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Abstract

High costs and ethical issues have prompted research into novel non-food feedstocks for the fermentation-based manufacture
of sustainable fuels. In this study, Prosopis africana pods (PAP), an underutilized substrate, was examined for its ability to
produce bioethanol. The biomass was pretreated with four mushrooms to delignify it and enhance hydrolysis. A scanning
electron microscopy (SEM) was performed on raw and pretreated PAP. The optimum hydrolysis conditions for the
pretreated biomass were then determined using the Design of Experiment (DOE) approach. The acid type (HNOs and
H3POs4), concentration (1 %, 3 % and 5 %), solid loading (SL; 5 %, 10 % and 20 %) and contact time (15, 30 and 60
minutes) were optimized using a full-factorial design. The most tolerant yeast isolate from different sources was then
molecularly identified after being tested for ethanol tolerance. A half-factorial design was used to screen the fermentation
factors, and the Box-Behnken design was used to optimize the relevant components. Ganoderma lucidum showed the most
luxurious growth during PAP pretreatment and SEM revealed reduction in biomass crystallinity. The hydrolysis conditions
of 5 % HNO3, 20 % SL and 15 minutes contact time were optimal, producing 43.37 £ 0.35 g/L of reducing sugars. The most
ethanol-tolerant strain, identified as Pichia kudriavzevii SY4, produced 38.26 g/L bioethanol concentration after RSM
optimisation. Similarly, optimisation raised bioethanol concentrations from 26.62 + 0.00 to 38.26 + 0.18 g/L, a 43.73 %

increase. This work is the first report on utilising Prosopis africana pods in bioethanol production.
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1. Introduction

Increasing industrial activities and rapid population
increase have caused a boom in energy demand (Raina et
al., 2020). With more than four-fifths of the global energy
market, fossil-derived fuels constitute the main energy
source (Branco et al., 2019). Over-exploitation has rapidly
depleted fossil resources, raising major environmental
issues (Milano et al.,, 2016). Consequently, research
interest in alternative energy sources has increased
drastically (Awoyale and Lokhat, 2019; Rezania et al.,
2019). One such alternative is biofuels, which can
significantly reduce fossil fuel dependence and lower
greenhouse gas emissions (Braz et al., 2019). The most
common biofuel is bioethanol, with 115 billion liters
produced in 2019 and it is anticipated to reach 119 billion
liters in 2023 (IEA, 2019; Ahmed El-Imam et al., 2019).

According to the International Energy Agency (IEA),
biofuels should account for 27 % of global transportation
fuels by 2050 to satisfy global energy-related CO: targets
(Ghani et al., 2019). First-generation (1G) bioethanol
production from carbohydrates (Ibeto et al., 2011) like
corn starch and sugarcane sugars resulted in the ethical
problem of using arable lands to cultivate biofuel crops
(Adelabu et al., 2018), a negative impact on biodiversity,
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and contributed to deforestation and desertification
(Gerbens-Leenes, 2017; Awoyale and Lokhat, 2021).
Thus, the focus shifted to second-generation (2G) or
renewable bioethanol, produced by the hydrolysis and
fermentation  of  several  feedstocks, including
lignocellulosic biomass and industrial and food processing
wastes (Ahmed El-Imam et al., 2019).

The Russia-Ukraine war, which started in February
2022, has resulted in global spikes in the prices of food
and fossil energy sources. Thus, the USA is considering
expanding corn-based ethanol production (Gustin, 2022) to
reduce dependence on imported oil and lower domestic
gasoline prices. However, expanding 1G bioethanol is now
even more discouraged due to currently surging food
insecurity. An alternative raw material, lignocellulosic
biomass, is abundant in nature and affordable, and its
utilization in 2G fuel production assures a renewable, self-
sufficient and secure supply (Bhatia et al., 2017; Branco et
al., 2019; Wuryantoro et al., 2021) at more affordable
prices.

Common lignocellulosic materials include agricultural
wastes like straw and stover, food processing wastes like
bagasse, brans, and pods, and dedicated energy crops like
switchgrass and Miscanthus sp. These biomasses are
composed structurally of hemicellulose, cellulose, and
lignin bonded into a stiff matrix that resists hydrolysis into
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simple sugars and calls for pretreatment techniques (Malik
et al, 2020; Yildirim et al., 2021). The African mesquite
(Prosopis africana) tree is a perennial leguminous tree
found throughout East and West Africa’s savanna regions.
Its seeds are used to make food condiments, with the
empty pods being frequently discarded indiscriminately.
These pods are rich in carbohydrates, proteins, and other
nutrients, making them ideal for microbial growth and
conversion into important and useful products (Pasiecznik
etal., 2001; Oni et al., 2020).

Before utilization, biomass needs to be pretreated, and
more than one pretreatment type is commonly employed.
Physical pretreatment includes methods like microwave
irradiation, ultrasound pretreatment, and size reduction
operations. lonic liquid delignification and acid or alkaline
pretreatment are examples of chemical pretreatment
methods, whereas COz, SOz, or steam explosion and liquid
hot water treatment are examples of physicochemical
pretreatment methods (Karimi et al., 2013; Beig et al,,
2021; Yildirim et al., 2021). The last pretreatment method
is biological, which entails utilizing white-rot fungi and
other microbes to break down the dense structure of
lignocellulose while leaving the sugars, which can then be
hydrolyzed and fermented.

Pretreatment is the most expensive phase of biofuel
production, contributing up to 30 % of the total cost (Beig
et al., 2021). Its advantages include low cost, low severity
(Taufikurahman et al., 2020), low energy and additive
requirements, and the absence of fermentation inhibitors,
toxic end-products, and effluents. Biological pretreatment
frequently utilizes the white-rot fungi Trametes versicolor,
Pleurotus sp., Phanerochaete chrysosporium, and Lentinus
squarrosulus to delignify the biomass (Sindhu et al., 2016;
Ahmed El-Imam et al., 2021). The residual carbohydrates
are then readily depolymerized into sugars and fermented
into bioethanol.

Bioethanol production has been reported using
Prosopis juliflora pods (da Silva et al., 2011), but there are
no reports using P. africana pods (PAP). Here, we report
bioethanol production from PAP by optimizing the
hydrolysis and fermentation stages using the Full Factorial
Design (FFD) and the Response Surface Methodology
(RSM), respectively. DOE strategy was employed because
it is a multivariate technique widely used to develop
products and processes. For the first time, these
discoveries point to the optimum conditions for the
fermentation-based ethanol generation from the African
mesquite tree's pods.

2. Materials and Methods

2.1. Isolation of microorganisms

Yeasts were isolated from different sources (palm wine,
sugarcane bagasse, and spoilt oranges) using yeast extract
peptone dextrose (YPD) agar (peptone 20 g/L, yeast
extract 10 g/L, dextrose 20 g/L, and agar 15 g/L) and
incubating at 30 °C for three days. Distinct colonies were
selected, purified and pure colonies were maintained on
Potato Dextrose Agar (Himedia, India) slants and stored at
4 °C pending use.

2.2. PAP collection and biological pretreatment

Mature pods were obtained from the University of
Ilorin campus in North-Central Nigeria. They were dried

and milled with a typical locally-fabricated petrol-operated
Burr-plate mill and sieved with a 50 mesh sieve. The pods
were pretreated biologically using Ganoderma lucidum,
Pleurotus eryngii, Pleurotus pulmonarius, and Hypsizygus
ulmarius obtained from TLC mushrooms Limited, Nigeria.
These fungi were chosen because research has shown that
members of white rot fungi are the most -efficient
organisms for delignification as they produce different
kinds of lignin-modifying enzymes such as laccase (Lac),
manganese peroxidase (MnP), lignin peroxidase (LiP), and
versatile peroxidase (VP) (Manavalan et al., 2015; Ahmed
El-Imam et al., 2021). A total of six hundred grams (600
g) of the substrate were put into jute bags, which were then
weighed after being moistened to a moisture content of 52
% (w/w) using sterile distilled water. The bags and their
contents were sterilized for 30 minutes at 121 °C, and
when appropriate, the final moisture contents were
adjusted to 52 percent. After being allowed to cool, the
bags were inoculated in triplicates with 8 % w/dw of single
mushroom spawn and incubated for 21 days at 25 °C + 2
°C in the dark (Rani et al., 2008). The treatment with the
most extensive mushroom colonization was selected for
hydrolysis and fermentation.

2.3. Analysis of pretreated PAP surface

The structure of the PAP and biologically processed
PAP biomasses were examined using Scanning Electron
Microscopy (SEM). The samples were placed on carbon
tapes and carbon-coated using a carbon coater. Then, using
a Phenom ProX desktop SEM (Phenom-World,
Netherlands) with a magnification range of 20 — 100,000
x, element detection range of C—Am, and acceleration
voltage of 10 kV, the surface characteristics and
microstructure of the PAP fibers were examined.

2.4. Ethanol tolerance test

An ethanol tolerance test was performed following a
modification of the method described (Iticha, 2016). Using
a Neubauer hemocytometer, cell concentrations of
suspensions of the isolates were determined, and the cells
were inoculated at 1.0 x 107 cells/ml into duplicate 10 ml
volumes of a 10 % ethanol (v/v) solution in YPD broth.
The ODsoo of the cultures was measured after three days of
incubation at 30 °C. The strain that was most tolerant of
ethanol was the one with the highest turbidity.

2.5. Molecular identification of yeast isolate

The most ethanol tolerant isolate was molecularly
identified by performing nucleotide sequencing of ITS
regions 1 and 2. Genomic DNA was extracted as described
(Atalla et al., 2019; Atalla et al., 2020a). The internal
transcribed spacer (ITS) 1 and 2 regions were amplified by
polymerase chain reaction (PCR) using the primer pairs
ITS4: 5-TCCTCCGCTTATTGATATGC-3 and ITSS: 5-
GGAAGTAAAAGTCGTAACAAGG-3 (Hamed et al,
2015; Atalla et al., 2020b). Initial denaturation at 95 °C for
S minutes, followed by 35 cycles of denaturation at 95 °C
for 1 minute, annealing at 53 °C for 1 minute, extension at
72 °C for 1 minute, and a final extension at 72 °C for 7
minutes, were the PCR conditions. Amplified fragments
were visualized on safe view-stained 1.5 % agarose
electrophoresis gels and sequenced. Sequence homology
was used to identify the strain by comparing the sequences
to entries in the NCBI database. After that, phylogenetic
analysis was carried out, and the data were clustered using
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the neighbor-joining and maximum likelihood methods
using the Molecular Evolutionary Genetics Analysis
(MEGA) program version 5.2 (Tamura et al., 2011).

2.6. Optimisation of Dilute Acid Hydrolysis and
reducing sugars estimation

A 3* factorial design experiment with 4 factors and 3
levels (Table 1) was conducted to optimize dilute acid
hydrolysis of the biologically-pretreated PAP. All
hydrolysis were performed in duplicates at 121 °C and 15
psi using an autoclave. The total of 108 runs and resultant
sugar concentrations are presented in Supplementary Table
1.

The effects of the factors on reducing sugar
concentrations were investigated by the second-order
polynomial shown below:

Y =00+ X+ oXo+ 03Xz + 0uXa + 0 2XiXe + 013X X3 +
01,4 X1 Xa + 023X X3 + 024X Xa + 03,4X3X4 (1)

Where Y is the predicted response (reducing sugars concentration,
g/L), ao to 034 are the regression coefficients, and Xi, Xz, X3 and
X4 are the factors.

Table 1. Independent factors and levels evaluated in the full
factorial experimental design in the dilute acid hydrolysis of
Prosopis africana pods (PAP)

conducted. The flasks were agitated at 140 rpm for four
days at 30 °C with a cell concentration of 1 x 107 yeast
cells/ml (Adelabu et al., 2017; Chang et al., 2018).
Samples were taken every 24 hours, and the amounts of
ethanol and residual glucose were determined.

A two-level and five-factor (23') design was then
employed to evaluate five factors and identify which
significantly impacted bioethanol production. The range
for the fermentation parameters was based on earlier
studies (Adelabu et al., 2017; Chang et al., 2018) and the
experimental design is shown in Table 2.

Table 2: Independent factors and levels for half-factorial
experimental design in the fermentation of dilute acid
hydrolysates of Prosopis africana pods (PAP) for ethanol
production

Factors Levels

Low High
Temperature (°C) (X1) 25 35
Inoculum size (cells/ml) (X2) 1 x105 1 x107
pH (X3) 3 7
Agitation speed (rpm) (X4) 0 140
Incubation period (h) (X5) 24 96

Factors Levels

-1 0 +1
Acid type: (HNO3 and - - -
H3PO4) (X1)
Acid conc. (v/v) (X2) 1% 3% 5%
SLR (w/v) (X3) 5% 10 % 20 %
Hydrolysis time (mins) 15 30 60
(X4)

Using Whatman No. 1 filter paper, the hydrolysis
slurries were filtered, and the filtrate's pH was then raised
to pH 5.5. The DNS method was used to estimate the
amount of reducing sugars in the hydrolysate following the
method described by Sana et al. (2017). 3 ml of DNS
reagent was combined with precisely 1 ml of the
hydrolysate. Standard and blank samples were created so
that the outcomes could be compared. Instead of the
hydrolysate, the blank sample included 1 ml of distilled
water. Different concentrations (0.02-0.1 %) of glucose
standard solutions were prepared. The tubes were
incubated at 100 °C using a waterbath for 15 minutes. The
samples were examined by a UV-spectrophotometer at a
wavelength of 540 nm after cooling and the amount of
reducing sugars present in the hydrolysate was estimated
from a glucose standard curve (Supplementary Figure 1).

2.7. Fermentation

2.7.1. Fermentation conditions

The most ethanol-tolerant yeast strain was employed in
the fermentation of the YPD medium and the Dilute Acid
Hydrolysate (DAH). The DAH was filter-sterilized using a
0.2 pm Stericup® filter. Triplicate 250 ml flasks
containing 25 ml of the medium at pH 5.5 were pitched at
stated concentrations and incubated in various conditions
(Ahmed El-Imam, 2017; Ahmed El-Imam et al., 2019).

2.7.2. Screening of variables using half-factorial
experimental design

To ascertain the baseline yield of the given microbe-
substrate combination, a preliminary experiment was

In order to determine the ideal fermentation conditions,
the experimental findings were fitted to the second-order
polynomial equation shown below. This way, the influence
of the factors and the multiple interaction effects on the
observed response were investigated.

Y =00+ ouXi + 02Xo + 03X3 + 0uXs + asXs 2)

Where Y is the predicted ethanol concentration, Xi, X2, X3, X4,
and X are the factors, and oo to o5 are the regression
coefficients.

2.7.3. Response Surface Optimisation of factors

To optimize factors identified as significant from the
half-factorial screening, Box-Behnken Design (BBD) was
used (Table 3).

Table 3: Independent factors and levels for BBD

Factors Levels

-1 0 1
pH 3 5 7
Agitation speed (rpm) 0 70 140
Incubation period (h) 24 60 96

The polynomial quadratic equation was used to
evaluate the effects of each factor on the response (Xie et
al., 2013):

Yi=bo+ Z b|XJ + Z bIJXIXJ + Zblini + € 3)
Yi is the dependent variable, or predicted response (ethanol
concentration, g/L), and Xi and Xj are the independent variables.

bi and bij are the single and interaction effect coefficients,
respectively, and ei is the error term.

2.7.4. Bioethanol estimation

The potassium dichromate technique described by
Koshy et al. (2014) was used to quantitatively estimate the
concentration of bioethanol in the hydrolysate. Exactly 30
ul of test sample were taken out of the fermentation broth
and placed in test tubes. The volume was then increased to
500 pl with distilled water. 1 ml and 2 ml of potassium
dichromate and 2 N NaOH reagents were added to each
tube respectively. 30 pl of distilled water, 1 ml of
potassium dichromate reagent, and 2 ml of 2 N NaOH
reagent made up the blank solution. The tubes were
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incubated for 30 minutes at 50 °C. After cooling, a
spectrophotometer was used to measure the absorbance at
600 nm. Based on an ethanol standard curve
(Supplementary Figure 2), the amount of bioethanol in the
hydrolysate was determined.

2.8. Statistical analysis

Minitab software version 17 was used to conduct an
analysis of variance (ANOVA) to determine the impact of
the variables under investigation. Significant factors were
those with p values < 0.05.

3. Results And Discussion

3.1. Isolation, screening, and molecular identification of
yeast isolates

Of sixteen (16) yeast isolates obtained, strain SY4,
which showed the most prolific growth in ethanol
concentrations of 10 %, was identified using molecular
techniques. It had a 99.04 % similarity to Pichia
kudriavzevii strain ATCC 6258 with accession number
NR_131315.1. A phylogenetic tree shows the position of
SY4 (Figure 1).

a3 5¥4

Fichia kudriavzevii ATCC 6258 (MR 1313151
Pichia cecembensis NRRL Y-27985 (NR 164078.1
Pichia sparocurios s CBS BE0A (MR 114737.1:240-1298)

Pichia dushanensis CBS 13912 (NR 160321.1)

Pichia gizeniarum CBS 15024 (NR 168172.1)

Pichia cactophila CBS 8926 (NR 138243.1)

- Pichia exigua CBS 6838 (NR 153288.1)

050 040 030 o a1 a0

Figure 1: The phylogenetic relationships between yeast isolate
SY4 and other closely related species using combined ITS 1 and 2
sequencing analyses. The percentages of replicate trees in which
the related taxa clustered together in the bootstrap test are next to
the branches. The evolutionary distances utilized to infer the
phylogenetic tree have branch lengths scaled at 0.1.

3.2. Impact of mushroom biodegradation on PAP
surface structure

Of the four mushrooms investigated, Ganoderma
lucidum showed the most luxurious growth on PAP
(Supplementary Figure 3), while the other mushrooms
only grew sparsely. Scanning Electron Microscopy (SEM)
analysis was performed to visualize structural changes
caused by G. lucidum treatment. The PAP's SEM analysis
can be used to qualitatively predict how sensitive the
substrates will be to subsequent hydrolysis (Xu et al.,
2017). The pretreatment resulted in more looseness and
porosity in the cell wall structure of the PAP (Figure 2).
There were visible fiber bundles after pretreatment,
indicating that the biomass’s structure was considerably
broken down, indicating its suitability for hydrolysis.

S -

Figure 2. Scanning ElectronMicroscopy of Prosopis africana pods (PAP). Left: untreated PA showing more compact surface. Right: PAP

showing Ganoderma lucidum-pretreated PAP with hyphae (blue arrows) and fiber bundles (red arrow)

3.3. Optimisation of Dilute Acid Hydrolysis

The maximum concentration of reducing sugars, 43.37
+ 0.35 g/L, was found to be produced by 5 % HNOs3, 20 %
solid loading, and a hydrolysis duration of 15 minutes
(Supplementary Table 1). This value exceeds the 18.24 g/L
that was obtained from the dilute acid hydrolysis of a
similar substrate, Prosopis juliflora using 3 % dilute
sulfuric acid (Gupta et al., 2009).

Figure 3 displays a parity plot that compares the
experimental values of the response with those predicted

by the statistical model. As a sign of good model fitness,
the response points are all grouped together around the
linear trendline.

The model's significance is demonstrated by the
ANOVA result, which has a high F value of 270.95 and a
p-value of 0.000 (Table 4). All the factors investigated had
a significant effect on reducing sugar release as they all
had p-values < 0.05. The interactions between all the
analyzed factors were significant, from 2-way interactions
to 4-way interactions.
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Figure 3: Parity plot of the predicted and actual reducing sugars concentrations from optimized dilute acid hydrolysis of PAP.

Table 4: ANOVA table for FFD model that describes sugar release from Prosopis africana pods (PAP) as a function of the chosen

coefficient

Source DF Adj SS Adj MS F-Value P-Value
Model 54 5900.57 109.27 270.95 0.000
Blocks 1 3.38 3.38 8.39 0.005
Linear 7 3732.52 533.22 1322.18 0.000
Acid type (A) 1 1832.41 1832.41 4543.68 0.000
Conc (%) (B) 2 907.92 453.96 1125.65 0.000
SLR (%) (C) 2 788.38 394.19 977.44 0.000
Time (mins) (D) 2 203.81 101.91 252.69 0.000
2-Way Interactions 18 1215.41 67.52 167.43 0.000
AB 2 305.71 152.85 379.02 0.000
AC 2 432.47 216.24 536.18 0.000
AD 2 7.28 3.64 9.03 0.000
BC 4 263.32 65.83 163.24 0.000
BD 4 83.46 20.87 51.74 0.000
CD 4 123.16 30.79 76.35 0.000
3-Way Interactions 20 617.05 30.85 76.50 0.000
ABC 4 185.63 46.41 115.07 0.000
ABD 4 100.90 25.23 62.55 0.000
ACD 4 95.37 23.84 59.12 0.000
BCD 8 235.14 29.39 72.88 0.000
4-Way Interactions 8 332.21 41.53 102.97 0.000
ABCD 8 332.21 41.53 102.97 0.000
Error 53 21.37 0.40

Total 107 5921.94

R?=0.9964, R? (adj) = 0.9927

Sindhu et al. (2014) made similar observations, reporting
that temperature, acid concentration, and time significantly
affected reducing sugar release from biomass. The R?
value of 0.9964, which shows that the model can account
for 99.64 % of the response's variability, further supported
the model's appropriateness.

3.4. Fermentation

A preliminary fermentation revealed that by Day 4 of
growth, P. kudriavzevii SY4 produced a maximum
concentration of ethanol of 27 g/L (data not shown).

3.4.1. Half-factorial screening of factors

A half-factorial design of experiment was used to
assess the impact of temperature, inoculum size, pH,
agitation speed, and fermentation time on ethanol
production in order to increase yields from the preliminary
fermentation (Table 2). Table 5 shows the variables,
levels, and ethanol concentrations from the 32 runs of the
screening fermentation.
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Table 5: Half-factorial design screening of variables and outcomes

Run order Temperature (oC) Inoculum size pH Agitation speed Incubation period Ethanol (g/L)
(cells/ml)
1 35 1x107 7 140 96 28.52
2 25 1x105 3 0 96 18.73
3 35 1x105 3 0 24 35.12
4 25 1x107 3 140 96 24.71
5 35 1x107 7 0 24 36.09
6 35 1x105 7 0 96 19.05
7 25 1x105 7 140 96 19.17
8 25 1x107 7 0 96 18.87
9 35 1x107 3 0 96 20.72
10 35 1x105 7 140 24 18.36
11 35 1x107 7 0 24 36.13
12 25 1x105 3 140 24 17.90
13 35 1x107 3 0 96 19.42
14 25 1x107 7 140 24 24.94
15 25 1x105 3 0 96 18.76
16 25 1x107 3 140 96 25.75
17 35 1x105 3 0 24 36.26
18 35 1x107 7 140 96 23.33
19 25 1x107 3 0 24 35.10
20 25 1x105 7 0 24 35.24
21 35 1x105 7 140 24 19.75
22 35 1x105 3 140 96 22.75
23 25 1x107 7 0 96 19.36
24 25 1x 105 7 140 96 23.09
25 35 1x105 3 140 96 27.60
26 25 1x105 3 140 24 23.09
27 35 1x105 7 0 96 20.23
28 25 1x107 7 140 24 17.32
29 35 1x107 3 140 24 16.17
30 35 1x107 3 140 24 18.48
31 25 1x107 3 0 24 36.64
32 25 1 x 105 7 0 24 36.91

The Pareto chart indicated that inoculum size, pH,
temperature, and their interactions had no significant effect
on ethanol production (Fig. 4). pH not being significant in
this screening contrasts with the findings of Dasgupta et al.
(2013), who screened 9 factors in producing bioethanol
from sugarcane bagasse pith hydrolysate and reported pH
to be significant. It also differs with results of Wu (2019),
who discovered pH to be a significant influence during the

Term 2.12
"

fermentation of bagasse hydrolysate that had been treated
with an ionic liquid for the purpose of producing
bioethanol. The presence of phenolic chemicals in PAP,
which may have a buffering effect in the fermentation
medium, may be the cause of the discrepancy in the
results. Nonetheless, pH was further investigated over a
wide range to confirm its influence on ethanol production
from PAP hydrolysate.

| Factor Name

o 5 10 15
Standardized Effect

TEMP (O

INOCULUM SIZE

pH

Agitation speed
INCUBATION PERIOD (h)

mgN®>»

25

Figure 4. A Pareto chart displaying the factor’s in their decreasing order of significance. At a 95% confidence level, bars that go beyond the

vertical line represent statistically significant factors.

This study's results are in agreement with those of
Karunakaran et al. (2013) in that temperature and
inoculum size had no discernible impact on ethanol
production. Agitation speed and incubation period
significantly affected ethanol production (Figure 4), which
is similar to the previously reported findings (Dasgupta et
al., 2013; Karunakaran et al., 2013). A more effective

conversion of carbohydrates to bioethanol is made possible
by oxygen's favorable effects on the bioethanol
fermentation process (Deniz et al., 2014; Henriques et al.,
2018). The model had an R? value of 93.15 % with an RZ.g;
of 91.83 %, implying that it can explain 93.15 % of the
variability in ethanol production.
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3.4.2. Factor optimization by RSM

RSM based on Box-Behnken design with 30 runs, was
used to further analyze the two major components
discovered through the screening experiment. pH was
included as the third factor as RSM optimizations are
accurately performed when three factors are investigated
(Ahmed El-Imam et al., 2017). The BBD is a unique
experimental design because treatment combinations
frequently occur towards the edges of the experimental

861

area. As a result, estimating the first and second-order
coefficients is made simpler (Oiwoh et al., 2018).

The results of RSM optimization showed that pH 7, 70
rpm agitation, and 24 hours of fermentation were the ideal
conditions for producing bioethanol from PAP diluted acid
hydrolysate using P. kudriavzevii strain SY4. This
produced a maximum bioethanol concentration of 38.26 +
0.01 g/L (Table 6).

Table 6. The actual and predicted responses for the Box-Behnken Design matrix for the optimization of ethanol production from Prosopis

africana pods dilute acid hydrolysate.

Run Order pH Agitation speed (rpm) Incubation period (h) Ethanol (g/L)
Actual Predicted
1 5 70 60 21.47 21.99
2 5 140 24 34.04 33.70
3 7 140 60 31.28 31.85
4 7 70 96 24.32 24.88
5 5 0 24 32.44 31.78
6 5 70 60 24.68 24.99
7 3 0 60 26.12 26.70
8 3 70 96 29.49 29.16
9 5 0 96 24.61 27.71
10 3 140 60 21.50 22.50
11 3 70 24 27.97 28.72
12 5 70 60 26.55 25.99
13 7 0 60 26.39 26.97
14 7 70 24 38.26 37.62
15 5 140 96 29.94 27.48
16 7 70 96 32.04 31.91
17 5 0 24 29.17 29.81
18 3 70 24 30.94 30.75
19 5 140 24 28.70 27.73
20 5 70 60 24.83 25.01
21 5 140 96 27.02 27.50
22 5 70 60 27.44 26.01
23 3 140 60 22.78 22.52
24 5 70 60 25.03 25.01
25 7 0 60 28.31 27.99
26 5 0 96 31.54 31.74
27 3 70 96 27.61 29.19
28 3 0 60 21.87 21.73
29 7 70 24 38.25 37.64
30 7 140 60 23.88 27.87
Maximum  bioethanol concentrations have been According to the ANOVA results (Table 7), agitation

obtained under similar conditions (Betiku and Taiwo,
2015; Zani et al.,, 2019). However, the concentrations
obtained were higher than those of Sivamani and Baskar
(2018) and Dasgupta et al. (2013), with 25.59 g/L and
17.44 g/L, respectively, after similar optimization
experiments. On the other hand, Techaparin et al. (2017)
found that following BBD optimization, sweet sorghum
juice had higher maximum bioethanol concentrations of
89.32 g/L. The results could differ depending on a number
of things, including the biocatalyst, the type of substrate
employed, and the fermentation conditions.

In order to determine how each factor affected the
response, a quadratic equation was obtained:
Ethanol (g/L) = 34.52 + 0.51A - 0.0063B - 0.2917C + 0.120A? -

0.000056B2 + 0.002926C2 + 0.00279AB - 0.0195AC -
0.000012BC.vvv e @)

speed had no discernible influence on bioethanol
production, although pH and incubation time did. It was
found that the incubation period was significant for the
concentration of bioethanol while the square interactions
of pH and agitation speed were not. It was also observed
that the two-way interactions between all factors had no
significant impact on bioethanol concentration. The lack of
fit of 0.219 was insignificant, indicating the model’s
reliability. The model’s robustness was measured with the
R? value, which shows the quality of its prediction of
responses. An R? value of 97.07 % and an R%(adj) of 95.73
% indicates the model’s suitability, as it can explain 97.07
% variability in response.
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Table 7. ANOVA for the quadratic response surface model of ethanol production from Prosopis africana pods dilute acid hydrolysate

Source DF Adj SS Adj MS F-Value P-Value
Model 10 191.918 19.192 3.87 0.005
Blocks 1 0.602 0.602 0.12 0.731
Linear 3 65.335 21.778 4.39 0.017
pH (A) 1 34.000 34.000 6.85 0.017
Agitation speed (rpm) (B) 1 0.059 0.059 0.01 0914
Incubation period (h) (C) 1 31.276 31.276 6.31 0.021
Square 3 108.991 36.330 7.32 0.002
A2 1 1.688 1.688 0.34 0.566
B2 1 0.563 0.563 0.11 0.740
C2 1 106.211 106.211 21.41 0.000
2-Way Interaction 3 16.991 5.664 1.14 0.358
AB 1 1.225 1.225 0.25 0.625
AC 1 15.759 15.759 3.18 0.091
BC 1 0.007 0.007 0.00 0.971
Error 19 94.247 4.960
Lack-of-Fit 15 84.429 5.629 2.29 0.219
Pure Error 4 9.818 2.455
Total 29 286.165
R?*=10.9707, R? (adj) = 0.9573
Additionally, three-dimensional response plots were
created to display how the parameters affected the
concentration of bioethanol (Figure 5)
3 .
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Figure 5: 3D surface plots illustrating how the concentration of bioethanol is affected by (a) incubation period and agitation speed, (b)

agitation speed and pH, and (c) incubation period and pH.

The impact of agitation speed and incubation time on
bioethanol concentration is depicted in Figure 5a. It was
observed that within the range of factor levels tested,
bioethanol concentration was higher at lower incubation
time and agitation speed, reaching its peak at 24 hours and
70 rpm. Bioethanol concentration decreased with time,
suggesting that this strain produces higher ethanol amounts
early in the fermentation. The incubation time used in the
screening experiments in this study appears to have missed
the actual optimal time, which seems to be earlier than 24
hours. This is an advantageous finding as the lowered
fermentation duration results in a lower cost of production,

making the process economically competitive. A similar
study involving the fermentation of hydrolyzed bagasse
using a locally isolated yeast showed that peak ethanol
concentrations were achieved at times earlier than 24 h
(Hosny et al., 2016). These authors report that the
progressive but minor reduction in ethanol concentration
with time could be ascribed to evaporation or consumption
of ethanol by the yeast. Higher agitation speeds could also
result in faster ethanol evaporation.

Figure 5b shows the effect of pH and agitation speed on
bioethanol concentration. It was observed that ethanol
concentration increased with increasing pH, reaching its
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peak at pH 7. Bioethanol concentration was higher at a
lower agitation speed with a maximum concentration of
38.26 g/L at 70 rpm. Thus, higher rotation speed resulted
in lower bioethanol concentration. The impact of pH and
incubation time on bioethanol concentration is shown in
Figure 5c. It was observed that high pH values resulted in
higher bioethanol concentration.

Under the optimal conditions (pH 7.0, 70 rpm agitation,
and 24 hours incubation time), 38.26 g/L of ethanol was
produced, representing a 43.73 % increase in the product
compared to unoptimised conditions. This increase can
even be improved further at lower incubation times. These
results show that PAP is a promising substrate that can be
added to the mix of existing feedstocks currently exploited
for bioethanol production.

4. Conclusion

Prosopis africana pod is an abundant and under-
utilized food processing waste in Nigeria and other regions
in Africa. This study showed that the biomass could
support the luxurious growth of Ganoderma lucidum,
which could increase Nigeria’s production of the reishi
mushroom. The affordable and mild biological
pretreatment followed by statistically optimised dilute acid
hydrolysis resulted in sugar-rich hydrolysates with up to
43.37 g/ L of sugars. This work is the first report of the
hydrolysis requirements for P. africana pods and
demonstrates its suitability for bioethanol production and
other bioprocessing applications. It shows that efforts to
exploit less common biomass types to produce bioethanol
are still needed, particularly in the light of the Russia-
Ukraine war, which has sent petroleum prices soaring
globally.
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APPENDIX

Supplementary Table 1: Full-factorial experimental design and results obtained for dilute acid hydrolysis

Reducing sugars (g/L)
Run Order Acid type Conc (%) SLR (%) Time (mins)
Actual Predicted

1 HNO3 3 10 15 26.23 26.46
2 HNO3 3 10 60 42.38 42.65
3 H3PO4 1 20 15 17.20 17.07
4 HNO3 3 20 15 33.63 34.17
5 HNO3 5 5 15 17.39 17.52
6 H3PO4 1 5 60 12.82 12.65
7 HNO3 3 20 30 34.71 34.97
8 H3PO4 1 10 30 16.72 16.47
9 HNO3 1 20 30 24.25 24.10
10 H3PO4 3 20 15 18.80 18.54
11 HNO3 3 10 30 30.50 30.70
12 HNO3 5 20 30 32.42 32.59
13 H3PO4 5 5 15 22.88 23.17
14 HNO3 5 10 15 34.14 34.38
15 HNO3 3 5 60 14.31 14.34
16 HNO3 5 20 60 31.61 31.20
17 HNO3 5 20 15 43.12 43.19
18 HNO3 1 20 60 17.96 18.23
19 H3PO4 1 20 60 14.45 13.90
20 H3PO4 5 20 60 17.98 17.82
21 H3PO4 5 5 60 12.46 12.88
22 H3PO4 5 10 60 16.27 16.01
23 H3PO4 1 10 15 14.81 15.07
24 H3PO4 3 5 15 17.12 17.00
25 HNO3 1 10 30 21.60 21.74
26 H3PO4 3 5 60 12.37 11.55
27 HNO3 5 10 60 26.26 26.47
28 H3PO4 3 10 30 19.92 19.43
29 HNO3 5 10 30 27.52 27.54
30 H3PO4 3 20 60 13.02 12.55
31 H3PO4 5 20 15 15.35 16.37
32 H3PO4 3 10 15 16.10 16.86
33 H3PO4 1 10 60 15.21 15.29
34 HNO3 3 5 30 23.35 23.52
35 H3PO4 5 5 30 18.80 18.47
36 H3PO4 3 20 30 16.26 16.87
37 H3PO4 5 10 30 17.01 17.49
38 HNO3 1 20 15 18.14 18.71
39 HNO3 3 5 15 17.13 17.39
40 H3PO4 3 5 30 16.83 17.58
41 H3PO4 5 20 30 26.01 26.58
42 HNO3 1 5 30 18.12 18.20
43 HNO3 1 5 60 16.91 16.93
44 HNO3 1 10 15 18.67 18.61
45 HNO3 5 5 30 23.00 23.19
46 HNO3 1 5 15 15.17 15.93
47 H3PO4 5 10 15 18.85 18.80
48 HNO3 1 10 60 14.70 15.03
49 H3PO4 1 5 30 14.99 15.65
50 HNO3 5 5 60 19.12 18.98
51 H3PO4 1 5 15 13.30 13.12
52 H3PO4 1 20 30 15.06 15.69
53 HNO3 3 20 60 26.45 27.38
54 H3PO4 3 10 60 16.51 17.75
55 HNO3 1 5 15 16.34 15.58
56 H3PO4 3 10 15 17.98 17.22
57 HNO3 3 5 60 14.72 14.69
58 HNO3 1 5 60 17.30 17.28
59 HNO3 3 5 30 24.05 23.88
60 HNO3 1 20 30 24.30 24.45
61 H3PO4 5 5 60 12.94 12.52
62 HNO3 3 10 15 26.33 26.10
63 H3PO4 3 20 60 12.44 12.91
64 HNO3 3 10 60 43.28 43.01
65 H3PO4 1 20 30 16.67 16.04
66 H3PO4 5 5 30 18.50 18.83
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67 HNO3 5 10 30 2791 27.89
68 HNO3 3 10 30 31.25 31.05
69 HNO3 5 5 60 18.48 18.62
70 H3PO4 3 5 60 11.09 11.91
71 H3PO4 1 5 60 12.83 13.00
72 H3PO4 5 10 60 16.10 16.36
73 H3PO4 1 10 15 15.68 15.42
74 H3PO4 5 10 15 19.11 19.16
75 H3PO4 1 10 30 16.57 16.82
76 H3PO4 1 5 15 13.48 13.30
77 HNO3 5 20 30 33.12 32.95
78 HNO3 3 20 30 34.87 34.61
79 H3PO4 3 20 30 17.83 17.22
80 H3PO4 5 10 30 18.32 17.84
81 H3PO4 3 10 30 19.30 19.79
82 H3PO4 5 20 30 27.51 26.94
83 H3PO4 3 10 60 19.35 18.11
84 HNO3 5 5 30 23.74 23.55
85 HNO3 3 20 60 27.95 27.02
86 H3PO4 1 5 30 15.96 15.30
87 H3PO4 3 20 15 18.63 18.89
88 H3PO4 5 20 60 18.01 18.17
89 HNO3 1 10 30 22.24 22.10
90 H3PO4 1 10 60 15.72 15.64
91 HNO3 1 10 60 15.72 15.39
92 HNO3 1 20 15 18.93 18.36
93 HNO3 5 20 60 31.14 31.55
94 HNO3 5 10 60 27.04 26.83
95 HNO3 5 20 15 43.62 43.55
96 HNO3 1 10 15 18.90 18.96
97 H3PO4 5 20 15 17.74 16.72
98 H3PO4 1 20 60 13.70 14.25
99 HNO3 3 20 15 35.06 34.52
100 H3PO4 3 5 15 17.23 17.35
101 HNO3 3 5 15 18.01 17.75
102 H3PO4 5 5 15 23.82 23.53
103 HNO3 1 20 60 18.86 18.59
104 HNO3 5 5 15 18.01 17.88
105 H3PO4 3 5 30 17.98 17.23
106 HNO3 5 10 15 34.97 34.73
107 HNO3 1 5 30 18.63 18.55
108 H3PO4 1 20 15 17.29 17.42
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Supplementary Figure 3: Growth pattern of Ganoderma lucidum on milled Prosopis africana pods.



