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Abstract
A systematic evaluation of microorganism’s potential towards biosynthesis of cellulases from inexpensive lignocellulosic 
feedstock through appropriate kinetic modelling facilitates understanding, optimization and designing of an effective indus-
trial cellulase enzyme production process. The present study aims to optimize a submerged fungal cultivation strategy for 
cellulase production from abundantly available newspaper wastes (NPW). A combined pretreatment strategy consisting 
diluted, 1% (v  v−1)  H2SO4 followed by 2% (w v−1) NaOH treatment was highly effective to convert newspaper waste to an 
effective cellulose-enriched inducer for the production of cellulase. In addition, the composition of the most influential 
nutrient components like peptone and lactose was optimized with the help of response surface methodology for enhanced 
cellulase production with maximum activity levels. Maximum cellulase production of 8.64 g  L−1 with 7.82 FPU  mL−1 total 
activity levels was achieved from optimized composition of pretreated NPW 3.29% (w v−1), lactose 2.94% (w v−1) and pep-
tone 1.53% (w v−1). To analyse intrinsic inhibition effect of the substrate concentration on cellulase production, modified 
Luedeking–Piret model simulated experiments were further conducted with 1.5% (w/v), 3.29% (w/v) and 4% (w/v) NPW 
concentrations. The developed kinetic model perfectly captured the trends of biomass production, substrate consumption 
and adsorption characteristic of cellulase enzyme on its activity during production. The rate constant for cellulase synthesis 
was evaluated to be increased to 0.040 IU  g−1 h −1 at 3.29% (w v−1) of NPW concentration; however, it was further reduced 
to 0.024 IU  g−1 h −1 at higher NPW concentration of 4% (w v−1).
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Introduction

Increased consumption of conventional fossil fuels and con-
tinuous hike in their prices due to the demand of rising world 
population and rapid industrialization have augmented the 

necessity for the development of alternative form of clean 
biofuel from lignocellulosic biomass. Commercial market 
for such alternative lignocellulosic biofuel is growing rap-
idly, and in coming future, it is expected to alleviate com-
plete dependency on petroleum-derived fuels by replacing 
30% of it in 2025 and comes up with more than USD 950 
million revenue generation by 2024 [1, 2]. The key aspect of 
improving efficiency of such biofuel production is develop-
ing low-cost cellulase enzyme and associated improvements 
in conversion process of fermentable sugars from lignocel-
lulosic biomass as almost 40% of the total cost of bioethanol 
production is dependent on cellulase enzyme production and 
its application [3–5]. Along with the involvement in pro-
duction of lignocellulosic biofuel, cellulase enzymes have 
potential application in the synthesis of various other biore-
finery-related products. Based on the global market analysis 
report on cellulase, total revenue from cellulase production 
and application is anticipated to be $2450.7 million by the 
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end of 2026 [6]. However, high-cost involvement in cellulase 
production process remains to be the biggest challenge for 
successful development of cellulosic biorefinery. In order 
to make the cellulosic biorefinery economically viable and 
profitable considering the improvement of cellulase enzyme 
production process, selection of low-cost raw material, 
implementation of ideal pretreatment method to convert the 
material as cellulose-enriched inducer, selection of suitable 
producer microorganism to support maximum conversion of 
such biomass, optimized enzyme production strategy, adapt-
ing low-cost purification approaches and developing overall 
production process with the support of suitable kinetic mod-
elling play most significant role.

Abundant availability and cost-effective nature of the 
substrate are the most important factors to be considered 
for cost effective cellulase enzyme production process [7]. 
In that background, waste paper in the form of municipal 
solid wastes is highly available resource throughout the 
world at low cost (average $52/tonne) with an annual pro-
duction of about 400 million tonnes [8]. On average, waste 
paper roughly contributes half of municipal solid trash, and 
among that, newspaper wastes (NPW) account for about a 
quarter of that [9]. Waste paper mostly consists of cellulose 
(40–80%), hemicellulose (5–15%), and negligible amount 
of lignin and hence considered most ideal resource for 
lignocellulosic biorefinery [5]. Selection of such low-cost 
abundant raw material not only contributes in lowering the 
manufacturing costs of cellulase production but at the same 
time elevates the problem of solid waste disposal through 
landfills, which pollutes groundwater and emits greenhouse 
gases [10]. Based on the substrate composition, selection of 
suitable and low-energy-consuming pretreatment methods 
also contributes in lowering the overall cost of the process. 
In comparison to available energy-consuming and expensive 
pretreatment strategies, conventional diluted acid alkaline 
pretreatments in suitable combination received enormous 
attention in reduction of intrinsic cellulosic crystallinity, 
maximum removal of hemicellulose and lignin components 
from the material in order to convert the material as cellu-
lose-enriched inducer and to support in efficient cellulase 
enzyme production process [11]. Above all, selection of 
suitable enzyme producer which can ensure higher titre of 
cellulase production by utilizing the selected low-cost cel-
lulose-enriched inducer substrate is most important criteria. 
In that criteria, Trichoderma species like Trichoderma reesei 
has been successfully used for commercial production of cel-
lulase for more than five decades using both solid state and 
submerged fermentation strategies [12, 13]. Trichoderma 
reesei has been most preferable microorganism for indus-
trial production of cellulase enzymes in submerged mode 
as the condition is easy to develop, monitor and control all 
the process parameters [14, 15]. Nutrients, inducers and 
oxygen are present in a dissolved condition and eventually 

distributed throughout the vessel in this type of fermenta-
tion, facilitating effective heat and mass transfer during the 
process [16]. Additionally, fermentation condition is needed 
to be optimized through statistical methodology in terms of 
most influential process or nutritional parameters in order to 
understand single and combine effects of those parameters 
on microorganism and to receive maximum production per-
formance from the microorganism at most lower manufac-
turing cost [4].

In connection to simulate process optimization, a valid 
mathematical model of cellulase production provides detail 
insight information about the cellular growth pattern based 
on the substrate and/or inducer consumption. A suitable 
kinetic model also provides proper understanding of inter-
nal mechanisms involved in product formation based on the 
dynamics of cell growth and metabolism. Among the exist-
ing kinetic model, developed in the direction of cellulase 
production, model developed by Lo et al. [17], Brown and 
Zainudeen [18], Muthuvelayudham and Viruthagiri [19], 
Buffo et al. [20], Mohapatra [21], Tholudur et al. [22] and 
Rakshit et al. [23] provided inadequate information about 
the development of enzyme activity with respect to time; 
however, authors like Lo et al. [17] and Tholudur et al. [22] 
delivered clear overview about cell biomass production and 
substrate consumption profile associated with enzyme pro-
duction. Muthuvelayudham and Viruthagiri [19] represented 
logistically interpreted Leudeking-Piret model for produc-
tion of cellulase enzyme but overall simulation with experi-
mental data is absent in this study. Authors like Bader et al. 
[24] and Gelain et al. [25] developed kinetic model suitable 
for cellulase enzyme production in fed-batch cultivation sys-
tem, and hence, effect of dilution rate was mainly considered 
in their model to determine cellulase production. Among the 
available related literature, only Ma et al. [26] developed 
most effective and simplified mathematical model to deter-
mine developed cellulase activity based on realistic consid-
eration of Langmuir adsorption isotherm however, they have 
demonstrated the effect of main inducing cellulose substrate 
through their model.

In the present research investigation, highly abundant 
waste newspaper material was used as a low-cost feedstock 
for cellulase production. Based on the discussed merits, 
diluted acid-alkaline treatments in a judicious combination 
were used for maximum separation of lignin and hemi-
cellulose from the material and to make the raw material 
suitable as cellulose rich inducer for cellulase production. 
Most influencing nutritional parameters were statistically 
optimized using response surface methodology (RSM) to 
achieve maximized induced production of cellulase in sub-
merged condition using Trichoderma reesei (MTCC 164). 
The microorganism is mesophilic, filamentous fungi and was 
already reported for production of highly active extracellular 
cellulase enzymes and induced structural changes in paddy 
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straw [27–29]. Performance of the microorganism in terms 
of its induced growth, combined substrate consumption and 
product formation was well captured in our study through 
developed model, modified from kinetic model constructed 
by Ma et al.[26] after suitable considerations of our experi-
mental conditions.

Material methods

Preparation of paper waste as feed stock

Newspaper wastes (NPW) were collected as raw material 
from local municipality area of Karunya Nagar, Coimbatore 
district, Tamil Nadu, India. The collected newspaper mate-
rial was shredded into smaller pieces of about 1–2 cm, then 
washed and air-dried. The dried newspaper material was 
ground into finer powder using the pulverizer. Finer ground 
material was screened using a 20-mesh (0.841 mm) regu-
lar sieve. Further to remove unwanted residues, the ground 
material was washed with distilled water and dried at 60 °C 
for 24 h in hot air oven. After the material was completely 
dried, they were weighed and stored in air tight containers 
at 4 °C for future use.

Pretreatment of paper waste (PW) material

Sequential diluted acid-alkaline pretreatment strategy was 
adopted for effective removal of lignin and hemicellulose 
from processed newspaper material. The material was ini-
tially subjected to dilute acid treatment, where the material 
was dipped into 1% (v  v−1) of sulphuric acid solution, and it 
was exposed to steam at 130 °C with the pressure of 30 psi 
in retort pouch chamber, for 30 min. To facilitate excellent 
decomposition of the material, pressure was quickly released 
at the end of the process as it was explained by Dey et al.
[30]. After this acid treatment, collected solid material was 
washed properly with distilled water until the washout water 
became neutralized to pH 7 and the material was then dried 
at 80 °C using hot air oven for 12 h. For effective removal 
of maximum lignin content, the material was further treated 
with 2% (w v−1) NaOH at 80 °C for 12 h at a solid-to-liquid 
proportion of 1:10. Collected solid material after the treat-
ment was then again cleaned with distilled water until the pH 
level of the drained water comes down to 7 and the material 
was further dried at 80 °C. At all these stages of pretreat-
ment, the newspaper material was diagnosed for cellulose, 
hemicellulose and lignin content using standard National 
Renewable Energy Laboratory (NREL) protocol (NREL/
TP-510–42,618) [31]. Following the same procedure, 0.3 g 
of biomass was first mixed with 3 ml  H2SO4 (27 N) and it 
was maintained at 30 °C for 1 h as it was shown by Akhtar 
et al. [32]. After that,  H2SO4 concentration was diluted to 

1.5 N and the total sample was autoclaved at 121 °C, 15 lbs 
for 1 h. At the end of this process, the sample was vacuum-
filtered. Total lignin content in the material was calculated 
from both acid soluble filtrate solution and insoluble con-
tents. Finally, the filtrate was neutralized in order to estimate 
reducing sugars contents and cellulose content was estimated 
from produced glucose concentration while considering 1 g 
glucose is corresponding to 1.1 g cellulose [32]. Hemicel-
lulose content was separately measured by the procedure of 
Han and Rowell [33]. The moisture and ash content of the 
material at different stages were identified by NREL protocol 
(NREL/TP-510–42,621) [34] and (NREL/TP-510–42,622) 
[35]. The samples were also analysed with the help of Scan-
ning electron microscopy (SEM, NanoSEM 200) to exam-
ine the morphological changes of waste newspaper material 
during pretreatment process. In this process, images from 
the surface of the samples were captured at the 1000 × and 
2000 × magnifications when the samples were covered with 
gold layer and processed with accelerating voltage of 20 kV. 
Fourier transform infrared spectroscopy (FTIR) was used 
to examine the changes in chemical composition and func-
tional groups of material during the pretreatment. During 
the process, those samples were ground with potassium bro-
mide (KBr) and they were scanned with FTIR spectrometer 
(IRPrestige-21, Shimadzu). Individual newspaper samples 
were fixed into disc after preparing with potassium bromide 
(KBr), and spectra resolution was selected at 0.1  cm−1 with 
wave frequency ranges of 400–4000  cm−1.

Inoculum development for enzyme production

The fungi Trichoderma reesei (MTCC 164) was purchased 
from MTCC Chandigarh for efficient production of cellulase 
enzyme. The purchased culture was maintained at 4 °C on 
potato dextrose agar plate according to MTCC procedure 
through proper subsequent sub culturing techniques. For 
the development of final inoculum for fermentation process, 
fungal spores ageing 14–20 days on PDA agar plates were 
initially transmitted to 50 mL of medium consisting 5 g  L−1 
glucose and 10 g  L−1 yeast extract as it was mentioned in our 
previous work [27]. Subsequent sub-culturing of the micro-
organism with the same media composition was continued 
while supplementing 1–3 g  L−1 of pretreated paper waste 
inducer to improve the adaptability of the microorganism in 
similar environment.

Optimization of process parameters in submerged 
mode of cellulase production

For optimized production of cellulase enzyme, batch experi-
ments were conducted in submerged condition using 500-
mL conical flask while maintaining 210 mL final media 
volume as it was mentioned as  T1 condition in our previous 
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study [27], dealing with same microorganism. In that media 
volume, 60 mL was basic nutrient solution, consisting 0.3 
 gL−1 urea, 1.4  gL−1 (NH4)2SO4, 0.4  gL−1  CaCl2,2H2O, 2 
 gL−1  KH2PO4 and 0.3  gL−1  MgSO4,7H2O, including mineral 
salt solution was used. Rest 150 mL of the reaction volume 
was maintained with optimized level of most influential 
nutritional components like newspaper waste, lactose and 
peptone according to the requirement of 210 mL reaction 
volume. For optimization of such nutritional components, 
statistical response surface methodology (RSM), Design 
Expert software (version 7.0.1) was used. Table 1 indicates 
the upper (+ 1) and lower (– 1) limits of the nutritional vari-
ables as they were used in the optimization study. According 
to the suggested criteria of central composite design (CCD), 
total 20 experiments were designed and conducted at con-
stant temperature of 30 °C, pH 5.5, 150 rpm agitation speed 
for 7 days duration with 10% (v  v−1) of inoculum volume. 
Samples from the surfaces of the broth were collected at the 
end of the mentioned duration of every experiment and they 
were filtered and centrifuged at 10,000 rpm for 5 min before 
further analysis.

The importance and validity of the developed model 
were determined using model F values and similarities 
between predicted and actual response values. Regression 
and graphical analysis through the Design Expert software 
(version7.0.1) was highly effective to identify the best oper-
ating conditions with optimized values of the variables. 
After achieving the optimized condition, experiments were 
performed in triplicates according to the prescribed condi-
tions to achieve accuracy in result.

Experiments separately conducted for modelling 
simulation studies

After achieving the optimized nutritional conditions through 
RSM-based experimental designs, enzyme production 
experiments were further performed with optimized 3.29% 
(w v−1) and separately with 1.25% (w v−1), 4% (w v−1) con-
centrations of pretreated NPW (lower and upper levels of 
optimized values) with optimized level of peptone and lac-
tose concentrations using 3 L fully equipped stirred tank 
reactor (Lark, India) while maintaining 1 L working volume. 
Samples were collected at 12 h of regular intervals for the 

analysis of total cell biomass production, developed enzyme 
concentration, enzyme activity level (FPU  mL−1) and total 
cellulose and lactose concentration levels.

Sample analysis

The total soluble protein concentration in the sample super-
natant after enzyme production was measured using Lowry's 
method [36], and enzyme activity was evaluated using the 
filter paper assay [37]. Dry weight of the cell biomass and 
cellulose contents was measured according to the technique 
mentioned by Ahamed and Vermette [38]. Variations of 
lactose content during the process were measured by Hi-
Pex Ca, USP L19 column, High Performance Liquid Chro-
matography (HPLC—Agilent, 1200 series). Mobile phase 
was selected as HPLC grade deionized ultrapure water from 
Milli-Q system with a flow rate of 0.25 mL min −1. Column 
temperature was maintained 80 °C, and retention time for 
lactose was determined as 5.81 min. All the sample analysis 
was carried out in triplicate to get the accuracy in result.

Development of kinetic model for cellulase 
production

The kinetic model which was followed in this work was 
developed through the modification of the model, adopted 
by Ma et al.[26]. The model was quite effective to ana-
lyse growth pattern of fungal mycelium, rate of substrate 
consumption during the process and its effect on enzyme 
synthesis.

Model assumptions

(1) Based on research investigations, both cellulose and 
lactose were considered as the limiting substrates and this 
assumption differs from the consideration of involvement of 
single cellulose substrate as shown by Ma et al. [26].

(2) Based on the enrichment in cellulose content in pre-
treated biomass, cellulase production in the form of its activ-
ity levels was mainly represented in the present modelling 
based investigation study.

Biomass growth model

Overall growth rate of the fungus during the process without 
differentiating primary and secondary mycelium growth is 
represented by the following equation

Table 1  Lower and upper limits of process parameters implemented 
in RSM optimization

Coded Factors Name Levels

(− 1) (+ 1)

A% (wv−1) Waste newspaper 2.5 3.5
B% (wv−1) Lactose 2.5 3.5
C% (wv−1) Peptone 1.5 2.5
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The basic simple monad model was developed as shown 
in Eq. 1, where X represents the total biomass concentra-
tion in the medium (g  L−1), µm is the maximum specific 
growth rate of microorganism  (h−1), S denotes the sub-
strate concentration at any point of time (g  L−1), Ks defines 
the substrate saturation constant (g  L−1) and kd represents 
cell death constant  (h−1).

Cellulase production model

Cellulase is an extracellular enzyme and the produced 
enzyme can further get adsorbed on the surface of the 
available and unconverted cellulosic inducers during pro-
duction [26]. Therefore, to analyse the adsorption potential 
of the produced enzyme, cellulase enzyme was applied 
with known activity against pretreated biomass accord-
ing to the procedure shown by Velkovska et al. [39]. To 
analyse the adsorption phenomena of enzyme, Langmuir 
adsorption isotherm was implemented according to the 
following equation as shown by Ma et al. [26].

The activity of absorbed enzyme in the equation is 
represented by A (IU  g−1 cellulose) and E represents the 
enzyme activity in the medium (IU  mL−1). Maximum 
activity of adsorbed cellulase enzyme per unit weight of 
cellulose is denoted as Amax (IU  g−1), and Kad represents 
the adsorption equilibrium constant (ml  IU−1). Total cel-
lulase activity Et (IU  mL−1) can be calculated by the fol-
lowing equations according to procedure shown by Ma 
et al. [26].

In Eqs.  (3) and (4), Ef represents the free cellulase 
activity in the medium (IU  mL−1) and Ead represents the 
activity of cellulase in adsorbed condition onto insoluble 
cellulose (IU  mL−1) which is equal to product of A and 
(S ×  10–3). Finally, development of enzyme activity with 
respect to time can be defined as:

(1)
dX

dt
= �

m

SX

KS + S
− kdX.

(2)A =
AmaxKadE

1 + KadE
.

(3)Et = Ef + Ead

(4)Et = Ef +
S

103

AmaxEfKad

1 + EfKad

.

(5)
dEt

dt
=

K1X

1 +
S

Ki

− K2Et.

Here K1 represents rate constant for cellulase produc-
tion (IU  mL−1  h−1), K2 represents the rate constant for 
cellulase decay  (h−1) and substrate inhibition coefficient 
is represented by Ki (g  L−1).

Substrate consumption model

In the present study, both lactose and NPW material enriched 
with cellulose were used as inducible carbohydrate resources 
for production of enzyme. Hence, consumption of both sub-
strates was considered under the developed model. How both 
the substrates in combination were involved for development 
of cell biomass and specific maintenance coefficient of the 
microorganism during enzyme production was expressed 
through the modified Luedeking-Piret model according the 
following equation as shown by Ma et al. [26].

Here in this equation, YX/S represents stoichiometric yield 
coefficient of biomass from substrate (g  g−1),  ms denotes spe-
cific maintenance coefficient  (h−1), YP/S represents stoichio-
metric yield coefficient of product from substrate (g  g−1) and 
qp denotes specific rate of product formation (g  L−1.  h−1). In 
our developed model, 

(
−

qp

Yp∕s

)
 term was well incorporated and 

considered to get ideal expression for substrate consumption 
kinetics. However, rate of product formation was not consid-
ered by Ma et al. [26] to express the same substrate consump-
tion kinetics as achieved dP/dt in their case was comparatively 
lower with respect to cell growth rate.

Determination of model parameters and error 
analysis

Overall, the model was developed using Fortran software 
(Simply Fortran 3.1) and MATLAB programming (MATLAB 
2020b). Model parameters were estimated by initial reason-
able guessing, followed by regression analysis and curve fit-
ting techniques involving Runge–Kutta differential iteration 
method. Accuracy of the determined kinetic parameters was 
analysed through error analysis considering estimation root 
mean square error (RMSE) and the coefficient of determina-
tion (R2). Estimation of root mean square error (RMSE) was 
carried out using the following equation:

Coefficient of determination (R2) considering model pre-
dicted and experimental results was evaluated by using the 
following equation:

(6)
dS

dt
= −

1

YX∕S

dX

dt
−

q
p

YP∕S

− mSX.

(7)RMSE =

�∑n

i=1

�
Pi −Ei

�2
n

.
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Result and discussion

The overall study conducted for model supported improved 
and optimized production process of cellulase enzyme 
consists of organized and systematic assessment of differ-
ent experimental sections like pretreatment of biomass for 
improvement in cellulase enzyme production, inoculum 
development, production optimization with dynamic math-
ematical modelling. Pictorial representation of different 
stages of experimental sections used in this study is repre-
sented in Fig. 1.

Changes in paper waste composition 
during pretreatment

The initial composition of NPW material in our case was 
identified as 45.26 % (w/w) of cellulose, 23.75 % (w) of 
hemicellulose, 17.60% (w) of lignin, 7.5% (w) moisture and 
3.69% (w) ash, and this composition is in the close prox-
imity with the composition of same material reported by 
Wang et al. [40], Byadgi and Kalburgi [41], Kuhad et al.
[42]. These structural compositions of NPW were com-
pletely altered during diluted acid-alkaline sequential pre-
treatment processes. Acid-based pretreatment has been 
considered most effective approach to break down the glu-
cosidic linkages present between hemicelluloses and cel-
luloses and partial solubilization of hemicellulose content 
from the material [43]. As a consequence, such pretreatment 
strategy helps in the enrichment of cellulose content in the 
material and hence improves the accessibility of cellulosic 
inducer component to enzyme producing microorganism. 
However, it was identified that concentrated acid treatment, 

(8)

R
2 =

⎛⎜⎜⎜⎜⎝

n
�∑n

i=1 Pi Ei

�
−
�∑n

i=1 Pi

��∑n

i=1 Ei

�
��

n
∑n

i=1
Pi

2 −
�∑n

i=1 Pi

�2��
n
∑n

i=1
Ei

2 −
�∑n

i=1 Ei

�2�

⎞⎟⎟⎟⎟⎠

2

.

specifically conducted by concentrated  H2SO4, may lead to 
severe degradation of cellulosic content of the material [44]. 
Sulphuric acid treatment with 1% (v/v) diluted concentra-
tion was highly effective to reduce hemicellulose content 
of 45 % from its initial value. Ash content present in NPW 
material due to the application of coating material and fill-
ers in paper making processes was subsequently reduced 
from 3.69 to 1.20% during this pretreatment. Since there 
was no significant disruption effect of diluted  H2SO4 on 
lignin content, overall concentration of lignin was margin-
ally improved from 17.60 to 19.73 % due to overall reduc-
tion of hemicellulose content and other impurities. Its major 
effect was observed on cellulose content which was 36.6% 
improved from its initial level during this stage of pretreat-
ment. Similar types of improvement in cellulose and lignin 
contents were observed by da Mota and Gouveia [45] and 
Nair et al. [46] in connection to diluted sulphuric acid treat-
ment on office waste paper. In an identical research investi-
gation with 1.21 % of diluted acid pretreatment on rice straw 
material, improvement in glucan content was observed from 
39.3 ± 2.35(%) to 68.4 ± 1.71(%); however, the process 
was conducted at comparatively at higher temperature of 
142 °C [47].

To improve the digestibility and accessibility of cellu-
lose content in the material by cellulase producing microor-
ganism, separation of maximum amount of lignin from the 
material was necessary. Additionally, the presence of lignin 
and lignin hydrolysate caused negative impact on micro-
bial growth and causes unproductive binding with produced 
cellulase enzyme [48–50]. Alkaline treatment supported by 
sodium hydroxide is considered highly effective approach 
for delignification by damaging the ester bonds between 
lignin and xylan [51]. From various research investigations, 
it was concluded that increasing concentration of NaOH 
during alkaline treatment up to some extent is favourable 
for maximum removal of lignin [11, 52]. Similarly, main-
taining temperature at higher range during such alkaline 
treatment with higher exposure time helps in fragmenting 
lignin and hemicelluloses contents [43, 52]. In the present 
research investigation, maximum effect of delignification 

Fig. 1  Different stages of experimental sections. A NPW after initial 
stages of size reduction. B NPW after acid-alkaline pretreatment pro-
cess. C Final inoculum development for Trichoderma reesei (MTCC 

164) in the presence of 3  g/L of pretreated paper waste inducer. D 
After fermentative production of cellulase from pretreated NPW
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was observed with maximum increased concentration of 
NaOH at 2% (w v−1) at 80 °C from 12 h of exposure time. 
High level of 68% delignification was obtained from such 
alkaline treatment process with respect to the lignin con-
tent present after acid treatment. As a consequence, overall 
cellulose content improved from 61.82 wt (%) to 72.49 wt 
(%); however, marginal changes were observed on hemicel-
lulose content through such alkaline pretreatment. Similar 
improvement in cellulose content (60–70%) from newspaper 
waste was observed by Wu et al.[53] when 2% (wv−1) of the 
material was subjected to 0.1 N NaOH treatment for 12 h. 
Barcelos et al. [54] and Jin et al.[55] identified the effect of 
higher content of NaOH [4 to 5% (w v−1)] on lignin removal 
and maximum delignifications were achieved near to 50% in 
both the research investigations. Narra et al. [52] observed 
that at alkaline treatment with 0.5% (w v−1) NaOH concen-
tration, increasing time duration from 12 to 24 h has maxi-
mum effect on cellulose enrichment in rice straw material, 

and at the same time, it was also concluded that increas-
ing in NaOH concentration in alkaline treatment above a 
certain level will lead to losses in solid and holocellulose 
content. Kataria et al. [11] observed slightly higher deligni-
fication (79.3%) from Kans grass biomass from 2% NaOH 
treatment; however, higher temperature of 120 °C was used 
in that study. Overall changes in our biomass composition 
with respect to cellulose, hemicellulose and lignin content 
at different stages of pretreatment are clearly represented 
in Table 2.

Structural changes of the paper waste material through 
these combined pretreatment strategies are clearly repre-
sented through SEM images (Fig. 2A–C). Figure 2A, B 
represents quite intact, ordered and rigid surface structure 
of untreated paper fibres. Comparatively well-organized 
structure in this condition also indicates lignin coverage on 
the fibres. However, irregular and disrupted surface struc-
ture of paper waste material was observed after pretreatment 

Table 2  Compositional 
variations of newspaper waste at 
different stages of pretreatment 
processes

Component Native newspaper 
waste (wt%)

Newspaper waste after acid 
pretreatment (wt%)

Newspaper waste after 
alkaline pretreatment 
(wt%)

Cellulose 45.26 61.82 72.49
Hemicellulose 23.75 13.08 14.02
Lignin 17.60 19.73 6.31

Fig. 2  Physicochemical characterization of newspaper sample at dif-
ferent stages of pretreatment: A SEM image of native newspaper 
material at 1000 × magnification B SEM image of native newspaper 
material at 2000 × magnification C SEM image of acid-alkaline pre-

treated newspaper material at 1000 × magnification D SEM image of 
acid-alkaline pretreated newspaper material at 2000 × magnification 
E FTIR spectra of untreated and acid-alkaline pretreated newspaper 
material
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(Fig. 2C, D). Rough and disorganized structure of the mate-
rial fibre is clearly visible from that figure. Such morpholog-
ical changes in the surface structure of the material indicate 
disintegration of overall lignocellulosic structure and reduc-
tion of overall crystallinity of the material. Such disintegra-
tion of fibrous matrix as a result of partial lignin solubiliza-
tion finally provides better susceptibility of the material as 
cellulosic inducer in cellulase enzyme production process.

In addition to SEM results, FTIR spectrum for both 
untreated and pretreated samples (Fig. 2E) was also ana-
lysed for better understanding of structural changes during 
pretreatment. Most significant transmittance peaks were 
observed at 3414  cm−1, 1743  cm−1, 1618  cm−1, 1062  cm−1, 
617  cm−1 and 474  cm−1 for both untreated and pretreated 
NPW materials. Reduction in transmittance peak at 
1637  cm−1 due to aromatic ring vibration or C=O stretch-
ing of hemicellulose acetyl groups clearly represents deg-
radation of lignin and hemicellulose content with respect 
to native newspaper waste material. Similar reduction in 
transmittance peak was observed by Akhtar et al. [32] at 
1631  cm−1 for acid–alkali pretreated rice straw material. 
The intensity of the peak generated at 3414  cm−1 is com-

paratively higher for acid alkaline pretreated sample and this 
region represents hydrogen bound OH bond stretching vibra-
tion of α-cellulose [46]. Narrower band at that wavelength 
for pretreated biomass represents higher intensity of cellu-
lose [56]. Even the peak intensity developed at 1062  cm−1 
for C–O stretching in cellulose became sharper for treated 
sample indicates that overall reduction of hemicellulose 
contents improved the characteristic pick of cellulose and 
similar type of observation was obtained by Farias et al. [57] 
at 1028  cm−1 wavelength.

Optimization of significant nutritional parameters 
in cellulase production

Among different nutritional influencing factors, cellulase pro-
duction is mainly regulated by applied inducers like cellulose 
and/or dimers like sophorose, lactose and cellobiose [58]. In 
view of the fact, some of such nutritional constituents have 
been extensively used as soluble carbohydrates or insolu-
ble inducers for efficient production process of cellulolytic 
enzymes. In our optimized production process of cellulase 
enzyme in submerged condition, pretreated newspaper mate-
rial was selected as an efficient and cost effective cellulosic 
inducer, while peptone was used as the organic nitrogen growth 
promoting agent and lactose as the primary source of energy 

for the production of cellulase enzyme by Trichoderma reesei 
(MTCC 164). Being a low-cost byproduct of dairy industry, 
lactose has been successfully used at higher concentration as 
most promising inducer in different studies of cellulase pro-
duction. In our case, influences of the mentioned nutritional 
parameters were analysed and optimized using Design Expert 
software, response surface methodology (RSM). Total twenty 
experiments were designed by central composite design 
(CCD), RSM with various combinations of such nutritional 
variables and it is presented in Table 3. Accordingly, experi-
ments were performed and experimental results were incorpo-
rated in the design in the form of required responses.

In order to analyse and evaluate the interpersonal relation-
ships between the selected variables, best fit quadratic model 
and transformation none were selected. From analysis of 
variance (ANOVA), identified model F value was 47.45 and 
probability value (p-value) was less than 0.05. Those values 
clearly indicate that the model and model terms are highly 
significant. Final regression equation was finally constructed 
by evaluating interpersonal relationship between biosynthe-
sis of cellulase and other three mentioned nutritional vari-
ables and it is presented in forms of coded factors as below:

Cellulase concentration = 10.62 + 0.38 × A − 0.79 × B − 0.36 × C + 0.056 × A × B + 2.36 × A × C

−0.097 × B × C − 2.60 × A2 − 2.64 × B2 − 1.56 × C2.

Table 3  Experimental design and corresponding response values

Run Factor 1 A: 
newspaper 
waste % (wv−1)

Factor 2 B: 
lactose %
(wv−1)

Factor 3C: 
peptone % 
(wv−1)

Response: 
cellulase  Conn 
 (gL−1)

1 3.50 3.50 1.50 1.075
2 2.16 3.00 2.00 2.431
3 3.00 2.00 2.00 10.56
4 2.50 3.50 1.50 4.448
5 3.84 3.00 2.00 4.358
6 3.00 3.00 1.16 7.72
7 3.00 3.84 2.00 2.71
8 3.00 3.00 2.00 10.98
9 3.00 3.00 2.00 10.32
10 3.50 3.50 2.50 4.783
11 3.00 3.00 2.84 4.495
12 3.00 3.00 2.00 10.89
13 3.00 2.16 2.00 3.885
14 3.00 3.00 2.00 10.85
15 2.50 1.50 2.50 7.29
16 3.50 2.50 2.50 7.79
17 3.50 2.50 1.50 2.224
18 2.50 3.50 2.50 0.204
19 3.00 3.00 2.00 10.65
20 2.50 2.50 2.50 1.965
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Model significance was also established by the evaluated 
less deviation between the values of adjusted determination 
coefficient (adj. R2 = 0.9565) and the predicted determination 
coefficient (Pred. R2 = 0.8299) values. Generated graphical 
plot of predicted response values against the actual experi-
mental response values of cellulase production as shown in 
Fig. 3A additionally confirms the accuracy of the model.

Inducing combined effect of NPW and lactose on pro-
duction of cellulose enzyme is clearly elaborated by three 
dimensional surface plot Fig. 3B. At lower concentration 
of newspaper waste at 2.5% (wv−1), increase in lactose 
concentration from 2.5% (wv−1) to 3% (wv−1) has com-
paratively lower impact on increasing cellulase production 
with comparison to the intermediate increased concentra-
tion of newspaper waste at 3% (wv−1). However, as the 
concentrations of newspaper waste and lactose separately 
or in together increased beyond 3% (wv−1), there was a 
negative impact on cellulase production. This is due to 
increased viscosity of the medium as a consequence of 
increase in overall substrate concentration which finally 
has negative impact on mass transfer during fermentation 
and on cellulase production. In a research investigation for 
enriched production of cellulase by Trichoderma reesei 
RUT-C30 through stirred tank bioreactor, Ahamed and 

Vermette [59] similarly assessed that supplementation of 
lactose in cellulose–yeast extract culture medium yielded 
higher enzyme production with improved volumetric 
productivity and activities. Inductive effect of NPW was 
highly improved after combined acid-alkaline pretreat-
ment as it became enriched with cellulosic counterparts 
and its effect on improving cellulase production is clearly 
visible in Fig. 3B up to some extent. Similar kind of com-
bined effect of newspaper waste and peptone was observed 
on cellulase production (Fig. 3C). In comparison to the 
lower concentration of NPW at 2.5% (wv−1), NPW even at 
higher concentration of 3.5% (wv−1) having higher induc-
tive effect on cellulase production with increasing concen-
tration of peptone from 1.5% (wv−1) to 2.0% (wv−1). At 
intermediate concentration of newspaper waste at around 
3% (wv−1), increasing peptone concentration up to 1.75% 
(wv−1) was more effective to improve cellulase produc-
tion; however, increasing peptone concentration beyond 
1.75% (wv−1) has negative impact on cellulase produc-
tion. Similarly, in a study conducted by Kapich et al. [60] 
on submerged production of ligninolytic peroxidases, it 
was clearly observed that supplementing peptone concen-
tration up to 3  gL−1 having positive effect on developing 
enzyme production however further increase in peptone 

Fig. 3  Analysis section of response surface methodology. A Distri-
bution of predicted response vs. actual response values. B Response 
surface plot showing combined effect lactose and newspaper waste 
on cellulase production. C Response surface plot showing combined 

effect of peptone and newspaper waste on cellulase production. D 
Response surface plot showing combined effect of peptone and lac-
tose on cellulase production
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concentration decreased enzyme activity. Azkawi et al. 
[61] similarly analysed combined effect of cardboard based 
cellulosic inducer and yeast extract as organic nitrogen 
source on developing cellulase activity. They too assessed 
that at both lower and higher concentration of cardboard, 
increasing concentration of yeast extract has influencing 
effect on development of enzyme activity. Figure 3D rep-
resents the combined effect of peptone and lactose on cel-
lulase production. At a concentration of soluble lactose of 
2.5% (wv−1), increasing peptone concentration from 1.5 to 
2.5% (wv−1) does not have significant impact on cellulase 
production. But at both higher and lower concentration of 
peptone, increasing lactose concentration up 3% (wv−1) 
supported to achieve enhanced production of cellulase. 
Increase in lactose concentration beyond that limit having 
negative impact on cellulase production. Being a byprod-
uct of cheese manufacturing industry, lactose is considered 
inexpensive and economically feasible inducer for cellu-
lase production and it was identified with reasonably good 
induction abilities for cellulase production by Trichoderma 
reesei [62]. However, induction ability of lactose alone for 

formation of cellulase is limited due its slower induction 
rate [63]. Li et al. [63] identified that induction ability of 
lactose can be further improved by supplementation other 
carbon sources in the media or adopting different modes 
of fermentation strategy. Even from their research inves-
tigation, it was proved that increasing lactose concentra-
tion up to 3% having positive effect on improving FPase, 
pNPGase, pNPCase, CMCase and pNPXase activities of 
the enzyme.

In order to develop economic and maximum production 
strategy of cellulase, paper waste material was selected in 
the maximum range, peptone in the minimized range and 
lactose within range in the optimization criteria selection 
section of the software. Among the suggested optimized 
solutions, the condition with 3.29% (wv−1) of newspaper 
waste material, 2.94% (wv−1) of lactose, 1.53% (wv−1) of 
peptone and proposed cellulase enzyme production 7.75 g 
 L−1 was selected. Experiments were further performed in 
triplicate in shake flask level while maintaining the same 
nutritional conditions to know the accuracy of such predic-
tion and 7.65 ± 0.24 g  L−1 cellulase concentration with 6.86 

Fig. 4  Model predicted and experimental results of cellular growth, 
substrate consumption and cellulase production at three different con-
ditions of fermentation (A) with 1.5% (wv−1) pretreated PW concen-

tration (B) with 3.29% (wv−1) pretreated PW concentration (C) with 
4% (wv−1) pretreated PW concentration
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FPU  mL−1 activity level was conferred from those experi-
ments. In order to improve cellulase production, experiment 
was conducted in scaled up condition in 3 lit stirred tank 
reactor while maintaining the same criteria and cellulase 
enzyme production was improved to 8.64 g  L−1 with 7.82 
FPU  mL−1 activity level. Developed enzyme activity in 
our case by Trichoderma reesei (MTCC 164) in optimized 
batch cultivation condition is comparatively higher than the 
enzyme activity developed by Sateesh et al. [64] and Lodha 
et al.[65] where commercially available natural Tricho-
derma reesei was used for cellulase production. However, 
our results were marginally lower than the results obtained 
by authors like Li et al.[66] where recombinant Trichoderma 
reesei RUT C30 (specifically modified and developed for all 
forms of cellulase production) was used.

Model analysis and kinetic simulation of cellulase 
production process

After acid-alkaline pretreatment process, the paper waste 
material was analysed with 72.49% (wt) cellulose content 
(Table 2). Same paper waste material was separately used 
at 1.5% (wv−1), optimized 3.29% (wv−1) and 4% (wv−1) con-
centration levels for model simulated cellulase enzyme pro-
ductions and accordingly, cellulose contents in every such 
conditions were measured. Such modelling studies were 
effective to further validate the achieved optimization pat-
tern and analyse how enzyme production at different con-
ditions was associated to microbial growth. According to 
the optimized level of lactose [2.94% (wv−1)] maintained 
in every condition, total carbohydrate concentrations con-
sidering cellulose and lactose content and their variations 
were measured for all such conditions with respect to time 
intervals and they were denoted as total substrate concentra-
tions in Fig. 4. From Fig. 4A, B, it was observed that there 
was comparatively sharp decrease in total substrate concen-
trations for 1.5% (wv−1) and 3.29% (wv−1) pretreated solid 
loading conditions with comparison to 4% (wv−1) pretreated 
solid loading conditions for cellulase production (Fig. 4C). 

Total substrate concentrations reached to 2.86  gL−1 and 
8.76 g  L−1 at the end of 72 h for 1.5% (wv−1) and 3.29% 
(wv−1) solid concentration conditions respectively. At both 
these conditions, lactose concentrations were measured 0.53 
 gL−1 and 0.84  gL−1 and reaming were cellulosic counter-
part. Experimental results from Fig. 4C clearly reviled that 
overall substrate depletion rate for 4% (wv−1) solid loading 
was comparatively lower and more specifically for first 12 h 
of operation as in that duration, initial higher substrate con-
centration mainly affects the formation of cell biomass and 
enzyme activity, which were measured 12.63 g  L−1 and 2.95 
FPU  mL−1, respectively, at the end of the process. Overall 
substrate consumption during that condition was analysed 
much lower with comparison to first two conditions and after 
72 h of time interval, 20.38  gL−1 of substrate concentration 
was remain unconverted and among that lactose concentra-
tion was measured 1.32 g  L−1. Conditions maintained during 
enzyme production with optimum concentration of NPW 
at 3.29% (wv−1) and 1.5% (wv−1) favoured enriched fungal 
biomass formation, and measured biomass concentrations 
were 28.96 g  L−1 and 22.85 g  L−1 at the end of 72 h. Simi-
larly, improved enzyme production was observed at opti-
mum concentration of NPW at 3.29% (wv−1) and associated 
enzyme activity was measured 7.82 FPU  mL−1; however, 
slightly lower enzyme activity 5.19 FPU  mL−1 was observed 
for 1.5% (wv−1) NPW concentration due to maintenance of 
lower concentration of substrate. Overall trends of such 
results in all these three conditions clearly match with trend 
of the result observed from response surface plot. It was 
already explained in that section that increase in NPW con-
centration over 3% (wv−1) increases the nature of complexity 
of the media and comes up with mixing difficulties, oxygen 
and substrate mass transfer limitations. As a consequence, 
biomass formation and associated enzyme production were 
largely affected when pretreated NPW concentration was 
maintained at higher concentration of 4% (wv−1).

The kinetic model developed in this study was highly 
effective to capture all the trends of substrate consump-
tion, enzyme production and biomass formation in all these 

Table 4  Estimated kinetic parameter vales through modelling simulation studies at three different substrate concentrations

Parameter Unit Definition Estimated parameter

µm h−1 Maximum specific growth rate 0.095 (1.5% PW), 0.094(3.29% PW), 0.080 (4% PW)
Ks g  L−1 Substrate saturation constant 11.27
Ki g  L−1 Coefficient of substrate inhibition 1136.28
kd h−1 Cell death constant 0.048
K1 IU  g−1. h −1 Rate constant for cellulase synthesis 0.038 (1.5% PW), 0.040(3.29% PW), 0.024 (4% PW)
K2 h−1 Rate constant for cellulase decay 0.015 (1.5% PW), 0.018(3.29% PW), 0.020 (4% PW)
Yx/s g  g−1 Yield coefficient of biomass from substrate 0.53(1.5% PW), 0.51(3.29% PW), 0.22(4% PW)
Ms h−1 Specific maintenance coefficient 0.0047
qp g  L−1.  h−1 rate of product formation 0.027 (1.5% PW), 0.091 (3.29% PW), 0.014 (4% PW)
Yp/s g  g−1 Yield coefficient of product from substrate 0.073(1.5% PW), 0.148 (3.29% PW), 0.0.34(4% PW)
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three conditions. Overall maximum specific growth rates 
(µm) for biomass were evaluated as 0.095  h−1, 0.094  h−1 
and 0.080  h−1 for 1.5% (wv−1), 3.29% (wv−1) and 4% (wv−1) 
pretreated NPW concentrations, respectively. It is a general 
fact that increases in substrate concentration above a certain 
limit always inhibit microbial growth rate [67]. Just like Ma 
et al. [26], Ks and Kd values in our study were similarly 
evaluated as 11.27  gL−1 and 0.048  h−1 and those measured 

values are more than the values reported by Velkovska et al. 
[39]. These results clearly indicate about the comparatively 
higher growth rate of our microorganism and its higher con-
version ability of substrate to biomass. With comparison 
to Ma et al. [26], unlikely estimated Yx/s for all our three 
cases are less than 1 which ideally represents contribution 
of substrates for both biomass formation as well as enzyme 
production. Estimated all kinetic parameter values are men-
tioned in Table 4. From model simulated results (Fig. 4), it 
is clear that cellulase production is mostly biomass growth 
associated considering first 72 h of cultivation time period. 
Accuracy of the model prediction with experimental results 
obtained at different sets of production processes was further 
analysed with RMSE and  R2 values which are represented 
in Table 5. In most of the cases, RMSE values closer to 
0.50 and R2 value above 0.98 clearly satisfy the accuracy 
of model performances with comparison to experimentally 
determined results. From the existing literature, it is clear 
that paper waste material specifically newspaper waste has 
been rarely implemented for cellulase production; however, 
the material has been popularly used for bioethanol produc-
tion sector. Comparative efficiency of the process developed 
in this study for cellulase enzyme production from NPW 

Table 5  Statistical analysis of model performance on predicting 
experimental observations

Components and conditions of fermentation processes RMSE R2

Biomass development at 1.5% (wv−1) PW condition 0.59 0.99
Substrate consumption at 1.5% (wv−1) PW condition 0.95 0.99
Enzyme activity at 1.5% (wv−1) PW condition 0.32 0.97
Biomass development at 3.29% (wv−1) PW condition 1.66 0.97
Substrate consumption at 3.29% (wv−1) PW condition 1.27 0.99
Enzyme activity at 3.29% (wv−1) PW condition 0.41 0.99
Biomass development at 4% (wv−1) PW condition 0.53 0.99
Substrate consumption at 4% (wv−1) PW condition 1.17 0.99
Enzyme activity at 1.5% (wv−1) PW condition 0.16 0.99

Table 6  Comparative evaluation of the present research investigation in the field of cellulase production from paper waste

Nature of material Experimental conditions maintained Experimental outcome References

Verities of paper waste including waste 
office paper (WOP), corrugated board 
(CB) and magazine paper

Batch fermentation strategy was adopted 
with 20 g  L−1 waste paper, 10 g  L−1 glu-
cose and 5 g  L−1 peptone at 200 rpm at 
30 OC for 192 h of production duration

Maximum FPase activities of 3.21 U 
 mL−1 and 2.97 U  mL−1 were developed 
using waste office paper (WOP) and 
corrugated board (CB), respectively

[68]

Soybean hulls and waste paper Fermentation was conducted with 15 g of 
each media components with 45 mL of 
Mandels culture medium at pH 4.6 and 
temperature 30 °C for 120 h of produc-
tion duration

Better endoglucanase and exoglucanase 
activity were developed 5.914 U  mL−1 
and 4.551 U  mL−1 from soybean hulls 
in comparison to waste paper

[69]

Carbon rich paper recovery sludge and 
nitrogen rich meat processing industry 
waste

Pasteurized blood (67 g  L−1), sterilized 
blood (20 g  L−1), blood powder (6.4 g 
 L−1) or blood plasma (67 g  L−1) was 
used at a suitable composition in sub-
merged condition at 24 °C for 8 days

Effectiveness of the extensive pretreat-
ment processes of both waste streams 
comes up with valuable cellulase 
production with 28.1 nkat FPU activity 
level

[70]

Waste office paper (WOP) RSM-based optimization of various 
chemical factors, physical factors (tem-
perature, pH and time) and biological 
factor (inoculum size) was conducted 
for improved submerged production 
of cellulase using isolated Bacillus 
velezensis ASN1

At optimized condition with WOP 9 g 
 L−1, sodium nitrate 0.35 g  L−1, inocu-
lum size (6.56%) and pH 4.72, model 
predicted and verified experimental 
cellulase enzymatic activity levels were 
determined 2.46 U  mL−1 and 2.42 U 
 mL−1 respectively

[46]

Waste newspaper Response surface methodology was used 
for optimized and economic production 
of cellulase from suitable composition 
of newspaper waste and low-cost lac-
tose, dynamic mathematical model was 
developed to analyse microbial system 
performance, and accuracy of the deter-
mined kinetic parameters was estimated 
through RMSE and R2 values

At an optimized level of NPW 3.29% 
(wv−1), lactose 2.94% (wv−1) and pep-
tone 1.53% (wv−1), cellulase production 
was 8.64 g  L−1 with 7.82 U  mL−1 FPase 
activity levels. Enzyme yield from 
pretreated cellulose-enriched NPW and 
productivity were obtained as 0.34  gg−1 
and 0.051 g  L−1  h−1, and RMSE values 
≈ 0.50 and R2 values ≥ 0.98 satisfy 
developed model performance

Present study
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material in the contrast of existing available literates is pre-
sented in Table 6. It is strongly believed that the cumulative 
insights presented in the current study on the use of appro-
priate pretreatment for highly abundant municipal wastes 
and subsequent use of such pretreated waste as a viable feed-
stock for improved cellulase production using model assign 
framework would definitely serve as a prospective scheme 
for future industrial cellulase enzyme production process.

Conclusion

The present work explored the use of waste newspaper, a 
carbohydrate-rich municipal waste, as the potent feedstock 
for cellulase production by Trichoderma reesei (MTCC 
164). The adoption of sequential acid-alkaline pretreatment 
technique facilitated maximum enrichment of cellulose con-
tent in the paper waste material by removing unwanted lignin 
and other impurities. Subsequently, the application of RSM-
based statistical approach helped accomplishing a cost-effec-
tive and enriched cellulase production strategy based on the 
optimal use of newspaper waste as the renewable substrate, 
lactose as the soluble carbon source and peptone as the most 
effective nitrogen source. Furthermore, the kinetic model 
developed in this work allowed predicting the performance 
of the microorganism with high degree of accuracy for the 
given nutritional conditions. Thus, the current work high-
lights the significance of model-driven systematic cellulase 
production strategy towards the successful development of 
lignocellulosic biorefinery products, while ensuring sustain-
able waste management strategy.
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