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Abstract
A pH-sensitive chitosan/sepiolite clay/algae biocomposite (Chi/Sep/Alg) was fabricated to remove cationic (malachite green, 
MG) and anionic (remazol brilliant blue R, RBBR) dyes from aqueous. The characteristics of Chi/Sep/Alg biocomposite 
were investigated by  pHpzc, pH-potentiometric titration, CHNS, XRD, SEM–EDX, FTIR, and BET analyses. A Box–Behnken 
design (BBD) was adopted to optimize the adsorptive performance of the Chi/Sep/Alg biocomposite towards removal of 
MG and RBBR dyes using three controllable operating factors, namely Chi/Sep/Alg dose (0.02–0.1 g), solution pH (4–8), 
and process time (5–30 min). The ideal BBD model circumstances for MG dye removal efficiency were as follows: Chi/
Sep/Alg dose (0.1 g/L), solution pH 8, and time (17.5 min), while for RBBR dye, the ideal circumstances were Chi/Sep/
Alg dose (0.1 g/L), pH ~ 4, and time (17.5 min). The adsorption kinetic and isotherm reflect that the adsorption of MG and 
RBBR dyes onto Chi/Sep/Alg biocomposite obeyed pseudo-second-order and Freundlich isotherm model, respectively. The 
maximum adsorption capacities of Chi/Sep/Alg biocomposite towards MG (515.7 mg/g) at basic pH environment (pH 8) 
and RBBR (292.4 mg/g) at acidic pH environment (pH 4). An endothermic and spontaneous adsorption process of MG and 
RBBR dyes was confirmed by the calculated thermodynamic functions. The adsorption mechanism of MG and RBBR dyes 
on the surface of Chi/Sep/Alg biocomposite can be attributed to various interactions such as electrostatic, H-bonding, and 
n-π interactions. Thus, this pH-sensitive Chi/Sep/Alg biocomposite exhibits a great affinity towards capturing cationic and 
anionic dyes by adjusting the solution pH.
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Introduction

The discharge of hazardous environmental pollutants i.e., 
heavy metals, pharmaceuticals, pesticides, and organic dyes 
from industrial sectors like plastics, cosmetics, paper, tex-
tiles, antiseptics, leather, and food to aquatic environments 

have significantly damaged their characteristics [1]. Organic 
dyes are one of the typical environmental pollutants, which 
have a significant threat to aquatic life and human beings due 
to their carcinogenicity, high toxicity, and non-biodegrada-
bility, where a tiny quantity of dyes discharged into fresh-
water has an impact on aquatic life and food webs [2–4]. 

 * Ali H. Jawad 
 ali288@uitm.edu.my; ahjm72@gmail.com

1 Faculty of Applied Sciences, Universiti Teknologi MARA , 
40450 Shah Alam, Selangor, Malaysia

2 Department of Medical Instrumentation Engineering, 
Al-Mansour University College, Baghdad, Iraq

3 College of Engineering, University of Warith Al-Anbiyaa, 
Karbala, Iraq

4 Chemistry Department, College of Science, King Saud 
University, Riyadh 11451, Saudi Arabia

5 Department of Earth Sciences and Environment, Faculty 
of Science and Technology, Universiti Kebangsaan Malaysia, 
43600 Bangi, Selangor, Malaysia

6 Adjunct Research Fellow, USQ’s Advanced Data 
Analytics Research Group, School of Mathematics Physics 
and Computing, University of Southern Queensland, 
Darling Heights, QLD 4350, Australia

7 New Era and Development in Civil Engineering Research 
Group, Scientific Research Center, Al-Ayen University, 
Thi-Qar 64001, Iraq

http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-022-02614-y&domain=pdf


502 Journal of Polymers and the Environment (2023) 31:501–518

1 3

The persistence of dyes' aromatic structure is likely to be 
responsible for the mutagenic and carcinogenic issues in 
nature [5]. Based on these serious consequences resulting 
from the increased pollution of water with organic dyes, it 
is necessary to treat wastewater before it is released into the 
freshwater. Generally, several methods such as coagulation/
flocculation [6], adsorption [7–9], membrane filtration [10], 
photocatalytic degradation [11], and oxidation [12] were 
extensively carried out for the removal of organic dyes from 
contaminated wastewaters. However, most of these methods 
have some drawbacks, for example, high energy require-
ments, generation of high amounts of sludge, and forma-
tion of toxic byproducts [13]. Among these aforementioned 
methods, adsorption is listed as one of the most successful 
and widely used methods for treating organic dyes is due to 
its efficiency, ease of application, environmental friendli-
ness, strong controllability, low cost, and high selectivity 
[14].

Chitosan (Chi) is a linear polysaccharide synthesized 
from partial deacetylation of chitin and it is predominantly 
composed of the unbranched chains of D-glucosamine units 
[15, 16]. Chi has a set of unique properties e.g., abundance 
in nature, biodegradability, adsorption ability, nontoxicity, 
antimicrobial activity, hydrophilicity, biocompatibility, and 
high chemical reactivity [17]. The presence of the active 
sites (amino and hydroxyl groups) in the Chi matrix makes it 
a desirable adsorbent for the removal of anionic dyes through 
the electrostatic interactions between protonated amino 
groups (–NH3

+) of the Chi and the anionic groups of the 
dyes in solid/liquid interface solution [18]. However, there 
is a weakness of Chi when used as an adsorbent in adsorp-
tion technologies like pH-dependent (soluble or gel form at 
acidic medium), low mechanical/thermal performance, and 
low surface area [19]. From this standpoint, several ways 
e.g., composition, crosslinking, and grafting have been pre-
sented to modify various properties of Chi [20]. The design 
of Chi-based composites has been extensively introduced as 
a unique approach for modifying characteristics of Chi such 
as adsorption ability, swelling/water adsorption, mechanical 
performance, and surface area [21]. Several outstanding bio-
logical and natural materials e.g., montmorillonite (MMT) 
mineral [22], algae (Alg) biomass [23], and sepiolite (Sep) 
clay [24] have been employed to form Chi composites due 
to their promising chemical and physical characteristics, as 
well as their naturally abundant, sustainable, and environ-
mentally friendly properties.

Sep clay is one of the abundant and widely used inor-
ganic minerals as an effective adsorbent for the removal of 
organic/inorganic pollutants from water due to its remark-
able properties such as high porosity, high specific surface 
area, adsorption of cationic pollutants, mechanical stabil-
ity, environmentally friendly, and low cost [25]. Sep is 
characterized by its fibrous structure with the formula of 

 Mg8(H2O)4Si12O30(OH)4·8H2O [26]. This property leads to 
the penetration of many organic and inorganic pollutants into 
the structure of Sep [27]. Thus, formulation of Chi biopoly-
mer with Sep clay leads to present an ideal absorbent to 
absorb both anionic and cationic contaminants as well as 
overcoming some of Chi's weaknesses [28, 29].

In the same context, the use of biomaterials as effective, 
sustainable, and inexpensive biosorbents (e.g., algae, agri-
cultural waste, and bacteria) for the removal of different con-
taminants from wastewater has gained great attention [30, 
31]. Algae (Alg) is one of the interesting biomaterials used 
as biosorbent for water decontamination due to its renewa-
ble, inexpensive, available year-round, high adsorption affin-
ity, and relatively high surface area [32]. Alg is characterized 
by the presence of reactive functional groups in its structure 
such as hydroxyl (–OH), carboxyl (–COOH), phosphate 
(–PO4

−3), and amino (–NH2) groups, which can bind with 
different inorganic/organic pollutants through electrostatic 
attraction, complexation, and ion exchange [33]. Recently, 
several studies have shown that unmodified Alg and Alg 
composite have a high adsorption capacity for the removal 
of metal ions and organic dyes from polluted water [34, 35].

Thus, the present study aims to prepare a new pH-sen-
sitive chitosan/sepiolite clay/algae biocomposite (Chi/Sep/
Alg) with unique surface property and capability towards 
removing both cationic (malachite green, MG) and anionic 
(remazol brilliant blue R, RBBR) dyes from aqueous envi-
ronment. A variety of instrumental approaches including 
zero point of charge  (pHpzc), CHNS Analyzer, Brunauer 
Emmet Teller (BET), X-ray diffraction (XRD), Fourier 
transform infrared (FTIR) spectra, scanning electron micros-
copy (SEM), and pH-potentiometric titration were employed 
to investigate the physicochemical properties of Chi/Sep/
Alg biocomposite. A statistical approach of response sur-
face methodology (RSM) with Box-Behnken design (BBD) 
was applied to explore the operational factors (Chi/Sep/
Alg dose, pH, and time) affecting the responses including 
MG dye removal (%) and RBBR dye removal (%). Kinetic 
and adsorption isotherm study of MG and RBBR dyes was 
performed. A realistic adsorption mechanism for MG and 
RBBR dye molecules on the surface of Chi/Sep/Alg bio-
composite was proposed.

Materials and Methods

Materials

Chitosan (Chi) biopolymer (deacetylation ≥ 75%), 
and sepiolite clay (Sep) powder were ordered from 
Sigma–Aldrich, while algae (Alg) was laboratory synthe-
sized. The dyes used in adsorption experiments including 
malachite green (MG) as a model of cationic dye with 
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molecular weight  (C23H25ClN2; MW: 364.911; g/mol 
λmax = 617 nm), and remazol brilliant blue R, (RBBR) 
as a model of anionic dye  (C22H16N2Na2O11S3; MW: 
626.54; g/mol λmax = 592 nm) were provided from R&M 
Chemicals, Malaysia. The mother chemical reagents 
(e.g., sodium chloride powder, hydrochloric acid, sodium 
hydroxide pellets, and acetic acid) were supplied from 
R&M Chemicals, Malaysia. Deionized water was utilized 
to prepare all the dyes stock solution and other required 
solutions throughout this study.

Synthesis of Chi/Sep/Alg

Chi/Sep/Alg biocomposite was prepared by adding 100 mL 
of 5% acetic acid solution to a mixture of Chi flakes (2 g), 
Alg powder (1 g), and Sep clay powder (1 g). Then, the vis-
cous solution was vigorously stirred by a magnetic stirrer for 
24 h to complete the dissolution of Chi flakes and achieve 
the composition between the three materials (Chi, Sep, and 
Alg). The next step included converting the viscous solu-
tion formed into Chi/Sep/Alg beads through injection of the 
viscous solution by a 10 mL syringe into 1000 mL NaOH 
(0.5 M) solution at a rate of 1 mL/min (manually). The fresh 
Chi/Sep/Alg beads were gently washed with distilled water 
several times to ensure that the traces of NaOH solution 
were removed. After that, the fresh Chi/Sep/Alg beads were 

dried in the oven for 24 h, meanwhile, Chi/Sep/Alg beads 
were strongly pulverized by a mortar and pestle. Lastly, the 
final powder of Chi/Sep/Alg biocomposite was sieved to a 
constant particle size of 150 < particle size > 250 μm. The 
structure of Chi/Sep/Alg biocomposite is proposed in Fig. 1.

Characterization

The surface physical property (e.g., specific surface area and 
pore volume) of the materials, namely, Sep, Alg, and Chi/
Sep/Alg biocomposite were obtained using the Brunauer 
Emmet Teller (BET) analysis (Micromeritics ASAP 2060). 
The surface morphologies of Chi/Sep/Alg biocomposite and 
Chi/Sep/Alg biocomposite before and after adsorption of 
MG and RBBR dyes were inspected by a scanning electron 
microscope (SEM, Zeiss Supra 40 VP), meanwhile, esti-
mation of the elemental composition for the Chi/Sep/Alg 
biocomposite and Chi/Sep/Alg biocomposite after MG and 
RBBR dyes adsorption was achieved by energy dispersive 
X-ray analysis (EDX). X-ray diffraction (XRD) patterns of 
Chi, Sep, Alg, and Chi/Sep/Alg biocomposite were obtained 
by a PANalytical X’Pert PRO diffractometer over the 2-theta 
(2θ) range from 5° to 90°. Determination of the percentage 
of free amino groups in the Chi/Sep/Alg biocomposite was 
carried out through the pH-potentiometric titration way [36]. 
The percentages of C, H, N, and S elements in Sep, Alg, 
and Chi/Sep/Alg biocomposite were determined by CHNS 

Fig. 1  Diagram demonstrat-
ing the chemical interactions 
between the components of the 
Chi/Sep/Alg biocomposite
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Analyzer (Flash 2000, Thermo-scientific). Determination of 
the charge on the Chi/Sep/Alg biocomposite surface was 
accomplished by a zero point of charge  (pHpzc) method [37]. 
Fourier transform infrared (FTIR) spectra of the Chi/Sep/
Alg biocomposite and Chi/Sep/Alg biocomposite having 
adsorbed the MG and RBBR dyes were obtained by a Per-
kin-Elmer, Spectrum RX I using KBr pellets at wavenumber 
range from 4000 to 450  cm−1.

Statistical Optimization Methodology

Herein, the optimization and study of the three key param-
eters i.e., Chi/Sep/Alg dose, solution pH, and process time, 
which have the greatest effect on the MG and RBBR dyes 
removal efficiency were carried out by RSM-BBD. The 
software known as Design Expert 13.0 (Stat-Ease, Min-
neapolis, USA) was utilized to design adsorption experi-
ments and analyze the results statistically. The levels of the 
investigated factors and their symbols are given in Table 1. 
Hence, a second-order quadratic equation was utilized to 
infer the relationship between chosen input factors and MG 
and RBBR dyes removal efficiency. Equation 1 shows the 
mathematical formula of the polynomial statistical model.

Y is the expected response (MG and RBBR dyes adsorp-
tion efficiency (%)), while Xi and Xj belong to the independ-
ent adsorption variables. �0  �i , �ii , and �ij are the regres-
sion constants for the intercept, linear, square effect, and 
interaction effect, respectively. Accordingly, seventeen 
runs were derived from BBD to evaluate and optimize the 
influence of the three variables i.e., Chi/Sep/Alg dose (A: 
0.02–0.1 g), pH (B: 4–10), and time (C: 5–30 min) on the 
percentage removal of MG and RBBR dyes. Table 2 sum-
marizes the ranges of the investigated parameters as well 
as the corresponding observed responses (MG dye removal 
(%) and RBBR dye removal (%)). Experimentally, the first 
step involved adding a specified mass of Chi/Sep/Alg bio-
composite to a set of 250 ml Erlenmeyer flasks containing 
100 ml of the MG or RBBR dye solution. Then, these sam-
ples were taken to a water bath shaker (WNB7-45, Mem-
mert, Germany) to stir gently (100 strokes/min) at a speci-
fied time. Afterward, the samples were filtered by a syringe 

(1)Y = �0 +
∑

�iXi +
∑

�iiX
2
i
+
∑∑

�ijXiXj

filter (0.45 µm) to obtain the adsorbent-free dye solutions. 
The residual concentration in MG and RBBR solutions was 
spectrophotometrically (UV–Vis, HACH DR 2800) meas-
ured at λmax 617 nm and 592 nm for MG and RBBR dyes, 
respectively. The removal efficiency (R %) of MG and RBBR 
dyes was estimated by the following formulas (2):

where Co and Ce symbolize the initial and equilibrium con-
centrations of MG and RBBR dyes (mg/L), respectively.

Adsorption Study of MG and RBBR Dyes on Chi/Sep/
Alg

The determination of the amount of dye adsorbed onto the 
Chi/Sep/Alg biocomposite was achieved through batch 
adsorption experiments. The results presented in Table 2 
declare that experiments 4 and 2 gave the best percentage 
removal for MG (78.5%) and RBBR (95.7%) dyes, respec-
tively. The conditions of experiment 4 related to the high-
est MG dye removal (%) were Chi/Sep/Alg dose (0.1 g/L), 
pH ~ 8, and time (17.5 min), while the conditions of experi-
ment 2 related to the highest RBBR dye removal (%) 
were Chi/Sep/Alg dose (0.1 g/L), solution pH 4, and time 
(17.5 min). Additionally, the data indicated that Chi/Sep/Alg 
has the property of Zwitterion due to the results presented 

(2)R% =

(

Co − Ce

)

Co

× 100

Table 1  Codes and actual variables and their levels in BBD

Codes Variables Level 1 (-1) Level 2 (0) Level 3 (+ 1)

A Chi/Sep/Alg dose 
(g)

0.02 0.06 0.1

B pH 4 6 8
C Time (min) 5 17.5 30

Table 2  The 3-variables BBD matrix and experimental data for MG 
removal and RBBR removal

Run A: Dose (g) B: pH C: Time (min) MG 
removal 
(%)

RBBR 
removal 
(%)

1 0.02 4 17.5 14.7 70.1
2 0.1 4 17.5 30.5 95.7
3 0.02 8 17.5 26.3 65.8
4 0.1 8 17.5 78.5 72.9
5 0.02 6 5 16.3 53.8
6 0.1 6 5 31.1 70.8
7 0.02 6 30 30.2 75.1
8 0.1 6 30 74.1 79.2
9 0.06 4 5 10.6 78.9
10 0.06 8 5 20.3 51.4
11 0.06 4 30 29.1 86.6
12 0.06 8 30 61.6 92.9
13 0.06 6 17.5 44.7 84.7
14 0.06 6 17.5 47.6 88.9
15 0.06 6 17.5 50.8 89.7
16 0.06 6 17.5 44.9 83.5
17 0.06 6 17.5 48.5 88.1
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in Table 2, especially the experiment No. 8, where a con-
siderable removal of the MG (74.1%) and RBBR (79.2%) 
was recorded at pH 6, which indicates that the Chi/Sep/Alg 
carried negative and positive charges at pH 6, which enabled 
it to adsorb cationic and anionic dyes. The adsorption runs 
were performed at these optimal conditions with taking into 
account different initial concentrations of MG and RBBR 
dyes (20–250 mg/L) and contact time (0–360 min). Batch 
adsorption experiments for MG and RBBR dyes were car-
ried out by following the same steps mentioned in the afore-
mentioned Sect. (2.4). The mass of dye adsorbed onto the 
Chi/Sep/Alg biocomposite at equilibrium (qe) was estimated 
by the following formulas (3):

where V is the volume of dye solution (L) and W is the mass 
of Chi/Sep/Alg adsorbent (g).

Results and Discussion

Characterization of Chi/Sep/Alg

A set of physical and chemical properties of Chi/Sep/Alg 
biocomposite are shown in Table 3. pH-potentiometric titra-
tion is a fundamental analysis to determine the percentage of 
free amino groups (–NH2) present in Chi/Sep/Alg biocom-
posite’s structure, which represents active adsorption sites 
for acidic dyes such as RBBR dye [15, 19]. The result of the 
potentiometric titration revealed that the percentage of –NH2 
in the Chi/Sep/Alg biocomposite was 31.48%. This result 
indicates that the Chi/Sep/Alg contains sufficient –NH2 to 
adsorb RBBR dye molecules. Estimation of the elemental 
content for Sep clay mineral, Alg, and Chi/Sep/Alg biocom-
posite was obtained by CHNS analysis. The CHNS results 
of Sep, Alg, and Chi/Sep/Alg biocomposite are given in 

(3)qe =

(

Co − Ce

)

V

W

Table 3. The CHNS data showed that the C and N contents 
of Chi/Sep/Alg biocomposite reduced proportionally with 
the increase of Sep clay mineral in the Chi/Alg matrix, indi-
cating the Sep was successfully intercalated in the Chi/Alg 
matrix.

Regarding the results of BET analysis, they were as fol-
lows: Sep = 333.2746  m2/g, Alg = 0.8306  m2/g, and Chi/Sep/
Alg biocomposite = 10.1659  m2/g. Indeed, the surface area 
of Chi/Sep/Alg biocomposite is approximately higher than 
most of the Chi/clay and Chi/biomass composites reported in 
the literature, for example, magnetic kaolin/Chi beads (2.12 
 m2/g) [38], Chi/vermiculite biocomposite (7.91  m2/g) [39], 
and magnetic Chi/marine macro-algae biochar (6.17  m2/g) 
[40]. This result corresponds to the fact that Sep clay has 
a prodigious surface area of 333.27  m2/g, which acts on 
enlarging the surface area of the Chi/Sep/Alg biocomposite 
by scattering of Sep particles on the Chi/Alg biocomposite 
matrix. In the same context, BET’s results also revealed that 
Chi/Sep/Alg is a mesoporous biomaterial due to its average 
pore diameter of 18.53 nm. This characteristic causes that 
the process of uptaking the MG and RBBR dye molecules 
into the pores of the Chi/Sep/Alg biocomposite takes place 
easily.

The XRD analysis was applied to get information on the 
crystalline bio/natural materials (Chi, Alg, and Sep) pre-
sent in Chi/Sep/Alg’s structure as well as to describe the 
crystallinity of the prepared biocomposite (Chi/Sep/Alg). 
The XRD patterns of Chi biopolymer, Alg biomass, Sep 
clay, and Chi/Sep/Alg biocomposite are given in Fig. 2. In 
Fig. 2a, the feature diffraction peaks at 2θ ≅ 10° and 2θ ≅ 20° 
are related to the crystalline regions established by hydro-
gen bonds between the hydroxyl (–OH) and amino (–NH2) 
groups of the Chi chains [41]. It can be seen from the XRD 
pattern of Alg (Fig. 2b) that there is a characteristic peak at 
2θ = 22.5°, which is associated with the crystalline structure 
of cellulose, while the peak is located at 18.5° is related to 
the amorphous regions of Alg biomass [42]. In Fig. 2c, the 
apparent peaks at 2θ = 7.1°, 11.8°, 13.1°, 19.7°, 20.7°, 28.2°, 
29.5°, 34.6°, and 39.5° indicate that the characteristic reflec-
tions of the Sep clay, which correspond to those contained 
in Sep JCPDS Card (No. 75–1597( [43]. The XRD pattern 
of Chi/Sep/Alg biocomposite (Fig. 2d) was similar to the 
XRD pattern of Sep with a slight change in the intensity of 
some peaks. This observation can be reasonably attributed to 
the intercalation of Alg and Chi into the interlayer region of 
Sep, causing the formation of the Chi/Sep/Alg biocomposite.

FTIR analysis was used to reveal one of the distinguish-
ing characteristics of Chi/Sep/Alg biocomposite, which is 
knowing the type of effective groups present on Chi/Sep/
Alg's surface, and thus estimating the ability of Chi/Sep/
Alg biocomposite to adsorb ionic and cationic pollutants. 
Figure 3 appears FTIR spectra of a Chi/Sep/Alg biocom-
posite before adsorption and Chi/Sep/Alg biocomposite 

Table 3  The physicochemical properties of the Sep, Alg, and Chi/
Sep/Alg

Analysis Sep Alg Chi/Sep/Alg

C (wt. %) 0.081 45.49 31.40
H (wt. %) 1.36 6.54 5.25
N (wt. %) 0 9.60 5.54
S (wt. %) 0 0.20 0
–NH2 content (%) – – 31.48
BET surface area  (m2/g) 333.2 0.830 10.16
Langmuir surface area  (m2/g) 430.2 1.753 15.12
Total volume in pores  (cm3/g) 0.644 0.002 0.047
Mean pore diameter (nm) 7.71 10.89 18.53
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after adsorption of (b) MG and c RBBR dyes. The FTIR 
spectrum of Chi/Sep/Alg biocomposite showed that the 
characteristic peaks at 3370–3740  cm−1 correspond to com-
bining stretching vibrations of hydroxyl (–OH) and amino 
(–NH2) groups [24, 32]. The peak located at 2926  cm−1 is 
correlated with C-H symmetric and asymmetric stretching 
vibrations in -CH and -CH2 [24]. The peaks (Fig. 3a) at 
1650  cm−1, 1520  cm−1, 1325  cm−1, 1070  cm−1, 874  cm−1, 
and 545  cm−1 are assigned to stretching vibration of C = O, 
bending vibration of N–H, stretching vibration of C-N, sym-
metrical stretching vibration of Si–O-Si, bending vibration 
of Si–O, and vibration of O–P–O bond, respectively [27, 
34]. The FTIR spectra of the Chi/Sep/Alg biocomposite 
after adsorption of MG (Fig. 3b) and RBBR (Fig. 3c) dyes 
show to have a broadly similar spectrum to the Chi/Sep/Alg 
biocomposite with slight shifts in some bands specifically 
–OH, –NH2, signifying that the major functional groups of 
the Chi/Sep/Alg biocomposite were involved in the MG and 
RBBR dyes adsorption.

The morphological structure and chemical composi-
tion of the Chi/Sep/Alg biocomposite prior to and after 

the adsorption of the MG and RBBR dye molecules were 
studied by SEM–EDX analysis. Figure 4 appears the SEM 
images and EDX spectra of (a) Chi/Sep/Alg biocompos-
ite before adsorption and Chi/Sep/Alg biocomposite after 
adsorption of (b) MG and (c) RBBR dyes. As per Fig. 4a, 
the morphological structure of Chi/Sep/Alg biocomposite 
seems obviously as a cragged and cracked surface with 
the presence of many crevices and small visible cavities 
that are randomly distributed. EDX analysis revealed that 
the prime elements in the Chi/Sep/Alg biocomposite are 
carbon, oxygen, nitrogen, silicon, and magnesium. The 
presence of Si and Mg elements denotes the successful 
composition of Sep clay within the ternary formula Chi/
Sep/Alg. After adsorption of MG (Fig. 4b) and RBBR 
(Fig. 4c) dyes, the morphological structures of Chi/Sep/
Alg biocomposite were clearly changed to be more com-
pact with the obvious diminishing of porosity and cracks, 
signifying uptake of MG and RBBR dyes on the surface 
of the Chi/Sep/Alg biocomposite. The presence of car-
bon, oxygen, nitrogen, silicon, and magnesium elements 
in Chi/Sep/Alg biocomposite after MG dye adsorption was 
confirmed by EDX analysis. Regarding the EDX analysis 

Fig. 2  XRD patterns of a Chi biopolymer, b Alg biomass, c Sep clay, 
and d Chi/Sep/Alg biocomposite

Fig. 3  FTIR spectra of a Chi/Sep/Alg biocomposite, and Chi/Sep/Alg 
biocomposite after adsorption of b MG and c RBBR dyes
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of the Chi/Sep/Alg biocomposite after the adsorption of 
RBBR dye, the analysis revealed the presence of sulfur, 
which undoubtedly indicates the adsorption of RBBR dye 
on the surface of the Chi/Sep/Alg biocomposite, where 
sulfur is one of the elements in the formula of RBBR dye.

BBD Model Analysis

Analysis of variance (ANOVA) is a fundamental tool in 
examining the acceptability of the applied models (MG 
dye removal and RBBR dye removal) and analyzing the 
significance and adequacy of the MG and RBBR dyes 
removal data. The ANOVA outcomes for MG and RBBR 

Fig. 4  SEM images and EDX spectra of a Chi/Sep/Alg biocomposite, and Chi/Sep/Alg biocomposite after adsorption of b MG and c RBBR 
dyes
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dyes removal are given in Table 4. The results presented in 
Table 4 specifically F-values signify that the adequate of the 
applied models including MG dye removal and RBBR dye 
removal, where F- values of MG and RBBR dyes removal 
are 64.78 (p-value < 0.0001) and 20.06 (p-value = 0.0003), 
respectively. The determination coefficients (R2) for MG 
and RBBR dyes removal are 0.98 and 0.96, respectively. 
These results indicate that the experimented and calculated 
data are in great agreement with each other [44]. Generally, 
terms having a p-value of more than 0.05 are considered 
to be nonsignificant on the MG and RBBR dyes removal 
efficiency and vice versa. For this reason, the terms of the 
MG dye removal model including A, B, C, AB, AC, BC, 
 B2, and  C2 were determined to be statistically significant, 
while the significant terms of the RBBR dye removal model 
were A, B, C, AB, BC,  A2, and  C2. Thus, the second-order 
quadratic polynomial models involving the responses (MG 
dye removal and RBBR dye removal) and tested factors after 
correlation were achieved as shown in Eq. 4 and Eq. 5.

In addition to the above, the model plots also contrib-
ute to validating the applied models through examining the 
nature of the distribution of the residuals as well as know-
ing the degree of agreement between the experimental and 
theoretical values of MG and RBBR dyes removal. The plots 
of the normal probability of the residuals belonging to the 
two models MG dye removal and BBBR dye removal are 

(4)MG removal(%)= +47.30 + 15.84A + 12.72B + 14.59C + 9.10AB + 7.28AC + 5.70BC − 8.66B2 − 8.24C2

(5)RBBR removal(%)= +86.98 + 6.73A − 6.04B + 9.86C − 4.63AB + 8.45BC − 9.29A2 − 7.96C2

shown in Fig. 5a and Fig. 5b, respectively. In Fig. 5a and 
Fig. 5b, the points appear to be strongly aligned with the 
straight line, which indicates that the points are normally 
and perfectly distributed and also indicates that the residuals 
are independent [45]. The plots of the relationship between 
the experimental and theoretical values of MG and RBBR 
dyes removal are shown in Fig. 5c and Fig. 5d, respectively. 
It can be seen from Fig. 5(a, b) unambiguously that a strong 
correlation between the experimental responses (MG dye 
removal and RBBR dye removal) and those that are statisti-
cally expected, evidencing the statistical validation of the 
models.

Significant Interactions

Three-dimensional (3D) response surface curves were mod-
eled to understand the influence of the studied parameters 
and the identification of the significant interactions between 
the studied parameters on the MG and RBBR dyes adsorp-

tion process. The considerable interactions between the 
studied parameters affecting the adsorption performance of 
MG and RBBR dyes, i.e. Chi/Sep/Alg biocomposite dose 
vs. pH (AB), and pH combined with adsorption time (BC) 
are shown in Fig. 6. It can be seen from the results shown 
in Fig. 6(a, b), which attribute to the important interac-
tion between Chi/Sep/Alg biocomposite dose and pH that 

Table 4  Analysis of variance (ANOVA) for MG removal and RBBR removal

MG dye removal RBBR dye removal

Source Sum of Squares df Mean Square F-value p-value Sum of Squares df Mean Square F-value p-value

Model 6330.59 9 703.40 64.78  < 0.0001 2536.46 9 281.83 20.06 0.0003
A-Dose 2006.61 1 2006.61 184.80  < 0.0001 361.81 1 361.81 25.75 0.0014
B-pH 1295.40 1 1295.40 119.30  < 0.0001 291.61 1 291.61 20.76 0.0026
C-Time 1702.36 1 1702.36 156.78  < 0.0001 778.15 1 778.15 55.38 0.0001
AB 331.24 1 331.24 30.51 0.0009 85.56 1 85.56 6.09 0.0430
AC 211.70 1 211.70 19.50 0.0031 41.60 1 41.60 2.96 0.1290
BC 129.96 1 129.96 11.97 0.0106 285.61 1 285.61 20.33 0.0028
A2 5.45 1 5.45 0.5017 0.5016 363.39 1 363.39 25.86 0.0014
B2 315.95 1 315.95 29.10 0.0010 10.31 1 10.31 0.7340 0.4200
C2 285.71 1 285.71 26.31 0.0014 267.12 1 267.12 19.01 0.0033
Residual 76.01 7 10.86 98.35 7 14.05
Lack of Fit 49.71 3 16.57 2.52 0.1966 68.70 3 22.90 3.09 0.1522
Pure Error 26.30 4 6.57 29.65 4 7.41
Cor Total 6406.60 16 2634.81 16



509Journal of Polymers and the Environment (2023) 31:501–518 

1 3

the sequential increase in Chi/Sep/Alg biocomposite dose 
from 0.02 g to 0.1 g improved the adsorption efficiency of 
MG and RBBR dyes. This improvement in the adsorption 
efficiency of MG and RBBR dyes can be attributed to the 
abundance of binding sites on the surface of Chi/Sep/Alg 
biocomposite, as well as to the surface area caused by the 
existence of Sep particles.

Additionally, it can be seen from the results shown in 
Fig.  6c, d, which attribute to the important interaction 
between pH and adsorption time that the sequential decrease 
in initial pH value from 10 to 4 improved the adsorption 
efficiency of RBBR, while the adsorption efficiency of MG 
was remarkably enhanced at basic medium (pH ~ 8). Two 
mechanisms can be proposed to interpret the influence of pH 
on MG and RBBR dyes adsorption, namely  pHpzc character 
of Chi/Sep/Alg biocomposite and the desired form (anionic 

or cationic) of the organic contaminant (MG or RBBR) to 
Chi/Sep/Alg biocomposite surface. The  pHpzc of Chi/Sep/
Alg biocomposite was 6 as shown in Fig. 6e. As a result, 
at a high acidic pH level (4), i.e. less than  pHpzc, Chi/Sep/
Alg biocomposite surface, and RBBR dye molecules are 
positively charged and negatively charged, respectively. On 
the other hand, at a high basic pH level (8), i.e. large than 
 pHpzc, Chi/Sep/Alg biocomposite surface and MG dye mol-
ecules are negatively charged and positively charged, respec-
tively. Thus, this, in turn, enhances the affinity of Chi/Sep/
Alg biocomposite towards attracting negatively/positively 
charged dye molecules depending on pH control, causing the 
improvement of MG and RBBR dyes adsorption as shown 
in the equations below (6) and (7), respectively.

Fig. 5  Normal probability plot of residuals for a MG removal and b RBBR removal, the plot of the relationship between the predicted and actual 
values of c MG removal, and d RBBR removal



510 Journal of Polymers and the Environment (2023) 31:501–518

1 3

(6)

Chi∕Sep∕Alg− +

(CH
3
)

∣
(MG) = N+

∣
(CH

3
)

↔

(CH
3
) ∣

Chi∕Sep∕Alg− … +N = (MG)
∣

(CH
3
) The considerable interaction between Chi/Sep/Alg bio-

composite dose and adsorption time (AC) affecting the 
adsorption performance of MG dye is shown in Fig. 6f. 

(7)
Chi∕Sep∕Alg+ + (RBBR) − SO−

3

↔ Chi∕Sep∕Alg+ …SO−
3
− (RBBR)

Fig. 6  3D response surfaces plots of significant interactions on MG and RBBR removal efficiency: a and b for AB interaction; c and d for BC 
interaction; whereas e  pHpzc of Chi/Sep/Alg and (f) AC interaction related to MG dye
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According to Fig. 6f, the adsorption performance of MG 
dye is significantly enhanced in line with the increase of 
adsorption time from 5 to 30 min, which is mostly attributed 
to the fact that the MG dye molecules diffuse into pores of 
the Chi/Sep/Alg biocomposite within a short period.

Adsorption Study

The influence of the contact time and initial MG and RBBR 
dyes concentration on the adsorption performance of the 
Chi/Sep/Alg biocomposite towards MG and RBBR dyes 
were explored by contacting a fixed amount of Chi/Sep/Alg 

biocomposite (0.1 g/100 mL) at the initial pH (8 for MG 
and 4 for RBBR) using a different of initial MG and RRBR 
concentrations (20, 50, 80, 100, 150, 200 and 250 mg/L). 
Figure 7(a, b) displays the curves of adsorption abilities (qt, 
mg/g) of the Chi/Sep/Alg biocomposite towards the MG 
and RBBR dyes adsorption at initial MG and RRBR con-
centrations. It can be seen from Fig. 7(a, b) that there is 
an increasing trend of adsorption abilities of Chi/Sep/Alg 
biocomposite for MG and RBBR dyes with the progres-
sion of time, where adsorption ability raised from 26.6 to 
374.1 mg/g for MG and from 34.7 to 255.8 mg/g for RBBR 
with increasing MG and RRBR dyes concentration from 20 

Fig. 7  a Effect of the contact 
time on adsorption of a MG 
and b RBBR at different initial 
concentrations (dose = 0.1 g, 
pH 8 (MG), pH 4 (RBBR), 
temperature = 30 °C, agitation 
speed = 100 strokes and volume 
of solution = 100 mL)
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to 250 mg/L. This is because at the higher initial dye (MG or 
RBBR) concentration, more dye molecules will be adsorbed 
on the surface of the Chi/Sep/Alg biocomposite, and as a 
result the adsorption capacity increases to the point that all 
the vacant adsorption sites on Chi/Sep/Alg biocomposite 
surface become occupied by dye molecules i.e., the adsorp-
tion saturation achieved [19].

Adsorption Kinetics

A kinetic model is a vital character for the comprehensive 
understanding of the adsorption mechanism of MG and 
RBBR dyes onto Chi/Sep/Alg biocomposite surface as well 
as identifying the rate-controlling step that is mainly respon-
sible for MG and RBBR dyes adsorption. For this purpose, 
the most excessively utilized kinetic models, namely, 
pseudo-first-order (PFO, non-linear form as shown in Eq. 8) 
and pseudo-second-order (PSO, non-linear form as shown in 
Eq. 9) were applied to calculate kinetic parameters [46, 47].

where qt and qe are the amount (mg/g) of adsorbed dyes 
and at a time (t) and in equilibrium, respectively. k1 is the 
rate constant of PFO, 1/min, and k2 is the rate constant of 
PSO, g/mg min. The values of the kinetic factors for the 
PFO and PSO models are listed in Table 5. It can be seen 
from the data mentioned in Table 5 that the adsorption of 
MG and RBBR dyes on Chi/Sep/Alg biocomposite fitted 
well with the PSO model. This result is related to the fact 
that the PSO has high values of R2 and a close agreement 
between experimental (qe,exp) and estimated (qe,cal) values 
compared to the PFO model. In brief, the adsorption of MG 
and RBBR dyes on the Chi/Sep/Alg biocomposite is con-
trolled by chemisorption mode i.e. chemisorption may be 
the phase that controls rate until equilibrium, although the 
whole process does not progress by a single mechanism [48].

Adsorption Isotherms

Adsorption equilibrium is a key factor to comprehensively 
elucidate the relationship between MG and RBBR molecules 
and Chi/Sep/Alg biocomposite. Consequently, the most 
widely utilized isotherm models including Langmuir, Fre-
undlich, and Temkin were employed to compute the adsorp-
tion ability of the Chi/Sep/Alg biocomposite towards MG 
and RBBR dyes and investigate the equilibrium adsorption 
data [49–51]. Equations 10–12 show the non-linear forms of 
Langmuir, Freundlich, and Temkin, respectively.

(8)qt = qe(1 − exp−k1t)

(9)qt =
q2
e
k2t

1 + qek2t

where qmax is the monolayer adsorption capacity of the bio-
composite and qe is the quantity of adsorbed dyes at the 
solid/liquid interface. Ka (L/mg) indicates the Langmuir 
constant related to adsorption energy. Kf (mg/g) (L/mg)1/n 
and n are Freundlich constants. KT (L/mg), bT (J/mol), T 
(K), and R (8.314 J/mol K) signify Temkin constant, the 
heat of adsorption, temperature, and gas constant, respec-
tively. Figure 8(a, b) shows the nonlinear plots (Ce versus 
qe) for MG and RBBR dyes adsorption; whereas, Table 6 
lists the values of isotherms parameters for MG and RBBR 
dyes adsorption. The resulting parameters (Table 6) denoted 
that the Freundlich model has a higher R2 than the Langmuir 
and Temkin models, suggesting the multilayer adsorption of 
the MG and RBBR dyes on Chi/Sep/Alg biocomposite [52]. 
The kind of isotherm can be shown by values of 1/n if it is 
irreversible (1/n = 0), favorable (0 > 1/n < 1), or undesirable 
(1/n > 1). The values of 1/n in the Freundlich isotherm for 
MG and RBBR, respectively, were 0.50 and 0.35, indicating 
a desirable adsorption behavior [53]. The qmax values for the 
adsorption of MG (515.7 mg/g) and RBBR (292.4 mg/g) 
dyes on Chi/Sep/Alg biocomposite were compared with 
the other absorbents as mentioned in Table 7. Undoubtedly 
according to Table 7, Chi/Sep/Alg biocomposite can be 
effectively used as a promising bio-adsorbent in the treat-
ment of dye-containing water.

Adsorption Thermodynamics

To explore the adsorption process of MG and RBBR dyes 
onto the Chi/Sep/Alg biocomposite surface in terms of 
spontaneity and feasibility and to determine the degree of 
randomness at the solid/liquid interface, adsorption ther-
modynamic parameters were determined. The following 
Eqs. (13–15) are used to calculate adsorption thermody-
namic parameters such as Gibbs free energy change (ΔG°), 
enthalpy change (ΔH°), and entropy change (ΔS°) [55]:

(10)qe =
qmaxKaCe

1 + KaCe

(11)qe = KfC
1∕n
e

(12)qe =
RT

bT
ln(KTCe)

(13)ΔG◦ = −RTlnk
d

(14)kd =
qe

Ce
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(15)lnkd =
ΔS◦

R
−

ΔH◦

RT

Plotting ln kd versus 1/T (Fig. 9) yielded the values of 
thermodynamic parameters (∆H◦ and ∆S◦), with intercept 
and slope representing ∆S◦ and ∆H◦, respectively. Table 8 
shows that the adsorption of MG and RBBR dyes onto the 
Chi/Sep/Alg biocomposite is a spontaneous and plausible 
process, as evidenced by the negative ∆G◦ values. The rising 
of irregularity during uptaking of MG and RBBR dyes onto 
the Chi/Sep/Alg biocomposite can be concluded by the posi-
tive values of ∆S◦, whilst the endothermic MG and RBBR 
dyes adsorption process can be inferred from positive values 
of ΔH˚ [62]. The enthalpy of MG and RBBR adsorption 
indicates chemisorption since the magnitude of ΔH° values 
for chemisorption processes is more than 20 kJ/mol [63]. 
Furthermore, the increase in adsorption capacity of Chi/
Sep/Alg at high temperatures may be linked to the impact 
of temperature on the internal structure of the Chi/Sep/Alg 
biocomposite, which enhances the diffusion of adsorbates 
(MG or RBBR) in the interspaces structure of the adsorbent 
(Chi/Sep/Alg) [62].

Adsorption Mechanism of MG and RBBR Dyes

The adsorption mechanism of the cationic dye (MG) and 
the anionic dye (RBBR) was designed in light of the effec-
tive groups available on Chi/Sep/Alg's surface as shown in 
Fig. 10. In fact, Chi/Sep/Alg biocomposite is very abun-
dant with active groups that can absorb both anionic and 
cationic pollutants, which makes it a superadsorbent called 
zwitterion adsorbent. These active groups come from the 
fact that the adsorbent is composed of natural material (Sep) 
and biomaterials (Chi and Alg) which in their origin are 
rich in active groups. Thus, the active groups are amino 
(–NH2), phosphate  (PO4

−3), carboxyl (–COOH), hydroxyl 
(–OH), and silanol (≡Si–OH). As mentioned earlier, Chi/
Sep/Alg biocomposite is a zwitterion adsorbent, and thus 
this enables it to adsorb MG dye in the base medium 
through the electrostatic attraction between the dependent 
group 

(

= N+ −
(

CH3

)

2

)

 of the MG dye and the negative 
groups ( PO−3

4
 , −COO− , −O− , and ≡ Si − O− ) of the zwit-

terion adsorbent (Chi/Sep/Alg). On the other hand, in the 
acidic medium, the Chi/Sep/Alg biocomposite acts on the 
adsorption of the RBBR dye through the electrostatic inter-
actions between the sulfonate groups ( −SO−

3
 ) of the RBBR 

dye and the positively charged groups ( −NH+
3
,−OH+

2
 , and 

≡ Si − OH+
2
 ) of the Chi/Sep/Alg biocomposite. In addition, 

hydrogen interactions also play a vital role in the adsorption 
process for both dyes through the interaction between hydro-
gen on the surface of Chi/Sep/Alg's adsorbent and atoms 
including nitrogen and oxygen in the structure of the MG 
and RBBR dyes, respectively [13]. Finally, n-π's interactions 
contribute to the adsorption process of both dyes through 
the interaction between the electron-donating system repre-
sented by the nitrogen and oxygen groups in Chi/Sep/Alg's 
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Fig. 8  Adsorption isotherms of a MG and b RBBR by Chi/Sep/
Alg biocomposite (dose = 0.1  g, pH 8 (MG), pH 4 (RBBR), tem-
perature = 30  °C, agitation speed = 100 strokes and volume of solu-
tion = 100 mL)

Table 6  Parameters of the Langmuir, Freundlich, and Temkin iso-
therm models for the adsorption of MG and RBBR dyes on Chi/Sep/
Alg biocomposite

Adsorption isotherm Parameter MG RBBR

Langmuir qm (mg/g) 515.7 292.4
Ka (L/mg) 0.029 0.050
R2 0.98 0.87

Freundlich Kf (mg/g) (L/mg)1/n 38.92 49.75
1/n 0.50 0.35
R2 0.92 0.97

Temkin KT (L/mg) 1.114 0.950
bT (J/mol) 23.21 60.54
R2 0.96 0.92
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adsorbent and the electron-gaining system represented by 
the aromatic rings of MG and RBBR dyes [64].

Conclusion

A new green superadsorbent of chitosan/sepiolite clay/
algae biocomposite (Chi/Sep/Alg) was successfully gained 
by facile design and synthesis for the removal of organic 

dyes from aqueous solutions. The optimal conditions taken 
from the BBD model for MG dye removal efficiency were 
as follows: Chi/Sep/Alg dose (0.1 g/L), pH 8, and time 
(17.5 min); whereas, for RBBR dye were Chi/Sep/Alg 
dose (0.1 g/L), pH 4, and time (17.5 min). The highest 
removal of MG (78.5%) and RBBR (95.7%) dyes was 
obtained at these duple interactions: MG dye (AB, AC, 
and BC), and RBBR dye (AB, and BC). The isotherm and 
kinetic models confirmed that the adsorption process of 
MG and RBBR dye onto Chi/Sep/Alg biocomposite sur-
face was multilayer adsorption and controlled by chemical 
interactions. Chi/Sep/Alg biocomposite showed remark-
able absorption capacities of 515.7 mg/g and 292.4 mg/g 
for MG and RBBR dyes, respectively. The thermodynamic 
parameters stated that the adsorption process of MG and 
RBBR dyes was endothermic. The adsorption mechanism 
of MG and RBBR dyes on the surface of Chi/Sep/Alg 
biocomposite is carried out through chemical interactions, 
the most prominent of which are electrostatic, H-bonding, 
and n-π interactions. This work points out that Chi/Sep/
Alg biocomposite could be used as a promising and effec-
tive adsorbent biomaterial for the removal of toxic dyes 
from wastewater.

Table 7  Comparison of the 
adsorption capacity of Chi/Sep/
Alg biocomposite towards MG 
and RBBR dyes with different 
adsorbents

Adsorbents Dye qmax (mg/g) References

Chi/Sep/Alg biocomposite MG 515.7 This study
Chi/Sep/Alg biocomposite RBBR 292.4 This study
Polymer-based bionanocomposite MG 384.615 [54]
Magnetic  NH2-MIL-101(Al) MG 274 [55]
Magnetic nanosized chitosan deep eutectic solvent MG 87.72 [56]
Activated carbon (Borassus aethiopum flower) MG 48.48 [57]
Chitosan hollow fibers RBBR 454.5 [58]
Chitosan-glyoxal/ZnO/Fe3O4 nanoparticles RBBR 363.3 [59]
ZnO-polyacrylonitrile-hinokitiol RBBR 267.37 [60]
Paper sludge activated carbon RBBR 158 [61]
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Fig. 9  Van’t Hoff plot for a MG and b RBBR adsorption onto Chi/
Sep/Alg biocomposite (dose = 0.1 g, pH 8 (MG), pH 4 (RBBR), agi-
tation speed = 100 strokes and volume of solution = 100 mL)

Table 8  Thermodynamic parameters for the adsorption of MG and 
RBBR on Chi-Sep/Alg biocomposite

T (K) Kd ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (kJ/
mol K)

303.15 12.937 − 2.369 158.65 0.545
MG 313.15 209.18 − 3.823

323.15 850.31 − 5.128
333.15 3362.2 − 5.801
303.15 3.0035 − 0.239 160.11 0.536

RBBR 313.15 15.514 − 2.625
323.15 102.87 − 4.119
333.15 935.76 − 5.326
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