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Abstract
Textile dyes are harmful to human health and aquatic ecosystems. To tackle this issue, an environmentally friendly alterna-
tive should be addressed. In this research, magnetic chitosan beads, uncoated (MCB) and coated (CMCB) with tetraethyl-
orthosilicate (TEOS), were fabricated. The beads were synthesized using magnetite and TEOS-coated magnetite as starting 
materials and glutaraldehyde as a crosslinker through an ionotropic gelation method that includes the dropwise addition of 
a ferrofluid into a basic solution. The magnetic beads were characterized by several techniques, such as FT-IR, VSM, XRD, 
and SEM–EDX. In addition, the beads loaded with the adsorbed dye were also characterized to assess the stability of the 
materials after the adsorption process. MCB and CMCB were evaluated as adsorbents for textile dyes Synozol Red HF-
6BN (SR) and Synozol Yellow HF-2GR (SY). For both dyes, the maximum removal efficiencies were obtained at pH 2 with 
20 mg of adsorbent and 180 r  min−1. Adsorption of both dyes followed the Freundlich model, and the maximum adsorption 
capacities were SR dye: 88.12 (MCB) and 192.02 (CMCB) mg  g−1, SY dye: (MCB) and 70.5 (CMCB) mg  g−1. The adsorp-
tion kinetics fitted well with the pseudo-second-order kinetic model. Reusability of the materials was also demonstrated. 
The modeling of the data gathered by the Box–Behnken design experiments helped corroborate the obtained experimental 
data and find the optimal pH, dye concentration, and adsorbent dose for dyes removal.
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Introduction

Many industries, such as textile, paper, and food processing, 
produce massive colored effluents (Haddad et al. 2018) that 
adversely affect species photosynthesis and human health 
(Samchetshabam et al. 2017; Lellis et al. 2019). The textile 
industry distinguishes itself owing to the high amounts of 
water in all its involved production stages (dyeing, finishing, 
and washing), leading to the generation of large volumes of 

colored wastewater (de Assis Filho et al. 2021). Textile dyes 
are organic compounds that stain surfaces or fibers through 
various adhesion mechanisms, such as physical adsorption, 
mechanical retention, covalent bonds, and complexes with 
salts or metals. Over 50% of textile dyes are azoic (azo dyes), 
and some are reported as carcinogenic and release aromatic 
amines that damage aquatic ecosystems or epidermal cells 
(Benkhaya et al. 2020). The two azo dyes in this study are 
widely applied for dyeing cotton, silk, and synthetic polyes-
ter fibers. Synozol Red HF-6BN (SR) and Synozol Yellow 
HF-2GR (SY) are monoazo dyes that contain six and five 
sulfonic groups, respectively. The higher hydrophilicity of 
these dyes makes removal from effluents complex (Patil and 
Shukla 2015; Revathi et al. 2019; Singh et al. 2022).

Conventional methods for textile wastewater treatment 
include ozonation, flocculation, electrochemical oxidation, 
anaerobic remediation, bacterial decoloration, membrane fil-
tration, and irradiation (Tabar and Toosi 2018; Dixit and Garg 
2019; Xia et al. 2020; Wang et al. 2020; Adar 2020). How-
ever, most of these techniques have yet to achieve an effective 
removal and could generate harmful by-products. Over the last 
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few years, adsorption has emerged as an attractive alternative 
owing to its effectiveness (Mustafa et al. 2020; Santillán and 
Rueda 2020), economic viability, and use of low-cost materials 
such as clays, activated carbon, agro-industrial waste, chitin, 
alginate, and chitosan.

Magnetic chitosan composites have attracted increased 
interest in wastewater treatment because of their ease of syn-
thesis and the possibility of separating the pollutants from the 
adsorbents showing potential for reusability (Roh et al. 2019; 
Ayub et al. 2020). These adsorbents, consisting mainly of a 
chitosan matrix mixed with a dispersed phase of magnetic 
particles (magnetite or maghemite), have shown promising 
results in removing dyes and heavy metals (Mahdavinia et al. 
2015; Moradlou et al. 2016; Kamari and Shahbazi 2021). To 
improve the efficiency of these composites and protect the 
magnetic core from degradation, modifications with silica-
based materials, including 3-aminopropyltriethoxysilane 
(APTES), 3-mercaptopropyltrimethoxysilane (MPS), and 
tetraethylorthosilicate (TEOS), have been performed (Yang 
et al. 2016; Nnadozie and Ajibade 2020).

Recent reports (Danalıoğlu et al. 2018; Tian et al. 2022) 
have shown the successful removal of contaminants such as 
polychlorinated biphenyls and antibiotics from water samples 
using chitosan-grafted  SiO2-Fe3O4 nanoparticles. However, 
the application of magnetic chitosan beads for SR and SY 
removal has not been studied exhaustively. To this end, the 
present study compared the performance of the magnetic com-
posites uncoated and coated with TEOS.

Response surface methodology (RSM) is a helpful tech-
nique that allows researchers to develop, improve, or optimize 
a broad range of processes. This approach may work even 
when complete knowledge of the state and behavior of the 
subject system is lacking (Myers et al. 2009). Box–Benkhen 
stands out as well suited for RSM among the surface response 
designs. Based on this sense, a modified Box–Benkhen experi-
mental design is performed to optimize some variables (pH, 
concentration, adsorbent dose) associated with the textile dyes 
adsorption process.

In this research, magnetic chitosan beads uncoated (MCB) 
and coated (CMCB) with TEOS were successfully prepared 
and evaluated for the removal of Synozol Red HF-6BN (SR) 
and Synozol Yellow HF-2GR (SY) dyes. The effect of pH, 
adsorbent dose, initial concentration, and shaking speed were 
studied. Adsorption equilibrium data and kinetics were also 
investigated. The research was conducted from April 2016 to 
April 2017 at "Universidad Nacional de Ingeniería", Lima, 
Peru.

Material and methods

Materials

Ferrous sulphate heptahydrate  (FeSO4.7H2O), sodium hydrox-
ide (NaOH), and potassium hydroxide (KOH) were purchased 
from Fermont. Tetraethylorthosilicate (TEOS), potassium 
nitrate, chitosan (196 kDa, degree of deacetylation 86.0%), 
glutaraldehyde, textile dyes, and solvents were all from Sigma-
Aldrich USA. All the solutions were prepared with ultrapure 
water, which was obtained from a Thermo Fischer Scientific 
System.

Synthesis of magnetite  (Fe3O4) and coated 
magnetite (C‑Fe3O4)

Colloidal magnetite particles  (Fe3O4) and TEOS-stabilized 
magnetite particles (C-Fe3O4) were prepared as described by 
our previous study (Muedas-Taipe et al. 2020).

Preparation of magnetic chitosan beads (MCB) 
and coated magnetic chitosan beads (CMCB)

The synthesis of both magnetic beads has been described in 
our previous research (Muedas-Taipe et al. 2020). Briefly, 
1.3 g of starting material (magnetite or coated magnetite) 
was dispersed into a 2% chitosan solution under sonication 
for 30 min. The obtained ferrofluid was added dropwise to 
a 2 M NaOH solution, leading to the formation of the beads. 
The beads were washed with deionized water and crosslinked 
with glutaraldehyde.

Adsorption experiments

All adsorption experiments were carried out as batch type 
at 25 °C and by immersing beads in 10 mL of dye solution 
(50 m g  L−1) for 12 h and at 180 r  min−1. The parameters 
influencing the adsorption process were evaluated: initial pH, 
initial dye concentration adsorbent dose, and shaking speed.

Concentrations of SR and SY were quantified with a 
UV–Vis spectrophotometer at wavelengths of 501.5 nm and 
407 nm, respectively. This calculation was applied to all the 
solutions before and after the adsorption process.

All experiments were performed in triplicate, and the 
amount of dye adsorbed (Q) was calculated by the following 
equation (Eq. 1):

where C0 and C (mg  L−1) are the initial and final dye con-
centrations, respectively; V (L) is the volume of dye used; 
and m (g) is the mass of dried adsorbent.

(1)Q =

(

Co − C
)

V

m
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The adsorption processes of both dyes were examined 
with Langmuir and Freundlich isotherm models (Freun-
dlich 1906; Langmuir 1918). The linear equations (Eqs. 2, 
3) of both models are given below, where Ce is the dye 
concentration at equilibrium (mg  L−1), Qe is the adsorp-
tion capacity of the adsorbent (mg  g−1), Qm is the maxi-
mum adsorption capacity of the adsorbent (mg  g−1) and 
KL is the adsorption equilibrium constant (L  mg−1), KF 
is the Freundlich constant (L  g−1), and 1/n is a parameter 
associated with adsorption intensity:

To investigate the effect of contact time on SR and 
SY removal for kinetic studies, 300 mL of dye solution 
(50 mg   L−1, pH 2) was reacted with 600 mg of beads 
under different intervals of time.

Pseudo-first-order (Lagergren 1898) and pseudo-sec-
ond-order (Ho and McKay 1998) kinetics were used to 
simulate the adsorption kinetics. Equations (Eqs. 4, 5) of 
both models can be expressed as:

where Qt (mg  g−1) and Qe (mg  g−1) are the amount of dye 
adsorbed at time t and under equilibrium conditions, respec-
tively; k1 and k2 are the rate Lagergren and Ho constants for 
adsorption, respectively.

Desorption and reusability experiments

Before desorption experiments, the magnetic composites 
(loaded with dye) were isolated using a magnetic field. 
Then, the dye-loaded beads were immersed into a 2 M 
NaOH solution at 25 °C for 30 min and separated with a 
magnet. The desorbed beads were dried at room tempera-
ture to repeat some adsorption experiments.

The reusability of the magnetic chitosan beads (MCB 
and CMCB) was evaluated by immersing 20 mg of the 
desorbed beads into a 50 mg  L−1 dye solution (pH 2) and 
letting it react between 2 and 3 h at 180 r  min−1. After the 
adsorption, the efficiency of the beads was calculated.

(2)
Ce

Qe

=
1

KLQm

+
Ce

Qm

(3)logQe = logKF +
1

n
logCe

(4)log
(

Qe − Qt

)

= logQe −
k1t

2.303

(5)
t

Qt

=
1

k2Q
2
e

+
t

Qe

Structural characterization

Starting materials and beads were structurally character-
ized by Fourier Transformed Infrared Spectroscopy (FTIR, 
ATR mode, IR-Prestige 21 Shimadzu) in the range of 
4000–400  cm−1, with a resolution of 4  cm−1 and 32 scans. 
Raman spectra were acquired with a XploRA—Horiba Sci-
entific spectrometer with a 532 or 785 nm laser. Surface 
morphology and elemental composition of the samples were 
determined by scanning electron microscopy with X-ray 
dispersive energy (SEM–EDX, Carl Zeiss EVO MA 10). 
X-Ray diffraction (XRD) measurements were performed on 
a D5000 DIFFRAC PLUS Siemens diffractometer.

The magnetic properties of the samples at room tem-
perature were studied using a vibration sample magnetom-
eter (built for research in the Laboratory of Nanostructured 
Materials of the National University of Engineering, Peru).

Experimental design

Experimental design was performed to find the optimal con-
ditions for removing azo dyes from the synthetic samples. 
To this end, two slightly modified Box–Behnken designs 
were built for each type of bead to carry out the experiments. 
With the two designs, it could check out the effect of three 
fundamental variables in dye removal (pH, dye concentra-
tion, and adsorbent dose).

RSM is based on building a mathematical model for each 
response by fitting a second-order polynomial expression of 
the response as a function of the factors. The general form 
of the second-order expression can be written as follows 
(Eq. 6):

where y represents the response, xi and xj are the factors, β0 
is the constant term or intercept, βi, βii, and βij are the coef-
ficients of linear, quadratic, and interacting terms, respec-
tively, and ε is a residual term. Usually, only two-factor 
interactions are considered (Myers et al. 2009).

Several types of designs can be used to implement RSM. 
In particular, the Box–Behnken design can be used in opti-
mization, effectively optimizing a process involving several 
parameters simultaneously with a reduced number of experi-
ments (Vera Candioti et al. 2014).

In addition, the so-called Derringer’s desirability function 
becomes a powerful tool when different responses have to 
be optimized simultaneously (Derringer and Suich 1980). 
For its application, a partial desirability function (di) must 
be created for each individual response using the fitted mod-
els. This step requires an optimization criterion to select the 
most desirable ranges for each design factor or response: 

(6)y = �0 +

k
∑

i=1

�i xi +

k
∑

i=1

�ii x
2
i
+

k
∑

1≤i≤j

�ij xi xj + �
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maximization, minimization, maintaining a range, or reach-
ing a target value. Besides, a weight (wi) can be given to 
each goal. After that, the global desirability function (D) can 
be computed using the following equation (Eq. 7):

where n is the number of variables included in the optimi-
zation procedure and rn is the importance of each factor or 
response relative to the others.

Software

Experimental design, surface response modeling, and desira-
bility function calculations were performed using the StatEa-
seDesign–Expert 8.0.0 (Stat–Ease, Inc, Minneapolis, USA).

Results and discussion

Structural characterization of the synthesized 
materials

Fourier transformer infrared spectroscopy

FT-IR analysis was performed to determine the presence 
of functional groups in the starting materials and magnetic 
composites (beads).

Figure S2a shows the spectra of synthesized magnetite 
 (Fe3O4) and coated magnetite (C-Fe3O4). For both materi-
als, it is noticed the peak corresponds to �(Fe–O) torsional 
vibration when the iron is in octahedral sites at 427  cm−1 and 
480  cm−1 for  Fe3O4 and C-Fe3O4, respectively (Radoń et al. 
2020). The strong peak at 576  cm−1, assigned to v(Fe–O) 
stretching vibration when the Fe is in tetrahedral sites, 
also appears in the spectrum of  Fe3O4. Furthermore, for 
C-Fe3O4, the following peaks could be observed: 800  cm−1 
(Si–O–Fe bond), 954 cm −1 (Si–O symmetric stretching), 
and 1080  cm−1 (asymmetric Si–O–Si bond). These results 
are consistent with the literature (de Mendonça et al. 2019; 
Dayana et al. 2019), indicating the effective coating of mag-
netite. Figure S2b shows the infrared spectra of the adsor-
bents (MCB and CMCB), in which some peaks of chitosan 
can be observed (Fig. S1, Table S1). Both spectra display 
a similar shape; however, the strong and sharp peak at 
1024  cm−1 indicates the presence of the Si–O–Si bond in 
CMCB. The latter enabled corroborating an effective syn-
thesis of coated magnetic chitosan beads (Yue et al. 2018).

Beads after an adsorption process were also characterized 
by FT-IR. Figure S2c depicts the spectra of SR, SR–MCB, 

(7)D =
�

d
r1
1
× d

r2
2
×……× drn

n

�
1

∑

ri =

�

n
�

i=1

dri
1

�
1

∑

ri

and SR–CMCB, and Fig. S2d shows the spectra of SY, 
SY–MCB, and SY–CMCB.

For both azo dyes, the following main bands were deter-
mined: stretching vibrations of –NH and –OH groups at 
3452 (SR) and − 3450  cm−1 (SY), asymmetric stretching of 
the aliphatic –CH at 2921 and 2848  cm−1 (SY), vibration 
of aromatic rings at 1620  cm−1 (SR), stretching of the azo 
group –N=N– at 1545 (SR) and 1553  cm−1 (SY), vibra-
tional stretching of the C–N at 1489 (SY), 1397 (SY) and 
1389  cm−1 (SR), vibration of S=O  (SO2) at 1322  cm−1, 
vibration of S=O ( SO−

3
 , sulfonic groups) at 1128 (SR) 

and 1131  cm−1 (SY), stretching of –C–OH and/or –CN at 
1039  cm−1 (SY, SR), vibrational stretching of –S=O at 670 
(SR) and 671  cm−1 (SY). These obtained bands match with 
the reported spectra (Patil and Shukla 2015; Pérez-Calderón 
et al. 2018).

FT-IR spectra of beads with adsorbed SR (SR–MCB, 
SR–CMCB) showed a decrease in the intensity of all peaks. 
There is a pronounced reduction in the vibration of S=O 
 (SO3

−) in the spectrum of SR–CMCB compared to the mag-
netic chitosan beads, which indicates a strong interaction 
between the SR dye and coated magnetic chitosan beads 
because TEOS coating increases the number of negative 
charges on the surface of the adsorbent. Furthermore, this 
could support the occurrence of electrostatic interaction 
between protonated amino groups of chitosan  (NH3

+) and 
sulfonic groups ( SO−

3
 ) of the dye (Pérez-Calderón et al. 

2020). A similar trend was observed for the adsorbents after 
the adsorption of SY.

Raman spectroscopy

Raman spectroscopy allows the determination of some func-
tional groups that cannot be detected by infrared spectros-
copy. In this context, this technique helped to characterize 
the synthesized starting materials, and the characteristic 
peaks are indicated in Table 1.

Figure S3 depicts the Raman results of magnetite  (Fe3O4) 
and TEOS-coated magnetite (C-Fe3O4). Both spectra showed 
a very similar shape, but C-Fe3O4 highlights the presence 
of the Si–O–Si bond at 900  cm−1 and  SiO2 at 482  cm−1. 

Table 1  Functional groups corresponding to Raman spectrum of syn-
thesized  Fe3O4 and C-Fe3O4

Functional group cm−1

Fe–O  (T2g) 219  (Fe3O4), 211 (C-Fe3O4)
Fe–O  (T2g) 280  (Fe3O4), 281 (C-Fe3O4)
OH− from  Fe3O4 surface 395  (Fe3O4), 386 (C-Fe3O4)
Presence of  SiO2 482 (C-Fe3O4)
Si–O–Si 900 (C-Fe3O4)
Magnon 1310  (Fe3O4), 1309 (C-Fe3O4)



11825International Journal of Environmental Science and Technology (2023) 20:11821–11836 

1 3

Moreover, the intensity of the strong peak at 1310  cm−1 
 (Fe3O4) associated with a magnon decreases in the spectrum 
of C-Fe3O4 (1309  cm−1). These features strongly supported a 
good coating of the magnetite’s surface with TEOS.

X‑Ray diffraction

Figure 1 shows the XRD patterns of magnetite, coated mag-
netite, MCB, and CMCB. These measurements were carried 
out in a range from 10° to 70°.

The synthesized magnetite presents the following char-
acteristics peaks (1 1 1) (2 2 0) (3 1 1) (4 0 0) (4 2 2) (4 4 
0) (5 1 1) that are consistent with the crystalline structure 
of magnetite previously reported (de Mendonça et al. 2019; 
Radoń et al. 2020). On the other hand, C-Fe3O4 showed the 
same diffraction peaks with lower intensity, indicating that 
the stabilization with TEOS did not significantly influence 
the crystalline structure. Besides, since TEOS is an amor-
phous material, it could cause a reduction in intensity.

The crystal structure of beads was also investigated. MCB 
and CMCB still showed the presence of peaks associated 
with the magnetite XRD pattern. However, the crystallin-
ity of both types of beads is affected by the presence of 
chitosan, which according to previous reports is amorphous 
(Zhang et al. 2020).

A comprehensive comparison of MCB and CMCB dif-
fractograms shows that CMCB crystallinity is slightly less 
affected than MCB. This characteristic strongly supports that 
coating with TEOS has no pronounced effect on a sample's 
crystallinity.

Scanning electron microscopy and X‑ray dispersive energy

SEM-EDX analysis allowed the study of the morphology 
of the materials and the determination of their respective 
chemical composition. SEM images of  Fe3O4 and C-Fe3O4 
are shown in Fig. 2. Figure 2a shows the presence of mono-
disperse microcrystals. In contrast, Fig. 2b shows a more 
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Fig. 1  XRD patterns of  Fe3O4, C-Fe3O4, MCB, and CMCB

Fig. 2   SEM images of a  Fe3O4, 
b C-Fe3O4, c, d MCB, e MCB 
after SR adsorption, f, g CMCB, 
h CMCB after SR adsorption
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homogeneous surface, indicating that TEOS acts as a stabi-
lizing agent and prevents the particles from agglomerations.

SEM images of MCB and CMCB demonstrate the spher-
ical shape of the adsorbents (Fig. 2c–g) and highlight an 
improvement in the homogeneity of the surface in CMCB 
because of the coating with TEOS.

The beads were also characterized after a removal pro-
cess. Due to the similarity of SR and SY structures, we chose 
one of the dye-adsorbed materials (beads with SR). Fig-
ure 2e, h shows SEM images of MCB and CMCB, respec-
tively, and both with SR after the removal. For both cases, 
the morphology did not present significant variations; how-
ever, the MCB seems slightly destroyed.

EDX analysis of all the mentioned materials is presented 
in Table 2. For  Fe3O4 and C-Fe3O4, this technique indicates 
the presence of Fe, O, and C as their main components, and 
a significant content of Si (%) corroborates the desired coat-
ing for C-Fe3O4. For MCB and CMCB, the presence of Fe, 
O, N, and C is highlighted with the difference in the content 
of Fe and the increase in Si content (%). The latter helped 

to corroborate the coating of beads with TEOS. As in our 
previous article (Muedas-Taipe et al. 2020), the high content 
of O compared to C (%) may suggest the coating of  Fe3O4 
by some Si–O–Si bonds through a three-dimensional net.

Overall, for the beads after SR adsorption, the content 
of the elements decreased. The S (%) content could be 
associated with the dye’s sulfonic groups ( SO−

3
 ) presence. 

MCB–SR showed higher S content than CMCB-SR, which 
may indicate a strong interaction between CMCB and the 
dye.

Vibration sample magnetometry

Magnetization curves of  Fe3O4, C-Fe3O4, both types of 
beads, and CMCB-dye are shown in Fig. 3. The shape of all 
obtained curves displayed a complete hysteresis cycle, which 
indicates that all of them possess a ferrimagnetic behavior 
(Svetlichnyi et al. 2017).

The values of saturation magnetization (Ms) of all materi-
als were determined by the analysis of the obtained curves. 

Table 2  Elemental composition 
obtained by EDX for  Fe3O4, 
C-Fe3O4, MCB, CMCB, MCB–
SR, CMCB–SR

a Magnetic chitosan beads after SR adsorption
b Magnetic chitosan beads coated with TEOS after SR adsorption
c Weight percent

Element Fe3O4  (Wt%)c C-Fe3O4  (Wt%) MCB  (Wt%) CMCB  (Wt%) MCB–SRa 
 (Wt%)

CMCB–
SRb 
 (Wt%)

Fe 51.56 14.32 20.85 6.0 26.0 0.2
O 39.18 68.2 37.19 35.98 20.4 29.1
Si 0 43.32 0 5.97 0 0.2
N 0 0 4.19 4.8 0 0
C 8.87 10.52 37.77 46.64 41.2 64.5
S 0 0 0 0 3.3 0.8
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Fig. 3   Magnetization curves of a  Fe3O4 and C-Fe3O4, b MCB, CMCB, and CMCB after SR adsorption
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Ms values of  Fe3O4 and C-Fe3O4 were 43.6 and 4.18 emu 
 g−1, respectively. This strong decrease may be produced by 
the coating with TEOS that reduces the magnetism of the 
adsorbent (de Mendonça et al. 2019).

Figure 3b shows that the Ms values for MCB, CMCB, and 
CMCB-dye were 14.3, 5.92, and 3.60 emu  g−1, respectively. 
This trend may be explained because magnetite possesses 
more magnetic domains. For all of them to be aligned, it 
is necessary to have a high magnetization value compared 
to the other materials. The coating decreases the number 
of magnetic domains, and therefore, less magnetization is 
required.

Moreover, remnant magnetization (Mr) values for MCB, 
CMCB, and CMCB-dye were 4.43 and 1.55 emu  g−1, respec-
tively. Those values confirm the applicability of the materi-
als in processes where magnetic field separation is involved 
(Liu et al. 2012). CMCB after SR adsorption (CMCB–SR) 
was also characterized. Ms and Mr obtained values were 3.60 
and 0.95 emu  g−1, respectively. This would indicate the pos-
sibility of applying the material in one more cycle of the 
adsorption process.

Adsorption experiments

Effect of pH

The initial pH of the solution is an important factor in the 
adsorption processes because it could affect the surface 
charge of the materials likewise their degree of ionization 
(Silva et al. 2020).

Figure 4 illustrates the effect of pH on SR and SY adsorp-
tion by MCB and CMCB. The selected range of pH values 
includes extreme acidic (pH 2) and basic conditions (pH 11). 
The experiments were carried out for 12 h with initial dye 

concentrations of 50 mg  L−1, a shaking speed of 180 r  min−1, 
and a temperature of 25 °C.

According to this figure, under acidic conditions, there is 
a greater removal of the dyes than under basic conditions, 
with the maximum percentages of removal standing out at 
pH 2. This behavior is consistent with the proposed mecha-
nism of dye sorption by chitosan (Pérez-Calderón et al. 
2020) because its amino groups are protonated in an acidic 
medium. As a result, an electrostatic interaction occurs 
between these groups and sulfonic groups of the azo dyes 
(AD) SR and SY. The mechanism mentioned above can be 
depicted by the following equation (Eq. 8):

The effectiveness of the adsorbents decreases as the pH 
increases because there are fewer protonated amino groups. 
Comparing the percentage values of SR removal obtained 
with both adsorbents, there is an evident increase in the 
calculated values for CMCB (Table S2). As mentioned 
above, TEOS protects magnetite and makes it more resist-
ant to extreme conditions such as pH 2. Similar results were 
obtained for the removal of SY.

Overall, the results of this test enhance carrying out the 
rest of the experiments using solutions at pH 2.

Effect of adsorbent dose

The adsorbent dose is another crucial factor in the adsorp-
tion process that should be studied. The effect of adsorbent 
dose in SR and SY adsorption by MCB and CMCB is shown 
in Figs. 5, 6. This series of experiments was carried out 
using 10–80 mg of beads at pH 2, a temperature of 25 °C, a 
dye concentration of 50 mg  L−1, and 180 r  min−1.
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Fig. 4   Effect of pH on a SR, b SY adsorption by MCB and CMCB (room temperature, 12 h, 180 r  min−1, dye concentration: 50 mg  L−1)
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Figure 5a, b show similar behavior in the adsorption 
of the two dyes: higher percentages of removal efficiency 
are obtained as the amount of beads increases. In SY 
removal, the adsorbent doses above 20 mg showed simi-
lar values using MCB (max. 96.14%) and CMCB (max. 
96.42%). On the contrary, in SR removal, the doses above 
20 mg showed similar percentage values for CMCB (max. 
99.42%) but no for MCB (max. 96.10%). These results 
enable us to consider 20 mg as the optimal dosage.

Table  S3 shows an improvement in the adsorption 
processes for coated MCB since the material, as demon-
strated above, is more stable and displays an enhanced 
interaction with the azo dye.

Effect of initial concentration

Initial dye concentration is a fundamental factor that helps to 
study the adsorption capacity of a material. The experiments 
were conducted with dye concentrations ranging from 20 to 
600 mg  L−1, at pH 2, a temperature of 25 °C, and a shaking 
speed of 180 r  min−1.

Figure 7 shows an enhancement of the adsorption capac-
ities as the initial dye concentration increases. The latter 
occurs because a higher concentration allows more dye mol-
ecules to interact with the beads’ amino groups. Accord-
ing to Fig. 7a, maximum adsorption capacities (Qmax) were 
88.13 (MCB) and 192.03 (CMCB) mg  g−1 for SR, showing 
an increment of 54.1% when we used CMCB as an adsor-
bent. Figure 7b shows that the Qmax values were 57.4 (MCB) 
and 70.1 (CMCB) mg  g−1. Herein, the increase in Qmax is not 
significant and may be produced by the presence of amino 
groups in SY structure (Fig. 8) that can also be protonated 
under acidic conditions, generating certain repulsions with 
the dye molecules and decreasing the Qmax values.

There is a higher degree of SR adsorption than SY 
because of their different structures. As shown in Fig. 8, SR 
has one more sulfonic group than SY, enhancing its interac-
tion with the adsorbents.

The comparison of Qmax values obtained by MCB, 
CMCB, and other adsorbents (Kalkan et al. 2012; Kamrani-
far et al. 2018; Amin et al. 2020) is shown in Table 3. It is 
noticed that the adsorption capacity of CMCB is comparable 
with the results obtained for different materials.

Effect of shaking speed

The effect of shaking speed in SR and SY adsorption was 
also investigated. Experimental results with speed values 
between 50 and 200 r  min−1 at pH 2, room temperature, 
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Fig. 5  Effect of adsorbent dose on a SR, b SY adsorption by MCB and CMCB (room temperature, pH = 2, 12 h, 180 r  min−1, dye concentration: 
50 mg  L−1)

Fig. 6   Experimental representation of the influence of the adsorbent 
dose on SR and SY removal. The experiments were carried out using 
10–80 mg of beads, pH = 2, room temperature, 180 r   min−1 and dye 
concentration 50 mg  L−1. Blank: initial dye solution
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and 50 mg   L−1 dye are shown in Fig. 9. According to 
Fig. 9a, b, greater dye removal percentages are obtained 
when the speed increases. This behavior relies on the 
presence of multiple magnetic domains in the two types 
of magnetic beads that enable better interaction with the 
textile dyes.

Figure 9 demonstrates the efficiency of removing azo dyes 
when CMCB is used as an adsorbent (Table S4). Besides, 
the shaking speed above 180 r  min−1 shows similar percent-
age values compared to the results obtained at 200 r  min−1. 

Based on this sense, 180 r  min−1 was selected as the optimal 
value for speed.

Adsorption isotherms

An adsorption isotherm is essential because it describes 
the interaction mechanism between the adsorbate and the 
adsorbent under equilibrium conditions. In this regard, the 
amount of solute adsorbed (per unit weight of adsorbent) is 
correlated with the concentration of the adsorbate in bulk 
solution (Sun et al. 2016).

Langmuir (Fig. S4) and Freundlich (Fig. 10) adsorption 
isotherm models were applied to fit the experimental data. 
All the isotherm parameters are listed in Table 4. The experi-
mental results demonstrated that the Freundlich isotherm 
best represents the adsorption of SR and SY. In all cases, 
the correlation coefficients (R2) of the Freundlich model are 
more remarkable than the Langmuir model indicating that 
the adsorption process on the surface of the two adsorbents 
involves a multilayer sorption produced by the heterogene-
ous distribution of cross-linked chitosan.

The adsorption of the azo dyes displayed values of the 
parameter “n” of 1.29 (SR–MCB), 1.02 (SR–CMCB), 1.78 
(SY–MCB), and 2.10 (SY–CMCB). Since all the obtained 
values are greater than 1, this could indicate that the adsorp-
tion process is mainly governed by physisorption (Meroufel 
et al. 2013). The latter supports the electrostatic interactions 
between protonated amino groups of the adsorbents and sul-
fonic groups (SR, SY).

Adsorption kinetics

The effect of contact time on dyes adsorption by MCB and 
CMCB was determined. Kinetic experiments were carried 
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out between 0 and 300–350 min, at pH 2, temperature of 
25 °C, dye concentration of 50 mg  L−1, 300 mL of solution, 
and 600 mg of beads.

CMCB displays high adsorption values than MCB in the 
two dyes adsorption processes (Fig. S5). As shown in Fig. 
S5a, SR adsorption reached equilibrium within 160–220 min 

Table 3  Comparison of  Qmax of different adsorbents for SR and SY removal

SR dye SY dye

Material Qmax (mg  g−1) References Material Qmax (mg  g−1) References

MCB 88.13 This work MCB 57.4 This work
CMCB 192.03 This work CMCB 70.1 This work
Cross-linked chi-

tosan/oxalic acid 
hydrogel

110.7 (Pérez-Calderón et al. 2020) Chitosan-coated magnet-
ite nanoparticles

47.62 (Kalkan et al. 2012)

Chitosan coacer-
vated particles

82.1 (Pérez-Calderón et al. 2018) Extracted biochar 57.84 (Amin et al. 2020)

Barberry stem 27.2 (Kamranifar et al. 2018)
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for MCB and 140–160 min for CMCB. On the other hand, 
Fig. S5b shows that SY adsorption reached equilibrium 
within 80–150 min for MCB and 60–120 min for CMCB.

The experimental data were fitted to pseudo-first-order 
(Lagergren) and pseudo-second-order (Ho) kinetic models. 
Table 5 shows that the correlation coefficients (R2) for the 

pseudo-second-order (Fig. 11) were higher than those of 
the pseudo-first-order model. These adjustments suggest 
that the adsorption process is governed by chemisorption, 
which involves an ion exchange or specific interaction with 
surface functional groups (Sun et al. 2016; Muedas-Taipe 
et al. 2020).

Desorption and reusability experiment

The reusability of the adsorbents is critical in their poten-
tial application for SR and SY removal in real samples. 
This research used a 2  M NaOH solution (pH 10) to 
remove the dye from the surface of the adsorbent. Under 
basic conditions, the amino groups of the adsorbents are 
deprotonated, and the electrostatic interactions with the 
dyes are weakened. However, the pH of the desorption 
solution should be greater than eight since the chitosan 
can still sorb dye molecules at pH values of 6–8 (Kyzas 
and Lazaridis 2009).

Table 6 shows the adsorption of SR and SY by MCB 
and CMCB in two cycles of use. As can be seen, there is a 
decrease in the percentages of dye removal; however, this 
is not great enough to avoid performing more adsorption 
cycles. These experimental results demonstrate that our 
magnetic materials could be potentially reusable.

Table 4  Adsorption isotherm parameters for SR and SY adsorption to 
MCB and CMCB

Isotherm model SR–MCB SR–CMCB SY–MCB SY–CMCB

Langmuir model
Qm (mg  g−1) 181.82 3333.3 75.18 88.49
KL 1.59 ×  10−3 1.12 ×  10−4 4.21 ×  10−3 5.63 ×  10−3

R2 0.7094 0.0319 0.8957 0.9555
Freundlich model
n 1.29 1.02 1.78 2.10
Kf 0.681 0.401 1.58 3.416
R2 0.9456 0.9806 0.9290 0.9907

Table 5  Kinetic parameters for the removal of SR and SY by MCB 
and CMCB

Isotherm model SR–MCB SR–CMCB SY–MCB SY–CMCB

Lagergen model
Qe 16.21 19.29 14.46 16.67
K1  (min−1) 0.019 0.021 1.15 ×  10−3 9.21 ×  10−4

R2 0.8247 0.9850 0.6444 0.5116
Ho model
K2 (g  mg−1.

min−1)
0.0059 0.0018 0.0167 0.0298

R2 0.9999 0.9996 0.9989 0.9998
Qe 25.31 28.82 9.64 9.82
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Fig. 11  Pseudo-second-order model for SR (a) and SY (b) adsorption

Table 6  Desorption results

Cycle SR–MCB (%) SR–MCB (%) SR–NMCB 
(%)

SY–NMCB 
(%)

1 97.4 96.3 99.8 100.7
2 95.5 93.5 97.5 97.1
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Adsorption of dye mixtures

The efficiency of adsorbents in some dye mixtures was also 
evaluated. The conditions of these experiments were: pH 
2, temperature 25 °C, 20 mg of beads, shaking speed of 
180 r  min−1, and contact time of 3 h.

Experimental results are depicted in Fig. 12 and Table S6. 
A concentration ratio gives the proportion of dyes in each 
mixture. When the mixture is of a 1:1 concentration ratio, 
higher percentages of SR removal are obtained for the 
two adsorbents. This trend can be related to our previous 
hypothesis that implies the possible protonation of the amino 
group (of amide) present in the SY structure, decreasing the 
electrostatic interactions and affecting the efficiency of the 
adsorbents.

For the mixture of 1:2 concentration ratio (higher SY 
content), the percentages of SY removal were slightly more 
significant than those corresponding to SR because there are 
more molecules of SY azo dye. The mixture of a 2:1 con-
centration ratio (higher SR content) showed similar behavior 
with greater percentages of SR removal.

According to Table S6, the obtained values for mixtures 
are comparable to the ones obtained for the adsorption of the 
dyes separately, supporting the strong affinity of the adsor-
bents with the dyes. These results provide a basis for the 
adsorption of mixtures that include more dyes.

Experimental design

The Box–Benkhen designs demonstrated that our synthe-
sized beads could remove a high concentration of azo dyes 
(100 mg  L−1) and analyze the effect of using a significant 
adsorbent dose (80 mg). The properties of the designs were 

checked to ensure that the standard error was lesser than 
one to guarantee reasonable confidence in the prediction. 
Table S7 shows the factor combinations and responses 
obtained for two dyes (SR and SY).

Response surface methodology

Two modified Box–Behnken designs were built, one for each 
type of bead. Each design consisted of 17 experiments, cor-
responding to combinations of the selected independent 
variables with the following values: pH: 2.0, 3.0, and 4.0, 
the concentration of dye: 20.0, 50.0, and 100.0 mg  L−1, and 
adsorbent dose 20.0, 40.0, and 80.0 mg. In each case, the 
percentages of dye removal were evaluated for all 17 experi-
ments, and the corresponding polynomial models were fitted 
by least squares, according to Eq. (6). The model coefficients 
were computed by backward multiple regression (p < 0.10) 
and validated by ANOVA. The best models adjusted a cou-
ple of responses corresponding to each design (Table 7).

As can be appreciated in Table 7, the four responses can 
be fitted with significant models (p < 0.05), indicating a good 
relationship between the factors under study and responses. 
The first three models require quadratic polynomials, while 
the last is well-adjusted with a linear model. Interestingly, 
the lack of fit test was significant in all four cases, with 
p-values under 0.05. A visual inspection of the data pre-
sented in Table S7 reveals that this significant LOF is not 
caused by a poor fitting but by the high precision obtained 
by measuring the replicated standard experiments (num-
bers 13–17). This high repeatability results in a low value 
of pure error, generating large F-values and, consequently, 
low p-values. Thus, this statistical should not be considered.
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Multiresponse optimization

The two sets of responses were simultaneously optimized 
using the desirability function, as indicated in Eq. (7). 
The criterion followed for optimizing the individual 
responses was their maximization. Lower and upper lim-
its were: SR–MCB: 49.3–107.8%, SY–MCB: 30.3–96.5%, 
SR-CMCB: 78.4–110.2%, and SY–CMCB: 48.2–99.4%. 
The importance assigned to each response was the same. 
The optimal experimental conditions obtained for the 
mentioned optimization criterion corresponded to the fol-
lowing maxima in the desirability functions: D1 = 0.950 
and D1 = 0.952. The first optimum (SR–MCB = 107.7% 
and SY-MCB = 96.5%) was reached under the following 
factor combinations: pH = 2.0, concentration = 20.0 mg 
 L−1, and dose = 70.0  mg. The second optimum 
(SR–CMCB = 109.2% and SY–CMCB = 101.9%) was 
reached under the following factor combinations: pH = 2.0, 
concentration = 20.0  mg   L−1, and dose = 80.0  mg. 

According to the later observations, it can be recom-
mended the second system for applying CMCB in a textile 
effluent to clean up this water.

Figure 13 shows the response surface and the contour plot 
for the desirability (D) corresponding to factors pH versus con-
centration for the second type of beads, maintaining the third 
factor at its optimal value (dose = 80.0 mg).

Finally, an experimental check was performed, obtain-
ing the percentage of recovery under the optimal conditions 
predicted by the modeling. For design number 1, the experi-
ment performed at pH = 2.0, concentration = 20.0 mg  L−1, 
and dose = 70.0 mg rendered 106.9 and 96.1% (predicted 
values were 107.7 and 96.5%, respectively). For design num-
ber 2, the experiment was carried out at pH = 2.0, concentra-
tion = 20.0 mg  L−1 and dose = 80.0 mg rendered 108.4 and 
101.1% (predicted values were 109.2 and 101.9%, respec-
tively). It can be concluded that the matching among predicted 
and experimental values is indicative of the good quality of the 
analysis performed.

Table 7  Model fittings for the 
responses obtained from the 
experimental designs

a A: pH, B: concentration of dye, and C: adsorbent dose. The numbers between parentheses correspond to 
p-values
b p-values less than 0.05 indicate significance
c Lack of fit should be non-significant, but there is high precision in the repetitions producing a low pure 
error (see in the text) and consequently a p > 0.05 for this test in all the cases

Response Model Significant ANOVA p-valueb R2
adj

Termsa Model Lack of  fitc

SR–MCB Quadratic A (< 0.0001)  < 0.0001 0.003 0.9922
B (< 0.0001)
C (0.010)
AB (0.092)
A2 (0.069)
B2 (0.002)
C2(0.012)

SY–MCB Quadratic A (0.023)  < 0.0001  < 0.0001 0.9820
B (< 0.0001)
C (0.0004)
A2 (< 0.0001)
B2 (< 0.0001)
C2 (0.0001)

SR–CMCB Quadratic A (< 0.0001)  < 0.0001  < 0.0001 0.9731
B (< 0.0001)
C (0.030)
A2 (< 0.0001)
B2 (< 0.0001)

SY–CMCB Linear A (0.002)  < 0.0001  < 0.0001 0.9665
B (< 0.0001)
C (0.025)
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Conclusion

In conclusion, uncoated and coated with TEOS magnetic 
chitosan beads were successfully synthesized and char-
acterized by FT-IR spectroscopy, SEM–EDX, and VSM. 
This series of analyses demonstrated that both materials 
maintain their morphologies and show magnetic respon-
sive nature after an adsorption process supporting their 
potential reusability.

It was determined that the optimal pH was 2.0 because, 
under this condition, the amino groups of chitosan are pro-
tonated and interact well with the sulfonic ( SO−

3
 ) groups of 

the textile dyes. The maximum adsorption capacities for 
SR dye were 88.12 (MCB) and 192.02 (CMCB) mg  g−1, 
and for SY dye, the values were 57.03 (MCB) and 70.50 
(CMCB) mg   g−1. CMCB showed higher adsorption 
capacity than MCB since the TEOS coating protects the 

magnetic core from possible degradations, increasing the 
material’s efficiency.

Adsorption equilibrium results fitted with the Freundlich 
isotherm model. The n values obtained from this model 
allowed us to verify the electrostatic interactions between 
the dye and the adsorbents. CMCB showed faster adsorption 
equilibrium times than uncoated MCB and other reported 
adsorbents for both dyes. Adsorption kinetic results were 
well suited for the pseudo-second-kinetic-order model indi-
cating that the processes were governed by chemisorption.

A test involving the adsorption of a 1:1 dye mixture dem-
onstrated the preference for the adsorbents to SR dye over 
SY dye.

Desorption experiments demonstrated the effective regen-
eration of the magnetic composites in continuous adsorp-
tion processes and its potential use in textile wastewater 
treatment.

The modeling of the data gathered by implementing a 
Box–Benkhen design furnished coefficients (R2 values) 
greater than 0.9, indicating a good correlation between the 
studied factors and responses. In addition, the implementa-
tion of a multiresponse optimization achieved a good cor-
relation with the experimental data showing that the optimal 
conditions were pH 2, 20.0 mg  L−1 dye concentration, and 
70–80 mg of adsorbent dose. These results provide the basis 
for expanding the model to the simultaneous optimization 
of responses involving many dyes to mimic the conditions 
of real textile wastewater samples accurately.
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