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ABSTRACT

A new adsorbent for Cr(VI) removal was prepared from sour cherry stones, by treatment
with H,SO, (12-96%). Adsorbent properties were characterized by means of Fourier trans-
form infrared spectroscopy, scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy, specific surface area, point of zero charge, iodine number, and analysis
of surface functional groups. Surface area increased from 225.5 to 484.7 m* g™, point of zero
charge decreased from 6.0 to 3.2, iodine number increased from 4 to 80, total amount of sur-
face acidic groups increased from 1.12 to 2.3 mmol g~' and adsorption capacity increased
from 0.53 to 5.27 mg g~', with increasing H,SO, concentration from 0 to 96%. The pseudo-
first- and pseudo-second-order kinetic models have been used to analyze the kinetics of the
adsorption; it was found that kinetic experimental data were successfully fitted by the
pseudo-first-order model. Equilibrium data were mathematically interpreted by applying
the Langmuir, Freundlich, and Dubinin-Radushkevich models; the results indicate that
Freundlich model provides the best correlation. Negative values of Gibbs free energy sug-
gest an endothermic and spontaneous adsorption process. The mechanism of Cr(VI)
removal involves adsorption of Cr(VI) followed by its partial reduction to Cr(IIl). Analysis
of thermodynamic parameters, coupled with modeling of experimental data with two
different intraparticle diffusion models, revealed that binding of Cr(VI) occurred via
physisorption, while the rate-limiting step was film diffusion. On the basis of present study,
it can be concluded that sour cherry could be suitable adsorbents for the removal of Cr(VI)
from polluted waters.
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1. Introduction leather tanning, metal plating, metallurgy, pigment
production, chemical manufacturing, and textile
dyeing [1]. It may be present in the aquatic environ-
ment predominantly in two main valence states,
trivalent chromium (Cr(Ill)), and hexavalent chro-
*Corresponding author. mium (Cr(VID), characterized by different chemical

Chromium is an important heavy metal, widely
used in various industries such as wood preserving,
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and toxicological properties. Under environmental
relevant pH conditions, Cr(Il) is relatively insoluble,
while Cr(VD) is highly soluble. Cr(VI) is highly toxic
to all living organisms and a well-known human
carcinogen. In contrast, Cr(Ill) is up to 1,000 times
less toxic than Cr(VI) and, in small amounts, an
essential micronutrient for the human metabolism
[2]. Hence, it is imperative to reduce the levels of
Cr(VD) in wastewaters before discharging into envi-
ronment. In the same time, water treatment technolo-
gies should be not only efficient, but also affordable,
especially for communities with low-income [3].
Therefore, great attention has been paid in the last
years to the use of cheap and abundant industrial,
domestic, or agricultural wastes/byproducts, as
sorbents for environmental pollution control [4-10].
Such materials may be used especially when treat-
ment of large volume of diluted solutions is
required, because their cost is much lower than of
commercial adsorbents [5,11]. Generally, activated
carbons are prepared from precursors typically
through two routes: physical and/or chemical activa-
tion. The latter is often preferred due to several
advantages, including: (1) single activation step, (2)
lower treatment temperature, (3) shorter activation
time, (4) higher carbon yields, (5) well-controlled
microporosity, and (6) larger surface area of resulted
adsorbents [5,7-9,12]. World production of sour cher-
ries has been relatively stable over the last years, at
1.1-1.2 million tons, with Europe counting for over
65% of the total world production [13,14]. While
sweet cherries are mainly consumed fresh, sour cher-
ries are generally consumed after processing into
various products, such as jam, wine, juice, dried
fruit, candy, and other processed products [15].
Therefore, sour cherry stones are an abundant waste,
generated in specific locations, from where it could
be easily collected as alternative precursor for the
commercial activated carbon production. Neverthe-
less, reports on adsorptive properties of cherry
stones are few. One recent study has shown that
sour cherry stones are an attractive source of high
porosity carbons, with yields similar to those
reported for other fruit stones [16]. To the best of
our knowledge, removal of Cr(VI) with adsorbents
derived from this precursor has not been researched
yet. The objective of this study was to explore the
ability of a new adsorbent, prepared from sour
cherry (Prunus cerasus) stones by chemical treatment
with HyS0,, to remove Cr(VI) from aqueous solu-
tions. Porosity and surface chemistry of prepared
adsorbents was investigated and the effects of H,SO,
concentration on kinetics, thermodynamics, and
mechanism of Cr(VI) removal were evaluated.
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2. Materials and methods
2.1. Materials

A stock solution of Cr(VI) 1,000 mg L' was pre-
pared by dissolving 2.829 g of K,Cr,O7 in 1 L distilled
water. The working solution, with a concentration of
2mg L', was prepared by appropriate dilution of
stock solution. The pH of working Cr(VI) solution was
adjusted to 2.1 by addition of HyS50; 96%. Only
analytic grade chemical reagents were used.

2.2. Treatment of cherry stones

The collected stones were washed with distilled
water, air-dried at room temperature, and crushed in
an electric mixer. Thirty grams of stone-powder (SP)
were then added to 100 mL H,SO, solution with con-
centrations of 12, 24, 48, and 96%, and allowed to react
for a period of 24 h. The resultant materials, here-
inafter referred to as SP12, SP24, SP48, and SP96, were
washed with distilled water until constant pH and
dried in an oven at 90°C for 24 h. After cooling, the
materials were ground and sieved to particles size
0.3-1.25 mm and further used for the experiments.
One control material (SPO) was similarly prepared,
using distilled water instead of H,SO, solution.

2.3. Experimental procedure

Batch equilibrium experiments were conducted by
adding various amounts of adsorbent to 300 mL
Erlenmeyer flasks containing 100 mL working Cr(VI)
solution. Preliminary trials (data not shown) indicated
that equilibrium was reached after 24 h; therefore,
sealed flasks were continuously mixed 24 h at 150
oscillations per minute in a Julabo SW22 shaker, at
room temperature (22°C). Then, solutions were filtered
and analyzed for Cr(VI) concentration. Kinetic adsorp-
tion experiments were carried out at room tempera-
ture (22°C) in a 1.5 L Berzelius flask, by introducing
2 g of adsorbent into 1,000 mL working Cr(VI) solu-
tion. The solution was continuously and vigorously
(200 rpm) mixed using an overhead Heidolph stirrer.
Samples were taken at preset time intervals, filtered,
and analyzed for Cr(VI) and Cr(total).

2.4. Analytical procedure

Cr(VI) concentration in the filtrate was analyzed by
the 1,5-diphenylcarbazide method, using a Jasco V 530
spectrophotometer. Cr(total) was determined by oxi-
dizing any Cr(Ill) with KMnQOy,, followed by analysis
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as Cr(VI); Cr(II) was then determined from the
difference between Cr(total) and Cr(VI) (Cr(total) =
Cr(ID + Cr(VD) [17]. The adsorption capacity at time
t g (mg g™") and the equilibrium adsorption capacity
ge (mg g~') were calculated as follows:

Co —C)V
a0 :(‘)Tt) 1)

(CO - Cc)V
Je = i 2
where M (g) is the mass of adsorbent used in the
kinetic experiments, C. (mg L") the equilibrium con-
centration of Cr(VI), C, (mg L") the Cr(VI) concentra-
tion at time ¢, Cy (mg LY the initial concentration of
Cr(VI), and V (L) the volume of Cr(VI) solution used
in the kinetic experiments. The pH of solutions was
measured using an Inolab pH-meter, calibrated with
pH 4 and 7 standard buffers. Scanning electron micro-
scopy (SEM)—energy dispersive angle X-ray spec-
trometry (EDX) was employed to investigate the
morphology and chemical composition of adsorbents,
using an Inspect S scanning electron microscope (FEI,
Holland) coupled with a GENESIS XM 2i EDX. The
FT-IR spectrum of the sample was recorded using a
Perkin Elmer spectrophotometer operating in the
range of 4,000-400 cm™', using pellets prepared by
mixing and pressing a given sample with KBr. The
presence of functional groups was quantified by the
Boehm method [18-20]. Point of zero charge (pHy,.)
was determined using the pH drift method [20]. Total
specific surface area (SSA) was estimated following
the ethylene glycol monoethyl ether method [21]. The
iodine number (I,) was determined using the sodium
thiosulfate volumetric method, according to ASTM
D4607-94 Standard Test Method [22].

3. Results and discussion
3.1. Adsorbent characterization

To ensure conciseness and clarity of this article, the
results of FT-IR and SEM analysis are shown and
discussed only for three relevant adsorbents: SPO,
SP24, and SP96. The FT-IR spectra of adsorbents are
illustrated in Figs. 1 and 2, and further interpreted
according to literature [23-25]. The broadband around
3,450 cm ™' is assigned to O-H stretching, indicating
the presence of hydrogen-bonded hydroxyl groups.
Peaks observed near 2,930 and 2,850 cm ! can be
assigned to the stretching vibration of saturated alipha-
tic C-H bonds; furthermore, bands at 1,456, 1,430,
1,373, and 1,336 cm ' are referred to bending
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vibrations of C-H bond in saturated aliphatic. Adsorp-
tion bands around 2,350 and 667 cm ™! are attributable
to CO; in the laboratory atmosphere. The band at
1,745 cm™" is indicative for the C=O group stretching,
typical for esters; additionally, the peak observed
around 1,660 cm™! can be referred to carboxylic and
ketonic C=0 groups conjugated with aromatic rings or
double bonds. Vibrations centered on 1,510 cm™' are
indicative of aromatic ring stretch; however, lack of
strong bands in 900-650 cm ™' suggests that aromatics
are sparse. Absorption bands located at 1,045 are
caused by C-O stretching vibrations in alkoxy groups.
Peaks at 1,160 and 1,242 cm ! are referred to C-O
stretching vibrations in acyl groups. The peak at
1,200 cm ™!, visible only after treatment with H50,
96%, may be attributed to -OSOj5 groups. These results
are in accord with previous studies which have
reported the presence of vegetable acids, fatty acids,
polyphenols, flavonoids, anthocyanidins, tocotrienols,
and tocopherol-like components in kernels of sour
cherries [26]. Changes in intensity and shift in position
of the peaks could be observed when comparing the
spectra of raw and acid-treated adsorbents. Most
important differences are in the area of hydroxyl and
carbonyl group vibrations, suggesting that they were
the most affected by the acid treatment. Additionally,
the peak at 1,200 cm™' was noticed only after treatment
with HySO4 96%, and may be ascribed to OSOj
groups. Differences can be seen also when comparing
the spectra of un-reacted and exhausted adsorbents,
indicating that protonated acidic groups were involved
in binding of Cr(VI).

SEM micrographs of selected adsorbents are
illustrated in Fig. 3. Visual examination of the SPO and
SP24 micrographs shows the existence of two types of
macropores, with sizes of 30-50 ym and 1-2 pm.
Instead, the surface of SP96 was covered by smaller
macropores, with sizes of 10-30 um and <1 pm;
since the surface area per unit mass increases as pore
size decreases, it is expected that the surface area of
the adsorbents will increase in the following order:
SP0 < SP24 < SP96. The surface of SP0 and SP24
showed little difference after reaction with Cr(VI); in
contrast, the surface of SP96 became more heteroge-
neous and with a rugged morphology after reaction
with Cr(VI). This may indicate that intensity of surface
interactions between adsorbent and Cr(VI) is much
greater for SP96 than for SP24 or SPO, leading to
oxidation of the organic matter from the structure
of SP96.

The results of EDX analysis are summarized in
Table 1. With increasing concentration of H,SO,,
carbon concentration increases while oxygen concen-
tration decreases; this phenomenon is due to treatment
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Fig. 1. FT-IR spectra of un-reacted adsorbents.
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Fig. 2. FT-IR spectra of exhausted adsorbents.

with H,SO,, which is an excellent dehydrating agent
and can degrade organic precursors to elemental
carbon [27]. The composition of the acid-treated adsor-
bents reveals also the appearance of sulfur, which is
certainly the result of contact with H,SO,4. This
confirms the results of the FT-IR analysis which
suggests the presence of sulfur-containing groups in
acid-treated adsorbent. The spectra of the exhausted
adsorbents revealed an additional chromium signal,
indicating the binding of the metal to the surface
of the sorbent. Chromium concentration in exhausted
adsorbents decreased in the following order:
SP96 > SP48 > SP24 > SP12 > SP0; hence, the more
acidic the conditions of treatment, the higher the Cr
(VD) removal efficiency of the resulted adsorbent.

The iodine number (I,) is a technique that may
be used to assess the adsorption capacity and poros-
ity of adsorbent materials [28]. It is defined as the
number of milligrams of iodine adsorbed by 1.0 g of
adsorbent, when the iodine concentration of the
residual filtrate is 0.02 N [22]. Even though I, does
not necessarily provide a measure of the adsorbent
ability to retain other species, it still can be used as
an approximation for surface area and microporosity
of adsorbents [22,28]. As presented in Table 1, both
I, and SSA increased with increasing H,5O, concen-
tration used for the treatment process. This may be
ascribed to H,SO, ability to act as dehydrating
agent, causing the adsorbent to swell and opening
the pores [27]. Therefore, these results show an
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Fig. 3. SEM micrographs of prepared adsorbents: A—un-reacted SP0, B—exhausted SPO, C—un-reacted SP24,
D—exhausted SP24, E—un-reacted SP96, F—exhausted SP96.

improvement of both surface area and porosity, as a

result of acid treatment, supporting conclusions of
SEM analysis.

The results of Boehm titration (Table 1) showed
that acid treatment increased the total amount of
acidic groups; in contrast, basic groups completely



M. Gheju et al. | Desalination and Water Treatment 57 (2016) 10776-10789 10781
Table 1
Surface characteristics and element composition (wt%) of studied adsorbents
SPO SP12 SP24 SP48 SP96
SSA (m*g ") 2255 2315 2442 249.2 484.7
I, (mg g™ 6 20 36 40 80
pHpzc 6.0 47 4.6 3.2 2.7
Acidic groups (mmol g™") Carboxyl 0.05 0.15 0.27 0.47 1.5
Lactone 0.30 0.25 0.13 0.18 0.5
Phenol 0.77 0.77 0.80 0.77 0.3
Total 1.12 1.17 1.20 1.42 23
Total basic groups (mmol g™') 0.07 0 0 0 0
C Un-reacted 65.57 66.40 67.68 69.63 73.04
Exhausted 65.59 66.12 66.10 69.11 73.46
(@) Un-reacted 34.11 32.55 31.64 28.15 25.05
Exhausted 34.09 32.98 33.14 27.75 24.10
S Un-reacted NA 0.17 0.35 1.02 1.79
Exhausted NA 0.15 0.33 0.94 1.84
Al Un-reacted 0.32 0.33 0.33 0.24 0.12
Exhausted 0.32 0.33 0.32 0.22 0.26
Cr Un-reacted NA NA NA NA NA
Exhausted NA 0.10 0.11 0.19 0.34

NA—not available.

disappeared after treatment. This is in accord with the
values of pH,. (Table 1) which decreased from 6.0
(SP0) to 2.7 (SP96). Since protonated acidic groups are
responsible for the binding of anionic species, acidic
treatment seems to be an effective way to improve
adsorption capacity of SP toward Cr(VID).

3.2. Kinetic analyses

Fig. 4 illustrates the influence of concentration of
H,50, used in the treatment process, on the kinetics
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Fig. 4. Effect of H,SO, concentration on Cr(VI) adsorption.

of Cr(VI) removal. It is shown that rate of Cr(VI)
removal increased with increasing concentration of
H,SO,4; however, the most significant improvement
was achieved only by increasing the concentration of
H,S50, from 48 to 96%. For all prepared adsorbents
(SP0-SP96), the process proceeded in two steps: the
first one, characterized by a high removal rate,
followed by a second phase, much slower. This
phenomenon may be attributed to the decrease of
available active sites on adsorbent surface as time
progress.

In this work, the pseudo first-order and the pseudo
second-order kinetic models have been used to ana-
lyze the kinetics of the adsorption. The experimental
data was fitted to the linearized forms of the two
models, expressed in the form of Eq. (3) (pseudo-
first-order) and Eq. (4) (pseudo-second-order) [29-31]:

ko,
2,303

lOg (Qe - 111) = log% - (3)

t 1 t
7 ki . @
where . (mg g™ ") is the equilibrium adsorption capac-
ity, g (mg g™ ") is the adsorption capacity at time ¢, k;
(min™") and k, (gmg ' min"') are the pseudo-
first-order and, respectively, pseudo second-order
adsorption rate coefficients. The plot of log(ge — q¢
vs. t was a straight line, with slope and intercept equal



10782

to k; and g, respectively (Fig. 5). Similarly, the plot of
t/g: vs. t enables the k, and g. to be determined from
intercept and slope, respectively (Fig. 6). The calcu-
lated rate coefficients and the statistical fits of the
experimental data to Eqgs. (3) and (4) are summarized
in Table 2.

Based on the correlation coefficients, it was
concluded that experimental data was best described
by the pseudo-first-order model, for all investigated
adsorbents. This may suggest that interactions in the
solution are reversible and only dependent on the
number of metal ions present at the specific time
[31,32]. The g. values predicted by the pseudo-
first-order model are in better agreement with
experimental data than g. values resulted from the
pseudo-second-order equation (Fig. S1), which con-
firms the pseudo-first-order nature of the sorption
process. Table 2 also shows that rate of Cr(VI)
adsorption increases with increasing the acidity of
the H,SO, treatment solution; this can be explained
by considering the increase of the number of
positively charged adsorption centers with increasing
concentration of H,SO; wused in the treatment
process (Table 1).

3.3. Adsorption isotherms

The experimental data of adsorption equilibrium
was mathematically interpreted by applying three dif-
ferent models, namely, Langmuir, Freundlich, and
Dubinin-Radushkevich. The Langmuir model assumes

0 50 100 150 200 250

-0.2
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-0.6

log (g - q)
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Fig. 5. Linearized pseudo-first-order plots for Cr(VI)
adsorption.
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Fig. 6. Linearized pseudo-second-order plots for Cr(VI)
adsorption.

that uptake of ions occurs on a homogeneous surface,
without any interaction between adsorbed ions, and
predicts the existence of monolayer coverage of the
adsorbate; the linearized form of Langmuir isotherm
is presented in Eq. (5) [33,34]:

1 1 1 1
i_1. i 5)
qe qmax qmax KL Ce

where (gmax (mg g_l) is the maximum monolayer
adsorption capacity, K (L mg™') is the adsorption
equilibrium constant, C, (mg L™") is the equilibrium
concentration of Cr(VI), and g. (mg g~ ") is the amount
of Cr(VI) adsorbed at equilibrium. The Freundlich
model is an empirical equation which considers that
adsorption takes place on a heterogeneous surface,
possibly by multilayer adsorption, accompanied by
interaction between adsorbed molecules; the linearized
form of the Freundlich isotherm is presented in Eq. (6)
[33,35]:

1
logge = log Ky +ElogCe (6)

where K; is a constant related to the maximum
adsorption capacity of the adsorbent, 1/n stands for
the intensity of adsorption, C. (mg L7 is the
equilibrium concentration of Cr(VI), and g. (mg g™") is
the amount of Cr(VI) adsorbed at equilibrium.
The linearized form of the Dubinin—-Radushkevich
isotherm is presented in Eq. (7) [31,36]:
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Table 2
Pseudo-first-order and pseudo-second-order kinetic parameters of Cr(VI) adsorption
SPO SP12 SP24 SP48 SP9%6
Pseudo-first-order ki (min~") 55x10°  69x107° 8.0x107° 11.0x107° 20.9x107°
R? 0.9913 0.9759 0.9822 0.9938 0.9985
Pseudo-second-order ky (g mg ' min™") 59x107° 29.1x107° 18.2x107° 17.9x107° 15.9x107°
R? 0.9082 0.9710 0.9599 0.9498 0.9978
09 esp0 adsorption. Freundlich constants K¢ and 1/n were
determined from the slope and intercept of the plot of
0.7 OSPIQ/-/-/./r./. In g vs. In C, (Fig. 7). Langmuir constants gmax and K,
ASP24 were computed from the plot of 1/4. as a function of
051 @sp43 1/C. (Fig. 8). Similarly, the plot of In g. vs. & pro-
duces a straight line which enables the calculation of
03 WSP96 Dubinin-Radushkevich constants gmax (intercept) and
g f (slope) (Fig. 9).
= 01 Table 3 summarizes the equilibrium adsorption
parameters resulted from Langmuir, Freundlich, and
0.1 Dubinin—-Radushkevich isotherms. Freundlich iso-
therm provided highest correlation coefficients for all
03 /‘/‘M adsorbents, which indicate that removal of Cr(VI) was
not restricted to the formation of a monolayer and sur-
0.5 face of the sorbents is heterogeneous. Examination of
1.5 -1 0.5 0 0.5 Table 3 also shows that adsorption capacity of SP96
log C, was nearly ten times higher than of SP0. In addition, a

Fig. 7. Linearized Freundlich adsorption isotherms.
Inge =In gmax — [)’82 @)

where gn.x (mgg ') represents the maximum
adsorption capacity of the adsorbent, # (mol*]™) is a
constant related to the mean free energy of adsorption,
ge (mg g™") is the amount of Cr(VI) adsorbed at equi-
librium, and & (?mol ™ is the Polanyi adsorption
potential, computed as follows:

¢ =RT In (1 + Cl> ®

€

where: R (8.314 J mol ' K™") is the universal gas con-
stant, C. (mg L") is the equilibrium concentration of
Cr(VD), and T (K) is the absolute temperature. The
mean energy of adsorption was then calculated using
the equation:

1
E——— 9
V2B ©

The linearized forms of the three adsorption mod-
els were used to evaluate the equilibrium of Cr(VI)

good correlation was observed between the two con-
stants related to the maximum adsorption capacity,
gmax and Kg. The increase in affinity of the adsorbents
toward Cr(VI) with increasing concentration of H,SO4
used for chemical treatment may be attributed to the
increase of positively charged functional groups avail-
able for anionic chromium species, as resulted from

2.5
2
o
=
&
§~ & SPO
o
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1/C, (L mg™)

Fig. 8. Linearized Langmuir adsorption isotherms.



10784
2
@ SPO
15 - OSP12
A
® SP24
1 ® @ SP48
b WSPY6
% 05
=
0
@)
-0.5
: ~N\
0 10 20 30 40 50 60
€2 (kJ2mol?)
Fig. 9. Linearized Dubinin—-Radushkevich adsorption

isotherms.

Boehm analysis (Table 1). Comparison of adsorption
capacity with literature data is presented in Table S1
[37-46]; since cherry stone powder do not seem to
have a very high adsorption capacity, they may be
used especially for the treatment of large volume of
wastewaters contaminated with low Cr(VI) concentra-
tions. The Freundlich 1/n constant may be considered
a representation of the affinity of Cr(VI) toward adsor-
bent. The adsorption process is considered favorable
when 0.1 < 1/n < 1.0; the smaller the value of 1/n, the
higher the intensity of adsorption and the stronger the
bonds between the adsorbate and the adsorbent
[47,48]. The degree of favorability can be also related
to the Langmuir dimensionless separation parameter
Ry, defined as follows [33]:

1

S —
L 1+Ky -G

(10)

where Cp (mg/L) is the initial concentration of the
Cr(VD) and Kj, is the Langmuir constant. The adsorp-
tion process is considered favorable when 0 < Ry <1
[33]; the Ry, degrees tended toward zero for the com-
pletely ideal irreversible case, and toward unity, for
the completely reversible case [7]. Since values of both
1/n and R; were found to be in between 0 and 1
(Table 3), it demonstrate that sorption of Cr(VI) was
favorable under studied conditions.

3.4. Thermodynamic parameters

Values of Gibbs free energy of adsorption (AG),
enthalpy change (AH), entropy change (AS), and

M. Gheju et al. | Desalination and Water Treatment 57 (2016) 10776-10789

activation energy (E,) were computed by interpreting
results of experiments conducted at 6, 22, and
32°C. The equilibrium constant K. (L g7') of the
adsorption process was evaluated using the following
relationship [49]:

CE
Ko =g
aq

(11)
where C;, is the equilibrium concentration of Cr(VI)
on the adsorbent (mg g™') and Caq 1s the equilibrium
concentration of Cr(VI) in the aqueous solution (mg
L™"). Then, values of AG as a function of temperature
were determined using van’t Hoff equation:

AG=—-R-T-InK (12)
where K. (L mol™) is the equilibrium constant, R
(8.314 ] mol ' K™') is the universal gas constant, and T
(K) is the absolute temperature. Subsequently, AH and
AS were computed from the slope and intercept of the
plot of AG vs. T (Fig. S2, supplementary material),
according to Gibbs isotherm:

AG=AH —T-AS (13)
The activation energy of the adsorption process was
estimated using the logarithmic form of the Arrhenius
equation [50]:

E
Ink=InA——2
nE=MATRT

(14)
where k is the rate constant at temperature T, A is
the pre-exponential factor, R (8.314] mol ' K™) is the
universal gas constant, and T (K) is the absolute tem-
perature. E, was calculated from the slope of the plot
of In ky vs. 1/T (Fig. S3, supplementary material).
Values of AG, AH, AS, and E, are listed in Table 4.
The negative values of the AG suggest that adsorp-
tion is spontaneous and feasible; AG became more
negative with increasing temperature and concentra-
tion of H,SO, used in the treatment process, reflect-
ing a much more stable and energetically favorable
adsorption of Cr(VI) [51]. The positive values of AH
indicate an endothermic process, while the positive
value of AS corresponds to an increased randomness
at the solid-solution interface during the adsorption
process [52]. Lowest values of E, were observed for
SP96, suggesting a more favorable adsorption
process.
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Table 3
Freundlich, Langmuir, and Dubinin—-Radushkevich equilibrium parameters of Cr(VI) adsorption
SP0O SP12 SP24 SP48 SP9%6
Freundlich K 0.49 1.04 1.10 3.12 5.19
1/n 0.10 0.19 0.16 0.18 0.15
R? 0.9615 0.9877 0.9944 0.9578 0.9339
Langmuir Jmax (Mg g_l) 0.53 1.03 1.12 3.12 5.27
Ky (L mg™") 13.95 21.50 22.01 22.54 25.29
Ry 0.034 0.022 0.022 0.021 0.019
R? 0.9390 0.8801 0.8948 0.7930 0.7413
Dubinin—Radushkevich Jmax (Mg g ") 0.52 1.05 1.11 3.12 5.26
B (mol® k] ) 1.46 x 1072 1.20x 1072 1.10x 1072 1.15x 1072 1.02 x 1072
E (k] mol ™) 5.97 6.45 6.74 6.59 7.00
rR? 0.9194 0.8760 0.8935 0.8020 0.7415
Table 4
Thermodynamic parameters of Cr(VI) adsorption
AG (k] mol™)
t=6C t=22°C t=32C AH (k] mol ™) AS (J mol ™) E. (k] mol™ )
SP0 -5.19 —5.91 —6.29 6.67 42.60 14.10
SP12 —6.22 —=7.00 -7.50 7.51 49.20 13.95
SP24 —6.71 —7.50 —8.26 9.70 58.70 13.54
SP48 —7.00 —7.98 —8.62 10.38 62.30 13.26
SP96 —8.70 -10.18 —-12.16 27.55 129.30 9.24

3.5. Mechanism of Cr(VI) removal
3.5.1. Identifying mechanism of Cr(VI) removal

There are four models for the Cr(VI) removal
mechanism when carbon-based adsorbents are
involved: (1) anionic adsorption, (2) adsorption-
coupled reduction, (3) anionic and cationic adsorption,
and (4) reduction and anionic adsorption [6]. Carbon-

based organic materials are well-known reductants of
Cr(VD) [53]:

2HCrO; + 2C + 6H" — 2Cr** + 2CO, + 4H,0
(15)

Therefore, most often, removal of Cr(VI) using carbon-
based adsorbents is not a pure anionic adsorption pro-
cess. It is a complex process which may occur along
three parallel pathways: (1) retention of Cr(VI) (via
chemical, physical, or ion exchange sorption pro-
cesses), (2) reduction of Cr(VI) to Cr(IIl), and (3) reten-
tion of Cr(IIl) (via sorption or precipitation processes).
At pH < pH,,,. the adsorbent surface will have a net
positive charge and sorption of cations is significantly

hindered. Hence, we can assume that, at pH 2, reten-
tion of Cr(Ill) via adsorption is negligible. This is in
accord with previous works which reported that,
under similar pH conditions, no Cr(Ill) adsorption
was observed [54-56]. Furthermore, since at pH 2 the
prevalent species of Cr(Ill) is the highly soluble Cr’*
[57], retention of Cr(Ill) by precipitation is also negligi-
ble. In order to have a more detailed understanding
on the contribution of adsorption and reduction, con-
centrations of Cr(Ill) were analyzed at equilibrium.
The results showed that only small amounts of Cr(III)
(7.2-13.5% from Cr(initial)) were detected. Thus, we
can assume that, under the experimental conditions
involved in this study, removal of Cr(VI) occurred
through a combined adsorption-reduction process,
with reduction having only a minor contribution.

3.5.2. Identifying type of Cr(VI) sorption

Thermodynamic  parameters determined in
Section 3.4. were used for differentiating between
physical, chemical, and ion exchange sorption pro-
cesses, which may be involved in binding of Cr(VI).
The values of Dubinin-Radushkevish mean energy
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(5.97-7 k] mol ') was below 8 k] mol ™', suggesting that
sorption occurs via physisorption [32]. The magnitude
of AH (6.67-2755k] mol™!) was smaller than
40 kJ mol™", also indicating a physical adsorption
process [58]. The value of activation energy (9.24-
14.10 k] mol ") lies within 5-40 k] mol !, which is the
specific range for physisorption [59]. Therefore, it can
be concluded that binding of Cr(VI) occurred via
physisorption.

3.5.3. Identifying adsorption limiting step

Adsorption of an adsorbate by a porous adsorbent
can be generally described by following consecutive
steps: (1) transport of the adsorbate in the bulk of the
solution, (2) transport of the adsorbate through the lig-
uid film surrounding the adsorbent particle, to its
external surface (film diffusion), (3) transport of the
adsorbate from the adsorbent surface into its pores
(intraparticle diffusion), and (4) retention of the adsor-
bate on the interior sites of the pores [7,60]. Usually,
in well-mixed batch systems as the one employed in
this work, transport in the bulk of the solution does
not become rate limiting [60]. Similarly, step (4) is also
very rapid and does not normally represent the rate
determining step in the uptake of adsorbate [7]. To
determine whether film diffusion or intraparticle
diffusion is the rate limiting step, the kinetic experi-
mental results were fitted to the Weber and Morris
intraparticle diffusion model [61]:

g =kae 1*° +C (16)
where g, (mg g ') is the adsorption capacity at time t,
kaite (mg g ' min ") is the intraparticle diffusion rate
constant, and C is a constant related to the thickness
of the boundary layer. If intraparticle diffusion is the
sole rate limiting step, the plot of g, vs. t*° should
yield a straight line passing through the origin (C=0),
with slope kqig; if the line does not intersect the origin
(C#0) or the plot is nonlinear, some other mechanism

Table 5
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may also be involved [60,62]. Fig. 54 (supplementary
material) depicts the plots obtained for the Weber and
Morris model, while Table 5 summarizes the values of
kaier and C constants. Even though the correlation
coefficients show a relative good linearity of the plots,
they do not pass through the origin. Therefore, it
appears that the controlling process in the adsorption
system was film diffusion. Prediction of the sorption
rate-limiting step can also be carried out using the
Boyd diffusion model, expressed as [63]:

6

1
F:ﬂzl——;ﬁ exp (=2 By) (17)

de 2

where F is the fractional attainment of equilibrium at
various times, g, and g. (mgg ') are the amounts
adsorbed at time t and at equilibrium, and B, is
Boyd’s constant. The simplified form of Boyd’s model,
obtained by Reichenberg after applying the Fourier
transform, can be written as follows [64]:

B, = —04977 —In(1 —F), forF > 0.85 (18)
£\
B, = (\/E —\/z —n2§> , for085 > F > 0

(19)

In order to assess the nature of rate limiting step,
the value of B; was calculated for each g, and then
plotted against t. If the plot is linear and passes
through the origin, intraparticle diffusion is the limit-
ing step; if the plot is nonlinear, or linear but does not
pass through the origin, film diffusion controls the
adsorption rate [64]. The plots obtained for the Boyd
model (Fig. S5, supplementary material) illustrate a
bad linearity over the period studied, confirmed by
the correlation coefficients (Table 5); moreover, Boyd
plots also do not pass through the origin, supporting

Diffusion models parameters and diffusion coefficients of Cr(VI) adsorption

Weber and Morris Boyd Diffusion coefficients

kaige C R? Intercept R? Dp (em?s™h) Ds (em®s™h)
SP0 0.0171 0.0501 0.9902 0.1209 0.9470 0.8x1078 04x1078
SP12 0.0215 0.0025 0.9890 0.1080 0.9492 1.2x10°8 0.8x10°8
SP24 0.0264 0.0229 0.9970 0.1659 0.9500 1.3x1078 09x1078
SP48 0.0411 0.0661 0.9928 0.1144 0.9764 2.1x1078 15x1078
SP96 0.0967 0.0364 0.9944 0.2365 0.9882 31x107® 48x107®
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film diffusion as the rate limiting step. The pore
diffusion coefficient (D) and the film diffusion coeffi-
cient (Df) were computed also according to Egs. (20)
and (21), assuming spherical geometry for the sorbent
particles [5,65]:

72

D, =003 — (20)
t1 2
re e
Dy =023 —-— 21)
! tip Co

where r (cm) is the radius of the sorbent particle, ¢ the
film thickness (assumed 107°cm), g. (mgg™') the
amount of metal sorbed at equilibrium, Cy (mg L")
the initial concentration, and #;,, (s) the time for half
sorption, required to uptake half of the amount of
Cr(VI) adsorbed at equilibrium. The value of the Dy
should be in the range of 107°-10® cm*s™" if film
diffusion is the rate-determining step, while the D,
value should be in the range of 107''-107"° cm® s if
pore diffusion is the rate limiting step [5]. Table 5
illustrates the dependence between diffusion coeffi-
cients and the concentration of H,SO, used in the
treatment process. Two important conclusions can be
drawn from the examination of this Table 1 since both
D¢ and D, coefficients are in the range of 0.4-4.8 x
1078, it seems that adsorption of Cr(VI) was controlled
by the film diffusion process, and (2) values of D,, and
Dy are increasing with the increase of H,SO, concen-
tration used for the treatment process, suggesting that
diffusion process was favorably affected by the acid
treatment: the higher the concentration of H,SO,, the
higher the diffusion coefficients and the lower the
resistance to diffusion. Summarizing, the analyses of
D¢ and D, diffusion coefficients corroborate the con-
clusions from both Weber-Morris and Boyd models,
that film diffusion was the rate limiting step in the
studied adsorption system.

4. Conclusions

Sour cherry stones were used as adsorbents to
remove Cr(VI) from aqueous solutions. Adsorption
capacity increased after acid treatment from
053mgg™" (SP0) to 527mgg ' (SP9%6) due to
improvement of surface area, microporosity, and sur-
face chemistry. The best fit of equilibrium data was
obtained with the Freundlich isotherm. Adsorption
kinetics was most accurately described by the pseudo-
first-order model. A possible adsorption-coupled
reduction mechanism for Cr(VI) removal has been
suggested, with physisorption the major mechanism
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responsible for Cr(VI) adsorption and film diffusion
the rate-limiting step. The present study shows that
sour cherry stones are an effective new adsorbent for
removing Cr(VI) from polluted waters.
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The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.
2015.1040468.
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