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Abstract: In this study, the optimal conditions for the fabrication of polyethylenimine/polyvinyl
chloride cross-linked fiber (PEI/PVC-CF) were determined by comparing the adsorption capacity
of synthesized PEI/PVC-CFs for Reactive Yellow 2 (RY2). The PEI/PVC-CF prepared through the
optimal conditions was characterized using scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FTIR), and Brunauer–Emmett–Teller (BET) analyses. Several batch adsorption
and desorption experiments were carried out to evaluate the sorption performance and reusability
of PEI/PVC-CF for RY2. As a result, the adsorption of RY2 by PEI/PVC-CF was most effective at
pH 2.0. A pseudo-second-order model fit better with the kinetics adsorption data. The adsorption
isotherm process was described well by the Langmuir model, and the maximum dye uptake was
predicted to be 820.6 mg/g at pH 2.0 and 25 ◦C. Thermodynamic analysis showed that the adsorption
process was spontaneous and endothermic. In addition, 1.0 M NaHCO3 was an efficient eluent for the
regeneration of RY2-loaded PEI/PVC-CF. Finally, the repeated adsorption–desorption experiments
showed that the PEI/PVC-CF remained at high adsorption and desorption efficiencies for RY2, even
in 17 cycles.

Keywords: reactive dyes; polyethylenimine; polyvinyl chloride; adsorption; reusability

1. Introduction

The consumption of synthetic dyes has grown with the rapid development of human
society. It is estimated that more than 10,000 kinds of dyes are used in industries and the
annual output of dyes exceeds 700,000 tons worldwide [1]. The most widely used dyes are
azo dyes, accounting for about 70% of reactive dye consumption [2]. However, up to 50% of
azo dyes remain in the used dye bath, and they can discharge into the environment without
appropriate treatment [3]. Azo dyes are resistant to physical and chemical oxidizing agents,
making it difficult to treat azo dyes containing wastewater with conventional physical and
chemical methods [4]. The direct emission of azo dye wastewater into the environment is a
big threat to human beings as well as the ecosystem. Many azo dyes and their degradation
products are toxic, mutagenic, and carcinogenic to humans [5]. The existence of dyes in
the aquatic environment can prohibit the penetration of sunlight into the water, which
influences the photosynthesis activities of aquatic plants, and eventually damages the
whole aquatic ecosystem [6]. Therefore, it is of great significance to remove dyes from the
dye-baring wastewater before discharging them into the environment.

Various kinds of physical, chemical, and biological methods, such as coagulation/flocculation,
adsorption, membrane filtration, chemical oxidation, electrocatalytic degradation, and
biodegradation, have been applied for dye wastewater treatment [7,8]. Despite their ad-
vantages, there are also many significant disadvantages such as low efficiency, secondary

Molecules 2021, 26, 1519. https://doi.org/10.3390/molecules26061519 https://www.mdpi.com/journal/molecules

https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-5528-099X
https://orcid.org/0000-0001-8858-233X
https://doi.org/10.3390/molecules26061519
https://doi.org/10.3390/molecules26061519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26061519
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules26061519?type=check_update&version=2


Molecules 2021, 26, 1519 2 of 14

pollution, generation of toxic byproducts and sludge, and high operating costs [9]. On
the other hand, adsorption is known to be one of the most promising methods to remove
dyes from aqueous solutions, owing to its high efficiency, low cost, and easy operation [10].
Various kinds of sorbents, including activated carbon, ion-exchange resin, algae, nanocom-
posite, etc., have been used to remove dyes from wastewater [11,12]. Nevertheless, these
adsorbents showed some drawbacks, such as low adsorption capacity, separation, and
regeneration difficulties [13,14]. Therefore, it is very important to develop adsorbents
with high adsorption capacity and easy separation and regeneration, which can open up
cost-effective opportunities for the treatment of dye-bearing wastewaters.

Polyvinyl chloride (PVC) is widely used in daily life, and a large number of PVC
products have become plastic waste. Recycling PVC is challenging because of the cross-
contamination with polyethylene terephthalates and generation of toxic compounds during
the pyrolysis process; therefore, most of the PVC waste ends up in landfills [15–17]. Es-
tablishing a sustainable approach to the recycling of waste PVC is of great interest to the
environmental communities. For example, a convenient route has been developed to bond
amines and alkyl chloride groups by nucleophilic substitution reactions through secondary
chlorine groups in the PVC backbone [18]. Polyethylenimine (PEI) is an amine-rich water-
soluble polymer that is widely used for surface modification [19]. Therefore, PVC can be
modified by PEI through the nucleophilic substitution reaction.

In this study, PVC and PEI were simply cross-linked and then extruded to make fibrous
polyethylenimine/polyvinyl chloride cross-linked fiber (PEI/PVC-CF) adsorbents, which
have a high adsorption capacity, low cost, and are easy to separate and reuse. Through a
series of experiments considering the mass ratio of PEI and PVC and the cross-linking time,
and PEI/PVC-CF with an excellent adsorption performance for Reactive Yellow 2 (RY2)
was implemented. The adsorption properties of PEI/PVC-CF for RY2 were examined in
various batch adsorption experiments. In addition, the eluents for dye desorption were
investigated and the desorption properties and reusability of the developed adsorbent
were confirmed by repeated adsorption–desorption experiments.

2. Results and Discussion
2.1. The Influences of Mass Ratio and Cross-Linking Time

A variety of PEI/PVC-CFs fabricated at different mass ratios (PEI:PVC) and cross-
linking times were evaluated through adsorption experiments in 500 mg/L of RY2 solution.
As shown in Figure 1, the dye uptake varied sensitively depending on the change in
the mass ratio and cross-linking time. The RY2 uptake on PEI/PVC-CFs was initially
greatly influenced by the mass ratio of PEI and PVC, and the dye uptake increased from
110.14 to 423.26 mg/g when the PEI content ratio increased from 0.5 to 1.25 at the cross-
linking time of 4 h. According to our previous report [20], PEI/PVC cross-linked polymers
were synthesized because of the alkylation of PEI by PVC under the given experimental
conditions. As a result, many free amine groups that can participate in binding to RY2 were
introduced into the synthesized polymer. Thus, the increase in PEI content can be expected
with more free amine groups. Cross-linking time served as a second important factor in
determining the adsorption amount of the adsorbent. For all three different mass ratios,
the RY2 adsorption amount initially tended to increase with increasing cross-linking time
but decreased after a certain cross-linking time. It can be considered that cross-linking time
affects the degree of alkylation between PEI and PVC, and eventually, excessive alkylation
can reduce the number of amine groups, thereby reducing the adsorption performance of
the adsorbent. The mass ratios of 0.5:1.0 and 1.0:1.0 (PEI:PVC) exhibited optimal adsorption
capacities of 162.14 and 353.68 mg/g, respectively, at the cross-linking time of 8 h. On
the other hand, in the case of the mass ratio of 1.25:1.0, the best adsorption capacity of
466.57 mg/g was obtained at the cross-linking time of 6 h. Therefore, the mass ratio
of 1.25:1.0 (PEI:PVC) and the reaction time of 6 h at 80 ◦C were selected as the optimal
manufacturing conditions for PEI/PVC-CF adsorbent.
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Figure 1. Comparison of Reactive Yellow 2 (RY2) uptake on polyethylenimine/polyvinyl chloride
cross-linked fiber (PEI/PVC-CF) prepared under different conditions (Mass ratio (PEI:PVC) = 0.5:1.0,
1.0:1.0, and 1.25:1.0; cross-linking time = 4, 6, 8, and 12 h; adsorption conditions = Ci 500 mg/L,
pH 2.0, 24 h, and 25 ◦C).

2.2. Characterization of the Optimized PEI/PVC-CF

The Fourier transform infrared spectroscopy (FTIR) spectrum of PEI/PVC-CF pre-
pared under the optimal conditions was analyzed, and the characteristic peaks of PEI
and PVC were observed, as shown in Figure 2a. The typical bands for PEI were seen
at 3463 cm−1 (N–H asymmetric stretching of amines), 1638 cm−1 (-NH2 for amine I or
-NH for amide II), and 1430cm−1 (-NH bending and deformation vibration of -NH2), re-
spectively [21–23]. The characteristic peaks of PVC were observed at 1330 cm−1 (-CH2
deformation), 1237 cm−1 (C–C stretching), and 600–650 cm−1 (C–Cl stretching), sepa-
rately [24,25].

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectrum of PEI/PVC-CF (a) and scanning
electron microscopy (SEM) images of PEI/PVC-CF at 100× (b), 300× (c), and 3000× (d) magnifica-
tions. (SEI: Secondary Electron Image; the SEM images were recorded at 20 kV, the units in Figure
(b–d) were 100, 50, and 5 µm, respectively).
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Figure 2b–d show the SEM images of PEI/PVC-CF at 100×, 300×, and 3000×magnifi-
cations. As seen in Figure 2b, the surface of PEI/PVC-CF was quite rough and porous, and
the adsorbent had a thickness of 400–420 µm. In Figure 2c, the PEI/PVC-CF was observed
to have rich pore structures. In the image at 3000×magnification (Figure 2d), there were
various irregular pores of several micrometers. To further investigate the pore structural
properties of PEI/PVC-CF, the Brunauer–Emmett–Teller (BET) surface area analysis was
carried out by N2 adsorption–desorption isotherms, and the surface area, pore volume,
and pore diameter were analyzed, as given in Figure 3a,b. According to the N2 adsorption
isotherm in Figure 3a, there was little adsorption when the relative pressure was low,
but adsorption increased sharply as the saturation pressure approached. In particular, in
the relative pressure range of 0.8–1.0, the adsorption–desorption isotherms showed two
different paths. The shape of the adsorption–desorption isotherm belongs to the type IV
hysteresis loop, as defined by IUPAC [26], which indicates the existence of mesopores. This
fact was confirmed through the pore distribution of PEI/PVC-CF (Figure 3b). The size of
the mesopores was distributed in the range of 10–50 nm, and most of them existed in the
size of 20 nm. The BET surface area of PEI/PVC-CF was 31.71 m2/g, while the total pore
volume was calculated as 0.005 cm3/g. Also, the average pore size of the adsorbent was
evaluated to be 20.36 nm. In conclusion, this pore structure of PEI/PVC-CF can promote
the penetration, diffusion, and adsorption of RY2 molecules into the adsorbent.

Figure 3. N2 adsorption–desorption isotherms (a) and pore size distribution curves (b) of PEI/PVC-CF. (STP: standard
temperature and pressure).

2.3. Effect of pH on Dye Adsorption

The influence of pH on the adsorption properties of the optimized PEI/PVC-CF was
investigated at the initial RY2 concentrations of 100 and 1000 mg/L, respectively, and the
experimental results are shown in Figure 4. At an initial dye concentration of 100 mg/L,
RY2 was completely removed over a broad pH range of 2.0 to 9.8, at which time the dye
uptake was 153.6 mg/g. However, as the pH increased to 10.8, the adsorption amount
decreased by about 8%, and it was hardly adsorbed at pH 12.0. As such, PEI/PVC-CF
can be expected to effectively treat low concentration dyeing wastewater under acidic
conditions as well as neutral or weak alkaline conditions. On the other hand, at a high
concentration of 1000 mg/L, the effect of pH on dye adsorption by optimal PEI/PVC-CF
was observed more clearly. The best dye uptake was found at pH 2.0, and as the pH
increased from 2.0 to 4.0, the dye uptake decreased slightly by 5% from 823.3 to 784.5 mg/g.
As the pH increased further to 6.5, the dye uptake dropped significantly to 616.9 mg/g, and
it finally showed the worst adsorption amount at pH 12.0. Therefore, pH 2.0 was selected
as the optimal pH for other adsorption studies.
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Figure 4. The effect of pH on RY2 adsorption by PEI/PVC-CF at the initial dye concentrations of
100 and 1000 mg/L (experimental conditions: m = 0.02 g, V = 30 mL, pH range = 2.0–12.0, and
temperature = 25 ◦C).

This sorption tendency could be considered to be related to the pKa values of the
PEI molecule in the adsorbent. The branched PEI, consisting of primary (25%), secondary
(50%), and tertiary (25%) amines, has three pKa values of 4.5, 6.7, and 11.6 for 1◦, 2◦, and 3◦

amines, respectively [27]. Thus, below pH 5.0, all amine groups in PEI are fully protonated,
so that positively charged amine groups can participate in binding with the negatively
charged sulfonic groups of RY2 molecules by electrostatic attraction. However, if the pH
of the dye solution increases to more than 5.0, the amine groups of PEI are gradually
deprotonated, which is likely to result in a decrease in the amount of RY2 adsorption by
PEI/PVC-CF. Similar results have been observed with recently reported adsorbents, such
as PEI microgels for methyl orange, methylene blue, and PEI-chitin for Pd(II) [28,29].

2.4. Adsorption Kinetics

Adsorption kinetics can provide vital information, such as equilibrium time, control
mechanism, and adsorption rate, to select the best operation conditions for full-scale batch
adsorption processes [30]. The kinetic experiments were evaluated at pH 2.0, 5.0, and 7.0,
respectively, for an initial dye concentration of 100 mg/L using the optimized PEI/PVC-CF
adsorbent. The experimental results are shown in Figure 5. In all pH conditions, the
amount of adsorbed RY2 sharply increased at the initial stage and then gradually increased.
Thereafter, at the adsorption time of 840 min or more, the adsorption equilibrium was
reached, and the adsorption amount was almost constant. The dye uptake in the adsorption
equilibrium was similar in all cases, but an apparent difference in dye uptake at different
pHs was found before approaching adsorption equilibrium.

Figure 5. Kinetics of RY2 adsorption by PEI/PVC-CF at different pH values (Experimental conditions:
m = 0.02 g, V = 30 mL, Ci = 100 mg/L, and temperature = 25 ◦C).
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To better understand the adsorption kinetic process, the pseudo-first-order and
pseudo-second-order models were used to describe the kinetic experimental data. The two
non-linear kinetic models are expressed as follows in Equations (1) and (2):

Pseudo-first-order kinetic model:

qt = q1(1− exp(−k1t)) (1)

Pseudo-second-order kinetic model:

qt =
q2

2k2t
1 + q2k2t

(2)

where q1 and q2 are the amount of dye adsorbed at the equilibrium (mg/g), qt is the amount
of dye at time t (mg/g), k1 is the pseudo-first-order rate constant (L/min), and k2 is the
pseudo-second-order rate constant (g/mg min). In addition, the initial adsorption rate (h)
at t→ 0 can be defined by Equation (3):

h = k2q2
2. (3)

The kinetic models were calculated through non-linear regression analysis by SigmaPlot
10.0 software. The model parameters, h, the coefficient of determination (R2) values, and
the mean percentage errors (ε) are displayed in Table 1.

Table 1. The parameters of kinetic models for RY2 adsorption on PEI/PVC-CF at pH 2.0, 5.0, and 7.0.

pH
Pseudo-First-Order Kinetics Pseudo-Second-Order Kinetics

qexp
(mg/g)

q1
(mg/g)

k1
(L/min) R2 ε

(%) q2(mg/g) k2·10−4

(g/mg min)
h

(mg/g min) R2 ε
(%)

2 155.27 145.05 0.011 0.917 6.58 160.97 0.985 2.55 0.965 3.67
5 153.30 143.59 0.009 0.929 5.03 160.87 0.819 2.12 0.976 4.94
7 153.26 141.97 0.008 0.923 7.37 158.53 0.759 1.91 0.969 3.63

qexp: the experimental values; q1: the amount of dye; k1: the pseudo-first-order rate constant; R2: the coefficient of determination; ε: the
mean percentage errors; q2: the amount of dye; k2: the pseudo-second-order rate constant; h: the initial adsorption rate.

At all pHs, the pseudo-second-order model exhibited higher R2 values than the
pseudo-first-order model. Compared with the predicted values by the pseudo-first-order
model, the adsorption capacities predicted by the pseudo-second-order model were 160.97,
160.87, and 158.53 mg/g at pH 2.0, 5.0, and 7.0, respectively, which were close to the experi-
mental qexp values (155.27, 153.30, and 153.26 mg/g at pH 2.0, 5.0, and 7.0, respectively).
Moreover, the mean percentage error (ε) of the pseudo-second-order model was less than
5%, which was lower than that of the pseudo-first-order model. Therefore, the pseudo-
second-order model was more suitable for depicting the kinetic experimental data from
our experiments than the pseudo-first-order model, which illustrates that the adsorption
rate of PEI/PVC-CF for RY2 may be controlled by chemisorption [31]. As shown in Table 1,
the values of k2 and h decreased with an increasing pH value. These results show that, in
the adsorption of RY2 by PEI/PVC-CF, the adsorption rate is affected by the pH of the dye
solution and the adsorption rate decreases as the pH increases. Although the adsorption
rate tended to decrease slightly as the pH increased, the dye uptake at equilibrium did not
differ significantly at all pH conditions. This indicates that the optimized PEI/PVC-CF
can be applied to wastewater treatment containing low concentrations of dyes over a wide
pH range.

2.5. Adsorption Isotherms

Isothermal experiments were performed at pH 2.0, 5.0, and 7.0 to evaluate the maxi-
mum dye uptake of the optimized PEI/PVC-CF, and the results are displayed in Figure 6.
The dye uptake in the adsorption equilibrium was dependent on the pH of the dye solution,
and the amount of adsorption tended to decrease as the pH value increased. Typical
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adsorption isothermal curves were observed at all pH values evaluated. The isotherms
were very close to the L-isotherm shape, which means that as the RY2 concentration in-
creased, the ratio between the concentration of RY2 remaining in solution and adsorbed
on the adsorbent decreased, giving a concave curve with a strict asymptotic plateau [32].
PEI/PVC-CF exhibited extremely high adsorption amounts for RY2, and the experimental
dye uptake (qexp) at the plateau portion was 810.4, 635.8, and 580.8 mg/g at pH 2.0, 5.0,
and 7.0, respectively. The slopes of the isotherms were also steep, so a high affinity of
PEI/PVC-CF for RY2 can be expected.

Figure 6. Adsorption isotherms of RY2 on the PEI/PVC-CF at different pH values (experimental
conditions: m = 0.02 g, V = 30 mL, Ci range = 100–1000 mg/L, and temperature = 25 ◦C).

Adsorption isotherm can provide information such as maximum adsorption capacity,
adsorbate affinity, and favorability of the adsorption process [33]. To fully understand
the adsorption isotherms, two- (Langmuir and Freundlich) and three-parameter (Redlich–
Peterson) models were applied to depict the experimental data. The three isotherm models
are represented as follows in Equations (4)–(6).

Langmuir model:

qe =
qmaxKLCe

1 + KLCe
(4)

Freundlich model:
qe = KFC1/n

e (5)

Redlich–Peterson model:
qe =

KRPCe

1 + αCβ
e

(6)

where qe (mg/g) and Ce (mg/L) represent the adsorption capacity and concentration of
adsorbate at the equilibrium, respectiely, qmax (mg/g) is the maximum adsorption capacity,
and KL (L/mg) is the Langmuir constant indicating the affinity between the adsorbent
and adsorbate. KF (mg/g) is Freundlich constant related to adsorption capacity, and
1/n is a measure of surface heterogeneity, becoming more heterogeneous as the value
approaches zero [34]. KRP (L/g) and α (L/mg)β are the Redlich–Peterson constants and β
is the exponent, which lies between 0 and 1. When β = 1, the Redlich–Peterson model is
reduced to the Langmuir model, while it is reduced to the Freundlich model when β = 0. If
Henry’s law is suitable for all concentrations, α should be zero [35].

The model parameters calculated through the non-linear regression analysis by
SigmaPlot 10.0 software are summarized in Table 2. As shown in Table 2, all adsorp-
tion isotherms fitted by the Langmuir model showed higher R2 values (0.950–0.990) than
those of the Freundlich model (0.809–0.939). In addition, the ε values for the Langmuir
model were less than 1.3%, which were much smaller than those for the Freundlich model
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(above 6.2%). This indicates that the Langmuir model is better suited to explain the adsorp-
tion isotherms of RY2 by PEI/PVC-CF. Since the β values of the Redlich–Peterson model
are close to one, it further supports that the Langmuir model is more suitable to describe the
isothermal adsorption results. The Langmuir equilibrium constant KL decreased with the
increase of pH, indicating that the affinity between the adsorbent and adsorbate declined
with the increase of pH. This may be the result of the deprotonation of the amine groups
on the adsorbent, as mentioned in Section 3.3. The favorability of the adsorption process
can be assessed by the dimensionless separation factor (RL), an essential characteristic of
the Langmuir model as defined by Webber and Chakravorti. RL represents the type of the
isotherm as either irreversible (RL = 0), favorable (0 < RL <1), liner (RL = 1), or unfavorable
(RL > 1). The calculated RL values were in the range of 0.004 to 0.183, demonstrating that
the RY2 adsorption process by PEI/PVC-CF was favorable.

Table 2. The parameters of the isotherm models for RY2 adsorption onto PEI/PVC-CF.

pH
Langmuir Freundlich Redlich-Peterson

qmax
(mg/g)

KL
(L/mg) R2 ε

(%)
KF

(L/g) 1/n R2 ε
(%)

KRP
(L/g)

α
(L/mg) β R2

2 820.6 0.224 0.950 1.26 234.0 0.220 0.809 25.26 166.8 0.160 1.045 0.953
5 636.0 0.107 0.990 0.03 158.0 0.238 0.917 9.19 84.4 0.178 0.948 0.994
7 574.6 0.089 0.982 1.07 137.1 0.243 0.939 6.26 77.3 0.224 0.912 0.993

qmax: the maximum adsorption capacity; KL: the Langmuir constant indicating the affinity between the adsorbent and adsorbate; KF: the
Freundlich constant related to adsorption capacity; 1/n: is a measure of surface heterogeneity; KRP and α: the Redlich–Peterson constants;
β: the exponent, which lies between 0 and 1.

In order to find out the level of the maximum dye uptake, the qmax value of PEI-PVC-
CF estimated from the Langmuir model was compared with the qmax values of various
adsorbents reported in the literature, and the results are summarized in Table 3. The qmax
value of PEI/PVC-CF was 820.6 mg/g, which is 2.4–7.0 times higher than other biosorbents
such as Corynebacterium glutamicum biomass [14], polyurethane-immobilized C. glutamicum
biomass [36], Escherichia coli biomass [37], esterified E. coli biomass [37], and dried activated
sludge [38], 2.5 times higher than aminated mesoporous silica nanofiber [39], and 20.3 times
higher than ion-exchange resin Amberjet 4200 [37]. In conclusion, the maximum dye uptake
of PEI/PVC-CF is much higher than that of other sorbents, indicating that PEI/PVC-CF
could be a promising adsorbent for RY2 removal in aqueous solutions.

Table 3. Comparison of the maximum adsorption capacity of RY2 on various sorbents.

Sorbent qmax (mg/g) Condition Ref.

C. glutamicum biomass 154.3 pH 2.0, 25 ◦C [14]
polyurethane-immobilized C. glutamicum 116.5 pH 2.0, 25 ◦C [36]

E. coli biomass 196.9 pH 3.0, 25 ◦C [37]
Esterified E. coli biomass 335.2 pH 3.0, 25 ◦C [37]

Amberjet 4200 40.4 pH 3.0, 25 ◦C [37]
Dried activated sludge 333.3 pH 5.0, 25 ◦C [38]

Aminated mesoporous silica nanofiber 371.7 pH 3.0, 30 ◦C [39]
PEI/PVC-CF 820.6 pH 2.0, 25 ◦C This work

2.6. Thermodynamic Analysis

For the designing of an adsorption process, both enthalpy and entropy are vital factors
that should be considered [40]. The change of thermodynamic parameters must be clarified
to assess the feasibility and endothermicity of the adsorption process. Additional isotherm
experiments were carried out at different temperatures (298.15, 308.15, and 318.15 K) to
confirm the thermodynamic properties of PEI/PVC-CF for RY2 adsorption. As shown in
Figure 7, the temperature change affected the adsorption amount and initial slope of the
adsorbent. In particular, according to the Langmuir model, the maximum dye uptake of
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PEI/PVC-CF improved from 820.6 to 916.7 mg/g when the temperature increased from
298.15 to 318.15 K.

Figure 7. Adsorption isotherms of RY2 on the PEI/PVC-CF at different temperatures (experimental
conditions: m = 0.02 g, V = 30 mL, Ci range = 100–1000 mg/L, and pH = 2.0).

To evaluate the thermodynamic parameters, the change in Gibb’s free energy (∆G◦),
enthalpy (∆H◦), and entropy (∆S◦) of the adsorption was estimated by the following
Equations (7) and (8) [41].

∆G◦ = −RT ln Kd (7)

The van’t Hoff equation was applied to calculate the values of ∆H◦ and ∆S◦:

ln Kd =
∆S◦

R
− ∆H◦

RT
(8)

where R represents the gas constant (8.314 J/mol K), T stands for absolute temperature
(K), and Kd is the equilibrium constant at temperature T. The equilibrium constant K
obtained from the best-fit isotherm model is not a dimensionless parameter that can be
used directly for thermodynamic calculations, so it needs to be converted to a dimensionless
parameter, as reported by Lima et al. [42]. The values of ∆H◦ and ∆S◦ were calculated
by plotting lnKd versus 1/T of the linearized van’t Hoff equation. The thermodynamic
parameters are displayed in Table 4. The value of Gibb’s free energy can indicate whether
the adsorption process is spontaneous and favorable. At all studied temperatures, the
∆G◦ values were negative, indicating that the adsorption of RY2 on PEI/PVC-CF was
spontaneous and favorable [43]. The ∆G◦ value decreased with the increase of temperature
from 298.15 to 318.15 K, which revealed that the adsorption amount of RY2 increased with
increasing temperature. The positive value of ∆H◦ intimated that the adsorption process
was endothermic. The ∆S◦ value was above zero, which implied good affinity between RY2
and PEI/PVC-CF, as well as an increase of randomness at the solid-solution interface [44].

Table 4. Thermodynamic parameters of the adsorption of RY2 by PEI/PVC-CF.

Temp. (K) ∆G◦ (kJ/mol) ∆H◦ (kJ/mol) ∆S◦ (J/mol K)

298.15 −30.19
308.15 −31.23 1.21 105.35
318.15 −32.29

∆G◦: energy; ∆H◦: enthalpy; ∆S◦: entropy.



Molecules 2021, 26, 1519 10 of 14

2.7. Desorption, Regeneration, and Reusability

The reusability of adsorbents is one of the important properties required for promising
adsorbents. If exhausted adsorbents can be easily regenerated and reused, the operation
cost of the treatment process and the disposal burden of adsorbents should be reduced.
NaOH and NaHCO3 solutions were selected as eluents and investigated at various con-
centrations to find the best concentration for dye desorption. As shown in Figure 8a, the
desorption efficiency of RY2 declined from 77.2% to 63.1% as the concentration of NaOH
increased from 0.01 to 1.0 M. Conversely, as the concentration of NaHCO3 increased from
0.001 to 0.5 M, the desorption efficiency of RY2 increased sharply from 1.7% to 81.6%. As
the concentration of NaHCO3 further increased to 2.0 M, the additionally desorbed dye
from the adsorbent was only about 3.0%. Since the desorption efficiencies of 1.0 and 2.0
M NaHCO3 were almost the same at 83.5% and 84.0%, respectively, the 1.0 M NaHCO3
solution was chosen as the best eluent for reusability studies.

Figure 8. Screening for selecting the best concentration of eluent (a) and repeated adsorption–desorption cycles to evaluate
the reusability of PEI/PVC-CF for RY2 (b).

In order to evaluate the reusability of PEI/PVC-CF for RY2, a total of 20 cycles
of adsorption–desorption experiments were repeatedly performed, and the results are
displayed in Figure 8b. As shown in Figure 8b, the adsorption efficiency of PEI/PVC-CF to
RY2 remained close to 100% until the 17th cycle, then gradually decreased, and showed an
adsorption efficiency of 80.3% in the 20th cycle. On the other hand, desorption exhibited
a different pattern from adsorption for a total of 20 cycles. In the first two cycles, the
desorption efficiency kept at around 84.0%, then increased to 90.8%, and nearly reached
100% in the third and fourth cycles. After that, the desorption efficiency was maintained
until the 16th cycle and gradually decreased again from the 17th cycle. Therefore, these
results indicate that the optimized PEI/PVC-CF is a highly reusable adsorbent for dye
treatment.

3. Materials and Methods
3.1. Materials

PVC (average molar weight 80,000) and N,N-dimethylformamide (DMF, 99.8%) were
purchased from Sigma-Aldrich Korea Ltd. (Yongin, Korea) and Daejung Chemicals &
Metals Co., Ltd. (Siheung, Korea), respectively. Branched PEI (MW 70,000, content 50%) was
purchased from Habjung Moolsan Co., Ltd. (Seoul, Korea). To avoid the PVC hardening by
the water in PEI, the PEI was dried at 60 ◦C for 24 h in a drying oven before use. Sodium
hydroxide, hydrogen chloride, and sodium hydrogen carbonate (NaHCO3) were supplied
by Daejung Chemical Co. Ltd. (Siheung, Korea). A typical azo dye, RY2, was selected as a
model dye and obtained from Sigma-Aldrich Korea. The general characteristics of RY2 are
summarized in Table 5. All the other reagents used in this work were of analytical grade.
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Table 5. General characteristics of Reactive Yellow 2.

Color Index No. 18972 Molecular Structure

Molecular formula C25H15Cl3N9Na3O10S3
Molecular weight 872.97
Dye content (%) 60–70

λmax (nm) 404

3.2. Preparation of PEI/PVC-CFs

In order to find the optimal conditions for fabricating a high-efficiency adsorbent
for RY2, three different mass ratios (0.5:1.0, 1.0:1.0, and 1.0:1.25) of PEI and PVC and
four different cross-linking times (4, 6, 8, and 12 h) were investigated. Several kinds of
PEI/PVC-CFs were prepared on the basis of our previously reported method [45]. First,
each sample of PVC and PEI was dissolved in 15 mL of DMF solution at 40 ◦C for 24 h.
Then, the well-dissolved PVC and PEI solutions were mixed under predetermined mass
ratios and agitated at 80 ◦C to induce cross-linking between the PEI and PVC molecules.
After a certain cross-linking time (4, 6, 8 and 12 h), the PEI and PVC cross-linked polymer
solution rapidly cooled down to room temperature. Thereafter, the synthesized polymer
solution was wet-spun in distilled water through a needle with a 0.57 mm diameter to make
fibrous PEI/PVC-CFs. The adsorbents produced under different fabricating conditions
were washed several times with distilled water and freeze-dried for 24 h in a freeze dryer
(TFD Series, Ilshinbiobase, Korea). Finally, the dried adsorbents were stored in a desiccator
before use in the experiment.

3.3. Analytical Methods

Fourier transform infrared spectroscopy (FTIR) was used to confirm the presence of
PEI and PVC in the PEI/PVC-CF using FT/IR-300E (Jasco, Japan). The infrared spectrum
was obtained by the KBr (Potassium bromide) pellet method in the wavenumber range of
4000–400 cm−1. The surface morphology of PEI/PVC-CF was observed at magnifications
of 100×, 300×, and 3000× using scanning electron microscopy (SEM, JSM-6400, Jeol, Japan).
The Brunauer–Emmett–Teller (BET) surface area analysis of PEI/PVC-CF was performed
on the micromeritics ASAP-2020M analyzer via N2 adsorption–desorption isotherms. The
Barret–Joyner–Halenda (BJH) method was used to calculate the average pore diameter.

3.4. Adsorption Experiments

The RY2 stock solution (1000 mg/L) was prepared by dissolving RY2 in deionized
water. In all batch adsorption experiments, 30 mL of RY2 solution and 0.02 g of PEI/PVC-
CF were added to each 50-mL polypropylene conical tube. The tubes were placed in a
shaking incubator and shaken at 25 ◦C and 160 rpm. The desired pH values were adjusted
with 1.0 M HCl or 1.0 M NaOH solution. The adsorption capacities of PEI/PVC-CFs
prepared under various manufacturing conditions were tested at pH 2.0 with an initial
dye concentration of 500 mg/L. The effect of pH on the adsorption of RY2 by PEI/PVC-CF
was carried out in the pH range of 2.0–12.0 for initial concentrations of 100 and 1000
mg/L, respectively. For adsorption kinetics, the experiments were conducted at different
pH values (2.0, 5.0, and 7.0) using 100 mg/L of the initial RY2 solution. In the isotherm
adsorption studies, the initial concentration of RY2 was varied from 50 to 1000 mg/L, and
the experiments were carried out at pH 2.0, 5.0, and 7.0, respectively. Additional isotherm
experiments were also performed under various temperatures (298.15, 308.15, and 318.15 K)
to obtain thermodynamic parameters. After reaching the adsorption equilibrium, samples
were taken and centrifuged for 5 min at 9000 rpm. A certain amount of supernatant was
taken out and diluted appropriately with deionized water. The residual RY2 concentration
was then analyzed using a spectrophotometer (X-ma 3000, Human, Korea) at 404 nm,
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which is the maximum absorption wavelength (λmax) of RY2 dye. The dye uptake was
finally calculated using the following mass balance Equation (9):

q =
CiVi − C f Vf

m
(9)

where q is the dye uptake (mg/g), Ci and Cf are the initial and final dye concentrations
(mg/L), respectively, Vi and Vf represent the initial and final solution volumes (L), respec-
tively, and m is the mass of adsorbent (g).

3.5. Desorption, Regeneration, and Reuse Experiments

For the desorption and regeneration experiments, RY2-loaded PEI/PVC-CFs were
rinsed with acidic deionized water adjusted to pH 2.0 to remove unadsorbed dye molecules
present on the adsorbent surface. Then, the RY2-loaded adsorbents were put in 30 mL
of eluent and stirred at 25 ◦C and 160 rpm for 24 h to ensure sufficient desorption of
RY2. NaOH and NaHCO3 solutions were used as eluents, and the optimal desorption
condition was derived through desorption experiments carried out at various eluent
concentrations (0.01–1.0 M for NaOH, 0.001–2.0 M for NaHCO3). Also, the adsorption–
desorption experiment was repeated up to 20 cycles to evaluate the reusability of the
adsorbent. The desorbed RY2 concentration was analyzed with a spectrophotometer and
the desorption efficiency was calculated using the following Equation (10).

Desorption efficiency (%) =
Desorbed dye weight (mg)
Adsorbed dye weight (mg)

× 100 (10)

4. Conclusions

PEI/PVC-CF with remarkable adsorption performance for RY2 was prepared at
PEI:PVC = 1.25:1 (mass ratio), 6 h (reaction time), and 80 ◦C (reaction temperature). The
adsorption and desorption properties of PEI/PVC-CF on RY2 were investigated through a
variety of batch experiments. As a result, the optimal pH for RY2 adsorption by PEI/PVC-
CF was observed at pH 2.0. The kinetic and isothermal experimental data were well
described by the pseudo-second-order and Langmuir models, respectively. The maximum
dye uptake at pH 2.0 and 25 ◦C was predicted to be 820.6 mg/g by the Langmuir model.
Thermodynamic studies indicated that the adsorption of RY2 onto PEI/PVC-CF was
favorable, and the adsorption process was spontaneous and endothermic. The RY2-loaded
PEI/PVC-CF was effectively regenerated using 1.0 M NaHCO3 solution, and the adsorbent
maintained high adsorption and desorption efficiencies for up to 17 repeated adsorption–
desorption cycles. Therefore, the optimized PEI/PVC-CF can be used as a highly effective
and reusable adsorbent for the removal of reactive dyes from aqueous solutions.

Author Contributions: S.W.W., Z.W., and H.N.P.: designed the research; H.N.P. and Z.W.: performed
experiments; H.N.P. and Z.W.: analyzed all experimental data; S.W.W., Z.W., and H.N.P.: wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Republic of Korea
(NRF) grant funded by the Ministry of Science and ICT of Republic of Korea (MSIT) (2020R1F1A1065937).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data set presented in this study is available in this article.

Conflicts of Interest: All authors declare that there is no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.



Molecules 2021, 26, 1519 13 of 14

References
1. Ogugbue, C.J.; Sawidis, T. Bioremediation and detoxification of synthetic wastewater containing triarylmethane dyes by Aeromonas

hydrophila isolated from industrial effluent. Biotechnol. Res. Int. 2011, 2011, 1–11. [CrossRef] [PubMed]
2. Shabbir, S.; Faheem, M.; Ali, N.; Kerr, P.G.; Wu, Y. Evaluating role of immobilized periphyton in bioremediation of azo dye

amaranth. Bioresour. Technol. 2017, 225, 395–401. [CrossRef]
3. Maqbool, Z.; Hussain, S.; Ahmad, T.; Nadeem, H.; Imran, M.; Khalid, A.; Abid, M.; Martin-Laurent, F. Use of RSM modeling

for optimizing decolorization of simulated textile wastewater by Pseudomonas aeruginosa strain ZM130 capable of simultaneous
removal of reactive dyes and hexavalent chromium. Environ. Sci. Pollut. Res. 2016, 23, 11224–11239. [CrossRef]

4. Cao, J.-S.; Lin, J.-X.; Fang, F.; Zhang, M.-T.; Hu, Z.-R. A new absorbent by modifying walnut shell for the removal of anionic dye:
Kinetic and thermodynamic studies. Bioresour. Technol. 2014, 163, 199–205. [CrossRef] [PubMed]

5. Ooi, J.; Lee, L.Y.; Yan, B.; Hiew, Z.; Thangalazhy-Gopakumar, S.; Lim, S.S.; Gan, S. Assessment of fish scales waste as a low cost
and eco-friendly adsorbent for removal of an azo dye: Equilibrium, kinetic and thermodynamic studies. Bioresour. Technol. 2017,
245, 656–664. [CrossRef]

6. McMullan, G.; Meehan, C.; Conneely, A.; Kirby, N.; Robinson, T.; Nigam, P.; Banat, I.M.; Marchant, R.; Smyth, W.F. Microbial
decolourisation and degradation of textile dyes. Appl. Microbiol. Biotechnol. 2001, 56, 81–87. [CrossRef]

7. Wang, X.; Jiang, C.; Hou, B.; Wang, Y.; Hao, C.; Wu, J. Carbon composite lignin-based adsorbents for the adsorption of dyes.
Chemosphere 2018, 206, 587–596. [CrossRef] [PubMed]

8. Monte Blanco, S.P.D.; Scheufele, F.B.; Módenes, A.N.; Espinoza-Quiñones, F.R.; Marin, P.; Kroumov, A.D.; Borba, C.E. Kinetic,
equilibrium and thermodynamic phenomenological modeling of reactive dye adsorption onto polymeric adsorbent. Chem. Eng. J.
2017, 307, 466–475. [CrossRef]

9. Zhou, Y.; Lu, J.; Zhou, Y.; Liu, Y. Recent advances for dyes removal using novel adsorbents: A review. Environ. Pollut. 2019, 252,
352–365. [CrossRef]

10. Cao, Y.L.; Pan, Z.H.; Shi, Q.X.; Yu, J.Y. Modification of chitin with high adsorption capacity for methylene blue removal. Int. J.
Biol. Macromol. 2018, 114, 392–399. [CrossRef]

11. Zhang, Y.; Bai, L.; Zhou, W.; Lu, R.; Gao, H.; Zhang, S. Superior adsorption capacity of Fe3O4@nSiO2@mSiO2 core-shell
microspheres for removal of congo red from aqueous solution. J. Mol. Liq. 2016, 219, 88–94. [CrossRef]

12. Vijwani, H.; Nadagouda, M.N.; Namboodiri, V.; Mukhopadhyay, S.M. Hierarchical hybrid carbon nano-structures as robust and
reusable adsorbents: Kinetic studies with model dye compound. Chem. Eng. J. 2015, 268, 197–207. [CrossRef]

13. You, L.; Huang, C.; Lu, F.; Wang, A.; Liu, X.; Zhang, Q. Facile synthesis of high performance porous magnetic chitosan–
polyethylenimine polymer composite for Congo red removal. Int. J. Biol. Macromol. 2018, 107, 1620–1628. [CrossRef] [PubMed]

14. Won, S.W.; Yun, Y.-S. Biosorptive removal of Reactive Yellow 2 using waste biomass from lysine fermentation process. Dyes
Pigment. 2008, 76, 502–507. [CrossRef]

15. Williams, P.T.; Williams, E.A. Interaction of plastics in mixed-plastics pyrolysis. Energy Fuels 1999, 13, 188–196. [CrossRef]
16. Sørum, L.; Grønli, M.; Hustad, J. Pyrolysis characteristics and kinetics of municipal solid wastes. Fuel 2001, 80, 1217–1227.

[CrossRef]
17. Keane, M.A. Catalytic transformation of waste polymers to fuel oil. ChemSusChem 2009, 2, 207–214. [CrossRef] [PubMed]
18. Sneddon, G.; McGlynn, J.C.; Neumann, M.S.; Aydin, H.M.; Yiu, H.H.P.; Ganin, A.Y. Aminated poly(vinyl chloride) solid state

adsorbents with hydrophobic function for post-combustion CO2 capture. J. Mater. Chem. A 2017, 5, 11864–11872. [CrossRef]
19. Zhao, S.; Wang, Z. A loose nano-filtration membrane prepared by coating HPAN UF membrane with modified PEI for dye reuse

and desalination. J. Membr. Sci. 2017, 524, 214–224. [CrossRef]
20. Park, H.N.; Choi, H.A.; Won, S.W. Fibrous polyethylenimine/polyvinyl chloride cross-linked adsorbent for the recovery of Pt(IV)

from acidic solution: Adsorption, desorption and reuse performances. J. Clean. Prod. 2018, 176, 360–369. [CrossRef]
21. Kim, M.H.; Hwang, C.-H.; Kang, S.B.; Kim, S.; Park, S.W.; Yun, Y.-S.; Won, S.W. Removal of hydrolyzed Reactive Black 5 from

aqueous solution using a polyethylenimine-polyvinyl chloride composite fiber. Chem. Eng. J. 2015, 280, 18–25. [CrossRef]
22. Wang, F.; Liu, P.; Nie, T.; Wei, H.; Cui, Z. Characterization of a polyamine microsphere and its adsorption for protein. Int. J. Mol.

Sci. 2013, 14, 17–29. [CrossRef] [PubMed]
23. Moradian, H.; Fasehee, H.; Keshvari, H.; Faghihi, S. Poly(ethyleneimine) functionalized carbon nanotubes as efficient nano-vector

for transfecting mesenchymal stem cells. Colloid Surf. B. Biointerfaces 2014, 122, 115–125. [CrossRef]
24. Wang, C.; Wang, H.; Fu, J.; Zhang, L.; Luo, C.; Liu, Y. Flotation separation of polyvinyl chloride and polyethylene terephthalate

plastics combined with surface modification for recycling. Waste Manag. 2015, 45, 112–117. [CrossRef]
25. Luo, Q.; Wang, L.; Wang, D.; Yin, R.; Li, X.; An, J.; Yang, X. Preparation, characterization and visible-light photocatalytic

performances of composite films prepared from polyvinyl chloride and SnO2 nanoparticles. J. Environ. Chem. Eng. 2015, 3,
622–629. [CrossRef]

26. Sotomayor, F.; Cychosz, K.A.; Thommes, M. Characterization of micro/mesoporous materials by physisorption: Concepts and
case studies. Acc. Mater. Surf. Res. 2018, 3, 34–50.

27. Demadis, K.D.; Paspalaki, M.; Theodorou, J. Controlled release of bis(phosphonate) pharmaceuticals from cationic biodegradable
polymeric matrices. Ind. Eng. Chem. Res. 2011, 50, 5873–5876. [CrossRef]

28. Sahiner, N.; Demirci, S. Can PEI microgels become biocompatible upon betainization? Mater. Sci. Eng. C 2017, 77, 642–648.
[CrossRef] [PubMed]

http://doi.org/10.4061/2011/967925
http://www.ncbi.nlm.nih.gov/pubmed/21808740
http://doi.org/10.1016/j.biortech.2016.11.115
http://doi.org/10.1007/s11356-016-6275-3
http://doi.org/10.1016/j.biortech.2014.04.046
http://www.ncbi.nlm.nih.gov/pubmed/24813388
http://doi.org/10.1016/j.biortech.2017.08.153
http://doi.org/10.1007/s002530000587
http://doi.org/10.1016/j.chemosphere.2018.04.183
http://www.ncbi.nlm.nih.gov/pubmed/29778084
http://doi.org/10.1016/j.cej.2016.08.104
http://doi.org/10.1016/j.envpol.2019.05.072
http://doi.org/10.1016/j.ijbiomac.2018.03.138
http://doi.org/10.1016/j.molliq.2016.02.096
http://doi.org/10.1016/j.cej.2015.01.027
http://doi.org/10.1016/j.ijbiomac.2017.10.025
http://www.ncbi.nlm.nih.gov/pubmed/28993297
http://doi.org/10.1016/j.dyepig.2006.10.011
http://doi.org/10.1021/ef980163x
http://doi.org/10.1016/S0016-2361(00)00218-0
http://doi.org/10.1002/cssc.200900001
http://www.ncbi.nlm.nih.gov/pubmed/19253926
http://doi.org/10.1039/C7TA00389G
http://doi.org/10.1016/j.memsci.2016.11.035
http://doi.org/10.1016/j.jclepro.2017.12.160
http://doi.org/10.1016/j.cej.2015.05.069
http://doi.org/10.3390/ijms14010017
http://www.ncbi.nlm.nih.gov/pubmed/23344018
http://doi.org/10.1016/j.colsurfb.2014.06.056
http://doi.org/10.1016/j.wasman.2015.07.053
http://doi.org/10.1016/j.jece.2015.02.002
http://doi.org/10.1021/ie102546g
http://doi.org/10.1016/j.msec.2017.03.285
http://www.ncbi.nlm.nih.gov/pubmed/28532075


Molecules 2021, 26, 1519 14 of 14

29. Wang, Z.; Kang, S.B.; Won, S.W. Selective adsorption of palladium(II) from aqueous solution using epichlorohydrin cross-linked
polyethylenimine-chitin adsorbent: Batch and column studies. J. Environ. Chem. Eng. 2021, 9, 105058. [CrossRef]

30. Mahmoud, M.E.; Nabil, G.M.; El-Mallah, N.M.; Bassiouny, H.I.; Kumar, S.; Abdel-Fattah, T.M. Kinetics, isotherm, and thermody-
namic studies of the adsorption of reactive red 195 A dye from water by modified Switchgrass Biochar adsorbent. J. Ind. Eng.
Chem. 2016, 37, 156–167. [CrossRef]

31. Jiang, F.; Dinh, D.M.; Lo Hsieh, Y. Adsorption and desorption of cationic malachite green dye on cellulose nanofibril aerogels.
Carbohydr. Polym. 2017, 173, 286–294. [CrossRef] [PubMed]

32. Limousin, G.; Gaudet, J.-P.; Charlet, L.; Szenknect, S.; Barthès, V.; Krimissa, M. Sorption isotherms: A review on physical bases,
modeling and measurement. Appl. Geochem. 2007, 22, 249–275. [CrossRef]

33. Wawrzkiewicz, M.; Bartczak, P.; Jesionowski, T. Enhanced removal of hazardous dye form aqueous solutions and real textile
wastewater using bifunctional chitin/lignin biosorbent. Int. J. Biol. Macromol. 2017, 99, 754–764. [CrossRef]

34. Haghseresht, F.; Lu, G.Q. Adsorption characteristics of phenolic compounds onto coal-reject-derived adsorbents. Energy Fuels
1998, 12, 1100–1107. [CrossRef]

35. Jossens, L.; Prausnitz, J.M.; Fritz, M.; Schlünder, E.U.; Myers, A.L. Thermodynamics of multi-solute adsorption from dilute
aqueous solutions. Chem. Eng. Sci. 1978, 33, 1097–1106. [CrossRef]

36. Won, S.W.; Mao, J.; Sankar, G.; Lee, H.-C.; Yun, Y.-S. Adsorptive characteristics of the polyurethane-immobilized Corynebacterium
glutamicum biosorbent for removal of Reactive Yellow 2 from aqueous solution. Korean J. Chem. Eng. 2016, 33, 945–951. [CrossRef]

37. Kim, S.; Won, S.W.; Cho, C.-W.; Yun, Y.-S. Valorization of Escherichia coli waste biomass as a biosorbent for removing reactive dyes
from aqueous solutions. Desalin. Water Treat. 2016, 57, 20084–20090. [CrossRef]

38. Aksu, Z. Biosorption of reactive dyes by dried activated sludge: Equilibrium and kinetic modelling. Biochem. Eng. J. 2001, 7,
79–84. [CrossRef]

39. Zhang, W.; Wu, D.; Wang, Y. Study on electrospun-membrane-based filter to rapidly remove Reactive Yellow 2 from wastewater.
Adv. Mater. Res. 2013, 726–731, 707–711. [CrossRef]

40. Ijagbemi, C.O.; Baek, M.-H.; Kim, D.-S. Montmorillonite surface properties and sorption characteristics for heavy metal removal
from aqueous solutions. J. Hazard. Mater. 2009, 166, 538–546. [CrossRef]

41. Tang, H.; Zhou, W.; Zhang, L. Adsorption isotherms and kinetics studies of malachite green on chitin hydrogels. J. Hazard. Mater.
2012, 209–210, 218–225. [CrossRef] [PubMed]

42. Lima, E.C.; Hosseini-Bandegharaei, A.; Moreno-Piraján, J.C.; Anastopoulos, I. A critical review of the estimation of the thermody-
namic parameters on adsorption equilibria. Wrong use of equilibrium constant in the Van’t Hoof equation for calculation of
thermodynamic parameters of adsorption. J. Mol. Liq. 2019, 273, 425–434. [CrossRef]
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