the periodical
experiment were calculated from the laboratory scale to the technical scale and
expressed for the charge in Mg unit of fresh matter, dry matter and dry organic matter.
The characteristics of discrete data were connected with the trend line (Fig. 4).

Despite maintaining the initial pH value at 7.45 and mixing the feedstock under
mesophilic conditions (35 °C), the daily biogas productivity trend lines of all samples
showed a discrepancy from the typical asymptotic characteristics (Fig. 4).

Characteristics of the cumulative biogas efficiency of the tested mixtures showed a
slowdown (M2, M3) in relation to the typical normal characteristics (Fig. 5).
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The extinguishing of biogas production with the use of nutrients resulted in a
reduction of carbon dioxide (Fig. 7) and hydrogen sulfide (Fig. 8) emissions. Methane
emission in mixtures of M2 and M3 (Fig. 6) was still high even after exceeding the
HRT interval (O’Shea et al. 2017).
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5 Discussion and Conclusions

The obtained results of cumulated biogas productivity for thermally processed distillers
grains indicate that irreversible protein denaturing has an impact on the decrease of
biogas productivity in relation to unprocessed distillers grains.

Diagrams of daily biogas efficiency allowed to indicate the parameter of biomass
retention time in the reaction chamber.

For the thermally processed distillery grains (M1 probe), the HRT inter val time
(Hydraulic Retention Time) can be estimated to be 33 days. For the distillery grains not
thermally processed, the HRT factor may be estimated to be 36 days. The mixture of
distillery grains with aluminium phosphate increased the HRT index to 41 days. The
mixture of distillery grains with the addition of molasses obtained an average HRT time
period of 30 days.

The addition of aluminium phosphate balanced the shares of macro-nutrients (N:P:
K), which leads to a more complete use of nutrients.

The best biogas productivity results were obtained for the thermally processed
stock with addition of aluminum phosphate aqueous solution (580.48 m3�Mg−1 ODM).
The mixture M3 with added molasses, despite a significant energy addition, increased
content of organic matter and sugars, reached a maximum biogas yield of
504.72 m3�Mg−1 ODM.

For wet distillery waste fermented under thermophilic conditions, on a microscale,
the daily biogas yield of the wet distillery waste is given at a level of
2900 ml�dm−3�day−1 and a methane concentration of up to 50% v/v, up to
6600 ml�dm−3�day−1 and a methane concentration of about 40% v/v. However, these
results are unstable in relation to the results obtained from the tested thermal and mixed
method (Jiang et al. 2013).

Waste Vinasse, comparable in parameters to distillery waste and WDGS, from the
process of ethanol production from sugar cane allows to obtain 10 m3 to 26.4 m3 of
biogas from 1 m3 Vinasse at a concentration of 60% methane under mesophilic con-
ditions of methane fermentation. Methanation of Vinasse with a content of 2.7% to
8.1% of dry matter was tested. In this case, the method of mixing and thermal pro-
cessing tested in the article gives better results at a similar dry matter content (9.32%
DM) (Parsaee et al. 2019).

Methods of methane fermentation based on COD (Chemical Oxygene Demand)
reduction, e.g. methods of oxidation and wet-air processing, allow to obtain methane
concentration of 15% v/v to 65% v/v of methane and methane yield of 31.6 m3�Mg−1

of fresh matter. The results are therefore similar to the method of mixing with target
substrates (Sarat Chandra et al. 2014).

Compared to dark fermentation for cellulose and starch substrates, the thermal
method used does not offer the possibility to produce hydrogen. However, the tested
method significantly reduces the chemical processing necessary to stabilize the pH
parameter (Łukajtis et al. 2018).

Many dark fermentation processes are also based on the addition of a inoculum
(10% m/m to 25% m/m) and the pH range of 4.4 to 5.5 is extremely difficult to
maintain and requires chemical processing with HCl and NaOH (Wicher et al. 2013).
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In conclusion, the thermal method did not bring the expected result of increased pH
and increased efficiency of the methanation process. The combination of the thermal
method with the addition of target substrates gave a significant impulse for the direction
of modification of the energy properties for the distillery waste and WDGS.
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Abstract. Formation of a solid suspension in liquids is possible at a sufficiently
high axial velocity of the liquid in the mixer. The formation of a slurry in the
mixer is described by the minimum rotational frequency of the agitator, i.e. the
lowest frequency at which the desired suspension is obtained within the mixer.
Due to the hydrodynamic conditions within the mixer during the formation of a
suspension with a solid phase, which is characterized by density greater than the
liquid density, the agitator must possess high pumping properties towards the
liquid surface. However, in the case of a solid with a density lower than the
density of the liquid, its suction from the liquid surface towards the bottom and
dissipation in the entire volume must be ensured. The use of excessive rotational
frequency of the agitator is not economically justified because of the rapid
increase of mixing power, which is disproportionate to the simultaneous mass
exchange, and thus an increase in the operating costs occurs. In order to min-
imize these costs, an attempt was carried out to search for structural changes to
the HE-3 agitator and compare them with modified HE-3X and Rushton turbine.

1 Formation of Conventional and Non-conventional
Suspensions

In two phase solid-liquid systems, the dispersion phase is composed of solid particles
which are dispersed in liquid, called as continuous phase, and such mixtures are defined
as suspensions. These systems are very widely found in different sectors of the
industry, e.g. pharmaceutical, food, chemical, cosmetic, petrochemical, chemical,
rubber, plastic, recycling of solid waste and molding (Paul et al. 2004). Suspensions are
also found in every process, in which the system changes from single to double phase
and vice versa, such as catalyst reactions, fermentation processes, extraction (e.g.
extraction of microorganisms (Lisiecki et al. 2014)) or formation of slurries (Paul et al.
2004). It is estimated that 60% of all mixing processes is associate with liquid-solid
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multiphase systems (Ceres et al. 2010). Most of the liquid-solid systems include
conventional suspensions, in which the dispersed phase density is higher than that of
continuous phase. Without a forced flow in a mixer, the solid particles in such systems
will settle on the bottom of the apparatus. However, there are systems in which solids
exhibit lower density than the liquid, and their particles float near the liquid surface
because of buoyancy force. Such cases are called non-conventional suspensions or light
suspensions (Jaworski et al. 2000; Wesołowski and Szaferski 2002; Wójtowicz and
Kamieński 2009; Szaferski et al. 2011; Kacperski and Karcz 2015).

In conventional suspensions, after starting the agitation of the liquid in a mixer by
providing the rotary movement using a mechanical stirrer, the solid particles are raised
from the bottom of the vessel and then dispersed in the liquid. With the increase of the
number of stirrer revolutions (i.e. rotational frequency), the number of solid particles
which are raised from the bottom is also increased until minimum frequency of stirrer
rotation (n0) is reached, at which the complete suspension is formed. Actually, every
mixer set-up possesses its own characteristic n0 parameter, which exceeds constant
movement of all solid particles, resulting in the formation of the total suspension. Such
frequency of the stirrers’ rotation is sufficient to run most technological processes
(Kiełbus-Rąpała and Karcz 2009, 2010).

In order to obtain non-conventional suspensions in a mechanical mixer, the
hydrodynamic conditions and rotational frequency of the stirrer have to be used in the
setup, which will result in sucking solid particles down from the surface inside the
created suspension and result in an even distribution within the volume of the vessel.
Formation of non-conventional suspensions depends on physical parameters of the
mixed substances, geometrical parameters of solid particles (Wesołowski and Szaferski
2002) as well as the configuration and construction of the stirrer-mixer setup
(Wójtowicz and Kamieński 2009).

Formation of light suspensions can be divided into several stages. In the first step,
when no rotation is applied, the whole volume of the solid phase floats near the surface
of the liquid because of dominating buoyancy force. After setting the agitator into
motion, a part of the particles is separated from main aggregation, then a funnel is
created with its centre located above a stirrer disc or, in general, above the agitator.
Single particles reach the height below the agitator and some reach the bottom of the
vessel. Increase of the rotational frequency sets all particles into motion. The bigger
and heavier particles are sucked below the agitator, lower than in the previous
step. Small aggregations of particles can be observed on the surface of the liquid, the
velocity of which is definitely lower than others. Big aggregation of the stationary
phase elements is also located directly underneath the stirrer and close to the shaft.
Continuous increase of rotational frequency results in reaching the n0 value, at which
particles are distributed equally in the set-up and formation of total suspension can be
observed. Further increase of rotational frequency beyond that value does not improve
the total level of mixing and only results in increased consumption of energy.
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2 Assessment Criterium of the Obtained Suspension

During the production of suspensions, the issue of defining the moment at which the
mixing of solids within the mixture reaches the state of perfect mixing, resulting in
creation of the total suspension, is of great importance. Literature sources distinguish
several criteria of the total suspension. At first, a visual assessment of that moment is
allowed. Meeting the criteria allows for experimental assignation of the minimal
rotational frequency of the agitators which is necessary for realization of the process.
However, during the use of visual methods, observation of the exact moment when
perfect mixing occurs is very difficult. An example of visual criterium is that provided
by Gates (1976). That criterium composed of a 10° scale of assessment, and the
measurement consisted of rating the change of volume of the liquid which was filled
with solid particles. Another criterium is the so-called Staudinger criterium (Staudinger
and Moser 1976), which distinguishes three basic types of suspensions. Total sus-
pension is achieved, when most of solid particles are suspended in the liquid and only
small aggregations of the dispersed phase can be located near the bottom of the vessel.
The second is “one hundred percent” suspension, when none of the solid particles are
present at the bottom of the vessel. The last type is a homogenous suspension, when the
concentration of the solids is equal in every part of the suspension. Another example is
the Oldshue criterium (Oldshue 1969). Oldshue (1969) distinguished five steps of
suspension creation. These are as follows: occupation of a given height of liquid by the
suspension, fixing the remains of a sold layer with is placed on the bottom of the vessel,
putting all the particles which remain on a bottom of the vessel in motion (at this step,
the mixture is not yet a suspension), complete lifting of solid particles from the bottom
(this step is characterized by substantial increase of energy input), perfect mixing at
which homogenous suspension within the whole volume of the liquid is achieved.

The Zwietering criterium is used very often, although it arouses certain contro-
versies (Zwietering 1958). The author of that assessment method realized that finding
the exact moment when the suspension is created is very complicated. This results from
the fact, that even when high speed stirrers are used, a part of the dispersed particles
remains in contact with each other, or is located near the bottom of the vessel for some
time. Because of that, Zwietering (1958) proposed a two-step assessment scale, which
distinguishes only “complete” and “incomplete” suspensions. The condition to
acknowledge that a suspension is “complete” is such movement of elements of the
dispersed phase, in which none of the solid particles are in contact with bottom of the
vessel for longer than 1 s (Kasat 2005). Every state of a mixture which does not fulfill
this assumption makes the suspension “incomplete” or unmixed.

In conjunction with the fact, that Zwietering criterium was formulated for con-
ventional suspensions, this criterium was modified in case of light suspensions studies.
Because of that, the moment at which “one second criterium” is fulfilled, when the state
of the mixture at which none of the dispersed phase elements floats near the liquids
surface for longer than one second is achieved.

Another type of criterium, which can be used for assessment of the mixing level of
suspension is based on the analysis of solid particles behaviour in the liquid. The
analysis relies on measuring local concentrations of the dispersed phase in the mixer.
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The results are applied to average concentration in the whole suspension and then
standard deviation is calculated (Kamieński 2004). Standard deviation value is very
high when the rotational frequency of stirrers is low, and it remains practically con-
stant. Then its value decreases and settles at a certain level, which is influenced only by
the concentration of the dispersed phase in the mixed volume. The lower the standard
deviation is, the better the mixing of the suspension, and achievement of the lowest
standard deviation equals corresponds to the formation of a homogenous suspension.
The decrease of standard deviation is observed when the concentration of the dispersed
phase in the mixer increases.

The minimum rotational frequency at which perfect mixing in the whole volume is
achieved can also be defined by pressure measurement. The principle of such tech-
niques is based on the fact, that the density of the mixture is higher than liquids after
the distribution of solid particles in the liquid. Because of that, static pressure which is
measured at the bottom of the tank will increase together with the amount of solids
dispersed in the liquid. There is a mathematical correlation which describes the increase
of static pressure created by suspension of solids and its mass in the liquid (Micale et al.
2002).

3 Application of the HE-3X Agitator

An interesting application found in literature, and also known from industrial appli-
cations, is to connect a HE-3 agitator with a Smith turbine on a common shaft (Junker
et al. 2000). The original HE-3 agitator, produced by Chemineer (2019), is a high-
speed agitator which pumps the liquid from the top to the bottom of the tank. It is
therefore used in most cases as an overhead stirrer. This system works well in fer-
mentation processes, resulting in a uniform dispersion of oxygen in the fermenter and
providing good mixing times for the additives (Junker et al. 2000).

In order to increase the versatility of the HE-3 agitator, its modification was carried
out, which consisted of adding the disk known from the Rushton turbine. This resulted
in the design of the HE-3X mixer. Szaferski et al. (2013) presented the analysis of
power demand during the formation of a suspension with use of either the HE-3, HE-
3X or Rushton turbine. In that work, an aqueous solution of Arabic gum and
polypropylene granulate with an equivalent particle diameter of 3.80 mm were used as
the dispersed system. Dependence of the power number (Ne) and the Reynold’s
number (Re) for measurements carried out in distilled water indicated that the HE-3X
agitator achieves similar results to the HE-3 agitator, while obtaining up to 10 times
lower values of the Ne than the Rushton (Fig. 1). The influence of the solids mass
content in the suspension ranging from 0.005 to 0.05 on the minimum rotational
frequencies of the agitator was confirmed for distilled water and 2.5–10% (by weight)
Arabic gum aqueous solutions. On the other hand, no significant effect of Arabic gum
concentration in the tested range on the minimum rotational frequencies during the
formation of suspensions was observed.
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The use of the modified HE-3X agitator during the formation of the gas-liquid
systems was reported by Broniarz-Press et al. (2014). It has been found that the
modification of the agitator increases the amount of gas retained in the mixture com-
pared to the HE-3 agitator and is slightly below compared to the Rushton turbine. It has
been shown that the modified design of the stirrer reduces the mixing power while
maintaining the aeration efficiency (gas hold-up) of the system, similar to that achieved
with other agitators. The slightly lower value of gas hold-up accompanied by the
smaller value of energy needed to produce the two-phase system means that the agitator
modification can be a good option in industrial cases. Improved efficiency of mixing
gas-liquid systems with lower energy expenditure is especially desirable in wastewater
treatment plants. It has been observed that the modified HE-3X agitator feeds gas into
the dead zones to a greater extent than other tested mixers.

The production of a solid-liquid system (suspension) with use of HE-3 and HE-3X
agitators was presented in (Szaferski et al. 2016). The polypropylene and polyethylene
granules with equivalent diameters equal to 5.63 mm and 3.85, respectively, were used
to obtain a light suspension in aqueous solutions of the polyacrylamide Rokrysol WF1
with concentrations ranging between 2000 and 4000 ppm. It has been shown that the
suspension produced by the modified HE-3X agitator in relation to the HE-3 agitator
occurs at lower values of the minimum rotational frequency and their increase is
affected by the increase of the concentration of the used polymer solution. In the
examined range of equivalent diameters, no influence of that parameter on the pumping
characteristic of agitators was observed. The analysis of the power numbers of mixing
indicated its increase with the increase of the granulates fractions in the mixtures and
increase of the polymer concentrations.

During the investigation of further possibilities of using the HE-3X agitator, a
number of tests were carried out for the suspension in which the density of the solid will
be higher than the density of the continuous medium. It was assumed in advance that this
difference should be relatively small, therefore granules from the family of styrene block
copolymers with the trade name “OnFlex” were utilized. The tests were carried out

Fig. 1. Power numbers (Ne) in function of Reynolds number (Re) during mixing of distilled
water and 2.5% aqueous solution of Arabic gum (Based on Szaferski et al. 2013)
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using a stand, which consisted of a transparent polymethyl methacrylate tank, with an
internal diameter of 0.290 m, equipped with four standard flat baffles. A single agitator
with a diameter of 0.100 m was used in the mixer, either the Chemineer HE-3 or HE-3X,
and (for comparison purposes) a Rushton turbine and Smith turbine (ST). The mixer
shaft was located centrally in the apparatus axis and in two non-standard positions with a
40 mm offset to the right or left in relation to the standard position. The used experi-
mental set-up was consistent with that used elsewhere (Mitkowski and Szaferski 2016).

The solid used in this study was a thermoplastic granulate, styrene elastomer, with a
density of 1220 kg/m3 with equivalent particle diameter equal to 2.96 mm. The
granules were added into the mixture with the mass fraction of solids (XS) ranging from
0.0053 to 0.0552. Distilled water or aqueous solution of polyacrylamide Rokrysol WF1
at a concentration between 0.1 and 0.4% were used as the continuous medium. In order
to determine the properties of the polymer solution, rheological tests were carried out
using the Physica MCR-501 rheometer. The results of the rheological tests are pre-
sented in Table 1. All analysed systems proved to be exponent fluids and followed the
Eq. (1).

sw ¼ K 0 � _cmw ð1Þ

where: sw – shear stress (Pa), _cw – shear rate (1/s), K’ – consistency ratio (Pa·s),
m – flow ratio (-).

During the first part of the experimental research, an analysis of power character-
istics for the used agitators was performed (Fig. 2). When considering the power
number as an assessment criterium, the best stirrers for both distilled water and aqueous
solution of polyacrylamide were HE-3X and HE-3, which completed and confirmed the
earlier studies (Szaferski et al. 2013, 2016; Broniarz-Press et al. 2014). These two
agitators were characterized by the lowest values of Newton number which corre-
sponds to the fact that while working under same conditions as other agitators, they
require the lowest process costs and maintain a similar mixing efficiency.

Fig. 2. Example power characteristics of the tested agitators
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In the next step of experimental data analysis, the minimal rotational frequency of
agitators needed to create highly-dispersed suspension was investigated (Fig. 3). The
Zwietering visual criterium was used for that purpose. In all the attempts, the best results
were achieved while using the Rushton turbine stirrer. The tests confirmed that both HE-
3 and HE-3X stirrers failed in the formation of suspension in experiments in which the
continuous phase consisted of polyacrylamide solution with concentrations between 0.3
and 0.4%. At lower concentrations of polyacrylamide, the obtained minimum rotational
frequency was relatively high. Additionally, it was observed that RT and ST exhibit a
tendency to aerate the mixture more than other configurations, and this can be used in
processes carried out in wastewater treatment. Finally, an attempt of moving the stirrers’
axle of shaft eccentrically within the mixer did not result in any desirable effects.

4 Conclusions

The studies have indicated that the proposed design changes introduced to the HE-3
agitator allowed to increase the applicability of the proposed HE-3X mixer. It has
found application in gas-liquid and liquid-solid systems. However, some limitations
were also established during the production of suspensions of solids with higher
density than the continuous medium when its viscosity is high.

Table 1. Rheological parameters of Eq. (1) for mixtures used in experimental tests

Rokrysol WF1 concentration
in aqueous solution [%]

K’ m

0.1 0.055 0.670
0.2 0.134 0.627
0.3 0.230 0.576
0.4 0.310 0.517

Fig. 3. Example of experimental results obtained for the formed suspensions of 0.1%
polyacrylamide aqueous solution and water
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Abstract. The chapter presents the theoretical fundamentals of liquid flow
regulation. The description of the operation of vortex regulators is reduced to the
Toricelli formula, in which the flow factor is determined experimentally. Flow
regulators are devices that reduce fluid flow. They consist of inlet and outlet
ports and a vortex chamber, which can have different shapes and geometric
dimensions. Designed regulators differ in the shape of the vortex chamber and
the presence of a core-hole. Their prototypes were made of reinforced ABS
copolymer using the 3D printing technique, which is resistant to high temper-
ature and mechanical damage. The paper presents experimental results of the
modified vortex flow regulators, characteristics of liquid flow and discharge
coefficients.

1 Theoretical Fundamental of Flow Regulation

In the era of increasingly frequent climatic anomalies, which we observe in recent years
(droughts, torrential rain, floods), the awareness of necessities for the regulation of
small watercourses, rain runoffs and the construction of small retention systems is
increasing. The continuous development of civilization is also the reason why rainwater
used to be once treated conventionally as clean nowadays is sewage that carries dan-
gerous pollution washed out from polluted atmosphere (acids, dusts) and from urban
areas (old parts of tires, road surfaces, oils as well as other persistent organic pollutants)
and rural (liquid manure, washed fertilizers and agricultural chemicals). Therefore, in
order to protect the aquatic environment, we have to increasingly clean rainwater
sewage, not only mechanically, but also biologically, and even perform its disinfection
(Ekol-Unicon 2017).

Due to the wave nature of rain runoffs and flows in surface watercourses, the
construction of any sewage treatment systems encounters the basic problem of tem-
porary hydraulic overloads occurring at the moment of culmination of the flow wave.
This problem can be solved by equipping sewage and melioration structures with
retention or overflow installations cooperating with flow regulators (Zwara 2004; Ekol-
Unicon 2017).
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Working with tanks, flow regulators ensure flow wave alignment and limit the
maximum flows, thereby moderating the hydraulic impacts caused by, among others,
storm and freshet flows. Their proper application also allows the connection of new
drainage areas to existing municipal collectors, without the risk of overloading them.
New legal regulations regarding rainwater open wide possibilities of application of flow
regulators for overflow systems of rainwater pre-treatment installations, individual
types of regulators are adapted to different flow ranges and assembly conditions (Zwara
2004). Traditional throttling devices, such as orifices, reducers or gate valves, allow
limiting this flow by reducing the active cross-section of the regulator. As a result,
however, it may cause clogging, especially in the case of contaminated liquids. Fur-
thermore, movable mechanical parts decrease the reliability of such devices. Vortex
regulators are devoid of these disadvantages (Wójtowicz and Kotowski 2008a). The
original design of the device has been considered in many studies that aimed to
optimize the geometric parameters of the device to obtain the best hydraulic efficiency,
i.e. as high as possible value of ratio of throttling and free flow resistance. Such devices
are used, among others, on bypass lines in power plants (Brombach 1972a; Elalfy
1979). They are also applied to suppress fluctuations in the water table in water
closures and in front of water-air tanks, in order to dampen hydraulic impacts (Huber
and Prenner 1999; Haakh 2003).

Vortex controllers are used in water construction as energy dissipation devices in
bottom sinks (Brombach 1972b), in microflow technology (Anduze et al. 2001). The
vortex chamber is also used as a device to swirl the liquid stream into sewage pumps,
which reduces their power (Brombach 1972a; Mays 2001; Wójtowicz 2007). In water
supply and sewage systems, they are mainly used to throttle the flow of liquids in water
and wastewater treatment facilities (Kotowski and Wójtowicz 2008; Wójtowicz and
Kotowski 2008b). The effect of throttling the flow in regulators is achieved by forcing a
swirl flow in the device (Brombach 1972a; Mays 2001; Wójtowicz 2007). The swirl
intensity depends on the pressure of the liquid flowing into the device. At the begin-
ning, when the inflow is small, there is no throttling and the liquid flows freely. As the
inflow increases, the free flow changes to pressure flow. The rising pressure causes at
some point the closure of the air pillar in the upper part of the vortex chamber. The
entrapped air becomes the source of extra resistance and turbulence, and the potential
energy of liquid is converted into the vortex energy. In this way, despite the absence of
orifices, a throttling effect is formed, corresponding to the use of a reducer with a
several times smaller cross-section than the cross-section of regulator (Ekol-Unicon
2017).

The characteristics of liquid flow through the regulator reminded the outflow
characteristics through a small opening: if there is a small opening in any shape but
with rounded edges in the tank wall (Fig. 1). For a liquid stream starting on its free
surface 1 and ending in opening 2, the Bernoulli equation can be used:

w2
1

2g
þ pa

gq
þH ¼ w2

2

2g
þ pa

gq
ð1Þ
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The w1 speed results from the flow continuity:

w1A1 ¼ w2A2 ð2Þ

After the substitution one obtains:

w2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gq

1� A2
A1

� �2

s

ð3Þ

A2 < A1 and A2
2 � A2

1 for small openings, so that the familiar Toricelli formula is
obtained:

w2 ¼
ffiffiffiffiffiffiffiffiffi

2gH
p

ð4Þ

It can be seen that the outflow liquid velocity through the opening in the open tank
depends only on the height (slope) H. The volume flow _V of the outgoing liquid is
(Orzechowski et al. 1997):

_V ¼ w2A2 ¼ A2

ffiffiffiffiffiffiffiffiffi

2gH
p

ð5Þ

In the above considerations, it was assumed that the opening has rounded edges,
thanks to this the liquid flows out without disruptions, as in Fig. 2a. In the case of a
sharp-edged opening, the outflow image is different, as shown in Fig. 2b. It can be seen
that the cross-section area of stream A2 is much smaller than the cross-section area of
the opening A ¼ pd2

4 . This is due to the fact that in the Sect. 1, there is a two-
dimensional flow with an axial component wx1 and a radial component wr1, which
causes the narrowing of the stream. The outflow becomes one-dimensional in the
Sect. 2, whose distance s is s � d/2 (Orzechowski et al. 1997).

Fig. 1. Outflow through a small opening
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The ratio of the cross-section area of the stream A2 to the area of opening A is called
the contraction (narrowing) coefficient of the stream:

b ¼ A2

A1
ð6Þ

The contraction ratio b can be determined theoretically and experimentally.
Experiments show that this coefficient is not a constant value but depends on the
Reynolds number described by the following formula:

Re ¼ wdq
g

ð7Þ

It was showed that large values of Re number, the value of b coefficient tends to the
theoretically calculated value of b = 0.61 for a non-viscous liquid. This is due to the
fact that during high speed flow the inertial forces predominate the viscous forces,
which makes the flow similar to the flow of non-viscous liquid. Thus, it can be seen
that the stream contraction is the result of the inertia of stream and not the liquid
viscosity (Orzechowski et al. 1997).

However, the viscosity effect takes into account the coefficient of velocity loss u,
which is equal to the ratio of the real velocity w2 to the theoretical velocity w2,t:

u ¼ w2

w2;t
ð8Þ

The coefficient u is also a function of Re number. For large values of Re number
one can take u � 0,98 (Fig. 8) (Orzechowski et al. 1997).

The product of the contraction coefficient b and the coefficient of velocity loss u is
defined as discharge (outflow) coefficient l:

l ¼ bu ð9Þ

As can be concluded from the above dependence, the value of l coefficient for
openings with circular cross-section is almost constant in the range of large Re numbers
and amounts to approximately 0,60–0,66 (Orzechowski et al. 1997; Jeżowiecka-
Kabsch and Szewczyk 2001).

a) b)

Fig. 2. Liquid outflow from the opening: (a) rounded, (b) sharp-edged.

264 M. Ochowiak et al.



The volume flow rate for sharp-edged openings is calculated taking into account the
l coefficient from Eq. (9), which takes the form:

_V ¼ A2w
2 ¼ buAw2;t ¼ lAw2;t ¼ lA

ffiffiffiffiffiffiffiffiffi

2gH
p

ð10Þ

The mass stream _Mc amounts respectively:

_M ¼ q _V ¼ lAq
ffiffiffiffiffiffiffiffiffi

2gH
p

¼ lA
ffiffiffiffiffiffiffiffiffiffiffiffi

2qDP
p

ð11Þ

where ΔP = gqH is defined as the pressure drop during the outflow (Orzechowski et al.
1997; Jeżowiecka-Kabsch and Szewczyk 2001).

Taking into consideration normal conditions, the discharge coefficient l is constant
for a given opening. Whereas for regulators, the value of l coefficient varies with the
pressure change of inflow liquid from the initial value l′ to the value of l″, typical for
each type of device. Therefore, the flow characteristics for regulators are the combi-
nation of characteristics for two openings with different l coefficients (Ekol-Unicon
2017).

2 Design and Tests of Flow Regulators

In the example of a cylindrical vortex regulator (Fig. 3), the liquid flows into the device
through a connection tangent to the generatrix of cylinder, due to this its swirl motion is
transmitted, which is maintained over the entire width of chamber up to the outlet port
in the bottom of cylinder. In this motion, the peripheral velocity of the liquid increases
as the cylinder’s axis approaches, and due to the centrifugal force in the vortex
chamber, the pressure decreases in the direction of its axis, so that the pressure reaches
the ambient pressure value on the air core surface. The generated air core has a
significant impact on the effectiveness of the device’s throttling effect. The sprayed
liquid forms a cone with the flare angle c at the outlet (Wójtowicz and Kotowski
2008a).

Fig. 3. Scheme of cylindrical vortex regulator
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The first applied vortex regulators had a cylindrical chamber, and at the end of the
‘70s regulators with a conical vortex chamber were introduced (Brombach 1980). Such
regulators are characterized by lower hydraulic resistance at free flow in comparison
with cylindrical regulators (Fig. 4) (Wójtowicz and Kotowski 2008a). In a conical
vortex regulator, the liquid flows into the device through the inlet port (1), placed in the
larger base of the cone, thus it is given a swirl motion that is maintained along the entire
length of the chamber (2) up to the outlet port (3) at the upper end of the truncated
cone. In this motion, the peripheral velocity increases as the cone’s axis approaches,
and due to the centrifugal force in the vortex chamber, the pressure decreases in the
direction of its axis, so that the pressure reaches the ambient pressure value on the air
core surface (4). The generated air core has a significant impact on the effectiveness of
the device’s throttling effect. The axis of the cone is most often deviated from the
horizontal level by a certain angle, so that one of the generatrix of cone is horizontal so
that the device itself dewatering. Sprayed liquid on the regulator outflow forms a cone
with the flare angle c (Wójtowicz and Kotowski 2008b).

Taking into account the fact that the momentum on the swirl radius R0 = R − r1 on
the regulator’s input causes swirl motion, in which the predominant peripheral velocity
depends on the surface area of the inlet port (r21), and the centrifugal force in the outlet
section is inversely proportional to the third power of the radius of the outlet port (r32), a
geometric constant K can be used to describe the discharge coefficient:

K ¼ 2R0 cos hd21
d32

ð12Þ

which contains a trigonometric function cosh – the entry angle of inlet connector.

Fig. 4. Scheme of cylindrical vortex regulator
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For the values of Reynolds number below 50000, the discharge coefficient is
described by the following dependence:

l ¼ 0; 027
d2
d1

þ 0; 0056
hc
d1

� 0; 0018
D
d1

þ 0; 49K�0;19 � 0; 005 tan
c
2

� �4;9
�0; 214

ð13Þ

where:

tan
c
2

� �

¼ 2; 8K1;61 cos hð Þ�1;36 d2
d1

� �5;2 hc
d1

� ��0;077 D
d1

� ��1;82

ð14Þ

The Reynolds number is defined as follows:

Re ¼ 2Qq
pgr1

ð15Þ

where: q is liquid density and η is liquid viscosity.
The analysis of Eq. (13) shows that the value of discharge coefficient is the lowest

for the regulator with the inlet connector tangent to the chamber wall and perpendicular
to its axis of symmetry – this construction variant was subjected to further analysis.
Based on the analysis of data presented by Kim et al. (2007) and Kim et al. (2009)
describing the modification of atomizer to stabilize the film thickness based on the
preparation of so-called cylindrical core-hole in the axis of vortex chamber, flow
regulators in the classic version and with the core-hole have been made.

Research on atomizers confirmed that this modification allows to obtain virtually
constant thickness of liquid film, moreover, it is smaller than in the case of standard
solution. This modification also resulted in a more regular outline of the sprayed stream
(Włodarczak et al. 2018). By transferring this constructional solution to flow regulators
under definite conditions, one can influence the values of liquid discharge coefficient
(Ochowiak et al. 2018). The task of core hole is to stabilize the gas core forming in the
outlet opening and in the vortex chamber.

Six vortex flow regulators were designed: cylindrical, conical, profiled and regu-
lators with a core hole of the mentioned shapes. Their geometrical dimensions (de-
veloped on the basis of literature data and manufacturers’ catalogs) were presented in
Table 1, and the visualization was shown in Fig. 5. The completed projects were based
on the system of rapid production of models of so-called 3D print in FDM technology.
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An exemplary graph of the dependence of the discharge coefficient on the Reynolds
number calculated on the inlet port cross-section was shown in Fig. 6. The average
values of discharge coefficients for the tested regulators with turbulent flow were
summarized in Table 2. The accuracy of l value was ±0.01.

It was shown that the lowest values were characteristic for cylindrical regulators,
and the highest values – profiled ones. Unfortunately, it was not possible to fully
confirm the advantageous effect of the core hole on the value of discharge coefficient,
which may result from the interaction of the geometry (dimensions) of the regulator
and the core hole on the formation of gas core, and subsequently on the value of
discharge coefficient. The application of core hole slightly reduced the discharge
coefficient in the case of profiled regulator.

Table 1. Technical data of the regulators.

Description Symbol Value in meters

Inner diameter of inlet port d1 0.008
Inner diameter of outlet port d2 0.012
Inner diameter of vortex chamber D 0.036
Height of vortex chamber hc 0.024
Inner diameter of core hole d3 0.014
Height of core hole ho 0.008

a) b) c)

Fig. 5. Selected constructions of vortex regulators (front view and cross-section): (a) cylindrical,
(b) conical, (c) profiled.
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3 Summary

The obtained results are not only cognitive significance, but also practical one, because
the proposed constructions of flow regulators are characterized not only by discharge
coefficients comparable with other types of regulators (lower l values compared to the
opening and adapter (l = 0.84)), but also relatively simple construction not requiring
movable elements. In this context, it seems advisable to conduct further research.
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Abstract. Electronic cigarettes (e-cigarettes) have become popular consumer
products being claimed both safer than tobacco cigarettes and helpful in
smoking cessation. However, answering the questions concerning the safety and
the possible health outcome of inhaling EC-aerosols requires reasonable pre-
dictions of preferred sites of their deposition in the respiratory system. It
becomes necessary to have extensive knowledge of their physical properties,
therefore, the aim of this work was to describe factors of the greatest influence
on aerosols released from e-cigarettes. Generally, the generation process and the
dynamics of an EC-aerosol forming from a gaseous mixture of e-liquids con-
stituents is expressed by the detailed interplay between nucleation, evaporation,
condensation and coalescence. As it was shown, the key role plays vapor sat-
uration ratio that depends on the thermophysical properties of the individual
compounds constituting e-liquid, the vaping topography that reflects individual
habits of e-cigarettes users, the power applied to the heating coil and its
construction.

1 Introduction

Tobacco became popular all over the world shortly after Columbus found “strange
leaves” in the New World. Its rapid spread and growing popularity can be primarily
explained by the psychoactive and highly addictive action of nicotine which constitutes
approximately 0.6–3.0% of the dry weight of tobacco (Hoffmann and Hoffmann 1998).
During centuries the mode of nicotine delivery has changed. In the 18th century, snuff
taking became widespread throughout the world whereas since the 19th century
tobacco was started to be burned, initially in the form of cigars and later of cigarettes.
Burning tobacco allows to create an aerosol of nanosized particles that carry nicotine
into the lungs, where it is absorbed and then delivered to the brain with blood. There it
attaches to nicotine receptors and releases a chemical called dopamine which appear to
be the primary factor in causing addiction (Mackay and Eriksen 2002).

Starting mass production of cigarettes in the 20th century contributed to greatly
increased number of smokers. At the same time, the social awareness of the harm-
fulness of smoking grew very slowly. In the last decades, it has been scientifically
proven that the combustion process of tobacco generates carcinogens, oxidizing agents,
and other toxins which causes cancer (e.g., lung, oral cavity, esophagus, larynx, pan-
creas, bladder, kidney), chronic obstructive pulmonary disease (COPD), myocardial
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infarction, and stroke (Mackay and Eriksen 2002). It can be said without exaggeration
that smoking is the cause of the most deadly epidemic of modern times responsible for
death of approximately 5–6 million people annually worldwide. No wonder that efforts
have been made to develop less harmful cigarettes. One of the first innovations with the
promise of harm reduction was the development of cigarettes with filters. The next
major modification of cigarettes with safety implications was “low-yield” cigarettes,
however, none of taken actions did not solve the problem.

Since the beginning of current century, high hopes for decreasing negative effects
of cigarette smoking have been placed in electronic cigarettes (e-cigarettes). Like their
classic counterparts, e-cigarettes create an inhalable aerosols (EC-aerosols) of ultrafine
and submicrometer particles that rapidly delivers nicotine to the brain. However,
reversely to them, e-cigarettes produce an aerosol without high temperature combustion
of tobacco (Glantz and Bareham 2018).

Typical e-cigarette comprises a battery that powers a small heating element (heating
coil) placed in the part called clearomizer (Fig. 1). The heater may be placed at either
the top or bottom of the clearomizer.

Clearomizer is filled with special solution for inhalation commonly known as e-
liquid. It is a mixture of vegetable glycerin (VG) and propylene glycol (PG) that
constitute together 95% of e-liquid volume, nicotine (0–30 mg/ml) and flavoring
agents. When the user pushes a power button, or activates a pressure sensor by drawing
air through device, the heating element heats e-liquid to the relatively low temperatures
(100–250 °C) minimizing the level of carcinogens that could arise by thermal
decomposition of e-liquid constituents (National Academies of Sciences, Engineering,
and Medicine 2018; Glantz and Bareham et al. 2018). In consequence, e-cigarettes may
pose less cancer risk to users but this doesn’t mean that they are completely safe.
Vapers (e-cigarettes users) are still exposed to high levels of droplets that can act as
carriers for toxins. E-liquids and fibrous material that is used to absorb the e-liquid for
heating and conversion to an aerosol come into contact with coil heater that contain
heavy metals (tin, nickel, copper, lead, chromium). Williams et al. (2013) found
nanoparticles of heavy metals in samples of e-cigarette liquids and aerosol. They can
deposit with aerosol droplets into respiratory tract potentially causing local respiratory

Fig. 1. Diagram showing an e-cigarette construction.
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toxicity or entering the bloodstream. The health effects depend on the area of aerosol
deposition which is strictly related to the aerosol droplets size distribution. The most
important factors that influence the size of droplets released from e-cigarettes are: the
construction of the device, the power applied to the heating coil, composition and
properties of inhaled liquids and so called vaping topography that reflects individual
habits of e-cigarettes users. The main purpose of this work is to clarify the influence of
mentioned factors on generation process and properties of aerosols released from
e-cigarettes.

2 E-cigarette Operating Principle

In e-cigarettes aerosol is formed from a multicomponent gas mixture during rapid
cooling when external air is drawn through device during inhalation. Under such
conditions e-liquid vapor achieves high saturation level what is necessary for nucle-
ation process. For each e-liquid constituent (x) saturation ratio of its vapor Sx is defined
as the ratio of its current partial pressure in vapor phase Px to its saturation vapor
pressure over the flat surface of pure e-liquid constituent at the same temperature
(Eq. 1):

Sx ¼ Px

Pe
x

ð1Þ

When the vapor saturation ratio significantly exceeds unity (Sx � 1) the generation
of new liquid phase is more energetically favorable. Under these conditions, thermal
agitation of large number of gas molecules promotes density fluctuations that generate
small aggregates of gas molecules (clusters). The increase of their volume by addition
of new molecules causes energy gain (vapor’s latent energy is released back into the
surrounding as heat). However, the expansion of the cluster surface demands simul-
taneously energy to overcome the forces of surface tension. The competition between
these two effects describes Eq. 2: (Curtius 2009; Jacobson 2005)

DG ¼ � 4
3
pR3

p
k � T
Vl

lnSx þ 4pR2
prx ð2Þ

where: DG – the change in Gibbs free energy during nucleation as a function of the
nucleating particle’s radius Rp, k – Boltzmann constant, T – temperature, Vl – the
volume occupied by molecule, rx – the surface tension of constituent x.

The first term of Eq. 2 is the driving force for the phase transition and in conse-
quence the increase of the cluster’s volume, the second one is the energy cost of
creating new surface (Fig. 2).
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The rate of increase of volume and that of surface area of clusters are not pro-
portional. For a spherical structure volume increases as the cube of its radius, whereas
the surface area shows increase in squares. This causes that initially, for very small
clusters surface area expands with growing radius at a higher rate as compared to the
volume and therefore the energy required to overcome surface tension forces exceeds
the energy gain from creating new volume of liquid phase. This difference constitutes
nucleation barrier which reaches maximum (DG*) for clusters with critical radius R�

p

(Eq. 3). In simple terms, clusters of higher than R�
p radius (critical nuclei) are mostly

stable and grow by absorption of other molecules present in gas phase. Smaller clusters
evaporate since as it was stated earlier this is more energetically favorable (Curtius
2009; Jacobson 2005).

DG� ¼ 4p
3
rxR

�2
p ¼ 4p

3
rx

2rxVl

kTlnSx

� �2

ð3Þ

The height of the Gibbs free-energy barrier DG* depends on the vapor saturation
ratio. At the smallest supersaturation, closest to Sx = 1 the sizes of critical radius and
the energy barrier are significantly larger than at higher values of Sx. High level of
supersaturation decreases the maximum nucleation barrier and increases the nucleation
rate – the number of clusters that grow beyond the critical size per second. The
nucleation rate is connected to the height of the nucleation barrier by the Eq. 4:
(Curtius 2009; Moody and Attard 2002)

J ¼ C � exp �DG�

kT

� �
ð4Þ

The nucleation process may be facilitated by ambient particles as these inhaled
during e-cigarettes vaping what is known as heterogeneous nucleation. The nucleation

Fig. 2. Schematic diagram of the energies involved in homogeneous nucleation
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barrier for heterogeneous nucleation is much lower than for homogeneous nucleation
since the part of free energy equation related to surface expansion is in this case
proportional not to the surface area of whole sphere but only to its part. This is due to
the fact that the part of the nucleus boundary is accommodated by the surface or
impurity onto which it is nucleating (Curtius 2009; Vehkamaki 2006).

3 Factors Affecting Nucleation Process and Aerosol
Formation in E-cigarettes

3.1 E-liquids Composition and Physicochemical Properties of Their
Constituents

The aerosol generation in e-cigarettes is strongly dependent on some thermophysical
properties of the individual compounds constituting the multicomponent gas mixture.
At given conditions the saturation ratio of e-liquids constituents in vapor phase may
differ due to differences in their volatility which describes the tendency of a vapor to
condense into a liquid. Volatility has no defined numerical value, but it can be
described using vapor pressures or boiling points. High vapor pressures indicate a high
volatility, while high boiling points indicate low volatility. Less volatile substances will
more readily condense from a vapor than highly volatile ones (Nordlund and Kuczaj
2016; Wright et al. 2016).

The boiling points and saturated vapor pressures of the main e-liquid constituents in
20 °C are shown in Table 1.

Comparing to water which is sometimes used as viscosity regulator in e-liquids the
saturated vapor pressure of VG, PG and nicotine in 20 °C is relatively low. Simulta-
neously, the saturation vapor pressure for VG is approximately four orders of mag-
nitude lower than that of PG. It has significant consequence for aerosol formation
process in e-cigarettes. Assuming that Raoult’s law can be used for e-liquid (ideal
solution) that is heated to 100 °C and obtained vapor of partial pressure that can be
calculated from Antoine equation (Duell et al. 2018) is then cooled to temperature of
the interior of respiratory tract (37 °C), the saturation ratio from a e-liquid solution of
PG, VG, nicotine and water with mole fractions of 0.29/0.65/0.05/0.01, respectively,
would be 12.5 (PG), 32,700 (VG), 4.0 (nicotine), and 1.16 (water) (Floyd et al. 2018).
It clearly shows that VG has high saturation ratio that is sufficient to initiate ultrafine
particle nucleation and continue to drive condensation growth as the EC vapor cools in

Table 1. The boiling points and saturated vapor pressures in 20 °C of the main e-liquids
components (Duell et al. 2018; Sosnowski and Odziomek 2018)

E-liquid constituent Saturated vapor pressure in 20 °C [Pa] Boiling point [°C]

VG 10−2 290
PG 20 188,6
Nicotine 3,28 247
Water 2337 100
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the mouthpiece and oral cavity. The simulations of Nordlund and Kuczaj (2016)
proved that glycerin plays key role in aerosol formation process. Absence of this
compound in multicomponent gas mixture and lack of other nucleation centers may
result that minor compounds of the gas mixture may not be able to reach supersatu-
ration alone and therefore could not generate aerosol droplets.

However, in real conditions, there is possible to generate aerosol even from e-liquid
without glycerin. There are very popular liquids based in 100% on pure PG for vapers
who like a stronger “throat hit”, similar to that of tobacco cigarettes. Also experimental
results indicate that it is possibility to generate aerosol from pure PG. As it was shown
in Fig. 3 the Volume Median Diameter (VMD) of aerosol generated from pure PG is
significantly higher than for pure VG aerosol.

Presented in Fig. 3 author’s results were obtained with e-cigarette Navy V4
(Volish) equipped with top (Crystal CE10+) and bottom (Volitank) coil clearomizer
operating at similar power level and laser diffractometer (Spraytec, Malvern, UK)
which is more suitable for studies of concentrated aerosols such as those released by
TCs or ECs than techniques that require dilution of the samples (Sosnowski and
Odziomek 2018).

Fig. 3. Volume Median Diameter of aerosols released at different air flow rates from e-cigarettes
equipped with a bottom and top coil clearomizer, e-liquid: a – pure propylene glycol (PG),
b – pure vegetable glycerin (VG), mean with SD error bars, number of replicates r = 3
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One explanation for the significant differences in VMD might be higher saturation
vapor pressure of pure PG when compared to VG. On the one hand, this makes it
difficult to achieve high levels of vapor saturation, but on the other hand the presence of
nucleation centers in ambient air drawn through e-cigarette decreases nucleation barrier
and facilitate forming droplets of pure PG. Simultaneously, there is more PG vapor
available to form a greater number of particles that next can grow by condensation and
coagulation. Another explanation might be related to viscosities of both compounds. At
high levels of power applied to the heater the e-liquid transport through wicking
material surrounding the heating coil may constitute limiting step regardless of the
clearomizer construction (top or bottom coil). This is especially plausible for highly
viscous liquids as those with high content of glycerin. When the wick soaked with
viscous liquid approaches its maximum flow rate, the energy loss from e-liquid
evaporation becomes limited. It causes that any further power applied to the heating
coil will result only in higher coil temperature but not more vaporization (Floyd et al.
2018). It increases risk of thermal decomposition of glycerol. Literature data shows that
the higher the percentage ratio of VG to PG, the higher the concentrations of the
carbonyl compounds emitted especially the acetaldehyde, benzaldehyde, acrolein, and
acetone (Ooi et al. 2019).

3.2 Flow Rate of External Air Drawn Through Device During Inhalation

As it was shown in the Fig. 3 the flow rate of air drawn through e-cigarette during
inhalation significantly affects VMD of the released aerosol what is clearly seen for
both e-liquids compositions. VMD decreases with growing flow rate what can be
explained by intensifying dilution of e-liquid vapor. This entails decrease of vapor
saturation ratio what has direct influence on the number of created critical nuclei and
their further growth by vapor absorption and coagulation.

Normally, the flow rate of air drawn through e-cigarette is unsteady and strictly
related to the vaping topography – the term referring to pattern of how a person uses e-
cigarette including number of puffs, puff volume, duration, and velocity (Behar et al.
2015). Puff volume from ECs can be between *30 and more than 350 mL depending
on e-cigarette user. Also, the median flow rate during puffing and the puffing time is
scattered (*25–100 mL/s and 0.7–6.9 s, respectively). Generally, according to work
of Robinson et al. (Robinson et al. 2015) there are three, the most frequent patterns of
vaping (shown in Table 2).

Table 2. Three representative puff topographies of electronic cigarettes users (Robinson et al.
2015)

Puff
topography

Puff
duration [s]

Flow rate
[ml/s]

Flow
rate [lpm]

Puff
volume [ml]

Puff
interval [s]

Puff
period [s]

Many short 1.4 30 1.8 42 18.4 19.8
Typical 3.7 39 2.3 144 48.7 52.4
Fewer long 6.9 44 2.6 304 47.7 54.6
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Use of the breathing simulator (ASL 5000XL, Ingmar Medical, USA) allowed to
release aerosol from e-cigarette (iKonn 220, Eleaf) operated at 40 W in the air flow
conditions reflecting vaping patterns listed in Table 2. Measurements of droplet size
distribution made with laser diffractometer (shown in Fig. 4) indicate that aerosol of the
highest VMD was released when the volume of inhaled air was the smallest and the
time of inhalation was the shortest. This suggest that produced vapor reaches the
highest saturation ratio in this vaping topography regardless the shortest time of heater
supply what should limit e-liquid temperature and the amount of vaporized mass. This
suggest that the key factor influencing the properties of aerosol released at given
heating coil construction and applied power was the smallest air flow drawn through
e-cigarette.

3.3 Construction and the Power Applied to the Heating Coil

According to Joule’s first law the amount of heat emitted during current flow through
an electric conductor is directly proportional to the product of the electric resistance of
the conductor R, the square of the current I and the current flow time t (Eq. 5):

Q ¼ R � I2 � t ð5Þ

The product of R and I2 is the electrical power consumed by an electrical appliance
such as the heating coil in e-cigarette. Generally, the amount of power that is dissipated
in the heater is equal the work done in pushing an electric charge round an electrical
circuit in time t. Joule’s law can be combined with Ohm’s law to obtain alternative
expressions for the amount of power applied to the heater and dissipated as heat
(Eq. 6):

P ¼ R � I2 ¼ U � I ¼ U2

R
ð6Þ

where: U is the electric potential or voltage.

Fig. 4. Volume Median Diameter of aerosol released from e-cigarette at different vaping
topographies (According to Table 2), mean with SD error bars, number of replicates r = 3
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If e-cigarette would be equipped with source giving constant current the heater coil
of higher resistance would allow to generate more power. However, heaters in
e-cigarettes are supplied with a constant voltage what causes that to achieve higher
power a lower resistance heater is required. Author’s experimental data obtained with
laser diffractometer and e-cigarette e-Grip (Joyetech) equipped with heating coils of
different resistances R, and the power fixed at 30 Watts show that low resistance heaters
(0.25 and 0.5 Ω) - intended to DTL (Direct to Lung) vaping technique produce aerosol
of higher VMDs (1.36 ± 0.46 and 1.58 ± 0.07 lm respectively) than high resistance
heating coil intendent to MTL (Mouth to Lung) vaping technique (0.68 ± 0.03 lm). It
can be explained by higher temperature of low resistance coils due to increased current
flow and more intensive e-liquid vaporization.

As fallows from the Eq. 6 the level of power dissipated by heating coil can be
regulated by change of the voltage. Author’s experimental results shown in Fig. 5
indicate that such changes significantly affects the VMD of released aerosol.

As the power was increased more e-liquid was vaporized, resulting in a greater
saturation ratio and more vapor mass available to form primary particles. Increased
number of primary particles intensify their growth due to coagulation and condensa-
tion. This effect if clearly visible especially for low air flow rates (2 lpm) when the
dilution of vapor was not as high as for higher air flow rate (4 lpm).

On the other hand, the temperature reached by the liquid and the amount of
vaporized mass depends also on the effectiveness of heat exchange between the coil
and the e-liquid. The heating coils used in e-cigarettes can be single, double, triple or
even quadruple with the same or similar resistance R. This is due to the fact that heating
coils can be made from materials that differ in internal resistance (kanthal, stainless
steel, nichrome) and from wires of different gauge and length (thicker wires have
smaller resistance). In consequence, the surface of heat exchange with e-liquid may
significantly vary. Results of author’s measurements with e-cigarette iKonn 220 (Eleaf)

Fig. 5. The influence of the power applied to the heater on VMD of aerosols released from
e-cigarettes at different flow rates of air drawn through device, mean with SD error bars, number
of replicates r = 3
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equipped with heaters of similar resistance (HW3 – 0.2 Ω and HW4 – 0.3 Ω) but
different number of coils (triple and quadruple respectively) and the power fixed at
40 W (air flow rate 2 lpm) confirms that the surface of heat exchange between heating
coil and e-liquid may have significant influence of aerosol properties (VMD equal
1.90 ± 0.16 for Triple Coil and 2.14 ± 0.10 lm for Quadruple Coil).

4 Conclusions

The generation process and the dynamics of an EC-aerosols forming from a gaseous
mixtures of e-liquids constituents is expressed by the detailed interplay between
evaporation, nucleation, condensation and coalescence. The key role plays vapor sat-
uration ratio that depends on the thermophysical properties of the individual com-
pounds constituting e-liquid, the vaping topography and power applied to the heating
coil and its construction. Since there are many factors influencing properties of EC-
aerosols the possible health outcome from their using is difficult to assess and demands
further intensive examination.
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Abstract. The chapter presents the experimental investigation of influence of
the rotating magnetic field (RMF) on the hydrodynamic parameters and the
oxygen mass transfer process in the novel construction external loop airlift
reactor. The results show that the usage of RMF generator leads to the
improvement of gas hold-up and the overall volumetric mass transfer coefficient,
kLa, in the tested apparatus. Moreover, it is also proved that the mixing time
under RMF exposition reaches significantly lower values in comparison to
standard non-magnetically assisted airlift reactor.

1 Introduction

Good bioreactor design is a key factor in many biological processes (Chisti and
Moo-Young 1987). Despite the intensive development of the bioreactors, such prob-
lems as maintaining stability and the rate of the bioprocess are still not eliminated. The
possible reason for these failures might be the inadequate construction of the bioreactor
leading to insufficient mixing (Mahmood et al. 2015). Considering that many of the
biological processes, especially cellular respiration, are aerobic, the oxygen transfer
rate is also a limiting factor affecting the process performance (Garcia-Ochoa and
Gomez 2009). Traditionally, in most aerobic bioprocesses the gas-liquid or gas-slurry
reactors are used (Chisti and Moo-Young 1987). The parameters characterizing the
amount of the gas phase deposited in the liquid phase and the oxygen transfer rate
through the interfacial surface area the basic quantities determined for processes taking
place in gas-liquid reactors. The gas hold-up is one of the most important parameters
characterizing hydrodynamics of airlift reactor and expresses quantitatively the amount
of gas-phase dispersed in liquid phase in the form of bubbles. The oxygen transfer rate
in bioreactors can be characterized by the overall volumetric gas-liquid mass transfer
coefficient kLa (Fadavi and Chisti 2005).

The enhancement of the mass transfer rate in bioreactors is often realized by the
augmentation of the interfacial area between gas and liquid phases. The stirred tanks are
commonly used reactors for carrying out gas-liquid processes. These devices ensure
efficient development of the interfacial area due to the mechanical break-up of bubbles.
However, stirred reactors are characterized by high operating costs and energy

© Springer Nature Switzerland AG 2020
M. Ochowiak et al. (Eds.): PAIC 2019, Practical Aspects of Chemical Engineering, pp. 282–293, 2020.
https://doi.org/10.1007/978-3-030-39867-5_30

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_30&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_30&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_30&amp;domain=pdf
https://doi.org/10.1007/978-3-030-39867-5_30


requirements (Mahmood et al. 2015). Nowadays, the pneumatically agitated bioreactors
are the most important group of multiphase contactors used in biological and chemical
processes (Moraveji et al. 2011). One of the groups of bubble reactors used in the gas-
liquid processes is the airlift reactors. The construction of these reactors and the
hydrostatic pressure differences in the main bioreactor sections enable the circulation of
fluids in the apparatus. In comparison to the stirred tanks, the airlifts characterize simple,
non-mechanical construction and good mass and heat transfer properties (Chisti 1989,
Drandev et al. 2016).

The airlift reactors belong to the group of bubble columns and usually consist of
four distinct sections: two vertical columns (riser and downcomer) and two horizontal
sections (bottom connector and top gas separator). The geometry of the airlift reactor
provides the liquid circulation between the riser and the downcomer sections. The
energy of the gas stream is introduced into the reactor at the bottom of the riser. It
generates the flow of the liquid and dispersed gas phase upwards into the disengage-
ment section where most of the bubbles are lost (Guieysse et al. 2011). The weakly-
aerated liquid phase flows into the downcomer section where fluids move downward.
The hydrostatic pressure difference between the riser and the downcomer sections
provides the driving force for the liquid circulation (Drandev et al. 2016).

Some recent studies have been focused on the application of magnetic fields
(MFs) in the different areas of biological and chemical engineering (Rakoczy et al.
2016). Previous research has established that the three-phase rotating magnetic field
(RMF) can be efficiently used to enhance the gas-liquid mass transfer process in the
bubble column (Rakoczy et al. 2017; Rakoczy et al. 2018). Hristov (2002) presented a
series of reviews introducing the mass transfer process in the magnetically assisted
reactors. Al-Qodah (2000) in his study demonstrated that the continuous production of
penicillin antibiotics in a three-phase airlift fermenter can be enhanced with the
transverse magnetic field. Moreover, the increase in gas phase hold-up and gas-liquid
mass transfer coefficient in airlift with magnetic particles under the influence of the
external magnetic field was proved (Al-Qodah and Al-Hassan 2000). Chen and Leu
(2001) also provide that the gas hold-up and the mass transfer coefficient increased with
the increase in the MF intensity. Li et al. (2007) shown that electromagnetic field
effects on the algal growth and nutrition composition in a magnetic airlift photo-
bioreactor. It has been demonstrated that a magnetically assisted airlift reactor can be
used to increase the phenol degradation rate using the microorganism (Rao et al. 1997).
Hristov (2005) pointed out that the variation of MF intensity can influence the liquid
circulation velocity and gas hold-up. It has been suggested that the magnetically sta-
bilized bed may control the hydrodynamics in an external loop airlift reactor (EL-ALR)
instead of the variation of gas velocity.

The main aim of this work is to present the experimentally confirmed influence of a
rotating magnetic field on mixing efficiency and gas-liquid oxygen transfer in a novel
construction of magnetically assisted EL-ALR (MA-EL-ALR).
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2 Experimental Details

The measurements were carried out using the experimental set-up presented in Fig. 1.
The reactor was made of stainless steel (body) and reinforced silicone pipe (reactor
columns). Two vertical sections: the riser (1) and the downcomer (2) were connected
by the bottom section (built of T-connectors (3, 4) and connector (10)) and gas dis-
engagement section (9). The vertical pipes have an inner diameter equal to 0.1 m. The
height of the riser and downcomer section was equal to 0.84 m. The length of the
bottom section (between axes of the vertical zones) was equal to 0.52 m. The
dimensions of the gas disengagement section were equal to 0.79 m (length), 0.28 m
(width) and 0.36 m (height). However, the liquid height in this part of the apparatus
was 0.05 m. The working volume of the MA-EL-ALR was equal to 29.4 dm3. The
apparatus was equipped with four-probe taps, each two of them were placed in the riser
section and the downcomer, respectively. The distance between probes located in the
vertical sections was equal to 0.63 m. The airlift reactor was equipped with two
rotating magnetic fields generators (6, 7) located in the riser and the downcomer. The
frequency of RMF was controlled using electronic control boxes and two AC tran-
sistorized inverters (14, 15). The maintaining of the constant temperature during
measurement was achieved by using a cooling system. The generators were placed
inside the internal coils (13). All these elements were submerged in the transformer oil.
Moreover, the transformer oil was recirculated using the pump (11) through the plate
heat exchanger (12) supplied with cold water.

The applied rotating magnetic field was generated using two 3-phase stators of the
squirrel cage induction motors. The frequency of the supplied current was changed in
the range f = 10–50 s−1 and the voltage supplied to the windings was varied between
10 and 100 V. The control and change of the frequency of generated RMF were
realized by two PC (see Fig. 1) equipped with the software. The generated RMF was
characterized by the magnetic induction, B, depending on the AC frequency. The usage
of the standard transverse probe was proposed for establishing the values of B at a
different point inside the riser and downcomer sections. The detailed procedure of the
magnetic induction determination values inside the generators was presented in the
previous paper (Lechowska et al. 2019). Based on the presented experimental results in
the mentioned work, it should be noticed that the applied magnetic field is strongly
non-homogenous and spatially distributed. The maximal values of the magnetic
induction were recorded in the middle of the height of the RMF generator and close to
the windings (values strongly decrease with the distance from the windings). The
obtained values of the magnetic induction, B, determined for different points in the
RMF generator, were averaged. The Bavg values changed in the range from 9.77 mT
(for f = 10 s−1) to 14.70 mT (for f = 50 s−1).
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In the presented experiments, tap water was used as a working liquid and com-
pressed air as a gas phase. The gas flow rate was varied between 2 and 14 dm3 min−1.
The temperature of the liquid phase during the measurements was controlled to be
constant and was equal to 24 ± 1 °C.

The volumetric gas hold-up of a gas-liquid dispersion was determined by mea-
suring the differential pressure between two probe taps using the inverted U-tube
manometer method (El Azher et al. 2005). The experimental set-up was equipped with
two U-tube manometers located in the riser and downcomer sections, respectively (see
Fig. 1). The hold-up values were determined separately for the riser and downcomer
sections and calculated as follows:

e ¼ Dh
Dz

qL � qG
qL

ð1Þ

where: qG – gas-phase density, kg m−3; qL – liquid phase density, kg m−3; Dh – liquid
level difference in U-tube manometer, m; Dz – the distance between stub pipes, m.

Fig. 1. Experimental set-up: 1 – riser; 2 – downcomer; 3, 4 – T-connector; 5 – sparger; 6, 7 –

RMF generator; 8 – housing; 9 – disengagement section; 10 – connector; 11 – pump; 12 – heat
exchanger; 13 – internal coil; 14, 15 – transistorized inverter; 16 – personal computer; 17–20 –

multifunctional meter; 21–22 – U-tube manometer
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The overall liquid-side volumetric mass transfer coefficient kLa was obtained using
the dynamic oxygen desorption method (El Azher et al. 2005; Shah et al. 2012). Oxygen
was desorbed by introducing nitrogen into the liquid phase through the sparger. The
volumetric gas flow rates of nitrogen and compressed air were controlled by rotameters.
First, the liquid phase was purged with nitrogen until the oxygen concentration became
lower than 1% of saturation. Then the air stream was injected into the airlift reactor. The
dissolved oxygen concentration was measured simultaneously using four COG probes
and recorded by four multifunctional meters. The airflow into the reactor was followed
until the liquid becomes nearly saturated with oxygen. The oxygen transfer rate char-
acterized by the overall volumetric gas-liquid mass transfer coefficient kLa can be
described by the following equation (Fadavi and Chisti 2005):

dCL

dt
¼ kLa C� � CLð Þ ð2Þ

where: kLa – volumetric mass transfer coefficient, s−1; C* – saturation concentration of
dissolved oxygen in the liquid phase, kmol m−3; CL – the instantaneous oxygen con-
centration, kmol m−3.

In the dynamic method, integration of the above-mentioned formula (taking into
account that CL = C0 at t = 0 and CL = CL at t = t) results as follows:

kLa ¼ � 1
t
ln

c� � c
c� � c0

� �
ð3Þ

where: c0 – initial concentration of dissolved oxygen, kmol m−3; c*– saturation
concentration of dissolved oxygen, kmol m−3; c – instantaneous concentration of dis-
solved oxygen, kmol m−3; kLa – volumetric liquid-side mass transfer coefficient, s−1; t –
time, s.

The mixing time values were determined using the tracer response method (Chisti
1989). In the conducted experiments, the saturated solution of NaCl was used as a
tracer. The solution was introduced into the water at the top of the downcomer section.
The tracer responses were measured using four conductive probes located in two
vertical sections (every 2 probes in riser and downcomer sections, respectively). The
conductivity values were recorded by four multifunctional meters. Signals from con-
ductivity probes were normalized to minimalize effects of different probe gains by
using the following equations (Paul et al. 2004):

rn ¼ r tð Þ � r0
r1 � r0

����
���� ð4Þ

where: rn – normalized probe output; r(t) – instantaneous conductivity of liquid,
lS � cm−1; r0, r∞ – initial and final conductivity of the liquid, respectively, lS � cm−1.

Then, the mixing time was calculated using the RMS variance described by the
following relation (Paul et al. 2004):
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log r2 ¼ log
1
4

rn1 � 1ð Þ2 þ rn2 � 1ð Þ2 þ rn3 � 1ð Þ2 þ rn4 � 1ð Þ2
h i� �

ð5Þ

where: log r2 – RMS variance; rn1, rn2, rn3, rn4 – dimensionless conductivity of liquid
detected by probes 1–4, respectively.

3 Results and Discussion

The gas hold-up values were determined separately in the riser and downcomer sec-
tions. In the conducted experiments were changed three operating parameters: the gas
flow rate (expressed as superficial gas velocity), location of exposition of rotating
magnetic field and RMF frequency. During the experiments, three operation modes
were performed: (i) exposition of RMF was turned-off on both riser and downcomer
sections, (ii) the RMF exposition was turned on in the riser section and turned off in the
downcomer section, respectively, and (iii) the RMF exposition was turned on in the
downcomer section and turned off in the riser section, respectively.

The obtained values of gas hold-up (e) in the riser and downcomer sections are
presented in Fig. 2. Figure 2a illustrates the influence of gas flow rate and RMF
exposition in riser section (fR = 0, 10 and 50 s−1) on gas hold-up in the riser (eR) and
downcomer (eD) sections. The hold-up values in the presence of RMF in the down-
comer section (fD = 0, 10 and 50 s−1) are shown in Fig. 2b.

As can be noticed based on the above-presented figures, the gas hold-up values in
both riser and downcomer sections are strongly dependent on the volumetric gas flow
rate of the compressed air stream. The riser section characterizes the significantly
higher values of gas hold-up than the downcomer section. It should be noticed that the
driving force of the circulation of the fluid in the airlift reactor is related to the
difference of gas hold-up values in both riser and downcomer sections. Changes in the
gas hold-up range are connected to increasing or decreasing of the circulation rate. The
volumetric gas stream flow rate corresponds to the flow pattern in the bubble reactors.
In the homogenous regime (when the superficial gas velocity is low) the size of gas
bubbles is uniform. However, the heterogeneous regime characterizes the coalescence
into larger bubbles which have higher velocity and shorter residence time thus deter-
mining the decrease in the gas hold-up. The application of RMF results in the aug-
mentation of the gas hold-up in both main sections of the analyzed airlift reactor. This
observation may be related to the residence time of the bubbles under the influence of
the rotating magnetic field. The exposition of the external magnetic field may lead to an
increase in the bubble residence time increasing gas hold-up (Al-Qodah and Al-Hassan
2000). It was also proved by Rakoczy et al. (2017) that the gas bubbles can be directed
towards the magnetic field generator source where the intensity of MF is maximal.
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The oxygen concentration in the liquid phase was measured by four oxygen probes.
The probes were placed in the upper and lower stub pipes in the riser and downcomer
sections, respectively (see Fig. 1). The system of the sensors allowed us to determine
the value of the kLa coefficient in these four locations. Values of kLa for the riser
section were determined as an average of the kLa obtained in the upper and lower
location in this section. Similarly, the value of kLa was determined for the downcomer
section. The characteristic of the RMF influence on the mass transfer process in the
apparatus was based on the averaged value of kLa for the entire volume of airlift reactor
in the presence of RMF in riser or downcomer section. The obtained results were
described by the following power function:

kLa ¼ p1wp2
g ð6Þ

where: p1, p2 – parameters; wg – superficial gas velocity, m � s−1.

a)

b)

Fig. 2. Gas hold-up vales in the riser (eR) and downcomer (eD) sections as a function of
superficial gas velocity wg and frequency of RMF (0–50 s−1) exposed in the riser section (a) and
downcomer section (b)
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The efficiency of the influence of RMF generation on the oxygen transfer rate in the
novel type of MA-EL-ALR was determined by evaluating the effectiveness factor for
the kLa coefficient values. The improvement factor (E) was defined for both modes: in
the presence of RMF in the riser and the downcomer section, respectively:

E ¼ kLajWPM�kLajWPM¼0

kLajWPM¼0
� 100% ð7Þ

where: kLajWPM - averaged kLa coefficient in the presence of RMF in the riser or
downcomer section, respectively, s−1; kLajWPM¼0 - averaged kLa coefficient without
exposition of RMF, s−1.

The calculated values of the E-factor are graphically presented in Fig. 3. Table 1
presents the obtained mathematical correlations for the effectiveness factor.

According to the presented data the following conclusions may be observed. It has
been proved that the rotating magnetic field generation increases the mass transfer rate
in a magnetically assisted airlift reactor. It should be noticed that significantly higher
values of efficiency factor were obtained during RMF exposition in the downcomer
section than for the RMF exposition in the riser section for the lowest value of
superficial gas velocity and frequency of RMF equals to 10 s−1. However, the increase
of wg results in the sharp decline of the E-factor values as can be observed in Fig. 3b.
The exposure of the rotating magnetic field in the riser zone results in lower but more
gently decreasing values of the efficiency coefficient. The conducted hydrodynamic
experiments might be useful for the explanation of the above observed phenomena. It
should be noticed the hydrodynamics and mass transfer processes in the airlift reactors
are strongly dependent on the gas flow rate and gas hold-up values in the entire
apparatus. The driving force of the liquid circulation in the airlift columns is the
consequence of the difference of gas hold-up values between the riser and downcomer
sections. It is obvious that the bigger the difference between e values, the faster the
liquid circulation in the reactor. The hydrodynamic parameters in bubble and airlift
columns are primarily controlled by the cycling rate and liquid turbulence that is

Table 1. Obtained correlations between the effectiveness factors and superficial gas velocity for
the tested operational conditions.

RMF location RMF frequency/induction Relation

Riser – on f = 10 s−1 ER ¼ 3:0527w�0:4115
g (8)

Downcomer – off Bavg = 9.77 mT
Riser – on f = 50 s−1 ER ¼ 0:9129w�0:5802

g (9)
Downcomer – off Bavg = 14.70 mT
Riser – off f = 10 s−1 ED ¼ 0:1523w�0:9989

g (10)
Downcomer – on Bavg = 9.77 mT
Riser – off f = 50 s−1 ED ¼ 0:0713w�1:1249

g (11)
Downcomer – on Bavg = 14.70 mT
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enhanced by the increase of the superficial gas velocity. Figure 4 presents the E-factor
values for mixing time obtained in the presence of RMF exposition in the riser section
(Fig. 4a) and in the downcomer (Fig. 4b).

The presented results of mixing time investigation in the airlift reactor indicated the
effects of rotating magnetic field exposition in both riser and downcomer sections on
the tested parameter. The E-factor values decrease with increasing RMF frequency and
the most positive effect is observed for the lowest wg values. The lowest values of
mixing time were obtained for the RMF exposure in the downcomer section at the
superficial gas velocity equal to 0.005–0.01 m ∙ s−1 and the RMF frequency equal to
50 s−1.

b)

a)

Fig. 3. Effectiveness factor values as a function of superficial gas velocity and frequency of
RMF exposed in the riser section (a) and the downcomer section (b)
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4 Conclusions

The presented studies confirmed that the usage of rotating magnetic field generators
successfully leads to the improvement of the mixing process and oxygen transfer in the
novel construction of the airlift reactor. It should be noticed that hydrodynamics,
mixing and mass transfer in airlift columns are strongly dependent on the flow struc-
ture. The gas-liquid mixture at the low gas velocities can be described as a homogenous
bubbly flow regime and characterized by small bubble size distribution and rarely
occurred bubble-bubble interactions. In the papers (Rakoczy et al. 2017, Rakoczy et al.
2018), it was investigated and proved that the rotating magnetic field strongly affects
the homogenous gas-liquid flow and the bubbles are directed toward the wall of the

a)

b)

Fig. 4. The E-factor for the mixing time in the presence of RMF in the riser (a) and downcomer
(b) column
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tested reactor due to the exposition of RMF. The observed phenomena result from the
strongly paramagnetic properties of oxygen contained in the supplied air mixture.
Moreover, the observed stronger effect of rotating magnetic field on kLa coefficient and
mixing time during RMF generation in the downcomer section is directly affected by
the flow pattern structure. Before the gas-liquid mixture introduces the downcomer
section, most of the bubble disengage in the separation section and only small bubbles
can be carried to the downcomer. The conducted experiments (Lechowska et al. 2019)
confirmed that the smaller bubbles exposed to RMF, the stronger effect can be
achieved. What is more, the airlift reactors characterize two types of mixing: axial and
radial mixing. Axial mixing results from the rising gas bubble movement. In this case,
the radial mixing was improved by the bubbles moved toward the RMF generators
walls consequently enhancing the mixing phenomena. It was stated by Hristov (2010)
at externally applied magnetic fields exposed on the substances with magnetic prop-
erties and charged particles generate eddy currents in the liquid. Then, these currents
introduce their rotation and movement of liquid in the micro-scale. Finally, it can be
stated that the obtained observations allow the successful application of the novel type
of magnetically assisted airlift reactor in the bioprocessing.
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Development in Poland (Grant no. LIDER/011/221/L-5/13/NCBR/2014).
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Abstract. The determination of rheological parameters is very important in
sewage sludge management in terms of designing and efficient operation of the
mixing process or transport in the process of biogas production. This paper
presents the results of examination of rheological properties of selected two
types of sewage sludge, i.e. from the municipal (MWTP) and domestic (DSTP)
sewage treatment plant. Experimental tests were performed with rotary vis-
cometer Rheotest 2 with spinning coaxial cylinders. The tests were performed at
various shear rates, i.e. from 3 s−1 to 800 s−1, at temperatures corresponding to
mesophilic fermentation, in which the process of biogas production is conducted
most frequently. The tests showed that the analysed sewage sludge is non-linear
(non-Binghamian) fluid. A significant difference in apparent viscosity for
analysed sludge was observed.

1 Introduction

The process of biogas production is an important link in waste management, one where
it is possible to use organic waste, which is difficult to manage with other methods such
as sewage sludge from municipal and domestic sewage treatment plants. Municipal
waste sludge is a significant threat for the environment due to its amount and chemical
composition.

However, dynamic development of individual sewage treatment systems and
increase in the number of domestic sewage treatment plants has recently led to sig-
nificant increase in the amount of sludge generated in those locations. In Poland there
were 2,355,000 domestic sewage disposal systems in 2017. Figure 1 presents the share
of domestic sewage disposal systems in 2017 (GUS 2018). According to Statistics
Poland’s data (GUS 2016; GUS 2018), the number of domestic sewage treatment
plants grew from 181,000 in 2014 to ca. 203,000 in 2015 and from 217,000 in 2016 to
ca. 234,000 in 2017. The majority (nearly 86%) of domestic sewage disposal systems
were located in rural areas in 2017. This is where ca. 92% of the overall number of
domestic sewage treatment plants were found (GUS 2018).
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The variability of physicochemical properties of sludge from domestic sewage
treatment plants causes that some municipal (mechanical-and-biological) treatment
plants, due to the destabilisation of sewage treatment, do not accept them to process in
their processing chains. Therefore, other venues to manage the sludge are being sought.

Despite a range of conducted tests on the production of biogas from waste, new
substrates are still being sought that could be used in the process of biogas production
and to facilitate its effective and that could be used as a cheap and easily accessible
substrate or co-substrate in biogas production. The conducted studies (Pawlita-Posmyk
et al. 2016; Pawlita-Posmyk et al. 2017; Pawlita-Posmyk et al. 2018) indicate that the
use of waste from rural areas for biogas production may lead to limiting the amount of
waste nationwide and may have an impact on the general condition of the environment.
The said solution could also cause numerous energy-related benefits thanks to biomass
and the biogas made out of it as a valuable source of electric and thermal energy.

The determination of rheological parameters, such as viscosity or yield strength, is
very important to manage sewage sediments, e.g. to the designing and efficient work of
the mixing and pumping process (Tixier et al. 2003). The properties of sludge such as
decomposition, particle size, shape and density, particle-particle interaction, capacity of
flocculation, superficial physicochemical properties etc. have an impact on their rhe-
ology (Sanin 2002). Eshtiaghi et al. (2013) claim that optimal and efficient designing
and work of sludge processing require accurate forecasting of the hydrodynamics of the
functioning of various devices, such as pumps, heat exchangers and mixing systems.
The forecasting of proper flowing behaviour of those engineering hydrodynamic
processes requires deep knowledge of the rheology of sludge. Eshtiaghi et al. (2012)
claim that the rheology of sludge is complex and always evolves over time due to
ageing and microbiological activity.

The literature reports many different results, which indicate that sludge is non-
Newtonian (Eshtiaghi et al. 2012; Eshtiaghi et al. 2013; Ségalen et al. 2015). Eshtiaghi
et al. (2013) also claim that:

Fig. 1. Domestic sewage disposal systems in 2017 (GUS 2018).
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– exhibits yield stress or not,
– is shear-thinning and thixotropic,
– at high shear rate, sludge behaves as thixotropic colloidal suspension, but
– at low shear rate exhibits polymeric behaviour.

Sewage sludge at high solids concentrations (3–10%) behaves as a complex mix-
ture the rheological behaviour of which is highly dependent on the treatment process it
is undergoing.

As waste subjected to fermentation may have various forms, they have solids in their
composition, the so-called fermentation sludge, which – depositing on the bottom of the
chamber – blocks the occurring biochemical processes in the entire volume of the
chamber and, in turn, the production of biogas. Therefore, to prevent the stratification of
material, it is necessary to agitate substrates (Kowalczyk-Juśko 2013; Matheri et al.
2017; Płaczek et al. 2018). Industrial practice shows that effective mixing of biomass
materials enables to: (Kowalczyk-Juśko 2013; Kaparaju et al. 2008; Matheri et al. 2017).

– uniform heat-flux and nutrients distributions in the reactor,
– prevent formation of foam on the surface of the ferment materials,
– facilitate release of the produced biogas.

However, studies (Stroot et al. 2001; Kaparaju et al. 2008) also show that improper
mixing intensity may have a negative effect on the structure of microorganisms and so
reduce the efficiency of the process.

The aim of this paper is to analyse the rheological properties of the selected sewage
sludge of various origin, intended for biogas production. The determination of rheo-
logical parameters is important from the point of view transport and sludge processing,
including the mixing process in fermentation reactors for biogas production.

2 Materials and Methods

For the testes sewage sludge from the municipal (MWTP) and domestic sewage
treatment plant (DSTP) were selected. The characteristic of the analysed sewage sludge
is presented in Table 1. Municipal sewage sludge came from a mechanical-and-
biological sewage treatment plant with biogenic substance removal. The treatment
plant serves 225,000 PEs (Population Equivalent) and the average inflow of sewage to
the treatment plant is 45,000 m3/day.

Table 1. Characteristics of sewage sludge.

Parameter Unit Sewage sludge
MWTP DWTP

Color – Black Dark brown-black
visible particles of solids

pH – 5.98 6.45
Water content* % 97.63 98.95
Density kg/m3 994 989

*PN-EN 12880:2004

296 M. Pawlita-Posmyk and M. Wzorek



The annual amount of treated sewage is ca. 11,373,500 m3/year (including 16.6%
of industrial sewage) (WIOŚ 2018). Municipal sewage sludge was collected from the
sludge-mixing chamber (sludge from thickening machines, partially dehydrated in the
thickening machine and the preliminary sludge trap).

The other type of sludge came from a domestic biological sewage treatment plant
serving a single-family house occupied by a 4-member family. The treatment plant has
been continuously used for 5 years. The cycle of treatment has 6 phases (Fig. 2).

To measure the viscosity of sewage sludge under various shearing conditions rotary
viscometer Rheotest 2 with spinning coaxial cylinders manufactured by Prüfschein
were used. All measurements were taken with one set of cylinders. Gap dimension
between cylinders was 5 mm.

In the case of that instrument (Fig. 3), the tested sample of sludge (100 mL) was
placed between the walls of cylinders. The inner one is the rotating cylinder with
variable angular speeds at which the torque of resistance transferred onto the fixed
cylinder can be measured. The viscometer was in a bath of constant temperature, which
allowed to determine flow curves for various temperatures.

The tests were conducted within the shear rate from 3 s−1 to 800 s−1, adequately for
the process of mixing, pumping of the fluid. Sludge samples were collected from
wastewater treatment plants directly before measurement. The testes were taken at
mesophilic temperature in which anaerobic fermentation is planned to be conducted:
33 °C, 35 °C, 38 °C, 40 °C (±0.1 °C).

Fig. 2. Principle of treatment plant operation (Kessel Sp. z o.o.). 1. Inlet of “black sewage”, 2.
Filling in the chamber of active sediment, 3. Treatment/aeration of sewage, 4. Sedimentation
phase, 5. Drainage of clean water, 6. Sediment drainage to the setting tank
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For the sludge from the domestic sewage treatment plant (DSTP), the constant
value of the torsion dynamometer was 0.569 N/(m2∙graduation) for the sludge from the
municipal sewage treatment plant (MSTP) was 5.55 N/(m2∙graduation). Shear stress
was determined from the following equation:

s ¼ z � a ð1Þ

where: z – constant of the dynamometer, a – indication of the analogue gauge of the
instrument.

The apparent viscosity of the tested liquid sample was determined on the basis of
the following equation:

gp ¼
s
_c
¼ z � a

_c
� 10�3 Pa � s ð2Þ

where: z, a – as in Eq. (1); _c – shear rate.
In addition, the selected sewage sludge was observed microscopically. For the

observation Inverted Microscope AE2000 manufactured by Motic was used (Fig. 4).
Microscopic pictures were done with 40X magnification.

Fig. 3. The operating principle of viscometer with coaxial cylinders. 1 – fixed cylinder, 2 –

tested liquid, 3 – rotatable cylinder, r1, r2 - the radii of the rotating and stationary cylinder,
respectively; h - the height of the liquid layer between the cylinders; x - angular velocity of the
rotating cylinder; M - resisting torque transmitted to the stationary cylinder.

298 M. Pawlita-Posmyk and M. Wzorek



3 Result and Discussion

The conducted analysis of physicochemical properties (Table 1) indicate that the tested
two type of sewage sludge is characterised by similar density, close to 1000 kg/m3 and
contains a similar amount of dry mass.

Tests of rheological properties of sludge conducted under conditions of mesophilic
temperatures for various shear rates (from 3 s−1 to 800 s−1) and the determined shear
stresses and apparent viscosity of the liquid at various shear rates determined on the
basis of Eqs. (1) and (2) are presented in Figs. 5, 6, 7 and 8.
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Fig. 5. Impact of shear stresses on the shear rate of sludge from the domestic sewage treatment
plant (DSTP).

Fig. 4. Test stand for microscopic observations.
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Fig. 6. Impact of shear stresses on the shear rate of sludge from the municipal sewage treatment
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Fig. 7. Impact of shear rate on the apparent viscosity of sludge from the domestic sewage
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As the shear rate grows, the shear stresses go up both for the domestic and the
municipal sewage sludge and it can be characterized as non-linear (non-Binghamian)
fluid. As the shear rate grows, the apparent viscosity of the sludge decreases (Figs. 7
and 8). The highest viscosity of 0.00095 Pa�s was obtained (at the shear rate of 3 s−1)
at 33 °C for domestic sewage sludge.

For the sludge from the municipal sewage treatment plant, the highest apparent
viscosity was 0.01665 Pa�s. The lowest values were obtained at 40 °C: 0.00038 Pa�s
for domestic sludge and 0.00925 Pa�s for municipal sludge. The sludge from the
municipal sewage treatment plant had the apparent viscosity by 0.016 Pa�s higher than
the sludge from the domestic sewage treatment plant (at 33 °C).

Wolski and Zawieja (2013) claim that they obtained the lowest value of 0.002 Pa�s
for the sludge conditioned with polyelectrolyte 853 and 610 and the highest – for the
sludge conditioned with polyelectrolyte 852 (0.004 Pa�s). Ségalen et al. (2015) state
that when the temperature is higher, the rheological parameters are lower.

Mu and Yu (2006) also claim, that temperature is important factor affecting the
rheological properties of sludge and the thermal motion of particles is more violent at a
higher temperature, and then the network strength between particles is weakened,
resulting in a decrease in viscosity. The viscosity of the analysed sludges decreases as
the temperature grows (Table 2). The viscosity of the domestic sludge is higher by
2∙10−4 Pa�s higher at 33 °C and by 4∙10−5 Pa�s at 35 °C, compared to the viscosity of
water at 33 °C and 35 °C, respectively. Sanin (2002) states that the concentration of
solids has an effect on the rheological properties of sludge.
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Fig. 8. Impact of shear rate on the apparent viscosity of sludge from the municipal sewage
treatment plant (MSTP).
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As the concentration of solids increases, viscosity increases sharply and the flow
behaviour index decreases significantly, indicating that the flow tends to be more
pronouncedly non-Newtonian at high solid contents. Example microscopic pictures of
the sludge are presented in Fig. 9. The sludge has a form of a flaky suspension. The
sludge from the municipal sewage treatment plant is black and the sludge from the
domestic sewage treatment plant is dark with visible traces of solids.

The flakes in the sludge in both instances are compact (Fig. 9). The sludge from the
domestic sewage treatment plant is less dense and condensed than the sludge form the
municipal sewage treatment plant, which may result from higher water content in the
sample (98.95%).

Fig. 9. Example microscopic pictures of sewage sludge: (a) from the municipal sewage
treatment plant, (b) domestic biological sewage treatment plant.

Table 2. The effect of temperature (33 °C, 35 °C on the apparent viscosity of sludge of various
origin at given shear rate (3 s−1).

Parameter Unit Apparent viscosity, Pa∙s
Sewage sludge
DSTP

Sewage sludge
MWTP

Dry mass % 1.05 2.37
Temperature at 30 °C 0.00095 0.01665
Temperature at 35 °C 0.00076 0.01295
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4 Summary

The characteristics of sewage sludge depend on a range of factors, e.g. organic sub-
stance content, hydration or rheological properties. Pumping and mixing of sewage
sludge require the knowledge of such aspects as physical, rheological or hydraulic
parameters.

The analysis of all results shows that the shear stresses grew as the shear rate grew
but viscosity was decreased. Significant differences were found in sludge viscosity for
municipal and domestic sewage sludge. The range of apparent viscosity at various low
shear rates was determined for temperatures corresponding to mesophilic fermentation.

The conducted rheological tests may be the basis for optimisation of processes
related to sludge processing. The analysis of results of rheological properties of the
tested sludge allows to perform preliminary tests e.g. with changing manners of mixing
striving to increase the effectiveness of biogas production.
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Abstract. The uptake pathways and areas of airborne particles’ deposition in
human body are known. Also, the first side effects of inhaled particles’
omnipresence on various cells have been defined. But there is still a very
important question from the chemical engineering perspective. Do particles
present in the biological fluids affect their rheological properties, and thus on
their functions? Therefore, the aim of this study was to investigate the influences
of particles’ presence in the human body on various body fluids. Four models of
body fluids (saliva, mucus, tears, and cerebrospinal fluid) were used instead of
real biological fluids. Two types of airborne particles were selected for the
study: natural particles (transported desert dust particles [TDDP]), and toxic air
pollution particles (diesel exhaust particles [DEP]). The obtained results show
that Non-Newtonian, shear thinning body fluids like mucus or saliva react to the
presence of airborne particles, changing their apparent viscosity. The effect
caused by the presence of particles depends not only on their origin, but also
depends on the interaction of the particle-mucin, and on the concentration of
mucins. However Newtonian body fluids do not change their rheological
properties under the influence of the presence of exogenous particles.

1 Introduction

Airborne particles, irrespective of origin (natural or anthropogenic) can cause an
adverse effect on the human body due to their size, shape and chemical compounds
adsorbed on the surface. In addition, due to the increasing use of nanoparticles in
various technology including cars’ or airplanes’ production, chemical, biochemical,
environmental engineering, industrial electronic, optical, telecommunications phar-
macology and medicine as well as food, cosmetics or nutritional supplements pro-
ductions the probability of their passage into the human body increases, and thus
increases the exposure to unwanted interaction of nanoparticles with the body.

Exponential growth of nanoparticles’ number in the environment is natural con-
sequence of their numerous applications. However, many kinds of nanoparticles pre-
sent in the environment were not created for direct contact with living objects.
Furthermore, even if nanoparticles were designed for the medical purposes, for
example, for diagnosis, or as drug carriers, the effect of specific nanostructures on the
human body must be determined separately, since the physical and biological
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properties of materials are strictly connected to their size, and various effects are
observed for micro and nanoparticles formed from the same material.

There are two major routes of entry of the particles into the organisms. Particles of
therapeutic and diagnostic applications, for example nanoparticles of gold or carbon
(graphene) are administered by injection directly into the bloodstream. While the
particles present in the environment deposit in the lungs and then enter the body. In the
first case the number of particles is more or less known, and it is directly dependent on
the dosage of a pharmaceutics. However, the quantities of environmental particles
entering human bodies can only be estimated taking into account that about 15 m3 of
air (containing particles present in the environment) flows through the lungs of healthy,
adult man daily. The number of particles in the air depends mainly on the location,
weather conditions and the time of year.

Animal studies provide evidence that gold, silver, iridium, titanium dioxide,
polystyrene, and carbon nanoparticles ranging from 5 nm to 100 nm translocate across
the air-blood barrier. Nanoparticles were found in bones and organs in the amounts
corresponding to approx. 5% of the delivered lung dose (Kreyling et al. 2002; Semmler
et al. 2004; Geiser et al. 2005; Semmler et al. 2007; Geiser and Kreylingiem 2010).

The effects of nanoparticles on tissue they settle on depend on the material that they
are made of and their size, but also of their shape, electric charge, and other compounds
adsorbed on their surface.

Nearly 10% of inhaled 20 nm iridium nanoparticles move to organs and tissues
such as bones, whereas only 2% in case of 25 nm carbon nanoparticles (except liver)
(Kreylingiem and Geiser 2010). The ability to translocate to bones and soft tissues of
inhaled 80 nm iridium nanoparticles is about one order of magnitude less than 20 nm
ones (Kreylingiem and Geiser 2010). Similarly, significant differences were observed
in the translocation of the gold nanoparticles. Nearly 8% of inhaled 1.4 nm gold
nanoparticles moved beyond the respiratory system within 24 h of inhalation, whereas
nanoparticles of 18 nm counted only 0.2%. The translocated fraction of spherical gold
nanoparticles with a smooth surface is smaller in comparison to dendritic agglomerates
of similar size formed by iridium or carbon.

Environmental particles were transported to organs where they were found in with
the use of various body fluids. Particles had to contact with saliva, nasal mucus,
bronchial mucus and blood before reaching, for example liver. In case of therapeutic
particles, the contact is usually limited to the blood. Moreover, tear fluid and cere-
brospinal fluid (CSF) should also be taken into consideration since environmental
particles have contact with tears, just like the therapeutic nanoparticles with modified
surface with CSF. Therefor, there is an extremely important question (at least from the
chemical and process engineering as well as toxicology and health care perspective).
Do particles present in biological fluids affect rheological properties of these fluids?
And, hence, do they lead to changes in, for example, liquids’ viscosity or whether they
can cause the disruption of their original functions?

The main component of all these fluids is water. They also consist of proteins,
lipids and minerals, but in various proportions leading to differences in their rheological
properties and functions. Most of these fluids are non-Newtonian (shear thinning fluid)
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only the cerebrospinal fluid is Newtonian fluid. The viscosity or apparent viscosity (for
non-Newtonian fluids) is listed in Table 1.

The most important functions of these fluids are well known, but the impact of
fluids’ rheological properties on their functions is not always recognized to an enough
extent. Suitable “viscosity” of saliva, tears, nasal and bronchial mucus are necessary to
create a film layer on the surface of the mouth, eyes, nose and respiratory tract pro-
tecting against ingress of pathogens. The appropriate viscosity of the cerebrospinal
fluid provides its free movement in the chambers of the brain covering the central
nervous system against mechanical damage and enabling rapid adjustments to
intracranial pressure.

Conducting researches on the impact of particles on biological fluid using real
biological fluids would be complicated both methodologically and ethically. However,
this type of research and its results are extremely needed. They allow, for example, to
estimate the risk of exposure to air pollution. The solution to this problem, to some
extent, is the use of biological fluid models. Even though they will not give an
unequivocal answer, but they may indicate directions for further research.

2 Materials and Methods

2.1 Body Fluids

Four biological fluids were selected for the study: nasal/bronchial mucus, saliva, tears
and cerebrospinal fluid. Because there is lack of reproducibility between body fluids
obtained from different person the artificial body fluids were used in the study. The
biological fluids were prepared considering their natural composition and literatures’
data about artificial body fluids.

Nasal/Bronchial Mucus
The two-components model of mucus (McGill and Smith 2010) previously used in our
work (Penconek and Moskal 2016; Penconek et al. 2019) was also used in the study.

The mucins type II was obtained form Sigma Aldrich. The NaN3 was obtained from
POCH (Poland). The mucin was used at 200 g/l, the NaN3 at 0.01 g/l, and dissolved in
deionized water. The solution was stirred for 2 h, and the pH was adjusted to level 7.4.
The mucus was stored at 4 °C.

Table 1. The viscosity/apparent viscosity of selected body fluids

Saliva Tear
fluid

Nasal
mucus

Bronchial
mucus

Cerebrospinal
fluid

Viscosity/apparent
viscosity, m Pa�s

5–25
(1)

1–10
(2)

104–
106 (3)

104–106
(3)

0,7–1 (5)
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Saliva
The saliva model was prepared based on the Christersson et al. (2000). The benza-
lkonium chlorides, EDTA, xylitol, methylparaben and mucins (type II) was purchased
from Sigma-Aldrich. The NaF was obtained from Chempur (Poland). The benzalko-
nium chlorides was used at 0.02 g/l, EDTA at 0.5 g/l, NaF at 0.0042 g/l, xylitol at
20 g/l, methylparaben at 1 g/l, mucins (type II) at 35 g/l, and dissolved in deionized
water. The solution was stirred for 2 h, and the pH was adjusted at 7.00. The sample
was stored at 4 °C.

Cerebrospinal Fluid
The cerebrospinal fluid (CF) was prepared based on the procedure of preparation of
commercially available CF (ALZET 2017). The MgCl3�6H2O (Chempur, Poland)
(0.163 g/l), KCl (Sigma Aldrich) (0.224 g/l), NaCl (Sigma Aldrich) (8.66 g/l),
CaCl2�2H2O (Chempur, Poland) (0.206 g/l) was dissolved in deionized water (solution
A). The Na2HPO4�2H2O (POCH, Poland) (0.135 g/l) solution in deionized water was
prepared separately (solution B). The solution A and B was stirred at 1 h, after this
time, they were combined, and the pH was adjusted at 7.0. The obtained solution was
kept at 4 °C no longer than 4 weeks.

Tears
The tears model (the water layer) was prepared based on the chemical composition of
the water layer of real tears. The NaCl (Sigma Aldrich) (6.98 g/l), KCl (Sigma Aldrich)
(2.31 g/l), NaHCO3 (Sigma Aldrich) (1.93 g/l), C2H4OHCOOH (Sigma Aldrich)
(0.33 ml/l), CH3COCOOH (Sigma Aldrich) (0.014 ml/l), CaCl2 (Sigma Aldrich)
(0.11 g/l), MgCl2�6H2O (Sigma Aldrich) (0.142 g/l), urea (Sigma Aldrich) (0.27 g/l),
glucose (Sigma Aldrich) (0.063 g/l), TRIS (Sigma Aldrich) (6.0 g/l) was dissolved in
deionized water in the indicated order. The pH of solution was adjusted at 7.0. The
solution was not stored.

2.2 Airborne Particles

Two types of airborne particles were selected for the study: natural particles (trans-
ported desert dust particles [TDDP]), and toxic air pollution particles (diesel exhaust
particles [DEP]).

The TDDP were purchased from Powder Technology Incorporated (Arizona Dust
Nominal 0–3 micron). The DEP was generated by diesel engine without particulate
filter (Mercedes Benz 240D, engine power 53 kW at 4200 rpm; torque 137 Nm at
2400 rpm; engine displacement 2399 cm3) described in detail e.g. in Penconek et al.
(2019). The shape of TDDP and DEP was determined based on the SEM photos.
The TDDP and DEP form dendritic aggregates with an extensive shape. The TDDP
size distribution in the air was determined using a spectrometer (Portable Aerosol
Spectrometer, Model 1.109, Grimm, Germany). The DEP size distribution in the air
was determined using a spectrometer (FAPES, Grimm, Germany). The average TDDP
and DEP size in the air was 1.97 µm and 111 nm, respectively. The TDDP and DEP
size distribution in buffer was determined using a Zetasizer (Malvern Instruments, UK).
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The TDDP and DEP suspension in buffer was subjected to ultrasound in order to obtain
a better degree of deaggregation. The average TDDP and DEP size in the buffer was
513 nm and 250 nm, respectively.

2.3 Methods

The concentration of TDDP and DEP in saliva, mucus and CF fluids was 0.06 mg/ml
and in tears was 0.5 µg/ml and 0.0012 µg/ml, respectively.

Basic rheological parameters (flow curve and viscosity dependence as a function of
shear stress) were determined for particle suspensions in body fluids models. The tests
were performed on an oscillatory rheometer (MCR102, Anton Paar, Austria) equipped
with a Peltier system in a plate-plate system for a 1 mm wide gap, at 36.6 °C for saliva,
mucus and CF and at 34 °C for tears.

Each measurement was repeated a minimum of three times. The presented results
are an average value (the standard deviation was not shown in the graph).

3 Results and Discussion

The apparent viscosity of saliva model has been changed by the presence of exogenous
particles (Fig. 1). The TDDP caused the increasing of apparent viscosity of saliva while
the presence of DEP lead to the decrease of apparent viscosity. However, the shape of
flow curves did not change - regardless of particles’ origin (Fig. 2).

Fig. 1. The influence of exogenous particles on apparent viscosity of saliva model
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Both observed effects may affect the function of saliva. When the apparent viscosity
increases the removal of bacteria from the mouth is disturbed, the risk of tooth decay
also increases. Moreover saliva with higher apparent viscosity is harder to swallow.
However, lowering saliva viscosity can lead to faster enamel wear.

The apparent viscosity of mucus model has also been changed by the presence of
exogenous particles (Fig. 3). Both, TDDP and DEP caused the increasing of apparent
viscosity of mucus. The shape of flow curve did not change - regardless of particles’
origin (Fig. 4). Mucus with higher apparent viscosity is more difficult to remove

Fig. 2. The influence of exogenous particles on flow curves of saliva model

Fig. 3. The influence of exogenous particles on apparent viscosity of mucus model
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through ciliary movement, stays longer in the respiratory tract and may contribute to
local inflammation. Moreover, the time of drugs diffusion through mucus is higher,
therefore the therapeutic effect of aerosol therapy is smaller.

The effect of DEP on mucus apparent viscosity is different than the effect on saliva
apparent viscosity. Both saliva and mucus contain mucins, but in different concen-
tration (mucins are large glycoprotein mainly responsible for viscosity). The observed
effect may suggest that the influence of exogenous particles on body fluids which
contain mucins may be caused not only by the origin of the particle, but also by its
interaction with mucins. Moreover, the interaction particle-mucins may also depen-
dents on the concentration of mucins.

The viscosity of tears model (water layer) and CF has not been changed by the
presence of exogenous particles (Figs. 5 and 6). Also the shape of flow curves did not
change - regardless of particles’ origin.

Fig. 4. The influence of exogenous particles on flow curves of mucus model
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4 Conclusion

The presented models of body fluids are a useful tool for estimating the threat arising
from exposure to airborne particles, indicating the direction for further research.
Compared to real biological fluids, they have only a few ingredients. But they always
have the same composition, which allows to obtain universal results. The obtained
results showed that Non-Newtonian, shear thinning body fluids i.e. mucus or saliva
react to the presence of airborne particles, changing their apparent viscosity. The effect

Fig. 6. The influence of exogenous particles on viscosity of CF model

Fig. 5. The influence of exogenous particles on viscosity of tears model (water layer)

312 A. Penconek et al.



caused by the presence of particles depends not only on their origin, but also depends
on the interaction of the particle-mucin, and on the concentration of mucins. However
Newtonian body fluids do not change their rheological properties under the influence of
the presence of exogenous particles.
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Abstract. The chapter reports on the influence of the structure of a bifunctional
catalyst pellet on the yield of dimethyl ether (DME) produced directly via
methanol from synthesis gas. Theoretical studies were conducted with the aid of
a mathematical model of a single isothermal porous bifunctional pellet inte-
grating metallic catalyst for methanol synthesis and acidic catalyst for its
dehydration into DME. Evaluation of the pellet performance was done for three
arrangement of the catalytic active sites within the pellet, and for various volume
fractions of the pellet occupied by each type of active sites. It was shown that, in
case of relatively large pellets, a substantial enhancement in the DME yield can
be obtained by using the core-shell structure with metallic catalyst located in the
pellet core and acidic catalyst located in the pellet shell. Moreover, the pro-
portions between the two catalysts within the pellet showed a marked influence
on the DME yield calculated with respect to hydrogen.

1 Introduction

The global energetic crisis and the continuously rising air pollution has led over the last
decades to increased interest in alternative, cleaner fuels for internal combustion
engines. One of the first solutions that is already commonly applied in the spark
ignition (SI) engines is the so-called autogas, i.e. liquified petroleum gas (LPG).
However, due to the low cetane number, LPG cannot be utilized in compression
ignition (CI) engines (Górski and Jabłońska 2012). An alternative clean diesel fuel for
automotive applications is dimethyl ether (DME). Dimethyl ether can be produced
from synthesis gas (syngas) obtained both from fossil fuels and renewable sources
through a two-step synthesis or, alternatively, through direct synthesis on a bifunctional
catalyst.

The two-step synthesis of DME from synthesis gas consists of methanol synthesis
on a copper catalyst CuO/ZnO/Al2O3 (Graaf et al. 1990):

COþ 2H2 $ CH3OH ð1Þ

© Springer Nature Switzerland AG 2020
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CO2 þH2 $ COþH2O ð2Þ
CO2 þ 3H2 $ CH3OHþH2O ð3Þ

and methanol dehydration to DME in the presence of acidic catalyst, for example
c-Al2-O3 (Berčič and Levec 1992):

2CH3OH $ CH3OCH3 þH2O ð4Þ

More efficient and economic direct synthesis of DME from syngas on bifunctional
catalyst combining both methanol formation and dehydration active sites is also already
employed on the industrial scale. However, while there are some reports concerning the
preparation of bifunctional catalysts and their activity (Ge et al. 1998), only in the
recent years more attention has been paid to the additional advantages that can be
obtained via catalyst pellet structuring (Sánchez-Contador et al. 2019). In fact, many
issues concerning performance, design and feasibility of the technological implemen-
tation of multifunctional catalyst pellets are still open, since the enhancement of the
product yield through particle microstructuring depends on many factors, including the
reaction rate and composition of the gaseous phase (Grünewald and Agar 2004).

For this reason, in this work a theoretical analysis of the influence of the structure of
a single bifunctional catalyst on the yield of dimethyl ether produced from synthesis
gas was conducted. Three possible arrangements of the catalytic active sites within the
pellet were evaluated, i.e. a uniform distribution of both types of active centers and two
core-shell structures: the first one with the metallic functionality located in the core and
the acidic functionality located in the pellet shell, and the second one with the reverse
arrangement of the catalytic active sites (Fig. 1a).

2 Mathematical Model of a Single Bifunctional Pellet

A simplified mathematical model of a spherical catalyst pellet was formulated to
evaluate the influence of the catalysts pellet structure on the DME yield. Under the
assumption that the process takes place isothermally, the species mass balance
(i = 1, 2,…, K – 1) and continuity equations can be written as (Solsvik et al. 2012):

ep
@

@t
ðCxiÞþ 1

r2
@

@r
ðr2uCxiÞ ¼ � 1

r2
@

@r
ðr2JiÞþ Si ð5Þ

ep
@C
@t

þ 1
r2

@

@r
ðr2uCÞ ¼

XK
i¼1

Si ð6Þ

where:

Si ¼ f1ð1� epÞqp
X3
k¼1

mk;iri þ f2ð1� epÞqpm4;ir4; i ¼ 1; 2; . . .;K ð7Þ
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Symbols f1 and f2 in Eq. (7) denote, respectively, the pellet volume fraction
occupied, respectively, by the metallic and acidic catalyst. They are functions of the
pellet radius, r. Kinetic models proposed in (Graaf et al. 1990) and (Berčič and Levec
1992) were employed to describe, respectively, methanol synthesis (Eqs. (8)-(10)) and
methanol dehydration (Eq. (11)) step:

r1 ¼
k1KCO pCOp

3=2
H2

� pCH3OH

.
ðp1=2H2

Ko
p1Þ

� �

1þKCOpCO þKCO2pCO2ð Þ p1=2H2
þðKH2O

.
K1=2
H2

ÞpH2O

� � ð8Þ

r2 ¼
k2KCO2 pCO2pH2 � pH2OpCO

.
Ko
p2

� �

1þKCOpCO þKCO2pCO2ð Þ p1=2H2
þðKH2O

.
K1=2
H2

ÞpH2O

� � ð9Þ
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k3KCO2 pCO2p

3=2
H2

� pCH3OHpH2O

.
ðp3=2H2

Ko
p3Þ

� �

1þKCOpCO þKCO2pCO2ð Þ p1=2H2
þðKH2O

.
K1=2
H2

ÞpH2O

� � ð10Þ

r4 ¼
k4K2

CH3OH C2
CH3OH � CH2OCDME

�
Kp

� �

1þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KCH3OHCCH3OH

p þK 0
H2OCH2O

� �4 ð11Þ

Assuming further steady-state conditions, constant pressure within the pellet and
making use of Eq. (6), the species mass balance for components i = 1, 2,…, K – 1 can
be transformed into the following form:

� 1
r2

d
dr

ðr2JiÞþ Si �
XK
i¼1

Si ¼ 0 ð12Þ

with the molecular fluxes expressed as:

Ji ¼ �CDi;eff
dxi
dr

ð13Þ

The species mass balance and the molecular flux for component i = K are given,
respectively, by:

XK
i¼1

xi ¼ 1;
XK
i¼1

Ji ¼ 0 ð14Þ
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Effective diffusion coefficients, Di,eff, in Eq. (13) were calculated according to the
Wilke-Bosanquet model for multicomponent diffusion, combining bulk and Knudsen
flux using the Fickian formulation (Solsvik et al. 2012):

1
Di

¼ 1
Di;W

þ 1
Di;K

; Di;W ¼ 1� xiPK
j ¼ 1
j 6¼ i

xj
�
Dij

; Di;K ¼ 97
2
dpore

ffiffiffiffiffiffi
T
Mi

r
ð15Þ

and accounting for the pore geometry (Solsvik et al. 2012):

Di;eff ¼ e
s
Di ð16Þ

Under the assumption that the ideal gas law is obeyed, the binary coefficients
required to determine Wilke coefficients were calculated based on the Chapman-
Enskog kinetic theory (Pooling et al. 2000).

Following the methodology proposed in (Solsvik et al. 2012) to avoid differenti-
ating the flux expressions, the model equations (Eqs. (12)-(13)) were solved using the
method of shooting as a system of first order differential equations with the following
boundary conditions:

Jiðr ¼ 0Þ ¼ 0; i ¼ 1; 2; . . .;K � 1 ð17Þ

Jiðr ¼ RpÞ ¼ �ki;m Ci;bulk � CðRpÞxiðRpÞ
� � ð18Þ

and with the mass transfer coefficients ki,m calculated using a correlation of the Sher-
wood number for a fixed bed:

Sh ¼ 2þ 1:8Re0:5p Sc0:33 ð19Þ

3 Results and Discussion

The main physical parameters used in the numerical simulations are reported in
Table 1. In the base case it was assumed that the pellet volume fraction occupied by
each type of catalyst is equal to 0.5. Thus, introducing the dimensionless radial
coordinate defined as:

f ¼ r
�
Rp 2 ½0; 1� ð20Þ

the 50%/50% proportion corresponds to a dimensionless radius of the pellet core equal
to fcore = 0.7937 (Fig. 1b).
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Numerical simulations were made for two different bulk gas compositions, one
corresponding to syngas obtained from natural gas, the other to syngas characterized by
a high content of nitrogen (Table 2). Since the analysis was limited to a single
bifunctional catalyst pellet, setting the bulk gas composition equal to the raw syngas
composition can be interpreted in two ways: either the simulated pellet is located near
the inlet of a fixed-bed reactor, or it is located in a fluidized-bed reactor during the start-
up phase.

Table 1. Main parameters used in numerical simulations.

Quantity Value Quantity Value

Pore diameter, dpore 10−8 m Pellet density, qp 1775 kg/m3

Pellet porosity, ep 0.5 Temperature, T 503 K
Pressure, P 50–70 bar Tortuosity, s 4
Pellet radius, Rp 10−4, 2.5 � 10−3 m Gas velocity, ubulk 1 m/s

Table 2. Syngas composition (Hu et al. 2008).

Source xCO xCO2 xCH3CO xH2O xDME xCH4 xN2 xH2
Syngas from natural gas 0.13 0.13 0 0 0 0 0.04 0.7
Syngas with N2 high
content

0.1716 0.0409 0.003 0.0002 0.0018 0.044 0.316 0.4225

Fig. 1. Schematic of the functionalities structuring at catalyst pellet level (a) and radial
distribution f1 of the metallic catalyst for methanol synthesis in the bifunctional pellets for the
base case simulations (b) (note that f2 = 1 – f1).
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Figure 2 shows the profiles of methanol and DME molar fractions obtained using
the distributions of the active centers from Fig. 1b and bulk gas conditions corre-
sponding to syngas from natural gas determined for two values of the pellet radius, i.e.
Rp = 10−4 m (Fig. 2a-b) and Rp = 2.5 � 10−3 m (Fig. 2c-d).

Both the qualitative and the quantitative difference in the DME concentration
within the pellet obtained using a different arrangement of the active sites within the
pellet is clearly visible. However, it is practically impossible, basing only on the
reactant distribution within the pellet, to assess which structure performs best. There-
fore, the yield of DME with respect to hydrogen was used to assess pellet performance.

Following Reference (Morbidelli et al. 2001), the yield of dimethyl ether was
defined as the ratio between the actual production rate of DME and the consumption
rate of hydrogen in the absence of external and internal mass transport resistances, i.e.:

Fig. 2. Distribution of methanol and DME molar fraction within the pellet for Rp = 10−4 m (a)-
(b) and Rp = 2.5 � 10−3 m (c)-(d); P = 60 bar, T = 503 K, syngas from natural gas.
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YDME; H2 ¼
3
R1
0
f2ðfÞr4 K1;CðfÞ; xðfÞð Þf2df
P3
k¼1

mk;H2

�� ��rk K2;CbulkðfÞð Þ
ð21Þ

Table 3 reports the variation of the DME yield for two core-shell structures cal-
culated in relation to the yield obtained for the uniform distribution of metallic and
acidic active sites within the pellet. In all simulations, the pellet volume fraction
occupied by each type of the two catalytic active sites was set to 0.5 (Fig. 1).

It can be observed (Table 3) that, both for the syngas from natural gas and syngas
with high content of nitrogen, a substantial (about 50%) enhancement in the DME yield
with respect to hydrogen consumed, YDME,H2, can be obtained using larger pellets, i.e.
Rp = 2.5 � 10−3 m, and 1-core, 2-shell structure, i.e. the bifunctional pellet with the
metallic catalyst located in the pellet core and acidic catalyst located in the pellet shell.
This is due to the strong influence of internal and external mass transport on the overall
process performance. Methanol which is synthesized in the pellet core diffuses towards
the surface through the shell, where it makes contact with the acidic catalyst and is
dehydrated to DME. In case of uniform distribution of both catalysts, a part of the
intermediate product (methanol) may diffuse unconverted into the bulk gas. When the
methanol is produced in the pellet shell (2-core, 1-shell arrangement) also only a part of
it reaches the pellet core when it undergoes further transformation into DME.

Table 3. Enhancement in the yield of DME with respect to H2, YDME,H2, calculated in relation
to YDME,H2 obtained for uniform distribution of catalysts within the pellet.

Rp Catalyst
arrangement

P = 50 bar P = 60 bar P = 70 bar

Syngas from
natural gas

10−4 1-core,
2-shell

−39.43% −36.85% −34.56%

10−4 2-core,
1-shell

−40.08% −36.55% −33.41%

2.5 � 10−3 1-core,
2-shell

44.17% 51.22% 57.76%

2.5 � 10−3 2-core,
1-shell

−17.13% −16.72% −15.38%

Syngas with
high N2 content

10−4 1-core,
2-shell

1.70% 1.76% 1.82%

10−4 2-core,
1-shell

−1.43% −1.39% −1.34%

2.5 � 10−3 1-core,
2-shell

44.33% 49.73% 55.02%

2.5 � 10−3 2-core,
1-shell

−31.45% −30.45% −30.04%
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In the case of smaller pellets, i.e. Rp = 10−4 m, the process yield is strongly
influenced by the bulk gas conditions. While for the syngas characterized by a high
content of nitrogen, a slight performance in the DME yield obtained using 1-core, 2-
shell arrangement was observed when compared to the uniform distribution of both
catalysts, employing as the bulk gas conditions the composition of syngas from natural
gas caused a significant decrease of YDME,H2. This means that the optimal structure of
the bifunctional pellet depends a lot on the gas composition, and thus – if dealing with a
fixed-bed reactor – also on the location of the pellet in the reactor.

As expected, the DME yield is also influenced by the process conditions.
Regardless of the pellet structure employed, it gets higher as the total pressure, P, is
increased (Table 3).

Another important design parameter in bifunctional pellet structuring are the pro-
portions between the two types of active centers within the pellet. Figure 3 shows the
values of YDME,H2 obtained for the same structures of the pellet but with different
values of f1 and f2 (note that f2 = 1 – f1). It must be underlined that very low values of
YDME,H2 result from bulk gas conditions (Table 2) corresponding, as already men-
tioned, to the pellet located near the inlet of a fixed-bed reactor or to the pellet located
in a fluidized-bed reactor being at the start-up phase.

For smaller pellets (Rp = 10−4 m, Fig. 3a) the uniform distribution of the active
centers gives the highest YDME,H2 practically in the entire range of f1. An improvement
in the DME yield can be obtained using both 2-core, 1-shell and 1-core, 2-shell catalyst
arrangements, however, it is so small that, considering the technological difficulties and
the manufacturing cost of structured pellets it may not have economic justification.
Moreover, for the assumed bulk gas composition the pellet in which the volume
fraction occupied by each type of the catalyst is close to 0.5 results to perform best.

Fig. 3. Comparison of the yield of DME with respect to H2, YDME,H2, obtained for different
catalyst arrangement within the pellet as a function of the pellet volume fraction occupied by the
first catalyst, f1, for Rp = 10−4 m (a) and Rp = 2.5 � 10−3 m (b); P = 60 bar, T = 503 K, syngas
from natural gas.
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When dealing with relatively large pellets (Rp = 2.5 � 10−3 m, Fig. 3b) both the
structure and the fractions (by volume) of active centers play a very important role, and
appropriate design of the catalyst pellet may result in a substantial intensification of the
process. Both for the uniform and 1-core, 2-shell catalyst arrangement, the maximum of
YDME,H2 is obtained with the pellet characterized by a relatively low fraction (by
volume) of the metallic active centers (f1 � 0.1), and thus a high fraction of the acidic
active centers for methanol dehydration (f2 � 0.9). In case of 2-core, 1-shell
arrangement of the active centers within the catalyst the maximum of YDME,H2 is
shifted towards a high fraction of f1. Interestingly, for larger pellets, 2-core, 1-shell
structure may give a higher yield of DME than uniform and 1-core, 2-shell structure;
however, this is predicted only for a relatively high fraction of the metallic active
centers, f1. For f1 < 0.6 the optimal pellet structure is the one with 1-core, 2-shell
arrangement of the active centers. It ensures the enhancement in the DME yield up to
about 50% as compared to the uniform arrangement of the active centers.

4 Conclusions

The analysis of the performance of a bifunctional catalyst pellet for direct synthesis of
dimethyl ether (DME) via methanol from synthesis gas, performed with the aid of a
mathematical model of a single spherical pellet, confirmed that structuring of bifunc-
tional pellets is a powerful tool for multistep process intensification. Proper arrange-
ment of different types of active centers within a single pellet may be an efficient way to
control the intraparticle catalytic process and to increase the desired product yield.

It was demonstrated that particle structure has a great influence, especially when
dealing with larger pellets, with radius typical for fixed-bed reactor application. The
most advantageous structure of the pellet in this case was the 1-core, 2-shell structure
(the metallic catalyst for methanol synthesis step located in the pellet core, and the
acidic dehydration catalyst located in the outer shell).

In the case of smaller pellets the best solution appears to be the uniform distribution
of the two types of active centers within the pellet. As demonstrated, the yield of the
desired product, here DME, may also be substantially increased by a proper selection of
the proportions of different active sites within the structured particle.
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Abstract. The chapter describes the current state of the art regarding the
possibility of production of biofuels from algae, indicates potential benefits
arising from their use as well as the methods of acquiring the algae biomass on
an industrial scale. The latest technologies employed to process the algae bio-
mass into biofuels, such as biodiesel, biogas or bioethanol is presented. The
paper describes also the potential effect of industrial algae production on the
environment. It points to specific factors, i.e. water management, supply of
carbon dioxide and nutrients as those that may limit the possibilities in terms of
design and implementation of the system on a large scale.

1 Introduction

Development of the contemporary societies and global economy requires an increase of
energy resources and is inseparably connected with the increase of the environmental
and economic pressure of the human activity. Nowadays, energy is an indispensable
element of all human activities in which devices, available technical or transport
infrastructure are used. The growth pace of the developing countries as well as the
expected expansion of the global population to at least 9 billion in 2050 correlates with
the global growth in energy consumption from 533 billiard kJ in 2008 to 812 billiard kJ
in 2035 (Rogers et al. 2014). Global forecasts show that maintenance of social, political
and climatic security for the growing human population to 2050 will require, first and
foremost, satisfaction of the growing demand for food (increase by ca. 70%), guar-
anteed access to water (consumption increase by 50%), with concurrent reduction of
carbon dioxide (CO2) emission to the atmosphere by 50–80% (Yang et al. 2016). The
International Energy Agency (IEA) reports that the global demand for energy from
2005 to 2030 will increase by 55%, with the annual increase rate at the level of 1.8%
(Lee 2011). Currently, almost 80% of the energy produced around the world originates
from non-renewable sources, i.e. from fossil fuels such as coal, oil or natural gas (Zhu
et al. 2018). It is estimated that the transport sector accounts for even 28% of total
energy consumption in the economy and is responsible for emission of harmful sub-
stances - CO2, NOX, SOX and PM2.5 dusts to the atmosphere. Nowadays, when
sustainable development and environmental issues are considered one of the most
important contemporary problems in the world, the idea of search for alternatives for
the shrinking fossil fuel resources, reduction of greenhouse gases to the atmosphere,
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improvement of air quality and limitation of progressing climatic changes is under
intensive development (Klein et al. 2018). In order to meet the international legal
regulations, intensive research works are conducted on potential obtaining of energy
from environmentally friendly sources and aiming at development of new technologies
that will allow to process the CO2 that has already been emitted, e.g. through its
mineralisation (Praharyawan et al. 2018). In this context, renewable energy (bioenergy)
offers an environmentally friendly solution for the escalating environmental problems
and issues connected with energy security. It allows for diversification of energy
sources and becoming independent from supplies of resources from politically unstable
countries that are the main suppliers of conventional fuels (Ramanna et al. 2017).
Bioenergy is obtained from organic matter, i.e. biomass of animal or derived from
microorganism biomass. It includes biogas or syngas (biomethane, biohydrogen),
liquid fuels (biodiesel, bioethanol), matter from which electricity and heat are obtained
(wood chips, pellet). Figure 1 presents sources and types of biomass and methods of its
conversion to heat, electricity, useful solid, liquid and gas fuels.

Liquid biofuels have a specific advantage over other forms of renewable energy
such as wind, solar, wave or tidal energy - they can be stored or used directly, e.g. by
means of road transport. Selection of the raw material for biofuel production depends
on its availability and price. Depending on the type of raw material process in pro-
duction of biofuels, three generations of biofuels are differentiated. First generation
biofuels are produced from alimentary plants, such as sugarcane, corn, oil plants, and
animal fats (Slade and Bauen 2013). In Europe, a popular raw material for first gen-
eration biofuel (biodiesel) production is rapeseed, in the USA it is soy, while in
Malesia, Indonesia or Thailand, biofuels are produced based on palm and coconut oil
(Ramanna et al. 2017). Although global production of biofuels based on these raw
materials is increasing, controversies connected mostly with food security (food vs.
biofuel industry competition) and “land hunger” can become factors limiting broader

Fig. 1. Methods of biomass conversion into energy and fuels. Worked out based on (Grant
2007)
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use of these energy carriers (Lee 2011). The production of second generation fuels (e.g.
cellulosic ethanol) based on inedible parts of plants containing lignocellulose, such as
grass, wood chips, is an attractive alternative for the first generation fuels, but it still
remains unprofitable due to technological barriers in biomass processing that have not
been overcome yet.

The microalgae biomass is free from the above defects and, due to fast growth in
comparison to conventional oil plants, ability to accumulate significant amounts of fats,
carbohydrates and proteins, is perceived as one of the most promising raw materials for
production of third generation biofuels (Scott et al. 2010, Praharyawan et al. 2018).
Algae grow 5–20 times faster in comparison to field plants, such as rapeseed or corn,
which also demonstrate low amounts of oil, not exceeding 5% of the total mass
(Ramanna et al. 2017). In principle, the microalgae cell division takes place once a day,
but in the exponential growth phase, its mass may be doubled within 3–4 h (Patel et al.
2017). In comparison to field plants, algae contain higher amounts of fats, from 40 up
to 90% of dry mass (Jena and Das 2011). Table 1 presents the comparison of pro-
duction efficiency of biodiesel obtained from microalgae with respect to the production
capacities of typical field plants. According to the presented data, greater amounts of
biodiesel can be produced from microalgae with use of significant smaller land areas
(Rydzewska-Włodarczyk et al. 2017).

Various studies associated with the productivity of algae cultures as one of the
factors conditioning the use of algae in the fuel mass production regard the strategy of
their cultivation, determination of the factors directly affecting the biomass growth to
obtain a high quantity of algae cells with high fat content. Algae with high lipid
accumulation potential - over 20% - include: Ankistrodesmus falcatus (59.9%), Nan-
nochloropsis oceanica (54.3%), Schizochytrium sp. (50–77%), Chaetoceros calcitrans
(40.9%), Chlorella vulgaris (53%), Pavlova lutheri (35.5%), Synechococcus sp. (29%),
Neochloris oleoabundans (35–54%) (Razeghifard 2013, Abomohra et al. 2016). One of
the methods to improve algae productiveness are immobilisation techniques (Pra-
haryawan et al. 2018). Hameed and Ebrahim (2007) present the example of 19

Table 1. Comparison of selected raw materials for biodiesel production (Rydzewska-
Włodarczyk et al. 2017).

Raw material Oil content
% w/w

Oil yield L/
(ha year)

Land use
m2year/kg
biodiesel

Biodiesel
productivity kg/
(ha year)

Soybean 18 636 18 562
Rape seeds 41 974 12 862
Palm seeds 36 5366 2 4747
Microalgae
Low oil cont.

30 58700 0.2 51927

Microalgae
High oil cont.

70 136900 0.1 121104
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immobilised microorganisms (Anabaena azollae, Nostoc muscorum, Scenedesmus
obliquus) that were used successfully in the production of hydrogen and examples of
microorganisms used for ammonia, polysaccharides and glycerol production. The
immobilised biomass is used in production of modern energy carriers (“living elec-
trodes”) as well as in removal of heavy metals, phosphorus or nitrogen from water and
waste.

The potential of macroalgae for biogas production is rather low because of low lipid
content that reaches to 0.4–3.5% of dry mass. On the other hand, high content of
carbohydrates (3–64%) in the form of starch, cellulose, sugars and other polysaccha-
rides makes macroalgae a desired substrate in anaerobic fermentation. The results of
the presented analysis concerning the lipid content in algae cells and the analysis of
their chemical suitability, i.e. proportions of triglycerides, level of fatty acid saturation,
length of their chains, show clearly the substantial potential of algae with respect to
biofuel production and form a direct premise for the search for factors that could
significantly improve the profitability of this process.

2 A Favorable Characteristics of Algae as a Raw Material
for Biofuel Production

Macro and microalgae are diverse group of prokaryotic and eukaryotic organisms that
live in almost any type of the ecosystem in fresh and saltwater, cold and warm waters in
all geographic zones (Membere and Sallis 2018). They have found application mainly
in the food, cosmetic, pharmaceutical industry as well as a fertilizer in agriculture.
Microalgae are miniature biological factories (size of cells between 1 to 30 lm) that
convert CO2 and sunlight into the biomass rich in minerals and produce oxygen in the
process of photosynthesis. They are characterised by high photosynthesis efficiency,
theoretically 12.6% higher that field plants. For comparison, sugar cane with relatively
high photosynthetic effectiveness can convert only 3.5–4% of solar energy into
bioenergy (Su et al. 2017). Assimilating CO2 from the industrial flue gas, algae take
part in CO2 bio-fixation (to produce 1 kg of biomass they use 1.83 kg of CO2), con-
tributing to reduction of greenhouse gas concentration in the atmosphere (Slade and
Bauen 2013). In the process of bioremediation, industrial and municipal waste water
becomes the source of nutrients necessary for growth, such as phosphorus or nitrogen
(Pawlita-Posmyk and Wzorek 2016, Patel et al. 2017). Many papers point to the
possibility of obtaining higher productivity of algae biomass and high fat content in
heterotrophic and mixotrophic conditions rather than in the autotrophic culture.
Therefore, combination of waste water treatment with algae cultivation seems to be a
cost-efficient and environmentally friendly solution in terms of bioenergy production
(Slade and Bauen 2013). Depending on the culture species and conditions, the algae
biomass can have a diversified chemical composition and efficiency of its growth can
diversified over time. The algae productivity may reach 20–30 g/(m2d) and even 50 g/
(m2d) in its peak. The maximum theoretical productivity of algae for an area
demonstrating high insolation can be even 100–120 g/(m2d). Thus, the biomass pro-
ductivity and its chemical composition are key parameters taken into consideration
when developing profitable and energy-saving methods of biofuel production.
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Selection of the highly efficient strain and proper cultivation conditions in relation to
the assumed cultivation purpose, for instance liquid or gaseous fuel production and/or
obtaining specific bioproducts, gives a change for commercialisation of biofuel pro-
duction. Among the vast group of algae found on Earth, only 30000 species have been
identified so far out of the estimated total number of species ranging from 40000–
100000, with only 100 species having a commercial application (Su et al. 2017).
Currently, the researchers focus on metabolic engineering and genetic tests aiming at
development of a fast growing strain with high lipid content (Patel et al. 2017). In the
anaerobic fermentation processes, with participation of specific bacteria, the consecu-
tive reactions may result in generation of 60% of methane and 30% of CO2. The algae
biomass is rich in carbon, nitrogen or phosphorus which are the basic nutrients for
anaerobic organisms. The biogas production efficiency is affected by the content of
moisture, fats, carbohydrates, ash and lignin (Montingelli et al. 2015, Pawlita-Posmyk
and Wzorek 2017).

3 Factors Affecting the Growth of Algae

Algae growth is conditional upon many factors that can be classified as abiotic (tem-
perature, concentration of O2, CO2, light with proper intensity, adequate exposure time,
pH, salinity, presence of toxic substances), biotic (pathogens, such as viruses, bacteria
and presence of other competitive algae strains) and process factors (biomass con-
centration and frequency of its harvesting, an intensity of mixing (Patel et al. 2017,
Płaczek et al. 2017)).

The basic component of the culture medium is water, e.g. cheap seawater rich in
natural phosphorus, nitrogen compounds and other microelements. The culture medium
is enriched with substances being the source of carbon (*50% of dry mass), nitrogen,
iron, phosphorus, mineral substances and vitamins.

Mixing of the culture can be carried out using multiple methods, i.e. as mechanical
mixing, gas mixing (air-lift column, bubble column) or liquid mixing. The mixing
method depends on the sensitivity of the given strain to the shear forces that can cause
cell destruction. Mixing ensures continuous circulation of the algae suspension in the
bioreactor, preventing their separation and, thus, ensuring a uniform cultivation envi-
ronment. In addition, this has effect on even distribution of nutrients, CO2 and effective
removal of O2. Cells carried by the liquid have similar access to light, moving cycli-
cally between worse and better lit zones in the bioreactor (Płaczek et al. 2017).
Maintenance of the optimum culture temperature (usually 20–30 °C) is decisive in
terms of high productivity. Algae are sensitive to temperature changes. They can
survive at a temperature 10–15 °C below optimum but die at a temperature 2–3 °C
above it (Patel et al. 2017). Therefore, large photobioreactors (PBRs) are placed in
greenhouses where temperature control is easy. Pawlita-Posmyk et al. (2018) describe
the effect of temperature typical for mesophilic anaerobic fermentation (35–40 °C) on
the growth of Chlorella vulgaris. The research results showed that excessive temper-
ature first caused inhibition of the algae growth and decline of culture productivity, and
finally lead to algae death. In certain algae cultivation systems due to fluctuations in
temperature, cooling systems are used, i.e. heat exchangers, internal coils.
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Algae, as photosynthetic organisms, absorb and process CO2 and other substances
emitted to the atmosphere as undesirable pollution (Wu et al. 2008). Presence of CO2 in
the culture medium, the basic component of the cellular mass, is indispensable. CO2

may originate, for instance, from a combined power plant as a component of flue gas
from the conventional fuel combustion process. It influences acidity of the culture, i.e.
reduced pH - another important parameter determining the algae growth. Most algae
species is capable of developing on culture media with pH ranging from 7.0 to 9.0.
Control of environmental factors such as change of availability of nutrients, limitation
of access to light, application of the proper cultivation method can have a significant
effect on the lipid content in the cells. The stress connected with insufficiency of
nutrients, especially nitrogen, causes increased lipid production (C. emersonii - growth
by 63%, C. minutissima - 56%, C. vulgaris - 40%). This strategy has been applied
successfully in commercial installations. Although changes of other cultivation
parameters, such as temperature, pH, salinity, can also stimulate lipid accumulation,
controlling all listed parameters in large scale production is unfeasible (Patel al. 2017).

4 Microalgae Cultivation Systems and Harvesting
Techniques

Increase of the share of algae-based alternative fuels on the global fuel market requires
obtaining the adequate quantities of good quality raw materials - biomass, to be con-
verted into valuable biofuels. Industrial cultivation of microalgae can be performed in
open systems, i.e. raceway ponds or closed systems referred to as PBRs (Płaczek et al.
2017). Nowadays, the dominant algae culture type are open systems which account for
90% of the global algae production. Raceway pond is shallow concrete or plastic
channel in the form of a closed loop equipped with a paddle wheel that forces liquid
circulation and prevents algae sedimentation (Patel al. 2017). Low depth (15–40 cm)
and large area of the cultivation ponds ensures algae optimal access to the sunlight. The
cultivation time is 7–10 days. Open systems have, however, limited production
capacities and they are exposed to loss of water and biological contamination (Płaczek
et al. 2017, Wądrzyk et al. 2017). In the climatic zones where the nature of daily and
annual changes of temperature is not conducive to intensive algae growth and where
the insolation is insufficient, PBRs ensuring stabilisation of key culture parameters are
used. PBR reduces the possibility of infection with bacteria competing with algae in
terms of access to nutrients. Biomass productivity in PBR is at least several times
higher than in the open pond. It entails, however, higher capital expenditures resulting
mostly from expensive constructive materials of the bioreactor. Photobioreactors such
as bubble column, airlift column, flat panel or spiral tube structure are more complex
than their open equivalents and they are considered more cost consuming. These costs
result from increased energy consumption, sterilisation of culture medium and the use
of qualified employees. Many of the PBRs, due to the problem with scale up and
operating difficulties, cannot be currently used for production of algae on a global scale.
Tubular photobioreactors or a flat panels are usually used for commercial algae cul-
tivation. Mixing the culture liquid is usually carried out using pumps. Aerators are not
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very popular as they require periodical cleaning and disinfection. Detailed information
regarding the structure and operating parameters of the PBRs is presented in the paper
of Płaczek et al. (2017).

Microalgae can be used for production of various types of energy carriers (bio-
methane produced by anaerobic biomass digestion, biodiesel produced from oil
obtained from algae or photobiologically synthesised biohydrogen (Wądrzyk et al.
2017)). The fuel production begins with obtaining the algae biomass which then
undergoes multiple stages of processing. The profitability of algae production is
affected not only by the production-related costs, i.e. the costs of the nutrients, artificial
lighting, CO2 supply, electric energy, but also by the costs connected with separation of
the biomass. The algae biomass is strongly hydrated and contains typically 78–90% of
moisture. For the purpose of processing at a later stage, strongly diluted microalgae
culture, containing frequently only 0.1 to 2.0 g wt% of dry biomass, must be con-
centrated to at least 10–30 g wt%, which is an energy-consuming process (Su et al.
2017). Removal of algae from the liquid using convention methods is much more
complicated than removal of inorganic particles due to the microscopic size of the cells,
their morphology, suspension density similar to water density (*1.16 kg/m3) and
negative surface charge. It is estimated that the cost of algae dehydration for energy
purposes accounts for 20–30% of total biofuel production costs (Rawat et al. 2013,
Barros et al. 2015). High costs of dehydration and drying make the fuel obtained from
algae less attractive in terms of costs. Taking into account the high costs of microalgae
separation which, to a great extent, are decisive in terms of the cost-efficiency of the
entire process of biofuel production from algae, methods to improve effectiveness of
their separation from culture media are sought for (Sheehan et al. 1998). Separation of
the solid-liquid systems can be carried out through centrifugation, flocculation, filtra-
tion, sedimentation, floatation or electrophoresis (Uduman et al. 2010). Application of a
specific algae biomass dewatering is frequently determined also by the degree of
technical proficiency in use of this method on the industrial scale. For instance the
dominant technological methods in algae biomass processing are those that proved
successful in technology of water treatment for removal of organic contamination.
Presence of algae in the drinking water supply sources can cause a number of operating
issues i.e. coagulation difficulties, filter clogging or biofilm development (Chen and
Yeh 2005). To remove algae from drinking water, pre-oxidants are frequently used,
such as ozone as well as a number of chemical substances in the form of coagulants and
flocculants. Sedimentation is one of the cheapest algae separation methods, but also the
least effective one (Uduman et al. 2010, Patyna et al. 2018). In order to improve
effectiveness and reduce time of gravity separation, the preliminary algae flocculation
process is carried out, resulting in increased sizes of falling particles. This, however,
requires using proper chemical compounds, such as Al2(SO4)3, FeCl3, Fe2(SO4)3
(Rawat et al. 2013). On the other hand, many algae strains undergo the auto-
flocculation process the intensity of which depends on the cultivation conditions. This
process is most frequently connected with the electrostatic interaction between nega-
tively charged surface of the cells and positively charged ions in the culture liquid,
precipitation of salt sediments or generation of extracellular polymer compounds.
Many papers indicate that algae produce extracellular polymeric substances in the
conditions of change of light intensity, temperature or the concentration of oxygen. In
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the batch cultures, this process is a result of cell ageing and the best conditions for
sedimentation arise at the end of the exponential and stationary growth phase (Patyna
et al. 2018).

5 Production of Biofuel from Microalgae

Liquid algae biofuels are produced subjecting the biomass to thermochemical pro-
cesses, i.e. pyrolysis, hydrogenation, liquification, gasification, which result in bio-oils
as well as biochemical processes, i.e. fermentation, transesterification, the products of
which are biodiesel and bioethanol.

Pyrolysis is a reaction of chemical decomposition of biomass under the influence of
high temperature (ca. 500 °C) in an environment deprived of oxygen and other oxi-
dising factors. The products are pyrolytic oil (75%), charcoal (12%) and a mixture of
flammable gases (13%). The physicochemical properties of bio-oil from microalgae
obtained at the temperature of 450° are presented in Table 2 (Su et al. 2017). On the
other hand, hydrogenation consists in production of fuel from algae in conditions of
high pressure and temperature, in the presence of catalysts and a solvent (Patyna et al.
2018). The developed liquefaction process does not require drying of the biomass
which allows to reduce the amount of energy needed to remove water from cells. The
process takes place in the aquatic environment at the temperature of ca. 300 °C and
pressure of ca. 10 MPa, without reduction of such gases as hydrogen or CO, and
consists in recovery of phases: gaseous, oil, water and residues. In the gasification
process, biomass is converted in a thermal reaction into a gaseous product which
generates energy only after combustion. The first stage of gasification takes place at the
temperature of 450–800 °C in the conditions of oxygen deficit which leads to fuel
degasification - a flammable gas and the residual minerals are formed. At the second
stage, gas is combusted in the temperature of 1000–1200 °C (Amin 2009).

Bioethanol is obtained from two-stage process of fermentation of carbohydrates
present in the algae. The first stage consists in starch extraction and the second one is
the initiation of the proper fermentation process using Saccharomyces cerevisiae yeast.
The obtained bioethanol undergoes the distillation process. A product of fermentation is
also biomethane. This process takes place in fermentation chambers and the generated

Table 2. Physiochemical properties of microalgae bio-oil (Su et al. 2017).

Parameter Pyrolysis bio-oil

Density, kg/dm3 1.01
Kinematic viscosity at 40 °C, mm2/s 56.8
Flash point, °C 126
Water content, mg/g 598
The calorific value, MJ/kg 27–29
Ash content, wt% <0.5
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gas is stored in tanks. In turn, production of biodiesel involves a different process than
biomethane production. The obtained biomass is first dried using electric energy,
residual heat or solar energy. In order to release fats from the cells, cellular wall
degradation is necessary, for instance by means of ultrasounds. The end stage of
biodiesel production is transesterification conducted in high temperature with use of
methanol and a catalyst. The fuel obtained in this process undergoes purification.
Vegetable oils which, due to high viscosity and composition (they contain free fatty
acids, phospholipids, sterols, water), cannot be used directly as engine fuel, undergo
transesterification. Transesterification is catalysed by acids, bases or enzymes, and use
of an alkaline catalyst guarantees an over 4000 times faster reaction. The most fre-
quently used alkaline catalysts are sodium and potassium hydrocarbons, whereas sul-
phuric, phosphoric and chloric acids can be acidic catalysts.

6 Environmental Impacts

Industrial production of microalgae can have both a positive and a negative effect on
the environment. An example of this can be use of the electric energy originating
mostly from fossil fuels and used for the purpose of utilities pumping, gas compression,
mixing, photobioreactor lighting, biomass dehydration or drying. Optimisation of
energy consumption also through use of waste energy from a combined power plant
can effectively improve profitability of fuel production from algae. A reliable cheap
water source in the vicinity of the culture is crucial for successful biomass production.
Obviously, salty sea water, could be used, but it often requires preliminary processing
for the purpose of elimination of components inhibiting the growth of algae and is
connected with energy consumption. On the other hand, use of recirculation water in
the cultivation processes exposes it to infection and the necessary filtration processes
applied to remove contamination from water require significant financial expenditures.
In open ponds, to compensate water losses resulting from evaporation, it is necessary to
supplement it continuously which also generates costs. An advantage is the fact that the
culture can be located on wastelands exposed to very good insolation, but unsuitable
for economic use.

Full replacement of fossil fuels with algae based fuels would be connected with
increase of demand for fertilisers. Growth in production of fertilisers would contribute
to increase of the negative effects of the chemical industry on the environment. Certain
conceptual designs of algae production system include circulation of nutrients, espe-
cially those obtained from waste water remediation (Slade and Bauen 2013). Algae
production systems associated with the power engineering sector may have a positive
effect on the air condition, solving the CO2 sequestration issue. The theoretical
effectiveness of CO2 use can be 20–90% but in practice in open cultivation systems can
be lower than 10% while in closed cylindrical photobioreactors (PBRs) it can reach
75%. It arises from the above considerations that a significant part of the gas supplied
to the open cultures would be emitted in high amounts at the ground level which may
be unacceptable. The demand for CO2 has effect on the production location and energy
balance of the system. If CO2 from flue gases was used, the production site would have
to be located close to the power plant or another big CO2 source. These sources are
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concentrated mostly in the main industrial and urban areas and only a relatively low
number of them is located near the oceans from which cheap water could be obtained.
Since generation of CO2 from flue gases is an energy-consuming process, direct use of
flue gases would be beneficial in energy terms if algae would tolerate the contamination
in the gas.

Improper management of post-culture liquid containing residues of nutrients
through its discharge to the environment can result in undesirable changes in the
structure and function of water ecosystems (eutrophication). On the other hand,
incorporation of eutrophicated ecosystems in the algae production system could solve
the issue of excessive supply of nutrients in the waters. Algae placed in a scrubber are
capable of capturing 60–80% of nitrogen and from 70% to 100% of phosphorus from
the slurry.

Temperature control of the culture must be also included in the energy-consuming
processes. It is believed that reducing energy consumption for algae cultivation can be
achieved through genetic modification of microalgae. Transgenic algae would be
characterised with lower nutritional requirements, would exhibit tolerance to temper-
ature changes, faster growth rates, higher oil yield, translating directly into increased
quantities of produced fuel. There is, however, a threat of uncontrolled release of
transgenic algae to the environment. Management of waste resulting from the fuel
production process can be problematic as many algae species produce toxins at a
certain stage of their growth. Prior to sale of these substances or their deposition, the
manufacturer will, thus, be obliged to prove that the product is safe (Slade and Bauen
2013).

7 Conclusions

Nowadays, the search for favourable biofuel sources focus on algae which do not
compete with food production and, additionally, contribute to reduction of greenhouse
gas emission. Financial support for research projects implemented on a global scale,
mostly by the US government, EU member states and investment groups, allowed for
development of the technology of cultivation and processing of algae into biofuels.
Despite significant technological advances, the costs of production of biofuels from the
algae are still too high in comparison to price of oil which is a barrier for their
commercialisation. Nevertheless, taking into account the growing needs of the trans-
port sector, the demand for cheap raw materials for various branches of the industry as
well as the normative requirements connected with the necessity to systematically
increase the share of energy from renewable sources in the general supply of energy,
new concepts of integrated algae biomass cultivation and processing system have a real
change for development. Efficient production and processing will, however, require
highly efficient strains of algae and using technologically advanced production systems
allowing to reduce the cost and improve its competitiveness to the conventional
systems.

Algae as a Raw Material for Third Generation Biofuels Production 333



References

Abomohra, A.E.-F., Jin, W., Tu, R., Han, S.-F., Eid, M., Eladel, H.: Microalgal biomass
production as a sustainable feedstock for biodiesel: current status and perspectives. Renew.
Sustain. Energy Rev. 64, 596–606 (2016)

Amin, S.: Review on biofuel oil and gas production process from microalgae. Energy Convers.
Manag. 50, 1834–1840 (2009)

Barros, A.I., Goncalves, A.L., Simoes, M., Pires, J.C.M.: Harvesting techniques applied to
microalgae: a review. Renew. Sustain. Energy Rev. 41, 1489–1500 (2015)

Chen, J.-J., Yeh, H.-H.: The mechanisms of potassium permanganate on algae removal. Water
Res. 39, 4420–4442 (2005)

Grant, B.-T.: Opportunities for biomass energy programmes. experiences & lessons learned by
UNDP in EU & the CIS, Final Report (2007). https://www.uncclearn.org/sites/default/files/
inventory/undp42.pdf. Accessed 23 Sept 2019

Hameed, M.S.A., Ebrahim, O.H.: Review biotechnological potential uses of immobilized algae.
Int. J. Agric. Biol. 9(1), 183–192 (2007)

Jena, U., Das, K.C.: Comparative evaluation of thermochemical liquefaction and pyrolysis for
bio-oil production from microalgae. Energy Fuels 25, 5472–5482 (2011)

Klein, B.C., Bonomi, A., Filho, R.M.: Integration of microalgae production with industrial
biofuel facilities: a critical review. Renew. Sustain. Energy Rev. 82(1), 1376–1392 (2018)

Lee, D.H.: Algal biodiesel economy and competition among bio-fuels. Biores. Technol. 102, 43–
49 (2011)

Membere, E., Sallis, P.: Effect of temperature on kinetics od biogas production from macroalgae.
Biores. Technol. 263, 410–417 (2018)

Montingelli, M.E., Tedesco, S., Olabi, A.G.: Biogas production from algal biomass, review.
Renew. Sustain. Energy Rev. 43, 961–972 (2015)

Patel, A., Gami, B., Patel, P., Patel, B.: Microalgae: antiquity to era of integrated technology.
Renew. Sustain. Energy Rev. 71, 535–547 (2017)

Patyna, A., Płaczek, M., Witczak, S.: Study of Chlorella vulgaris sedimentation process. In:
MATEC Web of Conferences, vol. 240, Article ID 05023, pp. 1–5 (2018)

Pawlita-Posmyk, M., Wzorek, M.: Analysis of domestic sewage treatment system. Chemik 10
(70), 620–625 (2016)

Pawlita-Posmyk, M., Wzorek, M.: Assessment of application of selected wastes for production of
biogas. In: E3S Web of Conferences, vol. 19, Article ID 02017, pp. 1–6 (2017)

Pawlita-Posmyk, M., Wzorek, M., Płaczek, M.: The influence of temperature on algal biomass
growth for biogas production. In: MATEC Web of Conferences, vol. 240, Article ID 04008,
pp. 1–7 (2018)

Płaczek, M., Patyna, A., Witczak, S.: Technical evaluation of photobioreactors for microalgae
cultivation. In: E3S Web of Conferences, vol. 19, Article ID 02032, pp. 1–10 (2017)

Praharyawan, S., Rahman, D.Y., Susilaningsih, D.: Influence of light intensity on lipid
productivity and fatty acids profile of Choricystis sp. LBB13-AL045 for biodiesel production.
Res. J. Life Sci. 5(2), 128–139 (2018)

Ramanna, L., Rawat, I., Bux, F.: Light enhancement strategies improve microalgal biomass
productivity. Renew. Sustain. Energy Rev. 80, 765–773 (2017)

Rawat, I., Ranjith, K.R., Mutanda, T., Bux, F.: Biodiesel from microalgae: a critical evaluation
from laboratory to large scale production. Appl. Energy 103, 444–467 (2013)

Razeghifard, R.: Algal biofuels. Photosynth. Res. 117, 207–219 (2013)

334 M. Płaczek

https://www.uncclearn.org/sites/default/files/inventory/undp42.pdf
https://www.uncclearn.org/sites/default/files/inventory/undp42.pdf


Rogers, J.N., Rosenberg, J.N., Guzman, B.J., Oh, V.H., Mimbela, L.E., Ghassemi, A.,
Betenbaugh, M.J., Oyler, G.A., Donohue, M.D.: The critical analysis of paddlewheel-driven
raceway ponds for algal biofuel production at commercial scales. Algal Res. 4, 76–88 (2014)

Rydzewska-Włodarczyk, M., Drozłowska, E., Sobieraj, M.: Wybrane zagadnienia identyfikacji,
wyceny i kalkulacji kosztów produkcji biopaliw trzeciej generacji. Ekonomiczne Problemy
Usług 2, 229–242 (2017)

Scott, S.A., Davey, M.P., Dennis, J.S., Horst, I., Howe, C.J., Lea-Smith, D.J., Smith, A.G.:
Biodiesel from algae: challenges and prospects. Curr. Opin. Biotechnol. 21(3), 277–286
(2010)

Sheehan, J., Dunahay, T., Benemann, J., Roessler, P.: A look back at the U.S. Department of
Energy’s Aquatic Species Program – Biodiesel from algae. National Renewable Energy
Laboratory: Golden, Colorado. NREL/TP-580-24190:1–328 (1998)

Slade, R., Bauen, A.: Micro-algae cultivation for biofuels: cost, energy balance, environmental
impacts and future prospects. Biomass Bioenerg. 53, 29–38 (2013)

Su, Y., Song, K., Zhang, P., Su, Y., Cheng, J., Chen, X.: Progress of microalgae biofuel’s
commercialization. Renew. Sust. Energy Rev. 74, 402–411 (2017)

Uduman, N., Qi, Y., Danquah, M.K.: Dewatering of microalgal cultures: a major bottleneck to
algae-based fuels. J. Renew. Sustain. Energy 2, Article ID 012701 (2010)

Wądrzyk, M., Janus, R., Dziok, T.: Produkcja biokomponentów paliwowych drugiej i trzeciej
generacji poprzez procesy termochemiczne – bioolej z mikroalg. Nafta-gaz 9, 641–650 (2017)

Wu, N., Li, Y., Horsman, M., Lan, C.Q., Dubois-Calero, N.: Biofuels from microalgae.
Biotechnol. Prog. 24, 815–820 (2008)

Yang, I.-S., Salama, E.-S., Kim, J.O., Govindwar, S.P., Kurade, M.B., Lee, M., Roh, H.-S., Jeon,
B.-H.: Cultivation and harvesting of microalgae in photobioreactor for biodiesel production
and simultaneous nutrient removal. Energy Convers. Manag. 117, 54–62 (2016)

Zhu, L., Li, Z., Hiltunen, E.: Microalgae chlorella vulgaris biomass harvesting by natural
flocculant: effects on biomass sedimentation, spent medium recycling and lipid extraction.
Biotechnol. Biofuels 11(183), 1–10 (2018)

Algae as a Raw Material for Third Generation Biofuels Production 335



The Use of Micro Additives in Building
Gypsum Materials

Karol Prałat(&), Mirosław Grabowski, and Justyna Ciemnicka

Faculty of Civil Engineering, Mechanics and Petrochemistry,
Warsaw University of Technology, ul. Łukasiewicza 17, Płock, Poland

karol.pralat@pw.edu.pl

Abstract. The paper presents the experimental measurement of the thermal
conductivity of the modified gypsum and the influence of added micro additives
on this thermal parameter. The polymer and the aerogel are used as additives in
the weight fractions 0.5%, 1% and 2% of pure gypsum and the microspheres in
the weight fractions 5%, 10% and 15% of gypsum. The water-to-gypsum ratio
(w/g) for all specimens was 0.75. For the purpose of measuring of the thermal
conductivity k, a novel non-stationary method was used. Based on the experi-
mental measurements found the gypsum with polymer content resulted in more
than 44% lower thermal conductivity in comparison to the specimen without
hydroxyethylmethylcellulose as a result of the different porosity of the modified
specimens. Decrease in thermal properties, were observed as an effect of
microstructure modifications of the gypsum product. The gypsum with aerogel
and microspheres content resulted in more than 35% and 42% respectively
lower values in comparison to the reference sample without micro additives.

1 Introduction

Modern countries and world economies understand that we have to protect environ-
ment. They try to lower greenhouse gas emission, protect waters, soils, reduce noise,
recycling, look for an alternative sources of energy and energy efficiency (Ciemnicka
et al. 2019; Milošević 2012; Węglorz 2014). Modern construction industry, in which
we spend up to 80% of our life, is an important element of our environment and
landscape. Ensuring an appropriate state of internal environment is very important
when we design and build a building, both in health and comfort of use aspects. For
many people, taking care about natural environment is also a priority.

Science and industry are used to reduce thermal losses of internal environment.
Different methods allow to decrease demand for energy and its consumption. The
subject of energy efficiency is the most important in most of the buildings. Energy
efficiency is becoming a standard in modern construction industry.

Different methods of reduction of energy consumption are introduced in the eco-
logical buildings in order to reduce consumption of conventional energy and, as a
consequence, to protect environment.
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Above goal is achieved mainly through:

– use of energy from alternative sources (renewable),
– use of systems of heat recovery,
– introduction of unconventional methods of obtaining, storing and conversion of

energy.

High-tech energy efficient construction industry uses different methods of exchange of
solar radiation energy. The basic methods include:

1. Passive solar solutions, which make use of a shape, setting of a building solid to
manage available solar energy. It transforms into proper architectural and con-
struction project. Passive systems use and absorb solar radiation from the elements
of a building. Proper walls accumulating energy acting as storehouses are used.
Heated air (obtained energy) is distributed through channels to the rooms.

2. Active solar solutions, which are usually installation solutions. Photothermal con-
version emerges in such systems, that is, conversion of solar radiation energy into
thermal energy or photovoltaic conversion, that is, conversion into electric energy.

3. Construction-material-installation solutions aiming at applying other unconven-
tional methods of obtaining energy contained in natural environment, for example,
using heat pumps and unconventional methods of its storing in the soil, stone
deposits, substances with a low temperature of phase changes. Modern solutions
may include: systems of heat recovery, controlling conditions of internal environ-
ment microclimate, measurements of energy consumption, non-classic construc-
tions of windows with low values of a coefficient of thermal transmission.
Nowadays, very broad field of science within the framework of modern, pro-
environmental material solutions is focused on looking for insulations and con-
struction composites with low values of a coefficient of thermal conductivity
k (Ciemnicka et al. 2019, Prałat 2015).

Low values of a coefficient of thermal conductivity k of insulating and construction
materials is obtained with the help of an addition or building phase change materials
(PCM) in their structure, which are able to absorb, accumulate and release large amount
of energy within the range of a phase change temperature. During absorption of energy,
temperature of material does not change. The materials used in the articles are inor-
ganic (hydrated salts) and organic compounds (paraffin, fatty acids, ionic liquids).

A new way to lower value of a coefficient k is to add micro additives to con-
struction materials. It is assumed that adding a polymer has a considerable impact on
crystallization of calcium sulphate (gypsum) and on rate and the way of binding water
in it.

It is important to have a basic knowledge aiming at finding material constants of
aqueous solutions of polymers, such as: viscosity η, thermal conductivity k or specific
heat Cp. Another important aspect is the impact of micro additives on the value of
conductivity of prepared construction materials – mainly gypsums (Prałat 2015).
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2 Materials

This paper presents the results of measurement of the thermal conductivity k of
modified gypsum. Specimens were modified with the following micro additives:
polymer (hydroxymethyl ethyl cellulose), microspheres and aerogel. Measurements
were based on a designed, novel experimental set up using the non-stationary method.
The composites were characterized by different concentrations of additives. The gyp-
sum sample was modified by additive of polymer and aerogel in different amounts -
0.5, 1.0 and 2.0% and microspheres - 5, 10 and 15% of gypsum.

The material, mechanical and thermal properties of pure gypsum and its compo-
nents are very well known and described in the literature (Adrien 2016; Karni and
Karni 1995; Yu and Brouwers 2012). As a traditional, unmodified building product, it
has the thermal conductivity k, varying in the range of 0.23 to 1.00 W/(m�K), and
density q = 1000 kg/m3 for gypsum boards and blocks. The averaged specific heat is
approximately 840 J/(kg�K) (Yu and Brouwers 2012; Heim et al. 2018). The influence
of various additives like: aerogels, microspheres and polymers on the thermal con-
ductivity of gypsum is currently not well recognized (Ciemnicka et al. 2019).

Hydroxyethyl methyl cellulose is a nonionic polymer characterized by high vis-
cosity and nontoxic and water-soluble properties. HEMC is one of the cellulose ethers
and is widely applied in the building construction sector. It can be used to modify
building materials that are made based on any mortars, such as cement or gypsum
(Kamsen et al. 2013; Ru et al. 2006, Heim et al. 2018). The particle size of polymer
added to gypsum was in the range 150–250 lm.

Nowadays aerogels are one of the best thermal insulation materials. For this work,
silica aerogel in the form of particles of fraction 0.7–4.0 mm was used (Garbalińska
and Strzałkowski 2016). The granules feature hydrophobic properties and their specific
density ranges between 120 and 150 kg/m3. They are the only fire resistant materials
that offer thermal conductivity values as low as 0.012–0.018 W/(m·K) without the need
for vacuum or gas sealed systems (Schiovani 2016). This is achieved by forming the
structure in a supercritical drying process. Supercritical drying is performed to replace
the liquid in a material with a gas to isolate the solid component from the material
without destroying the material’s nanostructured pore network of diameter of
approximately 20 nm.

Microspheres are light, thin-walled hollow spheres which are by-products of the
combustion of pulverized coal at thermal power plants. Due to their properties they are
a potentially interesting filler and may be used for cement-based composites production
(Pichór 2009). The particle size of microspheres from fly ash, added to gypsum was in
the range 50–150 lm. The main chemical constituents in used microspheres: Al2O3

(34–38%), Fe2O3 (1–3%), SiO2 (50–60%), CaO (1–4%), MgO (0.2–2%) and TiO2

(0.5–3%) (Ciemnicka et al. 2019).
In order to present the structure of micro additives, images of the substances used

were made by laboratory stereoscopic microscope, with the use of 100x magnification
and the Moticam camera, allowing observation of details with a size up to 20 lm
(Fig. 1). Because of the visible differences in the structure of the micro additives it was
assumed that micro additives will reduce the thermal conductivity of gypsum com-
posites to a different extent.
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3 Experimental Set-Up

Presented solution of a device is an elaboration of so called linear thermal probe with
constant disbursement. Idea of device consists in the placement inside material, con-
stant source of heat powered by constant electric current in such a way that giving off
stream of heat is constant.

Theoretical bases of “hot wire” method gave Van der Held and Van Drunen (Van
der Held and Van Drunen 1949). A field temperature describes Fourier Eq. (1), where
# means relative temperature, r radius and t time:

cpq
@#

@t
¼ k

@2#

@r2
þ 1

r
@#

@r

� �
ð1Þ

Pace of heating up the wire depends on properties of the centre in which it can be
found. With an assumption of negligible small diameter of heating wire 2r in relation to
its length L, and with following boundary conditions are obtained general solutions (2):

– initial condition: t = 0, r: # = #0 = 0
– boundary conditions: t � 0, r = ∞: # = #∞ = 0

Fig. 1. Microscopic images (magnification x100) of: a gypsum, b polymer, c aerogel,
d microspheres (Ciemnicka 2019)
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where:

x = r2/(4at),
C = 0,5772 – Euler constant,
a = k/(cpq) – coefficient of thermal diffusion,
q = Q/L – power unit of heating wire.

For very small values x, a value of integral can be written down as – C – lnx, and
then Eq. (2) takes the form (3):

# ¼ q
4pk
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4at
r20

� 0; 5772
� �

ð3Þ

Carrying out two measurements of T in moments t1 and t2 value of coefficient of
thermal conductivity can be determined from dependencies (4):

k ¼ Q
4pL

� ln t2
t1

T2 � T1
¼ q

4p
� ln t2

t1

T2 � T1
ð4Þ

where:

Q – quantity of heat emitted by the source of heat, W;
L – length of heating element, m;
t – time, s;
T – temperature of heating element, °C.

Quantity of heat Q emitted by heating element is equal to quantity of heat seized by
studied material in a unit of time, with an assumption of lack of losses and omission of
heat accumulation in heating element (Heim et al. 2016):

Q ¼ U � I ð5Þ

where:

U – current voltage, A;
I – current strength, V.

For the purpose of conductivity measurements, an improved “hot wire” method was
used. The “hot wire” method, based on transient heat exchange, belongs to one of the
most interesting methods because of its simplicity, accuracy and ease of implemen-
tation. It involves placing the heating wire inside the tested material and measuring its
temperature as a function of time. The idea of the experiment assumes placing in the
material a source of heat, supplied with electric current in such a way that the heat flow
emitted in time is constant. The measurement takes place under the heating conditions
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of the material indirectly by determining the rate of heating. In the T-ln(t) coordinates
system, after the transitional period, the dependence takes on a linear character (Van
der Held and Van Drunen 1949, Heim et al. 2016).

For the purpose of measuring the thermal conductivity k a computer-controlled
experimental stand was used described in detail in (Heim et al. 2016, Prałat et al. 2019).
The basic element was a gypsum specimen measuring 50 � 50 � 305 mm, containing
an axially placed Kanthal resistance wire heater with a diameter of 0.2 mm. A minia-
ture resistance temperature sensor type Pt100 has been permanently attached to the
heater. A characteristic feature of platinum resistance sensors is the increase of their
resistance as a function of temperature. In a small temperature range, this increase can
be treated as linear (Heim et al. 2016, Prałat et al. 2019).

The temperature sensor was connected with the measuring module NI-9217 pro-
duced by National Instruments, which was then connected to the intermediary module
cDAQ 9171 transmitting the encoded temperature signal to computer controlling the
process. The measuring module NI-9217 can operate in two modes: sampling with high
resolution or high frequency sampling (Fig. 2). The dedicated software in the LabView
was written for the operation of the measurements procedure. The software made it
possible to set the voltage and the current supply limitation, and indirectly heating
power, to read the actual parameters, as well as write them to a computer disk. The
program also enabled the selection of required power and data logging time sequences
(Prałat et al. 2019).

Thermal conductivity measurements are interdependent measurements, also called
simultaneous measurements, because the measurement and recording of all measured
values were carried out under the same conditions. The estimation of measurement

Fig. 2. Experimental set up for measurement of thermal conductivity by “hot wire” method:
1 – adjustable power supply of direct current, 2 and 3 – power cables, 4 – tested specimen,
5 – sensor Pt100, 6 – hot wire, 7 – data recorder, 8 – input module of the resistance temperature
sensor, 9 – computer (Prałat et al. 2019)
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error of thermal conductivity was calculated for gypsum specimens after 35 days of
maturation and drying. The uncertainty assessment is based on a theory that assumes
that measurement error is random and therefore subject to relevant statistics. In this
case, the final measurement error is determined mainly by “evaluation of measurement
uncertainty type B” of the measuring instruments used, methodology or random errors.
It can be assumed that random and methodical errors are very small and can be
neglected. Therefore, the uncertainty of the final measurement will be affected by
measurement errors of the instruments. The uncertainty assessment is the ratio of the
error margin of the instrument to the measured value and decreases with the increase of
this value. The relative uncertainty of the complex, independent, random measurement
of the thermal conductivity of gypsum was calculated from Eq. (6) (Heim 2016):

u kð Þ
k

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d Uð Þ2 þ d Ið Þ2 þ d lð Þ2 þ d t1ð Þ

ln t1

� �2
þ d t2ð Þ

ln t2

� �2
þ d T1ð Þ2 þ d T2ð Þ2

s
¼ 0:861% ð6Þ

where: dU - uncertainty of voltage measurement on the heating wire, dI - uncertainty in
measuring the intensity of the current flowing through the heating wire, dl - uncertainty
in measuring the length of the heating wire, dt1 - uncertainty of time measurement t1,
dt2 - uncertainty of time measurement t2, dT1 - uncertainty of temperature measurement
T1, dT2 - uncertainty of temperature measurement T2.

4 Results

Specimens were conditioned in temperatures of 20 � 22 °C and RH = 40 ± 1% for
28 days. After this time they were dried at a temperature of 65 °C for 7 days. During
the experiment, thermal conductivity values on the specimens were determined suc-
cessively at 1, 3, 7, 21, 28 and 35 days after they were made. At the same time, the
values of density of gypsum blocks were determined.

Bulk density was determined as a ratio of mass and volume of the gypsum spec-
imens. Total porosity p was calculated based on bulk density with reference to the
density of the structure (7).

p ¼ 1� q
qg

 !
� 100% ð7Þ

The obtained values of bulk density and total porosity are presented in Table 1. The
specific density of tested specimens was assumed qg = 2,350 kg/m3.

When measuring the thermal conductivity based on “hot wire” method, a low
heating power of 0.2 W was used. For all gypsum specimens tested, graphs of the
dependencies T − T0 = f(ln(t)) were made and the slope S for the latter was deter-
mined. Figure 3 shows the graphs for the gypsum without micro additives.
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The thermal conductivity of the specimens was calculated using Eq. (8). The
density and porosity of all the tested gypsum specimens were determined. The values
obtained experimentally are shown in Table 1. In addition, the thermal conductivity of
gypsum was compared with the literature data.

k ¼ Q
4pL

� 1
S
¼ q

4p
� 1
S

ð8Þ

Experimental values of thermal conductivity of gypsum specimens with the addition of
polymer, aerogel and microspheres were respectively over 44% (with 2% polymer
addition), 35% (with 2% aerogel addition) and 42% (with 15% microspheres addition)
lower than the reference specimen, made of gypsum without additives.

On this basis, the thermal conductivity change in time diagrams were made (Fig. 4)
and in the function of varying density (Fig. 5). It was observed that since the 14th day
of the specimens maturation, the thermal conductivity has stabilized.

Table 1. Bulk density q, porosity p and thermal conductivity k of gypsum specimens after 35
days of maturing.

Gypsum specimens k, W/(m·K) q, kg/m3 p, %

Gypsum + 0.5% polymer 0.2685 1011 57
Gypsum + 1% polymer 0.2664 1233 48
Gypsum + 2% polymer 0.1948 947 60
Gypsum + 5% microspheres 0.2083 1011 57
Gypsum + 10% microspheres 0.2797 1208 49
Gypsum + 15% microspheres 0.2027 999 57
Gypsum + 0.5% aerogel 0.2481 1026 56
Gypsum + 1% aerogel 0.3261 1206 49
Gypsum + 2% aerogel 0.2266 908 61
Gypsum 0.3465 1309 44

Fig. 3. Sample graph of the temperature change of the heating wire of the gypsum specimen as a
function of the natural logarithm of time
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5 Conclusions

The gypsum with polymer content results in more than 44% lower thermal conductivity
in comparison to the specimen made of pure gypsum as a result of the different density
and total porosity of the material. Experimental values of thermal conductivity of
modified gypsum specimens with the addition of aerogel were 35% and microspheres
42% lower than that made of pure gypsum. The analysed gypsum composites with
micro additives are thus environmentally friendly materials with improved insulating
performance.

The relative uncertainty of the complex, independent, random measurement of the
thermal conductivity of gypsum after 35 days aging process was lower than 0.9%. The
experimental value of k = 0.3465 W/(m�K) of the specimen with the content of pure

Fig. 4. Changes in thermal conductivity of gypsum specimens during the aging process of pure
gypsum and gypsum with micro additives

Fig. 5. Graph of the dependence of k = f(q) of gypsum specimens with different moisture
content
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gypsum differed from the literature value k = 0.3537 W/(m�K) by 1.0% (PN-EN
12524:2003). It has been confirmed that the novel experimental set up based on “hot
wire” method was designed and made properly.
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Abstract. The chapter presents the results of experimental and numerical
studies of the impact of the design of selected zones of a hybrid fluidized-bed
apparatus on its hydrodynamic properties. In particular experimental tests were
carried out to characterize the hydrodynamics of the bottom zone and of the
degassing zone. The analysis of liquid flow through these zones was performed
using tracer experiments done with the stimulus-response method to determine
the presence of local liquid circulation that could lead to local oxygen deficiency
in the apparatus (dead zones) or privileged flow channels. In addition, CFD
simulations of the liquid flow through the bottom zone of the apparatus were
carried out assuming different design solutions for this zone.

1 Introduction

Three-phase airlift apparatuses are used more and more frequently to run microbio-
logical processes (Merchuk 2003). They have a number of advantages that have
contributed to the growing popularity of this type of construction. The presence of a
solid phase on the surface of which a layer of microorganisms is deposited results in the
increase in the overall biomass concentration in the apparatus, and thus increase in the
bioprocess rate. The introduction of a gas phase, usually air, into the apparatus has two
functions: beyond introducing oxygen into the system, the presence of gas bubbles in
the airlift apparatus induces flow of the liquid phase, so such apparatuses do not need
additional devices to force the liquid phase circulation. Circulation of the liquid also
helps distribute reagents throughout the entire apparatus (Merchuk 2003). However,
rising gas bubbles create additional shear stress that may damage the delicate biofilm
layer and detach it off the surface of the solid support, which is a serious problem when
growing delicate cells (Guo et al. 1997; Olivieri et al. 2010).

Hybrid airlift fluidized-bed apparatus is a modification of a classical three-phase
airlift apparatus. The main modification consists in the lack of direct contact between
solid and gas phase. This is achieved by separating fluidization and bubbling zones by
placing them one above the other (Fig. 1) (Guo et al. 1997). Thanks to this, the
advantages of the three-phase airlift apparatus are preserved and one of the major
disadvantages of a classical design is eliminated.
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The hybrid apparatus is a relatively new design, therefore there are few reports in
the scientific literature concerning such apparatuses (Guo et al. 1997; Olivieri et al.
2010; Prończuk et al. 2016, 2017, 2018, 2019), and their properties have not yet been
completely understood. In the hybrid apparatus, liquid circulation is caused by the
introduction of a gas phase. The flow velocity of the circulating liquid, however,
depends not only on the flow rate of the gas phase but also on the design of the
apparatus itself. There are many possible design variants of two- and three-phase airlift
apparatuses (Rujiruttanakul and Pavasant 2011). Each of the construction solutions has
a number of advantages and disadvantages. In some cases, even a slight change in the
design may cause a significant change in the apparatus operating conditions.

The aim of this work was to analyze the construction of an external recirculation
loop and its effect on hydrodynamics of the apparatus. Particular attention was paid to
the zones connecting the recirculation loop “3” with fluidization “1” and bubbling “2”
zones, i.e. the degassing “4” and the bottom “5” zones. An analysis of the liquid flow
through these zones (i.e. “4” and “5”) was performed to identify areas of local liquid
circulation and to identify local privileged flow channels. Tracer experiments were
carried out to visualize the liquid flow and to determine the residence time distribution
in the selected zones. Moreover, CFD simulations of liquid flow through the bottom
zone characterized by various construction were carried out to determine the influence
of the bottom zone design on liquid mixing.

Fig. 1. Hybrid fluidized-bed apparatus with external liquid circulation: 1 – fluidization zone,
2 – bubbling zone, 3 – downcomer zone, 4 – degassing zone, 5 – bottom zone
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2 Experimental Set-up

The test stand is schematically shown in Fig. 1. The fluidization zone “1” is located at
the bottom of the riser. Above it, the bubbling zone “2” is located. The downcomer
zone “3” is situated in parallel to the riser (zones “1” and “2”) and is connected at the
top with the bubbling zone by means of the degassing zone “4” and at its outlet with the
bottom zone “5”. The fluidization zone was restricted by two meshes: at the bottom to
provide a base on which the bed of solid particles rests, and at the top to prevent the bed
from entering into the bubbling zone. To ensure rigidity, the meshes consisted of two
layers. The first layer of mesh with openings of 1 mm served as a support and the
second mesh with openings of 0.315 mm rested on it. The apparatus was built using
pipes and sheets made of PMMA (Plexiglas), so it was possible to observe the flow of
process media during the apparatus operation. Its design allowed also the use of cir-
culation pipes of various diameters. Table 1 reports the main dimensions of the
apparatus.

Tap water and atmospheric air were used as process media to evaluate the
hydrodynamics of the apparatus, whereas polyoxymethylene (POM) granulate was
used as the fluidized-bed material. The physical properties of media at 18 °C were
employed in the calculations. Tracer experiments were carried out in two different
manners. The first consisted in the introduction of a colored tracer into the flowing
liquid, thanks to which it was possible to visualize the flow. An aqueous solution of
blue ink was used as a tracer. The tracer flow was recorded using a high speed video
camera. The second technique was the classic stimulus-response method (Levenspiel
2011) with an aqueous KCl solution used as a tracer. The concentration of the tracer
was determined by measurement of the conductance. It was measured at the inlet and
outlet of each zone to determine the response to the stimulus introduced and, based on
the response, to determine the value of the Peclet number for the analyzed zones of the
apparatus (Levenspiel 2011). In both cases, the tracer was introduced into the apparatus
in the form approaching the Dirac distribution.

Table 1. Main dimensions of the external-loop hybrid fluidized-bed apparatus, d – diameter,
H – height, L – length, W – width

Dimension Value Dimension Value

d1 0.08 m H3 1 m
d2 0.08 m H4 1 m
d3 0.03 m, 0.08 m H5 0.12 m
d5 0.08 m L4 0.34 m
H1 1 m L5 0.17 m
H2 1 m W5 0.12 m
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3 Results

The first zone to be analyzed was the degassing zone (“4” in Fig. 1). This zone has the
shape of a rectangular tank that connects the bubble zone “2” and the downcomer zone
“3” at the top of the apparatus. As the name implies, the gas phase was separated from
the liquid phase in this zone. Experimental studies have shown that the liquid in the
upper tank was completely degassed in zone “4” in all experiments conducted.

The stimulus-response tracer experiments permitted to determine the values of axial
Peclet number defined as:

Pe ¼ uL
D

ð1Þ

for zone “4” (Fig. 2a), where u is the mean flow velocity, L is the zone length and D is
the axial mass dispersion coefficient.

Depending on the superficial liquid velocity, u0l1, the Pe value fluctuated between
0–8, suggesting that the type of flow in this zone is close to ideal mixing. However,
when analyzing the response to a given stimulus at the outlet of the degassing zone
(Fig. 2b, red “x”), some discontinuities were found in the tracer concentration distri-
bution. It can be observed in Fig. 2b that initially the concentration of the tracer in the
stream leaving zone “4” was approximately equal to the concentration of the tracer in
the stream entering this zone. However, after some time, one can observe a sudden
decrease in the concentration of the tracer, despite a continuous increase in its con-
centration in the inflow stream. This suggests that the flow in this zone was transient
and the type of flow changed over time.

Fig. 2. Results of the tracer experiments with KCl for the degassing zone “4”: (a) calculated
Peclet number value versus superficial liquid velocity, u0l1, for d3 = 0.03 m (blue “+”) and
d3 = 0.08 m (red “x”); (b) representative inlet (blue “+”) and outlet (red “x”) dimensionless tracer
concentration, b, versus time
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In order to visualize the flow through the degassing zone, experiments with a
colored tracer were performed. The tracer was injected in the upper tank, near the liquid
outflow from the bubbling zone “2”. The results obtained (Fig. 3) confirm the complex
nature of the flow in this zone. It can be seen that the tracer, initially introduced in the
form of a compact cloud (Fig. 3a, t = 0 s), was quickly dispersed in the liquid (Fig. 3b,
t = 1 s). The tracer cloud increased its volume considerably and it partially moved
above the outflow from zone “4”. However, only a certain portion of the tracer entered
the downcomer and the remainded portion moved clockwise around the inlet to the
downcomer zone (t = 2 s and t = 3 s in Fig. 3c and 3d). When the part of tracer flowed
from the degassing zone to the downcomer zone, the tracer concentration near the
conductivity probe mounted on the discharge from this zone dropped momentarily.
When the tracer circulating around the inlet to the downcomer zone was directed
towards it, its concentration near the conductivity probe increased again. The visual
observations made are therefore consistent with the results of the tracer experiments
conducted with KCl as a tracer. They also confirm the hypothesis that the flow char-
acter changes as the liquid flows through the degassing zone.

Fig. 3. Colored tracer experiments for degassing zone “4” (top view)
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The second zone analyzed in this work was the bottom zone “5”. It consisted of a
U-shaped pipeline with a diameter of d5 = 0.08 m. It was made of three straight parts
connected together at an angle of 90°. Depending on the diameter of the downcomer
zone (when it was different from the bottom zone diameter), a sudden extension of the
flow cross-section at the bottom zone inlet occurred (see Fig. 1).

The tracer experiments performed using KCl permitted to determine the value of
the Pe number for this zone (Fig. 4a). It can be seen that the values of the Pe number
for this zone depend not only on the liquid flow velocity, but also on the downcomer
diameter. The flow through the bottom zone for the apparatus with the downcomer
zone of the same diameter as the bottom zone (i.e. 0.08 m) is characterized by Pe
values between 15 and 25. For the apparatus with a smaller downcomer diameter, the
Pe values are in the range of 10–13, which means that the flow was approaching the
ideal mixing. This suggests that the presence of a sudden extension of the flow cross-
section creates an area where additional mixing occurs. To identify this area, additional
tracer experiments using a KCl solution (Fig. 4b) and a colored marker (Fig. 5) were
performed.

In the experiments done using KCl solution, the tracer was introduced into the
downcomer zone, in a short distance before entering the bottom zone. The inlet tracer
concentration was measured directly below its injection point. Representative results of
the experiments are shown in Fig. 4b. It can be observed that, despite a short mean
residence time in this zone (for the case shown in Fig. 4b it was s = 7.3 s), the time
span of the response signal is several times greater than the stimulus RTD time span.
However, the maximum tracer concentration is much higher in the case of the stimulus
signal. This type of RTD is characteristic for dispersed flows characterized by low
values of the Pe (close to ideal mixing).

Fig. 4. Results of the tracer experiments with KCl for the bottom zone “5”: (a) calculated Peclet
number value versus superficial liquid velocity, u0l1, for d3 = 0.03 m (blue “+”) and d3 = 0.08 m
(red “x”); (b) representative inlet (blue “+”) and outlet (red “x”) dimensionless tracer
concentration, b, versus time
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In the experiments performed using the colored tracer the injection point was
located in the bottom zone, directly below the outflow from the downcomer zone (see
Fig. 5, t = 0.0 s). It can be seen that the liquid flowing out of the downcomer zone “3”
has a much higher average velocity than the liquid in the bottom zone (d3 = 0.03 m).
The tracer quickly moved away from the injection point and flowed towards the bottom
wall of the apparatus (Fig. 5b, t = 0.4 s). As a result of the collision with the wall, the
tracer smudge was significantly dispersed in the entire volume of the liquid. Then the
tracer cloud was split into two parts, one of which flowing towards the outlet from zone
“5” and the other returning towards the entrance of zone “5” directly below the
downcomer (Fig. 5c, t = 0.8 s). Eventually, near the outlet from zone “3”, the tracer
cloud intensively mixed with the flowing liquid and flowed towards the outlet from the
bottom zone (Fig. 5d, t = 1.2 s). Thus, near the outlet from the downcomer zone, a
volume characterized by a local liquid circulation was identified.

In order to analyze the impact of the zone “5” construction on the liquid flow, CFD
simulations were conducted. Figure 6 shows streamlines of the liquid flow through the
bottom zone. Figure 6a shows the results obtained for the same geometry as in case of
the experimental device, whereas Fig. 6b presents the case in which the outlet from the
downcomer zone enters the bottom zone not on in its middle but at its wall. The last
two figures show the results of CFD simulations obtained for the downcomer zone with
changed shape. In Fig. 6c the downcomer zone of rounded shape (half of the torus with
straight fragments attached at both ends) was analyzed. Figure 6d shows the stream-
lines in the bottom zone that consists of more straight elements (5 instead of 3). In all
cases the bottom zone dimensions were selected in such a way that the external
dimensions (width and height in Table 1) correspond to those of the tested apparatus
(Fig. 6a).

Fig. 5. Colored tracer experiments for bottom zone “5” (front view), d3 = 0.03 m
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It can be observed in Fig. 6a that, for the geometry corresponding to the experi-
mental setup the results of numerical simulations are very similar to those obtained
during the tracer experiments with a colored tracer (Fig. 5). The obtained streamlines
indicate that the liquid stream flowing from the downcomer zone “3” to the bottom
zone “5” collides with the opposite wall and splits into two parts. One of them flows
towards the outlet from the zone and the other circulates below the outflow from the
downcomer before heading towards the outlet from the bottom zone. Changing the inlet
position (Fig. 6b) results in more intense mixing near the inlet to zone “5”. The effects
of local circulation are much more visible than in the previous case. The structure with
the rounded shape of zone “5” (Fig. 6c) has a slightly lower mixing intensity near the
inlet than in case of the geometry shown in Fig. 6a. However, it can be observed that
near the bottom wall of the analyzed zone the liquid stream has a much higher velocity
than the average velocity in this zone. In addition, in the central part of the bottom
zone, near the upper wall, there is an additional region of local liquid circulation.
Similar results were obtained in the last simulation (Fig. 6d), however, in this case the
liquid circulation near the outlet from the downcomer zone was less intensive.

4 Conclusions

The experimental and numerical studies performed on the hybrid fluidized-bed appa-
ratus allowed to analyze the hydrodynamics of the selected zones of the apparatus. The
performed analysis of tracer (KCl) RTD demonstrated some discontinuities in the tracer
concentration at the outlet of zone “4”. The experiments conducted using colored tracer
confirmed that this is due to the presence of vortices near the outlet from the degassing

Fig. 6. Results of CFD simulations obtained for different shapes and configurations of the
bottom zone: (a) 3-part, (b) 3-part with inlet on the right side, (c) rounded and (d) 5-part

The Influence of External Recirculation Loop Design 353



zone to the downcomer zone. It was observed that in the bottom zone, near the outlet
from the downcomer zone, there is a region responsible for intensive mixing. More-
over, CFD simulations confirmed that change in the bottom zone design could con-
tribute to the reduction of turbulence near the inlet of zone “5”, which could lead to
reduction of hydraulic resistance. However, the design change may also lead to the
formation of dead zones in the apparatus. The analysis performed showed, that iden-
tification of hydrodynamic phenomena is an important issue when designing the hybrid
apparatus. The experiments conducted permitted to explain and to understand the
hydrodynamics of a hybrid fluidized-bed apparatus.
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Abstract. In the present work the influence of the design of exfoliated graphite
based electrodes on their catalytic activity towards phenol and methanol electro-
oxidation was examined. Exfoliated graphite (EG) and EG/Pd composite were
used as electrodes for phenol and methanol oxidation. EG was obtained by
thermal exfoliation of graphite intercalation compound with sulfuric acid and the
EG/Pd composite was prepared by electrochemical deposition of palladium onto
exfoliated graphite. Morphology of the obtained materials was characterized by
scanning electron microscopy (SEM). Three types of electrode design, in the
form of a tablet, with polyvinylidene fluoride binder (PVDF) and a powder type
electrode placed in a polymeric pocket were examined. The processes of phenol
and methanol oxidation were examined in alkaline electrolyte using cyclic
voltammetry and potentiostatic methods. Electrochemical results revealed that
electrode design has a crucial influence on its catalytic activity towards process
of phenol and methanol electro-oxidation. According to results of cyclic
voltammetry measurements, the highest activity exhibit powder type electrodes.
Furthermore it is proved that electrode construction is strongly related with the
chemical composition of material used for its preparation.

1 Introduction

The continuous development of industry leads to a dramatic increase of the generated
wastes and pollutions becoming serious threat for natural environment. In literature one
can find many works devoted to utilization of substances considered as dangerous and
toxic. For this purpose chemical (Cordova Villegas 2016; Meunier 1997), photo-
chemical (Cordova Villegas 2016; Ahmed 2010), electrochemical (Cordova Villegas
2016; Smychkova 2015) and biological (Cordova Villegas 2016) methods are used.
Among them, electrochemical processes are especially interesting due to their many
advantages such as high selectivity, better energetic efficiency (a higher ratio of mass
product to the energy used), usually ambient temperature and pressure, environmen-
tally friendly character and easy control of whole process by exact set up of current-
voltage parameters (Ciszewski 2004). Additionally, electrochemical reactions are
recognized mostly as heterogeneous processes which allows to separate the products of
the reaction from the employed electrocatalyst (electrode material). Efficiency of the
electrochemical processes depends on many factors such as type of electrode material
(chemical composition), electrode design, cell construction and the conditions of the
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process (current-voltage parameters), temperature and pressure. The design of electrode
should be considered as one of the most important. Taking into account the shape and
structure, electrodes might be classified as solid, porous, powder, fluid and gas-
diffusion (Ciszewski 2004). High catalytic activity is usually displayed by the electrode
materials consisting of metal catalyst deposited onto porous matrix providing high
specific surface area. The latter role can be served by carbon cloth (Ciszewski 2004),
fibers and nanofibers (Zaragoza-Martin 2007; Guo 2016), nanotubes (Jha 2008),
exfoliated graphite (Krawczyk et al. 2016a), graphene (Xu 2008) and some polymer
materials (Mayer 1997; Athawale 2006). Most of these materials exist in powder form
which makes the formation of the electrodes more complicated compared to solid-bulk
materials.

The purpose of this work was to study the influence of the electrodes design on
their electrochemical activity towards phenol and methanol oxidation. Exfoliated
graphite and EG/Pd based electrodes in form of a tablet, with PVDF as a binder and a
powder type electrode placed in a polymeric pocket were investigated.

2 Experimental

Exfoliated graphite was prepared in two-step method. Within the first one graphite
intercalation compound with sulfuric acid (H2SO4–GIC) was obtained using chemical
method. Purified flaky graphite (99.98 wt% C, flakes 100 µm in diameter) was
immersed in the solution mixture of sulfuric and nitric acids with molar ratio 3:1. As
prepared H2SO4–GIC was rinsed with water and dried in air at ambient temperature.
Afterwards its thermal exfoliation at the temperature of 800 °C for 4 min in air
atmosphere was carried out.

In order to obtain EG/Pd composite the process of electrochemical deposition of
palladium onto exfoliated graphite was performed. For this purpose acidic bath com-
posed of 0.11 M PdCl2 in 1 M HCl was used. Pd electrodeposition was realized for 4 h
at current density of 0.1 mA g−1. The obtained composite was rinsed with water and
dried in air at ambient temperature.

Morphology of the exfoliated graphite and EG/Pd composite was observed by
scanning electron microscopy (SEM) (Hitachi S-3400 N).

Both obtained materials, exfoliated graphite and EG/Pd composite were subse-
quently used to prepare three types of electrodes; in the form of a tablet, with PVDF
binder and a powder type electrode placed in a polymeric pocket. Tablet electrode with
10 mm in diameter was prepared by compressing 90 mg of selected material for 2 min
at pressure force of 8 tons. The second type of electrode was formed using 90 mg of
chosen material mixed with 20 mg of PVDF and 2 ml of acetone. Such a mixture was
placed around the graphite rod playing a role of current collector and dried at 50 °C to
form solid electrode. The powder-type electrode composed of exfoliated graphite or
EG/Pd composite loosely placed in a pocket made of porous polymer material, in
which graphite rod playing a role of current collector was beforehand inserted. All
types of designed electrodes are shown in Fig. 1.
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Cyclic voltammetry (CV) and potentiostatic method were used to study the elec-
trochemical activity of all designed electrodes. Electrochemical measurements were
performed at ambient temperature with potentiostat-galvanostat PGSTAT30 AutoLab
(EcoChemie B.V.). All electrochemical measurements were carried out in a three-
electrode cell in 6 M KOH solution with addition of 0.1 M phenol or 1 M methanol.
Hg/HgO/6 M KOH (0.098 V vs. NHE) electrode and graphite rod served as reference
and counter electrode, respectively.

CV measurements of phenol and methanol oxidation were performed with scan rate
0.1 and 10 mV s−1, respectively. All measurements were started from the rest potential
of the examined electrode (ER) towards the most positive potentials. To verify the
electrocatalytic activity of examined electrodes the potentiostatic measurements were
conducted under chosen potential.

3 Results and Discussion

Information on morphology of the exfoliated graphite (EG) and EG/Pd composite are
provided in Fig. 2. As one can see in Fig. 2 aexfoliated graphite has a accordion-like
structure composed of splitted and wrinkled graphene layers thus exhibiting desirable
properties such as developed surface area, high adsorption capability and low density
(Chung 2002). The morphology of the EG/Pd composite is characterized by homo-
geneous distribution of palladium particles (bright spots) onto exfoliated graphite

Fig. 1. Electrodes design: (a) tablet form, (b) with PVDF binder, (c) powder type in polymeric
pocket

Fig. 2. SEM images of exfoliated graphite (a), EG/Pd composite (b).
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matrix (Fig. 2b). The amount of the deposited palladium, calculated from the mass
change of the EG electrode before and after the process of Pd electrodeposition was
equal to 22 mg per 40 g of EG.

Cyclic voltammograms depicting the process of phenol oxidation at electrodes
composed of exfoliated graphite with different design are shown in Figs. 3, 4 and 5.
After starting the measurement in the anodic direction, at the potential of 0.35 V an
increase in anodic currents lasting up to 0.6 V is observed. This effect illustrates the
reaction of phenol electro-oxidation (Skowroński 2004). On continuing the anodic
potential sweep further increase in current density related with the process of anodic
evolution of oxygen take place (Krawczyk 2010). After the reversal of polarization any
cathodic peaks have been recorded which suggests irreversible character of the con-
ducted process. From the literature data, it is well known that electro-oxidation of
phenol leads to the formation of insoluble oligomer films being an intermediate
products of incomplete oxidation of phenol (Tahar 2009). The deposited film blocks
the active surface area of the electrode material leading to the significant decrease in its
activity. In contrast, on the presented voltammograms a slight increase in activity of all
electrodes upon cycling is noted. The reason for a such behavior seems to be process of
oxygen evolution occurring carried out after the reaction of phenol oxidation. Active
oxygen reacts with the deposited oligomer increasing its porosity and, in consequence
active surface area of the examined material. Additionally, surface of the electrodes
undergoes modification of its chemical composition by building up the functionalities
groups, mainly composed of C = O. This phenomena is especially pronounced in
strong alkali media in which the process of oxygen evolution occurs immediately after
the reaction of phenol electro-oxidation (Krawczyk 2012; Krawczyk et al. 2016a).
From the comparison of voltammograms it can be noted that the highest activity in the
reaction of phenol oxidation exhibits powder type electrode. The current density of
phenol oxidation equals to 0.6 A g−1 and it is about ten times higher than the values
recorded for other two types of electrodes (tablet and with PVDF binder). Such a
difference in catalytic activity of the examined electrodes is likely related with the
development of active surface area which is significantly higher in case of powder type
electrode due to its composition of loosely packed exfoliated graphite flakes.

Fig. 3. Cyclic voltammograms recorded in 0.1 M phenol/6 M KOH solution for tablet electrode
composed of exfoliated graphite. Scan rate of 0.1 mV s−1, scan range: ER$0.8 V.
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Figure 6 presents potentiostatic curves of phenol oxidation recorded under constant
potential of 0.53 V for all types of electrode designs. As can be seen, current density of
phenol oxidation is much higher for powder type electrode than appropriate values
noted for tablet electrode and electrode with PVDF binder. Anodic density charge
generated through the 2 h reaction of phenol oxidation at powder type electrode
reaches 1450.66 C g−1. This value is significantly higher than those calculated for other
investigated electrodes (4.14 C g−1 and 19.61 C g−1). The most pronounced difference
in recorded current densities is noted during the first half an hour of the examined
process. After that the activity of powder type electrode stabilizes due to its partial
deactivation by the formed oligomer film. The highest development of surface area of
EG powder contributes to its highest susceptibility for deactivation.

Summarizing, potentiostatic experiments revealed that the powder type electrode
displays significantly higher activity towards reaction of phenol electro-oxidation
compared to the other types of electrodes.

Fig. 4. Cyclic voltammograms recorded in 0.1 M phenol/6 M KOH solution for electrode
composed of exfoliated graphite with PVDF binder. Scan rate of 0.1 mV s−1, scan range:
ER$0.8 V.

Fig. 5. Cyclic voltammograms recorded in 0.1 M phenol/6 M KOH solution for powder type
electrode composed of exfoliated graphite. Scan rate of 0.1 mV s−1, scan range: ER$0.8 V.
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Cyclic voltammograms depicting process of methanol oxidation at different elec-
trode designs based on EG/Pd composite are shown in Figs. 7, 8 and 9. As can be seen
during anodic polarization a sharp anodic peak is recorded for all examined electrodes.
This effect is associated with the reaction of methanol electro-oxidation occurring onto
palladium catalyst (Rozmanowski 2018; Chowdhury 2016). For all designed elec-
trodes, the regarded peak gradually increase upon cycling thus allowing the conclusion
that some kind of their activation takes place. One of the possible explanation of a such
behavior is gradual improvement in wettability of EG/Pd composite. The highest
activity towards the reaction of methanol oxidation exhibits a powder type electrode.
High current density noted for this electrode is related with the easier access of
methanol molecules to Pd catalyst caused by loosely packed EG/Pd deposit. The
differences in the activity between the examined electrode designs are adequate to the
values noted in the process of phenol oxidation. Additionally, after the reversal of
polarization from anodic to cathodic, an anodic peak corresponding to the reactivation
of electrode surface has been recorded (Rozmanowski 2018). Taking into account the
mutual ratio of both anodic peaks recorded during positive and negative polarization,
the best efficiency of the regeneration process is noted for electrode prepared with
PVDF addition.

Fig. 6. Potentiostatic curves of phenol oxidation recorded under constant potential of 0.53 V.

Fig. 7. Cyclic voltammograms recorded in 1 M methanol/6 M KOH solution for tablet
electrode composed of EG/Pd composite. Scan rate of 10 mV s−1, scan range: −0.7$0.3 V.
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In order to determine the durability and stability of the prepared EG/Pd electrodes a
long-lasting CV measurements were performed in 1 M CH3OH/6 M KOH. The
dependence of current density of methanol oxidation peak on number of cycles per-
formed is depicted in Fig. 10. Three different types of behavior can be distinguished. In
case of tablet electrode, after initial increase (first 15 cycles) a steady state values of
methanol oxidation current density is achieved. Significant increase in current density,
especially between tenth and twentieth cycle has been noted for powder type electrode.
Current density of methanol oxidation reaches maximum value in 80th cycle, after that
its lightly decreases. Completely different behavior is noted for electrode prepared with
PVDF binder. Continuous increase of methanol oxidation current density can be
observed throughout all 100 cycles. This effect can be related with the gradual increase
in penetration ability of methanol molecules into inner regions of electrode material.

Fig. 8. Cyclic voltammograms recorded in 1 M methanol/6 M KOH solution for electrode
composed of exfoliated graphite with PVDF binder. Scan rate of 10 mV s−1, scan range:
−0.7$0.3 V.

Fig. 9. Cyclic voltammograms recorded in 1 M methanol/6 M KOH solution for powder type
electrode composed of exfoliated graphite. Scan rate of 10 mV s−1, scan range: −0.7$0.3 V.
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The course of two-hour potentiostatic oxidation of methanol onto all examined
electrode designs are given in Fig. 11. The highest anodic density charge of methanol
oxidation has been noted for electrode prepared with addition of PVDF binder
(329.34 C g−1). This value is about 2 times higher compared to those obtained for
tablet and powder type electrodes (141.84 C g−1 and 16.08 C g−1, respectively). The
differences in the potentiostatic results can be assigned to the poisoning effect of
palladium catalyst by adsorbed intermediate products of methanol oxidation, especially
CO. A careful observation of potentiostatic curves allows to one can notice that during
first dozens of seconds the methanol oxidation current density is significantly higher for
powder type electrode (green curve in Fig. 11). Unfortunately, high activity of this
electrode contributes to the faster poisoning of the contained Pd catalyst displayed by
dramatic decrease in current density. On the other hand, the activity of electrode with
PVDF addition (red curve), is about 2 times lower meaning that the deactivation of the
palladium catalyst by generated CO species is much slower (drop of current density

Fig. 10. Cyclic stability of electrodes composed of EG/Pd composite in 1 M methanol/6 M
KOH solution.

Fig. 11. Potentiostatic curves of methanol oxidation at electrodes composed of EG/Pd
composite.
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occurs after 600 s). Therefore, electrode prepared with addition of PVDF exhibits
higher total anodic charge density of methanol oxidation than powder type electrode.

4 Conclusions

Electrochemical measurements showed that the effectiveness of the mineralization/
oxidation process of selected alcohols depends on the electrodes design. According to
cyclic voltammetry results, the highest catalytic activity was recorded for powder type
electrodes prepared in the form of a loose bed of graphite material placed in a poly-
amide pocket. Such a result can be explain in term of the easiest access of phenol and
methanol molecules to the active sites of employed electrode material. The acquired
results also proved that the impact of electrode design on demonstrated electrochemical
activity is closely related to their chemical composition. Potentiostatic studies indicated
that the greatest differences in electrochemical activity of the studied electrodes appear
within the initial stages of the conducted processes. This fact is closely related with the
gradual deactivation of electrode material by generated products of the reaction of
alcohols oxidation.
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Abstract. This chapter presents typical measurement results obtained for
semidilute wormlike micellar solutions (WLM) using capillary breakup exten-
sional rheometry. Experimental studies were carried out for aqueous solutions of
a mixture of cocamidopropyl betaine and sodium dodecylbenzenesulfonate. Just
like in shear flow, there is a high degree of qualitative similarity between
extensional viscosity curves generated for semidilute solutions of polymers and
WLM. The differences resulting from the different structure of polymer chains
and WLM can be observed primarily at late times of thinning. The results
presented in the literature also suggest that extensional rheology can be used to
identify branching in wormlike micelle solutions.

1 Introduction

A distinct property of surfactants, inseparably connected with their rheological char-
acteristics, is their ability to form micelles in solutions. Depending on the structure of
the surfactant molecule and surfactant concentration, as well as the presence of sub-
stances enhancing the process of micelle formation in the solution (inorganic and
organic salts), the type of solvent, and pH and temperature of the solution, a range of
micelle types may be formed including spherical, cylindrical, vesicle, lamellar and
reverse. From the viewpoint of the ability of surfactants to modify the rheological
properties of products, the most interesting solutions are those in which very long
cylindrical associates called wormlike micelles (WLM) are formed. WLM have been
used in the formation of the rheology home and personal care products (e.g., cosmetics
and detergents) (Zięba et al. 2019) and are becoming increasingly important in, e.g.,
enhanced oil recovery (Ezrahi et al. 2006), agrochemical spraying (Xue et al. 2008),
and drag reduction agents in district heating and cooling systems (Różański 2011). In
all cases mentioned above, both rheological properties in extensional and shear flow are
important.

As with polymer solutions, WLM solutions can be divided into dilute, semidilute
and concentrated. In dilute solutions, there are no interactions between wormlike
micelles. In contrast, in semidilute and concentrated solutions micelles become
entangled and form a spatial micellar network. Another possibility is the formation of
branched wormlike micelles (Lerouge and Berret 2010).
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There are many similarities between the properties of entangled wormlike micellar
solutions and entangled polymer solutions. Between polymer mers covalent bonds are
present, while between surfactant molecules occur physical interactions. For these
reasons, micelles can undergo break and reform under shear.

According to the model proposed by Cates (1987), the total relaxation time of
WLM solutions will depend on reptation time sr and breaking time sb. Breaking time is
the average time for such a warm to break into two pieces (Cates 1987).

Extensional flow is much less known than the shear flow of WLM solutions. The
measurement results published in the literature were obtained by various techniques:
opposed jet experiments, four-roll mill experiments, entrance flow, two-dimensional
squeeze flow, flow through porous media, filament stretching and capillary breakup
extensional rheometry. Among the enumerated techniques, only the application of
filament stretching extensional rheometer (FiSER) and capillary breakup extensional
rheometer (CaBER) has the capacity to produce a purely extensional flow field. What is
more, measurement results obtained using different techniques vary significantly both
in terms of quantity and quality. The aim of this paper is to present the typical results of
measurements performed for semidilute wormlike micellar solutions using capillary
breakup extensional rheometry.

2 Extensional Flow of Low Viscosity Liquids

Ensuring equilibrium conditions during extensional flows presents a number of diffi-
culties, and in practice it can be achieved only approximately for high viscosity liquids
(above 1,000 Pa�s) (Ferguson et al. 1997). High viscosity fluids are primarily molten
polymers, whereas most polymer and surfactant solutions are low viscosity liquids
(below 100 Pa�s). With respect to low viscosity liquids, it is only possible to determine
instantaneous values of tensile stresses and calculate so-called transient extensional
viscosity on their basis.

However, the most challenging task is to determine the rheological properties of
fluids in extensional flow with a viscosity value less than 1 Pa�s. In this case, mainly
two experiments are used: stagnation flow between opposed nozzles and capillary
breakup extensional experiments. The conducted by Dontula et al. (1997) analysis of
the advantages and disadvantages opposed nozzle devices results, that this devices
should be considered as useful rather than indexers rheometers. A purely extensional
flow of a low viscosity liquid can be achieved with the capillary thinning of a liquid
filament (within a so-called capillary break-up extensional rheometer (CaBER)). This
solution was proposed by Bazilevsky et al. (1997). The CaBER technique can be
applied to liquids covering a wide range of viscosities, from about 0,05 Pa�s up to
10 Pa�s (McKinley 2005; Sachsenheimer et al. 2014). The principle of measurement
using a CaBER rheometer is shown in Fig. 1. A sample is placed between two plates of
the same diameter. At time t = 0, one or both plates are put into rapid motion with an
exponential profile, at a constant extension rate _�0 from the initial length of L0 to the
final length of Lf.
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Next, the motion of the plates is halted, sample extension is stopped, and the
measured parameter is the change in the diameter of the formed liquid bridge (filament)
Dmid at half of the distance between the plates as a function of time. The measurement
ends following the breakup of the liquid filament.

Measurement results obtained with the method of capillary filament breakup are
usually presented as a relationship between the midpoint diameter of the filament Dmid

and the initial diameter of the filament D0 as a function of its thinning time (Dmid – the
midpoint diameter of the fiber, D0 – the initial diameter of the fiber). Figure 2 shows
the relationship Dmid/D0 = f(t) for Newtonian fluids, power-law fluids and elastic fluids.
Transient extensional viscosity can be calculated from the equation proposed by Anna
and McKinley (2001).

gþ
E ð_e; tÞ ¼ rEðtÞ

_eðtÞ ¼ 2 � C
DmidðtÞ � _eðtÞ ¼ � C

dDmid=dt
ð1Þ

where C – surface tension.
The determination of apparent extensional viscosity is possible if the effect of

inertia and gravity on the filament thinning process is negligible. The effect of inertia
on capillary thinning can be determined based on values of the Ohnesorge number and
the Deborah number.

Oh ¼ gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q � C � Dmid=2ð Þp ð2Þ

De ¼ kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q� Dmid=2ð Þ3

C

q ð3Þ

Fig. 1. Schematic of the Capillary Breakup Extensional: 1 – movable plate, 2 – stretching
sample, 3 – stationary plate
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where q is the density of fluids. Fluid inertia does not affect filament thinning when
values of the Ohnesorge number and the Deborah number are greater than 1 (Clasen
et al. 2012; Vadillo et al. 2012).

Gravity has a significant impact on fluid deformation, especially when thinning
affects a sample of considerable diameter. If a measurement is carried out correctly,
there should be symmetry of the sample around its axis and the plane passing through
the central part of the filament. Gravitational forces cause an additional axial flow along
the fluid filament from a quasi-tank found at the top plate, which leads to delayed
filament thinning. The values of extensional viscosity calculated on the basis of such
measurement results will rise apparently along with increasing thinning time (Anna and
McKinley 2001).

Fig. 2. Examples of the relationship between dimensionless fiber diameter and thinning time
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The impact of gravitational forces on filament thinning can be determined based on
the Bond number:

Bo ¼ g � q � D2
mid

4 � C ð4Þ

where g is the gravitational constant. The strong effect of gravity is manifested in the
initial period of capillary thinning, when the diameter of the filament is large, and it is
negligibly small when the values of the number Bo < 0.2.

3 Materials and Methods

Zwitterionic cocamidopropyl betaine (CAPB) was purchased from PCC Exol (Poland),
commercial name is Rokamina K30, and contained 29,8% of active matter and 3,9% of
NaCl. Anionic surfactant sodium dodecylbenzenesulfonate (SDBS) was purchased
from Aldrich. Its average molecular weight was 348.48 g/mol.

Rheological measurements in the extensional flow were carried out using a CaBER
1 rheometer (Thermo Fisher Scientific, Germany) while in shear flow using a Physica
MCR501 rheometer (Anton Paar). The capillary thinning fluid was generated by
sudden shifts of two cylindrical plates with diameters of 4 mm to a distance of
h = 5.08 mm (initial gap 2 mm). A high-speed camera was used to record the course of
capillary thinning bridge, with a temporal resolution down to 0.33 ms and a spatial
resolution of 1.9 µm/pixel.

Frequency sweep measurements were performed in the linear viscoelastic regime of
the samples, as determined previously by the dynamic strain sweep measurements. All
rheological tests were performed at a stabilized temperature of 20 ± 0.1 °C.

4 Capillary Breakup Extensional Rheometry of WLM
Solutions

Figure 3 shows the results of CaBER measurements performed for CAPB/SDBS
solutions in the form of the relationships ηE = f(e) and Dmid/D0 = f(t). Four distinct
filament thinning regimes can be distinguished. Regimes I and II of filament thinning
are controlled by a viscocapillary balance.

If the values of the extension rate _e are sufficiently small, the Newtonian thinning
regime (regime I) occurs, in which mid-filament diameter decreases linearly in time
according to the equation (Papageorgiou 1995; Haward and McKinley 2012).

DmidðtÞ ¼ 0:1418
C
g0

tc � tð Þ ð5Þ

where η0 is the zero shear viscosity, tc is the critical time to breakup. At higher values
of the extension rate _e, disentanglement and orientation of the WLM occur (regime II).
In this regime, filament thinning is still controlled by a viscocapillary balance (Doshi
et al. 2003).
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At high extension rate viscous stresses are assumed to be negligible, and elastic and
capillary contributions to the total force balance each other (regime IV). Regarding the
elastocapillary regime, Entov and Hinch (1997) showed that for an Oldroyd-B fluid the
diameter decreased exponentially with time according to the equation:

DmidðtÞ ¼ D0
GD0

4C

� �1=3

e�
t

3kE ð6Þ

where G is the elastic modulus of the material, D0 is the initial diameter and kE is the
extensional relaxation time. From the equation in (6) it follows that elastocapillary
thinning occurs at a constant value of the strain rate:

Fig. 3. Results of CaBER measurements performed for CAPB/SDBS solutions in the form of
the relationships Dmid = f(t) (a) and ηa,E = f(e) (b)
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_e ¼ 2
3 � kE ð7Þ

or at the value of the Weissenberg number equal to 2/3:

Wi ¼ kE _e ð8Þ

The data presented in Fig. 4 show that elastocapillary thinning of WLM solutions is
consistent with the Oldroyd-B fluid model.

At late times, regime IV also occurs, with a notable rapid decrease in extensional
viscosity. In regimes I to III, the shape of apparent extensional viscosity curve gen-
erated for semidilute WLM solutions is similar to the curves reported in the literature
for semidilute polymer solutions. However, differences are noted in regime IV. As
demonstrated by Entov and Hinch (1997) and Anna and McKinley (2001), in polymer
solutions the diameter approaches linear behaviour at late times, which means that
apparent extensional viscosity has a constant value (ηE,∞). This is due to the fully
stretched polymer chain – the elastic stresses can no longer grow to resist the increasing
capillary pressure.

The causes of the rapid decrease in extensional viscosity in regime IV have not yet
been fully explained (Rothstein 2003). Covalent bonds are known to exist between
polymer mers, while the formation of wormlike micelles is a result of relatively weak
physical interactions between surfactant molecules. Thus, at high strain rates _e tensile
stresses may lead to the breakup of micellar associates, which may result in the
observed decrease in apparent extensional viscosity. Another important point to

Fig. 4. Dependence of apparent extensional viscosity on the Weissenberg number for aqueous
solutions of the CAPB/SDBS mixtures
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consider is that wormlike micelles constantly disintegrate and reassemble in the
solution. This phenomenon may also contribute to a rapid decrease in extensional
viscosity and filament breakup.

Based on measurement results obtained in elastocapillary regime and the equation
given in (6), it is possible to determine extensional relaxation time kE. Both in polymer
solutions and WLM solutions, extensional relaxation time is comparable to terminal
relaxation time:

ks ¼ lim
x!0

G0

G00x
ð9Þ

Studies by Sachsenheimer et al. (2012) show that in the case of wormlike cationic
surfactant solutions the value of the ratio kE/ks also depends on the relationship
between breaking time sb and reptation time sr, with three distinguishable cases:

1. kE/ks � 1 if sb << sr
2. kE/ks << 1 if sb >> sr (as in the case of entangled polymer solutions)
3. kE/ks >> 1 if flow induced structure buildup

For CAPB/SDBS solutions kE/ks << 1 (for example kE/ks = 0.0157 for
CAPB/SDBS = 0.129/0.037), which shows that the relaxation of stresses in shear flow
is dominated by reptation.

There are also literature reports suggesting that extensional rheology can be used
for differentiating between entangled linear and branched wormlike micellar solutions.
Chellamuthu and Rothstein (2008) showed that an increase in micelle branching
induced a rapid decrease of the maximum values of the Trouton ratio and the ratio of
extensional relaxation time to the Maxwell relaxation time measured in shear. These
changes are probably due to new stress relief mechanisms available to branched
micelles, which appear to be extremely efficient in extensional flows.

5 Conclusions

The paper discusses typical measurement results obtained for semidilute wormlike
micellar solutions using capillary breakup rheometry. Just like in shear flow, there is a
high degree of qualitative similarity between extensional viscosity curves generated for
semidilute solutions of polymers and WLM. However, there are also differences,
including a rapid drop in extensional viscosity in regime IV, and kE/ks � 1 if breaking
time is considerable shorter than reptation time (sb << sr). These discrepancies stem
from different structures of the polymer chains and WLM (presence of covalent bonds
between polymer mers and weak physical interactions between surfactant molecules).
The results presented in the literature also suggest that extensional rheology can be
used to identify branching in wormlike micelle solutions.
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Abstract. This chapter presents a review of methods for enhancing the heat
transfer during flow of the drag reducing surfactant solutions proposed in the
literature. For that type of fluids, the main goal is to increase the heat transfer
coefficient to the level obtained during the flow of pure water. Based on the
performed analysis of different methods for enhancing the heat transfer, it is
clear that none of them can be treated as the universal one. The values of the
heat transfer coefficient depend not only on the temperature and concentration of
the solution but also on the type of surfactant used. In addition, the experimental
results on heat transfer enhancement are presented only in graphical form. This
means that the results published in the literature may be applied in practice only
in the case when a flow system used is the same as a solution of surfactant in
modelling studies and temperature conditions are similar.

1 Introduction

The flow of some surfactant solutions is accompanied by a marked decrease in tur-
bulent pressure losses. The phenomenon of drag reduction occurs only when long
micelles (referred to as wormlike micelles) are formed in the solution. An addition of
surfactants of this type to water flowing in central heating and cooling systems may
significantly reduce the consumption of electricity supplied to pumps (Broniarz-Press
et al. 2007). Unfortunately, a decrease in pressure losses is associated with a significant
decline of the heat transfer coefficient. For these reasons, it became necessary to
develop methods for intensifying heat transfer during the flow of surfactant solutions
(Matthys 1991; Gasljevic and Matthys 1997; Aguilar et al. 1999; Gasljevic et al. 2000;
Aguilar et al. 2001; Aly et al. 2006; Sears and Yang 2006; Hadri et al. 2011; Wang
et al. 2011; Różański 2012). The primary goal in fluids of this type is to increase the
heat transfer coefficient to the level characterising the flow of pure water. The extent of
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drag reduction and heat transfer reduction are determined by means of suitably defined
quantitative parameters (Gasljevic and Matthys 1999):

DR ¼ kn � ks
kn

� 100 ð1Þ

HTR ¼ Nun � Nus
Nun

� 100 ð2Þ

In the relations above the kn and Nun describe the values of the friction factor and the
Nusselt number for the turbulent flow of Newtonian fluids, and the ks and Nus are the
values characteristic for the flow of surfactant solution, at the same flow rate.

Methods for improving heat transfer during the flow of drag-reducing surfactant
solutions can be divided into two main groups (Fig. 1). One group consists of methods
in which the micellar microstructure is destroyed upstream of the heat exchanger (Li
et al. 2001; Qi et al. 2003, b; Wei et al. 2009; Shi et al. 2011b; Wang et al. 2012; Shi
et al. 2013). If the recovery of the micellar microstructure takes a sufficiently long time,
during the flow of a surfactant solution through the heat exchanger the values of the
heat transfer coefficient are comparable to the values recorded during the flow of pure
water. The other group includes methods based on modifications of the heat exchanger
design (Qi et al. 2001; Sato et al. 2003; Inaba et al. 2005; Shi et al. 2011; Zhou et al.
2006).

Improvements in heat transfer can be achieved either by destroying the micellar
microstructure or changing flow patterns associated with heat transportation from the
heat transfer surface. In recent years, attempts have also been made to use nanoparticles
to increase the heat transfer coefficient during the flow of surfactant solutions (Liu and
Liao 2010; Yang et al. 2012; Yang et al. 2013). This paper provides an overview of
heat transfer enhancement methods which can be employed during the flow of drag-
reducing fluids.

Fig. 1. Idea of improving heat transfer during the flow of drag-reducing fluids through the
application of destructive devices (a), and modification of heat exchanger design (b)
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2 Destructive Devices

Several methods have been proposed in the literature for destroying the micellar
microstructure through the placement of:

• a centrifugal pump,
• small-diameter tubes or orifice,
• static mixers,
• ultrasonic generator,
• UV lamp.
• upstream of the heat exchanger.

The first two methods listed above have no practical relevance. It is unlikely that a
pump can be positioned upstream of the heat exchanger, while placing a small-diameter
tube is associated with a great increase in drag.

Another method employed for the destruction of the micellar microstructure
involves placing plugs made of small-opening wire mesh upstream of the heat
exchanger (Fig. 2c). Such plugs, made of wire mesh with the side lengths of mesh
openings equal to 0.125 mm and 0.1 mm, were used by Gasljevic and Matthys (1997)
to enhance heat transfer during the flow of Ethoquad T13/NaSal solution. Relatively
satisfactory results were obtained for the heat transfer coefficient at the solution flow
rates of 5 m/s to 9 m/s, but the pressure losses were very high, reaching several bars.

Studies on the application of wire mesh with openings of different diameters during
the flow of CTAC/NaSal solutions in a flat channel were carried out by Li et al. (2001).

Fig. 2. Destructive devices: honeycombs (a) static mixers (b) wire meshes (c) and special
construction of block (d)

376 J. Różański and S. Różańska



The values of the heat transfer coefficients reported by the authors were comparable to
those obtained during the flow of pure water for the CTAC concentration of 30 ppm at
Reynolds numbers similar to the critical Reynolds number Rec (where Rec is the first
critical Reynolds number; above it there is a rapid decline of the drag reduction
phenomenon). At higher CTAC concentrations, the use of mesh failed to produce an
increase in heat transfer coefficient.

Qi et al. (2003) analysed the possibility of using helical static mixers and honey-
combs as destructive devices for the micellar microstructure (Fig. 2a, b). The authors
conducted their studies with solutions of two different surfactants marketed under the
trade names Ethoquad T13-50/NaSal and SPE98330. Honeycombs did not increase the
value of the heat transfer coefficient in the solutions of both surfactants. Helical static
mixers were shown to be far more effective in this application. Depending on the length
and the number of segments used, and the temperature of the solution, the value of the
HTR parameter for Ethoquad T13-50/NaSal was 20% to 40% (for comparison, during
the flow of the solution with an intact microstructure the parameter reached 70%).
Better results were obtained during the flow of SPE98330 solution, where the value of
HTR ranged between 0% and 20%. The results discussed above were achieved at
pressure drops induced by static mixers, ranging from 0.18 � 105 Pa to approximately
0.35 � 105 Pa.

Wei et al. (2009) proposed using a specially designed insert, which the authors
named a “block”, for the destruction of the micellar microstructure (Fig. 2d). Experi-
mental studies were conducted for the amphoteric surfactant oleyl trimethylaminimide
dissolved in an aqueous solution of ethylene glycol (20%) in the concentration range
from 0.005% to 0.1%. The block device caused a significant increase in the value of the
heat transfer coefficient only in the immediate downstream area (x/H = 1.9). Further
downstream of the location of the device, the recorded values of the heat transfer
coefficient were the same as during surfactant flow through an empty channel.

Another interesting method proposed by Qi et al. (2003b) for the destruction of the
micellar microstructure was based on the application of ultrasounds. In their experi-
ments, the authors used three different surfactant solutions: Ethoquad T13-50/NaSal,
SPE98330/HCHO/Trilon A and Arquad S-50/NaSal. The first two of the systems used
were characterised by viscoelastic properties, while the third did not exhibit such
characteristics. Measurements of the heat transfer coefficient performed on the labo-
ratory scale showed that the use of ultrasounds caused an increase in the heat transfer
coefficient only in viscoelastic surfactant solutions.

If photorheological fluids (PR) are used as additives inducing the phenomenon of
drag reduction, the destruction of the micellar microstructure can be achieved by
exposing the solution to radiation at an appropriate wavelength (Ketner et al. 2007;
Kumar and Raghavan 2009; Lee et al. 2011; Shi et al. 2011; Wang et al. 2012). An
example of such a system is cetyltrimethylammonium bromide (CTAB) with an
addition of sodium salt of trans-O-methyl-o-coumaric acid (trans-OMCA). Electron
microscope images demonstrate the formation of long wormlike micelles in solutions
of the CTAB/trans-OMCA mixture. Under the influence of UV radiation, the trans-
OMCA form is gradually converted to the cis-OMCA form. In the CTAB/cis-OMCA
mixture, short cylindrical micelles are formed, which is manifested by the disappear-
ance of viscoelastic properties of the solution, and a decline in its viscosity.
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The phenomenon was used by Shi et al. (2011b) to improve heat transfer during the
flow of Ethoquad O/12PG/trans-OMCA solution. During the turbulent flow of this
solution, a significant decrease was observed both in pressure losses and the heat
transfer coefficient. Under the influence of UV radiation, trans-OMCA is converted to
cis-OMCA, which leads to the breakdown of the micellar microstructure, thus trig-
gering an increase in drag and the heat transfer coefficient (DR � 70%, HTR � 80%).
However, this method has one essential disadvantage. The authors of the paper (Shi
et al. 2011b) failed to propose a method leading to the conversion of the cis-OMCA
form into trans-OMCA, and the recovery of the micellar microstructure.

Shi et al. (2013) in their study replaced OMCA with sodium salt of 4-phenylazo
benzoic acid (ACA). Trans-ACA is a form which has the ability to form mixed
wormlike micelles with cationic surfactants, while the cis form produces relatively
short micelles. Azobenzene derivatives easily undergo reversible photoisomerisation
under the influence of UV and VIS radiation. Consequently, in the case of Ethoquad
O/12PG/ACA, it was possible to partially destroy the micellar microstructure by
irradiation with UV light upstream of the heat exchanger, and then restore it through
exposure to VIS light downstream of the heat exchanger (Shi et al. 2013).

3 Modification of Heat Exchanger Design

A number of methods have been proposed in the literature for modifying heat
exchangers to adapt them to the flow of surfactants exhibiting the phenomenon of drag
reduction. Heat transfer can be enhanced through the application of a fluted tube (Qi
et al. 2001), triangle ribs (Sato et al. 2003), low-profile vortex generators, HEV and
helical static mixers and dynamic mixers (single rectangular bar, two parallel rods and
pin rods) (Shi et al. 2011).

Data reported by Qi et al. (2001) show that the pressure losses Dps and the heat
transfer coefficient observed during the flow of a cationic surfactant (Ethoquad T13-
50/NaSal) through the heat exchanger with a fluted tube (Fig. 3a) depend on the
temperature of the solution. For T = 50 °C, the ratio Dps/Dpn was in the range of 15 to
9, and the ratio Nus/Nun ranged between 2.4 and 2.6 (Dpn is the pressure loss occurring
in the flow of distilled water through a straight tube). A rise in the temperature of
Ethoquad T13-50 solution to 60 °C caused a decrease in the ratio Dps/Dpn to
approximately 3, and the ratio Nus/Nun to approximately 1.2. Also, a fluted tube was
found to be a more effective method for enhancing the process of heat transfer in the
flow of a solution of the amphoteric surfactant SPE98330 (Nus/Nun � 1.4 and Dps/D
pn = 2.5).

Zhou et al. (2006) used low-profile vortex generators (LPV) to improve heat
transfer during the flow of CTAC/NaSal solutions (concentrations 90 ppm, molar ratio
1:2) (Fig. 3b). LPV increased the values of the heat transfer coefficient in CTAC/NaSal
solution at a concentration of 0.009% by approximately 25% relative to the values
recorded during the flow of pure water through an empty channel. At the same time,
pressure losses increased only by approximately 10%. According to Zhou et al. (2006)
an increase in the value of the heat transfer coefficient in this case is not due to the
destruction of the micellar microstructure but rather the formation of longitudinal
vortices downstream of LPV generators.
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Sato et al. (2003) placed triangle ribs inside the tube in order to improve heat
transport during the flow of surfactant solutions. The authors conducted their experi-
ments on aqueous CTAC/NaSal solutions in the SPC concentration range of 50 ppm to
500 ppm. Three ribs of different height (from 7.3 mm to 13.6 mm) and opening angle
h(30° and 60°) were placed in the cross-section plane of the tube every 120° (Fig. 3c).
The most effective ribs were 12.1 mm in height, and had the opening angle h = 30°,
leading to the ratio Nus/Nun values of approximately 1.25 for solutions at concentrations
ranging from 50 ppm to 100 ppm, with an approximately threefold increase in drag. At
higher surfactant concentrations the effectiveness of triangle ribs was shown to decline.

Shi et al. (2011) used helical and HEV static mixers to intensify heat transfer during
the flow of an aqueous solution of Ethoquad O/12 PG/NaSal (Fig. 3d). For HEV
mixers in the Reynolds number range from approximately 10,000 to 18,800, the ratio
Dps/Dpn reached a value of approximately 5, while the value of the ratio Nus/Nun was
approximately 0.76. Research results reported in the literature for helical static mixers
are ambiguous. Measurements performed by Shi et al. (2011) showed the use of helical
static mixers to be a completely ineffective method. The measured values of the heat
transfer coefficient were comparable during the flow of Ethoquad O/12 PG/NaSal
solution through an empty tube and a tube fitted with helical static mixers. In contrast,
Maxson et al. (2017) recorded a significant improvement in heat transfer for solutions
of the same surfactant.

Studies exploring the possibility of using dynamic mixers to enhance heat transfer
were conducted by Maxson et al. (2017). The authors determined the heat transfer

Fig. 3. Surface heat exchanger modification through application flute tube (a) low-profile vortex
generator (b), triangle ribs (c) and HEV static mixers (d)
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coefficients during the flow of Ethoquad O/12/NaSal solutions through a tube fitted
with three types of mixers: single rectangular bar, two parallel rods and pin rods. The
application of two parallel rods was shown to be the most effective method. This is
most likely due to the “open” axis of the agitator which allows warm fluid displaced
from the wall by the agitator to flow radially into the centre of the tube. Hence, Maxson
et al. (2017) recommend designing dynamic agitators in such a manner as to maximise
radial fluid displacement. The effectiveness of two parallel rods was strongly correlated
with the surfactant concentration, which means that their effective performance is also
affected by the mechanical degradation of the micellar microstructure.

4 Nanofluids

Also, attempts have been made to enhance heat transfer through the addition of
nanoparticles to drag-reducing surfactant solutions (Liu and Liao 2010; Yang et al.
2012; Yang et al. 2013). Liu and Liao (2010) conducted experimental studies on drag
and heat transfer during the flow of CTAC/NaSal solutions with added carbon nan-
otubes (CNT). An addition of CNT increased the value of the thermal conductivity
coefficient from 7% to 40% depending on the concentration of nanoparticles and the
temperature of the solution. The results of studies on convective heat transfer during the
flow of CTAC/NaSal/CNT solutions conducted by Liu and Liao (2010) are incon-
clusive. An addition of nanotubes to CTAC/NaSal solutions triggered a relatively slight
increase in the coefficient of friction (from 5% to 10%), while the values of the heat
transfer coefficient were strongly correlated with the temperature of the solution.

Yang et al. (2012, 2013) analysed the effect of spherical copper nanoparticles with a
diameter of about 50 nm on the heat transport rate in aqueous CTAC/NaSal solutions.
The addition of copper nanoparticles was found to increase the value of the thermal
conductivity coefficient. In a CTAC solution at a concentration of 0.1%, an addition of
Cu (0.25% by volume) induced an increase in the thermal conductivity coefficient by
25.43%. The results of measurements of pressure losses and the heat transfer coefficient
showed that an addition of Cu nanoparticles to CTAC/NaSal solutions primarily
reduced the value of the critical Reynolds number Rec (in the original paper the authors
use the Péclet number). Above the critical value of Rec, both the heat transfer coeffi-
cient and pressure losses were shown to rise.

5 Conclusions

The above description of different methods for enhancing heat transfer during the flow
of drag-reducing surfactant solutions indicates that none of them can be regarded as
universal. Their effectiveness depends to a large extent on the type of surfactant used,
and the temperature and concentration of the solution. Destructive devices can be used
in short heat exchangers. Also, a relatively good method for intensifying heat transfer
during the flow of cationic surfactant solutions is based on fluted tubes, however tubes
of this type can only be used for building new heat exchangers. In contrast, HEV static
mixers, which were also shown to produce satisfactory results, can be employed to
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enhance heat transfer in existing systems. Even though their practical application still
requires more in-depth research, photosensitive surfactant solutions and nanofluids may
in the future provide an interesting alternative to traditional drag-reducing surfactant
solutions.
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Abstract. Biologically obtained erythritol is produced by microorganisms
during the fermentation of the carbon source. In this paper a process of erythritol
desalination based on ion exchange chromatography is proposed. A strongly
acidic cation exchanger in sodium form was used as the stationary phase.
Experimental overload profiles were determined for the chromatographic sep-
aration of erythritol and sodium chloride (assuming a constant desalting of
96%). As a result, it was determined that the separation efficiency decreases with
volume overload, and the process carried out for a 30–40% column load allows
to obtain the highest separation efficiency.

1 Introduction

The low-caloric sweetener erythritol is a sugar alcohol which can be obtained by
biotechnological synthesis (Park et al. 2016). This polyol has no effect on blood sugar
or blood insulin level. Erythritol is a natural sweetener with applications in food and
pharmaceutical industries and it is commonly used in low-sugar and sugar-free prod-
ucts (Moon et al. 2010; Saran et al. 2015). The biologically-derived erythritol is pro-
duced by microorganisms during the fermentation of a carbon source as a glycerol or
glucose. Biotechnological production of erythritol use yeasts that can tolerate high
osmotic pressures like Trichosporonoides sp., Torula sp,. Monilella sp. or Candida
magnoliae (Jovanovic et al. 2014; Lin et al. 2010). A high-yield production of ery-
thritol can be achieved by osmophilic mutant of Yarrowia lipolytica Wratislavia K1
(Mirończuk et al. 2015). Studies have shown that the high osmotic pressure (including
high substrate concentration and high salinity) strongly enhanced erythritol yield and
productivity (Tomaszewska et al. 2014a, b; Yang et al. 2015). NaCl addition to the
medium improves erythritol biosynthesis and consequently it is present in the fer-
mentation broth after the fermentation process.

The fermentation broth in erythritol producing bioreactor contains the main product
within a complex mixture of many components, including biomass, inorganic salts as
well as organic acid by-products Therefore, economical and efficient downstream
processing of erythritol is essential. Several separation methods have been reported to
purify erythritol, including ion exchange (Chida and Ochiai 2000; Lin et al. 2005),
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chromatographic methods (Marioka et al. 2000; Maeda et al. 1993; Paananen et al.
2006), membrane methods (Staszak et al. 2013) and crystallization (de Troostembergh
et al. 2002).

Ion-exclusion chromatography is useful method for the separation of ionic and
nonionic substances and can be applied to desalination of the fermentation broth. This
separation technique is used both at analytical scale and at preparative scale for the
separation of strong electrolytes from weak electrolytes and nonelectrolytes (Lodi et al.
2017). Ion exclusion can be performed on the anion or cation-exchange resins – the
resin has the same charge as ionic substances. As a result ionized samples are excluded
from the pores of the support and elute first, while the nonionic compounds elute later.

The main purpose of preparative chromatography is to purify and to isolate com-
pounds at a high yield, high purity or high productivity. Productivity, defined as an
amount of isolate target compound per unit mass of feed and per unit time is the most
important factor. To increase productivity samples are applied on the column with
much higher concentrations or volumes than in analytical chromatographic process.
A differently shaped profile is obtained for mass overload (or otherwise called as
concentration overload) and volume overload as shown in Fig. 1 (Poole 2003;
Schmidt-Traub 2005; Vajda et al. 2014). Overloading of the chromatographic column
and the required purity of the product affect the efficiency of the process. As column
overload increases, higher productivity can be achieved with lower product purity.

Mass overload can be applied for concentrated solutions while the process for
fermentation broth is carried out with volume overload. Separation with a small feed
volume causes a large dilution of the product while an increase of the volume of the
feed affects the extension of profiles and causes peak broadening. Theoretical profiles
are shown in Fig. 2. The paper presents research on the experimental determination of
the level of chromatographic column overload. The experimental volume overloaded
profiles were determined for the chromatographic separation of erythritol and sodium
chloride.

Fig. 1. Different types of elution profiles for analytical separation (A), volume overload (B),
mass overload (C)
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2 Materials and Methods

2.1 Materials

Experiments were conducted for model aqueous solution composed of 150 g/L ery-
thritol and 30 g/L sodium chloride. The model test solution was selected based on the
composition of erythritol fermentation broth. Sodium chloride (99.8%, salt) was pur-
chased from Avantor Corporation. Erythritol (food product) was purchased from
Biofan Corporation. Chromatographic separation experiments were carried out using
monospheric strongly acidic cation exchange resin in sodium form (based on a styrene-
divinylbenzene copolymer, Lewatit S1567, 0.6 mm).

2.2 Analytical Method

An HPLC system with RI detector was used to measure the concentration of erythritol
and inorganic salt in collected product fractions. Rezex-ROA Organic Acid column
(4.6 mm � 250 mm, Phenomenex) was used as a HPLC analytic column and 5 mM
H2SO4 as a mobile phase. The flow rate of the mobile phase was maintained at
0.4 mL/min with a column temperature of 50 °C. In addition, the process was moni-
tored by continuous direct measurement of conductivity. On-line measurements were
performed using a multifunction meter (Elmetron) measuring the pH, temperature and
conductivity of working solutions.

Fig. 2. Comparison of theoretical two-component separation profiles for different column load:
10% volume loading (gray fill color of chromatograms of compounds A and B) and 50% volume
loading (hatched fill of chromatograms of compounds A and B)
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2.3 Chromatographic Separation Step

Studies on the effect of volume overload on process efficiency have been carried out at
room temperature (20 °C). Ion exchange resin in sodium form was used for batch ion
exclusion chromatography. The model feed solution was composed of 150 g/L ery-
thritol and 30 g/L sodium chloride. The preparative chromatography system was
composed of a pump, a chromatographic column (26 mm i.d. � 100 cm length), a
multifunction meter and fraction collector. The feed solution was loaded into the
packed column with the amount converted into the column capacity in the range of
10–60% of the total bed volume. Distilled water was used as a mobile phase with flow
rate 10.5 mL/min and space velocity 1.2 h−1 (ratio of flow rate of the mobile phase to
the total bed volume). Fractions from the column were collected and analyzed using the
HPLC system. Chromatograms of erythritol and salt were determined based on
quantitative analysis. The results are presented in charts on a dimensionless scale to
compare the tests carried out for different separation conditions. The dimensionless
form of the total volume of the mobile phase dosed per column (V) related to the bed
volume in the column (VB) was defined as the ratio of the eluate volume and the bed
volume (V/VB, where VB = 530 mL). Graphs in non-dimensional form were also made
for the concentration of components determined by HPLC. The ratio of the concen-
tration in the test sample to the initial concentration of erythritol (C = 150 g/L) or
sodium chloride (C = 30 g/L) in the feed was determined (C/C0, where C0 is the initial
concentration of the component in the feed solution).

Erythritol and sodium chloride curves and conductivity profiles are set on a com-
mon graph and the eluate two fractions were isolated: saline waste and a product
solution with 96% desalination degree (Fig. 3).

Fig. 3. Exemplary concentration profiles separated into waste fraction and product fraction with
96% desalination degree (part of the waste fraction can be separated as recycle which is subject to
retreatment)
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3 Results and Discussion

In the research, 4% of the salt content in the product (96% purity after the desalination
of the aqueous solution) was assumed. Tests were conducted for various column loads
with a constant 96% degree of desalination and constant 1.2 h−1 space velocity of
mobile phase.

Figure 4 shows the result for a 10% column load system (10% bed volume, 10%
VB). The model solution (53 mL) was dosed onto the column. As a result a very high
degree of separation erythritol from salt was obtained. Degree of desalting of product
fraction above 96% was obtained with a yield approx. 72% (calculated as the ratio of
erythritol in the product to the amount in feed solution). As a result of low column load
the sample elution time was the shortest and the concentration profile surfaces are the
smallest for this system. Elution profiles have shape symmetrical peaks resemble the
analytical profiles. This is an example where the best separation efficiency was obtained
but at high product dilution. As a result of desalting a 29 g/L erythritol solution was
obtained.

Fig. 4. Elution profiles of erythritol and salt for 10% VB (VB = 530 mL)
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Figure 5, 6, 7, 8 and 9 show the effect of column loading (20–60% of the total bed
volume) on the erythritol separation yield. The amount of solution loaded has a sig-
nificant impact on the efficiency of the process. Figure 9 shows the results for 60%
column loading. 318 ml of model solution was introduced into the column, which
significantly reduced the degree of separation. The erythritol and salt profiles (con-
ductivity) overlap. The conductivity profile is trapezoidal and significantly lengthened.
The amount of erythritol in the final product was 32% (for 96% degree of desalination).
On the basis of elution profiles the efficiency of the desalting process was calculated for
the tested column loads (results are presented in Table 1).

Fig. 5. Elution profiles of erythritol and salt for 20% VB (VB = 530 mL)

Fig. 6. Elution profiles of erythritol and salt for 30% VB (VB = 530 mL)
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Based on the research (assuming a constant separation degree of 96%), it was found
that the separation efficiency decreases with volume overloading. For low overload
(10–20%) very high dilution of the erythritol solution was obtained. At 50–60% col-
umn loading, the smallest degree of product dilution (approx. 2 times relative to the
feed) as well as the lowest separation efficiency (32–38%) was obtained. As a result, it
was determined that the process carried out for a 30–40% column load allows obtain
the highest possible separation efficiency (in the range of 42–58%).

Fig. 8. Elution profiles of erythritol and salt for 50% VB (VB = 530 mL)

Fig. 7. Elution profiles of erythritol and salt for 40% VB (VB = 530 mL)
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4 Conclusions

The separation of erythritol and sodium chloride can be obtained using ion exchange
chromatography and this method can be applied to desalination of the fermentation
broth. The efficiency of the separation process depends, among others from the column
overload and the required product purity. Volume overload increases the efficiency of
the process, however, decreases the separation of impurities. Ion exclusion chro-
matography carried out for 30–40% column overload allows obtain the highest possible
separation efficiency. The main disadvantage of the process is obtaining a diluted
product, which requires concentration.

Acknowledgments. This work was supported by the Ministry of Science and HigherEducation
2020. The study is a continuation of the project “Biotechnological conversion of glycerol to
polyols and dicarboxylic acids,” realized within the Operational Programme – Innovative
Economy, 2007–2013, co-financed by the European Union PO IG 01.01.02.074/09.

Table 1. Process efficiency for tested column loads (96% degree of desalination).

Volume overload Separation yield

10% 72%
20% 69%
30% 58%
40% 42%
50% 38%
60% 32%

Fig. 9. Elution profiles of erythritol and salt for 60% VB (VB = 530 mL)
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Abstract. Chapter describes a possibility of recovery of metal ions (especially
platinum group metals) from spent automobile converters by hydrometallurgical
method. Also, the composition of the automobile catalyst is reported. Moreover,
the results of leaching of metal ions from spent catalysts with organic and
inorganic acids were presented. Carboxylic acids were considered as potential
leaching agents for treatment of spent automotive converters. These acids show
leaching potential towards base metals, and could be used in the first step of
leaching prior to platinum group metals leaching in more stringent conditions.

1 Introduction

Rapid depletion of natural metal sources and the increasing environmental require-
ments encourage scientists to look for efficient and selective techniques for recovery of
metals from secondary raw materials. Due to technological progress the demand for
metals, especially platinum group metals (PGM) or rare earth metals is still growing
(Benson et al. 2000; Kucharski 2010). An important source of PGM are spent auto-
mobile converters which are made of a ceramic or metal support, on which an inter-
mediate layer (aluminum oxide) and an active substance (specific catalyst) are applied,
i.e. noble metals, mainly Pt, Pd and Rh (Saternus and Fornalczyk 2009; Wołowicz
2013).

In recent years, the popularity of hydrometallurgical methods (extraction, leaching)
for the recovery of metal ions from solid waste increased, mainly due to the signifi-
cantly lower operating temperatures than in pyrometallurgical processes and complete
use of raw material (Rzelewska and Regel-Rosocka 2018).

The aim of this work is to present efficiency of hydrometallurgical methods for
recovery of valuable metals from spent automobile catalysts.
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2 Spent Automotive Catalysts - Characteristics

Catalytic reactors are devices that significantly reduce the amount of hazardous
chemicals emitted into the air. Currently, virtually all cars on the road should have
installed catalytic converters. There are different types of engines, and therefore there
are various types of automotive catalytic converters. Spark ignition engines most often
use TWC reactors (Three Way Catalyst), which reduce nitrogen oxides (NOx) and at
the same time oxidize hydrocarbons (HC) and carbon monoxide (CO). In contrast,
oxidative reactors are used in compression-ignition engines that oxidize HC and CO.
A brief description of the catalytic converters currently used in various types of cars is
presented in Table 1.

Generally, catalytic converters are built from stainless steel shell, non-woven fabric
preventing the carrier from moving and the carrier itself. Ceramic or metallic materials
are most often used as carriers in automotive catalytic converters (Umicore Precious
Metals Refining 2009). Currently, the majority of car catalytic converters are produced
on ceramic carriers (approximately 96%), however, the percentage share in the market

Table 1. Characteristics of basic types of automotive catalytic converters (Bailey 1997;
Hagelüken 2006; Wolak 2008; DCL 2017)

Type Characteristics

TWC Three Way
Catalyst

Allows reduction of NOx and oxidation of CO and HC with precise
control of the air/fuel ratio; consists of a of ceramic or metallic
carrier, an intermediate layer and an active or catalytic layer,
depending on the operating conditions of the engine and the exhaust
gas composition, conversion rates of close to 100% can be achieved
at close to stoichiometric (lambda one) conditions

DOC Diesel
Oxidation Catalyst

Oxidation catalytic reactor, very effective in controlling the level of
carbon monoxide (II), hydrocarbons, compounds responsible for
smell and volatile organic fractions, the disadvantage of this type of
reactors is a small reduction of nitrogen oxides

DPF Diesel
Particulate Filter

Filters used to remove solid particles, are made of a ceramic
element placed in a metal casing, similar to a traditional catalytic
converter, with the difference that one of the two channels is blind -
the walls of both channels are made of SiC coated with Al2O3 and
CeO2, platinum particles are deposited on these oxides; exhaust
gases can penetrate between the channels due to the porous
structure of the filter, thanks to which solid particles are retained in
the walls and at the bottom of the clogged channels

NAC NOX Adsorbers
Catalyst

Store nitrogen oxides in excess oxygen in the air/fuel ratio and then
release and catalytically reduce stored NOx in excess oxygen in the
air/fuel ratio; most of the NOx emitted by the car is NO, this oxide is
oxidized to NO2 and then adsorbed on another metal oxide, e.g.
barium, and stored as barium nitrate
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of new generation metal catalytic converters (Metal Substrate Converters), initially
used in sports and racing cars, is still growing (Kucharski 2010).

The basic material of the ceramic carrier is a crystalline mass consisting of Al2O3

with the addition of other oxides, e.g. CeO2 (15–30 wt%). Precious metals, usually
platinum, palladium or rhodium, are applied to a properly prepared carrier surface.
Such design allows the active surface to be increased, and consequently the contact
zone of the catalytic substances (Pt, Pd, Rd) with the exhaust gas that flows through the
carrier channels (see Fig. 1). The combustion process is inseparably accompanied by
the formation of the following toxic compounds: carbon oxides (CO), unburned
hydrocarbons (HC) and nitrogen oxides (NOx). In order for these compounds to be
harmless to the environment, they must undergo certain transformations, and as a result
neutral compounds for the environment, such as carbon dioxide, water or nitrogen are
obtained.

An advantage of ceramic carriers (see Fig. 2a) is low thermal expansion and good
surface development, which enables good distribution of the catalytically active phase.
At the same time, the basic disadvantages include lower thermal and mechanical
strength of the carriers and the need to use mats made of ceramic fibers, protecting
against cracking during shocks and reducing differences in thermal expansion in
relation to the metal shell. The structure of honeycomb is the best geometrical form of
the ceramic carriers due to large contact area of the exhaust gases with the catalyst
(Kucharski 2010).

Automotive catalytic converters with metallic carriers (see Fig. 2b) are made of
heat-resistant Fe-Cr-Al foil with platinum coatings. This foil is rolled up in a way that
maximally increases the contact area with catalytic substances. Metallic carriers have –
in relation to ceramic carriers – a number of advantages; are more resistant to thermal
shocks and mechanical damage. These monoliths quickly reach operating temperature
and, above all, are characterized by low exhaust gas flow resistance. Another advantage
of this type of catalytic converters is the fact that metallic carriers are not as brittle as
ceramic ones and their walls can be much thinner. Thus, metallic carriers enable to

Fig. 1. Scheme of automotive catalytic converter (Fornalczyk 2016)
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obtain a larger contact surface of exhaust gases with catalytic substances using the
same volume of carrier. Metallic carriers heat up much faster and more evenly because
they have a lower specific heat capacity and the heat transfer coefficient has a higher
value (Kucharski 2010). Another advantage of metallic carriers is the ability to more
easily manufacture channels in various shapes to increase exhaust gas flow (Suiter
2012). The disadvantage of these carriers is the complicated process of obtaining
catalytically active coating (Umicore Precious Metals Refining 2009).

The content of platinum metals in automotive catalytic converters varies widely
from 1.42 to 1.76 g/dm3 of carrier capacity, depending on the vehicle manufacturer,
model, engine capacity and even the serial number of the catalytic converter. Some cars
use catalytic converters in which the catalytic layer is made only of palladium or only
platinum, or platinum-palladium layer and those in which platinum, palladium and
rhodium together are used. As was mentioned before, gasoline and diesel engines use
completely different catalytic converter systems. Thus, spent or scrapped catalytic
converters are a valuable source of platinum, despite the fact that they are composed of
more than 99% ceramic material or Fe-Cr-Al steel as well as combustion products and
organic substances. Both types of catalysts available on the automotive market, i.e.
with metallic and ceramic carriers, contain similar amounts of PGM (Kucharski 2010).

The recycling of spent automotive catalytic converters is currently very cost-
effective and even necessary due to the fact that platinum group metals, especially
platinum, palladium and rhodium, are considered critical metals, i.e. those whose
natural sources are limited and shrinking. The use of PGM is constantly growing due to
their catalytic properties (Johnson Matthey 2019). The availability of PGM in the future
is questionable considering their high demand in recent years (see Table 2), social,
economic, environmental as well as political aspects connected with their production.

To almost exclusive producers of primary platinum belong South Africa – nearly
70%, while the largest share of the recovered platinum group comes from the USA and
Canada, this is mainly due to the fact that regulations on exhaust emissions were
introduced very early in the US. The very restrictive legal regulations currently in force
regarding the obligation to obtain specific recovery rates for end-of-life vehicles and the
mandatory removal of catalytic converters (they are waste intended for further segre-
gation and processing) have improved the situation of the European Union in the area
of platinum recovery.

Fig. 2. Catalytic carrier structure: (a) ceramic, (b) metallic
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However, the process of catalytic converters treatment is difficult and complicated
due to fact that the level of platinum and other precious metals in carriers is rather
small. Therefore, the catalytic converter carriers (see Fig. 3a) should be appropriately
prepared, mainly ground (see Fig. 3b–d). After this operation pyrometallurgical or
hydrometallurgical treatment is applied. In the pyrometallurgical treatment, catalytic
converter carriers are smelted with various metals such as copper, iron or lead, in
which, as a result, the alloy of metal collector with platinum is obtained, while the
alumina carrier forms a slag. In industry pyrometallurgy is often used because it is
effective but, on the other hand, it is slow and energy-consuming. The other treatment
method is based on hydrometallurgical processes such as leaching in various media,
such as chlorine, chlorides, aqua regia, with addition of H2O2, sulfuric acid with H2O2

or cupric ions. Hydrometallurgical methods in comparison with the pyrometallurgical
ones consume less energy but the recycling efficiency is not so high and, additionally,
large amount of waste solutions is generated.

Table 2. Supply, demand and recycling of platinum, palladium and rhodium in 2018 (Johnson
Matthey 2019)

Metal Supply (kg) Demand (kg) Recycling (kg)

Pt 169400 222400 56000
Pd 187020 287800 82950
Rh 21260 29710 9180

Fig. 3. Spent automotive converter: (a) before grinding and various mixed converters after
grinding: (b) >1 mm, (c) > 0.5 mm, (d) <0.063 mm
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3 Leaching of Metals from Spent Automotive Catalysts

Principals on leaching process and kinetics of leaching reactions are given in the
chapter Metal leaching from e-waste with ionic liquids of this book. Generally, as
leaching agents of metals from spent automotive catalysts are applied strong solutions
of mineral acids that have oxidative properties, e.g. nitric acid, aqua regia (1:3 mixture
of nitric and hydrochloric acids). As Pt, Pd and Rh, which are of the main interest of
spent automotive catalyst treatment, are noble metals, the minimum oxidizing potential
to overcome during leaching is high, e.g. for Pt with and without the Cl− complexing
ions is +0.77 V and +1.18 V (Saguaru et al. 2018). To increase leaching efficiency
additional chlorination (Mišić et al. 2013, Sinisalo and Lundström 2018), oxidative
agents, such as AlCl3/NaOCl solution (Angelidis 2001), H2O2 (Sarioğlan 2013) or
FeCl3 (Ding et al. 2019), or microwave energy (Suoranta et al. 2015) are used.

4 Carboxylic Acids as Metal Leaching Agents from Spent
Catalysts

Carboxylic acids, such as formic acid, can be used for catalyst pretreatment by reducing
the PGMs to their metallic form to improve subsequent leaching. Formic acid reduces
Pt and Rh according to the following reactions (Upadhyay et al. 2013; Trinh et al.
2017):

PtO2 sð Þ þ 2HCOOH ! Ptþ 2H2Oþ 2CO2 ð1Þ

PdO sð Þ þHCOOH ! PdþH2OþCO2 ð2Þ

Rh2O3 sð Þ þ 3HCOOH ! 2Rhþ 3H2Oþ 3CO2 ð3Þ

Owing to the reductive pretreatment, PGM recoveries increased from 71 to 97%, 60
to 94% and 58 to 90% for Pt, Pd and Rh, respectively. Moreover, the pre-reduction step
provides minimized environmental impact of PGM recovery and reduction in cost of
reagents, while keeping the maximum yield of PGMs in a less acidic solution.

To the best of our knowledge no information on use of carboxylic acids as leaching
agents for spent automotive converters has been reported. Carboxylic acids are not
strong enough to react directly with noble PGMs, therefore it seems that their role in
the treatment of spent automotive catalysts can be assigned to auxiliary operations. For
example, acetic acid was proposed for Pb dissolution from Pb-Pt-Rh precipitation in
the final step of a hydrometallurgical procedure of a pure PGM powder recovery from
spent automotive catalysts (Angelidis 2001).

Some organic acids (e.g. oxalic, citric) were used in treatment of other catalysts, for
example spent hydrodesulfurisation Mo-V. Oxalic acid, particularly buffered oxalic
acid, was proposed for iron removal from hydroprocessing catalysts containing Co,
Mo, Re and the Pt group metals on alumina, silica-alumina or a zeolite support
(McVicker et al. 1985). It was also used as a complexing agent for selective vanadium
recovery from the spent catalyst, while citric acid leached not only vanadium but also
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molybdenum, nickel and aluminium affecting negatively the selectivity of V recovery
(Zeng and Cheng 2009). Effectiveness (Mo and V extraction) of five acids (organic and
inorganic) used in spent hydroprocessing catalyst leaching was ranked in the following
order (Al-Sheeha et al. 2013): oxalic acid = EDTA > citric acid > H2SO4 >
HNO3 >> acetic acid.

It was concluded that the role of organic acids for metal leaching was more sig-
nificant than that of the inorganic acids. It was clearly indicated that the acids with
more than one carboxylic group (lower Ka value) had greater strength of the acid, and,
thus, leached metals more effectively than monocarboxylic acid (acetic).

The carboxylic acid based processes could be more effective, recoverable, and
reusable providing high efficiency of metal extraction, ease of stripping, and low
corrosive environment (Al-Sheeha et al. 2013). Citric acid was shown to be more active
leaching agent than H2SO4 for Mo, V, and Ni ultrasonic-assisted digestion from spent
hydroprocessing catalysts (Marafi and Stanislaus 2011). 10% citric acid was reported to
be effective leaching agent for V, K and Fe from spent vanadium catalyst at atmo-
spheric pressure, 50 °C for 4 h, at S/L ratio below 0.1 (Mazurek 2014). Under these
conditions about 90% of vanadium and potassium compounds and more than 60% of
iron contained in the catalyst were dissolved. Hydrothermal treatment at 80 °C,
S/L = 1/8 for 10 h with 0.1 M citric acid provided more than 70% dissolution of Al, Ni
and Mo from spent hydro-processing catalysts (Shen et al. 2012).

These observations for petrochemical catalysts were not confirmed by the authors
of this chapter for leaching of metal ions from spent automobile converters. Results
(obtained by the authors) of metal leaching with two carboxylic (citric and oxalic) and
inorganic acids are shown in Table 3. The following leaching mixtures were used:

• solution 1 - aqua regia (3:1 mixture of 36% HCl and 65% HNO3),
• solution 2 - mixture of 36% HCl and 95% H2SO4 acids and 30 wt% H2O2,
• solution 3 - 1 M citric acid,
• solution 4 - 1 M oxalic acid.

It has been proved that Pt(IV) and Rh(III) can be leached from spent automobile
converters only with inorganic acid mixtures, which is not possible with citric or oxalic
acids (Table 3). The solutions after leaching are multicomponent mixtures and contain
not only noble metal ions (Pt(IV), Rh(III)) but also base metal ions (Fe(III), Mg(II), Zn
(II), Cu(II), Pb(II), Al(III)). The results for leaching of non-noble metals show leaching
potential of oxalic acid to dissolve base metals (e.g. Fe(III), Al(III)) prior to further
PGM leaching in more stringent conditions. Further separation of precious metals from
non-precious needs another step, e.g. liquid-liquid extraction.

Table 3. Mass of metal ions in leaching solutions 1–4 after leaching at 70 ± 3 °C for 3 h,
S/L = 1 g/45 cm3 (own research)

Leaching solution Mass of metal ions, mg
Pt(IV) Rh(III) Fe(III) Mg(II) Zn(II) Cu(II) Pb(II) Al(III)

1 1.8 0.6 2.4 2.8 3.8 0.1 3.5 15.8
2 1.6 0.5 0.4 2.5 3.0 0.1 1.2 54.0
3 0.0 0.0 0.4 1.0 1.6 0.4 <0.1 22.6
4 0.0 0.0 4.2 0.9 1.7 0.6 <0.1 63.0
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Not only synthetic organic acids are used as leaching agents. Carboxylic acids may
be produced directly in the place of treatment by microorganisms. For example, Pt was
leached from refinery reforming catalyst with oxalic acid produced by Aspergillus
niger. At the optimum conditions, i.e. 1% for the pulp density, pH 0.5, 70 °C almost
40% of Pt was recovered (Malekian et al. 2019). Thus, it puts a new perspective on
oxalic acid use as the leaching agent for PGMs from automotive catalysts.

5 Summary

Currently, production and sale of cars is still increasing, therefore the demand for
platinum group metals also grows. As the natural resources (with their intensive
exploitation) are limited and can quickly exhaust, there is a strong need to find alter-
native sources of this critical element. Spent PGM-containing materials are considered
a valuable and metal-rich resources that could be recycled. It is not only economically
viable, but also environmentally friendly. In the chapter, carboxylic acids were con-
sidered as potential leaching agents for treatment of spent automotive converters.
However, it can be concluded that they show leaching potential towards base metals,
and could be used in the first step of leaching prior to PGM leaching in more stringent
conditions.
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Abstract. Process risk assessment is the most effective way to design safety
and security safeguards in order to ensure the safety of people and the envi-
ronment. The key issue is to estimate the frequency of occurrence and conse-
quences as well as the risk of major accident scenarios with the lowest level of
uncertainty. In order to deal with all knowledge-based uncertainties a new
process risk assessment methodology based on fuzzy logic was proposed. The
methodology utilized the fuzzy representative loss events selection model, the
fuzzy bow-tie model and the fuzzy risk matrix. The case study for isobutane
storage tank was used to illustrate the proposed methodology. Preliminary tests
confirmed that final results of the risk index of accident scenarios were deter-
mined in a more precise and realistic manner and more appropriate selection of
safety systems can be achieved.

1 Introduction

Intensive development of new manufacturing technologies, the use of hazardous
materials, more complicated installations and extreme process conditions have resulted
in a series of major incidents and accidents in recent years. These events have led to
massive loss of human life, environmental damage and economic loss. At present, the
total elimination of potential hazards and their consequences is not possible in chemical
industries (Markowski and Siuta 2013). Therefore, it is vital to carry out risk assess-
ment in process plants, especially that nowadays such assessment is legally required in
different countries as a way to quantify risk as a probability distribution function of the
occurrence and consequences of major accident scenarios. Risk assessment provides a
basis for identifying, evaluating, defining and justifying the selection or rejection of
risk reduction measures. Numerous risk assessment techniques, including qualitative,
quantitative, and semiqualitative approaches, have been developed. The hazard and
operability study (HAZOP), fault tree analysis (FTA), event tree analysis (ETA), bow-
tie (BTA), layer of protection analysis (LOPA), and failure model effect criticality
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analysis (FMECA), fire and explosion index (F&EI) (Mitkowski and Bal 2015) are the
most popular risk assessment methods used in the chemical process industry. However,
these techniques are static by nature and ineffective in handling uncertainties (Zarei,
Khakzad, Cozzani, and Reniers 2019; Khan, Rathnayaka, and Ahmed 2015). Uncer-
tainties in the process of risk analysis are associated with incomplete and ambiguous
knowledge concerning mainly data and reliability models necessary to determine the
frequency of the accident scenario and associated with the assumptions and parameters
used to assess their consequences. To help in risk assessment conventional techniques
account for uncertainties in a more efficient way, some authors have combined con-
ventional techniques with Bayesian network (Pasman and Rogers 2012), Petri nets
(Nivolianitou et al. 2004), Monte Carlo approach (Siuta et al. 2013), evidence theory
(Dutta 2015), and rough sets. One promising method for dealing with uncertainties
concerning the lack of knowledge in process safety assessment is fuzzy logic. Fuzzy
logic is a form of multi-valued logic derived from the fuzzy set theory. This method
provides a natural way of dealing with problems in which the source of imprecision is
the absence of sharply defined criteria of class membership rather than the presence of
random variables. The main advantage of such a method is the use of qualitative human
knowledge and mapping it into quantitative and much more precise values. Fuzzy logic
has found a number of applications in different stages of reliability and risk assessment
(Mangeli, Shahraki, and Saljooghi 2019; Renjith et al. 2018; Hong et al. 2016; Wu
et al. 2013). However, these studies did not involve process risk assessment method-
ology based on the fuzzy representative loss events selection model, fuzzy bow-tie
model and fuzzy risk matrix for proper calculation of the risk index, and more
appropriate selection of safety systems.

2 Proposed Risk Assessment Methodology Based on Fuzzy
Logic Approach

The process risk assessment methodology based on fuzzy sets approach is divided into
five parts: systems and hazards identification i.e. identifying the events that may have
adverse effects on systems; representative accidental events selection using the fuzzy
risk ranking model described in (Markowski and Siuta 2017); likelihood estimation of
accident scenarios using the fuzzy “bow—tie” model shown in (Markowski and
Kotynia 2011); consequence estimation of accident scenarios based on fuzzy conse-
quence model presented in (Siuta et al. 2013); and risk characterization based on the
fuzzy risk matrix shown in (Markowski et al. 2010).

Calculations using proposed methodology were carried out on the basis of prin-
ciples and stages of the fuzzy logic system such as fuzzification, fuzzy inference
process and defuzzification. For the proposed methodology a Mamdani fuzzy inference
algorithm was applied along with a Max method for the aggregation step and a centroid
method for the defuzzification. In case of frequency calculations using the fuzzy bow-
tie model, the inference process was implemented on the basis of expert knowledge and
mathematical calculation. The case study for isobutane storage tank was used to
illustrate the methodology. Results obtained using fuzzy logic approach were compared
to traditional risk assessment methodology.
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3 Case Study

Storage installation for isobutane (Fig. 1) was used as a case study to demonstrate the
application of the proposed methodology. Installation includes three spherics pressure
isobutane vessels the capacity of 300 m3 each, pumps system, heaters and appropriate
connecting pipelines. Safety and protection systems of the installation divided into
three layers: prevention, protection and mitigation are shown in Table 1.

Fig. 1. Isobutane storage installation

Table 1. Safety and protection systems for isobutane storage installation

Safety layer Measure

Layer I – prevention
systems

Good engineering practice (GEP)
Maintenance and inspections
Basic Process Control Systems (BPCS) in central room: LI, TI, PI
& PRCAH

Layer II – protection
systems

Pressure safety valves with vent line
Dike

Layer III – mitigation
systems

Deluge system
Fire brigade (FB)
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The method presented in publication (Markowski and Siuta 2017) was used to
select representative accidental events (RAE). Hazard and operability analysis revealed
six accidental events (AE). The fuzzy and classical initial risk indicators of AEs were
calculated and are presented in Table 2.

It was assumed that all accidental events for which the fuzzy risk ranking index is
higher than “R, Rf > 2” were classified as a representative accidental event. Two
representative accident scenarios (1, 2) were identified using the traditional risk ranking
index. In case of fuzzy approach the five representative accident scenarios (1, 2, 3, 4, 5)
should be selected. For simplification one accidental event named the catastrophic
release from storage tank of isobutane was selected as a representative loss event. As
can been seen in Table 2, the advantage of the fuzzy model consists in a more precise
selection of the RAEs from the list of accidental events compared to the traditional
approach. The contribution of each initial risk index represented by fuzzy sets (A -
acceptable, TA - tolerable-acceptable, TNA - tolerable-unacceptable and NA - unac-
ceptable) to the total value of initial risk ranking index is also evident. Bow-tie
(BT) model used for the representative loss event scenario (LES) is shown in Fig. 2.

Theminimal cut sets equations of the top event (TE) and two outcome events (OEs) in
which fatalities can occur obtained from the bow-tie model are as follows (Eq. 1–3)

X
MCSTE ¼ ADþBDþCDþAEþBEþCE ð1Þ

X
MCSOE1 ¼ TE � II � CE ð2Þ

R MCSOE2 ¼ TE � �I�I � LI � CE ð3Þ

Table 2. List of accidental events for isobutane storage vessel

Accidental events Traditional risk
ranking index (R)

Fuzzy risk ranking
index (Rf)

1. Catastrophic rupture of the isobutane tank 4 (NA) 3.87 (13% TNA,
87% NA)

2. Tank over-pressurization and release from
the pressure relieve valve

4 (NA) 3.76 (24% TNA,
76% NA)

3. Rupture of the inlet line 2 (TA) 2.41 (59% TA,
41% TNA)

4. Release of isobutane from the inlet line
(failure of valve, flange packing, seal
leakage in pumps)

2 (TA) 2.67 (33% TA,
67% TNA)

5. Release of isobutane from the outlet line
(failure of valve, flange packing)

2 (TA) 2.67 (33% TA,
67% TNA)

6. Thermal expansion 1 (A) 1.38 (62% A,
38% TA)
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Frequency calculation with the use of fuzzy logic is performed based on the fuzzy
frequency sets scale (Fig. 3) for initiating events (IEs), safety functions (SF) and in a
form of traditional variables for conditioning events (CEs) which are given in Table 3.

Fuzzy numbers for the representative loss event scenario concerning the catas-
trophic release from storage tank of isobutane are chosen by experts from the fuzzy
numbers scale and are shown in Table 4. Traditional frequency/probability values of

Fig. 2. Bow- tie model for a representative loss event scenario

Fig. 3. Fuzzy numbers frequency scale established for a bow-tie model

Table 3. Traditional probability values for conditioning events

Symbol Conditioning event (CE) Probability value

II Immediate ignition 0.1
LI Late ignition 0.5
Enabling CE Staff in affected area 0.1

Fatalities 0.5
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initiating events and failure of safeguards were proposed by LOPA authors (CCPS
2014, 2015).

Calculations of fuzzy sets according to the minimal cut sets Eqs. (1–3) follow the
fuzzy algebra principles. The cases in which there are no losses are not taken into
consideration. The combined frequency is calculated for the paths where fatalities
occur. Table 5 presents results of fuzzy frequency calculations of top event and out-
come events. Table 6 shows results of traditional frequency calculations.

Table 4. Fuzzy numbers and traditional values for IE frequency (F)/probability (P) used in this
study

Symbol A B C D E

IE LI failure PI failure Human error PSV failure Vent line failure
F [1/yr]/P F F F P P
Fuzzy number H H FH FH FH
Traditional value 10−1 10−1 10−2 10−2 10−2

Table 5. Results of fuzzy frequency calculations for accident scenario

Symbol Event Fuzzy
set

Crisp
value

Left
boundary
value

Mean
value

Right
boundary
value

TE Isobutane storage tank
rupture

4.20E-05 4.20E-03 4.20E-01 7.85E-03

OE1 Pool fire and fatalities 2.10E-07 2.10E-05 2.10E-03 3.92E-05
OE2 Vapour cloud

explosion and
fatalities

9.45E-07 9.45E-05 9.50E-03 1.80E-04

OE Combined
consequences
(OE1 + OE2)

1.16E-06 1.16E-04 1.16E-02 2.19E-04

Table 6. Results of traditional frequency calculations for accident scenario

Symbol Event Traditional value

TE Isobutane storage tank rupture 4.20E-03
OE1 Pool fire and fatalities 2.10E-05
OE2 Vapour cloud explosion and fatalities 9.45E-05
OE Combined consequences (OE1 + OE2) 1.16E-04
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Calculations of the severity of consequences of an accident scenario are made in
accordance with the methodology proposed by Markowski et al. 2010 based on the
flash point of the substance and its released amount. For the LES the quantity of
isobutane released during tank rupture is the whole tank capacity (178000 kg). To
assess the severity of the consequences of LES fuzzy logic system was applied. Sur-
faces for the severity of the consequences are illustrated in Fig. 4. Table 7 presents
results of fuzzy and traditional severity of the calculation of consequences.

To determine the risk of representative accident scenarios, the frequency with
safeguards and the severity of the consequences were taken into account. These crisp
values of frequency and the severity of consequences were introduced into the fuzzy
risk matrix. Figure 5 presents a three-dimensional plot which shows the relationship
between frequency, severity of consequences and risk obtained by the mapping from
two inputs (fuzzy frequency and severity) to one output (fuzzy risk).

Results of the final risk calculations are shown in Table 8. A defuzzified crisp value
(3.37) belongs to two risk sets – TNA (tolerable not acceptable) and NA (not
acceptable) as shown in Fig. 6. It informs that additional safety measures are required
to make the analysed installation safe. The safety goal requires at least 75% of TA
(tolerable acceptable) fuzzy set and no more than 25% of TNA fuzzy set.

Fig. 4. Fuzzy surface for the calculation of the severity of consequences

Table 7. Results of the calculations of the severity of consequences

Isobutane Severity of the
consequences

Symbol Flash Point [0C] Released quantity [kg] Fuzzy logic
calculations

Traditional
calculations

LES −60 178 000 4.66 5
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One of the ways to increase the safety of installations is to reduce the frequency of
the occurrence of an accident scenario through the use of effective safeguard systems
operating at independent safeguard levels. These additional safeguards may consist in
introducing other technical or organizational solutions or increasing the reliability of
existing systems by adding additional devices or replacing the existing ones. In this
case in order to reach the safety goal additional safety measures need to be applied. One

Fig. 5. Fuzzy risk surface used for risk assessment of accident scenario

Table 8. Risk index calculation results

Frequency
calculation
method

Outcome event Crisp value/traditional value Membership
of risk setFrequency Consequences Risk

Fuzzy logic Combined
consequences
(OE1 + OE2)

2.19E-04 4.66 3.37 TNA – 63%,
NA – 37%

Traditional
calculations

1.16E-04 5 NA –

Fig. 6. Crisp risk value membership to fuzzy risk sets
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way to minimalize the risk level an additional level control system with high level
alarm (I layer of protection), LAH, can be proposed. Another way to reduce the risk
level is to increase the reliability of applied PI & PRCAH system from about 10−1/yr to
about 10−2/yr. The third option to improve safety can be vocation of an internal fire
brigade. The effectiveness and the promptness of firefighting and rescue operations can
reduce severity of the consequences (III layer of protection). Table 9 presents results of
fuzzy frequency, severity of the consequences (C) and risk of the loss event scenario
calculations. Case I is an option with additional LAH having an impact on frequency.
Case II is an option with more reliable PI & PRCAH system. Case III is an option with
vocation of FB having an impact on severity of the consequences. Case IV is an option
with all of above mentioned additional safety measures.

Indeed, the application of all additional safety measures (case IV) enabled a sig-
nificant reduction of the risk level. An acceptable level of risk is obtained. Attention
should be paid to the first case (No. I), in which the proposed LAH system reduced the
risk level by almost one level. However, the acceptable risk level is still exceeded (by
38%). Since the determination of the risk acceptance criteria is subjective, this solution
can be considered during making decisions regarding the risk reduction. A cost-benefit
analysis is suggested. In the second (No. II) and third (No. III) cases, the application of
the proposed safety measures reduced the risk level only to a small extent - by less than
one level. These propositions are not sufficient to ensure the safety of installations.

4 Conclusions

A new process risk assessment methodology based on fuzzy logic was proposed in this
study. The advantage of the proposed methodology lies in a more precise selection of
representative events from the list of accidental events with available data and expert
judgments compared to what would have been possible using the traditional approach.

Table 9. Results after implementation of additional safety measures

Case
no.

Additional
safety measure

Frequency [1/yr] C Risk Degree of
membership
to risk level

Left
boundary
value

Mean
value

Right
boundary
value

Crisp
value

I LAH 6.11E-08 6.60E-06 1.16E-03 1.72E-05 4.66 2.63 TA-37%
TNA-63%

II PI
& PRCAH

6.60E-07 6.60E-05 6.60E-02 1.22E-04 4.66 3.13 TNA-87%
NA-13%

III FB 1.16E-06 1.16E-04 1.16E-02 2.19E-04 4.18 3.24 TNA-76%
NA-24%

IV All the above 1.16E-08 1.65E-06 6.60E-04 8.23E-06 4.18 2.22 TA-78%
TNA-22%
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In addition, it provides a better assessment of the accident scenario, proper calculation
of the risk index and a more optimal selection of safety systems. A case study of the
isobutane tank confirmed that the contribution of each fuzzy set into the final result of
risk level is clear, that it may help in understanding the uncertainties and provide a
better insight into the selection of preventive and mitigating safety strategies in process
plants.
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Abstract. The aim of this study was to develop a method for removing
phosphate from an aqueous solution using iron (III) chloride-modified eggshells.
The physicochemical properties of the modified biomass (FTIR, pHPZC) were
examined. The sorption capacity of the modified sorbents was tested.
The kinetic rate constant was determined using the general model and equals
1.82 10−10 min−1. The maximum sorption capacity of modified eggshells was
determined using the Langmuir model (Qmax = 42.3 mg g−1). Kinetic experi-
ments were also carried out in a fixed-bed column. To establish the adsorption
parameters in the bed column, the Thomas, Yoon-Nelson, and MDR models
were used to describe the experimental data. The maximum sorption capacity in
the column was 58.4 mg g−1. Based on the result, modified eggshells could be
used in the future as an effective sorbent for removing phosphate ions from
aqueous solutions.

1 Introduction

Phosphorus is essential for the biological growth of plants and animals. It is not a
building block of proteins, but none of these structures could be produced without its
participation. Due to high-energy, reversible phosphorus binding, the process of
transition from adenosine diphosphate (ADP) to adenosine triphosphate (ATP) is a
“fuel” for reactions occurring inside cells. Phosphorus is also used in the production of
fertilizers and various types of detergents, which is the reason for the growing share of
this biogenic element in wastewater.

The largest part of total phosphorus in raw wastewater is orthophosphates, with as
much as 20 to 50%. They most often occur in the form H2PO4- and H2PO4

2.
Polyphosphates, as well as organic phosphorus, are another significant part (Przywara
2014). Too high phosphate levels in the aquatic environment may lead to excessive
proliferation of blue-green algae, which have a high oxygen demand. The uncontrolled
multiplication of anaerobic organisms causes the formation of lake silt, which results in
a slow shallowing the water reservoir and its transformation into a swamp or bog.

© Springer Nature Switzerland AG 2020
M. Ochowiak et al. (Eds.): PAIC 2019, Practical Aspects of Chemical Engineering, pp. 412–422, 2020.
https://doi.org/10.1007/978-3-030-39867-5_43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_43&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_43&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39867-5_43&amp;domain=pdf
https://doi.org/10.1007/978-3-030-39867-5_43


This can create a huge threat to fish, algae and other aquatic organisms, as well as infect
water with various parasites. (Nguyen et al. 2014). This phenomenon is called
eutrophication and promotes the growth of cyanobacteria, which produce a dangerous
toxin - microcystin. After entering the human body, this substance can cause extremely
dangerous hepatocellular carcinoma (Ye et al. 2017).

There are many methods of phosphate removal from wastewater like electroco-
agulation, chemical precipitation, biological methods of removal, but they are uneco-
nomical or require continuous process control (Hoon 2012). An alternative method to
remove phosphate from aqueous solutions is adsorption. The process of adsorption
occurs mainly on the surface of biomass, which means that its modification can sig-
nificantly increase sorption possibilities. Before making any modifications, one should
be extremely careful with the selection of substances, because some can cause serious
losses of adsorbent mass, as well as damage to its structure, or a decrease in adsorbent
capacity. Better adsorbents can be obtained by strengthening or modifying functional
groups present on the surface. Biomass may also have adsorption inhibiting groups on
the surface, which, in this case, would have to be removed, which would facilitate the
process (Park et al. 2010).

This paper presents the possibility of removing phosphates from an aqueous
solution with eggshells modified with iron(III) chloride using adsorption processes.
Studies on the physicochemical properties of the adsorbent (FTIR) were carried out.
Sorption properties of materials (equilibrium, process kinetics) were tested. A fixed-bed
column process was also carried out.

2 Materials and Methods

2.1 Materials

Eggshells (EG) were obtained from a local producer. The adsorbent was washed
several times with distilled water to remove various impurities and then dried in an
oven at 40 °C for 24 h. EG were crushed and sieved into various fractions. Iron
(III) chloride CHEMPUR (FeCl3�6 H2O- 270.3 g/mol) was used for eggshells modi-
fication. Potassium dihydrogen phosphate POCH (KH2PO4 - 136.09 g/mol) was used
to prepare solutions containing appropriate concentrations of phosphate ions by
dissolving it in distilled water. Phosphate Test SPECTROQUANT HC554346
(o - phosphate) was used to determine the phosphate content. Phosphate concentration
measurements were performed on a THERMO SCIENTIFIC - EVOLUTION 201
spectrophotometer (UV - Visible Spectrophotometer).

2.2 Modification of Adsorbents

0.2 dm3 of the solution thus prepared was taken into the cylinder, and 20 g of iron(III)
chloride was added. 10 g of EG was added to the mixture, which had been previously
cleaned and comminuted. The flask was placed on a magnetic stirrer and stirred
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for 1.5 h. After this time, the NaOH solution (2 M) was added dropwise to adjust pH 5.
After this operation, the solution was filtered, and the obtained adsorbent was dried in
an oven for 24 h.

2.3 Characteristics of Biomass

Functional group analysis (Fourier infrared transformation) was performed using the
PERKIN-ELMER SYSTEM 2000 FT-IR apparatus. The spectrum was recorded in
infrared in the range 3500-500 cm−1.

2.4 Kinetics and Equilibrium Studies

2.4.1 Kinetics
A solution containing 90 mg dm−3 of PO4

3− ions (2 dm3) was prepared. Then 0.15 g
of EG modified with hydrated iron(III) chloride was weighed and poured into the
previously prepared solution. The vessel was placed on a magnetic stirrer, and samples
were taken at 24-hour intervals.

2.4.2 Equilibrium
A solutions containing 5, 10, 20, 50, 75 and 90 mg dm−3 PO4

3− ions with pH 5 were
prepared. Next, 0.1 g of EG modified with hydrated iron(III) chloride was weighed into
six flasks, and then 0.1 dm3 of previously prepared solutions were measured and
poured into flasks. The prepared mixtures were placed on a shaker and left for 24 h.
After this time, it was filtered, and samples were taken.

2.5 Adsorption on a Fixed-Bed Column

A mesh was inserted at the bottom of the column to prevent packing from falling out,
then 1 cm glass balls (2 mm) were placed, onto which a 2 cm bed composed of iron(III)
chloride shells were placed. It was covered with an insulating mesh and another 1 cm
glass balls. The solution containing PO4

3− ions was fed to the column using a peristaltic
pump at a rate of 3.75 ml min−1. Samples were taken during the process for 24 h.

3 Results and Discussion

3.1 Characteristics of the Biomass

The adsorbent surface before and after modification is shown in Fig. 1 a, b. It can be
seen that hydrated iron(III) oxides precipitated on the surface of the adsorbents during
the modification.
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3.1.1 Fourier Infrared Transformation (FTIR)
To examine the surface characteristics of adsorbents, FT-IR analysis was performed for
modified EG before and after phosphate ion adsorption. Figure 2 presents the spectra of
adsorbents before and after the process. The presence of given functional groups on the
surface is closely related to the respective wavelengths in the spectrum.

The presented spectra show that for wavelengths above 3000 [1 cm−1] a signifi-
cantly larger peak is shown by modified EG with bound PO4

3− ions, which indicates a
much higher occurrence of - H stretching groups on the surface than in the case of
modified EG before adsorption. Analogous observations can be made up to the
wavelength range 3000–1200, where on the adsorbent surface after the process there is
a much larger number of C - H stretching groups, C = H stretching and C - O stretching
groups. This indicates that the carboxyl groups present on the adsorbent surface have a
very important role in binding phosphate ions. At lower wavelengths, a larger peak
exhibits the adsorbent before carrying out the process. Namely, within the waves of
400–1200 [1 cm−1], where these waves are responsible for the occurrence of stretching
groups C - O, - OH and C - C, as well as for bending groups O - C - O.

Fig. 1. Eggshells before (A) and after (B) modification with iron(III) chloride

Fig. 2. FTIR spectrum for modified EG before and after phosphate ions adsorption

Adsorption of Phosphates on Modified Eggshells 415



3.2 Kinetics and Equilibrium

3.2.1 Equilibrium
To optimize the phosphate removal process from aqueous solutions, it is extremely
important to determine the balance of adsorption. Therefore, it was decided to base on
two main mathematical models, namely the Langmuir isotherm Eq. (1) (Pastoriza-
Santos and Liz-Marzán 1999) and the Freundlich isotherm Eq. (2) (Freundlich 1907):

Qe ¼ Qt
max � KL � Ce

1þKL � Ce
ð1Þ

Qe ¼ KF � C1=nF
e ð2Þ

where: Qe - equilibrium adsorbents capacity [mg g−1], Qmax - maximum sorption
capacity of the sorbent [mg g−1], KL - constant in Langmuir’s equation [dm3 mg−1],
Ce - equilibrium phosphate concentration in solution [mg dm−3], KF - constant in
Freundlich’s equation [(mg g−1)�(dm3 mg−1)1 n−1], nF - constant in Freundlich’s
equation.

To determine the equilibrium parameters of the process, diagrams of the adsorbent
sorption capacity dependence on the phosphate concentration in the aqueous solution at
equilibrium were drawn (Fig. 3). The equilibrium process parameters obtained from
non-linear regression are shown in Table 1.

Fig. 3. Equilibrium of removal PO4
3− ions (dashed line: Langmuir and Freundlich models;

T:20 °C; sorbent dosage: 100 mg dm−3; contact time: 48 h; pH:5; C0: 5–90 mg dm−3)
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The adsorption isotherm expresses the specific relationship between the adsorbate
concentration and its accumulation on the adsorbent surface at a constant temperature.
As mentioned before, two models were used to describe the obtained experimental data
- Langmuir and Freundlich models. The correlation coefficient R2 was used to assess
the fit of the respective model. For the process carried out using EG modified with
hydrated iron(III) chloride, it was shown that the experimental data is best described by
the Freundlich equation. Thus, in this case, most likely, it is a heterogeneous surface,
and the adsorption process itself is multilayered. A slightly smaller R2 coefficient, in
this case, was obtained by fitting the Langmuir isotherm model, but the value of the
maximum adsorption capacity (42.3 mg g−1) is very close to the set value
(40.47 mg g−1). For comparison, Table 2 shows the maximum adsorption capacity of
phosphate ions of selected adsorbents.

Table 1. Parameters obtained by non-linear regression – isotherm

Langmuir’s model Freundlich’s model

Qmax [mg�g−1] 42.3 KF [dm3�mg−1] 10.7
KL [dm3�mg−1] 0.207 nF 2.89
R2 0.989 R2 0.968

Table 2. The maximum adsorption capacity of phosphate ions on selected adsorbents

Lp. Adsorbent Qmax

[mg g−1]
Reference

Zirconium-loaded reduced graphene oxide 27.7 (Luo et al. 2016)
Zirconium/aluminum-pillared montmorillonite
(Zr/Al-Mt)

17.2 (Huang et al. 2015)

La-doped vesuvianite 6.7 (Li et al. 2016)
Al-pillared bentonite 12.7 (Yan et al. 2010)
Fe-pillared bentonite 11.2 (Dai et al. 2011)
Aluminum pillared clays (Al-PILC) 10.3 (Tian et al. 2009)
Lanthanum/aluminum pillared clays (LaAl-PILC) 13.0 (Wang et al. 2016)
Montmorillonite 20.5 (Kasama et al. 2004)
Beidellite 24.5 (Kasama et al. 2004)
Saponite 25.1 (Kasama et al. 2004)
Fluor-tetrasilicic expandable mica pillared with
Keggin ion-like Al clusters

27.0 (Kasama et al. 2004)

Dolomite 4.76 (Yuan et al. 2015)
Magnetic diatomite clay (MDC) 11.9 (Chen et al. 2016)
Magnetic illite clay (MIC) 5.48 (Chen et al. 2016)
Eggshells (without modification) 13.1 (Guo et al. 2017)
Eggshells modified FeCl3 42.4 This research
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3.2.2 Kinetics
Two equations are used to describe the rate of adsorption reaction, which take into
account the order of the reaction, namely pseudo-first and pseudo-second-order, and the
kinetic equation for the generalized model. The pseudo-first kinetic model is the
Lagergren Eq. (3) (Lagergren 1898). It assumes that adsorption is preceded by diffu-
sion through the boundary layer (Wänke et al. 2001):

dQt

dt
¼ k

0
1 � Qe � Qtð Þ ð3Þ

where: Qt - sorption capacity that changes over time [mg g−1], t – time [min],
k1′- reaction rate constant [1 s−1].

The pseudo-second kinetic model, which assumes that the process takes over the
mechanism of chemisorption is the Blanchard model (4) (Dubey and Mishra 2016):

dQt

dt
¼ k

0
2 � Qe � Qtð Þ2 ð4Þ

where: k2′ - reaction rate constant [dm3 mol min−1].
Because the adsorption process very rarely occurs according to the chemisorption

or physical adsorption itself, a general rate raw kinetic model (5) (Park et al. 2010) is
very often used, which assumes a mixed process mechanism:

dQt

dt
¼ kn � Qe � Qtð Þn ð5Þ

where: kn – n-th order reaction rate constant, n - reaction order.

Fig. 4. Kinetics of removal of PO4
3− ions by modified EG (dashed line: pseudo-first-order

equation, pseudo-second-order equation, and general rate law equation model) (T:20 °C; sorbent
dosage 75 mg dm−3; contact time: 24 h; pH:5; C0: 90 mg dm−3)
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The kinetics of the sorption process is shown in Fig. 4. The kinetic process
parameters obtained from non-linear regression are shown in Table 3.

The graph shows that the adsorption rate is the highest in the first 120 min of
contact with the adsorbent with phosphate ions. This is probably due to the large
concentration difference, which is also the driving force of the process. The process
stabilizes after about 200 min but does not yet reach equilibrium. Pseudo-first and
pseudo-second kinetics models did not satisfactorily match the experimental data, so it
can be concluded that the process does not occur only through the mechanism of
chemisorption or physical adsorption. The R2 correlation shows that the best fit was
obtained using a general rate model that assumes that adsorption occurs according to
complex mechanisms.

3.3 Fixed Bed Column

Experimental determination of the adsorption efficiency in a fixed-bed column, under
various conditions, is extremely expensive; however, mathematical models have been
developed that allow predicting the effectiveness of this process. Three mathematical
models were used to determine process parameters: the Thomas model (6) (Riazi et al.
2016), the Yoon-Nelson model (7) (Martín-Lara et al. 2013) and the MDR model (8)
(D. Rocha et al. 2015).

Thomas’ model is one of the most general and widely used to assess column
performance. The assumption of this theory is the lack of external and internal diffusion
resistance. Thomas’s model assumes no axial dispersion, as well as a constant flow rate
of the solution in the bed column. Also, it fixed-bed that the description of equilibrium
settling follows the Langmuir isotherm, and the reaction rate describes the equation of
the secondary, reversible reaction kinetics.

ln
C0

C
� 1

� �
¼ k00 � t � t1ð Þ ð6Þ

where: k00 ¼ kT � C0 oraz t1 ¼ q0�M
Q�C0

, C0 – input concentration of phosphate to column
[mg dm−3], C - output concentration of phosphate from column [mg dm−3], kTh -
Kinetic coefficients of the Thomas model, qo - expected adsorbent capacity in the fixed-
bed column [mg g−1], M - total mass of adsorbent in column [g].

Table 3. Kinetic process parameters obtained from non-linear regression

Pseudo- first order Pseudo- second order General model

Qe [mg�g−1] 36.2 Qe [mg�g−1] 41.7 Qe [mg�g−1] 63.8
k′1 [min−1] 0.029 k′2 [min−1] 8.590E-04 k′ [min−1] 1.820E-10

n 5.64
R2 0.863 R2 0.947 R2 0.974
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The Yoon - Nelson model is based on the assumption that the rate of decrease in
adsorption on each molecule of adsorbate is proportional to the adsorption on the
adsorbent. The model is not only less complicated but requires less detailed data on
adsorbate properties or physical properties of the bed.

ln
C

C0 � C
¼ KYN � t � s � KYN ð7Þ

where: KYN - Yoon-Nelson constant, s - time required to adsorb 50% of the adsorbate
[min].

The modified dose-response (MDR) model was originally developed in pharma-
cological studies. The use of this model to develop experimental results minimizes the
error that results from the use of the Thomas model, especially in the short and long
time of the curve breakthrough. This model presents the following equation:

C
C0

¼ 1� 1

1þ C0�Ve
1000�q0�M

� �amdr ð8Þ

where: Ve – volume of phosphate solution [dm3] aMDR - MDR model constant, the total
volume of purified solution [dm3].

The results obtained from fitting the curve to the experimental data are shown in
Table 4.

Experimental data was best described by the MDR model, which eliminates errors
resulting from the use of Thomas’s model. The predicted adsorption capacity in the
column for modified EG was determined to be 58.4 mg g−1. Nguyen et al. (Nguyen
et al. 2014) in their work presented the possibility of phosphate removal using modified
ocara Zr (IV). The process was carried out in a fixed-bed column. The maximum
sorption capacity, determined by the Thomas model, was 16.4 mg g−1. Woumfo et al.
(Woumfo et al. 2015) in their work presented phosphate removal using volcanic soil as
a sorbent. The use of sorbent alone did not bring the expected results due to the very
low permeability. To increase permeability, sugar cane process residues were used in a
50/50 ratio. The maximum sorption capacity was 4.18 mg g−1.

Table 4. Summary of parameters obtained from non-linear regression for a column with a bed
using modified EG

Thomas model MDR model Yoon –

Nelson model

kTh 3.485e-06 amdr 1.055 KYN 0.108
q0 [mg g−1] 42.8 q0 [mg g−1] 58.4 s [min] 19.6
R2 0.905 R2 0.991 R2 0.905
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4 Conclusion

Eggshells modified with iron(III) chloride are a very good adsorbent for PO4
3− ions.

The sorption equilibrium was best described by the Langmuir model. The maximum
sorption capacity was 42.4 mg g−1. The modification resulted in the expected effect of
increasing the sorption capacity of the adsorbent, three times compared to eggshells
without modification (literature data). The kinetics data of the process in the fixed-bed
column was best described by the MDR model. The maximum sorption capacity was
58.4 mg g−1. The results showed that eggshells modified with iron (III) chloride are
very good materials for potential use as sorbents for removing phosphate ions from
wastewater.
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Abstract. This chapter presents some examples of the application of chemical
engineering approach in solving problems of drug delivery using aerosolized
liquids. Both aerosol formation and the subsequent transport of micrometer-
sized droplets through the upper airways of human: nose, mouth and throat,
have been investigated by experiments “in vitro” on anatomical models of these
parts of the respiratory system. The results allowed to identify the basic
physicochemical and aerodynamic/mass transfer phenomena which are
responsible for the local separation of aerosol droplets from the air stream and
their deposition and displacement in the studied regions of the human body. The
influence of liquid properties (e.g., the surface tension, rheological character-
istics) and inhalation dynamics have been shown to be essential factors for
predicting the efficiency of drug delivery using aerosols.

1 Introduction

Inhalation of aerosolized medicines is a convenient and effective way of treatment of
lung diseases (e.g. asthma, COPD, bronchitis, pneumonia, etc.), (Pirożyński and
Sosnowski 2016). Drugs which are expected to deposit in the bronchial tree, obviously
must penetrate beyond the upper airways, UA, i.e. the mouth and throat region (the oro-
pharynx). This is challenging because many inhalers do not generate sufficiently small
particles or droplets, and a high fraction of released aerosol is captured in the UA. In
addition, the actual breathing pattern, which may be different in individual patients,
strongly influences the way in which aerosol particles/droplets are carried along the
successive parts of the respiratory system. As a consequence, usually only 40–60% of
the prescribed drug dose reaches the target area in the lungs.

Nasal sprays form another group of aerosolized medicines and they are used to treat
local diseases of the nose (e.g., allergic rhinitis). In this case, the application of sprayed
drugs is expected to result in the homogenous deposition inside the nasal cavity without
drug penetration beyond this region. Obviously, such aerosols must have a different
characteristics that those targeted to the lungs.

The knowledge on the process of aerosol transport in the human airways is still
unsatisfactory, although the chemical engineering approach, such as CFD or other
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computational studies (“in silico” analysis) shed more light on this problem (e.g.,
Moskal and Gradon 2002; Sosnowski et al. 2007; Sosnowski and Kramek-
Romanowska 2016; Moskal and Sosnowski 2018; Asgari et al. 2019). However, the
fundamental research in this field can be enhanced by “in vitro” experiments, i.e.
physical measurements with anatomical models of human airways, which are con-
ducted under controlled and reproducible conditions (e.g., Sosnowski et al. 2006).

This chapter reports recent results of the studies related to generation of liquid
aerosols (mists) in selected medical atomizing devices, and deposition of emitted
droplets in anatomically-based models of the oro-pharynx and the nasal cavity.

2 Methods

All experiments were done at room temperature. Different types of aerosol dosing
devices and anatomically-based models (ABMs) of the upper airways of human were
used:

• nasal atomizers - studied with two anatomical models (adult and child) of nasal
cavity;

• jet nebulizers - studied with the model of oro-pharynx (adult).

In the first case, the study was focused on identification of factors facilitating the
homogeneous distribution in the nasal cavity of aerosol released from the dedicated
atomizers (nasal pumps). In the second case, the main aim of the research was to
evaluate the role of size and velocity of droplets released from the nebulizer on their
local deposition in the mouth and throat. All liquids used in spraying processes were
characterized regarding the surface tension and rheological properties, since it has been
recognized that these factors may influence the size distribution of droplets and other
properties of the aerosol cloud (e.g., Ochowiak et al. 2017, 2019). Size distributions of
droplets produced by all tested atomizing devices were evaluated by laser diffraction
(Spraytec – Malvern, UK). ABMs used in the studies were derived from CT and MRI
scans and prepared by rapid prototyping technique in a way which allowed to assemble
them from two parts: left-side and right-side (Rapiejko et al. 2015; Copley Scientific
2019). This was necessary because of the applied method of visualization of drug
deposition in both types of ABMs. Deposition of droplets was studied using two
experimental systems:

• in case of nasal deposition, the colorimetric method adapted after Kundoor and
Dalby (2011) was used. In brief, the inner surface of the ABMs was covered with a
thin layer of water-sensitive paste. All studied drugs were water-based, so after
deposition of aerosols sprayed with nasal pumps, the clear change in color at the
deposition areas could be observed. This allowed to identify the deposition regions,
and - after image capturing (EX-F1 Exilim, Casio) and digital processing – to
evaluate the differences in the deposition pattern caused by droplet size, cloud
characteristics and the airflow rate through the system.
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• in case of deposition of nebulized aerosols in the model of the mouth-throat region,
the fluorescein doped liquid was used. The deposition of droplets in the ABM could
be clearly detected under UV light. The high sensitivity of this method is important
since the mass of deposited liquid was much lower than in the case of nasal drugs
studies. Image acquisition and processing was done in the similar way as in the
studies with the nose models. The relationships between aerosol droplet size and
airflow rate were evaluated.

3 Results

Figure 1 shows the examples of local deposition of aerosol drugs delivered from two
different atomizers (i.e. nasal pumps) to the nasal cavity of an adult. Since the measured
average size of sprayed droplets (Dv50) is in the range of 60–70 lm and the jet has
high kinetic energy, the homogenous distribution of sprayed drugs in the nasal interior
is impossible. The droplets are deposited mainly at the entrance to the nasal cavity (in
the vicinity of the nasal valve) and they do not reach deeper regions. This effect can be
easily explained by a simple experiment where the nasal spray is pushed through the
converging tube used as a model of the nostril. It is seen that in spite of good
aerosolization of the drug during spraying to the open space (Fig. 2a), the aerosol cloud
cannot develop to this from when it is released inside the channel, so the drug is
administered as a narrow jet of large droplets (Fig. 2b and 2c). Similar situation is
expected during drug spraying in the nostril.

Based on the data presented it can be argued to what extent sprayed droplets can be
efficient as a drug carriers to the nasal mucosa? The response was partially found
during the studies continued on the pediatric nose model. The results of this research
showed that airflow applied during drug administration or shortly after spraying of the
drug to the nose, was capable of displacing the layer of deposited liquid (i.e. drug)
along the nasal surface, Fig. 3. Such transport should allow the drug to induce a quick
therapeutic effect also in a deeper parts of the nasal cavity.

Fig. 1. Deposition of aerosol sprayed to the nasal cavity of an adult (two different drugs).
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The observed displacement of liquid layer along the solid surface due to aerody-
namic shear induced by flowing gas is a recognized phenomenon and it has been
discussed by several authors in the relation to other applications (e.g., Roisman et al.
2015; Fan et al. 2011). It should be stressed that in case of intranasal drug delivery,
physicochemical properties of sprayed liquids influence not only the cloud
geometry/velocity and droplet size distribution (Sosnowski et al. 2020), but also the
possibility of the lateral displacement of deposited layer along the nasal interior. More
viscous drugs will drain more slowly, so probably they can be more easily spread along
the surface in horizontal direction. Therefore, the use of viscosity modifiers in such
drugs may have additional beneficial effect.

In the initial studies of deposition of nebulized mists in the model oro-pharynx it
was found that aerosols composed of droplets with the average size below 5 lm
penetrated almost completely through the tested geometry when aerosol flow rate
corresponded to the tidal breathing (15 dm3/min), i.e. the typical breathing pattern of
inhalation done with nebulizers. However, the enhanced deposition in the mouth-throat
region was observed at higher flow rates (30 dm3/min), in particular for aerosols
composed of droplets with the average size larger than 5 lm. It can be easily explained
by inertial effects expressed by the Stokes number:

Fig. 2. Cloud of the nasal aerosol in the open space (a) and inside the constricted tube as a
model of the nostril (b). Picture (c) shows the deposition spot of the liquid jet emerging from the
constricted tube.

a                                                 b 

Fig. 3. Deposition of spray in the pediatric nose model: without airflow (a), with additional
airflow (b).
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Stk ¼ qd2U
18lR

ð1Þ

where d stands for aerodynamic diameter of a droplet, q – liquid density, U – droplet
(aerosol) velocity, l – air viscosity and R – the characteristic length in the system (e.g.,
the distance to the wall). The “hot-spots” of aerosol deposition were found on the hard
palate area and inside the pharynx, i.e. in the regions which are characterized the
airway bend or narrowing (decrease of R in Eq. 1). Examples are shown in Fig. 4.

4 Discussion

Results of “in vitro” physical experiments show that deposition of aerosol sprays in the
models of nasal cavity takes place mainly in the anterior regions, i.e. in the vestibule
and the areas adjacent to the nasal valve. In spite of the fact that the drug is converted
into relatively fine droplets (*60 lm) which might be expected to penetrate the nasal
cavity, the initial velocity of the aerosol jet results in the intense impaction of the
droplets in the narrow air passages close to the nose inlet. It has been demonstrated,
however, that nasal drugs can be displaced towards deeper regions of the nose interior
due to the dynamic interactions of flowing air with the deposited layer of the liquid.
These aerodynamic forces can be responsible for the efficient drug delivery to the nasal
mucosa and the induction of beneficial therapeutic effects. Rheological properties of a
given drug, but also the volume of applied dose, should influence the efficiency of the
spreading process. Liquids with high viscosity do not drain quickly, so they can be
pushed more horizontally. If the volume of the applied/deposited drug is large, then the
layer of liquid on the nasal surface is thicker and can be more easily displaced by
inspired air due to a larger area of the aerodynamic interactions (Fig. 5a and 5b).
Probably, in some cases the air passage in the nose can be completely plugged by the
deposited drug (Fig. 5c) which may lead to the re-opening of this passage by the

Fig. 4. Deposition of nebulized drugs in the model of the oro-pharynx. Aerosol flow rate:
30 dm3/min, the average droplet size: 3 lm (a), 5 lm (b), 8 lm (c). Arrows show the “hot-spots”
of deposition.
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airflow, and transporting of the drug to deeper nose regions. The flow of air in the nose
after drug application is usually intensified by sniffing being the typical behavioral
response to the feeling of drug dripping from the nose.

In case of aerosol deposition in the oro-pharynx, the process is evidently governed
by droplets momentum. The classical description of this effect analyzes the corre-
sponding values of either Stk or the IP (inertial parameter), where factors d2U or
d2Q (where Q – the aerosol flow rate) play the crucial role. It may be noted, however,
that the increase of deposition with Stk or IP is always observed for steady flows but
may not hold for oscillatory flows, which are typical for breathing (rather than Q =
const). As shown by Sosnowski et al. (2006, 2007), the time-dependent aerodynamic
effects in this region may increase the deposition of ultrafine particles, even if Stk or IP
values are low. In the current studies we used only the constant flows of 15 and
30 dm3/min, and visually confirmed that – according to Eq. 1 – the increase in d has
stronger influence on local deposition in the oro-pharynx than the increase in Q. Such
effect was also confirmed in the heated system (i.e. at physiological temperature 37 °C
- data not shown) where the deposition was notably decreased as a result of partial
evaporation of droplets, i.e. due to a reduction of their diameter, d.

5 Conclusions

The reported research demonstrated that experimental approach and data analysis
which are commonly used in many problems of chemical engineering can be also
efficiently applied in the analysis of problems related to drug delivery by aerosol
inhalation. Direct visualization experiments helped to identify the dependence of
aerosol deposition pattern in selected parts of human breathing system on the operation
parameters of drug atomization and inhalation processes, including:

– the physicochemical properties of drugs (surface tension, rheological
characteristics),

– type and working regime of the atomization device, and
– the inhalation flow rate.

a                        b                             c 

Fig. 5. Schematic illustration of the role of liquid volume (i.e. thickness of liquid layer in
relation to the dimensions of air passage) on the shearing action of the flowing air: a – small
volume of deposited drug, b – larger volume of drug, c – very large volume of drug and the
resultant liquid bridge formed inside the narrow channel. The arrow shows direction of the
interacting airflow.
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The results of such studies are useful in explaining the mechanisms of aerosol
deposition in the upper airways, and they may also help to verify the findings of
computational analysis which are being developed for such systems. Finally, this
should take effect in better designs of the devices used for generation of therapeutic
aerosols (atomizers and inhalers) and increased effectiveness of inhalation therapy.
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Abstract. Recent development of industry has resulted in an increased interest
in the preparation of various structures of micro- and nanometric sizes. Inten-
sified experimental research in the field of micro- and nanotechnology has
facilitated the explanation of many scientific phenomena and enabled the pro-
duction of micro- and nanodevices. Spherical structures can be designed to
obtain unique properties and find applications in science and industry. In
addition, they can be prepared using biodegradable and by-products materials.
Micro- and nanomaterials can be used as novel drug delivery systems, adsor-
bents, supports, catalysts and many other. In this chapter general description of
technology of spherical particles is presented.

1 Spherical Particles - Introduction

The increasing interest in nanotechnology enabled the development of micro- and
nanosized particles formation. First particles were observed in nature and then
researchers tried to recreate them under laboratory conditions. Moreover, their syn-
thesis could be designed to ensure their specified features and characteristic. The
surface of the particles can be modified and combined with a variety of compounds in
order to change and improve their properties. Spherical particles may be obtained in
many forms such as solids, core-shells and hollow spheres. Each group is characterized
by various structure or morphology and can be used in different sectors of science and
industry.

Solid particles (SP) with different morphologies were observed for the first time in a
nature. They were commonly found in a dispersed form such as interstellar dust, mud,
clay and volcanic ashes. Interestingly, amorphous silica spheres form colloids, known
as opals, which are very popular and desired by collectors. It was shown that particles
can present a variety of different forms such as rods, boxes and tubes, but the most
interest was aroused by particles with a spherical shape, which rarely occur in nature.
Preparation of spherical particles might be challenging for scientists and because of that
several complex methods have to be used (Matijević 1993).

Core-shell particles (CS) consists of a solid core and at least a single layer of
another substance, different from the core. There are several types of core-shell
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particles depending on the used material, for example particles in which core and shell
are both organic or inorganic, but there are also hybrid CS particles in which core and
shell are belong to different classes of materials. To enhance the characteristic of solid
particles and create novel functional applications, SP can be coated with layers of
another compound and establish CS particles. Core-shell particles are very unique
because mostly core possesses different characteristic than its shell and together, they
exhibit special properties. Several researches indicate that, core-shell particles possess
improved magnetic and optical properties, enhanced thermal and chemical stability and
high surface area that their solid precursor (Sadjadi et al. 2017).

The term hollow spheres (HS) was first used in philosophy, geography, astronomy
and mathematics by thinkers in ancient Greece (Augustin and Hungerbach 2009). HS
have a void inside, which provides new properties and application paths. Perfect
hollow particles possess great mechanical and chemical stability, their shell is resistant
to any substance leakage and exhibits fantastic loading and releasing capacities (Wei
et al 2015). The morphology of a shell which builds the sphere is very important. Shells
protect loaded substances from a harsh reaction environment and control the pace and
time of compounds diffusion. Moreover, the thickness of a shell has a significant
influence on its future applications (Mirzaei et al. 2018).

2 Morphology of Spherical Particles

The morphology of particles is strictly related to the material, from which they were
prepared. They could be prepared of compounds such as silica, several metal oxides,
gold, silver and copper nanoparticles as well as polymers e.g. polyaniline and poly-
styrene (Wang et al. 2016). A new group of spherical particles consists of biopolymers,
especially chitin, arginine and lignin.

Depending on the used substance, spherical particles may exhibit different prop-
erties such as high surface area, low density and good loading capacity (Yu et al. 2018).

2.1 Metallic Particles

Metallic nanoparticles are widely used for the synthesis of hollow spheres and core-
shell particles. Moreover, they can also be used as solid particles and added for
enrichment of material properties. Gold, silver and copper nanoparticles are the most
well-known and commonly used metallic nanoparticles (Klapiszewski et al. 2015;
Modrzejewska-Sikorska et al. 2017).

Gold nanoparticles (AuNPs) are added to other materials to enhance or change their
properties. Silica decorated with gold nanoparticles is used in phototherapy and tar-
geted medicine for cancer treatment. Some drugs absorb photon energy and scatter it
partially as heat. If nanoparticles are located near cancer tissues, the increased tem-
peratures may damage the cancer cells. Moreover, silica and gold particles are resistant
at a wide range of pH values. The obtained particles also enhanced Raman scattering
signal for inorganic and biological samples (Janetanakit et al. 2017).

Li and co-workers (2018) presented titanium dioxide and zinc oxide double-shelled
hollow spheres. TiO2 was deposited on the functionalized surface layer of polystyrene,
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then silver, gold, platinum or palladium particles were adsorbed and the particle was
coated with a zinc oxide shell. TiO2@ZnO spheres with metallic nanoparticles were
tested as benzyl alcohol photo-oxidants. The highest photooxidation rates were
observed in case of particles with silver and the lowest in case of spheres without
metallic nanoparticles. The unique structure of double-shelled hollow spheres with
metallic particles as co-catalysts may be used in future as an efficient photocatalyst in
heterogenous catalysis (Li et al. 2018).

Silver nanoparticles (AgNPs) exhibit significant antibacterial properties against
many microorganisms, including E. coli. Silver ions from silver nanoparticles mostly
influence the enzymatic and structural proteins. It should also be taken into consider-
ation, that silver particles might be transferred and accumulated in humans and other
living organisms. Moreover, the possible after effects are strictly related to their
properties, applications and concentration. For further uses all risks should be evaluated
and, if possible, minimized (Sondi and Salopek-Sondi 2004).

AgNPs are often combined with other spherical particles, such as silica, to improve
their properties. Kerdlap and co-workers (2019) showed that silver nanoparticles
attached to silica spheres release antibacterial Ag+ ions more efficiently and for a longer
time compared to larger AgNPs (Kerdlap et al. 2019). Another functional and bio-
compatible material prepared with a use of silver nanoparticles was presented by
Klapiszewski et al. (2015). Kraft lignin and silica hybrid material were combined with
AgNPs and their antibacterial activity was tested against a variety of Gram-positive and
Gram-negative bacteria. It was reported that the addition of silver nanoparticles to
lignin/silica hybrid material resulted in an increased inhibition of microbial growth,
while both precursors and hybrid material itself did not exhibit any antibacterial activity
(Klapiszewski et al. 2015).

Copper hollow spheres are sensitive to catalysed oxidation process of glucose,
therefore they can be used as biosensors. Different amounts of electron flows are
detected and registered as a power, the volume of which depends on glucose con-
centration (Kong et al. 2014).

Moreover, not only copper element but also its oxides can be used for preparation
of spheres. Xu and Wang (2007) prepared copper(I) oxide multi-shelled hollow spheres
using CTAB as a micellar template. The particles exhibited different morphologies,
depending on the amount of added surfactant. The number of shells increased with
higher concentration of CTAB. In the future, multi-shelled Cu2O hollow particles may
be used as advanced carriers, in which every void may be loaded with different
compounds (Xu and Wang 2007).

2.2 Polymer Particles

Polymer particles are one of the most popular products due to their low density, good
chemical stability, relatively high surface area and the fact that they can also possess
numerous nanometer holes in their surface. Polymer spheres can also be modified by
organic or inorganic compounds to sanitize them for environmental signals. Polymer
spheres sensitive to pH, temperature and magnetic field were obtained during several
studies (Wang et al. 2015).
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A novel group of polymeric particles includes particles which consist of biopoly-
mers, such as lignin. This biopolymer is nontoxic, renewable and is obtained as a by-
product in paper industry. One of the first reports was published by Yiamsawas with
co-workers (2014), who prepared capsules with a liquid core. During the preparation of
spheres, polyaddition of lignin occurred on water droplet surface with the use of
reverse microemulsion. The presented lignin spherical particles were stable in organic
and aqueous conditions for several weeks (Yiamsawas et al. 2014).

Natural rubbers are great for preparation of hollow spheres because such materials
are cheap, are a by-product in concentrated natural rubber production and can be easily
removed by calcination at 550 °C using air conditions. Kerdlap et al. (2019) reported
the preparation of silica hollow spheres using natural rubber spherical particles as a
template. Tetraethyl orthosilicate (TEOS) was used as a silica precursor and silica shell
was formed on a hard rubber template (Kerdlap et al. 2019).

2.3 Hybrid and Composite Particles

Hybrid and composite spherical particles are characterized by specific and unique
properties, because they were prepared with more than one compound, mostly from
inorganic and organic precursors. Hybrid and composite materials combined with silica
exhibit great characteristic and novel applications possibilities. Mesoporous silica
possesses an ability to encapsulate several metallic nanoparticles and oxides to perform
as a nanoreactor during a catalysis reaction. Silica shell also protects the encapsulated
particles from harsh reaction conditions. Moreover, the porous structure enables the
permeation and sorption of organic compounds (Kumar et al. 2016). Gao et al. pre-
sented silica particles decorated with MnSiO3. The particles were characterized by a
spherical shape, with a mesoporous core and high surface area and pore volume.
Deposition of MnSiO3 had no significant influence on the silica structure. Results
showed that higher amount of silica in comparison to MnSiO3 reduces the coupling
ability of pyroxymangite, which lowers its application possibilities. Particles exhibited
great adsorption capacities and were used for the removal of Pb2+ ions (Gao et al.
2017). Wang and co-workers (2018) prepared organically modified silica and titanium
carbide shells via pickering emulsion polymerization, in which phase changing material
was encapsulated. Spherical particles possessed good thermal stability and exhibited
great ability to store and release thermal energy. Organic-inorganic hybrid shells might
be used in future as energy storage systems (Wang et al. 2018).

Silica and iron oxide spheres may be used as catalysts for several synthesis and
heterogenous synthesis reactions. Such material can also be decorated with metallic
nanoparticles, such as silver, to enhance their properties. As catalysts, the spherical
particles can be easily separated from the reaction environment and reused up to seven
times. Moreover, they exhibit high efficiency and reaction rate (Sadjadi et al. 2017;
Snoussi et al. 2018).
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3 Preparation Methods

Specific synthesis conditions have a high impact on the properties of future particles
such as miscibility, phase stability and magnetic appearance. Moreover, there is a
possibility to design the shape, size and unique properties such as multi-shells, addi-
tional pores and channels in the structure of particles. Chemical and mechanical
methods can be used during the preparation of spherical particle (Fig. 1). Moreover,
there are methods suitable only for hollow spheres and core-shells, respectively (Wang
et al. 2015).

3.1 Sol-Gel Method

The sol-gel method is a well-known procedure used to prepare not only solid nano-
materials silica, titanic, zirconia or zinc oxide particles from organic precursors, but also
to deposit one or several layers on a solid matrix to prepare core-shell or hollow spheres.
This method occurs in aqueous and non-aqueous media, when water or organic solvent
e.g. ethanol is used, respectively. Oxygen is mostly provided from the solvent in which
hydrolysis and condensation reactions take place. In comparison to the aqueous solvent,
the particle size, shape, morphology and reproducibility can be easily controlled in non-
aqueous media (Rao et al. 2017; Muresan 2015; Mitra and De 2016). Stöber method
enables the preparation of silica particles (Stöber et al. 1968). The method consists of
two steps: first hydrolysis and then condensation of silane compounds. Type of catalysts
influences the morphology of product. Using a basic catalyst enables the synthesis of
spherical particles and using an acidic catalyst results in more linear products (Esquena
and Solans 2001). Klapiszewski et al. (2014) modified Stöber method and obtained
silica nanospheres. In their research, TEOS was used as a silica precursor and 25%
ammonia was used as a catalyst. The synthesis process occurred in ethyl alcohol as the
reaction medium. Researchers tested whether various different factors, such as TEOS
and ammonia quantity or temperature and time of the process, influence the properties of
the particles. The particles (478–875 nm) were synthetized when excess ammonia
solution over TEOS was used and, on the other hand smaller, particles (below 300 nm)
were prepared with a use of excess TEOS (Klapiszewski et al. 2014).

Fig. 1. The most important methods for fabrication of spherical particles
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3.2 Hard-Templating Method

Hard-templating is a very efficient and widely used method of core-shell and hollow
spheres preparation (Fig. 2).

First, solid particles including spheres are designed and then used as a template and
mostly modified before the deposition of the first compound layer. There are several
compounds which are efficiently used as templates e.g. silica, polystyrene, carbon or
calcium carbonate. Modification is mostly necessary in order to ensure higher effi-
ciency of the process. Matrix surface can be improved to obtain polar or ion-exchange
properties. The spherical matrix has an influence on the shape of the core-shell particle
or its void in hollow spheres, whereas the thickness of the particle is determined by
type of method used for particle preparation. Mostly the sol-gel and hydrothermal
processes are used for layer deposition on a hard matrix. Ultimately, the hard template
has to be removed during the preparation of hollow spheres. There are various methods
for removal of the matrix, including chemical etching, calcination and dissolution. Hard
template and its removal method have to be selected very precisely in order to not
destroy the obtained hollow sphere. Unfortunately, spherical particles prepared by
hard-templating method exhibit low resistance to high temperatures and poor quality
(Hu et al. 2011).

3.3 Self-assembly Method

Self-assembly method is mostly used to prepare hollow spheres. The process includes
two steps: (i) first, the material for template is selected very carefully and (ii) then it is

Fig. 2. Hard-templating method preparation diagram
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modified to obtain the hollow sphere from a simple matrix. The type of compounds
which are used to build the matrix have to be selectively reactive and preferably
cheap. The self-assembly method has recently become one of the most frequently used
procedures for preparation of hollow spheres. It is a relatively cheap and easy proce-
dure and, more importantly, the morphology of product can be controlled. Three main
methods can be used for preparation of hollow spheres without template: (i) controlled
etching, (ii) outward diffusion and (iii) heterogenous contraction (Yu et al. 2017).

3.4 Spray Drying

Spray drying is a method widely used for the production of particles with different
morphologies. Using spray drying has many advantages such as low costs, product
stability, simple procedure and continuous synthesis. It could be used for encapsulation
of specific compounds and to prepare solid particles with novel properties and appli-
cation possibilities. During the synthesis of particles, their shape and size can be easily
controlled to produce spheres which are suitable for inhalation to lungs for targeted
drug delivery. This method consists of the basic steps which include the preparation of
a dispersion, homogenization and spraying in a drying chamber. First, the liquid phase
is atomized into droplets and then they are quickly dried in a hot stream of gas. Using
spray drying enables better physicochemical properties of final product than simple
stationary dryer. Moreover, particles show lower ability to form aggregates and higher
surface area (Jesionowski and Krysztafkiewicz 1996).

The aerosol flow reactor method is a great technique for production of lignin
spheres in the size range of 330 nm and 1050 nm. First, aqueous and non-aqueous
alkali and kraft lignin solution are prepared, the of which concentration varied from 1
to 3%. For preparation of solid lignin spheres, the following laboratory equipment was
used: an atomizer, heating tube and particle collector. Droplets were suspended in
nitrogen gas, dried and cooled before collection. Further obtained lignin particles were
used as a core for preparation of hollow spheres (Tardy et al. 2018).

4 Practical Application of Spheres

4.1 Environmental Utilities

Spherical particles can be effectively used in environment protection. Most of the
spheres adsorb organic and reactive dyes, chlorophenols and toxic water pollutants.
Moreover, the use of hollow spheres accelerates water purification, removes pollutions
from soil and underground water, and adsorbs hazardous metal ions. Photodegradation
is a very efficient method for removal of harmful compounds from wastewater. During
this procedure, hazardous metal ions are transformed into different forms which are
environmentally safe. One of the greatest advantages of this method is that the whole
procedure can be performed in the polluted location without additional transport and
removal of contaminations (Ghasemzadeh et al. 2014).
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Spherical particles, especially hollow ones, are great for immobilization of
enzymes. Immobilized proteins inside of the sphere exhibit good thermal stability and
can be easily reused (Wang et al. 2015).

Hollow particles can be applied as novel sensors of gasses (CO, H2, H2O and
CH2O) as well as metal ions (Hg2+ and Cu2+), biosensors and pressure sensors. HS are
characterized by short response time and good reproducibility. Depending on their
function and application, HS should exhibit specific active sites, size and shape (Wang
et al. 2016). Hollow spheres are more often used as sensors than solid particles because
of their better in terms performance in terms of gas diffusion and mass transfer, hence
they could be successfully used as carbon monoxide detectors (Prockop and Chichkova
2007). Biosensors are widely used to indicate chemical compounds which occur during
several physicochemical reactions (Kong et al. 2014; Jędrzak et al. 2018; Jędrzak et al.
2019).

4.2 Engineering Applications

Spherical particles, depending on their morphology and synthesis method, possess
many potential applications. Hollow spheres (HS) are mostly used as a packaging for
drugs and biological material. Moreover, they could be used as micro- and nanoreactors
for expensive and sensitive compounds. They also exhibit good release rates, which
prevent premature reactions and leaking. Use of HS as drug delivery systems has to be
safe and controlled on every process step. An accurate encapsulation method and
surface modification is very important for targeted drug delivery. Mostly, hollow
particles are located in a harsh environment and have to be resistant to high temper-
atures and strong acidic conditions. Some of them cooperate well with mucus in the
human intestine which enables prolonged substance sorption. There are several reports
which indicate that HS can be used during cancer therapy. Cancer cells are charac-
terized by lower pH and higher temperature than tissues around them. It was shown,
that drug from the anthracycline group placed inside a hollow sphere exhibits higher
anti-cancer activity compared to the pure substance. Such an approach to anti-cancer
therapy possesses less side effect and is more comfortable for the patient (Kolesnikova
et al. 2010; Wei et al. 2015). Rafi and co-workers (2016) presented mesoporous silica
nanoparticles coated with a pH-sensitive polymer. The materials were tested as drug
delivery systems for cancer therapies. It was shown that drug release depends on the pH
value. The carrier is closed at higher pH values and it opens with repulsive forces
between positively charged polymer chains and acidic environment. The drug may be
released near cancer cells because they exhibit lower pH values compared to healthy
tissues (Rafi et al. 2016). Moreover, hollow spheres could be used in bioimaging and
position emission tomography (PET). They are potentially good disease diagnostic
materials due to their low toxicity toward healthy tissues.

Spherical particles are widely used in electrochemistry. Hollow particles store
energy and are used as lithium-ion and lithium-sulfur batteries or supercapacitors. They
not only form great novel electrodes, which could be used as fuel cells and chemically
charged batteries, but also as anti-corrosion functional films. Addition of the spheres
into a polymeric matrix inhibits the corrosion process and allows for the repair of small
cracks on material surface (Shchukin et al. 2006; Wei et al. 2015).
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Spheres play also a significant role in catalysis. Conducting a catalytic reaction with
the use of hollow particles prevents catalyst migration and improves its efficiency. It
should be noted that the shell of a hollow particle can also be used as a catalyst,
therefore additional filling is not necessary. Hollow particles are used during oxidation
and reduction reactions, photodegradation of methyl orange and Suzuki reaction. They
are also employed as selective photocatalysts, which easily separate charges and reduce
the time of electron-void pair formation (Liu et al. 2012; Nguyen et al 2015). Kumar
et al. (2016) prepared silica and palladium nanoparticles which were used as homo-
geneous catalysts during alkene and alkyne hydrogenation reactions. Silica was
modified with several saccharides, but the best results were obtained with a use of D-
glucose. Pallidum can be incorporated inside of the SiO2 particle but also on its surface.
Silica-palladium nanoparticles are mild catalysts and could be used up to 5 times in
organic synthesis without the loss of efficiency (Kumar et al. 2016).

5 Conclusions

Spherical particles are novel materials with unique properties. Spheres with different
morphologies such as solid, core-shell and hollow, can be designed for specific
parameters including high surface area, pore volume, chemical and thermal stability in
order to find applications in scientific and industrial fields. Their micro- and nanometric
sizes enable easier transport to targeted location. The increased interest in the use of
microcontainers in medicine has contributed to the search for capsules which will
consist of non-toxic and friendly materials for living organisms. During several tests, it
was found that silica is an excellent material for the production of microcontrollers. It is
chemically stable and possesses numerous hydroxyl functional groups. Moreover,
biopolymers such as lignin or chitin can also be effectively used for preparation of
microspheres due to their eco-friendly properties. Spheres may be used as targeted
delivery systems, advanced, eco-friendly adsorbents or catalysts in heterogeneous
catalysis.
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Abstract. Novelty extractants from the group of pyridine derivatives: N-(2-
ethylhexyloxy)pyridine-3-cabroxyimidoamide and N-decyloxy-1-pyridin-3-yl)
ethaneimine as the carriers in the palladium(II) ions extraction from chloride
media through pseudo-emulsion based Hollow Fiber membrane strip dispersion
(PEHFSD) were presented. The recovery of Pd(II) was around 99% for con-
ditions tested. Moreover usefulness of quantum molecular modeling and engi-
neering calculations in description palladium(II) ions separation process was
showed. Quantum molecular modeling results indicated that there is no inter-
molecular bond between molecules of extractant, thus extractant association do
not occur in this system. It is very important because the association phenomena
change the optimum strength of the extractant needed to obtain a maximal metal
transfer. The application of mass balance equations allow to estimate overall
mass transfer coefficient and in consequence describe the kinetics of metal
permeation in PEHFSD system. The transport of palladium(II) was investigated
as a function of extractant concentrations. The overall mass transfer coefficient
of permeation was calculated from the experimental data, the values being found
in the range of 5.0�10−6 to 0.14�10−6 m/s.

1 Introduction

The current situation on the global metal market, associated with the rapid depletion of
natural sources and the growing requirements in the field of environmental protection,
makes it necessary to look for cheap, efficient and selective methods of recovery of
metal ions from wastewater. This problem is very important especially in the case of
platinum group metals (PGMs), because the recovery from secondary sources is more
profitable than their mining from increasingly poorer ores (Wieszczycka et al. 2018).
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Commonly used methods for concentrating and separating of metals from aqueous
solutions are mainly precipitation methods (Raju et al. 2012), ion exchange (Wołowicz
et al. 2019), electrolysis (Rögener et al. 2012) or liquid-liquid extraction (Rzelewska-
Piekut et al. 2018). Unfortunately, in the case of precipitation and ion exchange
methods, the purity of the separated metal is often insufficient and requires additional
purification methods, while in the case of liquid-liquid extraction it is recommended to
use rather high concentration of metal. Therefore the novel methods are still being
searched. One of the proposition are membrane methods, such as nanofiltration (Al-
Rashdi et al. 2013), ultrafiltration (Staszak et al. 2012), diffusion or Donnan dialysis
(Çengeloğlu et al. 2001), and electrodialysis (Mohammadi et al. 2005). Moreover more
specific solutions by enhanced membrane technique with extractant are also proposed.
In this case, there is possibility to prepare novel liquid membranes such as polymer
inclusion membranes (Baczyńska et al. 2018) or emulsion liquid membranes (Dong
et al. 2018). However, the development of such methods is mainly associated with the
possibility of using Hollow Fiber membrane modules (HF) for the selective separation
of metals from multi-component solutions. Such modules carry out both single
extraction or re-extraction (stripping) processes (Chaudhury et al. 2019) as well as
simultaneous extraction and re-extraction in pseudo-emulsion systems (Pseudo-
Emulsion based Hollow Fiber Strip Dispersion - PEHFSD) (Sonawane et al. 2010;
Roy et al. 2008; Wieszczycka et al. 2015; Staszak et al. 2017; Wojciechowska et al.
2018). The use of the HF module in a pseudo-emulsion system, where the process is
additionally supported by a selective and efficient extractant, promotes the selective
separation of metal ions, which allows them to be obtained from waste solutions.

The separation and purification in PEHFSD processes strongly depend on the
properties of extractants applied. Therefore the novel metal carriers based on synthe-
sized compounds containing both the N-alkoxyimine (CH3(H)-C=N-OR) or N-
alkoxyimidamide (NH2-C=N-OR) and pyridine ring were proposed here. Previous
investigations showed that these extractants, as well as metal complexes, were char-
acterized by high stability in contact with strong inorganic acids. Moreover, the clas-
sical extraction with such compounds showed high efficiency for metal ions recovery
(Wojciechowska et al. 2017; 2019).

The aim of this study was to investigate the possibility of using quantum molecular
modeling and engineering calculations in the process of palladium(II) ions separation
from aqueous solutions using pseudo-emulsion based Hollow Fiber strip dispersion
technique with employing new extractants from the group of pyridine derivatives: N-
(2-ethylhexyloxy)pyridine-3-cabroxyimidoamide (Eh-3-IA) and N-decyloxy-1-pyridin-
3-yl)ethaneimine (D-3-EI).

2 Experimental

The PEHFSD experiments were carried out using Liqui-Cel® Extra-Flow 2.5 in. �8
in. membrane contactor from Celgard (USA). Two tanks, each with 800 mL volume:
one with feed solutions containing aqueous solutions of 100 ppm Pd(II) and 1.5 M
HCl, and second one with mixture of organic phase (0.08–0.83% of selected extractants
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in toluene) and stripping solutions (aqueous solutions of 0.01 M thiourea and 0.1 M
HCl). The aqueous feed solution flowed through the lumen (tube side) of the fibers,
while pseudo-emulsion flowed through the shell side of the fibers. Before each
experiment, pores of the membrane were wetted by the organic phase and stable liquid
membrane supported was formed. To avoid the leakage of the organic solution (strip
dispersion) to the aqueous side through the pores a low pressure differential (about
30 kPa) between the aqueous feed solution side and the strip dispersion side was used.
Both phases were circulated in a closed circuit to a constant value of the palladium(II)
concentration in the aqueous phase (30 min–3 h, depending on the experimental
conditions). The schema of the experimental is shown in Fig. 1.

At various time intervals, samples of the aqueous phase were taken to determine the
content of Pd(II) ions using AAS Perkin Elmer-AAnalyst 200 in the air-acetylene
flame.

From the practical point of view, it was important to keep the stable pseu-
doemulsion during the process and to separate the stripping and organic phases as soon
as the process stopped, to avoid further transport. Because of the formation and sep-
aration of emulsions depends on interfacial phenomena and the presence of surface-
active compounds, interfacial tension of extractants was also measured using the Du
Noüy ring method with K12 tensiometer from Krűss (Germany).

Fig. 1. PEHFSD experimental setup

Analysis and Modeling of the Process of Metal Separation 443



3 Results and Discussions

3.1 Topology of the Electron Density

Quantum molecular modeling was applied to obtain information about the behavior of
extractants molecules in the system. The geometric properties of atoms and molecules
are determined by the distribution of electron density. According to VSEPR theory
(Sidgwick and Powell 1940; Petrucci et al. 2002) (Valence Shell Electron Pair
Repulsion) the molecular geometry results from the valence electrons which may
constitute bonds or exist as lone pairs. The repulsion forces between electrons are the
key element, which shapes the molecule. The implementation of the VSEPR theory can
be done by calculating the molecule electron density spatial distribution and applying
Laplacian functional on it. The electron density field for a molecule can be obtained by
means of Schrödinger equation solving for quantum many-body problem, namely
system of many interacting particles.

There exist several general techniques to solve this equation, for example Density
Functional Theory (DFT), Quantum Monte Carlo family of methods, approximation
algorithms of Perturbation Theory, Hartree-Fock and post-Hartree-Fock methods, to
name a few. This work contains the results obtained by the latter, Hartree-Fock, due to
its robustness. Main concept of this well-known method is to describe the quantum
multibody system by Slater determinant, a formulation which defines the wave function
of a multi-electron or in general multi-fermionic systems. The assumption which is
often held in the Hartree–Fock method is that the N-body wave function can be
described by a single Slater determinant as an approximation to the solution of the
Schrödinger equation. Accurate representation of molecular structure was considered
by selecting specific basis function. To account for asymmetry of molecular orbitals,
the chosen basis set is 6-311G++(d, p). The d-type functions with valence p orbitals
were added to a basis set together with the diffuse functions indicated by + sign, which
more precisely characterize the distant parts of the atomic orbitals, which are remotely
located from the atomic nuclei.

Estimated electron density field (expressed in atomic units e/a0
3) by Hartree-Fock

method is then used for Laplacian calculation, defined as the divergence of the gradient,
according to the following formula (1):

Dq ¼ r2q ¼ r � rq ð1Þ

The Laplacian density field obtained is then used to construct the relief map of
selected molecule. The electron density Laplacian renders the shell character of a
molecule by presenting equivalent number of interchanging shells of high charge and
low charge concentrations. For a free atom the uniform sphere of charge concentration
is expected in the valence electron orbit, on the other side in the molecule structure of
atoms it is distorted by chemical rearrangement to create local maxima and minima.

The high values of Laplacian refer to the electron shells of nucleophilic character
while the minimum values correspond to electrophilic character. The zero value iso-
surface is defined as reactive surface, which envelops the space of highest electronic
charge.
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The Fig. 2 clearly presents that no electron pair between ring nitrogen atom of one
molecule and oxygen of other molecule forms any type of bond. The distance between
both atoms is 8.18764 Å, which is indicated by the arrowline on the graphical pre-
sentation of both molecules. The calculations performed do not confirm existence of
intermolecular bond between both atoms. Moreover, the confirmation of the lack of
interaction between two molecules of Eh-3-IA are presented in Fig. 3. Observes
maximums of Laplacian of electron density correspond to the presence of electronic
shells in molecules.

Thus, according to the quantum molecular modeling results it could be concluded
that extractant association do not occur in this system. It is very important because the
association phenomena (extractant association, modifier association and extractant-
modifier co-association) change the optimum strength of the extractant needed to
obtain a maximal metal transfer. The change of extraction properties may be due to the
change of the mobility of self-associates. On the other hand the surface concentration of
the extractant molecules, which are able to complex metal ions, can be reduced by
formation of extractant-extractant associates at the hydrocarbon/water interface.
Moreover, there is no competition in access to the active complex-forming extractant
group for metal ions.

Fig. 2. Bonding regions indicted by Laplacian of isovalue -0.0001 for two Eh-3-IA molecules
(indicated distance is 8.18764 Å).
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3.2 PEHFSD

Preliminary study showed that extractants studied adsorb at the liquid-liquid interface
and reduce the interfacial tension (see Fig. 4). These studies confirmed possibility to
apply these carriers in PEHFSD investigations. The pseudo-emulsions formed in the
system were stable during whole processes and did not show any adverse coalescence
phenomenon. Moreover, after the end of the processes, its rapid separation occurred.

The exemplary results of transport Pd(II) ions in PEHFSD system are presented in
Fig. 5. Almost complete extractions of palladium ions were obtained irrespective of
extractant’s concentration – 98.6, 98.6 and 99.1%, for c = 0.08, 0.28 and 0.83%,
respectively. Nevertheless, the time needed to reach equilibrium strongly depends on
the amount of extractant in the system – from 15 min for the highest concentration of
D-3-EI (0.83%) to 2.5 h for the lowest concentration of D-3-EI (0.08%). Thus, it could
be concluded that kinetics of Pd(II) extraction strongly depend on pyridine oxime-ether
carrier. Similar relationship was observed by Reis et al. (2019) for zinc(II) ions.

The model for the transport of palladium(II) ions in PEHFSD is based on several
mass balance equations (Agarwal et al. 2014).

Fig. 3. Relief map of Laplacian of electron density for two Eh-3-IA molecules, in [e/a0
5].
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Fig. 5. Effect of the extractant concentration (D-3-EI) on Pd(II) ions extraction in PEHFSD,
c = 0.83% (green), 0.28% (red) and 0.08% (blue).

Fig. 4. Equilibrium interfacial tensions isotherms for Eh-3-IA (red) and D-3-EI (blue) in
water/toluene systems, c in mol/dm3.
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Module mass balance for the feed solution:

d½Pd�Maq
dt

¼ �uaq
d½Pd�Maq

dz
� A

VM

� �
in
�Kpð½Pd�Maq � ½Pd�MstrÞ ð2Þ

Tank mass balance for the feed solution:

d½Pd�Taq
dt

¼ Qaq

Vaq
ð½Pd�Maq; z¼L � ½Pd�Maq; z¼ 0Þ ð3Þ

Module mass balance for the stripping solution:

d½Pd�Mstr
dt

¼ �ustr
d½Pd�Mstr

dz
� A

VM

� �
out
�Kpð½Pd�Maq � ½Pd�MstrÞ ð4Þ

Tank mass balance for the stripping solution:

d½Pd�Tstr
dt

¼ Qstr

Vstr
ð½Pd�Mstr; z¼0 � ½Pd�Mstr; z¼LÞ ð5Þ

With the assumption that the stripping reaction is instantaneous, thus Pd½ �Mstr ¼ 0
and Pd½ �Tstr ¼ 0, the solution of Eqs. (2)–(5) is as follows:

Vaq ln
½Pd�Taq; t¼0

½Pd�aq
¼ Qaq 1� exp

2KpL

uaqri

� �� �
t ¼ S � t ð6Þ

In these equations L is the fiber length, Q is the flow rate of the phases, u is the
linear velocity, V is the volume of each phase, KP is the overall mass transfer coeffi-
cient, ri is inner radii of the hollow fiber, S is the slope of this linear relationship which
is illustrated in Fig. 6. The superscripts M and T refer to the membrane module and
tank, respectively. The subscripts aq and str refer to the aqueous feed and stripping
phase, respectively.

Based on the experimental results values of the overall mass transfer coefficient for
all experiments are presented in Fig. 6.

The influence of the concentration of D-3EI on the kinetics of Pd(II) extraction was
confirmed also by the value of overall mass transfer coefficient. The decrease in the
concentration of extractant reduced the KP coefficient from 5.0�10−6 to 0.14�10−6 m/s.
However, it should be noted that this change is not proportional - reducing the con-
centration ten times resulted in a reduction in the value of overall mass transfer
coefficient up to 30 times. In fact, the decrease in KP coefficient might be due to the
significant increase in the contribution of the reaction resistance with the reduction of
the extractant concentration.
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4 Conclusions

The investigations showed that the proposed novel extractants can be used to separate
metals from the aqueous phase in a pseudo-emulsion system using Hollow Fiber type
membrane modules.

The usefulness of quantum molecular modeling in the assessment of interactions
between extractant molecules has been demonstrated. Obtained results suggested that
there is no intermolecular bond between molecules of extractant.

The application of mass balance equations allow to estimate overall mass transfer
coefficient and in consequence describe the kinetics of metal permeation in PEHFSD
system.
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Abstract. The formation of liquid-liquid mixtures is frequently required in the
chemical industry and related sectors. Improvement or introduction of new
methods and constructions which reduce the energy consumption, without
compromises in terms of final product quality, is important. This study discusses
three types of emulsion preparation methods, among which mechanical mixing
and homogenization are well known, while the sieve emulsification mixing
(SEM) is less known. The application of the last method is foreseen in the
preparation of cosmetic emulsions and in the metallurgical industry during
mechanical levelling of metal alloy objects. The tested apparatus is designed to
produce a highly dispersed oil-water mixture, with the smallest possible size of
the droplets created. Droplets were analysed on the basis of the average diam-
eters d32 and d43. The used SEM configuration allowed to achieve smaller
droplet diameters than the standard mechanical mixer, although they were not as
small as in the case of the homogenizer.

1 Introduction

Emulsions are systems which possess a wide range of applications. They are used in
the paint industry to produce emulsion paints and in pharmaceuticals to manufacture
medicines for both external and internal use. They are also employed in the bitumen
industry as materials for the construction of road surfaces. The possibility of obtaining
a high degree of dispersion of the particles and the phenomenon of coalescence which
occurs in emulsions determine the special value of emulsions in the food industry as
edibles. On other hand, dairy products can be emulsions of natural origin, such as milk
and cream, or artificially made sauces and mayonnaises. With respect to the cosmetics
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industry, emulsions can be used in liquid form, as cosmetic lotions, and in the semi-
solid form, as creams. During the preparation of cosmetic emulsions, it is crucial to
ensure that they do not cause skin irritation, as the skin easily absorbs components of
O/W (Oil-in-Water) emulsions, despite its low affinity for hydrophobic substances.
Artificial emulsions are prepared in a process called emulsification, which can be
carried out using mechanical mixing, a static mixer, homogenizer, vortex atomizer,
with the use of ultrasound, membranes or in flow through porous media.

Mechanical mixing is one of the most popular techniques, which utilizes an agi-
tator. As a result of rotation of the agitator, the mechanical power is used to disperse
phases by delivering turbulences into the system, which cause the movement of fluids
elements, break the phases and distort large droplets, breaking and mixing them.
Consequently, the emulsion is formed. In general, emulsification consists of two stages.
The first is focused on the preparation of a pre-emulsion in which the two phases and
the emulsifier are mixed to form a primary emulsion. Structural elements, geometry of
the mixer and the type of material influence the size of internal droplets. Physico-
chemical properties and volume fraction of emulsion phases are extremely important.
Intensity of mixing, amount of delivered power and the frequency of rotations are also
very important, because smaller size of droplets are usually formed when the frequency
of rotations increases.

High-speed mixers, turbine and propeller mixers in particular, are the most popular
among mechanical mixers. The selection of the agitator is one of the most important
parameters which influences the properties of the emulsion. The diameters of droplets
produced during mechanical mixing are a result of the dynamic equilibrium between
the scattering and the coalescence forces (Koch 1992). The effectiveness and wide use
of mechanical mixers are confirmed by numerous publications. Broniarz-Press and
Tarnicka (2013) showed that the droplet diameters of the internal phase decreases with
the increase of mixing time using a mechanical agitator and then become fixed at a
constant level. The particle size obtained by this technique also depends on the used
stabilizer.

Another method of emulsification utilizes homogenizers, which can be equipped
with various types of endings, mostly with the rotor-stator type. Usually, that method
consists of three stages. The first is the initial emulsification, namely the mixing of the
emulsifier with the emulsion phases. Then the second part occurs, during which the
droplets are deformed and disintegrated. The last step is stabilization, which involves
the formation of a stabilizing film around the droplets constituting the inner phase. If
rapid adsorption occurs, the droplets are not formed. In order to obtain the largest
possible disintegration of the dispersed phase, the process of emulsion production
should be carried out at high frequency of rotation of the homogenizer rotor (Bąk and
Podgórksa 2015).

In order to optimize the process of producing emulsions used in the cosmetic,
industrial machine tools and the automotive industry, an attempt was made to develop a
novel method of producing emulsions using the sieve emulsification mixer (SEM). This
apparatus, in addition to mechanical mixing, uses a sieve bottom and pump configu-
ration to create droplets during the introduction of dispersed phase and to homogenize
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the whole mixing volume during circulation mode. The first tests for such construction
were carried out using a 20 lm sieve and a tank with an internal diameter of 210 mm
(Mitkowski and Szaferski 2016). The researchers used vegetable oil and a 2% aqueous
solution of polyoxyethylenesorbitan monopalmitate Tween 40 to demonstrate the
potential possibilities of that apparatus and, at the same time, direct future work to find
relationships between different mesh sizes, distances between adjacent meshes and
process parameters (liquid flow rate, agitator rotational frequency) (Mitkowski and
Szaferski 2016; Różanski et al. 2018).

2 Experimental Set-Up and Analysis

The experiments were performed with use of three experimental configurations: sieve
emulsification mixer (Fig. 1a), mechanical mixer (Fig. 1b) and homogenizer (Fig. 1c).
A tank with an internal diameter of 110 mm was the common element for all con-
figurations. Regardless of which configuration was used, the elevation height was equal
to 30 mm. In case of the mechanical mixer and the SEM, the dispersion element was a
standard disk agitator with six blades (i.e. Rushton turbine). In case of SEM, constant
rotational frequency of 5 s−1 was applied. The stirrer’s rotation was selected to ensure
that the stirrer’s movement spreads the mixture in the apparatus, but at the same time it
does not directly influence the emulsion production. Similarly, the lack of baffles was
employed to avoid the influence of these elements on the process and to ease the
cleaning process.

In the SEM configuration, the oil phase was introduced through the sieve bottom
with 200 lm or 400 lm mesh delivered by Metalex (Gliwice, Poland). All substrates
were introduced into the mixer using the TH-15 peristaltic pump from Aqua-Trend
(Łódź, Poland). In case of the homogenizer, the Ultra Turrax T-50 digital homogenizer
with dispersing tip G45F was used, which was also used in (Rózańska et al. 2013,
2014).

Rheological measurements were carried out using the Anton Paar Physica MCR
501 rheometer. The selection of oils was based on the possibility of comparing the
impact of the oil phase on the work of individual apparatus and in order to checking the
possibility of using the SEM mixer in various sectors of the industry.

In case of mechanical mixing and homogenizer, the analysis of emulsion samples
consisted of taking microscopic images using the MultiScaneBase program and a
Nikon Eclipse 50i microscope equipped with an Opta-Tech camera with a tenfold
zoom. Measurements were conducted 5 min after delivering all components, and
subsequent samples were taken every 15 min for a period of 75 min.
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In case of the SEM mixer, the measurements were carried out during several stages.
The first stage ended when all the components of the emulsion were delivered to the
apparatus, and the measurement was carried out after 5 min. At this point, the second
stage followed, during which closed circulation was activated, which allowed the
resulting emulsion to continuously pass through the sieve bottom. Measurements were
also carried out every 15 min for a period of 75 min. Closed loop was carried out for
mass flow rate of 326.4 g/min.

After taking microscopic images using the MultiScaneBase program, each image
was analysed using the MatLab 2017 program with the imfindcircles function, which is

Fig. 1. Diagram which presents the experimental set-up used in experimental tests: (a) sieve
emulsification mixer, (b) mechanical mixer, (c) homogenizer 1 - system of clamping and bearing
of the stirrer shaft, 2 - turning sensor, 3 - torque meter, 4 - computer, 5 - substrate tank, 6 - pump,
7 - motor and inverter, 8 - tank, 9 - sieve bottom, V1, V2, V3, V4 - valves

Comparison of Emulsification 455



based on the Hough transformation. Hough’s method is based on the detection of
regular shapes in computer vision. The first stage of analysis in that program was to
write a formula according to which the program will run and to use functions which
improve its quality. Before starting the process, an analysis of a single photo from a
series of tests was performed for all photos in order to select appropriate parameters
such as diameter range, sensitivity and edge gradient threshold.

3 Materials

Oil-in-water emulsions consisted of commercial almond or mineral oils, and aqueous
solution containing 5% of Tween 80 as emulsifier. Almond oil is characterized by
density of 915 g/cm3 and viscosity of 0.0747 Pa∙s and mineral oil Lotos 15 W/40 by
density of 860 g/cm3 and viscosity of 0.168 Pa∙s.

4 Analysis of Experimental Researches

Based on the analysis of the microscopic images taken during the experiments, his-
tograms were plotted for each sample which show the breakdown of droplets in given
size ranges. All histograms were prepared based on 3500 up to approx. 5000 droplets.
Figure 2 represents a histogram for an O/W emulsion of almond oil in SEM (Fig. 1a).
Each column represents the specific range of droplets which is explicitly defined under
the figure. It is noticeable that none of the droplet ranges reached 40%. In case of
droplets with the smallest diameters range (6.24–30 lm) an increasing trend with
emulsification time can be observed while in the range of 60–120 lm a decreasing
trend occurred. Based on the obtained results, it can be assumed that prolonged mixing
will increase the number of smallest droplets, however, noticeable stability of the
number of droplets in the range of 30–60 lm may suggest that their content remains
approximately constant over time in range of 33–38%. On the other hand, fractions
containing bigger droplets did not change significantly over the processing time.
Improvement of emulsion, understood as the increase of the fraction of smallest dro-
plets, can be achieved by increasing the processing time.

When the process was carried out in a mechanical mixer (Fig. 1b), droplets in the
range of 150–300 lm initially prevailed but their quantity decreased with the increase
of the processing time. In turn, the number of droplets with diameters from slightly
lower ranges (30–90 lm) began to increase with the processing time. Initially, the
lowest range (6.24–30 lm) accounted for only 30% of all droplets, but with the next
measurement their number increased by more than two times, followed by a further
decrease of their content to 20% after 60 min. Failure to initiate a downward trend for
this droplet size from the very beginning of sampling (10 min) may be caused by
inaccurate breakage of the droplets by the mechanical mixer. The best result i.e. the
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maximum number of droplets in the smallest range, was obtained after 20 min of
mixing while after 60 min the number of very large droplets was still significant (more
than 10%).

All experiments were also analysed on the basis of differences in the values of mean
equivalent diameters d32 and d43 over time defined according to Eqs. 1 and 2.

d32 ¼
PN

i¼1 ni � d3iPN
i¼1 ni � d2i

ð1Þ

d43 ¼
PN

i¼1 ni � d4iPN
i¼1 ni � d3i

ð2Þ

where: n – number of droplets in a given range, d – difference between the upper and
lower range value.

Figures 3 and 4 present the dependence between d43 and time for emulsion of
almond oil in water and mineral oil in water, respectively, for all three experimental set-
ups. The data are qualitatively similar to the dependence of the d32 presented in Figs. 5
and 6. Both types of emulsions obtained the smallest equivalent diameters in the
homogenizer configuration, regardless of the considered time. It can be seen that in
comparison to the measurements carried out for the SEM configuration after 10 min,
the SEM with 200 sieve gives better results for the system with mineral oil, while the
SEM with 400 sieve is inferior. For both types of oils, the largest equivalent droplet
diameters were obtained during experiments performed with use of a mechanical mixer
(Fig. 1b).

Fig. 2. Histogram obtained in SEM (see Fig. 1a) with mass flow rate of 326.4 g/min
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Fig. 3. Mean equivalent diameter d43 versus mixing time for almond oil

Fig. 4. Mean equivalent diameter d43 versus mixing time for miner oil

Fig. 5. Mean equivalent diameter d32 versus mixing time for almond oil
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5 Conclusions

The determination of the emulsion production efficiency was based on the quality of
the dispersed phase, namely the droplet size obtained in three different mixer config-
urations, which were compared in terms of the equivalent droplet diameters (d32 and
d43). The best emulsion was unequivocally obtained using the homogenizer, because
the obtained values of equivalent diameters were the lowest. The least favourable
results, which correspond to droplets with the largest diameters, were obtained using a
mechanical mixer. The results obtained for SEM sieve 200 and SEM sieve 400 were
similar.
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Abstract. The paper presents examples of the possibility of an application of
gas flow simulation results in the pipeline network to transport natural gas under
low pressure. The study was carried out for a selected existing low-pressure
network and real data, taking into account the variability of network load
depending on the ambient temperature. The methodology of network charac-
teristics preparation based on the results of gas flow simulation in the network
and development of equations for estimating gas demand depending on the
heating degree days index is presented. Next, two examples of practical appli-
cation of flow simulation results in gas network calculations are presented. The
first example presents the development of relationships between the minimum
overpressure of the supply stream and the size of that stream, which makes it
possible to maintain a lower overpressure in the whole network. The second
example concerns the analysis of the storage capacity of the gas pipeline net-
work for alternative gaseous fuels produced from surplus energy from renewable
sources.

1 Introduction

Pipeline networks, commonly used to transport gaseous fuels over long distances, have
a very complex structure and fluid dynamics that are difficult to describe. An additional
difficulty in flow analysis is variability of the transported stream over time, depending
on weather (temperature), calendar (day of the week, hour of the day) and economic
(national income) factors. On the other hand, literature reports show that well-designed
and optimally utilized network capacity may contribute to the reduction of gas transport
costs, reduce gas losses resulting from network leakage or pipeline failure and have a
positive impact on the environment.

One of the ways to obtain information about the dynamics of complex network
systems operating in different conditions is to simulate the flow of gas in the network
pipelines and to verify the results obtained with the actual data collected during system
operation in given conditions. To describe changes occurring in network pipelines,
depending on the level of gas overpressure in the network, classical equations of
numerical fluid dynamics in differential form are used. The use of transient models is
necessary for analyzing gas flow in the high-pressure network, while simpler steady
state models can be used to describe changes in the low-pressure pipeline flow (Osi-
adacz 1987). However, regardless of the form of the equations adopted, the network
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model consists of more or less detailed forms of the mass, momentum and heat balance
equations and the flow equations. Osiadacz and Chaczykowski (2001), Chaczykowski
(2010) analyzed the influence of thermal model type or state equation on the basic
parameters characterizing the flow (pressure drop and gas temperature) and the accu-
racy of the numerical solution in a high-pressure gas pipeline. On the other hand,
Matko et al. (2000) analyzed the influence of the model type (linear or nonlinear
distributed parameter or linear lumped parameter) on the differences between the values
of gas streams and pressures at the end of a high-pressure pipeline, obtained during
simulation and using actual data.

The results of gas flow simulation in a gas pipeline or pipeline network provide a
lot of information about changes in the flow and distribution of basic parameters
characterizing the stream. Askari et al. (2015), Szoplik (2015) demonstrated that the
results of gas flow simulation in the network can be used, for example, for fuel demand
forecasting and pipeline capacity planning, while Monforti and Szikszai (2010),
Lochner (2011), Voropai et al. (2012), Szoplik (2016; 2019) show that the results of the
simulation can be used to increase network capacity and improve transportation. In
turn, Reddy et al. (2006), Sun (2012) and Damavandi et al. (2011) indicate the pos-
sibility of using the results of the simulation to detect pipeline damages and localize gas
leakages from the network. The vast majority of examples analyzed in the literature of
numerical methods application in the calculation of gas networks are aimed at reducing
the costs of gas transport to the consumers. Optimization of the gas network structure is
based on minimizing the costs of gas transport and at the same time maximizing the
efficiency of the network (2000), therefore, it is advisable to conduct research on
lowering the costs of maintenance of the most energy-consuming elements of the
network equipment. Depending on the structure and complexity of the network, the
authors used various additional detailed models, which, in their opinion, have a sig-
nificant impact on the modeling results obtained. Gato and Henriques (2005) stated that
atypical changes in the gas flow may depend on the type of characteristics of the
regulator or valve used in the calculations. Fasihizadeh et al. (2014) proposed a change
in the network structure and basic input parameters, which was reflected in a reduction
in the costs of gas transport. Nguyen and Chan (2006) used artificial intelligence
methods to optimize the operation of compressors in high-pressure gas compressor
stations. In turn, Staibach (2007) studied the effect of compressor switching on and off
and valve opening and closing on the cost of fuel consumption in a gas compression
plant. Simulation methods can also be used to increase the capacity of long-distance
pipelines (Voropai et al. 2012) or to identify bottlenecks (Lochner 2011) that may arise
in the future due to the growing demand for gas in Europe, while Lise and Hobbs
(2008) analyzed the impact of changes in gas sales on the price and security of gas
supply to Europe.

A brief description of the low-pressure pipeline network used to transport fuels, a
methodology for preparing input data to simulate gas flow and two examples of
practical use of the results of flow modeling in the network to control the gas flow in the
network in order to minimize gas losses in case of pipeline failure and to estimate the
storage capacity of the network for other gaseous fuels obtained from alternative
energy sources will be presented. The analysis was prepared on the basis of actual gas
pipeline network and data on network load.
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2 Methods of Natural Gas Transport

Depending on the distance between the place of natural gas production and con-
sumption and its composition, gaseous fuel may be transported in liquefied form by sea
by methane carriers or in gaseous form by pipelines located below the surface of the
earth (Thomas and Dawe 2003). However, regardless of the method of gas transporting
to the country, gas is transported to final consumers via a three-stage pipeline network.
The main streams of gas supplied to Poland are distributed throughout the country by
means of a network of high-pressure pipelines (Szoplik 2012). Then, at the gas
reduction station, the overpressure of the gas stream is reduced to the average value and
the transport of gas through the medium-pressure network begins. Another reduction of
the overpressure of the gas stream from medium to low value takes place in the second
stage gas station, which is the beginning of the low-pressure gas network. The limi-
tation for each network is the overpressure of the gas stream and the velocity of the
stream in the pipeline. In the case of low-pressure network, the maximum gas velocity
is 5 m/s and the gas overpressure can vary from 1700 Pa to 2500 Pa.

Failure to meet the condition of gas overpressure in the low-pressure network
results in malfunctioning of the gas appliances installed in the customers, while the
amount of gas overpressure in the network pipelines depends directly on the network
load.

The diagram of the existing low-pressure gas network with one supply point (re-
duction and measurement station of the second stage GRS) and 354 exit points (end
users) is shown in Fig. 1. The network is mostly made of steel gas pipelines (about
70% of the total length of the network) and polyethylene gas pipelines. The total length
of all gas pipelines in the network is approximately 14.5 km of pipelines with nominal
diameters ranging from 45 mm to 250 mm.

Fig. 1. Scheme of real low-pressure gas pipeline network; GRS – gas reduction station, 1 � 354
– connections in which consumers receive gas (Szoplik 2016; 2019)
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3 Preparation of Network Characteristics

The characteristics of the gas network are prepared on the basis of the results of gas
flow simulation and are a map of the gas dynamics in the network pipelines, on the
basis of which it is possible to analyze the operation of the network in different
conditions. On the basis of data collected during many years of research and published
in works (Szoplik 2012; 2015; 2016; 2019), it can be concluded that the network load
is strongly dependent on the air temperature and time of day. Significantly higher
network load is characteristic for days with lower temperature and in the morning hours
compared to the network load at night on the days of the summer season. Example
results of annual and daily variability of network load in one of the small towns are
shown in Fig. 2.

Simulation of gas flow in the gas network (Fig. 1) requires the preparation of input
data in the form of hourly gas streams drawn from the network at 354 exit points for
different ambient temperatures. The daily demand for natural gas by the customer
(Q(NG) [m

3/day]), depending on the air temperature T, can be presented by means of
Eq. (1), which should be determined individually for each exit point from the network,
because each customer has a different gas consumption characteristic.

Q NGð Þ ¼ a � Sdþ b ¼ a � 18� Tð Þþ b ð1Þ

Air temperature T in Eq. (1) is presented as an indicator of heating degree days
(Sd = 18 − T), which presents the demand for energy necessary to heat a room from
temperature T to temperature 18 °C. The Sd value is greater than zero when T < 18 °C
or Sd = 0 when T > 18 °C. It was assumed in the calculations that the demand for gas
in the connection depends on the air temperature (Eq. 1) only in case of recipients
heating apartments, whereas for recipients who use gas only for the preparation of
meals, the Eq. (1) is simplified to Q(NG) = b. Parameters a and b of Eq. (1) are
determined on the basis of the actual demand for natural gas in the connection regis-
tered in different periods of the year and for the actual air temperatures. The
methodology of determining the parameters of the model (1) is presented on the
example of data characterizing the gas consumption by the customer, which is settled
on the basis of only three bills issued by the seller in a given calendar year. Table 1
summarizes the data necessary to determine the parameters of the model. The absolute
term b represents gas consumption independent of the ambient temperature, so it is
calculated as the quotient of gas consumption in the summer period (Sd = 0) and the
number of days in that period (b = 88/61 = 1.44). The directional coefficient of the
model (1) represents the gas consumption depending on the ambient temperature and,
based on the data from Table 1 is calculated as follows:

a ¼
P

Q NGð Þ �
P

n � bð ÞP
Sd

¼ 1654� 344 � 1:44ð Þ
2179

¼ 0:53

Based on Eq. (1), it is possible to estimate the daily gas demand in the network
connection for any ambient temperature T (Sd = 18 − T).
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Equation (1) enables to estimate the demand for natural gas (NG) by a customer or
a group of customers depending on the temperature T of air (Sd = 18 − T) during a 24-
h period, whereas hourly streams of gas taken in individual network connections from
Fig. 1 are determined on the basis of hourly flow characteristics of gas through a
reduction and measurement station supplying a given network. The methodology of
determining hourly demand for gas in any network connection is described in detail in
the following work (Szoplik 2016).

An example of the annual variation in gas demand by all consumers taking gas
from the network as shown in Fig. 1 and the variation in ambient temperature (Sd
index) on subsequent days of the year is shown in Fig. 2a. Higher gas demand is
observed on days with lower air temperatures, which correspond to higher Sd values.
On the other hand, the variability of gas demand by the customer in the connection
(determined on the basis of relationship 1 and the characteristics of the flow through the
station) in the following hours of the day for three selected days with different air
temperature is shown in Fig. 2b. Lower demand for gas is characteristic for night hours
(between 11 p.m. and 5 a.m.).

On the basis of data on network load depending on ambient temperature, simula-
tions of natural gas flow in the network were carried out and the characteristics of the
network operating in various conditions were developed. Modeling of gas flow in the
network was performed in GasNet program, in which the calculation of gas streams and
overpressure in the network pipelines was carried out using the mesh method based on
the analogy to the current flow in electrical circuits. The result of flow simulation is the
distribution of streams, velocities and overpressure of gas in all gas pipelines of the
network. Simulations carried out for different input data sets made it possible to
determine the minimum overpressure of the gas stream feeding the network, at which
the gas of specified quality parameters can be transported to all customers under
overpressure greater than the minimum of 1700 Pa. In this way, the minimum gas
overpressure at the entry to the network was determined for various gas streams col-
lected at 354 exit points from the network (depending on the ambient temperature and
time of day) and for various gas quality parameters (heat of gas combustion of Hs).

Table 1. Data to determine the parameters a and b of the model (1)

Period n number of
days in period

Sd in period Q(NG)

[m3/period]
Q(NG)calc(1) =
0.53Sd + 1.44n
[m3/period]

DQ(NG)

[%]

23.01 � 12.06 141 1444 962 968 0,6
13.06 � 12.08 61 0 88 88 0
13.08 � 31.12 142 735 604 592 1,7

Rn = 344 RSd = 2179 RQ(NG) = 1654
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4 Steering of Gas Flow in the Network

One of the parameters determining the proper operation of the network and safe
transport of gas to consumers is the overpressure of gas in the network. The amount of
overpressure of gas stream in low-pressure network pipelines should be in the range
from 1700 to 2500 Pa. From a practical point of view, it is beneficial to maintain the
lowest possible overpressure in the network, as the potential gas losses caused by
pipeline failure, leakage of the network or methane penetration through the pipeline
walls will be the lowest. The value of overpressure of the gas stream feeding the
network depends on the network load, i.e., gas consumption by consumers, and is
higher the higher the gas consumption from the network, i.e., in the winter season and
in the morning hours. The paper (Szoplik 2016) describes examples of methods of
adjusting the overpressure of the supply stream depending on the size of this stream.
Figure 3 shows a schematic representation of the methodology of gas overpressure
control in the network in order to reduce it to the minimum level under given condi-
tions of network operation. The GRS gas reduction station supplying the sample

a)

b)

-6

0

6

12

18

24

30

0

5000

10000

15000

0 50 100 150 200 250 300 350 400

Sd
 [d

eg
re

e d
ay

]

Q
(N

G
) [

m
3 /d

ay
]

t [day]

Q(NG) [m3/day]
Sd [degree day]

0.0

0.5

1.0

1.5

2.0

0 5 10 15 20 25

Q
(N

G
) [

m
3 /h

]

t [h]

Sd = 22 Sd = 0 Sd = 9

Fig. 2. Variability of gas demand Q(NG); (a) daily in pipeline network, (b) hourly in connection;
Sd = 0 when T > 18 °C; Sd = 9 when T = 9 °C; Sd = 22 when T = −4 °C

466 J. Szoplik



network is supplied with a flow of gas with a constant overpressure (e.g. Pin = 2.5 bar)
and a time-varying flow (Qin 6¼ const). At the GRS station, the overpressure of the
stream Pin is reduced to values in the range (1700 � 2500 Pa) depending on the size of
the stream Qin according to an experimentally determined control algorithm (Szoplik
2016):

Pout ¼ aQ2
in þ bQin þ c ð2Þ

As a result, the gas stream Qout leaving the GRS reduction station is not only
characterised by a lower overpressure (in relation to Pin), but above all by the fact that it
is dependent on the size of the gas stream Qin.

Parameters a, b and c of the control algorithm (2) can be determined only on the
basis of the results of simulation of gas flow in the network, performed for various
ambient temperatures, during which the minimum overpressure of the gas supplying
the network is selected, depending on the size of gas streams collected from the
network. The control algorithm shall be developed individually for each gas network
on the basis of the actual network load data. Figure 4 shows a fragment of the over-
pressure and gas flow change record directly before and after the introduction of the
developed algorithm for controlling the overpressure in the network. Analyzing the
data from Fig. 4 one can notice a dynamic change of the stream overpressure (red line)
leaving the GRS station depending on the stream size (pink line). Thanks to this, the
overpressure of the supply stream will be maintained at a minimum level, depending on
the size of the supply stream, i.e., the total volume of gas streams received at 354 points
of exit from the network. In the paper (Szoplik 2016) it was shown that the application
of such a pressure control method allows to reduce the annual gas stream entering the
network by about 0.4%. It can be assumed that the savings resulting from the use of
such a control system will be greater the larger the network and the higher the per-
missible overpressure of gas in the network (medium or high pressure network).

Fig. 3. Scheme of gas system pressure steering in the network
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5 Storage Capacity of Alternative Gaseous Fuels in the Gas
Pipeline Network

Storage of alternative gaseous fuels (af) in the gas network consists in the continuous or
periodic addition of gaseous fuels from surplus energy generated from renewable
sources (sun, wind, biomass) to the natural gas transported through the pipeline net-
work. Examples of alternative gaseous fuels that can be fed into the natural gas network
are, for example, biomethane from biomass gasification or hydrogen from water
hydrolysis using surplus electricity from renewable sources.

The paper (Szoplik and Stelmasińska 2019) analyzed two possible ways of bio-
methane introducing to the low pressure gas network as shown in Fig. 1 and showed
that regardless of the network load, biomethane can constitute approximately 39% of
the regasified LNG and biomethane mixture stream and approximately 29% in the case
of the natural gas and biomethane mixture stream. In this case, the size of the bio-
methane stream entering the network depended on the size of the natural gas stream
supplied to consumers (i.e., the ambient temperature). On days with a lower ambient
temperature, significantly more biomethane can be introduced into the network, as the
network load is higher on these days.

The size of a mixture of natural gas and any alternative gaseous fuel Q(NG-af)

entering the network depends on the heat combustion value of the gas biofuel (Hs(af))
and the natural gas (Hs(NG)). Assuming that gas network in Poland can transmit gas
fuels with a minimum value of combustion heat Hs(NG-af) = 34 [MJ/m3], it is possible
to estimate the stream of the mixture of natural gas (or regasified natural gas) and
alternative gaseous fuel with a value of combustion heat known from the following
relationship:

Fig. 4. The relationship between the overpressure and gas stream before and after steering
system run (red line – gas overpressure, pink line – gas stream)
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Q NG�afð Þ ¼
Hs NGð Þ � Q NGð Þ
Hs NG�afð Þ

ð3Þ

Assuming that the daily demand for natural gas Q(NG) for any ambient temperature
can be determined from the model (1), the maximum share of yaf gaseous alternative
fuel (biomethane or hydrogen) in the mixture of natural gas and biofuels can be
estimated from the heat combustion values of natural gas (Hs(NG)), biofuels (Hs(af)) and
mixtures (Hs(NG-af)) based the following relationship:

yaf ¼
Hs NGð Þ � Hs NG�afð Þ
Hs NGð Þ � Hs afð Þ

ð4Þ

Figure 5 shows the results of calculations in the form of the size of the mixture of
natural gas and hydrogen Q(NG-H2) and hydrogen Q(H2) stream, which can be fed into
the network (from Fig. 1) on the following days of the year (assuming Hs(NG-H2) = 34
[MJ/m3], Hs(NG) = 41.306 [MJ/m3], Hs(H2) = 12 [MJ/m3]). The percentage share of
hydrogen in the mixture of natural gas and hydrogen estimated from the relationship (4)
is 25%, whereas in the mixture of regasified liquid natural gas and hydrogen the share
of hydrogen is greater and amounts to 34%. Based on the data presented in Fig. 5, it
was found that in the low pressure network from Fig. 1, the maximum storage capacity
is about 427459 m3 of hydrogen in natural gas and 439455 m3 of hydrogen in
regasified LNG. The advantage of alternative fuels storage in low-pressure networks is
that alternative fuels do not need to be compressed to high pressures (which is the case
with high-pressure networks) and that alternative fuels can be produced in close
proximity to low-pressure networks. Such a way of hydrogen introducing into the
network is beneficial for the network operator because it allows to generate a mixture of
gases with a constant value of combustion heat over time, which makes it much easier
to account for the consumed energy. However, from the point of view of the alternative
fuel manufacturer, such a way of fuel supplying may be burdensome because the
production of alternative fuel is not constant over time.
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Fig. 5. Variability of mixture Q(NG-H2) network load and Q(H2) hydrogen stream on subsequent
days of the calendar year; Hs(NG-H2) = 34 [MJ/m3]
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Alternative gaseous fuels (hydrogen, biomethane) have a much lower heat com-
bustion value than natural gas (natural gas or regasified liquid natural gas) transmitted
through the network, which always results in a reduction in the quality of the mixture
produced and the transport of larger streams of the mixture of fuels and an increase in
the pressure drop in the network. The results of the simulation in the form of over-
pressure distribution (Fig. 6a and b) of natural gas Q(NG) and mixture of natural gas and
hydrogen Q(NG-H2) in the network pipelines on a day of temperature T = −17 °C
clearly show the increase of network load and decrease of overpressure in the network
in case of alternative fuel introducing into the network. In this case, the use of flow
simulation is necessary to analyze the storage capacity of the network for alternative
fuels, as it may be that an increase in the gas mixture streams collected from the
network may require the use of too much overpressure in the low-pressure network
supply stream. This must result in the alternative fuel stream being reduced to a value
that allows the mixture to be transported under appropriate overpressure.

6 Summary

Simulations of gas flow in network pipelines provide data on the most important flow
characteristics (flow, velocity and overpressure distribution) from which it is possible
to map the network and estimate the maximum capacity of the network to store

Fig. 6. Distribution of gas overpressure in pipelines, T = −17 °C; (a) natural gas Qin(NG) = 332
[m3/h], Pz1,min = 2475 Pa; (b) mixture natural gas and hydrogen Qin(NG-H2) = 403 [m3/h], Pz1,
min = 2799 Pa
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alternative gaseous fuels produced indirectly from renewable energy sources. In turn,
the results of simulating the flow of gas or gas/alternative fuel mixtures in the form of a
minimum overpressure of the supply stream can be used to develop the relationship
between overpressure and supply stream, so that the lowest possible overpressure can
be maintained in the network. In addition, flow simulations may be a good method for
testing the behavior of the network under different operating conditions of the system
and for planning the possible expansion or modernization of the network.
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Abstract. The chapter presents some aspects of metal leaching from e-waste. It
focuses on new leaching systems containing ionic liquids (ILs) for recovery of
copper (mainly) from waste printed circuit boards (PCBs). It is reported that the
most efficient are acidic ILs with bisulfate anion, and they perform even better
than sulfuric acid. However, the results of the leaching show that IL agent
should be supported by the presence of some oxidants (e.g. H2O2) to increase
the process efficiency. Nonetheless, the use of ILs seems to be a perspective
option to make the leaching more intensive and effective, a lot of basic research
is necessary to investigate the mechanism of the Cu leaching, and to find
optimum process conditions.

1 Introduction

Recovery of metal ions from secondary sources, such as waste electric and electronic
equipment (WEEE), called also e-waste, has become an important issue to be solved.
On the one hand, e-waste is the fastest growing waste stream which is increasing at an
alarming rate. WEEE fraction in all the municipal waste amounts to 3–5% annually (in
developing countries even 8%) and is still not recycled enough (Widmer et al. 2005).
Approximately 45 million tons of e-waste (6.1 kg per inhabitant) was generated
globally in 2016 and is expected to grow to 52 million tons (6.8 kg/inh) by 2021. Only
20% of the e-waste is recycled appropriately. The total worth of e-waste today exceeds
55 billion euros. In 2016, Europe alone produced 12.3 mln tons of e-waste, including
0.45 million tons in Poland (Baldé et al. 2017) and 0.24 mln tons in Belgium. The
leaders in e-waste production are China and the USA with 7.2 mln and 6.3 mln tons in
2016 (Baldé et al. 2017). On the other hand, printed circuit boards (PCB) from WEEE
contain valuable metals (depending on a device: Cu, Au, Ag, Pd) that could be
recovered and recycled becoming a crucial chain link in European circular economy
focused on a sustainability (Regel-Rosocka 2018).
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2 Waste Electric and Electronic Equipment

WEEE, e-waste or e-scrap, is waste including all consumables, components, and sub-
assemblies which are part of the electronic product at time of discarding. The waste
stream of end-of-life electronic devices must normally be processed according to the
WEEE management regulations of the country where it was discarded. However, large
amounts of e-waste remain poorly managed as is evidenced by the low global rates of
recycled WEEE. Most e-waste (70–85%) is illegally shipped to developing countries in
Asia and Africa under the disguise of a donation or recycling purposes through gaps in
current e-waste regulations (Wang et al. 2013; Awasthi and Li 2017). In these
developing countries, incineration, landfilling and coarse recycling methods such as
crushing and acid leaching are widely practiced (Perkins et al. 2014; Bakhiyi et al.
2018). It leads to the release of harmful gases into the atmosphere and the contami-
nation of soil and groundwater with heavy metals and non-metallic compounds
(polychlorinated biphenyls, dioxins, furans) (Fu et al. 2011; Birloaga et al. 2013)
resulting in accumulation of contaminants in plants, which can lead to their intro-
duction into the food chain (Quan et al. 2014).

The printed circuit board (PCB) is a component that mechanically supports and
electrically connects all the components in almost all electronical devices. The basic
structure consists of a non-conducting substrate or laminate with thin copper sheet that
is deposited on one or either side. The most used substrate for making PCBs are glass-
fiber reinforced epoxy resins that contain bromine which act as a fire retardant.
Depending on the construction of the PCBs they can be classified as single-sided,
double-sided or multi-layered. Single-sided and double-sided PCBs have a copper
sheet on one or both sides of the substrate. Multi-layered boards are made up of
multiple layers of copper sheets separated by layers of insulation material. After
mounting the components to the outer layer of the PCB, a solder mask and silk screen
are added, completing the PCB (Verwimp 2019).

Waste PCBs represent only 3 wt% of the total e-waste produced globally but they
are the most valuable part of the e-waste accounting for about 40% of metal recovery
value (Dalrymple et al. 2007; Zhou and Qiu 2010). The most common metal on a PCB
is copper, there are also large amounts of solder, nickel, iron and precious metals
(Golev et al. 2016). Valuable metals such as Au, Ag and Pd are used as contact
materials between the connection of components due to their high chemical stability
and good conductivity. Also other metals such as Ga, In, Ti, Si, Gi, As, Sb, Se, Te, Ta
are usually derived from the components mounted on the PCBs (Ghosh et al. 2015).
From an economic point of view, Au is the most interesting component of a PCB since
it alone covers 59% of the estimated value of major metals that are contained in waste
PCBs (Dalrymple et al. 2007).

The PCB composition differs greatly depending on the device it comes from, the
manufacturer and the age. Various estimates indicate that a typical PCB consists of
about 30% organic, 30% ceramics and 40% metals (Duan et al. 2011), while other
claim that in general, PCBs contain about 28% metals, 23% plastics and the remaining
are ceramics and glass material (Zhou and Qiu 2010) and yet another study (Chen et al.
2015a, b) reports it to consist of 50% polymers, 20% glass fibers and 30% metals.
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3 Metal Leaching from E-Waste with Ionic Liquids

3.1 Recycling of E-Waste

Recycling starts with the collection of WEEE from consumers, followed by a series of
mechanical operations for dismantling, often together with magnetic separation, to
classify different materials followed by a crushing operation to reduce the size of the
particles. After separation and reduction of size, further treatment for the recovery of
valuable metals happens in the form of metallurgy. Three different metallurgical
treatment options are pyro-, hydro- and/or biometallurgy (Verwimp 2019).

This chapter focuses on hydrometallurgical treatment of PCBs with addition of ILs
to recover valuable metals. Currently, hydrometallurgical processes on an industrial
scale are mostly used as an additional step in pyrometallurgy to further purify molten
metals. However, hydrometallurgy have advantages over pyro-processes as they are
easier to control, are more predictable, require simpler and less costly equipment, there
are no emissions of toxic gases and operate at lower temperatures. However, large
quantities of solutions are used which can be corrosive or toxic. These harmful solu-
tions or sludge need to be managed or recycled (Ghosh et al. 2015; Golev et al. 2016).

3.2 General Information on Leaching

Leaching is a heterogeneous operation, used in hydrometallurgy, where soluble or
suspended reactants (B, Eq. 1) are extracted by a liquid (A, Eq. 1), called leaching
agent. The fluid which contains the extracted solid (C, Eq. 1) is called a leachate:

aA fluidð Þ þ bB solidð Þ ! cC fluidð Þ þ dD solidð Þ ð1Þ

Leaching has been intensively investigated as a method for metal recovery from e-
waste recently. As a result of leaching two fractions are distinguished: a material that is
free from valuable components and is dumped (D, Eq. 1), and the other – the metal
pregnant leach solution (PLS) (rich in separated component, C, Eq. 1) that is advanced
for further processing by adsorption, cementation, ion-exchange or liquid-liquid
extraction, etc. (Rzelewska and Regel-Rosocka 2018).

Selection of a leaching agent depends on the composition of a material and
properties of the separated metals. The most frequently applied leaching agents are
mineral acids (H2SO4, HCl, HNO3, aqua regia), hydroxides (NaOH, NH4OH) and
chlorides (NH4Cl, CuCl2, FeCl3) (Gupta 2003). Recently, some water-soluble ionic
liquids (IL) were reported as leaching agents for copper from primary and secondary
resources (Chauhan et al. 2018).

3.3 Ionic Liquids (ILs) for Treatment of PCBs

ILs are a group of liquid salts that generally consist of an organic cation and organic or
inorganic anion and have a melting point that is lower or equal to 100 °C (Wasser-
scheid and Keim 2000). The wide range of possible cation and anion combinations
(1018 possibilities) makes it so that ILs can be developed to fit a particular application
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which is why they are often called designer solvents. ILs have properties that make
them more appealing than many solvents used today. These useful properties include
high thermal stability, very low flammability, high ionic conductivity, tuneable solu-
bility and miscibility, wide range of viscosities, a large electrochemical window and a
very low to negligible vapour pressure (Welton 1999; Wasserscheid and Keim 2000).

Recently ILs (particularly water soluble) have been proposed for metal leaching
from e-waste. Reports on IL use for recovery of metals from PCBs indicate, mainly, a
Brønsted acidic ionic liquid, i.e. 1-butyl-3-methylimidazolium bisulfate [BMIM]
[HSO4] as a leaching agent (Table 1). This IL provides a robust anion that, in the
contrary to such anions as [BF4] and [PF6], is resistant to hydrolysis to strong acids
(e.g. HF for fluorinated anions) and can be recycled without decomposition or transfer
losses (Whitehead et al. 2004).

[BMIM][HSO4] has been found to behave like an acid when it is present in an
aqueous solution (Whitehead et al. 2004). The acidity of the aqueous [BMIM][HSO4]
solution is reported to be much higher than that of aqueous KHSO4 solution and, as a
consequence, activity of the hydrogen ions released from this IL is higher than that
from inorganic salt aqueous solution. From this behavior it can be assumed that the

Table 1. Ionic liquids applied for metal leaching from e-waste.

IL name Remarks Efficiency Ref.

[EMIM][BF4]
1-ethyl-3-methylimizadolium
tetrafluoroborate

Dissolution of bromine epoxy resins of PCBs at
260 °C, 10 min or solders at 240 °C, 10 min

no data Zhu et al.
(2012a, b)

[BMIM][HSO4]
1-butyl-3-methylimidazolium
bisulfate

With H2O2 addition LCu = 99.17% from
particles of 0.1–
0.25 mm size

Huang et al.
(2014)

Without H2O2 addition LCu and LAu details in
Table 2

Verwimp
(2019)

[CM-MIM][HSO4]
1-carboxymethyl-3-
methylimidazolium bisulfate

With H2O2 addition, LCu = 89.19% Zhang et al.
2018b

[BSO4HPy][HSO4]
N-sulfobutylpyridinium
bisulfate,
[BSO3HMIm][HSO4]
1-sulfobuty-3-
methylimidazolium bisulfate,
[BSO3HMIm][OTf]
N-sulfobutylpyridinium
trifluoromethanesulfonate,
[MIm]
[HSO4] methylimidazolium
bisulfate,
[BSO3HPy][OTf]
1-sulfobutyl-3-
methylimidazolium
trifluoromethanesulfate

With H2O2 addition,
Zn leaching from PCBs

LZn > 60% with
[BSO4HPy]
[HSO4] and [MIm]
[HSO4]
LZn * 20% with
[OTf] ILs
LCu = 99.77% with
[BSO3HPy][OTf]

Chen et al.
(2015), Li and
Chen (2017)

[BSO4HPy][HSO4]
N-sulfobutylpyridinium
bisulfate

Slurry electrolytic system from electrolyte:
30 g/dm3 CuSO4� 5H2O, 60 g/dm3

NaCl,170 g/dm3 H2SO4 partly replaced by IL

LCu = 90.94% Zhang et al.
(2018a)
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leaching reaction occurs as seen in eq. 2 (Dong et al. 2009; Huang et al. 2014; Zhang
et al. 2018b). Thus, hydrogen sulfate ILs are expected to be efficient leaching agents.

4Cuþ 4H2SO
�
4 þO2 ! 4CuSO�

4 þ 2H2O ð2Þ

Zhang et al. (2018b) has observed that volume of the imidazole cation greatly
enhances the affinity of an anion towards it. As a consequence, the hydrogen ions in the
solution are concentrated on the surface of the imidazole cation affecting positively Cu
leaching with bisulfate ILs relative to the conventional H2SO4 use.

[BSO3HPy][HSO4] was used not only as a leaching agent but also to replace
H2SO4 in a slurry electrolytic system (in a cylindrical electrolyzer at room temperature
with a graphite rod anode and a titanium net cathode, at 0.5 A current, for 3 h) to
recover metallic copper from waste PCBs in one-step (Zhang et al. 2018a). This
substitution of H2SO4 by the bisulfate IL reduces effectively the particle size of the
obtained Cu powders, and increases current efficiency and Cu recovery rate from e-
waste without pretreatment.

The leaching efficiency was calculated according to the following equation:

L ¼ amount of metal extracted
total amount of metal content in sample

� 100% ð3Þ

The leaching efficiency of Cu with sulfuric acid and its mixtures with [BMIM]
[HSO4] obtained by the authors of the chapter is shown in Table 2. A synergy in
leaching with mixture of H2SO4 and IL is visible for Cu leaching from powder, while
antagonistic effect is noted for Au. In case of PCB pieces opposite results are reported:
Cu is almost not dissolved, while Au leaching efficiency amounts to 20%. Much higher

Table 2. Effect of IL presence on leaching efficiency (L) of metals from waste PCBs at 75 °C,
S/L = 1/20 (based on experiments of the authors of the chapter).
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LCu = 0.06%
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Cu leaching yield (almost 100%) was reported by Huang et al. (2014) when an oxidant
(H2O2) was added to waste PCBs powder at solid/liquid ratio (S/L) of 1/25, at 70 °C,
leaching solution composition 25 cm3 80% (v/v) [BMIM][HSO4], 10 cm3 30% H2O2.

Apart from use of ILs as metal leaching agents, non-aqueous ILs can play also an
important role in the pretreatment of PCBs. For example, [EMIM][BF4] has been
proposed to dissolve (at 260 °C for 10 min) bromine epoxy resins of waste PCBs (Zhu
et al. 2012a) or solder – at 240 °C for 10 min – (Zhu et al. 2012b) to ease recovery of
copper foils and glass fibers. As a result, a new, clean and non-polluting method to
recycle valuable materials from PCBs was elaborated.

3.4 Leaching Kinetics

The overall leaching reaction involves the following steps (Levenspiel 1999) (Fig. 1):

1 external mass transfer: diffusion of reactant or product through diffusion layer
2 chemical reaction: reaction between reactant in fluid and solid
3 internal mass transfer: diffusion of reactants or products through the ash layer to the

unreacted core.

At the boundary between the solid and liquid phase, there is a stationary aqueous
diffusion layer where the concentration differs from that of the rest of the bulk liquid.
The slowest of the leaching steps is called the rate controlling step and will determine
the overall rate of the reaction. However, this rate controlling step can change
according to the reaction conditions (Chauhan et al. 2018).

Kinetic Models for Leaching with ILs. The major models developed for an idealized
non-catalytic liquid-solid reaction are the shrinking core, shrinking particle, homoge-
neous and grain models (Table 3). Of these models, the shrinking core has been widely
used to model leaching kinetics of PCBs (Levenspiel 1999, Chen et al. 2015a, b). If a

Unreacted 
core

Ash layer

Diffusion layer
Bulk fluid

1

3

2

Fig. 1. Overall leaching reaction process: 1 external mass transfer, 2 chemical reaction, 3
internal mass transfer
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model fits well to the experimental data, then the rate equation will accurately predict
and describe the reaction kinetics (Huang et al. 2014).

The shrinking core model (SCM) assumes a non-porous particle where reaction
only occurs at the surface of an unreacted core inside the particle while the total particle
size remains unchanged. The reaction at the surface is faster than at the interior of the
particle which causes the reactant in the outer layer of the solid to be leached out,
leaving behind an inert, reacted layer (also called the ash layer). It means that the SCM
takes into account all three leaching steps shown in Fig. 1. The shrinking core model
has models for spherical particles and also for flat plate particles (shown in Table 3).

The reaction controlled model for flat plate particles and film diffusion models for
spherical and flat plate particles are the same and therefore give the same result. The
value for the apparent rate constants will be identical, however, the constants are not
identical, they differ from each other since they are function of different variables. This
all means that when one of these models fits the experimental data the best, it will be
impossible to determine which of these are the correct model for the reaction based on
the experimental data for the fraction reacted alone.

Table 3. Kinetic models for leaching (Levenspiel 1999; Georgiou and Papangelakis 1998).

Model Particle Film layer
diffusion
controlled

Ash layer diffusion
controlled

Chemical control

Shrinking core
model (SCM)

Sphere kt ¼ x
with
k ¼ 3bCbkl

qBR

kt ¼ 1� 2
3 x� 1� xð Þ23

with
k ¼ 6bCbDe

qBR2

kt ¼ 1� 1� xð Þ13
with

k ¼ bCbk0
qBR

Flat plate kt ¼ x
with
k ¼ bCbkl

qBL

kt ¼ x2

with
k ¼ 2bCbDe

qBL2

kt ¼ x
with

k ¼ bCbk0
qBL

Shrinking
particle model
(SPM)

Always assumed to
be a spherical
particle

kt ¼ 1� 1� XBð Þ23
with
k ¼ 2bCbDe

qBR
2
0

Not applicable kt ¼ 1� 1� xð Þ13
with

k ¼ bCbk0
qBR0

Homogeneous
model

Small lumps
uniformly
distributed

Not applicable hvh
�
v ¼ 1� 2

3 x� 1� xð Þ23
with
hv ¼ kvCbt

hvh
�
v ¼ x

Grain model Pellets made up of
individual grains

Not applicable h�r̂2 ¼ 1� 2
3 x� 1� xð Þ23 h�r̂2 ¼ x

x - fraction reacted or leaching rate, k - apparent rate constant, k0 - reaction rate constant, kl - mass transfer
coefficient of the liquid film layer, kv - reaction rate constant based on volume, t - time, b - stoichiometric
coefficient for reacting substance B (Eq. 1), Cb - bulk concentration, De - effective diffusivity, qB - molar
density, R - radius of the spherical particles, R0 - original radius of the particle, L - half thickness of a flat plate
particle, hv - dimensionless time, h�v - dimensionless time for the complete reaction, r̂ - grain model parameter
(a function of the reaction rate constant, external surface area and volume, the radius, the porosity of the
pellet)
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The shrinking particle model (SPM) assumes a non-porous particle, where no ash
layer is formed. Instead, the particle behaves like an unreacted core in the SCM which
shrinks during the course of the reaction but without any ash layer around it (Fig. 1).
Since the ash layer is absent, only film diffusion (1) and reaction controlled rate (2) can
be the limiting steps. The SPM contains no model equations to fit flat plate particles,
only spherical ones (Huang et al. 2014; Verwimp 2019). The chemical reaction rate
controlled step in the SPM is identical to that of the SCM where the particles have a
constant size throughout the reaction, meaning that the equation for both models is
exactly the same. However, since the particle shrinks, the R is replaced by R0 (Huang
et al. 2014).

The homogeneous model considers the solid phase to be made out of small lumps
that are uniformly distributed. Similar to the SCM, an ash layer is formed during the
reaction. Also similar to the SCM are the equations for ash diffused controlled reaction
and chemical controlled reaction.

The grain model assumes the solid particles to be pellets made up of individual
grains that are densely packed together (Georgiou and Papangelakis 1998). The liquid
reagent diffuses through the gaps of the grains while every grain reacts individually
according to the SCM. The equation that the grain model gives is the same as that of
the SCM and homogeneous model, meaning that it is impossible to determine which
model is the correct model for the reaction based on the experimental data of the
fraction reacted alone.

In practice, kinetics of Pb leaching with various ILs, i.e. [BSO4HPy][HSO4],
[BSO3HMIm][HSO4], [MIm][HSO4], [BSO3HMIm]OTf, [BSO3HPy]OTf, (Chen et al.
2015c) from waste PCBs did not show unambiguous process limiting step, either
surface chemical reaction or mass transfer. Neither of the two models showed an
acceptable correlation for Pb, while Cu leaching was limited by diffusion. It was
indicated by various authors that result of kinetics modelling was influenced by content
of the leached metals, form of the leached material, and, thus, by accessibility of the
metals to the leaching agents. For Zn leaching it was indicated that diffusion plays more
important role than the surface reaction (Chen et al. 2015a, b).

The authors of the chapter also observed that non-homogenity and large size of
PCB pieces negatively affected the results of kinetic model fitting, whereas leaching
from homogeneous powder of burned PCBs was reported to be controlled by ash
diffusion (Verwimp 2019).

4 Summary

Up to now, some ILs have been proposed for leaching of copper (mainly) and zinc
from waste PCBs. The most efficient are acidic ILs with bisulfate anion, and they
perform even better than sulfuric acid. However, the results of the leaching show that
IL agent should be supported by the presence of oxidants (e.g. H2O2) to increase the
process efficiency. Nonetheless, the use of ILs seems to be a perspective option to make
the leaching more intensive and effective, a lot of basic research is necessary to
investigate the mechanism of the Cu leaching, and to find optimum process conditions.
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Abstract. One of the basic criteria determining the suitability as a structural
material is its corrosion resistance. In addition, abrasion resistance, heat resis-
tance, mechanical strength are also important. The properties of austenitic-
ferritic two-phase Duplex steels resulted in its various applications, among
others, in radiators, dryers, structures working in aggressive environments. In
this paper the changes in the structure of Duplex steel and Super Duplex steel
subjected to long-lasting annealing processes at two different temperatures were
investigated. The aim of these studies was demonstrating changes in properties
resulting from the effects of elevated temperature and assessing whether such
steels can work in a given temperature range.

1 Introduction

Production of corrosion resistant steels is still developing (Alshemary et al. 2018).
Undoubtedly among the most popular steels are austenitic ferritic steels (García-
Junceda et al. 2019; Varbai et al. 2019). Duplex steels have been known for about 80
years, but their new features, new application possibilities are still being explored. They
are characterized by increased chromium content, with a reduced nickel content,
resulting in a biphasic structure. In the annealed state these steels usually have up to
40–50% of austenite in the ferritic matrix. In addition to Cr and Ni, other alloying
elements can also include N, Mo, Cu, Si and W. These are added to stabilize the
structure and improve corrosion resistance (Haghdadi et al. 2019a). It is believed that
nitrogen is necessary because it delays the formation of unfavorable intermetallic
phases (which cause the properties to deteriorate). One of the aforementioned phases
can be the r phase which causes the brittleness of steel.
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1.1 Duplex Steels

The special characteristics of Duplex steel include: high yield strength, good fatigue
resistance, intergranular and pitting corrosion, weldability, good thermal conductivity
(Chen and Yang 2001; Yaoa et al. 2012; Haghdadi et al. 2019a; de Lima et al. 2019).
Satisfactory mechanical properties are the result of the presence of ferrite, which is
characterized by high strength and fine-grained microstructure (Linton et al. 2004;
Olsson and Snis 2007; Wei et al. 2008; Lasebikan and Akisanya 2014; Salvador and
Antunes 2016). These steels easily become fragile at low temperatures and are there-
fore not suitable for low temperature applications (Azevedo et al. 2019; Pereira and
Azevedo 2019).

Duplex steels exhibit high corrosion resistance in most environments where aus-
tenitic steels are normally used (Potgieter et al. 2008). However, they have several
features that definitely promote them to specific applications (Ravindranath and Mal-
hotra 1995; Ahn and Kang 2000; Dillea et al. 2017). This results directly from their
chemical composition, specifically the increased amount of chromium, the content of
molybdenum and nickel. These alloying elements generate the resistance of biphasic
steels to the aerobic environment. In addition, chromium, molybdenum and nitrogen
are responsible for good resistance to stress and pitting corrosion (Lothongkum et al.
2006; Luchtenberg et al. 2019). Duplex steel structure is a special advantage in the
chloride environment (Perren et al. 2001; Böhni et al. 2002). It has been proven that if
there is at least 30% ferrite in such a structure, Duplex steels are much more resistant to
stress corrosion than austenitic steels (Chen and Yang 2001; Sieurin and Sandstrom
2007; Haghdadi 2019b; Gerald et al. 2020). However, it should be borne in mind that
ferrite is sensitive to hydrogen embrittlement, so Duplex steel cannot be used in
environments where this hydrogen could penetrate deep into steel and cause this effect.
Also given their Cr content and presence of ferrite, Duplex steels exhibit good cor-
rosion resistance in alkaline environment.

With their satisfactory properties and affordability, Duplex steels are used in many
places, for example in devices such as coolants, heaters, condensers, desalination,
desulphurisation and purification equipment, heat exchangers, dynamically loaded
units - centrifuges, dryers (Knyazeva and Pohl 2013; Naeem et al. 2019). The clean and
smooth surface under normal weather conditions is used in contact with food and
pharmaceuticals. Chemical neutrality and non-toxicity in contact with many types of
food and drug ingredients, as well as in contact with various detergents used in the
purification of plant and equipment are also important. Duplex steels can also be used
in very aggressive corrosive environments (such as in the manufacture of mustard,
vinegar, cheese fermentation, fish processing), where other types of stainless steel fail
to meet the requirements. These steels can also be used in the pharmaceutical industry,
in environments with chlorides above 500 mg/l.

2 Experimental Section

The use of Duplex steel, as a construction material for chemical and industrial
equipment, is often related to the work at elevated temperatures. The purpose of this
paper was to investigate the effect of elevated temperature on properties and
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microstructure changes and to assess whether the steel still exhibits adequate corrosion
resistance under specified conditions.

The samples were made of Duplex 2205 and Super Duplex 2507 steel. The 2205
steel sample was in the form of a profile, while the 2507 steel was a flat sheet. The
chemical composition of the samples was examined using the EDS method as shown in
Table 1.

The samples were annealed in the following way:

• 2 samples were annealed for 250 h at 600 °C,
• 2 samples were annealed for 500 h at 600 °C,
• 2 samples were annealed for 250 h at 800 °C,
• 2 samples were annealed for 500 h at 800 °C.

During the annealing the samples were placed in a hermetically sealed steel tube
with charcoal pieces to protect them against oxidation.

After the heat treatment, metallographic specimens were made to examine the
microstructure (quantitatively and qualitatively) and compare it with the microstructure
that the sample had before annealing - in the initial state. Microhardness measurements
were made for samples subjected to annealing under all mentioned conditions and in
the initial state. In addition, EDS microanalysis and potentiostatic tests were performed
after heat treatment.

Figure 1 shows the microstructures of Duplex 2205 observed with optical micro-
scope in the initial state and after the most restrictive annealing (500 h, 800 °C).

Table 1. Chemical composition of the test samples obtained during EDS microanalysis [% by
weight].

Steel Si Cr Mn Ni Mo

2205 0.36 21.53 0.79 4.94 4.15
2507 0.43 26.06 0.78 5.57 5.18

Fig. 1. Microstructure of Duplex 2205 steel (500x magnification): a before annealing, b after
annealing.
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Samples of Duplex and Super Duplex steel characterized by a typical two-phase,
austenitic-ferritic structure. Bright areas of the figure are austenite, whereas dark -
ferrite. As a result of the heat treatment, the ferrite zone and the austenite expansion are
noticeable (secondary austenite is formed). In addition, point separations are visible,
which is most likely to be r phase. Table 2 shows quantitative microstructure analysis
for selected measurement points.

The secant method was used to estimate the percentages of the individual phases in
the analyzed samples, as shown in Fig. 2.

Table 2. Quantity analysis of microstructures.

Sample Mean share [%] ferrite + phase r Mean share [%] austenite

2205 - initial state 52.4 47.6
2205 - 250 h, 600 °C 44.6 55.4
2205 - 500 h, 600 °C 43.4 56.6
2205 - 250 h, 800 °C 12.6 87.4
2205 - 500 h, 800 °C 17.0 83.0
2507 - initial state 47.8 52.2
2507 - 250 h, 600 °C 40.2 59.8
2507 - 500 h, 600 °C 40.8 59.2
2507 - 250 h, 800 °C 32.8 67.2
2507 - 500 h, 800 °C 39.6 60.4

Fig. 2. Quantity analysis (secant method).
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In both steels the ferrite content decreases as the annealing temperature rises.
During annealing at 800 °C the content of ferrite slightly increases with the passage of
heat treatment time. Probably the reason for this is the formation of d ferrite.

A further study showing the effect of the annealing process on the structure and
properties of the analyzed steel was Vickers’ microhardness measurement. The test was
performed at a 50 g load. for each of the samples tested, 3 microhardness measure-
ments per phase were carried out. Example average results are summarized in Table 3.

By analyzing the obtained data, it can be seen that as the annealing time and
temperature increase, the hardness increases as well. After heat treatment, another
chemical composition was measured using the EDS microanalysis, as shown in
Table 4.

As can be seen, the chemical composition of samples after annealing slightly
deviates from the composition before treatment as shown in Table 1. The magnetic
properties of the samples were tested by applying a magnet to each of them. It was
observed that only samples annealed at 800 °C showed no magnetic properties.

In order to assess of the effect of thermal process parameters on the electrochemical
properties of the passive layer, potentiostatic tests of samples were carried out. Before
the test, the surface of the samples was appropriately prepared by polishing with
abrasive paper. Samples were immersed in a 3M NaCl aqueous solution and poten-
tiostatically polarized at +700 mV SCE for 120 s at 25 °C. The reference electrode was
a calomel electrode. The result of the study is shown in Fig. 3.

Table 3. Micro-hardness test results (HV0,05).

Sample 2507 2205
Phase Ferrite Austenite Ferrite Austenite

Initial state 307.9 330.6 264.2 231.5
311.6600 °C/500 h 440.3 339.6 348.7

800 °C/250 h 500.8 432.7 449.0 416.3

Table 4. EDS microanalysis after annealing.

Steel Si Cr Mn Ni Mo

2205 - 800 °C/250 h 0.83 23.88 64.19 4.51 6.6
2507 - 800 °C/250 h 0.91 23.30 60.89 6.02 8.88
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The untreated sample showed excellent corrosion resistance - no current flow was
recorded. As a result of annealing the resistance decreased. The more restrictive
annealing conditions were applied, the lower the corrosion resistance was characterized
by the sample - the higher current value was obtained. In the case of samples at 600 °C,
a decreasing trend is noticeable. This indicates passive behaviour resulting from a much
smaller amount of r phase than in the case of higher temperature treatment. Samples
annealed at 800 °C tend to increase and high end current, which indicates weak cor-
rosion resistance.

3 Summary

Samples in the initial state showed a typical two-phase structure composed of austenite
grains and ferrite. The heat treatment carried out even under the least restrictive con-
ditions (600 °C, 250 h) caused the intermetallic phase (r phase) precipitation and the
expansion of the austenite areas - secondary austenite. The reaction of ferrite break-
down into r phase and secondary austenite is an eutectoid reaction. Phase r is formed
inside ferrite, which is due to the fact that it is thermodynamically more stable than
austenite and the chromium solubility in ferrite is higher than in austenite. During r
phase formation, the system achieves a thermodynamic balance (El Koussy et al.
2004).

The increase in hardness of samples is due to the formation of a hard and brittle r
phase and occurs along with the increase in temperature and time of annealing.

Fig. 3. Development in corrosion current at 700 mV SCE and 25 °C when testing Duplex 2205
stainless steel heat-treated: 1 - at 600 °C for 250 h, 2 - at 800 °C for 250 h, 3 - at 800 °C for
500 h, 4 - at 600 °C for 500 h.
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The loss of magnetic properties of both samples after annealing at 800 °C may be
due to the formation of a large number of secondary paramagnetic austenite and d
ferrite possibly devoid of the magnetic properties.

The decrease in corrosion resistance in relation to the initial state was apparent for
all samples, with the annealed material at 600 °C subjected to passivation. Annealed
samples at higher temperatures (800 °C) showed worse corrosion resistance than
annealed samples at 600 °C. This is due to the conversion of ferrite to secondary
austenite and the release of excess chromium in the form of r phase.

The study has clearly shown that the working temperature of Duplex and Super
Duplex must be clearly lower than 600 °C. Literature specifies the working temperature
range for these steels from −50 °C to +300 °C.
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Application of Morison Equation in Unsteady
Mixing Characteristics

Szymon Woziwodzki(&)

Institute of Chemical Technology and Engineering,
Poznan University of Technology, Poznań, Poland
szymon.woziwodzki@put.poznan.pl

Abstract. Unsteady mixing is one of the methods increasing mixing intensity,
especially in an unbaffled stirred vessel. However, because of the unsteady
motion of the impeller, it is difficult to describe it. One of the most important
mixing parameters is mixing power. It is not constant and depends on the
Reynolds number than well as the oscillation frequency. Therefore, knowledge
about forces acting on an impeller is essential. In marine engineering and fluid
dynamics, the Morison equation is commonly used to describe wave forces
acting on offshore structures. In this way, the motion of waves is considered as
sinusoidal unsteady flow. Therefore, the Morison equation could describe forces
acting on a rotating impeller, however, it requires consideration of all forces,
beside drag and inertia force, acting in a stirred vessel.

1 Introduction

Mechanical mixing is commonly used in many industries. Usually is used to achieve
mixing degree, homogeneity ratio or to increase heat or mass exchange. However,
mixing in such a way faces limitations mainly because of baffles in the vessel. Baffle
presence is not welcome in case of i.e. crystallization or pharmaceutical purposes
(imitations because of the cleaning of equipment).

Unsteady mixing is when its properties depend on time, i.e. mixing power.
Unsteady conditions can be realized in various ways, unsteady rotation of an impeller
(Yoshida et al. 2011, 2012; Woziwodzki 2017; Frankiewicz and Woziwodzki 2018),
reciprocating movement of the impeller (Komoda et al. 2000, 2012; Kamieński and
Wójtowicz 2001).

The main problem to describe unsteady mixing is that mixing power depends on
time. I turbulent flow regime and steady mixing according to the Newton law mixing
power number is a constant, independent of Reynolds number. In unsteady flow, the
Reynolds number also depends on the flow and the flow range is changing from
laminar to turbulent. In addition, the forces which in the steady mixing are omitted i.e.
the inertia force, are important in the unsteady mixing. Influence of inertia force, and a
drag force, usually depends on the oscillation frequency. Therefore, knowledge about
them is very important i.e. to describe unsteady mixing power demand.
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2 Morison Equation

The Morison equation was first introduced in 1950 by Morison, O’Brien, Johnson and
Schaaf (because of this, it is sometimes called the MOJS equation in honour of all four
authors). This equation describes the surface forces exerted on piles (Morison et al.
1950). According to Morison, O’Brien, Johnson and Schaff, the total force F exerted on
a fixed body comprises two main forces (1): drag force FD and inertia force FI

F ¼ FD þFI ð1Þ

According to this the force in the x-direction is

F
Lc

¼ 1
2
qDcCD Uj jUþ pD2q

4
CI

dU
dt

ð2Þ

The left side of the above equations is equal to force per length of cylinder Lc then
on the right side of Eq. (2) U and dU/dt is, respectively, flow velocity and acceleration
of the fluid. The concept of Morison et al. (1950) necessitates the introduction of drag
CD and inertia CI coefficients.

In sinusoidally oscillating flow, where velocity U depends on the time

U ¼ Umsin xtð Þ ð3Þ

and velocity amplitude Um and angular velocity x. Hence for sinusoidally oscillating
flow, the Morison Eq. (2) takes the following form (Sarpkaya 2010)

F
Lc

¼ 1
2
qDcCDU

2
m sin xtð Þj jsin xtð Þþ pD2q

4
CIUm

d Umsin xtð Þð Þ
dt

ð4Þ

or

F
Lc

¼ 1
2
qDcCDU

2
m sin xtð Þj jsin xtð Þþ pD2q

4
CIUmxcos xtð Þ ð5Þ

Morison et al. (1950) used only two-component force but there could be more. The
total force F can be divided into three or even four components, which may take into
account, for example, the inertia of the liquid displaced by the rotating cylinder or the
so-called memory effect of resistance force and inertia (Sarpkaya 2010).

3 Morison Equation for Unsteady Mixing

Morison equation uses geometrical parameters of a cylinder. Let’s assume that cylinder
is an impeller with diameter D (or radius r) and height Him and Eq. (2) takes the form
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F
Him

¼ 1
2
qDCD Uj jUþ pD2q

4
CI

dU
dt

ð6Þ

The impeller rotates with velocity U which is the velocity at the impeller blade tip.

U ¼ xr ð7Þ

Angular velocity x for the impeller blade is constant at each r (Yoshida et al.
1999). The Eq. (6) may write as

F
Him

¼ 1
2
qDCDr2 xj jxþ pD2q

4
CIr

dx
dt

ð8Þ

The total force on the left side above equation in mixing is related to a torque
T. The torque T on the mixer shaft is the product of the force F and the impeller radius
r, which can be written as

T ¼ Fr ð9Þ

The Eq. (8) may be rewritten as

T
Him

¼ 1
2
qDCDr

3 xj jxþ pD2q
4

CIr
2 dx
dt

ð10Þ

For the impeller, the length Lc is its height. Introducing in the Eq. (10) the diameter
of the impeller (r = D/2) we get

T
Him

¼ 1
16

qD4CD xj jxþ pD4q
16

CI
dx
dt

ð11Þ

Impeller height Himp is usually shown as projection height (Fig. 1) and commonly
is presented as a function of impeller diameter and constant C1: Himp = C1D. Using this
relationship in Eq. (11) gives

T ¼ 1
16

qC1D
5CD xj jxþC1

pD5q
16

CI
dx
dt

ð12Þ

Fig. 1. Impeller projection height a) flat blade impeller, b) pitched blade impeller
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Angular velocity of unsteady rotating impeller depends on time-course of impeller
speed

x ¼ 2pN tð Þ ð13Þ

Table 1 presents various variation in impeller speed.

Introducing Eq. (15) to (13) gives an angular velocity for triangular time-course of
angular velocity.

x ¼ 16
p
Nmax sin 2pftð Þ � 1

9
sin 6pftð Þþ 1

25
sin 10pftð Þ

� �
ð19Þ

Combination of Eqs. (19) and (12) gives triangular time-course of torque T.

T ¼ 16
p2 C1CDN2

maxD
5q sin 2pftð Þ � 1

9 sin 6pftð Þþ 1
25 sin 10pftð Þ�� ���

sin 2pftð Þ � 1
9 sin 6pftð Þþ 1

25 sin 10pftð Þ� �þ
D5qC1CINmax

d sin 2pftð Þ�1
9sin 6pftð Þþ 1

25sin 10pftð Þð Þ
dt

ð20Þ

To determine torque time-course knowledge about CD and CI coefficients is
required. There are few methods of determination of drag and inertia coefficients
(Jurnee and Massie 2001; Sarpkaya 2010; Woziwodzki 2017). The most useful method
is the application of the Fourier transform. In this method, the left side of the Eq. (20) is
expansion into Fourier series.

Table 1. Exemplary time-courses of impeller speed (Yoshida et al. 2001; Woziwodzki 2017)

Type of impeller time
course

Equation

Sinusoidal N ¼ Nmaxsin 2pftð Þ (14)
Triangular N ¼ 8

p2 Nmax sin 2pftð Þ � 1
9 sin 6pftð Þþ 1

25 sin 10pftð Þ� �
(15)

Triangular (without change
of rotation direction)

N ¼ 8
p2 nmax sin 2pftð Þ � 1

9 sin 6pftð Þþ 1
25 sin 10pftð Þ� ��� �� (16)

Asymmetrical triangular
N ¼ Nmax

a0
2 þ PH

n¼ 1
ancos nxtð Þþ bnsin nxtð Þð Þ

� �
(17)

Triangular with brake
N ¼ Nmax

PH
n¼ 1

ancos nxtð Þþ bNsin nxtð Þð Þ
� �

(18)

aN, bN, a0 – Fourier series constants
Nmax – maximal impeller speed
f – oscillation frequency
n – integer
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T3p3
128C1N2

maxD
5q ¼ CD sin 2pftð Þ � 1

9 sin 6pftð Þþ 1
25 sin 10pftð Þ� �þ

3p3CI
128Nmax

d sin 2pftð Þ�1
9sin 6pftð Þþ 1

25sin 10pftð Þð Þ
dt

ð21Þ

Here, it relates the characteristic Fourier series constants to the drag coefficient and
inertia coefficient:

CD ¼ a1 ð22Þ

CI ¼ 128Nmaxb1
3p3

ð23Þ

The Keulegan-Carpenter (Keulegan and Carpenter 1958) solution (25) was used in
Eq. (21) to solve the expression

T / sin 2pftð Þ � 1
9
sin 6pftð Þþ 1

25
sin 10pftð Þ

����
����

� sin 2pftð Þ � 1
9
sin 6pftð Þþ 1

25
sin 10pftð Þ

� �
ð24Þ

T / 8
3p

sin 2pftð Þ � 1
9
sin 6pftð Þþ 1

25
sin 10pftð Þ

� �
ð25Þ

Another method to calculate CD and CI coefficients is the use of the least square
method.

Equation (20) can be easily used to determine mixing power P (P = 2pNT)

P ¼ 32
p C1CDN3

maxD
5q sin 2pftð Þ � 1

9 sin 6pftð Þþ 1
25 sin 10pftð Þ�� ���

sin 2pftð Þ � 1
9 sin 6pftð Þþ 1

25 sin 10pftð Þ� �þ
2pD5qC1CIN2

max
d sin 2pftð Þ�1

9sin 6pftð Þþ 1
25sin 10pftð Þð Þ

dt

ð26Þ

or power number Ne

Ne ¼ P
N3
maxD

5q ¼ 32
p C1CD sin 2pftð Þ � 1

9 sin 6pftð Þþ 1
25 sin 10pftð Þ�� ���

sin 2pftð Þ � 1
9 sin 6pftð Þþ 1

25 sin 10pftð Þ� �þ
2p
Nmax

C1CI
d sin 2pftð Þ�1

9sin 6pftð Þþ 1
25sin 10pftð Þð Þ

dt

ð27Þ

4 Experimental Verification

Experimental verification of modified Morison Eq. (20) for unsteady mixing was
performed in an experimental set-up presented in Fig. 2.
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The experimental set-up consisted of an electric motor delivered by EMA Indukta
(2.2 kW), an inverter (Schneider Electric MX Eco) and torque meter Sensor-AT MT2.
Unbaffled stirred vessel with diameter DV = 0.29 m was used and liquid height HL =
0.29 m. In experimental verification, various impellers were tested (radial and axial
impellers) (Fig. 3): Rushton turbine, PBT, A315, SC-3, HE-3 W. The diameter of
impellers was D = 0.1 m and impeller bottom height C = 0.1 m.

Verification of modified Morison Eq. (20) was performed for various time-courses
of impeller speed: triangular (symmetrical, with the change in direction of impeller
rotation) FR1, FR3 (symmetrical, with a change in direction of impeller rotation and
brake) and F1 (without a change in direction of rotation).

The experiment was conducted in a turbulent flow regime and in the range of drag
force domination, KC > 15 (Woziwodzki 2017) where KC is Keulegan-Carpenter
number

KC ¼ Nmax

f
ð28Þ

Fig. 2. Experimental set-up 1 – electric motor, 2 – inverter, 3 – torque meter
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Comparison of modified Morison equation and experimental data was performed
for radial and for axial impellers.

Figure 4a–d presents torque-course for radial impeller RT (Fig. 4a), and axial
impellers (Figs. 4b–d).

The obtained data show that for radial impellers (Fig. 4a) there is good compliance
between the modified Morison equation for unsteady mixing and experimental data.
For radial impeller coefficient of determination is in range R2 = 0.97–0.99 for all tested
time-courses of impeller speed.

Fig. 3. Impellers: a) Rushton turbine, b) PBT, c) SC-3, d) HE-3 W, e) A315
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For axial impellers (A315, SC-3, PBT and HE-3 W) and all time-courses of
impeller speed, the compliance between experimental data and Eq. (12) was no so
good as for radial impeller. The differences were observed especially for maximal
impeller speed Nmax. For FR1 time-course (Fig. 4b) experimental maximal torque Tmax
is independent of the direction of impeller rotation, while for FR3 time-course maximal
torque depends on the rotation direction. Higher Tmax was observed for the clockwise
direction of rotation. A similar relation was observed for F1. In addition, the difference
between Tmin was observed. It suggests a need to change Eq. (12) and include an
additional force than drag and inertia force.

5 Conclusions

The obtained results show that the modified Morison equation for unsteady mixing well
describes the changes in torque as a function of time for radial mixers with flat blades
and for pitched blade impellers. In the latter’s case, deviations in torque time-course are
related to the change of the drag coefficient CD depending on the direction of rotation
and the change toward axial circulation. It suggests that the proposed equation should
be modified and it should include an additional force i.e. axial forces or lift force. The
observations are in good agreement with Sarpkaya (1998) suggested modification of
Morison equations using higher harmonic frequencies.

Fig. 4. Comparison of torque time-course of experimental data and obtained from Eq. (12) a)
Rushton turbine, b) A315, c) SC-3, d) HE-3 W
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