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Abstract
Enzymatic hydrolysis plays a pivotal role in transforming lignocellulosic biomass. Addressing alternate techniques to opti-
mize the utilization of cellulolytic enzymes is one strategy to improve its efficiency and lower process costs. Cellulases are 
highly specific and environmentally benign biocatalysts that break down intricate polysaccharides into simple forms of sugars. 
In contrast to the most difficult and time-consuming enzyme immobilization processes, in this research, we studied simple, 
mild, and successful techniques for immobilization of pure cellulase on magnetic nanocomposites using glutaraldehyde as 
a linker and used in the application of sorghum residue biomass. Fe3O4 nanoparticles were coated with chitosan from the 
co-precipitation method, which served as an enzyme carrier. The nanoparticles were observed under XRD, Zeta Potential, 
FESEM, VSM, and FTIR. The size morphology results presented that the Cs@Fe3O4 have 42.2 nm, while bare nanoparticles 
(Fe3O4) have 31.2 nm in size. The pure cellulase reaches to 98.07% of loading efficiency and 71.67% of recovery activity at 
optimal conditions. Moreover, immobilized enzyme’s pH stability, thermostability, and temperature tolerance were investi-
gated at suitable conditions. The kinetic parameters of free and immobilized enzyme were estimated as Vmax; 29 ± 1.51 and 
27.03 ± 2.02 µmol min−1 mg−1, Km; 4.7 ± 0.49 mM and 2.569 ± 0.522 mM and Kcat; 0.13 s−1, and 0.89 s−1. Sorghum residue 
was subjected to 2% NaOH pre-treatment at 50 ℃. Pre-treated biomass contains cellulose of 64.8%, used as a raw material 
to evaluate the efficiency of reducing sugar during hydrolysis and saccharification of free and immobilized cellulase, which 
found maximum concentration of glucose 5.42 g/L and 5.12 g/L on 72 h. Thus, our study verifies the use of immobilized 
pure cellulase to successfully hydrolyze raw material, which is a significant advancement in lignocellulosic biorefineries 
and the reusability of enzymes.
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Introduction

To address fossil fuel depletion and mitigate its associated 
drawbacks, it is imperative to provide a dependable and 
environmentally friendly alternative energy source. Among 
the aforementioned alternate sources, biofuels emerge as 
the most viable kind. Biomass composed of lignocellulose 
is being considered as a potential renewable asset for bio-
fuel production. It can potentially improve the food-to-fuel 

ratio and provide sufficient feedstock for biofuel generation 
[1]. In the series of production of bioethanol, lignocellu-
losic biomass comprises carbohydrates consisting of het-
ero-polymeric molecules such as cellulose or hemicellulose, 
which are further hydrolyzed to produce fermentable sugars 
and then reduced sugars fermented to alcohol. Production 
of biofuel from suitable feedstocks is a challenging task. 
Selection of appropriate feedstocks and efficient microor-
ganisms which help in fermentation is continuous topic of 
research. The sweet sorghum plant, also known as Sorghum 
bicolor (L.) Moench, is one of the noteworthy feedstocks 
utilized in the manufacturing of bioethanol [2, 3]. An essen-
tial herbaceous crop growing in tropical and equatorial cli-
mates, sweet sorghum is a C4 plant. Just over a quarter of 
the water needed to cultivate sugarcane was used by sweet 
sorghum residue plantations. This crop can boost bioetha-
nol production in regions where sugarcane or crop varieties 
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are not doing well since it can be grown in drier conditions 
[4, 5]. If the collaborative approach is economically via-
ble, the biomass from sweet sorghum production must be 
acceptable for use as a raw material in value-added goods; 
otherwise, it will result in a new sorghum bagasse residue. 
Research suggests utilizing the sweet sorghum’s biomass to 
enhance land-based crop use [6]. This sorghum variety has 
been significantly studied for its ability to thrive in various 
climates and its resilience to drought. A significant quan-
tity of lignocellulosic residue remains as a waste product 
of sweet sorghum, referred to as residue. This residue is the 
sole non-food application component of the crop that may 
be utilized as a potential solution for addressing the issue 
of food-versus-fuel ratio [7, 8]. Literature study by Verma 
et al. [9] illustrates that one of the most prominent founda-
tions for feasible energy sources is the biomass composed 
of lignocellulose. The breakdown of lignocellulosic biomass 
that was in use for the manufacture of biofuel was typically 
accomplished through the utilization of a variety of stand-
ard pre-treatment techniques. A straightforward and effective 
method for improving biomass’s ability to be absorbed was 
to subject it to chemical pre-treatment using acid, alkali, or 
oxidative chemicals. The biomass structure was subjected 
to pre-treatments to facilitate the eradication of lignin from 
the substrate. This process enables the efficient conversion 
of cellulose into fermentable sugars by enzymatic hydroly-
sis [10]. Alkali pre-treatment has gained substantial promi-
nence in recent years due to its favorable characteristics, 
including mild conditions, little constraints for subsequent 
treatment, low energy consumption, and cost-effectiveness. 
These attributes make it a very impacting technology for 
many agricultural feedstocks. Concurrently, a significant 
mechanism of alkali pre-treatment involves the degradation 
of ester bonds within the lignocellulosic cell wall, leading to 
the cleavage of glycosidic chains. This process has an impact 
on the lignin cord, resulting in arise in cellulose crystal-
linity. Consequently, the viability of cellulose is enhanced, 
and the structural linkages are agitated, ultimately resulting 
in an increased yield of saccharification [11]. In the alkali 
pre-treatment for biofuel production, sodium hydroxide 
(NaOH) has potential approach. The main reason behind 
this approach is that NaOH can break the ester bond between 
hemicellulose and lignin and increase cellulose concentra-
tion in the liquid phase [12, 13]. The degradation of com-
pounds during alkali pre-treatment can enhance ethanol’s 
enzymatic saccharification and fermentation [14].

Conversely, enzymatic hydrolysis is typically performed 
in mild circumstances (pH 4.5–5, temperature 45–50 ℃) and 
does not pose any issue with material corrosion [15]. For 
many biological and chemical processes, enzymes are the 
most effective catalysts. A higher cellulose concentration 
remains after pre-treatment, making hydrolysis into the oli-
gosaccharide glucose amenable. After pre-treating biomass 

for simple hydrolysis, these enzymes can be utilized effi-
ciently to make a biofuel of preference [16]. Enzyme immo-
bilization strategies are used to overcome the problem that 
would arise in the context of the long-term stability of 
enzymes, their reusability and recovery. When enzymes are 
immobilized on solid supports, the catalytic properties of 
enzymes are altered, modifying their reusability, chances of 
proper selectivity, and shell life [17, 18].

The use of nanotechnology has transformed enzyme 
immobilization techniques by offering diverse nanomateri-
als. Biodegradable nanomaterial is a new type of support for 
immobilizing lipase enzyme to improve biodiesel synthesis. 
When it came to biodiesel manufacturing, the immobilized 
enzyme had a far higher transesterification yield (90%) 
than the free lipase (74%) stated by Verma and Borrow 
[19]. Similar findings by Verma et al. [20] demonstrated 
the effective and sustainable generation of biodiesel from 
algal-based nanoparticles by immobilized the lipase enzyme. 
The immobilization of enzymes on various nanomaterials, 
including nanofibers and nano-polymers, increases research 
interest in this field [21, 22]. Among these nanomaterials, 
metal oxide nanoparticles, such as Fe3O4, NiO2, titanium 
oxide, etc. support immobilization. Magnetic nanoparticles 
have great advancements for immobilizing enzymes because 
they provide a greater surface area for enzymatic reactions 
and magnetic properties, so the recovery of enzymes would 
be easy by applying a magnetic field [23, 24]. Various 
techniques can be used for immobilization, among which 
physical adsorption and covalent bonding are widely used. 
Physical adsorption framed the interactions between Van 
der Waals force and hydrogen bonding between enzymes 
and solid support. Covalent bonding, where covalent bonds 
can combine bioactive material with solid support [25–28]. 
Surface modification on nanoparticles enhances their effi-
ciency and increases the ratio of surface to volume for fur-
ther evaluation. Chitosan is a biopolymer comprising poly 
(1–4)-2-amino-2-deoxy-d-glucose, which is environment-
safe. Modification of chitosan on magnetic nanoparticle sup-
port will lay out biocompatibility for the system [29, 30]. 
Various studies also reveal that many carbohydrate nanoma-
terials acquired from biopolymers like chitosan and alginate 
are stepped out the current trends in patents awarded for 
biotechnological applications are analyzed, coupled with 
a discussion on their attractive prospects stated by Verma 
et al. [31]. Iron-magnetic nanoparticles are modified by 
immobilizing the cellulase enzyme on chitosan scaffolding. 
Enzymes may be readily obtained due to the presence of 
many functional structures, involving as hydroxymethyl, 
amino, and hydroxyl groups, in Cs@Fe3O4 [32, 33]. Verma 
et al. [34] suggested the applications of graphene-based bio-
sensors in various biotechnology fields. Also, they stated 
that the enzymatic sensors were used to detect glucose, phe-
nols, hydrogen peroxide etc.
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Glutaraldehyde was used as the cross-linking agent to 
connect the enzyme to the firm base. We can preserve the 
enzyme’s functional and structural properties using GA as 
an adhesive agent. Enzymes attached to magnetic nanopar-
ticles are covalently cross-linked by glutaraldehyde [35]. To 
determine if the modified magnetic nanoparticle support can 
load enzymes, ideal circumstances must be met, including 
temperature, pH, thermal stability, and reusability. Literature 
studies by Verma et al. [36] proposed the various enzymes 
immobilized on chitosan bi-polymer with the support of glu-
taraldehyde carrier for several biotechnological applications 
like sustainable agricultural uses, biofuel production, etc.

Saccharomyces cerevisiae is commonly utilized in fer-
mentation due to its inherent capacity to generate high 
ethanol production and output. Additionally, it is a thermo-
tolerant yeast capable of surviving in harsh environments. 
But the major drawback of S. cerevisiae yeast is that it can 
only convert simple sugars like glucose and sucrose to bio-
fuel [37]. For hexose and pentose sugars, yeast can be used, 
i.e., Pichia stipitis. Simultaneously cultivating both types of 
yeast throughout the fermentation process improved biofuel 
output and yield percentage [38].

This research aimed to immobilize the cellulase enzyme 
complex on chitosan-coated Fe3O4 nano-support by co-pre-
cipitation. It obtained nanoparticles characterized by FTIR 
(Fourier transforms infrared spectroscopy), XRD, FESEM 
(scanning electron microscopy), Zeta potential, and VSM 
(vibrating sampler magnetometer). This study also investi-
gated the glucose yield obtained during hydrolysis of sweet 
sorghum residue from immobilized enzyme and free enzyme 
and also used starting material for saccharification for obtain-
ing by-product. The hydrolyzing capacity of immobilized cel-
lulase on sweet sorghum bagasse was investigated to produce 
reducing sugar by saccharification. Because the highly effec-
tive magnetic nanocomposite is readily separated, it facilitates 
the reutilization of cellulase over numerous hydrolytic cycles, 
which can directly impact the cost of biofuel production.

Materials and methodology

Materials and chemicals

Ferric chloride hexahydrate (FeCl3.6H2O) and ferric 
chloride tetrahydrate (FeCl2.4H2O) salts, chitosan, gluta-
raldehyde (GA), and acetic acid solution were acquired 
from Sigma-Aldrich. Sweet sorghum residue was procured 
from the local field at Sirsa, Haryana, India. The chemicals 
used to estimate cellulose and lignin were purchased from 
Himedia Pvt Ltd, India. Pure Cellulase enzyme was pur-
chased from CDH (Central drug house Pvt Ltd.).

Fe3O4 and Cs@Fe3O4 nanomaterial synthesis

Nanomaterials with magnetic properties were cre-
ated by the co-precipitation method using 1:2 ratio of 
(FeCl3.6H2O) and (FeCl2.4H2O) with 100 mL of a 1 M 
molar (HCl) solution (Fig. 1). Subsequently, 500 mL of 
ammonium hydroxide (NH4OH) was added to the com-
bination above in a steady stream while the mixture was 
vigorously blended at 400 rpm and heated to 70 ℃ until 
the pH reached 10. After stirring, an instant black pre-
cipitate of Fe3O4 was obtained. After a 4 h oven drying 
period at 60 ℃, the iron oxide nanomaterials were allowed 
to frigid to room temperature for the night. 3.0 g of syn-
thesized Fe3O4 nanoparticles dissolved in 50 mL of acetic 
acid solution containing 2.25 g of chitosan. After adding 
the chitosan and magnetic nanoparticles, the mixture is 
rapidly agitated for 20 min to dissolve everything evenly. 
Subsequently, the combination is subjected to a 1 M NaOH 
solution, creating Fe3O4 nanomaterial covered with chi-
tosan. The functionalized iron nanoparticles underwent 
many rinses with deionized water until achieving a neutral 
pH. Subsequently, the nanoparticles were kept at a tem-
perature of 6 ℃ for immobilization.

Fig. 1   Fe3O4 nanoparticles 
coated with chitosan and immo-
bilized by enzymes
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Chemical and structural characterization 
of nanoparticles

FTIR characterized the synthesized nanoparticles to govern 
the changes in functional groups. FTIR spectra were learnt in 
transmission mode using the KBr background disk method 
using Perkin Elmer FTIR equipment (Spectrum BX). The 
surface morphology of iron oxide nanocomposite and func-
tionalized chitosan on nanocomposite adsorbent was studied 
using a scanning electron microscope (JEOL/7610F plus). 
Rigaku Miniflex-11 XRD diffractometer scanning in 20–70θ 
was used to compute crystallinity. At room temperature and 
with a magnetic field of − 20 to + 20 k O/e, the ferromagnetic 
properties of the produced nanocomposites of Fe3O4/Cs@
Fe3O4 were examined using a vibrating sampler magnetom-
eter. Zeta Potential determines the stability of nanomaterials 
and charges on particular nanomaterial (Fe3O4/Ch-MNPs).

Enzymes immobilization

The cellulase enzyme was immobilized using a covalent 
approach. One-way enzymes were activated was using glut-
araldehyde (GA) [39] (Fig. 1). 500 mg of nano-support was 
dissolved in 50 mL of a 2.0% v/v GA solution to activate 
aldehyde chains on the scaffold mixture. The combination 
was then agitated for 3 h at a temperature of 27 °C. Next, 
this was followed by combining the aforementioned solu-
tion with a 100 mg/mL enzyme suspension containing cel-
lulase enzyme and a 0.1 M buffering agent solution. Subse-
quently, the mixture was subjected to incubation at various 
temperatures for 2 h. Following removing the supernatant, 
the immobilized nanoparticles were retrieved by a series of 
3–4 washes using deionized water. Protein assay method of 
Bradford can be used to determine cellulase enzyme’s load-
ing efficiency, calculated using the following equation [40].

where C0: protein concentration, V0: volume of enzyme solu-
tion before immobilization.

C1: protein concentration after immobilization, V1: after 
immobilization filtrate volume.

Cellulase enzymatic activity was determined by filter 
paper activity procedure. Cellulase activity was estimated 
by Ghose method [41].

Effect of pH and temperature on immobilized 
and free cellulase

CMC hydrolysis was accomplished at various pH levels 
(4–8). Several buffers were used in the reactions, such as 
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citrate, phosphate, and acetate buffers, to create substrate 
and enzymatic solutions, at 50 mM.

The free and immobilized enzyme activity was evaluated 
throughout a range of temperatures (50–90 °C). Before start-
ing the enzymatic process, enzymes were suspended in acetate 
buffer 50 mM, pH 4.8 for 10 min at the corresponding tempera-
ture. Following each run of the process of hydrolysis, the reactiv-
ity of immobilized cellulase was assessed based on its residual 
CMCase activity, which was reported as relative activity.

Estimation of kinetics parameters of free 
and immobilized enzyme

Maximal velocity (Vmax), Michaelis constant (Km), and cata-
lytic constant (Kcat) for both immobilized and free cellulase 
enzyme samples were calculated at 37 ℃ at pH 8, using 
CMC as substrate in the range from 0.5 to 2.5 mg/mL. To 
ascertain the kinetic parameters using given equation, a 
Lineweaver–Burk plot was generated [42].

Application of immobilized and free 
cellulase for saccharification and hydrolysis 
of sweet sorghum residue biomass

A quantity of 1 mm-sized dry sorghum residue was placed 
in a flask, with a solid waste loading of 10% (w/v). The resi-
due was pre-treated in an autoclave using NaOH at a certain 
concentration described by Pallavi and Lakhvinder [43]. The 
composition analysis of pre-treated and un-treated biomass was 
determined using the method described by the National Renew-
able Energy Laboratory [44]. Then, the substrate is applied for 
immobilized enzymatic preparations. The saccharification pro-
cess with enzymes involved dissolving 1 L of citrate buffer with 
a pH of 5.0 ± 0.2 in a 200 mL flask containing both free and 
immobilized cellulase, and in order to suppress the growth of 
microorganisms in the solution, a concentration of 1.0 mg/mL 
of sodium azide was added to all experimental flasks at a rota-
tional speed of 180 rpm. Following agitation in the incubator, 
the mixture was subjected to centrifugation, and the resulting 
supernatant was collected at various time intervals (24–72 h). 
The collected supernatant was stored at a temperature of 4 ℃ 
for the purpose of analyzing reducing sugars [43].

Analysis of reducing sugar

Reducing sugar was estimated using HPLC with a refractive 
index detector, and Aminex HPX chromatography column 
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was used for sugar analysis with a flow rate of 1.0 mL/min,  
injection volume of 10 µL, and a running time of 18 min. 
Water solution was used for mobile phase. HPLC was cali-
brated with a standard sugar solution to quantify sugar con-
centration measurements.

Results and discussion

This study emphasizes on the production and the characteri-
zation of magnetite nanoparticles modified with chitosan, 
along with the immobilization of cellulase enzyme using 
GA shown in Fig. 1. The term “protonated chitosan” pertains 
to the introduction of hydrogen cation. Initially dissolved 
in an acidic solution, Protons are classified as polycations, 
whereas Fe3O4 nanoparticles are regarded as negatively 
charged. The electrostatic interaction between chitosan and 
iron oxide nanoparticles is quite strong [45]. The production 
of Ch-Fe3O4 nanoparticles occurred due to the precipitation 
of chitosan on its surface, which occurred when the pH of 
the solution was altered to an alkaline state [46]. The cova-
lent linkage of cellulase to the support occurred after the 
modification of the amino group on the Fe3O4–chitosan to 
an aldehyde cluster by GA, resulting in the immobilization 
of the enzymes.

Characterization of nanoparticles

The FTIR properties of Fe3O4, Cs@Fe3O4 and immobilized 
enzyme on Ch-MNPs are displayed in Fig. 2. The OH group 
of water is represented by the peaks observed at approxi-
mately 3442 cm−1 for Fe3O4, which shifted to 3455 cm−1 in 
chitosan and 3460 cm−1 in immobilized enzyme. The band at 
1631 cm−1 shows the N–H bending vibration, which shows 
the chitosan polymer covering on top of Fe3O4 nanoparticles. 

FTIR spectra for immobilized cellulase on Ch-MNPs, in 
which peaks observed near 1625  cm−1 (carbon–oxygen 
stretching) can be ascribed liaison between carbonyl ester 
bond of cellulase protein rings and O–H vibration of chi-
tosan-modified iron oxide nanomaterials. Similar results by 
Jaquelina Sanchez-Ramirez et al. [47] observed the same 
peaks of CO binding at nearby 1621 cm−1 for configuration 
of immobilization of cellulase on modified chitosan on mag-
netic nanoparticles. The Fe–O bond in Fe3O4 and Cs@Fe3O4 
displays characteristic bands ranging from 420  cm−1 to 
630 cm−1. Moreover, a prominent peak at around 556 cm−1 
in the spectra of enzymes attached to nanoparticles via the 
Fe–O link signifies the existence of magnetic characteristics.

The XRD patterns of Fe3O4 and Cs@Fe3O4 are shown in 
Fig. 3. The XRD spectra of the composites exhibit five dis-
tinct peaks corresponding to the planes (220), (311), (400), 
(422), and (440), respectively, which are characteristic of 
Fe3O4. These peaks demonstrated the spinel structure of 
produced nanocomposites. The nanoparticles maintained 
their Fe3O4 crystalline structure, as evidenced by identical 
distinct peaks following chitosan coating. The Fe3O4 NPs 
were auspiciously coated by chitosan, as evidenced by the 
disappearance of diffraction peaks at 2θ = 54°, 71°, and 
74°, and a decrease in strength of other diffraction lines [48, 
49]. Fe3O4 nanoparticles synthesized in this work by the co-
precipitation approach exhibited a high level of purity and 
excellent crystallinity, indicated by an indistinct reflection 
peak at 18°, indicating the presence of maghemite.

Figure 4 shows the M–H curves of Fe3O4 NPs, Cs@Fe3O4 
NPs and immobilized cellulase at room temperature. The 
saturation magnetizations (Ms) of Fe3O4 nanoparticles, Cs@
Fe3O4 NPs and Cs@Fe3O4@cellulase were measured to be 
53.2 emu/g, 47.5 emu/g and 45.2 emu/g, respectively. The 
integration of chitosan polymer onto Fe3O4 NPs resulted in 
a reduction for the observed saturated magnetization (Ms). 
This indicates that the magnetite in Cs@Fe3O4 NPs has little 

Fig. 2   FTIR spectra of (a) 
Fe3O4, (b) Cs@Fe3O4 and (c) 
immobilized enzyme on Ch-
MNPs
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and an inferior saturation magnetization value. This incident 
illustrated the ferromagnetic behavior of synthesized mag-
netic nanoparticles. There is a possibility that the presence 
of chitosan and laccase adhering to Fe3O4 nanoparticles is 
responsible for the lower magnetization of Fe3O4@Cs and 
Cs@Fe3O4@cellulase. Due to the near-zero values of rema-
nence (Mr) and coercivity (Hc), it is probable that the super-
paramagnetic nanoparticles exhibited magnetic properties 
[50, 51].

Figure 5 displays the results on the dimensions of mag-
netic nanoparticles and chitosan functionalized magnetic 
nanomaterials in morphological analysis. All particles have 
dimensions in the nanoscale, having a diameter that falls 
within the range of 20–40 nm. The size of the Cs@Fe3O4 
nanoscale is 42.2 nm and 36.5 nm, while the size of the 
Fe3O4 NPs is 31.2 nm and 27.5 nm. FESEM results for Cs@

Fe3O4, demonstrates that the chitosan coating on the Fe3O4 
NPs assists in a rise in the size of the nanoparticles. The 
application of a chitosan shell resulted in a decrease in the 
magnetic properties of the nanoparticles and an increase in 
the repulsive force between them [52]. Consequently, the 
particles exhibited a more uniform dispersion following the 
coating, compared to their behavior under circumstances of 
Fe3O4 [53]. The manipulation of surface charges in mag-
netic nanoparticles enables the regulation of their magnetic 
attraction, which may be ascertained by measuring their zeta 
potential, as shown in Fig. 6. In contrast to the Fe3O4 nano-
particles, which exhibit a zeta potential of +51 mV,  Cs@
Fe3O4 is observed to possess a larger positive charge 
of +60 mV. This may be due to the hydrogen in chitosan’s 
amino group (–NH2). As a result, this demonstrated that the 
alteration of Fe3O4 NPs with Cs was effective [54].

Fig. 3   XRD analysis of Fe3O4 
(Top line) and Cs@Fe3O4 
(Lower line)

Fig. 4   Magnetization curves 
for Fe3O4 (top line), Cs@Fe3O4  
(middle line) and lower line for 
Cs@Fe3O4@cellulase



743Bioprocess and Biosystems Engineering (2024) 47:737–751	

Immobilization analysis

Bradford assay was used to determine the enzyme loading 
capacity. The enzyme loading capacity was increased after 
Fe3O4 were modified with chitosan. This composite syn-
thesis aided the Cs@Fe3O4 by increasing surface area and 
boosting enzyme entrapment on its porous surface. Modified 

chitosan helps prevent the microbiological impact on the 
enzyme that has been immobilized. The study illustrates that 
maximum enzyme loading at optimum pH and temperature 
was 98.07%, with a recovery ratio of 71.67%. Similar find-
ings by John et al. [55] suggest the maximum % enzyme 
loading of 86% on chitosan-coated Fe3O4 nanoparticles.

Fig. 5   FESEM images of (a) Fe3O4 and (b) Cs@Fe3O4 nanocomposites

Fig. 6   Zeta Potential of (a) Fe3O4 and (b) Cs@Fe3O4
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Optimum pH and temperature

Using a DNS assay with a 1% cellulose substrate, we inves-
tigated how pH affected and stabilized the catalytic activ-
ity of free and immobilized cellulase. The pH ranged from 
4 to 8, as demonstrated in Fig. 7a, both immobilized and 
free enzymes performed best at pH 5.0 and 7. Immobilized 
enzymes often outperform unbound enzymes, retaining 96.3% 
of their activity at pH 5. At pH 7, the immobilized enzyme 
shows its highest relative activity at 100%, whereas the free 
enzyme retains only 85.3%. With a predetermined immobi-
lization time (24–72 h), the immobilized enzyme shows its 
high relative activity (from 87.6% to 100%) when pH is lower 
from 8 to 7 in 48 h of duration. In contrast, free cellulase 
exhibits 85.3% activity in 36 h at pH 6, which is the maximum 
for free enzyme. In immobilization, the pH and the enzyme 
support ratio seemed to play a significant role. Nevertheless, 
time of stability has not much impact on its process. Notably, 
immobilized enzymes typically demonstrate greater activity 
across a broad pH value scale than free enzymes, indicating 
that immobilized enzymes possess favorable pH adaptability.

The study investigated the influence of temperature range 
(50–90 °C) on activity within the pH of 5 and 7. Figure 7b 
indicates that the immobilized and free enzymes performed 
optimally at 80 ℃ and 60 ℃. At a temperature of 60 °C, 
the free enzymes exhibited greater activity than the immo-
bilized enzymes and retained a lower activity of 45.5% at 
90 ℃. Further, immobilized enzyme showed maximum 
activity of 100% at 80 ℃ and when rise in temperature from 
10 ℃ i.e., 90 ℃ it retains nearly 73.9% of relative activity. 
Similar findings by John et al. [55] suggested that immo-
bilized cellulase acquired the highest activity at 80 ℃. At 
temperatures surpassing 80 ℃, the immobilized cellulase 

demonstrated greater activity than the loose cellulase, indi-
cating that the immobilized cellulase had enhanced heat 
resistance compared to the free cellulase [56, 57].

Thermal stability

Considering the industrial  utilization of immobilized 
enzymes, it is crucial to consider thermal equilibrium as a 
significant component. Figure 8 shows the curve of the ther-
mal stability of both free and immobilized cellulase at 60 °C 
for 5 h. A temperature of 60 °C, 10° higher than the ideal 
temperature, was selected briefly to compare the thermal sta-
bility. The change in the thermal optimal indicated that the 

Fig. 7   Influence of (a) pH and (b) temperature on the relative activity of the immobilized and free enzyme

Fig. 8   Effect of thermal stability on free and immobilized enzymes
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support matrices in IMC (immobilized cellulase) could retain 
the tertiary framework of the enzyme. The graph demon-
strates that the thermal stability of free and immobilized cel-
lulase decreases. By the end of the fifth hour, the graph shows 
a significant difference between the two types of cellulase: 
free cellulase had 50.2% residual activity, and immobilized 
cellulase had 59.6%. As this study shows the high stability 
of free and immobilized enzyme in 5 h at 60 ℃, for long 
duration i.e., 48 h stability of enzyme, it seems there would 
be minimal impact of long duration time on relative activity. 
Consistent with earlier research by Pandey and Negi [58], our 
findings established 60 °C as the temperature optimum for 
immobilized cellulase and used that cellulase enzyme in low-
ering the saccharification cost during hydrolysis for succes-
sive generation of biofuel with high reusability of cellulase.

Enzyme kinetics study

To study the immobilized and free enzyme’s kinetic variable, 
a Lineweaver–Burk plot was created using a CMC as sub-
strate level range of 0.5–2.5 mg/mL. The Kinetics parameters 
of free and immobilized enzyme were display in Table 1. The 
free cellulase enzyme with the loading of 100% on substrate 

showing Michaelis constant (Km); 4.718 ± 0.49 mM, with the 
maximal velocity (Vmax) of 29.0 ± 1.518 µmol min−1 mg−1 
and Kcat; 0.93 s−1, whereas immobilized enzyme showing 
2.569 ± 0.522 mM Km, with 27.03 ± 1.518 µmol min−1 mg−1 
Vmax and 0.87 s−1 Kcat. The term “Vmax” refers to the highest 
velocity when all the cellulase enzyme’s active regions are 
attached to the CMC substrate. Kcat represents the rate of 
catalytic activity per unit time in an enzyme’s kinetic cycle. 
Km represents the enzyme’s attraction to the CMC substrate 
Paulraj et al. [59]. When cellulase is immobilized in a mag-
netic nanomaterial, the Vmax and Km values decline, indi-
cating that the enzymes have a stronger binding affinity for 
the CMC substrate as shown in Table 1. Steric hindrance 
has been reduced, leading to this greater affinity. Steric 
hindrance, which slows the dispersion of the precursor and 
product over time, reduces enzyme binding on the nanomate-
rial and may affect the enzyme–substrate affinity. Reducing 
steric hindrance significantly impacts enzyme kinetics Xia 
et al. [60]. Free enzymes have a larger Km value, indicating 
reduced binding capacity to the substrate than immobilized 
enzymes. The enzyme kinetics of immobilized and free cel-
lulase enzymes are display in Fig. 9 by Lineweaver–Burk 
plot (LB).

Table 1   Enzyme kinetics 
parameters for both free and 
immobilized cellulase

Enzyme Km (mM) Vmax (µmol min−1 mg−1) R2 Kcat (s−1)

Free cellulase 4.718 ± 0.49 29.0 ± 1.518 0.97 0.93
Immobilized cellulase 2.569 ± 0.522 27.03 ± 2.02 0.99 0.87

Fig. 9   Lineweaver–Burk plot for (a) free enzyme and (b) immobilized enzyme
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Table 2   Chemical analysis of 
un-treated and alkali pre-treated 
sorghum residue

Biomass Glucan 
(%)

Hemicellulose (%) Lignin (%) Xylan 
(%)

Moisture 
content (%)

References

Unprocessed SSR 31.06 28.09 18.7 23.32 9.68 This work
Alkali treated SSR 64.8 11.56 6.4 17.10 13.82 This work
Other research work 

on sorghum bagasse
30.48–

42.65
19.21–29.13 8.40–28.13 21.56 12.15 [61–65]

Fig. 10   HPLC analysis of sugars released from sweet sorghum resi-
due with free and immobilized enzyme. The retention time of glucose 
and xylose peaks was examined at 60 ℃ for up to 7 min. The analysis 

was conducted in isocratic mode using an amine HPX column with a 
1.0 mL/min flow rate
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Pre‑treatment of sweet sorghum residue

SSR mostly included the bioconversion-critical components 
of biomass, including lignin, xylan, glucan, and hemicel-
lulose. This work pre-treated the sorghum residue with 2% 
alkali (NaOH), and dry biomass was used for hydrolysis and 
saccharification. In the present work, the chemical configu-
ration analysis of pre-treated and un-treated SSR is shown 
in Table 2.

Hydrolysis and saccharification evaluation

Alkali pre-treated SSR were hydrolyzed with free and cel-
lulase enzymes that would be immobilized on chitosan 

functionalized iron oxide nanoparticles. Glucose, sucrose 
and xylose are fermentable sugars generated by the process 
of hydrolysis, which involves the decomposition of cellulose. 
When it comes to converting hexose carbohydrates like glu-
cose, the cellulase enzyme utilized throughout the hydrolysis 
process is considered particularly successful. To estimate the 
reducing sugars in the saccharification process, the NaOH 
pre-treated sorghum residue was subjected to analysis using 
free and immobilized enzymes. The enzyme loading ranged 
up to 20 g/enzyme unit and was carried out using the One-
factor-at-time technique. The optimal temperature for enzy-
matic hydrolysis is 50 ℃, and the reaction was achieved in a 
200 mL flask at 150 rpm.

Fig. 11   Glucose concentration 
from alkali treated biomass with  
free enzyme and  immobilized 
enzyme
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The cellulase activity of 87 FPU/mL was measured. 
The glucose was determined by centrifuging the hydro-
lysate after enzymatic hydrolysis at 6000 rpm for 7 min. 
The fermentable sugars acquired possess further utility in 
the production of biofuels. The reducing sugars of both the 
unbound and immobilized enzymes were analyzed using 
HPLC, as seen in Fig. 10.

The enzyme concentration positively affects the rate of 
sugar release following hydrolysis. At 20 g/enzyme unit sub-
strate, the enzyme was almost at its optimal concentration, as 
literature suggests when we doubled the substrate concentra-
tion, the hydrolysis process rate was significantly affected.

At 20 g/enzyme unit substrate, S. cerevisiae produces the 
greatest fermentation byproducts, the majority of which are 
glucose, Fig. 11a, b show the release of glucose concentra-
tion at 5, 10, and 20 g/enzyme unit substrate enzymes load-
ing. It predicts that at 20 g/enzyme unit substrate and 3rd 
day or 72 h, maximum concentration of glucose releases 
5.42 g/L with free enzyme and 5.12 g/L with immobilized 
enzyme with optimum conditions of 50 ℃ and at higher 
enzyme loading substrate, the residual solids concentra-
tion also decline. As a result, 20 g/enzyme unit substrate 
was determined to be an optimum enzyme concentration 
for releasing glucose sugar. Similar results were shown by 
Sánchez-Ramírez et al. [47], in which maximum glucose 
concentration as reducing sugars released 5.74 g/L for free 
enzyme and 5.33 g/L for immobilized enzyme for agave fiber 
hydrolysis. SEM morphology analysis of hydrolysis of sor-
ghum residue with free cellulase and immobilized cellulase 
on Cs@Fe3O4 displayed in Fig. 12 shows the validity of 
the feedstock’s breakdown, indicating successful hydrolysis.

Conclusion

This research aimed to create stable magnetic nanoparti-
cles by co-precipitation method and modified with chitosan 
that can contain cellulase enzyme, which immobilized via 
covalent bonding. The immobilization efficiency of cellulase 
enzyme on Cs@Fe3O4 was 98.07%, with a recovery ratio 
of 71.67% attributed to pH 5 at 50 ℃. The most relevant 
process occurs when nanoparticles are easily separated with 
a magnetic field that allows these enzymes to be reused for 
biomass hydrolysis. This study also signifies that 2% NaOH 
concentration obtain the highest concentration of cellulose 
64.8%, and 67.5% reduction in lignin content. Under opti-
mum parameters, at 20 FPU/g substrate and 3rd day or 72 h, 
the maximum concentration of glucose releases 5.42 g/L 
with free enzyme and 5.12 g/L with immobilized enzyme 
with 50 ℃. This research aims to evaluate the comparison 
of releasing reducing sugar such as glucose from sorghum 
residue with immobilized enzyme from free cellulase, which 
is a cost-effective and environmentally sustainable process. 
Overall, this endeavor prevents contamination of the envi-
ronment and provides reducing sugar for bioenergy through 
the biodegradation of sorghum biomass.
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