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ABSTRACT: Saccharification of lignocellulosic wastes is the bottleneck of different bio-based chemical industries.
Using enzymes for saccharification of lignocellulosic materials has several advantages over using chemicals. In the
current work, the application of the Maximyze R© enzyme system, which is industrially used in papermaking, was
investigated in the saccharification of paper sludge and fiber dust wastes from the tissue paper industry. For optimizing
the saccharification process, the effects of the consistency %, enzyme loading, and incubation time were studied and
optimized using the Response Surface Methodology. The effect of these factors on the weight loss of paper sludge and
total sugars in the hydrolyzate was studied. High-Performance Liquid Chromatography (HPLC) was used to measure
the sugars composition of the hydrolyzate. Under the optimized conditions, ~90% and ~66% of the fiber dust and paper
sludge could be hydrolyzed into sugars, respectively. The sugar composition was 80.23% glucose, 10.99% xylose, and
8.65% arabinose based on the total sugars in the case of fiber dust. In comparison, 80.63% glucose, 8.43% xylose, and
10.75% arabinose were detected in the case of paper sludge. The results showed the applicability of the Maximyze R©

commercial enzymes used in the paper industry for efficient saccharification of paper sludge and fiber dust. The presence
of non-cellulosic materials in the paper sludge (residual ink, paper additives, and ash) didn’t affect the activity of the
enzymes. The study also showed the potential use of fiber dust as a valuable and clean source of sugars that can be used
to prepare different bio-based chemicals.
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1 Introduction
Enzymes are widely used in many industries as an attractive green technology. They are non-toxic

to living creatures and the environment, biodegradable, and derived from renewable resources. In the
papermaking industry, different enzyme systems have been developed to modify the quality of pulp fibers
and thus the properties of paper products [1–3]. Using enzymes also assists in reducing the cost of paper
production. The development of enzymes used in papermaking has led to new generations of enzyme
formulations with better effectiveness and lower costs. The main component of these formulations is the
cellulase enzymes. These enzymes hydrolyze cellulose parts, leading to the cell walls’ delamination and
facilitating their collapse [4]. The enzyme-treated fibers can then be refined more easily and the paper
strength properties are improved without increasing the applied refining energy [5]. In addition, a reduction
in the amount of pulp needed to produce the paper and an increase in production rate can be achieved
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using the aforementioned enzyme technology. Buckman’s second and third-generation enzyme technology,
Maximyze R©, is a family of products based on cellulase enzymes. These enzymes are effective for use with
bleached hardwood and softwood pulps to improve the properties of tissue paper [6,7]. These new generation
enzymes are a blend of single component enzymes combined with so-called potentiators, which increase the
enzyme’s activity and facilitate their action and contact of the enzyme to the fibers.

Paper sludge is a common waste in papermaking. The characteristics of the paper sludge depend on the
kind of paper and pulp that the paper mills produce. For example, paper sludge produced from kraft pulp
and paper production differs in composition from that produced from recycled paper used for writing and
printing paper or tissue paper. Therefore, the utilization and treatment of paper sludge differs from one paper
mill to another.

Several approaches are followed to utilize the large amounts of paper sludge worldwide [8]. Among
these approaches is to hydrolyze the carbohydrate part of the sludge, i.e., cellulose and hemicelluloses, into
sugars to be utilized in the production of different chemicals such as ethanol, lactic acid, and polyhydroxy
butyrate. The hydrolysis process, the so-called saccharification process, can be carried out using mineral acids
or enzymes. The acid hydrolysis involves using mineral acids such as sulfuric, hydrochloric, or phosphoric
acid [9,10]. Using enzymes for the saccharification of different kinds of paper sludge has been studied as
summarized in Table 1 [11–41].

Table 1: The enzymes used for saccharification of different kinds of paper sludge in previous studies

Source of sludge Type of enzymes and source Reference
Papermaking using wood chips

and waste paper.
Acinetobacter cellulolyticus cellulase, xylanase,

amylase, and β-1,3-glucanase (Meiji Seika Co., Ltd.,
Tokyo, Japan).

[11]

A combination of primary and
secondary sludge from

wastewater treatments from
pulp production.

Celluclast cellulases from Trichoderma reesei and
β-glucosidase from Aspergillus niger (Novozymes,

Bagsvaerd, Denmark).

[12]

Corrugated recycled and virgin
pulps production.

Cellic R© CTec3 (Novozymes, Bagsvaerd, Denmark). [13]

Paper pulp and papermaking
from waste paper.

Cellulase C1794 from Trichoderma sp,
(Sigma-Aldrich, St. Louis, MO, USA),

Hemicellulase H2125 from Aspergillus niger
(Sigma-Aldrich, St. Louis, MO, USA), Amano 90

and Amano G (Amano Enzyme Inc., Nagoya,
Japan).

[14]

Eucalyptus Kraft pulp
production.

Cellulolytic enzyme complex NS 22,192 (a blend of
cellulases, β-glucosidases, and hemicellulases) and

the xylanolytic enzyme complex Cellic R© HTec2
(endoxylanase with cellulase background)

(Novozymes, Bagsvaerd, Denmark).

[15]

Primary sludge from
papermaking.

Cellic CTec2 enzyme (Novozymes, Bagsvaerd,
Denmark).

[16]

Papermaking using Kraft pulp. Cellulase from Trichoderma reesei (Sigma-Aldrich,
St. Louis, MO, USA).

[17]

(Continued)
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Table 1 (continued)

Source of sludge Type of enzymes and source Reference
Pulp and papermaking. Thermophilic Clostridium thermocellum (CEL),

Clostridium clariflavum (CLA), and Moorella
thermoacetica (C. thermoaceticum, ACE).

[18]

Papermaking using Kraft pulp. Cellic R© CTec 2 and 3 (Novozymes, Bagsvaerd,
Denmark).

[19]

Tissue paper manufacture. Cellic C-Tec2 (Novozymes, Bagsvaerd, Denmark). [20]
Papermaking using Kraft pulp. Cellulase from Trichoderma reesei (Sigma-Aldrich,

St. Louis, MO, USA), and crude cellulase
concentrate (Ecozyme, Johannesburg, South

Africa).

[21]

Papermaking using recycled
fibers.

Crude cellulase enzyme, SUPERCUT (Zytex India
Private Limited Mumbai, India).

[22]

Papermaking using Kraft pulp. A commercial second-generation Cellic R©CTec2
(Novozymes, Bagsvaerd, Denmark).

[23]

Sulfite pulp manufacture. Celluclast R©1.5 L, Cellic R© CTec 2, and Novozymes R©

L (Novozymes, Bagsvaerd, Denmark).
[24]

Papermaking using bleached
and unbleached recycled waste

paper.

Celluclast R© 1.5 L and Novozyme R© 188
(Novozymes, Bagsvaerd, Denmark).

[25]

Papermaking using recycled
fibers.

Celluclast R© 1.5 L (Sigma-Aldrich, St. Louis, MO,
USA) and cellobiase Novozym R©188 (Novozymes,

Bagsvaerd, Denmark).

[26]

Deinked pulp production. Cellulase and hemicellulases from different
companies in Japan. Cellulase Trichoderma viride,

Novozyme 188 (Novozymes, Bagsvaerd, Denmark),
Accellerase R© (DuPont, Delaware, USA), and

Vecelex (Godo-Shusei, Tokyo, Japan).

[27]

Pulp and papermaking. NS 22192 consisted of cellulases, β-glucosidases,
and hemicellulases (Novozymes, Bagsvaerd,

Denmark).

[28]

Tissue paper manufacturing
using recycled de-inked pulp.

An enzyme cocktail comprising Optiflow RC 2.0
cellulase (Genencor Rochester, NY, USA) and

Novozyme 188 β-glucosidase (Novozymes,
Bagsvaerd, Denmark).

[29]

Papermaking and tissue paper
manufacturing.

Optiflow RC 2.0 (Danisco Genencor Rochester, NY,
USA), and β-glucosidase (Novozymes, Bagsvaerd,

Denmark).

[30]

(Continued)
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Table 1 (continued)

Source of sludge Type of enzymes and source Reference
Pulp making. Accelerase 1500 (77 FPU/mL) and GC220 (116

FPU/mL) (DuPont Industrial Biosciences
Wilmington, DE, USA), Spezyme CP (Genecore
Rochester, NY, USA), and CTEC2 (Novozymes,

Bagsvaerd, Denmark).

[31]

Recycled Kraft paper mill. Cellulase Cellic R© C-Tec 2 (Novozymes, Bagsvaerd,
Denmark).

[32]

Kraft paper mill. Cellic C-Tec2 (Novozymes, Bagsvaerd, Denmark)
and Multifect Pectinase (DuPont-Danisco

Wilmington, DE, USA).

[33]

Kraft and sulfite pulps
manufacturing.

Celluclast 1.5 l and Novozyme 188 (Novozymes,
Bagsvaerd, Denmark).

[34]

Papermaking using recycled
fibers.

An enzyme mixture containing cellulase XWS-G-1,
β-glucosidase and xylanase MJT-G-NIS (Tianjin
Noao Sci & Tech Development Co., Ltd, Tianjin,

China).

[35]

Pulp manufacture. Econase CEP enzyme and commercial
ß-glucosidase product from Acremonium

thermophilum. Cellobiohydrolase I from A.
thermophilum, cellobiohydrolase II, from A.

thermophilum, and xylanase from Nonomuraea
flexuosa, and mannanase from Trichoderma reesei.

[36]

Papermaking. Cellulase prepared from A. cellulolyticus culture. [37]
Bleached

chemi-thermomechanical pulp
making and deinking waste

paper process.

Cellulase from Trichoderma Viride (Shanghai Boao
Biotechnology Co., Ltd. Shanghai Shi, China).

[38]

Papermaking using virgin
chemical pulp.

β-glucosidases (EC 3.2.1.21),
endocellulase/carboxymethyl cellulase (CMCases,

EC 3.2.1.4), xylanases, amylases, and
β-1,3-glucanases from Acremonium cellulolyticus

C-1 (Ferm P-18508).

[39]

Toilet paper mill manufacturing
using bleached Kraft wood pulp.

Cellulase Novozym 342 (Novozymes, Bagsvaerd,
Denmark).

[40]

Papermaking using virgin wood
fibers.

A. cellulolyticus cellulase (Meiji Seika Kaisha, Ltd.
Tokyo, Japan), GC220 from Trichoderma reesei

(Genencor International Inc. Rochester, NY, USA),
and Cellulosin T2 from T. viride (HBI Enzymes Inc.

Osaka, Japan).

[41]

The tissue paper industry is one of the largest paper sectors. The tissue paper can be manufactured from
virgin pulp or recycled pulp. The recycled pulp used in some grades of tissue paper comes from writing and
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printing waste paper, which contains high amounts of fillers and inks, in addition to the other commonly used
paper additives. After several processes of repulping, de-inking, bleaching, and kneading of waste paper to
get recycled fibers, the sludge generated contains high amounts of ash (~ up to 35%), residual inks and paper
additives, in addition to the very short pulp fibers. Therefore, the saccharification of paper sludge generated
from the recycling of writing and printing paper is a challenge due to the presence of the aforementioned
non-cellulosic materials. As Table 1 shows, the saccharification of paper sludge from the tissue paper industry
has been studied to a much lesser extent than the other kinds of paper sludge.

Another waste, but in much lower quantities than paper sludge, from the tissue paper industry is fiber
dust. The fiber dust is generated from wrapping and trimming the tissue paper reels by the high-speed
machines [42]. According to the estimation made by the tissue paper mills, the fiber dust is about 1%–2% of
the produced tissue paper. The fiber dust is collected by filters installed above the tissue-making machines
and dumped without use due to its very short length. The fiber dust is therefore a pure pulp, especially when
the virgin pulp is used in tissue paper production. In this case, the fiber dust contains small amounts of
additives, mainly the wet strength agent (from 0.5 to 2 wt.% of tissue paper). To the best of our knowledge,
there are no previous studies in the literature regarding the utilization of fiber dust generated from the tissue
paper industry.

Since hydrolysis of cellulosic fibers into sugars is the bottle-neck process for different bio-based
chemicals, the current work aims to study the saccharification of paper sludge generated from the recycling of
printed writing and printing paper using a second-generation Maximyze R© enzyme system, which is used in
papermaking to improve the properties of pulp fibers and decrease refining time/energy. As seen in Table 1,
different commercial enzymes have been evaluated in the saccharification of different kinds of paper sludge.
The use of the commercial Maximyze R© enzyme system is evaluated for the first time for the saccharification
of paper sludge. In addition, the saccharification of fiber dust waste from tissue paper making is investigated
for the first time using the same enzyme system to investigate the utilization of this kind of waste for further
utilization in bio-based chemicals such as ethanol, lactic acid, etc., and also as a comparison to the paper
sludge to see how the other non-cellulosic materials in the paper sludge can affect the saccharification process
using the Maximyze R© enzyme system. For optimizing the saccharification conditions of paper sludge and
fiber dust, the Response Surface Methodology was employed to create prediction models. The derived models
were analyzed using ANOVA analysis to verify the models’ terms and the models’ accuracy.

2 Material and Methods

2.1 Materials
Interstate Paper Industries, Sadat City in Egypt kindly supplied the paper sludge and fiber dust used in

this study. The paper sludge was generated from the recycling and de-inking processes of white writing and
printing paper. The moisture content of the sludge was about 70%. Before use, the paper sludge was dried
in an oven with air circulation at 40○C for 12 h; the moisture content after drying was 9.41%. The fiber dust
was collected from the filters installed above the tissue-making machines and used as received; the moisture
content of the fiber dust was 6.50%.

The enzymes used in the saccharification were a second-generation Maximyze R© solution produced by
Buckman (Buckman Laboratories, Inc., Memphis, MO, USA) and used as received. The enzymes exhibited
an FPase activity of 14.8 (μmole/mL/min) as assayed using Whatman number 1 filter paper as a substrate,
a xylanase activity of 478.03 (μmole/mL/min) was assayed using 1% (w/v) birch wood xylan (Sigma, St.
Louis, USA) as a substrate, and carboxymethyl cellulase (CMC) activity of 60.35 (μmole/mg/min). The FPase
activity was determined at 50○C and an incubation time of one hour in citrate buffer (pH 4.8) while the



1174 J Renew Mater. 2025;13(6)

xylanase and CMC activities were determined at 50○C and an incubation time of 0.5 h in citrate buffer
(pH 4.8).

Formic acid, sodium citrate, sulfuric acid (98%), phenol (crystals), absolute ethanol (95%), sodium
hydroxide, sodium chlorite, glacial acetic acid, toluene, and 3,5 dinitro salicylic acid were purchased from
Thermo Scientific Chemicals (Thermo Fisher Scientific Inc., Waltham, MA, USA) and used as received.
Carboxymethyl cellulose was purchased from Sigma-Aldrich (Sigma, St. Louis, MO, USA).

2.2 Methods
2.2.1 Chemical Analyses of Paper Sludge and Fiber Dust

Total carbohydrates (as total sugars) were determined according to the standard phenol/sulfuric acid
hydrolysis method [43] for both fiber dust and paper sludge after hydrolysis using 72% sulfuric acid (TAPPI
standard T222). The concentration of the hydrolyzed sugars was determined using Jenway 7305 UV-visible
spectrophotometer (Jenway, Staffordshire, England); the results were expressed as glucose. The ash content
was determined using a muffle furnace at 900○C for 45 min according to the TAPPI T 413 standard
method. The acid non-hydrolyzable material was determined by hydrolysis of the sample using 72% sulfuric
acid according to the TAPPI T222 standard method. Hollocellulose was determined using ASTM-D1104
standard method, α-cellulose content was determined using the TAPPI standard method (TAPPI T 429),
and hemicelluloses were estimated from the difference in weight due to the treatment of the paper sludge
by 17.5% NaOH. Organo-soluble extractives were determined using the TAPPI T204 standard method using
a 1:1 ethanol/toluene mixture. In the case of paper sludge, the results of holocellulose, α-cellulose, and
hemicelluloses were corrected for the ash content that remained in the samples.

2.2.2 De-Ashing of Paper Sludge
Before being used in the saccharification experiments, the paper sludge was treated with dilute formic

acid at a liquor ratio 1:10 for 1 h at 40○C with stirring to remove the acid-soluble ash, e.g., calcium
carbonate [44].

2.2.3 Enzymatic Saccharification
Optimization of the enzymatic saccharification of paper sludge and fiber dust was carried out according

to an experimental design to reach the optimum conditions that result in maximum hydrolysis (expressed as
weight loss). Three main factors were selected to study their effect on the weight loss % (X) as a consequence
of the enzymatic hydrolysis. The studied factors were the consistency (A), the enzyme load (B), and the
duration of hydrolysis (C). The central composite design was used to design the experiments by Response
Surface Methodology using Design Expert software version 6.8. Each factor was studied over five levels; two
levels for the maximum and minimum of the factor range, two levels for the axial points, and a level for
the center point. These five levels navigated 28 experiments in addition to 4 central experiments (the total
number of experiments was 32 since they were carried out in duplicates). The factorial points and axial points
were duplicated while the axial points were face-centered to expand the area of navigation. The selected
ranges of the three parameters were 1% to 7.5% for factor A, 5 to 50 U/g for factor B, and 24 to 186 h for factor
C. The design of experiments of the enzymatic hydrolysis of paper sludge and fiber dust is shown in Table 2.
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Table 2: Results of weight loss due to the enzymatic saccharification of fiber dust and paper sludge according to the
experimental design experiments

Run # Experiment
#

Consistency,
% (A)

Enzyme load,
U/g (B)

Time, h
(C)

Weight loss
% (X)

Mean weight
loss (%)

Fiber
dust

Paper
sludge

Fiber
dust

Paper
sludge

1 1 1.00 5.00 24.00 33.05 27.15 31.27 27.432 1.00 5.00 24.00 29.48 27.70
2 3 7.50 5.00 24.00 32.02 27.51 31.63 24.824 7.50 5.00 24.00 31.23 22.12
3 5 1.00 50.00 24.00 58.82 58.24 60.14 56.696 1.00 50.00 24.00 61.45 55.13
4 7 7.50 50.00 24.00 43.59 37.75 39.59 36.278 7.50 50.00 24.00 35.58 34.79
5 9 1.00 5.00 186.00 50.53 30.58 56.23 30.5010 1.00 5.00 186.00 61.92 30.42
6 11 7.50 5.00 186.00 45.30 37.10 44.64 37.4212 7.50 5.00 186.00 43.97 37.74
7 13 1.00 50.00 186.00 89.0 65.50 89.35 63.5014 1.00 50.00 186.00 89.70 61.50
8 15 7.50 50.00 186.00 55.53 52.28 51.42 53.5216 7.50 50.00 186.00 47.31 54.76
9 17 1.00 27.50 105.00 75.37 51.63 75.99 51.4518 1.00 27.50 105.00 76.60 51.27
10 19 7.50 27.50 105.00 55.9 49.98 56.33 48.3920 7.50 27.50 105.00 56.76 46.8
11 21 4.25 5.00 105.00 41.29 40.83 42.28 41.3522 4.25 5.00 105.00 43.26 41.86
12 23 4.25 50.00 105.00 68.03 58.83 67.05 58.4124 4.25 50.00 105.00 66.07 57.98
13 25 4.25 27.50 24.00 55.27 36.16 56.22 39.5526 4.25 27.50 24.00 57.17 42.93
14 27 4.25 27.50 186.00 75.06 55.79 75.01 54.9728 4.25 27.50 186.00 74.95 54.15
15 29 4.25 27.50 105.00 70.03 49.18 68.87 51.3430 4.25 27.50 105.00 67.7 53.49
16 31 4.25 27.50 105.00 69.54 54.01 70.49 54.9132 4.25 27.50 105.00 71.43 55.8

All the saccharification experiments were conducted in 250-mL capped Erlenmeyer flasks. The sub-
strates (paper sludge or fiber dust) were first sterilized by autoclaving at 121○C, 2 atm, for 15 min. After cooling
to room temperature, different volumes of sterilized 0.05 M sodium citrate buffer pH 4.8 were added to
the substrates to achieve different consistencies. These substrate suspensions were incubated with different
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loading of the enzyme solution at 50○C in a shaking incubator at 140 rpm for different incubation times
according to the experimental design.

After the saccharification, the residual paper sludge or fiber dust was removed from the hydrolyzate by
centrifugation at 7000 rpm for 20 min, washed with distilled water using vacuum filtration until neutral pH,
and dried in an oven with circulating air at 45○C for 18 h. The residual weight of the paper sludge or fiber
dust (Yield, Y) was determined gravimetrically from the weight of the paper sludge or fiber dust before and
after saccharification as in Eq. (1).

Y = X1 − X2
X1

× 100 (1)

where X1 and X2 are the weight of the paper sludge or fiber dust before and after saccharification, respectively.
The supernatant containing the sugars was collected, centrifuged at 7000 rpm, and further vacuum-

filtered using a 45 μm cellulose nitrate membrane, and kept in the fridge until used.

2.2.4 Determination of the Total Sugars
The total sugars in the hydrolyzate were measured by the phenol/sulfuric acid standard method using

glucose as a standard [43].

2.2.5 HPLC Analysis of the Hydrolyzate
High-performance liquid chromatography (HPLC) was used to determine the exact sugars obtained in

the hydrolyzate. An Agilent Technologies 1100 series liquid chromatography instrument (Agilent Technolo-
gies, Santa clara, CA, USA) equipped with a refractive index detector was used. The analytical column was
a Shim-pack SCR-101N. The mobile phase consisted of ultrapure water. The flow rate was 0.7 mL/min, the
mobile phase was ultrapure water, and the column temperature was 25○C.

3 Results and Discussion

3.1 Chemical Composition of the De-Ashed Paper Sludge and Fibers Dust
The chemical composition of the de-ashed paper sludge was 11.87% ash, 9.80% acid non-hydrolyzable

materials (lignin and other organic materials), 2.95% ethanol/toluene extractives, 75.65% holocellulose,
54.76% α-cellulose, 21.17% hemicelluloses, and sugar content of 0.58 g/g sample. The ash remained after
the de-ashing using formic acid is mainly kaolin which couldn’t be hydrolyzed by formic acid [44] while
the original ash content of the paper sludge was 33.5%. On the other hand, the fiber dust had the typical
chemical composition of bleached paper pulp: 1.48% ash, 0.80% acid non-hydrolyzable materials (lignin),
0.46% ethanol/toluene extractives, 72.33% α-cellulose, 25.4% hemicelluloses, and a high sugars content
(1.16 g glucose/g of sample) since it is mainly pulp fibers.

3.2 Enzymatic Saccharification of the Fiber Dust and De-Ashed Paper Sludge
Enzymatic saccharification of the fiber dust and de-ashed paper sludge was carried out according to

the experimental design mentioned in the experimental part to reach the optimum conditions that result
in the maximum hydrolysis (expressed as weight loss). Table 2 shows the results of the experimental design
experiments regarding the effect on weight loss of paper sludge and fiber dust. The data was statistically
analyzed to get the best conditions for hydrolysis and also to set a mathematical model for the prediction of
the extent of saccharification by the enzymes and compare it with the experimental results. This is shown
in Tables 3 and 4, and Figs. 1 to 6.
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Table 3: ANOVA for response surface reduced quadratic model for weight loss by enzymatic hydrolysis of fiber dust

Source Sum of squares Mean square F value Prob > F Significance
Model 8265.36 1180.77 118.78 <0.0001 Significant

A 1597.22 1597.22 160.67 <0.0001
B 2061.06 2061.06 207.33 <0.0001
C 1913.16 1913.16 192.45 <0.0001
A2 700.04 700.04 70.42 <0.0001
B2 1220.68 1220.68 122.79 <0.0001
AB 558.14 558.14 56.15 <0.0001
AC 215.06 215.06 21.63 0.0001

Residual 238.58 9.94
Lack of fit 82.66 11.81 1.29 0.3140 Not significant
Std. Dev. 3.15 R-squared 0.9719

Mean 57.28 Adj R-squared 0.9638
C.V. 5.50 Pred R-squared 0.9446

PRESS 471.39 Adeq precision 37.431

Table 4: ANOVA for response surface reduced quadratic model for weight loss by enzymatic hydrolysis of paper sludge

Source Sum of squares Mean square F value Prob > F Significance
Model 4149.47 518.68 72.77 <0.0001 Significant

A 169.93 169.93 23.84 <0.0001
B 2284.73 2284.73 320.55 <0.0001
C 608.89 608.89 85.43 <0.0001
A2 376.69 376.69 52.85 <0.0001
B2 138.72 138.72 19.46 0.0002
C2 169.79 169.79 23.82 <0.0001
AB 301.00 301.00 42.23 <0.0001
AC 99.72 99.72 13.99 0.0011

Residual 163.93 7.13
Lack of fit 74.84 12.47 2.38 0.0746 Not significant
Std. Dev. 2.67 R-Squared 0.9620

Mean 45.65 Adj R-Squared 0.9488
C.V. 5.85 Pred R-Squared 0.9267

PRESS 316.38 Adeq Precision 27.010

The results in Table 2 show that increasing the incubation time and enzymes concentration generally
increased the weight loss of both fiber dust and paper sludge, which is expected. Interestingly, at the highest
enzyme loading used (50 U/g) and at 24 h incubation time and 1% consistency (Run # 3), the enzymes could
hydrolyze 60% and 57% of the fiber dust and paper sludge, respectively. Increasing the incubation time to
186 h (the maximum incubation time studied) at the same enzyme loading and consistency (Run # 7) resulted
in the hydrolysis of 89% and 64% of the fiber dust and paper sludge, respectively. This indicates the high
activity of the Maximyze R© enzymes to hydrolyze both samples, especially the paper sludge which contains
11.87% ash (mostly kaolin) and 9.80% acid nonhydrolyzable materials. The cellulases and hemicellulases
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enzymes in the Maximyze R© formulation could efficiently hydrolyze cellulose and hemicelluloses in the fiber
dust and paper sludge. The cellulase enzymes contain the endoglucanases which break the internal bonds of
cellulose and disrupt the crystalline cellulose structure, the exocelluloses which attack the non-reducing end
groups and separate oligomers of two to four sugar monomers from the exposed cellulose chains, and the
cellobiases which hydrolyze these small fragments into glucose [45]. On the other hand, the hemicellulases
can hydrolyze the hemicelluloses, which are amorphous and with much shorter chain lengths, into the
constituting sugars of hemicelluloses [46].

Figure 1: Normal plot of residuals for enzymatic hydrolysis of fiber dust (a) and paper sludge (b)
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Figure 2: Predicted values vs. Actual values of weight loss % of the fibers dust (a) and paper sludge (b) enzymatic
hydrolysis experiments

Figure 3: Simultaneous effect of enzyme loading and consistency on weight loss % for the model describing the
enzymatic hydrolysis for fiber dust at the central point of time
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Figure 4: Simultaneous effect of time of reaction and consistency on weight loss % for the model describing the enzyme
hydrolysis for fiber dust at the central point of enzyme loading

Figure 5: Simultaneous effect of enzyme loading and consistency on weight loss % for enzyme hydrolysis for paper
sludge at the central point of time

In fact, it is difficult to compare the saccharification results of different kinds of sludges in other studies
due to the various compositions of the sludges and the saccharification conditions used (enzyme dose,
incubation time, consistency, and temperature). A tentative comparison of the current work’s results to
some selected previously published results indicates the high activity of the Maximyze R© enzymes in the
hydrolysis of paper sludge. For example, a recent study on the saccharification of sludge from recycled
paper by different commercial enzymes showed that the maximum hydrolysis achieved was 71% after 3
days of incubation [14]. The sludge contained lower ash content and acid-nonhydrolyzable materials (8%
ash and 3% lignin) than that in the current work, and a mixture of commercial cellulase (~147 U/g of
sludge) and hemicellulases (368 U/g of sludge) enzymes were used in that previous study. Another study
on saccharification of a primary sludge using Cellic C2tec enzymes from Novozymes assisted by PEG-4000
surfactant showed optimum saccharification of about 57% using 2% enzyme loading (based on the weight of
paper sludge) and 1% surfactant for 48 h [16]. The sludge had 62% cellulose and hemicelluloses, 13.9% ash,
and 11% lignin. A study on saccharification of paper sludge with high fiber content produced from sulfite pulp
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(glucan content 89.7%, lignin 0.8%, and ash 1.7%) using a recombinant cellulase enzyme cocktail [(mono-
components: S. cerevisiae-derived PcBGL1B (BGL), TeCel7A (CBHI), ClCel6A (CBHII) and TrCel5A (EGII)
mono-component cellulase enzymes)] showed 80% yield of hydrolysis [24]. The high yield in this study could
be attributed to the high cellulose content of the sludge used compared to the paper sludges used in the
aforementioned ones. Another study on saccharification of a subcritical water-pretreated paper sludge using
Acinetobacter cellulolyticus cellulase (Meiji Seika Co., Ltd., Tokyo, Japan) for 4 days gave 71 wt.% glucose
yield (based on the cellulose content of the sludge) [11]. A study on saccharification of paper sludge from
recycled paper containing 34% cellulose, 8% xylan, 29% ash, and 20% Klason lignin using Celluclasts 1.5 L
and Novozyms 188 showed that 100% of cellulose in the sludge could be hydrolyzed after 72 h [25].

Figure 6: Simultaneous effect of time of reaction and consistency on weight loss % for enzyme hydrolysis for paper
sludge at the central point of enzymes loading

Analysis of the saccharification results
Analysis of the data of fiber dust and paper sludge saccharification shows that the models describe the

relationship between the consistency % (A), the enzyme load (B), and the time spent for the process (C) and
their effect on the weight loss % is a surface reduced quadratic model. The model terms A, B, C, A2, B2,
AB, AC were significant. In the case of enzymatic hydrolysis of fiber dust, the model is represented by the
following equation:

X = +12.51265 + 3.29138 ×A + 2.36157 × B + 0.17994 ×C − 0.27736 ×A2

− 0.028493 × B2
− 0.080769 ×A × B − 0.013927 ×A × C

On the other hand, in the case of enzymatic hydrolysis of paper sludge, the model is represented by the
following equation:

X = +14.63680 + 2.16251 ×A + 1.05925 × B + 0.20945 ×C − 0.28518 ×A2
− 6.03884

× 10−3
× B2
− 8.64908 × 10−4

×C2
− 0.059314 ×A × B + 9.48314 × 10−3

× A ×C
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where X represents Weight loss; A represents Consistency; B represents Enzyme loading; and C repre-
sents Time.

The predicted R2 values (Pred R-Squared) from analysis of the model equations mentioned above in the
case of the enzymatic hydrolysis of both fiber dust and paper sludge are in reasonable agreement with the
adjusted R2 (Adj R-Squared) as illustrated in Tables 3 and 4. In addition, the adequate precision values (Adeq
Precision) in the tables indicate an adequate signal; these results elucidated the ability of model navigation
through the design space.

The model equations of the enzymatic hydrolysis of fiber dust and paper sludge were also verified by the
normal plot of residuals (Fig. 1), and the actual values resulting from the experiment vs. the predicted values
(Fig. 2). The figures show good fitting of the model equations for predicting the weight loss after enzymatic
hydrolysis of fiber dust and paper sludge.

To estimate the range of different conditions to get the maximum weight loss by the enzymatic
saccharification of fiber dust and paper sludge, the model graph of the simultaneous effect of the enzyme
load and the consistency on weight loss, and the effect of consistency and time on weight loss are presented
in Figs. 3 to 6. In the case of fiber dust (Figs. 3 and 4), the maximum weight loss could be achieved at low
consistency in the range of 1%–2.6% conjugated with a high enzyme load in the range of 27.5–50 U/g (Fig. 3)
while the simultaneous study of the consistency and time in Fig. 4 shows that the maximum value of weight
loss could be achieved at a low consistency in the range of 1%–2.6% during a range of time 105–186 h.

On the other hand, in the case of paper sludge, the simultaneous study of the concistency and time
(Fig. 5) showed that the maximum weight loss % could be achieved at low concistecy in the range of 1%–3%
conjucated with high enzyme load in the range of 30–50 U/g while the simultaneous study of the consistency
and time (Fig. 6) shows that the maximum value of weight loss % could be achieved at low consistency in
the range of 1%–2.6% during the range of time 105–186 h; the enzyme load affects this relationship since the
maximum weight loss is recorded at the maximum enzyme load 50 U/g as shown in Fig. 6a, while the weight
loss decreases as the enzyme load decreased as illustrated in Fig. 6b.

The above results indicate that the conditions for obtaining the highest weight loss in the case of fiber
dust and paper sludge are generally similar.

Applying the criteria of consistency, enzyme load, and time to obtain the maximum weight loss, the
result revealed that the predicted maximum weight loss in the case of the fiber dust is 90.79% at consistency
1.27%, enzyme load 41.27 U/g, for time 183.88 h. On the other hand, in the case of the paper sludge, the
maximum weight loss predicted is 65.27% at consistency 1%, enzyme load 50 U/g, for time 126.47 h. In both
cases of fiber dust and paper sludge, the predicted value was evaluated with 95% confidence interval (CI) and
95% predicted interval (PI) as shown in Table 5.

Table 5: Optimum predicted values of weight loss as a result of the enzymatic saccharification of fiber dust and paper
sludge

Predicted value of
weight loss %

95% CI low 95% CI high 95% PI low 95% PI high

Fiber dust 90.79 87.62 93.94 83.54 98.01
Paper sludge 65.27 62.02 68.52 58.86 71.68
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3.3 Total Sugars Determination
Determination of the total sugars in the hydrolyzate produced from the enzymatic saccharification of

fiber dust and paper sludge was also carried out for the samples used in the experimental design; the results
are shown in Table 6. The results in the table are consistent with the weight loss results in Table 2. The
maximum total sugars in the hydrolyzate (estimated as glucose) were about 1050 and 631 mg/g in the case
of fiber dust and paper sludge, respectively. The maximum total sugars in both cases were obtained at the
same enzymatic treatment conditions, e.g., 1% consistency, 50 U/g of the enzyme, and 186 h of the treatment.
The higher total sugars obtained in the case of fiber dust than that of paper sludge is due to the chemical
composition of both materials where the paper sludge contains 11.87% ash and 9.81% acid-nonhydrolyzable
materials while the fiber dust contains 1.48% ash and 0.80% acid-non-hydrolyzable materials.

Table 6: Total sugars determination in the hydrolyzate by enzymatic saccharification of fiber dust and paper sludge
according to the experimental design

Run Consistency, % (A) Enzyme load, U/g (B) Time, h (C) Total sugars in the hydrolyzate
(as mg glucose/g fibers)

Fiber dust Paper sludge
1 1.00 5.00 24.00 282.6 ± 9.8 184 ± 10.85
2 7.50 5.00 24.00 277.5 ± 12.2 170.25 ± 8.87
3 1.00 50.00 24.00 545.3 ± 34.0 404.34 ± 30.97
4 7.50 50.00 24.00 361.4 ± 12.6 283.83 ± 11.42
5 1.00 5.00 186.00 518.1 ± 34.7 329.02 ± 33.24
6 7.50 5.00 186.00 442.5 ± 34.2 348.71 ± 28.15
7 1.00 50.00 186.00 1050.1 ±55.9 631.43 ±25.68
8 7.50 50.00 186.00 516.3.7 ± 13.1 466.18 ± 53.54
9 1.00 27.50 105.00 683.2 ± 52.1 465.76 ± 60.43
10 7.50 27.50 105.00 493.5 ± 8.6 400.77 ± 35.69
11 4.25 5.00 105.00 406 ± 7.4 354.19 ± 38.98
12 4.25 50.00 105.00 648.6 ± 14.5 503.02 ± 44.96
13 4.25 27.50 24.00 530.5 ± 47.50 322.4 ± 21.21
14 4.25 27.50 186.00 762.0 ±13.1 407.4 ±19.2
15 4.25 27.50 105.00 633.8 ± 8.0 441.75 ± 51.12
16 4.25 27.50 105.00 674.3 ± 13.8 421.75 ± 22.84

The crude hydrolyzates containing sugars obtained by the enzymatic saccharification of fiber dust and
paper sludge samples with the highest total sugars (Run # 7: 1% consistency, enzymes loading 50 U/g, and time
186 h) were further analyzed by HPLC to determine the sugars exist in the hydrolyzate and their percentage.
In the case of fiber dust, the major sugars detected in the hydrolyzate were glucose, xylose, and arabinose. The
percentage of these sugars was 80.23% glucose, 10.99% xylose, and 8.65% arabinose based on the detected
total sugars. On the other hand, in the case of paper sludge, the sugars detected were 80.63% glucose, 8.43%
xylose, and 10.75% arabinose based on the total sugars.
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4 Conclusions
The use of Maximyze R© enzyme system for saccharification of paper sludge from recycled paper and

fiber dust generated during tissue paper manufacturing was studied. To optimize the saccharification process
by the enzymes, the factors affecting the saccharification (dose of enzymes, incubation time, and consistency)
were studied using Response Surface Methodology and optimization models for the enzymatic hydrolysis
of paper sludge and fiber dust could be reached. The models could predict the optimum conditions for
getting the highest yield of saccharification. The enzymes showed high efficiency in hydrolyzing both the
fiber dust and paper sludge (~ 90% and 66% saccharification, respectively). The presence of the non-cellulosic
materials in the paper sludge didn’t affect the activity of the Maximyze R© enzymes since the majority of the
cellulosic materials could be hydrolyzed into sugars. Although the maximum saccharification according to
the conditions used was recorded at the longest incubation time (186 h), the enzymes could hydrolyze 60%
and 57% of the fiber dust and paper sludge, respectively, after 24 h which reveals the high activity of the
Maximyze R© enzymes as compared to some other studies which used other commercial enzymes.
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