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Abstract

The dwindling of conventional energy resources has necessitated the need to explore new and sustainable forms of energy.
In this regard, economical production of bioethanol from various degradable wastes has gained the attention of researchers
in the last few years. The current study investigated the alkaline-hydrolysis optimization of pomegranate peel waste (PPW)
for bioethanologenesis. The alkaline hydrolysis optimization was carried out by response surface methodology. Significant
values (g L™!) of reducing sugars (142.4 +0.05), total carbohydrates (359.4 +0.02), weight loss (74.8 +0.031), extractives
(1.83+0.05), hemicellulose (16.7 +0.214), crude cellulose + insoluble lignin (75.7 +0.178), and soluble lignin (5.8 +0.063)
were obtained when PPW was hydrolyzed with 0.5% KOH at 80 °C for 90 min with 36.10% conversion efficiency. Three
novel ethanologenic yeasts, viz., Saccharomyces cerevisiae K7, Metschnikowia sp. Y31, and Metschnikowia cibodasensis
Y34 were used to ferment the PPW hydrolyzate after detoxification with 2.5% charcoal. The significant ethanol yields (g g7")
after fermentation with Metschnikowia sp. Y31 and M. cibodasensis Y34 were appeared as 0.32 +0.005 and 0.29 +0.003,
respectively, on the third day of incubation, while S. cerevisiae K7 produced 0.30+0.003 g g~ of ethanol on the first day
of incubation. Our findings of the present study will be helpful for the economical bioconversion of frequently available
organic wastes into ethanol at industrial scale.
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1 Introduction

The energy demand of the world is increasing rapidly in
parallel to rapid urbanization and industrialization [1-3].
In this context, some conventional energy sources (fos-
sil fuels) are not enough to accomplish energy needs of
the world. In addition, burning of fossil fuels is causing

P4 Ali Hussain
ali.hussain@uvas.edu.pk; alihussainpu@yahoo.com

Department of Zoology, Division of Science
and Technology, University of Education, Lahore, Pakistan

Department of Wildlife and Ecology, University
of Veterinary and Animal Sciences, Lahore, Pakistan

Department of Zoology, Government College University
Faisalabad, Faisalabad, Pakistan

Department of Botany, University of Okara, Okara, Pakistan

Graduate School of Bioresources, Mie University, 1577
Kurimamachiya-cho, Tsu city, Mie 514-8507, Japan

Published online: 26 January 2022

environmental issues [4, 5]. Therefore, an appropriate
alternate source of energy is required to combat with
world’s energy crises.

Recently, production of the bioenergy has been the focus
of the researchers’ attention due to its renewable and envi-
ronment-friendly disposition [6—10]. Among various com-
peting bioenergy sources, the bioethanol produced from
various biodegradable organic waste materials is a sustain-
able energy source and can provide potential solutions to
the current environmental problems [11, 12]. Bioethanol
is considered one of the most valuable products that can
be obtained by the fermentation of plant materials with the
help of microorganisms [13]. Mixing of the bioethanol with
gasoline reduces greenhouse gas emissions by 40-50%.
Therefore, the organic waste/biomass appeared as a puta-
tive substrate for biofuel production [14—-16].

Bioethanol can be produced by utilizing three types of
raw materials, i.e., sucrose-rich materials, starchy materi-
als, and lignocellulosic materials [17-19]. The less frequent
and exorbitant availability of sucrose- and starch-containing
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biomass entails their restricted use for the production of bio-
fuels [20]. However, the lignocellulosic biomass (LCB) has
low cost and abundant availability. Moreover, it adds a large
amount of the waste in the environment, and its utilization
to produce the bioethanol may contribute towards waste
management as well. That is why LCB can be utilized as
the most promising raw material for bioethanol production
[21-23].

The appropriate LCB envisaged the sugar quantity and
composition, cost-effectiveness, and profitability. The agri-
waste sugars are converted into ethanol—a value-added
product by fermentative microorganisms [24]. Pomegran-
ate peel waste (PPW) was selected as raw material for the
current study for being of low-cost and massive availability.
Globally, 1.5 million tons of PPW is generated annually by
the industrial processing and no proper utilization method is
available to use this novel biomass [25]. Thus, massive gen-
eration of PPW all over the world necessitates its justified
utilization [26]. Annual production (2010-2011) of pome-
granate in Pakistan was 0.5 million tons covering 13,000 ha
in most parts such as Baluchistan and Punjab (GOP 2011).

Thirty percent fruit and vegetable waste comes from the
harvest and post-harvest transportation. Such massive post-
harvest wastage impedes any country to attain the economic
benefits. Mostly, fresh fruit is used in Pakistan though it
can be processed to prepare certain products as juices, jel-
lies, and marmalade [27, 28]. Pomegranate juice is extracted
industrially as well as domestically which produces massive
peels and seed waste. To dispose of such perishable waste
is the dire need to keep the environment safe from pollu-
tion [29]. Besides juice extraction, a substantial amount of
fermentable sugars exists in pomegranate peels. PPW is one
of the LCB-based candidates comprising 26.22-27.6% cellu-
lose and 10.88-32.8% hemicellulose and can be hydrolyzed
into fermentable sugars for the microbial ethanologenesis
[30]. The arils of the pomegranate consist of 10-14% C
sugars (glucose and fructose) [31]. The frequent availability
of cellulosic contents make PPW a preferred substrate for
ethanologenesis [32]. Pomegranates appeared as a wide-
ranging substrate due to their anti-oxidant, anti-cancerous,
and antimicrobial properties and for extraction of different
compounds. Now PPW has already gained much attention to
be used as a substrate for ethanologenesis [33-35]. However,
the cellulosic contents, i.e., cellulose and hemicellulose,
should be converted into fermentable sugars by saccharifi-
cation. For this purpose, a variety of methods such as acidic,
alkaline, enzymatic, and combination of chemical and enzy-
matic saccharification are used [33, 34]. Pre-treatment tech-
niques employing different alkalies have been investigated
for enhanced digestibility of lignocellulosic biomass such as
sodium hydroxide [36], potassium hydroxide [35], ammonia
[37], and calcium hydroxide [38, 39]. The alkalies can be
used as substitute for expensive reagents and eliminate the
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chances of corrosion and severe reactions. Some alkalies
can be recovered after pre-treatment. It is also possible to
recover and reuse chemical reagents in some of the alka-
line pre-treatment methods. The saccharified fermentable
sugars are converted into ethanol via fermentation. Most
fermentation is carried out by different yeast isolates such
as Saccharomyces cerevisiae [33, 40], Pichia stipitis [34],
Kluyveromyces marxianus [41], and Metschnikowia ciboda-
sensis Y34 [42, 43].

The key goal of the current investigation was the micro-
bial exploitation of locally abundant second-generation
waste for bioethanol production. The significant ethanol
yields from two yeast strains employing biodegradable
alkaline-pretreated PPW presented a cost-effective and sus-
tainable strategy for industrial-scale ethanologenesis. This
approach appeared to be particularly promising with pros-
pects to Pakistan where a massive amount of PPW is gener-
ated annually whose consumption for bioethanol production
will not only contribute as value addition but also result in
reduction of environmental pollution associated with PPW
disposal.

In view of its large-scale production and huge availabil-
ity in Pakistan as well, PPW was selected as raw material
for bioethanol production. The first objective of this study
was the physical breakdown of PPW by grinding followed
by alkaline pre-treatment employing potassium hydroxide
(KOH). The alkaline hydrolysis of PPW was then optimized
using a design with three repetitions at a central point (cen-
tral composite design of response surface methodology)
before the microbial conversion of PPW hydrolyzate into
ethanol.

2 Materials and methods
2.1 Biochemical analysis of PPW

PPW was collected from different areas of Lahore, Pun-
jab, Pakistan, during January to March and transported to
Microbiology Laboratory, Department of Zoology, Uni-
versity of Education, Lahore, Pakistan. After rinsing with
water, PPW was kept at 60 °C for drying until the achieve-
ment of constant weight. Dried PPW was ground to obtain
approximately 1-mm particle size for further experimental
usage. For sorting particle size, stainless steel sieve having
a diameter of 10 inches with pore size 1 mm was used. Dry
peels (1 g) of pomegranate were suspended in 100 mL of
distilled water. The mixture was kept shaking at 200 rpm for
24 h. Then this mixture was filtered using Whatman filter
paper. The liquid extract was used to estimate reducing sug-
ars, carbohydrates, and proteins following the protocols of
DNS, phenol sulfuric acid, and Folin—Ciocalteu, respectively
[44-46], while solid residues were proceeded to quantify
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lignin, extractive, crude cellulose with insoluble lignin, and
hemicellulose following method of by Lin et al. [47] with
little modification. For the estimation of lipid contents, 1 g
of dry peels was homogenized with a glass rod in 10 mL of
ethanol and then allowed to be kept at room temperature for
24 h. The suspension was filtered and filtrate was preserved
in screwed glass vials at room temperature for quantifica-
tion of lipid contents by Zollner and Kirsch method [48].
AOAC protocols were performed to estimate moisture and
ash contents of PPW [49].

2.2 Alkaline-hydrolysis optimization of PPW

Potassium hydroxide was used to hydrolyze PPW. For
hydrolysis, peels and alkali ratio was adjusted to 1:10. For
hydrolysis of PPW, conical flasks (100-mL capacity) cov-
ered with aluminum foil were used. The experiment was
performed in 20 runs following central composite design
(CCD) of response surface methodology (RSM) with three
parameters, i.e., alkali concentration, hydrolysis tempera-
ture, and time. Experiment was designed in triplicates. The
hydrolysis mixture in flasks was kept shaking in the incuba-
tor (100 rpm) according to specified time and temperature
as described in the model. The hydrolyzate was neutralized
followed by filtration to remove substrate. Neutralization
was done with concentrated HCI to maintain the original
volume of the hydrolyzate. The neutralized hydrolyzate was
proceeded for detoxification of phenolics.

Potassium hydroxide hydrolyzed the cellulosic contents
of PPW into sugar monomers (reducing sugars). The param-
eters that affect the amount of reducing sugars (Y) produced
after hydrolysis were as follows: X, alkali concentration; X,,
hydrolysis temperature; and X5, hydrolysis time. For opti-
mization of parameters, CCD of RSM was used [50]. The
software designed a 20-run experiment with three factorial
independent variables (X;, X,, X3) to describe the relation-
ship in the form of response variable (Y) (Tables 1 and 2).

The designed model covered the low and high factorial
levels of the parameters. The central points of the model
were 0.3% (X,), 60 °C (X,), and 75 min (X;). The base for
the model design was provided by previous research carried
out in a lab that emphasizes the influential impact of some
key parameters that affect biomass saccharification [51, 52].

Table2 Quadratic model with three factorial level to evaluate
responses of KOH hydrolysis of PPW

Run no KOH concentra-  Temperature Time
tion X, (°C) X3 (min)
X, (%)

1 0.5 40 45

2 0.1 40 90

3 0.1 40 45

4 0.5 80 45

5 0.3 60 67.5

6 0.5 40 90

7 0.1 80 90

8 0.3 60 67.5

9 0.1 80 45

10 0.3 60 67.5

11 0.5 80 90

12 0.3 60 67.5

13 0.3 60 67.5

14 0.04 60 67.5

15 0.3 60 67.5

16 0.3 26.36 67.5

17 0.3 60 29.66

18 0.64 60 67.5

19 0.3 60 105.34

20 0.3 93.64 67.5

The present investigation dealt with subsequent optimization
of alkaline-hydrolysis parameters of PPW using RSM.

Alkaline-hydrolysis experiment was performed using
PPW as substrate according to the prescribed hydrolysis
conditions in the model. The filtered hydrolyzate as well as
residue were proceeded for biochemical analysis to estimate
different contents, i.e., reducing and total sugars, extractives,
weight loss, crude cellulose, hemicellulose, and lignin fol-
lowing already-described protocols in the study.

The interaction between input parameter variables
and responses was explained by the following regression
equation:

Y =B+ B X +B.X, +B3X5 + 511X% + 522)(;
+ [333X§ + B X1 Xo + Bi3Xi X + BsXo Xz + e (1)

where

Table 1 Designed central

i . Variable Values for coded variables
composite model for potassium
hydroxide hydrolysis of PPW Codes for Lower point Central point Higher point
variable
Potassium hydroxide concentration (%) X1 0.1 0.3 0.5
Hydrolysis temperature (°C) X2 40 60 80
Hydrolysis time (min) X3 45 67.5 90
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Y predicted response
Bo constant coefficient
By, By, and P linear coefficients

B11> By, and P33 quadratic coefficients

B12, B3, and B3 cross-product coefficients

X, X, and X; input variables

e residual error between the observed Y and
the predicted ¥

Statistical analysis tools were used to check the appro-
priateness of the designed model. The appropriate fitness
and accuracy was interpreted by R* coefficient as well as
adjusted R%. The interrelationship of parameters on different
responses was further explained by surface plots of polyno-
mial equation. Three-dimensional plot interpreted the opti-
mum points.

2.3 Percent saccharification and sugar yield of PPW
hydrolyzate

For the estimation of percent saccharification, 5 g of PPW
hydrolyzate (H) was mixed with 50 mL of 0.4% KOH at 80
° C for 90 min. Dinitrosalicylic acid was used to measure
reducing sugars in the hydrolyzate [46]. Percent sacchari-
fication and sugar yield was then calculated by following
Mithra [53] as shown below:

Reducing sugars(% ) x 0.9

Saccharification(%) = x 100
Substrate(%) x 10
2
Total vol f hydrolyzate x 100
Sugar yield(g/L) = otal volume of hydrolyzate
Substrate(g) 3)

2.4 Detoxification of PPWH

Some toxic phenolic compounds are considered an obstacle
for microbial strains to ferment sugars. Thus, hydrolyzate
detoxification was a well-thought-out compulsory step prior to
fermentation. The alkaline pre-treatment produced the 5-HMF
(hydroxymethyl furfural) in almost higher quantity than phe-
nolics. The activated charcoal treatment [54] was applied for
detoxification and is considered an effective method for the
removal of phenolic compounds and furan derivatives from
the hydrolyzates, without damaging reducing sugars. For the
purpose, PPWH was treated with 2.5% activated charcoal.
The charcoal and PPWH mixture was agitated at 30 °C and
200 rpm for 60 min followed by filtration. Further residual
particles in the filtered PPWH were removed by centrifuga-
tion (2000 % g) for 20 min [54]. Neutralization of centrifuged
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supernatant was carried out with concentrated HCI. Previously
mentioned Folin—Ciocalteu protocol was followed to estimate
total phenolics.

2.5 Production of ethanol using detoxified PPWH

Optimized and detoxified PPWH was proceeded for etha-
nologenesis employing standard strain S. cerevisiae K7 and
experimental Metschnikowia sp. Y31, and M. cibodasensis
Y34. Standard strain was donated by Brewing Society in
Japan (Tokyo, Japan), while Metschnikowia sp. Y31 and M.
cibodasensis Y34 (isolated from flowers and evaluated for
ethanologenesis previously) were contributed by the first
author [55]. M. cibodasensis Y34 and Metschnikowia sp.
Y31 have dual potential, i.e., cellulolytic and ethanologenic.
Both strains were used for ethanologenesis on different fruit
substrate such as water melon, melon, mango, and banana
peels.

All the abovementioned yeast cultures were revived in
Malt Yeast Glucose (MYG) medium and used as inoculum
to ferment PPW hydrolyzate. The composition (g L™!) of
MYG medium was yeast extract, 3; malt extract, 3; peptone,
5; and glucose, 10. The prepared medium was autoclaved at
121 °C for 15 min and inoculated independently with the
individual yeast cultures. The inoculated flasks were incu-
bated at 30 °C for 24 h to get fresh inocula.

Fermentation medium (50 mL) was prepared by adding
50% of the detoxified and neutralized alkaline hydrolyzate,
45% of synthetic medium, and 5% of fresh yeast inoculum
in narrow-necked glass bottles having a capacity of 100 mL.
For the preparation of synthetic medium following Chaud-
hary and Karita [55], different minerals were mixed in dif-
ferent quantities. The mineral composition (g L™!) was yeast
extract, 6.5; ammonium sulfate [(NH,),SO,], 2.6; potassium
dihydrogen phosphate (KH,PO,), 2.72; magnesium sulfate
heptahydrate (MgSO,-7H,0), 0.8; calcium chloride (CaCl,),
0.3; zinc chloride, 0.00042; citric acid (C4HgO-), 1.5; and
sodium citrate (Na;CsH50), 6. The mixture was autoclaved
at 121 °C for 15 min and then inoculated individually with
revived yeast cultures. The inoculated flasks were then incu-
bated at 30 °C for 10 days without agitation. Fermentation
experiment was carried out statistically. Air was not required
for alcohol production by fermentation. Reducing sugars
in alkaline PPW hydrolyzate served as a source of carbon
for the yeast inoculants, while synthetic medium served
as source of nitrogen, minerals, vitamins, and water. The
fermentation kinetics were studied at regular intervals of
24 h for 10 days. The estimation of reducing sugars, ethanol
yield, and yeast growth was carried out subsequently. All the
experiments were performed in triplicates. Reducing sugars
were measured by DNS method and acid dichromate test was
performed for ethanol estimation [46, 50, 56]. The growth
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of fermentative microorganisms was measured using spec-
trophotometer (CE-2041, UK) at 600 nm.

2.6 Ethanolyield of PPWH

The following equation was used to interpret ethanol yield
[53]:
Ethanol produced(g/L)

Ethanol yield =
anol yield(g/g) Reducing sugars consumed(g/L

) “

Calculation for fermentation efficiency was done as [53]:

. . Practical ethanol yield
Fermentation efficiency(%) = - — x 100
Theoretical ethanol yield
®)

2.7 Statistical analysis tools

The optimization experiments while employing CCD were
performed in triplicates. Data were evaluated with the help
of Design Expert (ver. 6.0.9 Software, Stat-Ease, Minneapo-
lis, MN 55,413) using regression and ANOVA to interpret
responses in designed quadratic model, while the data relat-
ing to fermentation were assessed using one-way ANOVA
with Duncan’s Multiple Range Test (SPSS Version. 17.0.
Software, Chicago, IL, USA).

3 Results
3.1 Biochemical analysis of PPW

The biochemical analysis of PPW depicted it as the best sub-
strate for ethanologenesis due to the presence of sugars, pro-
teins, and other nutrients [57]. Calculations (g L™!) revealed
the presence of total and reducing sugars as 79.10+0.01
and 24.45 +0.11, respectively, as well as total proteins and
total lipids as 15.7 +£0.05 and 3.34 +0.02, respectively, in
PPW. The percent crude cellulose + insoluble lignin, hemi-
cellulose, and soluble lignin contents were 35.5 +0.03,
28.33+0.12, and 15.3+0.13, respectively. Moreover, the
PPW also contained moisture and ash contents in minute
quantities as 7.7 +0.08 and 11.4+0.02 g L™, respectively.
The proximate composition of PPW is described in Table 3.

3.2 Alkaline-hydrolysis optimization of PPW

The CCD of RSM was applied to optimize the parameters
of alkaline hydrolysis, i.e., alkali concentration, hydrolysis
temperature, and hydrolysis time. The experimental values
of different contents by alkaline hydrolysis in 20 runs were

Table 3 Proximate analysis of PPW

Parameter Contents
Total sugars (g/L) 79.10+0.01
Reducing sugars (g/L) 24.45+0.11
Total proteins (g/L) 15.7+0.05
Total lipids (g/L) 3.34+0.02
Moisture contents (%) 7.7+0.08
Ash contents (%) 11.4+0.02
Crude cellulose + insoluble lignin contents (%) 35.5+0.03
Hemicellulose contents (%) 28.33+0.12
Soluble lignin contents (%) 15.3+0.13

Data represented in means + S.E. of triplicates

Crude cellulose +insoluble lignin (%)= 100-(Extractive % + Hemi-
cellulose %+ Lignin %)

tabulated (Table 4). In the present investigation, Design
Expert (ver. 6.0.9 Software, Stat-Ease, Minneapolis, MN
55,413) was used as a statistical tool to calculate F' value,
p value, R-squared (R%), and adequate precision employing
ANOVA and regression. Statistical methods provide assur-
ance of correct interpretation and meaningful/significant
apparent relationship of data. In the present study, the sig-
nificant model conferred the hypothesis; i.e., cellulosic as
well as hemicellulosic contents of PPW were hydrolyzed
into monomeric sugars employing alkaline hydrolysis. The
monomeric sugars were then subjected to fermentation for
ethanologenesis. The values of F, p value, R?, and adequate
precision helped to interpret the significance of the model.
The desired values were >4 for F and adequate precision,
near to 1 for R%, p value < 0.05 for probability. The quadratic
equation (Y1) for reducing sugars in terms of coded factors
was:

Y1 =1.11-1.564X, +0.15X, + 0.1X; — 0.051X12 + 0.025X§

6
+0.048X2 + 0.039X, X, + 0.059X, X3 — 0.074X,X; + 0.045 ©

In this quadratic equation, X; and X, presented the linear
interaction on reducing sugar response Y1 by B3 slope. Posi-
tive B3 interpreted the more positive X, and in turn more
positive interactive effect of X; towards response (synergistic
effect). Negative signs depicted antagonistic interaction as
the negative X, led to further negative integration of X; on
Y1 response.

The optimum reducing sugars after KOH hydrolysis were
estimated with the help of CCD at 0.5% concentration of
KOH with hydrolysis temperature and hydrolysis time of
80 °C and 90 min, respectively. The optimum value of reduc-
ing sugars (g L™!) for KOH-treated PPWH was 142.4+0.05,
while its predicted value was found to be 140.12. By evalu-
ation of values using ANOVA, F, and p values interpreted
the appropriateness of model. For Y1 response, F value (3.6)
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and p value (0.035) showed the significance of the model.
Lack of fit described whether a regression model is a poor
model of the data. This may be due to poor choice of vari-
ables. In RSM, p value > 0.05 of lack-of-fit (not significant)
means that the model fits well as was shown in the present
investigation with p value as 0.2342 (Table 5).

In quadratic model, R-squared (R*) measured the pro-
portion of variance with dependent as well as independent
variables statistically. R-squared values interpret the effect
size as weak 0.3 <R < 0.5, moderate 0.5 <R < (.7, and strong
R>0.7 ranging up to 1. In this experiment, R> value was
obtained as 0.7827 for response Y1 (reducing sugars). Gen-
erally, the larger value of R* interpreted the better fitness
of model. The model narrated 78.27% of the variations that
indicated reliability in predicting increase in reducing sugars
after saccharification. Moreover, adequate precision was used
to predict signal-to-noise ratio and should be greater than 4
for appropriate model. The reducing sugar response exhibited
7.44 ratio to navigate the model’s design space (Table 6).

The quadrate model narrated the interactive effect of
variables and optimum factor on response in the form of
three-dimensional plots. By increasing KOH concentration,
reducing sugars tend to increase up to 0.3% followed by
slight decrease, while sharp increase in Y1 response with
increasing temperature was observed (Fig. la). Increas-
ing hydrolysis showed sharp increasing trend in response
whereas reducing sugars elevated up to 0.3% KOH concen-
tration with slight decline in the curve (Fig. 1b). Sharp rais-
ing trend of response was observed by increasing hydrolysis
temperature and hydrolysis time (Fig. 1c).

Similarly, total sugars were also assessed in alkali-treated
PPWH. Total sugar response (Y2) was expressed as by writ-
ing quadratic equation as:

Y2 =277+ 0.59X, + 0.18X, + 0.14X; + 0.02X] + 0.015X3 — 0.093X;

— 0.029X, X, — 0.019X,X;0.024p,, X, X; + 0.025 @

The optimum value of total carbohydrates (g/L) in KOH-
treated hydrolyzate was calculated as 359.4 +0.02, while its
predicted value was found to be 354.94. The significance
of the model for total sugars response was calculated with
68.44 F and < 0.0001 p values (Table 5). The high F and low
p values predicted the significance of the model for response
Y2. By regression, values of R*, R?,4; (0.9856, 0.9712), and
adequate precision (30.348) were computed in Table 6.

Optimum values for total sugars with different values of
variable were plotted by 3D graphs. Figure 2 a presented
the elevation in total sugar value with increasing KOH
concentration and hydrolysis temperature. A similar trend
was observed with hydrolysis time and KOH concentration
(Fig. 2b) and hydrolysis temperature and hydrolysis time
(Fig. 2¢).

The percent saccharification of PPWH appeared as
26.62 after alkaline pre-treatment which corresponded to
3.44 times increased sugars’ yield from PPW without alka-
line hydrolysis. The percent hydrolyzed reducing sugars in
PPWH were found to be 4.5%.

Table 5 Analysis of variance

. . Content Source Sum of square DF* Mean square Fvalue  pvalue

for quadratic regression model

for reducing and total sugars Reducing sugars ~ Model 0.61 9 0.068 3.6 0.035

evaluated in PPWH Residual ~ 0.17 9 0.019 Significant
Lack of fit  0.12 5 0.025 2.19 0.2342
Pure error  0.045 4 0.011 Not significant
Cor total 0.78 19

Total sugars Model 5.62 9 0.62 68.44 <0.0001

Residual ~ 0.082 9 9.126 Significant
Lack of fit ~ 0.057 5 0.011 1.8 0.2945
Pure error 0.025 6.319 Not significant
Cor total 5.72 19

“df is the degree of freedom that refers to the maximum number of logically independent values

Table 6 Regression analysis for

A . Content CV (%) R-square Adjusted Predicted Adequate
optimization of reducing and R-square R-squared precision
total sugars in KOH hydrolysis
of PPW Reducing sugars 12.24 0.7827 0.5653 0.5925 7.44

Total carbohydrates 3.51 0.9856 0.9712 0.8912 30.348
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3.3 Detoxification of PPWH

Potassium hydroxide hydrolysis of PPW resulted in forma-
tion of certain inhibitory phenolic compounds that may hin-
der the fermentation of reducing sugars to bioethanol carried
out by microbes. Detoxification of PPWH with charcoal was
followed by neutralization with conc. HCI. It was observed
that after detoxification, 23.81% phenol contents of PPWH
were reduced. The amount of phenolics in PPWH before
fermentation was 21 g L~!, while after detoxification their
amount was reduced to 16 g L.

3.4 Production of ethanol using detoxified PPWH

Ethanol production was then carried out by subject-
ing PPWH to fermentation with three yeast isolates, viz.,
S. cerevisiae K7, Metschnikowia sp. Y31, and M. cibo-
dasensis Y34. S. cerevisiae K7 was found to produce
0.30+0.003 g g~! of ethanol at 24-h post-inoculation of
medium containing detoxified PPWH. The standard yeast
strain K7 exhibited 60% of fermentation efficiency as com-
pared with the theoretical yield. Experimental yeast isolates,
Metschnikowia sp. Y31 and M. cibodasensis Y34, depicted
ethanol yield as 0.32+0.005 and 0.29 +0.003 (g g7'),
respectively, after 72-h post-inoculation in the fermentation
medium containing detoxified PPWH (Fig. 3). As com-
pared to the theoretical yield, the fermentation efficiency
of Metschnikowia sp. Y31 and M. cibodasensis Y34 was 64
and 58%, respectively. The ethanol contents (g L™") were
recorded as 11.1+0.12, 11.78 +0.1 and 10.80+0.13 by S.
cerevisiae K7, Metschnikowia sp. Y31, and M. cibodasensis
Y34, respectively.

Figure 4 presented the consumption of reducing sugars
during fermentation for ethanologenesis. By observing the
optical densities in fermentation medium, stability of yeast

0.35
0.3
0.25
0.2

0.15

Ethanol yield (gg!)

0.1

0.05

0

Metschnikowia
cibodasensis Y34

Saccharomyces cerevisiae  Metschnikowia sp. Y31
BDay 10

Yeast isolates

Fig.3 Ethanol yield (gg~") using different yeast isolates in potassium
hydroxide-hydrolyzed PPW
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Metschnikowia
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Fig.4 Reducing sugars consumption by different yeast isolates dur-
ing fermentation of potassium hydroxide-hydrolyzed PPW

growth up to day 7 in standard as well experimental isolates
envisaged the tolerance potential of the organisms (Fig. 5).

In the present investigation, the computed etha-
nol yield (g g7') as well as ethanol titer (g L™!) were
0.30+0.003 (11.1+0.12), 0.32+0.005 (11.78+0.1), and
0.29+0.003 (10.80+0.13) produced from S. cerevisiae K7,
Metschnikowia sp. Y31, and M. cibodasensis Y34, respec-
tively. Percent fermentation efficiencies were appeared as 60
(S. cerevisiae K7), 64 (Metschnikowia sp. Y31), and 58 (M.
cibodasensis Y34).

4 Discussion

The crucial step for waste-to-ethanologenesis is the con-
version of polymeric LCB into monomers. The conversion
can be carried out chemically as well as biologically using
microbes. For efficient bioethanol production, microbial fer-
mentation is most often mediated by chemical pre-treatment
of biomass thus making the cellulose and hemicellulose

ODay 0
1.8
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g 16
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E ! #Day 4
E
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Fig.5 Growth represented by optical densities by different yeast iso-
lates in alkaline PPWH fermentation
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accessible for subsequent enzymatic degradation. One of
such promising pre-treatment methods is the alkaline hydrol-
ysis of LCB feedstocks that improved the enzyme digestibil-
ity and delignification of lignocellulosic waste [58—60]. In
the current study, alkaline hydrolysis base pre-treatment was
applied to the substrate (PPW) for efficient saccharification
that resulted in improved ethanologenesis.

Many researchers have made attempts to produce bioeth-
anol from waste material using various microorganisms
such as fungi, bacteria, and yeast [61-63]. Among these
microbes, S. cerevisiae (traditional baker’s yeast) has been
found to be the most widely used yeast strain in fermenta-
tion and is considered a model organism for ethanologenesis
[64-66]. In this regard, effective usage of S. cerevisiae for
bioethanologenesis as emphasized in the present investiga-
tion can be established in Pakistan for low-cost waste to
ethanol valorisation.

Moreover, in view of its large-scale production and huge
availability in Pakistan as well, PPW was selected as raw
material for bioethanol production. The first objective of
this study was the physical breakdown of PPW by grinding,
following alkaline pre-treatment using KOH. The CCD of
RSM (by software of Design Expert) was used to examine
individual effect of the hydrolysis factors and their independ-
ent effects. The design has also been reported in various
studies for bioethanol production optimization [67]. The
alkaline hydrolysis of PPW was then optimized by using
a three factorial CCD before the microbial conversion of
PPWH into ethanol.

By performing the experimental design, KOH hydrolysis
of PPW resulted in 142.4 +0.05 g L™! reducing sugars at
0.5% KOH concentration, 80 °C temperature, and 90 min of
hydrolysis time. Predicted value from model was calculated
as 49.28. Significance of the model was computed to be 3.6
F,0.035 p, and 0.7827 R? values, whereas the value of total
sugars in PPWH was noted as 359.4 +0.02 g L~! with pre-
dicted value 354.94 from the model. The values of F 68.44,
p<0.00001, and R? showed significance of the model. The
percent conversion of PPW was 36.10%. Sharma et al. [68]
reported maximum sugar yield with 0.5% KOH (21 °C,
12 h) in switch grass. In another study, more reducing sug-
ars (582.4 mg g~!) with 0.5% KOH were obtained than the
treatments with NAOH (453 mg g~!) and lime (433 mg g™1).
The percent conversion was 102 +1.1% at 2% KOH for 48 h
at same temperature [69]. Rice straw and popular wood after
KOH hydrolysis resulted in significant higher sugar contents
[70]. Low conversion in the present investigation may be due
to less time, i.e., 90 min, and the results were in contrary to
hydrolysis time of 12 h in switch grass reported by Xu et al.
[69]. Similar results, i.e., low conversion of different grasses
to glucose with 0.5% NaOH in 1 h support this study [71].
Reducing and total sugars tend to increase with increasing
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concentration, time, and temperature (0.5%, 90 min, 80 °C).
Carbohydrate availability and retention in switch grass with
KOH pre-treatment was found to be dependent on interac-
tion of temperature and concentration but time has been
proved as non-significant factor with both parameters [68].

Alkaline pre-treatment leads to delignification in bio-
mass that resulted in formation of phenolics by cleaving
the ester bonds of hemicellulose and lignin [36]. Pheno-
lics are main hindrance factor for microbe involved in
fermentation for ethanologenesis. So, the eradication of
this barrier is mandatory to accelerate the fermentation
efficiency. For this purpose, hydrolyzate was treated with
2.5% charcoal. Charcoal reduced 23.81% phenolics in
PPWH. Reduced phenolics are produced by alkaline pre-
treatment as compared to acidic pre-treatment. Lukajtis
et al. [72] reported lower concentrations of phenolic com-
pounds and furfural by increasing concentration of NaOH.

In the present investigation, the observed ethanol yield
g g~! and ethanol titer (g L™) were 0.30+0.003 and
11.1+0.12;0.32+0.005 and 11.78 +0.1 and 0.29 +0.003
and 10.80 +0.13 produced from S. cerevisiae K7,
Metschnikowia sp. Y31, and M. cibodasensis Y34, respec-
tively. Percent fermentation efficiencies were as 60 (S.
cerevisiae K7), 64 (Metschnikowia sp. Y31), and 58 (M.
cibodasensis Y34). Different studies reported the ethanol
contents (g/L) from pomegranate such as 5.58 g L™ using
S. cerevisiae as well as 2.95 from Pichia stipitis [34] and
19% in orange [73] which were in slight variation from our
studies. Ethanol contents (g L™!) 14.35 by K. marxianus
[41] and 11.56+0.31 for Metschnikowia cibodasensis
Y34 [42] from PPW were in accordance with the current
findings. In our previous studies, PPWs were subjected to
acidic pre-treatments viz sulfuric acid, hydrochloric acid,
and nitric acids [42, 43, 74]. The results were corroborated
with the previous findings and have promising potential for
low-cost bioethanologenesis [72, 75].

5 Conclusion

In the current study, potassium hydroxide—hydrolyzed
PPW was used that contained 142.4 +0.05 g/L reducing
sugars by decreasing cellulosic contents of pomegranate
peel waste. Metschnikowia sp. Y31 subsequently exhib-
ited the good ethanologenic potential with 0.32 +0.005 g/g
ethanol yield and 64% fermentation efficiency. Pomegran-
ate peel wastes appeared as a suitable raw material for
ethanologenesis. However, further experimentation is
required to use PPW for ethanol production at industrial
level.
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