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Effective Moisture Diffusivity 
and Mathematical Modeling of the Drying 
Process for Cassava Stalk Biomass

Augustine O. Ayeni, O. Agboola, O. Oladokun, A. A. Ayoola, F. B. Elehinafe, 
E. E. Alagbe, M. Sika, and O. Azeta

1  Introduction

Moisture is the loss in weight when a substance undergoes a reversible process of 
drying, leading to constant weight. In such a process, the material does not undergo 
any noticeable changes except the loss in moisture. To avoid microbial growth in 
biological materials, the moisture content must be kept below 10% (Mercer 2008). 
Moisture measuring techniques are either direct or indirect. Direct methods involve 
gravimetric and chemical (Karl Fischer titration and coulometric). The indirect 
method can further be grouped under optical (infrared spectroscopy, infrared ther-
mography, hyperspectral imaging), dielectric (electrical conductivity, microwaves, 
radiofrequency), nuclear (hydro-nuclear magnetic resonance, NMR,), and hygro-
metric (equilibrium relative humidity) (Zambrano et al. 2019). Lignocellulosic bio-
masses such as cassava stalk are excellent feedstocks for generating alternative 
sources of energy away from the conventional fossil fuels (Azeta et  al. 2021). 
However, as a form of agricultural waste, cassava stalk must be properly disposed 
or utilized to reduce environmental pollution (Dick et al. 2020). Prior to biomass 
beneficiation processes, the drying process is essential. Most biological materials, 
such as lignocelluloses, must be dried to avoid hazardous environmental problems 
because these materials are easily exposed to microbial contamination or growth. 
Drying improves the shelf-life of biomasses. It also reduces weight, the volume, 
packing, storage, and transportation costs and can be stored conveniently at ambient 
temperatures (Uribe et  al. 2011). Removal of moisture especially from 
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lignocellulosic biomasses improves their caloric values which increases their fuel 
and energy properties. Analysis of drying experimental data through kinetic study 
allows us to understand the drying behavior, improving, and optimizing the process. 
During biomass transformation technologies, the drying process is crucial because 
energy is required which also decreases overall process yields (Anabel et al. 2018). 
During drying, moisture is evaporated along with mass and heat transfer occurring 
at the same time (Anabel et al. 2018). Therefore, to perfectly design a dryer, physi-
cal and thermal properties such as moisture diffusion, mass and heat transfer, and 
activation energy are very crucial (Mirzaee et al. 2009). Effective diffusivity is the 
rate of moisture movement. There are many parameters used in describing the dry-
ing process in which moisture diffusion is one (Absalan et al. 2016). Diffusivity is 
indicative of the diffusion mobility (of one substance with respect to other). It is 
derived from drying curves (Chen et  al. 2012). Activation energy stands for the 
energy level of the molecules of water describing the diffusion and evaporation of 
moisture (Chen et  al. 2012). How biological materials behave during the drying 
process can be explained by fitting experimental values into some drying models. 
Some of these models are either empirical or semi-empirical (Veras et  al. 2012; 
Absalan et al. 2016).

In this study, the effect of drying temperatures (80, 100, and 120 °C) and drying 
intervals of 30 min to 8 h on the drying characteristics of cassava stalk was consid-
ered. The effective moisture diffusivity (diffusion coefficient) and the activation 
energy of the drying process were determined. In addition, the drying experimental 
data were fitted to three mathematical models of Page, Newton, and Midilli-Kucuk 
(Veras et al. 2012; Absalan et al. 2016).

2  Materials and Methods

2.1  Material Sourcing and Preparation

The cassava stalk biomass material was sourced from a local cassava farm in Ota 
Town, Ogun State, Nigeria. The harvested materials were sun-dried and further 
reduced in size through milling.

2.2  Drying Experiments

With the aid of the convection oven, the experiments were performed using tem-
peratures of 80, 100, and 120 °C with sampling periods from 30 min to 8 h with time 
interval of 30 min (Table 1). The moisture contents for each sampling period were 
determined.

A. O. Ayeni et al.
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2.3  Equations for Describing Effective Diffusivity 
and Activation Energy

Using the Fick’s second law of diffusion (Eq.  1), the obtained moisture content 
allowed the calculation of the moisture ratio, MR (Eq. 2). With the estimation of the 
moisture ratio, the effective moisture diffusivity and the energy of activation of the 
biomass drying were determined at each temperature.

 

�MR
t

D
�

� � ��� ��� �eff MR

 
(1)

where Deff = effective moisture diffusivity

 
MR moisture ratio of biomass� � � �

�
M M

M M
t e

e0  
(2)

t is the time, Mt is the moisture content at any time, Mo is the initial moisture content, 
and Me is the equilibrium moisture content.

Solving Eq. (2) leads to:

Table 1 Progression of the moisture content (%w/w) reduction with time for the cassava stalk 
drying process

Time (h)
Temperature (°C)
80 100 120

0.0 0.86 0.84 0.86
0.5 0.81 0.78 0.85
1.0 0.76 0.72 0.84
1.5 0.72 0.67 0.77
2.0 0.68 0.63 0.70
2.5 0.63 0.54 0.61
3.0 0.58 0.45 0.51
3.5 0.53 0.38 0.39
4.0 0.48 0.30 0.27
4.5 0.42 0.25 0.21
5.0 0.35 0.19 0.16
5.5 0.30 0.15 0.12
6.0 0.24 0.10 0.07
6.5 0.17 0.07 0.04
7.0 0.11 0.03 0.01
7.5 0.05 0.02 0.01
8.0 0.00 0.00 0.00

Effective Moisture Diffusivity and Mathematical Modeling of the Drying Process…
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Equation (3) describes the drying process, where t is the drying time (h), L is the 
thickness of the sample, and n is the positive integer. Eq. 3 is appropriate to deter-
mine effective moisture for uniform moisture distribution and very negligible 
shrinkage (Doymaz and İsmail 2011). The effect of long period drying makes the 
first term n = 0 in Eq. 3 (Di Scala and Crapiste 2008; Chen et al. 2012).

Therefore,
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Solving Eq. (4),
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The slope = 
π 2

24

D

L
eff

 from Eq. 5 is estimated from the linear relationship of Ln 
(MR) and time that allows determining the effective diffusivity, Deff. L was calcu-
lated from the average diameter of the sample.

The temperature dependence of the effective diffusivity can be represented by a 
form of Arrhenius relationship (Shi et al. 2008):

 
D D

Ea
eff o RT

�
��

�
�

�

�
�exp

 
(6)

In the Arrhenius equation, Do (m2 s−1) is known as the pre-exponential factor. The 
activation energy is Ea in kJ/mol−1, the universal ideal gas constant is R 
(8.314 J mol−1 K−1), and T is the temperature of the drying air (K). Arrhenius equa-
tion explicitly explains the relation between effective diffusivity of moisture and 
temperature.

Simplifying Eq. (6):

 
In

RTeffD D
E

o
a� � � �ln

 
(7)

The drying activation energy, Ea, can be calculated by plotting ln (Deff) versus 
1/T with slope (−Ea/R); then Ea can be determined.
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2.4  Mathematical Modeling of the Drying Kinetics

Drying process for most biological materials is a complicated physical phenomena 
controlled by heat and mass transfer mechanisms (Gómez-de Lacruz et al. 2015). 
Different kinds of empirical, semi-empirical, and theoretical mathematical models 
are available to study, estimate, and predict optimum drying conditions for indus-
trial applications (Gómez-de Lacruz et  al. 2015). Drying parameters were deter-
mined from these mathematical models (of Page (Eq.  8), Newton (Eq.  9), and 
Midilli-Kucuk, Eq. 10) by fitting the experimental data of moisture ratio against 
time with the using non-linear regression method (minimization of sum of square 
error in Microsoft Excel). The best model describing the drying kinetics of the cas-
sava stalk biomass was chosen by using the statistical tests of the highest correlation 
coefficient (R2) and lowest average absolute error, AAE (Eq. 11).

 
MR � �� �exp ktn

 
(8)

 
MR � �� �exp kt

 
(9)

 
MR a� �� � �exp kt btn

 
(10)

 
AAE

MR MR

MR
predicted measured

measured

�
�

�
�
�1

100
1n i

n

%
 

(11)

n = total number of data points

3  Results and Discussion

3.1  Moisture Diffusion Activity

Experimental data for cassava stalk were obtained for moisture contents as a func-
tion of time for the different temperatures (80, 100, and 120 °C). The drying data of 
moisture content were converted to moisture ratio (MR) using Eq. 2 and fitted to 
Eq. 5. The relationship between ln (MR) against time is provided in Fig. 1.

Drying is characterized by a decreasing drying rate (i.e., moisture decreases as 
time goes on). The falling drying rate period (time of moisture decrease) is charac-
terized by the principle of internal diffusion. During constant drying rate period 
(principally controlled by capillary and gravity forces), drying occurs on the surface 
and the physical form of the cassava stalk biomass is affected. At 120 °C (393.15 
Kelvin), moisture removal is expected to be high because water removal is higher at 
higher temperatures.

Effective Moisture Diffusivity and Mathematical Modeling of the Drying Process…
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Deff was determined for each heating rate (temperature of the drying process) 
and time by applying Eq. 5, which shows a linear relationship between ln Deff and 
1/T (Fig. 2) having R2 of 0.9548. The effective moisture diffusivity (Deff) for most 
biomass wastes can range between 10−16 and 10−6 m2/s (Anabel et al. 2018; Chen 
et al. 2012), which include the range of values obtained in this study (Table 2).

By applying Eq. 7 and using the value of the slope obtained from Fig. 2, the value 
of Ea, the activation energy was 12.93 kJ/mole, and the pre-exponential factor, Do, 
was estimated to be 1.30  ×  10−9  m2/s. Deff values increased as the temperature 
increased with a range of 2.56 × 10−11 to 1.63 × 10−11 (Table 2) for the cassava stalk 
biomass waste. It is expected that increased energy supply (at higher temperature) 
increases water molecules activity at increasing temperatures thereby leading 
tohigher moisture diffusivity (Absalan et al. 2016). The amount of energy required 
to initiate moisture removal during the drying process is described by the activation 
energy. Chen et  al. (2012) obtained the effective moisture diffusivity values for 
poplar sawdust ranging from 9.38 × 10−10 to 1.38 × 10−9 m2/s by considering drying 

-5
-4.5

-4
-3.5

-3
-2.5

-2
-1.5

-1
-0.5

0
0 2 4 6 8 10

Ln
 (M

R
)

Time (h)

353.15 K 373.15 K 393.15 K

Fig. 1 Variation of the Ln (MR) with time for cassava stalk biomass at the different drying 
temperatures
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ef
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Fig. 2 Relationship between effective moisture diffusivity, Deff, and drying temperatures
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temperature of 60, 70, 80, and 90 °C, using a thermogravimetric analyzer. The acti-
vation energy in their work (Chen et al. 2012) was also calculated to be 12.30 kJ/
mol. In addition, Anabela et al. (Anabel et al. 2018) obtained closed values for dif-
ferent regional wastes. The values obtained in this study for the Deff and Ea during 
the drying of cassava stalk are closer to results obtained for other biomass wastes 
reported in the literature.

3.2  Application of Drying Models to Experimental Data

The experiential data were fitted to the mathematical models of Page (Fig.  3), 
Newton (Fig. 4), and Midilli-Kucuk (Fig. 5) in order to evaluate the one which is 
best for representing drying kinetics of the cassava stalk biomass. The best model 
was selected statistically by considering the model with the highest coefficient of 
determination, R2, and the least value of average absolute error (AAE). Table  3 
gives the parameter values of the different models and the statistical analysis for 
each condition.

In Table  3, Page model provided the best fit at 120  °C drying temperature, 
Newton best fit occurred at the drying temperature of 100 °C, and Midilli-Kucuk 
provided the best fit at drying temperature of 100 °C. Averagely, considering the 
drying temperatures, 100  °C is the best temperature to be selected for effective 

Table 2 Regression models obtained from the relationship of Ln MR and time for estimating 
effective moisture diffusivity, Deff, using Eq. 7

Temperature, oC Model R2 Deff (m2/s)

80 y = −0.4022x + 0.5887 0.7196 1.63 × 10−11

100 y = −0.4698x + 0.5221 0.8957 1.90 × 10−11

120 y = −0.6332x + 0.7205 0.8936 2.56 × 10−11

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8

M
R

Time (h)

fit, 80 oC fit, 100 oC fit, 120 oC

Fig. 3 Moisture ratio (MR) as a function of time for the drying process of the cassava stalk by the 
Page mathematical model at different temperatures. Markers represent the experimental data, ● 
(80 °C), ■ (100 °C), and ▲ (120 °C)
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moisture removal during the drying process of the cassava stalk biomass. Obtained 
drying experimental data in this work showed that Midilli-Kucuk model provided 
the best fit out of the three models considered. The values of the mentioned tests for 
Midilli-Kucuk model were in the range of 0.9875–0.9985 for R2 and 50.30–3.11 for 
AAE. In addition, Page model provided a better fit than the Newton model.
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Fig. 4 Moisture ratio (MR) as a function of time for the drying process of the cassava stalk by the 
Newton mathematical model at different temperatures. Markers represent the experimental data, ● 
(80 °C), ■ (100 °C), and ▲ (120 °C)
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Fig. 5 Moisture ratio (MR) as a function of time for the drying process of the cassava stalk by the 
Midilli-Kucuk mathematical model at different temperatures. Markers represent the experimental 
data, ● (80 °C), ■ (100 °C), and ▲ (120 °C)
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4  Conclusions

In this study, the diffusion controlling mechanisms and drying process of cassava 
stalk biomass experimental data allowed the evaluation of the effective moisture 
diffusivity, Deff, and activation energy, Ea, under the prevailing experimental condi-
tions. Deff increased with increasing drying temperature indicating that more energy 
supply would increase the activity of water molecules when the biomass is dried at 
higher temperatures. In explaining the drying behavior of the cassava stalk biomass, 
the experimental data were fitted to three different drying models, and the models 
were compared according to their coefficient of determination and average absolute 
error. Considering the drying process, moisture diffusion is essential because it 
increases the understanding for the design, investigation, and the optimization of 
a dryer.

Acknowledgments The Management of Covenant University, Canaan land, Ota, Nigeria, is 
appreciated for sponsoring the authors to the first International Conference on Energy and 
Biochemical Engineering, Ota, Nigeria, and for the publication of this study.

References

Absalan G, Kianmehr MH, Arabhosseini A (2016) Effective moisture diffusivity and mathematical 
modeling of drying compost pellet. CIGR Journal 18:156-169.

Anabel F, Celia R, Germán M, Rosa R (2018) Determination of effective moisture diffusivity 
and thermodynamic, properties variation of regional wastes under different atmospheres. Case 
Studies in Thermal Eng. 12:248-257.

Table 3 Parameters for the drying mathematical models at different temperatures and their 
statistical results

Model Temperature (°C) k n a b R2 AAE

Page
80 0.0524 1.82 – – 0.9817 64.38
100 0.096 1.72 – – 0.9958 15.16
120 0.0421 2.31 – – 0.9985 8.55

Newton
80 0.1903 – – – 0.9312 155.55
100 0.2625 – – – 0.9621 72.99
120 0.2574 – – – 0.9390 184.50

Midilli-Kucuk
80 0.0265 2.18 0.93 −0.0001 0.9875 50.30
100 0.0875 1.66 0.97 −0.0083 0.9985 3.11
120 0.0466 2.24 1.01 −0.0012 0.9985 7.59

AAE Absolute average error measures the degree of closeness between the observed and predicted 
values. A lower value of AAE means the smaller error of model application

Effective Moisture Diffusivity and Mathematical Modeling of the Drying Process…



12

Azeta O, Ayeni AO, Agboola O, Elehinafe FB (2021) A review on the sustainable energy genera-
tion from the pyrolysis of coconut biomass. Sci. Afr. 13; e00909.

Chen D, Zheng Y, Zhu X (2012) Determination of effective moisture diffusivity and drying kinet-
ics for poplar sawdust by thermogravimetric analysis under isothermal condition. Bioresour. 
Technol. 107:451-455.

Dick DT, Agboola O, Ayeni AO (2020) Pyrolysis of waste tyre for high-quality fuel products: A 
review. AIMS Energy 8:869 – 895.

Di Scala K, Crapiste G (2008) Drying kinetics and quality changes of drying of red pepper. LWT 
41:789-765.

Doymaz I, İsmail O (2011) Drying characteristics of sweet cherry. Food Bioprod. Proc. 89:31–38.
Gómez-de Lacruz FJ, Casanova-Peláez PJ, López-García R, Cruz-Peragon F (2015) Review of the 

drying kinetics of olive oil mill wastes: Biomass recovery. Bioresour. 10:6055-6080.
Mercer DG (2008) Solar drying in developing countries: Possibilities and pitfalls. In G. L. Robertson, 

& J. R. Lupien (Eds.). Using food science and technology to improve nutrition and promote 
national development. International Union of Food Science & Technology http://www.iufost.
org/publications/books/documents/Mercer.pdf)

Mirzaee E, Rafiee S, Keyhani A, Emam-Djomeh Z (2009) Determining of moisture diffusivity and 
activation energy in drying of apricots. Res. Agric. Eng. 55:114-120.

Shi JL, Pan ZL, McHugh TH, Wood D, Hirschberg E, Olson D (2008) Drying and quality charac-
teristics of fresh and sugar-infused blueberries dried with infrared radiation heating. LWT Food 
Sci. Technol. 41:1962–1972.

Uribe E, Vega-Gálvez A, Di Scala K, Oyanadel R, Torrico JS, Miranda M (2011) Characteristics 
of Convective Drying of Pepino Fruit (Solanum muricatum Ait.): Application of Weibull 
Distribution. Food Bioproc. Technol. 4:1349-1356.

Veras AOM, Béttega R, Freire FB, Barrozo MAS, Freire JT (2012) Drying kinetics, structural 
characteristics and vitamin C retention of Dedo-de-Moca pepper (Capsicum baccatum) during 
convective and freeze drying. Braz. J. Chem. Eng. 4:741-750.

Zambrano MV, Dutta B, Mercer DG, Maclean HL, Touchie MF (2019) Assessment of moisture 
content measurement methods of dried food products in small-scale operations in developing 
countries: A review. Trends in Food Sci. Technol. 88:484-496.

A. O. Ayeni et al.

http://www.iufost.org/publications/books/documents/Mercer.pdf
http://www.iufost.org/publications/books/documents/Mercer.pdf


13© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
A. O. Ayeni et al. (eds.), Bioenergy and Biochemical Processing Technologies, 
Green Energy and Technology, https://doi.org/10.1007/978-3-030-96721-5_2

Production and Characterization 
of Biochar and Hybrid Produced 
from the Co-carbonization of Corn Husk 
and Low-Density Polyethylene Wastes

Mubarak Adewale Amoloye, Sulyman Age Abdulkareem, 
and Adewale George Adeniyi

1  Introduction

Aside the global energy demand issues due to population rise, depletion, and 
unwanted consequences of the use of fossil fuel resources (Panwar et al. 2019), a 
major global concern especially in developing countries like Nigeria is found in 
municipal waste management (Adeniyi et al. 2020a). Ineffective municipal waste 
management has a lot of negative social, economic, and environmental effects. In 
Nigeria, agricultural and plastic wastes are major sources of municipal wastes rais-
ing a lot of concerns as a result of ineffective disposal methods and attitudinal 
behaviors of the populace. These wastes are found littering the streets and are even-
tually deposited in drainages causing blockages by dispersal agents (wind, water, 
and animals) (Adeniyi et al. 2020a). Usually, a quick way of disposal is to subject 
these wastes to open/direct burning. However, environmental concerns such as 
emission of greenhouse gases (GHG) are associated with this disposal method.

In addition, agricultural wastes could also emit methane (adding to global tem-
perature rise) into the environment if they are a left to decompose (Huang et al. 
2019) calling for a global concern. Co-carbonization, a form of slow pyrolysis, has 
been established in several studies (Adeniyi et al. 2020a, 2020b; Fan et al. 2020) as 
a waste utilization method for both agricultural and plastic wastes. It is a process 
which involves utilizing the synergistic effects of two or more materials for the 
production of a more valuable product under the influence of a driving force (tem-
perature ranging between 350 and 450 °C) and in an environment which is less in 
supply of oxygen.
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Corn (referred to as maize, sometimes) is an agricultural crop grown in large 
quantities globally and in Nigeria in particular. The versatility of the seeds in food 
processing industries and poultry feed manufacture is the reason for its high demand. 
Post-harvesting operation generates a lot of residues (biomass sources) such as 
cobs, leaves, stalks, husks, and a combination of all these residues which is referred 
to as stover or straw. Over the years, researches have paid more attention on upcy-
cling of corn stover (Brewer et  al. 2009; Chen et  al. 2016, 2011; Peterson and 
Jackson 2014; Purakayastha et al. 2015; Sun et al. 2016; Yang et al. 2017), corn cobs 
(Du et al. 2015; Eduah et al. 2019; Godinho et al. 2019; Ioannidou et al. 2009;Liu 
et al. 2014), and corn stalks (Cen et al. 2016; Conti et al. 2016; Li et al. 2019; Lin 
et al. 2015; Liu et al. 2019; Zhang et al. 2019) to biochar with less attention paid to 
corn husk (CH). The husk houses the combination of seeds and corn cob. Although 
studies on yield and investigation of properties such as volatile matter content, ash 
content, pH, and electrical conductivity of biochar produce from CH have been 
reported elsewhere (Intani et al. 2016, 2018), few reports are available on the sur-
face area, functional groups, and morphological properties of biochar produced 
from CH.

Low-density polyethylene (LDPE), a non-biodegradable material, belongs to the 
class of plastic wastes available in Nigeria. The sporadic rise in its utilization can be 
attributed to its high usage in the portable drinking water producing and packaging 
industries (Adeniyi et al. 2020a). Several advantages are accrued to the use of LDPE 
as its use provides a quick access to high-quality drinking water, provision of jobs 
for the populace in those industries to mention but a few. However, post-usage dis-
posal methods of LDPE have been a daunting task as they are not degradable and 
burning emits several toxic gases into the environment (Adeniyi et  al. 2020a). 
Several attempts have been reported in literature to harness the valuable products 
that could be recovered by degrading LDPE. One of such was reported in thermal 
and catalytic pyrolysis of LDPE to investigate what useful products could be 
obtained (Abdulkareem et al. 2019). The authors reported the constituents of pyrol-
ysis oil produced from both pathways to be identical to hydrocarbon fuels obtain-
able in the refineries while also having a high yield of solid residue (34.89% for the 
thermal pathway, while 37.03% for the catalytic pathway). Moreover, research 
efforts have been geared towards harnessing the synergistic effects of agricultural 
wastes and plastics for biochar production (Adeniyi et  al. 2020b, 2020c; Ighalo 
et al. 2021; Jin et al. 2019). Regardless of these efforts, the synergistic effect of co- 
carbonization of CH and LDPE has not been reported.

Therefore, the aim of this study was to investigate and compare the qualities of 
hybrid and biochar produced from the co-carbonization of CH/LDPE and carbon-
ization of CH using similar methods described elsewhere (Adeniyi et  al. 2020a, 
2020b; Ighalo et al. 2021). The morphological properties, functional groups, surface 
areas, and pore volumes of both products were determined. The study, most impor-
tantly, should address issues of municipal waste management and upcycling of 
waste to wealth.

M. A. Amoloye et al.



15

2  Methods

2.1  Sourcing and Preparation of CH and LDPE Waste

CH was obtained from a roadside roasted corn seller along the University of Ilorin 
road. The CH samples were dried in open air in order to reduce the moisture con-
tent. LDPE wastes (Sachet water waste) were handpicked within the university 
premises, cleaned with distilled water, and dried in open air. The combustion fuels 
used were mimosa and neem waste stalks and stems. They were also locally sourced 
within the university premises.

2.2  Experimental Set-up and Procedure

The experimental set up used in this study has been described in details in a recent 
study (Ighalo et al. 2021), while the procedures for operation are the same as in 
similar studies (Adeniyi et al. 2019a, 2019b, 2020d; Ighalo et al. 2021). The reactor 
operates in an autothermal mode (retort heating system) because the necessary heat 
of reaction is provided by the continuous partial oxidation of the combustion fuel by 
air within the reactor. The heat produced from the combustion of the fuel is suffi-
cient to drive the endothermic reactions within the reactor to produce the biochar 
and hybrid (Nsamba et al. 2015).

2.3  Characterization of Products

In order to determine the qualities of the biochar and hybrid (corn husk biochar was 
referred to as CHB, while the hybrid from corn husk and LDPE waste was referred 
to as CH-LDPEH), characterization techniques such as scanning electron micros-
copy (SEM), Fourier transform infrared spectroscopy (FTIR), and Branueur–
Emmett–Teller (BET) analysis were employed. The surface structure of the particles 
of the products from both experimental runs was studied using scanning electron 
microscopy (SEM PhenomProX). The SEM analysis was done with an acceleration 
voltage set at 20 kV. FTIR (Shimadzu, FTIR-8400S, Japan) was used to determine 
the functional groups and complexes present in both samples. The spectra were 
recorded using transmittance method in the 4000–650 cm−1 regions with 30 sam-
ples. Surface areas and pore volumes of both biochars were measured using a mul-
tipoint BET surface area and the DR (Dubinin–Radushkevich) method. The chars 
were characterized by N2 adsorption test at 77 K.

Production and Characterization of Biochar and Hybrid Produced…
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3  Results and Discussion

3.1  Reactor Performance and Product Yield

The performance of the reactor was measured in terms of product yield, process 
time, and peak temperature. Product yields for both processes were computed by a 
material balance on the reactor using Eqs. 1, 2, and 3 as adopted from a similar 
study (Ighalo et al. 2021).

 

Biocharyield
Raw

�
�

�
�

�

�
���M

M
Bio char 100%

 (1)

 M M MBio char� � �3 2  (2)

 M M MRaw � �1 2  (3)

M1 = Mass of combustion chamber + feed (in grams)
M2 = Mass of combustion chamber (in grams)
M3 = Mass of combustion chamber + product (in gram)
For the carbonization process M1 = 661 g, M2 = 525 g, and M3 = 593 g, the CHB 

yield of 50% was obtained. Similarly, 59.91% CH-LDPEH yield was obtained for 
the co-carbonization process with M1 = 952 g, M2 = 725 g, and M3 = 861 g, respec-
tively (as summarized in Table 1). Higher CH-LDPEH yield is due to the presence 
of LDPE waste which contributed more carbon atoms in the reactor chamber during 
the co-carbonization process (Ighalo et al. 2021). The process time and peak tem-
peratures for both processes were obtained from the temperature profiles (Figs. 1 
and 2). Td represents the temperature profile within the carbonization chamber. As 
observed (Fig. 1), the process peaked at 351.9 ° C after the first 20 min of the car-
bonization process which dropped continually until it was observed that Ta, Tb, Tc, 
and Td were at ambient conditions (after 70 min) marking the end of the process. 
Ta, Tb, and Td are other points on the reactor where temperature measurements 
were taken to monitor the progression of the process. Though the reactor design was 
targeted for optimized biochar yield at low temperatures, it is also necessary to sus-
tain the temperature between 350 ° C and 400 ° C for a longer period to achieve 
complete thermal decomposition of the feed (Ighalo et  al. 2021). The >300  °  C 
region only lasted for about 20 min as observed (Fig. 1). Regardless of the appre-
ciable yield of CHB, the peak temperature and the sustained period of the peak may 

Table 1 Reactor performance summary

Index Carbonization process Co-carbonization process

Process time 70 min 120 min
Peak temperature 351.9 °C 332.8 °C
Biochar yield 50% 59.91%

M. A. Amoloye et al.
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have an influence on the quality of the CHB which was elucidated by the morpho-
logical and surface area measurements discussed in later sections. Similar studies 
(Adeniyi et al. 2020a; Ighalo et al. 2021) reported temperature regions sustained 
>300 ° C for longer periods; converse was the case in this study. This is attributed to 
thermal capacities (amount of heat that could be supplied) of the combustion fuels 
as the combustion fuels used in this study (Neem tree-Mimosa tree stalks and stems) 
were different from previous studies mentioned earlier.

Fig. 1 Temperature profile for the carbonization process

Fig. 2 Temperature profile for the co-carbonization process

Production and Characterization of Biochar and Hybrid Produced…
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Similar temperature profiles were obtained for the co-carbonization process 
(Fig. 2) in relation to Td maintaining the highest temperature all through the pro-
cess. However, a lower peak temperature (332.8 ° C observed after 80 min) and 
longer process time of 120 min were observed for the co-carbonization process. The 
>300 ° C region only lasted for about 10 min as observed (Fig. 2). This is attributed 
to the self-regulating nature of the entire process. These peak temperatures attained 
by both processes were indicative that the combustion fuels possess the necessary 
thermal capacity to drive the endothermic reaction in the carbonization chamber for 
biochar production since it has been shown elsewhere that biochar has been pro-
duced at a temperature above 200 °C (Adeniyi et al. 2019b). However, they may not 
possess the necessary composition to sustain the process at the required temperature 
for a considerable length of time for complete thermal decomposition to occur. 
Further sections will discuss the influence of the temperature profile on the qualities 
of CHB and CH-LDPEH.

3.2  Product Morphology

Scanning electron microscope (SEM Phenom ProX) was used to study the morphol-
ogy of both products. The accelerated voltage of the microscope was set to 20 kV 
for both the CHB and CH-LDPEH (Figs. 3 and 4).

The estimated sizes for both products are between 10 and 20 μm, respectively, as 
observed (Figs.  3 and 4). CHB micrograph showed a rough-like, heterogeneous 
surface bounded with some form of whitish gelatinous precipitate with very few 
visible pores. The same description could be repeated for the CH-LPDEH except 
for the disappearance of the very visible whitish precipitation into few dots of whit-
ish precipitation with no visible pores on the surface. Usually, the presence of pores 
on char surfaces could be an indication of large surface areas. However, the absence 
of pores on the surfaces of both products could be as a result of incomplete thermal 
decomposition evident from the temperature profiles discussed earlier. The irregu-
larities in the morphologies of both CHB and CH-LDPEH could be as result of 
presence of impurities, irregular surface, short microfibrils, and lumen present on 
the surface of the corn husk biomass which are typical of raw natural fibers 
(Carvalho-Mendes et al. 2015).

3.3  Product Surface Areas and Pore Volumes

The specific surface areas and pore volumes of CHB and CH-LPDEH were deter-
mined using the Branueur–Emmett–Teller (BET) method and the results summa-
rized in Table  2. Both biochars were found to be relatively non-porous and had 
surface areas of 31.5587  m2/g and 27.1052  m2/g for the CHB and CH-LPDEH, 
respectively, which are relatively low when compared to similar studies reported in 
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literature using the same method of biochar production (Adeniyi et al. 2019a, 2019b, 
2020b, 2020a, 2020c; Ighalo et al. 2021). A further reduction in the specific surface 
area of CH-LPDEH was attributed to the presence of LDPE.  The relatively low 
surface areas of these products could be as a result of the incomplete thermal degra-
dation of biomass with compounds like tar entrapped within the pores (Ferreira 
et al. 2017; Yao et al. 2016) which was evident in the result discussed for the tem-
perature profile of both processes. Porosity can be influenced by achieving high 
degradation of biomass lignin content, quick release of H2 and CH4, and the reaction 
of aromatic condensation as the temperature increases (Chen et al. 2012; Zhao et al. 
2017). Kajina and Rousset (2018) reported biochar-specific surface area from sug-
arcane leaves to be higher than (253.2 m2/g) that from coconut shell (25.8 m2/g). 
Another study (El-Gamal et al. 2017) observed biochar from sugarcane bagasse had 
a higher specific surface area (185.2  m2/g) than that produced from rice husks 
(154.7 m2/g). These observations are suggestive of different responses of biomass 
composition to thermal degradation.

Fig. 3 CHB micrograph
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3.4  Product Functional Groups

The changes in the chemical functionalities within a material are routinely investi-
gated using the FTIR. The FTIR spectra (Figs. 5 and 6) show the functional groups 
present in both products. The observed peaks from both spectra are as summarized 
on Table 3. Similar spectra were observed for both products with the peak observed 
at 722 cm−1 on the CHB spectra not visible again on the CH-LDPEH spectra. The 
broadband at 3365 cm−1 and 3363 cm−1 corresponds to the hydroxyl group (O–H) 
stretching vibrations of cellulose. The peaks at 2850 cm−1 and 2920 cm−1 are attrib-
uted to simple alkanes in cellulose and hemicellulose components (Ferreira et al. 

Fig. 4 CH-LDPEH micrograph

Table 2 Summary of the surface properties of CHB and CH-LPDEH

Index
BET surface area Micropore volume

Pore width (Å)(m2/g) (cm3/g)

CHB 31.5587 0.126084 159.8085
CH-LPDEH 27.1052 0.161812 238.7915

M. A. Amoloye et al.
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2017) and are characterized by absorptions due to C–H stretching and bending. 
2213 cm−1 and 2201 cm−1 are peaks attributed to the presence of alkynes, which are 
compounds with carbon triple bond (–C ≡ C). The –C ≡ C– stretch appears as a 
weak band at these regions. Very few organic compounds show an absorption in this 
region. In the 1726 cm−1 and 1729 cm−1 regions, all carbonyl compounds absorb 
because of the stretching vibration of the C=O bond. This carbonyl band is useful 
for diagnostic purposes because of its high intensity and because few other func-
tional groups are absorbed in this region. Also, the peaks at 1614 cm−1 and 1616 cm−1 
are also assigned to the aromatic vibrations of C = O stretch in lignin (Adeniyi et al. 

Fig. 5 FTIR spectra of CHB

Fig. 6 FTIR spectra of 
CH-LPDEH
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2019a). FTIR results of both products were found to contain more C=O and C–H 
functional groups. This inference is corroborated with what is found in other studies 
that biochars produced at lower temperatures are richer in C=O and C–H functional 
groups and could serve as nutrient exchange sites after oxidation (Mullen et al. 2010).

4  Conclusion

Co-carbonization of corn husk and low-density polyethylene waste for biochar pro-
duction was carried out in a biomass gasifier with retort heating (BGRH) to investi-
gate the quality of char produced to fill existing knowledge gap in this area. Product 
yields of 50 % and 59.91% were obtained for both corn husk biochar (CHB) and 
corn husk low-density polyethylene waste biochar (CH-LPDEH), respectively. 
Peak temperatures of 351.9 ° C and 332.2 ° C with short residence periods at these 
temperature regions were recorded for both carbonization and co-carbonization pro-
cess. An observation attributed to the nature of the combustion fuel used for the 
process. The surface morphologies of both biochars were found to be rough, hetero-
geneous with the absence of pores which was more apparent from the (CH-LPDEH) 
micrograph. Low specific surface areas of 31.5587 m2/g and of 27.1052 m2/g were 
found for CHB and CH-LDPEH, respectively. FTIR results indicated both chars to 
contain more C=O and C–H functional groups. Biochars rich in these functional 
groups can serve as nutrient exchange sites.

Declarations Availability of Data and Materials: Not applicable.

Competing Interests: No potential conflict of interests was reported by the authors.

Funding: Not applicable.

Table 3 FTIR peaks and possible assignments

Observed peak 
(cm−1)

CHB CH-LDPEHB Functional group Possible assignment
3365 3363 O–H stretching Cellulose, hemicelluloses, and 

lignin
2850 2920 C–H stretching Cellulose, hemicelluloses, and 

carboxylic acid
2213 2201 C ≡ C stretching Lignin, hemicelluloses
1726 1729 C=O stretching Lignin, hemicelluloses
1614 1616 C = O, C = C aromatic ring 

stretching vibrations
Lignin, hemicelluloses

722 – C=H bending
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1  Introduction

The global demand for energy is increasing in modern society. Due to the scarce 
(indium, gallium, tellurium) and hazardous (cadmium) components, CdTe and 
CIGS thin-film solar cell technologies have recently encountered production chal-
lenges on a larger scale (Wangperawong et al. 2011). As a result of its excellent 
band gap of 1.4–1.5 eV and a high 104  cm−1 absorption coefficient for the solar 
spectrum Cu2ZnSnS4 (CZTS) is a kesterite crystal structure and an appropriate 
material for affordable solar cells using thin films (Mitzi et al. 2011; Suryawanshi 
et al. 2013; Abermann 2013; Wallace et al. 2017). CZTS is a material of great inter-
est in tackling these difficulties and P-type semiconductor that have good properties 
for photovoltaic applications.

Many researchers have reported the deposition of CZTS solar absorber layer via 
different techniques that include pulsed laser deposition, sputtering, evaporation, 
sol-gel processing, spray pyrolysis, electro-deposition, chemical vapor deposition, 
SILAR, and chemical bath deposition (Scragg et al. 2011; Mkawi et al. 2018; Shin 
et al. 2013; Deokate et al. 2019; Ahmed et al. 2012; Jiang et al. 2014; Cao et al. 
2013). The study deposits CZTS thin-film solar absorber layer by employing the 
SILAR technique with the expectation of good homogeneity and crystallinity.
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2  Material and Method

At room temperature, CZTS thin-film precursors were deposited via the SILAR 
technique. Glass substrates were treated in acetic acid for 5 minutes before the film 
deposition to remove oils and protein molecules from the surface. The glass sub-
strates were also cleaned with ethanol and the detergent to remove possible organic 
contaminants. A total of four beakers are used in the experiment. The first beaker is 
filled with the cationic precursor, while the second beaker contains distilled water, 
which is used to get rid of any cations that have been weakly adsorbed from the 
surface of the substrate. The anionic solution is in the third beaker, and the precipi-
tate on the substrate is removed with distilled water in the fourth beaker. Cu2+, Zn2+, 
and Sn2+ cations were obtained by dissolving 0.1 M of CuSO4. 5H2O, 0.05 M of Zn 
(CH3(CO2)2), and 0.05 m of SnSO4 solution in distilled water, while S2− anionic was 
obtained by dissolving 0.1 M of CH3CSNH2 in distilled water. The glass substrate 
was immersed in a solution containing Cu2+, Zn2+, and Sn2+ ions (cations) until they 
were adsorbed onto the substrate surface and anionic S2− precursor and then rinsed 
in distilled water after each immersion. For both precursors, a 30-second immersion 
duration was used, with a 10-second rinsing period. The films grown by nucleation 
as shown in Fig. 1. CZTS film in a thin layer was formed when the substrate has 
been immersed for 40 and 50 cycles, and the respective CZTS samples were identi-
fied as CZTS-40 and CZTS-50, respectively. To decrease film flaws and increase 
crystallite, the deposited substrates were annealed in a sulfur environment at 400 °C 
for 1 hour.

To estimate the film thickness of samples CZTS-40 and CZTS-50, surface pro-
filometry (VEECO DEKTAK 150) was used. The structural characterization of 
CZTS films was investigated using an X-ray diffractometer (gracing incident at 
40 mA, 45 kV with CuK and λ = 1.154060). The films’ surface morphology was 
investigated by JOEL JSM-7600F Field Emission Scanning Microscopy (FESEM). 
The surface morphology of the thin films was examined using a JOEL JSM-7600F 
Field Emission Scanning Microscopy (FESEM) while XE-100Park system (XE 
Series SPM Controller) Atomic Force Microscopy (AFM). The optical character-
ization of the films produced on the glass substrate was measured using an Avantes 
UV-Visible spectrophotometer in the 350–800  nm wavelength range. 
AQUADPRO-301-6 four-point probe was used for electrical measurements.

3  Results and Discussion

3.1  Structural Analysis

Figure 2 shows the XRD pattern of CZTS thin films illustrating the preferential 
orientation growths of (011), (112), (004), and (220) (JCPDS No. 98–018-4358) for 
CZTS-40 while (002), (110), (112), (020), (004), (211), (114), (220), and (003) for 
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Fig. 1 Schematic presentation of CZTS thin films deposited using SILAR method

Fig. 2 XRD spectra of CZTS thin films deposited at different cycles
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CZTS-50 (JCPDS No. 98–026-2389). From Table 1, the strongest peak occurs at 
28.49 and 28.55 for CZTS-40 and CZTS-50 cycles, respectively, which is corre-
sponding to (112) plane. The structure of this film is tetragonal. The lattice param-
eters for both samples were estimated to be a = b = 5.433 and c = 10.604 using 
Eq.  1. Likewise, the ratio of c/a is 1.952. The value indicates that the lattice is 
compressed in the c-axis direction (Nabeel et al. 2018).
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where (d) denotes the lattice spacing, (a) and (c) denote lattice parameters, and (hkl) 
denotes Miller indices.

The Scherrer’s relation was used to determine the crystallite size (D) (Henry 
et al. 2018):
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where (β) denotes full width at half maximum (FWHM), λ for X-ray wavelength, 
while θ for Bragg’s angle, respectively. From the FWHM of the prominent peak 
(112), the crystallite size of CZTS-40 and CZTS-50 was determined to be 223.69 nm 
and 251.61 nm, respectively.

The microstrain of CZTS-40 is more than that of CZTS-50. The microstrain 
indicates the number of defects in the films is more in CZTS-40 than CZTS-50. The 
stress was caused by a mismatch between the films’ crystalline lattices and the sub-
strates or thin film deposition circumstances (Henry et al. 2018). The equation can 
be used to compute the microstrain:
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The dislocation density is a flaw in a crystal caused by a misalignment of the lattice 
in one part of the crystal, which can be calculated using Eq. 4:
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1
2D  (4)

Table 1 FWHM, microstrain, dislocation density, and texture coefficient of the prepared films

CZTS Peak FWHM 2θ Microstrain
Dislocation density (lines/
m2)

Texture 
coefficient

CZTS- 
40

112 0.3149 28.4849 51.723 1.579 × 10−5 1.91

CZTS- 
50

112 0.3542 28.5548 51.596 1.998 × 10−5 1.82
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The preferential crystal orientation plane with respect to reference samples can be 
calculated from the texture coefficient TC, which is given by Eq. 5:
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Tc is the orientation plane’s texture coefficient, measure intensity of the orientation 
plane is I(hkl), Ir(hkl) is the intensity of the identical peak in the reference, and n is the 
number of peaks taken into account.

Table 1 shows that the Tc(hkl) values of the plane (112) for CZTS-40 and CZTS-50 
are more than unitary, suggesting an excess of grain produced along the plane. The 
Tc(hkl) value also indicates a greater degree of desired orientation along the plane 
(Olaoye et al. 2020).

3.2  Morphological Analysis

The morphologies of the films were examined using FESEM at a magnification of 
10,000 x for the CZTS-40 and CZTS-50 are shown in Fig.  3a, c, respectively. 
ImageJ software was used to calculate the average grain size of the thin films 
(Rasband 2014), with average grain sizes of 7 nm and 11 nm for CZTS-40 and 
CZTS-50, respectively. The grain distribution histogram is shown in Fig. 3b, d. To 
investigate the grain distribution, the data were statistically examined using histo-
grams and average grain size estimated based on the particle size distribution, using 
threshold approach for particle analysis (Julio). The films show the agglomeration 
of nanocrystallites. It is evident that a larger grain size of CTZS-50 compared to 
CZTS-40 enhances the decrease in grain boundaries and potential barriers, allowing 
trapped charge carriers to be released and increasing carrier conductivity. The 
decrease in grain boundary and reduction in deformation and defects in the crystals 
can also be linked to the growth in grain size with thickness, indicating a gain in the 
degree of grain perfection with the elimination of faults and the reduction of pores.

3.3  Optical Analysis

The optical spectra for the samples CZTS-40 and CZTS-50 were recorded and ana-
lyzed using UV-visible spectroscopy. It is evident from the UV-visible spectrum 
shown in Fig. 4. CZTS thin films take in a lot of light in the visible light spectrum. 
The optical bang gap for the thin films can be obtained from the optical transition 
using the Tauc plot (Eq.  5), while the absorption coefficient α was determined 
using Eq. 6:
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where hυ is the photon energy and α is the absorption coefficient, B is a constant, Eg 
is the optical band gap, and n is a constant, which can be 2 for a direct transition and 
1

2
 for an indirect transition. The plots of (αhυ)2 versus hυ for CZTS-40 and CZTS-50 

are shown in Fig. 4. Extrapolating the linear component of the (αhυ)2 was used to 
determine the band gap of the samples and was revealed to be 1.60 eV and 1.54 eV 
for CZTS-40 and CZTS-50, respectively, which is in line with what was said before 
(Henry et al. 2016). The increase in film thickness causes the band gap to vary. The 
energy band gap was obviously less in thin films with a higher thickness. Both 
samples show band gaps that are near the ideal band gaps necessary for solar cells, 
indicating that they are potential photovoltaic materials.

Figure 4 shows the optical parameters of the deposit CZTS thin films. The band 
gap for CZTS-40 and CZTS-50 are 1.60 eV and 1.54 eV, respectively. We observe 

Fig. 3 FESEM images (a, c) and granular (particle) distribution (b, d) of the prepared films

A. O. Olaoye et al.



33

that as the number of deposition cycles grows, the energy band gap reduces. Both 
samples have a band gap that is near the suitable band gaps required for solar cells, 
which indicate potential materials for photovoltaic applications (Scragg et al. 2011).

The spectrum clearly shows CZTS thin films absorb more visible light, suggest-
ing that there is an absorbent material. The coefficient of absorption in the visible 
area has been determined to be greater than 104 cm−1, in line with prior findings 
(Yakuphanoglu et al. 2005).

The index of refraction and dielectric constant of semiconductor materials play a 
significant role in shaping the crystal’s electrical and optical properties. The relative 
index of the films is calculated using the Herve-Vandamme equation:
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It is observed from Table 2 that the films’ index of refraction increases with a rise in 
thickness, which can be attributed to the high crystallinity and densification in 
CZTS-50. This implies that the incident light will be more reflected and generates 
reflectance losses in CZTS-50, which significantly lessens the efficacy of the photo-
voltaic device (Khan et al. 2019).

Fig. 4 Energy band (a, b), absorbance (c, d), and transmittance (e, f) plots of the prepared films
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The reduction in the speed of light and dielectric absorbs energy from the electric 
field of the material is indicating the effect of dielectric by dipole motion (Uma 
Maheshwari and Senthil Kumar 2015). The electrical properties of the crystals are 
determined by high-frequency dielectric semiconductor materials, which were cal-
culated using Eq. 9 (Akaltum et al. 2012):

 
�
��n2  (9)

where n is the refractive index. It can be seen from Table 2 that the values of high- 
frequency dielectric constant increased from 7.62 and 7.73 with an increase in 
thickness.

Figure 4 shows the transmittance spectra of CZTS, low transmittance at photons 
of shorter wavelengths, which is higher at wavelength greater than 750 nm. It is 
observed that transmittance for CZTS-40 is lower than that of CZTS-50 with an 
increase in wavelength.

3.4  Electrical Analysis

At room temperature, the electrical properties of CZTS thin films were determined 
by a four-point probe. The films’ electrical resistivity ranged from 10−2 to 10−3. The 
decrease in resistivity is explained by the increase in grain size of CZTS thin films, 
shown in Table 3 (Shinde et al. 2012).

As observed the sheet resistance from Table  3 decreases as the thickness 
increases. Also, the sheet resistance increases because of the decline in crystallite 
size as being determined from XRD data analysis. The decrease is because of the 
Schottky barrier at the grain boundaries, which act as scattering center of the elec-
tronic conduction by trapping the electrons. The finding is in conformity with the 
relevant literature (Vilca-Huayhua et al. 2020).

Table 2 Static dielectric, band gap energy, high-frequency dielectric, and refractive index for 
CZTS-40 and CZTS-50

Samples Static dielectric Band gap eV Refractive index High-frequency dielectric

CZTS-40 13.78 1.54 2.76 7.62
CZTS-50 13.90 1.50 2.78 7.73

Table 3 Electrical characterizations of CZTS thin films

Samples
Thickness 
(μm)

Sheet resistance (Ω/
sq)

Resistivity 
(Ω.μm)

Conductivity 
(Ω−1 μm−1)

CZTS-40 25.0 × 10−2 0.21912 5.478 × 10−2 18.2548
CZTS-50 4.0 × 10−1 0.01347 5.388 × 10−3 185.5976

A. O. Olaoye et al.
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4  Conclusion

CZTS thin films were fabricated using SILAR method at room temperature. The 
overwhelming preferred orientation of (112) planes is visible in the XRD patterns 
of the produced films, indicating the tetragonal structure of CZTS. The crystallite 
size of deposited CZTS thin films are 223.69 nm and 251. 61 nm for CZTS-40 and 
CZTS-50 respectively, whereas microstrain that indicates mismatch defect 
microstrain decreases from 51.723 to 51.596 numbers of deposition cycles increased. 
FESEM examined the surface morphology with particle sizes of 7 nm and 11 nm for 
CZTS-40 and CZTS-50, respectively. The energy band gap is decreasing from 
1.60 eV to 1.45 eV for CZTS-40 and CZTS-50, respectively. The result reveals that 
the optical band gap decreases as the number of deposited cycles increases. The 
deposited thin films’ solar absorber layers show great potential in the application of 
solar cell fabrication due to their energy band gaps. Due to an increase in the sheet 
resistance and a decrease in crystallite size, the Schottky barrier forms at grain 
boundaries, acting as a scattering point for electronic conduction by trapping elec-
trons. In this research, CZTS thin films’ solar absorber layer with optimum optical 
properties was successfully deposited at low temperature at the laboratory scale, 
implying that the fabrication process and process control can be achieved in large-
scale manufacturing with low cost.
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Daily and Cumulative Biogas Yields 
from Selected Animal Dungs

Ochuko Mary Ojo

1  Introduction

Demand for energy is increasing with upsurge in population. The ever-increasing 
demands for energy, combined with the shortage of fossil fuels almost all over the 
world have generated a converted awareness on the utilization of renewable energy 
sources (Kavitha and Joseph, 2007). The exploration of substitute renewable energy 
sources is needed not to replace fossil fuels but also to safeguard the environment. 
Biogas production and its use as an alternative renewable source of energy is pro-
gressively gaining attention, particularly in the developing countries where access 
to modern sources of energy is limited (Abdulkareem, 2005).

Biogas is a gas produced from the anaerobic decomposition of organic waste. It 
contains mainly methane and carbon dioxide, but may also have traces of hydrogen 
sulphide and water vapour. Biogas is an affordable energy source suitable for appli-
cation on Nigerian farms and villages where over 70% of the population lives (Itodo 
et  al., 2007). Several researchers have studied biogas production from anaerobic 
digestion of animal and agricultural wastes (Sadaka and Engler, 2000; Bujoczek 
et al., 2000; Castrillon et al., 2002; Kivaisi, 2002; Gelegenis et al.,2007; Ojolo et al., 
2007; Momoh and Nwaogazie, 2008; Li et al., 2009; Budiyono et al., 2010; Ofoefule 
et al., 2010; Yusuf et al., 2011; Ojo, 2017; Ojo et al., 2018 and Ojo et al., 2019, Ojo 
and Babatola, 2020). Biogas production is a viable solution to organic waste man-
agement. The primary aim of this study is to evaluate the production of biogas from 
three common animal waste namely cow dung, poultry droppings and swine dung. 
This was done by assessing the daily and cumulative biogas yields from the three 
selected feedstocks.
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2  Materials and Methods

Three 12-l capacity plastic digesters were used in this study. The materials used in 
constructing the digesters include 12-l capacity plastic containers, PVC pipes of 
different diameters, corks, 90° elbows, control valves and one-fourth inch rubber 
hose. Other materials used in the experimental set up include tyre tube, syringe tube, 
head and knob, gas hose and digital weighing scale.

2.1  Digester Design Calculations

A batch-fed anaerobic digestion system was adopted in this study. 12-l plastic con-
tainers were used in the construction of the digesters. The digesters consist of the 
digestion chamber and the gas chamber.

The volume of the digestion chamber was determined using Eq. 1.

 
Volumeof digestion chamber l Daily feed in l day Retention ti( ) ( )= ×/ mme days( )  

(1)

0.16 kg of feedstock was added to the digester on a daily basis for a retention period 
of 30 days and a waste to water ratio of 1:1 was used.

The total volume of digester’s feed per day is given in Eq. 2 with the assumption 
that 1 kg of waste is equivalent to 1 l of water of substrate.

 
Volume of Digester feed per day kg of waste l of water

l

= +
=
0 16 0 6

0 32

. .

. oof substrate  
(2)

The digester volume is calculated using Eq. 3.

 Digester Volume Volumeof digester feed per day retention time= ×
= 0.332 30 9 6× = . litres

 (3)

The volume of the gas chamber was taken as one-fifth the total volume of the 
digester and was given by Eq. 4.

 Volumeof gaschamber Totalvolumeof digester= ×1 5/  (4)

 Volumeof gaschamber l= × =1 5 12 2 4/ .  

O. M. Ojo
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2.2  Anaerobic Digestion of Feedstocks

The feedstocks used in this study (cow dung, poultry droppings and swine dung) 
were collected from the teaching and research farm of the Federal University of 
Technology, Akure.

4.8 kg of waste was digested over the retention period of 30 days. The waste was 
mixed with water to form slurry in a ratio of one part of waste to one part of water 
to arrive at the substrate input of 0.0096 m3/digester. The substrate input, Sd, for 
batch-type digester utilized in this study is given by Eq. 5.

 Sd = ( ) + ( )Biomass B Water W m batch3 /  (5)

 Sd = + =0 0048 0 0048 0 0096 3. . . /m batch  

A retention time of 30 days was utilized in this study.
For a batch-type digester, the daily substrate input (batch input) equals the oper-

ating volume of the digester (Vo) (Kossmann et al. 2000).
Therefore,

 V S RTo d= = = ×0 0096 30 0 0032 3. . m  

where Vo is the operating volume of the digester.
Figure 1 shows the schematic diagram of the mini-digester and the gas collector. 

Each reactor was connected via its gas outlet to a tyre tube used as the gas collecting 
apparatus. The digestion process was done simultaneously for the three different 
substrates. The digesters were subjected to periodic agitation to ensure thorough 
mixing of the digester content while maintaining intimate contact between the 
microorganisms and substrate and to enhance complete digestion of the substrates. 
The volume of biogas yield was measured and recorded on a daily basis using a 
digital weighing scale.

valve

inlet

digester
chamber

7 cm

30 cm

feedstock

12.5 cm

gas chamber
          knob
(for controlling gas flow)

syringe tube
(length = 141 cm)

syringe
head

hose
(length = 16 cm)

rubber tube
(inner dia. = 20 cm
Ext. dia. = 35 cm)

4 
cm

outlet

Fig. 1 Schematic representation of the mini-digester and the gas collector
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3  Results and Discussions

3.1  Volume of Biogas Produced Daily 
for the Different Substrates

Figures 2, 3 and 4 show the average daily volume of biogas produced with the reten-
tion times for cow dung, poultry droppings and swine dung. The volume of biogas 
produced from cow dung began on the sixth day (as shown in Fig. 2) with a biogas 
volume of 0.0020 m3; it increased steadily on the seventh and eighth day and is seen 
dropping on day 9. However, gas production fluctuated from day 10 up to day 23; 
then it began to increase until it attained its maximum volume at day 27 and then a 
decline in production rate occurred to day 30. 0.0032 m3 of biogas was produced 
on day 30.

The volume of biogas production from poultry droppings (Fig. 3) began on day 
1, it increased on day 5 to 0.0072 m3 and it decreased to 0.0046 m3 on day 8. Daily 
biogas produced fluctuated from 0.0072 m3 on day 5 to 0.0070 m3 on day 28. The 
maximum volume or peak volume of 0.0076 m3 was attained on day 14. 0.0063 m3 
of biogas was produced on day 29 and 30, respectively.

The volume of biogas produced from swine dung (Fig. 4) began on day 10 with 
0.0010 m3 and increased gradually till day 14. Fluctuations in biogas production 
occurred till day 27, with maximum gas production of 0.0043 m3 attained on days 
22 and 25. Reduction in biogas produced occurred from day 27 to 0.0026  m3 
on day 30.

Comparing the daily volume of biogas produced for the different feedstocks, 
poultry droppings had the highest daily biogas production of 0.0076 m3, and this 
occurred on day 14.

Fig. 2 Average daily biogas production against retention time (days) for cow dung

O. M. Ojo
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Fig. 3 Average daily biogas production against retention time (days) for poultry droppings

Fig. 4 Average daily biogas production against retention time (days) for swine dung

3.2  Cumulative Volume of Gas Produced 
for the Different Feedstocks

The cumulative volume of biogas produced for the different feedstocks is shown 
in Fig. 5.

Poultry droppings had the highest cumulative volume of biogas production of 
0.1741 m3 (0.0363 m3/kg), while cow dung and swine dung, respectively, produced 
0.1020  m3 (0.0213  m3/kg) and 0.0670  m3 (0.0028  m3/kg) of biogas. The single- 
substrate digestion of cow dung, poultry droppings and swine dung recorded aver-
age daily gas production of 0.0058  m3, 0.0034  m3 and 0.0022  m3, respectively. 
Figure 5 shows that the poultry droppings produced more biogas than the cow dung 
and swine. This could be attributed to the nature of organics present in the substrates 
which also is a function of the feeds the animals were exposed to, as well as the slow 
rate of decomposition of the swine dung. The poultry feeds seem to be very rich in 

Daily and Cumulative Biogas Yields from Selected Animal Dungs
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Fig. 5 Cumulative biogas production for the three substrates

organic nutrients. Cows also feed on organic-rich food; hence, their dungs contain 
more organic wastes which account for the higher biogas production relative to the 
swine dung.

The higher and faster biogas generation from the poultry dung could be attrib-
uted to the faster rate of decomposition of the substrate. The action of bacteria on 
this category of waste is fast relative to the swine dung and cow dung. The relative 
biogas yield from the substrates could be attributed also to the organic matter con-
tent of the wastes which confirms the submissions of earlier studies carried out on 
cow dung and poultry droppings (Ojolo et al., 2007, Ahmadu, 2009, Igboro, 2011, 
Ojo et al., 2018 and Ojo et al., 2019). The higher biogas production from poultry 
droppings could also be attributed to the available nutrient such as ammonia in the 
droppings. This is substantiated by Ojolo et al. (2007) and Ojo (2017) that ideal 
substrates for anaerobic digestion should contain adequate amount of carbon, oxy-
gen, hydrogen and nitrogen. The drops in levels of gas production and subsequent 
peak could be associated to microbial succession in the digesters with respect to the 
retention time.

4  Conclusion

The cumulative biogas yield from 3 12-l capacity mini-digesters with 9.6 kg (1:1 
waste to water ratio) slurry of cow dung, poultry droppings and swine dung was 
found to be 0.1020 m3, 0.1741 m3 and 0.0670 m3, respectively. The results affirmed 
that poultry dung is one of the best feedstock for biogas production with its produc-
tion profiles exceeding the production from the other two conventional feedstocks 
(cow dung and swine dung). Biogas is not just a renewable energy source for rural 
population but also an appropriate way of managing waste. The use of 
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mini-digesters for biogas production should be considered by poor households who 
cannot afford the ever-increasing cost of fossil fuels.
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Energy and Fuels: Sol-Gel Synthesized 
Core-Shell 0.5Li2MnO3∙0.5LiNi0.5Mn0.3Co0.2O2 
Material: Effect of Mixed Fuel (Citric Acid 
and Ammonium Acetate) on the Structural 
Properties

Samuel O. Ajayi, Cyril O. Ehi-Eromosele, and Kolawole O. Ajanaku

1  Introduction

In material science, lithium-rich layered oxide (LRLO) cathode material is one of 
the recent research topic in recent years on the account of its outstanding thermal 
stability, high capacity, less toxicity, low cost of production, and high operating 
voltage (Ellis et al. 2010; Prakasha et al. 2017). They are generally represented by 
xLiMO2⋅(1 − x)Li2MnO3 (M = 3d-transition metals). Normally, LRLO materials are 
synthesized in form of composite where LiMO2 R-3 m rhombohedral layered phase 
intergrowth with Li2MnO3 monoclinic layered phase forming an heterostructure 
(Ates et al. 2015; Sathiya et al. 2015; Li et al. 2016). Recently, studies have shown 
the structural performance of LRLO materials could be improved by synthesizing 
them in form of a core-shell configuration. The nickel-rich layered oxide which is 
accountable for high capacity of the material serves as the core, while the manganese- 
rich layer which is responsible for the thermal stability of the material serves as the 
shell in a hybrid system (Li et al. 2015, 2016; Ehi-Eromosole et al. 2020).

The solution combustion and the sol-gel methods were adopted due to their sim-
plicity, time conserving, energy conserving, cost effectiveness, and purity and higher 
uniformity of reaction particles (Ma et al. 2016, 2017). The mixed fuel (citric acid 
monohydrate and ammonium acetate) was adopted to optimize the synthetic route 
which has not been reported for the synthesis of LRLO core-shell material in litera-
tures to the best of our knowledge. In this study, citric acid monohydrate and ammo-
nium acetate in 3:1 proportion were used since ammonium acetate is known to create 
pores and generate higher amount of gases during synthesis. The pores created affect 
the morphology and the structural properties of the synthesized material.
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2  Materials and Methods

2.1  Synthesis of 0.5Li2MnO3–0.5LiNi0.5Mn0.3Co0.08O2 
(CS- SG-7525) Material

The CS-SG-7525 material was synthesized using a combination of the solution 
combustion synthesis (SCS) to prepare the LiNi0.5Mn0.3Co0.08O2 core material and a 
sol-gel method to form the core-shell structure (Ehi-Eromosele et  al. 2016; Zuo 
et al. 2017). The SCS route was optimized by varying the quantity of citric acid 
monohydrate and ammonium acetate in the ratio 3:1. In a usual procedure, 0.73 g of 
Ni(NO3)2⋅6H2O, 0.38  g of Mn(NO3)2⋅4H2O, 0.29  g of Co(NO3)2⋅6H2O (Sigma- 
Aldrich ≥98%), 0.35 g of LiNO3, 0.32 g of C2H7NO2, and 0.66 g of C6H8O7.H2O 
were dissolved in distilled water, and the solutions were further heated to 80 °C 
under magnetic stirring to form a gel. In addition, the gel was placed on a hot plate 
preheated to 300 °C, and combustion occurred forming the core precursor powder. 
Stoichiometric amounts of the shell coating Li2MnO3 precursor (0.42 g of LiOH⋅H2O 
and 0.52 g of Mn(NO3)2⋅4H2O) were dissolved in distilled water. Then gradually, a 
stoichiometric amount of chelating agent (1.77  g of C6H8O7⋅H2O) was added to 
form a sol. Then, the synthesized core precursor (LiNi0.5Co0.2Mn0.3O2) was added 
into the sol under magnetic stirring and heated at 80 °C to evaporate the solution to 
form a gel rapidly. The obtained gel was dried in the vacuum for 4  hours. 
Subsequently, it was annealed at 1000 °C for 10 hours to obtain final coated prod-
ucts. The coated product was cooled, grounded, and labeled CS-SG-7525 and was 
used for further characterization.

2.2  Characterization of the CS-SG-7525 Material

The quantitative elemental compositions (Li, Mn, Ni, Co) of the CS-SG-7525 mate-
rial were precisely detected by inductively coupled plasma optical emission spec-
troscopy (ICP-OES, iCAP 7600DUO from ThermoFisher Scientific). The crystal 
structure and phase composition of the synthesized materials were determined by 
powder X-ray diffraction (XRD) using a STOE STADI MP diffractometer. The 
powder samples were loaded in 0.5 mm diameter glass capillaries with diffraction 
patterns collected in a transmission geometry using a Mo Kα radiation 
(λ = 0.709320 Å) and a MYTHEN 1 K detector. The local structure of the powder 
samples was studied by Raman spectroscopy using Horiba LabRam Evolution HR 
microscope equipped with a 632 nm HeNe solid-state excitation laser (17 mW), a 
100× objective, and a 600 grooves per millimeter grating (Ehi-Eromosele et  al. 
2020). The morphology of the synthesized materials was examined by SEM/EDX 
(Zeiss Merlin GEMINI 2).
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3  Results and Discussion

3.1  Structural Characterization of CS-SG-7525 Material

It was observed during the experimental study that the precursor solution formed a 
pink slurry gel after drying at 80 °C. The slurry gel further formed a darkish powder 
after combustion at 300 °C with gas evolution during the combustion process. This 
could be attributed to the addition on ammonium acetate which is known to generate 
pores during combustion process thereby leading to gas evolution. The chemical 
composition of the CS-SG-7525 material investigated by ICP-OES is presented in 
Table  1. The investigation shows the elemental ratio of Li:Mn:Ni:Co in 
CS-SG-W-1000 material is 1.14:0.47:0.18:0.07. These ratios are in excellent agree-
ment with the target theoretical/nominal value stoichiometry within experimental 
error (Li1.2Mn0.52Ni0.20Co0.08O2) with nickel in divalent state, cobalt in trivalent state, 
and manganese in tetravalent state (Koga et al. 2012). The Li/M ratio for the sam-
ples is higher than the theoretical/nominal value due to lower evaporative lithium 
loss during synthesis and annealing.

The XRD pattern obtained for the CS-SG-7525 material is presented in Fig. 1a. 
The diffraction peaks are narrow, sharp, intense, and clear and well-fitted indicating 
a high purity and excellent crystallinity of the synthesized material (Li et al. 2015; 
Kunjuzwa 2017; Ehi-Eromosele et al. 2020). The diffraction peaks observed could 
be indexed to α-NaFeO2 hexagonal structure with rhombohedral symmetry (R3m). 
The diffraction peaks 003, 101, 006, 102,004, 108, and 110 were observed at 9°, 
10°, 15°, 20°, and 25°, respectively. A clearly distinctive splitting of (006)/(102) and 
(108)/(110) doublet peaks indicating a good layered structure material was observed 
in all the XRD pattern. The broad and weak diffraction peak between 10–15° 
observed could be ascribed to the LiMn6 cation ordering in the monoclinic Li2MnO3 
domains (C2/m space group) (Ehi-Eromosele et al. 2020).

The full weight at half maximum (FWHM) of the (003) and (104) peaks is 0.08° 
and 0.16°, respectively, the intensity ratio is 1.25, and the crystallite size is 46.26 for 
CS-SG-7525 material as shown in Table 2. The small values of the FWHM suggest 
better crystallinity and homogenous distributions of cations in the synthesized 
materials. Little cationic mixing is observed for CS-SG-7525 material since the 
intensity ratio is higher than 1.20 (Shi et al. 2013; Ma et al. 2016; Deng et al. 2017; 
Huang et al. 2019). Ma et al. (2016) explained that the higher the synthesis anneal-
ing temperature, the better the crystallinity and the more pronounced the layered 
structure of the synthesized material. The highly crystallized layered structure with 
little amount of cation mixing observed for CS-SG-7525 material could be 

Table 1 Chemical compositions of CS-SG-7525

Li Mn Ni Co O Li/M

Theoretical value 1.20 0.52 0.20 0.08 2.00 1.50
CS-SG-W-7525 1.10 0.51 0.16 0.06 1.95 1.51
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Fig. 1 (a) XRD pattern of CS-SG-7525 (b) Raman spectra of CS-SG-7525 (c) SEM micrograph 
of CS-SG-7525 (d) The particle size histogram of CS-SG-7525

Table 2 Structural parameters obtained from XRD data for CS-SG-7525

Cathode material FWHM (003) (o) FWHM (104) (o) I(003)/I(104) Crystallite size (nm)

CS-SG-7525 0.08 0.16 1.25 46.26

attributed to the synthesis high annealing temperature (Ma et  al. 2016; Iftikhar 
2016). Two strong peaks are observed at 500 cm−1 and 600 cm−1 for Eg and A1g 
Raman modes, respectively, for the material. These peaks are attributed to rhom-
bohedral phase (R3m space group) of a layered structure of core segment 
(LiNi0.5Co0.2Mn0.3O2). Some narrow and weak peaks are also observed between 
300–440 cm−1, and they can be attributed to the fingerprint vibration of monoclinic 
symmetry (C2/m space group) of the layered structure of the shell segment 
(Li2MnO3) (Deng et al. 2017). The Raman spectra validate the powder XRD data 
presented for CS-SG-W-7525 in Fig. 1a confirming its layered structure with mono-
clinic phase (C/2 m space group) and rhombohedral phase (R3m space group). The 
XRD and Raman spectra obtained in this study revealed a well-layered crystalline 
structure for the synthesized material.

The surface morphological characterization of the CS-SG-7525 material investi-
gated by scanning electron microscopy (SEM) is presented in Fig. 1c. Figure 1c 
reveals that the material is made up of irregular particle shape with rough surfaces. 
The particle size of the materials ranges from 0.28 to 1.49 μm with average particle 
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size of 0.67 μm as shown in Fig. 1d. The transmission electron microscopy (TEM) 
results of CS-SG-7525 are awaited to confirm the core-shell structure of this 
material.

4  Conclusion

The 0.5Li2MnO3⋅0.5LiNi0.5Mn0.3Co0.2O2 core-shell material was successfully syn-
thesized using fuel mixture (citric acid monohydrate and ammonium acetate) in 3:1 
proportion as chelating agent. The XRD and Raman spectra obtained in this study 
revealed a well-layered crystalline structure for the synthesized material. The mate-
rial shows very low cationic mixing which is a desired structural characteristic in 
cathode materials. This material also revealed a chemical composition close to the 
nominal values indicating the suitability of the synthetic method. The material is 
made up of irregular particle shape with rough surfaces. The synthesized material 
could be used as cathode material in Li-ion batteries.
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Energy Use and Carbon Footprint 
in a University: Nigeria Case Study

A. O. Adelaja, O. A. Omotoriogun, A. A. Oluwo, and O. M. Oyekeye

1  Introduction

Enormous awareness has been created on the central role of energy and the associ-
ated impacts, arising from its use by humans, on the environment, and on the associ-
ated consequences for sustainable development since the Kyoto Protocol and United 
Nations Framework Convention on Climate Change. To develop sustainable poli-
cies and initiatives in this regard, data on energy supply and end-use are necessary. 
This data will facilitate the development and implementation of energy manage-
ment policies for private or government-owned institutions. The typical university 
selected for this purpose is the University of Lagos, Akoka, Nigeria, where the 
authors are familiar, and access to some information is easier. In addition, no pub-
licly known energy policy programme is implemented, so the information to be 
provided in this paper can serve as the starting point for putting one in place.

Energy consumption or demand and the related GHGs have been studied exten-
sively in the domestic building, service, commercial, and industrial sectors. Ireland 
(Howley and O’Gallachoir 2004; Bosseboeuf et  al. 2005; O’Leary et  al. 2005; 
O’Gallachoir et al. 2007); Australia (Lenzen 1998); West Germany, France, and the 
Netherlands (Weber and Perrels 2000); the USA (Bin and Dowlatabadi 2005); the 
UK (Baiocchi and Minx 2010); India (Pachauri and Spreng 2002; Devi et al. 2009); 
Namibia (Vita et al. 2006), Syria (Hainoun et al. 2006); and the province of Granada 
in Spain (Carpio et al. 2018) are examples.

In Universities, however, analyses of energy consumption or carbon footprints 
have also been considered. An extensive literature review of energy consumption, 
mobility, and carbon footprints has been done by Helmers et al. (2021). Their study 
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compared the energy use, mobility, and carbon footprints of 20 universities across 
the globe and made some rankings based on the performance indices. Yanez et al. 
(2020) evaluated the carbon footprints of the University of Talca (UT), Chile, based 
on the sources and observed that though GHG is the most widely accepted means of 
estimation, there are other methodologies. They identified transportation of staff 
and students on- and off-campus and the operation of the boiler as a stressor. 
Syafrudin et  al. (2020) studied the carbon footprint of Diponegoro University, 
Indonesia, based on academic activities in 2018. Electricity and transportation 
accounted for the most significant contributors to CF, and in terms of sectoral map-
ping, the faculty of engineering contributed the most. Other studies on the consump-
tion and carbon footprints are as follows: University College Cork, Ireland 
(O’Gallachoir et  al. 2007), Pennsylvania University, USA (Braham et  al. 2007), 
Massey University, New Zealand (Kent and Venter 2006), the University of Lagos, 
Nigeria (Adelaja et  al. 2008), and King Abdullah University of Science and 
Technology, Saudi Arabia (Adenle et al., 2017).

Others have considered remedies to cut carbon emissions by planting trees and 
biomass resources that could help as carbon sink either in national parks or in botan-
ical gardens (Qasim, 2017; Agonafir and Worku, 2017). Efficient maintenance and 
replacing fossil fuel-based equipment with renewable powered ones was noted to 
cut down emissions considerable (Carpio et  al., 2018; Nitkiewicz and Ociepa- 
Kubicka, 2018).

For the purpose of analysis, several predictive tools, either mathematical models 
or software, have been used for energy demand/consumption. Examples are the 
Bayesian approach (Xiao et al. 2007), genetic algorithm (GA) and artificial neural 
network (ANN) (Azadeh et  al. 2007), multivariate linear regression model 
(Al-Ghandoor et al. 2008), Grey prediction with rolling mechanism (GPRM) (Akay 
and Atak 2007), and energy input and output approach (E-IO) (Chung et al. 2011).

In this paper, section “Introduction” presents the introduction, while section 
“Overview of University of Lagos” contains the overview of the University and 
energy consumption pattern on sectoral basis. The software employed for analysis 
is presented in section “The Software”. Furthermore, sections “Projection and 
Growth in Energy Consumption in the University of Lagos (2009–2033)” and 
“Projection and Growth in Carbon Footprint in the University of Lagos (2009–2033)” 
deal with the projections in energy consumption and carbon footprint, respectively, 
while results and discussion are presented in section “Discussion”. The paper ends 
in section “Conclusion” with conclusions.

2  Overview of University of Lagos

The University of Lagos, fondly called “Unilag”, is one of the foremost Universities 
in Nigeria. The location at the centre of the cosmopolitan state of Lagos, the second 
most populous state in Nigeria according to the 2006 national census, the former 
national capital, and the habitat of most of the multinational companies make it a 
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University of the first choice for candidates seeking admission into a tertiary institu-
tion in Nigeria.

The institution is a federal government-established University founded in 1962. 
It comprises two campuses: the main campus is located at Akoka and the College of 
Medicine is located at Idi-Araba, both in Lagos State. The main campus is sur-
rounded mainly by the Lagos lagoon and is situated on 3.25 km2 of land. The enrol-
ment was grown from 131 students in 1962 to the current over 40,000 students. The 
University comprises nine faculties and the College of Medicine. Table 1 shows the 
statistics of the student enrolment and staff population between 1996 and 2008. 
More than 117 programmes are offered, including master’s and doctoral studies in 
Arts, Social Sciences, Engineering, Environmental Sciences, Pharmacy, Law, 
Sciences, Business Administration, and Education. Apart from the regular pro-
grammes, the school offers part-time programmes on the main campus under the 
Distance Learning Institute (DLI), Sandwich, and Human Resources Development 
Board (HRDB). All these programmes attract students from all walks of life to the 
University coupled with excellent scholars.

2.1  Limitations

Energy analysis in an economy with no energy policy poses a significant challenge 
to benchmarking analysis results on energy-related issues. This challenge is more 
complicated where energy data are not readily available and a “walk through audit” 
had to be conducted.

Table 1 Demography of student enrolments and staff in University of Lagos

Year
Academic staff 
population

Non-academic 
staff population

Total staff 
population

Total student 
population

Total school 
population

1996 573 2870 3443 24,242 27,685
1997 581 3106 3687 23,351 27,038
1998 727 2992 3719 26,629 30,348
1999 619 3036 3655 30,348 41,160
2000 814 2938 3752 35,174 38,926
2001 744 3430 4174 30,699 34,873
2002 723 3449 4172 39,228 43,400
2003 705 3320 4025 41,120 45,145
2004 734 3186 3920 40,869 44,789
2005 1024 3500 4524 39,914 44,438
2006 1069 3237 4306 39,759 44,065
2007 1316 3320 4636 39,084 43,720
2008 1287 na na 38,829 40,116
2010 1290 na na 49,402 50,692

na – these records are not available in published document of the academic planning unit
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This involved interaction with every energy-consuming device available, check-
ing the specifications in terms of wattage, obtaining electrical energy data from the 
facility management of the Works and Services Unit. Where accessibility was dif-
ficult, for example, in some staff, residence or estimation was necessary, question-
naires were used and analysed for gas, charcoal, and firewood usage in the eateries. 
This was necessary because there was no comprehensive database to consult.

Energy data in government agencies and tertiary institutions in Nigeria are gen-
erally inadequate in quality, depth, and scope of coverage. At the University of 
Lagos, various challenges were encountered in the course of gathering data. Some 
of these are inadequate qualitative and quantitative data of electrical energy con-
sumption and faulty metering system on electricity consumption for the faculties, 
service areas, and the student hostels. In addition, the incessant power outages are 
not accounted for by the electricity utility division.

2.2  Energy Consumption Pattern in University of Lagos

There were six major forms of energy sources in the institution in 2006. These are 
firewood, charcoal, kerosene, liquefied petroleum gas (LPG), electricity, and diesel 
(Adelaja et al. 2008). Of the energy mix, electricity has the most significant contri-
bution, about 97.4% (Table 2). Furthermore, electrical energy was most applicable 
for water heating, cooking, space cooling, refrigeration, computers, lighting, labo-
ratory machines, electronics, miscellaneous machines/ equipment, etc. The 
University buildings and facilities are categorized into three: faculty and service, 
residential areas, and commercial centres.

The national energy policy document, though drafted in 2003, is not yet passed 
into law. Table 3 shows some energy data between 1996 and 2004. Between 1996 
and 1998, there was an increase after which there was a decline until 2000. There 
was a peak in 2002 and nosedived until 2004. This was primarily due to breakdowns 
in the two 2250 kVA diesel-generating sets (which were synchronized) that comple-
ment the erratic supplies from the national grid.

It should be noted that the electrical energy consumed was not disaggregated into 
the proportions that come from the national grid and that which are contributed by 
the diesel generators. The electricity tariff for the University of Lagos was catego-
rized under residential billing systems, and this was raised in 2002 to N/kWh 6.09 
up from N/kWh 4.98. Other forms of energy utilized are diesel 1.05%, LPG 0.88%, 
kerosene 0.54%, charcoal 0.09%, and firewood 0.04%, respectively, on the same 
energy unit basis.
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 The Demand Sector

By sector, energy consumption in the University can be divided into three signifi-
cant areas earlier mentioned. The energy consumption on the sectoral basis is 
depicted in Table 4 for the base year 2008.

Table 4 indicates the proportion of the energy consumption for the base year 
2008. This shows that the residential areas consume the most energy, about 70% of 
the total energy consumption, while the share of the commercial centre is merely 
8.1%. 60% of the contribution from the residence is attributable to space cooling, 
refrigeration, and cooking (Fig. 5).

The faculty and service sector comprises the faculty buildings (offices, class-
rooms, and lecture theatres), administrative buildings (senate building, council 
chamber, cashier office, and student affairs), medical centre, indoor and outdoor 
lighting, etc. The energy consumption in the sector is presented in Fig.  1. From 

Table 2 University of Lagos energy mix in 2008

Categorization

Fuels
Faculty and 
service area

Residential 
area

Commercial 
centres Total

Percentage 
%

Firewood (kg) – – 5, 022
(MJ) – – 77, 839 77, 839 0.04
Charcoal (kg) – 317 11, 692
(MJ) – 4, 914 181, 230 186, 144 0.09
Kerosene 
(litres)

– 8, 978 16, 625

(MJ) – 401, 785 743, 983 1, 145, 
768

0.54

LPG (kg) – 20, 554 18, 788
(MJ) – 972, 411 888, 837 1, 861, 

248
0.88

Diesel (litres) – 299, 25.2 19, 732
(MJ) – 1, 331, 689 884, 006 2, 215, 

696
1.05

Electricity 
(kWh)

719, 254 725, 828 45, 530

(MJ) 77, 679, 445 78, 389, 464 49, 172, 502 205, 241, 
411

97.40

Table 3 Trends of energy consumption pattern in University of Lagos

Year 1996 1998 2000 2002 2004 2006 2008 2010

Energy consumption (GWh) 8.89 11.35 12.85 15.18 12.76 13.62 12.81 12.00
Energy per capita (MWh/person) 0.32 0.37 0.33 0.35 0.28 0.31 0.32 0.24
Electricity tariff (N/kWh) 4.98 4.98 4.98 6.09 6.09 6.09 6.09 6.09

Currency conversion: $1.00 = N160.00 (2010)
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Figs. 1, 2, 3, and 4, the Faculty of Sciences consumed 1.8 GWh, followed by Senate 
building 1.6 GWh, Engineering 1.4 GWh, Law 1.3 GWh, etc.

The large portion attributed to Sciences is mainly due to the space cooling and 
refrigeration and the laboratory equipment such as engineering laboratory, kitchen 
and office equipment such as electric kettle, microwave, photocopy machines, scan-
ners, printers and computers. Space cooling, refrigeration, high wattage electric 
heating, and elevators are major contributors to the 12.8% ascribed to the Senate 
building.

The seven student hostels and the staff quarters comprise the residential areas, 
and the activities are presented in Fig. 2. In the residential area, Figs. 2 and 5 display 
energy data in the households, which are summed up on a street basis (where street 
refers to the street, avenue, or a close) to compress the input. The energy consump-
tion in the street is summed up and referred to by the name of that street. Staff resi-
dences (Ozolua road 5.0 GWh and high rise building 5.0 GWh) and female student’s 
hostels (Fagunwa 4.8 GWh, Makama 4.6 GWh, and Madam Tinubu 3.6 GWh) had 
high consumption. Space cooling and refrigeration are major contributors to con-
sumption in staff residence, while high wattage electric heaters, pressing iron, 

Table 4 Energy consumption on sector basis for the base year 2008

Location
Average annual demand 
(GWh) Percentage %

Faculty and service area 12.8 21.9
Residential area 40.9 70.0
Commercial Centre 4.7 8.1
Total 57.4 100

1.4 ENGINEERING
1.8 SCIENCES
0.3 MASS COMMUNICATION
0.1 EDUCATION
0.5 ENVIRONMENTAL SCIENCE
1.3 LAW
0.4 ARTS
0.7 BUSINESS ADMINISTRATION
0.1 STUDENT AFFAIRS
0.3 COMPUTER
1.6 SENATE BUILDING
0.4 STAFF SCHOOL
0.4 WORKS AND SERVICES
0.9 HEALTH CENTRE
0.5 STREET LIGHTING
0.4 DLI
0.2 UNILAG CONSULT
0.6 ISL
0.1 FREIRICH FOUNDATION
0.2 CASH OFFICE
0.1 HRDB
0.7 SOCIAL SCIENCES

UNILAG. FACULTY AND SERVICE AREAS: Activity Level (%GWh)
Scenario: Current Accounts

Fig. 1 Energy demand in faculty and service area for the base year 2008
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electric stove, and hair driers are responsible for consumption in the three female 
halls (Fig. 5).

The commercial centres comprise all buildings associated with religion (two 
churches and a mosque) and business ventures such as the guest houses, business 
centres, pharmacy, laundry, bindery, banks, bookshop, post office, etc. A typical 
energy consumption distribution is shown in Fig.  3. Figures  3 and 6 reveal that 
activities such as conferences, lounge sing, etc. endeared the guest houses’ 0.8 
GWh. In comparison, Education Faculty’s 0.8 GWh comes from office space 

0.3 MBONU OJIKE CLOSE
0.2 TINUBU CLOSE
0.3 JUMBO CLOSE
0.6 BAYAJIDA CLOSE
0.2 NANA CLOSE
0.2 IDRIS ALOMA CLOSE
0.3 IKOLI CLOSE
1.8 RANSOME KUTI

1 COLLEGE OF MEDICINE QUARTERS
5 OZOLUA ROAD

0.1 ABDUL ATTA ROAD
5 HIGH RISE BUILDINGS

0.5 MASABA CLOSE
0.1 TAFAWA BALEWA
0.2 JAJA HALL
1.7 MARIERE HALL
0.3 HENRI CARR HALL
1.2 MOREMI HALL
1.1 ENI NJOKU HALL

1 SODEINDE HALL
4.6 MAKAMA HALL
4.8 FAGUNWA HALL
3.6 MADAM TINUBU HALL
1.3 NEWEST HALL 1and2
1.2 AMINA HALL
1.1 ELKANEMI HALL
0.0 ALUMNI HALL
0.3 ERASTUS HALL
0.3 JIBOWU CLOSE
2.5 DLI HONORS HALL
0.1 EMOTAN

UNILAG. RESIDENTIAL AREA: Activity Level (%GWh)
Scenario: Current Accounts

Fig. 2 Energy demand in the residential area for the base year 2008

0.4 SCIENCES
0.1 ENGINEERING
0.1 ISL
0.0 JAJA
0.1 JAJA COMPLEX
0.0 MASS COMMUNICATION
0.1 BOOKSHOP BUILDING
0.1 MOREMI
0.4 NEW HALL
0.5 UNILAG COMPLEX
0.1 UNILAG LAUNDRY
0.0 ARTS
0.8 GUEST HOUSE
0.2 SOCIAL SCIENCES
0.8 EDUCATION
0.1 MAIN AUDITORIUM
0.1 MULTI PURPOSE HALL
0.1 COMPUTER
0.1 LAW
0.6 BANKS
0.2 NEWEST HALL
0.1 UNILAG PHARMACY
0.1 UNILAG BINDERY

UNILAG. COMMERCIAL CENTRE: Activity Level (% GWh)
Scenario: Current Accounts

Fig. 3 Energy demand in the commercial centre for the base year 2008
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Faculty and Service Areas, GWh

13% ,1.70677

1% ,0.165245
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Others

Fig. 4 End-use categorization for faculty and service areas for the base year 2008
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Fig. 5 End-use categorization for the residential centre for the base year 2008

Commercial Centres, GWh

42% ,1.9646

2% ,0.1052

0% ,0.0092

2% ,0.0711

16% ,0.7316

2% ,0.0896
22% ,1.0329

2% ,0.0942
11% ,0.504

1% ,0.06081 Space Cooling
Refrigeration
Water Heating
Personal Computers
cooking
electronics
Lighting
Ordinary machines
Office machine
Others

Fig. 6 End-use categorization for the commercial centre for the base year 2008

cooling, refrigeration of the numerous departments, and part-time programme 
offices and classrooms. The 0.6 GWh attributed to banks is the summation of con-
sumption of the five banks situated in the institution.
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 End Use

The electrical energy end use is categorized as follows (Adelaja et al. 2008):

 1. Water heating comprises energy use by various types of water heaters.
 2. Cooking includes energy used for cooking (kerosene, gas, firewood, and electric-

ity), bread toaster, microwave oven, etc.
 3. Space cooling comprises energy utilized by air conditioners, ventilation equip-

ment, etc.
 4. Computers (laptops and desktops), printers, scanners, and servers.
 5. Refrigerator comprises energy utilized by refrigerators, deep freezers, and water 

dispensers.
 6. Lightening (incandescent, fluorescent, halogen, and stage lamps).
 7. Laboratory equipment/machine: this can be in the form of electricity, gas, and 

kerosene.
 8. Electronics appliances such as television, radio, VCRs, DVD players, decoder.
 9. Miscellaneous machines include pumping, washing, drier machines, etc.

3  The Software

The LEAP software is used for the energy-environment simulation and is a 
scenarios- based tool. Its scenarios are based on comprehensive accounting of how 
energy is utilised, transformed, and generated in an economy, sector, region, and a 
country subject to a range of alternative assumptions regarding price, economy, 
population, technology, development, etc. The data structure of the software is flex-
ible and enables the end user to specify some specific technical details. It can recog-
nize the least cost scenarios, but the user experience and information will be needed 
to obtain market equilibrium or optimum plans. LEAP can be employed as a fore-
casting tool, to give energy information, store data, etc. It can function as a policy 
analysis instrument to model and evaluate the impacts of physical, environmental, 
and economic factors on alternative energy programme, investment options, and 
activities. It assists in assessing a wide range of projects, programme activities, 
technological innovations, and many other energy initiatives and proposes strategies 
that best address energy and environmental challenges. Figure 7 shows a typical 
LEAP window.
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4  Projection and Growth in Energy Consumption 
in the University of Lagos (2009–2033)

LEAP is employed to forecast the 25-year period (2009–2033); the base year is 
taken as 2008 and the target year 2033. Calculating the average annual (compound) 
growth rate (AAGR) of the population between 1996 and 2007 gives 3.88%. This is 
necessitated by the fact that the population data for 2008–2010 are not available. 
However, not all the staff and students presented in Table 1 live in the University 
residence due to inadequate housing units. Considering that new hostels may be 
constructed in the near future to meet the inadequacy, there is the need to adjust the 
AAGR of the population accommodated in the University residence. For this rea-
son, the population is multiplied by a factor of 0.722, and a new AAGR is obtained 
as 2.8%. The value obtained is utilized for the business as usual scenario growth 
rate. For the projections, three scenarios are considered based on different growth 
rates. For the 2.8% growth rate, the energy consumption projection is presented in 
Fig. 8, for the 3.8% growth rate in Fig. 9, while for the 1.8% growth rate, the result 
is illustrated in Fig. 10.

Fig. 7 A typical LEAP window
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Fig. 8 Twenty-five years energy consumption projection for business as usual scenario
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Fig. 9 Twenty-five years energy consumption projection for 3.8% growth rate scenario
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5  Projection and Growth in Carbon Footprint 
in the University of Lagos (2009–2033)

Carbon footprint is an indication of the consequence of human activities on the 
environment with respect to the amount of GHGs produced. It evaluates the impact 
of institutions and their operations on global warming. Since the Kyoto Protocol, 
GHG’s emission efforts have focused on reducing six atmospheric gases with rec-
ognised “direct” greenhouse effect on the global climate. These are carbon IV oxide 
(CO2), nitrous oxide (N2O), methane (CH4), hydrofluorocarbon (HFC), perfluoro-
carbon (PFC), and sulphur hexafluoride (SFb). Air pollutants or “indirect” GHGs 
such as non-methane volatile organic compounds (NMVOCs), nitrogen oxides 
(NOx), sulphur dioxide (SO2), and carbon monoxide (CO), however, contribute to 
global warming by producing GHGs through reactions with other chemical 
compounds.

These reactions lead to chemical alteration, affecting the atmospheric lifetime of 
other GHGs and affecting the absorptive characteristics of the atmosphere, such as 
cloud formation. While these gases have different global warming potentials 
(GWPs), they are commonly indexed to an equivalent amount of carbon dioxide 
(CO2e) to make a simple comparison and evaluation. The trend in CO2 emission in 
relation to energy patterns has varied in time according to the energy fuel mix, and 
the deciding factor relates to the share of electricity consumption. The loading of the 
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Fig. 10 Twenty-five years energy consumption projection for 1.8% growth rate scenario
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pollutant in the sources projected over 25  years (2009–2033) using the current 
growth rate, i.e., business as usual, is shown in Fig. 11. The GWP (CO2e) for the 
same period is given in Fig. 12 for the residence and commercial centre. Results of 
the faculty and service areas are not captured because they are very insignificant 
compared to the other two sectors.

6  Discussion

The growth rate utilized in the software is determined from demographic data; the 
population growth rate is estimated at 2.8%. Three scenarios are considered; high 
growth rate (3.8%) denoted by high, 2.8% growth rate as business as usual, and low 
growth rate (1.8%) as low.

Using these three scenarios, energy consumption and GWP of the GHGs at CO2e 
are projected for 25 years. Figures 8, 9, and 10 show the growth in consumption for 
the faculty and service areas, residential areas, and commercial centres between the 
base and target years for the three scenarios, respectively. Expectedly, the high sce-
nario shows high energy consumption with residential benchmarking 103% share, 
faculty and service area 30%, and commercial centres 12% percentage saturation, 
respectively, at the target year. For the business as usual, 82%, 25%, and 10% satu-
ration, respectively, are projected, while for the low, it was 66%, 20%, and 7% satu-
ration, respectively.
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Fig. 11 GWP (CO2e) of the GHGs in the energy mix for 2009–2033
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For the carbon footprints, LEAP estimates the environmental loading of GHGs 
emitted from LPG, kerosene, firewood, charcoal, and diesel fuels utilized in the 
residential and commercial centres. This excludes the faculty and service areas 
since electricity is the form of energy applicable and no energy production. Figure 11 
shows the trends of different GHGs emitted in the institution. A rise of 1100% in 
biogenic CO2, 740% in SO2, and 330% in CO, etc. is expected by the target year. 
Figure 12 shows that the residential area accounts for a more significant contribu-
tion of GWP compared with the commercial centres. For the CO2e, by the target 
year, the residential area and commercial centre must have contributed 25% and 
60%, respectively. In order to reverse this trend, cleaner energy options such as 
solar, wind (which may be available as a result of the nearness of the institution to 
the lagoon), and biomass are proposed as alternatives to the current fossil fuel-based 
options.

7  Conclusion

This paper reveals that despite the absence of a national energy policy to guide 
energy management in various institutions and agencies, energy analysis is impera-
tive for regulating the balance between supply and demand either for the short, 
medium, or long term. A comprehensive data collection of the demographic and 
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Fig. 12 GWP (CO2e) of the GHGs in the energy mix for 2009–2033 on sectoral basis
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energy parameters were carried out during a walk-through energy audit in an edu-
cational institution, the University of Lagos, in 2006 and 2008. This information 
which excludes transportation helps estimate energy demand and carbon footprint 
for the institution between the base and target years. From the energy mix, GWP has 
the most contribution from biogenic CO2, SO2, and CO, respectively, while other 
GHGs are insignificant. Two sectors significantly contribute to the GWP; the resi-
dential area and commercial centres.
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1  Overview of Biodiesel

Biodiesel is a bioenergy source got from animal fats, vegetable oils and micro-algal 
oil (Abbaszaadeh et al. 2012). It is suitable for use in normal diesel engines. It came 
into effect in the 1990s as a result of global warming and emission of greenhouse 
gases from vehicles, together with its benefits over regular diesel in terms of toxicity 
and biodegradability (Ali 2017). Due to its similarity in physical characteristics 
with petro-diesel, it is utilized as a fuel in its neat state or mixed with petro-diesel, 
devoid of any adjustment to the engine (Robles-Medina et al. 2009), storage facility 
or distribution equipment (Gonzaga and Sobral 2012). Recently, the fast exhaustion 
of fossil fuel reservoirs has also made biodiesel an interesting substitute for diesel 
fossil fuel (Omar and Amin 2011). It is estimated that biodiesel along with other 
biofuels will substitute for 10% of Europe’s diesel consumption and 5% of the total 
fuel demand in South East Asia (Phan and Phan 2008). Besides, biodiesel is envi-
ronmentally friendly because it produced exhaust gas that is sulphur and aromatic 
compound free. It is biodegradable and innocuous (Marchetti et al. 2007; Nie et al. 
2006). In addition, biodiesel possesses many other benefits, like having emission 
profile that is low (this includes potential carcinogens). It is a renewable resource, 
and it has no contribution to the upsurge in the levels of carbon dioxide in the atmo-
sphere, it has a greater cetane number, reduced toxicity and, as it can be used in 
sensitive areas and hence, reduced the intensity of the greenhouse effect 
(Abbaszaadeh et al. 2012; Yunus-Khan et al. 2014; Balat and Balat 2010; Demirbas 
2009). Nonetheless, biodiesel production is very expensive, and this is the main 
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hindrance to its commercialization. Literature has the report that roughly 70–95% 
of the whole biodiesel production cost is associated with raw materials cost (Azócar 
et al. 2010). The other limitations of biodiesel over diesel fuel include higher emis-
sion of nitrogen oxides and lower energy content – about 12% less than diesel – pos-
sess a greater cloud and pour point, higher viscosity and greater corrosion rate 
(Yunus-Khan et  al. 2014). For the purpose of mitigating the cost of production, 
waste cooking oil (WCO) has been considered an attractive and hopeful feedstock; 
this could result in the reduction of the cost of biodiesel production to 60–70% as it 
is considered a low-cost raw material (Math et al. 2010). Apart from the fact that the 
production of biodiesel from WCO will circumvent the competition of the same oil 
resources for food and fuel, it will, in addition, solve the glitches related to the dis-
carding of WCO (Farooq et al. 2013). However, to obtain a realistic conversion of 
the WCO to biodiesel, the transesterification reaction is usually implemented with 
the aid of an appropriate catalyst system.

In general, homogeneous acid or base catalysts are employed in the production 
of biodiesel from diverse feedstocks. Conventional homogeneous catalysts can be 
acid or base types. They usually have numerous benefits such as high catalytic activ-
ity and slight reaction conditions in the temperature range of 313.15 K to 338.15 K 
and atmospheric pressure. The difference between homogeneous catalyst and het-
erogeneous catalyst is depicted in Table 1. Nonetheless, the utilization of homoge-
neous catalysts results in numerous glitches, such as reactor corrosion, soap 
production, strain in recovering the catalyst and the production of large quantities of 
wastewater, thus increasing the total cost of biodiesel production (Farooq et  al. 
2013). Figure 1 shows some of the drawbacks of using homogeneous catalysts for 
biodiesel production, making heterogeneous catalysis a prospective technology for 
biodiesel production.

This review discusses the sustainable advancement of heterogeneous catalysts 
for the production of biodiesel.

Table 1 Difference between homogeneous catalyst and heterogeneous catalyst

Homogeneous catalyst Heterogeneous catalyst

The catalyst and the reactant of homogeneous 
catalytic system possess same phase that is 
intensive to water content and fatty acid

The catalyst and the reactant of 
heterogeneous catalytic system possess 
different distinctive solid phases

Its separation is usually difficult Its separation is usually easy
Its selectivity is high Its selectivity is low
The process is not cost effective and its recycling 
process is difficult

The process is cost effective and its 
recycling process is easy

The system is unstable at lower temperature and 
pressure

The system is robust at high temperature 
and pressure

The system possess short life and extensive 
purification procedure

The system possess long life and less 
purification procedure

V. Efeovbokhan et al.
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2  Overview of Heterogeneous Catalysts

Heterogeneous catalysts are those which phase is different to the reactants. The 
result of a simple heterogeneous catalysis that ensued during catalytic process is 
shown in Fig. 2. Numerous research works on these heterogeneous catalysts have 
been and are still being carried out to find solution glitches related to homogeneous 
catalysis in the production of biodiesel (Talha and Sulaiman 2016). Heterogeneous 
catalysts could be either acidic or basic. In recent times, basic catalysis is now the 
most extended process in the biodiesel production (Borges and Díaz 2012). 
Generally, solid base catalysts have high activeness than their acidic counterparts in 
that they require relatively less extreme reaction conditions – temperature and time 
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(Hara 2009). However, the uses of these basic catalysts come with their disadvan-
tages. For example, the presence of water and free fatty acids in the oil has great 
impact on transesterification, resulting in side reactions which reduce the yield and 
lead to complications in recovering the biodiesel (Leung et al. 2010).

Metal oxides are the most usually basic heterogeneous group studied. Examples 
of such are magnesium oxide, calcium oxide and strontium oxide, just to mention a 
few (Borges and Díaz 2012). Within these catalysts, calcium oxide is the most pre-
ferred due to its higher activity, longer life time and ability to run under moderate 
reaction conditions (Kouzu et al. 2008a). In addition, it can be obtained naturally as 
calcium has numerous biological waste sources.

2.1  Natural Sources of Heterogeneous Base Catalysts

For the purpose of ensuing the sustainability of biodiesel synthesis, interest has 
peaked on the utilization of waste heterogeneous catalysts (Talha and Sulaiman 
2016). There are several natural sources of calcium widely used catalysts in trans-
esterification, to eliminate waste and reduce the cost of production (Chouhan and 
Sarma 2011). Generally, Ca(NO3)2, CaCO3 and Ca(OH)2 are raw materials from 
which calcium oxide (CaO) is synthesized (Cho et al. 2009). These raw materials 
are major compounds found in calcium-rich materials such as shells, bones and 
horns, which often times form a huge bulk of human waste.

The use of waste crab shells as a calcium oxide catalyst source has been used to 
synthesize esters from palm olein (Boey et al. 2009). Calcium oxide obtained from 
waste eggshells was also found to be competent catalyst, producing a yield of 97% 
(Viriya-empikul et al. 2010b). Calcined oyster and chicken shells have been evalu-
ated to be suitable catalysts in the conversion of oils to fatty acid methyl esters 
(Boey et al. 2009). CaO obtained from cow bones, after calcination, has also been 
tested and found to follow similar trends in performance with the conventional CaO 
in the production of biodiesel (Ayoola et  al. 2018a). The bones of animals were 
employed as economical catalyst for the transesterification of palm olein, giving an 
optimal biodiesel yield of 96.78% (Obadiah et al. 2012). Calcium oxide gotten from 
chicken eggshells and ostrich eggshells were utilized for biodiesel production, with 
yields of 96% and 94%, respectively (Buasri et al. 2014). Some authors have uti-
lized calcined scallop shells as catalyst in the transesterification of waste oil with 
methanol for the production of biodiesel (Sirisomboonchai et  al. 2015). White 
bivalve clam shell gotten from the sea shore was also used to synthesize calcium 
oxide for transesterification (Niju et al. 2016). The ash of the river snail shell was 
used to obtain calcium oxide (Kaewdaeng et al. 2017). The catalytic activities of 
calcium oxide samples obtained from the shells in biodiesel production have like-
wise been looked into (Buasri et al. 2013). Heterogeneous catalyst in the form of 
calcium oxide was obtained from the Pomacea specie shell and used as a catalyst for 
biodiesel production (Margaretha et al. 2012). Calcium oxide from eggshells can 
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also been employed as a catalyst for biodiesel production synthesis (Ayoola 
et al. 2018b).

2.2  Preparation of Heterogeneous Base Catalysts

Typically, purchased heterogeneous base catalysts do not require special prepara-
tion before use. However, in some cases, they are made to undergo some form of 
treatment to improve their activity. For example, CaO may be calcined at tempera-
tures up to 900 °C for some time to combat poisoning that may have occurred from 
the absorption of atmospheric water and carbon dioxide (Zhang et  al. 2010). 
Calcinations may also be used as a form of preparation treatment to get rid of car-
bonates and hydroxyl groups from the surface of the catalysts, as well as to improve 
the transesterification reaction (Granados et  al. 2009). However, calcium oxide 
obtained from natural sources requires extensive preparation procedures before it 
can be used for catalysis in transesterification. This is because that natural sources 
of calcium often occur in the form of carbonates, nitrates and hydroxides, mixed 
with other compounds and organic matter (Cho et al. 2009). Hence, cleaning proce-
dures along with extended high-temperature conditions (calcinations) are required 
to convert these natural sources to calcium oxide and maximize its activity. Reports 
state that for calcium oxide prepared from alternative sources, the catalytic activity 
is maximized at temperatures between 900 °C and 1100 °C (Zhu et al. 2006).

In a study involving calcium oxide derived from cow bones, the waste cow bones 
were initially washed, then broken and milled to small particles, cooked at 100 °C 
for 4 hours using a pressure cooker, removed and dried for 1 hour at 105 °C, further 
grinded into powder and finally calcined at to 800 °C for another 4 hours to ensure 
maximum conversion to CaO (Ayoola et al. 2018a). Obadiah et al. (2012) prepared 
calcium oxide from sheep bones by a series of steps beginning with crushing the 
bones in a hydraulic press as 100  psi. The bone chips were pressure cooked at 
1000 °C and 15 psi for duration of 4 hours, with the water being changed intermit-
tently. After boiling, the bones were dried at 105 °C for 16 hours and grinded finely 
with a hammer mill into particle sizes (<2 mm). Lastly, the finely milled bone pow-
der was heated from 200 °C to 1000 °C to monitor the effect of calcination tempera-
ture on the transformation to calcium oxide. It was found that the sample with 
highest calcium oxide component was obtained at 800 °C.

In the synthesis of calcium oxide from chicken and ostrich egg shells (Tan et al. 
2015), the eggshells were initially soaked in distilled water and washed to eliminate 
contaminants and their white inner membranes removed. The shells were allowed to 
dry in an oven at 100 °C, pounded into chips and grinded into fine powder by a 
mechanical grinder. Calcination was performed on the fine powder at 1000 °C in a 
tubular furnace for 4 hours to covert calcium carbonate to calcium oxide. Calcium 
oxide obtained from waste scallop shells was prepared by crushing grinding the 
shells to powder and calcination at diverse temperatures from 600 °C to 400 °C for 
2  hours, to determine the optimum calcination temperature for calcined scallop 
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shell (Sirisomboonchai et  al. 2015). The optimum calcination temperature was 
found to be in the span of 900 °C and 1100 °C. Another study performed the calci-
nations at a temperature of 1000 °C with good conversion (Buasri et al. 2013).

A different method of preparing calcium oxide with high activity is the 
calcination- hydration-dehydration method (Niju et  al. 2016). Here, waste shells 
were washed and rinsed thoroughly with distilled water and dried in an oven for 
1 day at 105 °C. The dried pieces were then crushed, grinded and calcined at 900 °C 
for 4 hours. At this point, the calcium component in the shells had oxidized to cal-
cium oxide. This product was then refluxed in water for 6 hours at 60 °C to convert 
to calcium oxide to calcium hydroxide. Following this, the refluxed solid articles 
were calcined again at 600 °C for duration of 3 hours to convert the calcium hydrox-
ide to calcium oxide. Calcium oxide from river snail shell was obtained by washing, 
drying and calcinations for 4 hours at 800 °C (Kaewdaeng et al. 2017). Waste shells 
were calcined at temperatures between 700 °C and 1000 °C for 4 hours, grinded and 
sieved to obtain white calcium oxide powder for catalysis (Buasri et  al. 2013). 
Specie of shell was calcined for 2 hours at 900 °C to convert calcium carbonate to 
calcium oxide catalyst (Margaretha et al. 2012).

In some cases, calcium oxide may be impregnated (doped) with another element 
or compound to increase its basic strength (Liao and Chung 2013). Calcium oxide 
was impregnated with 25% of KBr solution by a method known as wet impregna-
tion for 2 hours under continuous stirring (Mahesh et al. 2015). After which, the 
sample was heated at 900 °C for 4 hours and allowed to cool. Alumina-calcium 
oxide (60 wt% of CaO on Al2O3) was synthesized using a one-step synthesis proce-
dure (Yalman 2012). Following the preparation, the sample was calcined at 700 °C 
for 6 hours, sieved and stored. In all cases, calcium oxide is stored in desiccators to 
prevent catalyst poisoning as a result of absorption of atmospheric water and carbon 
dioxide (Kaewdaeng et al. 2017).

2.3  Biodiesel Production

Different set-ups and several combinations of reaction factors exist for the produc-
tion of biodiesel by transesterification. Reaction factors include reaction tempera-
ture, the ratio of moles of alcohol to oil, weight of catalyst used, agitation intensity, 
the time allowed for the reaction to take place and pretreatment, among others. 
Many researchers have studied different processes of biodiesel production.

Tan et al. (2015) researched on a method of biodiesel production by employing a 
process called two-step transesterification reaction. This was done in light of the 
type of oil used, which is WCO and the fact that it possessed a high acid value. The 
first step was an acid esterification which was performed using 50 ml of oil, 25 ml 
of methanol and 0.05  ml of concentrated H2SO4. The methanol and acid were 
blended together by using a stirrer in a conical flask, while the oil was preheated to 
65 °C in another conical flask. The blend was added to the preheated oil, and the 
reaction was left to proceed for 1 hour at 65 °C in an orbital shaker. The product was 
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then separated out and purified before being passed to the next step. The second step 
of this procedure involved the base transesterification of oil product with methanol 
and calcium oxide catalyst in a 500 ml screw-capped glass bottle enclosed in an 
incubator with orbital shaker. Here five factors were varied: catalyst weight % per 
volume of oil – 1, 1.5, 2, 2.5, 3; reaction temperature in °C – 25, 50, 65, 75, 85; 
proportion of methanol to oil – 6:1, 9:1, 10:1, 12:1, 14:1; time in hours – 1, 2, 3, 4, 
5; and orbital speed in rpm – 50, 100, 150, 250, 350. For each run, the calcium oxide 
was first activated by pouring it into methanol and shaking for 1 hour at 65 °C to 
form methoxide which was later added to the esterified oil and vigorously stirred.

The result showed that the maximum condition for heterogeneous biodiesel pro-
duction was a combination of the following factor selections: 1.5 weight% per vol-
ume of oil, 12:1 ratio, 65  °C temperature, 2  hours reaction time and 250  rpm 
agitation speed. In addition to these findings, this study also compared the catalytic 
activity of calcium oxide attained from chicken eggshells and ostrich eggshells. 
Although both catalysts gave a high biodiesel yield, it was discovered that produc-
tion using catalyst obtained from ostrich eggshells at the optimum condition gave a 
higher biodiesel yield of 96% compared to that from chicken eggshells which gave 
a yield of 94%. This variance was accredited to the ostrich eggshells having a larger 
surface area which enhances transesterification and the higher basicity of ostrich 
eggshells. The yield obtained here is higher than that obtained in other studies which 
employed the use of eggshells from other birds with values ranging from 92 to 96% 
(Viriya-empikul et al. 2010a; Chen et al. 2014; Wei et al. 2009b). The yield in this 
study is also higher than that from a study that used ostrich eggs as well with 30.08 
methanol weight % of oil, 3.79 wt% of catalyst and temperature of 60 °C for a dura-
tion of 4 hours (Satar 2014). The reasons for discrepancy stated here were the dif-
ferences in the catalyst preparation method and the molar ratio. The properties of 
the biodiesel obtained fell within the range set by the ASTM. A major gap in this 
study was the absence of reflux equipment to condense methanol that may have 
evaporated during the reaction, as temperatures 65 °C and above were tested. This 
may have affected the final yield of biodiesel obtained.

Another study involved the transesterification of waste oil by employing calcium 
oxide catalyst obtained from the calcinations of scallop shells (Sirisomboonchai 
et al. 2015). Here, to ensure the methanol remained liquid for maximum contact 
with the triglycerides in the waste cooking oil, a closed reflux reactor was employed 
for the transesterification. Prior to the reaction, the calcined scallop shell (now cal-
cium oxide) was mixed with the methanol in the batch reactor at 40 °C for 1 hour 
with an agitation speed of 500 rpm. The oil was then introduced to the reactor for 
transesterification. Three factors were varied here, with levels for each factor. These 
factors and their respective levels are methanol-to-oil ratio (3:1, 6:1, 12:1), catalyst 
in wt% (1, 2, 5, 10) and time in minutes (30, 60, 120, 180). The reaction temperature 
for each run was fixed at 65 °C. Monitoring the time of the reaction and at constant 
molar ratio and catalyst loading, it was observed that for the initial 30 minutes, the 
methyl ester yield was not so high due to the time taken for the triglycerides to dis-
perse in the methanol. However, beyond 30 minutes, the generation of the esters 
increased rapidly till 120  minutes where it remained constant, indicating the 
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reaction equilibrium had been reached. As reports shed more light on the contribu-
tion of excess reaction time to the backward reaction and saponification reaction 
(Leung and Guo 2006), 120 minutes was chosen as the maximum reaction time for 
this study. Looking into the impact of the catalyst weight on the reaction, a propor-
tional upsurge in the yield of esters with an upsurge in the weight of catalyst was 
noticed.

However, on increasing the weight from 5% to 10%, the rate of increase 
decreased. This was attributed to the fact that excess amount of catalyst than required 
for the reaction could contribute to saponification side reaction (Eevera et al. 2009). 
Hence, 5  wt% was chosen as the optimal weight percentage of catalyst to oil. 
Observing the trend while varying molar ratio, the ester yield greatly increased on 
upsurge in the molar ratio from 3:1 to 6:1. From 6:1 to 12:1, there was increase in 
the yield but only slightly. Beyond 12:1, the yield decreased. This was due to the 
decrease in the overall concentration of catalyst by dilution in the excess methanol. 
In addition, reports suggested that the optimum molar ratio for a transesterification 
process should be selected considering the cost of the materials, separation and 
purification (Leung et al. 2010). Hence, the ratio 6:1 of methanol to oil was picked 
as the optimal molar ratio. This study also provided a comparison between calcium 
oxide obtained by the calcinations of waste scallop shells and lab grade calcium 
oxide. While the use of the lab grade calcium oxide at the optimum conditions dis-
covered gave 85% yield of biodiesel, the calcined scallop shells gave a maximum 
yield of 80%. Overall, both yields are low relative to other works done on this topic. 
This can faulted to the use of a high acid value oil feed without any form of pretreat-
ment to decrease the percentage of free fatty acids (FFA), a major gap in this study.

A similar study was conducted to produce biodiesel from palm oil (Buasri et al. 
2014). Here, calcined scallop shell was also used as the catalyst for transesterifica-
tion. The reaction was done in a flask, furnished with a condenser (water-cooled), 
on a hot plate magnetic stirrer. A design of experiment was conducted using the 
Taguchi method. In the experiment, the effects of four factors were considered. For 
each factor, three levels were considered. The factors and their levels are reaction 
time (hours) – 3, 4, 5; reaction temperature (°C) – 60, 65, 70; loading of catalyst in 
weight percent – 8, 10, 12; and molar ratio of methanol to oil – 6:1, 9:1, 12:1. At the 
end of the experimental runs, nine combinations were selected based on the fatty 
acid methyl ester (FAME) % conversion. These combinations gave the most eco-
nomic span of conditions that would produce biodiesel of high quality. Of the nine, 
the optimum condition generated was one which gave a conversion of 95.44% using 
a molar ratio of 9:1 and catalyst loading of 10 wt% at a temperature of 65 °C for 
3 hours. It was also recorded in the study that the calcined scallop shell performed 
as well as commercial calcium oxide, and this waste scallop shell can be utilized as 
a suitable source of efficient and economical calcium oxide catalyst. The ester pro-
duced was light brown and met the requirements of the Thai biodiesel standard. A 
major gap observed in this study was the lack of esterification or any other suitable 
pretreatment step for the oil to reduce the amount of free fatty acids in the palm oil.

The biodiesel production process that employs calcium oxide gotten from river 
snail ash has also been observed (Kaewdaeng et al. 2017). Here, transesterification 
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reaction was done in a 200 ml lab-scale reactor with a molar ratio of methanol to 
waste cooking oil (6:1, 9:1 and 12:1). Catalyst weight percentages of 1, 2 and 3 
were considered as well. Keeping the molar ratio constant at 6:1, and observing the 
effect of catalyst loading at the maximum duration of 3 hours, the highest yield of 
biodiesel (95.91%) was realized using 1 wt%. Additional increase in the catalyst 
loading to 2 wt% and 3 wt% caused a reduction in the yield, subsequently the role 
of excess catalyst in impeding the distribution of the triglycerides and methanol in 
the reaction. With an upsurge in the molar ratio to 9:1, the highest yield (95.7%) was 
observed after just 1 hour with a catalyst loading of 1 wt%. An extended duration 
for the reaction resulted in a decrease in the percentage yield of biodiesel. This was 
credited to the reversible nature of the transesterification reaction and the possibility 
of saponification side reaction (Hatthason et  al. 2013). A further increase of the 
molar ratio to 12:1 at 1 wt% catalyst loading for duration of 2 hours yielded 91.4% 
biodiesel, while a catalyst loading of 2 wt% at the same conditions yielded 93.6% 
biodiesel. This showed that an upsurge in the catalyst loading could result in an 
upsurge in the biodiesel yield, provided that sufficient reagent is available to dilute 
the effects of the catalyst’s impeding tendencies. Further upsurge in the loading of 
catalyst to 3 wt% would, however, result in the reduction of the biodiesel yield. 
Comparing the yield from varying the molar ratio at the same reaction conditions, it 
was found that the optimum ratio was 6:1, and continuous increase in the proportion 
led to a gradual decrease in the yield. Overall, the runs gave good results, with the 
maximum biodiesel yield at 95.7%. The chemical composition of the product was 
found to have a FAME content of 98.12%. Other characteristics of the esters were 
obtained and discovered to be within requirements. As with others, the absence of a 
pretreatment step for the waste cooking oil and reflux device during transesterifica-
tion is a major gap in this study.

Another study on biodiesel production using waste sources of heterogeneous 
catalyst was carried out on the Pomacea species shell (Margaretha et  al. 2012). 
Transesterification reaction was performed on palm oil in a flask that has reflux 
condenser, magnetically stirred heating mantle. The reaction temperature, time and 
agitation speed were left constant at 60 °C, 4 hours and 700 rpm, respectively. The 
mass palm oil used for each run was 200 g. The weight of catalyst was varied from 
1 wt% to 5 wt% of weight of oil. The proportion of oil to methanol was varied 
between 1:5 and 1:11. For comparison purposes, sodium hydroxide (NaOH) was 
used as a catalyst under the same reacting conditions. Using the CaO obtained from 
the shell, it was observed that a rise in catalyst weight resulted in a rise in the yield 
of biodiesel. This resulted from the upsurge in the availability of active sites, caus-
ing an upsurge in the yield of biodiesel (Hattori et  al. 2000). As a result of the 
reversible nature of the transesterification reaction, more methanol above the stoi-
chiometric quantity will drive the forward reaction. This was observed to be true 
owing to the upsurge in methanol-to-oil ratio, which was from 5:1 to 7:1. An addi-
tional increase, however, decreased the yield of biodiesel due to side reactions 
(Kouzu et al. 2008b). The maximum yield (95.61%) was obtained with a 4 wt% 
loading of catalyst and methanol-to-oil proportion of 7:1. This result is similar to a 
study on heterogeneous catalysed transesterification (Chen et  al. 2011). It is 
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however higher than the results obtained in another work (Buasri et al. 2012). This 
maximum yield however was slightly lower than the yield (97.24%) obtained from 
catalysis using NaOH, confirming that homogeneous catalyst gives higher yields 
compared to heterogeneous catalysts.

An investigation on the heterogeneous catalysis of biodiesel production by 
employing calcined animal bones was also carried out (Obadiah et  al. 2012). 
Catalyst weights from 5 wt% to 25 wt% were studied. Methanol-to-oil proportions 
of 1:1 and 18:1 were considered. The reaction occurred at 65 °C for 4 hours. The 
optimum condition observed was with a proportion of 18:1, catalyst weight of 
20 wt%, reaction temperature of 65 °C and duration of 4 hours, at which the % 
conversion was 96.78%. A major gap identified in this study is the lack of extensive 
factor variations (temperature, time and agitation intensity). The optimum condi-
tions prescribed here may not be accurate due to the fixed temperature and reaction 
time used in the study. In addition, there was no control experiment provided to 
compare the efficiency of calcium oxide obtained from animal bones to commercial 
calcium oxide or other catalysts purchased from the market or stores. A biodiesel 
yield of 96.5% was attained from soybean oil by transesterification with a methanol- 
to- oil molar ratio of 6:1, at 65 °C, for 5 hours, using heterogeneous catalyst from 
oyster shells (Nakatani et al. 2009). Viriya-empikul et al. (2012) got 94.1% yield of 
biodiesel from palm oil by transesterification at 60 °C, using 10 wt% catalyst load-
ing and a molar proportion of 15:1, for 2 hours. A 3-hour transesterification reaction 
produced 95% biodiesel with a methanol-to-oil ratio of 9:1, 3 wt% loading of cata-
lyst and reaction temperature of 65 °C (Wei et al. 2009a).

Switching our focus from waste heterogeneous catalysts to commercial cata-
lysts, a study was conducted on biodiesel production from WCO by employing 
calcium oxide (Aworanti et al. 2013). Here, a blender with a tight lid was served as 
the reactor. Three factors were considered here: methanol-to-oil molar ratio, cata-
lyst weight and reaction time. The maximum condition was observed to be at a 
molar ratio of 9:1, 3.5 wt% catalysts and a reaction time of 1 hour. At this optimum 
condition, the maximum conversion was found to exceed 90%, and the yield of 
biodiesel was approximately 96%. In addition, other characteristics like viscosity, 
density, acid value, pour point and flash point complied with the standards set by the 
ASTM. A study was carried out on the use of magnesium oxide (MgO) as a catalyst 
in biodiesel production (Lopez et al., 2005). Triacetin was used in place of regular 
alcohol for transesterification reaction at 600 °C for 8 hours. The biodiesel conver-
sion was extremely low here at 18%. A high biodiesel yield of 91% was attained in 
an investigation into biodiesel production using MgO catalyst at supercritical condi-
tions (300 °C) with a high molar ratio of methanol to oil (39.6:1) (Di-Serio et al. 
2005). Another study produced biodiesel with a yield of 92% using 5.0  wt% of 
MgO catalyst, 12:1 molar proportion in 1 hour (Di-Serio et al., 2008). Although, 
next to calcium oxide, magnesium oxide is the most preferred base heterogeneous 
catalyst for biodiesel production, it is hardly used owing to its low surface area for 
contact leading to low conversions (Chouhan and Sarma 2011).

Strontium oxide (SrO) has also been highlighted as a suitable base heteroge-
neous catalyst for transesterification, though available literature on it is extremely 
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limited (Zabeti et  al. 2009). However, one study observed the transesterification 
reaction using 3 wt% SrO, methanol to oil proportion of 12:1 at 65 °C for 30 min-
utes for a biodiesel yield of 90% (Liu et al. 2008). KBr impregnated CaO has also 
been studied as a catalyst for transesterification of waste oil (Mahesh et al. 2015). 
The oil was pretreated prior to transesterification with 0.5 grams of activated char-
coal to 100 ml of oil. The transesterification reaction was performed in flask fur-
nished with a reflux condenser. The flask was positioned in a constant temperature 
water bath. The temperature of the reaction was kept constant at 65 °C, while the 
other factors were varied. The varied methanol-to-oil molar ratio was from 9:1 to 
15:1; the amount of catalyst was varied from 2 to 6 weight% of oil and the time from 
1 hour to 3 hours. The optimum FAME yield here was 83.6% with optimum condi-
tions: molar ratio of 12:1, catalyst quantity of 3 wt% and duration of 2 hours.

2.4  Recovery and Regeneration of Base 
Heterogeneous Catalysts

Although heterogeneous catalysts produce lower yields of biodiesel, a major advan-
tage is their reusability (Margaretha et al. 2012). That is, heterogeneous catalysts 
can be recovered, regenerated and put to use again, and different methods exist for 
each purpose. In one study, the catalyst was recovered using filtration method 
through a size 42 Whatman filter paper, washed with distilled water and washed 
again with acetone (Obadiah et al. 2012). The catalyst was dried, after which it was 
ready for reuse. Results showed that the catalyst could be recovered and reused for 
up to 5 cycles, with the fifth cycle giving a conversion of 83.7%. Another study 
separated out the catalyst by centrifugation at 5000 rpm for 10 minutes (Tan et al. 
2015). The recovered catalyst was then washed with n-hexane to get rid of adsorbed 
material. The washed catalyst was dried and re-calcined at a temperature of 700 °C 
for reuse. Reports showed that the catalyst was also able to be reused for up to 
5 cycles, with the fifth cycle attaining a biodiesel yield of 75%. Sirisomboonchai 
et  al. (2015) also recovered their calcium oxide catalyst by centrifugation at 
6000 rpm for 15 minutes. Upon reactivation, it was recorded that the catalyst could 
be effectively reused for up to 4 cycles. However, after the fourth cycle, the bio-
diesel yield reduced from 86% to 62%.

Margaretha et al. (2012) discussed and studied three methods of dealing with 
spent CaO catalyst after recovery. These three methods are reusing the spent cata-
lyst without any form of treatment or reactivation, washing the spent catalyst with 
methanol to eliminate adsorbed biodiesel and oil and re-calcination of the spent 
catalyst. Three cycles were tested using these three methods to determine the influ-
ence of each method on the biodiesel yield per cycle. Using the first stated method, 
the biodiesel yield dropped from 95% in the first cycle to 38% in the second cycle, 
emphasizing the great degree of deactivation of the catalyst. The third cycle did not 
produce any biodiesel. Observing the trend using the second method, the biodiesel 
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dropped from 96% to 90% and then to 75% in the first, second and third cycle, 
respectively. This method gave better yields in the second and third cycles than the 
first method. The third method gave yields above 90% in the first, second and third 
cycles. Hence, re-calcination of recovered catalyst is the best method of catalyst re- 
activation for reuse in biodiesel production.

From the foregoing, and generally therefore, heterogeneous catalysts are not cor-
rosive in nature, and they are friendly, environmentally. One of their characteristics 
is easy separation from the products through filtration, and their disposal glitches 
are not much when compared with those stumble upon by the homogeneous cata-
lysts (Yoosuk et al. 2010). Furthermore, heterogeneous catalysts have the capacity 
to be recycled and employed many times, as a result of the enhanced separation of 
the catalyst from the final products (Farooq et al. 2013). This offers a potential eco-
nomical avenue for the production of biodiesel. Heterogeneous catalysts uphold 
easy recovery and a less expensive green process (Robles-Medina et al. 2009). They 
can withstand high free fatty acid and moisture content. Effective and cost-effective 
heterogeneous catalysts assist in minimizing the overall cost of biodiesel production 
(Robles-Medina et al. 2009; Marchetti et al. 2007). Homogeneous catalytic systems 
are devoid of active molecules usually found in heterogeneous catalysts; hence, 
catalytic activity could be weakened. Since heterogeneous catalysts possess several 
advantages, their characteristics make them sustainable.

2.5  Sustainability of Heterogeneous Catalysts

Making heterogeneous catalysts sustainable is a great step in the direction of green 
chemistry. Nonetheless, approaches to the actual green catalysts entail more than 
synthesizing them. Environmentally friendly synthesis and degradation of the cata-
lysts after the duration of their lifespan, their excellent stability, insignificant leach-
ing of vigorous components, the utilization of non-harmful solvents and the 
utilization of environmentally friendly reactants are all significant mechanisms that 
provide the catalyst and their reaction certainly green characteristics (Pálinkó, 
2018). With regards to sustainability, it is essential to look for low-cost means of 
synthesizing heterogeneous catalysts that utilize earth abundant elements (Lee 
et al., 2014). Hence, sustainable heterogeneous catalysts that is highly effective is an 
important factor that will contribute to the final cost of biodiesel.

3  Conclusion

Biodiesel is regarded as an environmentally friendly biofuel, which is a promising 
substitute to diesel fuel. As a result of the challenges in the synthesis of present cata-
lysts, the switch toward cost-effective paths for synthesizing sustainable catalysts 
for renewable biofuel fuels has increased. Heterogeneous catalytic processes play a 
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central role in the production of biodiesel fuel. Hence, the role of heterogeneous 
catalysts is critical in every aspect of biodiesel production: from the conversion 
process of biofuels systems to making the whole process more effective, with low 
energy demand and realistic, economically.
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Nigerian Marginal Oilfield Development 
Program: PIA and Current Issues

Rachael E. Josephs, Charles Y. Onuh, Oyinkepreye D. Orodu, 
Oluwasanmi A. Olabode, Yuven T. Nchila, and Christian N. Dinga

1  Introduction

The oil and gas industry is charged with the exploration, production, refining and 
distribution of petroleum, natural gas and its products around the world. Currently, 
the world is heavily dependent on hydrocarbon as a major source of energy. Daily 
consumption was approximately about 100.87 million barrels of oil equivalent 
globally in 2019 and an estimated 92.2 million barrels in 2020 (Ogolo, 2021; US 
Energy Information Agency, 2020). Therefore, in the future, it will be necessary to 
maintain a stable supply of this very important commodity. Companies are begin-
ning to invest in hydrocarbon exploration and production to ensure that depleted 
hydrocarbon reserves are replenished (Ogolo, 2021).

Marginal fields are estimated to currently represent between 30% and 40% of 
world oil production and are gaining importance due to the natural decline in pro-
duction from large mature fields (Onolemhemhen, 2017). Most of the offshore oil-
fields that have been discovered in recent years have been classified as marginal 
(Zhao et al., 2016). In general, most fields with low-abundant reserves, poor eco-
nomic performance, high cost, and technical difficulty in development are called 
marginal fields or small fields (Akinpelu, 2009; Kue, 2006). On the other hand, in 
the Nigerian context, marginal fields are defined as fields which have been neglected 
by the leaseholders. Other features include long distance away from infrastructure, 
costly development during low oil price, limited volume of reserves, etc. 
(Otombosoba, 2017).

Marginal oil field reservoirs located in Nigeria are cautiously estimated to hold 
reserves of over 2.3 billion barrels of Stock Tank Oil Initially in Place (STOIIP) 
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spread across 183 fields (Akinwale, 2016). These fields are discoveries found in 
areas which are managed by International Oil Companies (IOCs), and no develop-
ment effort has been carried out owing to their perceived limited economic value 
due to size, volume/reserves, and economic/technical unavailability of current tech-
nology for their development (Otombosoba, 2017). These fields may be dubbed 
uneconomic when produced by the IOCs; however, they may be profitable if 
explored by indigenous entrepreneurs owing to their low operating cost as explained 
by Dagogo (2018). National Oil Companies (NOCs) and IOCs are advancing in 
skills and capabilities to unlock the potential of marginal fields and small-scale 
developments (Onolemhemhen, 2017).

Marginal fields are categorized in accordance with a mixture of specific condi-
tions: hydrocarbon resources, oil price, technical feasibility, operating company’s 
profile, commercial structure, and regulatory aspects. They can largely be defined as 
oil and gas fields that are assumed uneconomic to develop due to size of reserves, 
complexity, financial and market conditions, or remoteness of nearby infrastructure 
(Humphrey, 2016). They are recovered by the Federal Government with the aim of 
reallocating them to indigenous companies with technical and financial capability 
and willingness to develop them (Ezeani, 2017). They can also be fields with low 
production at the end of their economic life cycle when revenues are below operat-
ing expenses (Humphrey, 2016). The 1969 Petroleum Act confers on the Petroleum 
Resources Minister (The President) the authority to award oil mining and prospect-
ing licenses. As such, “Marginal Fields” are fields which the president may from 
time to time identify as such. According to Onolemhemhen et al. (2017) to limit the 
capricious classification of fields as marginal, DPR (1996) issued guidelines that list 
the traits that must be in place for a field to be classified as such. They are as follows:

 1. Low STOIIP.
 2. Considerable distance to available production facilities.
 3. Reservoirs that possess unusual crude oil characteristics (e.g., crude oils charac-

terized by high viscosity and low API gravity) that are not recoverable through 
conventional methods.

 4. Acreage which has not been considered for development due to their marginal 
economics under prevalent financial and market conditions.

 5. Fields with one or multiple wells that are yet to be developed by the operating 
companies including undiscovered fields and unappraised discoveries.

 6. Producing fields that have become uneconomic owing to their attainment of near 
or exceeded abandonment limits.

Irrespective of geographical and technical characteristics, a key factor which influ-
ences the commerciality of marginal fields is the fiscal regime under which they are 
operated (Ezekiel, 2020). The fiscal regime is what guarantees reasonable return on 
investment (Adetoba, 2012). Ever since oil was discovered in 1956, the Nigerian 
government has continuously proposed a number of fiscal regulations to improve 
the petroleum industry. A number of them among others include the 1959 Petroleum 
Profit Tax Act (PPTA), Petroleum Act of 1969, and Nigerian National Petroleum 
Corporation (NNPC) Act 1977. More recently, the Local Content Act known as the 
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“Nigerian Oil and Gas Industry Content Development Act” (NOGICDA) 2010 and 
the Petroleum Industry Act (PIA) were introduced.

The complex regulatory framework that governs the planning and permitting of 
oil and gas projects is built on interdependent conditions that create bottlenecks in 
projects. For marginal field developers with limited financial resources, navigating 
this complex regulatory process frequently delays or even halts projects. Thus, this 
study seeks to carry out an extensive review of marginal oilfield development within 
the framework of the ensuing industry fiscal terms in Nigeria. A proper understand-
ing of marginal field development in light of these fiscal systems will greatly impact 
decision making for the NOCs and contribute to the body of knowledge in oil field 
economics.

2  Theoretical Framework and Review of Existing Literature

Around the world, there have been various definitions developed for the classifica-
tion of marginal fields. Hui et al. (2012) defined marginal fields as such fields which 
when developed by conventional technologies yield an internal rate of return lower 
than the standard in the industry but higher than the industry discount rate. Table 1 
presents marginal field definition in some selected countries. In Nigeria however, 
categorizing a field to be marginal is the sole prerogative of the Federal Government 
through the discretion of the president (Petroleum Amendment Act, 1996). From 
Table 2, marginal fields can be defined as fields producing between 100 and 25, 000 
barrels per day.

The Nigerian Marginal Field initiative was enacted when item 23 of the Petroleum 
Act (1996) mandated Oil Mining License (OML) holders to farm-out fields which 
have not been produced for 10 years or more to Nigerian owned Exploration and 
Production (E & P) companies with the consent of the president (Uwaga, 2008). 
Most farm-out agreements take the form of a sublease. Through the DPR, the OML 
holder acquires the license from the Minister; then the interest in the license is 
farmed out by the farmor, i.e., the holder of the license, to the farmee, i.e., the party 

Table 1 Definition of marginal field in selected countries

USA Fields with stripper oil wells and producing 10 barrels per day or below for a 
12-month period and stripper gas wells producing 60,000 cubic feet per day or 
below at its peak flow rate

Netherlands Gas fields which hold less than 4 billion cubic meters of reserves
United 
Kingdom

Oil fields estimated to contain 20 million Boe

Malaysia Oilfields producing 30 million barrels of oil equivalent or less
China An offshore oilfield of about 6.29 billion barrels of proven OOIP was classified 

as marginal
Egypt Recoverable reserves equal to or less than five million barrels of oil

Sources: (Hui et al. 2012; Adeogun, 2015)
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Table 2 Royalty rates as stipulated by the Marginal Fields Operations Regulations 2005

Production (bopd) Royalties (%)

Below 5000 2.5%
Between 5000 and 10,000 7.5%
Between 10,000 and 15,000 12.5%
Between 15,000 and 25,000 18.5%

Table 3 Overriding royalty rates stipulated by the Marginal Fields Operations Regulations 2005

Production (bopd) Royalties (%)

Below 2000 2.5%
Between 2000 and 5000 3.0%
Between 5000 and 10,000 5.5%
Between 10,000 and 15,000 7.5%
Above 15,000 7.5%

obtaining the license. Based on the agreement of both parties, the farmee is required 
to pay a percentage overriding interest to the farmor in addition to the royalties to be 
paid to the government who owns the mineral rights. Tables 2 and 3 present the 
percentage royalties and overriding royalties due for each corresponding production 
volume in barrels of oil per day (bopd) based on the Marginal Fields Operations 
Regulation of 2005 (Fig. 1).

Farm-out agreements may also be conducted through bidding rounds for mar-
ginal fields by the President (through the DPR), provided that such fields have been 
left unproduced, undeveloped or unattended to for more than 10  years. Bidding 
rounds are usually conducted in accordance with set guidelines which include infor-
mation on payments, eligibility, timeline of the process, method of selection, and 
proposals. Once the winners are selected, they must pay a one-time signature bonus 
in order to complete the procurement process. The farmee is then required to negoti-
ate necessary terms and conditions with the farmor. Since the inception of the 
Marginal Field Program (MFP), the DPR has announced three bidding rounds. The 
first bidding round took place in 2001, and indigenous companies were invited to 
bid for 24 out of the 116 fields identified. The 24 fields were awarded to 31 Nigerian 
companies in 2003 (Akinwale, 2016). The second was announced in 2013 by the 
Federal Government, and companies were invited to put in bids. Out of the 31 fields 
that put on offer, 16 were located onshore, while the remaining 15 were located in 
the continental shelf. Unfortunately, that bid never took place despite the fact that 
the guidelines to oversee the process had already been released (Ezekiel, 2020).

The third bidding round which commenced on the first of June 2020 was the first 
successful bid round in 20  years. The Guidelines for Award and Operations of 
Marginal Fields in Nigeria (the “Guidelines”) 2020 document the criteria and pro-
cedure for the process (Okwurionu, 2020). At the end of the bid round in June 2021, 
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Fig. 1 Map of Niger Delta showing some previously awarded marginal fields (DPR 2014)

161 companies were shortlisted as potential awardees, out of 591 firms that submit-
ted statements of interest forms for the 57 fields on offer (DPR, 2021). Wood 
Mackenzie estimated the total resources on offer to be around 800 MMbbl oil and 
4.5 Tcf gas. Twenty-five of the largest oilfields are projected to generate over $38 
billion in revenue over the life of the fields (Anderson, 2020). Ezekiel (2020) stated 
that about 251 marginal fields have been identified in Nigeria so far with about 2.3 
billion barrels recoverable oil reserves.

2.1  Fiscal Regulations Applicable to Marginal Oil Fields 
in Nigeria

Fiscal regimes are applied by host governments of oil and gas producing nations to 
allocate, manage and regulate revenues accruing from oil and gas exploration. It is 
a key part of the decision-making process used by government and investors. 
According to the Nigerian Association of Petroleum Explorationists (NAPE), the 
economics of marginal fields are not considered to be robust enough under the pre-
vailing “fiscal regime”; thus they remain unproduced. It is therefore necessary to 
examine the fiscal regulations applicable to the Nigerian petroleum industry as it is 
a major profitability determinant for marginal oil and gas field development.
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 Petroleum Profit Tax Act (PPTA)

According to Gbegi et al. (2017), the Petroleum Profit Tax (PPT) contributes about 
70 and 95 percent of government revenue and foreign exchange earnings, respec-
tively. It mandates tax to be paid on taxable income of companies that are engaged 
in petroleum activities (Abdul-Rahamoh, 2013). Petroleum Profit Tax Act of 1959 
(as amended) regulates the administration of the PPT. Section 8 of the PPTA stipu-
lates that any company carrying out petroleum operations is obligated to render 
returns, alongside audited accounts within an allowed time after the end of its 
accounting period. In Section 2 of the PPTA, petroleum operations refer to “win-
ning or obtaining oil in Nigeria by or on behalf of a company, by drilling, extracting 
or other similar operations, excluding refining at a refinery, or in the course of a 
business carried out by the company engaged in such operations, and all operations 
incidental thereto and any sale of or disposal of chargeable oil by or on behalf of the 
company” (Gbegi, 2017). The applicable PPT rate for deep offshore and inland 
basin operations is 50%, while onshore and shallow water operations is 85%. The 
tax is usually paid in advance in 12 monthly installments (Lawal, 2013). However, 
marginal field operations are to enjoy a lower PPT rate of 55%.

 Local Content Act

Local content comprises all government measures, projects, or interventions geared 
towards increasing employment, services, production, and overall monetary value 
to the country’s local industry value chain (Acheampong, 2016). Table 4 presents 
the main objectives for introducing the Local Content Act in Nigeria’s petroleum 
industry. The Nigerian Oil and Gas Industry Content Development Policy (also 
called the Nigerian Content Act, NCA), passed in April 2010, is the template used 
for the efficient execution of local content policy in Nigeria. One of its unique fea-
tures is that it properly defines the term Nigerian content. NCA makes it necessary 
to give prior consideration to indigenous servicing companies which have demon-
strated technical capacity and ownership of equipment whose personnel is predomi-
nantly Nigerian to execute jobs in the oil and gas industry. In addition, it presents a 
template for the classification of companies and lists the responsibilities of institu-
tions charged with the effective delivery of the Nigerian content and a value matrix 
for measuring local input (Balouga, 2012). Section 2 of the Act makes it mandatory 
for regulatory authorities, contractors, operators, alliance partners, and other body 
desiring to engage in any oil and gas business related to consider local content. 
According to Adedeji (2016), the target for local content policy was to increase 
local content development by 45% in 2007, 70% in 2010, and above 80% by 2020 
(Adedeji, 2016). Prior to enacting the NCA, foreign firms carried out most of the 
technical activities and operations in the upstream sector of the oil and gas industry. 
This was due to a perceived inadequacy of indigenous technical expertise, labor, and 
financial resources (Ezeani, 2017).
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Table 4 Objective of the Nigerian government for some legislations in the petroleum industry

Policies Objectives Sources

Local Content 
Act

Growth in the upstream and downstream sectors of 
the industry
Integration of the oil and gas industry into the main 
economy
Diversification of the sources of investment within 
the industry
Improved indigenous participation and transfer of 
technology and skills
Increase in the employment proportion and 
provision of services in the oil industry
Increase in the production capacity, etc.

Acheampong et al., 2016; 
Ayomike & Okeke, 2015

Petroleum 
Profit Tax Act

Exercise control over the public asset
Regulate the number of participants in the industry 
and discourage rapid depletion of reserves
Provide a veritable source of income to perform its 
obligations to the citizenry
Create an instrument for the re-distribution of labor, 
technical expertise, and capital needed to build the 
industry and the country
Promote a cleaner and healthier environment by the 
imposition of environmental tax

Abdul-Rahamoh et al., 
2013

Petroleum 
Industry Bill

Reform the Nigerian National Petroleum 
Corporation (NNPC)
Overhaul the current petroleum laws and fiscal 
system
Revamp the petroleum revenue system and 
encourage sustainable prosperity within host 
communities
Create a progressive fiscal framework that 
encourages investment

Sayne et al., 2012; 
Iledare, 2010

Marginal Field 
Program

Diversify investment sources and capital inflow into 
the country’s oil industry
Foster technology transfer by promoting indigenous 
participation in the sector
Increase oil and gas reserves by engaging in 
aggressive exploration and development
Provide opportunity to employ high-level 
technically competent Nigerians in the oil and gas 
business
Increase production capacity; promote sharing of 
assets/facilities in order to ensure optimum 
utilization of available capacities

Ezekiel, 2020; Atsegbua, 
2005

 Petroleum Industry Act (PIA)

In 1999, President Olusegun Obasanjo established the OGIC (Oil and Gas 
Implementation Committee). The conclusions of the committee were approved by 
the government in 2007 forming the backbone of the then petroleum industry bill. 
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In 2012, a new draft was submitted to the National Assembly by the Minister of 
Petroleum Resources (De Montclos, 2014). The 2012 Draft of the PIB sought to 
remodel the Nigerian National Petroleum Corporation (NNPC) and to overhaul the 
existing fiscal systems (Iledare, 2010). Presently, NNPC acts as neither a meaning-
ful operator nor a commercial entity. Thurber et al. (2010) noted that NNPC plays 
the role of de facto regulator in its transactions with IOCs as such conflict of interest 
is inevitable. The paper cited the implementation of local content as an example. 
NNPC is a regulator of local content, but it can also provide it. NNPC is also charged 
with cost regulation in joint venture arrangements and simultaneously serves as the 
major partner in these ventures. Other examples are in the sale of crude oil to the 
nation’s four refineries; NNPC acts as a regulator, buyer, and commercial agent. As 
a government parastatal, NNPC manages government’s share in Nigeria’s oil opera-
tions, making it unanswerable to shareholders (Sayne, 2012).

The restructuring section in the PIA 2021 creates separate operations for the 
upstream, midstream, and downstream sectors. The Upstream Regulatory 
Commission (“the Commission”) is to oversee the upstream sector, while the mid-
stream and downstream sectors would be under the oversight of the Nigerian 
Midstream and Downstream Petroleum Regulatory Authority (the “Authority”). The 
Minister of Petroleum (“the Minister”) is vested with general oversight powers over 
the petroleum industry; the Commission and the Authority are required to report to 
him. Section 53 of “the Act” directs the Minister to incorporate a Nigerian National 
Petroleum Company Limited with the Corporate Affairs Commission (“CAC”) 
within 6 months of the Commencement of the PIB (PIA, 2021). The NNPC Ltd. like 
every incorporated entity will run as a commercial organization. Its share in joint 
venture arrangements with international firms will be taken over by the National 
Petroleum Assets Management Agency (NAPAMA) (De Montclos, 2014).

The Petroleum Profit Tax (PPT) which has been the most significant instrument 
for petroleum taxation will be replaced by Corporate Income Tax (CIT) and National 
Hydrocarbon Tax (NHT) in the PIB (Iledare, 2010). Hydrocarbon tax is a new form 
of tax which is only applicable to upstream petroleum operations. The proposed 
NHT rate is 0% for deep-water and frontier basins and 15% to 30% for onshore and 
shallow waters. In the case of the NHT, only 80% of foreign expenses are deduct-
ible, while in the case of CIT which is 30% of net profit, 100% of the relevant costs 
incurred are deductible except costs designated as unrecoverable. However, the 
NHT expense which was earlier deducted is not allowed to be deducted for CIT 
purposes. NHT is only imposed on oil revenue. The tax rate for gas is 5% and 2.5% 
for gas utilized in the country. The seventh schedule of the PIA stipulates different 
categories of royalties based on price, location, and production. The royalty is deter-
mined on a sliding scale and not a jumping scale; paragraph 10, subparagraph 2 
stipulates royalties as seen in Table 5. A special provision for marginal fields pro-
ducing less than 10,000 barrels per day within a month is made in subparagraph 4; 
the first 5000 bopd is charged at 5%, while the next 5000 bopd is charged at 7.5%; 
marginal fields producing above 10,000 bopd is charged under the provisions of 
subparagraph 2 stated earlier. Under the PIA, no overriding royalties shall be paid 
and no royalty by price for frontier acreages.
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Table 5 Current regulations and the corresponding provisions of the PIB 2020 for the Nigerian 
petroleum industry

Current 
regulations Terms

PIB proposed 
regulations Terms

Petroleum profit 
tax

1. 85% onshore 
& 50% offshore
2. Marginal 
fields – 55%

1. Nigerian 
hydrocarbon tax
2. Corporate income 
tax
3. Host community 
levy
4. Withholding tax

1. 0% for deep-water/frontier 
basins; 15% for onshore/shallow 
water (PPL) and 30% for onshore/
shallow water (PML)
2. 30% on net profit
3. 3% of its operating expenditure
4. 10% on dividends paid to 
shareholders

Nigerian 
National 
Petroleum 
Corporation 
(NNPC)

– 1. Nigerian upstream 
regulatory commission 
(“the commission”)
2. Nigerian midstream 
and downstream 
petroleum regulatory 
authority (“the 
authority”)
3. Nigerian National 
Petroleum Company 
Limited (NNPC ltd.)

–

Royalties and 
rent

1. Onshore and 
shallow 
water – 16.67–
20%
2. 
Deepwater – 
12%
3. Marginal 
fields – 2.5–
18%

1. Location-based 
royalties
2. Price-based royalties
3. Production-based 
royalties
4. Marginal field 
royalties (producing 
less than 10,000 bopd 
within a month)

1. Onshore areas – 15%; shallow 
water – 12.5%; frontier basins – 
7.5%;deep offshore – 10%
2. Below US$20 per barrel – 0%; 
above $20 and up to US $60 – 
2.5%; above $60 up to US 
$100 – 4.0%; above $100 and up 
to US $150 – 8.0%; above 
US$150 per barrel – 10%
3. Monthly production in deep 
offshore <50,000 bpd – 5%; > 
50,000 bpd – 7.5%
4. First 5000 bopd – 5%; next 
5000 bpd – 7.5%

Oil prospecting 
license (OPL)
Oil exploration 
license (OEL)
Oil mining lease 
(OML)

– 1. Petroleum 
prospecting license 
(PPL)
2. Petroleum 
exploration license 
(PEL)
3. Petroleum mining 
lease (PML)

–

Others – 1. Frontier exploration 
fund
2. Cost recovery limit

1. 30% of profit oil and gas
2. 80% of available hydrocarbons

Sources: PIA 2021; Okon, 2006
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Furthermore, the PIA mandates a fund for frontier exploration, consisting of 
30% of profit oil and gas from NNPC Limited received from its Production Sharing 
Contracts (PSCs), profit sharing contracts, and risk service contracts. It classifies a 
frontier basin as one in which no previous discovery or exploratory activity has been 
carried out or as determined by the commission. Some examples include Dahomey, 
Bida, Anambra, Benue. Sokoto, and Chad (KPMG, 2021). The Petroleum Host 
Community Fund (PHC Fund) was newly introduced in the PIA to address social 
and economic development in the oil-producing community. It is taken as 10% of 
the contractor’s profit (Adeogun, 2015). However, this amount was changed to 
about 3%. The PIA (2021) also stipulates an “incorporated joint venture company” 
(IJV), in which NNPC Limited and other participants in the joint operating agree-
ments with respect to upstream petroleum operations may voluntarily restructure 
their joint operating agreement to a joint venture carried out as a limited liability 
company, each referred to as an “incorporated joint venture company” (IJV) (PIA, 
2021). Some other important provisions of the PIA are presented in Table 4.

3  Discussion

The marginal oil field development program is a laudable initiative of the Nigerian 
government which offers immense economic, social, and technical benefits such as 
increase in oil and gas production, engagement of indigenous manpower, transfer of 
technology and technical expertise, etc. Ezeani (2017) concluded that the major 
instruments employed to incentivize local participation in the oil and gas industry 
are the allocation of marginal field licenses alongside local content implementation. 
As stated earlier, some of the challenges facing the Nigerian marginal field program 
include economic viability, high cost, and technical difficulty. One of the ways to 
enhance the economic viability of marginal fields is to acknowledge the huge poten-
tial of the gas market and harness natural gas as a strategic asset rather than an 
undesirable byproduct of crude oil production (Humphrey, 2016). In order to reduce 
high cost of production and technical difficulties for marginal fields, the following 
should be encouraged: knowledge sharing, capacity building, joint venture partner-
ships, etc. However, these objectives cannot be achieved without the right fiscal 
legislations in place. The complex regulatory framework that governs the imple-
mentation of oil and gas projects can create bottlenecks which are not favorable for 
marginal field developers with limited financial resources. Ekeh (2015) opined that 
only 8 out of 24 marginal fields awarded in 2001 were producing a cumulative of 
about 53,000 barrels per day (bpd) as at 2013. One of the factors sighted as respon-
sible for this was the tax regime and regulatory framework.

History was made on the first of July 2021, when the Nigerian Senate and the 
House of Representatives passed the Petroleum Industry Bill (PIB) after two 
decades. It was later signed into law by President Muhammadu Buhari on August 
16, 2021. Without the Petroleum Industry Act (PIA), fiscal terms will be based on 
the Marginal Fields Operations (Fiscal Regime) Regulations 2005 and the Petroleum 
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Profits Tax Act 1959. Take, for instance, the current farm in agreement between 
IOCs and indigenous companies which requires royalties be paid to the IOCs for 
acreage farmed out to Marginal Field Operators (MFOs). The PIA demands that the 
IOCs completely surrender areas being operated to the indigenous companies, as 
such no overriding royalties will be paid. MFOs will be allowed to directly acquire 
the PML for those fields (Otombosoba, 2018). The PPT for marginal fields under 
the current fiscal regime is placed at 55%; this is lower than the 85% for mature 
fields (Otombosoba, 2018). Notwithstanding the PIA proposes even lower tax rang-
ing from 15% to 30%. Also, the royalties and taxes are generally lower and should 
enhance the economic viability of marginal fields.

Local content policies are developed to increase the use of local manpower and 
resources to increase indigenization and foster sustainable development (Bello, 
2017). The Petroleum Industry Bill (PIB) has been viewed as a growth enabler in 
the development of the Nigerian Content (Saidu, 2014). For marginal field develop-
ment, using indigenous manpower could significantly reduce cost and create oppor-
tunities for improved expertise. This could make it more attractive to indigenous 
investors.

4  Conclusion

The Nigerian marginal field development program is a commendable initiative 
introduced to promote indigenous participation in the oil and gas industry, foster 
technological transfer, and increase oil and gas reserves and production capacity 
among others. Following the recent passage of the PIB and successful completion 
of the 2020 marginal field bid round by the DPR, there is need for further technical 
and economic evaluation to investigate the potential and profitability of the mar-
ginal field development initiative under the prevailing fiscal regulations. Although 
the PIA does not fully stipulate special provisions for marginal fields, it can be 
concluded that the PIA positively impacts marginal field development for the opera-
tors due lower taxes and royalties.
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1  Introduction

Phytates and its isomers (myo-inositol phosphate esters (IP5 to IP2), even at low 
levels, constitute anti-nutritional factors that can have adverse effects on protein and 
mineral digestibility in animals particularly monogastric animals (Lee et al., 2020). 
These monogastric animals are unable to utilize all the nutrients in their feed 
because of the deficiency of their digestive system, particularly as they lack the 
enzyme phytase (Asmare, 2014). Being the main form by which phosphorus in 
cereals, leguminous crops, oil seeds, and nuts is stored (Gupta et al., 2015), com-
mercial production of monogastric animal feeds requires the addition of exogenous 
phytase. Phytase is the most valuable commercial enzyme in poultry feed produc-
tion (Lamp et al., 2020) and constitutes the major cost in the commercial production 
of poultry feed (Kim et al., 2019). The enzyme is able to hydrolyze the phytic acid 
present in the feed, thus improving the nutritional value of feed and also decreasing 
the amount of phosphorus excreted by animals (Muslim et al., 2018). Also phytase 
can be derived from other sources; however, plants are unable to produce extracel-
lular phytase (Richardson et al., 2004). Microorganisms remain the most significant 
sources for production of enzymes (Atolagbe et  al., 2016). They are generally 
regarded as cheaper means of producing industrial enzymes, since they can utilize 
readily available waste materials. In fungi, phytase production has been reported in 
species like Aspergillus niger (Afinah et  al., 2010), Aspergillus flavus (Gaind & 
Singh, 2015) and Aspergillus fumigatus (Mittal et al., 2013). Although in most cases 
solid-state fermentation technique is regarded most suitable for commercial phytase 
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production using Aspergillus species (Saithi and Tongta et al., 2016). In this study, 
submerged fermentation is employed due to the ease of product recovery which will 
minimize the cost of downstreaming processing and ultimately the overall cost of 
enzyme production. The aim of this study was therefore to characterize the phytase 
produced by a local fungal isolate to determine its suitability for inclusion as an 
exogenous supplement in animal feeds.

2  Materials and Methods

2.1  Sample Collection

A total of 100 g of soil samples were randomly collected from ten different spots (at 
10  g per spot) of a poultry site in Lagos state (6°27′14.65“ N 3°23’40.81” E), 
Nigeria. Samples were collected from the areas on which the poultry droppings fell. 
They were collected in black polythene bags and transported same day to the 
Covenant University, Microbiology Laboratory for analyses.

2.2  Screening and Selection of Phytase-Producing Fungi 
from Poultry Soil

The selected fungi were quantitatively screened for the production of phytase fol-
lowing Lee et  al. (2005). Soil suspension (1  mL) was plated out onto phytase- 
screening medium (D-glucose – 15.0 g; sodium phytate – 3.0 g; NH4NO3–5.0 g; 
MgSO4.7H2O – 0.5 g; KCl – 0.5 g; FeSO4.7H2O – 0.01 g; MnSO4.4H2O – 0.01 g; 
and Agar – 15.0 g in 1 L) (Qasim et al., 2016). Soil suspension was prepared by 
mixing 0.5 g of soil sample in 10 mL of 9% saline solution (Gontia-Mishra et al., 
2013). The plates were left to incubate at 30  °C for 5  days. Fungal isolate was 
selected based on zone of hydrolysis.

2.3  Morphological Identification

Selected fungal isolate was purified by subculturing into potato dextrose agar (PDA) 
plates and subjected to lactophenol cotton blue test and identified based on morpho-
logical and microscopic characteristics referenced to fungi compendium (Domsch 
et al., 1980).
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2.4  Molecular Identification

The DNA isolation was carried out following the CTAB method described by 
Dellaporta et  al. (1983). PCR amplification of fungal internal transcribed spacer 
region was performed using the primer set ITS 1 and ITS 4 with the following 
sequences: ITS 1 (5’-TCCGTAGGTGAACCTGCG G-3′ and ITS 4 
(5’-TCCTCCGCTTATTGATATGC-3′) (Alves et al., 2018). A 50 μL reaction mas-
ter mix containing 0.5 μL Taq DNA polymerase (Transtat China), 5 μL 10X dilution 
of the manufacturer’s buffer (Transtat China), 4 μL deoxynucleoside triphosphates 
(dNTPs), 1 μL each of primers ITS 1 and ITS 4, and 36.5 μL sterile DNAse free 
water was employed for the PCR amplification. The reaction conditions were as 
follows: initial denaturation at 95 °C for 10 min, 30 amplification cycles of denatur-
ation at 95 °C for 1 min, annealing at 55 °C for 1 min (determined after gradient 
PCR), and primer extension at 72 °C for 90 min 1:30 min, followed by a final exten-
sion at 72 °C for 10 min. Aliquots of amplicons (7 μL) were analysed in 1% (w/v) 
agarose gel (Sigma, USA) by horizontal gel electrophoresis. DNA bands were visu-
alized by UV excitation after staining with ethidium bromide (0.5 μL). Amplicon 
was purified according to the protocol described on EasyPure® PCR purification kit 
and quantified using Nanodrop 2000 Spectrophotometer. Then, appropriate concen-
tration was packaged and sent for Sanger sequencing at Eurofins Genomics, 
Ebersberg, Germany. Forward and reverse sequencing reads were quality checked 
and assembled using reference sequence NR_121481.1 obtained from the NCBI 
Genbank database. Assembled reads were then compared against the NCBI Fungal 
ITS database, using the NCBI BLAST software, to check similar isolates. Multiple 
alignments were performed using the Geneious aligner (Kearse et al., 2012) and 
phylogenetic tree computed following Tamura-Nei distance model (Tamura and 
Nei, 1993) and Neighbor-Joining method with no outgroup.

2.5  Phytase Production

The selected fungus was quantitatively screened for the production of phytase by 
submerged fermentation (SmF). One mL of spore suspension containing 2 x 108 
spores was inoculated into 100 mL phytase screening broth (PSB) (PSM without 
agar) and incubated in a shaking water bath at 30 °C for 5 days at 150 rpm. The 
fungal biomass was separated from the medium using Whatman No. 4 filter paper, 
and cell-free filtrate was employed for phytase assay (Qasim et al., 2016). The phy-
tase activity was investigated by incubating 1 mL of crude phytase at 37  °C for 
30 min in 1 mL 0.2 M sodium acetate buffer (pH 5.5) with 0.5% sodium phytate. 
The reaction was stopped by adding 1 mL of trichloroacetic acid (15% [w/v]). After 
the addition of 2 mL of freshly prepared colouring reagent (3.66 g of FeSO4·7H2O, 
0.5  g of (NH4)6Mo7O24·4H2O, and 1.6  mL of concentrated H2SO4 in 50  mL of 
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distilled water), the chilled sample on ice was incubated for 10 min at 30 °C. The 
released phosphate was determined at 750 nm with a UV-VIS spectrophotometer 
(Lee et al., 2005). Protein quantification was carried following Lowry et al. (1951).

2.6  Phytase Purification

 Ammonium Sulphate Precipitation

Ammonium sulphate precipitation was employed to purify the crude phytase using 
a modification of the methods of Sanni et al. (2019) and Kalsi et al. (2016). Crude 
phytase was purified by precipitation using 70% ammonium sulphate. The ammo-
nium sulphate-crude phytase mixture was incubated overnight at 4 °C with gentle 
stirring. The resulting solution was centrifuged at 21,000 g for 20 min to obtain 
precipitated proteins in pellet form. The pellet was then dissolved in 10 mL of 0.1 M 
acetate buffer pH 6.0 and dialyzed using a pre-acetylated cellophane tubing against 
three changes of the same buffer solution for 24 h at 4 °C, to desalt the precipitated 
enzyme. The precipitated phytase sample was assayed for phytase activity as previ-
ously described by Lee et  al. (2005) and protein content determined following 
Lowry et al. (1951).

 Gel Filtration Chromatography

The dialyzed crude phytase from the ammonium sulphate precipitation was further 
purified using the modifications methods of Thyagarajan et  al. (2014) and Ajith 
et al. (2019). A chromatographic column of (50 × 1.5 cm) was packed with Sephadex 
G-75 gel and glass wool placed in the lower part of the column. The Sephadex G-75 
(16.7 g) was dissolved in 250 mL of the phosphate buffer pH 7.0 (following manu-
facturer’s instruction of 1 g in 15 mL) and then boiled in a water bath for 5 min for 
swelling and degassing. The gel was allowed to settle for 18 h. The column was 
washed with phosphate buffer pH 7. After column equilibrium, 5 mL of ammonium 
sulphate phytase fraction was loaded gently on the surface of the gel and eluted with 
Tris-HCL buffer pH 7.8 at a 20 mL/h flow rate. Aliquots of 2 mL fractions of the 
eluent were collected; then the optical density at 280 nm and phytase activity (U/
mL) was determined for each fraction. The phytase activity was determined follow-
ing Lee et  al. (2005), and protein content was determined following Lowry 
et al. (1951).
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 Effect of Carbon and Nitrogen Sources on Phytase Production

The effect of nutrient sources on phytase production was assessed by addition of 1% 
sucrose, in place of glucose and 0.1% of a different nitrogenous salt, (NH4)2SO4 
instead of NH4NO3. Phytase activity was determined following Lee et al. (2005).

 Effect of Temperature on Phytase Activity

Optimum temperature for phytase activity was determined by subjecting the enzyme 
to different temperatures (30–70 °C). This was carried out by varying the incubation 
temperature at a 10 °C interval during the activity determination. Phytase activity 
was determined following the descriptions (Lee et al., 2005).

 Effect of pH on Phytase Activity

Optimum pH was established by subjecting the phytase to varying pH across a pH 
range of 3 to 8. Sodium acetate buffer was prepared at different pH during the activ-
ity determination, while incubation temperature was held at the optimum tempera-
ture determined earlier for the phytase. Phytase activity was determined following 
the descriptions by Lee et al. (2005).

 Thermal Stability of Phytase

Thermal stability of the phytase was determined by subjecting the phytase to tem-
peratures of 70 °C, 80 °C, and 100 °C for 5, 10, 20, and 30 min. The phytase activity 
was determined following the descriptions by Lee et al. (2005).

3  Results and Discussions

3.1  Identification of Phytase-Producing Isolate

Based on zone of hydrolysis, isolate code H was selected as phytase-producing and 
identified morphologically as Aspergillus sp. (Table  1). Further identification by 
molecular techniques recognized the isolate as Aspergillus flavus (Fig.1). The 
amplified internal transcribed spacer region sequence of the fungi submitted to 
NCBI was allocated accession number MT899184 (Fig.  2). The isolate showed 
genetic relatedness to other Aspergillus species isolated from agricultural samples. 
Previous studies reporting phytase production by fungi exist which is consistent 
with this study (Ajith et al., 2019; Sanni et al., 2019; Ribeiro Corrêa et al., 2015; 
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Table 1 Morphological properties of isolated phytase-producing fungal species

Isolate 
code Morphology

Diameter of 
zone (cm)

Number of 
spores/mL

Identity of 
fungi

H Green colour, septate hyphae with 
sporangium borne, round spore

2 2 × 108 Aspergillus 
sp.

Fig. 1 Gel electrophoresis image of PCR amplification of the ITS region of isolated fungal sp. 
with isolate H on lane 4. (KEY M DNA molecular marker; CON Negative control without tem-
plate DNA)

Fig. 2 Phylogenetic tree showing evolutionary relatedness of isolate H to other Aspergillus flavus 
from agricultural environments

E. A. Onibokun et al.
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Gaind and Singh, 2015; Mittal et al., 2013).. Handa et al. (2020) noted that the genus 
Aspergillus is the best producers of phytase. The choice of members of the genus 
Aspergillus to produce phytase and indeed other industrially relevant enzyme may 
not be unconnected to their generally regarded as safe (GRAS) status, their ubiqui-
tous nature, and being able to utilize wide variety of substrates and their minimal 
nutritional requirement (Obafemi et al., 2018; Saith et al., 2016). Phytase is induc-
ible and produced in the presence of an anti-nutrient (Vasudevan et al., 2017). The 
high amount of anti-nutrient (phytate), in poultry environment owing to the inability 
of the birds to digest the phytate present in their feed grains, may have encouraged 
the growth of the phytate degrading fungi.

3.2  Phytase Production and Purification

Quantitative analysis of crude phytase showed a crude phytase with total activity of 
609 U/mL and protein content of 314.6 mg/mL. Purification resulted in a consistent 
reduction in total activity but with a corresponding increase on phytase-specific 
activity from 1.9 U/mL to 18.4 U/mL in the crude enzyme fraction and the gel chro-
matography fraction, respectively (Table  2). The Sephadex G-75 chromatogram 
showed one very distinct elution peaks (Fig. 3).

Optimum phytase production was observed on day 5 as similarly reported by 
Neira-Vielma et al. (2018) and Qasim et al. (2016). Although differing report was 
presented by Sanni et al. (2019) where optimum phytase production was observed 
at 216  h (9  days) for A. niger and 144  h (6  days) for A. flavus. Shivanna and 
Govindarajulu (2014) also reported optimal activity on the sixth day. This prolonged 
fermentation time may be as a result of the inducible nature of the enzyme; hence a 
prolonged lag phase might be required by the fungi to produce the enzyme. 
Generally, fungi species have been reported to be slow growers requiring about 
2–5 days for optimal growth depending on the nutrient medium in which they are 
grown (Meletiadis et al., 2001). The use of SmF in this study is corroborated by the 
report of Jain et al. (2016). SmF is associated with ease in the recovery of product 
(Sethi et al., 2016). As the aim of this study to maximize profit and reduce produc-
tion cost to the barest minimum, a fermentation technique which will reduce the 
cost is highly encouraged. Additionally, SmF has extra advantage of easy control of 

Table 2 Purification table for phytase produced by isolate H obtained from poultry soil in Abule- 
egba, Lagos State

Protein step
Total activity Total protein Phytase activity Yield Purification fold (U/
mL) (mg/mL) (U/mL) (%)

Crude enzyme
(NH4)2SO4 fraction 
(70%)
Sephadex G-75 
fraction

609314.6 1.9100 1
187.5 41.4 4.5 31 2.4
7.6 4.2 18.4 12.8 9
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fermentation conditions such as aeration, pH, and temperature (Ornela and 
Guimaraes, 2019). The method is also the most commonly employed method for 
phytase production (Jain et al., 2016).

The quantitative assay of the cell-free supernatant showed an activity within the 
range of 609  U/mL.  This result was higher than the report of  Shivanna and 
Govindarajulu (2014) where they reported activity of 9.2 U/mL and 8.8 U/mL using 
a 6-day-old culture of A. niger and A. ficuum, respectively, under SmF. For total 
phytase activity, there was a continuous reduction from 609 U/mL in the crude phy-
tase step to 77.6 U/mL in the Sephadex column fraction with each purification step. 
For specific phytase activity, there was a continuous increase from 1.9 U/mL in the 
crude phytase to 4.5 U/mL in the ammonium sulphate fraction and 18.4 U/mL in the 
Sephadex G-75 fraction. These values were higher when compared with the specific 
phytase activity of crude extract (1.13 U/mL), microfiltration fraction (1.15 U/mL), 
ultrafiltration fraction (1.93  U/mL), and DEAE Sepharose fraction (8.38  U/mL) 
reported by Neira-Vielma et  al. (2018) when solid-state fermentation (SSF) was 
employed. Saithi and Tongta (2016) had earlier reported the limitation of SSF 
over SmF.

3.3  Phytase Characterization

Upon characterization, the phytase showed an optimum temperature and pH of 
40 °C (Fig. 4) and 6 (Fig. 5), respectively. The thermal stability of the phytase over 
temperatures 70–80 °C showed that the phytase could withstand both temperatures 
for 5 minutes (Figs. 6 and 7), but had no activity at 100 °C (Fig. 8). For effect of 
carbon and nitrogen sources, results obtained showed that phytase production when 
glucose was employed as carbon source  was  0.185  U/mL but no activity was 
observed using sucrose as carbon source (Fig. 9). However, the isolate could not 

Fig. 3 Purification of phytase produced by Aspergillus flavus (isolate H) on Sephadex G-75 Gel 
filtration column (50 cm × 1.5 cm)
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utilize ammonium sulphate as an alternative nitrogen source to ammonium nitrate 
for phytase production (Fig. 9). Fungal phytases have a broad spectrum of optimal 
temperature ranging between 37 °C and 67 °C (Jatuwong et al., 2020). The optimal 
pH recorded in this study was at pH 6.0. Most fungal phytases are reported to be 
active at optimal pH within the acidic range between 2.0–6.0 (Pedri et al., 2015). 
However, there are studies reporting optimal activity around the neutral pH (Gaind 
and Singh, 2015), pH 6.5 (Thayagarajan et  al., 2014), and pH 8–9 (Sanni et  al., 
2019). Different microorganisms exhibit varying optimum pH as pH greatly affects 
the transport of nutrients across the cell membrane of the organisms, thus contribut-
ing to cell growth and production of desired products (Gaind and Singh, 2015).

The isolate in this study showed optimal activity when glucose was employed as 
carbon source compared to sucrose, while ammonium sulphate showed better activ-
ity as nitrogen source as supported by the results of Pedri et al. (2015). Glucose is a 
simple sugar, hence may require less energy to metabolize. When exposed to tem-
perature of 70 °C, the phytase in this study retained its activity after 5 min, similarly 

Fig. 4 Effect of temperature on the activity of phytase produced by isolate H

Fig. 5 Effect of pH on the activity of phytase produced by isolate H
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at 80 °C. This result is of utmost importance since inclusion of this enzyme in ani-
mal feed processing means that it can withstand a temperature of 70 °C and above 
and still remain active. Although pelleting commonly occurs at temperatures of 
80 °C, reducing the temperature to about 65 °C does not in any alter the overall 
effect of the process (Boroojeni et al., 2016); therefore phytase produced in this cur-
rent study can find application as feed supplement if the feed is pelleted at tempera-
tures 80 °C and below. Phytase is regarded as a thermo-tolerant enzyme; the results 
from the enzyme produced in this study are similar to the reports of Neira-vielma 
et al. (2018), where the enzyme retained more than 70% activity at 80 °C for 1 min, 
40% activity for 2 min, and 9% after 5 min.

Fig. 6 Temperature stability at 70 °C on phytase produced by isolate H

Fig. 7 Temperature stability at 80 °C on phytase produced by isolate H

E. A. Onibokun et al.
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4  Conclusion

This present study has demonstrated the ability of Aspergillus flavus MT899184, 
local poultry isolate to degrade sodium phytate under submerged fermentation tech-
nique by producing phytase enzyme. There was continuous increase in specific 
activity of the phytase produced with each purification step. The phytase has opti-
mal conditions of 40 °C and 6.0 of temperature and pH, respectively. The enzyme 
also demonstrated enzymatic activity after 5 minutes of heating at both 70 °C and 

Fig. 8 Temperature stability at 100 °C on phytase produced by isolate H
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Fig. 9 Effect of carbon and nitrogen sources on the production of phytase produced by A. flavus 
(isolate H). (GLUC Medium containing glucose as carbon source and ammonium nitrate as nitro-
gen source, SUC Medium containing sucrose as carbon source and ammonium nitrate as nitrogen 
source, AMM Medium containing glucose as carbon source and ammonium sulphate as nitro-
gen source)
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80 °C. These properties make it suitable as an exogenous additive in poultry feed. 
The properties of this enzyme also suggest that the feed formulation processes spe-
cifically the pelleting will not have adverse effects on the feed characteristics. The 
exogenous addition of this enzyme also makes its application easy without technical 
hitches, thus user friendly for easy utilization by the local farmers.
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Optimisation of Soursop Juice Recovery 
by Alpha Amylase Produced by Aspergillus 
niger Using Statistical Tool

O. M. Atolagbe, A. A. Ajayi, and G. I. Olasehinde

1  Introduction

Annona muricata L. is generally called the soursop fruit. It is found commonly in 
many of the southern states of Nigeria, and it is mostly eaten as fresh fruits (Abbo 
et al., 2006). The soursop fruit originated from Central America and the Caribbean 
and spread to many regions with tropical climates, and this includes the rainforest 
part of Nigeria and other tropical belts of Africa. It is regarded as edible Annona and 
called by other local and common names such as ‘soursop’, ‘corossol’, ‘graviola’, 
‘guanabana’ and ‘guyabano’. These different names largely depend on the geo-
graphic locations of the plant (Ajayi and Adedeji, 2015). Soursop fruits are large 
and may be consumed fresh (raw), fermented or cooked. They may have various 
shapes and are known for their distinctive flavour and pleasant aromatic juicy flesh. 
It has medicinal properties such as antibacterial, anti-ageing, diuretic, antihaematu-
ria, anticancerous, sedative and astringent (Asif et  al., 2018). They may also be 
turned into other different products which are valuable economically, such as juice.

Soursop juice has a pleasant aroma and taste and also contains a large number of 
vitamins such as vitamins E and C and a large amount of antioxidants (Abbo et al., 
2006). Its fruit is known for its many medicinal values such as containing certain 
natural compounds with therapeutic abilities that confer on it the benefit of being 
able to treat many ailments. Soursop is also known to prevent osteoporosis and 
beneficial for strong bones because the fruit contains phosphorus and calcium. The 
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fruit flesh contains about 84% water which helps to hydrate the body. It can work as 
a natural diuretic for the treatment of oedema or retention of water (Keam et al., 
2007). Because it has high moisture content, soursop can help to prevent and treat 
urethritis, haematuria and urinary tract infections (UTI) (Rachmani et al., 2012). 
Soursop fruit juice can be administered orally in case of haematuria, liver ailments 
and urethritis (Amusa et al., 2003).

Enzymes serve as catalysts in biological systems by helping to speed up reac-
tions in living cells. They can be obtained from plant, animal and microbial cells 
and are used to speed up reactions for a large spectrum of processes that are of com-
mercial importance (Rani et al., 2015). Amylases are important, and they are a nota-
ble category of enzymes which are used in the breaking down of starch and glycogen 
into simple sugars (Krishna et al., 2011). They break down the α 1–4 glycosidic 
linkages of amylopectin, glycogen and other associated compounds (Rani 
et al., 2015).

2  Methodology

2.1  Production and Clarification of Soursop Juice

Freshly bought ripe soursop fruits were washed carefully under flowing tap water, 
peeled, cut into halves, deseeded and then juiced with a mechanical juice extractor. 
The effect of different concentrations of alpha amylase produced by Aspergillus 
niger OMA1 strain was checked on 50 ml of the soursop juice. The concentrations 
2 ml, 5 ml, 10 ml, 15 ml and 20 ml were used to clarify 50 ml of the extracted sour-
sop juice at varying temperatures and times. The temperatures employed were 
20 °C, 25 °C, 30 °C and 35 °C. Clarification intervals were 10 min, 15 min, 20 min, 
25 min and 30 min.

3  Optimisation of Enzyme Concentration Using Response 
Surface Methodology (RSM)

Optimisation refers to a process of accelerating a system’s performance, process or 
product with the view of obtaining the highest possible benefits from it (Bezerra 
et  al., 2008). Response surface methodology (RSM) was employed to develop a 
mathematical model to relate the amount of soursop juice recovery which is the 
response to the different constituent factors (volume of enzyme used, temperature 
of recovery and length of time of recovery) and to explore and predict for optimum 
conditions.
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4  Experimental Design

The central composite design (CCD) technique was employed in the experimental 
design and optimisation of soursop juice recovery with the use of alpha amylase 
produced by A. niger OMA1 (Table  1). This tool was used because it has been 
recorded to be an efficient tool in the improvement of bioprocessing (Betiku and 
Ajala, 2014). A class of three level complete factorial designs (central composite 
design) was used, which generated a total of 20 runs. The important variables 
selected for the modelling and optimisation are enzyme volume (ml), temperature 
(°C) and time (min) separately designated as A, B and C, respectively (Table 1).

The experimental data were analysed by fitting to a second-order polynomial 
model, which was statistically validated by performing analysis of variance 
(ANOVA) and lack-of-fit test to evaluate the significance of the model. Desirability 
function was used to find optimum conditions where the maximum soursop juice 
recovery was obtained with the use of enzymes.

An empirical model was developed to correlate the response of soursop juice 
recovery to the effect of temperature, time and volume of enzyme used, and this was 
based on the second-order quadratic model as given by Eqn. 1:

 Y I k ixi I k j k ijxixj i k iixii� � � � � � � � �� � � � �0 1 1 1 1 2� � � �  (1)

where Y = the response variable; β0 = the intercept; βi, βij and βii = coefficients of 
the linear effect, double interactions; xi, xj = range of the independent variables or 
factors; and ɛ = random error.

5  Results and Discussion

5.1  Development of Regression Model for Clarified Soursop 
Juice Recovery Using Purified α-Amylase from a. 
niger OMA1

The statistical significance of the model is shown in Table  2. This represent the 
analysis of variance of the variables and their levels for the central composite design. 
The P-value of (p < 0.0007) seen in the table shows that the model is highly signifi-
cant and can therefore be used to predict and optimise the response for soursop juice 
clarification with different volumes of enzyme treatment and varying temperature 
and time.

The value of coefficient of determination R2, adjusted R2 and predicted R2 for the 
developed RSM central composite design model are 89.83%, 80.67% and 39.14%, 
respectively, as shown in Table 3. The relatively high value of R2 (89.83%) implies 
that the second-order polynomial prediction model is adequate.
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The result shown in Figs. 1 and 2 represents the adequacy of the model as carried 
out and validated by experimental observations. The normal plot of residuals and 
the plot of the residuals against the predicted responses are seen in Figs. 1 and 2, 
respectively. In Fig. 3, the plot of residual and run number is shown. It is assumed 
that the residuals are independent and normally distributed.

Figure 4 depicts the plot of the predicted response and the actual response of 
soursop juice recovery as seen in experimental results. The clustering of the response 
variables around the 45° line indicates a high confidence limit. Table 4 presents the 
central composite design run order and the observed and predicted soursop juice 
recovery with different volumes of enzyme treatment at varying temperatures 
and time.

Figures 5, 6, and 7 show the contour plots for the response of soursop juice 
recovery with the three factors considered. The blue colour indicates the least effects 
and the red colour indicates the maximum effector response of the dependent vari-
able (temperature, time and volume of enzyme used) in the juice clarification.

Table 2 Analysis of variance (ANOVA) on response surface quadratic model for the volume of 
soursop juice recovery with α-amylase produced by A. niger OMA1

Source
Sum of 
squares DF

Mean 
square

F 
value

p-value 
Prob > F

Model 180.98 9 20.11 9.81 0.0007 Significant

A-amylase (A. 
niger – Volume)

96.72 1 96.72 47.19 <0.0001

B-temperature 29.24 1 29.24 14.27 0.0036
C-time 17.42 1 17.42 8.50 0.0154
AB 1.53 1 1.53 0.75 0.4077
AC 3.25 1 3.25 1.59 0.2365
BC 1.20 1 1.20 0.59 0.4616
A2 7.82 1 7.82 3.82 0.0793
B2 2.83 1 2.83 1.38 0.2676
C2 18.07 1 18.07 8.82 0.0141
Residual 20.50 10 2.05
Lack of fit 20.50 5 4.10
Pure error 0.000 5 0.000
Cor. Total 201.48 19

Table 3 Coefficients of determination for the developed model for soursop juice recovery for 
α-amylase

R-Squared 0.8983

Adj R-squared 0.8067
Pred R-squared 0.3914
Adeq precision 12.130

From A. niger OMA1
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In addition, Figs. 8, 9, and 10 show the 3D-surface plot. The curves are a clear 
indication that the response is a curvature as defined by the quadratic equation 
model. The response surface plot indicates clearly an increasing volume of juice 
recovery as the time, temperature and volume of enzyme treatment increase.

6  Predictive Optimisation of Soursop Juice Recovery 
with α-Amylase from a. niger OMA1

The model indicates that the volume of α-amylase from A. niger OMA1 to be used 
for clarification of a volume of 50 ml of soursop juice to get the optimum juice 
recovery is 20 ml. The model suggests in Fig. 11 that this experiment should be car-
ried out at 27.5 °C for 30 min. This agrees with the results obtained from the experi-
ments carried out in the laboratory, where an increase in time, temperature and 
volume of enzyme treatment used brought about a corresponding increase in sour-
sop juice recovered.
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Fig. 1 Normal plot of residuals for soursop juice recovery with α-amylase. (From A. niger OMA1 
from mathematical model checking)
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Fig. 2 The plot of the residuals against the predicted responses for soursop juice recovery with 
α- amylase. (From A. niger OMA1 from mathematical model checking)
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Fig. 3 The plot of the residual and run number for soursop juice recovery with α-amylase. (From 
A. niger OMA1 from mathematical model checking)
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Fig. 4 Actual value versus predicted value of soursop juice recovery with α-amylase. (From 
A. niger OMA1)

Table 4 Values of the predicted response from the model and observed values from the experiment 
for soursop juice recovery for α-amylase

Run order Actual value Predicted value Residual Leverage

1 8.90 8.15 0.75 0.118
2 13.60 12.94 0.66 0.491
3 3.90 5.42 −1.52 0.491
4 8.90 8.15 0.75 0.118
5 8.90 8.15 0.75 0.118
6 8.10 8.84 −0.74 0.491
7 8.90 8.15 0.75 0.118
8 5.80 6.90 −1.10 0.491
9 4.20 3.35 0.85 0.793
10 3.80 6.72 −2.92 0.491
11 8.70 9.17 −0.47 0.793
12 8.90 8.15 0.75 0.118
13 8.90 8.15 0.75 0.118
14 2.20 1.58 0.62 0.793
15 13.80 13.86 −0.057 0.793
16 3.10 4.26 −1.16 0.491
17 3.20 2.17 1.03 0.793
18 5.90 5.49 0.41 0.793
19 5.80 5.65 0.15 0.793
20 8.50 8.79 −0.29 0.793

From A. niger OMA1

O. M. Atolagbe et al.
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Fig. 5 Contour plots for the effect of factors (temperature and volume of enzyme) on the amount 
of juice recovery with α-amylase. (From A. niger OMA1)
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Fig. 6 Contour plots for the effect of factors (time of incubation and volume of enzyme) on the 
amount of juice recovery with α-amylase. (From A. niger OMA1)
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Fig. 7 Contour plots for the effect of factors (temperature and time of incubation) on the amount 
of juice recovery with α-amylase. (From A. niger OMA1)
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Fig. 9 Response surface in 3-D for the effect of factors (time of incubation and volume of enzyme) 
on the amount of juice recovery with α-amylase. (From A. niger OMA1)
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The response surface plot clearly indicates an increasing volume of juice recov-
ery as the time, temperature and volume of enzyme treatment increase. The response 
surface methodology gave a model for optimisation of juice recovery which was 
significant and had a high percentage of desirability at 95.6%. The predicted values 
of the model were also close to the actual experimental values. Ajayi et al. (2018) 
reported that when RSM (CCD) was applied to optimise the parameters (pH, tem-
perature, substrate concentration and time of heating), a total of 30 experiments 
were successful during the production of pectinase by A. niger. In 2011, Ibrahim 
and Elkhidir reported that RSM is a collection of statistical techniques for designing 
experiments, building models, evaluating the effects of factors and searching for the 
optimum conditions (Ibrahim and Elkhidir, 2011). The maximisation of enzyme 
production and minimisation of the cost for cellulase, xylanase and phytase were 
achieved using data obtained from RSM.

Acknowledgements The authors would like to thank Covenant University for partial sponsorship 
of this work.
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Molecular Detection of ESBLs, TEM, SHV, 
and CTX-M in Clinical Pseudomonas 
aeruginosa Isolates in Ogun State

H. U. Ohore, P. A. Akinduti, E. F. Ahuekwe, A. S. Ajayi, and G. I. Olasehinde

1  Introduction

Immunocompromised individuals are particularly susceptible to Pseudomonas 
aeruginosa infections in the hospital setting as it is an opportunistic pathogen that 
could colonize patient implants and cause myriads of diseases including sepsis, 
pneumonia, and cystic fibrosis (Ayepola et al. 2018; Agbo et al. 2019). There has 
been a growing incidence in Pseudomonas infections (Ahmad et al. 2016) that the 
mortality rate is as high as 61% (Kang et al. 2003). Pseudomonads are challenging 
organisms as their infections have limited therapeutic options due to their natural 
resistance to antibiotics. Most antibiotics are ineffective against Pseudomonas spp. 
because of poor permeability of their outer membrane and other fortifications like 
efflux pumps (Pérez et al. 2019). Beyond their natural resistance, they can acquire 
artificial resistance to antibiotics from their environment, increasingly reducing the 
efficacy of treatment options.

Extended-spectrum beta-lactamases have shown to be causes of resistance in 
Gram-negative bacteria. This negates the actions of beta-lactam antibiotics, the 
most commonly prescribed antimicrobials (Shaikh et al. 2015). The ESBL enzymes 
are plasmid-mediated and operate by hydrolyzing the oxyimino beta-lactams and 
the monobactams (aztreonam) but do not affect the cephamycins (cefoxitin, cefo-
tetan) and the carbapenems (imipenem) (Kaur and Singh 2018).

There is a paucity of data on the ESBL genes that are present in clinical settings 
in Nigeria (Adesina et al. 2019). The primary aim of this study is to characterize the 
common resistant gene types harbored by Pseudomonas aeruginosa strains in 
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selected hospitals in Ogun State as a means to generate local data for planning and 
advocacy for empiric therapy, antibiotic stewardship, and infection control. Because 
these resistance genes are easily transferred among the Pseudomonads, this current 
study screened 150 clinical samples for the presence of ESBL genes, TEM, SHV, 
and CTX-M. Ethical approval was obtained, and samples were subjected to molecu-
lar methods for the characterization of these genes.

2  Methodology

A total of one hundred and fifty (150) extra-intestinal samples were obtained at 
three hospitals across Ogun State from September 2020 to December 2020. The 
samples were recovered from various sites including ear, blood, high vaginal swabs, 
urine, and surface wound. The samples were characterized and only 27 samples 
were positive for P. aeruginosa isolates.

2.1  Molecular Technique

Genotypic identification of P. aeruginosa isolates was carried out by amplifying 
B-lactamase genes CTX-M, SHV, and TEM using polymerase chain reaction. DNA 
was extracted from the identified P. aeruginosa using Zymo DNA extraction kit fol-
lowing manufacturer’s instructions and quantified using the NanoDrop 
spectrophotometer.

2.2  Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) was used to determine the presence of the genes 
using the One Taq Hot Start 2X Mix with standard Buffer Kit (Biolabs, UK). Then 
the procedures from the PCR kit were strictly followed, and all work was done on 
ice. The thermal cycles were carried out in the thermocycler (SIGMA Companies).

2.3  Detection of CTX-M, SHV, and TEM Genes

For detection of CTX-M, SHV, and TEM gene which codes for resistance in P. aeru-
ginosa, the presence of this gene was determined using the PCR technique described 
by Murakami et al. (1991). PCR was performed in 12.5 μl volume amplification mix 
containing 1 μl of primer, 1.25 μl of RNA free water, 6.25 μl master mix, and 4 μl 
of genomic DNA. DNA amplification for 30 cycles was carried out. The amplified 
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product was resolved on 1.0% w/v agarose gel stained with 4 μl ethidium bromide 
and visualized under UV light (Table 1).

2.4  Gel Electrophoresis

Using agarose gel electrophoresis, the PCR amplified products were resolved and 
visualized under the UV transilluminator. A 100 bp DNA molecular weight marker 
was used as a reference to estimate the size of the gene-specific DNA band in the 
amplicon. 100 ml of 1 × TBE buffer (40 mmol/I Tris-acetate, 1 mmol/I EDTA) was 
used for the analysis of PCR products. For visualization, ethidium bromide was 
used. The DNA bands were viewed with UV light illumination and images recorded 
by photography (Akinduti et al. 2021).

3  Results and Discussion

The prevalence of Pseudomonas aeruginosa infection in this study was 18%. The 
results presented here are from a subset of 27 (18%) participants from whose sam-
ples Pseudomonas aeruginosa was isolated. Study participants were mostly female 
(74.07%) with an average age of 29  years. The majority of the samples were 
obtained from the ear (37.04%) and wound (25.93%) as shown in Fig. 1.

7.41

37.04

11.11

18.52

25.93
Blood

Ear

HVS

Urine

Wound

Fig. 1 Prevalence of Pseudomonas aeruginosa according to demographic data of the patients 
recruited for the study

H. U. Ohore et al.
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Table 2 Association between β-lactamase production and source of isolation

Sample

β-Lactamase production
P valueAbsent Present

n % n %

Blood 1 50.0 1 50.0 0.194

Ear 0 0.0 10 100.0
HVS 1 33.3 2 66.7
Urine 0 0.0 5 100.0
Wound 0 0.0 7 100.0

N number or sample
% percentage of b-lactamase production

Fig. 2 Amplicons of TEM gene; Lane 1: 1 kb molecular weight marker

3.1  Phenotypic Detection of β-Lactamase

A total of 25 (92.6%) of the isolates in this study tested positive in the β-lactamase 
phenotypic detection. All isolates from the ear, urine, and wound tested positive, 
while isolates from HVS and blood were the least likely to test positive in the assay 
(Table 2).

3.2  Detection of CTXM, SHV, and TEM Genes

Of the 25 isolates that screened positive in the phenotypic β-lactamase assay, 4 
(16%) were negative for all three genes screened, 7 (28%) positive for at least one 
gene, and 14 (56%) positive for two or three genes (Fig. 2). TEM was the most 
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Fig. 3 Amplicons of SHV gene; Lane 1: 1 kb molecular weight marker

Fig. 4 Amplicons of CTX-M gene; Lane 1: 1 kb molecular weight marker

dominant gene with 16 positives (64%); SHV had 12 positive isolates (52%), and 
CTX-M had the least dominance with 10 positives (44%). The correlation between 
the three genes assayed was weak. The highest correlation was found between SHV 
and CTX-M (R = 0.368), while there was very little correlation between TEM and 
CTX-M (Figs. 3 and 4).

ESBLs have been more frequently reported in members of the Enterobacteriaceae 
(Elhariri et al. 2017; Oli et al. 2017; Kpoda et al. 2018; Jesumirhewe et al. 2020) and 
even then, from urine samples, in the Pseudomonads from other clinical samples. 
This has caused these organisms to be named priority by the World Health 
Organization (Kpoda et al. 2018). Research in Nigeria has focused on the presence 
of ESBLs in enteric isolates, with little attention given to the Pseudomonadaceae.

H. U. Ohore et al.
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The recorded P. aeruginosa prevalence in clinical samples in this study is consis-
tent with what has been reported in other studies in Nigeria (Ajibade et al. 2019; 
Jombo et al. 2010; Ogbolu et al. 2008) and around the world (Rezai et al. 2018; 
Pachori et al. 2019; Shi et al. 2019). Some other studies have found significantly 
lower or higher rates of P. aeruginosa infections than is reported in this study. For 
example, a study conducted in Afghanistan reported a prevalence rate of 6.67% 
(Khan et al. 2008), while another conducted in Karachi reported a prevalence rate of 
30% (Khan et al. 2014). The differences in prevalence is probably as a result of 
sampling duration.

The most frequent ESBL genotype found in this study of P. aeruginosa isolates 
was TEM with 64%. Most of the isolates harbored two to three of the genes. The 
clinical isolates screened by Ogbolu et al. (2018) represented Ibadan, Ogbomoso, 
and Osogbo, in Southwest Nigeria, with CTX-M emerging dominant at 83.3%. This 
opposes our study that found CTX-M to be the least dominant at 44%. This may be 
accounted for by the difference in antibiotic consumption in the various locations, 
though within the same geopolitical zones in Nigeria. The dominance of the SHV 
gene is found to be at par, with Ogbolu et al. (2018) recording 58.3% and ours 52%.

In Egypt, ESBL-producing P. aeruginosa was retrieved from Camel meat 
(Elhariri et  al. 2017). CTX-M, SHV, and TEM genes were recorded among the 
highest. ESBL producers found in food samples and consumed by humans could 
pose dangers to clinical treatment. Kpoda et al. (2018) also found CTX-M to be the 
most prevalent gene assessed. In contrast, Agbo et al. (2019) did not find any of the 
isolates screened to harbor the CTX-M, TEM, and SHV genes. It is likely that these 
genes are not ensuing resistance within Enugu, Nigeria.

Our study found TEM as the most dominant, contradicting most of the figures of 
research within Nigeria and Africa. The analysis of Hosu et  al. (2021) in South 
Africa confirmed blaTEM (79.3%) and blaSHV (69.5%) to be most detected, in an 
order similar to our findings. CTX-M was also their least prevalent gene. Clinical 
isolates of P. aeruginosa with blaTEM and blaCTX-M were also found by Madaha 
et al. (2020) in Cameroon. This could signify that the blaTEM is spreading within 
Ogun State, Nigeria, and blaCTX-M has not gained as much ground.

The variations in results could be as a result of the use of products from different 
pharmaceutical brands, the availability of those brands among consumers, the life-
style of consumers within a certain geographical location, the kind of microorgan-
ism’s endemic in those locations, and the means by which the resistance elements 
are transferred. A correlation has been found between the level of antibiotic pre-
scription and the rates of antibiotic resistance (Hosu et al. 2021).

Moreover, the ESBLs produced by Pseudomonas spp. are yet to be researched in 
depth so it is hard to say what genotypes pose significant challenges in Nigeria. If 
uncurbed, the rate of fatalities from Pseudomonas infections will continue to surge. 
According to available data we researched, this is one of the first research to focus 
exclusively on the detection of ESBL genes in P. aeruginosa in Ogun State, and it is 
worth watching closely by health professionals. The prescription of antibiotics and 
its ease of accessibility have been abused by individuals which has consequently led 
to the quick development of resistance to antibiotics by the pathogens, which in turn 
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has led to the rise of resistance genes in the pathogen. The dispense of antibiotics 
should be reviewed critically in other to mitigate the antibiotic resistance by the 
P. aeruginosa pathogen.

4  Conclusion

ESBL-producing Pseudomonas aeruginosa were increasingly found in clinical 
samples. Their distribution in the hospital and environment further threatens the 
measures currently available to treat infections they cause. In this study, although 
P. aeruginosa infections were not highly prevalent, the 27 isolates already possess 
ESBLs which could spread and lead to more resistance in individuals in this area. 
Several studies have been carried out in different states, and this seems to be a grow-
ing problem. Poor antibiotic usage and a failing health system in Nigeria has 
increased purchase of over-the-counter drugs and seeking of medical attention from 
unskilled individuals. Clinical professionals require urgent control measures to 
monitor and reduce the spread of ESBLs and produce effective antipseudomonal 
agents to return infected patients to a state of health.
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Pectinase Production and Application 
in the Last Decade: A Systemic Review

G. D. Ametefe, A. O. Lemo, H. U. Ugboko, E. E. J. Iweala, and S. N. Chinedu

1  Background

The degradation of the polymers of pectin located in the plant cell wall can be 
undertaken with a class of enzymes called pectinases. The increase in demand for 
pectinases accounts for its importance as one of the enzymes with a high market 
value among the commercial enzymes employed in industries (El Enshasy et  al. 
2018; Garg et al. 2016). The variety of areas for its applications are probably the 
main reason for the increase in demand for the enzyme (Zhu et al. 2019; Ametefe 
et al. 2017; Liu et al. 2012).

Pectinases are mainly produced by fermentation (Cherekara and Pathak 2020; 
Chinedu et al. 2017; Subramaniyam and Vimala 2012; Ward 1992). Biodegradation of 
complex compounds into simpler ones may be regarded as fermentation, with the 
production of the desired products along with carbon dioxide and alcohols 
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(Subramaniyam and Vimala 2012; Ward 1992). Both solid-state fermentation (SSF) 
and submerged fermentation (SMF) methods have been used for the production of 
this enzyme (Cherekara and Pathak 2020; Ametefe et al. 2017; Chinedu et al. 2017). 
The SSF is a fermentation method that utilizes substrates that are not soluble in 
water, such that the moisture is only absorbed inside the substrates; however, the 
SmF takes place with the submersion of the nutrients and substrates in water 
(Balakrishnan et al. 2021; Kumar et al. 2021; Catalan and Sanchez 2020). Corn cobs, 
orange peels, and banana peels are some examples of the substrates employed for 
pectinase production (Ametefe et al. 2017; Widowati et al. 2017; Okafor et al. 2010).

Moreover, the raw materials for pectinase production (as earlier captured) for 
local production of the enzyme are cheaply available. The microorganisms are also 
cheaply available in our immediate environment. Besides, the increase in pollution 
caused by agro-wastes is a source of concern, especially in developing and underde-
veloped countries (Govindraraji and Vuppu 2020). Hence, the pollution from agro- 
wastes pollution can be reduced to a great extent with the conscious employment of 
these wastes for pectinase production.

The application of pectinases (pectin enzymes) is not only limited to the food and 
environment sectors. Pectin enzymes are also beneficial in the health sector, as in the 
degradation of tablets coated with pectin to release the content (drug), as reported 
for the treatment of colon, and in studies concerning pulsatile drug delivery (Zhu 
et al. 2019; Liu et al. 2012). The many application areas of pectinases are probably 
the reason researchers harness ways to optimally produce the enzyme. The main 
tools used for the design of the studies for pectinase production, optimization, and 
applications are the “one-factor-at-a-time” (OFAT) method and the response surface 
methodology (RSM) (Sudeep et al. 2020; Ametefe et al. 2017; Ghazala et al. 2015). 
The OFAT is designed such that one factor is measured at a time, as the name sug-
gests (Ametefe et al. 2017). The RSM is a tool for the prediction of the behavior of 
a system (and it’s optimum), using mathematical and statistical techniques, as inter-
actions among the variables are more adequately considered in this design of experi-
ment (Chollom et  al. 2019; Najib et  al. 2017). The RSM method has proven to 
produce enzymes with lesser experimental runs and more reliable outcomes (regard-
ing obtaining the best enzyme activity) than the OFAT method (Jasni et al. 2020; 
Said and Amin 2015). The two main RSM designs employed for pectinase produc-
tion are the Box-Behnken and the central composite designs (Chollom et al. 2019).

Systematic reviews have been seen as a method for reviewing or summarizing 
data on a specific question in a standardized and systematic or organized way to 
derive more beneficial outputs (results) that are comprehensive in any required area 
of study (Tawfik et al. 2019). The principal steps used for systematic reviews begin 
with outlining the question, searching for relevant (criteria) materials (articles) in 
the area, evaluation of the quality of the materials for inclusion in the study, con-
densing of the pieces of evidence obtained, and explanation of the outcomes (results) 
(Khan et al. 2003; Rys et al. 2009).

It is important to note that there is a dearth of information on systematic review 
regarding the production and application of pectinases in the last decade as under-
taken in this study. It is for these reasons that a systematic review of literature con-
cerning the production and application of pectinase articles on the SCOPUS indexed 
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journals in the last decade (2011–2020) was investigated. Furthermore, the findings 
and some recognizable gaps have been uncovered for further research.

2  Methods

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines were followed for the study (Page et al. 2021). The SCOPUS 
database (website) was searched using pectinase as the keyword. Exclusion criteria 
employed were the articles that did not produce and apply the enzyme (in the labo-
ratory). Therefore, the criteria for inclusion of articles was in preference for articles 
reported in the English language on the laboratory application of the (local) produc-
tion of pectinase. The results were obtained after a manual inspection of the titles, 
abstracts, methods, results, and conclusion of each of the articles obtained (Fig. 1). 
The searches were limited to articles from 2011 to 2020, which were open access, 
covering the various subject areas: biochemistry, genetics, and molecular biology, 
agriculture, and biological sciences. The study used percentages for analyses of the 
frequency in the outcomes obtained (Table 1). The rationale for the choice of per-
centage for analysis was due to the qualitative evaluation of literature in this study.

Records identified from 
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Records screened (Pectinase 

from 2011 to 2020)

(n = 137)
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Fig. 1 Systematic review flow chart
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3  Results and Discussion

Search for “pectinases” on the SCOPUS database on the 4th of May, 2021, revealed 
1554 results (Fig. 1). Exploration of the keyword “pectinase” from articles indexed 
in the SCOPUS website resulted in 137 outcomes (2011 to 2020). On further man-
ual screening of the results (i.e., the articles), using their various titles, abstracts, 
methods, results, and conclusions for each of the 137 documents, 12 articles reported 
on pectinase production and its actual application (Table 1). Hence, the 12 articles 
met the benchmark for inclusion in this review (Table 1).

3.1  Microorganisms and Fermentation Method Used 
for Pectinase Production

A variety of microorganisms comprising about 66.7% fungi to 33.3% bacteria 
were employed in the production of pectinase, with about 50% of the studies apply-
ing the enzyme in fruit juice treatment (Table 1). The use of the genus Aspergillus 
for production of pectinase and the application in the treatment of fruit juices 
(Sudeep et al. 2020; Mahmoodi et al. 2017; Barman et al. 2015; Poletto et al. 2015a), 
in bio-scouring of cotton fabrics (Abdulrachman et al. 2017), and in the improve-
ment of animals diet (Azzaz et al. 2020) indicated its importance in pectinase stud-
ies. Hence, it is no surprise the utilization of the genus, Aspergillus, for the 
production of pectinase with optimal activity (Sudeep et al. 2020; Ezike et al. 2014). 
The utilization of the genus Aspergillus for pectinase production is predominantly 
the solid-state fermentation, which suggests its inability to produce the enzyme in 
saturated moisture content as obtained in submerged fermentation (Table  1). 
However, bacteria employed were principally shown to produce the enzyme in rela-
tively more moisture content than obtained with the largely studied fungi (Cherekar 
and Pathak 2020; Govindaraiji and Vuppu 2020; Sharma et al. 2017; Ghazala et al. 
2015). Furthermore, the advantages of SSF over SmF like in less effluents generated 
after fermentation, simulation of the natural habitat of microorganisms, and the 
easier recovery of the enzyme produced could suggest the rationale for the utiliza-
tion of fungi in SSF for the production of pectinases (Sharma and Rishishwar 2015). 

Chart 1 Pectinase search on the SCOPUS database limited 2011 to 2020
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It is also important to state that the SSF also has some disadvantages, as the aeration 
in this method of fermentation poses a challenge due to the relatively higher concen-
tration of solid and the increased period of fermentation compared to the submerged 
fermentation (Perez-Guerra et al. 2003). The microorganisms used for the produc-
tion of pectinases in this study were mostly isolated from soil samples (Sudeep et al. 
2020; Ismail et al. 2016; Ghazala et al. 2015; Rajendran et al. 2011) and rotten fruits 
like orange (Mahmoodi et al. 2017). Whereas microbes not isolated in the studies 
reviewed and used for pectinase production, also showed promise for pectinase pro-
duction and application (Azzaz et al. 2020; Sharma et al. 2017; Barman et al. 2015; 
Poletto et al. 2015a). The use of microorganisms for the production of pectinases 
makes the product easier to predict since, in the process of utilization of the sub-
strate (pectin), pectinases are released and left in the medium (Raveendran et al. 
2018). Hence, the phenomenon exploits the feeding behavior of microbes for the 
production of pectin enzymes.

3.2  Optimization and Application

Optimization of conditions for pectinase production is known to enhance the activ-
ity of pectinases (Cherekar and Pathak 2020; Ametefe et al. 2017). The application 
of the enzyme has also been proven to be enhanced after optimization of the relevant 
conditions for pectinase activity (Ametefe et al. 2017; Rajendran et al. 2011) and in 
the production of the enzyme (Azzaz et al. 2020). However, pectinase optimization 
could be undertaken using predominantly one-factor-at-a-time (OFAT) and the 
response surface methodology (RSM). The OFAT design was significantly employed 
(≈75%) for pectinase production (Table 1). The RSM is a tool for the prediction of 
the behavior of a system and its optimum, using mathematical and statistical tech-
niques (Chollom et al. 2019; Najib et al. 2017). The RSM (system) designs experi-
mental runs and analyzes the data to fit the experimental data obtained to a model 
(quadratic, cubic, linear, etc.) for adequate prediction of the optimum responses. 
Despite the importance and the expected reliability of the RSM owing to the 

Chart 2 Pectinase search on the SCOPUS database limited to 2011 to 2020 and further filtered
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application of statistics and mathematical techniques for pectinase production, this 
method of optimization was found to be underutilized compared to the OFAT tool 
in the last decade for the production of pectinases and applications (Table 1). It is 
important to state that the OFAT design does not adequately account for the interac-
tions as in the RSM where all the prevailing conditions run concurrently in a statisti-
cally organized manner. This could further explain the reliability with RSM with a 
lesser number of experimental runs, thereby making the method less expensive rela-
tive to the OFAT method in the long run (Chollom et al. 2019; Tetteh et al. 2017; 
Bezerra et  al. 2008). Additionally, the RSM and artificial neural network design 
(another design not considered in this study) employed in studies have proven to 
produce enzymes and other products with lesser experimental runs and a more reli-
able outcome (regarding obtaining the best enzyme activity) than the OFAT method 
which has been widely used (Jasni et al. 2020; Sonawane et al. 2020; Said and Amin 
2015). Studies from 2000 to 2013 spanning different fields reported that out of the 
3190 articles on the SCOPUS database, 352 documents were shown to optimize 
systems using the RSM approach (Chollom et al. 2019; Bashir et al. 2015). The 
RSM approach was predominantly utilized in the fields of engineering (15.6%), 
biochemistry (11.2%), and agricultural and biological sciences (10.6%) relative to 
chemical engineering (9.5%) and environmental science (6%) (Bashir et al. 2012, 
2015). The RSM also generates models for the prediction of responses (Chollom 
et al. 2019; Bashir et al. 2015). Hence, further justifying the need for increased uti-
lization of the response surface methodolody (RSM) in optimization studies.

Furthermore, the extraction solvents in this study were predominantly used for 
obtaining the laboratory-produced pectinase after the expected fermentation dura-
tion (Mahmoodi et al. 2017; Ismail et al. 2016; Barman et al. 2015). Acetate buffer, 
distilled water, 0.1 M Na2SO4, and NaCl have also been utilized in literature for 
pectinase extraction (Sudeep et al. 2020; Ametefe et al. 2017; Ibrahim et al. 2015; 
Patil and Chaudhari 2010; Silva et al. 2005; Singh et al. 1999). Hence, the solvents 
can be said to ease the release of the trapped enzyme in the fermented substrates 
(most especially, in SSF) for recovery and subsequent utilization.

Application of the enzyme in the studies reviewed (Table 1) showed the employ-
ment of the enzyme for the improvement of dairy diets, drug delivery, treatment of 
cotton fabrics, plywood bleaching, and the extraction of oil. It was interesting to 
note that crude pectinases extracted were applied without purification (Azzaz et al. 
2020; Mahmoodi et  al. 2017). Nevertheless, purification of the pectinases and 
recombinant enzyme studies were also investigated and applied (Govindaraiji and 
Vuppu 2020; Abdulrachman et al. 2017). The rationale for the non-purification of 
the enzyme (crude pectinases) could be attributed to the presence of other substrates 
in the medium required for degradation, such as in fruit juice treatment (Ametefe 
et al. 2017). In a study, a combination of pectin enzyme and xylanase was reported 
to be concurrently applied in the bio-bleaching of plywood, hence further justifying 
the application of crude enzymes or a mixture of enzymes (Sharma et al. 2017). 
Furthermore, the technicalities associated with the purification of enzymes could 
account for the non-purification of the laboratory-produced pectin enzymes for 
application purposes. Swain and Ray (2010) reported an increase in crude pectinase 
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application (13.3%) on carrot juice yield relative to two percent Pectinex (Novozyme, 
Denmark) for the same purpose. Additionally, the absorbance of apple juice 
decreased (showing an increase in the juice clarity) with an increase in the enzyme 
concentration on application with crude pectinase (Cocok et al. 2017). Hence, the 
study by Swain and Ray (2010) further showed the ‘relative efficacy’ in the utiliza-
tion of crude pectinase for application purposes. The following purification methods 
have been employed for the enzyme, including ethanol precipitation (Ismail et al. 
2016; Trentini et  al. 2015), dialysis of precipitate and column chromatography 
(Mahesh et al. 2016), ultrafiltration with activated charcoal (Poletto et al. 2015b), 
and ammonium sulfate precipitation before ion-exchange chromatography (Ahmed 
et al. 2016). Novel pectinolytic microorganisms and application areas were among 
the additional findings obtained (Table 1). The research gaps were mainly found to 
be in the use of one-factor-at-a-time (OFAT), while in studies where the RSM were 
used, relevant conditions such as particle size of the substrates, and inoculum vol-
ume, among others, should have been included in the design and the actual labora-
tory experimentation, for an all-inclusive study (Govindaraiji and Vuppu 2020; 
Ghazala et al. 2015). Optimization of substrate particle size and inoculum size has 
also been reported in the literature for maximum production of pectinase (Jacob and 
Prema 2008; Maria et al. 2006; Patil and Dayanand 2006; Kuhad et al. 1998).

4  Conclusion

The study has explored pectinase-related research articles indexed in the SCOPUS 
database in the last decade (2011–2020), with a view of identifying research find-
ings and areas for further study in the application of locally produced pectin 
enzymes. One hundred and thirty-seven documents were obtained from the litera-
ture search in the last decade, suggesting the importance of this class of enzymes. 
Hence, the application of laboratory-produced pectin enzymes should be encour-
aged in studies. Additionally, despite the benefits of the response surface methodol-
ogy (RSM) for process optimization of pectinase and its application in the number 
of fields investigated, the study has further exposed the underutilization of this 
methodology in publications related to the production and application of pectinases. 
In areas where the design were used, there were significant conditions not consid-
ered during the optimization process for a more comprehensive study. Hence, pec-
tinase still has research areas to be explored, with an advantage in the cheaply 
available raw materials for its production. Encouragingly, a variety of microorgan-
isms have been isolated from the environment for the local production of pectinase 
in the last decade. Thus, there is need for further research into both production and 
industrial applications of the enzyme using the response surface methodology. This 
is because most of the software packages available are updated periodically. 
Thereby, increasing the reliability of the findings or results generated from the opti-
mization of pectinases using the available RSM soft ware packages compared to the 
one-factor at a time method. The study has, therefore, catered for the dearth of 
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literature regarding systematic reviews involving the production and application of 
pectinases in the last decade.
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Biogas Production From Thermo–Alkaline 
Pretreated Corn Stover Co-digested 
with Rumen Content

D. Adebowale, O. Oziegbe, Y. D. Obafemi, E. F. Ahuekwe, and S. U. Oranusi

1  Introduction

Developing nations are faced with several environmental challenges like pollution 
due to their substantial reliance on fossil fuels, pollution from solid wastes, and low 
or no accessibility to adequate energy resources (Jain et al. 2015; Kamp and Forn 
2016). This has informed various studies on the search for alternative energy sources 
(Su et al. 2015; Lynd et al. 2015; Chirambo 2016). Currently, biogas energy using 
anaerobic digestion (AD) has been proven due mainly to the ready availability of 
substrates, low budget, and uncomplicated mechanic requirements (Kwietniewska 
and Tys 2014). Anaerobic digestion is a biological process that involves the break-
down of organic materials in the absence of oxygen to produce biogas (Marcell and 
Jorg 2020).

As a biotechnological process, AD takes place in a bioreactor; as such, the tech-
nological advancement had been slow and sparse before the twentieth century 
(Adnan et al. 2019). AD remains an eco-friendly and economical approach for bio-
gas production from agricultural and animal wastes, forest residues, energy crops, 
and sewage boasting a high net-energy yield than expenditure (Naran et al. 2016).

The biochemical stages involved in AD include hydrolysis, acidogenesis, aceto-
genesis, and methanogenesis stages (Roopnarain and Adeleke 2017). Several spe-
cies of acid- and methane-producing microbes reportedly involved in these various 
stages include Clostridium, Bacteroides, Salmonella, Escherichia, Citrobacter, 
Bacillus, Pseudomonas, Klebsiella, Aspergillus, Mucor, Rhizopus, and Penicillium, 
Methanococcus, and Methanosarcina (Alfa et al. 2014; Dahunsi et al. 2017a, b, c). 
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Biogas generation from lignocellulosic biomass (LCB) such as wood, municipal 
wastes, and agricultural wastes does not require the use of arable lands. Also, it is an 
ample source of unexpended biomass in the world that cannot be neglected in the 
search for human sustenance and economic growth (Khoufi et al. 2015; Giwa et al. 
2017). The utilization of this biomass as an option has, however, stopped the contest 
within feed, food, and energy production (Ezeonu and Ezeonu 2016). Animal wastes 
such as dung and poultry droppings have been used in anaerobic digestion process. 
Rumen content from slaughtered animals has found use in biogas production. It 
comprises the digested and undigested feed in the rumen of ruminant animals, serv-
ing as a good source of microbial proteins, minerals, vitamins, and energy, although 
varying in nutrient from one ruminant animal to the other (Elfaki and Abdelatti 
2016). However, the major challenge in the use of these materials is the complex 
structure of the lignocelluloses (lignin, cellulose, and hemicelluloses). Several pre-
treatment methods have been tested on some lignocellulosic materials. These 
include physical, thermal, biological, and chemical processes, as well as a combina-
tion of the pretreatment methods Su et al. (2015) to fasten hydrolysis of feedstock. 
Studies show that pretreatment has proven to enhance physical and chemical 
changes in structural composition of biomass. As such, it is imperative to consider 
the type of pretreatment suitable for any candidate biomass for use in biogas 
generation.

The successful production of biogas in an anaerobic condition involves several 
microorganisms under a suitable environment. The biogas digester can be controlled 
by putting into consideration important parameters like pH, temperature, and reten-
tion time. Certain factors like substrate type, feedstock mixture, type of inoculum, 
and loading rate can also affect biogas production (Adnan et al. 2019). In this study, 
thermo-alkaline pretreated corn stover biomass was mixed together with cattle’s 
rumen content as slurry for biogas production in a batch system bioreactor. The corn 
stover was pretreated prior to its usage as inoculum in order to breakdown the lig-
nocellulose structure. Temperature, pH, and microbial load were assessed as the 
anaerobic co-digestion progressed for the 20-day period.

2  Materials and Methods

2.1  Sample Collection

The samples for the anaerobic digestion include corn stover (CS) and rumen content 
(RC) which serves as the inoculum. Corn stover was obtained from Covenant 
University farm, while the cattle rumen content was collected from Alubarika 
Abattoir Market, Igboloye, Ota, Ogun State. The cattle’s rumen content was sam-
pled in an airtight container right after the cattle was slaughtered to avoid air expo-
sure. Both CS and RC were carefully transported to the Microbiology Laboratory of 
the Department of Biological Sciences, Covenant University for processing, stor-
age, and further work.
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2.2  Fabrication of Anaerobic Digester

The anaerobic digester used for this study is a single-stage batch anaerobic diges-
tion system with vertical orientation. It was fabricated using polyvinyl chloride 
(PVC) and plastic materials as seen in Fig. 1. The digester is an 18 L-capacity AD 
system with a working system of 15 L and 3 L as head space. There is an inlet for 
substrate loading, an outlet for flowing out excess slurry, a 200  ml-capacity gas 
measuring syringe for measurement of the volume of produced biogas, and a biogas 
filter for de-watering and de-sulfuring the biogas generated. The digester is fitted 
with a sampling tap and a mini gas storage bag for filtered biogas storage. The AD 
system is modeled, in that, the substrate is fed into the anaerobic digester, and batch 
anaerobic degradation occurs in it. Afterwards, the produced biogas builds up pres-
sure and volume, with the gas volume indicated by the gas measuring syringe; then 
the biogas flows into the storage bag.

Fig. 1 Schematic representation of the fabricated anaerobic digester. 1. Feed inlet. 2. Digestion 
tank. 3. Slurry overload discharge. 4. Gas measuring syringe. 5. Lock and key. 6. Gas sampling 
lock. 7. Gas sampling syringe. 8. Connecting hose. 9. Filtering chamber. 10. Hose. 11. Lock and 
key. 12. Gas storage tube. 13. Lock and key. 14. Tap for sample collection
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2.3  Pretreatment of Corn Stover

CS samples were air-dried for 14 days before pretreatment. This was done by first 
chopping the corn stover with a sterile knife and grinding using an electric grinder 
(Bajaj twister mixer grinder-410025) to obtain a powdered form. The thermal treat-
ment was performed using a CLIFTON water bath (Nickel-Electro Ltd., 57599) at 
80 °C for 3 hours (Liu et al. 2015; Dahunsi et al. 2017c, 2018) and was further 
treated chemically using the alkaline sodium hydroxide (NaOH). The alkaline pre-
treatment was based on ratio of dry weight of the corn stover:NaOH:H2O at 
10:0.2:60 (w/w/v) at 25 °C for 3 days. After pretreatment, the biomass was used 
directly with the rumen content as the biodigester inoculum. The use of NaOH for 
pretreatment has been documented to be cost-effective and highly efficient for bio-
logical conversion (Zheng et al. 2009; Li et al. 2015).

2.4  Lignocellulose Content Analysis

Compositional analysis of the pretreated biomass for the lignin, hemicellulose, cel-
lulose, and extractive was performed in threefolds. The mean values with standard 
error of means were recorded. Gravimetric method was used as it exhibits minimal 
instrumental error and does not require the use of sophisticated instruments (Ayeni 
et al. 2014, 2015). Also, the extractive was broken down to stop obstruction of bio-
mass downstream analysis.

 Determination of Extractives

Two and a half grams (2.5 g) of the pretreated dry sample was introduced into a cel-
lulose thimble with a Soxhlet extractor construct using 150 ml acetone as extraction 
solvent. The heating mantle (KDM-500, USA) was used for the boiling and rising 
stages of the extraction with the residence time adjusted to 25 mins at 70 °C for 
4 hours. After successful excerption, the samples were then air-dried at room tem-
perature for 15 minutes. The constant weight of the excerpted material was achieved 
in a conventional oven from Genlab at 105 °C. The percentage weight per weight of 
the extractive content of each sample was estimated as the difference between the 
weight of raw extractive-laden and extractive free biomass (Li et  al. 2004; Lin 
et al. 2010).
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 Hemicellulose Determination

One gram (1 g) of treated sample was measured and conveyed into a 250 ml conical 
flask, and 150 ml of 500 mol/m3 NaOH was added, before heating the blend for 
3½ hours in a water bath. It was filtered after cooling using a filter paper and wiped 
until a neutral pH was accomplished. The resultant residue was dried to a constant 
weight in a conventional oven at 105 °C. The hemicellulose content (%w/w) was 
taken as sample weight obtained before and after (Li et al. 2004; Lin et al. 2010).

 Lignin Content Determination

Following standard methods, a portion of the sample (0.3 g) was measured into test 
tubes with addition of 3 ml of 72% H2SO4 into each tube. The samples were held for 
2 hours at room temperature while being carefully shaken at 30 minutes intervals 
for initial hydrolysis to take place. Thereafter, 84 ml of distilled water was intro-
duced into each test tube. The subsequent step of hydrolysis was done in an auto-
clave at 121 °C for 1 hour. The slurry was left at room temperature to cool and 
hydrolyzates filtered using an 11 μm filtering crucible in a vacuum. The acid insol-
uble lignin fraction of the biomass was evaluated by drying of residuals at 105 °C in 
an oven and documenting ash by incinerating the hydrolyzed samples at 575 °C in 
a muffle furnace (Chesterfield, UK-EEF3).

The acid soluble lignin component evaluation is by measurement of the acid 
hydrolyzed samples absorbance with a spectrophotometer (Thermoscientific; 
GENESYS, IOS UV-VIS) at 320 nanometers. Then the composition of lignin was 
recorded as the total value of acid soluble lignin and acid insoluble lignin (Sluiter 
et al. 2008).

 Determination of Cellulose

The cellulose composition (%w/w) was recorded as the differences in other compo-
nents. On assumption, samples comprise lignin, hemicellulose, cellulose, ash, and 
extractives (Lin et al. 2010; Li et al. 2004).

2.5  Microbial Analysis

The microbiological analysis of substrate and inoculum involved the use of 
MacConkey agar (Oxoid CM1169, United Kingdom), eosin methylene blue agar 
(Rapid Labs, Essex, United Kingdom), nutrient agar (Himedia Laboratories, India), 
thioglycolate broth (Rapid Labs, Essex, United Kingdom), compounded basal 
medium for isolation of anaerobes, and potato dextrose agar for fungi isolation. All 
reagents used were of analytical grade and measured using an analytical weigh 
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balance (Model EK-1200A). All media used were prepared following manufactur-
er’s guide and then sterilized at 121 °C for 15 minutes at 15 psi in an autoclave 
(Surgifriend medicals, England- SM280E).

The basal medium was compounded following the methods of Balch et  al. 
(1977). At a final pH of 6.7, the medium composition of 1000 ml was 0.4 g potas-
sium di-hydrogen phosphate, 1.0 g ammonium chloride, 0.4 g dipotassium hydro-
gen phosphate, 0.1 g magnesium chloride, 0.0001 g resazurin, 0.5 g sodium sulfide, 
0.5 g cysteine HCl, 7 g sodium bicarbonate, 2 g yeast extract, 10 g calcium carbon-
ate, 10 ml mineral solution, 10 ml vitamin solution, and 20 g agar.

The vitamins solution included 5  mg cyanocobalamin, 4  mg p-aminobenzoic 
acid, 1 mg biotin, 10 mg nicotinic acid, 5 mg calcium pantothenate, 15 mg pyridox-
amine–2HCl, and 10  mg thiamine–HCl. The trace elements composition was 
1.6  mM HCl, 7  mg ZnCl2, 100  mg FeCl2.7H2O, 10  mg MnCl2.4H2O, 13  mg 
CoCl2.6H2O, 0.6  mg H3BO3, 2.4  mg NiCl2.6H2O, 0.2  mg CuCl2.2H2O, 0.26  mg 
Na2SeO3.5H2O, 0.66 mg Na2WO4, and 3.6 mg Na2MoO4.2H2O, all of which were 
dissolved in double distilled water.

Thioglycolate broth was used for the preservation of anaerobes. One gram of 
samples was aseptically pulled out and diluted in sterile distilled water (9 ml) to 
dilutions of 104 and 106 before plating on the different media. Plates were incubated 
for 24 hours at 37  °C for aerobes, while anaerobic organisms were incubated at 
37 °C for 5–7 days. Fungal isolates were placed at room temperature for 3–5 days.

 Identification of Isolates

Presumptive identification of isolates was based on morphological and phenotypic 
identification involving various biochemical tests. These included Gram staining 
technique, starch hydrolysis, indole, methyl red, Voges-Proskauer, citrate, oxidase, 
and sugar fermentation. The API kits were employed for further verification of the 
presumptive isolates.

3  Results and Discussion

3.1  Lignocellulosic Composition of Corn Stover

The results of the lignocellulosic composition as shown in Table 1 reveal that the 
thermo-alkaline pretreatment has percentage reduction in lignin, hemicelluloses, 
ash, and extractive components. However, the cellulose component increased from 
untreated to treated. This is an indication of the effectiveness of the thermo-alkaline 
pretreatment applied on the biomass, and it helped in reducing the recalcitrant com-
ponents and thus aided in effective biogas production. Results of lignocellulosic 
component study corroborate the reports of Ayeni et al. (2015) and Liu et al. (2015), 
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who documented extensive lignin degradation and successive depletion when 
alkaline- thermal pretreatment was employed. The reduction of hemicelluloses 
observed in this study after thermo-alkaline pretreatment is related to those high-
lighted in prior studies that employed alkaline thermo-mechanical, diluted acids, 
thermo-alkaline, ionic liquids, steam explosion, and ammonia fiber expansion on 
various materials (Espinoza-Acosta et al. 2014; Dahunsi et al. 2016; Zou et al. 2016).

3.2  Operational Parameters and Biogas Yield

The pH of the co-digestion regimes was alkaline all through the digestion process. 
This ranged from 7.05 to 7.84 while the temperature was maintained at a mesophilic 
temperature range of between 29.8 to 31.1 °C as represented in Table 2. The biogas 
production started on the 5th day with little fluctuations till a constant volume was 
produced from 18th to 20th day. The total biogas volume of the anaerobic digestion 
of corn stover and rumen content was 54.97 m3. This was estimated by summation 
of all the biogas produced and recorded per day with the digester’s inbuilt gas- 
measuring syringe, for the 20 days co-digestion period. The operational pH values 
obtained in this study were between 7.05 to 7.84 and agree with the reports of 
Miikue-Yobe and Sunday (2019), Dahunsi et al. (2017a,b), and Dahunsi and Oranusi 
(2013). More so, different studies from Dahunsi et al. (2016) and Dahunsi et al. 
(2017c) submit that an effective AD system works best at a pH between 6.5 and 8.0.

The temperature of the digestion has been reported to influence and improve 
bioconversion stability as well as promote richness in microbial population 
(Kwietniewska and Tys 2014; Zou et al. 2016). Miikue-Yobe and Sunday (2019) 
reported a temperature range of 22–32 °C in a study on biogas production from 
sawdust co-digested with African dwarf goat excreta. The thermal and alkaline pre-
treatment employed in several studies helps in increasing the biogas yield, unlike 
those that did not either employ any pretreatment or used a single pretreat-
ment method.

The highest biogas produced recorded between the 16th to 20th day could be 
attributed to the operational parameters (pH and temperature) and also the diversity 
of anaerobic organisms within the period. This report suggests that the optimum pH 
range for proper augmentation of bioreactor organisms may range between 7.05 to 

Table 1 Lignocellulosic Component of Corn stover

Composition of LCB* Untreated Treated % Lignocellulose reduction

Extractives 17.50 ± 0.05 15.92 ± 0.04 9.0
Cellulose 35.19 ± 0.09 48.42 ± 0.19 37.60
Lignin 11.25 ± 0.14 6.11 ± 0.11 45.69
Ash 4.45 ± 0.12 2.4 ± 0.10 46.10
Hemicellulose 31.07 ± 0.12 26.59 ± 0.01 14.42

*LCB lignocellulosic biomass
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7.2, although opine that some anaerobic systems can tolerate may range from pH 6.5 
to 8.0 (Cioabla et al. 2012; Dahunsi et al. 2016). Similarly, Ennouri et al. (2016) 
suggest that AD pH range of less than 6.5 or greater than 8.0 may give rise to the AD 
methanogenesis stage failure.

Reports of Priebe et al. (2016) and Suksong et al. (2016) on AD suggest that the 
optimum temperature for effective production of biogas is a mesophilic range of 
30 °C–37 °C which supports bacterial growth. A decrease or increase above this 
temperature range may lead to reduced production of biogas. To this end, it is 
imperative to ensure a suitable temperature and pH for proper AD process, adequate 
microbial growth, balance, and early biogas generation (Dahunsi et  al. 2017b). 
Previous studies on corn stover pretreated with biological treatment by liquid frac-
tion at different concentrations showed a biogas production between 20.69 to 33.91 
litres (Li et al. 2016; Ohimain and Izah 2017); which, in comparison to the results 
obtained in this study, is reduced. More so, corn stover pretreated with NaoH and 
steam explosion reported a lower biogas yield compared to the volume obtained in 
this study (Liu et al. 2015; Miikue-Yobe and Sunday 2019). The difference in the 
biogas yield could be attributed to a myriad of factors which may include the class 
of LCB, type of inoculum, environmental conditions of the digester, the pretreat-
ment method employed, and the retention time of digestion (Jain et al. 2015; Kim 
et al. 2015). In light of these, Li et al. (2015) opine that utilization of adequate pre-
treatment methods may amplify biogas production from LCB.

Table 2 Biogas yield and operational parameters of digestion

Days Biogas yield (m3) Temperature (°C) pH

0 0 30.4 7.05
1 0 30.6 7.07
2 0 31.1 7.42
3 0 30.9 7.55
4 0 30.8 7.76
5 3.01 30.9 7.78
6 3.01 30.7 7.73
7 3.01 31.0 7.80
8 3.05 29.9 7.84
9 3.02 29.8 7.84
10 3.20 30.0 7.84
11 3.15 30.1 7.80
12 3.50 30.5 7.80
13 3.50 29.8 7.75
14 3.60 29.5 7.67
15 3.40 30.1 7.69
16 3.70 30.0 7.69
17 3.82 29.8 7.70
18 4.00 29.9 7.80
19 4.00 29.9 7.84
20 4.00 30.1 7.84
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3.3  Microbial Composition of the Feedstocks and Slurry Used 
for Digestion

Table 3 shows the consortium of microorganisms isolated with progression of the 
co-digestion in this study. This included species of Bacillus, Staphylococcus, 
Proteus, Enterococcus, Pseudomonas, Bacteroides, Clostridium, Fusobacterium, 
Aspergillus, Penicillium, Mucor, and Rhizopus. Most of the organisms associated 
with the digestion process are comparable with previous studies on anaerobic diges-
tion using some other substrates (Kim et  al. 2015; Ennouri et  al. 2016; Dahunsi 
et al. 2017a, b, c). An investigation of microorganisms associated with biogas gen-
eration from Telfairia occidentalis (vegetable), banana peel, and pig dung includes 
species of Pseudomonas, Bacillus, Staphylococcus, Escherichia coli, and fungi 
(Asikong et al. 2014). The co-digestion of sawdust and African dwarf Goat excreta 
as conducted by Miikue-Yobe and Sunday (2019) identified microbial species of 
Escherichia coli, Staphylococcus spp., Bacillus spp., Clostridium spp., Pseudomonas 
spp., and Enterococcus spp. for biogas production.

4  Conclusion

The result of this study has shown that biogas can be produced from organic wastes 
such as corn stover and rumen content with the help of microorganisms under an 
alkaline pH and a mesophilic temperature range. The study also shows that the ther-
mal and alkaline pretreatment is effective in reducing non- digestible parts of the 
lignocellulosic biomass, making them accessible to microbial action, and thus, 
resulting in increased biogas recovery. The ready availability of the waste substrates 

Table 3 Microbial composition of digestion process

Substrate Aerobic bacteria Anaerobic bacteria Fungi

Rumen content Bacillus spp.
Enterococcus sp.
Pseudomonas 
aeruginosa

Clostridium spp.
Bacteroides sp.
Fusobacterium sp.

Aspergillus 
niger
Aspergillus 
flavus
Penicillium sp.
Mucor sp.

Corn stover Bacillus spp.
Proteus spp.

Clostridium spp. Penicillium sp.

RC* + CS* before 
digestion

Citrobacter sp.
Bacillus spp.
Enterococcus sp.
Pseudomonas 
aeruginosa

Clostridium sp.
Fusobacterium sp.
Bacteroides sp.

Aspergillus 
niger
Rhizopus sp.
Penicillium sp.

RC* + CS* after 
digestion

Bacillus spp. Clostridium sp., 
Methanococcus sp.

Aspergillus 
niger

*RC rumen content, CS corn stover
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used and the high biogas yield obtained show promise as an alternative solution to 
the global energy need. In light of these, the study recommends the use of thermo-
alkaline pretreated corn stover and cattle rumen fluid for biogas production as an 
alternate energy source, as it also presents an effective waste management strategy 
capable of leading to an improved bioeconomy.
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Assessing the Safety of Tiger Nut Drinks 
Produced from Cyperus esculentus L. Seeds 
Sold in Ota
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1  Introduction

Aflatoxins (AF) are difuranocoumarins (Peterson et  al. 2001) synthesized by 
Aspergillus parasiticus and Aspergillus flavus in relatively warm and humid condi-
tions, most commonly in food or feeds. Among all mycotoxins, aflatoxins are best 
known for their huge impacts on human and animal health (IARC 2015). Primary 
forms of aflatoxins include AF (B1, B2, G1, and G2) are named after the fluorescence 
they display in ultraviolet (UV) light (B for blue and G for green). These have 
recently gained attention among researchers due to their public health concerns. 
Aflatoxin AFM1 and AFM2 hydroxylated metabolites occur in the animal products 
such as milk and other dairy products (D’Mello and MacDonald 1997). The 
increased infection with aflatoxins produced by A. parasiticus and A. flavus in pis-
tachio, cotton, nut, and maize has been attributed to preharvest weather conditions 
associated with periods of drought and stress during fruit growth and flowering 
(Kebede et al. 2012). Aflatoxins are stable in foods during baking, extrusion, and 
cooking, where it induces great problem in processed food (Marin et  al. 2013). 
Aflatoxin in humans and animals leads to disease condition called aflatoxicosis 
(Adeyeye 2016). They are considered to be harmful due to their teratogenic, carci-
nogenic, immunosuppressive, and mutagenic (DNA damaging) effects (JECFA 
2017). Tiger nut and its products are highly susceptible to aflatoxin contamination 
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either in the field or during storage, particularly in the hot and humid climatic condi-
tions (Shamsuddeen and Aminu 2016; Akomolafe and Awe 2017). Aflatoxin pro-
duction is also influenced by high moisture, temperature, relative humidity, and 
insect damage (Margherita et al. 2012). Due to the warm and humid climatic condi-
tion and poor practices during harvesting, processing, and storage, agricultural 
commodities in tropical and subtropical are prone to aflatoxin contamination 
(Olopade et al. 2020; Shamsuddeen and Aminu 2016).

The scientific name of tiger nut is Cyperus esculentus. It is a perennial mono-
cotyledon grass-like plant with spheroid tubers and pale-yellow cream kernel sur-
rounded by a fibrous sheath. Interestingly, tiger nut is a small tuber discovered 
4000 years ago (Asante et al. 2014; Maduka and Ire 2018). It has been recognized 
as one of the best nutritional crops used to augment diets, since a substantial intake 
decreased reported cases of various health-related conditions such as diabetes, car-
diovascular disease, obesity, and cancer. It is also ideal for older people, athletes, 
and children, as well as an excellent source of calcium and iron for body growth and 
development (Shamsuddeen and Aminu 2016). From studies, tiger nuts have been 
reported to lower low-density lipoprotein (LDL) while increasing high-density lipo-
protein (HDL) cholesterol (Gambo and Da’u 2014). According to Chukwuma et al. 
(2010), tiger nut drinks are beneficial in preventing heart problems, thrombosis, 
arteriosclerosis, and activating blood circulation. Tiger nut is also suitable for 
lactose- intolerant and gluten patients because it provides lipase, catalase, amylase, 
and stimulant that aids digestion (Ogodo et al. 2018). Unfortunately, despite these 
potentials in tiger nuts, it has been a neglected crop in Nigeria. This is due to lack of 
knowledge on its production, nutritional value, and utilization (Belewu and 
Abodunrin 2006). Tiger nut can be consumed raw, dried, baked roasted, or pro-
cessed into beverage (Belewu and Abodunrin 2006; Sa’id et al. 2017).

Tiger nuts are important source of nourishment and essential component of 
healthy and balanced diets (Nwinyi and Umane 2019;  Oladele and Aina 2007); 
however, it may harbor various microbial flora which can be a potential source of 
acute or chronic foodborne illnesses when contaminated with pathogenic microor-
ganisms or microbial metabolites such as toxins (Negedu et  al. 2011). This is 
because the tuber grows in the soil and may contain toxigenic molds and their 
mycotoxins. Thus, this study is aimed at assessing the presence of fungi mycoflora 
and their metabolites in Cyperus esculentus L. seeds or milk products sold in Ota, 
Ogun state.

2  Materials and Methods

2.1  Sample Area

The study site was Sango Ota, Ogun state (see Fig. 1). The samples of tiger nut 
seeds were purchased from major dealers within Ota (Fig. 2). Sango Ota coordi-
nates are 6° 42′ 0″ North, 3° 14′ 0″ East.
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Fig. 1 Map of the study area, Sango Ota. (Reproduced from Daramola et al. 2018)

Fig. 2 Tiger nut sampled from selected markets. (Reproduced from Maduka and Ire 2018)
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2.2  Collection of Samples

Snowball sampling technique was used to obtain dry tiger nut seeds in Sango Ota, 
Ogun state. A total of nine samples with an equivalent weight of two hundred and 
fifty gram (250  g) were purchased from three major dealers in Ota, Ogun state. 
Samples were placed in ziplock bag and transported to the Microbiology Laboratory 
of Covenant University where they were analyzed after milling with a sterile 
mechanical blender (Kenwood high power).

2.3  Preparation of Tiger Nut Drink

The tiger nut drink was prepared from the purchased seeds in the laboratory using a 
modified technique. The seeds were processed by removing foreign particles and 
unwanted materials. About 120 g of the tiger nuts were manually sorted. For the 
tiger nut drinks, the nuts were soaked in 250 ml of potable water at room tempera-
ture for 3 days. The soaked nuts were milled into slurry using electrical blender and 
500 ml of potable water. The homogenized slurry was pressed with clean muslin 
cloth to extract the milk and then stored at 4  °C for 15 hours in a white plastic 
container.

3  Methodology

3.1  Serial Dilution and Isolation of Fungi Microflora

In nine milliliter (9 ml) of sterile Ringer solution, one gram of each blended sample 
was diluted, vortexed and serially diluted to 105 after which one milliliter of the 
sample was transferred into duplicate petri dishes that were appropriately labeled. 
Thereafter, using pour plate methods, about 15–20  ml of sterile Rose Bengal 
Chloramphenicol was poured into the petri dishes. The samples were mixed by 
swirling the plates, and then allowed to solidify before being incubated at 25 °C for 
7 days. Also the raw seeds samples (unblended) were washed in ringer solution and 
plated out using the pour plate method. The number of colonies on the agar plates 
was expressed as number of CFU per 1 ml of tiger nut milk and 1 g of tiger nut seed. 
Following the colony count, isolates from tiger nut and tiger nut milk were subcul-
tured successively on potato dextrose agar to obtain a pure culture and incubated at 
25 °C for 7 days. Using the standards of Klich (2002) and Pitt and Hocking (2009), 
pure isolates were identified based on the macroscopic and microscopic character-
istics. For the morphological identification, lactophenol blue-stained fungal isolates 
were mounted on slides, overlaid with cover slides, and placed on the stage of a 
microscope to observe the micromorphological attributes for identification.
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3.2  Qualitative Screening for Toxigenic Potential 
of the Isolates

The isolates toxigenic strains were screened using ammonium vapor assay. 
Aspergillus isolates were grown as single colonies in the center of the plate on yeast 
extract sucrose agar (2% yeast extract, 15% sucrose, and 1.5% agar) and incubated 
at 25  °C for 2  weeks according to Saito and Machida (1999) and Kumar et  al. 
(2007). After 14  days incubation, duplicate plates were inverted after ethereal 
sprayed 2 ml of ammonium hydroxide for 10–15 minutes. The toxigenic isolates 
produced a color change of the culture medium producing pink or red coloration. 
However, no color change was observed in the non-toxic isolates. Further confirma-
tion of the toxigenic potentials shall be carried out quantitatively via HPLC 
chromatography.

4  Results and Discussion

The fungal count isolated from tiger nut seeds and tiger nut drink samples are as 
shown in Tables 1 and 2, respectively. The fungal count ranged between 1.1 × 
104 cfu/g - 3.0 × 106 cfu/g and 1.0 × 104 cfu/ml - 2.0 × 104 cfu/ml for the tiger nut 
and tiger nut drink samples, respectively.

Table 3 shows the morphological characteristics, i.e., the macroscopic features 
and the macroscopic features of fungal isolates in the tiger nut and tiger nut drink 
samples. A further microscopic structure is shown in Plate 1.

Table 4 shows the result distinguished between the toxigenic and atoxigenic iso-
lates using ammonia vapor assay. Out of 15 investigated isolates, 3 presented as 
toxigenic potentials based on the presence of color change (See Plate 2).

Table 1 Fungal load of tiger nut seed

Sample Fungal count

AOJU1 2.0 × 104 cfu/g
AOJU2 1.0 × 106 cfu/g
AOJU3 2.7 × 104 cfu/g
BIYA1 3.5 × 104 cfu/g
BIYA2 2.1 × 106 cfu/g
BIYA3 1.9 × 104 cfu/g
CSAN1 3.0 × 104 cfu/g
CSAN2 1.1 × 104 cfu/g
CSAN3 3.0 × 106 cfu/g

AOJU1-3 three dealers in Oju-Ore, BIYA1-3 three dealers in Iyana, CSAN1-3 three dealers in 
Sango Ota
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GA02 group A code 02, GB04 group B code 04, GC06 group C code 06, GD08 
group D code 08, GE10 group E code 10, GF12 group F code 12, GG14 group G 
code 14, GH16 group H code 16, GI18 group I code 18, GJ20 group J code 20, 
GK22 group K code 22, GL24 group L code 24, GM26 group M code 26, GN28 
group N code 28, GO30 group N code 30

4.1  Fungi Prevalence in Tiger Nut Samples

The result from the preliminary investigation showed that all the samples of tiger 
nut and tiger nut drink were contaminated with fungal species. The high incidence 
of fungal contamination may be due to poor storage conditions (time and moisture 
content levels) of tiger nut seeds which favored the proliferation of the fungi. In 
addition, most of the vendors lack adequate knowledge on basic hygiene practices 
as well as the ubiquitous nature of fungal spores particularly in open environments 
(Ukpabi and Ukenye 2015). Fungal species were also detected in the tiger nut drink, 
but the occurrence of the fungal count in the tiger nut drink was low, possibly due to 
the processing seeds during the tiger nut drink preparation.

Previous studies reported on the fungal population of the processed tiger nut 
drink in Kaduna to be within the range of 1.8 × 102 cfu/g-7.2 × 102 cfu/g. From this 
study, it is obvious that during processing the fungal load is reduced (Musa and 
Hamza 2013). Aspergillus spp. was predominantly identified in the samples. When 
compared to the results of Shamsuddeen and Aminu (2016), the fungal count of 
Musa and Hamza (2013) is similar. In this study, the average fungal count was 
6.9 × 105. This may be explained by the difference in geographical zones, storage, 
and handling of the tiger nuts. The mean fungal count detailed by Friday and 
Joeguluba (2018) was 7.09 × 104, a higher figure than previously discussed, while 
the most similar fungal count was recorded by Ntukidem et al. (2020) to be 1.5 × 105. 
The results are also consistent with that of Tope (2020). It is possible that the trans-
portation of tiger nuts from the north of Nigeria where they are grown to other 
regions such as the south-west and south-south creates conditions for fungal repli-
cation, accounting for the significant differences in fungal count between research 
done in the north and other regions. The growth of fungi may lead to the production 

Table 2 Fungal load of tiger nut drink samples

Sample Fungal count

AOJU(D) 1.0 × 104 cfu/ml
BIYA(D) 1.7 × 104 cfu/ml
CSAN(D) 2.0 × 104 cfu/ml

AOJU(D) drink made from Oju-Ore sample, BIYA(D) drink made from Iyana sample, CSAN(D) 
drink made from Sango-Ota sample

M. B. Alade et al.



169

Table 3 Morphological features of the fungal isolates

S/N
Fungal 
isolates Microscopical features Macroscopical features

Probable 
organisms

1. GA02 Dark green, umbonate, powdery 
white from the bottom glistening

Presence of long and 
smooth conidiospore, 
uniseriate with septate 
phialides

Aspergillus 
spp.

2. GB04 Grayish and yellow region observed 
in outskirt part, middle part is raised, 
entire, velvety, and white from the 
bottom

Long chain and rough 
conidiospores, biseriate 
with septate metulae

Aspergillus 
spp.

3. GC06 Gray, the middle part is cream and 
raised, glistening, wavy (undulate) 
wrinkled from the bottom.

Rough-walled 
conidiospores, septate 
flask-shaped phialides

Penicillium 
spp.

4. GD08 Greyish black type cottony colony, 
raised, bottom part is whitish in color

Long crossed 
conidiospores and biseriate 
with septate metulae

Aspergillus 
spp.

5. GE10 White and light brown color with 
touch of yellow region observed, 
pigment of gold around the colony, 
wavy, little wrinkled surface, reverse 
of the colony is brown

Long-chained 
conidiospores, uniseriate 
with septate phialides

Aspergillus 
spp.

6. GF12 Light brown with touch of gold, the 
middle part is gold and raised, 
glistening with gold color, little 
wrinkled on the surface, white 
velvety from the bottom, reverse is 
brownish gold

Presence of rough 
conidiospores, biseriate 
with septate metulae

Aspergillus 
spp.

7. GG14 Green with touch of light green, 
whitish in the middle, raised with 
bead on the surface

Long cross walled 
conidiospores, uniseriate 
with septate phialides

Aspergillus 
spp.

8. GH16 Brown colony with white edges, the 
middle part is raised with parallel 
grooves on colony and flat colony 
and flat

Presence of long and 
rough conidiospores, 
uniseriate with septate 
phialides

Aspergillus 
spp.

9. GI18 Lemon green, light green in the 
middle, raised, velvety white from 
the bottom

Rough conidiospores, 
uniseriate with non-septate 
phialides

Aspergillus 
spp.

10. GJ20 Light lemon with white edges, the 
middle part is raised, wrinkled 
surface, and glistening

Presence of rough 
conidiospores, uniseriate 
with non-septate phialides

Aspergillus 
spp.

11. GK22 Lemon green, middle part is white 
and lemon in color, raised, less 
wrinkled, and glistening

Long and rough 
conidiospores, uniseriate 
with septate phialides

Aspergillus 
spp.

12. GL24 Brown colony with white edges, the 
middle part is raised, wrinkled on 
colony, cottony, and flat

Smooth-walled 
conidiospores, phialides 
borne directly on the 
vesicles (uniseriate), 
non-septate hyphae

Aspergillus 
spp.

(continued)
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of mycotoxins and disease condition known as mycotoxicosis when humans con-
sume these contaminated seeds or milk products (Umaru et al. 2014).

4.2  Aflatoxin Detection with Ammonia Vapor

From the results when yeast extract sucrose agar (YES) medium is exposed to 
ammonia vapor 3 out of 15 isolates were positive, while the other 12 were negative 
which indicates no change in color (see Table 4). Aflatoxin detection using ammo-
nia vapor was also used by Achar et al. (2020) on peanuts and by Fani et al. (2014) 
on pistachios. It was also utilized on wheat flour by Fathy et al. (2016). It is a rapid 
aflatoxin detection assay that has been extensively employed on nuts. This implies 
that some of the fungal isolates could produce toxin and the samples could contain 
toxins which could constitute health risk to human especially children. The produc-
tion of pink or red pigmentation following this assay has been reported by Moghadam 
et al. (2020) which is in agreement with our findings. Negedu et al. (2011) reported 

Table 3 (continued)

S/N
Fungal 
isolates Microscopical features Macroscopical features

Probable 
organisms

13. GM26 Greenish black, the middle part is 
slightly raised, less wrinkled, 
granular colony from the bottom

Non-septate hyphae, 
unbranched spores that 
have a brownish pigment

Mucor spp.

14. GN28 Greenish black, light yellow, the 
middle part is raised, creamy velvety 
from the bottom part, and glistening

Smooth-walled 
conidiospores, metulae 
borne directly on the 
vesicle (Biseriate), 
non-septate hyphae

Aspergillus 
spp.

15. GO30 Green, the middle part is raised, 
glistening, velvety white from the 
bottom, white edges

Smooth-walled 
conidiospores, phialides 
borne directly on the 
vesicle (uniseriate), 
non-septate hyphae

Aspergillus 
spp.

Plate 1 Macroscopic and microscopic characterization of fungal isolates obtained from tiger nut 
and tiger nut drink (a) fungal culture (b) spore stain
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on agricultural products that can be contaminated with other forms of mycotoxins 
such as ochratoxins, aflatoxins, sterigmatocystin, fumonisins, zearalenone, deoxyni-
valenol, patulin, and others. Some of the crops include groundnuts, rice, tiger nut, 
maize, cassava, cotton seeds, soya beans, sorghum, and fruits. Beyond aflatoxins 
Sebastià et al. (2010) and Rubert et al. (2012) detected deoxynivalenol, ochratoxin 
A, and beauvericin in tiger nuts. Tiger nuts and other street snacks assessed by 
Rubert et al. (2013) contained zearalenones and aflatoxins. It is evident that con-
suming contaminated tiger nuts or milk products made from the contaminated seeds 
may pose risk of human exposure to mycotoxin.

Table 4 Determination of aflatoxin production by isolates using ammonia vapor

S/N Fungal isolates Ammonia vapor reaction

1. GA02 −
2. GB04 +
3. GC06 −
4. GD08 −
5. GE10 +
6. GF12 −
7. GG14 −
8. GH16 +
9. GI18 −
10. GJ20 −
11. GK22 −
12. GL24 −
13. GM26 −
14. GN28 −
15. GO30 −

+ change in color, − no change in color

Plate 2 When exposed to ammonium hydroxide vapors, characteristic pink color change by afla-
toxigenic Aspergillus spp. (right side) changes to characteristic pink color on reverse side of yeast 
extract sucrose (YES) medium
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5  Conclusion

This study showed that fungal isolates could occur in dry tiger nut seeds and some 
of the fungal flora may produce aflatoxins. Tiger nuts could become contaminated 
during the harvesting, storage, transportation, and processing of the seeds to the 
tiger nut drinks. There should be adequate sensitization on the proper handling and 
storage of tiger nuts or its products in order to assure consumers on the quality of 
the seeds and beverages, thereby reducing the risks of food infection or 
intoxications.
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1  Introduction

Laccases (EC 1.10.3.2) are important industrial enzymes with great biotechnologi-
cal potential. They are part of a large community of enzymes called polyphenol 
oxidases also called multicopper oxidases (MCOs)  – enzymes that oxidize their 
substrates by transferring electrons to a trinuclear copper center from a mononu-
clear copper core (Bento et al. 2005). Ceruloplasmine (EC 1.16.3.1), nitrite reduc-
tase (EC 1.7.2.1), and ascorbate oxidase (EC 1.10.3.3) are some recognized 
members of the MCO family. Laccase catalyzes the one-electron oxidation of ani-
lines, phenols, and aromatic thiols into their radicals, which results in the reduction 
to water of oxygen, oxidizing a broad spectrum of compounds, mostly phenolic, and 
even aromatic and aliphatic amines (Karaki et al. 2016); such free radicals undergo 
further oxidation or non-enzymatic reactions, including disproportionation, polym-
erization, or hydration (Shraddha et al. 2011). Laccase was first discovered in Rhus 
vernicifera, the Japanese lacquer tree, sap. In 1985, Bertrand discovered its feature 
as a metal which contains oxidase (Giardina et al. 2010). Over time, laccases were 
detected in various basidiomycetic and ascomycetic fungi as well as in different 
bacteria and plant species. As a result of their ability to catalyze the oxidation by 
one-electron of aromatic and phenol-containing compounds, laccases are used in 
numerous applications such as bleaching, delignification, and degradation pro-
cesses. Hence, laccases are very useful in the actualization of the SDG 11 in the 
UN’s agenda for safe, reliable, and sustainable cities and communities. Recently, 
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laccases have also found use in biosensor design and obtainment of biofuel cells 
(Huber et al. 2018).

Laccase catalysis includes the reduction to water of one molecule of oxygen, 
which allows for wide spectrum oxidation of molecules (including compounds 
which are aromatic). Polyphenols, aromatic amines, and methoxy-substituted mon-
ophenols are among these substances. However, for laccases to oxidize non- phenolic 
compounds, there is need for the presence of mediators – low molecular weight 
organic compounds which undergo laccase oxidation. Without these mediators, lac-
cases cannot oxidize non-phenolic substances, such as phenoxyl radicals and other 
non-phenolic antioxidants that may be polluting the environment (Arregui 
et al. 2019).

Inadequacies in the purification and recovery of laccase enzyme remain an issue 
in the economical production and application of laccases. High cost of equipment 
and long periods of existing purification processes necessitate research and develop-
ment of more cost-friendly yet effective procedures. This will bring about the effec-
tive optimization of laccase production at an economical rate. This review focuses 
on identifying the currently developed methods to bring about this optimal and cost- 
friendly yield of laccase. The review also focuses on the existent types of mediators 
available to broaden laccase substrate range, as well as the immobilization tech-
niques that are useful for laccase recovery. This review hopes to shed light on the 
current advances in these areas of laccase purification and applications, as well as 
give insight to the current challenges and future perspectives for research. This will 
aid more informed research strategies for the development of more effective lac-
cases for diverse industrial applications.

2  Recovery and Purification of Laccases

Development of the application potential of laccase brings about an increase in 
efficient purification and extraction on a large scale. The downstream process (DSP) 
is a very important aspect of industrial production of biomolecules, especially the 
recovery, purification, and concentration of fermentation products. The DSP only 
comes after the desired product has been biosynthesized and is considered to be 
expensive and consumes a lot of time; DSP determines up to 80% of the cost of 
biomolecule production (Madadlou et al. 2017). DSP often requires various concen-
tration and separation process stages and procedures; however, the feasibility of 
these procedures depends on the correct choice of process conditions and purifica-
tion techniques (Antecka et al. 2019). Industrial laccase production also follows the 
same principle; although, in their natural state, the enzymes are relatively active, 
they do not meet expected industrial application specifications in terms of fermenta-
tion concentration and activity; hence the need for effective purification methods 
(Antecka et al. 2019).

Laccase purification from supernatants of culture of diverse microbes has brought 
about several publications exist. Chromatography, involving various ion exchange, 
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affinity, and hydrophobic interaction mechanisms, is the technique that is com-
monly applied (Madadlou et al. 2017; Agrawal et al. 2019). Microfiltration, ultrafil-
tration, and acetone precipitation are some other techniques that have been applied 
in DSP of laccase. The purification process applied is often dependent on the 
intended application as well as commercial production (Junior et al. 2020). These 
processes help to highly concentrate products with a relative high purity. The opera-
tion time, however, for these processes is long, and the operating cost is relatively 
high for the yielded capacity; the manufacturing process as a whole, as a result of 
the high cost of the above processes, is not economically effective. Laccase indus-
trial production therefore requires more effective and cheaper methods of DSP. An 
example of such techniques recently explored has proven to be economical for 
recovery of biomolecule is ATPE (aqueous two-phase extraction) (Antecka 2019; 
Junior et al. 2020).

ATPE refers to an extraction using aqueous two-phase systems (ATPS); it 
involves use of two compounds that are soluble in water. Both compounds are thor-
oughly mixed, these result in two phases that are immiscible – with water concen-
tration between 70% and 90% (Grilo et al. 2016). The mixture of two polymers that 
are mutually immiscible, alcohol and salt, a salt and a polymer, two surfactant solu-
tions, or ionic liquid and salt leads to their formation. The specific reactions between 
solution and phase-forming components result in this parathion process (Glyk et al. 
2014; Antecka et al. 2019). ATPSs have advantages in protein purification including 
significant decrease in denaturation and high rate of mass transfer as a result of low 
surface tension between phases. In addition, the relatively low cost ensures excel-
lent purity and enzymatic operation (Prinz et  al. 2014; Rajagopalu et  al. 2016). 
Diverse studies were conducted on purification of enzymes using ATPS based on 
polymers and salts; high concentration was observed of Cerrena unicolor laccase, 
when PEG 6000 and PEG 400 ATPE were used, with exceeding yields of 0.9 and 
0.85, respectively. Further purification proved that PEG 6000 was more preferable, 
due to its less complicated salt phase. New series of ionic liquid-based constituents 
are under investigation. Junior et al. (2020) observed in PEG-rich phase up to 99.9% 
recovery of laccase in single step ATPS Pleurotus sajor-caju laccase purification. It 
is however very important, for industrial separation processes, to consider the 
chemical cost. For commercial applications, polymer ATPSs are recommended 
(Lee et al. 2017; Agrawal et al. 2019).

Another method of downstream processing that has shown great potential is 
foam fractionation which involves the continuous feeding of steam from dispersed 
gas into a liquid phase thereby forming a foam phase. Chemical compounds are 
attracted by the foam, as they show affinity for gas–liquid interface and leave the 
liquid bulk phase. Foam is collapsed upon extraction, and a liquid phase is newly 
formed which contains product in concentrated form (Antecka et al. 2019). Ostwald 
and Mischke (1940) carried out foam fractionation for purification of protein for the 
first time; it was used to separate yeast fermentation products from fermentation 
broth. In foam fractionation, although a recently rediscovered DSP technique, there 
has not been wide investigation of its application towards laccase purification. The 
source of the enzyme has been demonstrated to be essential for partitioning ability; 
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experimental results have been specifically obtained for C. unicolor and Pleurotus 
sapidus laccases (Blatkiewicz et al. 2017). In the foamate, recovery of activity up to 
94% and activity losses of at most 2% were observed by Link et al. (2007) in the 
research to examine foam fractionation of Trametes sp. laccase and influence of 
pH. A comparison of different laccase purification methods – ultrafiltration, foam 
fractionation, and ATPE revealed ultrafiltration as the most effective method, having 
closely similar laccase yield as in ATPE (about 97.5%) but lesser activity loss; the 
least effective was observed in foam fractionation having about 24.9% yield and 
even more activity loss (Antecka et al. 2019). The following sequence of concentra-
tion of laccase was proposed for the application of all three methods (Fig. 1):

3  Laccase Immobilization

Different materials are useful as supports in immobilization of enzyme, including a 
variety of biopolymers and polymers of different sizes (nano- and micro-sizes) and 
unique physical and chemical characteristics, for example, functional group diver-
sity and availability, inertness to the immobilized biomolecule, insolubility in the 
reaction environment, high ratio of surface-to-volume, and high porosity (Temoçin 
et al. 2018; Jankowska et al. 2020). Enzymes, upon immobilization, become more 
resilient and impervious to environmental change, enabling for simple reuse and 
recycling for a variety of uses (Shraddha et al. 2011; Bayramoglu et al. 2018). The 
above pros and their need in the improvement of enzyme action have mandated the 
need for efficient methods of immobilization; hence, various techniques of immobi-
lization and substrates have been studied. Methods of immobilization are self-
immobilization, covalent binding, adsorption, entrapment, and synergy of the above 
(Yang et al. 2017) (Fig. 2).

Recovery of activity is diverse according to method of choice for immobiliza-
tion, the enzyme, and the parameters of preparation. The material and enzyme’s 
capacity to form strong and long-lasting bonds can be influenced by the polymer 
used as a support for biomolecule immobilization (Balogh-Weiser et  al. 2018). 
Immobilization of laccases has been accomplished with a variety of materials such 
as polymeric microspheres (Vera et al. 2020), electrospun materials (Ge et al. 2012; 
Balogh-Weiser et  al. 2018; Jankowska et  al. 2020), and mesoporous Al2O3 
(Kołodziejczak-Radzimska et al. 2020). Due to their effective degradation, at a low 

Fig. 1 Separation and concentration sequence of laccase as proposed by Antecka et al. (2019)
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cost, of refractory chemicals, such as dyes, phenolic pollutants, antibiotics, and 
insecticides (Pezzella et al. 2014; Ammann et al. 2014; Yang et al. 2017; Vera et al. 
2018), immobilized laccases have gotten a lot of attention. Laccase immobilization 
has also become a major role player in the design and application of biosensors for 
compound detection (Su et al. 2018; Datta et al. 2021).

4  Laccase Mediator Systems

Mediators serve as carriers of electrons to the compounds targeted from laccase; 
this extends laccase substrate range. Laccase may thus oxidize non-phenolic materi-
als when a sufficient redox mediator is present, overcoming its restriction to pheno-
lic components alone (Yang et  al. 2012). A broad spectrum of pollution-causing 
substances, including those from personal care items, herbicides, and dyes, has been 
degraded using both natural and manufactured mediator systems. Mediators func-
tion by providing a step referred to as indirect oxidation which yields a radical in its 
oxidized form capable of oxidizing a broad spectrum of non-phenolic substrates and 
big molecules. The first artificial mediator used as a laccase-mediator system was 2, 
20–azino–bis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS) (Bourbonnais and 
Paice 1990); other synthetic materials include violuric acid (VLA), the oxime, and 
1-hydroxybenzotriazole (HBT)  – these have also shown great capacity in the 
decomposition of recalcitrant aromatic compounds (Blanquez et al. 2019).

Laccase mediators that are synthetic like HBT and VLA, however, have a degree 
of toxicity and high cost that accompanies their use. Hence, natural laccase media-
tors are regarded as more suitable, and researches have and are being conducted to 

Fig. 2 Laccase immobilization techniques (Datta et al. 2021)
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find more natural mediators (vanillin, syringaldehyde, and acetosyringone); lignin- 
related phenolic compound has been found to show their capacity to behave as natu-
ral laccase mediators as well as the effectiveness with which they do so (Camarero 
et al. 2005). A point of concern in the research and application of natural mediators 
is their limitation to commercial application of laccase; extra research is therefore 
necessary to assess further the potential commercial applications of natural media-
tors to laccases. Oxidation by laccase of the substrate with a mediator may not 
always go in a different way. For example, Malachite green degradation has been 
shown to yield similar products in ABTS presence and/or absence for some enzymes 
and different for others (Fig. 3).

There are different catalytic mechanisms displayed by different types of media-
tors. Substrate oxidation mediated by ABTS works using transfer of electron. First 
is oxidation ABTS to ABTS+ (radical cation) and to ABTS2+ (dication) with 472 mV 
and 885 mV redox potentials, respectively. Unlike ABTS, when laccase is oxidized 
and then deprotonated, HBT and violuric acid (N-OH type mediators) produce the 
N-oxy radical, which then abstracts the benzylic hydrogen atom from the substrate. 
Phenolic mediators, in a similar manner follow abstraction mechanism by radical 
hydrogen, but in its case have a radical phenoxy as intermediate (Wong 2009; Hu 
et al. 2009) (Table 1).

Fig. 3 (a) Mechanism of substrate oxidation by laccase mediator systems; (b) some synthetic lac-
case mediators (Wells et al. 2006)
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5  Applications of Laccase

Many biotechnological processes involve laccase due to their being able to oxidize 
a wide spectrum of compounds (non-phenolic and phenolic). Laccases are espe-
cially useful in major procedures including clean-up of industrial effect, water puri-
fication, etc. (Imran et al. 2012). Laccase application in different industries include 
the following:

5.1  Laccase Application in Food Industry

Laccase enzyme is used in the food industry in the manufacturing of juices and wine 
and for baking (Minussi et al. 2002). High concentration of phenolic compounds in 
fruit juices, wine, and beer and the natural polymerization and co-oxidation reac-
tions that occur with them over long periods of time give rise to undesirable colors 
and aroma – this is referred to as enzymatic darkening. Laccase treatment aids the 
efficient reduction of this phenolic content. Compared to other conventional treat-
ment methods for this purpose (e.g., adding ascorbic acid), laccases were observed 
to be more efficient, in fruit juices, for flavor stability and color (Ribeiro et al. 2010) 
(Fig. 4).

In baking, it has been found to improve gluten strength, dough machinability 
(improved strength and stability as well as a reduction in stickiness), freshness, soft-
ness, and dough crumb structure and products of baking (Minussi et al. 2002). This 
improvement has been observed even when low quality dough is used. Laccase 
plays an important function in the production of baking goods that are free of gluten 
using cereal flours such as oats and starches (rice, potato, and maize). However, lac-
case is not approved as a food additive and therefore has to be filtered out of product 

Textile, food, pulp
and paper industry

Synthetic detergents,
cosmetics

and antimicrobial
materials

Degradation of
xenobiotics and
bioremediation

Possible
applications
of laccases

in biotechnology

Biofuels

Organic synthesis

Biofuels

Biolinkers

Biosensors Immunoassay

Fig. 4 Applications of laccase (Imran et al. 2012)
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by using membrane filtration, for example (Brijwani et al. 2010), or better still the 
use of immobilized laccase in order to overcome legal barriers (Imran et al. 2012).

5.2  Laccase Application in Textile Industry

In the textile industry, vast quantities of water and inorganic and organic chemicals 
are used for wet processing; some of these chemicals include synthetic dyes that are 
commonly used in diverse sectors, such as the textile industry (Imran et al. 2012). 
The textile and paper industries manufacture vast quantities of synthetic dyes that 
maintain their durability upon light exposure and microbial degradation and in the 
presence of diverse chemicals. There are currently more than 10,000 synthetic dyes 
used worldwide (Blanquez et al. 2019). The high resistance of these dyes causes 
them to remain in sewage plants or on soil and eventually washed up into rivers 
causing pollution. Specific treatment procedures are existent, which can degrade 
recalcitrant dyes – oxic and anoxic processes are mixed in these processes. However, 
anoxic processes bring about generation of amines from azo dyes which are carci-
nogenic posing health risks; hence, in textile industry, laccase application is highly 
important (Asgher et al. 2013; Blanquez et al. 2019). Fungal and bacterial laccases 
have proven to successfully decolorize and degrade dyes and inks that are flexo-
graphic (Fillat et al. 2012).

5.3  Application of Laccase in Pharmaceutical Industry

Laccases are also used to make pharmaceuticals like actinocin, which is derived 
from 4-methyl-3-hydroxyanthranilic acid. As an anticancer agent, actinocin works 
by preventing tumor cells from transcribing deoxyribonucleic acid (DNA). Another 
example is vinblastine – also an anticancer medication, which is effective in leuke-
mia therapy. Catharanthus roseus plant produces vinblastine naturally in small 
quantity. Precursors of vinblastine – katarantine and vindoline – are produced in 
larger amounts. Laccase has been observed to have 40% conversion of these into 
vinblastine (Imran et al. 2012). Laccases are also important in biodegradation of 
PPCP (personal care product and pharmaceutical) organic contaminants with rising 
ubiquity and antibiotics which may not have been metabolized and cause environ-
mental pollution (Yang et al. 2017). They have been used as ingredients in the pro-
duction of PPCPs which possess antioxidant, anticancer, detoxifying, antimicrobial, 
or other things (Upadhyay et al. 2016; Senthivelan et al. 2016).
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5.4  Application of Laccase in Biodegradation of PAH 
and Other Contaminants

Rapid industrialization in the world today, including agricultural processes with the 
extensive use of pesticides and herbicides, has brought about increase in contamina-
tion of the environment – soil, water, and air pollution. Some of these carcinogenic 
and mutagenic pollutants include benzene, polycyclic aromatic hydrocarbons 
(PAH), polychlorinated biphenyls (PCB), toluene, xylene (BTEX), ethyl benzene, 
trinitrotoluene (TNT), ethane (DDT), 1,1,1-trichloro2,2-bis (4-chlorophenyl), and 
pentachlorophenol (PCP). The ability of laccase to play essential roles in the bio-
degradation of these recalcitrants and increasingly discovered information about 
that through research have created rising interest in the use of laccase in 
bioremediation.

Diazinon, classified as a moderately dangerous chemical (class 2) by the World 
Health Organization (WHO), is an organophosphorus pesticide that was observed to 
be degraded by A. bisporus and T. versicolor laccases co-immobilized on poly-
(glycidylmethacrylate) microsphere (Vera et  al. 2020). Zeng et  al. (2017) also 
researched the T. versicolor laccase breakdown of the isoproturon, an herbicide, and 
also that of its laccase-mediator systems. Laccase from Aspergillus niger was dis-
covered to affect significantly oxidation indices of oxygenated PAH (OPAH) and 
polycyclic aromatic hydrocarbon (PAH) material, especially anthracene-9,10- dione, 
9-fluorenone, and phenanthrene, in wasted oil for cooking after frying youtiao, nug-
gets, and pie made from pumpkin (Teng et al. 2019).

5.5  Application of Laccase in Forest Products Industry

Laccase has shown potential to help extract from materials made from wood and 
water phenolic residues, pitch, and coloring; the technology of laccase is applicable 
in almost all stages of the paper product supply chain, from pulping to secondary 
fiber recovery and effluent treatment. The majority of laccase and laccase-mediator 
systems applications in forestry has to do with the paper and pulp industry, where 
special focus is majorly on the study of laccase and/or laccase-mediated systems for 
treatment mill water and biobleaching (Widsten and Kandelbauer 2008). Laccase- 
mediated systems are used with oxygen-based chemical oxidants and chlorine for 
lignin degradation and separation needed for paper preparation on industrial scale. 
This helps solve issues like toxicity, cost, and recycling as it results in replacement 
of ClO2 partially in pulp mills (Shraddha et al. 2011).
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5.6  Application of Laccase in Petroleum Industry

Laccase in the petroleum industry plays major roles in bioremediation, especially in 
cases of oil spills. After 100 days of remediation, research of bacteria, and laccase 
immobilized in the intertidal zones, bioremediation of major oil spills found about 
66.5 percent effectiveness of bacteria-laccase consortium immobilized for heavy 
oil. (Dai et al. 2020). It was also observed in that research that n-alkanes having 
long-chain C26-C35 and PAHs having above 3 ring were efficiently broken down. 
Laccase was also found to be expressed most abundantly – alongside peroxidases 
and catalase – in strains of fungi which inhabit the rhizosphere of areas where there 
have been oil spills which showed tolerance to a concentration of crude oil of about 
20% (Asemoloye et  al. 2018). The strains were identified by Asemoloye et  al. 
(2018) as Trichoderma harzianum asemoJ, Talaromyces purpurogenus asemoF, 
A. flavus asemoM, and A. niger asemoA. In the research, while 87 U/ml and 145 U/
ml of peroxidases and catalase were produced respectively, the volume of laccase 
produced was up to 180 U/ml.

5.7  Applications of Laccase in Biosensors 
and Enzymatic Biofuels

Biosensors, embedded medical devices, and other gadgets employ enzymatic bio-
fuel cells (EBFCs) as a portable source of environmentally benign energy. Due to its 
comparatively high redox potential in contrast to other commercial fuel cells, lac-
case has been frequently employed as an EBFC cathode (Ghosh et al. 2019). On 
functionalized screen-printed carbon electrodes (SPCEs), laccase from Coriolus 
hirsuta was immobilized by Othman and Wollenberger (2020) using different meth-
ods of enzyme modification and immobilization. Carboxyl functionalized multi- 
walled carbon nanotubes (COOH–MWCNT) immobilized laccase had the highest 
electrochemical response. The biosensors produced were seen to be relatively stable 
showing no activity loss even beyond 20  days of storage. Christwardana (2017) 
combined physico-entrapment and crosslinking for the immobilization on carboxyl-
ated carbon nanotube of low activity laccase in order to increase its biofuel perfor-
mance using polyethylenimine and glutaraldehyde. Glutaraldehyde was observed to 
have higher catalytic activity.

6  Current Challenges and Future Perspectives

Edible mushroom production is a major area in laccase production and application 
in the food industry. The cultivation of these edible fungal species provides a signifi-
cant opportunity for laccase production, as evidenced by various studies (Chanakya 
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et al. 2015). However, there are few studies on the increase in laccase concentration 
in these fungi during industrial production without affecting their nutritional value. 
This is a major opportunity in terms of optimization of producing fungus while also 
optimizing laccase and other ligninolytic enzyme production. As a result, it is 
required to refine the enzyme recovery process from residual compost, as well as to 
investigate various main recovery approaches and purification steps that allow for 
high purities. Because the crude extract is complicated and poorly defined, this is a 
significant difficulty. In this regard, including ultrasonication into the main laccase 
recovery utilizing ATPS may be a viable alternative for increasing yield. Postemsky 
et  al. (2017) have been observed that, in addition to enhancing activity, it can 
enhance yield, particularly of phenolic chemicals; therefore, treating the residual 
compost crude extract and evaluating its effect on activity of laccase could be an 
excellent strategy (Postemsky et al. 2017).

Laccase application appears to be limited in comparison to its potential. Reduced 
manufacturing costs and the development of technology to effectively regulate the 
reactions on specific substrates, including polyphenols, to be handled by laccase 
should be the research focus. Laccase manufacturing costs and their vast substrate 
specificity are two key obstacles to their industrial application (Zerva et al. 2019). 
While laccases’ broad substrate range might be beneficial for biodegradation, dif-
ficulty may arise as a result, for their application commercially   in bioca-
talysis due to the production of by-products as a result of free radicals. Furthermore, 
laccases’ wide spectrum of reaction with substrates is a disadvantage in the realm of 
biosensor production. Biosensors, particularly those applied in biomedical proce-
dures, necessitate a significant level of specificity with regard to targeted substance, 
which most commercially available laccases cannot currently achieve (Mayolo- 
Deloisa et al. 2015; Zerva et al. 2019). Given the high cost of manufacturing, the 
necessity for the discovery or creation of new enzymes with desired properties 
appears to be critical. Because the information on laccase manufacturing costs is 
limited, additional study into the development of manufacturing techniques is 
required.

Laccase production under submerged cultivation in the lab has been frequently 
documented in current years. There is a limited representation, however, of laccases 
commercially, with low purity degrees and not well-defined extracts, complicating 
the repeatability of many of the methods used in production and purification 
(Mayolo-Deloisa et al. 2020). As a result, increased interest in the manufacture and 
concentration of laccases commercially is required for generation of novel products.

Laccase’s potential for pretreatment of lignocellulosic residues in order to incor-
porate them into biorefinery processes and produce biofuels has been widely docu-
mented in the literature (Agrawal et al. 2019). However, in order to get the maximum 
degradation yields, it is important to consider further optimization of circumstances, 
as the fungus’ efficacy is often larger than that of the enzyme. This might be indica-
tive of additional enzymes capable of modifying lignin being present; therefore, the 
potential of employing enzyme combinations, increasing laccase affinity by chemi-
cal modifications, or altering the conditions of the processes being performed should 
be investigated.
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PEGylation – attaching PEG to laccase (a single molecule) – could also be used 
to increase stability. It is a well-known method for modifying protein medicines, 
and its effectiveness has been well established. Despite the fact that there are few 
data on laccase PEGylation, they show that it improves its catalyzing ability and 
activity (Mayolo-Deloisa et al. 2015; Su et al. 2018). If the procedure warrants it, 
specifically if enzyme is employed to identify specific chemicals using biosensors, 
this can be a viable option. One of laccase’s uses in this regard is the identification 
of different chemicals in specific meals. Laccase is also employed in the production 
of chemicals, as well as detection of these compounds, and it was recently discov-
ered that it can remove morphine from environments that are aqueous in nature 
(Huber et al. 2018). This demonstrates the enzyme’s enormous potential industrially 
and in recovery of polluted regions, highlighting the significance and importance of 
the data given here.

7  Conclusion

Laccase purification and application remains very essential to the industrial advance-
ment in the world today; hence laccase research is continuously on the increase to 
develop economical and effective purification procedures, efficient laccase media-
tor systems, and durable laccase immobilization techniques. With improved down-
stream processing and continued increase in research, there is an increased 
possibility of enhanced yield, stability, and recovery of laccase. This will further 
widen the application reach of laccases in various industries as it continues to play 
a major part in the provision of reliable and sustainable communities worldwide.
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Atherosclerosis and Scientific 
Interventions: A Review

E. E. Alagbe, T. E. Amoo, I. O. Oboh, A. O. Ayeni, A. A. Ayoola, 
and O. Agboola

1  Introduction

A special report by Bonow et al. (2002) indicated that as of 2002, the World Health 
Organization (WHO) had recognized cardiovascular diseases (CVDs) as an epi-
demic and concluded that efforts to combat these diseases have had its fair share of 
setbacks. One of the reasons for this failure was the lack of adequate knowledge of 
the disease and the lack of implementation of scientific solutions. As of 2010, statis-
tics show that the probability of dying from a CVD is about 30%, indicating that 
fatalities from other diseases such as cancers are relatively insignificant (Nichols 
et al. 2013). Unfortunately, the younger population is not an exception to the risk of 
this disease as studies by Wang et al. (2017) have indicated that between 2010 and 
2014, CVDs amongst individuals aged <45 years increased significantly. In light of 
the current SARS-CoV-2 pandemic, CVDs are known to be the second-highest 
comorbidity that has led to deaths.

CVDs are a group of disorders associated with regions of the heart and blood 
vessels. Currently, CVDs are the leading cause of death worldwide, with a death toll 
estimate of 17.9 million as of 2016, of which over three-quarters of the deaths are 
recorded among middle- and low-income countries (Thumala et al. 2017). Studies 
have also indicated that the presence of underlying diseases such as diabetes, hyper-
tension, hyperlipidaemia or any established diseases increases the risks of CVDs, 
and behavioural risk factors such as smoking, obesity, poor nutrition, inactivity and 
excessive use of alcohol also increase CVD risk (Thumala et al. 2017). CVDs are 
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mainly age-related diseases, and statistics show that males over 80 years old have a 
five-time risk of CVDs compared to their younger counterparts, specifically those 
within the age bracket of 40–59 years (Mozaffarian et al. 2016), due to the increased 
content of reactive oxygen species in the blood, linked to persistent inflammation, 
hence disease progression (North and Sinclair 2012; Curtis et  al. 2018; Chinedu 
et al. 2018).

Atherosclerosis, a type of arteriosclerosis that is caused by the clogging or hard-
ening of the arteries, induced by plaques, is a major cause of coronary and cerebro- 
vascular diseases, which constitute major emergencies worldwide (Rosamond 
2010). Over time, as research on the disease broadened, understanding of athero-
sclerosis improved. Previously, the disease was known to be caused by the accumu-
lation of lipids in the innermost layer of the arterial wall (Libby et al. 2013; Motayo 
et  al. 2021). Now, it is believed to be due to persistent inflammatory conditions 
caused by lipid buildup, which is controlled by immune response (Joris and Majno 
1978; Weber and Noels 2011). When this occurs, there are two possible outcomes: 
first, haemorrhage in the plaque and, second, blood clot formation (thrombus) on 
the plaque’s surface. This can occur in large and medium-sized arteries and could 
lead to either a heart attack or stroke (Pralhad and Schultz 2004).

Rocha and Libby (2009), in their study, project a substantial increase in the num-
ber of deaths caused by atherosclerosis in the years to come. There have been con-
cerns that the number of aged people from ages >60 years would increase from 11% 
in 2000 to 22% of the world population by 2050 (WHO 2015), hence a need for 
future concern. There have also been reports on the increase in co-morbidities that 
drive CVDs in people (Grundy et al. 1999), which are set to experience an incre-
ment of 55% between 2013 and 2035 (IDF 2015).

Current trends show a progressive gradual fall in morbidity rates as a result of 
CVDs, which is mainly due to scientific interventions, like plant-based interven-
tions (Elizabeth et al. 2018), and a more critical study of the development of the 
disease. Recent studies focus on the disease progression such as simulations, in- 
vitro and in-vivo studies have served as a beacon in these dark times.

2  Pathophysiology of Atherosclerosis

The pathophysiology of atherosclerosis was studied extensively by Lusis (2000), 
Weber and Noels (2011) and Douglas and Channon (2014), and briefly, it is 
explained that as damage is done to the arterial wall triggered by high wall shear 
stress (WSS) REF, an immune response is triggered in which immune cells are sent 
to the site where the damage has occurred. This process results in the formation of 
debris in the tunica intima (atheroma). The accumulation of this atheroma leads to 
swelling and reduces blood flow and pressure downstream of the site, resulting in 
stenosis.

At the time the lesion is initiated at the endothelial site, there are no obstructions 
to blood flow; hence, the victim is usually asymptomatic. Usually, the lesions begin 
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at childhood and advances in size and numbers over time (Turan et al. 2017). This 
plaque’s growth continues throughout the life span of the patient as a dynamic pro-
cess with the plaque sizes continually increasing, cumulating into stenosis of the 
artery. This leads to a considerable rise in blood velocity and movement. Ironically, 
a reduction in total blood flow is observed (Turan et al. 2017).

2.1  Newtonian and Non-Newtonian Blood Rheology

For simplicity, blood rheology may be assumed Newtonian such that the viscosity 
of the blood remains constant irrespective of shear being applied at any specified 
temperature. In reality, blood does change with increased shear. Therefore, it is 
more realistic to model blood as a non-Newtonian fluid where the effect of shear on 
its viscosity is accounted for. Shear thinning is considered the most common phe-
nomenon associated with non-Newtonian fluid behaviour (Chhabra 2020), as 
observed in blood, characterized by an apparent viscosity that decreases gradually 
as the shear rate increases. Some models commonly used in characterizing blood 
are the power law model, Cross model and Carreau-Yasuda model.

2.2  Blood Vessel Characteristics

 A major characteristic for the fluid/porous media interaction in microcirculation is 
the repeated bends and twists in the microcirculation known as tortuosity, which 
indicates the impedance to diffusion associated with flow by local boundaries or 
local viscosity (Khaled and Vafai 2003). This property of the system is especially 
important in medical applications in cases where CVD is a problem.

Blood vessels can be modelled as either rigid or flexible pipes, depending on the 
focus of the simulation data available. In most cases, tissues are considered porous 
media due to their composition of dispersed cells separated by connected voids, 
allowing for minerals, nutrients and other blood components to reach all the cells 
within a tissue (Khaled and Vafai 2003). The porous media nature of the tissues have 
found application in the transport of drugs, tissue regeneration, transport of residual 
solvents which are used in fabrication of biodegradable scaffolds (Khaled and Vafai 
2003). Unfortunately, this would not happen when a stenosed vessel is present.

2.3  Mass Transport and Growth in Tissues

In order to demonstrate cell growth and nutrient diffusion within biological tissues, 
Galban and Locke (1997, 1999) presented a theoretical framework that considered 
mass diffusion as the only means of mass transport of nutrients in a vessel. 
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Mathematical models have been developed for the generation of chondrocytes and 
the consumption of nutrients in order to get a view of the characteristics of cell 
growth in a biodegradable polymer matrix. They presented three cell growth kinet-
ics representing different growth mechanisms: the modified Contois, Moser and nth 
order heterogeneous reaction. The research compared the theoretical cell growth 
results from the different models with experimental data and illustrated, to a large 
extent, the general trends in cell growth behaviour – including plaque growth.

2.4  Blood Characteristics and Modelling in Micro-vessels

The flow of blood in human arteries is typically classified as a multi-phase non- 
Newtonian pulsatile flow in a tapered, elastic duct. The pulsatile character of flow is 
usually responsible for its time-dependent viscoelastic and thixotropic nature 
(Yilmaz and Gundogdu 2008). The rheology of blood is usually a function of com-
position and structure. Pal (2003) demonstrated that the plasma in the blood exhib-
ited a Newtonian characteristic viscosity of 1.2 mPa.s at a temperature of 37 °C (De 
Gruttola et al. 2005).

Blood tends to behave like a Newtonian fluid when the shear rate exceeds a limit-
ing value. Crowley and Pizziconi (2005) indicated that the range of the limiting 
value for shear stress should be from 100 to 300 s−1. However, some other studies 
have also shown that blood behaves as a non-Newtonian fluid, and where viscosity 
varies with the flow rate, the whole blood viscosity depends on the shear rate in a 
non-linear manner (Baskurt and Meiselman 2003). At the systolic phase, flow and 
pressure increase, causing the red blood cells to dissociate and deform for efficient 
flow. Hence, the faster the flow rate, the more deformation efficiency will lead to 
lower viscosity. On the other hand, in the diastolic phase, associated blood flow is 
usually slower; hence, blood is usually more viscous at this stage (Cowan et al. 2012).

2.5  Past Works on the Modelling of Plaque Growth 
in Micro-circulation

Young (1968) studied the effect of time-dependent plaque growth on blood flow 
through a 3D tube-like vessel. The Navier-Stokes equation was used to model flow 
behaviour. Plaque growth was assumed to be axially symmetric with laminar and 
steady flow in a constant diameter artery. The fluid was assumed to be Newtonian 
and incompressible. It was reported that as plaque height increased, flow was 
impeded and that the more area covered by this plaque, the more are the chances of 
impedance to flow. This in turn increases the wall shear stress (WSS) and the degree 
of stenosis, which eventually leads to a blocked artery and triggers off a CVD, 
which can be fatal.
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Johnston et  al. (2006) studied the pulsatile flow effect on WSS and massless 
particle flow pattern, comparing Newtonian blood with the generalized power law 
model, in a real coronary model artery (without any sign of plaque development). 
They observed that based on importance factor estimate, there are situations, 
depending on the geometry of the artery in the flow cycle, where the importance of 
the non-Newtonian model cannot be overlooked. More so, the phase in the cycle 
that has greater emphasis was in the range of 0.05–0.25 s of the cardiac cycle. It was 
also observed that upon a comparison of pulsatile flow and steady-state simulations, 
WSS distributions are similar in both Newtonian and non-Newtonian cases, except 
in regions where low velocity is either slow or reverse. Studies for massless particle 
distribution indicate that the non-Newtonian model could cause less particulate con-
centration within the arterial model as a couple of the particles are reversed out of 
the domain during the cardiac cycle. The reason for this is that the Newtonian model 
allows for maximum flow velocity at the centre of flow geometry in relation to the 
non-Newtonian blood model. This work gives a good insight into the variations in 
flow properties on WSS and particle transport. However, more insights could have 
been drawn if the effect of fluid-solid interaction associated with pulsatile flow was 
incorporated into the model as well as the effect that the development of plaque 
within the arterial model would have on its significance on the Newtonian and non- 
Newtonian blood models.

Chan et al. (2007) studied non-Newtonian blood flow through a stenosed artery, 
incorporating fluid-structure interactions. The aim of the study was to numerically 
model the interactions in terms of fluid and structural responses between the non- 
Newtonian nature of blood in a vessel and small elastic deformation. Using the 
Carreau and power law models to predict blood behaviour, blood was assumed to be 
non-Newtonian in nature. The velocity profile, WSS and WSS distribution were 
quantified and studied. The degree of stenosis was 45% with unsteady flow charac-
teristics. The equations were solved using FLOTRAN and ANSYS codes. The 
velocity profile study indicated that close to the centreline, the Carreau model veloc-
ity dropped further. This behaviour was attributed to the higher viscosity of the fluid 
at a low shear rate characteristic of the centreline region. The power law model 
velocity experienced a distinct decrease in centreline velocity in comparison with 
the Newtonian model. Re-circulation zones were also less prominent for the power 
law model. Relative to the power and Newtonian models, the Carreau model exhib-
ited the highest WSS distributions, which was attributed to the high viscosity near 
the wall; however, the power model has less WSS distribution. High WSS values are 
a pointer to the likelihood of a CVD.

Liu and Tang (2010) studied the three-dimensional mathematical model to inves-
tigate the geometrical orientation of the atherosclerotic plaques in coronary arteries 
and the influence of inlet flow rate, wall shear stress and blood viscosity on the 
growth of atherosclerotic plaques. The blood was assumed to be incompressible, 
laminar and Newtonian in nature. In the modelling, a rigid wall model was utilized, 
and the Navier-Stokes equation was used as the governing equation of the model. A 
no-slip condition was applied to the velocities at the wall boundary. To determine 
the progression of the plaque over time, a linear model was used to relate the 
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increase in arterial wall thickness to wall shear stress. The Navier-Stokes equation 
was solved using the finite element method with piece-wise quadratic functions for 
velocity. A piece-wise linear function was used for pressure over a tetrahedral mesh, 
applying the generalized minimal residual) method (GMRES) to solve the system 
iteratively, and COMSOL Multiphysics for numerical computations was performed. 
This model was used every 3 months for the progression of the plaque. On the study 
of the effect of viscosity, viscosities of 0.0245, 0.0295 and 0.0345 dyne.s/cm2 were 
studied with a fixed inlet flow rate of 1.5 cm3/s. It was observed that higher viscosi-
ties represented superior WSS (wall shear stress), so the effect of inlet flow rates 
also revealed that higher inlet flow rates represented superior WSS (1.3, 1.5 and 
1.8). Atherosclerosis progression was studied over time intervals of 18 months for a 
period of 10.5 years, using the model. The effect of inlet flow rate (1.3, 1.5 and 1.8) 
on plaque progression was studied, and it was observed that the overall stenosis size 
was 30.7%, 27.9% and 24.2%, respectively, and it was observed that rapid flow did 
not favour the development of the plaque over time. The effect of viscosity studies 
(0.0245, 0.0295 and 0.0345 dyne.s/cm2) indicated that higher viscosities did not 
favour the formation of plaques over time. Moreover, it was observed that the rate 
of plaque progression reduced over time as the plaque grew. Although the authors 
justified the assumption for the selection of Newtonian blood model as well as a 
rigid wall domain for the studied model, it can, however, be said that the study of 
non-Newtonian and elastic wall models on WSS distribution and plaque progres-
sion would give better insight into the study as the geometry and flow conditions 
used in this study differ from other studies.

Filipovic et al. (2013) studied the computer simulation of 3D plaque formation 
and progression in the carotid artery. The fluid behaviour was guided by the Navier- 
Stokes equation as well as the continuity equation, and mass transfer within the 
lumen of the artery and through the arterial wall was guided by the convection- 
diffusion equation. The low-density lipoprotein (LDL) transport in the lumen and 
through the vessel tissue was coupled with the Kedem-Katchalsky equations. Fluid- 
structure interaction was used to estimate effective wall stress analysis. It was 
assumed that pressure was a function of WSS.  The governing equations were 
changed into a finite element system of incremental-iterative equations and were 
solved over time steps. The inflammatory process is modelled using three reaction- 
diffusion partial differential equations. The governing partial differential equations 
for plaque formation were based on mass balance and Darcy’s law. It was observed 
that almost all cross-section areas are increasing during the follow-up time, and it 
was concluded that there was a significant correlation between a large increase in 
cross-section areas and low WSS. The study did not consider the effect that pulsatile 
flow would have on fluid-solid interaction in terms of the elasticity of the blood ves-
sel as this would give a more realistic specific result for the arterial model used.

Saveljic et al. (2018) studied the haemodynamic parameters of mass flow and 
wall shear stress (WSS) using patient-specific data on vessel geometry as well as 
blood analysis data (low-density lipoprotein (LDL), high-density lipoprotein 
(HDL), cholesterol and triglycerides) in the coronary artery for a period of 8 months. 
Flow was considered both in the lumen and within the arterial wall in the case of the 
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plaque growth model. In this study, blood was modelled as a Newtonian fluid. The 
region of low WSS was identified to be ranging from 0.21 to 0.59 Pa. Also, plaque 
concentration was determined at the region of highest solute (LDL) concentration 
of 2.5 × 10 −3 mg/mL. The largest diameter reduction of 65.7% was observed. Their 
work was able to show that sites of low WSS had a correlation with sites of plaque 
accumulation. Hence, knowing bio-molecular parameters such as LDL and choles-
terol, it would be possible to predict sites of plaque development in the arterial 
domain using computer simulations. The overall simulation involved the coupling 
of the Navier-Stokes equation with the Kedem-Katchalsky, Darcy and inflammatory 
equations. Although the authors were able to show important information about 
how accurate the models coupled with computer simulations could be in predicting 
future vesicular occlusion, more comprehensive studies are needed, such as the 
effect that non-Newtonian blood properties would have on the accuracy of the pre-
dictions. So the fluid-structure interaction was also neglected as this could also play 
a significant role in the accuracy of the computation.

3  Inferences from Past Works

The statistics on mortalities associated with CVDs, as indicated by Nichols et al. 
(2013), show the importance of CVDs, most especially atherosclerosis, in the qual-
ity of public health, most especially during periods of disease outbreaks. This work 
has also classified blood rheology models used in the simulation of blood-flow- 
associated rheology. The most popular blood rheology is the Newtonian, power law, 
Cross, Casson and Carreau-Yasuda models. Each of these rheology has its strengths 
and weaknesses in characterizing blood flow in terms of the accuracy of WSS, mass 
transport and pressure distribution in the arterial vessel domain in comparison with 
experimental data.

The approximation of blood rheology as Newtonian can dampen the accuracy of 
simulation results, especially in pulsatile situations where shear stress ranges may 
exit the region of Newtonian accuracy. The power law is simple to use - with only 
two model constants, the Cross models was an improvement such that it described 
the shear-thinning behaviour of blood where the power law index constants where 
less than unity. The Casson model improved the Cross and power law models by 
considering situations describing the blood yield stress required to initiate the flow 
of blood initially at rest. The Carreau-Yasuda model was observed to be the most 
common model used to characterize the non-Newtonian property of blood probably 
because it covers the entire rheological changes of blood associated with the most 
ranges of shear rates where blood flow can be observed. Although there has been a 
relationship between temperature and blood viscosity, as defined in the work of De 
Gruttola et al. (2005), this has not been widely considered in haemodynamic simu-
lations associated with atherosclerosis and how body temperature influences blood 
rheology vis-à-vis atherosclerosis initiation and progression. The assumption of 
Newtonian blood characteristics in stenosed regions of vessels is limiting, as has 
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been brought to the fore by Cho and Kensey (1991), who pointed out the large insta-
bility range of shear rates. In other research, the Casson model has been used to 
correct the possible associated errors.

The assumption of rigid vessels most especially in arteries has been refuted by 
Yilmaz and Gundogdu (2008), who stipulated that arteries are elastic in nature and 
experience phases of expansion and retraction during the cardiac cycle. The assump-
tion of a steady flow is only reasonable in smaller blood vessels such as veins 
because of the damping of the pulsatile blood flow in these vessels, as elaborated by 
Yilmaz and Gundogdu (2008).

The assumption of only asymmetric stenosis in most works seem impractical as 
studies of Long et al. (2001) have indicated that there are significant changes in 
post-stenotic flow phenomena, especially in terms of the development of a down-
stream separation zone and turbulence.

 Liu and Tang (2010), Filipovic et al. (2013) and Saveljic et al. (2018) attempted 
to study atherosclerotic inflammatory progression over time in plaque growth and 
inflammatory models. However, they did not predict the time the plaque would 
grow to the level (under different haemodynamic conditions) of occlusion in the 
blood vessels that could lead to fatality risks. Predicting this could help in determin-
ing the periods in a patient’s treatment that would require special attention and sur-
gical intervention.

4  Conclusion

In getting a holistic insight into atherosclerosis simulation, the importance of the 
assumptions and the incorporation and integration of the major models cannot be 
overemphasized. Although some of the assumptions that seem questionable are usu-
ally a result of testing various models and their effects on haemodynamics, this is 
not enough because variation in rheological, flow and mass characteristics could 
cause significant deviations in results. With the development of inflammatory and 
plaque growth models, more patient-specific studies (data) are required for the pur-
pose of characterizing and getting accurate results that could help in making predic-
tions during the progression of the disease so that expert procedures and interventions 
could be carried out. In most studies, the non-Newtonian characteristic of blood has 
been significantly downplayed, hence making non-Newtonian haemodynamic 
research require more attention. The models that have been used in model arterial 
stenoses (plaque geometry, that is, shape or model equation) by various authors 
need to be compared to give insight into the deviations in results caused by differ-
ences in plaque geometry.
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Comparison of Pectinase Activity 
in the Flavedo and Albedo of Citrus 
and Thaumatococcus daniellii Fruits

G. D. Ametefe, F. N. Iheagwam, F. Fashola, O. I. Ibidapo, E. E. J. Iweala, 
and S. N. Chinedu

1  Introduction

The catalysis of the polymers of pectin in plant cell walls is facilitated by pectin-
ases. Pectin is the substrate for the production of the pectin enzyme or pectinases 
(Cherekar and Pathak 2020). The growing demand for pectinases in industries is 
responsible for the increasing application of this enzyme in many areas, thus mak-
ing microbial pectinases account for approximately 25% of the world sales in food 
enzymes (Ajayi et al. 2018; Almulaiky et al. 2020; Ruiz et al. 2012). As of 2020, the 
market for food enzymes was estimated to approach US$ 41.4 billion (El Enshasy 
et al. 2018). It should be noted that pectinases are applied in the processing of food 
such as juices (Ametefe et al. 2017; Mahmoodi et al. 2017). Hence, pectinase is also 
a food enzyme. Despite the importance of these food enzymes, the high cost of 
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production involved in the use of these enzymes is a concern. This could be linked 
to the importation of these food enzymes, which is believed to negatively affect their 
utilization by small-scale industries (Aboul-Fotouh et al. 2016). The main methods 
for the production of pectinases are solid-state and submerged fermentation 
(Ametefe et al. 2017; Rangarajan et al. 2010). The main difference between both 
methods of production of pectinases is in the moisture content needed for fermenta-
tion, with submerged fermentation requiring more moisture than solid-state fermen-
tation (Manan and Webb 2017a, b; Oumer and Abate 2018; Soccol et  al. 2017; 
Subramaniyam and Vimala 2012).

Encouragingly, the production of pectinases and most food enzymes using agri-
cultural wastes and cheaply available microbes is a great relief for local production 
in underdeveloped and developing nations of the world (Chinedu et al. 2010; Aboul- 
Fotouh et al. 2016; Azzaz et al. 2013; Khattab et al. 2019; Murad and Azzaz 2011). 
For instance, Pretel et al. (2008) reported that of the total citrus fruit production 
worldwide, fresh consumption constituted about 65%, with 35% being consumed 
after industrial processing. Though the study did not mention the accompanying 
agricultural wastes (the peels) generated from the consumption of the fruits, both 
fresh consumption and industrial processes perhaps justify the obvious agrowaste 
generation from citrus fruits in our environment. Microorganisms such as Aspergillus 
species, Penicillium chrysogenum, and Trichoderma spp. have been utilized for the 
production of pectinases (Okafor et al. 2010). Yeasts such as Saccharomyces cerevi-
siae and Wickerhamomyces anomalus have also been used for the production of 
pectin enzymes (Martos et  al. 2013). However, Aspergillus niger (a fungus) has 
emerged as the preferred microbe for the production of pectin enzymes (pectinases) 
because the microorganism has been reported to show high pectinase production 
ability (Akhter et al. 2011; Sudeep et al. 2020). In addition, the long-held tradition 
of placing this microorganism in the class of “generally regarded as safe” (GRAS) 
microorganisms by the United States Food and Drug Administration further informs 
its usage in the production of pectinase (El Enshasy et al. 2018; Iwashita 2002). 
Furthermore, a study by Chinedu et al. (2017) compared the production of polyga-
lacturonase (a subclass of pectinase) from Solanum macrocarpon L. fruit with that 
obtained from fungi for the commercial production of the enzyme, hence making 
fungi the basis of comparison for commercial pectinase production. Agricultural 
wastes such as corn cobs and banana and orange peels are known to produce this 
enzyme (Okafor et al. 2010; Widowati et al. 2017). These fruit peels comprise the 
flavedo (outer peel) and albedo (inner peel) (Multari et al. 2021). Despite the infor-
mation in the literature on the production of pectinases using readily available cheap 
raw materials, there is a dearth of information on the comparison of pectinase pro-
duction using the albedo of some locally sourced fruits in Nigeria, like Citrus 
aurantium and Thaumatococcus daniellii. However, studies have utilized the peels 
of citrus fruits in producing pectinases (Ajayi et  al. 2018; Chinedu et  al. 2017). 
Hence, this study is aimed at comparing the following: pectin content in the albedo 
and flavedo of Citrus sinensis, pectinase activity from Aspergillus niger in the 
albedo and flavedo of Citrus sinensis, and pectinase activities in the albedo of Citrus 
sinensis, Citrus aurantium, and Thaumatococcus daniellii as substrates.
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2  Materials and Methods

2.1  Chemicals and Reagents

High-purity salts and analytical grade reagents from Qualikems, Delhi, India, were 
used for the study. They include potassium nitrate (KNO3), hydrochloric acid (HCl), 
sodium chloride (NaCl), sodium hydroxide (NaOH), dinitrosalicylic acid (DNSA), 
and potassium chloride (KCl).

2.2  Substrate Collection and Preparation

Oranges (Citrus sinensis and Citrus aurantium) were sourced from Nigerian Army 
Shopping Arena, Lagos State, Nigeria, while Thaumatococcus daniellii fruits were 
obtained from the Owode-Yewa ‘forest’ plant area (Atan-Ota) in Ogun State, 
Nigeria. The flavedo and albedo were manually removed, washed, oven-dried 
(58 ± 3 °C for 72 hours), and milled into 0.06-inch particle size.

2.3  Pectin Extraction from Citrus sinensis (Sweet Orange) 
Albedo and Flavedo

The method of Kanmani et al. (2014) was employed. The sweet oranges were cut 
into parts with a knife, and the peels were removed. The flavedo and albedo were 
then separated and oven-dried 72 h at 58 ± 3 °C and ground 0.097 inches and stored 
at room temperature for subsequent use. Ninety mL of distilled water was added to 
5 grams of each of the substrates and subsequently followed by the addition of 
10 mL of citric acid at pH 3.5. The mixture was heated for 1 hour. The filtration of 
the resultant extract was undertaken with a muslin cloth. The filtrate obtained was 
then coagulated using 95% ethanol and left for 2 hours for the pectin to float. The 
gelatinous pectin flocculants were then skimmed off. Ethyl alcohol was used to filter 
and wash the extracted pectin to reduce impurities to the barest minimum (Khule 
et al. 2012). The precipitate from the above processes was dried at 40 ± 3 °C in an 
oven, followed by the calculation of yield (%).

 
% /Pectin � �P I fp 100

 

where % pectin = yield of pectin (in percent), P = the weight of extracted pectin, and 
Ifp = the initial weight of the peel powder.
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2.4  Isolation and Screening of Pectinase Producing 
Aspergillus spp.

Aspergillus niger was isolated from deteriorated fruit wastes and the accompanying 
soil samples in the dump sites of the Federal Institute of Industrial Research, Lagos 
State, Nigeria, following the procedure of Okonji et al. (2019) and the use of strep-
tomycin as the antibiotic for the culture of fungi. Isolated A. niger was thereafter 
identified (excluded from yeasts strains) and confirmed via microscopy and molecu-
lar technique, respectively (Udenwobele et  al. 2014; Khattab et  al. 2016; Wartu 
et al. 2017). The screening of A. niger isolate for pectinase production was under-
taken by adopting the method of Chinedu et al. (2010), with the substitution of cel-
lulose for pectin in the screening process.

2.5  Assessment of Pectinase Production, Extraction, 
and Activity

The solid-state fermentation method following the procedure of Ametefe et  al. 
(2017) was used to produce and extract pectinase with slight modification. Two 
grams of each of the substrates were moistened with nutrient medium (2  mL; 
pH 4.0) and autoclaved at 121 °C for 15 minutes. Upon cooling at room tempera-
ture, 1% citrus pectin was aseptically added and mixed before inoculation with 
A. niger. The incubation of the mixture was undertaken for 6 days at 30 °C, and the 
enzyme extraction was facilitated using NaCl solution (0.1 M). The activity of pec-
tinase was assayed using the dinitrosalicylic acid (DNSA) method by Miller (1959).

2.6  Analyses of Data

The data obtained were presented as the mean ±  standard deviation of triplicate 
values. The one-way analysis of variance (ANOVA) was employed for the data 
analyses. Statistical significance was determined using Bonferroni correction at a 
95% confidence interval. All statistical analyses were done on Microsoft Excel v. 
2016 (Washington, United States).

3  Results and Discussion

The pectinase extracted using Citrus sinensis flavedo as substrate had a significantly 
lower activity (p > 0.05) relative to its albedo (Fig.  2). The decline in pectinase 
activity (Fig. 2) could have been due to the significant decrease (p < 0.05) in pectin 
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content in flavedo compared to its albedo (Fig. 1) (Liu et al. 2006), hence, experi-
mentally, making albedo the pectin-rich portion of Citrus sinensis peels.

Similar findings on the use of cellulases to release fruit albedo showed pectinase 
application for the completion of the polysaccharide hydrolysis in the albedo (Ben- 
Shalom et al. 1986; Rouhana and Mannheim 1994; Soffer and Mannheim 1994). 
Another study demonstrated that a vital enzyme, polygalacturonase (a pectin 
enzyme), led to the degradation of albedo (or mesocarp) (Pretel et al. 2005, 2008). 
Therefore, these findings have possibly further justified the higher pectinase activity 
in the albedo compared to the flavedo (Fig. 2). The findings show higher interaction 
of pectin enzymes with the albedo of fruits, resulting in the degradation of the poly-
saccharides, hence justifying the preference for albedo as a better substrate for pec-
tinase production.

In another study, the pectin quantity in the albedo was higher than that obtained 
in the flavedo, corroborating the findings of this study (Zanella and Taranto 2015). 
In addition, the findings from Liu et al. (2006) disclosed that the pectin content in 
the flavedo of orange peels was 27% of the total extract, further justifying the albedo 
as the portion with a higher concentration of pectin (the substrate for pectinase 
production).
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The utilization of the albedos of C. sinensis, C. aurantifolia, and T. daniellii in 
the determination of pectinase activity revealed C. sinensis as the best, followed by 
C. aurantifolia and T. daniellii (Fig. 3). A decline (p < 0.05) in the activity of the 
enzyme in the albedo of T. danielli relative to the albedo of C. aurantifolia, there-
fore showing the superiority of pectin content in the albedos of the citrus species 
investigated relative to the albedo of T. daniellii. However, the albedo of C. sinensis 
still showed statistical significance (p < 0.05) in the enzyme activity over the albedo 
of C. aurantifolia. The significance of pectinase activities in both the citrus species 
has been further justified in the study by Mahmoodi et al. (2017) of the pectin com-
positions in different fruits, and the percentage of pectin in citrus fruit was found to 
be higher than the pectin from apple, lemon, melon peel, carrot, banana, and cran-
berry fruits (Aina et al. 2012; Canteri-Schemin et al. 2005; Raji et al. 2017; Sharma 
et al. 2013). It is, however, necessary to point out that the difference in the mechani-
cal peeling of the fruits (for obtaining the flavedo and albedo) and the possible 
variations in the particle sizes of the powdered samples could have influenced the 
differences between the percentage of pectin extracted from the studied fruits and 
that in other works of literature in the field.

The observed dissimilarities in the pectinase activities of the substrates could be 
attributed to the concentration of pectin, the species of plant from which the sub-
strates were sourced, and the area of growth and harvest of the substrates (Liu et al. 
2006; Pretel et al. 2005; Pretel et al. 2008). In another study, the cutting of the fla-
vedo of grapefruit enhanced enzymatic reaction with the albedo for the proper peel-
ing of the fruit (Bruemmer et al. 1978). The possible varying compositions of the 
albedos in the investigated citrus fruit species influenced the application of enzymes 
in the peeling of the fruits, further signifying that the variations in the pectin content 
would have had a corresponding effect, resulting in the different pectinase activities 
(Fig. 3) obtained (Pretel et al. 2008; Pretel et al. 1997). However, the albedos of 
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C. aurantifolia and T. daniellii could be used to augment the local production of 
pectinases. There is a shortage of information in the comparison of the pectinase 
activities in the albedos of the citrus species investigated. However, the superior 
pectin content in the albedo compared to the flavedo (Fig. 1) could suggest a higher 
content of the albedo in C. sinensis than that in C. aurantifolia and T. daniellii for 
pectinase production. The production of pectinase using the albedo of T. daniellii 
has also been shown to produce pectinase for the first time. Additionally, the impli-
cation of this study is that pectin, the substrate for pectinase production, has been 
further established in the peels of both lime (C. aurantifolia) and sweet orange 
(C. sinensis), as further supported in the findings of Dominiak et  al. (2014) and 
Georgiev et al. (2012).

4  Conclusion

The study showed the superiority of pectinase activity in the albedo over that in the 
flavedo of C. sinensis, which was also mirrored in the significant pectin content in 
the albedo as compared to that in the flavedo of the same plant species. The albedo 
of C. sinensis showed the highest pectinase activity relative to both the albedos of 
C. aurantifolia and T. daniellii. Literature search showed  that,  this study 
addressed the dearth of information on the production of pectinase using the albe-
dos of T. daniellii and C. aurantifolia and comparisons as exemplified in the inves-
tigation. The findings from this study will further supplement the local production 
of pectinases. Future work will be geared toward the extraction of pectin from the 
C. aurantifolia and T. daniellii substrates investigated; and, subsequent production 
of the corresponding enzymes (pectinases) from the pectin extracts (as substrates).
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Production of Rhamnolipid Biosurfactant 
from Waste Cooking Oil Using 
Pseudomonas putida in a Batch Reactor

O. O. Sadare, T. Mokhutsane, and M. O. Daramola

1  Introduction

Surfactants are surface-active chemicals with a world production of more than 15 
million tons per annum (Henkel et al. 2012). They are used in many industrial pro-
cesses such as food processing, improved oil recovery, and pharmaceuticals (Henkel 
et al. 2012). The application of surfactants is dependent on their ability to reduce 
surface tension and improve wetting ability, solubility, and ability to foam (Mulligan 
2004). The majority of surfactants on the market are produced from petrochemical 
sources, and thus they are termed synthetic surfactants (Henkel et al. 2012). With 
the increased environmental consideration from consumers and producers, increased 
interest is moving toward biologically derived surfactants (biosurfactants) (Henkel 
et  al. 2012). Biosurfactants are surface-active chemicals with varying structures, 
produced by microorganisms (Janek et al. 2013). They are amphipathic molecules 
with a hydrophobic domain (made of long-chain fatty acids and their additives) and 
a hydrophilic domain (which can be a carbohydrate, amino acid, phosphate, or 
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cyclic peptide). The specific chemical distinction of biosurfactants makes them 
advantageous over petrochemically derived surfactants in that they are nontoxic to 
the environment, biodegradable, highly selective, and active in extreme tempera-
tures and pH ranges (Mulligan 2004; Cameotra and Pruthi 2003). Bacteria, fungi, 
and yeasts are capable of producing biosurfactants as extracellular materials or 
compounds incorporated in the cell membrane. Rhamnolipids, trehalose lipids, and 
surfactin are the most effective of the known biosurfactants. They can effectively 
reduce the surface tension of water and interfacial tension of water/oil mixtures 
considerably, even at low concentrations (Kanna et al. 2014). Glycolipids are the 
most studied and most promising class of biosurfactants. They are low-molecular- 
mass biosurfactants containing carbohydrates and long-chain aliphatic or hydroxyl 
aliphatic acids. Rhamnolipids are the most extensively studied of the glycolipid 
class and have been predominantly recognized among the Pseudomonas aeruginosa 
organisms (Reis et al. 2011). The cost of cleaning up contaminated soil and ground-
water exceeds several millions of rands, a situation that has drawn researchers’ 
attention to bioremediation options (Maier and Soberon-Chavez 2000).

Bioremediation involves enhancing material accessibility, environmental condi-
tions, and microorganism activity to speed up the degradation of contamination 
elements in a system (Fernandes 2009). Rhamnolipids have been discovered to have 
the potential in serving numerous bioremediation applications. They are capable of 
biodegrading both aliphatic and aromatic hydrocarbons and can degrade hydrocar-
bons in the presence of toxic metals. They have further shown high affinities for 
various metals, such as copper, cadmium, zinc, and lead. Furthermore, rhamnolipids 
are biodegradable and can be a carbon source for other microorganisms as they do 
not accumulate in a system (Maier and Soberon-Chavez 2000). Rhamnolipids have 
also been found to possess biological control abilities. They can control zoosporic 
plant pathogens in that they can cause the termination of their motility and the dis-
integration of their population (Maier and Soberon-Chavez 2000). In a liquid growth 
medium, P. aeruginosa mainly produces two kinds of rhamnolipids: rhamnosyl- 
rhamnosyl- β-hydroxydecanoyl-β-hydroxydecanoate (dirhamnolipid) and 
rhamnosyl-β-hydroxydecanoyl-β-hydroxydecanoate (monorhamnolipid) (Reis 
et al. 2011). Rhamnolipids have the ability to lower surface tension to 29 mN/m, 
emulsify hydrocarbons, and act as a stimulus for the growth of P. aeruginosa on 
n-hexadecane (Fernandes 2009). Besides Pseudomonas aeruginosa, other microor-
ganism species, such as Pseudomonas putida, Pseudomonas fluorescens, Escherichia 
coli, and Pseudomonas oleovorans, have the ability to produce rhamnolipids. 
However, Pseudomonas putida has been reported to produce the highest concentra-
tion among this group at a reported value of 60  mg/L (Henkel et  al. 2012). 
Pseudomonas aeruginosa is recognized as the main producer of rhamnolipids 
(Tuleva et al. 2002). However, owing to its pathogenic nature, other species, such as 
Pseudomonas putida, are considered alternatives due to their nonpathogenic nature. 
Therefore, this study has chosen to further investigate the rhamnolipid production 
of Pseudomonas putida.

Different studies have been conducted on the production of biosurfactants using 
different nitrogen sources and carbon sources (Cameotra and Pruthi 2003; Kanna 
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et al. 2014; Wittgens et al. 2011; Tan and Li 2018; Tiso et al. 2020). According to 
Cameotra and Pruthi (Cameotra and Pruthi 2003), nitrate was utilized as the princi-
pal nitrogen source for the production of biosurfactants in Pseudomonas strain 
44T1 and Rhodococcus strain ST-5 grown on olive oil and paraffin. Kanna (Kanna 
et al. 2014) also investigated the influence of different nitrogen sources, for exam-
ple, ammonium nitrate, ammonium sulfate, and urea, on biosurfactant production 
using P. putida and found that ammonium sulfate produced the highest biosurfac-
tant concentration of 2.5 g/L after 140 h. Wittgens et al. (Wittgens et al. 2011), Tan 
and Li (Tan and Li 2018), and Tiso et al. (Tiso et al. 2020) utilized glucose, sugar, 
and ethanol, respectively, as carbon sources to independently grow Pseudomonas 
putida for the production of rhamnolipids. The current limitation hindering the 
extensive application of biosurfactants is the high cost of their production.

The use of expensive substrates, comparatively low product yields, and costly 
downstream processes make biosurfactant production uncompetitive to synthetic 
surfactants. Waste streams are becoming viable raw materials for biosurfactant pro-
duction. This is mainly because they are inexpensive, they do not compete with 
human food, and their reuse is advantageous to the environment (Henkel et  al. 
2012). Waste cooking oil has been identified as a low-cost product that can be uti-
lized as a substrate for the production of rhamnolipids. Hence, its potential as a 
carbon source was explored in this study.

Against this background, this study attempts to come up with an eco-friendly, 
readily available, and cheap way to produce biosurfactants by utilizing waste cook-
ing oil as a substrate and to improve product yield by analyzing the effects of vary-
ing nitrogen sources.

2  Materials and Method

Pseudomonas putida ATCC™ 49128™† was purchased from Microbiologics in 
San Diego, California, USA. The waste cooking oil used as a carbon source for the 
media was obtained from Ukweza Catering in the Johannesburg area of South 
Africa. The nitrogen sources, urea (≥99.0% purity) and NH4NO3 (≥99.0% purity), 
were obtained from Sigma Aldrich (Pty) (Merck), South Africa. The COD kit was 
purchased from Merck SA (Pty). The standard rhamnolipid (90%) purity was pur-
chased from Sigma Aldrich. All chemicals were used without further purification.

2.1  Microorganism and Growth Conditions

In order to increase the number of Pseudomonas putida cells, a subculturing experi-
ment was conducted in a simple growth media containing a Luria-Bertani (LB) 
medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) complemented with 
10 g/L of glucose, as described by Wittgens et al. (Wittgens et al. 2011). The grown 
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cells of Pseudomonas putida were transferred into the growth media. Microorganisms 
with the ability to produce biosurfactants are broadly known to use both water- 
immiscible hydrocarbons and carbohydrate-containing mineral salt media to grow 
(Kanna et al. 2014). LB medium is the most commonly used culture medium to 
grow P. aeruginosa strains (Wei et al. 2005), but it was not conducive for the growth 
of P. putida in this experiment. Therefore, cell growth was achieved in simple media 
containing distilled water and nitrogen and carbon sources. P. putida was grown at 
a temperature of 30 °C and rotation speed of 215 rpm, and growth was measured 
over a 7-day period. Two sets of growth media containing two different nitrogen 
sources, namely, urea and NH4NO3, were prepared. The experiments were con-
ducted in batch reactors. Three Erlenmeyer flasks (bioreactors) had 100 mL growth 
media containing 1.5 g/L urea. Three other Erlenmeyer flasks had 100 mL growth 
media containing 2 g/L NH4NO3. The concentration of the carbon source (waste 
cooking oil) was varied in each set of three Erlenmeyer flasks was varied, each con-
taining 2%, 6%, and 10% (v/v) of waste cooking oil. The cell samples were col-
lected every 24 h and weighed using a wet-weight method to determine cell growth. 
The consumption of waste cooking oil by the microbe was quantified with the use 
of a carbon oxygen demand (COD) kit. Three milliliters of the growth medium 
sample were slowly pipetted down the side of the tilted reactor cell. The reactor cell 
was then sealed and the content vigorously mixed. The reactor cell was heated at 
148 °C in a thermoreactor for 2 hours. The cells were then allowed to cool to room 
temperature before measuring absorbance in a photometer. The activity of the bio-
surfactant was verified by determining surface tension using the “capillary tube” 
method. The height to which the liquid was raised in the capillary tube was mea-
sured. The density was determined by measuring the mass of a specific volume of 
liquid. Using eq. (1), the height and density measured were used to calculate the 
surface tension:

 
T

ghr
=
f
2  

(1)

where T is the surface tension (N/m), ρ is density (kg/m3), g is the gravitational 
constant (9.81 m/s2), h is the liquid height in the capillary tube (m), and r is the 
capillary tube radius (m).

2.2  Rhamnolipid Quantification

One-milliliter (1 mL) cell-free solution was added to 4.5 mL of 6:1 dilute sulfuric 
acid (volume/volume). The mixture was then heated at 95 °C in a water bath for 
10 minutes. Once heated, the mixture was allowed to cool to room temperature. 
One-tenth milliliter (0.1 mL) of a 3% (v/v) solution of thioglycolic acid was added 
to the cooled mixture. The new mixture was then incubated for 3  hours in the 
absence of light. The absorbance of the incubated mixture was determined using a 
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spectrophotometer at a wavelength of 430 nm. The rhamnolipid concentration was 
obtained from a calibration curve obtained from the pre-calibration of the atomic 
absorption spectrophotometer (AAS) using standard rhamnolipid.

3  Results and Discussion

3.1  Cell Growth

Figure 1(a, b) depicts the effects of varying the initial concentrations of waste cook-
ing oil in the NH4NO3 medium and urea medium, respectively, on cell growth. It 
could be observed that P. putida grows well when using waste cooking oil as a car-
bon source and that the initial substrate concentration has an influence on cell 
growth. Furthermore, cell growth increased from 1.2 g to 2.02 g when the initial 
concentration of waste cooking oil in the NH4NO3 growth medium was increased 
from 2% (v/v) to 6% (v/v). However, there was a reduction in cell growth from 
2.02 g to 1.79 g when the initial concentration of waste cooking oil was increased to 
10%. According to Caro (Caro et al. 2008), it is expected that the higher the initial 
substrate concentration is, the higher is the cell growth. However, from the results 
in Fig. 1, this is not the case since the 6% (v/v) waste cooking oil media in the 
NH4NO3 growth medium had the highest cell growth, and the lowest cell growth is 
observed in the urea growth medium. The cell growth behavior in the ammonium 
nitrate growth medium suggests that the combination of 6% waste cooking oil and 
2 g/L NH4NO3 reached a maximum cell growth of 1.79 g. However, in the urea 
medium, the results show that there is growth inhibition in the 6% (v/v) waste cook-
ing oil medium, which resulted in the cell mass decreasing from 0.25 g to a value of 
0.057 g after 7 days. The maximum cell mass obtained in the NH4NO3 medium after 
3 days using 6% waste cooking oil was 2.0 g. In the urea medium, a maximum cell 
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Fig. 1 Effect of waste cooking oil concentrations on cell growth in the (a) NH4NO3 medium and 
(b) urea medium. Experimental conditions: temperature (30 °C), stirring speed (215 rpm)
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mass of 0.73 g was obtained after 7 days using 10% waste cooking oil media. The 
nitrogen source used for P. putida influenced rhamnolipid production, which affects 
cell growth as the rhamnolipid assists in the uptake of the waste cooking oil to feed 
the cells. From Fig. 1, it is clear that NH4NO3 promotes cell growth compared to 
urea. The cell mass in NH4NO3 media is at least 39% higher at 144 h than cell mass 
in the urea medium. Therefore, NH4NO3 is the most effective nitrogen source for 
cell growth.

3.2  Rhamnolipid Production

The production of biosurfactants is repeatedly observed when microorganisms are 
grown on hydrophobic/immiscible substrates, and the decrease in the surface ten-
sion of the growth medium has been used as an indication of effective biosurfactant 
production (Cameotra and Singh 2009). The ineffective production of rhamnolipids 
when a hydrophobic substrate is used is due to the solubility of the substrate and 
thus the lack of the necessity of the cells to secrete biosurfactants to enhance solu-
bility (Wei et al. 2005). The presence of a biosurfactant was verified by analyzing its 
activity in terms of surface tension using the capillary tube method. Figure 2 shows 
the changes in the surface tension in the (a) NH4NO3 medium and (b) urea medium. 
It is clear that the surface tension between the hydrophobic waste cooking oil and 
water was reduced in all growth media, indicating the presence of biosurfactants. 
The reduction in surface tension is due to two phenomena: the cell uptake of waste 
cooking oil and the activity of the biosurfactant produced by the cells. The greatest 
reduction in surface tension in the NH4NO3 medium was obtained with an initial 
waste cooking oil concentration of 2%. The surface tension decreased from 
0.33 N/m to 0.038 N/m after 7 days. In the urea medium, a maximum reduction in 
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surface tension occurred with an initial waste cooking oil concentration of 6%. The 
surface tension was reduced from a maximum of 0.2 N/m to a minimum of 0.05 N/m 
after 7 days. The behavior of the surface tension is inconsistent with most published 
results, such as Kuiper (Kuiper et al. 2004), Janek (Janek et al. 2013), and Kanna 
(Kanna et al. 2014), which reported a rapid decrease in surface tension at the begin-
ning, followed by constant surface tension. Fig. 2 shows fluctuations in the surface 
tension, which can be explained by considering the production of rhamnolipids, as 
shown in Figs. 3 and 4.

Figure 3 and Figure 4 show the rhamnolipid production in NH4NO3 and urea 
media, respectively. The rhamnolipid biosurfactant was produced using simple salt 
media containing urea and NH4NO3 as nitrogen sources and waste cooking oil as a 
carbon source. Rhamnolipid production relies greatly on nitrogen exhaustion by 
P. aeruginosa. Different nitrogen sources behave as either inhibitors or activators of 
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Fig. 3 Rhamnolipid concentration in the NH4NO3 medium with initial waste cooking oil concen-
tration of (a) 2% v/v, (b) 6% v/v, and (c) 10% v/v. Experimental conditions: temperature (30 °C), 
stirring speed (215 rpm)
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rhamnolipid production (Reis et  al. 2011). In the NH4NO3 medium, a maximum 
rhamnolipid concentration of 0.25 g/L was achieved after 72 hours using 2% waste 
cooking oil. In the urea medium, a maximum rhamnolipid concentration of 8.8 g/L 
was achieved after 96 h using 10% waste cooking oil. Rhamnolipid is predomi-
nantly produced by Pseudomonas aeruginosa. Wei (Wei et  al. 2005) studied the 
production of rhamnolipid by P. aeruginosa using seven different carbon sources. 
Olive oil produced the highest rhamnolipid concentration of 3.6  g/L.  Nitschke 
(Nitschke et al. 2005) was able to reach a rhamnolipid concentration of 11.7 g/L 
after 144 h from 2% (w/v) soybean waste using P. aeruginosa. The rhamnolipid 
concentration of 8.8  g/L achieved in this experiment shows better biosurfactant 
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production than that in Wei (Wei et al. 2005) but a reduced production compared to 
what was reported by Nitschke (Nitschke et al. 2005). This suggests that nonpatho-
genic P. putida grown using urea as a nitrogen source can compete with the patho-
genic P. aeruginosa to produce rhamnolipid.

According to Cameotra and Pruthi (Cameotra and Pruthi 2003), nitrate is the 
principal nitrogen source for the production of biosurfactants in Pseudomonas 
strain 44T1 and Rhodococcus strain ST-5 grown on olive oil and paraffin, respec-
tively (Cameotra and Pruthi 2003). Comparing Figs. 3 and 4, it is clear that urea 
promotes rhamnolipid production more effectively than NH4NO3. This means that 
these results are not consistent with the study conducted by Cameotra and Pruthi 
(Cameotra and Pruthi 2003), which may be due to P. putida assimilating the nitro-
gen source differently compared to the Pseudomonas strain 44T1 used by Cameotra 
and Pruthi (Cameotra and Pruthi 2003). Kanna (Kanna et al. 2014) studied the influ-
ence of different nitrogen sources on the production of biosurfactants using P. putida 
and found that from ammonium sulfate, ammonium nitrate, and urea, ammonium 
sulfate produced the highest biosurfactant concentration of 2.5  g/L after 140  h. 
Ammonium nitrate and urea achieved a rhamnolipid concentration of 1.8 g/L and 
1.2 g/L, respectively. Under the experimental conditions in this study, rhamnolipid 
production using NH4NO3 was lesser compared to that achieved in the study con-
ducted by Kanna (Kanna et  al. 2014). However, the rhamnolipid concentration 
obtained in the urea medium was higher compared to what was reported by Kanna 
(Cameotra and Pruthi 2003).

Figure 3 and Figure 4 show fluctuations in the rhamnolipid concentration, which 
means rhamnolipids were being produced and consumed by the P. putida cells in the 
medium. Furthermore, the rhamnolipid concentration increased up to a peak and 
then decreased thereafter. This trend is inconsistent with a study conducted by 
Tuleva (Tuleva et  al. 2002) and Wei (Wei et  al. 2005), which showed a steady 
increase in rhamnolipids before plateauing. However, a study conducted by Henkel 
(Henkel et al. 2012) shows a similar trend to the one presented in Figs. 3 and 4. The 
decreases in rhamnolipid concentration could be due to the cells absorbing the bio-
surfactant on the cell surface to assist in taking up the waste cooking oil and also due 
to cells absorbing the rhamnolipid to be used intracellularly. The decrease in rham-
nolipids, owing to the aforementioned reasons, could explain the fluctuation in the 
surface tension shown in Fig. 2. As the rhamnolipids are taken up by the cells, the 
surface tension increased slightly because the waste cooking oil is also being taken 
up by the cells, contributing to lower surface tension. This trend in biosurfactant 
concentration could work effectively for bioremediation because the production of 
biosurfactants could assist in making contaminants available for biodegradation, 
and the consumption of the biosurfactants may also assist in preventing the accumu-
lation of rhamnolipids in the environment.
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4  Conclusion

The current study investigated the production of rhamnolipid biosurfactants from 
waste cooking oil in a batch reactor using Pseudomonas putida. The following con-
clusions were drawn:

 I. P. putida was able to use waste cooking oil as the only carbon source under 
batch conditions to grow, as well as to produce, rhamnolipid biosurfactants.

 II. Cell growth was highest in the ammonium nitrate medium, containing an initial 
waste cooking oil concentration of 6%. The highest rhamnolipid concentration 
of 8.8 g/L was achieved in the urea medium after 96 h using 10% (v/v) waste 
cooking oil.

 III. Under the experimental conditions of this study, ammonium nitrate improved 
the growth of Pseudomonas putida, while urea effectively enhanced the pro-
duction of rhamnolipids. The highest (8.8  g/L) rhamnolipid concentration 
obtained at 10% (v/v) waste cooking oil is sufficient to make nonpathogenic 
P. putida competitive with pathogenic P. aeruginosa in terms of biosurfactant 
production. However, the fluctuations in rhamnolipid concentration make the 
growth conditions in this study unsuitable for industrial application due to the 
consumption of desired products. However, the rhamnolipid production trend 
observed in this study could make these conditions suitable for bioremediation 
purposes. This is due to the occurrence of biodegradation, accompanied by 
rhamnolipid production, without the accumulation of biosurfactants in the envi-
ronment since the rhamnolipid is regularly consumed.
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Estimation Model for Cow Dung-aided 
Water Hyacinth Digestion

Ochuko Mary Ojo, Josiah Oladele Babatola, and Adesoji Adeniran Adesina

1  Introduction

Increase in population has led to over-dependence on fossil fuels such as natural gas 
and petroleum. But these energy sources are non-renewable and are rapidly deplet-
ing. Furthermore, the exploitation, processing and combustion of these fossil fuels 
constitute a dangerous threat to the feeble environment (Owamah and Izinyon, 
2015). Anaerobic digestion (AD) of waste organic substances has been distin-
guished to be among the limited biotechnological processes that can generate bio-
fuel, reduce environmental pollution and improve agricultural productivity through 
the use of its digestate as compost for organic farming (Zhang et al., 2016). Water 
hyacinth (Eichhornia crassipes) is a freshwater aquatic plant and is a native of 
Brazil. It is known to be one of the most widespread aggressive aquatic plants in the 
world. It is also regarded as a disadvantageous weed in many countries as it grows 
recklessly and has the tendency to deplete nutrients and oxygen quickly from water 
bodies (Ojo, 2017). Although biogas production from substrates of plant origin such 
as WH has been extensively studied, the low biodegradability of these substrates 
and consequent low yield of biogas has often made the digestion process uneco-
nomical in comparison to highly biodegradable animal wastes (El-Mashad and 
Zhang, 2010).

Co-digestion, which is known as the simultaneous anaerobic digestion of two or 
more feedstocks in a single digester, has been employed by several authors for the 
improvement of biogas yield (Haider, 2015; Ojo, 2017; Ojo et al., 2018; Ojo et al., 
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2019; Ojo and Babatola, 2020). Although some researchers have established the 
viability of co-digesting WH with other more familiar animal feedstocks (such as 
cow dung) for improved biogas production, none of them have established an opti-
mum mix ratio for efficient biogas production while evaluating some of the param-
eters that affect biogas production. Al-Imam et  al. (2013) evaluated biogas 
production from cow dung (CD), poultry manure (PM) and WH, but a co-digestion 
of the different feedstocks was not carried out. It was observed from that study that 
biogas production from CD, PM and WH was 0.034  m3/kg, 0.058  m3/kg and 
0.014 m3/kg respectively. Adegunloye et al. (2013) investigated the ratio variation 
of WH on the production of pig dung (PD) biogas. However, the blended WH and 
PD was only weighed in ratios 1:1 and 1:3. The aim of this study is to determine the 
best mix of WH to be co-digested with CD in order to maximize the quantity of 
biogas produced from a batch-fed anaerobic digester.

2  Methodology

2.1  Digester Design

Twenty-five-litre-capacity laboratory-sized batch-fed digesters were used in this 
study. Eq. 1 was used to calculate the total volume of the digester (TVD):

 TVD = 25L  (1)

But the volume of the digestion chamber (VDC) was taken as 
3

4
 of the TVD in 

order to allow for gas collection.
Eqs. 2 and 3 were used to calculate VDC:

 
VDC TVD=

3

4
x

 (2)

 
VDC = =

3

4
25 18 75x L.

 (3)

One fourth of the TVD was allowed for gas collection; hence, the volume of the gas 
chamber (VG) was calculated using Eqs. 4 and 5:

 
VG x=

1

4
TVD

 (4)

 
VG x L= =

1

4
25 6 25.

 (5)
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2.2  Substrate Mix Ratios

The following 11 mix ratios of WH:CD were used in this study: 10:0, 9:1, 8:2, 7:3, 
6:4, 5:5, 4:6, 3:7, 2:8, 1:9 and 0:10. WH was harvested from a remote pond in 
Akure, while CD was obtained from the Animal Production and Health farm of the 
Federal University of Technology, Akure.

The substrates were mixed with the appropriate amount of water specified by 
Fekadu (2014) and Ojo (2017) and depicted in Eq. 6 in order to achieve the recom-
mended 8% of the total solid content in the fermentation slurry:

 
Y

mTS X
=

−8
8

%

%  (6)

where mTS is the mass of total solids,
X is the mass of fresh substrate,
Y is the mass of water added to get 8% total solids in the digester.
The mixing of substrates was done manually, while the experimental set-up is 

shown in Fig. 1.
A rotameter flowmeter of model LZM-4  T with a capacity of 0.1–1  L/Min 

equipped with a measuring tube was used for the gas flow measurements. Fig. 2 
shows the rotameter used in the experiments. The measuring tube had an adjustable 
cross-section, bordering at the entrance of the tube and broadest at the exit of the 
tube. The float located inside the flow tube was engineered so that its diameter was 
nearly identical to the flow tube’s inlet diameter. When the gas from the digester was 
introduced into the tube, the float was lifted from its initial position at the inlet, 

Fig. 1 Experimental set-up
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Fig. 2 Rotameter used in the experiments

allowing the gas to pass between it and the tube wall. As the float rose, more biogas 
passed by the float because the tapered tube’s diameter was increasing. Ultimately, 
a point was reached where the flow area was large enough to allow the entire volume 
of the gas to flow past the float. The float was now stationary at that level within the 
tube as its weight was being supported by the fluid forces that caused it to rise. This 
position corresponded to a point on the tube’s measurement scale and provided an 
indication of the biogas flow rate.

The equation for the biogas flow rate was calculated using the ideal gas equation 
in Eq. 7:

 

PV

T

PV

T
1 1

1

2 2

2

=
 (7)

The gas flow rate was calculated using Eq. 8:

 
V

PVT

P T2
1 1 2

2 1

=
 (8)

V1 is the rotameter reading (normal litres per minute), and V2 is the actual flow rate 
(litres per minute).

P1 is the pressure at normal conditions, and P2 is the actual pressure.
T1 is the temperature at normal conditions, and T2 is the actual temperature of air.
The normal conditions used were 0  °C (273.15 °K) and 1 atmosphere 

(1.01325 bar).
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2.3  Data Analysis

The data obtained were analyzed using Sigma Plot 2010 software for non-linear 
regression with four parameters, as described in Ojo (2017). The sigmoid or S-curve 
obtained is described by Eq. 9:

 
y a e bt

c

= −





−( )1
 (9)

where a is ultimate biogas production, b is pseudo-biogas production velocity (rate 
constant), c is shape factor and t is retention time.

Biogas production rate is given by Eq. 10:

 
G

dy

dt
a e be abe ebt c bt bt bt c1 1 1
1 1= = −( ) = −( )− − − − − −

.
 (10)

Optimum (maximum) biogas production rate will be reached using Eq. 11:

 

d y

dt
abe c e be e ab bbt bt c bt bt c

2

2
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1 1 1= −( ) −( 






+ −( ) −− − − − − −

. ee bt−( )




= 0

 (11)

which simplifies to Eq. 12:

 
acb e c e e acb e ebt bt c bt bt bt c2 2 2 1

1 1 1− − − − − − −
−( ) −( ) = −( )  (12)

The time taken for maximum biogas production, tmax, is given by Eq. 13 and is fur-
ther simplified to Eq. 14:

 
c e e at t tbt bt−( ) = −( ) =− −1 1 max  (13)

 
t

lnC

bmax =
( )

 (14)

At optimum time, the maximum biogas production rate (G1
max) is given by Eq. 15:
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Table 1 Cumulative biogas production for CD-aided WH digestion

Feedstocks Mix ratios

WH 10 9 8 7 6 5 4 3 2 1 0
CD 0 1 2 3 4 5 6 7 8 9 10
Cumulative 
volume of 
biogas 
produced 
(litres)

32.17 53.17 67.04 81.04 89.3 99.29 116.38 128.11 141.72 132.77 126.95

y = -0.0001x3 + 0.0121x2 + 1.1517x + 36.468
R² = 0.9834
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Fig. 3 Ultimate biogas production for CD-aided WH digestion

3  Results and Discussions

The ultimate biogas yield for each mix was obtained by calculating the average of 
the cumulative biogas volume from day 35 to 40. The cumulative volume of biogas 
produced for the different mixes is presented in Table 1.

Single-substrate digestion of CD produced an ultimate gas volume of 126.95 L, 
corresponding to 20.3  L/kg of CD.  Fig.  3 portrays the ultimate biogas yield for 
CD-aided WH digestion. The results showed a range of 53.18–141.72 L, with 2 
WH:8 CD recording the highest value corresponding to 22.68 L/kg.

The ultimate biogas production curve for CD-aided WH digestion is shown in 
Fig. 3. The third-order polynomial curve has an R2 value of 0.9834, which is quite 
significant. The graph shows that the highest ultimate biogas of 141.72 L was pro-
duced by 2 WH:8 PD and impressively makes it the best PD-aided WH diges-
tion mix.

O. M. Ojo et al.
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Table 2 CD-aided WH digestion maximum biogas production rate

Composition 
(%CD)

a 
value

b 
value

c 
value

tmax 
(days)

Maximum biogas production rate (L/
day)

0 34.16 0.1637 17.85 17.6054 2.116757
10 58.18 0.157 21.46 19.52988 3.440793
20 72.44 0.1617 22.47 19.24664 4.407624
30 86.14 0.1685 23.44 18.72074 5.456434
40 94.66 0.1669 21.21 18.30121 5.952935
50 104.4 0.1696 20.57 17.82921 6.676728
60 122 0.1765 22.34 17.59988 8.10361
70 134.3 0.1789 23.66 17.68466 9.030292
80 149.4 0.1761 22.9 17.78045 9.895529
90 139.8 0.1749 22.11 17.70172 9.203971
100 133.3 0.1789 23.33 17.60615 8.965811

a ultimate biogas production; b pseudo-biogas production velocity (rate constant); c shape factor; 
tmax time for maximum biogas production

y = -1E-05x3 + 0.0012x2 + 0.0675x + 2.4023
R² = 0.9828
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Fig. 4 Maximum biogas production rate for CD-aided WH digestion

3.1  CD-Aided WH Digestion Maximum Biogas 
Production Rate

Table 2 shows the results of the estimation model for the CD-aided WH digestion 
maximum biogas production rate. Mix ratios 10 WH:0 CD, 5 WH:5 CD, 4 WH:6 
CD, 3 WH:7 CD, 2 WH:8 CD, 9 WH:1 CD and 0 WH:10 CD produced maximum 
gas between the 17th and 18th day, while mix ratios 7 WH:3 CD and 4 WH:6 CD 
produced maximum gas on the 18th day. Mix ratios 9 WH:1 CD and 2 WH:8 CD 
produced maximum gas on the 19th day. The third-order polynomial curve for the 
different mixes of the CD-aided biogas production rate is shown in Fig. 4. The curve 
has an impressive R2 value of 0.9828, and the standard deviation of the rate constant 
is 0.007422. From the results obtained, the best mix for CD-aided WH digestion is 
2 WH:8 CD. This mix produced maximum biogas of 9.895529 L/day, and this was 
produced on day 17 of the digestion process.

Estimation Model for Cow Dung-aided Water Hyacinth Digestion
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4  Conclusion

The effect of the mix ratios of co-digested WH and CD on biogas production was 
evaluated. Eleven mix ratios of WH to CD were assessed, and each experimental 
run was done over a retention period of 40 days. The data obtained were analyzed 
using a non-linear parameter estimation model. From the results obtained, the best 
mix for CD-aided WH digestion is 2 WH:8 CD. This mix ratio produced 22.68 L of 
biogas per kg of feedstock at a maximum biogas production rate of 9.895529 L/day. 
The co-digestion of WH and CD in the appropriate mix ratio should be encouraged 
in order to maximize biogas production from anaerobic digesters.
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Phytochemicals and Anti-Microbial 
Properties of Neem (Azadirachta indica) 
Seed Oil Extract

M. E. Ojewumi , O. R. Obanla, G. P. Ekanem, and J. U. Nsionu

1  Introduction

Plant parts, such as seeds, fruits and leaves, that have medicinal properties have 
been widely used by humans to combat diseases and sicknesses. For over 2000 
years, Azadirachta indica and other plants have been well known in many countries 
as medicinal plants having a wide range of application (Biswa et al., 2002; Ojewumi 
& Owolabi, 2012). Essential oils from plants have been used in the pharmaceutical 
and food industries for several years due to their anti-microbial properties. Since 
ancient times, some of these plants have been a very good source of aromatic extract. 
Aside from the hazards they cause to men and non-living things, synthetic pesti-
cides and insecticides are also usually expensive, making them inaccessible to rural 
dwellers around the world (Ojewumi 2018; Akinmoladun et al., 2007). Active com-
pounds derived biologically from selected plants species, such as lemongrass, 
Ocimum gratissiumum, Moringa oleifera, Mentha spicata, Acasia fistula, Acarcia 
Arabica, Azadirachta indica, hyptis sauveolen and Eleusive indica, have been very 
effective for the control of various types of insects, especially mosquitoes (Adeniyi 
& Ayepola, 2008; Bhowmik et al., 2010; Biswas et al., 2002; Chuakul, Saralamp, & 
Boonpleng, 2002; Claustra et  al., 2005; Ojewumi et  al., 2018a; Ojewumi et  al., 
2017a). Every part of the A. indica plant has been proven in herbal and Ayurveda 
medicines to be a remedy against numerous ailments (Khare, 2008; Koul, Isman, & 
Ketkar, 1990; Vaidya & Devasagayam, 2007). A. indica extracts have been used for 
various diseases in herbal medicine for a very long time (Champagne et al., 1992; 
Kumar, Mishra et  al., 2010; Kumar, Sharma, & Devi, 2018). The seeds and leaf 
extract of the plant are effective against different types of malarial parasites 
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Fig. 1 Fresh unprocessed neem seeds

(Akin-Osanaiya et al., 2013; Daniel & Dishi, 2011; Maithani et al., 2011; Ucheya, 
Ucheya, & Amiegheme, 2011). The alcoholic extract components of both its leaves 
and seeds are effective against sensitive strains and chloroquine- resistant malarial 
parasites (Kumar et al., 2010; Oseni & Akwetey, 2012). Studies recently revealed, 
crude extract of neem seed and its purified fractions to show inhibitory ability on the 
growth of asexual and sexual stages of different drug resistant strains of the human 
malarial parasite P. falciparum (Maithani et al., 2011).

Various techniques have been used to extract oil from seed kernels of various 
sources. These include aqueous and Soxhlet extraction (Ojewumi et  al., 2019a; 
Yusoff et al., 2016) supercritical fluid extraction (Martins, De Melo, & Silva, 2016; 
Nguyen et  al., 2011), cold mechanical pressing and solvent extraction methods 
(Bhutada et al., 2016). Aqueous extraction is preferred to solvent extraction since it 
entails the use of water, which is economical, portable and safer compared to sol-
vent (Ojewumi et al., 2019b; Ojewumi et al., 2019c) (Figs. 1 and 2).

2  Material and Methods

2.1  Raw Materials

Fresh neem seeds (A. indica) were sourced from Sokoto State, Northern Nigeria, 
and were processed in the Chemical Engineering Department Laboratory.

M. E. Ojewumi et al.
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Fig. 2 Sorted processed neem seeds

2.2  Seed Processing

Fresh seeds were de-pulped from their fruits and de-hulled to remove the husk from 
the seeds. Hand-picked clean seeds were oven dried at 60 °C for 72 hours to remove 
moisture content. The seeds were pulverized (turned into power) using Corona mill-
ing machine in order to obtain a very large surface area for good extraction process.

2.3  Extraction

The extraction of neem oil was achieved using the Soxhlet extraction method. Two 
hundred grams of neem seed was weighted into a round-bottom flask containing 
500 ml of hexane. The flask was then coupled to the extractor and the condenser 
attached at the rear end, and a fractionating column and a receiving glass tube were 
also attached. Cooling water was supplied continuously from the pipe to the con-
denser for cooling. A heating mantle was used to supply heat to the round-bottom 
flask for 2 hours. The procedure was repeated three times, and 600 g of leaves were 
used. The apparatus was allowed to cool down after each extraction process before 
proceeding to the next extraction process. The oil extracts were left to evaporate 
until dry and then stored in an airtight glass container until needed (Ojewumi et al., 
2018b; Ojewumi et al., 2019d).
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2.4  Preparation of Microbial Culture

Six microbes (four bacteria and two fungi) – Pseudomonas aeruginosa, K. pneu-
moniae, Staphylococcus aureus, Escherichia coli, C. albicans and Rhizopus – were 
obtained from the Microbiology Unit of the Department of Biological Sciences, 
Covenant University, Ota, Ogun State, Nigeria. Isolates were checked for purity and 
reconfirmed using basic biochemical tests.

2.5  Phytochemical Analysis

Phytochemical screening for the secondary metabolites was carried out using the 
ethods of Edeoga, Okwu and Mbaebie (2005); Elizabeth et  al. (2019); Ojewumi 
et al. (2017a); Ojewumi et al. (2017b) and Ojewumi et al. (2017c)

Test for carbohydrates: 1 ml of Molisch’s reagent was added to 2 ml of the oil 
extract, after which a few drops of concentrated sulphuric acid were added. A 
purple colouration depicts the presence of carbohydrates.

Test for glycosides: 3 ml of chloroform and 10% NH3 solution were added to 2 ml 
of the oil extract. A pink colouration depicts that glycosides are present.

Test for terpenoids (Salkowski test): 2 ml of chloroform and 3 ml of concentrated 
H2SO4 were added to 5  ml of the extract to form a layer of reddish-brown 
colouration.

Test for phenols: 2 ml of 10% ferric chloride was added to 2 ml of the leaf oil 
extract. A bluish-green color formed, showing the presence of phenols.

Test for acids: Sodium bicarbonate solution was added to 1 ml of the oil extract. 
The formation of effervescence depicts the presence of acids.

Test for steroids: To 1 ml sample extract, 1 ml chloroform and equal volume of 
concentrated H2SO4 acid was added through the walls of the test tube. Red colour 
in the upper layer and yellow colour with green fluorescence were observed, 
showing the presence of steroids.

Test for cardiac glycosides: Glacial acetic was added to 1 ml of the leaf extract. A 
few drops of ferric chloride with concentrated H2SO4 were added. A reddish 
brown at the junction of two layers was observed, which indicates the presence 
of cardiac glycosides.
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2.6  Determination of Anti-Microbial Analysis

 Test for the Anti-Microbial Activity of the Oil Extracts

Sterile nutrient agar plates were prepared and allowed to solidify. Aliquot 0.1- 
ml S. aureus, E. coli, K. pneumoniae, P. aeruginosa, C. albicans and Rhizopus was 
introduced into different plates, and a sterile cotton swab was used to spread the 
inocula evenly on the surface of the agar. The plates were left on the bench for 
1 hour for the inocula to diffuse into the agar. A sterile cork borer of 5 mm was used 
to make five ditches each on the different plates. Then 100-mg/ml, 50-mg/ml, 
25-mg/ml, 12.5-mg/ml and 6.25-mg/ml extracts were made; 0.5 ml of the extracts 
was dropped in each of the appropriately labelled plates; and control was set up for 
each plate by adding 0.5 ml of the appropriate solvent into the fifth ditch. The plates 
were left on the bench for a few minutes for the diffusion of the extract into the agar 
to take place. It was then incubated at 37 °C for 24 hours. After incubation, the zone 
of clearance was measured around each ditch using a metric ruler by taking mea-
surements from the edge of the plate to the point where the growth of the organism 
started. The diameter of the zone of inhibition, which represents antibacterial activ-
ity, was recorded (Anibijuwon et al., 2012). The agar used was the Mueller-Hinton 
agar (MHA). The control used for the bacteria was gentamicin.

 Determination of the Minimum Inhibitory Concentration (MIC) of the Oil

The broth dilution method was used to determine MIC. Various concentration of 
extract were used, which ranged from 5 mg/ml – 200 mg/ml each concentration 
0.1 ml was added to each 9 ml of nutrient broth containing 0.1 ml of standardized 
test organism of bacterial cells. The tubes were incubated aerobically for 24 hours 
at 37 °C.

 Determination of Minimum Bactericidal Concentration (MBC) of the Oil

Samples from the same tubes used in MIC (minimum inhibitory concentration) 
determination which did not show any visible growth after the period of incubation 
was streaked on nutrient agar plates. The least or lowest concentration of the extract 
indicating a bacterial effect after 2 hours of aerobic incubation at 37 °C was regarded 
as the minimum bactericidal concentration (MBC).
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Table 1 Phytochemical properties of neem oil

S/no Constituents Hexane extract

1 Carbohydrates Absent
2 Glycosides Absent
3 Cardiac glycosides test Absent
4 Terpenoids Present
5 Triterpenoids Present
6 Phenols Present
7 Acids Present
8 Steroids Present

3  Results and Discussion

The phytochemical screening of the crude oil extract was carried out. Table 1 shows 
the results obtained.

Table 2 revealed the anti-microbial activities of neem seed crude oil extract with 
gentamicin and nystatin used as control for bacteria and fungi, respectively.

Table 3 shows the lowest concentration of the oil extract that will inhibit the vis-
ible growth of a microorganism after overnight incubation.

The minimum bactericidal concentration (MBC), which is the lowest concentra-
tion of an antibacterial agent that is required to kill a particular bacterium, was 
analyzed and reported in Table 4.

3.1  Composition of Neem Oil Extract Using Gas 
Chromatography-Mass Spectrometry (Fig. 3 and Table 5)

3.2  Phytochemical Analysis

From the results obtained, Terpenoids, Triterpenoids, Acids and Phenol were found 
out to be present in the oil extract. Other metabolites not present in this research 
have been identified by other researchers in different parts of Neem plants (seeds, 
leaves, stem and flowers)
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Table 2 Anti-microbial analysis results on neem oil

Zone of inhibition (mm)
Organisms Extract Control gentamicin Commercial extract

S. aureus 4 12 3
E. coli 4 5 5
K. pneumoniae 4 10 5
P. aeruginosa 4 11 4

Control nystatin
C. albicans 40 30 25
Rhizopus 20 33 17

Table 3 Minimum inhibitory concentration determination

Organisms
Concentration of neem seed extract (mg/ml)
100 50 25 12.5 6.25

E. coli _ _ − + +
S. aureus _ _ + + +
K. pneumoniae _ _ _ + +
P. aeruginosa _ + + + +
C. albicans _ _ _ + +
Rhizopus _ _ _ + +

Key: (+) growth was noticed
(−) growth was absent (inhibited)

Table 4 Minimum bactericidal concentration determination of M. oleifera seed extract

Organisms
Concentration of neem seed extract (mg/ml)
100 50 25 12.5 6.25

S. aureus _ _ + + +
E. coli _ _ + + +
K. pneumoniae _ + + + +
P. aeruginosa _ + + + +
C. albicans _ + + + +
Rhizopus _ + _ + +

Key: (+) growth observed
(−) growth inhibited

3.3  Anti-Microbial Analysis

The results obtained in Table 2 showed that oil extract had little or no bacteria inhi-
bition on S. aureus, E. coli, K. pneumoniae, P. aeruginosa. However, it showed high 
inhibition on C. albicans and Rhizopus. The antibacterial activity of oil extracts was 
low compared to the zone of inhibition of the fungal isolates, with 40 and 20 mm for 
C. albicans and Rhizopus respectively. Since the extracts of the oil had high 
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Fig. 3 Spectrum of neem oil extracted using hexane

inhibitory characteristics on these two fungi, effective drugs can be developed from 
the extracts. This is of great benefit for the medical world when it Comes to eradi-
cating the diseases caused by fungi

3.4  MIC and MBC Analysis

Based on the MIC results, MBC was performed against the entire selected microor-
ganisms using different concentrations of the neem crude oil extract. The extract 
was discovered to have consequential antibacterial activity against the microorgan-
isms tested; the results of this research support the traditional claims regarding 
neem seed. The result of the MIC of the extract showed that S. aureus, P. aerugi-
nosa, E. coli, K. pneumoniae, C. albicans and Rhizopus were susceptible or sensi-
tive at concentrations of 12.5 and 6.25  mg/ml of the extract. Fungi growth was 
inhibited, resulting in visually clear tubes after 24 hours of incubation.
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Table 5 Selected composition of neem oil extracted using hexane

Constituents %Composition

Hexadecenoic acid 16.22
Squalene 47.10
11-Octadecenoic acid 22.87

3.5  Gas Chromatography Mass Spectrometry (GCMS)

Only three major components were reported in this work since they have significant 
quantity. Identified compounds were shown in Table 4, with squalene as the most 
abundant and likely to occur. Squalene is a fatty acid found in oil and fats. It is an 
organic compound with the formula (C5H8)6. It is also a natural antioxidant and has 
anti-tumor properties, protecting the skin from carcinogens. It has anti- inflammatory 
properties that can reduce redness and swelling.

4  Conclusion

The results showed that the hexane extract of neem oil proves to be a good fungal 
inhibitory substance as it had high inhibition toward Rhizopus and C.  Albicans. 
Drugs for eradicating these fungal diseases can be formulated from neem oil, which 
can also be used to combat storage and field pests. Also, compounds isolated from 
neem can also be used to develop drugs. Results from the phytochemical screening 
confirmed the claims that the crude extracts from various parts of neem have had 
medicinal application since time immemorial.
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Proximate Analyses of Watermelon 
and Pineapple Wastes as Substrates 
for Single-Cell Protein Production

A. O. Salami, O. C. Nwinyi, E. F. Ahuekwe, and A. O. Adeyemi

1  Introduction

The exponential rise of the worldwide population, particularly in developing 
nations, has resulted in global issues such as food insecurity (protein deficiency) 
(Abarshi et al., 2017; Henchion et al., 2017). Thus, the production of biologically 
derived proteins from the fermentation of wastes derived from agricultural produc-
tion using microorganisms has been the subject of debate for many researchers over 
the last decades (Saheed et  al., 2016; Umesh et  al., 2017). The search for new 
sources of dietary proteins with improved nutraceutical characteristics has led to the 
research on single-cell proteins (SCP) derived from microorganisms (Chee 
et al., 2019).

Single-cell protein (SCP) refers to the protein derived from pure cultures of 
microorganisms that can be used as a supplement for animal feed or human food 
(Canedo et al., 2016; Pruksasri et al., 2019). In most plant foods, there are limited 
sources of carbohydrates, fats, vitamins, nucleic acids, minerals, and essential 
amino acids. However, these essential nutrients can be derived from single-cell pro-
teins, with some cells having a protein content of nearly 60–82% of their dry weight 
(Mondal et al., 2012). SCP derived from microorganisms can be used as chemical 
and pharmaceutical additives, protein supplements for human and animal feed, food 
aroma carriers, vitamin carriers, and emulsifying agents (Ukaegbu-Obi, 2016).
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Nigeria has a large production of agricultural wastes due to its extensive agricul-
tural activities and enormous landmass, and it is estimated that about 998 million 
tonnes of agricultural waste each year is produced (Obi et al., 2016; Jekayinfa et al., 
2020). Improper waste disposal and management can pose a public health risk as 
well as environmental issues, such as diseases and air pollution (Yazid et al., 2017).

According to Mensah and Twumasi (2016), residues of orange peels, sugarcane 
waste, cassava waste, wheat straw, rice husk, coconut waste, sawdust, sugar beet 
pulp, paper mill waste, maize cobs, and mango waste are some of the common sub-
strates that could be used to produce SCP. However, the extent of use of these wastes 
for SCP production will depend on the chemical composition of fruit wastes.

In this study, we selected the use of watermelon (Citrullus lanatus) and pineap-
ple fruit (Ananas comosus) wastes for single-cell production because it has been 
reported to be rich in carbohydrates, sugar, as well as other basic nutrients that could 
support the growth of yeasts (Rabiu et al., 2018; Tanamool et al., 2020). We carried 
out the proximate analyses of the selected wastes to confirm their exact nutrient 
compositions due to influences of spatial and temporal variations on the abiotic and 
biotic factors prevailing in the tropical soil environment.

2  Materials and Methods

2.1  Chemicals and Reagents

Pure analytical grade chemicals and reagents were used for this study. These include 
perchloric acid, anthrone reagent, copper sulfate (CuSO4), potassium sulfate 
(K2SO4), concentrated sulfuric acid (H2SO4), 40% caustic soda (NaOH), 4% boric 
acid, bromocresol green, methyl red, 0.1 N hydrochloric acid (HCl), trichloroacetic 
acid reagent, and petroleum ether.

The water used for the experiment was distilled, having been obtained from the 
distillation apparatus (D 4000) (Fig. 1).

Sample collection Proximate analysis

Carbohydrate content

Moisture content

Crude Ash

Crude fat

Crude fiber

Protein content

Fig. 1 A flow chart showing the stepwise analyses of the study
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2.2  Experimental Methods

2.3  Sample Collection and Preparation

Watermelon and pineapple peels were collected immediately after cutting the fruits 
from the cafeteria of Covenant University, situated in the Ota district of Ogun State, 
Southwest Nigeria. The fruit peels were washed thoroughly with running tap water 
and then air-dried for 2 days, then completely dried in an oven (SM9053, Surgifriend 
Medicals, England) set at 60 °C. The oven-dried samples were then ground to pow-
der using an electrical dry miller and sieved using a 2-mm mesh sieve. The ground 
samples were packed in Ziploc bags and stored at room temperature.

2.4  Proximate Analysis of the Sample

Twenty-five grams (25 g) of the dried pineapple and watermelon waste sample was 
used to carry out proximate analysis to determine carbohydrate content, crude fibre, 
ash content, crude fat, moisture content, and crude protein content as the percentage 
compositions of the substrate according to the methods described by the Association 
of Official Analytical Chemists (AOAC, 2016). Each analysis was performed in 
duplicates.

 Estimation of Carbohydrate Content

The amount of carbohydrate in the fruit peels was calculated as the difference 
between all the other proximate parameters. Eq. 1 below was used to measure car-
bohydrate content:

 
Carbohydrate moisture protein fat ash fiber% ( % % % % %( ) = − − − − −100

 (1)

 Estimation of Moisture Content

The dish was weighed (W1), then the sample was added, and the total weight was 
taken (W2). The sample was oven-dried for 5  hours at 125  °C, and the crucible 
weight and sample (W3) were recorded. The percentage of moisture content was 
calculated using Eq. 2:
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Moisture x%( ) = −

−
W W

W W
3 2

2 1

100
 (2)

 Estimation of Crude Fibre

To measure the crude fibre content, 2 g of the samples was measured into a round- 
bottom flask with 50 mL of trichloroacetic acid reagent (TCA). The mixture was 
then boiled and vortexed. Weighted filter paper (W1) that had been cooled to room 
temperature was used to filter the residue. Before the residue was used, it was 
cleaned in hot water four times and once in petroleum ether. The residue-containing 
filter was folded together and dried in an oven at 50 °C for 24 hours. After that, the 
sample was reweighed (W2), ashed at 650 °C, cooled, and then reweighed (W3). The 
percentage of crude fibre was calculated using Eq. 3:

 Crude fibre x%( ) = −
−

W W

W W
2 3

2 1

100  (3) 

 Estimation of Ash Content

Five grams of the samples were added into a clean dried crucible of weight (W1), 
and the weight of the dish and its content was taken (W2). The crucible that con-
tained the sample was placed in the oven and heated until the sample was com-
pletely charred. Then it was further heated for 5 hours at 600 °C. Then the weight of 
the dish plus the content was reweighed (W3). Eq. 4 below was used to calculate the 
percentage of ash content:

 Ashcontent x%( ) = −
−

W W

W W
2 3

2 1

100  (4) 

 Estimation of Crude Fat

Five grams of sample was weighed into a flask (W1), and both the sample and flask 
weights were recorded (W2). The samples were put in the Soxhlet extractor, and the 
flask was filled with 350-mL petroleum ether and left for 4–6 hours for extraction to 
occur. After extraction, the samples were dried and placed afterward in a desiccator 
to cool. The weight of the flask and sample after drying (W3) was taken and recorded. 
Eq. 5 was used to calculate the percentage of fat content:
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 Crude fat x%( ) = −W W

W
3 2

1

100  (5)

 Estimation of Protein Content

Two grams of the samples, 20 mL of concentrated sulfuric acid (H2SO4), 10 tablets 
of K2SO4, and 1 g of CuSO4 were respectively weighed and added into the digestion 
tube, and the solution was digested for 5 hours at 420 °C until the solution appeared 
colorless. Two hundred milliliters of distilled water were added after the digested 
solution had cooled. One hundred milliliters of 0.1 N solution of hydrochloric acid 
(HCl) were pipetted into a conical flask, and 1 ml of mixed indicator (methyl red 
and bromocresol green) was added. The Kjeldahl flask that contained the digested 
sample was tilted, and 100 mL of 40% caustic soda (NaOH) was added then put in 
the distillation chamber (heating section). For ammonia collection, 30 mL of 4% 
boric acid was poured and placed beneath the distillation chamber, and then the 
solution changed from orange to green color. The solution in the conical flask was 
titrated in a burette until a color change from green to pink was observed, and the 
reading on the burette was recorded. Eqs. 6 and 7 were used to calculate the crude 
protein (CP):

 Crudeprotein Nitrogen x% % .( ) = 6 25  (6)

 %
.

Nitrogen
Weight of sample g

x=
−( )

( )
A B x1 4007

100  (7)

where A = normality of standard HCl * vol (mL) of standard HCl, B = normality of 
standard NaOH * vol (mL) of standard NaOH, and constant = 6.25.

3  Statistics

The results were presented as the mean with standard deviation (SD). The differ-
ences in the proximate properties of pineapple and watermelon were tested using 
the Student’s t-test. Significance at p < 0.05 was used to assess significant differ-
ences between means of samples.

4  Results and Discussion

Fruit wastes are typically discarded as agricultural and home wastes. Thus, this 
study investigated the proximate properties of watermelon and pineapple wastes to 
establish a scientific foundation for their usage as substrates for SCP production. 
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Fig. 2 Proximate 
compositions of pineapple 
(Ananas comosus) peels

Fig. 3 Proximate 
compositions of 
watermelon (Citrullus 
lanatus) peels
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The result of the proximate analyses is presented in Figs. 2 and 3 for pineapple and 
watermelon dry peels, respectively.

From the results of the proximate analysis, it shows that the dried pineapple and 
watermelon peels contain variable ingredients with a major amount of carbohy-
drates and small amounts of protein, fat, fiber, and ash. The quantity of the total 
sugars reported in this study for pineapple peels was 56.38 ± 0.01% of dry weight. 
The result agrees with the observation of Zubairu et al. (2018). The value of carbo-
hydrate obtained agrees with the data reported by Madika (2016) which was 59.65%. 
For watermelon peels, the total carbohydrate was 54.75% ± 0.05% of dry weight, 
and the result is in consonance with the observation of Umesh et  al. (2019). 
Carbohydrate is the most favorable nutrient for the growth of microorganisms and 
the production of biomass. It has also been shown that pineapple and watermelon 
peels contain variable ingredients and may be used as carbon and energy sources for 
fungi growth in single-cell protein production.

For the protein content, pineapple peels were also found to contain 2.27 ± 0.00%, 
and this result correlated with the research carried out by Abarshi et al. (2017). This 
value was also lower than the protein content (5.11%) of pineapple peels observed 
in a study carried out by Feumba et al. (2016). The protein content of watermelon 
peels was recorded to be 5.15% ± 0.01%. This value was higher than the results 
obtained by Abdulazeez et  al. (2020), which reported the protein content in the 
range of 0.55–0.80%; however, our values were lower when compared with the 
reports of Egbuonu (2015), which recorded the protein content of watermelon peels 
to be 7.04%. The findings from this study imply that pineapple and watermelon 
peels contain a good level of vital nutrients, like protein. The presence of protein 
content in fruit peels is most suitable for yeast fermentation to produce single-cell 
proteins (Dhanasekeran et al., 2011).

For the pineapple and watermelon peels, the ash content was reported to be 
27.80 ± 0.05% and 30.24 ± 0.02%, respectively. Organic components or minerals 
are a natural substrate for microorganisms, and ash content showed the occurrence 
of organic matter in the fruit peels. This accounts for the potency of the fruit peels 
as a source of minerals for human health.

The crude fat results showed that the fruit peels contained fat contents 
(8.32 ± 0.06% for pineapple and 5.42 ± 0.03% for watermelon). The value for the 
pineapple peels was higher than the crude fat value reported by Madika (2016), 
which was 2.33%. The fat content values recorded for the watermelon peels were 
more than what Olayinka and Etejere (2018) reported in their study, which was 
0.13% fat content. This reveals that cultivars and environmental and soil nutrient 
factors have an impact on the overall nutritional values of the fruits used in this 
study. These fruit peels can serve as a suitable substrate for the production of SCP 
since SCP must have low contents in fat.

The crude fiber obtained for the pineapple peels was 1.05 ± 0.04%. This is higher 
than the fiber value (0.60%) obtained in a study carried out by Hemalatha and 
Anbuselvi (2013) and twice the value of crude fiber obtained by Madika (2016). 
The analyzed watermelon peels had a fiber content of 0.78 ± 0.05%. The value was 
higher when compared with the works of Fila et al. (2013) and Olayinka and Etejere 
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(2018), which found a crude fiber content of 0.30% and 0.23%, respectively. Abarshi 
et al. (2017) recorded the fiber content of watermelon peels to be 2.42% higher than 
the values obtained in this study. Fiber is known to enhance digestion in animals and 
humans and also relieves constipation and hemorrhoids in humans (Abdulazeez 
et al., 2020). Therefore, the fruit peels can serve as substrates for single-cell protein 
production.

The moisture content recorded in this study was 4.18 ± 0.01% and 3.66 ± 0.01% 
for pineapple and watermelon peels, respectively. This value was lower than the 
data (8.65%) obtained by Bakri et al. (2020) on their proximate analysis of pineap-
ple peels. The results for the moisture content of watermelon peels showed a lower 
value than the value (10.72%) reported by Iqbal (2015). The results obtained for the 
low moisture content showed that when pineapple and watermelon peels are stored 
after drying, they could serve a longer shelf life without microbial deterioration or 
chemical changes.

5  Conclusion

From this study, it is obvious that the selected fruit wastes contain the necessary 
nutritional content required for SCP production, which can be used as a good dietary 
supplement for good health.
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Turbidity and Urine Turbidity: A Mini 
Review

C. C. Mbonu, O. Kilanko, M. B. Kilanko, and P. O. Babalola

1  Introduction

Turbidity, the measurement for impurity and the opposite phenomenon of clarity, is 
described as the reduced transparency of a liquid caused by the existence of undis-
solved matter (Kadaruddin & Zainuddin, 2020). The permissible volume of light 
through the liquid, or light that is not dispersed or absorbed but emitted through the 
liquid, provides a foundation for the analyses of various subject matters, such as 
liquid mass concentration and impurity identification (Institute & National Cancer 
Institute, 2020b). Turbidimetry (clarity measurement) or nephelometry can be used 
to determine the turbidity of a substance (a measure of cloudiness).

2  Theoretical Framework

Turbidimetry is the analysis of how much energy is reduced in an electromagnetic 
wave or photonic radiation after passing through a liquid to measure the turbidity or 
transparency of the liquid (Hamilton, 2014). The suspended particles in a liquid can 
be organic or inorganic (Mulyana & Hakim, 2018; Mahoney et al., 2019). Turbidity 
is calculated using two simple methodologies: turbidimetry, which determines the 
degree of light propagation, and nephelometry, which determines the degree of light 
scattering (Kitchener et al., 2017).
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Gravimetric techniques can be used to determine the turbidity of a substance in 
addition to turbidimetry and nephelometry. Turbidimetry measurement involves a 
setup where the detector is positioned at a straight-on 180-degree angle relative to 
the incident light source. The tendency of suspended particles is to reflect light, 
which is detected using nephelometry by positioning a light detector at an angle 
relative to the incident light source since nephelometry measures light dispersion. 
This process was expressed through Rayleigh light scattering (Wiencek et al., 2020).

In the research carried out by Hannouche et al. (2011), it was observed that the 
relationship between turbidity and concentration is due to the amount of turbidity 
attainable to the concentration of the liquid. Based on the research, it is acceptable 
to conclude that the turbidity of a liquid is directly proportional to the concentration 
of the liquid. The concentration of a material is directly proportional to the amount 
of light absorbed or inversely proportional to the logarithm of the emitted light, 
according to Beer’s law. This concept was to determine the absorption of light by a 
liquid sample (A) for a given absorptivity (a) and with a certain amount of concen-
tration (c) (Kricka & Park, 2014). This is expressed mathematically as.

 A abc=  (1)

where b is the distance of the light path.
According to the author, conformance to Beer’s law is dependent on the follow-

ing conditions:

• The concentration of solutes is within a specific limit.
• Between the molecule of interest and another solute or solvent molecule, there is 

no chemical reaction.
• As compared to solute absorbance, solvent absorption is negligible.
• On the substance of concern, incident radiation is monochromatic.
• There is an absence of optical interference.

2.1  Methods of Turbidimetry

Various optical methods have been employed in the detection and measurement of 
the turbidity of liquids. Most common methods such as turbidity tube, Jackson can-
dle method, Secchi disk method, Baylis turbidimeter, turbidity rod, Formazin 
method, etc. serve as the underlining method being innovated to attain the present 
turbidimeter, this turbidity is capable of housing various technology with improved 
performance, efficiency, and accuracy of the turbidimeter.
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 Jackson Candle Method

Jackson’s candle method is a conventional approach in the determination of the 
turbidity of a liquid sample. This method is a visual assessment method that employs 
the use of a metered calibrated flat-bottom glass tube, a clamp or stand, and a candle 
(Fig. 1). A stand or clamp is needed to hold or support the flat-bottom glass tube 
above the candle (Bratby, 2015; Dorea & Simpson, 2011). To determine the turbid-
ity of a sample, the liquid sample is introduced to a metered flat-bottomed glass tube 
positioned above a burning candle. The sample is gradually introduced into the 
glass tube until the image of the candlelight fades away and the light produced by 
the candle is uniformly distributed across the sample. The observer determines the 
visibility of the candle. The turbidity of the liquid sample is observed with the eye 
(Johnson et al., 2006).

The observer looks into the calibrated flat-bottom glass tube as the sample is 
introduced into the tube gradually, as illustrated above. When the light transmitted 
by the candle becomes blurry, the observer stops the introduction of the sample into 

Fig. 1 Jackson candle method (Bratby, 2015)
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the tube and records the light of the sample required to make the light blurry. The 
length recorded is used to determine the correspondent turbidity in Jackson turbid-
ity unit (JTU) with the use of Jackson’s turbidity table, as illustrated in Table  1 
(Johnson et al., 2006). In Table 1, it is shown that the turbidity of the sample reduces 
with an increase in the length of the sample in centimeters. The Jackson candle 
turbidimeter is limited to a range of 25 JTU–1000 JTU. The Jackson method cannot 
account for turbidity less than 25 JTU (Kadaruddin & Zainuddin, 2020).

 Secchi Disk Turbidimeter

The Secchi disk method involves the use of a 20-cm diameter disk, which is made 
up of two colors  (black and white). The two colors are arranged alternately on 
the Secchi disk as shown in Fig. 2 (Bratby, 2015). It is made of heavy material, 
which allows the disk to sink when introduced to a liquid. At the midpoint of the 
disk, there is a provision that allows the attachment of a rope to the disk. To deter-
mine the turbidity of a sample, the Secchi disk is allowed to sink into the sample. 
Using the rope, the Secchi disk is gradually introduced into the sample until the disk 
is no longer visible to the observer. At this point, the rope is held stationary so that 
measurement can be conducted. When the Secchi disk is no longer visible, the point 
on the rope that intersects with the surface of the sample is noted (Boyd, 2020).

Table 1 Centimeter to Jackson turbidity unit (G. Johnson et al., 2006)

Light path Turbidity Light path Turbidity Light path Turbidity
Cm Units Cm Units Cm Units

2.3 1000 7.3 300 19.6 110
2.6 900 7.5 290 21.5 100
2.9 800 7.8 280 22.6 95
3.2 700 8.1 270 23.8 90
3.5 650 8.4 260 25.1 85
3.8 600 8.7 250 26.5 80
4.1 550 9.1 240 28.1 75
4.5 500 9.5 230 29.8 70
4.9 450 9.9 220 31.8 65
5.5 400 10.3 210 34.1 60
5.6 390 10.8 200 36.7 55
5.8 380 11.4 190 39.8 50
5.9 370 12 180 43.5 45
6.1 360 12.7 170 48.1 40
6.3 350 13.5 160 54 35
6.4 340 14.4 150 61.8 30
6.6 330 15.4 140 72.9 25
6.8 320 16.6 130
7 310 18 120
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The disk is removed from the sample, and the distance from the surface of the 
Secchi disk to the marked point on the rope is measured. The distance measured is 
called the Secchi depth. The conversion of the Secchi depth to turbidity is a compli-
cated method because various factors affect the disappearance of the Secchi disk. 
These include light diffusion in the sample and the intensity of light reflected from 
the sun to the Secchi disk then to the eye of the observer. The diffusion of light in 
the sample is represented as diffusion attenuation coefficient denoted as Kd while 
the reflection from the sun to the surface of the Secchi disk then to the eye is repre-
sented as the beam attenuation coefficient denoted as C. In their study, Bower et al. 
(2020) illustrated that the Secchi depth (Zsd) is inversely proportional to the sum of 
the beam attenuation coefficient (C) and the diffusion attenuation coefficient (Kd) as 
expressed in the equation below:

 

Z
y

C Ksd
d

�
�� �  

(2)

where y is a constant variable with a value, which is dependent on the reflectivity of 
the Secchi disk, the surrounding, and the sensitivity of the observer’s eye. The 
Secchi disk’s visibility or Secchi depth is also expressed by Boyd (2020) as

 
K

Zd
sd

=
1 7.

 
(3)

Secchi depth is midway

Disk raised slowly to point
where it reappears

Disk lowered slowly until it
disappears from view

Fig. 2 Secchi disk method (Bratby, 2015)
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 Turbidity Tube

The turbidity tube method of measuring the turbidity of a liquid sample involves the 
use of a clear tube, tube cap, viewing disk, and measuring device. The clear tube 
must be clean and very transparent to allow the optimum reflection of light into the 
tube. The tube is responsible for holding the sample and allowing the reflection of 
light during the duration of the analysis. The tube cap prevents the leakage of the 
sample from the tube, thereby keeping the liquid sample inside the clear tube. The 
viewing disk is similar to the Secchi disk, which has two white and two black quad-
rants on a circular disk, as illustrated in Fig. 3 below. The diameter of the viewing 
disk must fit properly into the internal diameter of the clear tube.

The measurement of the height of the liquid sample in the tube from the surface 
of the viewing disk to the maximum level of water can be obtained using two meth-
ods. The first method involves metering or calibration directly on the cylinder. 
Calibration starts from the level of the surface of the viewing disk upward. This 
ranges from 0 cm to up to 100 cm. The second method involves the use of an exter-
nal measurement device to determine the height of the liquid sample. The starting 
point or 0 point of the external measuring device is placed on the same level as the 
surface of the viewing disk, while the rest of the external measurement device is 
aligned horizontally along the tube.

According to Mohammed (2015), to obtain the turbidity of a liquid sample using 
the turbidity tube method, the experiment must be conducted during daylight but 
must not have direct contact with sunrays. To achieve this, the observer must stand 
between the turbidity tube and the sun, thereby casting a shadow on the turbidity 
tube. To ensure proper results and attain the turbidity of the liquid sample, the fol-
lowing steps must be followed (Dorea & Simpson, 2011):

Fig. 3 Labeled representation of a turbidity tube (Myre & Shaw, 2006)
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• A clean container is used to collect the sample to be introduced to the turbidity 
tube so that the integrity of the sample is secured.

• The observer is positioned 10–20 cm away from the top of the clear tube hori-
zontally and must be observed directly above the clear tube such that the viewing 
disk is seen by the observer (Fig. 4).

• The liquid sample must be gently introduced into the tube. This continues until 
the viewing disk becomes blurry and difficult to see. At this point, the liquid 
sample is slowly introduced into the tube until the observer is no longer able to 
see the disk.

• The height of the liquid sample at which the observer is unable to see the viewing 
disk anymore is recorded and referred to length-to-turbidity conversion table 
(Table 2).

The turbidity tube method has certain elements and principles of operation of 
both the Jackson candle method of turbidimeter and the Secchi disk method of tur-
bidimeter. It is important to note that the intermediate value of turbidity cannot be 
derived through linear interpolation due to the logarithmic nature or nonlinearity of 
the turbidity scale (Myre & Shaw, 2006). Hence, minimum and maximum values 
representing the upper and lower limits of the experiment are needed. The author 
used 85.4 cm–5 NTU as the lower limit and 7.3 cm–200 NTU as the upper limit. 
The maximum and minimum values preferred by the author, as highlighted in 
Table 2, were used to arrive at the intermediate values of turbidity using the equa-
tion below:

 
Lengthof liquid cm turbidity� � � � �� ��24 13

0 662
.

.
NTU

 
(4)

The summary of the Jackson candle turbidity, turbid meter, Secchi disk, and 
turbidity tube methods are listed in Table 3.

Fig. 4 Procedure for conducting turbidimetry using a turbidity tube (Mohammed, 2015)
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 Baylis Method

Baylis method for determining the turbidity of a liquid sample is based on a color 
comparison between the sample and a standard reference liquid of the same class. 
The instrument for conducting turbidity measurement using the Baylis method 
involves the use of a closed galvanized iron box with two glass tubes on one side 
and a 250-watt light source with a reflector behind the light source. The glass tubes 
stand side by side with each other as the reference liquid is introduced in one, and 
the second glass makes the provision for the introduction of the liquid sample. A 
white opal glass plate supports the glass tubes at their lower ends, and blue cobalt 
glass plates surround them near the bottom section. To determine the turbidity of a 
liquid sample, the following steps are performed:

• A reference liquid with known turbidity is introduced into one of the glass tubes, 
while the liquid sample to be analyzed is introduced into the second glass tube.

• The light source is allowed to illuminate the interior part of the galvanized iron 
box. When the light ray strikes the blue cobalt glass plate, it causes blue illumi-
nation of the reference liquid and sample.

• If the resulting color obtained is not the same, the reference liquid is removed 
and a more suitable reference liquid is introduced to fit the color output of the 
liquid sample.

• When a fitting reference liquid is attained, the standard turbidity of the reference 
liquid is recorded as the turbidity of the sample.

Table 2 Length-to-turbidity conversion table (Myre & Shaw, 2006)

Length (cm) NTU

6.7 240
7.3a 200a

8.9 150
11.5 100
17.9 50
20.4 40
25.5 30
33.1 21
35.6 19
38.2 17
40.7 15
43.3 14
45.8 13
48.3 12
50.9 11
53.4 10
85.4a 5a

amin and max values used in eq. 4
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2.2  Light Scattering

When light passes through a liquid sample, the scattering of light occurs at various 
angles due to suspended particles in the liquid as well as the shape and size of the 
particles. The intensity of light scattered depends on the suspended particles, which 
are attributed to the turbidity of the liquid. The optical techniques, which include 
visual turbidimetry, a detection method based on transmitted scattered light, and a 
detection method based on the transmission-scattering ratio, are used in all turbidity 
measuring methods (Cao et al., 2019). The intensity of the scattered light can be 
obtained by installing a photometer, which is a light detector, along the angle of 
detection. The detection angle is the angle created by the incident light beam’s cen-
terline, and the detectors receive the angle’s centerline. The detection angle can 
have a great impact on particle detection from a size perspective as well as the 
instrument’s turbidity range.

Table 3 Summary of Jackson candle turbidity, turbid meter, Secchi disk, and turbidity tube 
(Mohammed, 2015)

Method Advantage Disadvantage

Jackson candle turbid meter (historical method) No longer a standard 
method

   Water poured into tube Cannot measure <25 JTU 
(25 NTU)

   Reading taken when candle 
burning under tube can no 
longer be seen

Turbid meter (nephelometer) Extremely accurate Expensive
   Beam of light passed through 

water sample
Some are portable Easily damaged

   Amount of light scattered 
measured at a 90-degree angle

Can measure very low turbidity Requires power source, 
requires calibration

Secchi disk Low cost Less accurate
   Black-and-white disk lowered 

into water
Portable Cannot be used in 

shallow water or swift 
currents

   Maximum distance at which 
disk can be seen recorded

No consumables, easy to learn Not applicable to small 
sample sizes

Turbidity tube (transparency tube) Low cost Less accurate
   Jackson candle method 

combined with Secchi disk 
method

Portable, easy to learn, no 
consumables, suitable for all 
water sources

Cannot measure <5 NTU

Turbidity and Urine Turbidity: A Mini Review



262

 Light Scattering Theory

The principle of light scattering, which is due to the association of light with parti-
cles in a liquid, is used in nephelometry to address turbidity (Dasgupta & Wahed, 
2013). As a result, nephelometry measures a liquid’s turbidity by calculating the 
intensity of scattered light (Institute & National Cancer Institute, 2020a). As an 
initial light intensity (I0) passes through a liquid with a given length (l) and turbidity 
coefficient (τ), the intensity of the light after passing through the liquid (I) is mea-
sured using the first equation below (Cao et al., 2019). The author also expressed the 
Rayleigh theorem, which describes the relationship between the intensity of light 
after scattering (Is) and the quantity (n) and volume of particles (V2) per unit volume 
of liquid, in the second equation below:

 I I e l� �
0
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 (5)
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where lo is the initial light wavelength.
As earlier mentioned, nephelometry is the detection of light scattered by sus-

pended particles. The detection of the light scattered by suspended particles is per-
formed through a nephelometer. This device measures the intensity of scattered 
light at an angle of 90 degrees to the direction of the propagated light (Boyd, 2020). 
Forward-scattering, side-scattering, and backscattering nephelometry are the three 
subcategories of nephelometry (Fig. 5). Side scattering involves the measurement of 
the intensity of scattered light at an angle of 90 degrees to the incident beam. 
Forward scattering involves the measurement of the intensity of scattered light 
within a range of 0 to 90 degrees, and backscattering involves the measurement of 
the intensity of scattered light within a range of 90 to 180 degrees (Kitchener 
et al., 2017).

The classification of particles in a liquid is given in ranges, according to Lawler 
(2016). The diameter (D) of the particles is used to identify the ranges of particles 
suspended in a liquid, with small particles being D < 0.05, large particles being 
0.1 < D < 0.8, and larger particles being D > 0.8. The light scattering theory is influ-
enced by the diameter of the particle scattering light from a light source as a func-
tion of the wavelength of the electromagnetic wave (λ). Hence, the particle 
dimension with respect to light results in D < 0.05 λ for small particles, 0.1 < D < 0.8 
λ for large particles, and D > 0.8 λ for larger particles. This theory is known as the 
Mie scattering theory and is defined as follows:
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Rayleigh’s scattering theory, formulated in 1871 for gases, is used for small par-
ticles. Rayleigh’s scattering theorem for gases can be used to determine the distribu-
tion of small particles in a liquid due to their small size since Rayleigh’s equation of 
scattering was designed to describe the angular distribution of a resultant light scat-
tering. Rayleigh’s equation is given as
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where io represents the dispersed light intensity at an angle, Io represents the initial 
light intensity, n’ represents the particles’ refractive index, n represents the liquid 
containing the particles’ refractive index, r represents the distance of the liquid con-
taining particles with volume V, and N represents the number of particles. A particle 
is referred to as a large particle with an asymmetric distribution of dispersed light if 
the size of the particle in a medium is within the range of 0.1 < D < 0.8. The Mie 
scattering theory, which is expressed in the equation above, can be used to calculate 
large particles. It is worth noting that the larger the suspended particles are, the 
greater is the disruptive interference of light, resulting in more light scattering 
backward.

Fig. 5 Light scatter observation angles (Kitchener et al., 2017)
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2.3  Urine and Turbidity

Various analyses can be conducted on urine to detect certain abnormalities, includ-
ing metabolic imbalance or ailments (Libretexts, 2018). The examination of urine 
can be based on the urine’s physical characteristics, microscopic makeup, or chemi-
cal composition. The physical characteristics of urine include color, specific gravity, 
odor, turbidity, and pH. The turbidity of urine is increased by the presence of cel-
lular debris, cast, and, in some cases, crystal and other debris in the urine. Blood 
(both red and white blood cells), hemoglobin, cholesterol, albumin, leukocyte ester-
ase, nitrites, ketones, bilirubin, and urobilinogen are all substances that are not 
expected to be found in urine, the presence of which can increase urine turbidity 
(Johnson, 2019; Jitta et al., 2018; Urinalysis, 2019).

A turbidity analysis of urine can give the following outcomes: clear urine, par-
tially cloudy urine, cloudy urine, or opaque or flocculent urine (Libretexts, 2018). 
When the turbidity of a urine sample is high, it raises a red flag, requiring further 
investigation (Fan & Bai, 2020). Urine that has been freshly harvested but has an 
unclear and muddy look is referred to as turbid or cloudy urine.

Cystitis, diabetes, gonorrhea, chlamydia, kidney stones, pyelonephritis, urethri-
tis, kidney failure, trichomonas, prostatitis, etc. are diseases associated with cloudy 
or turbid urine. Other causes of turbid urine include hydration, urinary tract infec-
tion, kidney infection and stones, sexually transmitted infection, vulvovaginitis, 
diet, and diabetes (Johnson, 2019). According to Gadalla et al. (2019), the urine of 
an individual who is healthy and properly hydrated and has not ingested any sub-
stance that can change the color of their urine is clear. Hence, a turbidity measure-
ment of urine that does not report “clear” is a less desirable result.

 Urine Turbidimetry

The conventional method for detecting whether urine is turbid or not is gross exami-
nation/inspection. Gross inspection involves the use of the eye to detect the trans-
parency of urine. Generally, gross inspection is used to examine the physical 
properties of urine (Roxe, 1990). This method is similar in principle to Jackson’s 
candle method as it focuses on the attenuation principle and turbidity tube method. 
The urine sample is either introduced into an illuminated environment and examines 
how much light the eye can see or place in front of a light source while a whited 
paper that has been printed on is placed between the light source and the transparent 
tube housing the urine sample. The turbidity of the urine sample is given by the vis-
ibility of the printed work through the urine sample. This method shows close simi-
larities with the turbidity tube method.

Gross inspection usually provides inaccurate results as it is unable to measure the 
actual turbidity of urine. In recent times, however, laboratories have employed the 
use of more accurate methods. The use of photometers and spectrophotometers has 
now been a generally accepted method for calculating urine turbidity, and they yield 
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more accurate and reliable results. Photometers measure the strength of light or the 
amount of light falling on a surface, while spectrophotometers calculate the strength 
of the light at specific wavelengths.

Mithya et al. (2019) proposed the use of an Arduino device to detect turbidity in 
liquid samples, which can be employed to determine the turbidity of urine. Arduino 
turbidity sensor can replicate a photometer to detect the number of suspended par-
ticles in urine by measuring transmitted and scattered light (Fig. 6). It consists of a 
light source and a detector, and the sample is placed between the sensor’s probes. 
One probe houses the light source, while the other houses the detector. Here, turbid-
ity is directly proportional to the intensity of light transmitted through the liquid 
(Chidera et al., 2020).

Photometry method involves the measurement of the intensity of light transmit-
ted through a urine sample or scattered by the interaction of suspended particles in 
the urine sample. A personal health monitoring system can be developed from this 
principle. The device will adopt one of the principles of the method discussed above. 
A photometric device can be constructed and installed in the convenience to con-
duct real-time turbidity measurement. This can serve as a detection device or a 
monitoring device to conduct a follow-up on the response to treatment of ailment 
that results in deposition of particles in the urine.

3  Conclusion

The turbidity of turbid urine does not give the cause of the turbid state of the urine 
but the presence of suspended particles and a rough estimate of the amount of sus-
pended particles present in the urine. Hence, turbidity of the urine sample should be 
carried regularly in the comfort of the user since turbidity measurement is a step to 
further investigation. Various modern devices approach for the detection of the tur-
bidity liquid sample involves the measurement of light that passes through the sam-
ple and the measurement of the intensity of scattered light. Hence, developing a 
setup with the ability to describe the disturbance to the passage of light caused by 

Fig. 6 Arduino turbidity sensor (Mithya et al., 2019)
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suspended particles is needed. Internet of things (IoT) provides a means to measure 
the turbidity of a urine sample by measuring the intensity of light transmitted 
through the urine sample. Higher intensity depicts less amount suspended particles 
and turbidity while lower light intensity depicts a high amount of suspended parti-
cles and turbidity. This makes it possible to conduct turbidity measurement in the 
comfort of the user by developing compatible techniques to attain the turbidity of 
urine samples in real-time.
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Antibiotic Resistance Status 
of Pseudomonas aeruginosa in Clinical 
Isolates in Ogun State

H. U. Ohore, P. A. Akinduti, E. F. Ahuekwe, A. O. Salami, 
and G. I. Olasehinde

1  Introduction

Antibiotic-resistant bacterial infection among hospitalized patients is currently one 
of the most serious global concerns and results in high mortality and increased hos-
pital costs. According to the World Health Organization (WHO) and the US Centers 
for Disease Control and Prevention (CDC), the rising trend in antibiotic resistance 
by several bacteria is an imminent threat to public health. Pseudomonas aeruginosa, 
a member of the ESKAPE group, causes a wide range of infections that are difficult 
to treat because of their natural resistance to a host of anti-microbial compounds 
(Ahmad et al., 2016).

The infections caused by Pseudomonas aeruginosa are associated with relatively 
high treatment failures due to its intrinsic and acquired resistance to commonly 
available antibiotics. This is particularly shown in patients hospitalized with burns 
(Mirzaei et al., 2020) and malignancies and those with cystic fibrosis (Botelho et al., 
2019), as well as those with fulminant infections, such as sepsis and pneumonia, 
most of which are fatal with a high mortality rate. Mainly, these infections arise due 
to the development of drug resistance patterns, biofilm formation and virulence fac-
tor production. All these have contributed to the resistance of pathogens. At present, 
P. aeruginosa has been described as multi-drug resistant (MDR), being resistant to 
at least one agent in three or more anti-microbial classes, or pan-drug resistant, 
being resistant to all agents in all anti-microbial classes (Horcajada et al., 2019). 
This is due to the fact that they have developed or acquired resistance to a number 
of clinically useful antibiotics.
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Pseudomonas aeruginosa is a Gram-negative bacilli that has a mortality rate of 
up to 61% from nosocomial infections (Mirzaei et al., 2020), and its resistance has 
been increasing. Extended-spectrum beta-lactamases (ESBLs) are enzymes that 
hydrolyze and induce resistance to cephalosporin monobactams (Ahmad et  al., 
2016). Beta-lactamase production is the most frequently utilized resistance mecha-
nism (Ogunrinola et  al. 2020; Shaikh et  al., 2015). It is a cause of resistance in 
Gram-negative bacteria, particularly among P. aeruginosa, Klebsiella pneumoniae 
and Escherichia coli (Pérez et al., 2019).

Since resistance is driven by antibiotic use, the drug options of MDR Gram- 
negative bacteria have become less effective as they become more available for 
clinical use. A number of studies in Nigeria have reported antibiotic resistance in 
P. aeruginosa in various locations (Adesoji et al., 2015; Jombo et al., 2008; Ozumba, 
2003; Ogbolu et al., 2008; Olayinka et al., 2009; Akinduti et al. 2021 & Smith et al., 
2012). However, there is a paucity of information on the multi-drug-resistant 
P. aeruginosa in Ogun State, especially in clinical samples. The primary aim of this 
study is therefore to determine the prevalence of beta-lactamase producing P. aeru-
ginosa in hospitals in Ogun State as a way to generate local data necessary for plan-
ning and advocacy, particularly for empiric therapy, antibiotic stewardship and 
infection control.

2  Methodology

2.1  Study Site

This study was carried out at the following hospitals: Ota General Hospital, Ota; 
Federal Medical Center, Abeokuta; Medicare, Ota; and Covenant University Health 
Center, Ota, Ogun State.

2.2  Ethical Approval

Ethical approval was obtained from the Covenant Health Research Ethics Committee 
(CHREC), with protocol number CHREC/055/2020 Covenant University, Idi-Iroko, 
Ota, Ogun State.

2.3  Study Subjects

Extra-intestinal samples (urine, wound swabs, ear swab and high vaginal swab sam-
ples) were collected from the study sites over the course of 3  months, from 1 
September 2020 to 30 November 2020. Both male and female samples were col-
lected from all ages.
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2.4  Sample Size

The sample size obtained for this study totalled 150 isolates (77 urine, 42 high vagi-
nal swabs, 17 ear swabs, 13 wound swabs and two blood cultures).

2.5  Specimen Collection, Culturing and Bacterial Isolation

Using swab sticks and universal bottles, a total of 150 extra-intestinal isolates were 
recovered from urine, wound and skin from the selected hospitals. The swab stick 
was used on skin by rubbing on affected areas, and mid-stream urine samples were 
recovered in universal bottles. The swabs were placed in Amies transport media. All 
swabs and universal bottles were properly labelled and transported to the Covenant 
University Microbiology laboratory for further analysis.

The samples obtained were inoculated on cetrimide agar and nutrient agar asepti-
cally and aerobically incubated for 24 hours at 37 °C. Positive growth on cetrimide 
agar, indicated by a yellow green to blue colour or fluorescence, suggested positive 
for Pseudomonas growth (cetrimide is a selective medium for P. aeruginosa), while 
no growth suggested negative for P. aeruginosa. The suspected positive isolates 
were inoculated on nutrient agar and stored in nutrient broth for further analysis. 
Based on colony morphology, colour, Gram staining and biochemical tests such as 
catalase and oxidase, presumptive bacterial identification was achieved. Pure cul-
ture bacterial isolates were identified based on their morphology and biochemical 
characteristics.

2.6  Antibiotic Susceptibility Testing

The susceptibility pattern of the P. aeruginosa isolates was determined using the 
modified Kirby-Bauer disc diffusion system. The antibiotics used were cefuroxime, 
ciprofloxacin, ceftazidime, penicillin, ofloxacin, amoxicillin, gentamicin and strep-
tomycin (Oxoid, UK). The susceptibility test was carried out on Mueller-Hinton 
agar (HiMedia, India). Plates were incubated at 37 °C for 18–24 hours and exam-
ined for zones of inhibition following the incubation period. The diameters of the 
zones were measured and recorded accordingly. The following Clinical and 
Laboratory Standard Institute (CLSI) guidelines were used for the interpretation of 
the zone of inhibition for each antibiotic: resistant (R), intermediate (I) and sensi-
tive (S).
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2.7  Phenotypic Detection of β-Lactamase

The β-lactamase assay by plate method was done following the method of 
Krishnamurthy et al. (2013). A loopful culture of the test organism was spot inocu-
lated on Mueller Hinton agar (MHA) containing 1% starch and penicillin 
(10,000 units). After the incubation of plates at 37 °C for 18–24 hours, the plates 
were flooded with freshly prepared phosphate-buffered saline (PBS) containing 
potassium iodide. The appearance of the clear, colourless zone around the bacterial 
growth, an indication of β-lactamase production, was present in 27 isolates.

3  Statistical Analysis

Statistical analysis was performed using chi-square from the Statistical Package for 
Social Sciences (SPSS) version 20. A p value of ≤0.05 was considered statistically 
significant.

4  Results and Discussion

The prevalence of Pseudomonas aeruginosa infection in this study was 18%. The 
results presented here are from a subset of 27 (18%) participants from whose sam-
ples Pseudomonas aeruginosa was isolated.

The antibiotic profile of the organisms isolated in this study is presented in 
Table  2. Isolates were most susceptible to gentamicin (74.1%), ciprofloxacin 
(59.3%) and ofloxacin (59.3%). The isolates were resistant to all other antibiotics 
assessed in this study. Over half (51.8%) of the isolates were susceptible to at least 
two antibiotics, while only six (22.2%) of the isolates were resistant to all antibiot-
ics used in this study. All isolates in this study were multi-drug resistant, i.e. resis-
tant to more than one class of antibiotics (Fig. 1).

Antibiotic resistance has become such a challenge to health professionals that 
constant monitoring is required to stay abreast of the evolving changes in resistance 
patterns, gene encoding for resistance and the antibiotics that are no longer effective 
to ensure the control of the antibiotic resistance epidemic. Pseudomonas aerugi-
nosa has frequently found a means to overcome the bactericidal effects of various 
antibiotics, such as beta-lactams, making the treatment of infections caused by it 
difficult, especially in immunocompromised individuals.

Table 1 shows the prevalence of P. aeruginosa based on patient demographics 
and the source of collection. In this study, 27 isolates out of 150 were positive for 
P. aeruginosa. There was a higher prevalence of P. aeruginosa in ear and would 
swabs, as opposed to the other sample sites. The differences in prevalence could 
mean that ear and wound swabs are more likely to be infected by P. aeruginosa, as 
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Table 2 Antibiotic profile of 27 P. aeruginosa isolates obtained in this study

Antibiotics

Susceptible Resistant Intermediate
Number 
(n)

Percentage 
(%)

Number 
(n)

Percentage 
(%)

Number 
(n)

Percentage 
(%)

CAZ 0 0.0 27 100.0 0 0.0
CPX 0 0.0 27 100.0 0 0.0
GEN 201 74.1 6 22.2 1 3.7
CPR 16 59.3 11 40.7 0 0.0
OFL 16 59.3 11 40.7 0 0.0
STR 8 29.6 19 70.4 0 0.0
PEN 0 0.0 27 100.0 0 0.0
AMP 0 0.0 27 100.0 0 0.0

22.22%

40.74%

37.04%

2 Classes 3 Classes 4 Classes

Fig. 1 Multi-drug 
resistance pattern of 
P. aeruginosa isolates 
obtained in this study

compared to samples from other parts of the body, such as blood. This was the same 
in studies by, for example, Jombo et al. (2010), Ogbolu et al. (2008) and Raja and 
Singh (2007). There was also a higher prevalence of P. aeruginosa among the ages 
of 0–10 and 21–30. This was similar to previous studies done in Nigeria (Ullah 
et al., 2018 & Ajibade et al., 2019) and other parts of the world (Sambrano et al., 
2021). The higher incidence of P. aeruginosa in patients aged 0–10 may be due to 
their weaker immune system and recreational activities; also, during this stage of 
life, children are likely to be exposed to nosocomial infections. Young adults can 
also be exposed to this pathogen during hospital visits or recreational activities.

The antibiotic susceptibility pattern of P. aeruginosa isolates in this study is con-
sistent with previously published studies. Isolates in this study were most suscepti-
ble to four of the eight antibiotics screened: gentamicin (74.10%), ofloxacin 
(59.3%), ciprofloxacin (59%) and streptomycin (44%)—in that order. Absolute 
resistance (100%) was shown to ceftazidime, cefuroxime and ampicillin (Table 2). 
P. aeruginosa showed 96.30% resistance to penicillin. The research of Ahmad et al. 
(2016), conducted in Pakistan, showed a contrast in susceptibility to gentamicin as 
they recorded a resistance level of 74.25%. Kaur and Singh (2018) found ceftazi-
dime to have the least effect on Pseudomonas, with 39.1% susceptibility. Gentamicin 
and ciprofloxacin showed average susceptibility of 55.7% and 57.2%, respectively. 
This is in direct contrast to the study carried out by Olowokeere et al. (2018) in the 
North Central, where P. aeruginosa was resistant to the mentioned antibiotics.

This study agrees with that of Shaikh et al. (2015), which found 100% resistance 
to ampicillin and 91.46% to ceftazidime. The authors did record a higher level of 
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Table 1 Prevalence of Pseudomonas aeruginosa according to the demographic data of the patients 
recruited for the study

Demographics Source Number (n) Percentage (%) X2
Blood 2 7.41 7.630 0.106
Ear 10 37.04
HVS 3 11.11
Urine 5 18.52
Wound 7 25.93

Gender Female 20 74.07 6.259 0.012
Male 7 25.93

Age group 0–10 7 25.90 6.519 0.164
11–20 1 3.70
21–30 9 33.30
31–40 5 18.50
>40 5 18.50

*P < 0.05 is significant (N = 27)

ciprofloxacin resistance (74.47%) than was found in this study. Conversely, genta-
micin resistance was recorded at 95.74%. This trend of resistance was also observed 
by Zubair and Iregbu (2018). This is in direct contrast to the study carried out by 
Olowo-Okere et al. (2018) in the North Central, where P. aeruginosa showed resis-
tance to gentamicin and ciprofloxacin.

Where this study found a 40% resistance to the fluoroquinolones Ciprofloxacin 
and Ofloxacin, the results of Braide et al. (2018) showed no resistance at all. The 
disparity in the results in Imo State (Braide et al., 2018) versus our findings in Ogun 
State show that anti-microbial resistance levels vary with location. To highlight this, 
we found a total resistance to ceftazidime, whereas Braide et al. (2018) recorded 
4%. Back in 2007, ceftazidime showed susceptibility of 79.4% in Lagos (Aibinu 
et  al., 2007), and in 2003, ceftazidime had an 88.5% susceptibility in Enugu 
(Ozumba, 2003). The current surge in resistance could be caused by over- 
prescription. The findings of gentamicin, ofloxacin, and ciprofloxacin by the same 
authors were almost evenly distributed.

A systematic review of the prevalence of ESBLs in Nigeria was conducted by 
Tanko et  al. (2020), and P. aeruginosa has been confirmed to produce ESBLs. 
Nasarawa State had the highest levels of ESBLs: 53.6% in the North Central, 
Bauchi; 82.3% in the North East, Kano; 41.2% in the North West, Ebonyi; 74.3% in 
the South East, Akwa-Ibom; 47.1% in the South-South and Oyo; and 76.9% in the 
South West. Overall, on average, there is a higher prevalence of ESBLs in southern 
Nigeria than in northern Nigeria. Other organisms frequently screened for ESBLs in 
Nigeria are Escherichia coli and Klebsiella pneumoniae.

The literature shows that ceftazidime is almost ineffective against pseudomonal 
infections. Based on the findings of this study, gentamicin shows the most likeli-
hood of treating pseudomonal infections. The fluoroquinolones could also be a 
treatment option based on their average susceptibility.
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5  Conclusion

The high level of Pseudomonal resistance recorded is likely due to the abuse of 
antibiotic usage and the acquisition of resistance elements in hospital and commu-
nity environments. From this study, gentamicin shows promise, but second- and 
third-generation cephalosporins are quickly becoming ineffective. This requires 
urgent attention and an urgent search for more antibiotic agents with effectiveness 
against Pseudomonas aeruginosa.
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Microbial Quality of Watermelons Sold 
in Ota

N. O. Fasuyi

1  Introduction

Fruit and vegetables are heralded as life giving and life maintaining because they 
are packed with substances that promote health, prevent diseases, and boost longev-
ity (FAO 2020). A diet that adequately represents them foretells a life with minimal 
trips to the doctor. Fruits have an abundance of sugars, phytochemicals, fiber, water, 
and proteins (Erhirhie et al. 2020). The widely recommended daily intake of fruit 
and vegetables by regulatory agencies for each is two servings and three servings, 
respectively (Miller et al. 2016; Wallace et al. 2019), an equivalent to the World 
Health Organization’s approximation of 400 grams of fruit and vegetables to be 
consumed daily (Frank et al. 2019; FAO 2020). The consumption of fruit and veg-
etables in Africa is at a much slower rate when compared to that in other continents. 
Africa brings up the rear. This low consumption rate is probably due to population 
explosion and slow economic expansion (Balali et al. 2020). Despite this, the pro-
duction of fruit and vegetables has increased, with street-vended fresh fruit and 
vegetables accounting for 86% of the total market produce, thus necessitating crops 
free from microbial contamination (Balali et al. 2020). Generally, fruits are con-
sumed whole in Nigeria, but many are cut into smaller sizes and sold in open mar-
kets. Watermelons and pineapples are the most commonly cut ready-to-eat (RTE) 
fruits in Nigeria (Oyedele et al. 2020). Recent years have seen an increase in cut 
RTE fruits as these do not have to be washed, peeled, and cut before ingestion. 
These fruits are cheaper than whole fruits, convenient to eat on the go, nutritious, 
and are more accessible (Orji et al. 2016; Osuntokun 2018).
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Fruits are generally highly perishable and are prone to contamination by patho-
genic microorganisms (FAO 2020). Their sugars, vitamins, minerals, and other 
organic substances supply substrate for microorganisms and contribute to the den-
sity and variety of the microbial population found in food (Mailafia et al. 2017). 
Microbiological contaminants of priority concern are parasites, bacteria, viruses, 
and prions (Alegbeleye et al. 2018). Bacterial pathogens are the most frequently 
implicated contaminants in fresh produce. Contamination by foodborne organisms 
will differ based on varying conditions and the means of contamination. 
Microorganisms get into fruits through various channels, including sewage, organic 
fertilizers, air, manure, soil, raw/irrigation water, livestock, and insects (Rajwar 
et al. 2016; Jideani et al. 2017). Postharvest contamination can arise from handling, 
equipment, environment, transportation, storage, and insects (Machado-Moreira 
et al. 2019). When the fruits are injured with cuts and punctures, organisms on the 
skin may be internalized within the fruit and replicate under favorable conditions 
(Alegbeleye et al. 2018; Edeghor et al. 2019). The increasing rate of foodborne ill-
nesses from fruits has cast a shadow on the safety of fruits in the market. Foodborne 
illnesses refer to ill health, which is a direct result of the consumption of infected or 
poisoned food. When two or more individuals present with similar symptoms after 
eating the same food, this means a foodborne illness outbreak has occurred 
(Kearney 2018).

Ready-to-eat fruits sold by street vendors are frequently prepared in areas with 
limited sanitary provisions, thus facilitating contamination from handling practices 
(Augustin et al. 2020). Exposure to environmental pollution such as market refuse, 
wastewater, crawling and flying insects, and exhaust fumes can enable pathogenic 
microbes in the atmosphere and immediate environment, which can settle on the 
fruits’ surface (Erhirhie et al. 2020). There are records of outbreaks of fruits impli-
cated in foodborne illnesses in developed countries. Africa’s compromised public 
health system has made African countries the recipients of the bulk of foodborne 
diseases (Faour-Klingbeil and Todd 2019). The implicated pathogens include 
Bacillus cereus, Staphylococcus aureus, Pseudomonas aeruginosa, Listeria mono-
cytogenes, Escherichia coli, Campylobacter jejuni, Klebsiella pneumoniae, Serratia 
marcescens, and Enterobacter aerogenes. Thus, this study was carried out to iden-
tify some of the pathogens present in ready-to-eat watermelons sold in Ota, Ogun 
State, Nigeria.

2  Materials and Methods

2.1  Sample Collection

Two samples each of freshly cut watermelons tied up in transparent polythene and 
displayed for sale were purchased from four different roadside vendors along Ota 
road (Winners, Iyana, Oja-Ota, and Oju-Ore), Ogun State, Nigeria. The samples 
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were stored in sterile Ziploc bags and transferred to the Microbiology Teaching 
Laboratory, Covenant University, Ota, Nigeria, for microbiological analysis.

2.2  Isolation of Microorganisms

The samples from each vendor were homogenized in a high-power blender, and 
1 ml of each homogenate was diluted in 9 ml of sterile distilled water up to fivefold 
dilutions. Nutrient agar (NA), MacConkey agar (MCA), eosin methylene blue agar 
(EMB), and mannitol salt agar (MSA) were prepared and sterilized following the 
manufacturer’s instructions. An aliquot of 1 ml (equivalent to 1 g) from the 10−5 
dilutions was pipetted into sterile Petri dishes, and cooled molten agar was mixed 
in. The plates were swirled gently for an even distribution of the inoculum. When 
fully set, they were inverted and incubated for 24 hours at 37 °C. The colonies that 
were observed the following day were subjected to subculturing for pure isolates 
and for the monitoring of phenotypic characteristics.

2.3  Determination of Microbial Load

The pure colonies obtained from the pour plate method were enumerated using a 
colony counter (JP SELECTA 4905000) and expressed in the CFU/mL stan-
dard form.

3  Results and Discussion

3.1  Microbial Load of Watermelon Samples

The number of distinct colonies observed and enumerated varied among the water-
melon samples from different vendors. Table 1 contains the details of the average 
plate count. The bacterial load was in descending order, from the highest to the low-
est, from vendor 4 to vendor 1, respectively. Among the four vendors, vendor 4 had 
the highest count at 2.7 × 108 CFU/mL, followed by vendor 3 with 2.3 × 107 CFU/
mL and vendor 2 with 3.0 × 107 CFU/mL; finally, vendor 1 had the least count at 

Table 1 Total aerobic plate count of watermelons sampled in Ota, Ogun State

Mean bacterial load (CFU/mL)

Vendor 1 (Winners) Vendor 2 (Iyana)
Vendor 3
(Oja-Ota)

Vendor 4
(Oju-Ore)

1.6 × 107 3.0 × 107 2.3 × 107 2.7 × 108
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1.6 × 107 CFU/mL. The least bacterial count was beyond the acceptable levels of 
103 CFU/mL.

3.2  Isolated Organisms from Watermelon Samples

The phenotypic summary of the organisms isolated from the watermelon samples is 
given below. The features considered include Gram’s reaction, shape, colony, and 
color. Green metallic sheen on EMB agar was indicative of Escherichia coli, yellow 
round colonies on MSA indicated Staphylococcus sp., and white colonies on MSA 
signaled Micrococcus sp. White colonies on MCA were presumptive of the pres-
ence of Proteus and pink mucoid colonies on EMB of Klebsiella sp. (Table 2).

Fruits contain microbial contaminants more than one would want to believe 
(Machado-Moreira et al. 2019; Balali et al. 2020). Previous research has highlighted 
the variety of bacterial pathogens that have been recovered from watermelons and 
other fruits. It is recommended that 1 g of fruit should not contain more than 103 of 
microorganisms CFU/g (FAO 1992). The high values found by many researchers 
within the 104–107 range all converge to the point that fruit samples are home to 
more contaminants and likely pathogens than is generally regarded as safe (Daniel 
2014; Auta et al. 2017; Musa et al. 2019). The present research found the microbial 
load of the watermelons to be more than twice the recommended ranges stated by 
the Food and Agriculture Organization (FAO). It can thus be interpreted that the 
microbial quantities in whole fruits would be astronomical, many of which may be 
contaminants risky to public health. This would also mean that the high titers of 
inoculum in fruits would mean that a higher chance of foodborne infections when 
consumed as a factor for pathogenicity is the size of the pathogen inoculum. The 
general safety of the fruits is largely dependent on the pre- and postharvest practices 
adhered to by food growers, as well as the conditions the fruits are exposed to. It is 
easy for the fruits to become contaminated after harvest, before they eventually 
reach the customers despite thorough hygiene practices by the farmers. Coupled 
with the internalization ability of some pathogens like Salmonella, which becomes 
buried in the pulp of fruits and replicates, the enforcement of food safety in the retail 
sector is critical.

Table 2 Isolated organisms from watermelon samples

S/N Phenotypic summary Gram’s reaction Probable organism

1 Green metallic sheen on EMB agar – Pink rods Escherichia coli

2 Pink mucoid colonies on EMB agar – pink rods Klebsiella spp.

3 Yellow round colonies on MSA + purple cocci Staphylococcus aureus

4 Pink round colonies on MSA + purple cocci Staphylococcus spp.

5 White colonies on MCA – Pink rods Proteus spp.
6 White colonies on MSA + purple tiny cocci Micrococci
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Five genera of bacteria were identified in this study: Escherichia coli, Klebsiella, 
Staphylococcus, Proteus, and Micrococcus. Escherichia coli is the most well-known 
food pathogen of utmost importance. This coliform is used to confirm the absence 
of fecal contamination. If present, it can be assumed that a part of the production 
process was conducted under unsanitary conditions (Ekici and Dümen 2019). It is 
frequently implicated in diarrheic infections, with complications such as sepsis and 
hemolytic uremic syndrome (HUS). Pathogenic strains of E. coli, such as 0157:H7, 
have been implicated in foodborne outbreaks from the ingestion of contaminated 
meat, poultry, and fruit and vegetables with a record of fatalities (Ekici and 
Dümen 2019).

Klebsiella pneumoniae, a nosocomial pathogen, is quickly becoming a concern 
in food safety as it has been recovered from raw and cooked meat and vegetables, as 
well as fruit juices (Riley 2020). Its multidrug-resistant status compels the urgent 
need for safe practices. The organism could cause liver abscess when it colonizes 
the gastrointestinal tract (Hartantyo et al. 2020).

With an estimated 241,000 illnesses per year in the United States, foodborne 
diseases caused by Staphylococcus aureus have become a problem (Kadariya and 
Smith 2014). It is dominantly transmitted via poor handwashing practices by food 
handlers. Its symptoms include abdominal cramps, vomiting, and diarrhea. 
Clinically recognized as a cause of urinary tract infections as well as a commensal 
of the digestive tract, Proteus sp. has been implicated in gastrointestinal infections, 
Crohn’s disease, and appendicitis (Hamilton et al. 2018). These swarming/swim-
ming bacteria are equipped with antibiotic resistance, hemolysins, enterotoxins, 
mucosal adherence, biofilm formation, and other defense mechanisms that enable 
the successful execution of infections. The first report of food poisoning by P. mira-
bilis occurred in 2008 and was linked to stewed pork balls (Wang et  al. 2010). 
Between 1994 and 2005, 124 events of Proteus food infections were recorded 
(Wang et  al. 2005), with P. mirabilis having the highest number (61) of cases. 
Although not frequently found, Proteus is rapidly gaining a reputation as a food-
borne pathogen.

These organisms recovered in this study are risky to public health. They could 
have gained access to the fruits through poor preharvest and postharvest strategies, 
such as the use of contaminated irrigation water or slicing fruits with unclean knives 
and using dirty utensils (Machado-Moreira et al. 2019). The general optimal tem-
perature of these organisms is 37 °C; hence, they can multiply uninhibited and even 
reach dangerous quantities within the fruits. The high water activity of watermelons 
also creates suitable conditions for this phenomenon to occur. Staphylococcus 
aureus and Escherichia coli may be involved with food intoxication due to their 
ability to produce toxins. Staphylococcus aureus produces the staphylococcal heat- 
stable enterotoxins A–J, which interact with the immune system, leading to the low 
effectiveness of proteolytic enzymes and mast cells (Kadariya and Smith 2014). 
E. coli has a variety of toxins, including the Shiga toxin and verotoxin, which are 
responsible for the diarrheic features of E. coli infections (Kim et al. 2020). In rare 
cases, Proteus infections can result in gastroenteritis. This is more frequent in 
Klebsiella infections, but Micrococcus is not thought to be a true pathogen.
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4  Conclusion

The results of this study show that the fresh-cut watermelons assessed are of poor 
quality, having numbers totally unacceptable by established standards. It reflects 
that hygiene levels in the markets are poor and should be reviewed. Measures to 
ensure that the levels of microbial populations fall within the set limits and that food 
handlers and food preparation areas are well sanitized need to be implemented 
within the short possible time to help reduce public health concerns on ready-to- 
eat fruits.
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Re-Emerging Systemic Mucormycosis 
Associated With COVID-19 Infection 
in Africa

Abimbola D. Akinyosoye and Paul A. Akinduti

1  Introduction

COVID-19 (a viral disease) caused by SARS-COV 2 formerly known as nCov 2019 
(Li et al. 2020) has massively affected the global community with high rate of fatal-
ity (Maital and Barzani 2020). Morbidity for COVID-19 has reached over 199 mil-
lion and recorded deaths have reached over 4 million (World Health Organization 
2021). There were major milestones discovery in treating this novel infection, which 
were commendable but with side effects (WHO 2021). These treatments were more 
of a remediating attempt with the use of glucocorticoids (a class of cortisteriods) 
such as Dexamethasone. In many cases doses are given according to the severity of 
disease being treated and patients’ responsiveness to doses (WHO 2021).

The pathogenecity of mucormycosis has not been fully established but it has 
been linked to relationship between host-pathogen interaction involving tissue 
necrosis and penetration of endothelial cells of vessels of the blood (Ibrahim et al. 
2012) and spreads to other organs. Angioivasiveness of the fungal infection mucor-
mycosis contributes to its ability to disemminate through blood (Prakash and 
Chakrabarti 2021). Mucormycosis ability to penetrate vessels of the blood and per-
meate different organs of the body makes room for systemic infections which affect 
organs such as the lungs (pulmonary mucormycosis), kidney (renal mucormycosis), 
liver, breast, ear, spine, heart, and bone which can lead to total colonization of these 
organs and their subsequent damage and shut down.

These systemic mucormycotic infections have been associated with COVID-19, 
with rhinocerebral mucormycosis and pulmonary mucorycosis being the more fre-
quent ones (Sukiana 2021). This study critically reviews the existing data of 
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underrepresentation of MM, systemic infections, and the impact of mucormycosis 
as a re-emerging fungal infection associated with COVID-19 in Africa.

2  Prevalence of Mucormycosis

Mucormycosis is acquired by sporangiospores inhalation from air, occasionally 
through ingestion of fungal spore contaminated food or traumatic inoculation, and 
it has an often fatal prognosis (Alqarihi et al. 2020). Mucormycosis is accompanied 
with general symptoms such as swelling of one side of the face, headache, conges-
tion of the nasal cavity, black lesions on nasal bridge or upper palate of the mouth 
which can escalate quickly and become chronic, vessel thrombosis, tissue necrosis, 
and fever (CDC 2021). This often results to the need for surgical removal of infected 
tissues (Skiada et al. 2018) and survivors often require reconstructive surgeries to 
mitigate the disfiguring defects (Augustine et al. 2017). Lichtheimia spp., Mucor 
spp., and Rhizopus spp. have been associated with approximately 70% of the mucor-
mycosis reported cases and are the visibly common mucormycosis etiologic agents 
(Skiada et al. 2020).

Despite mucormycosis angioinasiveness, reports of systemic infection associ-
ated mucormycosis have been reported. Systemic spread of mucormycosis are usu-
ally observed primarily in the lungs (pulmonary mucormycosis) which could further 
disseminate to the nervous system, sinus, liver, kidney, heart, orbital space, and 
large intestine (Chen et  al. 2019). Currently, mucormycosis epidemic in India 
reported cerebral and orbital area as common site of infection following entry via 
the lungs and other organs (Prakash and Chakrabarti 2019).

2.1  Epidemiology of Mucormycosis

Globally, MM reports remain scanty and estimation of its prevalence varies due to 
prevalence in different high-risk populations. Most of the cases discovered post- 
mortem are rhinocerebral and pulmonary mucormycosis (Ramadorai et al. 2019).

 Epidemiology in Africa

Cases of mucormycosis have been recorded in some parts of Africa but COVID-19 
associated mucormycosis has not been properly documented. Mucormycosis has 
also not been properly documented in Nigeria but Yusuf and Onyiriuka  (2012) 
recorded a case of subcutaneous mucormycosis based on physical analysis and light 
microscopy. Oladeji et al. (2013) also recorded rhinocerebral MM in a 40-year-old 
female with uncontrolled diabetes mellitus, four-week history of facial rash, com-
plete nasal bridge collapse, nasopalatal fistula with black eschars on the mucosa, 
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ulceration of the mid face, and bilateral visual loss. Based on available data, there 
has been no case of CAM in Nigeria. Onyango et al. (2002) reported rhinocerebral 
mucormycosis from a male patient, a Kenyan resident, with non-insulin dependent 
diabetes, with characteristic symptom of abdominal pain, left facial palsy, vomiting, 
and dyspnea; a 39-year-old female with tuberculosis (TB)/human immunodefi-
ciency virus (HIV) co-infection was suspected to have rare renal disseminated MM 
in South Africa, although it was not confirmed by fungal culture or molecular analy-
sis (PCR) (Khaba et  al. 2021). Cases of Rhizomucor spp. mediated MM were 
reported in child cancer patients with fatality in Egypt (El-Mahallawy et al. 2016), 
with diabetic ketoacidosis as the major risk factor associated with MM prevalence 
in male patients (Daoud et al. 2014). Egypt recorded her first case of COVID-19 
associated mucormycosis on June 1, 2021, at Mansoura University Hospital (Egypt 
Independent 2021).

2.2  Systemic Mucormycosis

 Rhinocerebral Mucormycosis

A common form of mucormycosis; it affects the nasal cavity and spreads quickly to 
the brain. Mostly found among people with diabetic ketoacidosis and diabetes mel-
litus (Jeong et al. 2019) and kidney transplant patients (CDC 2021). Rhinocerebral 
mucormycosis spreads and extends from the nasal area to the brain (Sahoo et al. 
2017). Common non-ophthalmic symptoms include facial swelling, bone destruc-
tion, fever, facial pain, headache, nasal discharge, facial nerve palsy, epistaxis, 
hemiplegia, tooth ache, sinusitis, nasal ulceration, palatal eschar, altered mental sta-
tus, and facial numbness (Prakash and Chakrabarti 2019), ophthalmic manifesta-
tions include ophthalmoplegia eye pain, proptosis, decreased vision, chemosis, 
orbital cellulitis, necrosis, ptosis, and periorbital discolouration (Vaughn et al. 2018).

 Pulmonary Mucormycosis

Also a common type of mucormycosis usually found with people with hematologi-
cal malignancy, diabetes mellitus, stem cell transplant, organ transplant, kidney dis-
ease (Feng and Sun 2018), and pulmonary tuberculosis (Prakash et  al. 2019). 
Symptoms include high fever, persistent cough, pleuritic chest pain, hemoptysis, 
and dyspnea; diagnosis is difficult because of non-specificity of imaging studies.
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 Cutaneous Mucormycosis

Frequently seen in trauma or breach of skin epithelial usually after skin burns, sur-
gery, and any type of skin trauma (CDC 2021). Trauma predisposes people to this 
type of mucormycosis and risk factors such as injection in the intramuscular part of 
the body in  local health centers, motor vehicle accident, surgery, contaminated 
dressings, burns, natural disasters, and so on (Prakash and Chakrabarti 2019). It is a 
localized infection with deep permeation in and around the subcutaneous tissue, it 
is also classified as a disseminated infection, based on the extent of the invasion. 
Cutaneous mucormycosis is confined to the cutaneous and subcutaneous tissue and 
does not infect adjacent sites, or permeation of tissue deep extension involving mus-
cle invasion, bone invasion as well as tendons, it has a clinical presentation of 
necrotic tissue having a black appearance composed of dried blood and exudate 
(Paduraru et al. 2016).

 Gastrointestinal Mucormycosis

Gastrointestinal (GI) mucormycosis is more present in young children especially 
children born premature and frail looking babies, with immunosuppressed immune 
system because of surgery, antibiotics, or other medications that cause immunosup-
presion (CDC 2021) and common among malnourished patients or patients under-
going dialysis. Gastrointestinal mucormycosis is very difficult disease to diagnose 
after death (Kaur et al. 2018). It also occurs in immunocompromised patients espe-
cially those who have just undergone solid organ transplants (Wotiye et al. 2020) 
and in individuals with underlying diseases such as diabetes mellitus, and people 
who use antibiotics indiscriminately are at risk of this type of mucormycosis (Kaur 
et al. 2018). Sites of infection include large intestine, stomach, small intestine, and 
oesophagus (Dioverti et  al. 2015), and symptoms often include abdominal pain, 
gastrointestinal bleed, abdominal distension, and diarrhea (Prakash and Chakrabarti 
2019) (Tables 1 and 2).

 Renal Mucormycosis

Individuals who underwent kidney transplant or immunosuppression have been 
reported with systemic mucormycosis invading the kidney, but most recently a 
unique case was also reported in an apparently healthy person (Saneesh et al. 2021). 
Presenting flank pain, anuria, and fever (Bhadauria et al. 2018). Computer tomogra-
phy (CT) scans, ultrasound, and polymerase chain reaction (PCR) can be employed 
for early diagnosis of this systemic mucormycosis that invades the kidney. CT scans 
show infarction in the parenchyma, renal thrombosis with thickening of the renal 
pelvis (Shanmugam et al. 2019).
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Table 1 Prevalence of mucormycosis in selected countries

Area of study Duration Incidence of cases Reference

San Francisco Bay, 
Area

1992–1993 1.7 per 1 million
individuals (500 cases per year)

Rees et al. (1998)

Mucormycosis-related 
hospitalizations

January
2005–June 
2014

0.12 per 10,000 discharges during, 
later increased to 0.16 per 10,000 
discharges

Kontoyiannis 
et al. (2016)

France 1997–2006 0.7 cases per million- 1.2 per
million

Lantermier et al. 
(2012)

Belgium 2000–2009 0.019 /10,000 patient-days- 
0.148/10,000 patient-days

Saegeman et al. 
(2010)

India 10-year 
period
5-year 
period
18-month 
period

12.9 cases/year
35.6 cases/year eighteen 50 cases/
year

Chakrabarti et al. 
(2001).
Chakrabarti et al. 
(2006)
Chakrabarti et al. 
(2009)

Table 2 Recent report of mucormycosis in Africa

Country
Mucormycosis cases per 
100,000 Duration Reference

Africa Senegal 0.2 2012–
2014

Badiane et al. (2015)

Cameroon 0.2 2014–
2017

Mandengue and Denning 
(2018)

Nigeria – – –

 Disseminated Mucormycosis

It occurs by spreading via the bloodstream to other organs of the body, e.g., brain, 
heart, lung, nervous system, skin, and spleen (CDC 2021). The most common site 
of dissemination is the lungs (Fadhel et al. 2019). Patients who receive organ trans-
plants and patients with leukemia, myeloma, and lymphoma are more at risk of this 
type of mucormycosis (Jeong et al. 2019).

2.3  Underrepresentation and Neglect of Mucormycosis 
in Africa

Generally, fungal infections have low representation and are often neglected in 
Africa, compared with other microorganisms over the years (Rodrigues and 
Albuquerque 2018). With relative death and morbidity associated with mycoses in 
sub-Saharan Africa, it is noteworthy that they are not recognized as neglected tropi-
cal diseases (Govender et al. 2011). Cryptococcal meningitis, a deadly infectious 
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disease responsible for approximately 1.5 million deaths (WHO 2018) received 
0.5% of global funding (Chapman et al. 2017), lesser than malaria, tuberculosis, 
diarrheal diseases; cryptococcal meningitidis (Chapman et al. 2017) kills 20 times 
more than Neisseria meningitidis while it remains neglected in several countries. 
Mortality and morbidity caused by fungal infections are often common among peo-
ple in underdeveloped or developing countries (Schwartz et  al. 2017), and the 
mycoses epidemiology is difficult to predict and often shows multiple resistance to 
antifungal drugs which could pose a threat to human health, e.g., Candida auris 
(Lamoth and Kontoyiannis 2018). Reliable and cost-effective diagnostic tools are 
limited, and therapeutic options are poorly effective, toxic, and expensive (Pinalto 
and Alspaugh 2016), available ones are not readily available where needed or even 
not registered in areas where needed (GAFFI 2018). Amphotericin B discovered in 
1958 (Carolus et al. 2020) and fluconazole (Richardson et al. 1990) were previous 
antifungals available before echinocandins, which is the most recent antifungal 
agent approved for mycoses therapy was approved in 2002 (Denning 2002). Over 
20 antibiotics have been approved since then. Similarities shared by fungi with 
their host hinder the development of antifungal compounds (Rodrigues and 
Nosanchuk 2020).

There is a huge need to investigate and increase the surveillance of fungal infec-
tions and therapeutic intervention to MM.  As shown by the recent cases of 
COVID-19 associated mucormycosis (CAM) and COVID-19 associated pulmonary 
aspergillosis (CAPA), that fungal infections can complicate primary infections 
(COVID-19) and also be very fatal, hence the urgent need to develop novel thera-
peutic, diagnostic, and preventive tools and antifungal agents (Ramaswani 
et al. 2021).

2.4  Systemic Pathogenesis and Tissue Pathology

 Pathogenesis of Mucormycosis

Inhaled spores’ ability to germinate, form hyphae in the invaded host is crucial in 
the establishment of infection in mucormycosis (Ibrahim et al. 2012). Mucormycosis 
is characteristically incapable of penetrating unbroken skin unless the skin is broken 
through burns, cuts, etc. allowing spores, contaminated adhesive tape and the use of 
contaminated therapeutics for immunocompromised patients (Hartnett et al. 2019). 
Prevalence is common during natural disasters, i.e., contaminated soil or water (e.g., 
Indonesia tsunami 2004) (Andresen et al. 2005), and after devastating tornadoes in 
Joplin, Missouri in June 2011 (Neblett Fanfair et al. 2012) saw outbreaks of mucor-
mycosis. Mucormycosis flourish in iron-rich environments as iron (Fe) is necessary 
for fungal cell growth, metabolism, and development, and elevated iron levels in the 
serum predisposes patients to mucormycosis (Adrianaki et al. 2018).
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 Factors That Aid Pathogenesis

Host Defense and Mucormycosis Pathogenesis

Studies have shown that immunocompromised individuals or impaired phagocytes 
were at higher risk of mucormycosis (Ibraham et al. 2012; Inglesfield et al. 2018; 
Hassan and Voight 2019). Fungal spores when inhaled could germinate and hyphae 
is formed, which is necessary for establishment of infection, inhalation of mucor 
spores by immunocompetent individuals rarely have resultant effect on the develop-
ment of mucormycosis (He et al. 2021). Individuals who have their immune system 
suppressed because of use of corticosteroid and have DKA die of progressive pul-
monary and blood transmitted infection (Baldin and Ibrahim 2017). Diabetic keto-
acidosis characterized with hyperglycemia and low blood pH have shown to have 
dysfunctional phagocytes, impaired chemotaxis put one at risk of MM (Palermo 
et al. 2020). The mechanisms by which phagocytes lead to severe infection such as 
diabetes mellitus and diabetes ketoacidosis and its relationship with corticosteroids 
are not yet known so phagocyte dysfunction does not really throw light on the high 
incidence of mucormycosis in individuals with DKA (Inglesfield et al. 2018).

Iron Uptake and Mucormycosis Pathogenesis

Mucorales fungi are virulent and it enables them to cause disease in their host. 
These virulence factors include the ability to acquire iron as essential element for 
growth and functioning of their cell from their host using different processes 
(Stanford and Voight 2020). It grows well in serum or environment rich in iron and 
at acidic environment, e.g., rhizopus (Morales-Franco et  al. 2021). Studies have 
shown that the iron bound to proteins in humans to avoid toxicity of free iron in 
human (Caza and Kronstad 2013; Eid et  al. 2017; Yiannikourides and Latunde- 
Dada 2019) and the unbound iron is present in the serum of patient with DKA pre-
disposes to mucormycosis (Adam et al. 2016). MM acquire their iron from their 
host through siderophores. Siderophores are organic chelators having a low molecu-
lar weight with distinct affinity for Fe (III), and microbial cells iron uptake is medi-
ated by siderophores (Morales-Franco et al. 2021); example is rhizopus known to 
secrete rhizoferrin of the polycarboxylate family (Carroll et al. 2017). The mecha-
nism of rhizoferrin is yet to be deciphered, the uncertainty is whether it transports 
iron by extracellular release or internalization of the siderophore before the release 
of iron in the cytoplasm of the fungi, but the certain part of this mechanism of iron 
uptake with the use of siderophores is the inefficiency of rhizoferrin in obtaining 
iron from serum (Challa 2019). Hence, fungi siderophore contribution of its viru-
lence in human is minimal if not non-significant (Fatima et al. 2017). Fungal adap-
tation to use xenosiderophores is a more structured instrument for acquiring iron 
from their host (Gerwein et al. 2018).

Another technique fungi acquire iron from host is the use of heme oxygenase 
(Kornitzer and Roy 2020). Studies revealed that this heme oxygenase may enable 
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species of Rhizopus, e.g., Rhizopus oryzae, to obtain iron from human heamoglobin 
which gives an explanation to their angioinvasiveness (Ibrahim et al. 2012; Petrikkos 
and Tsioutis 2018; Jose et al. 2021). Ibrahim et al. (2010) reported pathogenesis of 
Rhizopus oryzae producing numerical reduction of FTR1, reduced biomass on heme 
supplemented media, thus FTR1 could as well be acting as a permease for cytoplas-
mic membrane which help the uptake of heme intracellularly, whereby Fe3+ is 
released through intracellular degradation with heme oxygenases (Ibrahim 
et al. 2012).

Host-Pathogen Interactions and Mucormycosis Pathogenesis

The major characteristic of mucormycosis is its angioinvasiveness, which is its abil-
ity to penetrate the vessels especially blood vessels and it often leads to blood clot 
formation (vessel thrombosis), subsequently, infected tissue in the body (tissue 
necrosis) (Huang et al. 2021). The necrosis of infected tissues prevents leukocytes 
and antifungals from the focal infection. This angioinvasion likely links the ability 
of mucormycosis to spread to other organs causing disseminated mucormycosis. It 
is therefore essential to understand the mechanisms by which mucormycosis angio-
invasion occurs to give insight to approaches in prevention and treatment of mucor-
mycosis. Other considered but not established factors that aid pathogenesis of 
mucormycosis; Rhizopus species, e.g., Rhizopus microsporus (Jennenssen et  al. 
2005) and Rhizopus chinensis (White et al. 2002) through a symbiotic relationship 
with bacterium of genus Burkholderia intracellularly produce mycotoxin known as 
rhizoxin (an antimitotic macrocyclic polyketide metabolite) (Lackner and Hertweck 
2011) but it has not been confirmed as causal mechanism of MM pathogenesis.

2.5  Risk Factor for Transmission and Spread

The infection can be obtained through spore inhalation into the sinus and lungs, or 
penetration into broken skin either by forced trauma, cuts, or injury, or eating food 
contaminated with fungal spores as fungi colonize quickly in foods rich in carbohy-
drates (Luo et al. 2021). These ingested spores can quickly develop and produce 
hyphae which leads to death of blood tissue due to blood vessel clot, as a result of 
the blood vessels invasion by the hyphae (CDC 2021). However, rare nosocomial 
outbreaks of infections are increasingly reported from many hospitals (Sanchez-Gil 
et al. 2017) through contaminated bandages (Prakash and Chakrabarti 2019), hospi-
tal served ready-to-eat food, contaminated hospital linens (Sundermann et al. 2019), 
ventilators, medical equipment, e.g., wooden sticks, catheter, elastoplast adhesive 
dressings, and wooden tongue depressors contaminated with spores (Prakash and 
Chakrabarti 2019). The most common site is traumatized or open skin (CDC 2021). 
Associated risk factors to this infection are diabetes with or without ketoacidosis, 
diabetes mellitus, renal failure, tumor, neutropenia, drug associated 
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immunosuppression therapy, and organ transplant. There are reported cases with 
HCA mucormycosis from adhesive bandages, hospital linen, and wooden tongue 
depressors (Sharma et al. 2021). More recently, use of corticosteroids is an associ-
ated risk factor with CAM which makes COVID-19 patients susceptible of due to 
weak immune systems caused by decreased levels of T cells (CD4 + T and CD8 + T) 
(Sen et al. 2021).

2.6  Control and Prevention

It can be controlled with persistent antifungal drug therapy with the use of ampho-
tericin B, oral drugs such as posaconazole and isavuconazole, or surgery; neutro-
phils can also be supplied with sufficient oxygen through a hyperbaric chamber to 
supply enough oxygen to kill fungi; Dexamethasone, a drug popularly known as 
“mawu mawu” (weight enhancer) or ‘yodi’ (buttocks enhancer) in the south western 
part of Nigeria, western Africa, due to its ability to cause one to have increased 
appetite subsequently increase their fat serves and body weight (Michel and Cabanac 
2016); Glucocorticoids, primary stress hormones that reduce inflammation and help 
maintain physiological processes (Ramamoorthy and Cidlowski 2016), and they 
have anti-inflammatory and immunosuppressive ability (Youssef et  al. 2016). 
Glucocorticoid’s use has been accompanied with an array of side effects including 
diabetes, osteoporosis, glaucoma andavascular necrosis among others (Youssef 
et al. 2016). It can also be prevented by avoiding indiscriminate use of Corticoids or 
drugs that can induce immunosuppression, avoidance of oxygen masks sharing 
(Banerjee et al. 2021), and proper border control (Afroz et al. 2021).

2.7  COVID-19 Associated Mucormycosis

Worldwide occurence of COVID-19 brought about an increase in the mucormycosis 
incidence, with quite a number of incidence temporally associated with COVID-19, 
birthing the name COVID-19 associated mucormycosis (CAM) (Pal et al. 2021). 
Corticosteroids continous use in COVID-19 therapy causes immunosuppression 
which was identified as one of the major factors that bring about mucormycosis as 
a secondary infection (Singh et  al. 2021). Oxygen treatment in ICU and use of 
humidifiers increase the risk of black fungus (Banerjee et al. 2021) among hospital-
ized individuals. Cases of CAM remain very low as pertinent to the Delta variant 
(Banerjee et al. 2021). The diagnosis of CAPA relies on early prognosis and consid-
eration of consistent radiology scans, prevailing risk factors, and fungal spore dem-
onstration in microscopy and tissue culture (Koehler et al. 2020). In IPA cases, the 
galactomannan in bronchoalveolar lavage is a useful marker (Hsu et al. 2010). IPA 
shares similarities with pulmonary mucormycosis in their risk factors, radiology 
scans, and in their clinical manifestations, but not with CAM, making its diagnosis 

Re-Emerging Systemic Mucormycosis Associated With COVID-19 Infection in Africa



294

more difficult (Garg et al. 2021). Poor prognosis, limited clinical symptom, and dif-
ficulty in causal fungi isolation add to issues of poor diagnosis of MM, but diagnosis 
rely more on microscopy as most cases are diagnosed with post mortem findings 
(Garg et al. 2021).

3  Global Impact of Mucormycosis on COVID-19

Reports of fungal secondary infection associated with COVID-19 (IPA, CAPA) 
have been perviously recorded (Koehler et al. 2020) but most recently a severe fun-
gal secondary infection on the rise is COVID-19 associated mucormycosis (Pal 
et al. 2021). Increasing reports of cases of CAM has been recorded mostly among 
individuals with underlying health complications, such as DKA, diabetes mellitus 
(DM), or excessive and indiscriminate use of steriods (Walsh et al. 2012). The huge 
upsurge of CAM cases recorded in India calls for global attention and surveillance 
of individuals with COVID-19, especially people at risk. India has recorded the 
highest number of people with CAM with an estimate of over 4000 people (Fig. 1). 
Studies carried out on CAM in India have shown that three quarter of those affected 
by the disease are male, a huge number of patients who were diagnosed CAM had 
been treated with gluco-corticosteroids and have underlying health issues, those 
with diabetes mellitus showing the greatest susceptibility (Sen et  al. 2021), with 
rhino-orbital mucormycosis being the most frequent type of mucormycosis associ-
ated with this disease in India (PAHO 2021). There are increasing concern for fatali-
ties that accompany CAM, making use of dexamethasone in treating COVID-19 
cases remains unachievable; John Hopkins School of Public Health describes it as a 
“nightmare in the making” and “the signaling of a global problem.” Mucormycosis 
has been declared an epidemic in India due to report of over 41,000 cases and 3554 
as of 16 July 2021. The use of amphotericin B, which targets a sterol found in fungi 
cell wall known as ergosterol, must be increased, but its administration is limited by 
infusion-related toxicity (Laniado-Laborin and Cabrales-Vargas 2009) often medi-
ated by cytokine release from monocytes (Mihu et al. 2014).

3.1  Potential Impact of COVID-19 Associated Mucormycosis 
(CAM) in Africa

Over 19 million adults (age 20–79) living with diabetes and 60% of subjects in 
Africa living with diabetes and do not know (IDF 2019), over 20 million cases of 
cancer and 26 million HIV positive people in Africa (continent with highest inci-
dence of HIV) are the potentially affected, with adverse impact of CAM in Africa 
which is very devastating. Low precipitations and elevated temperature during dry 
season are identified as possible factors for increased incidence due to clustering 

A. D. Akinyosoye and P. A. Akinduti



295

Fig. 1 Worldwide incidence of CAM and mucormycosis

observed during these periods (Stemler et al. 2020). As diabetes has been recog-
nized as a major risk factor linked with CAM, countries such as South Africa share 
a huge case burden of diabetic patients with over 7.8 million living with HIV, and 
has also been an epicenter of COVID-19 in Africa with over 2 million cases (WHO 
2021). The reduced use of immunosuppressants should be considered and border 
laws must be enforced to prevent the movement of people with a high CAM 
(CDC 2021).

4  Interventions

The COVID-19 global epidemic has recorded a total mortality of over four million 
people worldwide. The development of vaccine has reduced the impact globally, but 
the distribution of this vaccine is limited in developing countries. There is still need 
for supportive care in management of COVID-19  in developing countries (Garg 
et al. 2021). Glucocorticoids, remdesivir drugs proven to increase survival rate of 
COVID-19, compared with others, are very much less expensive, readily available, 
and have shown to increase survival rate and reduce mortality rate of COVID-19 
infected individuals (Sterne et al. 2020). More funding is needed for holistic epide-
miological study on mucormycosis (Prakash and Chakrabarti 2019). The incidence 
rate and worldwide occurrence of mucormycosis is unknown because it is often a 
secondary infection and opportunistic (Dallalzadeh et al. 2021) which often lead to 
late prognosis (Bellazreg et al. 2015). Most cases are identified post-mortem (Garg 
et  al. 2021), and lack of diagnostic tools lead to non- reportability of the disease 
(Skiada et al. 2020). Most figures of incidence are based on estimates from a large 
population-based studies (Roden et al. 2005), which do not present epidemiological 
interventions. There is a wide gap of research studies, medical intervention, and risk 
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factor, peculiar to these countries (Prakash et al. 2019). High incidence of diabetes 
mellitus, post-tuberculosis, chronic renal failure and long- hospitalization (Jeong 
et al. 2019), high poverty rate, and poor health care system (Prakash and Chakrabarti 
2019) are risk factors for increase in the incidence of mucormycosis in developing 
countries, while immunosuppression and recipients of organ transplant (Kontoyiannis 
et al. 2016) are commonly associated MM risk factors in developed countries.

5  Conclusion

Mucormycosis is a disease widely associated with developing country due to poor 
detection and diagnostic facilities required for diagnosis and effective therapeutic 
management. Population at risk needs to be monitored with adequate awareness for 
prevention. There is a need to regulate the administration of dexamethasone, its dos-
age, and its duration of use when treating COVID-19  in patient with low risk of 
complications. There is a need to establish effective surveillance for public health 
and diagnosis of MM; regulation of dexamethasone, the use and application during 
COVID-19 infection, and detection of MM should be included in the diagnosis and 
treatment of COVID-19. There is a need for public surveillance of MM. There is 
also a need for further research to determine the role of environmental factors in 
unprecedented increase of CAM cases in India and developing countries, and pos-
sible outbreak of MM and CAM; also, research on the difference or similarities 
between virulence properties of MM and CAM strains, and the possible link of 
immunosuppression mediated by each SARS-CoV-2 variant especially (Delta or 
Delta plus variant).
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Evaluation of Preservative and Shelf-Life 
Quality of Probiotic-Lactobacilli Fortified 
Nigerian Fermented Condiments
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and Paul A. Akinduti

1  Introduction

Fermented foods are crucial to socio-economic advancement in Nigeria as well as 
in addressing a major dietary need of people because of their nutritional benefits, 
digestibility, accessibility, and greater safety. However, they have not achieved their 
full societal and commercial value due to short shelf-life, and the non-optimization 
of their health-promoting characteristics (Okechukwu et  al. 2019; Olasupo and 
Okorie 2019). Contamination of fermented foods during processing, transportation, 
and storage by food-borne pathogens such as Listeria monocytogenes, 
Staphylococcus aureus, Escherichia coli, Salmonella enterica, and spoilage micro-
organisms such as Bacillus subtilis pose a major food safety risk, low shelf-life 
quality, and public rejection of products in Nigeria (Okorie et al. 2017; Ezeokoli 
et al. 2018; Olanbiwoninu and Odunfa 2018; Adewumi et al. 2019). The food safety 
and shelf-life quality of many food products were prolonged by the use of chemical 
food preservatives. However, prolonged consumption of chemical preservatives 
usually poses very serious adverse impacts on consumers’ health (Ugwuanyi and 
Okpara 2019). The increasing awareness of food quality-related issues by consum-
ers has resulted in an urgent need for research and development of safe, cost- 
effective, and specific natural substances, which are health-promoting and yield 
novel bio-preservatives food industries (Atere et al. 2020; Owusu-Kwarteng et al. 
2020). Probiotic strains (live microorganisms which when taken in adequate amount 
confer health benefits to the host) and other fermented food strains are of 
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considerable economic significance because of their use in food fermentation pro-
cesses and their ability to produce antimicrobial substances which could interfere 
with the growth of pathogenic microorganisms, yielding safe and healthy fermented 
foods (Uzodinma et al. 2020). This study evaluates the preservative potential and 
shelf- life analysis of probiotic-fortified Nigerian fermented condiments for 
improved food safety by using genotyped probiotic Lactobacillus strains as starter 
cultures for co-fermentation of the condiments.

2  Materials and Methods

2.1  Identification Lactobacillus Species

Identified Lactobacillus species (already genotyped) was recovered in MRS broth 
and further serially diluted to 0.5-McFarland standard turbidity inoculum suspen-
sions in Difco™ Lactobacilli MRS Agar (BD BBL, USA) anaerobically incubated 
at 37 °C for 48 hours as described by Chukwu et al. (2019). Pure Lactobacillus 
strains were maintained at 4 °C for further analysis.

2.2  Probiotic Assessment of Lactobacillus Isolates

The probiotic activities of selected Lactobacillus isolates were carried at different 
pH (2, 4, 3, 5.5), bile (0.1%, 0.3%, 0.7%, 1.0%), phenol (0.1%, 0.4%, 0.5%, 1.0%), 
and cholesterol (200 mg/dl). The control experiment was carried out at pH = 7 and 
was not supplemented with bile, phenol, and cholesterol reagents. Then, 100 μL of 
each of the Lactobacillus cultures were inoculated into the supplemented media and 
incubated at 37  °C for 24 hours. Survived viable colonies were enumerated and 
survival rate was calculated using the equation below as described (Ahire et al. 2021).

 

Survival rate
Number of viable cells survived CFU ml

Nu
%

/
� � � � �

mmber of initial viable cells CFU ml/� �
�100

 

2.3  Co-Fermentation of Raw Seeds with Probiotic 
Lactobacilli Starter

The raw condiment seeds were prepared as described (Ifesan et al. 2017; Ojewumi 
et al. 2021). About 1 kg of each of the condiment types (Iru, Ugba, and Ogiri) were 
boiled for 6–8 hours in a pressure cooker (Master Chef, Australia) and de-hulled. 
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The de-hulled Iru and Ogiri seeds were washed severally and soaked in clean water 
overnight while only the ugba seeds were sliced with a knife to a thickness of 
0.2–0.4 cm and drained thoroughly to remove excess water. Fifty grams (50 g) of 
each of the seeds were transferred into three air-tight clean containers. Then, 10% 
(v/w) inoculum containing probiotic Lactobacillus species consortium were asepti-
cally added to one set of the condiments and 10% (v/w) inoculum containing probi-
otic Lactobacillus species consortium supplemented with 1% (v/v) glacial acetic 
acid were also added to another set of the condiments while no inoculum was added 
to set of control condiments. All the seeds were allowed to ferment in the air-tight 
container for 72 hours while monitoring the pH and Lactobacillus count 12 hourly. 
After the fermentation, the fermented condiments were properly stored awaiting 
shelf-life analysis.

2.4  Shelf-Life Analysis of Probiotic Fortified 
Fermented Condiments

The fermented condiments were stored in three parts at room temperature 25 ± 2 °C 
for 3 weeks. The first parts (control) were preserved with sterile distilled water. The 
second part (pLAB) was co-fermented with probiotic lactobacilli as the starter and 
the third part (pLAB_GAC) was also co-fermented with probiotic lactobacilli and 
glacial acetic acid (1%v/v) starter culture. Shelf-life assessments were evaluated 
weekly as described (Shukla et al. 2018). The pHs of fermented condiments were 
determined using calibrated digital pH meter (EUTECH Instruments, Singapore) 
placed directly in homogenized samples (10-g of samples with 50  mL distilled 
water for 60 seconds). Total aerobic bacteria, fungal, and lactobacilli counts were 
determined by using the pour plate method and expressed as LogCFU/g.

3  Results and Discussion

3.1  Identification of Lactobacillus Species

Ten strains of probiotic lactobacilli were previously obtained from Nigerian fer-
mented condiments. Creamy-colored isolates with smooth edges on Difco™ 
Lactobacilli MRS Agar incubated at 30–37 °C for 24–48 hours. Selected isolates 
were Gram-positive bacilli, catalase-negative, oxidase-negative, facultative anaer-
obes non-spore-forming, and non-motile microorganisms. Gas production was 
observed with the fermentation of D-glucose, D-galactose, D-glucose, D-fructose, 
D-mannitol, D-sorbitol (Table 1). These Nigerian fermented condiments were nor-
mally locally produced with a spontaneous fermentation process which often results 
in unsafe and poor shelf-life quality. Genotyped Lactobacillus strains with 
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phenotypic probiotics including Lactobacillus plajomi, Lactobacillus plantarum, 
Lactobacillus fermentum, and Lactobacillus paracasei from wide varieties form 
alkaline fermented foods (Dosumu et al. 2012; Afolabi et  al. 2016; Braide et  al. 
2018; Chen et  al. 2019; Goel et  al. 2020) and were potential strains that could 
enhance the fermentation of condiments. However, Bacillus species have been 
widely reported as the most predominant bacterial species in fermented condiments 
(Nwanekwu and Dike 2018; Adewumi et  al. 2019; Nwagu et  al. 2020; Musliu 
et al. 2021).

3.2  Probiotic Assessment of Lactobacillus Isolates

Selected Lactobacillus isolates from fermented condiments significantly exhibited 
high tolerance to the extreme to a moderately acidic environment (ranging from 2.0 
to 5.5) for at least 6 hours which signifies the potentials of isolates to survive in the 
GI tract (pH = 3) with food passage before digestion for about 3 hours. The isolates 
also significantly exhibited high tolerance in 1.0% bile after 6 hours of incubation. 
Extreme bile concentration often decreases the survivability of bacteria in the gas-
tric environment which was not observed in these isolates. There was also signifi-
cant tolerance (≥97% survival at P  <  0.05) to 1.0% phenol concentration after 
24  hours of incubation. There was also high assimilation of cholesterol after 
24  hours of incubation. The isolates significantly assimilated the cholesterol at 
P < 0.05 with a survival rate ≥ 90% after 24 hours of incubation (Fig. 1). These 
probiotic strains could survive the human gut with characteristic growth patterns in 
low pH, bile salts, phenol, and cholesterol assimilation. Selected strains tolerated up 
to pH = 2.0, 0.7% bile salts, 1.0% phenol with ≥70% survival rate, and ≥ 90% abil-
ity to assimilate cholesterol (200 mg/dl) within 24 hours in agreement with previ-
ously conducted studies (Khalil et al. 2018; Mulaw et al. 2019; He et al. 2021).

Table 1 Occurrence of Lactobacillus species (N = 185) in fermented condiments

Presumptive isolates
Iru Ugba Ogiri
n(%) n(%) n(%)

Lactobacillus plantarum (N = 69) 26.0(14.1) 38.0(20.5) 5.0(2.7)
Lactobacillus pentosus (N = 5) 3.0(1.6) 2.0(1.1) 0.0(0.0)
Lactobacillus paracasei (N = 46) 3.0(1.6) 1.0(0.5) 42.0(22.7)
Lactobacillus ruteri (N = 28) 4.0(2.7) 16.0(8.7) 8.0(4.2)
Lactobacillus fermentum (N = 35) 6.0(3.2) 24.0(2.2) 5.0(2.7)
Lactobacillus brevis (N = 2) 1.0(0.5) 1.0(0.5) 0.0(0.0)

Key: n number of positive isolates, % percentage occurrence
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3.3  Spontaneous Co-Fermentation of Raw Seeds 
with Probiotic Lactobacilli Starter

The result obtained in this study revealed fermented condiments supplemented with 
probiotic lactobacilli and glacial acetic acid (1%v/v) starter culture (pLAB_GAC) 
exhibited higher acidity (pH = 4.5–8.2) when compared with fermented condiments 
supplemented with only probiotic lactobacilli (pLAB) (pH = 5.7–9.2). The control 
fermented condiments exhibited ammoniacal fermentation (pH = 6.8–9.9) (Fig. 2). 
The pLAB_GAC fermented condiments also exhibited significantly higher 
Lactobacillus count when monitored for the 72-hour fermentation period than the 
pLAB and control fermented condiments (Fig. 3). The results obtained in this study 
evaluated the fermentation potentials of probiotic lactobacilli (pLAB) and probiotic 
lactobacilli supplemented with glacial acetic acid (1%v/v) (pLAB_GAC). There 
was a lower alkaline 72 h-fermentation environment (pH = 4.5–8.2) in the pLAB 
and pLAB_GAC compared with spontaneous ammoniacal fermentation. This result 
agrees with previously reported studies (Fakoya et  al. 2018; Duru and Maduka 
2021). There was also a significant increase in the proliferation of the probiotic 
Lactobacillus population during the 72  h-fermentation in the pLAB and 

Fig. 1 Probiotic assessment of isolated Lactobacillus species from various condiments
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Fig. 2 Comparative pH changes during the fermentation of condiments
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pLAB_GAC as compared with the spontaneous fermentation (Adebayo 2018). 
Previous report by Ojewunmi et al. (2018) recorded increase in pH from 5.9 to 8.2 
during aerobic fermentation and reduction in pH during anaerobic fermentation of 
legume-based seed condiments by consortium of Bacillus species. Co-fermentation 
of lebbeck seeds with Lactobacillus plantarum reportedly lead to reduction of all 
anti-nutritional components which significantly improves odor and texture after fer-
mentation (Fakoya et al. 2018). The impacts of starter cultures, namely, Lactobacillus 
plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum used for fer-
mentation of pickled gherkins (alkaline fermented vegetable from Korea), with sig-
nificant changes in the pH, total mesophilic aerobic bacteria, lactic acid bacteria and 
fungi population. It was observed that total mesophilic aerobic bacteria and fungi 
count in pickle sample containing Lb. plantarum-49 strain were significantly 
reduced and the amount of biogenic amines produced were considerably below the 
toxic level. It was reported that pickle sample fermented with Lb. plantarum-49 
strain had best acceptable fermentation profile and shelf-life quality which could be 
of great biotechnology importance to the food industry (Alan 2019). The probiotic 
L. plantarum ATCC 14917 was applied in fermentation of pomegranate juice, 
resulting in production of low alcoholic functional beverage. This strain was also 
recommended for production of functional food with health and nutritional benefits 
(Mantzourani et al. 2019).

3.4  Shelf-Life Analysis Over 3-Week Storage Time

The pLAB (probiotic Lactobacillus fortified) and control fermented condiments 
showed higher aerobic bacteria and visible fungal growth from week 1 storage 
through to week 3, however, there was also lower lactobacilli presence when com-
pared with the pLAB_GAC (probiotic Lactobacillus with glacial acetic acid). There 
was also a faster rate of spoilage as physically observed in color and pungent odor 
in the control fermented condiments when compared with the pLAB_GAC fer-
mented condiments. After 3 weeks of storage, comparative shelf-life studies evalu-
ated revealed the pLAB-GAC fermented condiments as the best-fermented 
condiments with improved quality and shelf-life (Table 2). The shelf-life result also 
exhibited moderately alkaline pH, high Lactobacillus count, no physical spoilage 
signs, and lower aerobic bacterial and fungal population in pLAB_GAC fermented 
condiments from week 1 through week 3 storage periods. The pLAB and spontane-
ous (control) fermented condiments exhibited visible moldy growths on Ugba with 
reduced lactobacilli population and pungent odor in Ogiri from week 1 storage 
through to week 3. The result in this study is in agreement with previous reports 
(Adebayo 2018). Higher alkaline pH, lower lactobacilli count, with faster visible 
spoilage signs, ammoniacal, pungent odor changes, the higher aerobic bacterial and 
fungal population in pLAB, and spontaneous (control) fermented condiments were 
observed during the 3-week shelf-life (Fig. 4). This result disproves common prac-
tices of traditional preservation by salting which were explained by the previous 
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researchers due to the public health impact associated with consumption of salts 
(Balogun and Omoloso 2017; Ojewumi 2018). This study revealed that fermented 
foods were preserved naturally by fortifying the food with probiotic lactobacilli 
starter culture and thus the pLAB-GAC fermented condiments had improved safety 

Table 2 Shelf-life analysis of fermented condiments fortified with probiotic lactobacilli starter 
over 3 weeks storage

Storage 
period

Fermented 
condiments

Physical properties Mean Microbial Load ± SD
Color Odor TBC TFC TLC

Week _1 Control_Iru Brown Pungent 7.6 ± 1.2 5.2 ± 0.9 4.2 ± 0.6
pLAB_Iru Brown Normal 5.4 ± 0.9 4.2 ± 0.6 5.5 ± 1.0
pLAB_GAC_Iru Brown Normal 4.2 ± 0.8 3.0 ± 0.4 6.5 ± 1.2
Control_Ugba Brown Normal 5.4 ± 0.9 6.5 ± 1.2 4.6 ± 0.6
pLAB_Ugba Brown Normal 4.8 ± 0.6 4.6 ± 0.6 5.6 ± 1.0
pLAB_GAC_
Ugba

Brown Normal 2.4 ± 0.4 2.0 ± 0.4 6.8 ± 1.2

Control_Ogiri White Ammoniacal 8.7 ± 2.0 6.8 ± 1.6 4.2 ± 0.8
pLAB_Ogiri White Pungent 5.7 ± 1.1 4.6 ± 0.6 4.8 ± 0.6
pLAB_GAC_
Ogiri

White Normal 3.2 ± 0.4 2.6 ± 0.4 5.2 ± 1.2

Week_2 Control_Iru Brown Pungent 8.5 ± 1.8 5.2 ± 0.7 4.2 ± 0.4
pLAB_Iru Brown Pungent 6.4 ± 1.0 4.2 ± 0.6 5.5 ± 0.9
pLAB_GAC_Iru Brown Normal 4.8 ± 0.6 3.0 ± 0.4 6.5 ± 1.3
Control_Ugba White 

(mouldy)
Normal 5.2 ± 0.9 7.5 ± 1.2 4.8 ± 0.6

pLAB_Ugba Brown Normal 3.2 ± 0.5 4.8 ± 0.8 5.9 ± 1.1
pLAB_GAC_
Ugba

Brown Normal 2.8 ± 0.3 2.0 ± 0.1 6.8 ± 1.3

Control_Ogiri Brown Ammoniacal 6.7 ± 1.3 7.8 ± 1.6 4.6 ± 0.6
pLAB_Ogiri Yellow Pungent 4.7 ± 0.7 5.6 ± 1.0 5.2 ± 1.2
pLAB_GAC_
Ogiri

White Normal 3.2 ± 0.4 2.0 ± 0.1 6.2 ± 1.1

Week_3 Control_Iru Brown(marshy) Normal 9.6 ± 2.4 5.2 ± 0.9 4.2 ± 0.6
pLAB_Iru Brown Normal 2.3 ± 1.3 4.2 ± 0.6 5.5 ± 0.9
pLAB_GAC_Iru Dark brown Normal 1.0 ± 0.2 2.0 ± 0.1 6.5 ± 1.3
Control_Ugba White 

(mouldy)
Normal 6.0 ± 1.2 8.8 ± 1.9 5.2 ± 0.8

pLAB_Ugba Brown Normal 3.0 ± 0.1 5.8 ± 0.9 6.9 ± 1.3
pLAB_GAC_
Ugba

Brown Normal 2.9 ± 0.2 2.4 ± 0.1 7.8 ± 1.5

Control_Ogiri Black Ammoniacal 7.9 ± 1.4 6.8 ± 1.4 4.9 ± 0.8
pLAB_Ogiri Brown Pungent 5.4 ± 0.7 4.6 ± 0.2 5.6 ± 0.8
pLAB_GAC_
Ogiri

White Normal 3.9 ± 0.4 2.8 ± 0.3 6.9 ± 1.1

Key: TBC total bacteria count (LogCFU × 106/g), TFC total fungal count (LogCFU X103/g), TLC 
total Lactobacilli count (LogCFU × 105/g
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and shelf-life quality. The use of health-promoting starter cultures is crucial in car-
rying out the industrial fermentation of foods for desired attributes including 
improved nutritional quality, organoleptic properties, safety, shelf-life and accept-
ability of locally fermented foods. Multifunctional scrutiny for the selection criteria 
should be constantly considered with ultimate health benefits (Akpi et al. 2020). 
The best starter culture reduced fermentation time and pH inhibited the pathogenic 
and toxigenic bacterial and fungal contamination hence improving the safety and 
shelf-life quality of the fermented condiments.

4  Conclusion

The fermentation process was best carried out in a moderately alkaline food envi-
ronment which favors the growth and proliferation of the probiotic lactobacilli and 
better shelf-life quality. The probiotic lactobacilli served as potential starter cultures 
for possible fermentation, preservatives, and shelf-life quality of fermented condi-
ments. This study affirms a positive contribution towards the enhancement of eco-
nomic and sustainable development in Nigeria through ensuring proper nutrition, 
low-skilled women empowerment initiatives, and provision of employment oppor-
tunities in Nigerian food industries.
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Isolation and Molecular Characterization 
of Salmonella Serovars Distributed 
in Benue State, Nigeria

B. O. Okpa, G. M. Gberikon, S. Oranusi, and T. Ichor

1  Introduction

The genus Salmonella belongs to the family Enterobacteriaceae, they are faculta-
tive anaerobes, Gram-negative, flagellated rods that contain all the important spe-
cies of Salmonella (Feasey et al. 2012). S. enterica is a vital food pathogen, it is 
presently divided into 2587 serovars (Grimont and Weill 2007), while the typhoidal 
Salmonellae are human pathogens and include S. parayphi and S. typhi (Uzzau et al. 
2000). They are the leading causes of typhoid or enteric fever, which is prevalent in 
the sub-tropical and tropical countries, with 540 per 100,000 estimated annual inci-
dences (Anyanwu et  al. 2010; Dong et  al. 2014). The worldwide incidence was 
plausible to reach up to 17 million cases (WHO 2018) accounting for about 600,000 
deaths per annum (Udeze et al. 2010).

Salmonella species, subspecies, and serotypes causes salmonellosis, a leading 
cause of diarrhea globally, with high morbidity rate. It is often associated with con-
taminated foods and drinks, infected pets and reptiles (Lar et al. 2006). S. enterica 
serotypes Paratyphi and Typhi cause typhoidal salmonellosis, while Enteritidis and 
Typhimurium causes non-typhoidal salmonellosis (Ohad et al. 2014). The incidence 
of salmonellosis in several parts of Africa has been reported, Crump et al. (2004) 

B. O. Okpa · G. M. Gberikon 
Department of Microbiology, University of Agriculture, Makurdi, Benue State, Nigeria 

S. Oranusi 
Department of Biological Sciences, Covenant University, Ota, Ogun State, Nigeria 

T. Ichor (*) 
Department of Microbiology, University of Agriculture, Makurdi, Benue State, Nigeria 

Department of Biological Sciences, Covenant University, Ota, Ogun State, Nigeria
e-mail: tersagh.ichor@covenantuniversity.edu.ng

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96721-5_27&domain=pdf
https://doi.org/10.1007/978-3-030-96721-5_27
mailto:tersagh.ichor@covenantuniversity.edu.ng


318

reported 465 persons per 100,000 in East Africa, while 123 and 195 persons per 
100,000 were estimated for West and South Africa respectively. Similarly, Ohad 
et  al. (2014) observed the incidence of 725 persons per 100,000  in sub-Saharan 
Africa. Information on Salmonella isolation from Africa, is limited (Raufu et  al. 
2013), there is therefore, the need for more data on the Salmonella epidemiology to 
help estimate the incidence in Africa (WHO 2018). A limited number of Salmonella 
serovars which often vary from region to region, are known to cause human infec-
tions. In Africa, implicated serovars comprise S. typhimurium, S. enteritidis, 
S. Isangi, and S. concord (Feasey et al. 2012; Abdullahi et al. 2014 and Kingsley 
et al. 2009).

A report of Non-Typhoidal Salmonella (NTS) in chicken farms in the six geopo-
litical zones of Nigeria reported the presence of S. kentucky, S. poona, S. elizabeth-
ville, S. iarochelle, S. agama and S. graz, with S. kentucky as the most predominant 
(Raufu et al. 2013). Several other studies in chicken farms reported the presence of 
Non-Typhoidal Salmonella in various parts of Nigeria including S. kentucky and 
S. hadarin in Jos (Agada et al. 2014), S. paratyphi A, S. gallinarum and S. typhin-
urium in Awka (Anyanwu et  al. 2010) and S. hiduddify in Maiduguri, Northeast 
Nigeria (Raufu et al. 2013).

In humans, Non-Typhoidal Salmonella including S. apapa, S. dublin, S. enteriti-
dis, S. infantis, S. jukestown, S. monaschaui, S. oritamerin and S. typhimurium were 
reported in Ibadan with S. typhimurium and enteritidis as the most widespread 
(Fashae et al. 2010). In Lagos, Akinyemi et al. (2007) reported only S. enteritidis 
from stools of children under 5 years while in Abuja, Nigeria, three Salmonella 
serovars: S. zanziba, S. brancaster and S. enteritidis were recovered from children 
with acute gastroenteritis. In the northeastern sections of Nigeria, S. eko, S. hadar 
and enteritidis were reported as the predominant serovars from humans (Mamman 
et al. 2014). Similarly, some studies of Typhoidal Salmonella have reported various 
prevalence rates including 45.0% of S. typhi among other bacterial isolates in Zaria, 
Kaduna State (Adeshina et al. 2009), 27% for S. paratyphi A, 25% for S. paratyphi 
B, 13.7% for S. paratyphi C and 20% for S. typhi respectively in Biu, Borno State 
(Abdullahi et al. 2014), while in Benue State, Umeh and Agbulu, (2009) reported a 
prevalence rate of 57.6% for S. typhi, 26.3% for S. Paratyphi and 15% for the mix-
ture of both serovars in Okpokwu Local Government Area.

Enteric fever is caused by the typhoidal Salmonella serotypes; it is an invasive, 
systemic disease that is often life threatening, with a very high mortality rate 
(Njunda and Oyerinde 1996; Crump et al. 2004). Pathogen spread is via the fecal- 
oral route; thus, it is prevalent in areas lacking clean water and with inadequate sani-
tation, which facilitates the pathogen spread (Njunda and Oyerinde 1996). Typhoidal 
Salmonella serotypes have average incubation period of 14 days with symptoms 
that persist for up to 3 weeks. Crump et al. (2004) highlighted the clinical indices of 
enteric fever to include related symptoms of salmonellosis, sustained fever, chills, 
headache, abdominal pain, diarrhea, constipation, nausea, anorexia, hepatospleno-
megaly, rash, and bacteremia.
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Dissemination Sites
The high morbidity rates of typhoidal Salmonella serotypes, compared to the non- 
typhoidal serotypes, has been associated with the high invasiveness of the deeper 
tissues and spread to the systemics. CDC (2008) observed a global death rate of 
90,300 and 178,000 for typhoidal and non-typhoidal salmonellosis in 2015. Typhoid 
fever is widespread in Nigeria, affecting both the young and the old. Inadequate 
treatment/disposal of human wastes and indiscriminate antibiotics use are some fac-
tors responsible for its spread. Talabi (1994) and Akinyemi et al. (2005) reported 
increased morbidity and mortality due to Salmonella associated illnesses.

Non-typhoidal Salmonella infections have been reported in the immunocompro-
mised, infants and young children, and the elderly. In Africa, disease burden is influ-
enced by co-infection with human immunodeficiency virus (HIV) and malaria 
(Grimont and Weill 2007). Transmission sources, and modes for non-typhoidal 
Salmonella in Africa, is not clearly understood because of ineffective or nonexistent 
nationwide epidemiological surveillance systems (Barbiour et al. 2015). Salmonella 
exists for a long period as latent infection, and healthy carriage in food animals, 
with fecal shedding that contaminate foods during animal slaughter, and processing. 
It is also a major route of contamination for the environment, feed, and water 
(Mamman et al. 2014).

In Nigeria, and for most of Africa, the actual situation of salmonellosis is not 
very clear because of the non-availability of the necessary infrastructure for disease 
surveillance and diagnosis.

2  Materials and Methods

2.1  Study Area

Benue State is the study area, located in the North central, middle belt region of 
Nigeria, it lies in the lower river Benue trough at Longitude 7° 47″ and 10° 0″ East, 
Latitude 6° 25″ and 8° 8” North. Benue State has 23 Local Government Areas 
(LGAs), divided into three Senatorial zones, Benue North-East, Benue North-West, 
and Benue South. The landmass of Benue State is 34,059 square kilometers and had 
a population of about 4,253,641  in the 2006 census. The Tiv, Idoma, and Igede 
inhabit it predominantly. Benue State is bound to the North by Nasarawa State, 
Taraba to the East, to the south is Cross-River State, Ebonyi and Enugu states to the 
South-West, the republic of Cameroon on the Southeast and to the West is Kogi State.

The state has Guinea Savannah vegetation with flat to undulating topography and 
few hilly areas. It experiences two distinct seasons, the rainy (wet) season with 
annual 100-200 mm annual rainfall, from April to October. The dry season is from 
November to March. In the year, temperatures vacillate between 21–37 °C. River 
Benue is the main topographical feature in the state. It separates Makurdi, the capi-
tal city into two segments, the North and South Banks.
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2.2  Sample Collection and Sampling Distribution

Exactly 420 stool samples were collected aseptically as described by Cheesbrough 
(2002) from patients attending secondary health facilities in six Local Government 
Areas (LGAS), two from each of the three Senatorial districts. Table 1 shows the 
positive sample distribution, based on locations. Seventy samples of stool were col-
lected from each of the six selected health care facilities. Two hundred and twenty- 
six samples were obtained from male patients while 194 samples were from female 
patients. Early morning stool samples was collected from each patient in a sterile 
wide-mouthed plastic bottle, properly labeled and placed in ice box and moved to 
the laboratory in the Department of Microbiology, Federal University of Agriculture, 
Makurdi, for examination as described by Cheesbrough (2002), Winn et al. (2005), 
WHO (2010).

2.3  Isolation and Identification of Salmonella 
from Fecal Samples

The isolation and identification of Salmonella was carried out following to the 
WHO global food borne infections network laboratory protocol, (2010). Exactly 5 
g of each specimen was suspended in 45  ml of buffered peptone water, a pre- 
enrichment broth (Tm media, India) and 24 hours incubation at 37 °C. A 100 ul of 
the suspension was added to 10 ml of Rappaport-vassiliadis enrichment broth, (Tm 
media India) incubation was for 24 hours at 37 °C. A 1 ml of the suspension was 
then transferred to 10 ml of Selenite F broth (Tm media, India), and incubated at 
42 °C for 24 hours. A loop full of each of the enrichment broth was streaked onto 
Brilliant Green Agar (BGA), and Xylose Lysine Deoxycholate (XLD) agar, incuba-
tion was for 24 hours at 37  °C. Cultural and morphological physiognomies was 
employed for preliminary Salmonella identification (Jinu et al. 2014).

Table 1 Sample code and locations of Salmonella positive samples in cultural characterization

S/N Sample code Location Result S/N Sample code Location Result

1 GBK 033 Gboko Positive 10 KWD 026 Kwande Positive
2 GBK 034 Gboko Positive 11 KWD 023 Kwande Positive
3 GBK 037 Gboko Positive 12 KWD 038 Kwande Positive
4 GBK 039 Gboko Positive 13 KA 021 Katsina-Ala Positive
5 MKD 014 Makurdi Positive 14 KA 034 Katsina-Ala Positive
6 MKD 015 Makurdi Positive 15 KA 038 Katsina-Ala Positive
7 OJU 002 Oju Positive 16 KA 045 Katsina-Ala Positive
8 OJU 015 Oju Positive 17 OTK 005 Otukpo Positive
9 OJU 017 Oju Positive 18 OTK 014 Otukpo Positive

B. O. Okpa et al.
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 Biochemical Characterization of Isolated Salmonella Species

Pure cultures of presumptive Salmonella isolates were further identified following 
standard biochemical tests, Gram staining, Triple sugar iron (TSI) agar, Citrate, 
Indole, Oxidase, Catalase, Urease, Methyl red and Voges-Proskauer tests, Motility 
test (Winn et al. 2005). API 20E biochemical test strip as a non-conventional bio-
chemical test was used to further confirm Salmonella isolates.

2.4  Molecular Characterization and Identification 
of Salmonella Serovars and Strains

 Extraction of Genomic DNA

The bacteria isolates confirmed by biochemical tests were sub-cultured on Luria- 
Bertani (LB) (Oxford, UK), incubated overnight at 37 °C and broth cultures were 
prepared. The boiling method was employed for the extraction of DNA from the 
bacterial cultures (Anejo-Okpobi et al. 2016). A 1.5 ml of the sample extracted was 
centrifuged at 10,000  rpm for 5 minutes. The supernatant was decanted, and the 
sediments washed in sterile deionized water twice. To the pellets, was added 200 μm 
of sterile deionized water, and vortexed to homogenize, boiled at 100 °C for 10 min-
utes in a water bath. This was vortexed and centrifuged at 12,000 rpm for 5 minutes. 
The DNA containing supernatant was stored at −20 °C in a test tube. The NanoDrop 
spectrophotometer was employed for the quantification and purity of the extracted 
DNA. The quantified DNA extract was prepared and used for Polymerase chain 
reaction (PCR) (Anejo-Okpobi et al. 2016).

 Polymerase Chain Reaction (PCR)

PCR was employed for rapid and definite identification of Salmonella serovars 
using Salmonella specific primers as described by Anejo-Okpobi et  al. (2016). 
Amplification was carried out in 50 μl reaction volumes containing; 25 μl of the 
DNA extract, 15  μl of nuclease free water, 25  μl Dream Taq Master Mix 
(Thermoscientific, USA) and 2.5 μl of each primer. The Amplification was done in 
35 cycles at 95 °C for 5 minutes’ initial denaturation followed by a 95 °C for 2 min-
utes’ denaturation step, primer annealing, and extension was at 55 °C for 30 s and 
72  °C for 1  min respectively, with the final extension at 72  °C for 10  min. The 
amplified DNA products from Salmonella specific-PCR were further analyzed. 
Aliquots 5 μl of reaction mixture were electrophoresed through 1.5% agarose gels 
stained with ethidium bromide; ultraviolet illumination was employed for 
visualization.
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 Sequencing

The purification of all the PCR products was with Exo sap and sent to Epoch Life 
science (USA) for Sanger sequencing (Hoffmann et  al. 2013). The online blast 
search at http://blast.ncbi.nlm.nih.gov/Blast.cgi was used to identify the corre-
sponding sequences.

 Sequence Profiling and Identification of Salmonella Strains

The generated 16 s rRNA sequences and known 16 s rRNA sequences in the data-
base of the NCBI (National Centre for Biotechnology Information) were compared, 
using the BLASTn (Basic Local Alignment Search Tool) algorithm. Similarity at 
between 95–100% of the sequences was used to define the identification at genus, 
species and serovar levels. The CLAUSTAL IV (Hoffmann et al. 2013) was used to 
align sequences together with the GeneBank derived reference sequences.

3  Results and Discussion

Cultural identification gave 18 positive presumptive Salmonella species out of the 
sample population of 420 patients. Table 1 presents the sample codes and locations 
of the positive samples. The organisms possessed characteristic pinkish colonies 
and black dots at the center on the XLD agar and whitish-green colonies on BGA.

Table 2 shows the results of biochemical tests using conventional methods, and 
API 20E strips respectively. Citrobacter sp. was used as the control, and the result 
confirmed the 18 presumptive positive isolates from cultural method as Salmonella 
species.

Conventionally, both cultural and biochemical methods of characterization 
yielded accurate preliminary identification at the generic level within the limit of 
their diagnostic resolutions. For instance, all the 18 Salmonella positive cases were 
congruent in both cultural and biochemical methods. They were also confirmed to 
be true in the molecular analysis. However, the molecular approach was more spe-
cific as sequencing data led to precise Salmonella identification at the sub species 
level including serovars and strains, consummating in the determination of phyloge-
netic relationship among them. Similar view was previously upheld among epide-
miologists (Arlet et al. 2006).

Table 3 gives the prevalence of Salmonella infection in Benue State and across 
the six LGAs. Eighteen positive samples out of 420 population size were found with 
mean prevalence of 4.29%. Gboko and Katsina-Ala LGAs recorded the highest 
number of positive cases with 4 each, representing 22.2% of the positive cases and 
prevalence of 5.71%. Oju and Kwande LGAs had 3 (16.7%) cases each and preva-
lence of 4.29%. Makurdi and Otukpo recorded the least number of cases (2 cases 
each representing 11.1% of the positive cases) and prevalence of 2.89%. In the 
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study area, prevalence of Salmonella infection did not depend on locations of sam-
pling since no significant association was established between the two variables 
(χ2 = 1.89, P > 0.05).

Prevalence and serovars distribution in relation to demographic parameters have 
been reported, (Adeshina et  al. 2009; Udeze et  al. 2010; Jacob and Cohen 2016). 
Based on this report, the mean prevalence of Salmonella cases in Benue State was 
4.29%. This is lower than the 5% permissible limits of the WHO (2017). However, 
Gboko and Katsina-Ala recorded higher prevalence of 5.71%, above the WHO 

Table 2 Biochemical tests and identification of Salmonella species using conventional and API 
test kit
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Table 3 Prevalence of Salmonella infections in different locations of Benue State

General Hospital Sample size No. and percentage of positive sample
Prevalence
(%)

Gboko 70 4 (22.2%) 5.71
Makurdi 70 2 (11.1%) 2.86
Oju 70 3 (16.7%) 4.29
Adikpo 70 3 (16.7%) 4.29
Katsina-Ala 70 4 (22.2%) 5.71
Otukpo 70 2 (11.1%) 2.86
Total 420 18 4.29 (mean)

χ2 (5) (location and prevalence) = 1.89, P = 0.863(P > 0.05)
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permissible limits. All the six LGAs have equal chances of Salmonella infection, 
because the predisposing factors highlighted are equally present in the six locations of 
the study area. For instance, all locations are facing the challenges of unsafe drinkable 
water, poor food handling among farmers or vendors and poor sanitary conditions. 
Poultry and other poultry products thought to be the foremost means of transmission 
of Salmonella (EFSA 2013; Kaniz et al. 2014) are commonly seen. All the locations 
have similar market structures where fruits and vegetables are sold in the open.

Salmonella infection is highly prevalent in tropical regions and in populations 
that lack access to safe water and adequate sanitation (Abioye et al. 2017; CDC 
2008). These are the prevailing factors in the six studied locations. Thus, the low 
mean prevalence rate recorded in this study, could be because the subjects were 
hospital patients attending the selected health care facilities, studies that focus on 
achieving total seroprevalence rate must therefore capture not only hospital patients 
but also populations of those not attending the hospitals.

This study reveals that Salmonella infection in the area of study was caused by 
two species: S. enterica and S. bongori Table 4. The latter had 5.6% occurrence with 
prevalence of 0.24% while the former was the dominant type with 94.4% occur-
rence and prevalence of 4.05%. Hence, occurrence of Salmonella infection was 
significantly tied to species type (χ2 = 78.85, P < 0.05). This result is consistent with 
previous findings Amber et al. (2006) and Hsiao et al. (2016). According to Brenner 
et al. (2000), 99% of Salmonella infections in man is associated to S. enterica subsp. 
enterica.

Raufu et al. (2013) opined that most enteric infections in humans are caused by 
more than one serovars of a given species, which may vary from time to time and 
from country to country. In the present work, seven distinct serovars of S. enterica 
and a serovar of S, bongori are identified, significant association was established 
between occurrence of Salmonella infection and causative serovars (χ2  =  57.93, 
P < 0.05). It suggests a huge diversity in the genomics and physiological adaptation 
of the microbe in the host. This has a huge implication in disease treatment and 
control because wider genetic make-up may widen the chances of multi drug 

Table 4 Prevalence of Salmonella infections based on serovars

Salmonella serovars Frequency and percentage of occurrence
Prevalence
%

S. enterica Agona 1 (5.56%) 0.24
S. enterica Paratyphi B 1 (5.56%) 0.24
S. enterica Heidelberg 2 (11.1%) 0.48
S. enterica Typhi 2 (11.1%) 0.48
S. enterica Typhimurium 6 (33.33%) 1.43
S. enterica Enteritidis 4 (22.22%) 0.95
S. enterica Huaian 1 (5.56%) 0.24
S. bongori 1 (5.56%) 0.24
Total 18 (100%) 4.29

χ2 (7) (serovars and occurrence of infection) = 57.93, P = 0.000(P < 0.05)
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resistance (MDR) and ability to develop different mechanisms for virulence. This 
view aligns with previous reports on salmonellosis as a bacterial infection caused by 
more than one Salmonella species, with many subspecies, and serotypes (Lar et al. 
2006; Raufu et al. 2013).

Figure 1 shows the phylogenetic relationships among 18 Salmonella strains 
identified using plasmid gene sequencing data. Dendrogram formed 2 main clusters 
(numbered 36 and 81) and 2 sub clusters. The first sub cluster of main cluster (num-
bered 57) comprised four strains isolated from different locations: S. enterica 
Heidelberg-MG663473.1 sourced from Gboko, S. enterica Typhimurium-JQ22 
8518.1 sourced from Katsina-Ala, S. enterica Typhimurium-CP014981.1 sourced 
from Makurdi and S. enterica Typhimurium-CP023166.1 sourced from Kwande. 
The S. enterica Typhimurium-CP023166.1 sourced from Kwande was a unique 
strain that showed wider genetic variability but closely related to the check strain 
(S. bongori strain KU060291.1). The second main cluster (numbered 81) comprised 
8 strains belonging to 4 Enteritidis, 2 Typhi, 1 Huaian and 1 Typhimurium cutting 
across all locations except Gboko.

From the dendrogram, S. enterica Typhimurium-MH196335.1 was a divergent 
strain identified, it diverged from the source of the main clusters (88) bearing no 
close relationship with any existing check strain. It was isolated from a 20-year-old 
female patient in Adikpo General Hospital. The most unique of all the 18 strains 
identified was the S. enterica serovar Agona strain 392869-2 isolated from a 

Fig. 1 Phylogenetic construction of Salmonella strains from Plasmid gene sequencing
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50-year-old male patient in Gboko General Hospital. It bore a close relationship 
with a known check Enteritidis strain.

Figure 2 presents the gel image of Plasmids from the Salmonella strains, the 
bands made up of 23,130 base pair.

It is also likely that every serovar is pathologically distinct, since there are evi-
dence on the capability of every serovar to acclimate itself to the environment inside 
its host in a unique way (Thiennimitr et al. 2011). These adaptations are ascribed to 
copious virulence factors, and other microbial physiognomies of a precise serovar 
which makes it survive in the host. This may account for why Salmonella originates 
a wide array of human diseases which include enteric fever, gastroenteritis, bactere-
mia, and systemic infections (Monteville and Matthews 2008; Andino and 
Hanning 2015).

Apart from the epidemiological implication of diverse serotypes, the cost impli-
cations in the identity of the broad spectrum of all the serovars affecting a given 
population is huge. This can only be consummated at the molecular level as impli-
cated in this work, thus changing the routine conventional method of diagnosis in 
public health and making treatment difficult.

In conclusion, this work reported that the serovars that infect the sample popula-
tion are Salmonella enterica. This finding was corroborated Kramarenko et  al. 
(2014), Yang et al. (2016), Ed-dra et al. (2017). The prevalence rate of each serovar 
in this work is less than 5%. This result deviates from previous findings in Nigeria 
reporting higher prevalence rates based on serovar types. Some workers reported 

Fig. 2 Amplified gel image of Plasmids from Salmonella strains (23,130 bp). M = DNA Ladder, 
1  =  S. enterica Agona-392,869-2, 2  =  S. enterica Paratyphi B-JQ694526.1, 3  =  S. enterica 
Heidelberg-MG663473.1, 4 = S. enterica Heidelberg-CP019176.1, 5 = S. enterica Typhi-AK-1, 
6 = S. enterica Typhimurium-CP014981.1, 7 = S. enterica Enteritidis-CP007325.2, 8 = S. enterica 
Typhi-AL513382.1, 9  =  S. enterica Typhimurium-CP024619.1, 10  =  S. enterica 
Typhimurium-MH196335.1, 11  =  S. enterica Typhimurium-CP023166.1, 12  =  S. enterica 
Enteritidis-JF951181.1, 13 = S. enterica Huaian-H52.1,  14  =  S. bongori-FR877557.1, 
15  =  S. enterica Typhimurium-LT795114.1, 16  =  S. enterica Typhimurium-JQ228518.1, 
17 = S. enterica Enteritidis-TY1, 18 = S. enterica Enteritidis-CP018642.1
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45.0% prevalence of S. typhi (Raufu et al. 2013). Anejo-Okpobi et al. (2016) pub-
lished 27% for S. paratyphi A, 25% for S. paratyphi B, 13.7% for S. paratyphi C and 
20% for S. typhi among human subjects in Jos Plateau State. Umeh and Agbulu 
(2009) reported 57.6% for S. typhi, 26.3% for S. paratyphi, and 15% for the mixture 
of both serovars in Okpokwu Local Government Area of Benue State.
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1  Introduction

For decades, cancer, a major killer disease has remained a notable leading cause of 
mortality across the globe. It has been a major health concern affecting mostly, but 
not limited to, the aged populations. According to recent reports from the 
International Agency for Research on Cancer (IARC), over 19 million cancer cases 
and a total of about ten million mortality cases resulting from cancer have been 
documented (IARC 2021) as of 2020. According to these new estimates, within 5 
years, nearly 50 million people are alive after a previous cancer diagnosis. A further 
report projected that by 2040, the number of new cases will have increased to 28 
million, most especially among low or medium income countries (GLOBOCAN 
2020a). According to the GLOBOCAN fact sheet, three cancer types are currently 
most prevalent in Nigeria, one of which is cervical cancer (GLOBOCAN 2020b). 
Despite the fact that a number of treatment modalities exist and there have been 
recent advances, to date, there are no adequate therapeutic approaches that counter 
mortality from cancer while also significantly prolonging survival period for meta-
static cancer. Chemotherapy, a conventional treatment modality, has been associ-
ated with certain side effects that in some cases lead to a deteriorated state of health 
in patients. Of further concern is the inability of novel synthesized chemotherapeu-
tic drugs to yield expected results despite the exorbitant cost of their development 
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(Solowey et al. 2014). These challenges have given rise to the dire need to develop 
from plants, novel and affordable anticancer drugs with high efficacy and side 
effects.

Herbal medicines have been and still continue to be utilized as the primary source 
of medical care in developing countries. Multiple studies have identified plant spe-
cies having anticancer characteristics, with a particular emphasis on those utilized 
in herbal medicine in developing nations (Ochwang’I et al. 2014; Greenwell and 
Rahman 2015). Over the years, cancer has been prevented and treated using medici-
nal plants, and according to Cragg (1998), much of the conventional anticancer 
drugs in clinical usage have their origin in plants and natural products. Report 
showed that over 80%, especially in developing countries, still rely on herbals and 
over 60% of cancer patients use traditional herbs in cancer treatment (Madhuri and 
Pandey 2008). This in part could be due to the unsatisfactory result from chemo and 
the inability to treat resistant and metastatic cancers. Furthermore, it has also been 
shown that the risk of developing cancer or other deadly diseases could be lowered 
by regularly taking plants and food sources rich in phytochemicals. One of such 
important plant species is Citrullus colocynthis, traditionally documented for its 
pharmacological activities.

Citrullus colocynthis (L.) Schrad is a Nigerian medicinal plant that grows in arid, 
sandy soils. It is native to tropical Africa and India. The potentials of phytochemi-
cals to prevent and cure diseases necessitated its usage in ancient practices, as dem-
onstrated by ancient medicinal practices (Fadeyi et  al. 2013; Mann 2002). 
C. colocynthis is reported to be useful traditionally in treating cancer, cold, jaun-
dice, leprosy, cough, diabetes, toothache, asthma, bronchitis, wound, gastrointesti-
nal disorders, and bacterial infections (Ponsankar et al. 2018; Ríos et al. 2005). Its 
fruit has been of interest in studies because of its diverse pharmacological properties 
such as cytotoxic, antidiabetic, anti-inflammatory, antilipidemic, antimalaria, and 
antioxidant properties (Hussain et al. 2014).

Previous studies on C. colocynthis showed that it is rich in secondary metabolites 
(otherwise referred to as phytochemicals) such as flavonoids, phenols, alkaloids, 
glycones, glucosides, and steroids (Ramakrishna et al. 2019; Uma and Sekar 2014; 
Nora et al. 2015). Studies have also shown that extracts of C. colocynthis can inhibit 
malignant cell’s development (Shaukat et  al. 2017). The anticancer properties of 
this plant is said to be from its accumulation of cucurbitacin glycosides.

Cucurbitacins are one of the constituents of C. colocynthis identified to play a 
crucial part in the inhibition of the growth and replication of cancerous cells 
(Abdulridha et al. 2019). Li and colleagues observed that the growth, proliferation, 
metastatic movement, and development of cancer were inhibited by cucurbitacin E 
from C. colocynthis, through the induction of elongation translation factor phos-
phorylation and apoptotic induction. Similarly, cucurbitacin B from the same plant 
induced death in HepG-2 cancer cells through caspase induction, cell cycle inhibi-
tion, and Bax2/Bcl apoptotic pathway induction (Li et al. 2006). However, so far, no 
literature has reported the cytotoxic effect of C. colocynthis methanol and ethyl 
acetate extracts on cervical cancer cells. This research study therefore is intended to 
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determine the anticervical cancer potential of C. colocynthis, a Nigerian medicinal 
plant which is diversely used as a condiment and for soup and stew.

2  Materials and Methods

2.1  Identification and Preparation of Plant Sample

Citrullus colocynthis was collected from a garden in Ilaro, Ogun State, a South- 
West zone of Nigeria. The plant material for this research was identified and authen-
ticated. The sample with the voucher number Cc/Bio/H839 was submitted to an 
herbarium at the Federal Research Institute of Nigeria, Ibadan. The plant material 
was washed to ensure it was clean and clear of dirt and foreign matters. The whole 
fruit of the plant was cut into pieces to increase the surface area, air-dried for some 
days and soaked immediately in the appropriate solvent.

2.2  Extraction and Concentration of Plant Sample

Extraction of plant sample was carried out using successive extraction according to 
the procedure described by Olugbuyiro, Odugbesan, Rotimi, and Uchechukwu 
(Olugbuyiro et al. 2017). The defatted fruit was soaked in ethyl acetate and metha-
nol successively. The extracts were then strained and filtered over a drying agent. 
This was followed by filtrate concentration with a rotary evaporator at 45 °C.

2.3  Phytochemical Analysis

This was conducted according to the standard procedure described by Olugbuyiro, 
Moody, and Hamann (Olugbuyiro et al. 2013) to qualitatively identify the second-
ary metabolites present in the plant samples.

2.4  Cell Culture

This was carried out using a human cervical cancer cell line (HeLa), as previously 
reported (Omondi et al. 2020). Dulbecco’s Modified Eagle Medium (DMEM) was 
used to culture the cells along with the following supplements: Foetal calf serum 
(10%), glutamine (2 mM), and Antibiotic-antimycotic solution of 1%. Cells were 
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seeded into 96-well plates at 5 x104 cells/ml (100 μl/well), and the cell culture 
plates were kept at 37 °C and 5% CO2 in a humidified incubator.

2.5  Cytotoxicity Assay

Twenty-four hours after seeding cultures were treated with up to 500 μg/ml (each in 
triplicate) of each extract for 48 h (stock concentrations of extracts were prepared in 
DMSO, while working dilutions were prepared in growth medium). MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-dipenyltetrazolium bromide] assay was then used 
in quantifying the cells’ viability as previously described (Omondi et  al. 2020). 
After incubating for 3 h with MTT, each well’s contents were aspirated, and DMSO 
was used to solubilize the formazan that resulted. The plate was then gently shaken 
on a plate shaker for 5 min and absorption was read at 570 nm wavelength on a 
microplate reader (CLARIOstar, BMG Labtech, Germany). The negative control 
wells’ average viability was set to 100% and the average viability of each treatment 
was normalized to it. The Inhibitory Concentration (IC50), defined to be the concen-
tration corresponding to 50% cell viability, was calculated from the MTT assay data.

Statistical Analysis of Data
Data were expressed as mean triplicate values± standard error of the mean. The data 
was analyzed using GraphPad Prism 9.2.0.

3  Results and Discussion

3.1  Phytochemical Screening of Citrullus colocynthis

The result of the phytochemical screening of the whole fruit of Citrullus colocynthis 
is presented in Table 1. The result shows phenols, tannins, flavonoids, cardiac gly-
cosides, saponins, triterpenoids, steroids, and alkaloids. These phytochemicals were 

Table 1 Summary of the phytochemical screening of C. colocynthis

Phytochemical C. colocynthis

Tannins +++
Phenols +++
Flavonoids +++
Saponins +
Cardiac glycoside +++
Steroid +++
Alkaloids +++
Triterpenoids +++

Key: +++ = highly intense, + = less intense
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found to be abundantly present in the plant extract, while anthraquinones were 
absent. The presence of these phytochemicals agreed with the report of Ramakrishna 
et  al. (2019) who reportedly noted that flavonoids, glycosides, tannins, phenols, 
alkaloids, and steroids are present in the fruit pulp of C. colocynthis methanol 
extract. Phenolic compounds are one of the most abundant constituents of plant 
secondary metabolites. They are reported to exhibit numerous biological activities, 
one of which is against cancer as they possess anti proliferation, anti-angiogenic, 
antimetastatic, and antiapoptotic properties. They also offer protection against car-
diovascular diseases and exhibit anti-aging as well as anti-inflammatory properties 
(Uma and Sekar 2014). Alkaloids have been reported to play important roles as 
anticancer agents, and have been in use as anticancer drugs over a long period of 
time, an example of which is the vinca alkaloid, vincristine. They have different 
anticancer mechanisms by which they operate. They prevent topoisomerase activity 
of enzymes that gets involved in mimicking of DNA; they can induce apoptosis and 
inhibit p53 gene expression (Meybodi et al. 2017). The presence of certain phyto-
chemicals in plants confers particular medicinal activities on them. The anticancer 
properties of C. colocynthis are therefore attributed to the presence of one or more 
of these phytochemicals.

3.2  Cytotoxic Effects of Ethyl Acetate and Methanol Extracts 
of C. colocynthis Against Cervical Cell Line (HeLa)

The results of the MTT assay (Fig. 1) show that both C. colocynthis ethyl acetate 
(CCE) and methanol (CCM) extracts reduced HeLa cell viability as the concentra-
tion increased. However, CCE had nearly thrice more potency than CCM with IC50 
(μg/ml) values of 33.95 ± 3.39 and 101.59 ± 24.37, respectively (Fig. 2). This find-
ing indicates the higher efficacy of ethyl acetate extract of C. colocynthis on the 
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Fig. 1 Effects of CCE and CCM extracts of C. colocynthis on the viability of HeLa cells
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HeLa cell line. Previous studies have also reported that C. colocynthis extracts had 
a cytotoxic effect on cancer cell lines. In a study carried out by Perveen et al. (2020), 
the cytotoxic effects of the methanol extract and ethyl acetate fraction of C. colo-
cynthis was reported. These authors demonstrated the cytotoxic action of C. colo-
cynthis methanol and ethyl acetate extract on the human breast cancer cell line 
(MCF-7). Similar to our result, the authors found out that both extracts reduced the 
viability of MCF-7 in a concentration-dependent manner but with the ethyl acetate 
fraction being more potent with IC50 values (μg/ml) of 30 ± 4.15 and 12 ± 0.46, 
respectively.

In another report, the anticancer potential of C. colocynthis ethanol extract was 
also documented. The result of the study showed that C. colocynthis ethanol extract 
induced cytotoxicity in a dose-dependent manner on the breast (MDA-MDB-21) 
and colon (HT-29) cancer cell lines used in the study (Bourhia et al. 2020). The 
authors reported the IC50 values (μg/ml) of the ethanol extract on the MDA-MDB-21 
and HT-29 cancer cell lines as 170.34 and 132. 31. These studies and more 
(Muhkerjee and Patil 2012; Rezai et al. 2017) have shown that the various extracts 
of this medicinal plant exhibit cytotoxicity towards the cell lines tested. Our report 
showed that C. colocynthis is rich in phytochemicals as shown in Table  1. The 
extracts of this plant has also been reported to exhibit antioxidant activities (Benariba 
et al. 2013; Hussain et al. 2014). The cytotoxicity of this plant extracts could there-
fore be associated with its phytochemical constituents and antioxidant activities.

Fig. 2 IC50 values for the cytotoxic effects CCE and CCM extracts of C. colocynthis against HeLa 
cell. Results are expressed as mean ± SEM
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4  Conclusion

Cancer is a global burden that has posed a threat to the whole world owing to its 
increasingly alarming rate. In Nigeria, cervical cancer continues to rank as one of 
the most reported cancer cases. Traditionally, medicinal plants have been well and 
long used in treatment of cancerous diseases. The present research study investi-
gated the phytochemical constituents and cytotoxic (potential anticancer) activity of 
C. colocynthis extracts. The two extracts studied were found to lower HeLa cell 
viability in a concentration-dependent manner with the ethyl acetate extract being 
more potent. The findings indicate that C. colocynthis could serve as a potential 
source of drugs for the treatment of cervical cancer. However, further studies are in 
progress for a detailed characterization of the cytotoxic effects and the associated 
cellular and molecular mechanism, and also for the isolation of the active principles 
from the plant.
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1  Introduction

Water is significant in every living thing and is very essential to life and its pro-
cesses. High-quality of water for drinking is crucial for health safety of all humans 
and as a means through which other essential elements required for the well-being 
of man are acquired through consumption (Abulude et al. 2007). Water covers about 
75% of the earth surface whereas the human body is composed of approximately 
70% of it (Pant 2004).

The task of water purification, safety, and security has received considerable 
attention with appreciable progress made in Europe and America as compared to 
developing nations which are still grappling with the daunting challenge of disease 
burden with high populace placed at risk of water-borne diseases. In developing 
nations, surface water bodies are vulnerable to pollutants from substances of vary-
ing origins and pathogenic agents due to lack of protective cover hence, using such 
water for irrigation and other purposes may institute severe unrestricted health 
threats (Shuval 1990; Obi et al. 2004; Okoh et al. 2007; Igbinosa and Okoh 2009; 
Chigor et al. 2010; Gemelle and Schmidt 2012). The presence of pathogenic organ-
isms such as bacteria, fungi, helminths, viruses, and protozoa render a water source 
unsanitary, non-potable and may possibly lead to diffusion of water-borne diseases 
to agricultural employees, swimmers, and the users of crops dampened with such 
dirtied waters (Shuval 1990; Freeman et al. 2015).

The consequence of polluted water, according to the WHO report is that, today, 
an estimated population of one billion individuals lack access to innocuous water 
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intake and 2.4 billion to cleanliness (WHO/UNICEF 2010). It further opined that 
not as much as two third of the world populace use enhanced sanitation facilities. 
Surface water pollution thus remains a global disquiet responsible for high sickness 
and death rates occasioned by food and water-borne ailments (Prüss et al. 2002; 
WHO 2006).

Surface water sources are important for both home and industrialized events and 
the accessibility of good quality of water is a requisite for prevention of water 
related diseases and improved standard of life (Anhwange et al. 2012). Water is a 
significant multi-usage component for drinking, energy production, and irrigation 
(Hacioglu and Basaran 2009). Humans, who utilize natural water sources, are dis-
posed to a number of water-borne health hazards ranging from biological, chemical, 
and physical ones. Among biological hazards are bacteria such as Vibrio species 
which is one of the widespread pathogenic organisms in surface water (Adeleye 
et al. 2010). Vibrio parahaemolyticus and Vibrio vulnificus are harmful to humans 
but the most important ones are Vibrio cholera (Nhung et al. 2007).

Vibrio cholerae was originally described as the cause of cholera by Pacini in 
1854. However, Vibrio cholera (O1 and O139), the causal agent of cholera is a 
known and dangerous source of high morbidity and mortality globally especially in 
Sub-Saharan Africa. Vibrio cholerae is about 1.4–2.6  mm long. The bacterium 
reacts positively to oxidase, it is implicated in reduction of nitrate and has a single, 
sheathed, flagellum that is polar for motility. It has a capacity for respiratory and 
fermentative metabolism. Its growth is enhanced by addition of 1% sodium chlo-
ride, though it can grow in nutrient broth without salt which distinguishes it from 
other Vibrio species (Barumann et al. 2001).

The bacterium is autochthonous to aquatic environments and are transmitted to 
human via fecal-oral route (Daniels and Shafaie 2000). Humans get tainted with it 
through ingestion of raw or undercooked contaminated food stuffs such as legumes, 
fish, or cross contamination of ready-to eat-food and also through poor personal 
hygiene and sanitation including unhygienic practices like none or improper hand 
washing or drinking of contaminated water. It causes acute diarrhea sickness and is 
reportedly liable for more deaths yearly.

Previous research reports from endemic areas have affirmed a persistent replica-
tion of frequency of Vibrio cholerae and cholera disease (Mishra et al. 2012; Fooladi 
et  al. 2013). Nigeria has from the time when the earliest manifestation of wide-
spread cholera, reported that sporadic occurrences have been taking place. In late 
2010, the Northern region of the country reported roughly 3000 infections and 781 
deaths due to cholera which showed how vulnerable some of underprivileged com-
munities were to the infectious agent with children inclusive. The outburst of the 
disease was credited largely to rain which washed sewages into surface water bodies 
including ponds, streams, and rivers that people depend on for drinking and other 
domestic purposes. The region was reportedly ravaged by the blight mostly in states 
such as Adamawa, Bauchi, Borno, Cross River, Gombe, Jigawa, Yobe, Osun, Taraba, 
FCT, and Rivers States. Although the scourge occurred and were documented in the 
affected states mentioned, facts emanating from epidemiological studies showed 
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that Nigeria is at a peril with the assumption that the occurrence remained as a result 
of hypervirulent strains of the organism (WHO 2011).

There is thus, a subsistence of abandoned reservoirs of the causative agent, Vibrio 
cholera which the disease crops up in environments wherever the conditions are 
recognized as predominantly unsanitary subjecting inhabitants to nonexistence of 
hygienic water. Supply of treated water to Makurdi residents is undependable such 
that pipes habitually go without water pumped through it for longer times compel-
ling several inhabitants to obtain water from natural water source like the nearby 
River Benue for domestic purposes including drinking. Therefore, there is a need to 
assess the natural water sources for the presence of Vibrio cholerae at water collec-
tion points.

Furthermore, the immense usage of antibiotics for prophylaxis due to prior chol-
era epidemic in the world ensued the emergence of strain of Vibrio cholera that 
resist several drugs (Mandal et al. 2012). Contemporary examination of the organ-
isms’ sensitivity to antibiotics should not be limited to only clinical isolates but also 
to isolates from the environment in areas that are endemic to the disease since the 
disease causative agent that are resistant to drugs can be found in the environment 
as its reservoir. The occurrence of Vibrio cholerae has always been associated 
exclusively with an epidemic (Mishra et al. 2012; Fooladi et al. 2013).

The aim of the study was to isolate and identify Vibrio cholerae from surface 
water and to determine its antibiotic susceptibility pattern in metropolis. The rele-
vance of the study cannot be underscored since Vibrio cholerae are usually free 
living in marine, freshwater, and estuarine environments. They are pathogenic and 
can cause a great deal of infections which are often severe and dangerous. Its pres-
ence in water could however pose a degree of threat and hazards to human health. 
Results from the study would create awareness to stakeholders in the water industry 
including users, government authorities, regulatory agencies, and agencies involved 
in management and treatment of water sources for effective prevention of Vibrio 
cholera infection.

2  Materials and Methods

2.1  Study Area

The area is Makurdi, the capital city of Benue State with temperature maximum of 
32 °C and a mean minimum of 26 °C (Tyubee 2009).
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2.2  Sterilization of Material Used

Various glass wares used in the course of this work were thoroughly washed, air 
dried and sterilized in a pressure pot at 121 °C for 15 minutes. The wire loop used 
was flame red hot and allowed to cool before use. Work bench surface were also 
cleaned before and after analysis. Aseptic method was employed in the course of 
this work as much as possible. Collection of samples and analysis were done 
aseptically.

2.3  Sample Collection

Surface water samples were randomly obtained from 16 points in 9 different loca-
tions of Makurdi Town using 100  ml sterile bottles and were taken to Biology 
Laboratory of Joseph Sarwuan Tarka University for analysis within 6 hours of col-
lection. These sites include Wurukum area, Modern Market, River Benue, North 
Bank, Wadata area, Kastsina – ala street area, Kanshio area, Pilla Village, Mbaikyo 
Village.

2.4  Media Preparations

The media, thiosulphate citrate bile salt sucrose agar (TCBS) was prepared accord-
ing to the manufacturer’s instructions. It was then sterilized by heating gently over 
a Bunsen flame and kept until it cooled to 50 °C after which it was dispensed into 
sterilized Petri-dishes (Acharya 2015).

2.5  Sample Analysis

Serial dilution method was employed. A total fivefold dilution was carried out by 
taking 1 ml of the original samples and add 9 ml of peptone water. This was repeated 
for five times serially for each sample in the different tubes and then shaken before 
1 ml was taken from the fifth dilution sample and pipette into a Petri-dish (Umeh 
et al. 2007).
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2.6  Enrichment of Vibrio cholerae from Surface Water 
in Peptone Water, Plating on TCBS Medium 
and Identification of Isolates

The water samples were cultured in Alkaline peptone water with a pH of 8.6 ± 0.2 
which was in a measurement of 20 ml each and kept in the incubator for 4–6 hours 
to allow for maximum growth of Vibrio cholerae.

After 6 hours, the alkaline peptone water containing the samples was collected 
and cultured on Thiosulphate citrate bile salt sucrose medium given the total of 16 
samples, the TCBS Agar used was 44 g which was liquified in 500 ml of distilled 
water and boiled. It was then left to cool to 47 °C and transferred to the Petri dishes. 
After the TCBS solidified, the inoculation process followed which was done with 
the aid of a wire loop and a Bunsen burner. The Petri-dishes were put into the incu-
bator for 24 hours. Yellow colonies which were button shaped measuring 1–2 mm 
diameter was observed (Acharya 2015).

Subculture was carried out using Nutrient Agar 7.8 g which was dissolved in 
500 ml of water and poured into clean and contaminants free Petri dishes for further 
use for the Biochemical tests.

2.7  Gram Stain Technique

The technique was employed as described by (Fawole and Oso 2004). Gram- 
positive colonies were purple whereas Gram-negative were either pink or red. 
Samples that were Gram-negative and comma shaped were further subjected to bio-
chemical tests which included: Oxidase reaction, Voges Proskauer reaction, Indole 
reaction, Citrate test reaction, Motility test reaction and Methyl red test reaction for 
genus confirmation as described by (Acharya 2015).

2.8  Antibiotics Susceptibility Test

Sensitivity test was carried out on all positive isolates using the Kirby-Bauer disc 
diffusion method, as described by (Nhung et al. 2007). The positive colonies were 
inoculated on dried surface of the nutrient agar plate by streaking round the plate 
using a sterilized wire loop. The incubated plate was left to dry for about 5 minutes 
and six (commonly used antibiotics in severe cholera treatment) antibiotics discs 
comprising of Tarivid (10 microgram), Reflacine (10 mcg), Ciproflox (10 mcg), 
Augmentin (30 mcg), Gentamycin (10 mcg), Streptomycin (30 mcg), Ceporex (10 
mcg), Nalidixic acid (30 mcg), Septrin (30 mcg), Amplicin (30 mcg), were then 
applied at 37 °C overnight. After the incubation, the inhibition zone diameter was 
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measured using a transparent plastic ruler and interpreted according to the zone 
diameter interpretive chart of CLSI (CLSI 2007).

3  Results and Discussion

Studies on the susceptibility of Vibrio cholerae isolated from surface water sources 
in Makurdi Local Government to commonly used antibiotics was carried out. Vibrio 
cholerae is normal resident bacteria of water environments, therefore water can 
serve as its channel of transmission. Water is one of the most important resources in 
life and it is used for various purposes. Diseases associated with water-borne infec-
tions are often capable of causing diarrhea, gastroenteritis vomiting and even fever 
(Uphadaya et al. 2013).

3.1  Bacteriological Analysis of Surface Water Sources 
for Vibrio cholera

Bacteriological analysis of different surface water sources was undertaken. Table 1 
shows the total bacteria count of stream water samples. Total bacteria count ranged 
from 4.1 × 105 to 1.0 × 105 Cfu/ml. Modern Market Stream have the highest bacteria 
count (4.1 × 105 Cfu/ml), Old GRA Stream have the least bacteria count of 1.0 × 105 
Cfu/ml. Samples from Wurukum Stream and Mbaikyo Village Stream have the bac-
teria count of 2.2 × 105 Cfu/ml. Wadata Stream have a bacteria count of 1.8 × 105 
Cfu/ml, while Northbank Stream have a bacteria count of 2.4 × 105 Cfu/ml. Kanshio 
Stream have a bacteria count of 2.3 × 105 Cfu/ml, while Pilla Village Stream have a 

Table 1 Bacteriological content of stream water within Makurdi metropolis

Stream code Total bacteria count (Cfu/ml)

S1 2.2 × 105

S2 2.2 × 105

S3 1.8 × 105

S4 2.4 × 105

S5 2.3 × 105

S6 2.1 × 105

S7 4.1 × 105

S8 1.6 × 105

S9 1.0 × 105

Keys: S1 Wurukum Stream, S5 Kanshio Stream, S2 Mbaikyo Stream, S6 Pilla Village Stream, S3 
Wadata Stream, S7 Modern Market Stream, S4 North Bank Stream, S8 Kastinala Area Stream, S9 
Old GRA Stream
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bacteria count of 2.1 × 105 Cfu/ml. Kastinala Area Stream have a bacteria count of 
1.6 × 105 Cfu/ml.

Table 2 shows the total bacteria count of pond water samples. Total bacteria 
count vacillated from 6.0 × 105 Cfu/ml to 1.2 × 105 Cfu/ml. The highest bacteria 
count was obtained from Wadata Pond which is 6.0 × 105 Cfu/ml, while the lowest 
count was gotten from North Bank Pond (1.2 × 105). Wurukum Pond have a bacteria 
count of 1.8 × 105 Cfu/ml, while Kanshio Pond have a bacteria count of 1.7 × 105 
Cfu/ml. Modern Market Pond have bacteria count of 1.4 × 105 Cfu/ml, while Katsina 
ala Pond have a bacteria count of 1.3 × 105 Cfu/ml.

Table 3 shows the total bacteria count of River Benue water at one point of water 
collection. The colony count is 4.2 × 105 Cfu/ml.

From the findings of this study, there is high level of Vibrio cholerae contami-
nants in surface waters sources may be ecologically normal but remains threatening 
since people use such water for other human related activities. The samples isolated 
showed the presence of Vibrio cholerae at different area which include Wadata, 
Wurukum, North Bank, Kanshio, Kastinala, Modern Market, Mbaikyo village, Pilla 
village, and River Benue. The morphological characteristics, biochemical and Gram 
reactions of the colonies grown from 16 different surface water samples within 
Makurdi metropolis were observed. A total of 15 out of 16 surface water samples 
were positive for Vibrio cholerae when cultural, biochemical, and Gram stain tech-
niques were used for identification. The Cultural characteristics of Vibrio cholerae 
from surface water were determined on a selective media: Thiosulphate Citrate Bile 
Salt Sucrose Agar (TCBS) which it grew as large yellow mucoid colonies. The pre-
sumptive identification of Vibrio cholerae was based on its morphology, Gram 
staining, and the result of biochemical tests. Gram negative rods observed were 

Table 2 Bacteriological content of pond water within Makurdi metropolis

Pond code Total bacteria count (Cfu/ml)

P1 1.8 × 105

P2 6.0 × 105

P3 1.2 × 105

P4 1.7 × 105

P5 1.4 × 105

P6 1.3 × 105

Keys: P1 Wurukum Pond, P4 Kanshio Pond, P2 Wadata Pond, P5 Modern Market Pond, P3 North 
Bank Pond, P6 Kastinala Pond

Table 3 Bacteriological content of River Benue

Sample Total bacteriological count (Cfu/ml)

River Benue 4.2 × 105
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presumed to be Vibrio cholera. The organism was Voges Proskauer positive, Indole 
positive, MR positive, Oxidase test positive, Citrate positive and Motility positive.

Previous work carried out in Hati has shown that Vibrio cholerae were present in 
surface waters of Hati (Kahler et al. 2015).  The routine usage of surface waters that 
are polluted with discharged wastewater run-offs for either home, recreation or irri-
gation purposes is likely a major predisposing factor to the risk of infection by water 
related infectious agents including Vibrio cholerae.

High occurrence of Vibrio cholerae in surface water was previously reported in 
Bangladesh (Faruque et al. 2004). The high frequency of V. cholerae was attributed 
to their ability to tolerate high salt concentration. Caldini et al. (1997) reported that 
out of 150 Vibrio spp isolated from the Aron River basin in Italy, Vibrio cholerae 
was the most prevalent species which was credited to the fact that the river basin is 
completely freshwater. Uphadaya et  al. (2013) also isolated these bacteria from 
water bodies in India. Studies have also shown the capacity of Vibrio cholerae to 
associate freely with a diversity of zooplankton, phytoplankton, blue-green algae 
(cyanobacteria) which protract its subsistence (Faruque et  al. 2002; Farque and 
Mekalanos 2012).

Akoachere et al. (Akoachere et al. 2013) stated that the presence of toxigenic 
Vibrio cholerae in water during the non-outbreak period in Cameroun is positively 
correlated with the physico-chemical characteristics such as temperature, pH (alka-
line) of the water. In this finding, temperature value ranged from 22.40  °C to 
29.90 °C but the optimal temperature for Vibrio cholerae growth is 37 °C with pos-
sible growth at 10–43 °C. pH value ranged from 6.00 to 8.40, but optimal pH for 
Vibrio cholerae growth is 7.6 with possible growth at 5.0–9.6. In this study, one 
could opine that the physico-chemical conditions mainly pH and temperature of 
surface waters could be the features sustaining the perseverance of toxigenic Vibrio 
cholera in surface waters.

3.2  Antibiotic Susceptibility of Identified Vibrio cholerae 
with Antibiotic Disc

There are two major roles of antibiotic susceptibility test has two major functions in 
both human and veterinary medicine. It can be used primarily to guide on which 
antimicrobial can be chosen for effective treatment of a patient. It may also be used 
at a tool to survey and monitor antimicrobial resistance. Fifteen selected isolates 
were carried out to antibiotic susceptibility test against preselected antibiotics. 
Antibiotics used in this experiment were: Nalidixic acid, Reflacine, Gentamycin, 
Augmentin, Ciproflox, Septrin, Streptomycin, Amplicin, Ceporex, and Tarivid. The 
zones of inhibition measured in mean diameter of zone of inhibition in mm is shown 
in Table 4.
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Table 5 shows the susceptibility of the isolated Vibrio cholerae to antibiotics 
used. The results showed that all the isolates from different water sources were sus-
ceptible all the antibiotics except to Nalidixic acid which the organism resisted.

The percentage of isolates susceptible to the various antibiotic drugs with Tarivid, 
Reflacine, Ciproflox, Gentamycin, and Septrin had the highest percentage (93.8%) 
of isolates susceptible to the drugs, followed by Streptomycin having (87.5%), 
Ceporex (75%), Augmentin (62.5%) and Amplicin (62.5%) (Table 6).

Table 7 shows the percentage number of resistant isolates to antibiotic drugs. 
Nalidixic acid had the highest resistance percentage of (93.8%), followed by 
Augmentin (31.2%), Amplicin (25%), Ceporex (18.8%), and Streptomycin (6.3%).

Rehydration is an effective strategy that has reduced rate of mortality during 
cholera epidemics. The use of antibiotics as a means of shedding of the organism, 
administering treatment for severe illnesses and to reduce duration of staying in the 
hospital and morbidity (Mandal et al. 2012). However, the resistance of microorgan-
ism including Vibrio cholerae to antibiotics has become a serious health challenge 

Table 4 Diameter of zone of inhibition (in mm) of identified Vibrio cholerae with antibiotic discs

Mean diameter of zone of inhibition in mm
Antibiotic discs S1 S2 S3 S4 S5 S6 S7 S8 P1 P2 P3 P4 P5 P6 RB

Blank discs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OFX 22 14 22 12 22 22 20 24 22 23 20 19 22 25 28
PEF 16 18 20 16 20 20 21 26 23 22 20 21 23 18 23
CPX 30 20 18 10 18 22 24 22 22 24 20 20 22 18 21
AU 0 14 14 0 14 0 8 10 16 0 12 18 0 20 16
CN 18 16 16 12 16 16 18 23 22 21 18 20 22 21 20
S 18 16 12 16 5 10 14 18 18 20 18 14 10 12 18
CEP 18 0 12 0 12 8 10 0 12 18 10 16 14 12 8
NA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SXT 20 12 10 8 10 14 13 8 20 14 16 18 10 14 8
PN 16 0 14 8 14 0 18 20 18 19 17 0 0 8 0

Table 5 Antibiotic susceptibility of identified Vibrio cholerae with antibiotics discs

Antibiotic Discs S1 S2 S3 S4 S5 S6 S7 S8 P1 P2 P3 P4 P5 P6 RB

Blank discs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
OFX S S S S S S S S S S S S S S S
PEF S S S S S S S S S S S S S S S
CPX S S S S S S S S S S S S S S S
AU R S S R S R S S S R S S R S S
CN S S S S S S S S S S S S S S S
S S S S S S S S S R S S S S S S
CEP S R S R S S S R S S S S S S S
NA R R R R R R R R R R R R R R R
SXT S S S S S S S S S S S S S S S
PN S R S S S R S S S S S R R S R
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worldwide. All isolate where strongly resistant to Nalidixic acid which agrees with 
the finding of Khan et al. (2005) and Shrestha et al. (2010). Where severe cholera 
cases are reported, health workers need to be aware of such relevant information to 
take a wise decision regarding the best drug to be prescribed to patients. Isolated 
Vibrio cholerae demonstrated high sensitivity to a number of antibiotics including 
Tarivid, Reflacine, Ciproflox, Gentamycin, and Septrin which corroborates the 

Table 6 Percentage distribution of antibiotic susceptibility of the Vibrio cholerae

Antibiotics (ug)
Number (%) susceptible to drugs
Vibrio cholerae (n = 16)

OFX 15(93.8)
PEF 15(93.8)
CPX 15(93.8)
AU 10(62.5)
CN 15(93.8)
S 14(87.5)
CEP 12(75)
NA 0(0)
SXT 15(93.8)
PN 10(62.5)

Table 7 Percentage distribution of antibiotic resistance of Vibrio cholerae isolates from 
surface water

Antibiotics (ug) Number (%) resistance to drugs

OFX 0(0)
PEF 0(0)
CPX 0(0)
AU 5(31.2)
CN 0(0)
S 1(6.3)
CEP 3(18.8)
NA 15(93.8)
SXT 0(0)
PN 4(25)

Keys: S1 Wurukum Stream, S2 Mbaikyo Village Stream, S3 Wadata Stream, S4 North Bank 
Stream, S5 Kanshio Stream, S6 Pilla Village Stream, S7 Modern Market Stream, S8 Kastinala Area 
Stream, S9 Old GRA Stream, P1 Wurukum Pond, P2 Wadata Pond, P3 North Bank Pond, P4 
Kanshio Pond, P5 Modern Market Pond, P6 Kastinala Pond, S Sensitivity, R Resistance, OFX 
Tarivid, PEF Reflacine, CPX Ciproflox, AU Augmentin, CN Gentamycin, S Streptomycin, CEP 
Ceporex, NA Nalidixic acid, SXT Septrin, PN Amplicin, OFX Tarivid, PEF Reflacine, CPX 
Ciproflox, AU Augmentin, CN Gentamycin, S Streptomycin, CEP Ceporex, NA Nalidixic acid, 
SXT Septrin, PN Amplicin
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report of (Mustapha et al. 2016). Some Vibrio strains were previously reported to be 
resistant to antimicrobials like tetracycline, co-trimoxazole, trimethoprim, and sul-
famethoxazole. The struggle to these antimicrobials alongside other factors like 
virulence and the capability to trigger epidemics, put up vibrios as pathogens of 
public health interest (Mohale 2003).

Some dissimilarities in the antibiotics resistant drug were reported in these find-
ings with regard to the findings of Khan et al. (2015) and Shrestha et al. (2010). 
These resistant drugs include Augmentin, Streptomycin, Ceporex, and Amplicin. 
However, Faruque et al. (2004) reported that the resistance pattern of Vibrio chol-
erae depends on the geographical location and the time of isolation. Moreover, the 
cause of resistance to drugs by the isolates could be explained by various reasons 
including the presence of antibiotics released in the sewage system by the connected 
hospitals and humans by several pathways which get into surface waters (Chikwendu 
et al. 2014). Therefore, antibiotics residues that persist in surface waters due to their 
misuse and release in surface waters could be the basis of occurrence of antibiotics 
resistant organism, a serious public health.

4  Conclusion

Vibrio cholerae is an etiological agent of cholera, a deadly diarrhea disease was 
isolated from surface waters in Makurdi town, Benue State during non-outbreak 
period. These isolates were obtained from streams, ponds, and river. The isolates 
demonstrated a strong resistance to Nalidixic acid followed by to Augmentin, 
Streptomycin, Ceporex, and Amplicin.

Vibrio cholerae are present and can persist in surface waters and can be isolated 
even during non-outbreak periods. Surface waters could therefore serve as reservoir 
for Vibrio cholerae. Therefore, the people who usually use this water for drinking, 
cooking, washing, and swimming purposes are at high risk of infection with Vibrio 
cholerae. Hygienic practice which can prevent water from being contaminated 
should be observed example, boiling. Antibiotic susceptibility test for infected per-
sons and the use of appropriate antibiotics for treatment to curtail the shedding of 
the organism which keeps the spread of the disease in check and to treat severe ill-
ness (by reducing volume of diarrhea) and shorten the extent of sickness and hospi-
talization is recommended.
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1  Introduction

In recent times, dispersion of solid materials nanoparticles has become common 
phenomena to enhance thermal characteristics of working fluid in thermodynamics 
systems. Metal and metal oxides are renowned examples of nanoparticles. Thermal 
conductivity of nanofluid (a mixture of nanoparticles and the working fluid) is 
higher than the working fluid (Dincer and Kanoglu 2010). The first history of refrig-
eration can be traced back to the 1800s when ice from the polar region were cut into 
chunks and transported manually by a team over a long distance to be sold out to 
others who would keep the ice in their food ‘storage rooms’ with heat-insulated 
walls using sawdust. Scientists later detected the addition of certain salts to lower 
the temperature of the water. It would happen later on in 1755 when William Cullen 
attempted to produce ice mechanically by means of an air pump to lower the pres-
sure of the liquid (water) in a closed apparatus. Many other investigations and 
experiments were carried out until Jacob Perkins in 1834 crafted the first vapour 
compression system using natural rubber as ‘refrigerant’ (Sharma 2018). 
Refrigeration can be described as a means of transferring heat from a 

M. Udo (*) · S. O. Akinkunmi · S. A. Afolalu · A. A. Noiki 
Department of Mechanical Engineering, Covenant University, Ota, Nigeria
e-mail: mfon.udo@covenantuniversity.edu.ng 

O. O. Yusuf 
Department of Microbiology, Obafemi Awolowo University, Ile-Ife, Nigeria 

M. E. Emetere 
Department of Physics, Covenant University, Ota, Nigeria 

O. D. Samuel 
Department of Mechanical Engineering, Federal University of Petroleum Resources Effurun, 
Effurun, Delta –State, Nigeria

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-96721-5_30&domain=pdf
https://doi.org/10.1007/978-3-030-96721-5_30
mailto:mfon.udo@covenantuniversity.edu.ng


356

low- temperature reservoir to a high-temperature reservoir. Sharma et  al. (2018) 
identifies refrigeration as the process of cooling products and substances from a 
higher temperature within an enclosed space to a low temperature. Refrigeration is 
a high- demand process at both the industry level and the domestic level. The most 
common areas of application of refrigeration include cooling of food, medicine, 
artificial ice rinks, and air conditioning (Afolalu et al. 2018a). Most refrigeration 
systems are classified as vapour absorption systems. These systems include a con-
denser, evaporator, expansion or capillary tube and a compressor. Each is very vital 
to the running of the system. There are measures by which we ascertain the best 
performance of a refrigeration system and they include the Coefficient of 
Performance (COP), Energy consumption and Refrigeration capacity. The 
Coefficient of Performance is the measure of the effectiveness of the system and it 
depends on the other two mentioned above. It is mathematically expressed as the 
energy consumed divided by the refrigeration capacity (Taib et al. 2009).

Energy consumption has been found to be related to the economic growth of a 
country (Eggoh et al. 2011). Reducing the rate of energy consumption in a country 
starts from the smallest unit – the home (Fontana et al. 2013). Researchers have 
dedicated time to improve the efficiency of the home appliances while reducing 
energy consumption from the refrigerators, television, home stereos to home auto-
mation (as in the Amazon Echo Dot). The refrigerator is one of the highest consum-
ers of electricity as it is constantly on and only goes off with a power cut. The 
various ways of reducing electricity consumption in refrigerators can be by amelio-
rating the material for the door and body using polyfoam or fiberglass, enhancing 
the heat transfer of condensers and evaporators by introducing ventilators or increas-
ing the surface area and increasing the efficiency of the compressor which is the aim 
of this study. Improving the compressor’s efficiency starts from friction reduction, 
which can be alleviated using a suitable lubricant (Ajayi et al. 2019a).

2  Types of Refrigeration System

2.1  Vapour Refrigeration System

Vapour compression refrigeration is classified under refrigeration using mechanical 
energy. The system is rated among the most important cycles because it has a wide 
range of heating and cooling temperatures as well as pressure (Sonnenrein et al. 
2014). The temperature and pressure of the refrigerant vapour is amplified using a 
compressor. The refrigerant fluid is the working fluid for expansion and compres-
sion. A vapour compression refrigerator typically consists of an evaporator, a com-
pressor, a condenser and a capillary or expansion valve. It sometimes contains 
auxiliary components (Prasad et al. 2009). The cycle works by taking in low atmo-
spheric pressure vapour from the surroundings or from the closed chamber during 
the stroke known as suction stroke. The compressor then compresses the refrigerant 
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to a high temperature, high pressure working fluid during the compression stroke, 
and then it is passed to the condenser which reduces the pressure and temperature 
and passes the heat to the coolant through the expansion valve. The expansion valve 
passes on the low temperature vapour into the evaporator at the storage chamber 
which absorbs the dry vapour and uses it to cool the objects around. The dry vapour 
is then recycled. Figure 1 shows a simple vapour compression cycle (Udayakumar 
et al. 2012).

2.2  Vapour Absorption Refrigeration

The vapour absorption system uses heat energy to run the system. Instead of the 
compressor, a pump is utilised here. The system consists of a generator, a con-
denser, an evaporator, a pump and an absorber (Maina and Huan 2015). The cycle 
works by passing ammonia solution or lithium bromide from the evaporator to the 
absorber which contains water. The mixture of the fluids results in a strong solution 
at high temperature. The heat is then reduced by passing cooled water through the 
pipe. The pump then pumps the solution to the generator where it is reheated. The 
reheating results in the evaporation of the ammonia from the solution; the ammonia 
later condenses back to liquid ammonia which is passed to the receiver (Secretariat 
2000). Then, it is passed on to the expansion valve which expands the liquid at low 
pressure and temperature and it re-enters the evaporator in the closed chambers used 
to cool the surrounding object shown in Fig. 2 below (Lorentzen 1993).

Other types of refrigeration include evaporative cooling, thermoelectric refrig-
eration, cold air refrigeration; the first type of refrigeration known to mankind, and 
based on the usage; primary and secondary types of refrigeration.

Fig. 1 Vapour compression cycle (Sonnenrein et al. 2014)
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3  Refrigerants and Its Roles

A refrigerant is a fluid substance basically in the liquid or gaseous state which 
brings out the refrigeration effect. These substances absorb heat at one place at a 
low temperature level and reject the same at some other place having higher tem-
peratures and pressure. The common refrigerants are hydrocarbons and hydrofluo-
rocarbons. The improvements made on refrigerants and the compressor likewise 
over the years have contributed to the wider use of refrigeration systems along with 
the development of improved systems and components of Refrigeration and Air 
conditioning systems. A refrigerant is a fluid that helps keep the refrigeration sys-
tem in working condition. Using this, the first refrigerant would have been water as 
in the natural refrigeration system (Ajayi et al. 2019b). The first refrigerant used in 
a closed system was the product of the destructive distillation of rubber, ethyl ether 
which is highly dangerous and toxic, but this was the refrigerant used for more than 
a decade before other natural substances such as carbon dioxide, ammonia, and air 
later came into use. Out of these three natural substances, carbon dioxide (R744) 
was propounded to be a good refrigerant by Thaddeus S. Lowe in the late 1860s 
dwelling on toxicity and flammability factors, a while after he used it in balloons for 
the military. Different scientists also tested out carbon dioxide until Windhausen 
made a compressor just for the gas. Using his designs, other scientists built marine 
refrigerators and in the 1900s, the R744 was being used for air conditioning. The 
problems associated with it such as losses due to efficiency, sealing at high pres-
sures and the ridiculous high components cost led to a search for better refrigerants 
that brought it our biggest problem today (Abioye et al. 2019).

Chlorofluorocarbons were introduced at the beginning of the 1930s. These sub-
stances had a vast application; from refrigerants in R and A systems to cleaning 

Fig. 2 Vapour absorption cycle (Lorentzen 1993)
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solvents and spray propellants (Navarro-Esbrí et al. 2013). The hoax that favoured 
the use of the substances was that they were eco-friendly. However, scientists later 
uncovered that the claim was false and that chlorofluorocarbons have caused suf-
focations as well as being a large contributor to destroying the ozone layer and 
causing the greenhouse effect. Out of the green gases, Chlorofluorocarbons (CFCs) 
causes about 20% of the climate change (Dalkilic and Wongwises 2010; (Padilla 
et al. 2010; Duan et al. 2015). In 1987, the Montreal Protocol was established ban-
ning any use of CFCs. They finally started phasing out. Unfortunately, some old 
systems using these substances as refrigerants have not been replaced. The condi-
tions laid out for the new refrigerants are that they are eco-friendly, not reactive with 
the other materials in the system, do not cause corrosion, are not toxic and non- 
flammable and so on (Sethi et al. 2016).

The search for alternative refrigerants, therefore, was needed. Refrigerants with 
low Global Warming Potential (GWP) are being researched for. The change also 
requires a redesign of the domestic refrigeration systems to improve the efficien-
cies, for materials that would not easily corrode and leak the refrigerant gases and 
for components that can handle the new refrigerants being developed. Lorentzen 
et  al. (1993) suggested the natural substances used before such as ammonia and 
carbon dioxide to replace CFCs. One of the alternative substances, R-134a or tetra-
fluoroethane which is non-toxic and non-flammable is projected to completely 
replace R-22 (chlorodifluoromethane) as a refrigerant in packaged air-conditioning 
units. However, the new system utilising R-134a will be expensive and larger to 
accommodate the larger tubing needed for the refrigerant to be effective. It also 
replaces R-12 (dichlorodifluoromethane) and R-400 in some system (Boyde et al. 
2002). Later on, it was discovered to possess higher GWP than the other alternative 
refrigerants (GWP- 1430) and so other alternatives were sought to replace it. One of 
them is the R513A with a GWP of less than 600, and Navarro-Esbrí et al. (2013) 
investigated the refrigerant in a test bench and concluded that the replacement has a 
greater cooling capacity and mass flow rate. Although it consumed more in terms of 
power, the refrigerant has a higher coefficient of performance. The refrigeration 
system, however must be adjusted to accommodate the new refrigerant (Rizvi 
2009). Another alternative refrigerant is R-123 in R and A systems, heat pump sys-
tems and centrifugal compressors to replace R-11. However, it has been reported to 
be toxic but not as much as R-11. It is required that the R and A workers have an 
exposure limit. Paraffin oils have been found to be compatible with the refrigerant. 
Dalkilic and Wongwises (2010) analysed mixtures of R290 and R600a with a pro-
portion of 40 and 60 by percentage weight and found it suitable to replace R12. 
They also analysed R290 and R1270 as a blend and found it very suitable to replace 
R22. Padilla et al. (2010) proposed the use of R413a to replace R12 in a refrigera-
tion system designed for the latter without any need to adjust or change the compo-
nents. Zeotropic substances such as R-401A and R-401B have been accepted as 
alternatives in some applications. The main advantage of these substances is that 
they do not contain chlorine which is a major element in greenhouse gases that 
contribute to the depletion of the ozone layer (Karaosmanoğlu et al. 2013). The best 
alternative refrigerants proposed have been the natural substances (especially 
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Carbon dioxide) and the new synthetic substances; hydrofluorooleifins. 
Hydrofluorooleifins contain carbon, hydrogen and fluorine (Prasad et al. 2009). The 
two most commonly used; R1234yf and R1234ze (E) have GWPs close to the new 
refrigerants are reported to have low critical temperatures and pressures and very 
low flammability (Padilla et al. 2010). Lubricating oils are utilised in vapour com-
pression refrigeration systems to serve as lubricants for the metal components, as 
sealants, as coolants, to dampen the vibrations of the compressors, reduce noise 
from the compressors and finally to also flush out unwanted particles (Adelekan 
et al. 2017; Bhattad et al. 2017). After the injection of unused lubricating oils into 
the refrigerating system, chemical reactions such as corrosion and the mixture with 
dirt and unwanted particles cause the oils to degrade which result in the reduction of 
the oil properties; the physical index such as viscosity and the chemical index. 
Thermal reactions also contribute in the degradation (Veera and Govindha 2018).

3.1  Nanofluid in Refrigeration

Bhattad et al. (2017) reviewed the importance of nanofluid in improving the coef-
ficient of performance of refrigerators. It was stated that to improve the performance 
of refrigerators, two factors that need to change are system modification and rede-
sign and/ or improving the heat transfer properties of the working fluids. After a lot 
of research, nanofluids were discovered to have the capacity. These nanofluids 
based on their area of application in refrigeration were classified as; nanorefriger-
ant, that is, nanoparticles immersed in refrigerant, nanolubricants, which are 
nanoparticles immersed in compressor oil as the base fluid. Scientists have investi-
gated and concluded that the introduction of nanoparticles into the lubricating oil 
will significantly improve the refrigeration cooling capacity, coefficient of perfor-
mance, energy consumption, second-law efficiency and the compressor’s stability 
(Majgaonkar 2016; Ajayi et al. 2018; Fernando et al. 2018; Ajayi et al. 2019b). The 
other classifications are secondary fluids, coolants and secondary fluids with 
nanoparticles. The authors noted that while these fluids exit, literature has only been 
published on the first two. Veera and Govindha (2018) carried out investigation on 
improving the coefficient of performance with nanofluid but restricted their study to 
examine the better base lubricant for nanolubricants to mix in. They concluded that 
mineral oil was better than polyolester oil because of its compatibility with CFC 
refrigerants. It was noted that more basic research and applied research have to be 
explored to gain more insight in the field. Ajayi et al. (2018) experimented using 
titanium oxide nanorefrigerant resulting in lower temperature of the evaporator. 
Ajayi et al. (2019c) used diamond nanolubricant for the compressor and it resulted 
in higher COP and cooling capacity. There are many more literature that show nano-
fluid improving the performance of refrigerators.
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4  Conclusion

Nanoparticles present significant properties from which numerous applications can 
be developed. The volume and high surface ratio make them suitable for different 
purposes in various fields, including promising qualities to overcome emerging 
challenges in refrigeration systems. In this study, we have examined the compara-
tive advantage of nano based refrigerants over the conventional refrigerants, also a 
comprehensive assessment of the substantial impact of nano based refrigerants in 
refrigeration system particularly in the area of system performance enhancement. 
However, there are several ongoing researches in the area of nano based refrigerants 
geared to towards exploring the vast opportunities presented by nanomaterials and 
nanotechnology.
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1  Introduction

A liquid or gaseous material required to transfer heat from one portion to another is 
a heat transfer fluid (Conrad and Gamble 2017). Heat transfer fluids transmit heat to 
a process stream. Heat transfer fluids transfer heat from a heat source to other heat 
demands (or cold streams) by circulation within a closed-loop system (Devi et al. 
2020). The medium for transferring heat is circulated within a closed-loop system 
to supply heat to the end-user (Mukund and Santanu 2012). These fluids are applied 
in heating or cooling processes to obtain or sustain a specific temperature. They 
possess vital thermophysical properties such as high thermal conductivity, low vis-
cosity, high heat capacity, low corrosivity, low cost, low flammability, low toxicity, 
and environment friendly (Hoffschmidt et al. 2012).

Heat transfer fluids are widely used in many conventional chemical and bio-
chemical processes. In the brewing process, heat transfer fluids act as refrigerants 
for cooling during fermentation (Mehos et al. 2020). In the pharmaceutical manu-
facturing process, heat transfer fluids provide a high-temperature range for neces-
sary chemical reactions and a low-temperature requirement for unit operations such 
as crystallization of final products (Mehos et al. 2020). The removal of impurities 
such as hydrogen sulphide (H2S), water (H2O), volatile organic compounds (VOCs) 
and carbon dioxide (CO2) from gas in gas processing operations require heat trans-
fer fluids to maintain temperatures that are suitable for the removal of these impuri-
ties. In the petrochemical and packaging industries, polymerization of polyesters, 
PET moulding and nylon processing require heat transfer fluids (Hoffschmidt 
et al. 2012).
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In chemical processing plants, steam, usually in the saturated form or of high 
quality, has been used for years as the primary heat source for process heating in 
heat transfer equipment such as heat exchangers, re-boilers and reactors. It is also 
used to clean equipment and generate electricity (Sinaga 2020a). Steam is used as a 
heat source because it comes from raw water, which is cheaper, less hazardous, and 
safe in its gaseous form to store and transfer energy (Sinaga 2020a).

In addition, the steam itself is beneficial as a process heating agent in chemical 
plants because the desired temperature can be obtained by pressure control. It is an 
efficient heat source with high throughput per unit mass of utility at a constant tem-
perature because of its high heat of condensation, high heat transfer coefficient, 
non-flammability and non-toxicity. It is also an inert heating agent to many process 
fluids (Sinaga 2020b).

The main objective of this review is to identify alternative heat transfer fluids 
with more emphasis on synthetic heat transfer fluids, their properties, benefits, 
applications and limitations in chemical industries.

.

2  Literatures Gathering Approach

For this review, the information gathered was from databases that contributed to the 
topic. The given set of guidelines, procedures, inclusion and exclusion criteria, the 
literature of the studies and the chemistries of the substances to be studied were 
taken into full consideration. Articles were retrieved from databases such as Scopus, 
Google Scholar, ResearchGate and ScienceDirect. The keywords for the search 
include ‘steam’, ‘heat transfer fluids’, ‘advantages and disadvantages of using steam 
as heat transfer fluid’, ‘alternative materials to use of steam as heat transfer fluids’, 
‘chemistries of heat transfer fluids’, ‘mineral oils as heat transfer fluids’, ‘synthetic 
heat transfer fluids’ and ‘synthetic aromatic heat transfer fluids’. In addition, articles 
relevant to the study were obtained from reliable websites and resources that 
improved the overall structure of the review. Furthermore, the articles, journals and 
sample review works were obtained from 2011 to 2021, according to the ten-year 
limit stated in the inclusion and exclusion criteria.

Furthermore, the most recent updates on the chosen articles were utilised. The 
companies that work with these heat transfer fluids were consulted, and the chemis-
tries of the various synthetic aromatic substances were taken into account and docu-
mented. Articles that discussed the effects of oxidation and thermal degradation of 
substances were gathered via the use of google search engine, thus enabling a more 
comprehensive outlook on the overall study.

.

A. Ayoola et al.



367

2.1  Heat Transfer Fluid System

A heat transfer fluid system is typically made up of the following components 
(Fig. 1):

• Heat transfer fluid
• Storage tank, which are used to store the fluid and fill the circuit
• Heater, which is the heat source such as furnace for heating and chiller for cooling
• The piping system, which include valves and pumps that transport fluid across 

various components such as user equipment
• User equipment, which are the units that require heat
• Filters, which help to remove particulates from the fluid
• Sampling line, which allows safe sampling of fluid for analysis and inspection
• Expansion tank, which is primarily added to enable expansion of fluid during 

heating and contraction when during cooling. It is also used to pressurise the 
system and vent off unwanted volatile organic compounds, gases and water

Fig. 1 Heat transfer fluid system and its main components (Lee 2016)
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Heat transfer fluids act as supercritical fluids and experience phase change. 
Examples of heat transfer fluids are water, hydrocarbon oils, glycols, silicone oils, 
air and refrigerants. Heat transfer fluids according to their operating temperatures 
are classified as follows:

 Low Temperature Fluids

They include silicone oils and hydrocarbons with a temperature range from below 
0 °C to 100 °C.

 Medium Temperature Fluids

They include glycols, such as ethylene and propylene glycol, can be used at tem-
peratures below 0  °C (freeze protection) and 177  °C (with the presence of an 
additive).

 High Temperature Fluids

These are heat transfer fluids been used at a temperature range of between 177 °C 
to 400 °C.

2.2  Steam As a Heat Transfer Fluid: Its Operation 
and Limitations

Steam is a widely used medium for the transfer of heat in many industrial systems. 
Steam is sent to the heat exchanger in the form of gas. The saturated steam transfers 
heat using latent heat, liberates much energy and then condenses to liquid. The con-
densed fluid exits the heat exchanger at a lower temperature. Figure  2 shows a 

Fig. 2 Steam generation 
process (Ebrahimi and 
Torshizi 2012)
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simple typical steam generation process which comprises of pumping unit, boiler, 
turbine and condenser.

In Fig. 2, the feed water at elevated pressure is first pre-heated before entering a 
boiler or series of boilers to superheat the steam to pass its dew point to produce 
high-pressure steam at correspondingly high temperatures. High-pressure steam 
can be used in plants for various operations. Part of it can also be converted using a 
series of valves and steam turbines to heat medium temperature steam, which can be 
used as a heat source for some process units and produce low-pressure steam to heat 
low-pressure processes. The low-pressure steam can be expanded inside the con-
densing turbines to produce shaft work and energy (Balamurugan and Samsoloman 
2014). Despite its many advantages, steam also has its various disadvantages when 
operated within the processing plants.

Steam systems suffer from metal corrosion issues arising from the combined 
effects of corrosive agents such as air, hot water, salts and other reactive contami-
nants. The steam system promotes scale and deposits formation due to the minerals 
present in raw water supplies. The abrasion of steam also causes corrosion due to 
erosion. The steam system produces steam at a high-pressure level, which increases 
exponentially as the steam temperature increases. The high pressure and tempera-
ture pose safety hazards and can cause a severe burn, injury, hearing damage (due to 
prolonged exposure). High-pressure steam can lead to fatalities to plant and mainte-
nance personnel due to invisibility to eyes and as a result of a pinhole leak in distri-
bution piping system and catastrophic steam pipe ruptures due to erosion of pipe 
walls by steam condensate, corroded pipe walls due to acidic contaminants, over- 
pressure effect of water hammer on of pipe. The steam system needs continuous 
maintenance of equipment such as steam traps, valves, condensate return pumps, 
expansion joints and water analysis and treatment, which are prone to failure and 
peculiar to the steam system only. The system also suffers from freezing, pipe burst-
ing, and components damage in a cold climate. Steam systems require significant 
human effort for operation, supervision and maintenance. In some geographies, the 
local law mandated full-time licensed personnel to man the operation of high- 
pressure steam systems (Tanuma 2017).

Another challenge of steam is the environmental safety concern. Steam is pro-
duced from water that must be chemically treated to remove unwanted cations and 
anions that cause scale and corrode steam. The chemical treatment wastes present 
considerable environmental hazards since they cannot be discharged into sewers. 
Also, there is a need to discharge spent water into the environment, which is often 
regulated by law, and this means a provision is required for cooling if water is to be 
drained into sewers. Another setback for the steam system is the dependence on 
pressure regulation to control its temperature, which is not accurate and typically 
limited to ±10 °F error margin. As the system ages and corrosion takes its toll, tem-
perature control practically becomes a severe issue (Tanuma 2017).
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2.3  Alternative Heat Transfer Fluids

Heat transfer fluids are materials with specific heating, cooling and transport prop-
erties that are chemically stable at higher operating temperatures. They have their 
applications in various industrial processes such as oil and gas, pharmaceuticals, 
chemical manufacturing, biodiesel production, food and brewing processes. They 
are also used in concentrated solar power.

Unlike steam systems, alternative heat transfer fluid systems operate at low pres-
sure. Pressure in some of the systems is limited to the pump discharge required for 
turbulent flow. Typical pump discharge pressures range from 35–65 psi and are a 
little higher for large systems. This low-pressure requirement makes the heat trans-
fer system safer to handle even without a licensed supervisor that may be required 
in steam systems. Also, the low-pressure ratings positively impact system material 
selection and capital cost. The pressure rating favours wide industrial applications.

Unlike steam, alternative heat transfer fluids such as synthetic organic fluids and 
hot oils are easy to maintain. They do not have condensate return, blowdown, or 
water additives that make the steam system complex. Hot oil and synthetic fluid 
systems have been operated safely and efficiently for years with a minimal mainte-
nance routine. Some of the alternative heat transfer fluids are enumerated below 
(Mehos et al. 2020).

 Aliphatic Based Fluids

These are paraffinic or aliphatic based (hydrocarbon) fluids with an application tem-
perature range between −10 to 300 °C. They are commonly called hot oils, and they 
belong to a group of chemically similar products such as mineral, white mineral, 
hydro-treated, paraffinic or petroleum oil. They have a high-temperature boiling 
point, which is a feature that permits them to be used in low pressured or non- 
pressured systems at a lower temperature range. At higher temperatures, they suffer 
a high rate of thermal degradation that aggravates operational issues and eventually 
costly fluid replacement (Balamurugan and Samsoloman 2014).

 Hydro-Processed Organic Heat Transfer Fluids

These organic heat transfer fluids consist of the following types:

Hydro-Processed White Mineral Oil

It is food-grade mineral oil with a temperature range of – 30 to about 320 °C. It is 
thermally stable at a high temperature of 320 °C for long periods and possesses 
excellent heat transfer properties even at low temperatures (say around −45 °C). It 
is a colourless, odourless and non-toxic transparent liquid (Czaplicka et al. 2021).
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Hydro-Processed Naphthenic Fluid

Hydro-processed Naphthenic heat transfer fluid is used in the liquid phase for cool-
ing or heating at a temperature range of −5 to 320 °C. It is a light-yellow transparent 
liquid with good anti-coking characteristics (Tanuma 2017).

 Inhibited Glycol-Based Fluids

The inhibited glycol-based is a mixture of water and glycols with operating tem-
peratures below 175 °C (350 °F) whose properties and heat transfer performance are 
a function of the specific concentration of glycol in the fluid. They are usually in the 
form of either ethylene glycol or propylene glycol (Tanuma 2017). Ethylene glycol- 
based fluids have lower viscosity and better heat transfer properties, while propyl-
ene glycol-based products are less toxic. Propylene glycol-based fluids find 
applications in food processing industries. Glycols are used as heat transfer fluids 
because of their low corrosiveness, flammability and high pumping requirements. 
Inhibited glycol-based heat transfer fluid consists of water which provides heat 
transfer capacity. Ethylene or propylene glycol, in addition to heat capacity, helps to 
depress the freezing point of the fluid mixture. A corrosion inhibitor is added to the 
glycol-water mixture to protect the common metals of the construction of the sys-
tem. The most important physical properties of ethylene and propylene glycol 
desired for their applications as heat transfer fluid are their relatively low vapour 
pressure, relative high boiling points and ability to lower the freezing point of water. 
Pure ethylene glycol has a freezing point of about 13 °C (9 °F), while pure propyl-
ene glycol freezes at about 20 °C (−4 °F) (Czaplicka et al. 2021).

Inhibited glycol-based heat transfer fluids are considered medium temperature 
thermal fluids. They are commonly used in the food industry for chilling and freez-
ing in specific applications such as immersion freezing, cooling of liquid foods and 
fermentation cooling. They are also used in single fluid process heating and cooling 
and closed-loop, water-based heating, ventilation and air condition applications 
(Tanuma 2017).

 Silicon-Based Heat Transfer Fluids

Silicon-based heat transfer fluids have good thermal stability. They are preferred for 
applications such as pharmaceutical processes that require heat transfer either at a 
low temperature of less than 29 °C or a high temperature of greater than 343 °C 
(Balamurugan and Samsoloman 2014).
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2.4  Synthetic Heat Transfer Fluids

Synthetic heat transfer fluids are used to transfer heat at temperatures between 
−57 °C (70 °F) and 400 °C (750 °F). They have been established to have superior 
thermal stability over conventional hot oils, which means they will stay long in the 
system; less make-up volume is required, and operating cost is minimal. They are 
used in simple operating systems, unlike steam system, which typically comprises 
storage tank, piping, pump, expansion tank, filters, sampling line, user and heater. 
They operate at low pressure, making usage a safer option for indirect heating in 
chemical industries. Some synthetic heat transfer fluids are discussed below 
(Czaplicka et al. 2021).

 Synthetic Heat Transfer Diaryl Alkyl

It is a synthetic heat transfer fluid with high-temperature stability, operating at a 
maximum temperature of 350 °C. It has a broad operating range of temperature of 
between −20 to 350  °C. Diary Alkyl has properties that are resistant to coking. 
During the continuous heating and cooling process, their properties remain intact. 
Due to the absence of coke formation, they produce a clean heating system, thereby 
sustaining the performance of the equipment (Czaplicka et al. 2021).

 Synthetic Heat Transfer Biphenyl/Diphenyl Oxide Mixture

It is a transparent synthetic heat transfer fluid with excellent heat stability. It is 
applied in concentrated solar power (CSP) generation. It can operate within a tem-
perature range of between 12 to 400  °C for liquid-phase heating systems and 
between 257 to 400 °C for vapour phase liquid systems at lower vapour pressures. 
The saturated vapour pressure at 400 °C is about 1.06 MPa. At low temperatures, it 
possesses lower viscosity. The heat transfer fluid’s corrosivity rate is relatively low 
because of the low chlorine and sulphur content (Tanuma 2017).

 Synthetic Heat Transfer Isopropyl Biphenyl Mixture

It is an aromatic synthetic heat transfer fluid suitable for low-pressure applications. 
It is a colourless transparent liquid with good heat stability that can operate at high- 
temperature heating systems for long periods. They operate at a temperature range 
of – 20 to 330 °C. They can resist any form of chemical degradation in a material 
through the air (oxidation) at high temperatures and will not cause corrosion in the 
heating system (Tanuma 2017).
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 Synthetic Heat Transfer Alkyl Substituted Aromatic Fluid

It is an aromatic synthetic heat transfer fluid that operates within a temperature 
range of −75 to 315 °C and is applied in both liquid and gaseous phases. It is a light 
yellowish transparent liquid. At low temperatures, it has excellent heat transfer and 
flow properties. It has the best heat transfer coefficient at low temperatures relative 
to other refrigerating fluids (Balamurugan and Samsoloman 2014).

 Synthetic Heat Transfer Alkylbenzene

It belongs to the alkyl-substituted aromatic fluid category. It is a light yellowish 
transparent liquid. This heat transfer fluid has high thermal stability and has a low 
tendency to undergo oxidation. It works at the operating temperature range of −25 
to 300 °C without any carbon deposits. It is an economical synthetic heat transfer 
fluid. It can easily flow (low viscosity) at low temperatures and is more suitable in 
cold regions (Czaplicka et al. 2021).

 The Synthetic Aromatic Hydrocarbon Mixture

It is an organic heat transfer fluid with excellent thermal stability at a temperature 
range between −10 to about 380 °C. It has good anti-coking properties with a low 
saturated vapour pressure of 0.62 MPa at its maximum temperature of 380 °C. It has 
a low tendency to resist flow at lower temperatures (Balamurugan and 
Samsoloman 2014).

2.5  Benefits of Synthetic Heat Transfer Fluids

Synthetic heat transfer fluids have some advantages over steam, mineral oils and 
other natural thermal fluids. Synthetic heat transfer fluids have been established as 
viable alternatives to water or steam — and the most preferred option at tempera-
tures above 200 °C.

Synthetic fluids, such as Dowtherm, offer long-term benefits even as an eco-
nomical replacement for mineral oils in applications with moderate temperature 
requirements above 260 °C (500 °F).

They provide a safer operation with less monitoring because they operate at 
lower pressures than steam as heat transfer mean. For instance, for an application 
temperature of 343  °C (650  °F), steam has a vapour pressure of 13,790  kPa 
(2000 psi) which is 200 times higher than that of a synthetic thermal fluid that is 
approximately 71–86 kPa (Conrad and Gamble 2017) (Table 1).
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2.6  Limitation of Synthetic Heat Transfer Fluids

The major limitation of synthetic heat transfer fluids is their inability to operate 
beyond a particular temperature of below 400 °C. Most synthetic heat transfer fluids 
function optimally at temperatures below 400 °C (Balamurugan and Samsoloman 
2014). Due to aromatic-based chemistries of most synthetic heat transfer fluids, 
there is a high tendency for some fluids to have hazardous degradation by-products, 
which will require special regulatory permits for handling, shipping and transporta-
tion (Conrad and Gamble 2017).

3  Conclusion

Synthetic organic fluids transfer heat at temperatures between −57 °C (70 °F), and 
400 °C (750 °F) have been established to have superior thermal stability over con-
ventional hot oils and steam. They are the most preferred option at temperatures 
above 200  °C (392  °F). They are aromatic derived chemistries. They have good 
chemical stability at the operating temperature range. They also have low- 
temperature pumping characteristics and improved heat transfer properties over 
conventional hot oil. Further, they are non-corrosive, the desired property contribut-
ing to system efficiency, extending equipment life, and improving operating 
economics.

Information provided by thermal fluid heater manufacturers has shown that effi-
ciencies of heat transfer fluid systems, when adequately operated, can be as much as 

Table 1 The synthetic heat transfer fluid system versus steam system (Pirobloc 2019)

Steam
Alternative heat transfer 
fluid

Pressure at 350 C (Psi) 2610 150
Thermal heater efficiency Less 

efficient
30% more efficient

Flash/Blowdown/De-aerator losses (%) 6–14/3/2 Not applicable
Service life Shorter Longer
Capital cost High Less
Flexibility Less Flexible
Simplicity Less Simple
Safety concern (Explosion risk due to 
pressurisation)

High No

System corrosion issues High No
Cost of operation Higher Lower
Fuel consumption Higher Lower
Dedicated workforce needed Yes Not required
Maintenance Frequent Less
Chemical regulation (for fluid) Required Not required
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5–8% higher than steam systems. Further, synthetic organic heat transfer fluids do 
not require water treatment and are fouled less due to the lower heat flux. 
Furthermore, unlike steam systems, synthetic heat transfer fluid systems operate at 
low pressure, with some at atmospheric pressure, which makes it a safer option 
than steam.
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Gas Condensate Reservoir Developmental 
Techniques

Yuven Thelma Nchila, Fred T. Ogunkunle, Josephs E. Rachael, 
Oluwasanmi A. Olabode, and Christian N. Dinga

1  Introduction

During production from a gas-condensate reservoir, condensates dropout of the gas 
and build up around the wellbore when the pressure of the reservoir drops below the 
dew point line. A phenomenon sometimes referred to as condensate banking. This 
often results in productivity loss of both the gas and condensates. The condensate 
banking effect become more severe especially in gas condensate reservoirs with 
very low permeability. Also, the production of associate formation water and pos-
sibility of entrapment occurring around the region of the wellbore can worsen the 
blockage phenomenon (Ayub & Ramadan, 2019).

Depending on the pressure behavior of a gas reservoirs, most of the rich gas 
reservoir performance can mainly be divided into three time periods: (i) when the 
overall reservoir pressure is higher than dew point; (ii) when just the pressure of the 
near well drops below the dew point pressure; and (iii) when overall reservoir pres-
sure is lower than dew point (Ayub & Ramadan, 2019). No immediate treatment is 
needed for the first category because the gas can be produced as a single phase. 
Nevertheless, to maximize recovery, adopting some sort of pressure maintenance is 
preferable to be able to extend the length of time for the natural depletion process of 
the reservoir. This is because when condensate gas reservoirs are depleted only by 
natural depletion all or some of the following disadvantages could be apparent:

 (i) Valuable loss of condensates into the reservoir formation
 (ii) Well productivity decline which must be offset by installing compressors and/

or drilling more wells
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 (iii) Decline in the loading efficiencies of the plant during the project life

Gas condensate bearing reservoirs are becoming more due to increase in produc-
tion depth, pressure, and temperature (Orodu et al., 2012). There are several devel-
opment techniques that can be applied to develop gas condensate reservoirs to 
improve condensate recovery or prevent condensate formation. Common practices 
to prevent the damage caused by condensate banking are to reduce draw down pres-
sure and maintaining the bottomhole flowing pressure higher or to change the gas 
condensate phase behavior. This study describes the various development tech-
niques that have been applied in the developing gas condensate reservoirs as sum-
marized in Fig. 1. The advantages and disadvantages each development option will 
be highlighted.

2  Gas Condensate Reservoir Development Techniques

2.1  Pressure Maintenance

In the pressure maintenance approach, the goal is maintaining the reservoir pressure 
higher than dew point line to improve the recovery of condensates. Gases such as 
Liquefied Natural Gas (LNGs), CO2, and N2 are the common gases used for this 
approach. There are two pressure maintenance schemes: Full pressure maintenance 
has to do with continuous injection of gas and at the same time producing conden-
sates from the reservoir with the purpose of preventing the pressure of the reservoir 
from dropping below the dew point pressure. With the partial pressure maintenance 
method, the same well is used as the injector well and the producer well. The injec-
tion of gas into the reservoir via the well occurs during the huff period and the 

Pressure 
Maintenance

Condensate
Banking

Producvity
 Improvement

Hydraulic Fracturing

We�ability alteraon
Chemical 
Injecon

Solvent Injecon

Huff-n-Puff

CO2  injecon

Gas cycling

N2 injecon

Horizontal Wells

Fig. 1 Condensate reservoir development techniques
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production fluid production of fluid occurs during the puff period. This aims at 
revaporization of the condensates that have drop out of the gas. When injected gas 
comes in contact with condensates, processes that may occur include reservoir fluid 
displacement by the injected gas, revaporization of liquid dropouts, and PVT behav-
ior change of the reservoir fluid.

 Gas Cycling

Gas cycling is the re-injection of gas produced back into the reservoir formation. 
The produced gas is stripped of liquids and then the dry gas is reinjected back into 
the reservoir. With gas cycling techniques, the goal is to maintain the pressure of the 
reservoir at a value higher above the dew point line thereby slowing down pressure 
decline and inhibiting condensate formation (Adel et al. 2006; Nasiri et al. 2015). 
The gas cycling process also helps in the vaporization of condensates (at least inter-
mediates) that might have been form back into the gas phase (Sayed and 
Al-Muntasheri 2016). It is estimated that around 60–80% of condensate liquids 
cannot be produced by natural energy of the reservoir. This can significantly be 
reduced to about 30–40% through gas recycling (Mohamadi et al. 2020). If consid-
ering condensate recovery by cycling gas process, it is important to consider factors 
such as vertical efficiency, sweep area, and condensate vaporization (Sayed and 
Al-Muntasheri 2016). The most significant factor that affects the sweep efficiency 
is the location of the injection and producing wells in the reservoirs. This deter-
mines the distribution of the injected gas and the production of wet gas among the 
producing wells.

Several reports have been reported in literature on the numerical and field appli-
cability of gas cycling technique some of which are discussed below. The use of 
simulation studies can permit the prediction of optimum scenarios to develop con-
densate reservoirs and to maximize the condensates liquid recovery using the gas 
cycling approach. This is because making use of simulation considers many param-
eters such the petrophysical and geological data.

Siddiqui et al. (2014) used a numerical computational simulator in optimizing 
the parameters governing the gas cycling processes using stochastic optimization 
algorithm. They used Differential Evolution and Covariance Matrix Adaptation 
Evolution techniques to optimize the production/injection rates, well locations, and 
the reinjected gas fraction. The field average oil saturation and Net Present Value of 
the gas cycling project were used separately as the objective functions. Their results 
indicated that if parameters are optimized simultaneously rather than sequentially, 
the Net Present Value can be increased significantly. This suggest that well place-
ment optimization alongside operational parameters is very important. The results 
also showed that optimization of production rates, sales volumes, and well place-
ments significantly reduce the reservoir condensate saturation rate.

Higher injection of gas has showed higher condensate recovery factor than the 
normal depletion (El-Banbi et al. 2000).
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The Arun field in North Sumatra in Indonesia experience significant decline in 
well production after 10 years since production began. Well transient pressure tests 
performed indicated that the condensate saturation around the wellbore was respon-
sible for the decrease in well delivery (Rahimzadeh et al. 2016). PVT reports of the 
formation fluid show that the fluid in the formation was lean gas reservoir system 
with optimum liquid dropout of 1.1%. A massive lean gas cycling project was then 
conducted to remove the condensate bank near the wellbore and to maintain reser-
voir pressure higher than the dew point value. Lean gas was injected at the reservoir 
periphery to displace(sweep) the liquid condensates towards the producing well.

Although gas cycling may seem to be an ideal solution for retrograde formation, 
there are several concerns which could affect this technique of operation. Increase 
gas prices makes this technique unfavorable (Sayed and Al-Muntasheri 2016). Also, 
high initial investment is required for the gas compression and injection. The cycling 
gas process couple with subsequent periods of blow-down may result in prolong 
project life with underusage gas plant at the final stage and high cumulative opera-
tion cost. However, cycling of condensate reservoirs at declining reservoir pressure 
conditions is advantages from an economic and recovery point of view. This is 
because gas cycling at declining pressure, both the wet gas displaced from the swept 
area and the unswept portions by gas expansion are recovered simultaneously at the 
same time. The presence of any liquid condensates in the swept area is revaporized 
by the injected dry gas. Hence, it is important to evaluate the economics of adopting 
the gas cycling technique considering both the advantages and disadvantages as 
mentioned in this paragraph.

 N2 Injection

Due to economic drawbacks of reinjecting produced dry gas into the reservoir for 
condensate recovery, nitrogen has been adopted as an alternative to dry gas. Nitrogen 
gas of minimum miscible pressure is injected into a reservoir to free the hydrocar-
bons trapped in the reservoir formation. Nitrogen forms miscible slugs at very high 
pressures that helps to sweep oil and gas from areas that are difficult to reach. This 
method is one of the preferred because it is cost-effective and sustainable. Secondly, 
its inert chemical properties prevent combustion downhole and no corrosion effect 
on pipelines. During nitrogen injection, the nitrogen overrides the other reservoir 
fluids because of the difference in densities between the displaced fluid and display-
ing fluid. Oil displacement is considerably improved if CO2 is added to the injection 
of nitrogen and natural gas (Fig. 2).

Mogensen and Xu (2020) modelled and investigated miscible nitrogen injection 
potential carbonate reservoir containing volatile oil. The simulation studies involved 
performing several sensitivity studies on the modelled. In their study miscible nitro-
gen injection was reported to be the viable option with potential of increasing the 
condensate liquid recovery by about 20%. Also, significant improvement in the 
sweep efficiency was observed because of N2 miscibility with the oil under the res-
ervoir conditions.
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Canchucaja and Sueiro (2018) carried out a feasibility study of injecting nitrogen 
in a multilayered lean gas condensate reservoir located in the Peruvian Jungle. A 
key factor in the injection of nitrogen in this field was the difference in the rock 
properties of the producing formations between the multilayered reservoirs. It was 
noted that the minimum miscibility pressure (MMP) which is the pressure at which 
the injected N2 undergoes a first contact miscibility process irrespective of its con-
centration was slightly lower than the fracture pressure. Nitrogen was then injected 
above the MMP by avoiding the multiple contact miscibility process in order not to 
alter the rock properties of the reservoir when surpassing the fracture pressure. A 
novel conceptual engineering approach was proposed for enhance oil recovery as 
shown in Fig. 3. Several observations were made in this study:

 (i) Field recovery did not respond linearly with an increase nitrogen injection and 
hence the decision to inject N2 will have to be greatly dependent on surface 
facility constraints and economic estimations.

 (ii) Nitrogen injection provoked a series of effects that varies at different reservoir 
formation zones: Increased liquid dropout occurred in the nitrogen mixing 
zone and pressure support in another zone much farther away from the produc-
ing well because of the partial pressure voidage replacement being pervasive 
causing revaporization to occur.

 (iii) The construction of an air separation and N2 injection units are a major chal-
lenge for N2 project because of the high cost, high energy demand, and consid-
erable increase in flexibility of operation.

Davarpanah et al. (2019) simulated the injection of nitrogen to enhance produc-
tivity from a gas condensate reservoir in Iran and compared different injectivity 
scenarios. The objective of the study was to substitute natural gas with nitrogen for 
elevating the original pressure of the reservoir there by reducing the amount of 
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7. Design of Surface
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8. Economic 
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of Injection

5. Injection
Optimization

Decision
3. Well Injection 

2. EOR Screening
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Fig. 2 Nitrogen injection workflow for EOR (Canchucaja and Sueiro 2018)
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valuable gas use for injection processes. The effect of the injected nitrogen on the 
reservoir pressure, amount of gas contaminated by the injected gas mixture and the 
volume of condensates extracted were studied. Five million cubic meters of nitro-
gen was injected for a period of 16 months to attain the original reservoir pressure 
which was about one 8.3% of the volume of natural gas injected. This represents a 
potential breakthrough for the oil and gas industry. Small amounts of heavy compo-
nents present in the gas produced with nitrogen injection was observed and it is 
completely dependent to the nitrogen dew point pressure which increases the injec-
tion and production time and decrease the concentration of nitrogen in the reservoir 
fluid mixture.

Several factors play a major role when considering nitrogen for gas condensate 
recovery on an economic standpoint. One very important factor has to do with the 
cost of energy needed to produce and compress nitrogen. Typically, large nitrogen 
generators are used for injection applications which require approximately 15–15.5 
brake-horsepower-per-hour per 1000 cubic feet of nitrogen at pressures of about 
5000 psig. Also, the location of these facilities has a pronounced effect on the acces-
sibility of plant erection, maintenance, and operation personnel as well as the pro-
tection of the equipment against extreme weather conditions. The effect of these 
items differs, and each location must be evaluated on a case-by-case basis.

Nitrogen has a low density making it favorable for gas assisted gravity drainage, 
proving sufficient vertical relief to the reservoir and help in maintaining a gravity 
stable displacement. Due to the inert chemical nature of nitrogen gas, pipe corrosion 
is not an issue contrary to other gas such as CO2 and H2S. Nitrogen non-flammable 
posing no health risk.

Gas
Injection

Soaking
Period

Produced
Fluids

Fig. 3 Huff and puff technique for enhance oil recovery (Pankaj et al. 2018)
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However, nitrogen injection in a gas reservoir can sometimes raise the dew point 
pressure leading to early condensate dropout and loss of valuable liquids in the for-
mation. Another concern is the early gas breakthrough which can occur when nitro-
gen is injected into the formation because of its high mobility ratio.

 Carbon Dioxide Injection

Carbon dioxide injection is amongst the most widely used gas injection for 
EOR. The method is dependent on the carbon dioxide’s ability to dissolve the oil in 
the reservoir. The oil displacement mechanism by CO2 depends on whether, the 
displacement process is miscible or immiscible (Alagorni et al. 2015). For miscible 
displacement, CO2 at high reservoir pressures and temperatures mixes with the con-
densate causing condensate swelling, reduction in the condensate viscosity and pro-
moting the vaporization of the condensates thereby maintaining a single gas phase 
(Narinesingh and Alexander 2014). The displacement of oil by CO2 injection occurs 
because of an increase in the oil volumes because of the CO2 enrichment. This pro-
vides an effective oil displacement and additional washing out of residual oil. In 
miscible oil displacement process, CO2 dissolves in the Oil. During the miscible 
displacement, the residual oil saturation is reduced to nearly zero, the viscosity 
increases, its mobility decreases, and the surface tension on the oil and water inter-
face reduce. The oil displacement factor is lower in immiscible than in miscible 
displacement resulting in the occurrence of three-phase filtration in the formation 
which is characterized by an increase in the filtration resistance. That is, the residual 
oil saturation can remain in the reservoir after mixing. The use of immiscible oil 
displacement by CO2 is associated with the lower cost of the process and the low 
injection pressure required. The oil swells, the viscosity reduces, and the mobility 
and capillary water penetration by porous media improve.

Su et al. (2017), using a simulation model, performed experimental investiga-
tions of CO2 injection and water flooding for a gas condensate reservoir located in 
East region of China. They reported that CO2 injection proved to be more effective 
than the water flooding increasing the productivity by a factor of 1.39. Fath and 
Dashtaki (2016) in a case study, evaluated parameters on carbon dioxide injection 
process to determine the optimum condition for CO2 injection in a gas condensate 
reservoir. Their results showed that pressure and rate of injection play a major role 
in the determination of the best condensate recovery. The application of CO2 injec-
tion is preferable for use in fields with an occurrence depth of about 7000 m and 
high formation depths and low oil viscosity. Current technologies include but are 
not limited to Cyclic injection of CO2, joint injection of carbon dioxide and surfac-
tants: Continues CO2 injection; injection of water saturated with CO2: alternating 
plugs of CO2 and water to reduce fingering.

Factors that influence the application of CO2 include the lower formation sweep 
as compared to other conventional methods, well corrosion, CO2 utilization, and 
incomplete mixability with oil and light hydrocarbons. However, the main problems 
in using CO2 method are the availability of the sources close to the field, CO2 
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separation from oil, and regeneration for future injection and its transportation. CO2 
injection provide a temporal solution and must be frequently repeated in the field. 
CO2 injection in sandstones and carbonate formations changes the clay content, 
porosity as well as permeability of the formation.

 Huff and Puff

The huff and puff process involves the injection of gas under high pressure into the 
partially depleted area of the reservoir with fracture networks having a low pressure. 
Only one well is used both for injection and production. This process usually starts 
with the injection of a recovery enhancement fluid such as CO2 in to the well and the 
fracture networks. The solvent moves into fracture/matrix interface during the injec-
tion period by a pressure gradient mechanism. This is then followed by a shut-in 
period (soaking time) which allows for the gas injected to dissolve in the oil (con-
densate), causing its volume to swell, reducing its viscosity. The well is then put 
back into production after the injection and soaking period and the well response is 
monitored. There are several mechanisms for huff and puff processes reported in 
literature: oil swelling, repressurization, diffusion, oil viscosity reduction, relative 
permeability hysteresis, and interfacial tension reduction (Sanaei et al. 2018). The 
dominant mechanism in this method is the re-vaporization of the retrograde conden-
sate into the flowing gas phase.

The injected gas migrates into the rock matrix during the early soaking period 
and help re-pressurize the depleted area and the limited area around the fracture 
network. More gas is transported into the matrix as the soaking period continues 
causing the swelling of oil, reduction in viscosity and the interfacial tension. The 
condensate liquid swelling leads to a slight increase in the matrix pressure creating 
a local pressure gradient and hence helps the oil extraction via microfractures. 
During the puff period (production period), the oil extracted further mixes with the 
gas injected and migrates towards the producing well more easily.

Wan and Mu (2018) investigated CO2 huff and puff effect on remedying the con-
densate banking in Eagle Ford shale gas condensate reservoir. They considered the 
effect of Nano-pore confinement on the gas and oil productivity performance. Rich 
gas and lean condensates scenarios were compared. Their results showed that the 
two-phase regions shrink with increasing total content of carbon dioxide in the sys-
tem. The condensate falls out of the gas decreased with increase addition of CO2 
into the reservoir fluid. They also reported that CO2 showed to be more effective in 
improving the recovery of rich gas condensates than in the recovery of lean gas 
condensates.

Cyclic CO2 injection was applied by Yang et al. (2019) in other to mitigate the 
condensate banking affect. They went further to investigate the role of multicompo-
nent adsorption and the role of geomechanics in the development of the Eagle Ford 
shale condensate reservoir during primary and CO2 enhance recovery. They reported 
that the impact of multicomponent adsorption on the productivities of the well are 
limited for both processes. This is because, the reservoir pressure is still higher even 

N. Y. Thelma et al.



385

after a production period of 10 years whereas the small variation in the geomechani-
cal model leads to almost double initial gas rate.

Sheng (2015) extended the investigation of the effect of huff and puff to evaluat-
ing condensate liquid recovery potential in shale gas condensate reservoirs. Their 
studies suggested that the huff and puff injection of gas can improve liquid conden-
sate recovery more than primary depletion and gas flooding. They also suggested 
that huff and puff technique become more appreciable when the bottom hole flow-
ing pressure is low or when the initial reservoir pressure is closer to the dew point.

Ayub et al. (2019) used a computational simulator for CO2 huff and puff injection 
technique and its potential advantage in gas condensate removal. They finalized that 
CO2 is comparatively more efficient in mitigating condensate banking around the 
wellbore as compared to regions farther away from the wellbore.

Sanaei et al. (2018) carried out a comprehensive study of gas cycling process and 
developed a numerical compositional model of the Middle Bakken tight oil reser-
voir to simulate CO2 gas cycling considering various operational parameters. Their 
results obtain from the sensitivity study of the operational parameters indicated as 
follows:

 I. There is an injection rate that is optimum for gas cycling operation. And that 
lower gas injection rate does not increase sufficiently the pressure and hence 
recovery of oil unlike at higher injection rates.

 II. The number of cycles has a significant effect on the gas cycling effectivity. The 
volume of the injected gas increases with increased number of cycles and con-
sequently increasing the volume of oil recovered by the injected gas volume.

 III. There is an optimum duration of the injection period depending on the reservoir 
pressure around the wellbore region and the surface gas injection rate.

 IV. Commencing the gas cycling process too soon in the life of the well negatively 
affects the effectiveness of the process.

CO2 is the most used fluid for miscible displacement because it is less expensive 
than liquefied petroleum and it reduces the viscosity of the oil.

Nevertheless, the most significant limitation of this method has to do with the fact 
that although the injection of gas reduces or removes the condensate around the well-
bore, condensates can potentially accumulate again when production resumes (Hwang, 
2011). Another setback for gas injection techniques in shale gas oil reservoirs is the 
early gas break through (Wan and Mu 2018). A possible season for this is that the geo-
mechanics process during injection helps to reopen the pre-existing natural fractures 
and recover the impaired conductivity of hydraulic fractures (Yang et al. 2019).

2.2  Production Improvement of Condensate Reservoirs

Productivity improvement method focuses mainly on the creation of higher perme-
ability flow paths or in increasing the contact area between the wellbore and the 
reservoir thereby reducing the pressure drop and enhancing the productivity of the 
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well. This technique potentially alters the flow of gas from radial to lineal flow and 
as a result leading to a delay in the condensate banking. Drilling of horizontal wells 
and hydraulic fracturing are the commonly deployed approach to this method.

 Use of Horizontal Wells

Horizontal wells are high-angle wells often drilled to enhance the reservoir perfor-
mance. There were relatively limited horizontal well drilling activities until 1980 
when the first major trust of horizontal well drilling started (Joshi 2003). Today 
these wells have been widely adopted worldwide presenting an improved and even 
a more efficient method of condensate banking mitigation. Horizontal wells increase 
reservoir and well contact area there by improving the well productivity by spread-
ing the pressure drop over that area. Hence, horizontal wells reduce the pressure 
drop and hence delaying the condensate banking near the wellbore in gas conden-
sate reservoirs. A lesser drawdown pressure is achieved if the length of the horizon-
tal well is longer (Sayed and Al-Muntasheri 2016).

Miller (2010) used numerical model to investigate the mitigation of gas conden-
sate banking phenomenon in a giant gas condensate reservoir in Northeast China by 
studying the application of horizontal wells. They used two well models; a horizon-
tal well model and with cartesian coordinates and a vertical well model with radial 
coordinates. Their objective was to determine the fractions of gas produced in a 
horizontal well caused by reduction in condensate banking and increased formation 
contact. Their results showed a smaller drawdown pressure for horizontal wells, and 
the magnitude of oil saturation build up around the wellbore in horizontal wells is 
smaller than that for vertical wells. The increased in productivity for horizontal 
wells even after the dew point shows that the PI increase for horizontal wells is 
proportional to the condensate reducing ability of the horizontal wells around the 
wellbore.

Olabode and Egeonu (2017) used a 3D reservoir simulation model to optimized 
production from a condensate reservoir system in the Niger Delta. They demon-
strated the performance of vertical and horizontal wells and horizontal well length 
effect on condensate productivity. Results indicated that horizontal wells showed 
better performance in productivity as compared to vertical wells and that horizontal 
wells showed a slower decline in the pressure drawdown.

Horizontal wells help reduce the water coning in oil and gas reservoirs because 
of reduce in the draw down pressure; provide larger well and reservoir contact area 
there by improving the well productivity and potential for accessing multiple poten-
tially isolated fault compartments.

There are several setbacks in the use of horizontal wells. Liquid loading can 
potentially be problematic if liquid accumulates in the fractures or wormholes (oil 
and water) as this may affect the productivity of gas. Also, horizontal wells can 
delay condensate formation around wellbore but eventually the condensates are 
expected to form again when the pressure declines again. Even though the conden-
sates will still be form, it will take a longer time and the well productivity will 
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remain higher for a longer period. Therefore, the benefits of considering horizontal 
wells must be weight against its cost longer (Sayed and Al-Muntasheri 2016).

 Hydraulic Fracturing

The application of fractured horizontal wells is another method of reducing the 
impact of condensate blocking. Hydraulic fracturing causes improvement of con-
densate flow by creating fractures in the formation connecting the reservoir and the 
wellbore. It involves the inducement of fractures by pumping fluid under high pres-
sure, higher than the fracture pressure into the target reservoir rock formation. The 
wells in hydraulically fractured reservoirs are operated at rate higher than those of 
vertical wells and so the higher-pressure drop will then be distributed on a larger 
area thereby delaying dew point attainment in gas condensate reservoirs. Several 
factors are responsible for the performance of hydraulic fracturing treatment such as 
type of injection fluid, formation properties, composition of the hydrocarbon fluids.

Hydraulic fracturing has its limitations as this technique does completely con-
densates accumulated in areas with lower formation pressures than the dew point. It 
helps delay the time when the pressure reaches the dew point but will not totally 
prevent condensate banking (Kerunwa et al. 2020). Hydraulic fracturing does not 
however generate conduits past the condensate saturation region or at least not for a 
longer period. The saturation around the wellbore will increase just like it did before 
if the surface pressure falls below the dew point pressure.

The optimization of the hydraulic fracturing fluid will help to minimize the frac-
ture damage and enhance the performance after treatment (Rahim et al. 2012). It 
should be noted that this method is not a permanent technique as increase produc-
tion with time occurs, drawdown increases, and the chances of condensate forma-
tion again is high.

2.3  Chemical Method of Condensate Reservoir Development

Chemical method of condensate reservoir development involves the injection of 
chemicals and solvents to the formation to alter the formation wettability thereby 
minimizing the rate of condensate blocking. This technique has been applied in well 
simulation for enhancement of productivity allowing for deeper penetration and 
hence higher treatment durability (Lopez et al. 2021).

 Wettability Alteration Method

Wettability alteration is a novel approach gaining grounds recently and is becoming 
more attractive to researcher in the industry. The gas condensate reservoir rocks are 
mostly naturally liquid wetting. This technique changes the wetting ability of the 
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treated region, decreasing the liquid saturation and increasing the preferential rela-
tive permeability of the gas. Altering the wettability of the reservoir rock from a 
liquid wetting to preferential gas wetting can help increase the condensate mobility 
and the gas relative permeability as confirmed by Sheydaeemehr et al. (2014). In an 
experiment carried out by Kewen and Firoozabadi (2000) the rock wetting ability 
was changed by chemical treatment with solutions FC722 and FC759 under labora-
tory conditions.

Franco-Aguirre et al. (2018) synthesized and evaluated the effectiveness of nano-
fluid to change the sandstone wetting state in a tight gas reservoir. They synthesized 
functional particles using nanoparticles of silicon dioxide and the commercial sur-
factant Silnyl-FSJ. The changes in wettability in sandstone with oil-wet and water- 
wet states were evaluated by spontaneous imbibition tests and contact angle 
measurements for different nanofluid formulation and nanoparticle dosage. It was 
observed that the nanofluid containing 500 mg per liter of SSY5 nanoparticles sum-
mered in 0.46% solution of SY achieved better performance in the static evaluation 
of wettability change. Also, the contact angle changes from 123° to 115° and from 
0° to 93° respectively for the oil-wet samples.

Franco-Aguirre et  al. (2018) conducted a dynamic assessment of the selected 
nanofluids at reservoir conditions of 212°°F with a pore pressure of 4500 pi and 
confining pressure of 6500 psia. It is noted that after the injection of the nanofluid, 
the mobility of oil and water increases, which indicates the transition of the system 
from a liquid wetting to a gas wetting state. This is confirmed by a sharp decrease in 
the saturation of oil and water. In addition, they observed an increase in condensate 
liquid recovery by 68%, which indicates that the use of nanoparticles can signifi-
cantly reduce the energy consumption required the production of gas and oil because 
of changes in the wettability of the formation (Fig. 4).

Ali et al. (2019) evaluated the effect of wettability on gas and condensate produc-
tion by investigating the optimizing wettability conditions near the wellbore. They 
used numerical simulation technique to examine a set of wetting conditions. Their 

Fig. 4 Productivity improvement for different wetting states (Sheydaeemehr et al. 2014)
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results indicate the possibility to achieve an optimal wetting state by maximizing 
delivery from a gas well. They also noted that completely reversing the conditions 
of wettability in the reservoir can improve productivity compared to the initial wet-
ting state, however, can lead to a decrease in the volume of condensate recovered in 
some cases.

Wettability alteration techniques is a novel approach not widely applied in oil 
fields. Even though the theory is promising due to its effectives, flexibility of design, 
and durability, there are several concerns that are associated with this technique. 
That is, risk of formation damage and permeability reduction.

 Application of Solvents

The purpose of solvent application in gas condensate reservoir systems is to dis-
solve the liquid condensate thereby reducing the interfacial tension between the gas 
condensate interfaces. This ultimately enhances the effective permeability of gas 
thereby improving the gas mobility. Generally, alcohols such as methanol are used 
as solvents to improves condensate recovery due to their multi-contact-miscibility 
abilities (AL-Anazi et al. 2005).

Du et al. (2000) carried out an experiment to evaluate the applicability of metha-
nol in restoring the relative permeability of gas in retrograde gas reservoir. Their 
results showed that methanol increases the relative permeability of the gas by a fac-
tor of 2.5 depending on the saturation of the water in the reservoir. The methanol 
miscible displacement of the condensate and water phases was reported to be 
responsible for the increase in the gas relative permeability. This investigation pres-
ents an approach in the use of cheap alcohols in improving production in gas wells 
that have been hindered by condensate liquid build.

Correa et al. (2009) conducted an experiment in which methanol, methylene, and 
propanol were used as solvents in simulating a gas condensate reservoir at pressures 
below the dew point in removing condensate liquids and increase the effective per-
meability of gases near wellbore. They noted that all solvents increase the effective 
permeability of the gas after the removal of condensates. Methanol was reported to 
be more effective than propanol and methylene in removing condensate and increas-
ing gas permeability.

They observed that all the solvents improved the gas effective permeability after 
removing the condensate banking. Methanol was reported to be more effective in 
condensate removal and improves gas permeability than propanol and methylene 
chloride.

Kumar et al. (2006) carried out a numerical simulation study of chemical treat-
ment of a single well for a gas condensate reservoir. The results of the simulation 
showed that chemical treatment has the potential to greatly improve productivity 
from a gas condensate reservoir at a low-cost relative to increased revenue when 
considering condensate treatment only around the wellbore. They also reported that 
considering condensate bank treatment for a radius of about 20 ft can increase the 
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fluid productivity by a factor of up to 1.8 if the treated zone relative permeability 
increases by a factor of 2.

Solvents such as alcohols (methanol, ethanol, and isopropyl alcohol) are effec-
tive in the remediation of liquid build up around the wellbore in carbonate and 
sandstone reservoirs. However, the use of solvents is a temporary treatment.

Solvents such as methanol can be mixed with other solvents to improve its mis-
cibility in hydrocarbons and water formations, as well as reducing the cost of pur-
chasing pure solvent. In addition, knowledge of phase behavior of the methanol-water 
mixtures phase behavior, which can be applied under varying reservoir conditions, 
especially at high temperatures and different compositions, is crucial for this 
approach.

3  Summary

The design of a pressure maintenance project involves the determination of the type 
and quantity of the fluid to be used of the injection. In a reservoir where the dew 
point pressure is higher, some sort of full pressure maintenance is required to pro-
long the life span of the reservoir in the gas phase. When early liquid condensate 
drop out is expected in the reservoir a partial pressure maintenance approach is 
preferable to help in the vaporization of the liquid condensates so that the reservoir 
can be produced as a single gas phase.

The selection of a gas for the cycling process should consider greatly the eco-
nomics of the project. The increasing price and high demand for methane can make 
methane gas cycling impractical economically especially during the early and 
midlife of the production field. Application of dry gas cycling at the late stage of 
field production should then be considered. The gas cycling project design for con-
densate recovery desires correct and reliable information of the phase behavior and 
thermodynamics characteristics of the reservoir fluid and the mixtures generated 
during the cycling process.

The use of nonhydrocarbon gases such as CO2 and N2 have been suggested and 
widely reported in literature. It is important to evaluate the mode of application of 
the selected injection technique. Nitrogen gas being an inert gas and is just slightly 
miscible with the reservoir fluid at very high pressures and hence is preferable for 
pressure maintenance purposes. The injection of N2 into a gas reservoir raises the 
dew point pressure of the reservoir fluid/injected gas mixture (Canchucaja and 
Sueiro 2018). However, the composition of the injected nitrogen gas should be 
taken into consideration. In some cases, the nitrogen might not be a good idea as the 
nitrogen may contaminate the reservoir fluid there by increasing the purification 
cost. For reservoirs with low heterogeneity N2 injection can be a viable option if 
operational parameters such as production and injection rates are maintained con-
stant (Sayed and Al-Muntasheri 2016).

The use of horizontal wells and hydraulic fracturing aims at increasing the con-
tact surface area between the well and the reservoir. This will delay the 
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accumulation of condensates thereby improving the productivity of the reservoir. 
This however is temporary solution to the condensate banking problem. Drilling 
horizontal wells might be economical and hence cost should be an important factor 
when considering its applicability.

The use of chemicals in gas condensate reservoir aims at altering the wettability 
from a liquid wetting to a preferential gas wetting and to reduce the interfacial ten-
sion between the gas and the condensate interface. Chemical’s solvents such as 
alcohols have proven to be effective in the condensate banking removal. However 
only laboratory application is reported in literature. Alcohol solvents will provide a 
major economic breakthrough for improve condensate recovery and hence further 
research is required for its field scale applicability especially for high temperature 
reservoirs.

4  Conclusion

Gas condensate fields are very resourceful when natural gas prices are high as the 
natural gas market is constantly expanding. Gas condensate fields are an invaluable 
resource when natural gas prices are high as the natural gas market is constantly 
expanding. Similarly, they are valuable at low natural gas prices due to the produc-
tion of liquids. The development of gas condensate reservoirs is like the develop-
ment of dry gas reservoirs. However, two significant differences: the flow of 
condensate liquids near the wellbore and the significant production of liquid during 
the life of the reservoir greatly reduces the productivity of the gas. This review 
describes the various options for developing gas condensate reservoirs and high-
lights the setbacks of each technique.
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