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ABSTRACT

The removal of dyes from wastewater by wastes has already attracted a great deal of attention for
being in line with the idea of “treating the wastes with wastes”. In this study, the waste chitosan
magnetic beads immobilized cellulase (CMP-IC) was applied in the adsorption of Orange G (OG)
anionic dyes, so as to investigate the kinetics, isotherm and thermodynamics of the adsorption pro-
cess. Providing porous structures and specific surface areas for OG molecules, CMP-IC possessed a
higher adsorption rate at pH = 4 and suited with pseudo-second-order kinetic belong to rate-limit-
ing step. Meanwhile, the adsorption was a spontaneous procedure that met the Langmuir isotherm
described as monolayer adsorption. CMP-IC was selective in adsorbing OG anionic dye from the
mixed dyes solutions and was efficient in reabsorbing OG for 5 cycles due to the excellent chemical
and structural stabilities. Our study can provide new insights into utilizing waste materials for water

treatment for various promising applications.
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1. Introduction

The removal of dyes from wastewater is of practical sig-
nificance, especially for reducing the environmental pollu-
tion. A variety of dyes are difficult to degrade due to their
stability and oxidative resistance in the water environment.
Besides, the toxicity and carcinogenic characteristics of dyes
make them detrimental to the safety of biological organisms
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and humans [1-3]. Orange G (OG), is one of the anionic dyes
with a mono azo structure that has been widely used in food
colorant, leather products, printing and textile industry [4,5].
However, it presents a severe threat to the environment and
the health of people due to its non-biodegradable nature,
chronic toxicity and resistance to light irradiation [6]. In
consideration of this, there is an absolute necessity to remove
it from dyeing wastewater by means of water treatment.
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Adsorption is regarded as an economically affordable and
eco-friendly technique for the removal of dyes due to its
high efficiency, excellent selectivity, recyclability and low
cost [7-10]. In general, porous materials possess high uptake
capacity and desirable kinetics interact with dyes molecule
through a chemical or physical process, for which they are
preferred as adsorbent [11]. In this regard, the appropriate
selection of materials as adsorbent plays a vital role in achiev-
ing outstanding outcomes of adsorption.

It is inevitable for such conventional adsorbent as acti-
vated carbon, activating oxide or bio-adsorbent to incur a
substantial amount of cost for water treatment [12-14].
Therefore, the porous waste produced by a lab study has
attracted our attention. Not only does the application of
them as adsorbent achieve the purpose of recycling, but
it also makes them selective in the removal of dyes from
wastewater, thus achieving the sustainable utilization of
resources. Inspired by this, the wasted chitosan magnetic
particle immobilized cellulase (CMP-IC) was taken as an
effective and selective adsorbent of the OG aqueous solu-
tion. Among them, CMP-IC provides porous structures
for OG molecule while the OG is treated as a model adsor-
bate to investigate the adsorption mechanism, kinetics and
thermodynamics. OG is a typical type of anionic dye, for
which the removal of it could lay a theoretical foundation
for anionic dyeing water treatment in practice and further
provide a low-cost method to get rid of toxic features dyes.

Yet most research on the treatment of printing and
dyeing wastewater focus on the synthesized adsorbents or
modified natural adsorbent. With the development of the
industrial enzyme applications, how to dispose and recy-
cle the spent enzyme catalyst becomes a noticeable prob-
lem. This study proposes a novel approach to recycling the
wasted resources while realizing an efficient treatment of
dyeing water. Use of the waste chitosan magnetic beads
immobilized cellulase as adsorbents directly exhibited rel-
atively higher adsorption ability and selective adsorption
ability in dyes removal. For dyes adsorption, the amine
groups on CMP-IC react with anionic dyes selectively,
which is conducive to the separation of mixture wastewater.
The structural diagram is shown in Fig. 1.

2. Materials and methods

2.1. Materials

Orange G, methylene blue (MB), hydrochloric acid
(HCl) and sodium hydroxide (NaOH) were purchased from
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Aladdin Reagent Co., Ltd. (Shanghai, China). Distilled water
was taken as a solvent in the experiments.

2.2. Preparation of adsorbent

The adsorbent of wasted CMP-IC was obtained from our
previous work [15]. CMP beads were the first to be prepared.
The entire process is detailed as follows. 4.0 g chitosan
was added into 100 mL 2% acetic acid aqueous solution
for complete dissolution with stirring. Subsequently, 16.0 g
MP (magnetic particle) was uniformly dispersed in the
above-mentioned chitosan solution to obtain CMP gel by
continuous stirring for 1 h. Then, the gel mixture was instilled
into a 50 mL kerosene oil phase containing 0.5 g Span-80 and
0.15 g Tween-80 and was stirred with 600 rpm for 2.5 h to
obtain CMP gel spherical beads. Finally, the as-prepared
beads were placed in a coagulation bath (80 mL of 2 M NaOH
solution and 40 mL of ethyl alcohol) for 12 h before being
separated magnetically and washed with distilled water
for several times to prepare the CMP beads.

The as-prepared CMP beads reacted with 120 mL 2.5%
glutaraldehyde aqueous solution for 2 h, before being repeat-
edly washed with distilled water after magnetic separation.
Then, the glutaraldehyde activated CMP beads were mixed
with 100 mL cellulase solution (6 mg/mL, 0.1 M acetate buffer
as solvent) for 2 h of sufficient reaction assisted by stirring at
ambient temperature. Finally, the CMP-IC was obtained by
washing the immobilized cellulase with 0.1 M acetate buffer
for several times and denoted as CMP-IC. In this study,
CMP-IC as the adsorbent was collected when it lost the capa-
bility of biological activity after repeating hydrolyzes cellu-
lose. Eventually, the CMP-IC was washed several times with
distilled water and then refrigerated at 4°C.

2.3. Adsorption studies

The OG solution was prepared by dissolving OG powder
in distilled water to reach different initial concentrations
ranging from 120 to 270 mg/L. NaOH or HCI aqueous solu-
tion was used to adjust the pH of the OG solution within the
range from 3 to 6. In the process of adsorption, 0.2 g CMP-IC
has been added into a 50 mL OG solution by vibration in a
thermostatic oscillator (150 r/min). After the elapse of a spec-
ified period of time, the adsorbent was separated by going
through a magnetic separation process and the absorbance of
the supernatant was tested using a UV-vis spectrophotometer
(A,.,. =475 nm). The kinetics analysis of adsorption required

Fly ash
(Magnetic reutilization)

Fig. 1. Structure diagram of the devitalized chitosan magnetic particle immobilized cellulase.
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varying contact times (0-1,440 min) with particular tempera-
tures and pH values. The adsorption isotherms analysis was
conducted to maintain the different initial concentrations of
the OG solution for 24 h at 25°C. A selective adsorption study
was performed by mixing OG (anionic dye, 180 mg/L) and
MB (cationic dye, 180 mg/L) solution at pH = 4.

The adsorption capacity of CMP-IC was calculated using
the following equation:

C,-C,)xV
-GGV M)

m

where g, (mg/g) indicates the adsorption capacity; C, (mg/L)
denotes the initial concentration of the OG solution, C,
(mg/L) refers to the concentration of OG solution at time
t, V (L) stands for the volume of the OG solution and m
(g) represents the mass of adsorbent.

2.4. Characterization

The Fourier-transform infrared spectroscopy (FTIR,
Thermo Nicolet Nexus 470, USA) measurements were per-
formed to determine the chemical structures in line with
the KBr pellet method. Thermogravimetric analyzer (TGA,
TA Instrument Q500, USA) was carried out and heated
from 25°C to 800°C with a rate of 10°C/min under nitrogen
atmosphere. The textural properties of CMP-IC were tested
by an automatic specific surface and porosity analyzer
(BELSORP-mini II, MicrotracBEL, Japan). The specific sur-
face area was calculated via the Brunauer-Emmett-Teller
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(BET) method at 77 K, the relative pressure (P/P)) ranged
from 0 to 1. The morphology of the sample was character-
ized by field emission scanning electron microscope (SEM,
HITACHI S-4800, Japan). The absorption wavelength of the
OG solution was measured by the UV-vis spectrophotom-
eter (UV-9000S, Shanghai Metash Instruments Co., Ltd.,
China). UV-vis absorption spectra of the absorbed solution
were collected by a UV-vis spectrophotometer (752N, INESA
Analytical Instrument Co., Ltd., China). The pH of the aque-
ous solution was tested using a pH meter (PHS-25, Shanghai
Precision & Scientific Instrument Co., Ltd., China).

3. Results and discussion
3.1. Characterization of adsorbent

The FTIR spectroscopy of MP and CMP-IC are depicted
in Fig. 2a; the corresponding various chemical structures of
them are characterized. Obviously, the peak at 3,434 cm™
revealed in both samples which belong to O-H and N-H
stretching vibration. For CMP-IC, 2,929 and 2,859 cm™
were ascribed to the stretching vibrations of the C-H bond.
And then, the C=N vibrations of imines were incarnated at
1,631 cm™ while the amide II was displayed in 1,569 cm™.
It is worth noted that the unique peak at 1,410 cm™ of
CMP-IC primarily came from proteins, which demonstrated
the cellulase was successfully immobilized on the CMP.
In addition, the peaks around 1,068 and 557 cm™ of MP
were attributed to the asymmetric stretching vibrations of
Si-O/Al-O and Fe-O bond, respectively [16].

(b)

100 +
901
S
£ 804
2
(]
<
70
——CMP-IC
—MP
60 T T T
200 400 600 800
Temperature (°C)
0.006
-
0.005
T 0.004
£
E 0.003
3
8 0.002 ,’ im
= L,-L
2 0.0014 i \
/
0.000 -{esmssmsmumsnend® u_\-—-——
1 10 100 1000

Pore diameter (nm)

Fig. 2. (a) FTIR spectroscopy, (b) TGA curves of MP and CMP-IC, (c) N, adsorption—-desorption curves of CMP-IC at 77 K, and

(d) pore size distribution of CMP-IC.
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Furthermore, the TGA curves of MP and CMP-IC are
illustrated in Fig. 2b to assess thermal performance. The
weight of MP was maintained without any significant
decline even the temperature was raised to 800°C, indicat-
ing the extraordinary stability. CMP-IC exhibited weight
loss at the first stage below 200°C, which was attributed
to the water released in the structure and the surface of
the polymer. Subsequently, the continuous process of
heating caused the degradation of polysaccharide units,
which led to the depolymerization of the chitosan chain
revealed in the second stage [17,18]. Besides, the mass rate
of chitosan and cellulose in the compound was estimated
to be 20% at maximum according to the weight of the sam-
ple at 800°C. The result indicated that CMP-IC provided
a mass of magnetic particles for the separation of adsor-
bent from the solution while continuing to offer the active
substance of chitosan and cellulase for dyes adsorption.

The N, adsorption—desorption curve of CMP-IC is illus-
trated in Fig. 2c while the textural information is presented
in Table 1. According to the IUPAC (International Union
of Pure and Applied Chemistry) classification [19,20], the
curve is classified into a typical IV-type sorption isotherm,
indicating that CMP-IC exhibits abundant micropores and

Table 1
Textural properties of CMP-IC

mesopores [9]. The BET specific surface area (S,,,) and total
pore volume of CMP-IC are 10.523 (m?/g) and 0.020 (cm®/g),
respectively. The pore size distribution (Fig. 2d) evidences
that the pore size ranges primarily from 2 to 7 nm mean-
while possessed part mesopores. The mean pore diameter is
shown to be 7.616 nm (Table 1), which offers a high capacity
for dye molecules inside the pore structure.

The SEM images are introduced to facilitate investiga-
tion into the surface morphology of MP, and the changes are
contributed to by the chitosan and immobilization process
of cellulose. As shown in Fig. 3a, most sphere magnetic par-
ticles are normally 1 to 20 pm across. Furthermore, the MP
possesses a rough surface that provides wide-area active
sites for adsorption of dyes molecules in Fig. 3b. Moreover,
the magnetic microspheres contribute to the fast separation
of the MP compound in the experimental process. In contrast
with MP, CMP-IC (Fig. 3c) exhibits larger multi-time beads
after coating chitosan and the subsequent immobilization
process. Apparently, the surface of CMP-IC has been filled
with cellulase and tiny particles fully (Fig. 3d), while the
high magnification view demonstrated the porous structure
(inset view) provides sites for absorption of dye molecules.
The amino groups of cellulase are introduced to react with

V., (cm’(STP)/g)) Sper (M?/g)

Total pore volume (cm®/g)

Mean pore diameter (nm)

2418 10.523

0.020

7.616

Fig. 3. SEM images of the surface of MP (a and b) and CMP-IC (c and d).
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the aldehyde groups of coupling agents of glutaraldehyde
that has activated the primary amino groups of micro-
spheres, for subsequent covalent linkage to immobilize
cellulase onto CMP [21].

3.2. Effect of pH and contact times

The pH value of the solution is one of the most significant
factors in the evaluation of adsorption property through-
out the process, especially for the ion exchange and electro-
static interaction process [22]. In general, the values of pH
tend to exert influence on not only the functional groups
of the adsorbent but also the charges of the adsorbate [23].
In this section, the OG molecule (Fig. 4a) gives rise to two
sulphonate groups and one hydroxyl group that character-
izes the nature of anionic in aqueous solution, which implies
the multiple states (Fig. 4b) at different pH values. As shown
in Fig. 4c, the adsorption rate of the adsorbent is increased
rapidly with the pH value increased but decreased later. The
highest adsorption rate is 92.6% at pH =4, and each adsorp-
tion rate is in excess of 80%. The changes in the adsorption
rate are attributed to the change of the molecular state in the
medium. OG maintains the molecular state (Fig. 4b left) at
the lower pH of a solution, which is conducive to adsorp-
tion due to the hydrophobic acid-base interaction. The con-
tinuous increase of pH value causes the property of adsorp-
tion to deteriorate. This is due to the change of the ionic
state (Fig. 4b right) of OG. This phenomenon is primarily
ascribed to the improved hydrophilicity and solubility of
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adsorbate after the ionization of OG, it results in a decline
of adsorption rate [6]. Additionally, the increased pH value
of aqueous solution could even indicate the generation of
more anions. Therefore, it is speculated that the behavior
of anionic electrostatic repulsion is another reason for the
deteriorating adsorption performance with the increase of
pH value [22]. In this case, pH = 4 is treated as the optimal
value of the medium to perform the adsorption study.

The adsorption capacity of CMP-IC onto OG at different
contact times is indicated in Fig. 4d. Apparently, the capacity
increases rapidly during the first 120 min. Then, it contin-
ued to increase but at a slow pace until the time point of
480 min, before ending up being steady at the time point of
1,440 min. This is attributed to the massive active adsorp-
tion sites on the surface of CMP-IC, which results in a fast
rate of adsorption in the first stage. Continuously, the OG
molecules require a long path and more time to arrive at the
inner pores with the decline of dye concentration in solu-
tion in the second stage [24]. The further adsorption process
causes pores of CMP-IC to be fully filled until the equilib-
rium is reached which possesses a constant adsorption
capacity even in overtime. As evidenced by the result, the
numerous pores uniformly distributed in CMP-IC are par-
ticularly conducive to the transfer of dye molecules while
ensuring a high absorption efficiency. Moreover, OG initial
concentrations led to different effects on capacity through-
out the period, while the higher concentration contributed to
a larger amount of adsorption. This is because the concentra-
tion gradient accelerated the diffusion of OG molecule from
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solution to CMP-IC, thus improving the capacity of absorp-
tion. Meanwhile, the correlation between capacity and time
is worth to address the mechanism of adsorption issue. The
results possess guiding significance and reference value to
the practice for treating industry acidic wastewater.

3.3. Adsorption kinetics and isotherms analysis

Generally speaking, the mechanisms of adsorption
involve physical and chemical procedures, ion exchange and
chelation [22]. Therefore, two adsorption kinetic models are
applied to describe the transfer of dye molecules onto the
adsorbent of CMP-IC particles, and a suitable model is taken
as reference for practical operations. The homologous two
linear models equations are expressed as follows [25,26]:

Pseudo-first-order kinetic model:

In(q, —q,)=Ing, —kt @)
Pseudo-second-order kinetic model:

t t 1
+

- (3)
a 4. kg

where g, (mg/g) represents the adsorption capacity at time
t, g, (mg/g) indicates the adsorption capacity at equilibrium
state, k, (1/min) and k, (g/(mg min)) denotes the rate constant
of the pseudo-first-order kinetic and pseudo-second-order
kinetic, respectively.

Figs. 5a and b present the fitted curves of pseudo-first-
order and pseudo-second-order model, while the kinetic
parameters are listed in Table 2. The correlation coefficients
(R? of linear fitted from data is significant for the selec-
tion of the kinetic model to analyze the mechanisms of OG
adsorbed onto CMP-IC. As shown in Table 2, the values of R?
of pseudo-second-order fitted curves are higher than 0.999
and larger than pseudo-first-order parameters. Especially,
the g, , (calculate) of every concentration is closer to g,
(experimental), indicating that the pseudo-second-order
kinetic model is suited to this adsorption process. Based on
the results as mentioned above, the adsorption system of OG
onto CMP-IC is primarily classed into the rate-limiting step
which stemmed from chemical adsorption with ion exchange
[26,27].

For further quantification of the adsorption capacity and
understanding of the interaction between OG and CMP-IC,
the model known as “adsorption isotherm regional analy-
sis model” (ARIAN model) is applied to conduct isotherms
analysis. According to the literature, the ARIAN model can
be split into four regions, which could be interpreted by
different adsorption isotherms [28]. Region 1 implies that
adsorption increases linearly, as revealed usually in the low
adsorbate concentrations. Region 2 starts with the hemim-
icelle concentration, which is studied by an appropriate iso-
therm such as Temkin or Langmuir isotherms and represents
only monolayer surface aggregate forms. As for region 3,
it is characterized by bilayer adsorption isotherm equation
when the new surface clusters and aggregates are shaped.
In respect of the adsorption process, it is derived from the
formation of a monolayer and can be fitted by applying the

Langmuir-type equation. Region 4 emerges as a maximum
adsorption capacity and is treated as a plateau or decreas-
ing curve [29-31]. In this part, region 1 and region 4 are non-
existent as observed so that there are just region 2 and region
3 (Fig. 5¢). It indicates that the adsorption is possible to occur
on the two different sites. To further prove the adsorption
interaction between OG and CMP-IC in region 2 and region
3, three isotherm models including Langmuir, Freundlich
and Temkin are presented as follows [25,32,33]:
Langmuir model:

G G 1 (4)
qe qm quL
Freundlich model:
1
Ing,=—InC, +InK, )
n
Temkin isotherm model:
q,=A+BInC, ©)

where C, (mg/L) indicates the concentration of dye at equi-
librium, g, (mg/g) denotes the adsorption quantity at equi-
librium, and g, (mg/g) represents the maximum adsorption
quantity in this system. K, and K, refer to the adsorption
constants of the Langmuir and Freundlich models, respec-
tively. The parameter of 1/n is defined as the adsorption
intensity constant of the adsorbent. A and B denote the
Temkin constants.

As mentioned before, the Langmuir model is one of the
most-used isotherm models which rest on the assumption
that monolayer adsorption possesses adsorption sites and
energy distributed uniformly. The Freundlich model is suited
to the heterogeneous surfaces and represents multilayer
adsorption. Temkin isotherm model has described the effects
of adsorbate-adsorbent interactions which are used widely in
the investigation of adsorption [34]. Fig. 5d—f presents three
models of linear fitted curves, the corresponding parameters
listed in Table 3. Evidently, the R* values of the Langmuir
model are in excess of 0.99 and higher than Freundlich and
Temkin isotherms models, suggesting that the Langmuir
model is more applicable to this adsorption equilibrium
process. According to the Langmuir isotherm model, the
adsorption mechanism is possibly described as monolayer
adsorption and uniform activity distribution instead of a het-
erogeneous process, and the maximum amount of adsorption
reaches 101.5 mg/g. Therefore, it can be inferred that region 2
and region 3 conform only to the monolayer adsorption. The
results demonstrated that the behavior of OG onto CMP-IC
is consistent with the chemical monolayer adsorption proce-
dure as mentioned before.

3.4. Thermodynamic analysis

To achieve the effects of temperature during the adsorp-
tion process, such thermodynamic parameters as enthalpy
change (AH), entropy change (AS) and Gibbs free energy
change (AG) are investigated by fitted data at different
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Fig. 5. (a) Pseudo-first-order adsorption kinetic fitted curve, (b) pseudo-second-order adsorption kinetic fitted curve, (c) adsorption
isotherm according to the ARIAN model, (d) Langmuir model fitted curve, (e) Freundlich model fitted curve, and (f) Temkin model

fitted curve.

Table 2

Kinetic parameters of first-order and second-order adsorption kinetic linear models

Models Pseudo-first-order kinetic model Pseudo-second-order kinetic model

OG (mg/L) Doonp. (mg/g) k, (1/min) ocal (mg/g) R? k, x 107 (g/(mg min)) Docal (mg/g) R?
120 191.6 0.00637 101.723 0.9588 0.1368 198.0 0.9996
150 236.7 0.00439 102.810 0.8725 0.1121 243.3 0.9998
180 277.0 0.00316 130.075 0.8214 0.0672 284.9 0.9999
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Table 3
Parameters of adsorption isotherm models of OG absorption onto CMP-IC
Models Langmuir model Freundlich model Temkin model
Parameters q, (mg/g) K, (L/mg) R2 K, (mg/g) 1/n R? A B R2
101.52 3.137 0.996 171.46 0.139 0.785 158.94 34.99 0.824
reaction temperatures (298, 308 and 318 K). The values of AH  Table 4
and AS are calculated by applying the Van't Hoff equation, = Thermodynamic parameters of OG onto CMP-IC
and the AG is presented as follows [24,35]:
T (K) AG (kJ/mol)
ln( q, j __AH _AS L ~1.206
c,) RT R 308 ~1.044
318 -0.881
AG = AH —TAS ®) AH (kJ/mol) -6.042
AS (kJ/mol K) -0.0162
where g, (mg/g) and C, (mg/L) represent the adsorption
capacity and concentration at equilibrium, respectively. T
(K) indicates the temperature in experimental adsorption.
R stands for the universal gas constant 8.314 J/mol K. The 0.48 .
enthalpy (AH) and entropy (AS) are obtained by calculating 7
the slope and intercept. S 4 ¢
The thermodynamic fitted curve and parameters are : L’
presented in Fig. 6 and Table 4, respectively. As revealed by ) .
the calculation results, all the values are negative, of which & L
the AH is lower than 0, indicating the adsorption issue is an = e ’
exothermal process. With regard to AG, the negative val- 0.36 7
ues indicated that the adsorption behavior belongs to the .7
spontaneous procedure and that increasing the reaction 0324 J
temperature is contradictory to the progress of adsorption . .
reaction. A smaller amount of AS suggests an insignificant 9909 - s

change in entropy.

3.5. Selective adsorption and reusability study

The adsorbent selectively adsorbed from mixed dyes
is useful for practical application. As a kind of common-
ly-used anionic dyes, OG has been widely applied as an
acid-base indicator and colorant by virtue of sulfonate and
hydroxyl groups of the molecule. In an acid medium, a large
number of hydrogen ions facilitated the reaction of sulfonic
acid with amine groups on the CMP-IC, thus accelerating
the process of adsorption. By contrast, the same phenome-
non is not existent for cationic dyes (such as MB). Therefore,
CMP-IC is taken as a selective adsorbent to remove anionic
dyes from a mixed solution in acid medium. Fig. 7a presents
the MB solution (1), OG solution (3) and the mixture of MB
and OG (2) while the UV-vis spectra of the mixture are illus-
trated in Fig. 7b. According to the UV-vis spectra, the char-
acteristic peak of OG at 475 nm vanishes after adsorption
from the mixture solutions, which indicates that CMP-IC is
highly efficient in the selective adsorption of anionic dyes.
The effect of selective adsorption is illustrated in Fig. 7b
(inset image).

The reusability of adsorbent has attracted much atten-
tion for practical significance, increase not only the repeat-
ing utilization factor of adsorbent but also decrease the
wasting of resources. In this section, CMP-IC is separated

Fig. 6. Thermodynamic fitted curve of OG onto CMP-IC
(C,=180 mg/L; t = 1,440 min; pH = 4; 150 r/min).

and washed several times with 1 M KCl aqueous solution
after the absorption of OG molecules. Then, desorption
using HCI solution with pH = 4. Subsequently, the treated
CMP-IC as an adsorbent for dye solution cycled five times,
with the results shown in Fig. 7c. With the increase in the
number of cycles, the removal efficiency exhibits a down-
ward trend. A rate of approximately 69% is maintained even
after the number of cycles reached five, which is primarily
attributed to the interconnection pore structure (shown in
SEM images) that provided plenty of adsorption sites to
facilitate dyes transfer after adsorption/desorption cycles
[36]. Furthermore, CMP-IC is characterized after 5 adsorp-
tion cycles, as shown in Figs. 7d-f. The FTIR of CMP-IC
exhibits almost unaltered chemical structures, imply-
ing excellent chemical durability during several cycles.
Moreover, the corresponding SEM images of CMP-IC are
presented in Figs. 7e and f. It can be observed that the
magnetic microsphere is preserved completely without
break, and a large amount of MP remains embedded in
the microsphere securely. Meanwhile, the porous struc-
tures (insert image in Fig. 7f) are found interconnected to
maintain stability, which is contributed to the outstanding
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Fig. 7. (a) Digital photographs of MB (1), OG (3) and their mixture (2), (b) UV-vis spectra of the mixture adsorption (C, = 180 mg/L;
T =298 K), (c) reusability study of CMP-IC (C, = 180 mg/L; t = 1,440 min; pH = 4; 150 r/min), (d) FTIR curve of CMP-IC after 5 cycles.
SEM images of CMP-IC microsphere (e), CMP-IC surface, and (f) and the porous structure (insert image).

adsorption capacitance for CMP-IC. This is identified
with before mentioned pore features, indicating that the
CMP-IC possesses excellent structural stability even after
the repeated adsorption-desorption process. Based on the
results as mentioned above, CMP-IC demonstrates excel-
lent performances in the reutilization of adsorbing dyes,
which provides a novel approach to achieving both high
efficiency and selective adsorption from dyestuffs mixture.

4. Conclusion

In summary, we proposed a novel approach to treat the
OG molecule with waste CMP-IC as an effective and selec-
tive adsorbent, accomplished with satisfactory outcomes and

sustainable utilization of resources. Plenty of stable microp-
ores and mesopores of CMP-IC provide enormous volumes
for dye molecules, possessed the maximum adsorption of
101.5 mg/g with pH = 4. The adsorption procedure vested
in a rate-limiting step that stemmed from chemical adsorp-
tion with ion exchange, while the ARIAN model verified
that the process belongs to monolayer adsorption behav-
ior. Moreover, the adsorption process was spontaneous and
selective that proton promoted CMP-IC to interact with
sulphonate and hydroxyl groups on OG. According to FTIR
and SEM measurements, CMP-IC exhibited not only excel-
lent chemical and structural stabilities but also outstanding
adsorption sustainability and selective absorbability, which
was better than previously reported adsorbent. The wasted
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CMP-IC was expected to be an ideal effective and selective
adsorbent, it provides new insights into utilizing waste
materials in the field of water treatment.
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