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Abstract

In this study, a Modified Cellulose Polymer (MCP) was synthesized through selective oxidation in a cellulose polymer utilizing sodium 

periodate (NaIO4), which introduces benzothiazole as a functional attachment without disrupting the cellulose backbone. Response 

surface methodology was employed for the adsorption of chromium on MCP, and the process parameters were optimized. Three 

critical process parameters, particle size (398-498 nm), pH (5-7), and adsorbent dose (20-30 mg/L), were optimized to obtain the 

optimal response of chromium adsorption using the statistical Box–Behnken design. The experimental data obtained were analyzed 

using analysis of variance (ANOVA) and fitted to a second-order polynomial equation using multiple regression analysis. Numerical 

optimization, utilizing the desirability function, was employed to determine the optimal conditions for maximum chromium ion removal. 

A two-level fractional factorial model and the Box-Behnken matrix were employed to optimize the batch adsorption parameters for 

the adsorption of chromium from aqueous solutions by modified cellulose. Under the optimized conditions of pH 6.04 ± 0.05, particle 

size 485.49 ± 2 nm, and adsorbent dose of 24.14 ± 0.5 mg/L, MCP demonstrated the maximum chromium adsorption capacity with 

a desirability score of 0.805. The batch adsorption experiments confirmed the efficacy of MCP in removing chromium from aqueous 

solutions, as evidenced by the close alignment between the predicted adsorption capacity (134.53 ± 1.8 mg/g) and the experimental 

result (132.52 ± 2,1 mg/g). These findings highlight the potential of MCP as an effective and environmentally friendly adsorbent for 

industrial water-treatment applications.
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1 Introduction
Chromium-containing chemicals are extensively utilized 
in numerous industries, including leather tanning, chrome 
ore mining, metal finishing, pigment manufacturing, and 
wood preservation [1]. The acceleration of industrialization 
over the past few decades has resulted in an increase in 
chromium levels in aquatic and terrestrial ecosystems [2]. 
Regulations exist regarding the permissible threshold of 
chromium content in water and soil. Many countries have 
established 50  μg/L as the maximum permissible limit 
for total chromium in drinking water  [3]. Contamination 
of water and soil can indirectly affect human health; 

consequently, the remediation of chromium has consis-
tently been a focal point in heavy metal pollution treatment.

Conventional methods for treating heavy metal con-
tamination include chemical precipitation, ion exchange, 
membrane separation, reverse osmosis, evaporation, elec-
trochemical treatment, and adsorption  [4]. Among these, 
the adsorption method has garnered significant attention 
in recent years because of its operational simplicity, recov-
erability of heavy metal ions, recyclability of adsorbents, 
and efficacy, particularly in the treatment of wastewa-
ter with low concentrations of heavy metals (<50  mg/L). 
Polymers employed as adsorbents can be classified into 
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synthetic polymers, hybrid polymers, natural polymers, 
and modified natural polymers [5]. Natural polymers have 
received considerable attention owing to their cost-effec-
tiveness and availability. Notably, modified natural poly-
mers combine the advantages of both synthetic and natu-
ral polymers and have demonstrated enhanced adsorption 
capacities. Cellulose, lignin, tannin, chitin, chitosan, and 
polypeptides are inexpensive and abundant natural poly-
mers that are renewable, biodegradable, and non-toxic. 
The  large number of hydroxyl groups present in cellu-
lose limits its ability to bind to the metal. However, these 
hydroxyl groups are advantageous for grafting functional 
groups or molecules onto the cellulose structure, thereby 
improving  adsorption capacity  [6]. Although abundant 
hydroxyl groups are present in cellulose, its high crystallin-
ity and strong hydrogen bonds among its chains restrict the 
accessibility of the surface hydroxyl groups and limit their 
practical applications [7]. Consequently, numerous studies 
have focused on improving the adsorption capacity of cel-
lulose-based materials through these hydroxyl groups to 
initiate free radical reactions, esterification, halogenation, 
oxidation, and etherification  [8]. Arredondo et al.  devel-
oped a novel, environmentally sustainable, cellulose-based 
superabsorbent polymer called Cellulo-SAP, which can 
be readily prepared by radical-free synthesis employing 
modified cellulose [9]. Its adsorption, thermal/pH stability, 
reusability, and biodegradability were evaluated, and this 
innovative polymer demonstrated excellent pH and tem-
perature stability, as well as versatility as a water reservoir. 
Saravanan  et  al. contributed to the synthesis of modified 
cellulose bearing pendant complexating compounds such 
as benzalaniline [10], hydroxyl [11], pyridine [12], carbox-
ylic acid [13], and heterocyclic moieties [14], which func-
tion as chelating sites for the effective removal of  Cu(II) 
and Pb(II) heavy metals from aqueous solutions. Response 
surface methodology  (RSM) is essential for the success-
ful implementation and commercialization of adsorption 
processes because of its capacity to optimize parameters, 
reduce experimental costs, and predict adsorption perfor-
mance under varying conditions [15]. It provides a compre-
hensive understanding of the relationships between differ-
ent variables, enabling efficient process design, scaling up, 
and ensuring consistent, and cost-effective performance, 
which are critical for industrial adoption and widespread 
application. Recent studies have illustrated its effectiveness 
in optimizing the removal of heavy metals and dyes [16]. 
Additional research emphasizes its capability to scale up 
adsorption systems and verify model predictions under 

various environmental conditions  [17–19]. More recently, 
RSM has been effectively integrated with hybrid model-
ling techniques to improve the process accuracy [20–23]. 
Collectively, these studies highlight the dependability and 
predictive capability of RSM for optimizing the adsorption 
processes for wastewater treatment applications. Therefore, 
this study focused on the application of pendant group, 
Modified Cellulose-based Polymers (MCPs) for unexplored 
chromium removal from aqueous solutions and the opti-
mization of the adsorption process in consideration of the 
commercialization of this polymer as a potential adsorbent.

2 Experimental
2.1 Materials and physical measurements
Cellulose  (Loba), dimethyl formamide  (Loba), sodium 
metaperiodate  (Sigma-Aldrich), 2-aminobenzothi-
azole (Sigma-Aldrich) were used as received. The  metal 
salt of CrCl3∙6H2O  (Loba) was used to prepare the 
stock  Cr(III)  solutions. All  other chemicals and sol-
vents used were of analytical grade or purified accord-
ing to standard procedures  [24]. Fourier transform 
infrared  (FTIR, PerkinElmer, USA) and solid-state 
carbon-13 nuclear magnetic resonance  (13C-NMR) 
spectra at 100.62 MHz on a Bruker AMX-200 spectrom-
eter (Bruker, Germany) were used to determine the che-
lating groups that are responsible for the complexation of 
the modified cellulose polymer (MCP) adsorbent with the 
metal ions. The  surface morphologies of the adsorbent 
and the metal-chelated adsorbent were analyzed using 
a Leo  Gemini  1530 microscope  (Carl  Zeiss,  Germany). 
In addition, the surface roughness was analyzed using the 
free program, Gwyddion. Using Gwyddion 2.58, the SEM 
images of the MCP were transformed into three-dimen-
sional images.

2.2 Selective oxidation of cellulose
The modified cellulose polymer was synthesized accord-
ing to a previously reported procedure [11, 13]. Periodate 
oxidation of cellulose was performed using NaIO4 as the 
oxidizing agent, cleaving the  C2–C3 bond of the gluco-
sidic ring to convert 2,3-dihydroxyl groups into 2,3-dialde-
hyde (DAC) groups via the Malaprade reaction [25]. NaIO4 
was prepared in deionized water, and the cellulose powder 
was treated in the dark at ambient temperature with con-
tinuous stirring for 4 h, achieving 30 carbonyl groups per 
100 glucose units. DAC reacts with amine compounds to 
form Schiff base derivatives. In this study, carboxymethyl 
cellulosebased Schiff base was synthesized by condensing 
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dialdehyde cellulose (DAC) with aminobenzothiazole 
in dimethylformamide at 343  K for 5  h. The  precipitate 
was then filtered, washed, and dried. The MCP synthesis 
scheme with chelating groups is shown in Scheme 1. 

2.3 Adsorption of chromium
In the present study, batch adsorption experiments were 
conducted to investigate the adsorption isotherms and 
kinetic mechanism for the removal of Cr(III)  ions under 
optimum conditions. A  calculated amount of adsorbent 
was added to 100 mL of Cr(III) solution with a concen-
tration ranging from 100–500 mg/L shaken on a horizon-
tal bench shaker at 200 rpm (Orbitek-Teqip-ACT/EQ/454, 
Tamil Nadu, India). After equilibrium, the supernatant 
was analyzed. Various operating parameters such as pH, 
contact time, adsorbent dose, initial metal ion concentra-
tion, temperature (303 K) and regeneration performance 
were investigated to determine the most favourable condi-
tions for the removal of Cr(III) ions by MCP. The optimi-
zation ranges (particle size: 398–498 nm, pH: 5–7, adsor-
bent dose: 20–30 mg/L) were chosen based on preliminary 
trials and literature to ensure MCP stability and practical 
feasibility [13]. The percentage removal (% E) and amount 
of metal ions adsorbed onto MCP at equilibrium (q, mg/g) 
were calculated using the following equations [26];
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0 ,	 (2)

where C0 and Ce are the initial and equilibrium final con-
centrations (mg/L) of the metal ion solutions, respectively, 

V is the volume of the solution (L), and m is the mass of 
the adsorbent MCP (g).

2.4 Box–Behnken design
The  RSM and Box–Behnken statistical experimen-
tal design were used to examine how the three indepen-
dent factors affected the response function. The  particle 
size (X1), adsorbent dosage (X2), and pH (X3) were the inde-
pendent factors. As seen in Table 1, the low, centre and 
high levels of each variable are designated by the num-
bers 1, 0, and +1, respectively. Initial experimental find-
ings were used to determine the experimental levels for 
each variable. The  percentage of chromium adsorption 
was used as the response variable. The variables were 
coded according to the following equation [27]:

X
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i

i
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�
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The dimensionless value of an independent variable is 
denoted by Xi, the real value Xi, the real value at the cen-
tre point by X0, and the step change in the real value of 
the variable ∆Xi representing a variation of one unit for 
the dimensionless value of variable 'i'  is denoted by  Xi. 
The formula for the number of tests (N) required to gener-
ate the Box-Behnken matrix is N = 2 × k × (k–1) + r, where 
k is the factor number and r is the replicate number of the 
central point.

The present investigation used a total of 17 examinations 
to assess how the three primary independent characteris-
tics affected the chromium adsorption efficiency. Table 2 
lists the experimental setup matrix in its actual form.

The process performance was assessed by examining the 
response (y), which is dependent on the input components 
X1, X2,…Xk. The  following formula describes the relation-
ship between the response and the input process variables.

y f X X X Xk� � � �1 2 3
, , ,..., � ,	 (4)

where f is the real response function, whose format is 
unknown and e is the residual factor associated with the 
experiments. The surface represented by f(Xi, Xj) is known 
as the response surface. 

Scheme 1 The MCP synthesis

Table 1 Box–Behnken design factors and independent variables

Variables (Unit) Factors
Levels

–1 0 1

Particle size (nm) A 398 448 498

Dosage (mg/L) B 20 25 30

pH C 5 6 7
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The response can be represented graphically, either in 
three-dimensional space or as contour plots that help visu-
alize the shape of the response surface. For RSM, the most 
commonly used second-order polynomial equation devel-
oped to fit the experimental data and determine the rele-
vant model terms can be written as [28]:

y X X X Xi ii i ij i j� � � �� ��� � � �
0 0

2 ,	 (5)

where β0 is the constant coefficient, βii is the slope or linear 
effect of input factor Xi, βij is the linear by a linear interac-
tion effect between input factor Xi and, bii is the quadratic 
effect of input factor Xi.

2.5 Desirability
The optimal performance levels for multiple responses can 
be determined by simultaneously determining the optimal 
settings for the input variables by using the desirability func-
tion approach. Two parts make up the desirability procedure: 
(1)  determining the values of the independent factors that 
concurrently yield the most acceptable expected responses on 
the dependent variables, and (2) optimizing the overall desir-
ability of the controllable elements [29]. In 1980, Derringer 
and Suich created an additional version  [30]. The  general 
approach is to first convert each response (yi) into an indi-
vidual desirability function (di) which varies over the range,

0 1≤ ≤di ,	 (6)

where if response yi is at its goal or target, then di =  1, 
and if the response is outside an acceptable region, di = 0. 
The design variables were then chosen to maximize over-
all desirability:

D d d d d
nn� � � �� �1 2 3

1
... ,	 (7)

where n is the number of responses to measure.
Depending on whether a particular response yi is to be 

maximized, minimized or assigned a target value, the dif-
ferent desirability functions di(yi) used are those proposed 
by Derringer and Suich [29]. If a response is of the "target 
is the best" kind, then its individual desirability function is:
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where exponents p and q determine the importance of hit-
ting the target value. If a response is maximized, the indi-
vidual desirability is defined as shown in Eq. (9).
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Finally, if a response is to be minimized, the individual 
desirability (di) is calculated according to Eq. (10).
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where Li, Ui and Ti are the lower, upper and target val-
ues, respectively, which are desired for response yi, with 
Li ≤ yi ≤ Ui.

2.6 Adsorption isotherm
Many equations can be used to analyze the experimen-
tal adsorption equilibrium data. In this study, the follow-
ing three models were tested: Langmuir isotherm the-
ory assumes monolayer coverage of the adsorbate over 
a homogenous adsorbent surface. The Langmuir  equa-
tion [31] is formulated as:

q Q bC
b Cc
L

T e

�
�

�

1
,	 (11)

Table 2 Experimental design matrix (Box–Behnken) and experimental 
responses

Run Particle size 
nm

Dosage
mg/L pH Removal

mg/g

1 448 20 7 98.7

2 498 30 6 87.21

3 448 25 6 153.5

4 448 25 6 127.57

5 448 20 5 107.53

6 448 30 7 95.52

7 398 25 7 121.42

8 498 25 5 97.62

9 448 30 5 87.6

10 498 25 7 104.63

11 498 20 6 109.78

12 448 25 6 153.4

13 448 25 6 153.1

14 398 25 5 148.56

15 398 20 6 137.5

16 398 30 6 137.42

17 448 25 6 143.7
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where QL is the maximum adsorption capacity of the 
adsorbent (mg/g), corresponding to the monolayer sur-
face coverage, and b is the adsorption affinity constant or 
Langmuir constant (L/mg) and is a measure of the energy 
of adsorption.

The Freundlich isotherm is an empirical equation 
describing the adsorption on a heterogeneous surface [32]. 
The Freundlich isotherm is commonly presented in Eq. (12).

q K Cc F e
n=
1

,	 (12)

where KF is the Freundlich constant related to the adsorp-
tion capacity (mg  g−1)(mg  L−1)

1
n  and n is the Freundlich 

exponent (dimensionless).
The Langmuir isotherm assumes that adsorption occurs 

at fixed, equivalent sites and that the heat of adsorption is 
constant. In contrast, the Temkin model assumes a linear 
decrease in adsorption energy, which makes it more suitable 
for describing non-ideal adsorption [33]. The model can be 
expressed in the form of an equilibrium adsorption isotherm:

q RT
b

K Ce
T

T e� � �ln ,	 (13)

where qe is the amount of adsorbate at equilibrium, Ce is 
the equilibrium concentration of the adsorbate in the solu-
tion, and the terms R, T, KT, and bT is Temkin constant, 
have the same meanings as in Eq. (11).

2.7 Adsorption kinetics
To examine the mechanism controlling the adsorption 
processes, pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion kinetic equations were used to test 
the experimental data. The pseudo-first-order equation of 
Lagergren is generally expressed as [33],

q q k tt c� � �� �� �1
1

exp ,	 (14)

where k1 1/min is the rate constant of the pseudo-first-or-
der adsorption and t is the time. The pseudo-second-order 
equation based on the adsorption equilibrium capacity can 
be expressed as Eq. (15) [34]:

q
k q t
k q tt
t

c
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�
2

2

2

2
1

,	 (15)

where k2 (g/(mg∙min)) is the rate constant of pseu-
do-second-order adsorption. The  intra-particle diffusion 
model [35] was applied to the kinetic data using the pore 
diffusion factor described by Eq. (16):

q k t ct i� � ,	 (16)

where ki is the intra-particle diffusion rate constant 
(mg/(g∙min)1/2) and c is the intercept (mg/g).

2.8 Model comparison
All the model parameters were evaluated by non-linear 
regression using MATLAB software [36], and the deter-
mination coefficient (R2), sum of squares due to error 
SSE,  residual root mean square error RMSE and chi-
square test were also used to measure the goodness-of-fit. 
We used the second-order corrected Akaike Information 
Criterion (AICC) statistical approach to compare the mod-
els. The error functions employed were as follows:

(i) The sum of the squares of the errors:

SSE q q
i

n

i i
� �� �

�
� ��

1

2

exp (mod)
' ,	 (17)

where qi(exp) is the adsorption capacity obtained from the 
experiment and qi(mod) is the adsorption capacity obtained 
from the kinetic model.

(i) The coefficient of determination:

R SSE
SST

2
1� � ,	 (18)

where SST is called the total sum of squares.
(i) The residual root means square error:

RMSE
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(ii) Chi-square test:
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(iii) Corrected Akaike information criterion (AICC)

AIC n SSE
n

p
p p
n pC � � �
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ln 2
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,	 (21)

where p is the number of parameters in the model, and n is 
the number of data points, AICC values can be compared 
using the evidence ratio E which is defined by:

E �
�� �
1

0 5exp . �
,	 (22)

where ∆ is the absolute value of the difference in AICC 
between the two models.
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3 Result and discussion
3.1 Characterization
MCP is produced by the selective oxidation of cellulose 
and its condensation with aromatic amines. The chemi-
cal modification of cellulose was confirmed by FTIR 
and 13C-NMR spectroscopy and the spectral data of the 
MCPs. Several peaks were observed in the spectrum of 
the native cellulose, indicating that it was composed of 
various functional groups. The intense main characteris-
tic bands at 3348 cm−1 are attributed to –OH stretching, 
2903 cm−1 (C–H), 1664 cm−1 (C–C ring), 1430 cm−1 (–CH2), 
1371 cm−1 (–CH bend) and 1058 cm−1 (C–O–C) which are 
in good agreement with previously reported values  [11]. 
In MCP the –OH stretching frequency appeared at 3343 cm−1, 
while the imine –CH stretching frequency appeared at 
2895  cm−1, 1536  cm−1  (C–N), 1448  cm−1  (–CH2  bend), 
888 cm−1 (C–S). The C–C ring stretching frequency was 
not observed in the modified cellulose owing to the cleav-
age of the pyranose ring. 

A strong absorption peak at 1659 cm−1 is clear, which 
is due to the –N=CH– (azomethine) stretching frequency, 
supporting the configuration of the pendant benzothiazole 
groups in MCP shown in Fig. 1. The spectrum of native 
cellulose (Fig. 2) shows signals vibrating around δ = 62.2 
to 102.4  ppm for carbons of the pyranose ring, and the 
carbon of –CH2–OH signal visible at δ = 44.2 ppm are in 
concord with the reported values.

The modified cellulose pyranose ring carbons exhibit 
signals between δ = 68 to 107. Apart from the descriptive 
signals, aromatic ring carbons appeared at δ = 124 ppm, 
134  ppm and 150  ppm. The  imine  (–CH=N–) carbon 
showed at δ  =  174  ppm. The  carbon of the –CH2–OH 

group shifted to δ = 33 ppm. The pendant benzothiazole 
groups exhibit a broad signal at δ = 203 ppm. The assess-
ment of the solid-state 13C-NMR and FTIR spectra of 
the modified cellulose clearly showed that the formation 
of azomethine linkage and all the principal functional 
groups were present in the MCP backbone.

The MCP surface was more irregular, rough and had 
an open porous structure. The presence of pores in MCP 
suggests that metal ions are trapped and adsorbed on the 
surface. These cavities were sufficiently large to allow the 
metal ions to penetrate the surface and interact with the 
surface chelating groups. The surface morphology of the 
metal ion-adsorbed MCP showed layers of metal ions on 
the porous surface. The particle size was measured using a 
particle size analyzer and was found to be 448.3 ± 5.2 nm. 
The  average particle size of the adsorbent provided a 
larger surface area for the removal of metals from aqueous 
media. By using Gwyddion mean roughness Ra was calcu-
lated and found as 355.4 ± 4.8 nm. Surface area and grain 
size were also calculated from a constructed 3D image of 
SEM (Fig. 3) and it was identified as 21.62 ± 0.35 × 106 and 
grain size as 480.1 ± 6.3 nm. The presence of more rough-
ness and porosity facilitates the complexation of metals 
from aqueous solutions.

3.2 Box–Behnken Analysis
The analysis of variance (ANOVA) results used in the chro-
mium adsorption investigation after the Box-Behnken 
responses are shown in Table  3. ANOVA was necessary 
to determine whether the model was adequate or signifi-
cant. This breaks down the overall variance of the results 
into two sources: model and experimental errors [37]. This Fig. 1 FTIR spectrum of modified cellulose polymer

Fig. 2 NMR spectrum of modified cellulose polymer
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indicates that the model variation is important for the vari-
ation caused by residual error. For this comparison, The 
Fisher's F-test value was calculated as the ratio of the model 
mean square to the residual error  [38]. The  adequacy of 
the model's fit as demonstrated in Table 3, shows that the 
F-value achieved, 1000.46, is larger than the F-value (1.06 
at 95% significance) derived from the standard distribution 
tables. Table 3 shows the p-values (Prob > F) employed to 
determine the importance of each term. With extremely low 
p-values (p < 0.05), the terms X1, X2, and X3 are important, 
as can be seen in Table 3. The lack-of-fit test examines the 
pure error from the replicated design points with a residual 
error. Because the p-value is more than 0.05, the lack-of-fit 
F-value of 10.49 is not important. The non-significant lack-
of-fit demonstrated the validity of the model for the current 
task. The resulted RSM model equation is as follows:
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The particle size, dosage, and pH positively affected the 
chromium adsorption percentage, according to Eq.  (23). 
An inverse relationship between the component and 
response is represented by a negative number, whereas a 
positive value denotes an influence that supports the opti-
mization. The percentage effect of each factor was investi-
gated using a Pareto analysis [39]. Based on the following 
relationship, the percentage effect (Pi) of each element on 
the response received was determined,

P ii
i

i i

�
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�

�
�

�

�

�
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��
�

�

2

1

14 2

100 0 ,	 (24)

where βi denotes the regression coefficient of the individual 
process variables. Fig. 4 shows the Pareto graphic analysis. 
As can be seen in this figure, all three variables, particle size, 

Fig. 3 SEM image and surface roughness of MCP

Table 3 ANOVA table for response surface quadratic model

Source Sum of 
squares df* Mean 

square F-value p-value

Model 10270.05 9 1141.12 1000.46 < 0.0001

A-Particle 
size 3047.46 1 3047.46 2671.83 < 0.0001

B-Dosage 247.53 1 247.53 217.02 < 0.0001

C-pH 17.46 1 17.46 15.31 0.0058

AB 126.45 1 126.45 110.86 < 0.0001

AC 140.07 1 140.07 122.8 < 0.0001

BC 59.99 1 59.99 52.59 0.0002

A2 107.03 1 107.03 93.84 < 0.0001

B2 3316.81 1 3316.81 2907.98 < 0.0001

C2 2709.36 1 2709.36 2375.4 < 0.0001

Residual 7.98 7 1.14

Lack of fit 7.08 3 2.36 10.49 0.0229

Pure error 0.9005 4 0.2251

Cor total** 10278.03 16
* df = degrees of freedom; Between groups = groups − 1, 
Within groups = total − groups, Total = total − 1
** Corrected total = total variation around the overall mean

Fig. 4 Pareto chart with cumulative % contribution
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Fig. 5 Plot of the experimental and predicted responses Fig. 6 Desirability graph for removal of chromium from aqueous solution

dosage, and pH (β2, 33.9%, β1, 31.2% and β3,  27.7%) pro-
duced the main effect on the percent chromium adsorption. 

The R2 of the model was 0.9992, indicating a good fit 
between the predicted values and experimental data points 
(Fig. 5). In addition, this implies that 99.92% of the varia-
tions in chromium adsorption percentage are explained by 
the independent variables, and this also means that the model 
does not explain only approximately 0.08% of the variation. 
The predicted R2 value is a measure of how accurately the 
model predicts the response value. The adjusted R2 and pre-
dicted R2 should be within 0.20 of each other for reason-
able agreement. If they are not, there may be a problem with 
either the data or model. In our case, the predicted R2 value 
of 0.9888 is in reasonable agreement with the adjusted R2 
value of 0.9982. The adequate precision measures the signal-
to-noise ratio and compares the range of the predicted values 
at the design points with the average prediction error. A ratio 
greater than 4 is desirable and indicates adequate model dis-
crimination. In this study, the ratio was 77.90, indicating the 
reliability of the experimental data. The coefficient of varia-
tion (CV = 0.8643) and standard deviation (SD = 1.07) indi-
cate the degree of precision. The low CV and SD values indi-
cated the adequacy of the experiment.

The models had high R2 values, significant F-values, 
insignificant lack-of-fit p-values and low standard devia-
tions and coefficients of variance. These results indicate 
high precision in predicting the chromium removal effi-
ciency of the MCP. 

3.3 Optimization - desirability
Using numerical optimization, a desirable value for each 
input factor and response can be selected.

Therein, the possible input optimizations that can be 
selected include the range, maximum, minimum, tar-
get, none  (for  responses), and are set to establish an opti-
mized output value for a given set of conditions. In this 
study, the input variables were given specific range val-
ues, and the response was designed to achieve a maximum. 
Under  these conditions, the maximum chromium adsorp-
tion was 134.53 mg/g (Fig. 6) at an initial pH of 6.04 ± 0.05, 
particle size of 485.49  ±  2  nm, and adsorbent dose of 
24.14 ± 0.5 mg/L. The confirmatory test results showed a 
chromium adsorption of 132.52 ± 2.1 mg/g under optimal 
conditions compared with the chromium adsorption of 
134.53 ± 1.8 mg/g obtained by the model. This indicated the 
suitability and accuracy of the proposed model.

3.4 Effect of interactive variables
The response surface plots of the second-order polynomial 
equation with one variable were kept constant, and those of 
other two which varied within the determined experimen-
tal ranges, are shown in Fig. 7. The response surface plots 
show the effects of MCP dosage, particle size, and pH on 
the adsorption of chromium onto MCP. This indicates that 
chromium adsorption increased with decreasing initial pH. 
This could be explained by the zero point of charge of the 
adsorbent (pHZ  =  6.5). The MCP surface has a positive 
charge when the solution pH is less than pHZ, thus chro-
mium adsorption increases. In a solution with pH > pHZ, 
MCP surface becomes negatively charged and decreases 
chromium adsorption. Contour response surface plots show-
ing the effect of adsorbent dosage and particle size of MCP 
on chromium adsorption by MCP. The chromium adsorp-
tion of MCP increased with an increase in adsorbent dosage 
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from 20–25 mg/L but a further increase in adsorbate con-
centration showed a slight decrease. Chromium adsorption 
increases along with an increase in pH from 5 to 6 for MCP. 
However, a further increase in the adsorbate concentration 
shows a slight decrease. The reason for this observation may 
be that the surface becomes neutral at pH 7 which reduces 
the adsorption of chromium onto the adsorbent. A more 

acidic pH is required to produce a positive charge on the sur-
face of cellulose, which attracts metal ions from the aqueous 
solutions. The adsorption properties of MCP were evaluated 
using isotherm and kinetic models to elucidate the mecha-
nism of chromium uptake. Recent comparative studies have 
indicated that the Langmuir model provides the best descrip-
tion of monolayer adsorption processes involving modified 
biomass adsorbents  [40–42]. Kinetic analyses generally 
revealed that the pseudo-second-order model accurately rep-
resents chemisorption processes, a trend supported by our 
results. Compared to adsorbents derived from activated car-
bon [43], MCP exhibits enhanced performance and broader 
applicability for the chromium removal.

3.5 Adsorption isotherm and kinetics
Fig. 8 illustrates the isotherm models and kinetics fitted to 
the experimental data obtained at 303 K. The determined 

Fig. 7 Response surface plots for the adsorption of chromium on MCP

(a)

(b)

Fig. 8 (a) Adsorption isotherms of chromium onto MCP at T = 303 K, 
(b) adsorption kinetics of chromium onto MCP at 25 mg/L
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error function values and isotherm parameters are pre-
sented in Table  4. According to Table  4, the Langmuir 
and Temkin isotherms showed a better fit to the adsorp-
tion data than the Freundlich isotherm for the adsorption 
of chromium, based on the highest R2 value and the low-
est SSE, RMSE, and R2 values. At T = 293 K, the AICC 
values were calculated for the Langmuir  (−6.827) and 
Temkin (−1.51) isotherms. A smaller AICC value suggested 
that the Langmuir isotherm was a better fit. The evidence 
ratio of 14.28 means that it is 14.28 times more likely to be 
the correct model than the Temkin isotherm. Therefore, the 
experimental results suggest that a monolayer of chromium 
ions is adsorbed on homogeneous adsorption sites on the 
surface of the MCP. The Langmuir maximum adsorption 
monolayer capacities were found to be 132.52 ± 2.1 mg/g 
at 303 K respectively. The MCP examined in this study 
demonstrated the highest adsorption capacity compared 
to most other adsorbents in terms of chromium capac-
ity  [44]. The adsorption kinetics were studied at a tem-
perature of 303 K; particle size of 485 nm; adsorbent dose 
25 mg/L and pH 6.1–6.2 Fig. 8(b) shows the kinetic mod-
els fitted to the experimental data. Similarly, all the values 
of the different kinetic parameters, as shown in Table 5, 
were obtained from various graphical presentations of 
the kinetic equations. The highest R2 value and the lowest 

SSE, RMSE, R2 and AICC values were obtained for the 
pseudo-second-order kinetic model. In addition, the val-
ues of qe,exp (132.52 ± 2.1 mg/g) and qe,cal (133.14 ± 3.2 mg/g) 
were very close to each other. Therefore, the adsorption is 
expected to follow pseudo-second-order kinetics.

The practical effectiveness of an adsorbent depends on 
its regeneration ability and the use of an efficient, cost-ef-
fective, and environment-friendly desorbing agent. Our 
earlier research on polyadsorbents modified cellulose-tri-
azole (MC-Tz) showed that acidic eluents like 0.1 M HCl, 
H2SO4, and CH3COOH enabled effective desorption and 
reusability [45]. Using similar eluents for MCP (Fig. 9), we 
found that both mineral and organic acids at low concen-
trations successfully regenerated the material with a slight 
decrease in the adsorption capacity after multiple cycles. 
To  assess the stability of MCP, we performed an FTIR 
analysis of the regenerated material. The  characteristic 
functional groups of cellulose remained visible, including 
the C–O and C–O–C stretching region (1000–1200 cm⁻¹), 
although several peaks showed systematic shifts: O–H 
stretching shifted from 3341 to 3617  cm⁻¹, C–H stretch-
ing from 2891 to 2860 cm⁻¹, C=N stretching from 1666 to 
1713 cm⁻¹, and CH2 deformation from 1448 to 1576 cm⁻¹. 

These changes were attributed to variations in hydrogen 
bonding and local polarity, rather than structural degrada-
tion, from the adsorption–desorption cycles. The persistence 
of the major functional groups indicates that MCP maintains 
its structural integrity after regeneration, demonstrating its 
durability and suitability for wastewater treatment.

The adsorption capacity of MCP for Cr(III) was 
132.52  ±  2.1  mg/g at pH 6.04  ±  0.05, a dosage of 
24.14  ±  0.5  mg/L, and a particle size of 485  nm, out-
performing the most natural and engineered adsor-
bents reported in the literature  (Table  6). Acid-treated 

Table 4 Chromium adsorption isotherm parameters by MCP polymer 
at 303 K

Langmuir Freundlich Temkin

QL 132.52 KF 38 KT 121.57

b 0.051 1/n 1.738 bT 0.165

R2 0.9989 R2 0.9970 R2 0.9990

SSE 5.841 SSE 28.42 SSE 7.98

RMSE 0.5861 RMSE 1.293 RMSE 0.6853

χ2 0.049 χ2 0.248 χ2 0.072

AICC −6.827 AICC 20.07 AICC −1.51
Units of parameters — QL: mg/g; KF: (mg g−1)(L mg−1); KT: L/g; 
b(Langmuir): L/mg; bT(Tempkin): J/mol

Table 5 Chromium adsorption kinetics parameters by MCP dosage 
of 25 mg/L at 303 K

Pseudo-first Pseudo-second Intra particle

qe 118.79 qe 133.14 qe 103.45

k1 0.087 k2 0.0053 ki 0.581

R2 0.9981 R2 0.9992 R2 0.9986

SSE 18.76 SSE 9.514 SSE 14.03

RMSE 1.050 RMSE 0.765 RMSE 0.908

χ2 0.165 χ2 0.098 χ2 0.124

AICC 13.01 AICC 2.32 AICC 8.07
Units of parameters — k1, k2, ki: (g/(mg∙min)); qe: (mg/g)

Fig. 9 FTIR spectrum of regenerated MCP after multiple adsorption cycles
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clinoptilolite adsorption achieved 1.19  mg/g for fluo-
ride [40]. MCP exceeded advanced nanomaterials such as 
Fe3O4@GO nanocomposites, which absorbed 31  mg/g of 
cefixime  [41], and magnetic multi-walled carbon nano-
tubes, with 96.42 mg/g of ciprofloxacin  [42]. Oak fruit–
derived activated carbon showed a moderate capacity of 
80-95  mg/g for methylene blue  [43]. Saccharomyces cer-
evisiae biosorbent absorbed 6.27 mg/g of amoxicillin [46] 
while AC–ZnO nanocomposite achieved 44 mg/g for diaz-
inon [47]. In chromium studies, MCP outperformed poly-
aniline-coated cellulose, with 35.97 mg/g for Cr(VI) at pH 7 
and 4 g/L, and unmodified cellulose, with 83.33 mg/g for 
Cr(III) at pH 5 and 0.1 g/L [48, 49]. Only Fe3O4/activated 
carbon from banana peel slightly outperformed MCP with 
148.5 mg/g for Basic Blue 41 dye at pH 9 [50]. These com-
parisons show that MCP outperforms most natural, cellu-
lose-based, and engineered adsorbents for heavy metals 
while rivaling advanced composite systems and maintain-
ing eco-friendly, renewable, and easy synthesis benefits.

4 Conclusion
Environmental issues have prompted extensive research 
into industrial adsorbents. In response, a novel, cost-effec-
tive sorbent has been developed using cellulose, a material 
that is abundant, biodegradable, and structurally stable. 
The incorporation of polymeric chelating moieties con-
taining diverse O, N, and S donor atoms into the cellulose 
backbone results in high extraction efficiency for metals 
from aqueous solutions. These heteroatoms facilitate the 
attraction of metal ions to aqueous solutions and enable 

their complexation. In this study, the statistical methodol-
ogy, Box–Behnken response surface design, was demon-
strated to be effective and reliable for determining the opti-
mal conditions for the adsorption of chromium onto MCP. 
The results indicated that the adsorption conditions signifi-
cantly affected the removal of chromium. Response surface 
plots were used to estimate the interactive effect of three 
independent variables (particle size in nm, pH, and adsor-
bent dose) on the response (chromium adsorption). A sec-
ond-order mathematical model was developed through 
regression analysis of the experimental data obtained from 
17 batch runs. Applying the desirability function method, 
the optimization of the adsorbent dose (24.14 ± 0.5 mg/L), 
particle size (485.49 ± 2 nm), and pH (6.04 ± 0.05) yielded 
a maximum chromium adsorption of 134.53  ±  1.8  mg/g 
with a desirability of 0.805. Various kinetic models were 
examined, and the pseudo-second-order model was found 
to be applicable in this study. Langmuir, Freundlich, and 
Temkin isotherm models were employed to describe the 
adsorption equilibrium of chromium. These data are in 
good agreement with the Langmuir isotherm. The findings 
of this study indicate that MCP possesses a substantial 
adsorption capability, and further optimization enhances 
its commercial viability.
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Table 6 Comparative adsorption studies of the MCP with existing literatures

Adsorbent Adsorbate Adsorption 
capacity (mg/g)

Experimental conditions
(pH, adsorbent dose) Reference

Acid-treated clinoptilolite Fluoride 1.19 pH 3; dose 20 g/L; LT* [40]

Fe3O4@GO nanocomposite Cefixime (CEX) 31 pH 3; dose 10–50 mg/L; LT [41]

Magnetic Multi-walled Carbon 
Nanotube

Ciprofloxacin
(CIP) 96.42 pH 3–9; dose 0.1–1 g/L; 303 K [42]

Oak fruit derived activated carbon Methylene
blue 80–95 pH 6–7; dose 25 mg/L; 303 K [43]

Saccharomyces cerevisiae 
bioadsorbent Amoxicillin 6.27 pH 2–8; dose 0.75 g/L; 303 K [46]

AC-ZnO nanocomposite Diazinon 44 pH 5; dose 0.83 g/L; LT [47]

Polyaniline-coated cellulose Cr(VI) 35.97 pH 7; dose 4 g/L; 303 K [48]

Modified Cellulose Cr(III) 83.33 pH 5; dose 0.1 g/L; 303 K [49]

Fe3O4/activated carbon (Banana peel) Basic Blue
41 dye 148.5 pH 9; dose 0.5 g/L; LT [50]

Modified Cellulose Polymer MCP
(this work) Cr(III) 132.52 ± 2.1 pH 6.04; dose 24.14 mg/L; particle size 

485 nm; 30 K
This 
study

* LT = Laboratory temperature
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