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Abstract: In this study, the primary paper-mill sludge characterized as containing 51% glucan was
used to optimize the enzymatic saccharification process for the production of bioethanol using a
Box–Behnken design (BBD). Polyethylene glycol 4000 (PEG-4000) surfactant-assisted enzymatic
saccharification of dried primary sludge (DPS) showed a 12.8% improvement in saccharification
efficiency. There was a statistically significant effect of solid enzyme loading and saccharification time
on the enzymatic saccharification of DPS at a 95% confidence level (p < 0.05). The optimum levels of
10.4% w/w DPS solid loading, 2.03% enzyme loading (10 FPU g/DPS), and 1% (w/w DPS) PEG-4000
loading for a saccharification efficiency of 57.66% were validated experimentally and found to be
non-significant with regard to the lack of fit with the predicted saccharification efficiency of 56.76%.
Furthermore, Saccharomyces cerevisiae fermented the saccharified sugars into ethanol (9.35 g/L) with a
sugar-to-ethanol conversion yield of 91.6% compared with the theoretical maximum. Therefore, DPS
is a more suitable renewable biomass for determining the presence of fermentable sugar and for the
production of ethanol.

Keywords: pulp primary sludge; renewable biomass; efficiency; saccharification; Box–Behnken
design; ethanol fermentation

1. Introduction

Natural carbohydrates that are widely available are a potential resource for renewable
biofuels and the production of green chemicals. Plant-based resources rich in lignocellulose
are exploited for various human needs through rigorous industrial operations [1,2]. While
biofuel production from first-generation feedstocks (food-based) could have an impact
on food security, tapping into the waste residues from lignocellulose-based industries
could be of enormous ecological and economic benefit [3]. In addition, the fermentative
green chemical synthesis seems to be more economically viable when waste valorization is
adopted at an industrial scale. Urbanization and industrialization processes simultaneously
generate huge amounts of waste, which is a great environmental concern. One of the major
utilizers of lignocellulose is the pulp and paper manufacturing industry. The global pulp
and paper market was found to be USD 351.53 billion in 2021 and is projected to grow
up to USD 372.70 billion by the year 2029 with a CAGR of 0.72% [4]. The literature also
demonstrates a worldwide pulp-for-paper output of 191.6 million metric tonnes, with about
151.2 million metric tonnes originating from chemical pulp processes and the remaining
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from mechanical and semi-chemical pulp [5]. During pulping processes, an enormous
amount of wastewater is produced. Pulping processes have a high biological oxygen and
chemical oxygen demand, and they are associated with the production of large quantities of
wastewater which is highly toxic and which contains phenolic compounds, organochlorines,
and solids. This wastewater is difficult to treat and poses a high environmental risk [6].
Each tonne of paper produced results in 40–50 kg of dry sludge, with 70% and 30% from
primary and secondary sludge, respectively [7]. Generally, the primary paper-mill sludge
generated from the clarifier of the effluent treatment plants has short fibers, clays, and
filler materials [6,7]. Secondary sludge is mainly generated from wastewater treatment
operations (biological treatment), which is separated in the secondary decanter and is rich in
microbes, proteins, minerals, and polysaccharides [6,7]. Waste disposal is, therefore, a major
challenge for all pulp and paper-mill industries with an integrated wastewater treatment
plant. Although landfilling is most often the preferred disposal strategy for sludge as it
is less expensive, easy to handle and dispose, this method poses a secondary non-point
source of pollution, especially of groundwater contamination. As a result, environmental
bodies in a number of countries have issued regulatory guidelines for pulp and paper
sludge-based landfilling.

Considering the available sludge from pulp mills and its compositional analysis
(45–50% glucan and 10–14% xylan), it can serve as a potential feedstock for producing
fuel and as an energy alternative to conventional first-generation resources due to its
safer and more sustainable utilization [8,9]. The Ministry of Environment and Forests
(MOEF, Govt. of India) has regulated the pulp and paper industrial sludge by dewatering,
followed either by the recycling or incineration of unusable parts or by safe landfilling
as the last option [9]. Generally, carbohydrate-based biomass is hydrolyzed using acid
and alkali reagents to yield the reducing sugars for fermentative utilization. However,
such acid/alkali hydrolysis poses some limitations in product separation, catalyst selection,
recyclability, corrosion of handling equipment, and post-treatment of waste disposal [10].
These processes also affect the fermentation performance of yeast by unbalancing the
intracellular redox system [11]. Lignocellulosic derivatives such as furfural, acetaldehydes,
4-hydroxybenzoic acids, and other weak acids could act as yeast growth inhibitors [11].
Hence, using alternative bio-based hydrolyzing agents (whole cells or cell-free enzymes)
is the safest and most efficient method because it does not produce the aforementioned
yeast growth inhibitors [12]. The lignocellulosic hydrolysate containing the fermentable
sugars has been widely utilized in the production of biofuels [13,14], biochemicals [15], and
biopolymers [16]. Enzymatic saccharification of lignocellulosic feedstocks is dependent
on the pretreatment strategy, i.e., the amount of intact lignin, the physiological reaction
conditions (pH, temperature, mixing), and the concentration of substrate, enzyme, and
inhibitors [17]. For an efficient saccharification of the selected biomass/feedstock, process
parameters need to be optimized for maximum saccharification and the corresponding
sugar yield. There are several methods for optimizing the process of hydrolysis and
fermentation of lignocellulosic materials to bioethanol. Statistical methods are considered
to be more acceptable by many researchers due to their time-saving advantage, ease of
optimization with reduced experimental runs, and precision with less error occurrence.
Factorial design, response surface methodology (RSM) based on the central composite
design (CCD), and the Box–Behnken design (BBD), to name a few, are being employed
for process optimization [18–21]. These statistical optimizations have been employed for
the pretreatment, hydrolysis, and fermentation using different biomasses such as switch
grass [22], corn stover [23], prairie cordgrass [24], wheat bran [25], teff straw [26], and
sugarcane bagasse [27]. Paper-mill sludge was used as a feedstock for the production
of bioethanol [28–30]. The statistical method used for the production of bioethanol was
found to be based on the CCD design [31]. A review of the literature shows that many
research studies have been carried out using paper-mill sludge, but there is a knowledge
gap between its proper disposal and valorization for process optimization [32–36]. As
pulp and paper industries are prominent among USA, Canada, China Northern Europe,
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Australia, Brazil, Indonesia, and India [37,38], it is necessary to utilize waste sludge as a
value-added product that will have futuristic scope for the country’s economy as well as
environmental protection.

The aim of this study was to use pulp and paper-mill sludge as value-added feedstock,
a surfactant-based enhancer for improved enzymatic saccharification, BBD as the statis-
tical tool to optimize the parameters of enzymatic saccharification, and to utilize sludge
hydrolysate for bioethanol production through yeast fermentation (Figure 1).
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2. Materials and Methods
2.1. Substrate, Enzymes, and Chemicals

Primary sludge (PS), the substrate obtained from Indian paper mills, was dried in the
oven at 60 ◦C for 48 h and the dried primary sludge (DPS) was used for the saccharification
studies. Thee Cellic CTec2 enzyme was purchased from Novozymes A/S (Bagsvaerd,
Denmark). Yeast and mold basal medium (YMB) and the surfactants were purchased from
Himedia Laboratories (Mumbai, India). Saccharification experiments were carried out at
pH 5 (sodium citrate buffer, 50 mmol/L).

2.2. Microorganisms

The ethanol-producing yeast Saccharomyces cerevisiae ATCC 24860 was purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). The culture was
maintained in yeast and mold agar medium and preserved at 4 ◦C until further use.

2.3. Substrate (DPS) Composition

The compositional analysis of DPS was performed as per the Technical Association of
the Pulp and Paper Industry (TAPPI) Test Methods [39]. Biomass moisture was analyzed
using a halogen moisture analyzer (Mettler Toledo, HX204, Mumbai, India). The estimation
of sugar composition was carried out with a 0.3 g DPS sample taken in a screw-capped vial,
to which 3 mL H2SO4 (72%, w/v) was added. The samples were mixed well, hydrolyzed for
2 h in the water bath at 30 ◦C and mixed gently (50 rpm). After 2 h, deionized water (84 mL)
was added and the solution autoclaved for 60 min. Once the samples reached ambient tem-
perature, they were filtered using Whatman filter paper (0.45 µm). The undigested residue
was further used for acid-insoluble lignin and ash analysis. The supernatant was filtered
through Whatman filter paper (0.2 µm) and neutralized to a pH range of 5.5–6.0 before the
sugar analysis. The diluted samples and standards were analyzed by high-performance
liquid chromatography (HPLC) (Model 1260 Infinity, Agilent Technologies, Santa Clara,
CA, USA) using an Aminex HPX-87P column (Bio-Rad Laboratories, Hercules, CA, USA).
Samples were eluted using HPLC-grade deionized water at a flow rate of 0.6 mL/min. A
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refractive index (RI) detector (Model G1362A, Agilent Technologies, Santa Clara, CA, USA)
was used to record the chromatogram using Open Lab CDS software (Agilent Technologies,
Santa Clara, CA, USA). The calculations for cellulose (glucan) and hemicellulose (xylan,
mannan, arabinan, galactan) were carried out with standard methods [40,41] and shown in
Equations (1)–(5).

Cellulose (glucan)(%) =
Glucose (g) + Cellobiose (g)× 1.053

DPS weight(g)× 1.111
× 100 (1)

Xylan(%) =
Xylose (g)

DPS weight × 1.136
× 100 (2)

Mannan(%) =
Mannose(g)

DPS weight × 1.111
× 100 (3)

Arabinan(%) =
Arabinose (g)

DPS weight(g)× 1.136
× 100 (4)

Galactan(%) =
Galactose(g)

DPS weight(g)× 1.111
× 100 (5)

The mass conversion factors for cellobiose to glucose, glucose (mannose or galactose)
to cellulose (mannan or galactan), and xylose (arabinose) to xylan (arabinan) were 1.053,
1.111, and 1.136, respectively.

2.4. Enzyme Assay

Cellulolytic activity of the Cellic CTec2 enzyme was analyzed using the method of
Adney and Baker [42]. The enzyme activity was measured spectrophotometrically (UV1280,
UV-Vis Spectrophotomer, Shimadzu, Kyoto, Japan) at 540 nm as filter paper unit (FPU) per
ml or g of enzyme (based on its density).

2.5. Effect of Surfactant and Enzymatic Saccharification

The cellulase enzyme Cellic CTec2 was used for the enzymatic saccharification of DPS
at 50 ◦C and pH 5.0 (sodium citrate buffer, 50 mmol/L). The enzyme assay showed that
the cellulase activity of Cellic CTec2 was 120 FPU/mL or 100 FPU/g (1.2 g/mL, enzyme
density). The saccharification experiment was performed 24 h before the addition of
enzyme with 5% dry solids in screw-cap vials with 50 mmol/L sodium citrate buffer (pH 5)
and 1% (w/w) individual surfactant [40]. To facilitate homogeneous mixing during the
enzymatic saccharification, 10 g glass beads of size 200–300 µm (ThermoFisher Scientific,
Mumbai, India) were added to each experimental vial and autoclaved at 121 ◦C for 10
min. After the vials had cooled down, they were incubated at 50 ◦C in an incubator shaker
(200 rpm) for 12 h. After incubation, the Cellic CTec2 cellulase enzyme (2% w/v or w/w) was
added to each of the vials for saccharification. All experimental vials for the saccharification
studies were incubated at 50 ◦C, 200 rpm in a temperature-controlled shaking incubator.
All the experiments were performed in triplicate.

2.6. Saccharification

Saccharification efficiency was analyzed by HPLC using glucose as the standard
sugar. Saccharification (%) was calculated using the formula as described by the National
Renewable Energy Laboratory (NREL) [43] and is shown in Equation (6):

Saccharification(%) =
Glucose in DPS hydrolysate × 0.9

Glucan content in DPS
× 100 (6)
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2.7. BBD-Based Statistical Analysis

Based on the preliminary experimental analysis and available literature [34], four
independent variables—solid loading (X1), enzyme loading (X2), PEG-4000 loading (X3),
and saccharification time (X4)—were selected for BBD optimization studies [44,45] using
Design Expert-13 software (Version 13.05.0, State-Ease, MN, USA). Table 1 shows the range
for each of the independent variables for the enzymatic saccharification of DPS: 5–15%
(w/w) solid loading, 2–4% (w/w DPS) enzyme loading, 1–3% (w/w DPS) PEG-4000 loading,
and saccharification time of 48–96 h.

Table 1. Coded levels and decoded values of BBD design.

Factors Name Units Low (−1) High (+1)

X1 Solid loading % (w/w *) 5 15
X2 Enzyme loading % (w/w *) 2 4

X3
PEG-4000
loading % (w/w *) 1 3

X4
Saccharification
time h 48 96

* w/w DPS.

A total of 27 experimental setups containing 24 factorial and 3 central points were
considered for the BBD to study the saccharification efficiency as a response output based
on the RSM. The experimental results were used to obtain the optimum levels of all
independent variables for the maximum saccharification of DPS. The experimental run
results were entered in the software and analyzed based on the BBD–RSM, where the
interaction of independent variables for maximum saccharification was analyzed using a
second-order polynomial quadratic regression equation (Equation (7)).

Yi = β0 +
k

∑
i=1

βiXi+
k

∑
i=1

βiiXii+
k−1

∑
i=1

k

∑
j=i+1

βijXij+ε (7)

where Yi is the predicted response for saccharification in %; β0 is the constant term; and βi,
βii, and βij are the regression coefficients of linear, interaction, and quadratic parameters,
respectively. X is the independent variable and k is the number of variables. All coefficients
(β) are calculated based on the least-square method.

A quadratic polynomial equation represented the mathematical relationship between
the observed responses of the dependent variable (saccharification) and four independent
variables. The model fitness was evaluated based on the regression coefficient (R2), adjusted
R2, and the F-test-based statistical significance (p-value). Analysis of variance (ANOVA)
was used to determine the significant factors for their responses. The 3-dimensional-
response surface and contour plots were generated and analyzed for interactive effects
of the independent variables for the maximum saccharification of DPS. The optimization
tool was used to predict the maximum saccharification of DPS at optimum levels of the
selected variables. Considering the process viability, maximum saccharification efficiency
was optimized.

2.8. Model Validation

Model prediction is a statistical method, where available data is used for the prediction
of outcomes using machine learning and data mining. Several model predictions are
reported for the enzymatic saccharification of different lignocellulosic biomasses [44,46,47].
The software’s numerical optimization function helps in determining ideal operating
conditions. The validation experiment for the enzymatic saccharification of DPS was
carried out based on the optimizer-anticipated output along with the desirability: solid
loading of 10.43%, enzyme loading of 2.03% (10 FPU/g DPS), PEG-4000 loading of 1%, and
a hydrolysis duration of 48 h. All experimental results and calculated standard deviations
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are from the average of triplicate experiments and triplicate analysis. For determining
the actual and predicted responses, a paired t-test was performed using the Statistical
Package for Social Sciences (SPSS) for Microsoft Windows Version 23.0 (IBM India Pvt Ltd.,
Bangaluru, India).

2.9. Yeast Propagation and Ethanol Fermentation

The ethanol-fermenting yeast S. cerevisiae was grown in YMB medium containing
dextrose (50 g/L) at 30 ◦C in Erlenmeyer flasks under shaking conditions (150 rpm) for
24 h. The saccharified DPS solution was centrifuged at 8000 rpm and a volume of 50 mL
containing glucose (20 g/L) was supplemented with YMB broth ingredients of yeast extract
(9 g/L) and peptone (10 g/L) and autoclaved at 121 ◦C for 15 min. The sterilized media was
inoculated with S. cerevisiae (10%, v/v, 107 cells/mL) that had been grown for 24 h, and the
culture was then incubated at 30 ◦C under shaking conditions (200 rpm). The samples were
withdrawn at 0, 4, 8, 12, 16, 20, 24, 48, 72, and 96 h of fermentation and analyzed for the
utilization of glucose and ethanol production. Samples were centrifuged and the cell-free
supernatants were analyzed using HPLC [34]. The ethanol yield was calculated as g/g of
glucose, and the ethanol conversion efficiency in % was calculated using Equation (8) [34],

Ethanol conversion efficiency(%) =
g ethanol per g glucose producede xperimentally

0.51
× 100 (8)

where 0.51 is the theoretical maximum yield of gram ethanol per gram glucose.

3. Results and Discussion
3.1. Compositional Analysis

The raw primary sludge compositional analysis showed the presence of 29.5 ± 2.6%
(w/wet w) solids, mainly consisting of 61.6% (w/w) polysaccharide, 51 ± 3.3% (w/w)
cellulose, 10.6 ± 1.7% (w/w) hemicellulose, and 11 ± 1.7% (w/w) lignin (Table 2). A similar
type of compositional pattern has been observed in kraft paper mills [8] and primary
sludge [34]. Compositional analysis showed the presence of higher amounts of glucose-
based sugars, suggesting PS to be a suitable feedstock for biorefinery applications [34,40].
In addition, the presence of 11% lignin can affect the saccharification process. Although
lignin is an important structural component that is linked with cellulose and hemicellulose,
it prevents the enzyme from having access to cellulosic and hemicellulosic degradation.
Furthermore, the lignocellulosic pretreatment generates aromatic/phenolic acids as lignin
derivatives, which inhibits the enzyme and microbial fermentation processes [48]. Hence,
it is necessary to delignify the substrate for an efficient saccharification process. The ash
content was found to be at a high concentration, which can affect the saccharification
process, and so has to be further processed for de-ashing using 1 M hydrochloric acid [30].
The earlier results showed a 64% de-ashing of the PS, which helped in obtaining better
saccharification efficiency [34].

Table 2. The composition of paper-mill primary sludge.

Components Composition

Moisture 70.5 ± 3.7% (w/wet w)
Solids 29.5 ± 2.6% (w/wet w)
Cellulose (Glucan) 51.0 ± 3.3% (w/w dry solids)
Hemicelluloses 10.6 ± 1.7% (w/w dry solids)
Lignin 11.0 ± 1.7% (w/w dry solids)
Ash 13.9 ± 2.0% (w/w dry solids)

3.2. Enzymatic Saccharification
3.2.1. Effect of Non-Ionic Surfactants

The non-ionic surfactant is a lignin blocker investigated in several lignocellulosic
hydrolysis process developments. Lignin blockers are agents that complex with lignin
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components and prevent the non-specific binding of the enzyme with lignin [49]. Lignin
blockers are proteins, peptides, metal ions, polymers, and surfactants that enhance the
efficiency of enzymatic saccharification [50–52]. The present study showed that supplemen-
tation of different surfactants enhances the enzymatic saccharification of DPS (Figure 2).
Enzymatic saccharification of DPS with PEG-4000 supplementation showed a maximal
saccharification of 40.9%, which was 12.8% greater than the control (without surfactant).
PEG-10000 and 20000 showed 40.2% and 40.7% saccharification efficiencies, whereas the
remaining surfactant supplementations showed saccharification efficiencies in the range
of 32.5 to 38.7%. PEG-4000 was found to be the best-performing surfactant for improved
saccharification (regression coefficient R2 = 0.82). The other two surfactants, PEG-10,000
and PEG-20,000 showed R2 values of 0.80 and 0.52, respectively. Studies by various re-
searchers who prevented the attachment of cellulase to lignin obtained increased cellulase
performance [53,54] and improved enzyme stability [55]. The results of DPS hydrolysis
showed an improvement in maximum glucose recovery [34]. The PEG-4000 surfactant can
complex with the lignin component, resulting in the blockage of enzyme-specific binding
sites for lignin; as a result, improved enzyme stability and an enhancement of cellulase
hydrolysis was observed [56,57]. A novel technique of enzyme enhancer addition showed
1.73-fold (9.8 g/L to 17.0 g/L) glucose recovery from the paper-mill sludge [31]. Thus,
surfactants act as enzyme stabilizers in increasing enzyme absorption onto the substrate as
well by preventing the non-specific binding to other substrates and inhibitors [58,59].
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Figure 2. Effect of different surfactants on enzymatic saccharification of DSP under the following
conditions: Solid loading—5%; Enzyme loading—2%; Surfactant loading—1%; pH 5 (50 mmol/L,
sodium citrate buffer), Saccharification temperature—50 ◦C; Agitation—200 rpm. Note: Error bars
represent the standard deviation of triplicate experiments and triplicate analyses.

3.2.2. Box–Behnken Design

The observed and theoretical response of % saccharification efficiencies from the
statistical analysis of test variables are shown in Table 3. The maximum saccharification
(74.5%) was observed using a solid loading of 5% DPS, enzyme loading of 4% (20 FPU/g
DPS), 2%, w/w DPS PEG-4000, saccharification time of 72 h (experimental run#3). The
equivalent conditions for the minimum saccharification of 31.2% was observed with a solid
loading of 15%, enzyme loading of 2% (10 FPU/g DPS), 2% PEG-4000, and saccharification
time of 72 h (experimental run#2).
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Table 3. Box–Behnken design with observed and predicted response of enzymatic saccharification
of DPS.

Std. Run Point Type
Actual Factors Observed

Saccharification
(%)

Predicted
Saccharification

(%)
X1

(%) *
X2

(%) *
X3

(%) *
X4
(h)

1 Factorial 5 2 2 72 68.0 72.0
2 Factorial 15 2 2 72 31.2 34.5
3 Factorial 5 4 2 72 74.5 70.1
4 Factorial 15 4 2 72 63.1 58.0
5 Factorial 10 3 1 48 67.2 62.9
6 Factorial 10 3 3 48 31.7 36.1
7 Factorial 10 3 1 96 51.6 46.1
8 Factorial 10 3 3 96 66.0 69.2
9 Factorial 5 3 2 48 68.3 66.4
10 Factorial 15 3 2 48 36.9 39.4
11 Factorial 5 3 2 96 72.5 72.2
12 Factorial 15 3 2 96 45.6 49.8
13 Factorial 10 2 1 72 60.8 57.2
14 Factorial 10 4 1 72 48.3 55.2
15 Factorial 10 2 3 72 47.3 42.6
16 Factorial 10 4 3 72 60.5 66.3
17 Factorial 5 3 1 72 72.4 77.5
18 Factorial 15 3 1 72 44.5 45.9
19 Factorial 5 3 3 72 71.3 68.9
20 Factorial 15 3 3 72 57.2 51.0
21 Factorial 10 2 2 48 44.2 44.9
22 Factorial 10 4 2 48 51.2 49.9
23 Factorial 10 2 2 96 46.9 47.2
24 Factorial 10 4 2 96 65.7 63.9
25 Center 10 3 2 72 70.5 70.2
26 Center 10 3 2 72 68.5 70.2
27 Center 10 3 2 72 71.7 70.2

X1, Solid loading; X2, Enzyme loading; X3, PEG-4000 loading; X4, Saccharification time; * w/w DPS.

The Analysis of Variance (ANOVA) was used to test the statistical significance of the
model equation (Table 4). The results indicated a significant model term (F = 9.52, p > 0.001)
at a 99.99% confidence level [24]. The lack-of-fit measured in the model demonstrated a
p-value larger than 0.05 (p = 0.0673), showing the best fitness of the regression model with
the experimental data, and suggesting that independent factors have a considerable impact
on the enzymatic saccharification of DPS [60]. The calculated coefficient of determination
(R2) of 91.74% for the saccharification of DPS explains the model responses and variabilities.
Equation (4) also includes the coefficients of the response surface model. A p-value greater
than 0.05 implies that the words were not significant statistically. In the present study, X1, X2,
X4, X1X2, X2X3, X3X4, X2X2, X3X3, and X4X4 terms were found to be the significant model
terms affecting the saccharification of DPS. The value of R2 of 0.91 is in agreement with the
adjusted R2 (0.82), indicating a good fit with the theoretical and experimental data of the
model, where an R2 value close to 1 indicates strong model significance [61,62]. The signal-
to-noise ratio was more than 4, suggesting acceptable model discrimination. The sufficient
precision of 10.28 showed model navigation in the design space. The regression coefficient
of 0.91 showed a linear relationship between the predicted and actual saccharification
values (Figure 3).
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Table 4. ANOVA for the quadratic response surface model (RSM) from the enzymatic saccharification
of DPS.

Source Sum of
Squares DF Mean

Square
F

Value p-Value (Prob > F)

Model 4195.84 14 299.70 9.52 0.0002 *
X1-Solid loading 1837.69 1 1837.69 58.37 <0.0001 *
X2-Enzyme loading 351.00 1 351.00 11.15 0.0059 *
X3-PEG-4000 loading 9.72 1 9.72 0.3087 0.5887
X4-Saccharification
time 198.45 1 198.45 6.30 0.0274 *

X1X2 161.29 1 161.29 5.12 0.0430 *
X1X3 47.61 1 47.61 1.51 0.2424
X1X4 5.06 1 5.06 0.1608 0.6955
X2X3 165.12 1 165.12 5.24 0.0409 *
X2X4 34.81 1 34.81 1.11 0.3138
X3X4 622.50 1 622.50 19.77 0.0008 *
X1X1 49.61 1 49.61 1.58 0.2333
X2X2 387.60 1 387.60 12.31 0.0043 *
X3X3 217.60 1 217.60 6.91 0.0220 *
X4X4 561.70 1 561.70 17.84 0.0012 *
Residual 377.83 12 31.49
Lack of Fit 372.60 10 37.26 14.26 0.0673
Pure Error 5.23 2 2.61
Cor Total 4573.67 26

* Significant variable at 95% confidence. R2: 0.91, R2
Adj: 0.82. Adequate precision ratio:10.28. DF, degree

of freedom.
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The regression equation showed a graded connection between saccharification and
the independent variables. Equation (9) shows the model-based second-order polynomial
equation for the enzymatic saccharification of DPS:

Saccharification (%) = 70.23 − 12.38X1 + 5.41X2 − 0.90X3 + 4.07X4 + 6.35X1X2 + 3.45X1X3 + 1.12X1X4 + 6.43X2X3
+ 2.95X2X4 + 12.48X3X4 − 3.05X1X1 − 8.53X2X2 − 6.39X3X3 − 10.26X4X4

(9)
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where X1 is coded for solid loading (%, w/w), X2 is coded for enzyme loading (%, w/w
DPS), X3 is coded for PEG-4000 loading (%, w/w DPS), and X4 is coded for saccharification
time (h).

The optimum level of independent variables and their interaction for maximum sac-
charification of DPS was studied using 3-dimensional graphs, as shown in Figure 4. The
overall higher solid loading resulted in lower saccharification efficiency (Figure 4a–c),
whereas an increase in enzyme loading resulted in an increase in saccharification efficiency
(Figure 4a,d,e). It was observed that a maximum of 80% saccharification was obtained at
lower solid loading with 3% enzyme, whereas higher solid loading (15%, w/w) showed
34% saccharification at lower enzyme concentrations (1%). Saccharification increased
with increasing enzyme loading, but the saccharification performance was limited to 59%
(Figure 4a). On the other hand, a saccharification efficiency of 71% at moderate PEG-4000
loading (2%) and enzyme loading of 3.5% was recorded (Figure 4d). A similar range of
saccharification efficiency was observed at 3.5% enzyme loading and saccharification time
of 80 h (Figure 4e), PEG-4000 loading (2%, w/w DPS), and saccharification time of 80 h
(Figure 4f). Saccharification time showed an increasing trend with time, while PEG-4000
loading showed improved saccharification of DPS with increasing concentration. This lower
saccharification is due to the limited mixing of solid substrates with enzymes [63]. From
an economical point of view, minimum enzyme and maximum substrate are preferable
because feedback inhibition occurs and affects the overall saccharification process. The sac-
charification efficiency is dependent on the ratio of substate and enzyme for the maximum
availability of fibrous substrate for hydrolysis within the speculated saccharification time.

In the model confirmation, the aim was to achieve maximum saccharification of higher
solid loading with minimum supplementation of PEG-4000 and enzyme loading at the
shortest saccharification time. A model output showed optimal saccharification conditions
of 10.43% w/w dry-solid loading, 2.03% enzyme loading (10 FPU/g DPS, and 1% w/w
PEG-4000 loading, with the predicted saccharification of 56.76%.

3.2.3. Model Validation

Model validation with an optimum outcome showed 57.66% saccharification after
48 h of saccharification, which is 0.9% higher than the anticipated value, and this could
be attributed to the process variation or inappropriate mixing during the experimental
operations. The paired t-test does not show any significant difference (t = 1.843, p = 0.113)
between the actual and predicted responses on the saccharification of DPS, therefore the
proposed model showed excellent accuracy and is validated. The RSM model validation of
the enzymatic hydrolysis of maize stover resulted in a 3.4% difference between the actual
(57.6%) and anticipated (61.0%) glucose recovery from 10% solid loading with 20% enzyme
loading [25]. This is consistent with another study which obtained a glucose recovery of
75% using 10% primary-sludge solid loading, 2% enzyme loading, and 1% PEG-4000 input
with a hydrolysis duration of 120 h [34].

3.3. Ethanol Fermentation

The fermentability of saccharified DPS was studied for bioethanol production using
S. cerevisiae D5A ATCC 24860. The ethanol fermentation was studied with saccharified
DPS having an initial glucose concentration of 20 g/L, where in 24 h of fermentation time,
the glucose concentration decreased to 2.46 g/L. The ethanol production was found to be
6.67 g/L (ethanol yield, 0.38 g/g glucose). An optimum level of ethanol productivity of
0.32 g/L/h was observed at 12 h of fermentation and decreased with time. Overall, 20 g/L
of saccharified glucose from DPS resulted in the production of 9.35 g/L of ethanol (ethanol
yield, 0.47 g/g glucose), having a conversion efficiency of 91.6% (compared with theoretical
maximum) with the ethanol productivity of 0.10 g/L/h (Figure 5). A hydrogen peroxide-
accelerated paper-mill sludge showed a 95% theoretical conversion yield of ethanol and
higher ethanol productivity in 9 h fermentation time [30].
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Figure 4. Three-dimensional response surface plots showing the effect of different variables on DPS
saccharification: solid and enzyme loading (a), solid loading and PEG-4000 loading (b), solid loading
and saccharification time (c), enzyme loading and PEG-4000 (d), enzyme loading and saccharification
time, and (e) PEG-4000 loading and saccharification time (f). Green, yellow, and red color showed
low, medium, and high % saccharification, respectively.
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The sugars derived from the hydrolysis of alkali-pretreated sugarcane bagasse with
Cellic CTec2 (6 FPU/g cellulose) and fermented with S. cerevisiae resulted in an ethanol
production of 9.07 g/L, with a theoretical yield of 97.92 to 99.85% [64]. Waste-paper
hydrolysate showed the highest ethanol production (0.54 g/L/h) with a fermentation
conversion efficiency of 90.8% [65]. Overall, the ethanol fermentability of DPS is based on
the type of fermenting strain, hydrolyzable substrate, sugar availability, and inhibitors [66].
All these are considered optimal conditions for alcoholic fermentation.

4. Conclusions

This study demonstrated the use of pulp and paper-mill sludge in India as a non-food
biomass to produce sugars through enzymatic saccharification and bioethanol through
yeast fermentation. The BBD is a useful and reliable tool for finding the best process
parameters. The BBD-based optimization study showed the impact of the four process
variables, with the process supported by PEG-4000 showing the maximum saccharification
efficiency. Consequently, the saccharified hydrolysate containing sugars fermented into
bioethanol indicates the potential use of paper-mill sludge as a value-added biomass or
substrate that mitigates the sludge disposal associated with a circular economy, which
would be an environmentally friendly and sustainable approach.
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