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Abstract

In this investigation, bentonite clay (BC) and bentonite clay@MnFe204 composite (BCMFC) were applied as efficient adsor-
bents for adsorbing Cr(IlT) and Cr(VI) ions from aqueous media. Different analyses such as FTIR, SEM, EDX, Map, BET, and
XRD were used to characterize the adsorbents. The results showed that the removal efficiency of Cr(IIl) and Cr(VI) using BC
were found to be 95.21 and 95.74%, while the corresponding values to the BCMFC were 97.37 and 98.65%, respectively. Also,
the equilibrium and kinetic studies showed that the Freundlich isotherm model and the quasi-second-order kinetic model could
better describe the equilibrium and kinetic behaviors of the adsorption process. The maximum adsorption capacity of the BC for
the adsorption of Cr(IIl) and Cr(VI) ions were evaluated as 151.5 mg/g (250C, pH 6, 90 min, and 1 g/L) and 161.3 mg/g (250C,
pH 3, 90 min, and 1 g/L), respectively, while the BCMFC showed the maximum capacities of 175.4 mg/g (250C, pH 6, 60 min,
and 1.5 g/L) and 178.6 mg/g (250C, pH 3, 60 min, and 1.5 g/L) for Cr(Il) and Cr(VI) ions, respectively, which were remarkable
amounts. In addition, the thermodynamic study indicated that the adsorption process was physical, spontaneous, and exothermic.
High removal efficiency, high chromium adsorption capacity, and low-cost magnetic adsorbent were significant features of the
BCMEFC for removal of Cr (IIT) and Cr (VI).
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Introduction

During the past decades, the rapid development of various
industries has led to an increase in the contamination of aque-
ous environments with heavy metal ions and raising serious
problems around the world. Heavy metal contamination rep-
resents a major environmental concern due to the toxicity,
non-biodegradability, carcinogenicity, and environment-
stability of the heavy metals, which make them accumulate
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within the body of living creatures and enter the so-called food
chain to have it contaminated (Pawar et al. 2016). As a heavy
metal, the chromium and its derivatives are being used in a
wide range of industries including chemical plants, leather
production industries, steel plants, dye and pigment produc-
tion, coal combustions, plating of metals, and the textile in-
dustry, finding their ways into the environment through the
wastewater produced at such industries (Samuel et al. 2018).
In an aqueous environment, this metal exhibits two oxidation
species, namely chromium (III) and chromium (VI).
Compared with Cr(I1I), Cr(VI) exhibits higher levels of toxic-
ity (500—-1000 times as large as the Cr(Ill)) and carcinogenic-
ity together with superior solubility and mobility in aqueous
media (Xie et al. 2019; Tamjidi and Esmaeili 2019). It should
be noted that in contrast to Cr(VI), Cr(Ill) has lower toxicity
and represents a necessary requirement for glucose metabo-
lism in the human body (Tamjidi and Esmaeili 2019; Maleki
et al. 2015). Once introduced into the body of living organ-
isms, Cr(VI) can lead to different disorders such as allergy,
itching, and irritation of the skin, nasal irritations and bleed-
ing, ulceration, genetic mutations, liver and kidney damages,
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attenuated immune system, and even fatality (Dinari and
Haghighi 2018). Considering the adverse impacts of the
Cr(VI) ion on the living organisms and the environment,
WHO and EPA have reported the allowable content of this
metal ion in drinkable and surface waters as 0.05 and 0.1 mg/
L, respectively (Dima et al. 2015). This highlights the neces-
sity of treating the chromium ion-contaminated wastewater
from different industries before disposing the wastewater into
the environment.

Among the conventional methods for the removal of heavy
metal ions from aqueous media, there are different physical-
chemical methods such as ion exchange, chemical deposition,
membrane processes, extraction, filtration, oxidation, reverse
osmosis, electrochemical, and adsorption method (Foroutan
etal. 2019a, b). Today, thanks to its widespread of advantages
including low-cost, easy operation, high selectivity, and avail-
ability of various adsorbents, the adsorption method has been
widely regarded by researchers (Abbasi et al. 2019). This
method has been acknowledged as a conventional yet
environment-friendly method as it can be implemented using
renewable biomasses and natural compounds as adsorbent
(Tamjidi et al. 2019). During the recent past, various natural
compounds have been examined as adsorbent for the adsorp-
tion and removal of heavy metal ions from aqueous solutions;
examples of such adsorbents include sawdust of eucalyptus,
date palm, and sour lemon (Esmaeili and Foroutan 2019),
Fe304 nanoparticles (Yue et al. 2016), bone char—ZnO com-
posite (Ranjbar et al. 2018), Sargassum oligocystum (Yeganech
et al. 2019), eggshell (Elabbas et al. 2016), Populus alba ac-
tivated carbon (Bonyadi et al. 2019), pillared clays (Mnasri-
Ghnimi and Frini-Srasra 2019), graphene oxide (Pang et al.
2019; Liu et al. 2019), and smectites (D’Ascanio et al. 2019).
Thanks to its large active surface area and high adsorption
capacity for adsorbing heavy metals from aqueous media,
activated carbon is often used for this purpose. In the mean-
time, this material is still used for removing the metals and
other water contaminants on a large scale because of its sig-
nificant disadvantages including limited reducibility and high
synthesis cost (Bhatnagar and Minocha 2010). The clay has
recently attracted great deals of attention as an adsorbent due
to its abundant in the environment, low production cost, large
surface area, and high mechanical and chemical resistance
(Foroutan et al. 2019c¢; Karapinar and Donat 2009). The use
of chemically modified clay as an adsorbent has been fre-
quently studied in several previous works (Kurniawan et al.
2011). In the present study, MnFe204 particles were used to
enhance the properties and increase the adsorption capacity of
the bentonite clay (BC) by increasing the interaction between
active sites of an adsorbent and the contaminant.

The present research is aimed at investigating the adsorp-
tion capability of the BC and bentonite clay@MnFe204 com-
posite (BCMFC) for removing the Cr(IIl) and Cr(VI) metal
ions from aqueous media. The adsorbents were further

characterized using different analyses (FTIR, SEM, EDX,
Map, XRD, and BET). Also, to determine the exothermic/
endothermic and chemical/physical nature of the adsorption
process, the thermodynamic and equilibrium studies were
done.

Experimental section
Materials

The BC studied in this research was prepared from the mines
around Dashtestan city, Bushehr Province, Iran. Sodium hy-
droxide (NaOH, Sigma Aldrich Company, purity > 0.97), iron
chloride hexahydrate (FeCl3.6H20, Sigma Aldrich Company,
purity>0.98), hydrochloric acid (HCI 37%, Merck Company),
manganese chloride tetrahydrate (MnCl12.4H20, Sigma
Aldrich Company, purity >0.99), potassium di-chromate
(K2Cr207, Sigma Aldrich Company, purity >0.99), and
chromium(IIl) nitrate nonahydrate (Cr(NO3)3.9H20, Sigma
Aldrich Company, purity >0.99.99) were procured and used
as received. The stock solutions (1000 mg/L) containing the
Cr(IIT) and Cr(VI) ions were prepared by dissolving
predetermined amounts of potassium dichromate and chromi-
um (III) nitrate nonahydrate in distilled water. To provide so-
Iutions with lower concentrations of Cr (III) and Cr (VI), the
stock solutions were diluted using distilled water. It is worth
mentioning that all of the chemicals used in this study were
used without further purification.

Preparing the adsorbents

The BC sorbent was collected from mines at Bushehr
Province (Iran) and it was then dried in an oven at 105 °C
for 24 h to achieve full dehydration. The dried clay was then
powdered in a mill and graded through the sieve no. 25
(ASTM E11) followed by storage in anti-moisture bottles at
ambient temperature. To prepare the BCMFC adsorbent, an
aqueous solution containing manganese (II) and iron (III) in a
molar ratio of 2:1 was prepared. Next, 1 g of the prepared BC
was added to the solution followed by mixing on a magnetic
stirrer for 40 min to have Fe+3 and Mg+2 ions located on the
BC surface layers. Subsequently, the solution temperature was
raised to 60—70 °C before adding sodium hydroxide solution
(5 mol/L) to adjust the pH value to 11; the resultant solution
was then stirred for 1 h. The prepared composite was then
removed from the solution and washed several times with
distilled water to completely neutralize. The neutralized com-
posite was heated in the oven at 105 °C for 24 h to become
fully dehydrated and ready for being used as an adsorbent
(Podder and Majumder 2015). Figure 1 shows the aforemen-
tioned procedure to produce adsorbent and its use for the
removal of Cr (IIT) and Cr (VI) ions from aqueous media.
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Fig. 1 A procedure for production of adsorbent and its use to remove Cr (III) and Cr (VI) from aqueous media

Batch adsorption test

The adsorption process of Cr(Ill) and Cr(VI) ions using pow-
der of BC and clay@MnFe204 was done using the following
procedure. Firstly, to check the effect of pH value on the
sorption efficiency, 100 mL of aqueous solution containing
Cr(IIT) or Cr(VI) was introduced into a 250 mL Erlenmeyer
flask, followed by adjusting the pH value in the range of 2—8.
Next, adsorption tests were performed under a particular set of
conditions (temperature = 25 °C, Ci= 10 mg/L, contact time =
60 min, adsorbent dosage=1 g/L, and mixing rate =
400 rpm). Following each test, the solid phase (adsorbent)
was eliminated from the liquid phase (aqueous media) and
concentration of the considered metal ion in the aqueous phase
was evaluated using a flame atomic absorption spectropho-
tometer. Once finished with determining the optimal value
of pH, effects of other parameters, including the contact time
(5-120 min), initial metal ion concentration (10300 mg/L),
temperature (25-50 °C) and adsorbent dosage (0.25—4 g/L) on
the adsorption efficiency were studied at the optimum pH
value. In each stage, after performing the adsorption test, the
used adsorbents were eliminated from the synthetic wastewa-
ter and 20 mL of the solution stored for further analysis to
specify the chromium ion content by the flame atomic

@ Springer

absorption spectrophotometer (Analytik Jena novAA® 400).
Adsorption efficiency (R) and chromium ion adsorption ca-
pacity (ge) per each gram of sorbent (mg/g) were obtained
from Egs. (1) and (2):

Ci—C.

R% = x 100 (1)

Ci
Ci—C,
w

g, = xV (2)
where Ci and Ce (mg/L) are the primary and equilibrium
doses of the chromium ion, respectively, V is the aqueous
media volume (L), and W is the weight of the adsorbent (g).
In all cases, the adsorption tests were performed in triplicates
and average values were reported.

Apparatus and equipment

The FTIR analysis (Bruker Victor 22 spectrometer) was used
to determine the functional groups existing in the BC and the
BCMFC, and also assess the interactions between the func-
tional groups and chromium ions after the adsorption process.
The FTIR analyses were done within the wavenumber range
of 400-4000 cm™'. Moreover, using a Siemens D500
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diffractometer, X-ray diffraction (XRD) analysis was conduct-
ed in 26 angles between 5 and 80° and wavelength of
1.5048 A to determine the crystalline phases in the adsorbent.
Scanning electron microscopy (SEM, FEG-TESCAN
MIRA3) was used to study surface changes and determining
the distribution of different elements in the BC and BCMFC.
Moreover, Brunauer-Emmett-Teller (BET, Micrometrics
ASAP 2020, USA) was used to measure surface properties
including the porosity and the specific surface area of the
adsorbents. Furthermore, Vibrating Sample Magnetometer
(VSM, Lakeshore 7400, USA) analysis was used to determine
the adsorbent magnetic characteristics in the range of — 8000
to 8000 Oe.

Results and discussion
Characterizations of the adsorbents

The FTIR analyses from the BC and the BCMFC adsorbents
before and after the adsorption process are displayed in Fig.
2a. The figure shows the spectra both prior to and after the
adsorption. The results showed adsorption peaks on the spec-
tra recorded from the prepared BC and the BCMFC in the
ranges of 3431-3843 cm™ and 1632-1645 cm™, respectively,
which might be attributed to stretching vibrations of the O-H
functional groups (Al-OH or deformation of the water
molecules) in the structure of the adsorbents (Mobarak et al.
2018). Moreover, low-intensity vibrations were observed in
the range 0f 28542868 cm™" and at 2979 cm™" in the structure
of the BC and the BCMFC, which corresponded to the vibra-
tions of the C-H functional group in the mentioned structures
(Acisli et al. 2016). In the BC structure, several peaks were
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seen in the range of 519-790 cm'l; this could be linked to
asymmetric stretching vibrations of the Si-O-Mg, Si-O-Al,
and Si-O-Si and also bending vibrations of the Si-O in the
structure of the BC and the BCMFC (Bertagnolli et al.
2011). Both adsorbents exhibited a sharp peak in the range
of 1026-1029 cm™, which corresponded to the stretching vi-
brations of the silica (Si-O) in the structure of the used adsor-
bents (Thue et al. 2018). Upon the formation of the BCMFC,
changes were evident in the ranges and intensities of the peaks
as compared with the BC. These changes could be resulted
from the interactions between the functional groups in the
structure of the BCMFC and the placement of the MnFe204
nanoparticles in the BC structure. Following the sorption pro-
cess of Cr(IIT) and Cr(VI) ions on the considered adsorbents,
the range and intensity of the vibrations related to the func-
tional groups on the adsorbents changed abruptly, as is clear
by comparing the respective spectra. The significant changes
in the range and intensity of the peaks could be a result of the
interactions between functional groups on the adsorbents and
Cr(Ill) and Cr(VI) ions. Therefore, the results of the FTIR
analysis indicated that the MnFe204 nanoparticles were suc-
cessfully embedded into the BC structure and that the used
adsorbents were well capable of adsorbing Cr(III) and Cr(VI)
ions from aqueous solutions.

Figure 2b shows the XRD spectra for the clay, MnFe204
nanoparticles, and the BCMFC. According to this figure, the
BC exhibited various peaks at different intensities, including
quartzite (Si02), diaspore (AIOOH), muscovite, and hematite
(Fe203) (Selmani et al. 2017). On the XRD spectrum record-
ed from the BC, several peaks were observed at 26 values of
23.22,25.64, 31.23, 37.27, 47.65, 50.24, 61.42, and 64.72°,
indicating the presence of quartzite, montmorillonite, musco-
vite, muscovite, quartzite, calcite, and montmorillonite,
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Fig. 2 FTIR analyses on the BC and BCMFC before and after the sorption process (a) and XRD analyses on the BC, MnFe204 nanoparticles, and

BCMEC (b)
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respectively. On the XRD spectrum recorded from the
MnFe204 nanoparticles, several peaks were also observed
at 26 values of 18.04, 29.6, 35.02, 42.2, 52.62, 56.24, and
61.74°, indicating the presence of the following crystalline
phases in the magnetized nanoparticles of MnFe2O4, respec-
tively: (111), (220), (311), (400), (422), (333), and (440)
(Ghobadi et al. 2018). Upon the formation of the BCMFC,
the peaks characterizing the MnFe204 nanoparticles were ob-
served on the spectrum recorded from the prepared composite,
indicating good interaction between the BC and the magnetic
nanoparticles, i.e. the MnFe204 nanoparticles were success-
fully embedded into the BC structure.

In order to investigate the morphology and particle surface
variations of the sorbents, EDX, Map and SEM analyses were
performed both before and after the adsorption of ions, with
the results shown in Fig. 3. The results showed the presence of
avariety of pores with a wide range of pore size on the surface
of the BC; the pore space could contribute to not only the
adsorption process but also the placement of the MnFe204
nanoparticles on the layers of the clay (Fig. 3a). The results of
the EDX and Map analyses indicated the presence of different
elements on the surface of the BC, including aluminum, mag-
nesium, silicon, calcium, and iron, with the elements distrib-
uted uniformly across the BC surface (Fig. 3b, c). After the
formation of the BCMFC, particles of various sizes with an
almost spherical morphology were placed on the surface of the
BC; these could be a result of the formation of the MnFe204
nanoparticles on the surface and within the layers of the BC
(Fig. 3d). Notably, the results of the EDX and Map analyses
affirmed the successful formation of the MnFe204 nanopar-
ticles on the surface of the BC. Upon the formation of the
composite, the content of iron and manganese ions in the
composite increased, confirming the successful synthesis of
the BCMFC (Fig. 3e, f). After applying the BCMFC as an
adsorbent for the adsorption of the chromium ion, significant
changes were observed in the composite surface, and the chro-
mium ions were observed in the structure of the adsorbent,
highlighting the capability of the magnetized composite for
adsorbing the chromium ion. In addition, the results of EDX
analyses showed that the magnetized composite could better
adsorb the Cr(VI) ion rather than the Cr(Ill) ion (Fig. 3i, 1),
which is in accord with the experimental results and the max-
imum adsorption capacity.

Figure 4 displays the adsorption-desorption isotherm for
the BC, MnFe204 and the BCMFC. It was investigated to
study such characteristics as average pore size, specific sur-
face area, and pore volume. Based on the results of BET
analysis, pore size, specific surface area, and pore volume
for the BC were reported as 102.32 A, 15.64 m2/g, and
0.04 cm3/g, respectively. Also, pore size, specific surface area,
and pore volume for the BC were reported as 74.49 A,
196.56 m2/g, and 0.366 cm3/g, respectively. In addition, the
BET results revealed that the mentioned quantities for the

@ Springer

BCMFC were equal to 121.29 A, 95.92 m2/g, and
0.29 cm3/g, respectively. It is worth mentioning that, accord-
ing to [IUPAC, both of the studied samples exhibited mesopo-
rous structures with increased specific surface area by more
than 6% once the MnFe204 particles were placed on the sur-
face of the BC. The increase in the specific surface area of the
BCMFC, as compared with the BC, can enhance the adsorp-
tion capacity of the adsorbent.

Finally, Fig. 5. shows the VSM analysis for the MnFe204
and BCMFC adsorbents. According to the results, the satura-
tion magnesium for the MnFe204 and BCMFC adsorbents
were obtained 31.88 and 13.28 emu/g, respectively. The rea-
son for this difference can be attributed to the size of particles
and concentration of oxygen adsorbed on the particles
(Foroutan et al. 2018b, 2019d). Also, the results show that
both magnetic materials have ferromagnetic properties (Xia
et al. 2016). In addition, it is noteworthy that the difference
between hysteresis loops for aforementioned samples is small
and their behavior is close to paramagnetic.

Effect of pH value

The pH value is among the most key factors contributing to
the sorption process as it affects the availability of active sites
on the adsorbent surface and the existing ions in the aqueous
media. To check the impact of pH on the efficiency of the
chromium ion adsorption using the BCMFC, studies were
performed at different pH values in the range of 3-8 (Fig.
6). The obtained results showed that with increasing the pH,
the adsorption efficiency of the Cr(VI) ion decreased using
both adsorbents. The maximum adsorption efficiency of the
Cr(VI) ion using the BC (92.75%) and the BCMFC (98.65%)
obtained at an initial pH value of 3. At higher pH values, the
Cr(VI) ion adsorption efficiency decreased using both adsor-
bents; this decrease could be attributed to different factors. At
higher pH values, metal ions (including the Cr(VI) ion) pre-
cipitate in the form of hydroxides and reduce the ion concen-
tration in the solution, which results in a decrease in the ad-
sorption efficiency (Geetha et al. 2016). Moreover, the drop in
the Cr(VI) ion adsorption yield by increasing the pH value can
be attributed to the resultant change in the surface charge of
the adsorbents (from positively charged to negatively charge)
that generates some repulsive electrostatic force between ions
and the sorbent surface (Du et al. 2015). By increasing the pH
value in the range of 2—6, the Cr(III) ion adsorption efficiency
using the BC and the BCMFC increased from 28.65 and
48.53% to 92.23 and 97.37%, respectively. Further increase
in the pH value beyond 6, decreased the Cr(I1I) ion adsorption
efficiency using both sorbents. So, the pH value of 6 was
reported as the optimal pH value for the Cr(IIl) ion adsorption
process. The lower adsorption efficiencies of Cr(Ill) ion at
sub-6 pH values could be due to the presence of hydronium
ion (H+) in the aqueous medium. In this case, H+ ions
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compete with Cr(IIl) ion for occupying the active sites on the
adsorbent while protonating the nitrogen on the surface of the
adsorbents, thereby attenuating the interactions between the
Cr(IIl) ion and the adsorbent surface (Dinari and Haghighi
2018). The reduction in the Cr(IlT) and Cr(VI) adsorption
efficiency on the studied adsorbents at pH values below 2
could be attributed to the acidic decomposition of the
MnFe204 nanoparticles and dissolution of the organic com-
ponents of the adsorbents at such pH values (Jin et al. 2018).
Finally, the initial pH values of 3 and 6 were identified as

optimal pH values for the sorption of Cr(VI) and Cr(III) ions,
respectively.

Effects of time and sorbent dosage

Figure 7a demonstrates the impact of contact time on the sorp-
tion efficiency of Cr(VI) and Cr(IIl) ions using the considered
sorbents. The results demonstrate that the chromium ion sorp-
tion using these adsorbents is carried out in two steps, with the
first stage showing higher rate and adsorption efficiency. The
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appropriate surface condition for placing the chromium ions
on the sorbent surface (Foroutan et al. 2019a). The rate of
chromium ion adsorption on the surface of the adsorbents
was significantly decreased at contact times beyond 60 min,
possibly because of the saturation of the available active sites
on the sorbent surface of the or inaccessibility of the existing
active sites on the adsorbent surface for the chromium ions.
Accordingly, the equilibrium contact time for the sorption of
Cr(VI) and Cr(IIT) ions using both adsorbents was reported as
60 min.

The sorbent dosage is another key factor imposing large
contributions to the sorption process, as it can determine the
adsorption efficiency of the sorbent for a given initial concen-
tration of the contaminant (heavy metals) (Habiby et al. 2019).
In this respect, the impact of the sorbent dosage on the adsorp-
tion efficiency of Cr(IIl) ad Cr(VI) ions was investigated in the
range of 0.25—4 g/L, and the outcomes are indicated in Fig. 7b.
According to the outcomes, the chromium ion adsorption
yield enhanced abruptly by increasing the adsorbent dosage
from 0.25 g/L to up to 1.5 g/L, beyond which no considerable
changes were seen in the chromium ion adsorption efficiency
using the studied adsorbents. Based on the results, the optimal
adsorbent dosages on the BC and the BCMFC were reported
as 1 and 1.5 g/L, respectively.

Impact of temperature and thermodynamic study

Impact of temperature on the adsorption of Cr(III) and Cr(VI)
ions using the studied adsorbents was examined in the tem-
perature range of 25-50 °C (Fig. 8a). By increasing the tem-
perature from 25 °C to 50 °C, Cr3+ and Cr6+ ions adsorption
efficiencies decreased, showing the exothermic nature of the
sorption process using the studied adsorbents. The reduction
in the adsorption efficiency using the studied adsorbents could
also be a result of shrinkage and hence changed surface area of
active sites on the adsorbents (Abshirini et al. 2019a).

In the present study, in order to determine the adsorption
behavior of the Cr(Ill) and Cr(VI) ions on the BC and the
BCMEFC, three thermodynamic parameters were investigated
in the temperature range of 25-50 °C. These parameters in-
cluded the standard enthalpy variation (AH®), the standard
entropy variation (AS°), and the standard Gibbs free energy
variation (AG®). The other parameters affecting the adsorp-
tion process were set to the optimal values obtained in the
previous stages. The thermodynamic parameters were evalu-
ated using egs. 3 and 4 (Foroutan et al. 2019b):

AG° = —RTIn(1000K p) (3)
—-AH’ AS°

1000Kp) = 4

In(1000K p) RT + R 4)

where R, 7, and KD are defined as the universal gas constant
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Fig. 8 Effect of temperature on the adsorption efficiency of Cr(IIl) and
Cr(VI) ions from aqueous media using the BC and BCMFC (at optimal
pH value, contact time of 90 min for the BC and 60 min for the BCMFC,

initial ion concentration: 10 mg/L, optimal adsorbent dosage, stirring rate:
400 rpm) (a), and the linear relationship between In KD and 1/7 (b)

(8.314 J/mol.K), temperature (K), and the equilibrium con-
stant (1000 g— ), respectively. In addition, the terms AH®
and AS° are evaluated as the slope and intercept obtained
from Fig. 8. The results are reported in Table 1. Negative
AG?® values were reported for the Cr(IIl) and Cr(VI) ions
adsorption process using the adsorbents in the temperature
range of 25-50 °C. The negative value of this parameter rep-
resents that the adsorption process is favorable and spontane-
ous (Kundu and Mondal 2019). The obtained value of the
AH® for the adsorption process was also negative, leading
us to the conclusion that the interactions between the adsor-
bent surface and the Cr(Ill) and Cr(VI) heavy metals were
exothermic in nature. Based on the results, the AS° value
for the Cr(IIl) and Cr(VI) sorption was negative, indicating a
reduction in the random collision of the chromium ion and the
sorbent surface in the sorption process (Esmacili and Foroutan
2019).

Kinetic study
To check the kinetic behavior of the Cr(IIl) and Cr(VI) ions
sorption process from the aqueous media using the BC and

BCMFC adsorbents, quasi-first-order (eqs. 5) and quasi-
second-order (egs. 6) kinetic models, as well as intraparticle

@ Springer

diffusion model (eqs. 7) were used and the linear form of these
models are presented as follows:

In (qeq*q,) = Ingeg =Kt (5)
t 1 t

Lo Lt )
q; K2ng 9e.cal

g = K5 1 ™)

where geq and gt in terms of mg/g are the adsorbed amount of
the chromium ion per gram of the adsorbent at equilibrium
time, respectively. Also, K1 and K2 are the adsorption con-
stants for the quasi-first-order (1/min) and quasi-second-order
kinetic models (g/mg.min) and K7 is also the intraparticle dif-
fusion adsorption constant (mg/g.min0.5). The constants and
kinetic parameters of the sorption process were specified
using the linear relationships describing the respective models
(Fig. 9), with the outputs tabulated in Table 2. The kinetics of
the sorption process of the chromium ions on the aforesaid
sorbents were performed using the experimental data. The
impact of contact time on the chromium ion sorption efficien-
cy using the aforementioned adsorbents was evaluated under a
particular set of test conditions, including 25 °C, chromium
concentration of 10 mg/L, sorbent dosage of 1 g/L, 400 rpm
stirring rate, and optimal pH.

Based on the obtained results, the deviation of the sorption
capacities obtained via the quasi-first-order kinetic model
from the respective laboratory data was much larger than that
of the quasi-second-order kinetic model. This indicates a low-
er capability of the pseudo-first-order kinetic model for inves-
tigating the kinetic behavior of the sorption process, as com-
pared with the pseudo-second-order kinetic model. In addi-
tion, the obtained values for the correlation coefficient (R2)
in the quasi-second-order kinetic model for the adsorption of
Cr(IIT) and Cr(VI) ions were greater than of that for the quasi-
first-order kinetic model, further confirming the higher capa-
bility of the quasi-second-order kinetic model for describing
the kinetic behavior of the sorption process. Moreover, the
intraparticle diffusion model was described that the chromium
ion adsorption process was nonlinear, indicating that more
than one type of process contributes to ions sorption on the
considered sorbents (Hameed 2009). The initial linear part of
the figure has a higher slope and is related to the film diffusion
in which metal ions are transported to the adsorbent. This
stage was done at a high rate. The second linear section has
a lower slope, which shows metal ion diffusion into the afore-
said adsorbent (Yiiriim et al. 2014).

Equilibrium study

In the present study, in order to check the equilibrium behavior
of the chromium ions sorption from the aqueous media using
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Table1 The thermodynamic parameters considered to study the Cr(I1I) 2
and Cr(VI) ions adsorption process using the BC and the BCMFC 1 A
Adsorbent T(OC) AG(K)  AH°KJ/ — AS° 0 1
moL) moL) (J/moL.K) = 1
Uﬂ‘)

Clay-Cr (11I) 25 —23.528 —48.178 —81.926 : -2 A

30 —23.570 -3 ® Clay-Cr(IlI)

35 —23.076 A H Clay-Cr(VI)

B -4 A Clay/MnFe;0,4-Cr(IIT)
40 22.541 ¢ Clay/MnFe,04-Cr(VI)
-5

S 0 20 40 60 80 100

50 —21.764 time (min)
Clay/MnFe204-Cr(IlI) 25 —26.075 —60.330 —113.469 14

30 —26.378 (b)

35 —25.696 12 1

40 —24.687 10

45 —23.848 8

50 —23.801 = 6 A

30 —23.653 ® Clay-Cr(VI)

35 —23.333 24 4 Clay/MnFe,0,4-Cr(IIl)

40 ~23.139 0 ‘ . . Clqv/MnFe;(%-Cr(VI)

45 —22.422 0 30 60 90 120 150

50 —22.147 time (min)
Clay/MnFe204-Cr(VI) 25~ —27.761  —81.266  —178352 12

30 —27.504 10 (©

35 —26.871

40 —24.908 = 8

45 —24.302 ? 6

50 —23.821 ~

&
4 1 —e— Clay-Cr(III)
—&— Clay-Cr(VI)
2 1 —4— Clay/MnFe,0,-Cr(III)

the BC and BCMFC, the Freundlich, Langmuir, and Dubinin— 0 . . * Clay/MnFe;0,-Cr(VD

Radushkevich (D-R) models were utilized with the defini-
tions expressed in eqs. 8—10, respectively.

C, 1 C,

Ze__ - 4= 8

9. kL X Gy qe ( )
1

Ing, = Inkr + % inC, 9)

Ing, = Inq,,—0e (10)

where ge is the equilibrium adsorption capacity (mg/g),
Ce is the equilibrium concentration of chromium ion in
the aqueous solution (mg/L), gm is the maximum sorption
capacity (mg/g), KL is the sorption energy (L/g), KF and
n are the constants of the Freundlich model, (3 is the ac-
tivity coefficient indicating the free energy of adsorption
(mol2/J2), and_ e is the Polanyi potential
(e =RTIn(1 JFC% . The linear relationships correspond-
ing to the Freundlich, Langmuir, and R-D models are
shown in Fig. 10a—c and the corresponding parameters
to them are reported in Table 3. In order to investigate
the equilibrium behavior of the sorption process, the

0 2 4 6 8 10 12
£ 05 (min)?3

Fig. 9 Linear relationships expressing the quasi-first-order and second-
order kinetic models as well as the intraparticle diffusion model for the
adsorption of Cr(IIl) and Cr(VI) ions from aqueous media

equilibrium data corresponding the initial chromium ion
concentrations was employed. The experimental condi-
tions to investigate the equilibrium isotherms for each
adsorbent and each ion were different. To do this, the
equilibrium study for the removal of Cr (III) using the
BC was studied at conditions: T=25 oC, pH 6, contact
time of 90 min, and the adsorbent dosage of 1 g/L. Also,
these conditions for Cr(VI) removal by the BC was in-
cluded: T=25 oC, pH 3, contact time of 90 min, and the
adsorbent dosage of 1 g/L. In addition, for the removal of
Cr(IIl) using the BCMFC, the experiments were done at
25 oC, pH 6, contact time of 60 min, and the adsorbent
dosage of 1.5 g/L. Moreover, these conditions for the
removal of Cr(VI) using the BCMFC was included:
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Table 2  Constants and kinetic parameters determined for the Cr(Ill) and Cr(VI) ions adsorption process

Kinetic model Adsorbent

BC-Cr (IIT) BC-Cr(VI) BCMFC-Cr(III) BCMEFC-Cr(VI)
Pseudo-first order
qe cal 4.99 4214 3.085 2.547
K1 0.0498 0.0561 0.056 0.055
R2 0.955 0.9616 0.873 0.862
Pseudo-second order
qge.cal 9.891 9.794 10.15 10.19
K2 0.017 0.024 0.031 0.039
R2 0.999 0.999 0.999 0.999
qe.exp 9.365 9.386 9.814 9.933
Intraparticle diffusion
Ki,1 (mg/g minl/2) 1.313 1.246 1.413 1.459
I1 (mg/g) 1.748 2.428 2.549 2.841
R2 0.985 0.983 0.995 0.995
Ki,2 (mg/g minl/2) 0.445 0.187 0.148 0.120
12 (mg/g) 5.856 7.849 8.682 8.997
R2 0.987 0.901 0.978 0.977
Ki,3 (mg/g minl/2) 0.044 0.035 0.024 0.021
I3 (mg/g) 8.876 9.008 9.548 9.698
R2 0.956 0.992 0.946 0.939

250C, pH 3, contact time of 60 min, and the adsorbent
dosage of 1.5 g/L.

By applying the Langmuir model, the correlation coeffi-
cients for the sorption of Cr(IIl) and Cr(VI) ions were in the
range of 0.9122-0.9436 (Table 3), which was generally lower
than those obtained for the Freundlich model; this indicates
that the equilibrium data followed the Freundlich isotherm
model. The maximum sorption capacities of Cr3+ and Cr6+
on the BC were obtained as 151.51 and 161.29 mg/g, respec-
tively. The adsorption capacities using the BCMFC adsorbent
were also achieved as 175.44 and 178.57 mg/g, respectively.
Such high values indicated an enhancement in the sorption
amount upon modifying the BC with the MnFe20O4 nanopar-
ticles. This enhancement could be attributed to the increased
active surface of the BCMFC compared with the BC, as was
evident from the results of the BET analyses. As a character-
istic of the Langmuir isotherm model, the dimensionless pa-

rameter RL (RL = ) specifies the type of sorption pro-

BT
cess and the corresponding isotherm. Accordingly, if RL> 1,
RL= 1, RL= 0, and 0<RL< 1, the adsorption process is
characterized as undesirable, linear, irreversible, and desir-
able, respectively (Foroutan et al. 2018a). The value of the
parameter RL for the Cr3+ and Cr6+ ions adsorption on the
considered adsorbents fell within the range of 0—1, indicating
the desirability of the chromium ion sorption process using
these sorbents. In addition, the value of » for this adsorption
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process was evaluated to exceed 1, showing that the physical
and favorable nature of the adsorption process. Besides RL
and n, average free energy (E) represents another important
parameter that evaluates the sorption process in terms of its
physical or chemical nature; this parameter can be computed
using the D-R model. Ifthe value of the average free energy of
the adsorption is within the range of 8—16 kJ/mol, the adsorp-
tion process will characterize as going through an ion-
exchange mechanism, while average free energies is lower
than 8 kJ/mol shows that the sorption process is based on a
physical mechanism. Based on the results obtained in the
present research, the value of the parameter £ for the sorption
process was lower than 8 kJ/mol for the adsorbents, leading us
to the conclusion that the sorption process is founded on a
physical basis. According to the results obtained from the
equilibrium study, one can draw that the chromium ion ad-
sorption on the studied adsorbents is a favorable physical pro-
cess where the equilibrium data follow the Freundlich iso-
therm model.

Furthermore, the maximum sorption capacity obtained
in this research was compared with previous studies and
the results are presented in Table 4. By comparing the
results, it was found that the BC and BCMFC had con-
siderable adsorption capacities in comparison with other
adsorbents in the removal of Cr(IIl) and Cr(VI) ions
from aqueous media.
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Fig. 10 Langmuir (a), Freundlich (b), and D-R (c¢) isotherm models for
the adsorption of Cr(Ill) and Cr(VI) from aqueous media using the BC
and BCMFC

Conclusion

As a naturally occurring material, the BC has been widely
applied and largely regarded thanks to its outstanding
structure and properties. In the present research, the BC
and the BCMFC were applied as efficient sorbents to re-
cover and attenuate Cr(IIl) and Cr(VI) ions from aqueous
media. The adsorption of chromium ions from aqueous
solution on the considered adsorbents was performed

Table 3  Constants and equilibrium study for the adsorption of the
Cr(III) and Cr(VI) on the BC and the BCMFC
Models Adsorbent/Ions
BC-Cr (Il) BCMFC- BC-Cr (VI) BCMFC-
Cr(III) Cr(VI)
Langmuir
qm (mg/g) 151.51 175.44 161.29 178.57
KL (L/mg) 0.031 0.046 0.033 0.053
RL 0.097-0.763 0.067-0.685 0.091-0.752 0.059-0.653
R2 0.912 0.944 0.925 0.930
Freundlich
n 2.051 2.171 2.015 2.364
Kf (mg/g 11.307 16.854 12.016 20.796
(L/mg)1/n)
R2 0.993 0.998 0.994 0.996
D-R
E (KJ/mol) 1.068 1.918 1.128 2.608
qm (mg/g) 57.92 64.89 60.78 6637
Bx10-6(mol2/J2) 0.4379 0.1359 0.393 0.0735
R2 0.562 0.521 0.562 0.511

discretely to evaluate the effect of different parameters
on the sorption efficiency. The results showed that, com-
pared with other parameters, the initial pH value imposed
a larger impact on the adsorption efficiency, and an in-
crease in the initial concentration of the Cr(IIT) and Cr(VI)
decreased the adsorption efficiency. The Freundlich,
Langmuir, and D-R isotherm models were used to study
the equilibrium behavior of chromium ion adsorption pro-
cess. The results showed that the adsorption process was
favorable and physical in nature. Moreover, the
Freundlich isotherm model outperformed the other iso-
therm models as per its higher value of correlation coef-
ficient (R2). This sheds light on the fact that, compared
with other models, the Freundlich model could better de-
scribe the equilibrium behavior of the adsorption process,
with the heterogeneous surfaces, rather than homogeneous
faces, imposing a larger impact on the adsorption process.
The study on the kinetics of the adsorption process proved
that the kinetic data corresponding to the Cr(III) and
Cr(VI) adsorption processes follow a pseudo-second-
order kinetic model regardless of the adsorbent used. In
addition, results of the intraparticle diffusion model
showed that the relationship proposed by the intraparticle
diffusion model for the adsorption process was nonlinear.
This shows that more than one process is involved with
the ions sorption process, and that the sorption process
could be influenced by the film-through and intraparticle
diffusion mechanisms. The thermodynamic study was also
showed that the adsorption process was physical ad exo-
thermic. Therefore, due to the removal efficiencies obtain-
ed and the operating conditions, it is recommended to use
the adsorbents formulated in this research to effectively
remove chromium ion from aqueous solutions.
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Table 4 Comparing the results with previous studies

Adsorbent Maximum Maximum Reference
adsorption adsorption
capacity of Cr  capacity of Cr (VI)
1D (mg/g)
(mg/g)

Activated carbon - 36.496 (Foroutan
et al.
2018b)

Activated — 70.422 (Foroutan

carbon/CoFe204 et al.
2018b)

Sargassum - 34.46 (Foroutan

oligocystum algae et al.
biomass 2018¢)

CaO/Fe304/SDS 6.406 - (Tamyjidi

nanocomposite and
Esmaei-
1i 2019)
activated carbon - 13.81 (Abshirini
prepared from et al.
Ziziphus 2019a)
spina-christi leaf

magnetic core-shell — — 3243 (Yang

Fe304@MoS2 et al.
2019)

MoS2@Fe304 - 290.2 (Yang
et al.
2019)

MgO/Fe304 - 239 (Abshirini

nanocomposite et al.
2019b)

Bentonite clay 151.5 161.3 Present
study

Bentonite 175.4 178.6 Present

clay/MnFe204 study
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