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Abstract: In this study, raw corn silk was considered for the removal of cadmium ions from aqueous
solutions. In order to improve adsorption characteristics, the KOH treatment was applied as a route
to obtain modified materials. Both materials before and after metal adsorption were characterized by
pHPZC, SEM-EDX and FTIR analysis. SEM images and FTIR spectra revealed that alkali modification
caused some structural changes that could improve the adsorption properties of the investigated
material. The experimental results and the ion-exchange study revealed that the biosorption process
of cadmium ions on to raw and modified corn silk was caused predominantly by the ion-exchange
mechanism, followed by chemisorption. The kinetic parameters implied that there are three stages in
the biosorption process. In addition, the cadmium adsorption on both materials is very fast and is
followed by the pseudo-second-order kinetic model. The experimental results were fitted by two
and three parameter isotherm models, while the Sips isotherm model best describes the biosorption
process on both materials. According to the Sips isotherm model, the maximum adsorption capacity of
cadmium adsorbed on modified materials was 49.06 mg g−1, which is 2.23 times greater in comparison
to the raw material (21.96 mg g−1). Furthermore, the mechanisms of cadmium adsorption onto the
investigated materials are summarized in order to better understand the modification influence on
the adsorption properties of corn silk. In order to examine reusability of the investigated material,
diluted nitric acid was used for regeneration. A desorption study was performed in three adsorption-
desorption cycles. A high desorption efficiency (>85%) indicated that MCS after Cd adsorption can
be efficiently recovered and reused for a new adsorption cycle.

Keywords: agricultural waste; alkali modification; adsorption process; heavy metals removal; mech-
anism assessment

1. Introduction

Released nonessential and toxic heavy metals such as mercury, lead and cadmium
represent a serious threat for the environment and for living organisms. Heavy metals
are not degradable, and their accumulation in the food chain may cause serious health
problems or death. Cadmium is one of the heavy metals which is heavily used in many
industries (electroplating, battery, plastic and paint pigments, etc.). Lymburner, 1974 noted
that the use of cadmium products has expanded at a rate of 5–10% annually, and their
potential spread is still very high [1]. An example is a province in southwest China, where
there are a lot of mining and smelting industries. This has caused an increase in heavy
metal pollution, especially cadmium pollution, over the past decade [2]. Due to its high
toxicity and potential environmental problems, it is important to find an adequate solution
for the removal of cadmium from industrial wastewaters.

Different conventional techniques (chemical precipitation, ion-exchange, membrane fil-
tration, solvent extraction, etc.) are used for the removal of heavy metals from wastewaters.
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However, all of the above-mentioned methods for wastewater treatment have disadvan-
tages such as high operation costs, generation of toxic sludge and low selectivity and
efficiency [3]. For that reason, the development of an alternative method for heavy metals
removal has gained a lot of attention from the scientific community. Biosorption (usage
of natural waste materials as pollutant adsorbents) has been found to be a promising
technology for heavy metals removal from the wastewater. Availability, low cost, eco-
friendly, and high efficiency are the main advantages of utilization of waste biomaterials as
adsorbents [4–8].

Large-scale corn production generates huge amounts of waste materials that have
been left behind in open landfill sites in the form of corn stalks, corn cobs, corn silk, tassels
and leaves. Some of these wastes can be used in the biodiesel industry or as a source of
energy. Corn silk, however, does not have an effective utilization. Due to its chemical
structure, corn silk has good adsorption characteristics for heavy metals removal. Previous
investigations revealed that corn silk is suitable for lead, copper and zinc adsorption from
water solutions [9,10]. Nevertheless, the ability of corn silk for Cd2+ ions adsorption has not
been previously considered. Alternatively, a simple and relatively low-cost modification
method could probably improve the adsorption properties of corn silk. For that reason, an
alkali treatment with 1M KOH was used for corn silk modification. The physicochemical
characteristics of raw corn silk (CS) and alkali-modified corn silk (MCS) before and after
Cd2+ adsorption were investigated by using different instrumental techniques that included:
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy and energy-
dispersive X-ray analysis (SEM-EDX). The effect of the solution pH, the initial metal
concentration and the contact time were considered in order to understand the equilibrium,
kinetics and mechanism of the adsorption process of Cd2+ on the investigated materials.
The point of zero charge (pHPZC) in the metal ion solution was determined in order to
investigate the specific sorption of Cd2+ onto the adsorbents’ surfaces.

The objectives of this study were: (i) to investigate the possibility of CS and MCS
to remove Cd2+ from water solution, (ii) to study the Cd2+ adsorption kinetics on the CS
and MCS using the pseudo- first and second-order models and the intra–particle diffusion
model, (iii) to study the Cd2+ equilibrium adsorption on the CS and MCS using two and
three parameter isotherm models: Langmuir, Freundlich, Sips, Redlich-Peterson, Dubinin–
Radushkevich and Temkin, (iv) to determine the Cd2+ adsorption mechanisms onto CS
and MCS. In addition, the differences between Cd2+ adsorption on the CS and MCS were
also adopted in order to attribute innovative and novel explanations as to how much the
metal adsorption process is influenced by the quantity of exchangeable cations, functional
groups and physical properties of the material.

2. Materials and Methods

Corn silk was obtained from a corn field near Belgrade, Serbia. The pure material was
washed with water and dried, and then milled, sieved and dried until constant weight. The
prepared raw material (CS) was then used for adsorption experiments.

Alkali modification was carried out by stirring 2 g of the obtained CS with 200 mL
of 1M KOH for 60 min at room temperature. The modified material was filtered through
filter paper, washed with distilled water (pH neutral) and dried until constant weight. The
prepared modified material (MCS) was used for adsorption experiments.

A stock Cd2+ solution (1000 mg L−1) was prepared by dissolving 2.7443 g Cd (NO3)2·4H2O
(p.a. grade) in 1 L double distilled water (Sartorius, arium®pro, Goettingen, Germany).
Working Cd2+ solutions of different concentrations (from 10 to 250 mg L−1) were prepared
by diluting the stock solution. The pH value of each solution was adjusted at 5.0 by adding
small volumes of 0.01 M HNO3 and/or 0.01 M KOH and monitored using a pH meter
(SensIon MM340, HACH, Loveland, CO, Waltham, MA, USA).

The determination of the pHPZC of CS and MCS in the KNO3 solution (0.001 mol L−1)
was described in our previous study [9–11]. The pHPZC of the CS and MCS in the metal
ion solution was determined by the following: the initial pH values (pHi) of Cd2+ solution
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(0.001 mol L−1) were adjusted to a range from 2.0 to 7.0 by adding 0.01 M HNO3 and/or 0.01
M KOH. In 50 mL of each metal ion solution 0.05 g of adsorbent was added. Suspensions
were stirred during 24 h (250 rpm), filtered through filter paper and the final pH value of
solutions was measured (pHf).

Surface morphology of the CS and MCS before and after Cd2+ adsorption was per-
formed on a JEOL JSM-6610 LV SEM Scanning Electron Microscope (SEM) (JEOL Inc.,
Peabody, MA, USA), while the quantitative elemental composition of the CS and MCS
surface, before and after adsorption, was analysed using energy-dispersive X-ray analysis
(EDX) (JEOL Inc., USA). The samples were coated with gold before the analysis.

The functional groups of the CS and MCS before and after Cd2+ adsorption were
analysed using a Thermo Nicolet 6700 FT-IR Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The pastilles were prepared by mixing 0.8 mg of CS and MCS with
80 mg KBr.

Adsorption experiments of Cd2+ removal from water samples on the CS and MCS
were performed in a batch system. In 100 mL Erlenmeyer flasks, an amount of 1 g L−1 of
adsorbent was added to metal solutions of different Cd2+ ion concentrations (from 10 to
250 mg L−1). The suspensions were stirred in a mechanical shaker at 250 rpm during dif-
ferent contact times (from 2 to 180 min) and filtered through filter paper. The concentration
of Cd2+ ions in the solutions was determined by an Atomic Adsorption Spectrophotometer
(PerkinElmer, PinAAcle 900T, Waltham, MA, USA).

The amount of adsorbed Cd2+ on the adsorbent in equilibrium and at the time t, was
calculated by Equations (1) and (2), respectively:

qe = (C0 − Ce)·V/m (1)

qt = (C0 − Ct)·V/m (2)

where: qe and qt are the amount of adsorbed Cd2+ ion in equilibrium and at the time t,
respectively (mg g−1); C0 is the initial Cd2+ ion concentration (mg L−1); Ce and Ct are the
Cd2+ ion concentration in equilibrium and at the time t, respectively (mg L−1); V is the
volume of Cd2+ ion solution (L); and m is the mass of the adsorbent (g).

In order to examine the ion-exchange mechanism, the materials were shaken for 2 h at
250 rpm. Experiments were performed at three different Cd2+ concentrations (20, 60 and
100 mg L−1). Then, suspensions were filtered through filter paper and a concentration
of Cd2+, K+, Na+, Mg2+ and Ca2+ was measured by AAS, while H+ concentration was
calculated based on the difference in the pH value between the control and final samples.

A desorption study was performed in a batch system. MCS was shaken in a cadmium
ion solution for 2 h at room temperature, filtered and rinsed with double distilled water to
remove non-adsorbed cadmium ions. After that, cadmium-loaded MCS was mixed with
0.1 mol L−1 HNO3 and shaken for 2 h, then filtered and rinsed several times with double
distilled water. The adsorption/desorption experiments were performed in three cycles.
The concentration of cadmium ions in solutions was measured by an Atomic Adsorption
Spectrophotometer (PerkinElmer, PinAAcle 900T).

All experiments were done in triplicate.

3. Results and Discussion
3.1. Adsorbent Characterization
3.1.1. Specific Sorption

Specific sorption of Cd2+ on the CS and MCS was confirmed by comparing the value
of pHPZC in both KNO3 and Cd (NO3)2 solutions. In the KNO3 solutions, it was found
that the value of pHPZC is higher after alkali modification (CS and MCS were 6.0 [10]
and 7.7, respectively), indicating that during the KOH treatment, the SC surface become
more alkaline. This was probably due to the increase of content of -OH functional groups.
However, after equilibrium with the Cd2+ solution, the pHPZC decreased to 5.2 and 6.6 for
CS and MCS, respectively. This indicates that during the sorption of Cd2+ ions onto
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functional groups of CS and MCS, hydrogen ions are released into solutions, lowering
the pHPZC of both sorbents (Figure 1). Comparing these values with those obtained for
the same solid/liquid ratio in the KNO3 solution, it can be concluded that the decrease
in pHPZC after Cd2+ adsorption involved specific sorption as the binding mechanism [12].
Keeping in mind that the adsorption experiments were done at pH < 6.0, where the surfaces
of CS and MCS are positively charged, the electrostatic forces are not responsible for Cd2+

adsorption onto the investigated materials, but by the specific sorption through the complex
in the forms (sorbent-O)-Cd+ or (sorbent-O)2-Cd. The fact that the sorption of Cd2+ ions
on both CS and MCS occurs in solutions with pH values much below the value of pHPZC,
indicates the formation of bonds between the adsorbed species and the sorbents’ surface
oxygen groups, or the precipitation of hydroxides on the sorbents’ surfaces [12]. The
binding mechanism could be explained by the following equation:

R-OH + Cd2+ ↔ R-OCd2+ + H+ (3)

where: R-OH is the functional group of the CS and MCS.
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3.1.2. SEM-EDX Analysis

The SEM micrograph (1000 times magnification) and the EDX spectrum of the CS and
MCS before and after Cd2+ adsorption are shown in Figure 2.

As can be seen (Figure 2a), the pristine CS had continuous and flat surfaces with
notable micron-size channels that was explained in our previous studies [9,10]. On the
contrary, alkali modification could increase surface porosity of different materials and clean
up partially blocked pores [13]. It is also known that the alkali treatment caused degra-
dation of the structural constituents of lignocellulosic materials (cellulose, hemicellulose
etc.) [14,15]. Accordingly, the smooth structure of CS after the alkaline treatment becomes
significantly disarranged (Figure 2b). The obtained modified material exhibits a much
rougher, heterogeneous surface with clearly notable cracks and pores which provides more
electron-donating sites for Cd2+ binding. This is in accordance with experimentally ob-
tained results in this study that showed a higher adsorption capacity of MCS in comparison
to untreated CS. A similar observation was previously reported by Šoštarić et al., 2018 [15],
who found that apricot shells exhibit a better adsorption capacity for Cu2+, Pb2+ and Zn2+

removal after NaOH treatment [15].
In addition to previous findings, Figure 2c,d showed the absence of microprecipitation

during biosorption of Cd2+, since there are no visible aggregates of cadmium ions on the
CS and MCS surface. The EDX spectrum of the MCS exhibited the more pronoun K peak
in comparison to the CS, suggesting that K was integrated on the material surface during
the KOH treatment. Furthermore, after Cd2+ biosorption, this peak almost completely
disappeared while the peaks of Cd were observed (Figure 2d). This implied involvement of
K ions into the metal binding mechanism and thus enhanced the adsorption performance
of the material after KOH modification. Summarising our findings, it can be concluded that
KOH modification improves the adsorption abilities of CS due to increasing the surface
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area, providing more K ions which are involved in the ion-exchange mechanism with Cd2+

ions as well as more electro-donating sites for Cd2+ binding.
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3.1.3. FT-IR Analysis

The FT-IR spectra of the CS, MCS and MCS after Cd adsorption are shown in Figure 3.

Processes 2022, 10, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 3. FTIR spectra of the CS and MCS before and after Cd2+ adsorption. 

The characteristic peaks of the CS were reported in detail in our previous study [10]. 
As can be seen from Figure 3, alkali modification caused some changes in the CS structure. 
It is notable that the intensity of all peaks in FTIR spectra becomes less pronounced after 
KOH treatment. The major structural changes upon modification were confirmed by the 
disappearance of C-O band at 1250 cm−1, and the visible decrease in intensity of -OH, C=O 
and C-N/C-O bands at 3287, 1637 and 1032 cm−1, respectively (Figure 3). Observed changes 
in FTIR spectra caused by alkali treatment are probably a result of degradation of the 
lignocellulosic constituents of the CS. A similar trend was previously observed during 
modification of apricot shells with NaOH [15]. 

Conversely, as a result of Cd2+ adsorption on the MCS, some of the peaks in the FTIR 
spectra showed a decreased intensity (-OH, C=C, C-N), while peaks attributed to –OH, C-
O, C-O-C and C=C bands were shifted to the lower wavenumbers (Figure 3). This suggests 
their involvement in Cd2+ adsorption on the MCS by ion-exchange and chemisorption 
[9,16]. 

3.2. Kinetic Study 
In order to describe the adsorption kinetics of Cd2+ on the CS and MCS, the 

experimental results were fitted by the three kinetic models chosen: pseudo-I-order, 
pseudo-II-order and the intraparticle diffusion model. The pseudo-I-order model, 
pseudo-II-order model and the intraparticle diffusion model can be expressed as 
Equations (4)–(6), respectively [17–19]: 

1 𝑞𝑞𝑡𝑡⁄ = 1 𝑞𝑞𝑒𝑒⁄ + 𝑘𝑘1 𝑞𝑞𝑒𝑒⁄ 𝑡𝑡 (4) 

𝑡𝑡 𝑞𝑞𝑡𝑡⁄ = 1 𝑘𝑘2𝑞𝑞𝑒𝑒2⁄ + 𝑡𝑡 𝑞𝑞𝑒𝑒⁄  (5) 

𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑖𝑖𝑡𝑡1/2 + 𝐶𝐶 (6) 

where: k1 and k2 are the pseudo-I-order and pseudo-II-order rate constant (min−1), 
respectively; kid is the intraparticle diffusion rate constant (mg g−1 min−1/2), and C is 
intercept. 

Based on the slopes and intercepts from linear plots (Figure 4), the kinetic parameters 
and coefficients of determination (R2) were obtained. 

Table 1 presents the parameters obtained from kinetic models, as well as the values 
of R2 for adsorption of Cd2+ on the CS and MCS. 

Figure 3. FTIR spectra of the CS and MCS before and after Cd2+ adsorption.



Processes 2022, 10, 1957 6 of 13

The characteristic peaks of the CS were reported in detail in our previous study [10].
As can be seen from Figure 3, alkali modification caused some changes in the CS structure.
It is notable that the intensity of all peaks in FTIR spectra becomes less pronounced after
KOH treatment. The major structural changes upon modification were confirmed by the
disappearance of C-O band at 1250 cm−1, and the visible decrease in intensity of -OH,
C=O and C-N/C-O bands at 3287, 1637 and 1032 cm−1, respectively (Figure 3). Observed
changes in FTIR spectra caused by alkali treatment are probably a result of degradation of
the lignocellulosic constituents of the CS. A similar trend was previously observed during
modification of apricot shells with NaOH [15].

Conversely, as a result of Cd2+ adsorption on the MCS, some of the peaks in the
FTIR spectra showed a decreased intensity (-OH, C=C, C-N), while peaks attributed to
-OH, C-O, C-O-C and C=C bands were shifted to the lower wavenumbers (Figure 3).
This suggests their involvement in Cd2+ adsorption on the MCS by ion-exchange and
chemisorption [9,16].

3.2. Kinetic Study

In order to describe the adsorption kinetics of Cd2+ on the CS and MCS, the exper-
imental results were fitted by the three kinetic models chosen: pseudo-I-order, pseudo-
II-order and the intraparticle diffusion model. The pseudo-I-order model, pseudo-II-
order model and the intraparticle diffusion model can be expressed as Equations (4)–(6),
respectively [17–19]:

1/qt = 1/qe + k1/qet (4)

t/qt = 1/k2q2
e + t/qe (5)

qt = kidt1/2 + C (6)

where: k1 and k2 are the pseudo-I-order and pseudo-II-order rate constant (min−1), respec-
tively; kid is the intraparticle diffusion rate constant (mg g−1 min−1/2), and C is intercept.

Based on the slopes and intercepts from linear plots (Figure 4), the kinetic parameters
and coefficients of determination (R2) were obtained.

Table 1 presents the parameters obtained from kinetic models, as well as the values of
R2 for adsorption of Cd2+ on the CS and MCS.
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Table 1. Kinetic parameters for Cd2+ adsorption on the CS and MCS.

Kinetics Model CS MCS

qe,exp 22.4 ± 0.52 46.79 ± 0.98
Pseudo-I-order

qe,cal 23.46 ± 0.75 48.71 ± 0.98
k1 (min−1) 3.456 ± 0.06 3.14 ± 0.12

R2 0.996 0.996
Pseudo-II-order

qe,cal (mg g−1) 22.5 ± 0.63 46.62 ± 1.05
k2 (g mg−1 min−1) 0.021 ± 0.001 0.095 ± 0.002

R2 0.999 0.999
Intra particle diffusion

ki1 (mg g−1 min−1/2) 5.11 ± 0.03 6.48 ± 0.02
Ri1

2 0.97 1
ki2 (mg g−1 min−1/2) 1.39 ± 0.01 1.23 ± 0.05

Ri2
2 0.98 0.97

ki3 (mg g−1 min−1/2) 0.007 ± 0.001 0.023 ± 0.001
Ri3

2 0.134 0.25

As can be seen from Table 1, the value of qe,cal from the pseudo-II-order model is
very close to the value of qe,exp, and also the value of R2 is very high (0.999). It indicates
that the pseudo-II-order kinetic model well describes biosorption process of Cd2+ on
the CS and MCS. These results suggest that the chemisorption process is involved in
the biosorption of Cd2+ on both of the tested materials [20–22]. This assumption was in
accordance with previously results from this study (FTIR/pHpzc). Additionally, the curve
(qt vs. t1/2) shoved multilinearity (Figure 4), indicating that more than one step is involved
in the adsorption process of Cd2+ onto the investigated materials. These steps include:
(i) diffusion of Cd ions through a solution to the surface of CS and MCS (first region);
(ii) intraparticle diffusion of Cd ions (second step); and (iii) the equilibrium stage (third
step). A similar observation was previously described by Cheung et al. [23].

3.3. Adsorption Isotherm Study

The experimental results were fitted by different isotherm models in order to describe
the equilibrium of biosorption process of Cd2+ ions on the CS and MCS. Two parameter
isotherm models (Langmuir, Freundlich, Dubinin–Radushkevich and Tempkin) and three
parameter isotherm models (Sips and Redlich–Peterson) were used.

The Langmuir isotherm model is valid for monolayer adsorption where the sorption of
species can occur only at a fixed number of energetically equivalent sites. This model was
used in order to get information about the maximum biosorption capacity of the biosorbent.
The Langmuir isotherm model can be expressed as the following equation [24]:

qe = qmaxKLCe/(1 + KLCe) (7)
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where: qmax is the maximal amount of adsorbed Cd2+ on the CS and MCS (mg g−1), and KL
is the Langmuir constant (L mg−1).

The dimensionless constant (RL) which describes the feasibility of the Langmuir
isotherm model and favorability of the biosorption process can be expressed by the follow-
ing equation [25]:

RL = 1/(1 + KLC0) (8)

where: RL is separation factor. The biosorption process of Cd2+ on the CS and MCS is:
unfavorable if the RL > 1; linear if the RL = 1; favorable if the 0 < RL < 1 or irreversible if
the RL = 0 [26].

The Freundlich isotherm model is valid for multilayer adsorption where the sorption
process occurs at the heterogeneous surface. This model can be expressed as the following
equation [27]:

qe = KFC1/nF
e (9)

where: KF is the Freundlich constant (mg g−1 (mg L−1)−1/n) and 1/nF is an empirical
Freundlich parameter. The biosorption process of Cd2+ on the CS and MCS is favorable if
the value of nF is between 1 and 10.

The Dubinin–Radushkevich isotherm model was used for the calculation of sorption
energy. It can be expressed as the following equations [28]:

qe = qs exp
(
−kDRε2

)
(10)

ε = RTln[1 + 1/Ce] (11)

where: qs is the theoretical isotherm saturation capacity (mg g−1); kDR is the Dubinin–
Radushkevich constant (mol2 kJ−2); ε is the Polanyi potential (kJ2 mol−2); R is the gas
constant (8.314 J (mol K)−1); and T is the absolute temperature (K).

The Tempkin isotherm model gives information about the interaction between the
investigated materials and Cd2+ ions, and can be expressed as the following equation [29]:

qe = (RT/bT)lnKTCe (12)

where: bT is the Temkin constant related to the heat of biosorption and KT is the equilibrium
binding constant (dm3 mol−1).

The Sips isotherm model is the combination of the Langmuir and Freundlich isotherm
models: it approaches the Freundlich isotherm at low sorbate concentrations, while at high
concentrations it predicts a monolayer adsorption capacity characteristic for the Langmuir
isotherm. It can be expressed as the following equation [30]:

qe = qmax(KSCe)
1/ns/

(
1 + (KSCe)

1
nS

)
(13)

where: KS is the Sips constant related to sorption affinity ((mg L−1)−1/n) and 1/nS is an
empirical Sips parameter which indicates sorbent heterogeneity; a higher value of this
parameter indicates a more heterogenous system.

The Redlich–Peterson isotherm model can be expressed as the following equation [31]:

qe = KRPCe/(1 + aRPCg
e ) (14)

where: KRP and aRP are Redlich–Peterson constants (L g−1) and ((mg L−1)−g), respectively,
and g is an empirical Redlich–Peterson parameter (g ≤ 1).

Equilibrium data were fitted to mentioned isotherm models, and the coefficient of
determination (R2) and nonlinear chi–square (χ2) values were the criteria used for model
selection. The isotherm models of Cd2+ adsorption on the CS and MCS are presented in
Figure 5.
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Table 2 contains parameters of equilibrium models for Cd2+ biosorption on the CS,
as well as the appropriate coefficient of determination (R2) and nonlinear chi–square
(χ2) values.

The data presented in Table 2 demonstrates that the Langmuir equation provides
a reasonable description of the experimental data, with 23.75 mg g−1 as the monolayer
capacity of CS calculated at 25 ◦C. Values of RL (Langmuir constant) and nF (Freundlich
model) are between 0–1 and 0–10, respectively, indicating favourable biosorption of Cd2+

on the CS.
Based on the values of the R2 and χ2 it can be concluded that the Sips isotherm model

best describes the biosorption of Cd2+ on the CS and MCS. According to this isotherm
model, the maximum adsorption capacities for Cd2+ removal are 21.95 and 49.06 mg g−1

for CS and MCS, respectively. Besides, it can be seen that the Sips parameter 1/nS is bigger
than 1 for both investigated materials, indicating heterogeneity of the materials’ surfaces.
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Table 2. Isotherm parameters for Cd2+ biosorption on the CS.

Isotherm Model CS MCS

Langmuir
qmax (mg g−1) 18.13 ± 0.08 43.97 ± 1.07
KL (L mg−1) 3.456 ± 0.02 3.14 ± 0.06

R2 0.996 0.996
χ2 1.689 9.07

Freundlich
KF (mg g−1(mg L−1) −1/nf ) 9.29 ± 0.55 25.61 ± 0.87

nF 6.97 ± 0.03 8.03 ± 0.06
R2 0.917 0.871
χ2 1.138 12.62

Dubinin–Radushkevich
ε2 1.79 6.4
R2 0.655 0.834
χ2 4.782 30.45

Tempkin
KT 47.81 ± 1.21 194.13 ± 2.23

bT (KJ mol−1) 1141.85 ± 5.13 527.7 ± 1.55
R2 0.959 0.907
χ2 0.566 17.11

Sips
qmax (mg g−1) 21.95 ± 0.53 49.06 ± 1.06

KS (mg L−1) −1/ns 0.534 ± 0.004 0.921 ± 0.007
nS 2.12 ± 0.04 1.85 ± 0.23
R2 0.97 0.956
χ2 0.402 5.44

Redlich-Peterson
KRP (L g−1) 20.04 ± 0.92 96.38 ± 1.33

aRP (mg L−1)-g 1.67 ± 0.23 2.86 ± 0.41
g 0.909 ± 0.002 0.937 ± 0.005

R2 0.961 0.912
χ2 0.547 16.15

3.4. Mechanism Study

The ion-exchange mechanism is one of the dominant mechanisms involved in the
adsorption process of metal ions [16,32]. In this study, the ion-exchange mechanism was
investigated through the relation between the adsorbed Cd2+ and released cations (K+, Na+,
Ca2+, Mg2+ and H+) from the CS and MCS during the biosorption process. The amount of
adsorbed Cd2+ and released K+, Na+, Ca2+, Mg2+ and H+ are shown in Figure 6.

The relation between the amounts of adsorbed Cd2+ and released cations was calcu-
lated by the following equation [32,33]:

Rb/r = CCd2+/[(CK+/2) + (CNa+/2) + CMg2+ + CCa2+ + (CH+/2)] (15)

Results are shown in Figure 6.
The replacement of K+, Na+, Ca2+ and Mg2+ indicates the formation of ionic bind-

ing, while replacement of H+ indicates the formation of covalent binding between Cd2+

and active sites on the CS and MCS during the adsorption process [33]. As can be seen
(Figure 6), alkali modification improves the exchangeability of H+ ions as well as decreases
the involvement of the ion-exchange mechanism in Cd2+ binding. It can be concluded
that the KOH treatment promotes a covalent interaction between the metal ions and the
material surface.
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The value of Rb/r is >1 for all investigated Cd2+ concentrations, which means that the
amount of released cations is smaller than the amount of adsorbed Cd2+. This suggests that
the ion-exchange mechanism is not the only one, but is the dominant mechanism during the
adsorption of Cd2+ on the CS and MCS. Similar results were proposed by Gorgievski et al.,
2013 [32]. As can be seen (Figure 6), the adsorbed Cd2+ is mainly exchanged with K+, Mg2+

and H+ ions. Since K+ ion is the most exchangeable cation during Cd adsorption on the CS,
its integration during modification significantly improves the adsorption capacity of MCS.
Afterwards, the exchangeability of Ca2+, Mg2+ and H+ ions at higher Cd concentrations
become more pronounced after modification (Figure 6). These results indicate that KOH
modification not only increases the K+ ions content, but also improves exchangeability of
other cations, making the material more available to Cd2+ ions. The involvement of the
ion-exchange mechanism in Cd2+ biosorption on both of the investigated materials was
previously confirmed in this study by EDX analysis (Figure 2).

Additionally, in summarizing the results from this study, it can be concluded that
Cd2+ adsorption onto the investigated materials is a complex process which consists
of different mechanisms that include: (i) the ion-exchange mechanism; (ii) the surface
complexation between oxygen-functional groups on to the materials’ surface and metal
ions; and (iii) Cd2+-π with electrons from C=C. Furthermore, a higher affinity of the
material for cadmium ion is noticeable after alkaline modification; the surface becomes
more accessible for the binding of the selected ion while the interaction ability and ion
exchangeability are upgraded.

3.5. Desorption Study

In order to examine the reusability of MCS and recovery of the cadmium ions, a
desorption study was performed in three adsorption/desorption cycles. Diluted HNO3
was used as a desorption agent. The desorption efficiency after three cycles was more
than 85%, indicating that MCS after cadmium adsorption can be efficiently regenerated
and reused for a new adsorption cycle. Conversely, the adsorption capacity after three
adsorption/desorption cycles decreased from 49.06 to 32.7 mg g−1 indicating that the Cd2+

adsorption on the MCS is a partially recoverable process.

4. Conclusions

The CS and MCS before and after Cd2+ adsorption were characterized by pHPZC, SEM-
EDX and FTIR analysis. The value of pHPZC of CS and MCS was 6.0 and 7.7, respectively in
a KNO3 background solution, while it was 5.2 and 6.6, respectively in a Cd2+ ion solution.
The decrease of pHPZC in a metal ion solution indicated that cadmium ions were adsorbed
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on CS and MCS by specific sorption. SEM images confirmed that MCS exhibits a much
rougher, heterogeneous surface with clearly notable cracks and pores, compared to CS.
FTIR spectra revealed that alkali modification caused some structural changes that could
improve the adsorption properties of the investigated material.

The results of this study (ion-exchange study, SEM-EDX and FTIR analysis before
and after Cd2+ adsorption and kinetic study) revealed that the biosorption process of
Cd2+ on to CS and MCS was caused predominantly by the ion-exchange mechanism
followed by chemisorption. The experimental results were fitted by Langmuir, Freundlich,
Dubinin–Radushkevich, Tempkin, Sips and Redlich–Peterson isotherm models to describe
the equilibrium of biosorption process of Cd2+ ions on to CS and MCS. The Sips isotherm
model best describes the adsorption of Cd2+ on both materials. The calculated Cd2+

adsorption capacity of MCS (49.06 mg g−1) was 2.23 time higher in comparison to the Cd2+

maximum adsorption capacity of CS (21.96 mg g−1). In order to consider reusability of
the investigated material, a desorption study using diluted nitric acid was performed. The
obtained desorption efficiency of >85% implies that MCS after Cd2+ adsorption can be
efficiently reused in several adsorption/desorption cycles.

In summary, the results of this study lead to the conclusion that the CS adsorption
capacity for Cd2+ increases after its KOH modification due to:

• increased surface porosity of CS, and degradation of structural lignocellulosic con-
stituents which provide more electron-donating sites for Cd2+ binding;

• more K ions onto CS surface which are involved in ion-exchange mechanism with
Cd2+ ions as well as more electro-donating sites for Cd2+ binding;

• improved exchangeability of Ca2+, Mg2+ and H+ ions, which makes the material more
available to Cd2+ ions binding and promotes covalent interaction between metal ions
and the material surface.
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8. Piekarski, J.; Ignatowicz, K.; Dąbrowski, T. Application of an Adsorption Process on Selected Materials, Including Waste, as a
Barrier to the Pesticide Penetration into the Environment. Materials 2022, 15, 4680. [CrossRef]
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