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Abstract

In this study, to remove Cr(Vl) from the solution environment by adsorption, the almond shell was pyrolyzed at 400
and 500 °C and turned into biochar (ASC400 and ASC500) and composite adsorbents were obtained by coating
these biochars with chitosan (Ch-ASC400 and Ch-ASC500). The resulting biochars and composite adsorbents were
characterized using Fourier transform infrared (FTIR) spectroscopy; Brunauer, Emmett, and Teller (BET) surface area;
scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX); and the point of zero charge pH
(PHp2o) analyses. The parameters affecting the adsorption were examined with batch adsorption experiments and
the optimum parameters for the efficient adsorption of Cr(Vl) in 55 mg L' solution were determined as follows;
adsorbent dosages: 5 g L™ for biochars, 1.5 g L™' for composite adsorbents, contact time: 120 min, pH: 1.5. It was
seen that the temperature did not affect the adsorption much. Under optimum conditions, Cr(VI) adsorption
capacities of ASC400, ASC500, Ch-ASC400, and Ch-ASC500 adsorbents are 1133, 11.58, 37.48, and 36.65 mg g,
respectively, and their adsorption percentages are 95.2%, 97.5%, 94.3%, and 94.0%, respectively. Adsorption data
were applied to Langmuir, Freundlich, Scatchard, Dubinin-Radushkevic, and Temkin isotherms and pseudo-first-
order kinetic model, pseudo-second-order kinetic model, intra-particle diffusion model, and film diffusion model.
The adsorption data fitted well to the Langmuir isotherm and pseudo-second-order kinetic models. From these
results, it was determined that chemical adsorption is the dominant mechanism. Also, both intra-particle diffusion
and film diffusion is effective in the adsorption rate. For all adsorbents, the Langmuir isotherm proved to be the
most appropriate model for adsorption. The maximum monolayer adsorption capacities calculated from this model
are 2415mg g ', 2738 mg g ', 5495 mg g ', and 87.86 mg g~ for ASC400, ASC500, Ch-ASC400, and Ch-ASC500,
respectively. The enthalpy change, entropy change, and free energy changes during the adsorption process were
calculated and the adsorption was also examined thermodynamically. As a result, adsorption occurs spontaneously
for all adsorbents.
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Introduction

The presence of potentially toxic elements, such as chro-
mium, mercury, arsenic, cadmium, etc., in water is a fac-
tor that endangers the health of humans and all other
living things. Wastewater produced by industrial activ-
ities plays the largest role in increasing concentrations of
potentially toxic elements in water, if not managed cor-
rectly. Chromium is a toxic metal present in wastewater
resulting from many industrial activities, particularly in
the leather, electroplating, painting, and photography in-
dustries (Banerjee et al. 2017). Chromium exists in two
different oxidation levels as Cr*>* and Cr®" in aquatic en-
vironments. Both are of different physical and chemical
properties. The human body needs low concentrations
of Cr(III) for lipid, protein, and blood sugar metabolism
(Bahador et al. 2021). Cr(VI) has carcinogenic, muta-
genic, and teratogenic effects on living organisms and is
highly toxic and harmful compared with Cr(III). Cr(VI)
can accumulate in the liver, stomach, and kidneys, dam-
aging the integrity and functions of cells (Foroutan et al.
2020). According to the World Health Organization
guidelines, the concentration of Cr(VI) in drinking water
is expected to be a maximum of 0.05 mg L™* (Banerjee
et al. 2017; Yiiksel and Orhan 2019). The United States
Environmental Protection Agency, on the other hand,
has limited the maximum allowable total chromium
concentration in drinking water to 0.1 mg L' (Bahador
et al. 2021). Cr(VI) ions dissolved in water exist as oxya-
nions HCrO,~, CrO,*” and Cr,O-,>" (Altun 2019).

Many methods, physicochemical, electrochemical, or
based on advanced oxidation, have been proposed by re-
searchers to remove Cr(VI) from water. These methods
include chemical precipitation, membrane separation,
ion exchange, adsorption, electrocoagulation, electro-
chemical reduction, electrodialysis, photocatalysis, and
nanotechnologies. Among these, methods other than ad-
sorption have disadvantages such as high cost, high en-
ergy requirement, complex and difficult operating
conditions, and the production of a second waste after
processing. Adsorption, on the other hand, is an effi-
cient, cost-effective, and easy-to-use and reversible
method when the appropriate solution, medium, and ad-
sorbent are used (Abshirini et al. 2019; Imran et al.
2020; Peng and Guo 2020).

Many researchers are working on producing low-cost
and effective adsorbents that can be used in Cr(VI) ad-
sorption processes. For this purpose, Cr(VI) adsorption
performances of many agricultural wastes were investi-
gated in raw form or by applying various modifications
to these wastes. Some of them include almond shell, al-
mond shell-activated carbon, and almond shell biochar-
supported zero-valent iron (Banerjee et al. 2017; Shu
et al. 2020; Yiiksel and Orhan 2019); peanut shell (Bane-
rjee et al. 2017); cherry kernel shell, cherry kernel shell
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pyrolytic charcoal, and magnetic chitosan-coated cherry
kernel shell pyrolytic charcoal (Altun 2019; Altun and
Ecevit 2020); apricot stone-activated carbon (Yiiksel and
Orhan 2019); peach stone activated carbon (Yiiksel and
Orhan 2019); Moringa oleifera-activated carbon and its
composites with chitosan and Fe;O, (Bahador et al.
2021); magnetite- and HNOj3-modified quinoa residues
biochar (Imran et al. 2020); chitosan-modified magnetic
bamboo residues biochar (Zhang et al. 2020); zero-valent
iron-supported rice straw biochar (Qian et al. 2017),
porous carbon derived from corn straw (Ma et al. 2019);
magnetic biochar derived from Melia azedarach wood
(Zhang et al. 2018); and magnetic biochar derived from
pinewood sawdust (Yang et al. 2017).

The cost of the adsorption process is significantly re-
duced by the assessment of agricultural wastes as adsor-
bents. However, some modifications should be made to
these wastes in order to increase the adsorption effi-
ciency of agricultural wastes in some processes. These
modifications can be by means of chemically modifying
the waste, transforming it into biochar by pyrolysis, or
compositing it by blending it with various matrices and
additives (Shu et al. 2020; Xiao et al. 2019; Yiiksel and
Orhan 2019; Zhang et al. 2020).

Natural polysaccharides such as chitosan, chitin, and
cellulose are frequently used in economic, medical, and
environmental applications due to their unique structure
and properties, being biocompatible and biodegradable
(Foroutan et al. 2020). Chitosan, which is frequently
used as a matrix in composite adsorbents, is a polysac-
charide obtained by deacetylating chitin and Cr(VI) ad-
sorption capacity of it is high because it contains
hydroxyl (-OH) and amino (-NH,) groups. However, sta-
bility at acidic pHs, thermal stability, and mechanical re-
sistance of chitosan are low. These disadvantages make
the use of chitosan as an adsorbent difficult. Therefore,
it is a better option to blend chitosan with various addi-
tives into a composite and treat it with a crosslinking
agent such as glutaraldehyde (Dandil et al. 2019; Sargin
and Arslan 2015).

In this study, the almond shell, the base material of
the adsorbents tested for adsorption of Cr(VI), is an
agricultural waste produced in large quantities. In the
previous study, the maximum Cr(VI) adsorption capacity
of raw almond shell was found to be 3.40 mg g™' (Pehli-
van and Altun 2008). In the literature, there are studies
in which almond shell and almond shell biochars are
used as adsorbents for the removal of various organic
and inorganic contaminants (Ahsaine et al. 2018; Duran
et al. 2011; Rai et al. 2018). However, there is no study
examining the effects of coating almond shell biochar
with chitosan on Cr(VI) removal. In the study, biochar
was obtained by pyrolysis of almond shells at 400 °C and
500 °C and composite beads were synthesized by coating
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with chitosan. The efficiency of the obtained biochar
and composite adsorbents for the removal of Cr(VI) was
examined.

Materials and methods
Materials
In this study, almond shells were purchased from local ven-
dors in Konya/Turkey. Two different biochar adsorbents
were obtained by pyrolyzing almond shells at 400 °C and
500 °C temperatures (ASC400 and ASC500) with a heating
rate of 10 °C min " under nitrogen flow (100 mL min~?).
All the chemicals used in the study are of analytical
grade. Chitosan and glutaraldehyde were purchased from
Sigma-Aldrich. Potassium dichromate, acetic acid, so-
dium hydroxide, hydrochloric acid, and ethanol were
purchased from Merck. All solutions were prepared with
ultrapure water supplied by Direct-Q° UV Water Purifi-
cation System.

Preparation of composite adsorbents

The coating of ASC400 and ASC500 adsorbents with
chitosan was conducted by using the following method
suggested by Sargin et al. (2015): First, ASC400 and
ASC500 adsorbents were ground with a Retsch RM 100
grinder and sieved with a Retsch AS 200 sieve shaker to
make the particle size less than 125 pm. Three grams of
chitosan was added to 150 mL of 3 wt.% acetic acid solu-
tion and mixed for 24 h. Then, 1.5 g of biochar was
added to this mixture and mixed for a further 2 h. The
resulting liquid mixture was dropped into a 3 M 250 mL
NaOH solution to form beads. The beads were left in
the solution overnight to harden, and then separated
from the solution and washed until pH 7. The washed
beads were mixed in a solution containing 30 mL of
ethanol and 0.3 mL of glutaraldehyde at 70 °C for 5 h,
and the chitosan in the beads was crosslinked with glu-
taraldehyde. The beads were then filtered and washed
with ethanol to remove unreacted glutaraldehyde, then
washed with ultrapure water until pH 7 and dried at
room temperature for 24 h. The cross-linking reaction
between chitosan and glutaraldehyde is given in Fig. A.1.
These processes were performed for both ASC400 and
ASC500, and chitosan-almond shell biochar (Ch-
ASC400 and Ch-ASC500) adsorbents were obtained.

Characterizations of adsorbents

The adsorbents were characterized by using various
methods to determine their physical and chemical prop-
erties. The characterizations of adsorbents were made
with Fourier transform infrared (FTIR) spectroscopy
(Bruker Vertex 70); Brunauer, Emmett, and Teller (BET)
surface analysis (Quantachrome QuadraWin); and scan-
ning electron microscopy/energy-dispersive X-ray spec-
troscopy (SEM/EDX) (Hitachi — SU 1510). In addition,
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the point of zero charge pHs (pH,,.) of the adsorbents
were determined. The pH,,. value indicates the charge
of the adsorbent surface. When pH < pH,,., the adsorb-
ent surface is positively charged, and when pH > pH,,,
the adsorbent surface is negatively charged. For the de-
termination of pHp,., 0.1 M NaCl solutions at different
pH (2-12) were prepared. The pHs of the solutions was
adjusted with 0.1 M HCI and NaOH solutions. Then, 25
mL of NaCl solution and 0.05 g of the adsorbent were
mixed at 150 rpm for 36 h. The final pHs (pHy) of the
solutions was measured at the end of the contact period.
pH; values versus pH¢— pH; (ApH) values were plotted
and the point where the graph intersected the pHj-axis
was determined as pHp,. (Stoia et al. 2017).

Batch scale adsorption experiments of Cr(VI)

The adsorption efficiencies of Cr(VI) of the prepared
ASC400, ASC500, Ch-ASC400, and Ch-ASC500 adsor-
bents were investigated by batch adsorption experiments.
Cr(VI) solutions in various concentrations to be used in ad-
sorption experiments were prepared by diluting 260 mg L™
Cr(VI) stock solution in appropriate proportions. The
Cr(VI) stock solution was prepared by dissolving the 735.5
mg potassium dichromate (KyCr,O;) salt in 1 L ultrapure
water. As a result of the experiments, the effects of adsorb-
ent dosage (0.5-12 g L), Cr(VI) initial concentration (10—
175 mg L, pH (1.5-7), temperature (25-55 °C), and con-
tact time (10-240 min) parameters on adsorption were in-
vestigated and optimum adsorption conditions were
determined. In the experiments, 5 mL of Cr(VI) solution
and adsorbents were mixed at 200 rpm for a certain contact
time, and at the end of this period, the adsorbent was fil-
tered off from the solution. Finally, the concentration of
Cr(VI) in the resulting solution was analyzed by using a
UV-visible spectrophotometer (Shimadzu UV-1700) at the
maximum absorption wavelength of 349 nm. In addition,
using the data obtained from these studies, the suitability of
isotherm and kinetic models for adsorption was examined
and the thermodynamic parameters of adsorption were cal-
culated. With the help of these calculations, the adsorption
mechanism was clarified.

Measurement of adsorption performance

The adsorption capacity (q., mg g*) and the adsorption
efficiency (% adsorption) were calculated using Egs. 1
and 2, respectively.

(Co-Ce)V
g = 1)
%adsorption = Co=Ce x 100 (2)

0

where Cy and C, are Cr(VI) concentrations (mg LY at
the beginning and end of the contact time, respectively,
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V is the solution volume (L), and w is the mass of ad-
sorbent (g).

Equilibrium and kinetic models

Adsorption equilibrium data were applied to Freundlich
(Eq. 3), Langmuir (Eq. 4), Scatchard (Eq. 5), Dubinin-
Radushkevich (D-R) (Egs. 6 and 7), and Temkin (Eq. 8)
isotherm models. The kinetic data of adsorption were
applied to pseudo-first-order kinetic (Eq. 9), pseudo-
second-order kinetic (Eq. 10), intra-particle diffusion
(Eq. 11), and film diffusion (Eq. 12) models. The linear-
ized equations of these models are given in the following
equations. By placing the adsorption data in these equa-
tions, the determination coefficient (R?) values for each
model were calculated from the results obtained. The
magnitudes of these determination coefficient values,
which have a value between 0 and 1, show how compat-
ible the adsorption is to that model (Yang et al. 2017).
Also, the data in the Intra-particle diffusion model equa-
tion is divided into two separate parts. The fact that the
graphics pass through the origin shows the compatibility
of this model. The fact that the line in the film diffusion
model graphic does not pass through the origin, how-
ever, indicates the compatibility of the model (Oussalah
et al. 2019). Accordingly, the assumptions of the model
with which the adsorption is compatible are accepted as
valid for this adsorption process and the adsorption
mechanism has been elucidated.

1

logq, = logKg + - logC. (3)
Ty @
. Ay AK,

e — QK,-q.K 5
C_e_ QKs-q.Ks (5)
Inq, = InX,-Ke? (6)
E = (2K)'/2 (7)

T T
q. = R? InAr + R? InC, (8)

where K is the Freundlich model constant regarding
the adsorption capacity, n is the heterogeneity factor, A,
and Qg are the maximum monolayer adsorption capaci-
ties, K}, is Langmuir bonding term related to interaction
energies, K is the binding constant, ¢ is the Polanyi po-
tential, X, is the maximum adsorption capacity of ad-
sorbent, K is the adsorption energy constant of D-R
model, E is the adsorption energy, b is the Temkin con-
stant associated with the heat of adsorption, Ay is the
equilibrium binding constant, R is the universal gas con-
stant (8,314 ] mol 'K 1), and T is the temperature.
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log(q.-q,) = logq- (24 9)
8(4.-q;) = loga-{ ;==

t 1 1
—=— 4+ (2]t 10
q kg’ (q> 10
g, =K xt*+C (11)
~In <1—§> = kyat (12)

where t is contact time; q; is the experimental adsorp-
tion capacity at time t; q is the calculated equilibrium
adsorption capacity; k,q, ks, K, and ke are the rate con-
stants of pseudo-first-order adsorption, pseudo-second-
order adsorption, intra-particle diffusion, and liquid film
diffusion, respectively; and C is the constant related to
the boundary layer thickness.

Adsorption thermodynamics

The changes of enthalpy (AH), entropy (AS) and Gibbs
free energy (AG), and thermodynamic equilibrium con-
stant (Kp) of adsorption were calculated by using the re-
sults obtained from the experiments in which the effect
of temperature on adsorption was determined. These re-
sults were later used in the interpretation of the adsorp-
tion mechanism. These values are calculated with the
help of Egs. 13, 14, and 15 given below (Kolodynska
et al. 2017).

q. (mmol g™) x w (g)

Kp = 13

T C, (mmol mL™') x V (mL) (13)
0.434 0.434

logKp = ——AS-———AH 14

0glkp R RT (14)

AG = AH-TAS (15)

Effect of presence of ClI™ ion

Industrial wastewater may contain many ions that may
affect the adsorption efficiency. In order to determine
this effect, adsorption experiments were carried out with
solutions containing 0.1 M and 0.2 M Cl” ion under
optimum conditions and the results were noted.

Results and discussion

Characterizations of adsorbents

FTIR spectra of ASC400, Ch-ASC400, ASC500, and Ch-
ASC500 before and after Cr(VI) adsorption processes
are shown in Fig. 1 and Fig. 2.

According to the FTIR spectra in Fig. 1 and Fig. 2, the
band between 3300 and 3350 cm™ indicates the N-H
and O-H stretching vibrations (Dewage et al. 2018). The
band around 2915 cm™ indicates the stretching of sp®
hybridization of the C-H bond (Dewage et al. 2018). The
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Fig. 1 FTIR spectra of ASC400 and Ch-ASC400 before and after Cr(VI) adsorption

band around 1590 cm ™" indicates the C=O stretching of
the carboxyl group. The occurrence of two separate
peaks in this interval after coating with chitosan indi-
cates amide formation. The band with a smaller wave-
length than these peaks indicates the vibrations of the
groups that can be named as amide 1 (C=O stretching)
and the band with large wavelengths as amide 2 (N-H
bending) (Liu et al. 2017). The band in the range of
1365-1403 cm ™" shows CH, stretching vibrations (Xiao
et al. 2019). The band in the range of 1012-1022 cm™*
indicates the C-N aliphatic amine and C-O-C groups
(Xiao et al. 2019; Zhang et al. 2020). The band between
800 and 940 cm™' indicates N-H wagging vibrations
(Dewage et al. 2018). When the spectra are examined, it
is seen that the functional groups in the ASC500 struc-
ture are less than those in the ASC400 structure. This

shows that the carbonization is higher due to the higher
temperature pyrolysis of the material. After the adsorp-
tion of Cr(VI), it is observed that the intensity of the
bands indicating N-H, O-H, CH,, C-N, C-O-C bonds
decrease. This situation indicates that Cr(VI) is adsorbed
to the surface by means of these groups.

According to BET surface area analysis, the specific
surface areas of ASC400, ASC500, Ch-ASC400, and Ch-
ASC500 are 2756, 256.8, 80, and 9.1 m> g,
respectively.

SEM images of biochars and composite adsorbents are
given in Fig. 3 and Fig. 4, respectively. EDX analysis re-
sults of biochars and composite adsorbents are given in
Fig. 5 and Fig. 6 respectively.

It is seen in SEM images that the surfaces of the com-
posites formed after the biochars are coated with
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Fig. 2 FTIR spectra of ASC500 and Ch-ASC500 before and after Cr(VI) adsorption
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Fig. 3 SEM images of ASC400 and ASC500 before and after Cr(VI) adsorption
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Fig. 4 SEM images of Ch-ASC400 and Ch-ASC500 before and after Cr(Vl) adsorption
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Fig. 5 EDX spectra and elemental mapping images of ASC400 and ASC500 before and after Cr(VI) adsorption

J

chitosan are smooth and homogeneous, that is, the bio-
chars and chitosan are well distributed on the surfaces.
In addition, forming of large particles and filling of the
gaps on the surfaces after Cr(VI) adsorption supports
the conclusion that Cr(VI) is adsorbed by adsorbents.

The elements on the surfaces of the adsorbents before
and after the Cr(VI) adsorption are shown by means of
EDX spectra and elemental mapping images in Fig. 5
and Fig. 6. These results prove that Cr(VI) is adsorbed
on the surface of the adsorbents. Also, as shown in Fig.
5 and Fig. 6 Cr is uniformly displayed on the surfaces of
all adsorbents.

The electrical charges of adsorbents are positive in so-
lution environments with lower pH than pH,,. values,
but negative in solution environments with higher pH.
pHp,c graphics are given in Fig. A.2. Here, the points
where the graphs intersect the x-axes show the pHp,.
values of the adsorbents. The pH,,. of ASC400 and
ASC500 is 7.38, the pH,,. of Ch-ASC400 is 7.45, and
the pH,,. of Ch-ASC500 is 7.54. Accordingly, it was
understood that the biochar synthesis temperature did
not have a significant effect on pHp,.. pHp,. values are

very important for adsorption processes. This informa-
tion makes it easy to comment on electrical interactions
in the adsorption process (Liu et al. 2017).

Effect of adsorbent dosage on Cr(VI) adsorption

The change of adsorption percentage and adsorption
capacity values against the adsorbent dosage is graphic-
ally shown in Fig. 7.

Adsorbent dosage is a parameter that has a significant
effect on adsorption. Increasing the adsorbent dosage in-
creases the adsorption percentage but decreases the ad-
sorption capacity. This prevents the efficient use of the
adsorbent (Parlayict 2019). The reason for the increase
in the adsorption percentage with the increase of the ad-
sorbent dosage may be due to the increase in the active
sites where the oxyanions containing Cr(VI) can be at-
tached. On the other hand, the reason for the decrease
in adsorption capacity with increasing adsorbent dosage
may be the decrease in Cr(VI) concentration corre-
sponding to adsorbent active sites at high adsorbent dos-
ages (Esvandi et al. 2020). According to the results of
the experiments, an adsorbent dosage value that gives an
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optimum result between the adsorption capacity and the
adsorption percentage was determined. These dosages
are 5 g L™ for ASC400 and ASC500, and 1.5 g L™" for
Ch-ASC400 and Ch-ASC500.

Effect of initial Cr(VI) concentration on Cr(VI) adsorption
The effect of the initial Cr(VI) concentration on adsorp-
tion can be seen in Fig. 8.

As seen in Fig. 8, the initial Cr(VI) concentration is a
parameter that significantly affects the adsorption. As
the initial Cr(VI) concentration increases, the adsorption
percentage decreases, on the other hand, the adsorption
capacities of the adsorbents increase. For this reason, an
optimum concentration value should be determined for
these two values in experimental studies. In this study,
55 mg L™ was determined as the optimum
concentration.

Adsorption equilibrium

The adsorption equilibrium was modeled by using the
data of changes in adsorption capacity versus the initial
Cr(VI) concentration. For this purpose, the compatibil-
ities of Freundlich, Langmuir, Scatchard, Dubinin-

Radushkevic (D-R), and Temkin isotherms to adsorption
data were investigated. The determination coefficients
(R*) and other model constants of these isotherm
models are shown in Table 1.

Isotherm models are useful and necessary to elucidate
the adsorption mechanism. By examining the compati-
bility of the data of an adsorption process with the cal-
culations of the isotherm models, it can be understood
how valid the assumptions of the relevant model are for
the adsorption process. Accordingly, the following con-
clusions can be drawn from the data in Table 2: The
high R* values of the Langmuir and Freundlich iso-
therms indicate that both physical and chemical binding
occurs in adsorption (Brion-Roby et al. 2018; Freundlich
1907; Langmuir 1916). However, the fact that the R*
values of the Langmuir isotherm are slightly higher than
the R? values of the Freundlich isotherm indicates that
chemical adsorption is more dominant (Brion-Roby
et al. 2018; Langmuir 1916). The R* values of the Scatch-
ard isotherm also support this comment (Brion-Roby
et al. 2018). E values calculated using the D-R model are
in the range of 8—16 kJ mol™" for all adsorbents, indicat-
ing that chemical adsorption is more dominant (Hu and
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Zhang 2019). The fact that the R* values of the D-R
model were found near 1 indicates the accuracy of the
comments made with this model. R* values of Temkin
isotherm were found close to 1 for all adsorbents. Ac-
cording to this model, the adsorptive heat of all mole-
cules decreases linearly with the degree of coverage
because of adsorbent-adsorbate interactions (Zhang
et al. 2018).

The calculated maximum monolayer adsorption capaci-
ties (Ag) of ASC400, Ch-ASC400, ASC500 and Ch-
ASC500 are 24.15 mg g * (0.4644 mmol g'), 54.95 mg
g (1.0569 mmol g), 27.38 mg g (0.5265 mmol g ),
and 87.86 mg g (1,6898 mmol g'), respectively. Increas-
ing the pyrolysis temperature of the almond shell from
400 to 500 °C caused an increase of 13.4% in the adsorp-
tion capacity when the adsorbent was used in its raw form,
and 59.9% when it was used as coated with chitosan. In
addition, coating the adsorbents with chitosan increased
their adsorption capacity by an average of 174%.

The maximum adsorption capacities of Cr(VI) ob-
tained in some similar studies in the literature are given
in Table 2.

Effect of contact time on Cr(VI) adsorption

The change of Cr(VI) adsorption percentages versus the
change in contact time are given in the graph in Fig. 9 a
and b. Due to the filling of available active sites on the
adsorbent surface, the adsorption reached equilibrium
after 120 minutes. For this reason, 120 minutes has been
chosen as the optimum value. The equilibrium adsorp-
tion capacities (q.) are as follows: 11.75 mg g’1 for
ASC400, 37.82 mg g~ for Ch-ASC400, 11.83 mg g~* for
ASC500, and 38.76 mg g+ for Ch-ASC500.

Adsorption kinetics

Using the results of contact time experiments, the deter-
mination coefficients, rate constants, and model con-
stants of the pseudo-first-order kinetic model, pseudo-
second-order kinetic model, intra-particle diffusion
model, and film diffusion model were calculated for the
process. These values are given in Table 1.

According to the information in Table 1, if the
pseudo-first-order and pseudo-second-order kinetic
models are compared, since the determination coeffi-
cient values are greater and the calculated equilibrium
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adsorption capacities (q) are closer to the experimental
equilibrium adsorption capacities (q.) mentioned before,
it is understood that the pseudo-second-order kinetic
model is more compatible for adsorption kinetics.
Therefore, chemical adsorption is probably more effect-
ive in the rate-determining step of the process (Sattar
et al. 2019).

Intra-particle diffusion and film diffusion models were
also applied to the adsorption data to analyze diffusion
mechanisms. According to the intra-particle diffusion
model, the adsorption process can be roughly divided
into two sections (step 1 and step 2). The first section
refers to the outer surface adsorption, the second section
to the intra-particle diffusion of the adsorption. None of
the linear graphs in both sections passes through the ori-
gin. This indicates that the adsorption process is not
dominated solely by intra-particle diffusion (Ma et al
2019). Film diffusion model graphics are linear and do
not pass through the origin. This shows that film diffu-
sion is also effective in the adsorption rate (Oussalah
et al. 2019).

Effect of pH on Cr(VI) adsorption

In the graph showing the changes of Cr(VI) adsorption
percentages versus the pH change given in Fig. 9 ¢ and
d, it is seen that the adsorption decreases as the pH of
the solution increases. Accordingly, it can be interpreted
that adsorption will be more efficient at acidic pHs.

Solution pH is a critical factor for the adsorption of
Cr(VI), because the existing forms and redox potential
of Cr(VI) ions in the solution and the surface charge of
the adsorbent vary depending on the pH (Zhang et al.
2020).

Cr(VI) exists as different oxyanions depending on the
solution pH. Among these oxyanions, the dominant spe-
cies is H,CrO,~ when pH < 1, HCrO,  and Cr,0,*
when pH < 6.5, and CrO,*~ when pH > 7.5 (Foroutan
et al. 2018; Mei et al. 2019). In the pH range of 1 to 3,
HCrO, is more abundant in the medium. Since the
molar volume of HCrO,~ (44 ¢cm® mol™) is smaller than
the molar volume of Cry,O,* (73 cm® mol™), the
HCrO,  oxyanion passes through the adsorbent layers
and active sites more easily and adheres to them



Altun et al. Journal of Analytical Science and Technology (2021) 12:38 Page 11 of 15

Table 1 Isotherm, kinetic, diffusion, and thermodynamic parameters and determination coefficients

Models/parameters ASC400 Ch-ASC400 ASC500 Ch-ASC500
Freundlich

Kr 28728 7.3672 3.3620 23659

N 3.0826 24643 27518 1.7646

R? 0.9582 0.9935 0.8840 0.9248
Langmuir

Kp 4306.2 1182.8 23740 538.00

As (mmol g’w) 04644 1.0569 0.5265 1.6898

R’ 0.9979 0.9857 0.9978 0.9955
Scatchard

Ks 21242 31449 43319 500.60

Q, (mmol g™ 0.3883 0.8839 04865 1.7466

R? 0.7930 06841 0.9543 0.8604
D-R

Xm 0.7955 1.7727 1.0010 4.1421

K 0.0030 0.0043 0.0040 0.0071

E (k) mol™) 12910 10.783 11.180 83918

R? 0.9877 0.9932 0.9468 0.9626
Temkin

b () mol™) 827.27 29991 628.68 146.56

Ar (L 94) 68.106 7.3666 17.103 1.5026

R? 0.9832 0.9473 0.9883 09814

Pseudo-first-order model

K 00113 0.0334 0.0154 0.0180
g (mmol g™") 0.0289 04362 0.0275 03178
R? 0.9221 0.9734 0.9820 0.9903
Pseudo-second-order model
H 0.0701 0.0917 0.0864 0.0745
K 1.3511 0.1612 1.6474 0.1245
g (mmol g™ 0.2278 0.7541 0.2291 0.7735
R? 0.9997 0.9995 0.9999 0.9996
Intra-particle diffusion model
Step 1 Ki 0.0041 0.0480 0.0026 0.0385
R? 0.8035 0.9979 0.8866 0.9562
Step 2 Ki 0.0018 0.0107 0.0009 0.0088
R? 0.9996 0.7222 0.9994 0.9782
Film diffusion model
Keq 0.0112 0.0334 0.0155 0.0179
R? 0.9221 0.9734 0.9820 0.9903
Thermodynamic parameters
AH (kJ mol ™) 25421 36.009 6.939 - 1.143
AS (JK 'mol™) 109.71 149,52 52.64 2373
AG (k) mol™) 298.15 K —7.288 - 8569 — 8756 —-8219
308.15 K - 8.385 - 10.064 —9.282 — 8456

31815K — 9482 - 11559 —9.809 - 8635
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Table 1 Isotherm, kinetic, diffusion, and thermodynamic parameters and determination coefficients (Continued)

Models/parameters ASC400 Ch-ASC400 ASC500 Ch-ASC500
328.15K - 10579 - 13.054 - 10.335 - 8930
Temperature range in which adsorption is spontaneous > —414°C >—323°C >—1413°C All temperatures

(Foroutan et al. 2018). In addition, at lower pH than the
pHp,. of the adsorbent, functional groups in the adsorb-
ent structure are protonated (such as -OH", -NH,") and
the adsorbent surface is positively charged. Moreover, as
the pH decreases, the number of positive charges on the
adsorbent surface also increases. Thus, the positively
charged adsorbent surface electrostatically attracts nega-
tively charged Cr(VI) oxyanions. This is one of the rea-
sons why adsorption is effective at low pH (Bahador
et al. 2021; Yiiksel and Orhan 2019). Another reaction
that is probably effective in the adsorption process is as
follows the non-protonated -OH groups on the adsorb-
ent surface can donate an electron to Cr(VI) to reduce
Cr(VI) to Cr(IlI). Cr(Ill) formed in this way is adsorbed
by chelating reaction with -NH, groups, which are also
non-protonated (Lu et al. 2017).

Effect of temperature on Cr(VI) adsorption

The change of adsorption percentage with temperature
is given in Fig. 9 e and f. It can be seen that the percent-
age of adsorption varies slightly with temperature. For
this reason, it can be said that adsorption is not affected
by the temperature much.

Adsorption thermodynamics

The thermodynamic parameters of adsorption were
calculated using the results of adsorption experiments
at different temperatures. These parameters are given
in Table 1. According to these data, the negative

Gibbs free energy (AG) for all adsorbents indicates
that the adsorption is spontaneous. When the en-
thalpy changes (AH) are examined, it is seen that ad-
sorption is endothermic for ASC400, Ch-ASC400, and
ASC500 adsorbents, while it is exothermic for Ch-
ASC500. However, when the graph in Fig. 9f for Ch-
ASC500 is examined and considering that the AH
value in Table 1 is close to 0, it can be said that
temperature has little effect on the adsorption. Finally,
the entropy changes (AS) show that the irregularity at
the adsorbent and solution interface decreases when
ASC400 is used as the adsorbent and increases when
other adsorbents are used (Kolodyniska et al. 2017).

Effect of the presence of CI™

Effect of 0.1 M and 0.2 M CI” ion to adsorption cap-
acities under the optimum conditions is illustrated in
Fig. 10. Accordingly, the presence of Cl™ ion reduced
the adsorption capacity of adsorbents by 38 to 75%.
Chitosan-coated adsorbents were more affected by the
presence of this ion. Decreased efficiency with in-
creasing the Cl” content can be attributed to the oc-
cupation of active places in adsorbents (Foroutan
et al. 2021).

Conclusion

Studies are carried out on various adsorbents for the re-
moval of Cr(VI) from water by adsorption. In this study,
it was aimed to synthesize a low-cost and effective

Table 2 The maximum adsorption capacities of Cr(Vl) obtained in some similar studies

Adsorbent Maximum Cr(VI) adsorption capacity (mg Reference
g7
Almond shell 340 (Pehlivan and Altun
2008)
Walnut shell 8.01 (Pehlivan and Altun
2008)
Hazelnut shell 8.28 (Pehlivan and Altun
2008)
Rice straw biochar-supported nanoscale zero-valent iron 40.00 (Qian et al. 2017)
Magnetic biochar prepared from Melia azedarach wood 2527 (Zhang et al. 2018)
Pinewood sawdust/Fe(NOs)39H,0 magnetic biochar 42.70 (Yang et al. 2017)
Biochar derived from almond shell supported nano-zero-valent iron 2663 (Shu et al. 2020)
composite
Chitosan combined with magnetic loofah biochar 30.14 (Xiao et al. 2019)
CaCly-modified Sargassum oligocystum biomass 34.36 (Foroutan et al. 2018)
Ziziphus spina—christi leaf-activated carbon 13.81 (Abshirini et al. 2019)
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adsorbent and to elucidate the Cr(VI) adsorption mech-
anism. ASC400, ASC500, Ch-ASC400, and Ch-ASC500
adsorbents produced for this purpose were effective in
the adsorption of Cr(VI). Increasing the pyrolysis
temperature of the adsorbents and coating them with
chitosan during the adsorbent synthesis stage increased
their adsorption performance. Optimum operating con-
ditions were determined as a result of the batch adsorp-
tion experiments. It has been observed that adsorption is
more effective at acidic pHs, and temperature does not
affect adsorption much. The equilibrium, kinetic, and
thermodynamic  properties of adsorption were

investigated to elucidate the adsorption mechanism. At
this stage, the compatibilities of the adsorption with the
Langmuir isotherm and the pseudo-second-order kinetic
model showed that the dominant mechanism is chemical
adsorption. In addition, the adsorption energy values cal-
culated with the D-R model supported this interpret-
ation. It has been reported that both intra-particle and
film diffusion are effective in adsorption. It was also seen
in the study that adsorption is spontaneous for all
adsorbents.

In addition, the adsorption performance of all adsor-
bents was found to be higher at low pH. Based on these
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results it has been interpreted that electrostatic attrac-
tion forces are predominant in the adsorption
mechanism.

With the help of pH,,., FTIR, SEM, and EDX analyses,
characterizations of adsorbents were revealed and it was
proven that Cr(VI) was adsorbed.
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