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Abstract: The aim of this paper is to study the effect of reinking and pretreatment of waste banknote
paper on its usability in the bioethanol production process. To this end, the tensile strength of worn
banknote paper was first studied at different pH values. The sample with the lowest tensile strength
was considered for the next sections. In the deinking process, NaOH at different concentrations (1%,
2%, 3%, and 4%) and in combination with ultrasonic treatment was applied. After deinking the pulp,
two acidic and alkaline chemical pretreatments with concentrations of 1%, 2%, 3%, and 4% were
used independently and in combination with ultrasonic. Enzymatic hydrolysis, following
fermentation with Scheffersomyces stipitis, and crystallinity measurements were used to confirm the
efficiency of the pretreatments. RSM Design Expert software was used to determine the optimal
values by considering the three variables—enzyme loading, ultrasonic loading, and contact time for
waste paper deinked (WPD) and waste paper blank (WPB) pulps. The results indicated that
repulping was the most efficient at pH = 2. In deinking, the highest brightness was obtained using
3% NaOH in combination with ultrasonic. Between the acid and alkaline pretreatment, the acid
treatment was more appropriate according to the resulting sugar concentration and weight loss.
XRD tests confirmed that the lowest crystallinity index was obtained in the sample pretreated with
4% sulfuric acid in combination with ultrasonic. The highest sugar concentration in the enzymatic
hydrolysis step was 92 g/L for WPD and 81 g/L for WPB. For the fermentation at 96 h, the highest
ethanol concentration and process efficiency achieved were 38 g/L and 80.9% for WPD and 31 g/L
and 75.04% for WPB, respectively. Our research shows that the deinking process can widen the
utilization potential of waste banknote paper in biorefinery processes.

Keywords: biorefinery; enzymatic hydrolysis; fermentation; lignocellulose; pretreatment; zero-
waste

1. Introduction

Bioindustries, such as pulp and paper industries, have a high potential for the production of
value-added products, e.g., heat and power, ethanol and diesel fuels, hydrogen, polymers, and so on
[1]. It is estimated that the world’s paper industry produces approximately 500 million tons of paper
and cardboard annually [2]. Only a small portion of this paper is recycled, whereas major parts of
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paper products are buried or burned as waste [3]. The pulp and paper industry accounts for 34% of
municipal waste and is the third-largest polluter of air, water, and soil [4].

In general, recycling waste paper is recommended as a priority option for its management, but
there are several obstacles, including a sharp decline in the efficiency of the process and quality of
the pulp and increasing volumes of effluents and solid chemical wastes [5,6]. However, some types
of paper are not reusable due to their properties, such as the presence of ink, severe microbial load,
humidity resistance, and other inhibiting factors [7,8]. One such paper is waste banknotes [9]. Every
year, thousands of tons of waste banknotes are incinerated worldwide [10,11]. Other countries, e.g.,
the UK, add waste banknotes to the soil instead of burning them. This, however, creates new
problems. Inductively Coupled Plasma (ICP) analysis of banknotes has indicated that banknote paper
contains heavy metals. Therefore, burying waste banknotes will lead to the accumulation of these
heavy metals and have a negative impact on plants and animals [11].

Banknote paper is a water-resistant paper [12,13]. Usually, formaldehyde melamine resin is used
in the production of these papers. The use of this resin makes it difficult to recycle such paper, and
special treatments are required for this purpose. Resins such as melamine formaldehyde are slowly
hydrolyzed in an acidic environment and at high temperatures [13,14]. Another reason for the
recalcitrance of banknote paper is that it is made of cotton fibers with an alpha cellulose content of 88
to 96% and a very high crystallinity level [9]. To reduce the crystallinity of the lignocellulosic biomass,
a variety of pretreatment methods have been proposed [15]. Another challenge with banknote paper
recycling is the presence of ink in waste paper, which can inhibit many biorefinery processes [16,17].
Soaking paper fibers using sodium hydroxide at high temperatures, followed by sieving and
washing, has a clear effect on the separation of separated ink particles, nylon parts, and so on. In
general, sodium hydroxide helps the swelling of the fiber and can separate the ink from the fibers
through saponification or hydrolysis [18]. The use of high-frequency ultrasonic devices to break small
particles of ink has also been used as a mechanical method. In fact, ultrasonic, chemical, and physical
methods have been used both separately and in combination for deinking [19]. Researchers have
shown different ways to produce ethanol from paper-based recycled materials; however,
leconomically viable deinking processes are still under development [20,21].

One solution would be to convert waste banknotes according to the concept of biorefining
through which not only higher value-added products can be achieved but also the environmental
problems caused by its disposal can be reduced [9,22]. Despite numerous studies in the field of
biorefining, including lignocellulosic products, a comprehensive study on the use of waste banknotes
as a material with a high percentage of crystalline cellulose, ink, and polymeric resin content has not
been performed. In this research, we have studied the effectiveness of deinking waste banknote paper
using acid and alkali chemical pretreatments separately and in combination with ultrasonic. Weight
loss, brightness improvement, the efficiency of enzymatic hydrolysis and ethanol production, and
the crystallinity index were used to characterize the effectiveness of the used treatments and the
pretreatment process.

2. Materials and Methods

The process flow used in these experiments is illustrated in Figure 1. All experiments were
performed at least in triplicate.

2.1. Raw Material

The raw material used in this study was waste banknote paper prepared in the Central Bank of
Iran. Melamine formaldehyde is used in banknote paper to increase its mechanical strength and
reduce water absorption. Therefore, the process of repulping this type of paper requires breaking the
created cross-links in it.
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Figure 1. Process flow used for bioethanol production from waste banknote paper.
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2.2. Repulping

The process of pulping worn banknote paper was performed at different pH values from 1 to
12. The lowest tensile strength was considered as an evaluation index of this section. The tensile
strength was measured in a horizontal tensile tester from FRANK-PTI GMBH company (Birkenau,
Germany), using the Standard Method TAPPI T494 om-o06. For this, the banknote paper was cut into
2 x 15 cm pieces and inserted into the horizontal tensile tester for measurement. In the repulping
process, 30 g of pulp was used, and the process was performed in 500 mL flasks (with a total working
volume of 300 mL). After that, 0.5 mL of 98% sulfuric acid was added to the samples, which were
further placed at a temperature of 90 °C to 95 °C for an hour and a half [13,23].

2.3. Deinking

In order to deink the used pulp, 3 g (dry weight) of pulp was added into a flask with a total
working volume of 100 mL. Three different deinking methods were used: ultrasonic (Am30 loading,
5 min, 20 °C room temperature), chemical (1%, 2%, 3%, and 4% weight of NaOH at 95 °C), and a
combination of NaOH and ultrasonic. The ultrasonic equipment used in this study was a Qsonica
Sonicator Q700 (Newtown, USA). The samples were stirred in a direct driven stirrer model FTDS 41
from Sci Finetech Co (Seoul, Korea) at 500 rpm for 90 min. After repulping and deinking, a new paper
was made in the new conditions in order to investigate the brightness and weight loss in the new
conditions [9,23]. This paper is called handmade paper. The highest brightness and minimum weight
loss in the deinking stage were considered as the optimal treatment method. For measuring the
brightness, 1.2 g (dry weight) of pulp was inserted into a Zb-a Powders brightness colorimeter testing
machine from Hangzhou Zhibang Automation Technology Co. Ltd. (Hangzhou, China).

2.4. Pretreatment

In this study, acid pretreatment with H250s, alkaline with NaOH, and a combination of acidic
and alkaline treatments with ultrasonic treatment were used. For this, 2 g (dry weight) of both
deinked (waste pulp deinked (WPD)) and non-de-inked pulps (waste pulp blank (WPB)) were added
to a flask with a total working volume of 100 mL. For the acid pretreatment, 1%, 2%, 3%, and 4%
solutions of H25SO4 and NaOH were added to the flask and autoclaved for 30 min at 121 °C. The pulp
was exposed to ultrasonic waves with Am50 loading for 5 min, and at the end, after separating the
liquid from the fibers, the weight loss percentage was calculated.

2.5. Powder X-ray Diffraction (XRD)

The solid residue from the above pretreatments was further analyzed using an XRD test. This
test aims to quantify the crystallinity structure of the waste banknote paper. This test was performed
at the Shahid Beheshti University of Tehran using a STOE-STADV model X-ray diffraction device
(Darmstadt, Germany). The operating voltage was 40 kV, the current of the device was 40 mA, and
the © 2 amplitude was 10-40 mA. The experiments were performed with an interval of 0.4 s.

2.6. Enzymatic Hydrolysis

In this study, industrial enzyme cellulase manufactured by Novozyme Company in Denmark
was used (55 FPU/mL). Enzyme activity was measured according to the IUPAC standard filter paper
assay (FPA) [24]. Five grams of pretreated material was added into a flask with a total working
volume of 100 mL. Five different enzyme loads were added to the flask (25, 50, 75, 100, and 125
FPU/mL) in order to find the optimum enzyme load. Enzymatic hydrolysis was performed at pH =
4.8 and a temperature of 50 °C at 150 rpm for 24, 48, 72, 96, 120 h under different ultrasonic loadings
(Am 0, 20, 40, 60, 80). The DNS method was used to determine the amount of reduced sugars in the
samples from the liquid fraction [25].
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2.7. Response Surface Methodology (RSM)

The RSM Design Expert 12 software was used to investigate the interaction between: FPU/mL
rate (x1), ultrasonic load (x2), and saccharification time (x3). The software enabled calculating the
optimal amount of enzyme, ultrasonic load, and enzymatic hydrolysis time. In the case of enzyme
load, five different loadings were used (25, 50, 75, 100, and 125 FPU/mL). In the case of the ultrasonic
loading, five different amplitudes 0, 20, 40, 60, and 80) and periods of time (24, 48, 72, 96, and 120 h)
were used. A quadratic model was used as a process order, and the results were statically analyzed
using the analysis of variance (ANOVA).

2.8. Fermentation

The yeast used in this study was Scheffersomyces stipitis (commonly known as Pichia stipitis)
(strain PTCC 5296), obtained and prepared in the Iran Scientific and Industrial Research Center
(Tehran, Iran). The activation of microorganisms was performed in a culture medium containing 10
g/L glucose, 5 g/L peptone, 3 g/L malt extract, and 3 g/L yeast extract. The microorganisms were
cultured for 30 h at 30 °C, and a growth curve was plotted. In this study, hydrolyzed WPD and WPB
samples were fermented under the same conditions: at 8% (v/v) yeast loading, 46 mL of substrate, in
a 50 mL total working volume, and a temperature of 32 °C for 24, 48, 72, 96, and 120 h.

2.9. Calculations

The efficiency of the fermentation process was calculated based on Equation (1):

Ceth
Er Cge051 100 1)

where Cgi is the concentration of glucose in the sample, Cenis the ethanol concentration in the
sample, and 0.51 is the glucose to ethanol conversion factor calculated based on the chemical balance
of the fermentation process [26].

The biomass crystallization index (Crl) is defined as the percentage of crystalline matter present
in the amorphous range in the biomass. This index was calculated according to the following
Equation:

Iam
Crl(%) = (IOOZ - E) =100 (2)

where Crl is the crystallinity index, ooz is the maximum intensity of return peak at an angle of 26 =
22.53°, and L is the intensity of the returning ray at an angle of 20 = 18.48°.

3. Results and Discussion
3.1. Pulp Making

Determining the Optimal Conditions for Pulp Making

Table 1 shows the effect of pH on tensile strength in the pulping process of waste banknote
paper. As can be seen from the table, the lowest tensile strength in wet conditions (TS =29 N/m) was
reported at pH = 2, and in acidic conditions. The highest tensile strength in wet conditions (TS = 39
N/m) was reported at neutral pH (6-7). The tensile strength in dry conditions was constant (TS = 85
N/m) for all pH values. The wet-to-dry tensile strength ratio varied between 34% (for pH = 2) and
45% (for pH = 6-7). The results obtained in this study are consistent with other related articles in this
field [27].
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Table 1. Effect of pH on tensile strength in the pulping process of waste banknote paper.

Wet-to-Dry Tensile Strength Tensile Strength in Dry Tensile Strength in Wet

Ratio (%) Conditions (N/m) Conditions (N/m) pH
34+0 85+0 29+0 2
38+0 85+0 32+0 3
40+2 85+0 34+0 4
43+0 85+0 37+1 5
45+0 85+0 39+0 6
45+0 85+0 39+0 7
44+1 85+0 381 8
43+0 85+0 37+0 8
40+0 85+0 34+0 10
37+0 85+0 32+0 11
36+0 85+0 31+0 12

As banknote paper is durable and resistant even under wet conditions due to its composition,
the tensile strength becomes a major parameter to be considered in the pulp making process. Research
has shown that lower levels of tensile strength are the most suitable conditions for this process. Thus,
our results show that preferable conditions for pulp making in the case of banknote paper are highly
acidic or alkaline conditions.

3.2. Deinking

In Table 2 the effect of different deinking treatment methods on brightness and weight loss of
samples is presented. As it can be seen from Table 2, blank samples exhibit the lowest brightness (B
=51.75), samples that were treated with ultrasonic only have brightness of B = 56, and the brightness
of samples that were treated with alkali varied between B = 61 and B = 65. Samples that were treated
with combined alkali and ultrasonic treatment have brightness between B = 63 and B = 68. For samples
that were treated with ultrasonic, the brightness improvement was 7.58%. For samples that were
treated with alkali, the brightness improvement varied between 15.16 % and 20.38%. For samples that
were treated with combined alkali and ultrasonic, the brightness improvement was between 17.85%
and 23.89%. The weight loss for samples that were treated with ultrasonic was 5%. For samples that
were treated with alkaline, the weight loss varied between 6.25% and 16.3%, and for those treated
with combined alkali and ultrasonic, the weight loss was between 11.8% and 23.5%. The results of
this study show that combined alkali and ultrasonic treatment method was the most effective in
improving brightness of the samples after the deinking process. This is in line with the previous work
by Giakoumakis et al [7] and Meng et al. [8], who have demonstrated the effectiveness of using
ultrasonic in combination with chemical treatment, since ultrasonic is effective for removal of
thermoplastic polymers while acids/alkali are effective in removing the ink.

Table 2. Effect of different deinking treatment methods on the brightness and weight loss of the

samples.
Treatment Brightness Brightness Improvement Weight Loss
(%) (%)
Blank 52+1 0+0 00
Ultra 56+1 8§+2 5+0
NaOH 1% 61+1 15+1 6+0
NaOH 2% 63+1 17 +1 13+0
NaOH 3% 65+1 201 15+0
NaOH 4% 65+1 201 16+0
NaOH 1% Ultra 63+1 18+1 12+0
NaOH 2% Ultra 66+1 21+1 18+0
NaOH 3% Ultra 68+1 24+1 22+0

NaOH 4% Ultra 68 + 0 24 +0 24+0
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The optimum treatment method used throughout the manuscript was selected based on the
percentage of weight loss and on the percentage of brightness improvement obtained from Table 2.
The sample that had the smallest percentage of weight loss and the highest percentage of brightness
improvement was NaOH 3% Ultra. Therefore, this treatment method was selected as the optimal and
all the following experiments were performed using this method.

3.3. Pretreatment

3.3.1. Acid

The effect of acid pretreatment on weight loss and total reduced sugars is illustrated in Figure 2.
As can be seen from the figure, for samples pretreated with H2SOs, the weight loss for deinked
materials varied between 10.67% and 11.67%, while for samples pretreated with combined H25Osand
ultrasonic, it varied between 13.33% and 17.83%. The weight loss of these samples was 13% to 15%
lower than the control samples. The reduced sugar concentration was lower for samples pretreated
with H2504 (between 5.07 g/L and 5.74 g/L) and higher for samples pretreated with combined H250x
and ultrasonic (between 8.46 g/L and 8.72 g/L). The glucose concentration of deinked samples was
0% to 13% lower than the control samples. The results show that for samples pretreated with H2SOs,
the weight loss increased with the increment of acid concentration. Statistically significant differences
were found between the glucose concentration of deinked material and the weight loss of control
samples (p < 0.0001). A correlation was found between glucose concentration and weight loss (1 =
0.800, p < 0.01).
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Figure 2. Effect of acid pretreatment alone and in combination with ultrasonic on weight loss and
total reduced sugars of waste paper deinked (WPD) and waste paper blank (WPB).

3.3.2. Alkaline Pretreatment

In Figure 3, the effect of alkaline pretreatment on weight loss and total reduced sugars is
presented. As can be seen from the figure, samples pretreated with NaOH had a weight loss (between
2.5% and 4.5%) inferior to those pretreated with combined NaOH and ultrasonic (between 6% and
7.3%). The weight loss of the control samples pretreated with NaOH varied between 8.2% and 13.5%,
whereas the weight loss of samples pretreated with combined NaOH and ultrasonic varied between
15.85 and 18.5%. Overall, the weight loss of the WPB samples was 6% to 11% higher than the WPD
material. The glucose concentration for the deinked material pretreated with NaOH varied between
1.5% and 2.5%, whereas for the material pretreated with NaOH combined with ultrasonic, it varied
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between 4.3% and 4.7%. The glucose concentration of the WPB samples was up to 4% higher than the
glucose concentration of the deinked material. As evident from Figure 3, samples pretreated with
NaOH combined with ultrasonic had a higher weight loss than samples pretreated with NaOH alone.
Statistically significant differences were found between the weight loss of control samples and the
glucose concentration of deinked material (p < 0.0002). A correlation was found between the weight
loss and the glucose concentration (r = 0.996, p < 0.00001).

Overall, these results reveal that the pretreatment methods are effective in decreasing the
cellulose crystallinity and releasing soluble components, such as sugars that will be further utilized
in the enzymatic hydrolysis. These structural changes can be evaluated by the weight loss since it is
a ratio between the biomass obtained after drying and the biomass used for pretreatment. A high
weight loss indicates that the pretreatment method was effective in reducing the crystallinity, which
will increase the amount of cellulose accessible for the enzymatic hydrolysis. High amounts of
cellulose will lead to high glucose and ethanol yields [28,29].
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4% NaOH
1% NaOH & U
2% NaOH & U
3% NaOH & U
4% NaOH & U

Figure 3. Effect of alkaline pretreatment on weight loss and the glucose concentration of WPD and
WPB paper.

In alkaline environments, glycosidic bonds along the cellulose chain, and often hemicelluloses,
are broken down by the gradual degradation mechanism, destroyed by the terminal group leaving
and decomposed into its constituent sugars [30]. Under acidic conditions, cellulose is broken down
randomly and regularly from different regions. Because of this, the breakdown of glycosidic bonds
by alkaline is extremely slow in comparison with acid hydrolysis [31]. Therefore, the acid
pretreatment methods are more effective for lignocellulosic biomass. Alkali pretreatment is
comparatively suitable for lignin breakdown. The basic principles of alkali hydrolysis are based on
solvation and saponification, which induce depolymerization and the cleavage of lignin-
carbohydrate linkages, accordingly rendering the uneasily biodegradable substances more accessible
to the extracellular enzyme. Due to the fact that cotton does not contain lignin as a raw material for
making banknotes, acid pretreatment has been shown to be more effective [32]. In this regard,
Mahalakshmi et al. [33] subjected these materials to acidic and alkaline pretreatments in order to
obtain sugars from cotton waste. Following pretreatment, the cotton waste was enzymatically
hydrolyzed by an enzyme produced by Trichoderma fungi. The results showed that acid pretreatment
improved enzyme accessibility and released more sugars compared to alkaline pretreatment. The
amount of released sugars increased with the increasing concentration of acid (110 mg/mL) or
alkaline (70 mg / mL). In this study, the amount of sugars released during hydrolysis and the
consequent weight loss show higher the efficiency of acid pretreatment than alkaline pretreatment
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[33]. In the present study, using 4% sulfuric acid alone (DH4) and in combination with ultrasonic
(DHU4) on WPD and WPB samples and 1% sulfuric acid in combination with ultrasonic on WPD and
WPB samples resulted in the highest amount of sugar and weight loss. Therefore, these treatments
were evaluated with a control treatment (non-de-inked and untreated sample) for XRD testing to
investigate the crystallinity index.

3.4. XRD Test

Figure 4 shows the effect of acid pretreatment on the crystallinity index. As it can be seen from
the figure, the crystallinity is lower for control samples and samples that were pretreated with
sulfuric acid (4%) combined with ultrasonic, and higher for samples that were pretreated with
sulfuric acid (4%) alone and samples that were pretreated with sulphuric acid (1%) combined with
ultrasonic.

Crystallinity index (%)
S88838338
1 L1 L1 L1

-
o
1

o
1

DH4
BH4

DHU1
BHU1
DHU4
BHU4

Figure 4. The effect of acid pretreatment on the crystallinity index. DHU1: WPD pretreated with 1%
sulfuric acid and ultrasonic. BHU1: WPB pretreated with 1% sulfuric acid and ultrasonic; DH4: WPD
pretreated with 4% sulfuric acid; BH4: WPB pretreated with 4% sulfuric acid; DHU4: WPD pretreated
with 4% sulfuric acid and ultrasonic; BHU4: WPB pretreated with 4% sulfuric acid and ultrasonic; B:
WPB; P: sample of worn banknotes.

Unlike starch and hemicellulose, cellulose has a crystalline structure. It is believed that its
crystallization plays an important role in its biological degradation. Decreasing the amount of
crystallinity means reducing the number of areas impermeable for enzymes, which is considered a
positive factor from this perspective [34]. The crystallinity of pure cotton natural fiber is relatively
high but contains little lignin or hemicellulose; therefore, the main goal of any possible pretreatment
of cotton should be based on increasing the surface area and decreasing the crystalline regions with
the aim of creating easier access to the enzyme [35]. To achieve this goal, the hydrogen bonds between
glucans in the crystalline cellulose chain must be effectively disrupted to change its structure to
amorphous. In this regard, Zhang et al. [36] pretreated waste cotton with acid to produce biofuels.
The results indicated that the crystalline regions in the acidic solution changed to amorphous regions
with the destruction of hydrogen bonds and resulted in higher efficiency at the enzymatic hydrolysis
stage. Chandrashekhar et al. [37] used different concentrations (2%, 3%, and 5%) of sulfuric acid to
pretreat raw cotton waste material to produce biofuels. The results of that study showed that 5% acid
pretreatment along with high temperature produced more sugar in the enzymatic hydrolysis stage
because of further reduction of crystalline regions and, ultimately, led to the production of more
bioethanol by using the yeast Saccharomyces cerevisiae.
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3.5. Enzymatic Hydrolysis of WPB

In Table 3, the total reduced sugars (TRS) for WPB samples are presented. The lowest amount of
TRS was 35.9 g/L, obtained using an enzyme load of 75 FPU/mL, 40 amplitude, and a hydrolysis
duration of 24 h. On the other hand, the highest TRS was 80.9 g/L, obtained using 100 FPU/mL of
enzyme, an amplitude of 60, and a hydrolysis duration of 96 h.

Table 3. Total reduced sugars from WPB after enzymatic hydrolysis.

Enzyme  Ultrasonic Load Time TRS
(FPU/mL) (Amplitude) h (gl

1 100 60 96 81+2
2 75 40 72 51+2
3 75 40 120 77«3
4 75 40 72 51+1
5 75 40 72 51+1
6 100 60 48 56£0
7 25 40 72 55+1
8 75 80 72 66 =0
9 50 20 48 39+1
10 100 20 48 45+ 4
11 50 20 96 55+3
12 75 0 72 411
13 75 40 72 52+2
14 100 20 96 68 +2
15 125 40 72 69 +2
16 50 60 96 772
17 75 40 72 44+0
18 75 40 24 36+1
19 75 40 72 62+0
20 50 60 48 47 +3

From the ANOVA results in Table Al, it can be seen that the p-value, which determines the
statistical significance of the model obtained from the RSM, is p < 0.0001, indicating that this model
is more than 95% reliable. The F-value also shows the number 17.27, which indicates the significance
of the pattern. In addition, the strength of this model can be realized from the values of the
convergence coefficient R?, which is equal to 0.939 (Table A2). The adjusted R? is equal to 0.885. The
forecast R? is 0.823, which indicates the acceptable prediction of the pattern. In general, the difference
between the predicted R? and the adjusted R? should be less than 0.2. Adeq Precision indicates a
sufficient amount of pattern accuracy. Values greater than four are desirable. In this study, the value
of 13.97 was obtained, which indicated that a sufficient signal was used to plot it in the design space.
As is clear from the analysis of variance table, the lack of fit is not significant, which indicates the
coverage of the model on the responses.

The two-dimensional model obtained from the coding factors is given by Equation (3):

Y =523+ 3.74A + 6.54B — 11.03C + 0.7149AB + 0.3225AC + 1.81BC + 2.84?

3
+ 0.0599B% + 1.39C* ®)

In Figures 5-7, we have presented the concurrence between ultrasonic and enzyme loadings,
time and enzyme loading, and time and ultrasonic loading. According to Figure 5, enzyme loading
is also one of the factors affecting the production of sugar from lignocellulosic materials. In addition,
according to the 3D diagram, it can be said that the efficiency of the enzyme is improved by using
ultrasonic. When the amount of time in the treatments is assumed to be constant (72 h), increasing
the enzyme loading from 85 to 125 FPU/mL with ultrasonic causes a noticeable increase in TRS. From
the previous research, we know that the use of ultrasonic has potential as one of the mechanical
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pretreatment methods to increase the conversion of polysaccharides to their constituent sugars as
well as increase the overall efficiency of ethanol [38].

sugar concentration (g/l)

125

B: Ultra load (Amplitude) A: Enzyme load (FPU)

Figure 5. Response surface of the sugar concentration as a function of ultrasonic and enzyme load at
a constant time (72h) (WPB).

According to Figure 6, both time and ultrasonic loading have a positive effect on sugar

production. When we compare Figures 5 and 6, it is evident that the change along the x-axis is greater
in Figure 6.

RIS
CSOCSIAISRINIS

sugar concentration (g/1)

C: Time (hour)

Figure 6. Response surface of the sugar concentration as a function of time and ultrasonic at a constant
enzyme load (75 FPU/mL) (WPB).

By examining Figure 7, it is clear that both contact time and enzyme loading have a great impact
on sugar production. At constant ultrasonic loading, the maximum amount of sugars produced (51.28
g/L) was when enzyme loading was 75 and time was 72. However, close observation shows that at a
constant enzyme loading (FPU/mL = 75), contact time has a bigger effect on TRS concentration than
ultrasonic load. At first, the presence of crystalline regions in cotton fibers seems to make it difficult
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to hydrolyze and break it down into monomeric sugars [33]. Over time, the chances of enzymes’
access to hydrolyze these areas will increase. Therefore, both time and enzyme loading factors show
an upward graph.
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Figure 7. Response surface of the sugar concentration as a function of time and enzyme at a constant
ultrasonic (Am40) (WPB).

3.6. WPD

In order to optimize the process by using the response surface method (RSM), a three-factor Box—
Behnken design was used for the experimental design. In the experimental design, there is a
simultaneous study of the interaction of different variables and achieving optimal points by
considering all available factors. Table 4 shows the results of this optimization process. According to
software prediction, the best percentage of sugar can be achieved with an ultrasonic loading of 54,
enzyme loading of 91 FPU/mL, and a contact time of 118 h. The software forecast was 90 g/L in
accordance with the stated conditions, and after measuring the amount of sugar based on the DNS
method and the standard glucose chart, the actual amount of obtained sugar was equal to 81 g/L.

The results from Table 4 show that lower enzyme loads give a lower sugar concentration.
However, in some cases, a further increase of the enzyme loads does not increase sugar
concentrations. Instead, they have an inhibitory effect and decrease the contact between the enzymes
and the substrate, which will decrease glucose concentration [39].

According to the results of Table A3 and the analysis of variance listed in Table A4, it can be
seen that the p-value determining the statistical significance of the obtained model from the RSM is
equal to p <0.0003, which indicates that this model is over 95% reliable in terms of predictability. The
F-value also shows the number 11.60, which indicates the significance of the pattern. In addition, the
strength of this model can be seen from the values of R? (0.9126). Adjusted R? showing 0.8339 and
predicted R? showing 0.8089 indicate acceptable pattern prediction. In general, the difference between
the predicted R? and the adjusted R? should be less than 0.2. Adeq Precision shows a sufficient amount
of pattern accuracy. A ratio greater than four is usually desirable. In this study, a ratio of 10.73 was
obtained, which indicates that the signal is sufficient. As a result, this model can be used to draw in
the design space. As is clear from the analysis table of variance, the lack of fit is not significant, which
indicates the coverage of the model on the responses.
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Table 4. Results of enzymatic hydrolysis of WPD.

Factor 1

Factor 2

Factor3 Responsel

Std Run A:Enzymeload B: Ultrasonicload C:Time TRS
(FPU/mL) (Amplitude) (h) (g/L)

8 1 100 60 96 84+2
13 2 75 40 24 49+2
15 3 75 40 72 920+0
6 4 100 20 96 87+2
2 5 100 20 48 71+£3
1 6 50 20 48 48 +2
11 7 75 0 72 73+1
17 8 75 40 72 70+1
10 9 125 40 72 861
14 10 75 40 120 64+1
19 11 75 40 72 890
18 12 75 40 72 75+1
16 13 75 40 72 81+1
12 14 75 80 72 87 +2
9 15 25 40 72 43+1
5 16 50 20 96 59+1
3 17 50 60 48 59+1
20 18 75 40 72 78 +0
7 19 50 60 96 61+3
4 20 100 60 48 77 £0

The two-dimensional model obtained from the coding factors is given in Equation (4):

Y =80.19 + 11.034 + 2.79B + 4.05C + 1.26AB + 1.26AC — 2.15BC — 4.20A?

—0.3329B% + 6.28C*

13 of 20

(4)

In Figure 8, the relationship between contact time and ultrasonic loading in the enzymatic

hydrolysis section is shown with respect to TRS production when the amount of enzyme in the
treatments is assumed to be constant (75 FPU/mL). The optimal sugar production rate (89.99 g/L) is
with a contact time of 72 h and an ultrasonic loading of 40 amplitude. According to the 3D diagram,
as in the case of WPB, the contact time is identified as a more influential factor than ultrasonic loading
in TRS changes. In addition, the highest amount of sugar is produced with a contact time between 72
and 88 h. The comparison of sugars obtained under enzymatic hydrolysis of WPD in relation to the
WPB sample shows the positive effect of the deinking process. Note that with an increasing time
beyond 88 h, the resulting sugar content decreases. In this regard, scientific research on the use of
waste jeans to produce bioethanol (has the same raw material as banknotes) shows that the efficiency
of enzymatic hydrolysis on the first day was 85% and 99% by the fourth day [40].
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e

sugar concentration (g/l)

B: Ultra load (Amplitude)

Figure 8. Response surface of the sugar concentration as a function of time and ultrasonic at a constant
enzyme load (75 FPU/mL) (WPD).

In Figure 9, the relationship between the enzyme loading and contact time in the production of
TRS is shown. The optimal amount of sugar is produced with a contact time of 72 h and enzyme
loading of 75 FPU/mL. Beyond that, with increasing time and the amount of enzyme, the amount of
sugar obtained has a decreasing trend. An enzymatic hydrolysis reaction first follows a linear
relationship. Due to the reduction of hydrolyzable materials, in the next step, the speed of production
decreases and finally stops. In other words, the appropriate time for enzymatic hydrolysis is before

reaching the part of the enzymatic hydrolysis curve [41]. According to Figure 9, the highest level of
TRS can be reached in 72 h.

ey, S
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sugar concentration (g/1)
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C: Time (hour) A: Enzyme load (FPU)

2425

Figure 9. Response surface of the sugar concentration as a function of time and enzyme load at a
constant ultrasonic (Am40) (WPD).

In Figure 10, the effect of ultrasonic and enzyme loadings on TRS production is presented. It is
evident that enzyme loading had a significant effect on TRS production up to 80 FPU/mL. The effect
of the enzyme loading on the process was far greater than ultrasonic loading. In order to optimize
the process by using the response level method, a three-factor Box-Behnken design was applied. The
best achievable TRS was with the ultrasonic loading of 74, the enzyme loading of 101 FPU/mL, and
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the contact time of 75 h. The software prediction was 88.8 g/L according to the conditions, which after
measuring the amount of sugar according to the DNS method and the standard glucose chart, the
actual amount of obtained sugar was equal to 92 g/L.

sugar concentration (g/I)

B: Ultra load (Amplitude) A: Enzyme load (FPU)

20 25

Figure 10. Response surface of the sugar concentration as a function of ultrasonic and enzyme load at
a constant time (72 h) (WPD).

3.7. Fermentation

In order to ferment the liquid obtained from the hydrolysis of WPD and WPB samples, the yeast
Scheffersomyces stipitis was used at 8% loading for 96 h at 32 °C. The results of the fermentation
efficiency and ethanol concentration are shown in Figure 11. The fermentation efficiency was lower
for samples fermented for 24 h (between 36.8% and 38.3%), and higher for samples fermented for 96
h (between 75.5% and 79.7%). Bioethanol production was also lower for samples pretreated for 24 h,
ranging between 15.6 g/L and 18.0g/L, and higher for samples pretreated for 96 h (between 31.3 g/L
and 37.3 g/L). Overall, the amount of bioethanol produced from WPD was far greater than WPB.
Ethanol was produced from WPD at 38 g/L and from WPB at 31 g/L, i.e., the deinking caused the
improvement in the ethanol production by 19.5%. Statistically significant differences were found
between the fermentation efficiency of WPD and ethanol concentration of WPD (p < 0.05) and the
fermentation efficiency of WPD and ethanol concentration of WPB (p < 0.01).
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Figure 11. Efficiency and amount of ethanol obtained from the fermentation process at different
fermentation times.
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From Figure 11, it is clear that with increasing the production process time, the ethanol
production increases. However, the increasing trend extends only up to 96 h, and after that it
decreases. Similar results were reported by Amadi and Ifeanacho [42]. The authors concluded that
the optimal ethanol production was reported at 96 h and the fermentation time influences the
composition and volume of the ethanol produced. It can also be seen from Figure 11 that ethanol
production efficiency in the early stages of fermentation for both papers is not very different;
however, the yeast efficiency increases over time. Yeast efficiency in deinked paper is higher than the
yeast efficiency in blank paper. Previous research by Sheikh et al. has indicated that the presence of
metallic and toxic compounds in the fermentation medium can reduce the number of living yeast
cells [17]. Yeast natural growth and performance are reduced by industrial materials in the ink.
Therefore, the presence of ink in WPB can be considered a reason for the decrease in yeast efficiency
by 7.3% compared to WPD and a reduction in the amount of ethanol in the control sample.

4. Conclusions

This research investigated two types of acidic and alkaline pretreatments after pulping and
deinking banknote paper as a new raw material using ultrasonic treatment. The results indicated that
the best pulping conditions for worn banknote paper were at pH = 2. The evaluation of the results of
deinking with NaOH showed that the best brightness, considering the weight loss, was obtained by
using 3% alkaline in combination with ultrasonic with a loading of 30 amplitude. Two chemical
methods, i.e., acidic and alkaline, were used for pretreatment. The resulting weight loss and light
density indicated the higher efficiency of acid pretreatment, which can be attributed to deinking by
using NaOH. According to the results related to weight loss and optical density, the best pretreatment
was obtained by using 1% of sulfuric acid and ultrasonic with a loading of 50 amplitude. In the best
conditions, the rate of weight loss in acidic conditions was 17.5% for WPD and 30.5% for WPB. In
alkaline conditions, these results were 7.5% for WPD and 18.5% for WPB. Between the two types of
acid and alkaline pretreatments based on the resulting light density and weight loss, the acid
treatment was more appropriate. Moreover, XRD tests of the biomass after acid pretreatments
showed that the lowest crystallinity index was obtained by the use of 4% acid in combination with
ultrasonic. Reducing the amount of crystallinity means decreasing the number of impermeable areas
for enzymes. For this reason, it was considered the best type of pretreatment and thus used in the
following experiments. The results of the enzymatic hydrolysis indicated that the amount of sugar
produced in the step for WPD paper was higher than for WPB. In the fermentation process, the
highest ethanol concentration achieved was 38 g/L for WPD and 31 g/L for WPB. The highest process
efficiency was 80.9% for WPD and 75.04% for WPB. Overall, the production of bioethanol increased
with increasing time to 96 h, and then the process slowed down. The ethanol production efficiency
of the WPD sample was improved by 7% compared to the WPB sample due to the absence of
composites (such as copper, nickel aluminum, zinc, and iron). In summary, waste banknote paper
has high amounts of alpha cellulose in its composition, which makes it a suitable substrate for
bioethanol production. Since waste banknote paper has high amounts of heavy metals, melamine
formaldehyde, and ink in its composition, further research should be conducted in order to further
increase the fermentation efficiency and ethanol concentrations and decrease the production costs of
treating these residues for bioethanol production.
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Table 1. Analysis of variance of the quadratic response surface method (RSM) model for waste paper

blank.
Source Sum of Squares df Mean Square F-value p-value
Model 3099 9 344.4 17.27  <0.0001
A-Enzyme load 224.4 1 224.4 11.26 0.007
B-Ultra load 684.2 1 684.2 34.32 0.0002
C-Time 1946 1 1946 97.61 <0.0001
AB 4.090 1 4.090 0.2051 0.7
AC 0.8476 1 0.8476 0.04250 0.8
BC 26.26 1 26.26 1.320 0.3
A? 196.9 1 196.9 9.880 0.0
B2 9.000 1 9.000 0.4517 0.5
C? 48.31 1 48.31 2.420 0.2
Residual 199.35 10 19.93
Lack of Fit 47.84 5 9.570 0.3157 0.9
Pure Error 151.5 5 30.30
Cor Total 3299 19

Table A2. Fit statistics for the RSM model (waste paper blank).

Std. Dev. 4.4
56
7.9
0.94
Adjusted R? 0.88
Predicted R? 0.82
Adeq Precision 14

Table A3. Analysis of variance of the quadratic RSM model for waste paper deinking.

Source Sum of Squares df Mean Square F-value p-value
Model 3664 9 407.1 11.60 0.0003
A-Enzyme load 1948 1 1948 55.47  <0.0001
B-Ultra load 124.6 1 124.6 3.550 0.09
C-Time 262.0 1 262.0 7.460 0.02
AB 12.63 1 12.63 0.3599 0.6
AC 12.63 1 12.63 0.3599 0.6
BC 36.93 1 36.93 1.050 0.3
A? 4429 1 4429 12.62 0.005
B2 2.790 1 2.790 0.07930 0.8
C? 991.0 1 991.0 28.23 0.0003
Residual 351.1 10 35.11
Lack of Fit 40.75 5 8.150 0.1313 0.9
Pure Error 310.4 5 62.07
Cor Total 4015 19
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Table A4. Fit statistics for the RSM model (waste paper deinking).

Std. Dev. 5.9
Mean 72
CV. % 8.3
R2 0.91

Adjusted R? 0.83
Predicted R? 0.81

Ade
o 11
Precision
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