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Abstract Cellulosic wastes represent a great envi-
ronmental challenge, with potential conversion to 
product-added value through microbial fermentation. 
Currently, bacterial cellulose (BC) is considered a 
promising natural polymer for multiple applications. 
However, the high production cost challenges its 
wide application. Hence, the current study evaluated 
the applicability of paper sludge as a cost-effective 
medium for both cellulases and BC production. The 
local isolate Streptomyces rochei revealed the high-
est cellulase production titer (about 3 U/mL) at opti-
mized conditions. For BC production, batch and fed-
batch fermentation strategies were evaluated using 

enzymatically hydrolyzed paper sludge. The results 
asserted the advantage of fed-batch fermentation for 
advanced BC production (3.10  g/L) over batch fer-
mentation (1.06 g/L) under the same cultivation con-
ditions. The developed BC membranes were charac-
terized through different instrumental analyses, which 
revealed an increase in fiber diameters and crystallin-
ity under fed-batch fermentation. Furthermore, BC/
magnetite (BC/Fe3O4) nanocomposite was developed 
by an in-situ approach. The newly developed compos-
ite was evaluated for dye removal applications, using 
methyl orange (MO) as a model. The dye removal 
conditions were optimized through Box Behnken 
design (BBD), which indicated maximal MO removal 
(83.5%) at pH 3.0 and BC/Fe3O4 concentration of 
0.1 mg/dL after 60 min. Therefore, the current study 
asserts the good applicability of enzymatically hydro-
lyzed paper sludge as a medium for cost-effective 
BC production and the high capacity of BC/magnet-
ite nanocomposite for MO decolorization. The study 
paves the way for the cost-effective implementation 
of BC/magnetite nanocomposite for dye removal.
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Introduction

Cellulosic biomass is a globally abundant waste 
largely accumulates in the industrial and agricultural 
sectors. These wastes represent a great environmental 
challenge facing continuous mass production (Sique-
ira et al. 2020). For sustainable production, cellulosic 
wastes could be implemented into several value-
added products (Chukwuma et  al. 2021; Usmani 
et  al. 2022). Among others, paper sludge is a major 
solid waste resulting from wood pulping and paper-
making processes, with disposal costs representing 
half of the total paper wastewater treatment (Strezov 
and Evans 2009; Taramian et  al. 2007). Solid paper 
sludge is usually separated automatically from paper 
processing machines as a solid with high contents of 
fine and small cellulosic fiber, kaolin clay, and cal-
cium carbonate (Baziramakenga and Simard 2001; 
Takizawa et  al. 2018). Attributed to its inapplicabil-
ity for reusing in the paper industry, paper sludge is 
usually discharged into the environment, representing 

a dual challenge for the paper manufacturing and 
environmental sectors (Turner et  al. 2022). There-
fore, the valorization of such high cellulosic waste 
could reduce the treatment cost and environmental 
threat of the paper industry wastewater. In this regard, 
several studies reported the direct implementation 
of paper sludge for pozzolanic material manufacture 
(García et al. 2008), lactic acid production (Li et al. 
2021), ceramic material (Cusidó et  al. 2015), and 
methane production (Takizawa et  al. 2018), but the 
outcome impacts are limited. The utilization of cel-
lulosic biomass for microorganism cultivation is usu-
ally limited to the hydrolysis process, which converts 
the complex cellulose structures into simple ferment-
able sugars (Dhar et al. 2019; Tripathi et al. 2023a). 
Sustainable hydrolysis of cellulosic material is usu-
ally mediated by microbial cellulases, which have 
recently increased their market share toward greener 
and more sustainable biofuel production (Pham et al. 
2022). This growing demand for cellulases implies 
continuous research for potent cellulase-producing 
isolates with lower production needs (Danso et  al. 
2022). Beyond enzyme production, BC is a promis-
ing natural biopolymer that was recently produced 
through the hydrolysis of different cellulosic wastes. 
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The high purity of BC, in addition to its amenability 
to large-scale production through microbial fermen-
tation, increases its commercial applicability over 
plant-based cellulose (El-Gendi et al. 2022). Several 
studies have reported the use of BC in wound dress-
ing, gelling and thickening additives, food packaging, 
dye removal, and drug delivery polymer, but the pro-
duction costs limit its widespread and commercial-
scale applications (Fatima et al. 2022; Haghighi et al. 
2021; Liu et  al. 2021). The BC production medium 
represents about 30% of the total production cost; 
hence, as a result, greater emphasis has been placed 
on the cost-effective production of BC from agricul-
tural and industrial wastes (Padmanabhan et al. 2022; 
Saleh et al. 2021).

It is widely accepted that the normal BC mem-
branes are biologically inactive, though the numerous 
hydroxyl groups in the BC surface, in addition to its 
porous structure, provide several sites for biologically 
active compounds’ absorption and loading (Katepetch 
and Rujiravanit 2011). Hence, regarding the outstand-
ing mechanical properties of BC, increased atten-
tion was directed toward its fabrication with diverse 
biologically active materials for various applications 
(Sulaeva et al. 2020). An excellent example is the fab-
rication of nanometals on BC surfaces (Yang et  al. 
2011). Though several nanometals reveal significant 
biological activities attributed to their large surface-
to-volume ratio, their high tendency to agglomerate 
and precipitate, especially especially in aqueous solu-
tion limited their application. Therefore, their incor-
poration in BC fibers enhances the particles’ stability 
and even reduces their toxicity by controlling their 
release (Saleh et al. 2022b).

Pollution with synthetic azo-dyes is currently 
ranked as one of the growing environmental chal-
lenges (Tripathi et al. 2023b; Zhao et al. 2021). Syn-
thetic dyes are heavily implied in the textile, leather, 
printing, and paper industries, which usually find 
their way to the water body system as disgorged 
wastewater (Tamer et al. 2021). These dyes represent 
a great challenge to the aquatic ecosystem and finally 
affect human health through drinking water or con-
sumption of contaminated seafood (Yang et al. 2022). 
Among others, MO (dimethyl amino azo benzenesul-
fonate) is a widely applied azo dye with significant 
resistance toward degradation by conventional meth-
ods, hence regarded as a model dye for decolorization 

studies (Naves et al. 2017; Nguyen et al. 2018; Song 
et  al. 2022). Several approaches are currently being 
used for waste pollutant removal, but the but the 
implemented cost and dye removal efficiency remain 
challenges to current conventional methods (Liu et al. 
2021; Yang et al. 2022). In this regard, dye removal 
through NPs gaining much attention as a low-cost 
and more efficient alternative (Perwez et  al. 2022). 
In addition to the large surface-to-volume ratio of 
NPs, the magnetic properties greatly enhanced their 
repeated implementation in dye absorption applica-
tions (Joshi et  al. 2019; Kajani and Bordbar 2019). 
The novelty of the current study is to evaluate the 
applicability of paper sludge as a waste from the 
paper industry for sustainable BC production and the 
effectiveness of the developed BC/Fe3O4 nanocom-
posite for dye removal from industrial wastewater. 
Therefore, the current study is directed toward the 
hydrolysis of the paper sludge by cellulase produc-
tion from a local actinomycete isolate. Additionally, 
the cellulase hydrolyzed paper sludge was valorized 
as a low-cost medium for BC production. Finally, the 
nanocomposite development based on BC and mag-
netite  (Fe3O4) by in  situ modification was used for 
MO dye decolorization.

Materials and methods

Materials

Paper sludge was supplied from the Quena Paper 
Industry Company in Egypt. Methyl orange (85%, 
MW: 327.33) was supplied from SD Fine-Chem. 
Sodium nitrate  (NaNO3, M.W. 84.99), Dipotassium 
hydrogen phosphate  K2HPO4 (MW: 174.2), Potas-
sium chloride (KCl, MW: 74.55), and Calcium car-
bonate  (CaCO3, MW: 100.08) were purchased from 
Merck Company. Glucose, Ferrous sulphate  (FeSO4.6 
 H2O), ferric chloride  (FeCl3), Carboxymethyl cellu-
lose (CMC), Congo red (CR), and Ammonia (NH3) 
were purchased from Sigma Aldrich Company. Yeast 
extract, peptone, disodium hydrogen phosphate were 
supplied from Loba chemie PVT.LTD. Ethanol abso-
lute (MW: 46.07), and citric acid anhydrous (MW: 
192.13) were purchased from Fisher Company. All 
chemicals were of analytical grade and used without 
any additional purifications. Distilled water was used 
for the preparation of all experimental solutions.
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Isolation and enrichment of soil actinomycetes

In the course of actinomycetes isolation, different gar-
den soil samples were collected and inoculated into 
the starch-nitrate medium. Firstly, 100  µl of serially 
diluted soil samples (10 g soil/100 mL of saline) were 
uniformly streaked on the starch-nitrate medium con-
taining (g/L): soluble starch, 20;  NaNO3, 2;  K2HPO4, 
1; KCl, 0.5;  MgSO4.7H2O, 0.5;  CaCO3.2H2O, 2; 
and agar, 20 (Jensen et  al. 1991). The final medium 
pH was adjusted to 7.0 and supplied with nystatin 
(25  mg/mL) as an antifungal agent after steriliza-
tion. The inoculated plates were incubated at 37  °C 
for 7  days. The developed actinomycetes colonies 
were picked out and streaked on the same medium to 
ensure purity.

Screening of cellulase activity on carboxymethyl 
cellulose (CMC) plates

All purified isolates were screened for cellulase pro-
duction on CMC plates through the Congo red (CR) 
method (Lisdiyanti et al. 2012). Briefly, purified iso-
lates were individually streaked on CMC agar plates 
and incubated at 37 °C for 7 days. After incubation, 
the plates were flooded with CR solution (0.1% w/v). 
After 15  min, the CR solution was discarded, and 
plates were flooded with 1 M NaCl to remove excess 
stain. The developing halo-zone around bacterial 
growth indicated cellulase activity.

Quantitative evaluation of cellulase activity

The isolates revealing cellulase activity on CMC agar 
were selected and cultivated under shaking flask con-
ditions on CMC broth at 37 °C for 7 days. Then, the 
cell-free fermentation broth was used as a source for 
crude cellulase enzyme. The assay was conducted 
according to the method of (Wang et  al. 1988) as 
follows; 100  µl of cell-free supernatant was added 
to 200  µl of CMC (0.5%, w/v) dissolved in sodium 
acetate buffer (pH 6.0) and incubated at 50 °C. After 
15 min, 600 µl of 3,5-dinitrosalicylic acid (DNS) rea-
gent was added. The reaction mixture was then boiled 
for 10 min at 100 °C before being rapidly cooled on 
ice. The developed color was measured at 540  nm. 
The cellulase activity was derived from the glucose 
standard curve, where one unit of CMCase activity is 
the quantity of enzyme that releases 1 mg of glucose 

per min under standard assay conditions (Miller 
1959).

Morphological and molecular identification

Several morphological and biochemical character-
istics of the most potent cellulase-producing isolate 
were evaluated according to Shirling and Gottlieb 
(Shirling and Gottlieb 1966) as a preliminary iden-
tification. Furthermore, the isolate’s mycelium and 
spore morphology were evaluated through scanning 
electron microscopy (SEM) using a JEOLTM JSM 
5400 LV, (Japan) scanning electron microscope at 
15–20 kV.

The preliminary identification of the MAE iso-
late was confirmed at the molecular level through 
16S rRNA sequencing. First, the total DNA was iso-
lated according to the manufacturing instructions of 
the Wizard Genomic DNA Isolation Kit (Promega, 
USA). After DNA purification, the 16S rRNA gene 
was retrieved from total purified DNA through a poly-
merase chain reaction (PCR) using the following uni-
versal primers: 27F (5-AGA GTT TGATCMTGG CTC 
AG-3) and reverse primer 1492R (5-GGT TAC CTT 
GTT ACG ACT T-3). The PCR product was purified 
through a purification kit (QIAGEN, Hilden, Ger-
many), where the 16S rRNA gene integrity and purity 
were evaluated through a 1% agarose gel and spectro-
photometry at a UV range (260/280 nm ratio), respec-
tively. The purified PCR product was sequenced 
according to chain termination techniques through 
a Genetic Analyzer system (3130XL, Bedford, MA, 
USA). The BLAST tool was applied to align the 16S 
rRNA gene of the MAE isolate to the homologs gene 
sequences in the GenBank database through multiple 
sequence alignments. The phylogenetic relationship 
of the selected local isolate to relative organisms was 
also elucidated through MEGA 5 software based on 
the 16S rRNA sequence.

Optimization of culture conditions for cellulase 
production

About six cellulase production media were screened 
to determine the optimum nutritional factors for max-
imal cellulase production from MAE isolate, as illus-
trated in Table  S1. In this regard, the isolate MAE 
was cultivated on different broth media and incubated 
at 37  °C for 7  days. The effect of pH on cellulase 
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production was determined by cultivating the MAE 
isolate on the selected culture medium at pH values 
of 4, 5, 6, 7, 8, 9, and 10. The flasks were incubated 
at 37 °C for 7 days. Accordingly, the optimum incu-
bation temperature for cellulase production was also 
evaluated at different temperatures of 30, 35, 40, 45, 
50, and 55 °C. To evaluate the applicability of paper 
sludge for cellulase production, the CMC content 
(10 g/L) in the M5 medium was replaced with paper 
sludge (10  g/L) and cellulase production was evalu-
ated under optimum conditions for 8 days. All flasks 
were incubated at the recommended conditions of 
previous experiments with shaking of 160  rpm. The 
cellulase activity (U/mL) was evaluated in the cell-
free supernatant, where corresponding cell growth 
(g/L) in M5 medium was measured after culture cen-
trifugation (11,000  rpm for 10 min) and drying to a 
constant weight. The results represented are the aver-
age values of triplicate experiments.

Enzymatic hydrolysis of paper sludge

The paper sludge waste was subjected to enzymatic 
hydrolysis (through cellulase) to maximize its content 
of fermentable sugars. About 25 g of air-dried paper 
sludge was initially dispersed in 100 mL of 50 mM 
acetate buffer (pH 4.7) using a high-speed blender 
(800ES blender, 230 V, 50 HZ, 330 W, model BB90E, 
USA) for 20 min. The obtained homogenate was then 
hydrolyzed through 1 g of freeze-dried cellulase from 
the MAE isolate (450 U/g) at 50 °C for 84 h at 100 
rpm. The paper sludge hydrolysis was monitored by 
measuring glucose, reducing sugars, and total car-
bohydrates using the glucose detection kit (Oxidase) 
(Saleh et al. 2022a), DNS method (Miller 1959), and 
anthrone-sulfuric acid method (Ludwig and Goldberg 
1956), respectively. The enzymatic hydrolysis rate 
(Ibrahim et  al. 2011) of paper sludge was evaluated 
according to the following equation:

BC production under batch and fed-batch 
fermentation

Lactiplantibacillus plantarum AS.6 (L. plantarum 
AS.6) used in this study was isolated from rotten 

(1)
Enzymatic hydrolysis rate =

[

glucose concentration(g∕L)∕time(h)
]

× 100

apples with significant BC production potential, as 
reported in our previous work (Saleh et  al. 2022c). 
The stock culture was maintained on Hestrin and Sch-
ramm’s (HS) agar slants, transferred, and stored at 
4 °C until used. One loop of inoculum from the agar 
plate was cultured in a 250 mL conical flask contain-
ing 50  mL of HS media composed of 2% glucose, 
0.5% yeast extract, 0.5% peptone, 0.27% disodium 
hydrogen phosphate, 0.115% citric acid, 0.5% etha-
nol at pH 5.5 and incubated at 30 °C for 2 days under 
shaking of 200  rpm (Hestrin and Schramm 1954). 
Two different fermentation strategies were used for 
BC production: batch and fed-batch fermentation. 
For batch fermentation, three different preparations 
media were used for BC production: HS as standard 
medium, and enzymatic hydrolysate of paper sludge 
media supplemented with or without glucose-free 
HS medium (coded as EHPS/HS, and EHPS, respec-
tively). The 250  mL Erlenmeyer flask containing 
100 mL of each medium was adjusted to pH 5.5, inoc-
ulated with 10% L. plantarum AS.6 and incubated 
under static at 30 °C for 15 days. The fed-batch fer-
mentation was carried out according to (Shezad et al. 
2010) with little modification, the same above-men-
tioned media were used but the 250 mL Erlenmeyer 
flask containing 50 mL of media was incubated at the 
same conditions with feeding the media with 5 mL of 
fresh media every 3 days under aseptic conditions. To 
purify BC, first the BC membranes were separated 
from the culture broth. All of the BC membranes 
were treated with 0.5% NaOH for 30 min at 90  °C, 
to release trapped medium and bacterial cells. The 
BC membranes were rinsed extensively with distilled 
water  (ddH2O) until the pH of the  ddH2O became 
neutral. The purified BC membranes were dried in an 
oven at 70 °C to a constant weight and then weighed 
(Hsieh et  al. 2016). The experiment was carried out 
in triplicate. The production, yield, and productivity 
of BC were investigated as parameters of BC produc-
tion (Khan et al. 2020). The BC production (g/L) was 
calculated based on the total BC amount (dry weight) 
and the volume of the production media g/L,

(2)
Yield of BC % = (BC g∕L)∕ (Original sugar g∕L) × 100

(3)Productivity of BC % = (BC g∕L)∕ (Production time day) × 100
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In situ development of BC/Fe3O4 nanocomposite

In this experiment, an in  situ chemical co-precipita-
tion approach was employed to synthesize BC/Fe3O4 
nanocomposite according to (Salama et al. 2018) with 
little modifications. As shown in Fig. 1, the wet BC 
membrane (50 g) was dispersed in 100 mL of  ddH2O 
by a high-speed blender (800ES blender, USA) for 
15 min to form BC slurry (Solution A). In a 250 mL 
flask, about 5.2  g of ferric chloride  (FeCl3.6  H2O) 
were dissolved in 30 mL of BC slurry (Solution B). 
Also, 2.674 g of ferrous sulphate  (FeSO4.6  H2O) were 
dissolved in 30 mL of BC slurry (Solution C). Both 
solutions B and C were vigorously stirred for 2 h at 
60  °C and deoxygenated using an  N2 atmosphere to 
remove air and create an oxygen-free condition dur-
ing the synthesis process. They were then mixed and 
deoxygenated again for 30 min. Finally, 0.1 M NaOH 
was added dropwise into the reaction mixture until 
the pH reached around 10, at which point the mixture 
turned black, indicating the deposit of  Fe3O4–NPs 
on BC. The resultant black residue was filtered and 
washed several times with  ddH2O until it was neutral. 
The BC/Fe3O4 nanocomposite was then freeze-dried 
and stored until used. The BC/Fe3O4 nanocomposite 
was tested using a magnetic bar (Fig. S1).

Characterization of BC samples and BC/Fe3O4 
nanocomposite

The surface morphology of BC samples and BC/
Fe3O4 nanocomposite was evaluated through a 

Hitachi S-4800 scanning electron microscope (SEM), 
The fibers diameter and pore size were determined 
from different SEM images using the angle tool of 
ImageJ with Java 1.8.0 software (National Institute of 
Health (NIH), USA). The average nanofibers diameter 
and pore size of BC membranes were calculated by 
measuring around 50–100 points per sample (Wang 
et al. 2021a). The attenuated total reflectance Fourier 
Transform Infrared (ATR FT-IR) spectra of the BC 
samples and BC/Fe3O4 nanocomposite were meas-
ured in the range of 500 to 4000  cm−1 (FT-IR, 8400s 
Shimadzu, Japan). X-ray diffraction (XRD) patterns 
were recorded with an Empyrean Powder Diffractom-
eter (Cu Kα, 0.154 nm) between 5 and 70° 2θ with a 
step size of 0.01◦/s to determine the crystallinity of all 
samples used. The crystallinity index (CI) values of 
the samples were calculated according to Segal et al.  
(1959) using the following equation:

 wherein  I200 is the intensity of the diffraction peak of 
(200) lattice plane, and  Iam is the minimum in inten-
sity between the 010 and 110 peaks at about 18.6°. 
The transmission electron microscope (TEM) image 
for BC/Fe3O4 nanocomposite was recorded with a 
JEOL JEM-2100 electron microscope at 100kX mag-
nification, with an acceleration voltage of 120 kV.

(4)CI(% ) =
I200 − Iam

I200
× 100

Fig. 1  Schematic represen-
tation illustrating the in situ 
BC/Fe3O4 nanocomposite 
preparation
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Experimental design for MO decolorization

The response surface methodology (RSM) based on 
the Box-Behnken design (BBD) was employed to 
identify the optimal level and mutual interaction of 
the selected parameters for MO decolorization (Box 
and Behnken 1960). In this experiment, three parame-
ters were evaluated, including medium pH, BC/Fe3O4 
nanocomposite concentration, and MO removal time. 
According to the BBD instructions, each param-
eter was applied at three different levels coded (− 1, 
0, and + 1), which represent the lower, middle, and 
highest levels of the variable (Table S2). The design 
matrix included thirteen different experiments (tri-
als), in addition to two identical trials to assess the 
results’ accuracy, whereas the MO decolorization was 
recorded for each trial as the design response. All tri-
als were prepared in triplicate in a final volume of 100 
mL and incubated under shaking (200 rpm) at 30 °C. 
Process optimization through BBD involves three 
sequential steps: conducting the optimization experi-
ments according to the design matrix, fitting and ana-
lyzing the data, and finally confirming the expected 
results (Saleh et al. 2020). Hence, in the second step, 
the measured responses (MO decolorization results) 
were fitted by regression to a predictive quadratic pol-
ynomial model for three parameters:

where Y is the predicted response (MO decolori-
zation),  A0 is a coefficient constant, B1, B2, and B3 
are linear coefficients, X1, X2, and X3 are the three 
studied variables, B12, B13, and B23 are cross-prod-
uct coefficients, and B11, B22, and B33 are quadratic 
coefficients. The previous model (Eq. 4) was analyzed 
through analysis of variance (ANOVA) and regres-
sion analysis using the JMP IN software, whereas 
the optimum levels of each variable were predicted 
for maximum MO decolorization. Additionally, the 
variables interactions were elucidated in the form of 
three-dimensional (3D) graphs created through STA-
TISICA 7 software. Each graph represents the effect 
of interaction of two of the experiment variables upon 
MO decolorization, when the third variable is con-
stant at its middle value. In the final step of the BBD, 
the expected optimum levels for each variable were 

(5)

Y = A0 + B1(X1) + B2(X2) + B3(X3) + B12(X1X2)

+ B13(X1X3) + B23(X2X3) + B11(X1)2

+ B22(X2)2 + B33(X3)2

validated in the laboratory by conducting MO decol-
orization experiments under the expected optimum 
levels to evaluate the design model’s accuracy. The 
results represented are the average values of triplicate 
experiments.

Evaluation of MO decolorization

For evaluating the MO decolorization, the BC/Fe3O4 
nanocomposite was initially excluded from the MO 
dye solution by centrifugation at 10,000 rpm for 15 
min. The degree of MO decolorization was measured 
using UV–Vis spectroscopy at 464 nm as follows:

 where  Di and  Df are the initial and final MO concen-
trations (mg/L), respectively according to (Surip et al. 
2020).

Kinetic adsorption study of MO dye

The adsorption study of MO was carried out accord-
ing to (Surip et  al. 2020) with minor modifications. 
The effect of initial MO concentrations (50 and 150 
ppm) upon BC/Fe3O4 nanocomposite dye removal 
capacity was evaluated at the optimum MO decol-
orization conditions deduced from the BBD experi-
ments. The adsorption capacity of BC/Fe3O4 nano-
composite towards MO dye at equilibrium, qe (mg/g), 
is calculated as follows:

 where  Ci and  Cf are the initial and final concentra-
tions of the MO dye (mg/L), respectively; where V is 
the volume of the MO dye solution (mL), while W is 
the weight of the BC/Fe3O4 nanocomposite (mg).

Data analysis

The data of MO decolorization was subjected to 
multiple-linear regressions using MS Excel 2007 to 
estimate t value, p value, and confidence levels. The 
significance level (p value) was determined using the 
Student’s t test. Additionally, the isolate’s spore size 
and fiber diameters of different BC membranes were 
evaluated through ImageJ software.

(6)MO decolorization =
(

Di− Df

)

∕ Di × 100

(7)qe =
(Ci − Cf)V

W
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Results and discussions

Isolation and screening for cellulase-producing 
isolates

Several soil samples were screened for cellulase-pro-
ducing isolates through CMC hydrolysis using the CR 
staining method. About 19 morphologically different 
colonies were selected and purified during the actino-
mycetes isolation course. All retrieved isolates were 
subjected to cellulase screening on CMC agar plates, 
where about 10 (out of 19) revealed CMCase hydrol-
ysis ability. The quantitative evaluation for CMCase 
activity indicated that isolate-coded MAE showed 
the highest cellulase activity of about 2.1 U/mL. The 

results agree with several studies that reported the 
high capacity of actinomycetes species for complete 
cellulose degradation through a group of extracellu-
lar cellulose-degrading enzymes (Danso et  al. 2022; 
Daquioag and Penuliar 2021). The isolate MAE was 
selected, identified, and applied for cellulase produc-
tion in the following experiments.

Morphological and molecular identification of the 
MAE isolate

The isolate MAE, which revealed the highest cellu-
lase production, was evaluated for several morpho-
logical and biochemical characteristics. As illus-
trated in Fig. S2, the mature sporulated organism 

Fig. 2  The morphological structure of the MAE isolate rep-
resenting the mycelium and spore chains as indicated through 
scanning electron microscopy (SEM) at magnifications of 

3500X (A), 5000X (B), and 15000X (C), with spore dimen-
sions (D) as deduced through ImageJ software
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revealed a light brown color with well-developed 
and abundant substrate and aerial mycelia that char-
acterize members of Streptomyces sp. As shown in 
Table S3, the MAE isolate was identified based on 
physiological and chemical characteristics includ-
ing growth conditions, tolerance to growth inhibi-
tors, enzymes profile, nitrogen and carbon sources 
utilization. This may be attributed to its significant 
enzyme production potentials, including amyl-
ase, protease, pectinase, and chitinase, which are 
well-reported by several actinomycetes (Javed 
et  al. 2021). The isolate MAE also revealed a sig-
nificant ability to grow at extreme cultivation con-
ditions of 60  °C and pH 12 and to tolerate many 
growth inhibitors such as phenol and sodium azide 
(Otani et  al. 2022). The morphological features of 
the MAE isolate were evaluated through scanning 
electron microscopy (SEM) as illustrated in Fig. 2. 

The results revealed non-fragmented mycelium 
with globose to rod-shaped spore chains. The spore 
revealed smooth surfaces with dimensions of about 
0.945 × 0.58 µm (length to width).

In the same regard, isolate MAE was identi-
fied on the molecular level using 16S RNA gene 
sequencing. The BLAST results indicated close 
relatedness of the MAE local isolate to Strepto-
myces sp in the GenBank database with sequence 
homology of about 97.71% to Streptomyces rochei, 
hence the MAE isolate was deposited in the Gen-
Bank under name of Streptomyces rochei strain 
MAE under accession number of OQ175018. The 
phylogenetic relation of the MAE to other Strepto-
myces was elucidated through the neighbor-joining 
algorithm of MEGA11 software based upon the 
bootstrap approach, which confirmed the close 
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Fig. 3  Effect of different media (A), media pH (B), cultivation 
temperature (C), and paper sludge (PS) as a source of cellu-
lose compared to M5 medium (D), upon cellulase production 
and cell growth by Streptomyces rochei. The statistical signifi-

cance was calculated through ANOVA of CoStat software at p 
value ≤ 0.05 using the least significant difference test where the 
significance of a > b > c
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relatedness of the MAE isolate to Streptomyces 
rochei (Figure S3).

Optimization of culture conditions for cellulase 
production

Cellulase production titer is significantly influenced 
by the production strain and production conditions. 
Accordingly, the one variable at a time (OVAT) 
technique was applied to evaluate the following 
parameters: media composition, media pH, cultiva-
tion temperature, and incubation periods to imple-
ment the highest production of cellulase as illus-
trated in Fig.  3. For the quantitative estimation of 
cellulase enzymes, the selected cellulose-degrading 
actinomycetes isolates Streptomyces rochei was 
grown in six different broth media. The results rep-
resented in Fig.  3A, indicated variation in the cel-
lulase activity titer attributed to medium composi-
tion, which ranged from 0.156 to 2.32  U/mL. The 
results revealed that the maximum cellulase activity 
was obtained in M6 (2.32 ± 0.12  U/mL), followed 
by M5 (2.24 ± 0.11 U/mL), whereas M4 repre-
sented a low activity of cellulase (0.156 ± 0.02  U/
mL). As the difference in the cellulase production 
between M6 and M5 (about 0.08 U/mL) was insig-
nificant and M6 contains gelatin in its composition, 
hence M5 was selected for cellulase production as a 
more affordable and cost-effective medium. Several 
studies evaluate media compositions for cellulase 
production and reported 3.69-folds and 1.61-folds 
increases in cellulase production from Trichoderma 
reesei (Ahamed and Vermette 2009), whereas cellu-
lase activity from Penicillium brasilianum KUEB15 
was increased about 1.61 fold after media composi-
tion optimized (Jung et al. 2015).

Different pH values were evaluated regarding 
their effect on cellulase production and cell growth 
(Fig.  3B) from Streptomyces rochei isolate. The 
results indicated the significant effect of medium pH 
on cellulase production by Streptomyces rochei. We 
can observe that with increased pH, the cellulase 
production proportionally increased from 0.28  U/
mL at pH 4 to a maximum of 1.8 U/mL at pH 9. On 
the contrary, at a pH higher than 9, the cellulase pro-
duction was reduced to about 1.1  U/mL. The effect 
of medium pH on cell growth was slightly different 
from the cellulase production pattern. The maximum 
cell mass was reported at pH 7 about 0.27  g/mL, 

where cellulase production was about 1.3 U/mL at 
the same pH value. The pH values below or over 7, 
adversely affected cell mass formation. The optimum 
pH for cellulase production is a strain-dependent trait 
(Mokale Kognou et al. 2022). However, the alkaline 
optimum pH for cellulase production from Streptomy-
ces rochei isolate is in line with another study (Nathan 
et  al. 2014). Regarding the effect of temperature on 
cellulase production, the results illustrated in Fig. 3C, 
revealed enhanced cellulase and cell mass production 
with temperature increasing from 30 to 40  °C. The 
maximum cellulase and cell mass productions were 
2.2 U/mL and 0.16 g/mL, respectively at an incuba-
tion temperature of 40 °C. Increasing the temperature 
over 40 °C, decreased both the cellulase and cell mass 
production, whereas at 55  °C about 1.2  U/mL and 
0.03  g/L, for cellulase and cell mass were detected, 
respectively. Several studies reported an optimum 
temperature for cellulase production of about 40 °C, 
(Fatokun et al. 2016; Saratale et al. 2012) which is in 
line with the current results.

Furthermore, the CMC content in M5 was replaced 
with paper sludge (10 g/L) to evaluate its applicabil-
ity for sustainable cellulase production. Cellulase pro-
duction was evaluated at pH 9 and temperature 40 °C, 
in both paper sludge and normal M5 media. As shown 
in Fig. 3D, the cellulase production revealed the same 
pattern in both media with a slight increase in the cel-
lulase titer in the M5 medium. Cellulase production 
was initiated on the first incubation day in M5 and 
paper sludge media (0.53 ± 0.02 and 0.13 ± 0.04  U/
mL, respectively) and gradually increased to a maxi-
mum after 5 days of incubation to about 3.27 ± 0.15 
and 2.95 ± 0.25  U/mL, respectively. The prolonged 
incubation time (after 5 days) adversely affected the 
cellulase activity, which could be attributed to pro-
tease production. These results are in agreement with 
other reported studies (Kalsoom et al. 2019; Ningth-
oujam and Dhingra 2022; Srivastava et  al. 2022). 
The Streptomyces rochei growth was significantly 
increased by time up to 6  days of incubation in the 
M5 medium up to a cell mass of 0.29  g/mL. After 
6 days, the increase in cell growth was insignificant 
and finally decreased to 0.28  g/mL on the 8th day. 
On the other hand, the cellulose residues from paper 
sludge hydrolysis greatly interfere with the cell mass 
determination in the paper sludge medium. The incu-
bation period for cellulase production differs accord-
ing to the type strain Trichoderma reesei (4  days) 
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(Darabzadeh et al. 2019), Enhydrobacter sp. ACCA2, 
Penicillium oxalicum and Bacillus subtilis (3  days) 
(Malik et al. 2022; Premalatha et al. 2015; Saini et al. 
2015) and Mucor circinelloides and Mucor hiema-
lis (5 days) (Al Mousa et al. 2022). Collectively the 
results asserted the good potential of paper sludge for 
economic and sustainable cellulase production.

Enzymatic hydrolysis of paper sludge using cellulase 
from Streptomyces rochei

Paper sludge high availability as a main waste from 
the paper manufacturing process represents a dual 
challenge for the environment and paper industry sec-
tors (Duncan et al. 2020). The fermentation medium 
represents 30% of BC production costs; hence, the 
application of paper sludge for BC production could 
reduce its environmental impact and reduce the 
implemented cost (Duncan et  al. 2020). The results 
of the enzymatic hydrolysis of paper sludge are illus-
trated in Fig. 4. We can observe that the total carbo-
hydrate results indicated a high sugar content of the 
paper sludge of about 18  g/L, which is mostly in 
cellulose and hemicellulose form as indicated in the 
chemical analysis (Table S4). The initial simple sugar 
and glucose contents of crude paper sludge were very 
low or absent, as indicated in Fig. 4. The inability of 
L. plantarum to hydrolyze complex cellulosic mate-
rials was widely reported and accepted; hence, pre-
hydrolysis for complex cellulosic sources is a prereq-
uisite for supporting BC production (El-Gendi et  al. 
2023b). Initially, the paper sludge was mechanically 
homogenized in the hydrolysis buffer to increase 
enzyme accessibility to cellulosic fibers (Akintunde 

et al. 2022; Mais et al. 2002). The enzymatic hydroly-
sis of paper sludge significantly increased the simple 
sugar contents to a maximum after 60 h, as indicated 
in the glucose and reducing sugars (about 13.4 and 
17.4 g/L, respectively). Increasing the hydrolysis time 
after 60  h insignificantly affected the release of the 
simple sugars, which could be attributed to enzyme 
inactivation (feedback inactivation) with released glu-
cose units (da Rosa-Garzon et al. 2022). The results 
asserted the efficiency of the applied hydrolysis pro-
cess, as indicated by the insignificant difference 
between the maximum released reducing sugar and 
total carbohydrate contents (about 1.1 g), which is in 
line with other studies (Duncan et al. 2020; El-Gendi 
et al. 2023b).

BC production from paper sludge through batch and 
fed-batch fermentation

Paper sludge was obtained from the Quena Paper 
Industry Company (Kous-Quena, Egypt). This com-
pany used about 250  tons/day of sugarcane bagasse 
for the paper industry, and about 3–5  tons/day of 
paper sludge as waste reject during paper manu-
facturing process as illustrated in Figure S4. The 
obtained paper sludge without any pretreatment 
was chemically characterized according to TAPPI 
standards (moisture: TAPPI T208 om-84 (TAPPI 
1984), ash: TAPPI T211om-93 (TAPPI 1993) lignin: 
TAPPI T222 om-83 (TAPPI 1983), hemicellulose: 
TAPPI T257 om-85 (TAPPI 1985) and α-cellulose: 
TAPPI T203 om-83 (TAPPI 1983), as summarized 
in Table  S3. We can observe that the high content 
of ash is due to the presence of calcium carbonate as 
filler during the papermaking process, while the low 
content of lignin is due to the multiple bleaching pro-
cesses that include three steps of chlorine oxide fol-
lowed by oxygen and then chlorine oxide (according 
to the company conditions). On the other hand, the 
cellulose content in paper sludge represents common 
and high percentage of the constituent. Subsequently, 
it is very important for releasing sugar contents dur-
ing the enzymatic hydrolysis action (Saleh et  al. 
2022a). During the papermaking process, several 
amounts of sludge were obtained as residual mate-
rial due to its fine fiber structure. This fiber, or paper 
sludge, was used as a sustainable and cheap carbon 
source for the evaluation of BC production using 
batch and fed-batch fermentation. The fermentation 
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strategies for BC production play an important role 
in enhancing BC production. The batch fermenta-
tion depends on the use of full media volume at the 
beginning of fermentation time (no further media 
was added), as reported in several studies (Lin et al. 
2022; Tapias et al. 2022; Wang et al. 2021b). On the 
other hand, fed-batch fermentation refers to addition 
of fresh media during fermentation (at specific time 
points) as reported by (Aytekin et  al. 2016; Cakar 
et  al. 2014; Shezad et  al. 2010). To determine the 
effect of batch and fed-batch fermentation on BC pro-
duction, three different media recipes (HS, EHPS/
HS, and EHPS) were evaluated (Fig.  5). According 
to our results obtained during batch fermentation, 
the HS medium produced more BC than EHPS and 
then EHPS/HS, with BC production of 1.97, 1.06, 
and 0.67 g/L, respectively. These findings show that 

adding glucose-free HS to EHPS had no significant 
effects, indicating that EHPS can be used as a sus-
tainable source of BC production. On the contrary, 
during the fed-batch fermentation of BC production, 
the HS media report a higher yield with the same BC 
production observed for both EHPS/HS and EHPS 
media. When comparing two types of fermentations, 
the observed data in Table 1 clearly showed that the 
BC production based on the fed-batch fermentation 
increased about 2.1, 4.6, and 2.9-folds more than the 
batch fermentation when using HS, EHPS/HS, and 
EHPS media, respectively. Cavka et al., reported that 
the fiber sludge obtained from the sulfate and sulfite 
processes was enzymatically hydrolyzed and used 
for BC production to obtain 2 g/L from an undiluted 
hydrolysate of both sulfate and sulfite paper sludge 
(Cavka et  al. 2013), and this result is less than that 

Fig. 5  The effect of batch and fed-batch fermentation strategies on BC yield using three BC production media HS, EHPS/HS (enzy-
matically hydrolyzed paper sludge supplemented with glucose-free HS medium), and EHPS (enzymatically hydrolyzed paper sludge)

Table 1  BC production 
using batch and fed-batch 
fermentation strategies

BC parameters Batch fermentation Fed-batch fermentation

Media HS EHPS/HS EHPS HS EHPS/HS EHPS

Production g/L 1.97 ± 0.24 0.67 ± 0.09 1.06 ± 0.38 4.13 ± 0.44 3.09 ± 0.08 3.10 ± 0.09
Yield % 9.85 ± 1.05 3.85 ± 0.08 6.09 ± 0.27 20.65 ± 2.53 17.75 ± 2.07 17.81 ± 0.15
Productivity % 12.6 ± 2.11 4.46 ± 0.55 7.06 ± 0.73 27.53 ± 2.19 20.60 ± 2.07 20.66 ± 2.24
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obtained from the current study based on the fed-
batch fermentation (3.10  g/L). Overall, the applica-
tion of fed-batch strategy revealed significant BC 
production ability compared to batch fermentation, 
these findings agree with other reported studies (Kim 
and Han 2022; Sharma et al. 2021). The mechanism 
of BC production by batch and fed-batch fermenta-
tion was evaluated, as the BC was produced by batch 
static culture in the form of gel-like at the air–liq-
uid interface. Once BC gel-like material formed, the 
production process was stopped due to the nutrients 
consumed with oxygen limitation. On the other hand, 
the fed-batch fermentation of BC production was 
confirmed by adding a fresh amount of media onto 
the BC gel-like at the air–liquid interface so that the 
newly formed BC could stack up successfully and 
become a single piece of BC with a desired thickness 
due to the newly added media which already activated 
bacteria take in enough nutrients and oxygen (Hsieh 
et al. 2016; Kim and Han 2022). Intermittent feeding 
in this way will continue BC synthesis and increase 
BC production. There is less information available in 
the literature that has studied the efficiency of differ-
ent fermentation strategies for BC production, as pre-
sented in Table S5.

Microstructural characterization of BC samples

SEM micrographs of the BC surface prepared by 
batch and fed-batch fermentation are illustrated in 
Fig. 6. The BC membranes obtained from batch fer-
mentation using the three different media displayed 
a nonporous three-dimensional network struc-
ture with randomly arranged fibrils and a variety 
of empty spaces. Interestingly, the different media 
compositions insignificantly affected the resulting 
BC structure, which is in agreement with another 
study (Kim and Han 2022). On the other hand, the 
BC membranes obtained by the fed-batch strategy 
revealed densely packed highly reticulated network 
structures with no obvious pores. During fed-batch 
fermentation of BC, a formation of new loosely-
knitted intertwined nanofibers is visible over the 
surface of the underside fibers, which could be 
attributed to the formation of a young pellicle after 
dumping media directly above on existing pellicle. 
Overall the results indicated insignificant differ-
ences among the samples, which are in agreement 
with other studies (Dubey et al. 2018; Sharma et al. 
2021). HS showed homogeneous and continuous 
sheets with compact morphology while EHPS/HS 

Fig. 6  The effect of batch and fed-batch fermentation strate-
gies on BC structure as illustrated through SEM microscopy 
using three BC production media HS, EHPS/HS (enzymati-

cally hydrolyzed paper sludge supplemented with glucose-
free HS medium), and EHPS (enzymatically hydrolyzed paper 
sludge)
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and EHPS exhibited a random arrangement of rib-
bon-shaped microfibrils with different sizes and the 
surfaces are becoming more and more compact. The 

average nanofiber diameters of the BC membranes 
obtained from HS, EHPS/HS, and EHPS media 
were found to be 78.8, 113.1, and 144.5 nm during 

Fig. 7  XRD patterns and FT-IR spectra analysis of BC produced from HS, EHPS/HS and EHPS at batch (represented in black color) 
and fed-batch fermentation (represented in red lines)
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batch fermentation and 54.4, 88.4, and 97.6 nm dur-
ing fed-batch fermentation, respectively (Fig. S5). 
While the pore size diameters of the BC obtained 
from HS, EHPS/HS, and EHPS media (Fig. S6) 
were found to be 0.35, 0.71, and 0.92 µm during 
batch fermentation and 0.22, 0.35, and 0.49 µm 
during fed-batch fermentation, respectively as pre-
sented in Figure S6. The average nanofiber and pore 
size diameters of BC obtained from batch fermenta-
tion showed a thicker diameter than those obtained 
from fed-batch fermentation. Overall, we can 
observe that the fermentation methods and media 
composition of BC (batch and fed-batch fermenta-
tion) affect the morphology, fiber distribution, fiber 
diameter, and pore size (Kuo et  al. 2019; Shezad 
et al. 2010).

On the other hand, Fig. 7 represents the XRD pat-
terns of the BC membranes produced using the three 
different media in batch and fed-batch cultivation 
modes. BC shows three main characteristic diffrac-
tion peaks attributed to the crystallographic planes of 
(100), (010), and (110) at 2ϴ equal to 14.5, 16.6, and 
22.7, respectively. The XRD results of the BC pro-
duced through batch and fed-batch fermentation are 
relatively different. In the case of fed-batch fermenta-
tion, the BC membranes have a different appearance 
and lower peak intensities as compared to batch fer-
mentation. The reduction in peak intensity could be 
associated with the creation of amorphous BC. For 
BC produced by the fed-batch technique, the position 
of the (010) and (110) peaks were shifted to higher 
values of 2ϴ relative to BC produced by batch fer-
mentation. We can observe that, the cultivation 
method has an effect on cellulose fractions, while the 

media composition has no significant effects. These 
results are in agreement with another study (Shezad 
et al. 2010). The CI values of the BC obtained from 
HS media by batch and fed-batch fermentation 
recorded were 76 and 74%, respectively. However, 
CI values decreased for EHPS media in batch and 
fed-batch fermentation to reach about 70 and 44%, 
respectively. Also, for the BC obtained from EHPS/
HS by batch and fed-batch fermentation, the CI val-
ues recorded were 71 and 58%, respectively. It has 
been reported that the addition of natural fibers such 
as waste hydrolysate to the BC production medium 
has a significant influence on the nanofibers and pore 
size diameter, which consequently may influence the 
crystallinity of the fibers. A possible explanation is 
that the incorporation of extracts may result in repul-
sion between nanofibers (El-Gendi et al. 2023b).

Otherwise, Fig.  7, displays the FT-IR spectra of 
BC prepared through batch and fed-batch fermenta-
tion with different media compositions. In the case of 
HS, the BC formed via batch strategy is completely 
like the BC formed through fed-batch fermenta-
tion. The formed BC showed the characteristic peaks 
reported for BC in previous studies (El-Gendi et  al. 
2023b; Saleh et al. 2022b). For EHPS/HS and EHPS, 
most of the characteristic vibrations in the spectra are 
the same as BC with small differences. For exam-
ple, the BC produced by using EHPS/HS and EHPS 
through the fed-batch technique showed a weak 
peak at 3300   cm−1, corresponding to the intramo-
lecular hydrogen bond of the hydroxyl groups. This 
may refer to changing the intensity and the hydroxyl 
groups, which may reflect changes in the intermo-
lecular hydrogen bonds and crystallinity. Overall, the 

Table 2  Functional and 
chemical bonds of BC 
membranes from HS, 
EHPS/HS and EHPS media 
by batch and fed-batch 
fermentation as illustrated 
through FR-IR analysis

Assignment Band position  (cm−1)

Batch-fermentation Fed-batch fermentation

HS EHPS/HS EHPS HS EHPS/HS EHPS

OH 3383 3344 3346 3346 3274 3344
CH2 2921 2916 2896 2925 2923 2894
Asymmetric C–H 1448 1436 1427 1427 1452 1427
Symmetric C–H 1371 1371 1359 1373 1385 1369
C–O–C 1161 1160 1162 1162 1161 1161
C–OH 1110 1108 1108 1108 1108 1108
C–C–OH 1056 1056 1058 1058 1056 1056
C–H 894 894 898 896 - 896
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bands’ position in the FT-IR spectra for all samples at 
different media compositions and cultivation methods 
(Table  2) were in the same range and did not show 
any significant difference (Shezad et al. 2010).

Characterization of BC/Fe3O4 nanocomposite

The morphology of BC/Fe3O4 nanocomposite was 
studied using SEM analysis as displayed in Fig. 8A. 
The SEM image of the in  situ preparation of BC 
with  Fe3O4 nanoparticles showed the formation of 
regular particles with a diameter of less than 50 nm. 
Moreover, the formed nanoparticles appear to have 
uniform morphology, likely due to the BC/Fe3O4 

nanocomposite interaction which reduces the attrac-
tive forces between nanoparticles and decreases their 
aggregation tendency (Salama et  al. 2018). TEM 
analysis was developed to demonstrate the internal 
shape of BC/Fe3O4 nanocomposite. Figure 8B exhib-
ited a spherical-shaped appearance of the BC/Fe3O4 
nanocomposite. The particle size ranges from 5 to 
10  nm. The characteristic FT-IR functional groups 
for BC/Fe3O4 nanocomposite are observed in Fig. 8C. 
Prominent peaks were produced by the Fe − O stretch 
at around 574   cm−1. Furthermore,  Fe3O4 formation 
is established by the peak at 1632   cm−1, which is 
formed at higher  Fe2+/Fe3+ ratios, according to the lit-
erature (Nidheesh et al. 2014). A prominent peak for 

Fig. 8  Instrumental characterization of the prepared BC/Fe3O4 
nanocomposite reveals the composite morphology through 
SEM (A), and TEM microscopy (B), the nanocomposite func-

tional groups through FT-IR spectra (C), and crystallinity 
through XRD analysis (D)
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the O − H is assigned to 3145  cm−1, characteristic of 
the presence of BC. It is possible that the OH peak is 
due to hydroxyl functional groups in iron or to water 
absorbed into iron (Muzenda and Arotiba 2022). The 
BC/Fe3O4 nanocomposite diffraction pattern pro-
duces a pattern with broad reflections indicative of 
small crystallites and poor crystallographic correla-
tion developing from the existence of BC (Fig. 8D). 
The presence of the characteristic peaks at 2θ = 29.5°, 
34.9°, 43.1°, 56.5°, and 62° in the XRD pattern of the 
nanocomposite may indicate the cubic spinal struc-
ture of the  Fe3O4 (Salama et al. 2018).

Optimization of MO decolorization through BBD

To find the optimal level of each selected parameter, 
a second multifactorial BBD (RSM) was used to 
achieve the maximum MO decolorization. Based on 
the literatures, three factors were evaluated in the MO 
decolorization process: medium pH (X1), BC/Fe3O4 
nanocomposite concentration (X2), and removal 
time (X3) at three varying levels (− 1, 0, and + 1), as 
shown in Table S2. The results in Table 3 revealed a 
significant variation in the degree of MO decoloriza-
tion related to different trials (different conditions) 
from 19.50% to 82.69% (about 63.19% variation), 
which indicated the direct impact of the optimization 
process upon MO decolorization. As RSM design, a 

second-order polynomial equation was fitted to the 
experimental results of MO decolorization to evalu-
ate the optimal point within experimental constraints 
(Eq.  5). According to the regression analysis result, 
Eq. 4 could be re-written as follows:

where Y is MO decolorization (%) and X1, X2, and 
X3 are pH, BC/Fe3O4 nanocomposite concentration, 
and removal time, respectively. At the model level, 
the better correlation measures for evaluating the 
regression equation are the multiple correlation coef-
ficients R and the determination coefficient  R2 (adj-
R2). Statistically, the closer the two values  (R2 and 
adj-R2) to 1, the more and better correlation between 
the measured and predicted values at the model level. 
The ANOVA analysis (Table  S5) indicated that  R2 
and adj-R2 values for MO decolorization were 0.99 
and 0.96, respectively, which indicated the high accu-
racy of the applied model.

The optimal levels of the three components as 
obtained from the maximum point of the polyno-
mial model were estimated using the solver func-
tion of Microsoft Excel tools, and the relative 

YMO decolorization =24.4 − 22.4(X1) + 7.9(X2)

+ 1.5(X3) + 8.8(X1X2) −3.93(X1X3)

+ 1.1(X2X3) + 28.23(X1)2

+ 5.6(X2)2−1.18(X3)2

Table 3  BBD for the 
studied factors (X1–
X3): pH, BC/Fe3O4 
nanocomposite conc. 
(mg/25 mL), and interaction 
time (min) representing 
their coded (− 1, 0, and 1) 
and real values (between 
brackets) with measured 
and predicted percentages 
of MO decolorization 
(design response)

Trial Parameters MO decolorization %

pH (X1) BC/Fe3O4 nanocom-
posite conc. (X2)

Time (X3) Measured 
response

Predicted response

1  − 1 (3)  − 1 (0.1) 0 (40) 80 81.88375
2 1 (9)  − 1 (0.1) 0 (40) 24.04 19.36625
3  − 1 (3) 1 (0.3) 0 (40) 74.72 79.39375
4 1 (9) 1 (0.3) 0 (40) 54.11 52.22625
5  − 1 (3) 0 (0.2)  − 1 (20) 71.65 68.475
6 1 (9) 0 (0.2)  − 1 (20) 28.11 31.4925
7  − 1 (3) 0 (0.2) 1 (60) 82.69 79.3075
8 1 (9) 0 (0.2) 1 (60) 23.43 26.605
9 0 (6)  − 1 (0.1)  − 1 (20) 19.50 20.79125
10 0 (6) 1 (0.3)  − 1 (20) 35.33 33.83125
11 0 (6)  − 1 (0.1) 1 (60) 20.12 21.61875
12 0 (6) 1 (0.3) 1 (60) 40.24 38.94875
13 0 (6) 0 (0.2) 0 (40) 24.17 24.41333
14 0 (6) 0 (0.2) 0 (40) 23.80 24.41333
15 0 (6) 0 (0.2) 0 (40) 25.27 24.41333
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values − 1, − 1, and 1 represent the optimal points 
for pH, BC/Fe3O4 nanocomposite concentration, 
and removal time, respectively (Figure S7). Con-
sequently, the composition and parameters of the 
optimized medium were as follows: media pH 3.0, 
BC/Fe3O4 nanocomposite concentration 0.1 (mg/
dL), removal time 60  min with a predicted MO 
decolorization of 85.04%. One of the most impor-
tant parameters that influence MO decolorization is 
the decolorization pH, which can significantly alter 
the ionization of dye molecules as well as the sur-
face charge of the adsorbent (Bhowmik et al. 2020). 
From the obtained results, we can observe that the 
medium pH inversely affected the MO decoloriza-
tion. At lower pH values (below pH 5.0), the MO 
decolorization rate was greatly enhanced, whereas, 
at high pH values (above pH 5.0), the MO decol-
orization was significantly inhibited, which could 
be attributed to  Fe+3 precipitation at high pH values 
(Adachi et  al. 2022; Bhowmik et  al. 2020) (Jawad 
et al. 2022). The maximum MO decolorization was 
achieved at pH 3, which is consistent with Adachi 
and his colleagues’ reported maximum MO decol-
orization of about 94.9% at pH 3 (Adachi et  al. 
2022). Other studies by Hasanpour et al., and Zhang 
et al., report MO decolorization by 98% and ≥ 93%, 
respectively at the same pH value (Hasanpour et al. 
2021) (Zhang et al. 2020). The optimum amount of 
adsorbent (BC/Fe3O4) for maximum MO decolori-
zation was evaluated at three BC/Fe3O4 nanocom-
posite concentrations. The results revealed higher 
efficiency for MO decolorization at low concentra-
tions of adsorbent (0.1 mg/dL). Increasing the BC/
Fe3O4 nanocomposite concentration over 0.1 mg/
dL, insignificantly affected the MO decolorization, 
which could be attributed to sufficient and large 
numbers of adsorption sites (Haldorai et  al. 2015; 
Tanhaei et  al. 2015). Contacting time is another 
important parameter in the dye adsorption process. 
The results indicated a direct relationship between 
time and MO decolorization, as increasing the time 
significantly increased the MO decolorization with 
a maximum of about 85.04% of MO decolorization 
after 60 min, which is in line with (Attallah et  al. 
2016).

Several studies reported the optimization of MO 
decolorization through OVAT and statistical methods 
as indicated in Table 4. The statistical methods are priv-
ileged by their ability to elucidate the studied variables’ 

interactions and their impact on the measured responses 
(El-Gendi et al. 2023a). In this experiment, the effects 
of studied variable interactions were visualized by 3D 
surface plotting, representing any two independent 
parameters while maintaining the third parameter at 
its middle levels (Fig. 9). These graphs indicated that 
lower levels of pH promoted high MO decoloriza-
tion levels, while increasing the medium pH adversely 
affected the BC/Fe3O4 nanocomposite concentration 
and increased the dye removal time. In contrast, higher 
MO decolorization levels were achieved by increas-
ing the BC/Fe3O4 nanocomposite concentration above 
0.2  mg/dL, especially when the removal time was 
around 40 min. Any further increase in the BC/Fe3O4 
nanocomposite concentration or removal time didn’t 
significantly affect the MO decolorization.

In the last step of the optimization process, a veri-
fication experiment was performed to determine the 
accuracy of the quadratic polynomial under the pre-
dicted optimal conditions from the BBD model. Under 
optimum conditions, the estimated MO decoloniza-
tion in the laboratory was 83.5%, whereas the pre-
dicted value from the polynomial model was 85.04%. 
Thereby, these results revealed a high agreement 
between the predicted and the experimental results of 
98.2%, which is clear evidence of model validation. 
Models with ≤ 5% differences between measured and 
predicted results are considered statistically reliable 
and acceptable (Bajpai and Katoch 2021). According to 
the results, the final conditions for MO decolonization 
were medium pH 3, and BC/Fe3O4 nanocomposite con-
centration of 0.1 mg/dL after 60 min incubation under 
shaking conditions (200 rpm) at room temperature. The 
constancy between predicted and measured responses 
in models applied for optimizing MO decolonization 
was varied, whereas 100% accuracy was reported by 
a bacterial consortium (Ghanem et  al. 2012), 93.5% 
accuracy was also reported through Acacia mangium 
wood/activated carbon (Danish and Hashim 2014).

Adsorption kinetics study

The contact time for dye removal is of great importance 
for nanocomposites to be used effectively in wastewater 
treatment. Hence, the removals of MO at different ini-
tial concentrations (50 and 150 ppm) were measured at 
different times, as illustrated in Fig. 10. It is clear that 
the adsorption capacities increased with adsorption 
time. However, the adsorption equilibrium time does 
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not change significantly by changing the initial concen-
tration of dyes. At MO concentrations of 50 and 150 
ppm, the MO adsorptions reached equilibrium after 2 h. 
In order to understand the mechanism of the adsorp-
tion process, two kinetic models, the pseudo-first-order 
and pseudo-second-order, were fitted to evaluate the 
adsorption data, and the corresponding equations were 
represented as follows:

 where qt (mg/g) is the adsorption capacity at time t, 
qe (mg/g) is the equilibrium adsorption capacity, K1 
 (h−1) is the pseudo-first-order rate constant, and K2 
(mg/g   h−1) is the pseudo-second-order rate constant. 

(8)log
(

qe − qt
)

= log(qe) −
K1

2.303
t

(9)
t

qt
=

t

qe
+

1

K2q
2
e

Table 4  Comparison of MO adsorption capacity with previously reported adsorbents

ND= Not Detected

Adsorbent Optimization design Optimized conditions MO decol-
orization 
%

Reference

BC/Fe3O4 RSM-BBD Dose (0.1 mg/dL), time (60 min), 
and pH (3)

85 Current study

Chitosan/Al2O3/Fe3O4 OVAT Dose (0.4 g/L), time (90 min), 
and pH (4)

93 Tanhaei et al. (2015)

Polyaniline nano-adsorbent RSM-CCD Dose (0.8 g/L), time (30.5 min), 
temperature (45°C), and pH (6)

86.3 Karri et al. (2018)

Lignin/mordenite/zeolites RSM-BBD Dose (0.27 g/L, time (30 min), 
and pH (7)

40 Saini et al. (2021)

Polypyrrole/magnetic/chitosan OVAT Dose (100 mg), time (40 min), 
and pH (4.5)

80 Alsaiari et al. (2021)

Mix of  CaFe2O4/MnFe2O4 RSM-CCD Dose (0.58 g/L), time (24 min), 
and dye concentration (98.37 
mg/L)

99.8 Bhowmik et al. (2020)

Graphene/Fe3O4 ND ND 99.24 Arshad et al. (2018)
Electro-fenton Process OVAT Current intensity (80 mA),  Fe+2 

(0.232 mM), pH (3), tempera-
ture (30°C) and dye concentra-
tion (60 mg/L)

94.9 Adachi et al. (2022)

Chitosan/tripolyphosphate/nano-
titania

RSM-BBD Dose (0.09 g/L),  TiO2 (50%), pH 
(4) and temperature (40 °C)

87.27 Jawad (2020)

Cellulose/zinc oxide aerogel RSM-CCD Photocatalyst dosage (9 g/L), pH 
(3), MCC concentration (9 g) 
and dye concentration (10 ppm)

98 Hasanpour et al. (2021)

Acacia mangium wood/activated 
carbon

RSM-FCCD Dose (0.515 g/L), time (24 h) and 
temperature (55°C)

90.5 Danish and Hashim (2014)

Chitosan/  Fe3O4 nanoparticles OVAT Dose (0.5 g/L), time (5 min) and 
pH (8)

97 Haldorai et al. (2015)

Fe3O4/pectin ND pH (2) 12.5 Attallah et al. (2016)
Bacterial consortium RSM-DOEs Mixed of three bacterial culture, 

and time (48 h)
 ≥ 84 Ayed et al. (2010)

Chitosan/tannin/montmorillonite OVAT Dye concentration (60 mg/L), pH 
(7), and temperature (25°C)

95.62 Tahari et al. (2022)

Vanadium/titanium/  Fe3O4 OVAT Dose (4 g/L), pH (3), temperature 
(65°C), dye concentration (30 
mg/L), and time (120 min)

97.82 Zhang et al. (2020)
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A B C

Fig. 9  The 3D surface plots revealing the effect of variable 
interactions on X-axes including medium pH with BC/Fe3O4 
nanocomposite conc. (A), medium pH with interaction time 

(B), and BC/Fe3O4 nanocomposite conc. and interaction time 
(C) upon final MO decolorization rate (on Y-axes)

Fig. 10  Effect of the adsorption time on adsorption capacity (MO concentration: 100 mg/L; adsorbent: 0.05 g/50 mL at pH 7) at 50 
and 150 ppm (A and C, respectively) and plots of the pseudo-second-order models (B and D)
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The fitted curves at different concentrations are dem-
onstrated in Fig. 10, and regression coefficients  (R2), 
rate constants, and other parameters calculated by 
the two models are listed in Table  5. According to 
 R2, the adsorption kinetics of MO was more approxi-
mately described by the pseudo-second-order model, 
where the  R2 was 0.99, and the maximum adsorptions 
matched well with the experimental data.

Effect of MB concentration and equilibrium isotherm

The experimental adsorption isotherm of BC/Fe3O4 
nanocomposite was plotted by determining the 
 qe with different aqueous MO concentrations. As 
shown in Figure S8, the  qe of the adsorbent for MO 
increased with increasing their initial concentrations, 
which may be attributed to the improvement of the 
mass transfer driving force. Further, the experimen-
tal adsorption isotherm data were fitted by Langmuir 
Eq. 10 and Freundlich Eq. 11 models.

With batches containing different MO concentrations 
(50–900 mg/L), the removal of MO dye was enhanced 
by increasing the initial concentration. BC/Fe3O4 nano-
composite exhibited higher adsorption capacity, which 
indicates the significance of the developed  Fe3O4 nano-
particles in creating attraction sites with the MO. Fre-
undlich models discuss multilayer adsorption, while 
Langmuir models assume uniform adsorption at definite 
localized sites. Figure S8, illustrates the adsorption iso-
therms of MO on BC/Fe3O4, and Table S4 lists the cor-
responding data. Based on the regression coefficient  (R2) 
values calculated by adsorption isotherms, Langmuir’s 
isotherm was found to be a good fit for the experimental 
data  (R2 = 0.96) indicating homogeneous adsorption sites 

(10)
Ce

qe
=

Ks

qmax

+
Ce

qmax

(11)log qe =
1

n
logCe + log p

on the BC/Fe3O4 nanocomposite surface. The Langmuir 
isotherms determined the maximum adsorption capac-
ity  (qmax) for MO on BC/Fe3O4 nanocomposite to be 
714 mg/g. The linear coefficient of the Freundlich model, 
which is based on adsorption on heterogeneous surfaces, 
was 0.66. According to these results, the Freundlich 
model did not effectively explain the adsorption pro-
cesses of the BC/Fe3O4 nanocomposite for MO decol-
orization. The values of the Freundlich-model-constant: 
P (38) and n (1.75) for BC/Fe3O4 nanocomposite were 
shown in Table S6.

Conclusion

The current study highlights the economic production 
of both cellulase and BC based on environmentally haz-
ardous waste as paper sludge. The cellulase-producing 
strain was locally isolated and identified on biochemi-
cal and molecular bases as Streptomyces rochei with an 
identity percentage of 99%. The identified strain revealed 
significant potential for cellulase production using paper 
sludge, nearly equal to that on CMC-medium. The results 
asserted the applicability of paper sludge for economic 
and sustainable cellulase production through Streptomy-
ces rochei local isolate. The produced cellulase was suc-
cessfully applied for paper sludge hydrolysis, whereas the 
resulting hydrolysate was applied for BC production. Dif-
ferent media recipes, based on the enzymatically hydro-
lyzed paper sludge, in addition to two fermentation strat-
egies, were evaluated for maximum BC production. The 
results indicated variation in the BC production yield that 
was largely related to fermentation strategy rather than 
medium compositions. Fed-batch fermentation revealed 
a maximum BC production of about 3.10  g/L. The 
instrumental analysis approved the applicability of paper 
sludge for pure BC production with no obvious changes 
in the cellulose structure or functional groups. However, 
the BC membranes resulting from fed-batch fermenta-
tion revealed a thicker fiber diameter and higher crys-
tallinity indexes, which could be the basis for targeted 

Table 5  Kinetic parameters for MO adsorption by BC/Fe3O4 nanocomposite at different MO concentrations

MO concentration qe, exp (mg/g) Pseudo first order-model Pseudo second-order model

qe, cal (mg/g) K1(min−1) R2 qe, cal (mg/g) K2 (g/mg/min) R2

50 ppm 45 37 0. 018 0.93 55 4.2 ×  10−4 0.99
150 ppm 140 31 0. 016 0.97 147 10.2 ×  10−4 0.99
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fiber diameter studies. Furthermore, the BC/Fe3O4 
nanocomposite showed an exponential potential for MO 
decolorization up to 83.5% even at very low BC/Fe3O4 
nanocomposite concentrations. The medium pH repre-
sents the main controlling factor for MO decolorization 
through BC/Fe3O4 nanocomposite as indicated in the sta-
tistical results. Therefore, the current study represents an 
eco-friendly and cost-effective approach for sustainable 
cellulase and BC production based on paper sludge and 
implications propose the BC/Fe3O4 nanocomposite as 
promising adsorbent for the rapid removal of dye from 
contaminated water.
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