Korean Journal of Chemical Engineering (2024) 41:1399-1413
https://doi.org/10.1007/511814-024-00061-0

ORIGINAL ARTICLE q

Check for
updates

Aqueous Two-Phase Extraction of Amoxicillin Using Miniaturization
Technology

Said Al-Saidi' - Farouq S. Mjalli' - Marwah Al-Azzawi' - Talal Al-Wahaibi? - Belal Abutarboosh’ -
Mohammed A. AlSaadi?

Received: 9 September 2022 / Revised: 17 November 2022 / Accepted: 8 December 2022 / Published online: 3 March 2024
© The Author(s), under exclusive licence to Korean Institute of Chemical Engineers, Seoul, Korea 2024

Abstract

Antibiotics discharged with medical waste have had a negative impact on humans as well as aquatic organisms. Because
of the severity of its effects and the frequency with which it appears in medical effluent, extraction has become obligatory.
Conducting mass transfer operations in microchannels is a promising technology that has several benefits over traditional
methods. In this study, the potential of performing two-phase aqueous extraction of amoxicillin in a microchannel setup
was investigated. To fully comprehend the process, it was necessary to study the system's hydrodynamics and consider the
variables that had the greatest influence on the extraction in the microchannel. In the hydrodynamics part, the inlet junc-
tion showed an insignificant effect on the flow pattern type while the flow rate and volume fraction had a major effect. The
plug flow zone was chosen for the microchannel extraction based on its high surface area and ease of separation. Aqueous
two-phase system extraction (ATPS) was conducted in a microchannel to extract amoxicillin from the aqueous phase. Three
process parameters were investigated, namely temperature, salt concentration, and volume fraction, which showed a direct
proportionality influence on extraction efficiency. The optimum operation conditions obtained were found to be, a temperature
of 44.3 °C, a salt concentration of 42.6 wt.%, and a volume fraction of 0.45. This was accomplished in 1.96 min as compared
to the 540 min reported for the conventional ATPS.

Keywords Amoxicillin - Aqueous two-phase - Extraction - Microchannel - Hydrodynamics

Introduction

Water scarcity is a major issue that influences life on the
planet. Therefore, governments and international organiza-
tions emphasize the need of providing clean water and to
develop new technologies to clean wastewater. The treatment
technology or method chosen is determined by the source
of wastewater. Here, we consider medical wastewater which
consists of a significant amount of antibiotics, which are
antibacterial drugs used to inhibit the growth of bacteria.
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These materials are released into the wastewater via the dis-
posal of unused and expired pharmaceuticals and excreta of
humans and animals. For instance, antibiotics are present
mostly in medical effluent. The amount of antibiotics used
worldwide per year is estimated to be around 100,000 tons,
with a consistent increase. Thus, there is widespread con-
cern about the fate of these large quantities of antibiotics
[12]. Even in trace amount, the presence of antibiotics in
effluent-treated water has a significant impact. Antibiotic
resistance is one of the consequences of their excessive use.
In addition, drift to the aquatic ecosystem has an impact on
organisms living in surface water and agriculture [3]. The
antibiotics found in trace amounts make it extremely diffi-
cult to be extracted using conventional means of wastewater
treatment. Therefore, a post-treatment stage is critical for
reducing the environmental impact of antibiotics and drugs.

Extensive research activities on amoxicillin extraction
from the aqueous phase have been conducted. These tech-
niques include, but not limited to, amoxicillin ozonation [6],
photocatalysis and ozonation combined [15], nanoparticles
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with enhanced oxidization [16], and classic liquid-liquid
extraction [1]. As demonstrated in Table 1, each of the pro-
cedures stated above has advantages and limits.

The aqueous two-phase system (ATPS) is a mass trans-
fer process between two liquids. It has gained special atten-
tion due to its enormous potential for purifying, separating,
extracting, and enriching proteins, viruses, enzymes, and
other biomolecules. However, complexity and difficulty in
partition behavior are associated. Nevertheless, it has been
successfully used for the detection of drug residues in foods
and wastewater, sewage treatment, precious metals separa-
tion, and other applications. ATPS has considerable separa-
tion and purification advantages over traditional separation
and purification procedures due to its high water volume.
[11]. At the same time, ATPS is simpler and faster than the
conventional process since the time of equilibrium is short,
and consequently, the operation cost is low. This process can
be easily scaled up and can be applied in multiple stages to
increase the product purity. In addition, it is possible to con-
trol the volume of the phases by concentrating the extract-
ant and the raffinate. Furthermore, by removing one of the
phases, continuous extraction can be achieved [5]. Another
important advantage is that the two phases have high water
content, so the interfacial tension is low, which protects the
biological molecules during the extraction process. The
ionic strength and the pH can be regulated by adding salts or
solutes. ATPS is highly efficient, relatively economical, and
eco-friendly. It can be formed by mixing water with differ-
ent components. There are different types of ATPSs, but the
most commonly used types are polymer—polymer systems
and polymer-salt system [8]. Microfluidics is the science and
technology that deals with fluids with geometries ranging
from sub-microns to a few millimeters [18]. It involves the
chemical and physical characteristics of the process in addi-
tion to the production and engineering or design of struc-
tures in the micrometer scale. More and more research has
been done by reducing the size of equipment to enhance the
efficiency of processes. According to the definition given
by the Institute fur Mikrotechnik Mainz IMM), Germany,
it refers to a process which is better in efficiency, less time-
consuming, safer, less costly, and eco-friendly [14]. Due to
reducing the size to the microscale, the mass and heat trans-
fer improves at the macro-scale and, as a result, enhances the
process performance [8]. There are many industrial appli-
cations of microtechnology. For instance, micro-devices in
computer science, microscopic investigation in the biologi-
cal field, and micro-contact or microfluidics in the process
industry field [14]. In reactions, microfluidics was used to
improve yield and selectivity as well as separate, purify, and
filter valuable material. One such example of microfluidics is
liquid-liquid extraction (solvent extraction), one of the most
important processes in separation and purification in recent
years. Microfluidics necessitates a deeper understanding of
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hydrodynamics and mass transfer to overcome the difficul-
ties of the processes and enhance performance by looking at
the flow patterns to make them more stable and lowering the
pressure drop to save energy resources and cost.

The investigation of flow patterns is very important
because the type of flow affects the process efficiency.
Researchers have defined several types of flow patterns.
Some of the common types of flow patterns are drop, plug,
parallel, annular, and deformed interface [2, 9]. The main
parameters that affected the flow pattern based on the previ-
ous studies are the flow rate of the two phases, phase vol-
ume fraction, geometry, production materials of the micro-
channel, and fluids physical properties (density, viscosity,
interfacial, and contact angle).

The most significant parameter affecting the flow patterns
is the micro-channel material. Commonly, most micro-chan-
nels are made of glass due to its mechanical stability. Other
materials like polytetrafluoroethylene (PTFE), poly-methyl-
methacrylate (PMMA), polydimethylsiloxane (PDMS), or
quartz [9] can be used. The second affecting parameter is
the fluid inlet configuration and the entrance depth. For
example, the Y-junction forms parallel flow whereas the
T-junction forms slug flow. On the other hand, many stud-
ies reported that the type of junction has minor influence
in developed flow. The hydraulic diameter of the inlet has
the greatest impact on the flow. This was noticed by Kashid
and Agar when they studied the impact of the diameter of
the Y-junction. They observed that when the diameter of
the junction decreases, the slug becomes narrower [2]. The
third affecting parameter is the micro-channel geometry and
hydraulic diameter of the channel. Kashid et al. investigated
the effect of the micro-channel geometries, and they used
different channel geometries with same depth. They noticed
that the channel geometries with same hydraulic diameter
have insignificant effect while the hydraulic diameter of the
micro-channel has the major influence [10].

The treatment methods used in medical wastewater treat-
ment suffer from many drawbacks. For example, the ozona-
tion process is one of the high-cost operational processes.
The photocatalytic degradation process is one of the com-
plex processes. The extraction-based microchannel, on the
other hand, is simple, safe, low cost, extremely efficient, with
minimal contact time and no by-products. The purpose of
this study is to demonstrate the effective removal of amoxi-
cillin from wastewater using micro-extraction technology
while overcoming the drawbacks of traditional two-phase
aqueous extraction.

Despite the important role of antibiotics in treating vari-
ous types of infections that can harm or end the lives of
humans and animals, there are numerous side effects asso-
ciated with antibiotic use. Every year, hundreds of thou-
sands of tons of antibiotics are used. Only a small portion is
consumed by humans, with the remainder being transferred
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to the water. Antibiotics in water cause serious problems
for the environment and other creatures. Most areas of the
world employ traditional wastewater treatment facilities,
which are unable to provide the needed level of treatment
efficiency. As a result, some antibiotics are discharged with
treated water and then transferred to the ecosystem, causing
a negative impact on human life. Because of these reasons,
the scientific community continues to strive for an efficient
and cost-effective method of removing antibiotics from
treated water. The techniques utilized to remediate medi-
cal wastewater have numerous drawbacks.. For example,
the ozonation process is one of the high-cost operation pro-
cesses while photocatalytic degradation-based technologies
are rather complicated. The extraction-based microchannel,
on the other hand, is a simple, safe, low-cost, low-processing
time, with no-byproducts, and highly efficient process. This
work introduces the use of micro-extraction technology to
efficiently remove amoxicillin from wastewater while over-
coming the challenges associated with traditional two-phase
aqueous extraction.

Experimental Methodology
Chemicals

The chemicals used in this work are the same as the chemi-
cals used in our previous work [4]. For the organic phase,
polyethylene glycol (6000) with a purity of 99.5% from
Merck KGaA (Germany) was used. The aqueous phase con-
sists of Amoxicillin Trihydrate, which was donated by the
National Pharmaceutical Industries (NPI) Co. (SAOC) and
Potassium dibasic phosphate (99%), purchased from Vinipul
inorganic chemical company (India). For the analyzing step,
methanol (99%) in isocratic grade from VWR chemicals
(USA) was used as a mobile phase.

The micro-extraction of amoxicillin was conducted in a
10 cm long glass (borosilicate) micro-channel with a 1 mm
diameter. The aqueous and the organic phases were injected
using two syringe pumps (NE-300, USA). The aqueous
phase amoxicillin concentration was measured by HPLC.

Note: The physicochemical properties of the system with
HPLC specification and calibration curve are mentioned in
previous work [4].

Experimental Design of Selected System

The response surface methodology (RSM) is one of the most
widely used experimental designs for optimization. RMS
is a very effective statistical method for investigating the
relationship between variables and one or more responses
in order to provide meaning to the used process. Further-
more, it is critical to demonstrate which variables have
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a greater, lesser, or no relationship. It is a useful method
because it allows for the evaluation of the effects of multi-
ple factors and their interactions on one or more response
variables. Amoxicillin extraction efficiency was optimized
using response surface methodology (RSM) with a central
composite design (CCD). In response surface methodology,
the Box-Behnken design (BBD) and the central composite
design (CCD) are the two most commonly used designs.
Despite having fewer runs, CCD outperforms BBD in terms
of having two axial points. In contrast to the BBD, which
focuses on the central area of the factor's range, CCD shows
the effect of all factors on all of the studied range areas.
The Design-Expert statistical software was used to design,
analyze, and optimize the experiment. The three independ-
ent factors studied were temperature (23 °C-50 °C), salt
concentration (15 wt.%—50 wt.%), and volume fraction
(0.1-0.6). Five levels with a factor range were used to obtain
the model. When investigating three parameters with five
levels, a central composite design suggests a set of 20 runs
(with six central points). P and F values were used to check
if the model and independent factors were significant or not.
A quadratic equation model was used to describe the effect
of three factors and the extraction efficiency.

3 3 3 3
Y=B,+ Zile,.Xi + Zile,.,.Xf + Zi:h# ijlBinin
()
where Y is the predicted extraction efficiency, X, X] are the
actual values of independent variables and B; B;;, B; are the
coefficients of linear, second order and binary interactions
on the response. Data analysis results are then presented in
terms of charts and graphs.

After the model was obtained, ANOVA was used to vali-
date the model, which is a powerful statistical approach. The
regression coefficients (R?) of the predicted and adjusted P
value, F value, and lack-of-fit were used to determine the
significance of each factor and the model.

Experimental Setup and Procedure
Hydrodynamics

The hydrodynamics of the selected liquid—liquid two-phase
system was studied. The fluids were flowing horizontally in
a 1 mm diameter channel made of borosilicate. The effect of
different inlet junctions on the flow pattern map was inves-
tigated at different flow rates. After that, the general flow
patterns map for different geometries was drawn.

A schematic diagram of the experimental setup for dif-
ferent inlet micro-channels is depicted in Fig. 1. It consists
of two high-precision syringe pumps to feed two immiscible
liquids to the inlet junction. The syringe pumps NE-300,
USA, can deliver up to 0.001 ml/ min. The inlet junction
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I
Syringe pumps —
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H Glass microchannel 10cm length , Imm ID H
Inlet junction
Cross inlet junction
LJJ Organic phase
Aqueous phase
T-90° inlet junction
u_n Digital manometer Collection vessel
Er\_/ T-180° inlet junction
Fig. 1 The micro-extraction experimental setup
made of acrylic material was fabricated by a milling machine  flowrates (Q) and organic volume fraction (g,,,), which are
process. A hole was made in the acrylic plates with the same  calculated as follows:
internal diameter (ID) of the channel tube (1 mm) to design 0=0.+0
inlet junctions (T-180°, T-90°, and cross junction) as shown T 2aq org (@)
in Fig. 1. The glass micro-channel tube was directly attached
to the outlet of the junctions. The pressure drop across the OQorg
micro-channel tube was measured by adding another acrylic ©)

T-180° junction at the end of the micro-channel with a 1
mm internal diameter (ID). The pressure drop was meas-
ured using a C9555 pressure meter (UK) with a range of
(0-30 psi).The photographic system is installed at a length
of 5 cm downstream from the inlet junction. It consists of a
MIC-209 Microscope LED with 144 LEDs, an 8-inch TFT
monitor (model: 1208), and a high-speed, high-resolution
video camera.

Experiments were conducted for different inlet junction’s
shapes having 1 mm diameter, namely, T-180° junction,
T-90° junction, and cross junction (3 perpendicular inlets).
Amoxicillin solution was prepared by dissolving amoxicil-
lin powder in deionized water using an ultrasonic bath. The
aqueous phase was made up of amoxicillin solution, and
potassium dibasic phosphate, while the organic phase was
made up of polyethylene glycol 6000 (PEG6000) solution.
The aqueous phase (amoxicillin + K,HPO,) and the organic
phase (PEG6000 solution) were introduced into the 1 mm
diameter micro-channel simultaneously. The observed
flow patterns were analyzed based on the total volumetric

eorg =
Qaq + Qorg

where Q,, is the volumetric flowrate of the continuous
phase and Q,, is the volumetric flow rate of the dispersed
phase.

The physical properties of the liquids used in this work
are listed in Table 2. The two liquids were introduced into
the inlet junction using syringe pumps at the specified vol-
umetric flowrates. The experiments were conducted with
equal and unequal flowrates of each phase in the range
of (0.01-1) mL/min for all inlet junctions. After allow-
ing the pressure drop across the channel to stabilize, the

Table 2 Physical properties of the system fluids

PEG6000 Aqueous phase
Density, p (kg/m>) 1061 1175
Viscosity, u (kg/m. s) 0.0202 0.0016
Surface tension, y (kg/s?) 0.0719 0.0553
Interfacial tension, ¢ (kg/sz) 0.0008
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pressure drop across the channel was measured for each
experiment. Five different readings were taken, and the
average value was computed. At a distance of 50 mm from
the channel inlet, ten snapshots were taken for each flow
condition to make sure that the photo of the flow pattern is
clear and can be analyzed easily. All the experiments were
repeated twice for accurate results. The length of the plug
was measured with graph paper and placed just below the
micro-channel tube. Three different plug length readings
were taken to calculate the average length.

Microchannel Extraction

Since the hydrodynamics of an aqueous two-phase system
are critical in determining the best operating conditions
for the extraction process, they should be studied first.
From the hydrodynamics study, specifically, flow pattern
map and pressure data, the best zone for the microchannel
extraction was chosen based on the results. Volume frac-
tion, salt concentration, and temperature are the studied
parameters within the specified ranges. To obtain 1000
ppm of amoxicillin solution, 0.5 g of amoxicillin was dis-
solved in 500 ml of deionized water and then diluted to 40
ppm. Different amounts of K,HPO, were dissolved in 40
ppm amoxicillin solution to form an aqueous phase with a
weight percentage of (15-50) wt.%. To make the organic
phase, 40 g of solid PEG6000 were dissolved in 100 g
of deionized water (weight percentage used in all solu-
tions). Based on the previously mentioned volume frac-
tion (0.1-0.6), the aqueous phase was introduced into the
microchannel through one inlet, while the organic phase
was introduced through the second. After some time, par-
ticularly when the flow in the microchannel is stable, a
sample was taken from the top phase based on hydrody-
namic conditions and studied parameters. HPLC was used
to analyze a 1 mL sample of the aqueous phase, and the
extraction efficiency was calculated using the following
formula:

= Cao out

Efficiency(%) = —— % 100 (4)
Caq, in

where Cy iy, Cyq, o are the amoxicillin concentration in

the aqueous phase before and after extraction, respectively.
To calculate the overall mass transfer coefficient, the
following equation was used:

1 Caqeq = Caq.i

kja= —ln<—aq 4 S« 5)
T Caq, eq Caq,out

where C,q cq, Cyq in a0d Cyq o are the amoxicillin concentra-

tions at equilibrium, inlet and outlet respectively.
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Results and Discussion
Flow Hydrodynamics Study
Flow Behavior

Process hydrodynamics should be studied before the
extraction study, as was already indicated. According to
the collected data, the organic phase (PEG6000 solution)
is the continuous phase with a surface tension of 55.34
mN/m, while the aqueous phase (amoxicillin + K,HPO,)
is the dispersed phase with a surface tension of 71.89
mN/m. Four different flow patterns were observed in the
micro-channel. These are drop flow, plug flow, deformed
interface flow, and annular flow, as depicted in Fig. 2. The
direction of the flow in the image is from left to right.

Drop Flow In this type of flow pattern, the aqueous phase
flows as a dispersed phase and the organic phase flows as
a continuous phase. The diameter of the droplet is less
than the diameter of the micro-channel. From the data and
snapshots, this type of flow occurs due to the low aqueous
(amoxicillin + K,HPO,) to organic (PEG6000) volume
fraction. As shown in Fig. 2a, the drop can have a spheri-
cal or bullet shape with a diameter less than the micro-
channel diameter.

Plug Flow This flow regime is similar to drop flow but has
larger diameter than the micro-channel diameter. The dis-
persed phase forms cylindrical plugs and sometimes bullet
shapes, as shown in Fig. 2b. This flow pattern occurs when
flow rates of both phases are. The dominant force in this
flow pattern is interfacial tension, which dominates more
than viscous and inertial forces. The plug is very stable in
size when controlled by interfacial tension. However, the
viscous and inertia forces become more important when
the flow rates increase, and the plug shape deforms. As the
flow rates increased, the length of plugs also increased,
as seen in Fig. 4. The length was found to increase until a
new flow pattern was established.

Deformed Flow This type of flow occurs at relatively high
flow rates and consists of different flow types mixing,
like droplet with slug with annular. The annular distance
increases as the flow rate increases. This unstable regime
acts as a transition region between plug flow and annu-
lar flow. Figure 2¢ shows how a deformed interface forms
when transitioning from plug to annular.

Annular Flow At high flow rates, annular flow was
observed in a micro-channel as shown in Fig. 2d. In this
flow regime, the organic phase flows as a film on the
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Fig.2 Flow pattern types

(a drop flow, b plug flow, ¢
deformed interface flow (the
lens of camera cannot show the
plugs after throated), d annular
flow)

micro-channel wall while the aqueous phase flows in the
center of the micro-channel. At the beginning of the flow,
the shape of the flow patterns is not smooth like the throat.
As the flow rate increases further, the interface of annular
flow becomes stable and smooth.

The path of flow pattern transition investigated is con-
sistent with the work reported by Kashid and Agar [9] and
Salim et al. [17]. Kashid and Agar studied the flow patterns
in different junction types with different diameters. The flow
patterns presented in their work were drop, slug (plug), and
deformed interface. Similarly, Salim et al. group found in
their system (oil-water) that the flow pattern path started by
drop followed by plug and stratified (annular).

Flow Pattern Map

From the obtained results, it was found that the type of
inlet junction does not significantly affect the flow pattern
map. Accordingly, only the T- inlet junction map will be
addressed. The volume fraction with total flow rate was
used to show the influence of the significant factors that
affect the flow patterns. In addition, the multiplication of
the Weber number and Ohnesorge number of each phase
was used to obtain the universal flow patterns for different
inlet junctions.

The inlet diameter of all the junctions is 1 mm, which is
similar to the main channel. From Fig. 3, the type of inlet

Fig.3 Flow pattern map for
the three-inlet junction. The
flow pattern map for T-90°

is represented with dotted
lines, the cross-inlet channel
represented with dash-dot lines
while the T-180° map is given
as symbols: (filled square) drop
flow, (filled triangle) plug flow,
(filled diamond) deformed
interface flow and (filled circle)
annular flow

Total flow rate Q [mL/min]

03 04 0.5 0.6 0.7 08 09 1
Organic phase volume fraction [d]
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junction did not significantly influence the flow type and
the region of the flow. This can be attributed to the fact that
all junctions are affected by the same influencing forces due
to the same flow conditions. There is a limited influence on
the size of the flow region, whereas the sequence and the
location of the flow patterns in the flow pattern maps were
the same. For instance, the drop flow region in the T-180°
is smaller than that for other junctions. In addition, the plug
flow regions start at the same PEG6000 volume fraction and
end at 0.98 PEG6000 volume fraction for T-180°, while in
the other two junctions they end at 0.9 PEG6000 volume
fraction. The plug regions have different flow rate starting
points of 0.25, 0.2, and 0.4 mL/min for the T-180°, T-90°,
and the cross-inlet junctions, respectively. All junctions have
the same plug region end flow rate of 1.4 mL/min.

(A) Effect of Total Flowrate and Organic Phase Volume Frac-
tion Unlike the effect of the inlet junction, the volumetric
flow rate and the phase volume fraction significantly affect
the flow pattern map. As shown in Fig. 3 for the T-inlet junc-
tion, the plug flow and annular flow are the main flow pat-
terns observed in the flow pattern map. The plug flow is
observed at a low flow rate (<1 mL/min) and a PEG6000
volume fraction (<0.95). The length of plugs increases as
the total flow rate increases. For instance, at 0.02 mL/min,
the plug average length was 2.15 mm, and at 0.11 mL/min it
was 3.24 mm, while at 0.31 mL/min it was 4.4 mm. The plug
length was measured using a graph paper inserted under the
micro-channel and the average length was estimated.

(B) Plug Flow Analysis As previously demonstrated, the plug
flow was obtained at relatively equal low flow rates for both
phases, and the size of the plug (which was chosen as the best
flow pattern type for micro-channel extraction) increased
as the flow rate increased. In this section, the quantitative

analysis of plug flow size in terms of flow rate and pressure
drop is discussed. To measure the size of the plug, a piece of
graph paper was placed under the micro-channel 5 cm from
the inlet. Figure 4 presents the effect of the flow rates of both
phases and pressure drop on plug size. At a constant aque-
ous flow rate, when the organic flow rate increases, the size
of the plug decreases. The plug size is 2.15 mm at an aque-
ous flow rate of 0.03 mL/min and an organic phase flow rate
of 0.01 mL/min, and it decreases to 2.09 mm at a flow rate
of 0.05 mL/min. At a constant organic flow rate, the plug
size increases by increasing the aqueous flow rate. This is
expected because the aqueous phase is the dispersed phase.
For example, fixing the organic phase flow rate at 0.05 mL/
min, and at an aqueous flow rate of 0.01, 0.03, 0.05 and
0.1 mL/min, the plug size was recorded as 1.51, 2.15, 2.67
and 3.91 mm, respectively. There is no significant effect of
pressure drop on plug size. When the plug size increases at
a constant organic flow rate or decreases at a constant aque-
ous flow rate, the pressure drop keeps increasing due to the
increase of the total flow rate.

(C) Universal Flow Pattern Map As stated earlier, the influ-
ence of different parameters has been investigated, but the
most influential parameters are the flow rate and phase vol-
ume fraction. The comparison between the three developed
flow maps of the three inlet junctions (T-inlet, Y-inlet, and
cross inlet) shows some similarities. Dimensionless num-
bers were used to plot the universal flow pattern map as
mentioned in chapter two. However, not all these dimen-
sionless numbers fit the experimental data well. To plot the
universal flow pattern map, the Weber number multiplied by
the Ohnesorge number [19] was used. The (We X Oh) shows
the effect of different forces, inertia, and viscous and inter-
facial tensions. The universal flow pattern map was plot-
ted in terms of the most common flow pattern in the three

Fig.4 Effect of flow rates and
pressure drop on plug size 391 mm 292 mbar 2.69 mm 38.0 mbar 2.64 mm 57.3 mbar
13
- | ] -]
7 ' -
_; 267 mm 255 mbar 254 mm 356 mbar 2.09 mm 55.8 mbar
e =
% 2 e —
< 0.05 - i
2 e ——
= 2.15mm 23.6 mbar 2.09 mm 329 mbar 183 mm 55.4 mbar
= i
E —_—
ol
e} 1.51 mm 23.0mbar 1.60 mm 324 mbar 153 mm 52.3 mbar
——— el———
G
S '
- — __“
i i T
0.05 0.10 0.15
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inlet junctions. The universal flow pattern map for the three
developed maps of the different junctions is shown in Fig. 5.
The flow pattern zones have some overlap of different flow
patterns, but it achieves the separate zones.

The results achieved by the current study on the
PEG6000-Amoxicillin were compared with two different
studies that used different systems. Kashid and Agar [9]
used a water—cyclohexane system, and they found that the
drop flow pattern formed in low aqueous phase flow and
high organic phase flow. Also, they observed the plug flow
at medium flow rates of both phases. In Salim et al. work,
they found that the drop flow pattern was observed at low
water flow rates (less dense) and high oil flow rates (high
dense), unlike the stratified flow patterns, which appeared at
high water flow rates, while the slug flow pattern occurred
at medium flow rates of both phases.

Extraction in the Microchannel

This part investigates the effects of temperature, salt con-
centration, and volume fraction. The DoE was utilized to
determine the impact of each parameter and to create the
system's regression model. This method relies on a hydrody-
namics analysis to determine the ideal operating conditions,
such as the best flow rate zone in the flow pattern map. The
plug zone (0.01 mL/min to 0.1 mL/min organic and aqueous
phase flow rate) was chosen based on the hydrodynamics
study because it has the best mass transfer rate.

Response Surface Method Analysis

The experiments were repeated three times, and the amoxi-
cillin removal efficiency was calculated. The measured
removal efficiencies were fed to the DoE as the process
response. The model for forecasting amoxicillin removal
efficiency within the evaluated factors limits in terms of

coded parameters was proposed by the DoE as given by Eq.
(6).

Y =88.77 + 2.34A + 5.32B + 3.08C — 2.61AB + 1.18AC

(6)

—0.662BC + 2.584% + 0.55868% — 3.07C>

where Y is the extraction efficiency in percent, and A, B
and C are temperatures, salt concentration, and volume frac-
tion, respectively. To check the reliability of the model, the
predicted data must be analyzed by statistical software like
ANOVA. Table 3 shows the ANOVA statistical data. The
model was able to perfectly predict the system's behavior if
the lack was insignificant, which means that the P value is
greater than 0.05. From the result, the P value of the lack
of fitis 0.1697, so the model can be used to predict the effi-
ciency of amoxicillin removal. The P value of the model is
found to be less than 0.0001, which confirms the significance
of the terms. The coefficient of determination (R?) is used to
check the goodness of the fit of the linear regression model,
while the adjusted R? is used to compare the goodness of
the fit of the linear regression models that contain different
variables. Predicted R? is used to show how well the predic-
tion is obtained from the regression model. All the values of
R? (0.9901), adjusted R? (0.9812), predicted R* (0.941) are
close to 1, which indicates that the linear regression model
obtained is significant and the prediction of the amoxicil-
lin removal efficiency is of high quality. The P values of
the majority of the investigated factors are significant and
their P values are lower than 0.05, except for the interac-
tion between B (salt concentration) and C (volume fraction)
which is higher than 0.05. In most cases, the model must
be reduced or modified to show the significance of all fac-
tors. However, this model is not modified because most of
the parameters and their interactions are significant, and the
influence of BC is very small on the mathematical model,
as shown in Eq. (6). The F values show the importance of
the studied parameters. The parameter with the highest F'

Fig. 5 Universal flow pattern 0.1 g > Aol
3 = nnular zone T-180°
map for the develgped .three. * '§ S|l @ PY e o e 0 0 o o |
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(T-180°, T-90° and cross) 0.01 § ¢ SE| o ¢ 0
] e A3 @ A7) e @
| ¢ 7 S e /e
E 0.001 3 A A A A A A A A A T-180° + Cross
= A A A A (T
3 ] [0+ Com |
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Table3 ANOVA surface

- Source Sum of squares df  Mean square F value p value
response for amoxicillin
extraction by micro-extraction Model 973.99 9  108.22 111.03 <0.0001  Significant
A-temp 76.96 1 76.96 78.96 <0.0001
B-salt con 396.34 1 396.34 406.61 <0.0001
C-volume R 139.29 1 139.29 142.9 <0.0001
AB 54.55 1 54.55 55.96 <0.0001
AC 12.13 1 12.13 12.44 0.0055
BC 0.0378 1 0.0378 0.0388 0.8478
A? 104.92 1 104.92 107.64 <0.0001
B? 4.93 1 493 5.06 0.0482
c? 153.03 1 153.03 157 <0.0001
Residual 9.75 10 0.9747
Lack of fit 6.95 1.39 2.49 0.1697 Not significant
Pure error 2.79 0.5586
Cor total 983.74 19
Std. dev 0.9873 R 0.9901
Mean 88.72 Adjusted R? 0.9812
CV. % 1.11 Predicted R 0.941
Adeq precision 37.7211

value is more important than the others. Hence, the order
of importance of the parameters is as follows: salt concen-
tration (406.61), volume fraction (142.9), and temperature
(78.96). Adequate precision is used to compare the predicted
output range at design points to the average predicted error.
To obtain an adequate signal for the model, a value greater
than 4 is required. This system's adequate precision value is
(37.7211), indicating adequate signal.

The predicted and actual process response plots demon-
strate the model's accuracy. The high correlation between
the model's predicted and actual process responses in
Fig. 6a indicates that the model is accurate. The normal
plot of residuals in Fig. 6b, c depicts a well-behaved resid-
ual-predicted relationship. The residuals versus run order
plot is used to demonstrate the process grift. Figure 6d
shows that the data obtained has no rise or fall, indicating
that the error terms are not independent. The predicted
and actual process response plot shows the accuracy of
the model. Figure 6a shows the high correlation between
the model's predicted and actual process responses, which
means that the model is accurate. The normal plot of
residuals plotted in Fig. 6b shows that the residual dis-
tributed on the straight line reflects the normal distribution
of errors. The plot of residual versus predicted responses
can be used to detect the process non-linearity. Figure 6¢
shows a well-behaved relationship between residual and
predicted. The residuals versus run order plot is used to
show the grift in the process. Figure 6d shows that there
is no rise or reduction in the data obtained, indicating that
the error terms are not independent. The model given by
CCD passed all these statistical tests.

@ Springer

Effect of Salt Concentration in the Aqueous Phase

To separate the two miscible phases and produce ATPS,
potassium dibasic phosphate (K,HPO,) is used as a separat-
ing agent in this work. (Figure 7a, c) In this work, potassium
dibasic phosphate (K,HPO,) is used as a separating agent
to separate the two miscible phases and produce ATPS. The
effect of K,HPO, on the separation efficiency of amoxicillin
was investigated using different wt.% of the salt (15-50%) as
shown in Fig. 7a, c. At 22.4 wt.% of K,HPO,, the amoxicil-
lin extraction efficiency was 81% while it increased to 96%
at 42.6 wt.%. These two values were obtained at a constant
temperature and volume fraction of 28.7 °C and 0.5 respec-
tively. Due to the salting out effect, when the salt concen-
tration rises, the extraction effectiveness correspondingly
rises. Higher than this range, the dispersion phenomenon
will reduce the efficiency because of the increase in viscosity
due to the salt concentration increase.

Effect of the Temperature

Temperature has a significant effect on the extraction effi-
ciency of amoxicillin. The effect of temperature on the
extraction is presented in Fig. 7a, b for the range of (23-50)
°C. The graph clearly shows that as the temperature rises,
amoxicillin extraction efficiency rises. For instance, at 28.7
°C, the first extraction efficiency was 81%. It rose to 93%
when the temperature rose to 44.3 °C. This increase is attrib-
uted to the fact that the diffusion rate increases when the
temperature increases due to decreasing system viscosity
and as a result, the transfer of amoxicillin molecules to the
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organic phase improves [7]. In addition, the forces between
the solute and water molecules are reduced at high tempera-
tures, which leads to easier interaction of amoxicillin mol-
ecules with PEG6000 [13].

Effect of the Volume Fraction

Figure 7b, ¢ The effect of volume fraction on micro-channel
extraction efficiency was studied for the range between 0.1
and 0.6 as shown in Fig. 7b, c. At a volume fraction of 0.2,
the efficiency is 90% at a constant temperature of 44.3 °C
and a constant salt concentration of 42.6 wt.%. When the
volume fraction was raised to 0.5, the extraction efficiency
became 98%. Generally, maximum extraction efficiency was
obtained at a higher volume fraction. This is because when
the organic phase's volume fraction increased, the organic
phase's ability to take additional amoxicillin molecules
increased as well, until it reaches equilibrium, and no more
molecules can be taken.

Mass Transfer in Micro-Channel Extraction

The overall volumetric mass transfer coefficient, calculated
by Eq. (5), was investigated and studied at the plug flow
pattern zone where the aqueous and organic phase flow
rates were less than 0.1 mL/min. In particular, the effect of
temperature, salt concentrations, and volume fractions on
the overall volumetric mass transfer coefficient, as shown in
Fig. 8, was examined.

The influence of temperature on overall volumetric
mass transfer coefficient by micro-channel extraction was
investigated at 32.5 wt.% of salt concentration and 0.35
volume fraction (Fig. 8a). The overall volumetric mass
transfer coefficient was found to increase as the tempera-
ture increased. This is attributed to two main reasons. One
is that the increase in temperature normally has a positive
effect on increasing the rate of mass transfer. The second
reason is that the viscosity of the mixture decreased due to
the increase in temperature, which eased the movement of
the molecules from the aqueous to the organic phase.

As shown in Fig. 8b, the salt concentration is the second
researched parameter that influences the mass transfer coef-
ficient. At 36.5 °C and 0.35 volume fraction, the salt con-
centration was tested. The overall volumetric mass transfer
coefficient is found to increase gradually with increasing
salt concentration, and eventually the increase slows down
around a concentration of 30 wt.%. This is because when
the concentration of the salt increases, the mass transfer
increases until it reaches a point where the viscosity of the
mixture becomes high and, as a result, fewer molecules are
transferred between the two phases.

The influence of volume fraction on overall volumetric
mass transfer coefficient was conducted at a temperature
and salt concentration of 36.5 °C and 32.5 wt.%, respec-
tively (Fig. 8c). Generally, as the PEG6000 volume fraction
increased, the overall mass transfer coefficient increased due
to the increase in PEG6000 capacity to attract more mol-
ecules to its sites leading to an increase in molecules transfer

Fig.8 The overall mass transfer 0.35 - 0.1 7
e 031 009 1 °
fraction —.0.25 4 — 0.08 3
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to the PEG6000 phase. For example, at 0.1 PEG6000 volume
fraction, K; a was 0.03 s™! then increased to 0.09 s™" at 0.6

Process Parameters Optimization

The optimization of the studied parameters (temperature,
salt concentrations, and volume fraction) was done using the
design expert software and the results are shown in Fig. 9.
The optimum values of parameters were attained at a tem-
perature of 44.3 C, a volume fraction of 0.45, and a salt
concentration of 42.6 wt.%. At these conditions, the amoxi-
cillin extraction efficiency predicted by the model was 98%.
An experiment was conducted to verify the model at these
optimum conditions. An efficiency of 97.57% was obtained
experimentally at these conditions, which is very close to the
value predicted by the model. This shows that the model can
accurately predict and describe the system.

Optimum Micro-Channel Length

An experiment was conducted to obtain the ideal length of
micro-channel at the aforementioned optimum conditions.
The experiment was performed using 10 cm, 15 cm, 20 cm,
25 cm, and 30 cm micro-channel lengths, as demonstrated
by the obtained results in Fig. 10. From the data, it is clear
that extraction efficiency steadily rises with microchannel
length until it approaches a plateau at 25 cm. Thus, it can
be stated that 25 cm is the optimum micro-channel length
required to get the maximum extraction efficiency.

A: Temperature = 44.2942 °C

28.7058 44.2942
9
B: Salt concentration = 42.6036 wt.%
22.3964 42.6036
o—
C: Volume fraction = 0.44915
28.7058 0.49434
Efficiency = 98
74 100

Fig.9 Optimization solution of the micro-extraction of amoxicillin-
PEG6000 and the range of each parameter

101 1

100.5

Efficiency [%]
=
Nel
wn

98 ¥——--—-—-————v—————r———
10 15 20 25 30

Microchannel length [cm]

Fig. 10 Optimum micro-channel length

Comparison between conventional extraction
and micro-channel extraction

Table 4 presents the comparison's findings between the tra-
ditional extraction mode and the micro-channel extraction
technique. The extraction efficiency and the overall mass
transfer coefficient of both modalities t were compared for
the same optimum conditions. The extraction efficiency
results from Table 4 and Fig. 11 clearly reveal that micro-
channel extraction is better than conventional extraction.
Both methods can achieve 100% separation efficiency.
However, the time needed for each process is considerably
different. As shown in Fig. 11, only 1.96 min are needed to
reach 100% separation efficiency for the microchannel-based
extraction, while 540 min are needed for the conventional
process. Furthermore, the overall mass transfer coefficient
for micro-channel extraction (0.3078 s™') is significantly
higher than that for conventional extraction (0.0799 s7h).
This is because the contact surface in micro-channels is
higher than that in conventional contactors, which enhances
both the extraction efficiency and transfer rate. Moreover, the
amount of solvent used in conventional extraction is higher
than that in micro-channel extraction, and this affects the
cost of materials and, finally, the overall profit of the pro-
cess. As a conclusion, the micro-technology presented by

Table 4 Comparison between conventional extraction and micro-
channel extraction after 2 min of mixing time

Conventional Micro-channel
Extraction efficiency (%) 3.01 100
Overall mass transfer coef- 0.078 0.308
ficient (1/s)
Amount of solvent Large Small
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Fig. 11 Processing time comparison between conventional extraction
and micro-channel extraction

micro-channel is better than conventional extraction for the
above-mentioned reasons.

Conclusion

The goal of this research was to use micro-technology in
conjunction with an aqueous two-phase system to protect
the aquatic environment from untreated antibiotics and phar-
maceuticals. The antibiotic studied was amoxicillin, and the
system used was a PEG6000-K,HPO,-amoxicillin solution.
This study examined the hydrodynamics of micro-channels
to identify the optimal flow rate zone based on high mass
transfer rate and low pressure drop. The impact of inlet con-
nections and both phase flow rates on flow patterns was
investigated. This study used three different inlet connec-
tions: T-180°, T-90°, and cross-inlet junction. According to
the findings, inlet connections have no substantial effect on
flow patterns, except at a few sites where flow patterns were
changed. The flow rates have a considerable impact on the
form of flow patterns. Drop, plug, distorted interface, and
annular flow patterns were the four main flow patterns found.
At low aqueous flow rates and large organic flow rates, drop
flow patterns were observed. The plug flow patterns were
discovered at a relatively modest flow rate of both phases.
At high flow rates of both phases, annular flow patterns were
seen. A universal flow pattern map was created and com-
pared to earlier work based on a similar flow pattern in a
three-inlet junction.

After setting up the best hydrodynamic conditions, the
extraction process in micro-channel was conducted in a 1
mm internal diameter and 10 cm long channel by consider-
ing the same parameters studied in the conventional extrac-
tion. The plug zone from 0.1 mL/min organic phase flow
rate to 0.1 mL/min aqueous flow rate was chosen for the

@ Springer

micro-channel extraction mode based on the hydrodynamics
investigation. The experiment was carried out in the same
way as a traditional extraction with the same parameter
range. According to the results and data collected from DoE,
the overall mass transfer coefficient and extraction efficiency
improved as the temperature, salt concentration, and volume
fraction of the organics increased. The optimal micro-chan-
nel extraction conditions were 44.3 °C, 42.6 wt.% salt, and
a 0.5 volume fraction of PEG6000. From a quantitative and
qualitative standpoint, micro-channel extraction outperforms
traditional extraction. Micro-technology enables high extrac-
tion efficiency and mass transfer rates in less time, as well as
a reduction in the amount of solvent required, all of which
lower the operational expenses.

Funding This study was funded by Sultan Qaboos University.
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