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ABSTRACT

3-(Chloropropyl)-trimethoxysilane (CPTS) was modified on Lycopodium Clavatum Sporopollenin
microcapsules (Sp) with the aim of obtaining the Sp-CPTS compound. 2-amino-3-hydroxypyri-
dine (AHP) was immobilized on Sp-CPTS and a microcapsule adsorbent surface (Sp-CPTS-AHP)
was prepared. This surface was prepared to effectively remove Cr(Ill) in the solution. The surface
of Sp-CPTS-AHP microcapsule biosorbent was successfully characterized by Fourier-transform
infrared spectroscopy and scanning electron microscopy. Some experimental parameters (pH, con-
tact time, amount of biosorbent, temperature and concentration) affecting the removal of Cr(III)
were investigated. Adsorption isotherm models were utilized to explain the adsorption event on
the microcapsule biosorbent. As a result of Cr(Ill) application with Sp-CPTS-AHP microcap-
sule biosorbent, approximately 70% Cr(III) removal was obtained at pH 6. The AH® value calcu-
lated for the Cr(Ill) in the solution at temperatures between 25°C-50°C is 29.31 k] mol™ and the
AS° value is 235.88 ] mol™ K. The mean adsorption energy for the Sp-CPTS-AHP microcapsule
biosorbent was calculated as 0.893, 1.271, 1.549 and 2.744 kJ mol™ for 298, 308, 319 and 328 K,
in Cr(IIl) solution respectively. According to the parameters interpreted from the experimental
data, the best Cr removal was attained at pH = 6.0, 0.03 g adsorbent, 298 K temperature, 30 mg L™
initial concentration and 90 min contact time. The correlation coefficient (g,) calculated with the
pseudo-second-order model is 14.993 mg g™ and the correlation coefficient calculated with the
pseudo-first-order model is 7.568 mg g™'. Langmuir maximum adsorption capacity (g,) is 17.668,
19.646, 20.704 and 21.929 mg g for 298°C, 308°C, 318°C and 328°C, respectively. The newly synthe-
sized microcapsule adsorbent surface has shown significant success in removing Cr(Ill) from the
solution. Therefore, it can be recommended for the effective removal of heavy metals from water.
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1. Introduction

The pollution of natural waters is dependent to the
enlargement of cities and slums and to the development
of industries and of agriculture, based on the use of var-
ious chemicals. This results into a number of toxic and
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harmful discharges, including heavy metals, nitrates,
phosphates, and pesticides, into natural ecosystems and
hydrosystems [1-3]. Pollution of the environment by toxic
heavy metals is a especially common problem with pol-
lution sources due mainly to industrial activities. These

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.


mailto:ayselcimen42@hotmail.com

164 A. Cimen et al. / Desalination and Water Treatment 269 (2022) 163175

heavy metals are unloading, directly or indirectly, into
environmental waters, particularly in developing coun-
tries. In addition, many studies have shown the existence
of traces of heavy metals in marine waters and ecosystems
and their influence on the aquatic environments and ani-
mal health [4,5]. Heavy metal pollution is one of the most
critical environmental problems [6]. Indeed, these metals
are usually toxic, even at very low concentrations, and
non-biodegradable and frequently resist to traditional
removal treatments. Therefore, they can severely degrade
the quality of drinking water resources.

As a result, it is very significant to improve effective
methods of removing these pollutants from wastewater,
before pouring into the natural water system, for maintain
the concentration limits set by the international standards.
These methods are membrane, photocatalyst, electrodial-
ysis and adsorption etc. [7-9]. The adsorption method is
preferred because it is cheap, easy to apply and has high
separation properties.

Chrome, electrical plating, leather making, wood pre-
servatives, paint manufacturing, printing and paper, plas-
tic coatings and textile industries etc. used in industrial
processes [10-13]. Great amounts of chromium-containing
wastewater from different industries are discharged into
the environment [7]. The dominant chromium species in
wastewater are Cr(III) and Cr(VI) ions. Hexavalent chro-
mium (Cr(VI)) is 500-1,000 times more toxic than triva-
lent chromium. This metal needs to be removed from
wastewater due to its harmful effects on the body and
its cumulative properties and its non-biodegradability.
At the same time, trivalent chromium should be
removed from wastewater because Cr(III) ions are easily
converted to Cr(VI) in the environment [10].

If Cr(IIT) amount exceeds the exposure limit in the human
body, it causes diseases such as depression, Alzheimer’s,
speech disorders, mood swings and allergic reaction [14-
16]. Since WHO has determined the mean limit value of
Cr(III) in drinking water to be 0.05 mg L™ [17,18], maximum
care should be taken not to exceed 0.05 mg L™ of Cr(III) in
drinking water [19].

Sp is a microcapsule biosorbent that is steady as molec-
ular construction, durable to chemical materials, the abil-
ity of high adsorption, appropriate for the modification,
effortless to acquire and cheap. In this study, the start-
ing material of the prepared adsorbent is Sporopollenin
and its surface was modified with 3-(chloropropyl)-
trimethoxysilane (CPTS) compound. This surface was
then immobilized with AHP.

The thermodynamics and kinetic features concern-
ing the adsorption of Cr(IIl) on the Sp-CPTS-AHP have
been researched [19]. Besides, the influence of experi-
mental factors such as pH, touch duration, adsorbent
quantity, temperature and different concentrations were
researched to eliminate Cr(III) in solution. As the outcomes
are much yielding and harmonious with the literature,
Sp-CPTS-AHP adsorbent can be easily recommended for
Cr(III) removal from aqueous solution [19].

Since the starting material of the adsorbent used in this
study is a herbal microcapsule and it was prepared for the
first time, it can be said that the study is original. The cheap-
ness of the method used, the environmental friendliness of

the material and the high percentage of removal of Cr(III)
ions from wastewater increase the novelty and attractiveness
of this study.

2. Experimental
2.1. Substances and devices

Microcapsules (particle size 20 pum) of Lycopodium
Clavatum Sporopollenin, the starting material of the
microcapsule biosorbent we prepared, were obtained from
Fluka (Fluorochem Limited, London, United Kingdom).
3-(Chloropropyl)-trimethoxysilane (CH,.CIO,Si and >97%),
toluene (Anhydrous, 99.8%), methanol (Anhydrous, 99.8%),
sodium hydroxide, nitric acid (99.8%), ethanol liquid
(clear, colorless), diethyl ether (Anhydrous, ACS Reagent,
299.0%), 2-amino-3-hydroxypyridine (C.HN,O and 98%)
were bought from Sigma-Aldrich. Cr(NO,),-9H,0) (99%)
and hydrochloric acid (37%) were supplied by Merck KGaA
(Darmstadt, Germany). All chemicals were of analytical
grade.

pH studies were done with an Orion Brand pH Meter.
Atomic absorption spectrometry (FAAS) (Analytik Jena,
ContrAA 300) was used to determine Cr(Il) in adsorption
studies. While performing the modified and immobilized pro-
cesses of Sp microcapsules, the characterization of each step
was done with FTR (KBr pellets, 21°C temperature, 39% mois-
ture, 1 atm pressure) and scanning electron microscopy (SEM).

2.2. Activation of Sporopollenin microcapsules

The hydroxyl groups of Sp were activated by adding
5.0 g of Sp to 50 mL of acetone in a 100 mL measuring flask
and stirring. Afterward, it was kept under reflux for 4 h
by mixing [20]. Active Sp recovered after filtration with a
Biichner funnel was dried overnight at 60°C.

2.3. Preparation of Sp-CPTS

100 mL of dry toluene, 5.0 g of activated Sp microcap-
sules and 3 mL of 3-(chloropropyl)-trimethoxysilane (CPTS)
were added to a 250 mL volumetric flask [21]. The suspen-
sion was refluxed for 72 h in sustained stirring at 110°C.
It was filtered through the Biichner funnel. The filtrate
was washed with C H,, C,H.OH and CH,OH and dried at
70°C for one day.

2.4. Preparation of the Sp-CPTS-AHP microcapsule biosorbent

100 mL of dry C7H8 was added to 5.0 g Sp-CPTS and
0.1 g of 2-amino-3-hydroxypyridine (AHP), and the conse-
quent mix was mixed at 65°C for 12 h under reflux [22]. The
suspension solution cooled to room temperature was fil-
tered and the filtrate (Sp-CPTS-AHP) was washed sequen-
tially with methanol, ethanol and diethyl ether. It was
dried in a vacuum-packed oven at 60°C for one day. The
possible structure and preparation steps of the Sp-CPTS-
AHP microcapsule biosorbent are shown in Fig. 1 [22,23].

2.5. Batch method

Adsorption works were created to find the removal
efficiency of Cr(Ill) with Sp-CPTS-AHP microcapsule
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Fig. 1. The possible constructions of Sp, Sp-CPTS and Sp-CPTS-AHP.

biosorbent. The batch method was used in these experi-
ments. Firstly, a 1000 mL solution containing Cr(III) ion
(100 mg L) was prepared from Cr(NO,),-9H,0 with deion-
ized water. The pH of the solutions containing Cr(III) was
changed by the addition of 0.01 M HCIl. Sp-CPTS-AHP
microcapsule biosorbent (0.01-0.05 g), different tempera-
tures (298.15-328.15 K), different pH (pH1.0-8.0), and dif-
ferent concentrations of Cr(IIl) ion solution (1040 mg L™))
was added to a 20 mL centrifuge tube containing. The
suspension was filtered by shaking for an unlike duration
(5210 min). Cr(IIl) in the filtrate was measured by the FAAS
method [24]. Using the calculated values and Egs. (1)-(3),
the adsorption equilibrium capacity g, (mg g™) [25,26], the
adsorption capacity g, (mg g™) at a given time [27] and the
percentage of removal (% removal) found [22].

Sp-CPTS-AHP
C,-C
9= ==XV M
C,-C
9% == ExV @)
%Removal = 2= 100 )
C

o

where V (L), m (g), C, (mg L), C, (mg L) and C, (mg L),
Cr(Ill) represent the volume of the solution, the heft of
Sp-CPTS-AHP, the concentration of Cr(IIl) after or in
equilibrium, the Cr(Ill) concentration remaining in the
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solution at any duration and the initial concentration of
Cr(III) respectively [21].

3. Results and discussion
3.1. Characterization
3.1.1. SEM analysis

Surface morphologies of the Sp-CPTS-AHP microcap-
sule biosorbent were examined under SEM. SEM displays
of Sp, Sp-CPTS and Sp-CPTS-AHP are demonstrated in
Fig. 2. The SEM displays of the Sp (Fig. 2a) demonstrate
a more straight morphology than the SEM displays of
the Sp-CPTS (Fig. 2b) constituted after the modification
of the CPTS to the surface. The pore form and geomet-
rical construction of the Sp-CPTS-AHP microcapsule
biosorbent disrupted are seen in Fig. 2c. It is seen as dis-
ordered morphology coated with alien substance, that is,
AHP. The existence of connected particles, that is, AHP on
the Sporopollenin surface verifies the immobilization [28].

3.1.2. Fourier-transform infrared spectroscopy analysis

The Fourier-transform infrared spectroscopy (FTIR)
peaks of Sp, Sp-CPTS and Sp-CPTS-AHP are given in
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Fig. 3. In the FTIR peak of Sp, the peak originating from
the -OH is 3,321 ecm™ [25]. Stretching vibration frequency
originating from the aliphatic (-CH, -CH,, -CH,) group
is between 2,850-2,921 cm™. Characteristic bands in the
form of a double band belonging to the C=O group were
seen at 1,706 cm™ [7].

The peak of the -OH in Sp changed from 3,321 to
3,361 cm™ in Sp-CPTS. Also, big peaks seen at 1,100 cm™ rep-
resent C-O-C and Si-O-C or C-O and Si-O symmetrical or
asymmetric stress [28].

It was determined that the peaks observed at
2,921-2,850 cm™ belong to the CH stretching vibration
frequencies in Sp-CPTS. In the Sp-CPTS spectrum, it was
determined that there is an absorption band at 692 cm™ in
the silylating agent (CPTS) resulting from the C-CI stret-
ching vibration [29].

The peak of the -OH in Sp-CPTS changed from 3,361
to 3,354 cm™ in the Sp-CPTS-AHP. The -C-N peak in
Sp-CPTS-AHP was observed at 1,271 ecm™. -C=N peak
in Sp changed from 1,706 to 1,603 cm™ in Sp-CPTS. The
peaks observed in the range of 2,921-2,840 cm™ in AHP and
Sp-CPTS seem like three separate peaks in Sp-CPTS-AHP.
This point out the existence of different CH, CH, or CH, in
the constructions, which verifies that the AHP is immobi-
lized to the Sp-CPTS.
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Fig. 2. SEM displays of the Lycopodium Clavatum Sporopollenin (a), (Sp-CPTS) (b) and the Sp-CPTS-AHP (c).
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Fig. 3. FTIR spectra of the Sp (a), Sp-CPTS (b), and the Sp-CPTS-AHP (c).

3.2. Parameters affecting adsorption
3.2.1.pH

pH is one of the very significant factors impressing
adsorption. Additionally, It determines the creation and
steadiness of Cr(IlI). The adsorption performance could be
impressed by diverse charge densities and Cr(Ill) on the
Sp-CPTS-AHP microcapsule biosorbent surface. For this
reason, some experiments were carried out to find the effi-
ciency of the Sp-CPTS-AHP microcapsule biosorbent to
adsorb Cr(Ill) ions in different pH ranges (1-8). The batch
method was used in the experiments. According to the
consequences found from the experimental works, the pH
impress on the adsorption can be seen in Fig. 4a.

The pH of the chromium solution affects its adsorp-
tion on the Sp-CPTS-AHP microcapsule biosorbent, and
the adsorption decreases with increasing pH. The presence
of OH- ions in the environment causes chromium to form
hydroxy complexes at higher pH values, Cr(OH), [30].

Besides, Cr(IIl) removal decreased from 70% at pH 6
to 55% at pH 8 (Fig. 4a). Increasing the pH decreases the

positive charges on the adsorbent surface. So, electrostatic
pull happens among the (-) charges (NH;, OH-) of the
adsorbent and the (+) charges of the metal ions (Cr(III)), and
the adsorption yield rises [31].

3.2.2. Contact time

Fig. 4b demonstrates the impact of contact time on the
removal of Cr(III) ions. The percentages of removal of Cr(III)
ions by the Sp-CPTS-AHP microcapsule biosorbent increased
within the first 90 min (Fig. 4b) and removal efficiency
of over 68% was obtained for the Cr(Ill) solution. Then,
the removal efficiency of Cr(Ill) in the solution increased
with time and; slowed down after reaching saturation.
Adsorption has remained stable after 120 min.

3.2.3. Amount of adsorbent

The amount of Cr(III) adsorbed by Sp-CPTS-AHP micro-
capsule biosorbent was calculated by Eq. (2) and shown in
Fig. 4c. As seen in Fig. 4c, Cr(Ill) removal increased as the
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Fig. 4. (a) The impact of pH on the adsorption of Cr(IIl). (b) Influence of contact time on Cr(III) adsorption by the Sp-CPTS-AHP.
(c) Effect of adsorbent amount on Cr(III) adsorption by the Sp-CPTS-AHP.

amount of adsorbent increased. The highest removal (63%)
of Cr(Ill) in solution (Cr(NO,),9H,0) was achieved with
0.03 g adsorbent. According to this result, it can be said
that the increase in Cr(IIl) removal is due to the expansion
of the active surface area of the adsorbent. The adsorption
capacity was lesser at higher adsorbent doses (Fig. 4c). This
may be attributed to overlapping or aggregation of adsorp-
tion sites resulting in a decrease in total adsorbent surface
area available to metal ions and an increase in diffusion
path length [32].

3.2.4. Initial concentration and temperature

Fig. 6a shows how Cr(Ill) initial concentration affects
adsorption. As can be seen from the graph, the adsorption
capacity increased with the increase of Cr(III) amount and
temperature. The percent removal in the initial concen-
tration decreases with increasing temperature and con-
centration. After a certain time, the system attains balance
and the surface field is filled. Thus, the adsorption process
ends. In this study, the system reached equilibrium after
40 mg L. Temperature also changes the thermodynamic
parameters. The increased adsorption with temperature
indicates that the adsorption reaction is endothermic.

3.3. Kinetics of adsorption

Kinetic data are needed to define the mechanism, occur-
rence, rate and efficiency of adsorption. Since the kinetics
of the system checks the stay time of the adsorbed material
and the size of the system, it is necessary to know the speed
of adsorption when removing pollutants from water or
wastewater [33]. In order to reach inter phase equilibrium
and to sense how fast the metal ions move to the adsorbent,
the removal time must be known. The experimental and
theoretical data obtained were applied to the Equations
in Table 1 and the pseudo-first-order and pseudo-second-
order models to acquire kinetic datum (Fig. 5a and b)
[34,35].

As seen in Table 1, the coefficient of correlation
calculated with the pseudo-second-order model
(g, = 14.993 mg g') is considerably higher than the coeffi-
cient of correlation calculated from the pseudo-first-or-
der model (g, = 7.568 mg g™'). Considering these data, it
seems more appropriate to explain the sorption kinetics
with a pseudo-second-order model. In this case, it can
be said that the adsorption takes place through electron
sharing or electron exchange between the adsorbent and
Cr(I1I).
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Table 1

Kinetic adsorption parameters acquired using pseudo-first-order and pseudo-second-order models on Sp-CPTS-AHP

Kinetic models Equations References Parameter constants Parameter values g (exp) (mg g™)
e [36,37] k, (min™") 0.003 13.971
. — — — 1 -
Pseudo-first-order log(qe ‘71) log g, 2303 q,(calc) (mg g™) 7.568
R? 0.9414
b1 s [38,39] k, (g/(mg min) 0.0052
Pseudo-second-order ka’ a g,(calc) (mg g™) 14.993
9 K4, 4. )
R 0.999
16
1.5 a b
T 14
104 =
u
] 12 4
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Fig. 5. Kinetic plots of (a) pseudo-first-order and (b) pseudo-second-order models for adsorption of Cr(IIl) on to Sp-CPTS-AHP.

3.4. Isotherms of adsorption

There are many isotherm models that explain the
adsorption phenomenon [40]. In this work, the so-called
Freundlich, Langmuir and Dubinin—-Radushkevich iso-
therm models were used to elucidate the Cr(III) sorption
on Sp-CPTS-AHP (Fig. 6b—d). Fig. 6a demonstrates the
influence of the concentration of the starting solution on
the adsorption of Cr(III) on the Sp-CPTS-AHP adsorbent.
Adsorption studies were carried out under experimental
conditions where chromium concentrations were between
10 and 50 mg L7, the contact time was 210 min, and pH
was 6.0. As seen in Fig. 6a, as the chromium(III) concen-
tration rises from 10 to 50 mg L™, the sorption capability
increases and the elimination rate decreases from 97% to
55%. The decrease in % removal with the increase of chro-
mium(IIl) ions is owing to the decrease of active fields on
the adsorbent surface.

In addition, the increase in adsorption rate and ion
utilization in active sites may clarify the rise in sorption
capability [41]. Initial chromium(Ill) concentration is
30 mg L' for the most efficient elimination % and adsorp-
tion capacity.

Experimental data obtained to perform Cr(III) adsorption
from an aqueous solution with Sp-CPTS-AHP at differ-
ent temperatures were applied to the equations in Table 2.
The obtained isotherm parameters are shown in the same
table.

According to experimental data, the average energy of
Cr(IIT) in solution is 0.893, 1.271, 1.549 and 2.744 k] mol™ for
298, 308, 318 and 328 K temperatures, respectively (Table 2).
The average energy less of than 8 k] mol™ point out that
the Cr(IIl) in the aqueous solution is physically adsorbed
on the adsorbent [38]. Since the Langmuir isotherm with
the highest R? value among the calculated isotherm param-
eters, the adsorption phenomenon can be explained by
this isotherm (Table 2). In the Langmuir isotherm, adsorp-
tion occurs in a layer, and the maximum adsorption is
when the molecules attached to the adsorbent surface cre-
ate a satiated layer. Therefore, it can be thought that the
Cr(IIT) adsorption in this study occurred in a monolayer.

3.5. Thermodynamic studies

It is important to know the thermodynamic features
such as enthalpy change (AH°), entropy change (AS°) and
free energy change (AG®) to explain the sorption event and
determine whether the process is spontaneous or not spon-
taneous [39]. In order to perform the adsorption of Cr(III) on
the Sp-CPTS-AHP adsorbent, the efficacy of temperatures
between 20°C and 50°C was researched. Thermodynamic
feature for the adsorption of Cr(Ill) by Sp-CPTS-AHP are
demonstrated in Table 3. Thermodynamic features were cal-
culated from the equations in Table 3 and the outcomes found
are demonstrated in the same table. In Table 3, positive AH®
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Table 2

Adsorption isotherm model parameters for Cr(III) adsorption by Sp-CPTS-AHP at unlike temperatures

Model Equation References  Parameters Temperature (K)
298 308 318 328
Langmuir C _C . 1 [42-45] R? 0.9992  0.9986  0.9992  0.9982
7. 4, Ka, K, (Lmg™) 0.3189  0.4115 05391 0.9764
q, (mg g™ 17.668  19.646  20.704  21.929
= 1 R, 0.239-  0.196- 0.156—  0.093-
[1+(K,.C,)] 0148 0057 0044  0.025
Freundlich logg, = logK, + llog c [46,47] R? 0.9430 09560  0.9468  0.9748
¢ Fin ¢ K, (mg/g)(mg/Ly™" 2.074 2.266 2424  2.748
1/n 0.3885  0.3844 0376  0.3321
n 2.574 2.601 2.660  3.011
Dubinin-Radushkevich Ing,Ing, —B& [48-51] R? 0.9375  0.8727  0.8978  0.8443
q. (mgg") 13629 14732 15892 16.728
E (k] mol™) 0.893 1.271 1549 2744

€=RTIn 14—i
C

e

E=(2p)
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Table 3

Thermodynamic feature and equations for the adsorption of Cr(IIl) by Sp-CPTS-AHP

AG® (k] mol™) AS° (J mol™ K™) AH® (k] mol™)

—41.02 235.88 29.31
—43.38
—45.73

—48.09

Equation References Temperature (K)
AG® = AH° ~TAS° 298
o_ _ 0 308
AG® =— RTInK’ [52-54] o
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Fig. 7. Thermodynamic graph for the sorption of Cr(Ill) on
Sp-CPTS-AHP.

and negative AG® indicate that the adsorption is endother-
mic and the adsorption reaction is spontaneous. The reduc-
tion in AG® value with increasing temperature point out that
adsorption creation is inversely proportional to tempera-
ture. In addition, the positive AH® value supports this state-
ment. A positive AS° value indicates the increase in random
adsorption at the solid-solution interface and the happen-
ing of ion change reactions. Aqueous Cr(III) ions and water
molecules form covalent bonds and bind to the adsorbent.
For the water molecules are free, the rate of randomness, the
kind of linking mechanism, and the adsorption energy of the
respective binding increase the greatness of AH°. Because of
the little energy needed in physical adsorption, the adsorp-
tion operation is quick and usually reversible. The energy
necessary for hydrogen bond creation and for London
and van der Waals interactions is 4-8 and 8-40 k] mol},
respectively. The AH® value for Cr(III) was obtained to be
29.31 k] mol.

The thermodynamic graph for the sorption of Cr(III) on
Sp-CPTS-AHP is demonstrated in Fig. 7.

3.6. Comparison studies

The adsorbing capacity of the newly prepared Sp-CPTS-
AHP microcapsule biosorbent was compared with the
Sporopollenin supported and other adsorbent s shown
in the sources and in Table 4. Considering these compar-
isons, it can be said that the adsorbing capacity of the

Sp-CPTS-AHP microcapsule biosorbent is much better than
other adsorbent materials.

3.7. Mechanism

The pH of the ambiance affects the creation of new and
unlike types of Cr and the decomposition of active groups
such as -OH, -COOH, -NH,. That’s why, Cr adsorption is
highly correlated with pH. The existence of OH, C=0 [8]
and NH, in the Sp-CPTS-AHP microcapsule biosorbent
was approved by FTIR [70]. The functional groups on the
Sp-CPTS-AHP microcapsule biosorbent surface become
positively charged at low pH and the approach of the cat-
ionic group is limited by the influence of repellent forces.
With increasing pH, the degree of protonation reduces
and functional groups are negatively charged (pH > pKa).
Therefore, since there is no competing ion with Cr(III) ions,
the highest adsorption takes place at pH = 6. The adsorp-
tion of Cr(IIl) can be clarified by an ion change mechanism.

According to the adsorption isotherms described
above, the adsorption mechanism can be explained by the
Langmuir isotherm model. According to this model, adsorp-
tion is chemical and adsorbs to the surface as a single layer
[71]. It can be said that the adsorption of transmitter N, and
OH groups on the surface with heavy metal ions occurs as
a result of chemical adsorption [https://www.sciencedirect.
com/science/journal/00219797/303/272]. The  adsorption
mechanism of Cr(IIl) in the Sp-CPTS-AHP microcapsule bio-
sorbent is demonstrated in Fig. 8.

3.8. Recyclability of the Sp-CPTS-AHP

After desorption (Sp-CPTS-AHP) treatment, adsorption—
desorption process was carried out to reuse Cr(III) ions.
This process has been repeated many times. Sp-CPTS-
AHP was incubated in 0.05 M EDTA for 120 min and the
adsorbent was regenerated by treatment with Cr(III).
Elimination efficiencies for Cr(IlI) are demonstrated in
Fig. 9. The removal yield of Cr(III) with regenerated adsor-
bents appears to be greater than 62% even after four cycles
(Fig. 9). For this reason, it can be recommended to reuse
the prepared Sp-CPTS-AHP and it can be said that it has
a high efficiency for Cr(III) removal.

4. Conclusion

The Sp-CPTS-AHP microcapsule biosorbent was orig-
inally prepared. The structure of this biosorbent was
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Table 4

Comparison of the adsorbing capability of Sp-CPTS-AHP for Cr(III) in aqueous solution with other adsorbent materials

Adsorbent materials Maximum adsorbing capacity (mg g™) References
Magnetite nanoparticle 1.1 [55]
Activated charcoal 0.9614 [56]
Coconut shell charcoal 3.65 [57]
Bagasse fly ash 435 [58]
Sunflower stem 6.2 [59]
CaO/Fe,O,/SDS nanocomposite 6.402 [60]

Coir pith 9.4 [61]

TiO, beads 10 [62]

Oats 129 [63]

JEP 13.5 [64]
Thermally modified fly ash 14.65 [65]
Zincon-modified activated carbon 17.9 [66]

Scrap iron 19 [67]
Organomodified diatomaceous earth 22.78 [68]
G3-PAMAM-SBA-15 23 [69]

298 K 17.668

Sp-CPTS-AHP 308 K 21.929 )

318K 20.704 This work
328K 21.929

Sp-CPTS-AHP

Sp-CPTS-AHP+Cr(lll)

Fig. 8. Adsorption mechanism of Cr(III) on Sp-CPTS-AHP microcapsule biosorbent.

approved by FTIR and SEM. According to the experimen-
tal results with Sp-CPTS-AHP, it has been seen to have a
good separation capacity (~70%). It is also insoluble in
many acids and water and is economical, convenient

for removal of heavy metals from wastewater, and has a
wide active surface field. In addition, the Cr(III) removal
efficiency of the regenerated adsorbent is more than 62%
even after four cycles (Fig. 9). This result shows that the
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Fig. 9. Regeneration performance of Sp-CPTS-AHP micro-
capsule biosorbent (pH = 6.0, temperature = 298 K, adsorbent
dose =0.03 g, and initial concentration of Cr(IIl) = 30 mg L7).

prepared adsorbent can be used many times in chrome
removal.

According to the parameters interpreted from the exper-
imental data, the best Cr removal was attained at pH = 6.0,
0.03 g adsorbent, 298 K temperature, 30 mg L initial
concentration and 90 min contact time.

Among the calculated isotherm parameters, the
Langmuir isotherm model has the highest R? (0.9992)
value (Table 2). The adsorption fact can be clarified by
the Langmuir isotherm model. Because the experimental
parameters show that the adsorption fits this isotherm
model. In accordance with this model, adsorption hap-
pens in a single layer. According to the correlation coef-
ficients in Table 1, it is more appropriate to explain the
adsorption kinetics with a pseudo-second-order model.
In this case, it can be thought that the adsorption takes
place through electron sharing or electron exchange
between the adsorbent and Cr(III) [11]. Consequently,
in experimental studies, the average energy of Cr(III)
in solution is 0.893, 1.271, 1.549 and 2.744 kJ mol™ for
298, 308, 318 and 328 K temperatures, respectively.
According to this result, it can be said that the reac-
tion on the adsorbent occurs physically. The average
free energy (E) obtained for Cr(Ill) ions based on the
Dubinin—-Radushkevich isotherm is less than 8 k] mol.
This result indicates that physical adsorption is involved
to the chemically occurring adsorption process [73].

The AH° value for Cr(IlI) was obtained to be 29.31 kJ
mol™. Also, the AG° values are —41.02, —43.38, —-45.73,
—48.09 k] mol™ for 298°C, 308°C, 318°C and 328°C, respec-
tively. The positive AH® value of the calculated thermo-
dynamic parameters shows that the adsorption reaction
is endothermic and the negative AG® value indicates that
the reaction is spontaneous. This work is suitable for the
removal of Cr(Ill) and toxic metals from wastewater, it
is a newly developed microcapsule adsorbent, it is eco-
nomical and it can be used many times. It may also offer
new opportunities to develop a suitable and economical
process for the removal of Cr(IIl) and toxic metals from
wastewater [74,75].
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