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ABSTRACT

In this study, removal of Cr(VI) by kaolin-Fe,O, nanoparticles was investigated with variation of pH,
adsorbent dosage, initial Cr(VI) concentration, ionic strength and temperature. Kaolin nanoparticles were
synthesized by co-precipitation method. Maximum adsorption was observed at pH 3. The removal effi-
ciency of Cr(VI) was increased with increasing adsorbent dosage, but was decreased with increasing ini-
tial Cr(VI) concentration and temperature. The removal efficiency of Cr(VI) was decreased in the presence
of sulfate, chloride and bicarbonate ions while it was increased in the presence of carbonate ion. Studies
of kinetic models and adsorption equilibrium revealed that the adsorption of Cr(VI) onto kaolin-Fe,O,
nanoparticles followed pseudo-second-order kinetic model and Freundlich isotherm. Maximum adsorp-
tion capacity was estimated to be 76.62 mg/g. Thermodynamic studies indicated that the adsorption of
Cr(VI) onto kaolin-Fe, O, nanoparticles was an exothermic (AH =-99.35 kJ/mol) process. Adsorption activ-
ity of Cr(VI) by kaolin-Fe,O, nanoparticles was decreased (10%-30%) after 10 successive cycles.
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1. Introduction

Chromium is a kind of toxic heavy metal and poses serious
health problems by acting as a carcinogen, mutagen and terato-
gen in biological systems [1-3]. Chromium contamination in
aquatic systems generally occurs through discharge of concen-
trated effluents from leather tanning, smelting, electroplating,
paint, textile and paper industries [1,4-6]. Chromium is grad-
ually accumulated in the living organisms and thereby causes
life threatening diseases. Inorganic chromium is generally
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presentas Cr(VI) and Cr(III) [4,7-9]. As Cr(VI) is more toxic and
mobile than Cr(III), Cr(VI) contamination in aquatic environ-
ment is a great concern [1,4,10]. It is harmful to human health
even at very low concentrations and has been categorized as
a group I human carcinogen by the International Agency for
Research on Cancer [1,4]. World Health Organization recom-
mended 0.05 mg/L of Cr(VI) as a maximum allowable concen-
tration in drinking water; while US Environmental Protection
Agency has set 0.1 mg/L of Cr(VI) as a maximum contamina-
tion level [11]. Due to its toxicity, carcinogenicity and harmful
property, removal of Cr(VI) from water system is very crucial
[12,13]. Several physicochemical technologies such as ion
exchange, electrocoagulation, reduction and adsorption have
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been used to treat wastewater contaminated with chromium
[14-19]. Among them adsorption technique has much atten-
tion because it is simple, efficient and requires low operating
cost [16,20]. Even though activated carbon has been widely
used as an efficient adsorbent, it has limitation in large-scale
application due to the relatively high preparation cost [20]. To
compensate this limitation, several recycled adsorbents such
as sawdust, agricultural residues, activated red mud, fly ash,
dolomite, oyster shell, activated sludge, furnace slag, chitosan
and kaolin have been applied to treat wastewater as low-cost
adsorbents [21-27]. Kaolin has an aluminosilicate composition,
which consists of stacked pairs of tetrahedral SiO, and octahe-
dral AL O, sheets, with crystalline structure [28,29]. It has high
adsorption capacity for several heavy metal ions and can be
used as a supporting material due to its large surface area and
pore volume [28,29]. When adsorption capacity of adsorbents
has been exhausted, they should be separated from reaction
systems [20,21]. In order to overcome this limitation, magnetic
separation has much attention because it produces no contam-
inants and can treat large amount of wastewater within a short
span of time [30-32]. Fe,O, is a traditional magnetic material
having superparamagnetic property. It can be recovered very
quickly by external magnetic field and can be reused without
losing its active sites [31-34]. Hence, the kaolin particles com-
bined with Fe O, can be used as a promising adsorbent instead
of the traditional adsorbents for large-scale wastewater treat-
ment processes. A number of studies have been reported for
the removal of Cr(VI) with kaolin alone [26,28,35]. Also there
are many reports about removal of Cr(VI) with magnetite
alone and magnetite nanocomposite [30,36,37]. However,
limited information is available for the removal efficiency
and removal kinetics of Cr(VI) with a natural adsorbent mag-
netized with Fe,O, in the presence of different background
electrolytes.

In this study, kaolin was magnetized by coating with the
magnetite nanoparticles. This kaolin-Fe,O, nanoparticles
were used for the adsorption of Cr(VI) from aqueous solu-
tions. The effects of pH, adsorbent dosage, initial Cr(VI) con-
centration, background electrolytes and temperature on the
removal efficiency of Cr(VI) were studied. Adsorption kinet-
ics, isotherm and thermodynamic studies were undertaken
to elucidate adsorption mechanism and maximum adsorp-
tion capacity of kaolin-Fe,O, nanoparticles.

2. Materials and methods
2.1. Chemicals
chloride

Iron(IIT) (FeCl,.6H,0), iron(II) chloride
(FeCl,.4H,0), K(Cr,O, 1,5-diphenylcarbazide, sodium
hydroxide, sodium chloride, sodium sulphate, sodium
hydrogen carbonate, sodium carbonate and hydrochlo-
ric acid were purchased from Merck (Germany) and used
without any purification. Kaolin powder was obtained from
Ideal Trades Men Company in Qazvin city from Iran. It was
washed with deionized water, dried at 103°C for 3 h in an
oven and then was sieved with 50 mesh ASTM. The main
composition was SiO, (46.13%), ALO, (26.98%) and K,0O (2%)
according to the above company. Stock solution (1,000 mg/L)
of Cr(VI) was prepared by dissolving K,Cr,O, into distilled
water and kept in a refrigerator. Initial pH of the solution was

adjusted by addition of 0.1 M NaOH or HCI], and was mea-
sured by a pH meter (Metron, Switzerland). The experiments
were carried out at room temperature (25°C + 2°C).

2.2. Magnetization of the kaolin-Fe,O, nanoparticles

Kaolin-Fe,O, nanoparticles were prepared via a co-
precipitation method in alkaline solution [32]. An appropri-
ate amount of FeCl,.6H,O and FeCl,.4H,0 was dissolved in
200 mL deionized water. Kaolin was added to the suspen-
sion at 1:1 volume ratio. 25 mL of NH,OH solution (25%)
was added drop-wise to the precursor solution to obtain an
alkaline medium (pH = 8) producing a black and gelatinous
precipitate of kaolin-Fe,O, nanoparticles under nitrogen gas.
It was heated at 80°C for 2 h with continuous stirring. The
desired kaolin-Fe,O, nanoparticles were collected by a perma-
nent magnet and then were washed five times with distilled
water and ethanol in order to remove any impurity. Then it
was dried at 80°C in vacuum condition for 5 h. Compared
with the preparation process of activated carbon, the prepa-
ration process of kaolin-Fe,O, nanoparticles is generally per-
formed at a relatively much lower temperature, requiring low
energy cost. In order to analyze surface functional groups on
the adsorbents, Fourier transform infrared spectroscopy (FT-
IR) spectra were recorded using a PerkinElmer (Germany)
spectrometer. The spectra were collected over a range from
400 to 4,000 cm™. The X-ray diffraction (XRD) studies were
performed with a Philips XRD instrument (Siemens D-5000,
Germany) using Cu Ka radiation (A = 1.5406 A) over a wide
angle range (20 value 4°-70°) at 40 kV of accelerating voltage
and at 30 mA of emission current. The surface morphology of
kaolin, Fe,O, and kaolin-Fe,O, nanoparticles were obtained by
a field emission scanning electron microscopy (Mira3, Tescan,
Czech Republic). SEM images were further supported by
energy dispersive X-ray (EDX) to provide purity, qualitative
and quantitative information of specific elements in adsor-
bents. The magnetic property of kaolin-Fe,O, nanoparticles
was characterized by vibrating sample magnetometer (VSM,
MDKEFD, Iran). The point of zero charge (pH, ) was deter-
mined to investigate the surface charge of the adsorbents. The
pH, . of kaolin-Fe,O, nanoparticles was determined adopting
the method previously used [32,38].

2.3. Adsorption experiments

Adsorption experiments were performed in a 1 L
Erlenmeyer flask containing Cr(VI) solution (30 mg/L) and
kaolin-Fe,O, nanoparticles (3 g/L). The mixtures were contin-
uously stirred (150 rpm) at room temperature up to 240 min.
At specified time intervals, 5 mL solution was taken from
the flask containing mixture and then kaolin-Fe,O, nanopar-
ticles were separated from the solution by permanent mag-
net. The residual concentration of Cr(VI) was measured with
colorimetric method. 2 mL of 1,5-diphenylcarbazide solution
(0.25 g of 1,5-diphenylcarbazide was dissolved in 50 mL ace-
tone) was added to each sample solution to form a complex
and then it was measured using a UV/Visible spectropho-
tometer (Hach DR 5000, USA) at A__ of 540 nm [34]. In order
to study effects of various parameters, experiments were
conducted at different amounts of adsorbent (0.25-3 g/L), ini-
tial Cr(VI) concentrations (5-50 mg/L), initial pH (3-11) and
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temperature (298-323 K). The adsorption capacity of Cr(VI)
by kaolin-Fe,O, nanoparticles and removal efficiency were
calculated by Egs. (1) and (2), respectively [21]:

(¢, -c)Vv
1= @™
Removal efficiency (%) = (CUC;C') %100 ()

0

where g is the adsorption capacity (mg/g), C, C, and C,
are initial, outlet and equilibrium concentrations of Cr(VI)
(mg/L), V is the volume of Cr(VI) solution (L) and M is the
total amount of kaolin-Fe,O, nanoparticles (g).

3. Results and discussion
3.1. Adsorbent characterization
3.1.1. SEM, EDX and VSM analysis

SEM images of kaolin, Fe,O, and kaolin-Fe O, nanoparticles
are shown in Figs. 1(a)—(c), respectively. Fig. 1(c) clearly shows
the distribution of magnetite nanoparticles on the surface of
the kaolin. The particle size of Fe,O, nanoparticles was around
20 nm. EDX microanalysis was used to characterize elemen-
tal composition of the Fe,O, and kaolin-Fe,O, nanoparticles.
According to the EDX analysis, the major elements were Fe, O,
Al, Si, K and Fe, indicating combination between kaolin and
Fe,O, nanoparticles [39]. VSM was used to measure magnetic
property of Fe,O, and kaolin-Fe,O, nanoparticles. The saturated
magnetization value of Fe,O, and kaolin-Fe,O, nanoparticles
was 58.97 and 36.83 emu/g, respectively [39]. These results also
indicated that the kaolin-Fe,O, nanoparticles showed an excel-
lent magnetic response to a magnetic field. Therefore, it can be
separated easily and rapidly due to this high magnetic suscep-
tibility. To identify crystal structure, mean crystal size, phase
purity and functional groups on the surface of kaolin-Fe,O,
nanoparticles, were measured by X-ray diffraction (XRD) and
Fourier transform infrared (FT-IR) spectrophotometer. XRD
and FT-IR analysis also supported coating of Fe,O, nanoparti-
cles onto kaolin (data shown in our previous work) [39].

3.2. Effect of parameters on the removal of Cr(VI)
with kaolin-Fe O, nanoparticles

3.2.1. The effect of solution pH

The effect of solution pH on the Cr(VI) (30 mg/L) adsorp-
tion onto kaolin-Fe,O, nanoparticles (3 g/L) was investigated
between pH 3-11 and the results are depicted in Fig. 2(a).
Kaolin-Fe,O, nanoparticles were not stable in strong acidic
condition below pH 3. Considering the stability of the kaolin-
Fe,O, nanoparticles, adsorption experiments were performed
between pH 3-11 in this work. Solution pH is recognized as
one of the important parameters that governs the adsorption
process. Fig. 2(a) shows that removal efficiency decreased by
increasing the solution pH. Indeed, the removal efficiency
decreased from 80.43% to 28.8% by increasing the solution
pH from 3 to 11. Adsorption capacity decreased from 12.06
to 4.32 mg/g when the solution pH increased from 3 to 11
(Fig. 2(a)). Generally, surface charge of the adsorbents and
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Fig. 1. SEM image of samples (a) kaolin, (b) Fe,O, nanoparticles,
(c) kaolin-Fe O, nanoparticles.

speciation of ionic contaminants is variable with variation of
solution pH. Maximum removal efficiency was observed at
pH 3. Indeed, the removal efficiency enhanced from 14.87%
to 80.43% by increasing the reaction time from 2 to 240 min
at pH 3. The favorable removal of Cr(VI) at lower pH can
be explained by an anionic-type adsorption of Cr(VI) onto
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kaolin-Fe,O, nanoparticles as shown in Fig. 2(a). At low pH
(pH 3), the dominant form of Cr(VI) is HCrO, and surface of
the adsorbent is positively charged. But the HCrO, species is
changed to more negative species such as CrO,*and Cr,0,*
by increasing the pH from simulation of the Cr(VI) specia-
tion using a MINTEQA2 program [21,27]. The decreased
adsorption of Cr(VI) by increasing the pH may be due to the
competition between CrO,* and OH™[21,27]. Similar obser-
vations have also been reported from other research groups
[1,40,41]. The decreased adsorption of Cr(VI) with increas-
ing pH also can be explained by the pH, value of kaolin-
Fe,O, nanoparticles. According to the data, "the pH,  of Fe O,
and kaolm Fe,O, nanoparticles are 6 and 6.66, respectively
(Fig. 2(b)). The pHZPC for kaolin was reported as 7 [42]. On the
other hand, the kaolin-Fe,O, nanoparticles acquire a negative
surface charge above thlS pH since the pH, _of kaolin-Fe,O,
nanoparticles is 6.66. At a pH lower than pH the surface
of kaolin-Fe O, nanoparticles acquires posmve ‘charge and
Cr(VI) molecules also has less negative charge [29]. Since the
most effective removal of Cr(VI) was observed at pH 3, fur-
ther experiments were performed at this pH.
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Fig. 2. (a) The effect of pH on the removal of Cr(VI) by kaolin-
Fe,O, nanoparticles in different time interval (initial Cr(VI)
concentration = 30 mg/L, adsorbent dose = 2 g/L, 298 K) and

(b) determination of the pH of point of zero charge (pH,,).

3.2.2. Effect of adsorbent dosage and reaction time

The influence of adsorbent dosage on the removal effi-
ciency for Cr(VI) was investigated at various amounts of
kaolin-Fe,O, nanoparticles in the range of 0.25-3 g/L at
pH 3. Indeed, the removal efficiency increased from 26.6%
to 94.93% by increasing the adsorbent dosage from 0.25 to
3 g/L over the entire reaction time (2-240 min). This trend
can be explained by the increased active sites along with the
increase of the adsorbent dosage. The removal rate of Cr(VI)
at all dosages was rapid in the first stages of reaction time
(105 min) and then it was gradually slowed until reactions
reach a near equilibrium after 240 min. The rapid adsorption
at initial reaction time may be attributed to the abundance
of free active sites on the surface of kaolin-Fe,O, nanoparti-
cles and easy availability of them for Cr(VI) molecules. As
the active sites are occupied by Cr(VI), adsorption rates are
decreased due to having little available active sites on the
adsorbents [12,43]. Indeed, the removal efficiency enhanced
from 25.72% to 94.93% by increasing the reaction time from
2 to 240 min at pH 3 with 3 g/L adsorbent. Since the most
effective removal (%) of Cr(VI) was observed with adsorbent
dosage equal to 3 g/L, the other experiments were performed
at this adsorbent dosage.

3.2.3. The effect of initial Cr(VI) concentration

Removal efficiency of Cr(VI) was studied by varying
the initial Cr(VI) concentration from 5 to 50 mg/L at con-
stant adsorbent dosage (3 g/L) and at pH 3 (Fig. 3). When
the initial Cr(VI) concentration was increased from 5 to
50 mg/L, the Cr(VI) removal efficiency was decreased from
99.99% to 71.72%. This result can be explained by the fact
that the adsorbent has a limited number of active sites, which
would become saturated above a certain Cr(VI) concentra-
tion [12,43]. Nevertheless, the adsorption capacity increased
from 1.66 to 17.93 mg/g when the initial Cr(VI) concentration
increased from 5 to 50 mg/L (Fig. 3).
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Fig. 3. Effect of initial Cr(VI) concentration on the removal of
Cr(VI) by kaolin-Fe,O, nanoparticles in different time interval
(pH =3, adsorbent dose =3 g/L, 298 K).



266

3.2.4. Effect of the presence of different ions on removal
of Cr(VI)

There are various kinds of anions, such as chloride, sulfate,
carbonate and bicarbonate in water and wastewater, causing
positive or negative effects on Cr(VI) adsorption. To assess the
effect of different type of anions such as CI, COsz’, HCO,
and SO 42’ on the removal efficiency of Cr(VI), constant con-
centrations of NaCl, Na,CO,, NaHCO, and Na,SO, (30 mg/L)
were added to the reactor in the optimal conditions (initial
Cr(VI) concentration 30 mg/L, adsorbent dosage (3 g/L) and
pH 3) before beginning the adsorption (Fig. 4). The removal
efficiency of Cr(VI) was decreased in the presence of sulfate
(84.66%), chloride (91.52%) and bicarbonate (93.99%) ions
but was increased in the presence of carbonate (95.31%) ion.
Fig. 4 shows that removal efficiency of Cr(VI) was decreased

in the presence of CI, HCO,™ and SO42‘. However, it was
difficult to clearly explain the decreased removal of Cr(VI) in
the presence of three background electrolytes in this work.

3.2.5. Comparison of each process and desorption efficiency

Removal efficiency of Cr(VI) by kaolin, Fe,O, and kaolin-
Fe,O, nanoparticles were compared at 30 mg/L Cr(VI) con-
centration, at 3 g/L adsorbent dosage and at pH 3. Fig. 5
shows that removal efficiency for each process was 23.74%,
56.55% and 94.93%. These experiments demonstrate that
both kaolin and Fe,O, nanoparticles are necessary for the
effective removal of Cr(VI). Reusability of adsorbent is an
important factor for the application of developed adsor-
bent in the treatment of wastewater. Hence, desorption of
Cr(VI) from the surface was performed using three dif-
ferent washing solutions such as deionized water, 0.1 M
NaOH and HNO,. The adsorption and desorption process
was performed for 10 repeated runs. The removal efficiency
at each run was Run 1 (94.93%) as control, Run 2 (73.38%),
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Fig. 4. Effect of the presence of different ions on the removal of
Cr(VI) by kaolin-Fe,O, nanoparticles (pH = 3, initial Cr(VI) con-
centration = 30 mg/L, adsorbent dose = 3 g/L, 298 K).
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Run 3 (65.69%), Run 4 (59.92%) washing with deionized
water, Run 5 (78.23%), Run 6 (78.54.2%), Run 7 (76.02%)
washing with 0.1 M NaOH, Run 8 (68.06%), Run 9 (76.63%)
and Run 10 (59.22%) washing with 0.1 M HNO,. As can be
seen in Fig. 6, adsorption capacity of Cr(VI) by kaolin-Fe O,
nanoparticles was maintained up to 10 consecutive runs,
suggesting a plausible adsorbent in the treatment of Cr(VI)
from water and wastewater.

3.3. Kinetic, equilibrium and thermodynamic studies

Adsorption kinetic experiments were performed at dif-
ferent Cr(VI) concentration (5-50 mg/L), at constant adsor-
bent dosage (3 g/L) and at pH 3. The pseudo-first-order,
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Fig. 5. Removal of Cr(VI) by different process in different time

interval (pH = 3, initial Cr(VI) concentration = 30 mg/L, adsor-
bent dose =3 g/L, 298 K).
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Fig. 6. The results of reusability test of kaolin-Fe,O, nanoparticles
in different time interval (pH = 3, initial Cr(VI) concentration =
30 mg/L, adsorbent dose =3 g/L, 298 K).
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order and (c) intra-particle diffusion models for the removal of
Cr(VI) by kaolin-Fe,O, nanoparticles (pH = 3, initial Cr(VI) con-
centration = 30 mg/L, adsorbent dose =3 g/L, 298 K).

pseudo-second-order and intra-particle diffusion mod-
els were applied in order to find an efficient model for the
description of adsorption. The relevant equations for the
kinetic, equilibrium and thermodynamic studies are shown
in Table 1 [44-49]. To obtain kinetic data for the removal of

Cr(VID), 1“[1"% vs.t qif vs. t, and g, vs. 1> was plotted for the
pseudo-first-order, pseudo-second-order and intra-particle
diffusion models, respectively (Figs. 7(a)—(c)). The kinetic
parameters for the removal Cr(VI) at different initial Cr(VI)
concentrations and pH are summarized in Tables 2 and 3,
respectively. The kinetic data for Cr(VI) adsorption showed
the best fitting (R*= 0.9897) with the pseudo-second-order
model. Moreover, when the initial Cr(VI) concentration
increased from 5 to 50 mg/L, the value of k, (g/mg min) and
R? for the pseudo-second-order model were decreased from
1.085 to 0.024 g/mg min and 0.999 to 0.9709, respectively.
Also, g, (mg/g) was increased from 1.679 to 13.605 mg/g. This
result indicated that adsorption data was in agreement with
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Table 1
The kinetic, isotherm and thermodynamic equations for adsorption of Cr(VI) onto kaolin-Fe,O, nanoparticles
Kinetic models Isotherm equations Thermodynamic equations
Pseudo-first-order Freundlich isotherm Van't Hoff
q, 1 AS AH
In|1--+ |=—kt logg, =log K, +—logC, In(K,)=—-—
(qej : g4, =logK; +—logC, (K)=% &7
Pseudo-second-order Langmuir isotherm Free energy of adsorption
t_ 1 4 1, 7 - K.4,C, AG =-RTInK,
qt kzqe qe ‘ 1 + K LCE
Intra-particle diffusion model Temkin isotherm
qtzprto’S-kC g, =BInK, + BInC,
Separation factor (R,)
P
1+K,C,

Parameters: q, (mg/g), q,(mg/g), k, (1/min), k, (g/mg min), K, (L/mg), g, (mg/g), K, (mg/g (L mg)'"m), Kn (mg/g min™?), C; (mg/g), B = RT/bt,
K, (L/g), b,(J/mol), AS (J/mol K), AH (k]J/mol), R (8.314 J/mol K), T (K).

Table 2
The calculated kinetic parameters for pseudo-first-order, pseudo-second-order and intra-particle diffusion models for removal of
Cr(VI) with kaolin-Fe,O, nanoparticles (pH = 3, adsorbent dose = 3 g/L, 298 K)

[Cr(VD], g, (exp) Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model
(mg/L) (mg/g) k, q, (cal) R? k, q, (exp) R? Kp G, R?
(1/min)  (mg/g) (g/mg min) (mg/g) (mg/g min®?)  (mg/g)
5 1.66 0.0721 2 0.7318 1.085 1.676 0.9999  0.0584 1.0288 0.4339
10 3.33 0.0252 4 0.8127 0.411 3.865 0.9979  0.02061 0.7266 0.6555
20 6.66 0.014 7 0.8385 0.0755 7.107 0.9932  0.4095 1.607 0.8821
30 9.49 0.005 13 0.8596 0.054 9.49 0.9897  0.5811 1.7442 0.9296
40 11.46 0.0073 14 0.8937 0.0377 12.61 0.9851  0.791 1.0119 0.9428
50 11.95 0.0067 15 0.9533 0.024 13.605 0.9709  0.8479 0.2042 0.9762
Table 3

The calculated kinetic parameters for pseudo-first-order and pseudo-second-order models for removal of Cr(VI) with kaolin-Fe,O,
nanoparticles at different pHs (initial Cr(VI) concentration = 30 mg/L, adsorbent dose =2 g/L, 298 K)

pH q,(exp) (mg/g) Pseudo-first-order model Pseudo-second-order model
kl (1/min) q, (cal) (mg/g) R? k2 (g/mg min) q, (exp) (mg/g) R?

3 12.064 0.085 14 0.8987 0.0497 13.037 0.99

5 10.51 0.0127 11 0.9894 0.0388 11.35 0.9839

7 8.29 0.0102 9 0.9937 0.0227 9.345 0.9596

9 3.37 0.0071 8 0.976 0.0092 9.469 0.785

11 4.32 0.0082 5 0.9828 0.00085 6.142 0.843
Table 4

The calculated isotherm and thermodynamic parameters for removal of Cr(VI) with kaolin-Fe,O, nanoparticles

Freundlich model Langmuir model Temkin model Thermodynamic parameters

T K, n R? q, K, R? K b, R? AG AH AS

(K)  (mg/g (L mg)"™) (mg/g) (L/mg) (L/g)  (J/mol) (kJ/mol) (kJ/mol)* (J/molK)
298  1.95 1155 0.9992 76.62 0.025 09693 1.18 313.4 0.948 9.13 -99.35 -53.97
308  3.894 0753 0.9935 1893  0.021  0.9618 4.31 288.06  0.913 9.89 - -

323 9.382 055 09766 10.845 0.02 0.8441 6.16 380.775 09115 10.5 - -

“Results of plotting InK; vs. 1/T: slope = 826.05, intercept = 6.4918, R*= 0.8438.
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Table 5

Comparison of monolayer adsorption capacity of Cr(VI) using different adsorbent

Temperature Adsorbent Freundlich constants Langmuir constants Thermodynamic parameters Reference

) K, n R g, K, R AG AH AS

(mg/g (L mg)'") (mg/g) (L/mg) (kJ/mol)  (kJ/mol) (J/molK)

303 Wollastonite - - - 0.686 0224 - -13.65 1.72 36.42 [51]

313 Wollastonite - - - 0749 0315 - -14.94 2.09 5.44 [51]

323 Wollastonite - - - 0826 0323 - -15.53 - - [51]

303 Nonactivated 1.1 04 096 116 0.032 099 -26.38 304 88.4 [52]
kaolinite

308 Nonactivated - - - - - - -27.2 - - [52]
kaolinite

313 Nonactivated - - - - - - -27.6 - - [52]
kaolinite

303 Acid-activated 1.5 04 095 139 0.039 099 -599 63.9 198.1 [52]
kaolinite

308 Acid-activated - - - - - - -60.9 - - [52]
kaolinite

313 Acid-activated - - - - - - -61.9 - - [52]
kaolinite

303 ZrO-kaolinite 1 04 096 109 0.031 099 -26.5 30.5 87.8 [52]

308 ZrO-kaolinite - - - - - - =27 - - [52]

313 ZrO-kaolinite - - - - - - -27.5 - - [52]

303 Tetrabutylammo- 0.9 04 097 106 0.029 099 -28 32.1 92.5 [52]
nium kaolinite

308 Tetrabutylammo- — - - - - - -28.4 - - [52]
nium kaolinite

313 Tetrabutylammo- — - - - - - -28.9 - - [52]
nium kaolinite

277 Spent activated - - - 0.503 1.956 0998 -28.86 25.31 196.648  [53]
clay

287 Spent activated - - - 0518 2397 0999 -30.66 - - [53]
clay

297 Spent activated - - - 0.526 1.902 0997 -32.92 - - [53]
clay

313 Spent activated - - - 0557 6185 0991 -35.82 - - [53]
clay

303 Fuller’s earth 1.24 1.59 0.9938 2358  0.037 0.9925 -6.50 - - [54]

298 Magnetic 2.94 3.62 0991 355 7578 099 -11.55 31.17 143.34 [55]

308 Magnetic - - - - - - 1297 - - [55]

318 Magnetic - - - - - - -15.23 - - [55]

298 Montmorillonite- 1.62 2.63 0984 13.88 0.030 0965 - - - [56]
magnetite

298 Diatomite- - - - 12.31 0.015 0799 - - - [57]
magnetite

298 Fe,0,@n-Si0, 1.70 2326 0.93  2.66 4.90 098 -6.36 28.22 0.11 [37]

308 Fe,0,@n-SiO, 1.85 13.38 0.99 2.79 6.74 098 -7.52 - - [37]

318 Fe,0,@n-Si0, 1.89 15.13 099 3.78 10 094 -9.60 - - [37]

293 Ti-Fe kaolinite 11.12 0.209 0.991 2347 1.078 0.993 -4.619 32.424 146.42 [58]

303 Ti-Fe kaolinite =~ — - - - - - -5.173 - - [58]

313 Ti-Fe kaolinite = — - - - - - —-5.651 - - [58]

323 Ti-Fe kaolinite - - - - - - —6.573 - - [58]

333 Ti-Fe kaolinite - - - - - - -7.112 - - [58]
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this model. The value of C was measured as 1.7442 mg/g,
indicating that intra-particle diffusion is not the single con-
trolling step for Cr(VI) adsorption and the process is also par-
tially controlled by boundary layer diffusion.

To investigate adsorption equilibrium isotherm, exper-
iments were performed with 30 mg/L Cr(VI) as an initial
concentration using various adsorbent dosages (0.4-15 g/L)
at pH 3 for 72 h. All experiments were repeated three times
and average values were reported. Langmuir, Freundlich
and Temkin equations were applied to fit experimental
adsorption data, and the related equations are shown in
Table 1 [50]. Different adsorption isotherms obtained at
various temperatures are illustrated in Fig. 8. To obtain
equilibrium data for the removal of Cr(VI), C/q, vs. C,
logg, vs. logC,and q, vs. InC, was plotted for the Langmuir,
Freundlich and Temkin models, respectively. The Langmuir,
Freundlich and Temkin isotherm constants at different
temperature are given in Table 4. The correlation coeffi-
cient R?=0.9992, 0.9935 and 0.97666 at temperatures of 298,
303 and 323 K indicates that adsorption of the Cr(VI) onto
the kaolin-Fe O, nanoparticles follows the Freundlich iso-
therm. The Freundlich adsorption heterogeneity factors
(n values) were in the range of 1.155-0.55, at 293-323 K,
indicating that Cr(VI) was favorably adsorbed by kaolin-
Fe,O, nanoparticles. R, value (separation factor) expresses a
characteristic of the Langmuir isotherm. Generally adsorp-
tion will be favorable when R, value is between 0 and 1.
But adsorption is unfavorable when R, value is above 1. R,
value 1 and 0 means linear and irreversible adsorptions,
respectively. Separation factor (R,) at temperatures of 298,
303 and 323 K was calculated as 0.666-0.975, 0.674-0.92 and
0.66-0.889, respectively. The monolayer saturation capac-
ity at 298, 303 and 323 K was 76.62, 18.93 and 10.845 mg/g,
respectively.

Thermodynamic experiments were performed at differ-
ent temperature from 298 to 323 K at constant adsorbent
dosage (3 g/L) and at pH 3 (Fig. 9). When the tempera-
ture was increased from 298 to 323 K, the Cr(VI) removal
efficiency was decreased from 94.93% to 58.04%. The
related equations are shows in Table 1 [50]. From linear
plot between InK, and 1/T, AH (k] mol™) and AS (J/mol K)
were calculated from the slope and intercept, respectively.
The values of AS, AH, AG and g, at different temperature
are given in Table 4. AH (kJ/mol) value was negative. It
means that adsorption is favorable at low temperature. The
removal capacity of Cr(VI) by kaolin-Fe, O, nanoparticles
was compared with that by other adsorbents in Table 5.
Maximum adsorption capacity was obtained as 76.62 mg/g
at pH 3. Based on the obtained results, the kaolin-Fe,O,
nanoparticles can be regarded as an efficient adsorbent for
removal of Cr(VI) from water and wastewater.

4. Conclusions

Kaolin-Fe,O, nanoparticles were used as an adsorbent
for the removal of Cr(VI) in aqueous solution. Kaolin-Fe,O,
nanoparticles showed super paramagnetic property with
36.83 emu/g. The prepared adsorbent was characterized by
SEM and VSM. Adsorption of Cr(VI) was dependent on initial
Cr(VI) concentrations and solution pH. The removal efficiency
was maximum at pH 3 and was increased with increasing

reaction time and adsorption dosage, but was decreased with
increasing initial Cr(VI) concentration and temperature. The
pseudo-second-order model better described the adsorption
data of Cr(VI) onto adsorbent than the pseudo-first-
order model and the intra-particle diffusion model. When
Freundlich, Langmuir and Temkin equations were used to fit
the experimental isothermal data, experimental results were
well fitted with the Freundlich equation. According to the
obtained results, the maximum adsorption capacity of Cr(VI)
by kaolin-Fe,O, nanoparticles was 76.62 and 10.85 mg/g at
298 and 323 K, respectively. Considering the observed results
such as a typical anionic-type adsorption behavior, favorable
adsorption at low temperature, better fitting with Freundlich
equation than Langmuir equation, decreased adsorption in
the presence of different background electrolytes, we think
that adsorption may occur through both an outer-sphere
complexation and physical adsorption. The results indicate
that kaolin-Fe,O, nanoparticles are effective adsorbent for the
removal of Cr(VI) from aqueous solutions.
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