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Abstract

Arsenic removal has received much attention all over the world because of its toxicity and
carcinogenicity. In the current research, the adsorption behavior of As(V) from aqueous
solution onto Fe(II)-impregnated bentonite (Fe-Bent) was examined. Adsorption experi-
ment results showed that the adsorption capacity of initial bentonite clay (Bent) was
increased by Fe(Ill)-impregnation method. In Fe-Bent, the mononuclear Fe(IIl) cations,
small oligomeric cluster and bulky Fe O, particles were made such active sites identified
by UV-Vis spectroscopy. X-ray diffraction results showed that Fe(IIl) species presented
mainly in both crystalline and amorphous forms on the external surface of Fe-Bent. In an
experimental study, the effect of different parameters such as contact times, arsenic concen-
trations, adsorbent dosages, pH and temperature conditions was investigated. Fe-Bent sam-
ple represented the maximum adsorption capacity of 10.06 mg L™ to remove 5-20 mg L~!
of As(V) at pH=6 and ambient temperature. In this experiment, the residual As(V) con-
centration decreased to less than 0.01 mg/L with the adsorption efficiency of 99% (i.e.,
below the limit of the WHO). The two- and three-parameter isotherm models revealed the
best fit to the Freundlich, Sips, Toth, Temkin and Langmuir models, respectively. The iso-
therm models indicated the strong adsorption between arsenic and Fe-Bent. The adsorption
kinetics was also considered by first-order, second-order and Elovich rate equations. It was
noticed that the Fe-Bent adsorption followed the external surface reaction such as ligand
exchange and surface complexation. The thermodynamics studies exposed that the process
was spontaneous and endothermic for Fe-Bent.
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1 Introduction

Arsenic is mostly found in trivalent and pentavalent oxidation states in natural water
systems. Redox potential is the main factor for controlling the arsenic species. The
H,AsO," is the dominant species under oxidizing conditions at pH less than 6.9, while
HAsO,> is dominant at higher pH. The H;AsO; becomes dominant under reducing con-
ditions at pH less than 9.2 (Chiban et al. 2012). Exposure to arsenic can cause a vari-
ety of unfavorable health effects. The world health organization (WHO) recommended
0.01 mg L™! as a guideline value for arsenic in drinking water (Yamamura et al. 2003).

Many conventional and non-conventional methods have been employed for arsenic
removal. Adsorption method is applied widely to remove arsenic metal from wastewater
and effluent. The low cost, easy operation, availability and efficiency are the significant
advantages of adsorption. In comparison with conventional methods, e.g., ion exchange
resin, filtration and membrane technology, adsorption is an economic and environmen-
tally friendly (Langsch et al. 2012). The iron hydroxide/oxide (Fazi et al. 2016; Sigdel
et al. 2016; Prathna et al. 2017; Polowczyk et al. 2018) and iron-based composites such
as the Mg—Fe-based hydrotalcites (Tiirk et al. 2009) and Fe-hydrotalcite supported
magnetite nanoparticle (Tirk and Alp 2014) as the layered double hydroxide (LDH)
adsorbents were investigated by high removal efficiency of As(V) under the WHO limit
value. Moreover, the activated alumina (Chen et al. 2014) and activated carbon-iron
oxide (Oliveira et al. 2002) have been studied several times for adsorption processes. In
this way, limited studies have been focused on the arsenic adsorption by clay minerals
due to a large amount of negative surface charge with low affinity for arsenic removal
(Jovanovi¢ et al. 2011; Uddin 2017). Clay minerals have attracted significant attention
due to their high abundance, environmental compatibility, low cost, operation simplic-
ity, easy availability and reusability. The swelling capacity, cation exchange capac-
ity, textural structures and surface acidity properties make clays attractive for various
applications in adsorption and catalysis process (Mohan and Pittman 2007). The pH-
dependent charges in bentonite clay minerals are effective adsorbents for cationic, ani-
onic and neutral species (Mohan and Pittman 2007). Therefore, bentonite could be used
as an inexpensive arsenic adsorbent in agricultural and industrial wastewater (Ranjan
et al. 2009). In this way, the surface modification of clay minerals is considered as an
attractive way to increase their adsorption capacity for pollution control. The favored
groups of substances for arsenic removal are iron compounds, including hematite, goe-
thite, granular ferric hydroxide and iron oxide-coated materials. The mechanism of arse-
nic adsorption has been assigned to ligand exchange reaction, surface complexation by
specific adsorption to surface hydroxyl groups and co-precipitation (Nayak and Singh
2007).

Adsorption of arsenic from aqueous solution with iron modified kaolinite, illite
and montmorillonite have been investigated (Mohapatra et al. 2007). The tendency for
As(V) adsorption was reported greater than As(II) on kaolinite and montmorillonite
in acidic condition, while, at pH values above 7, As(IIl) adsorption was usually greater
than As(V) adsorption (Goldberg and Johnston 2001).

This paper deals with the possible application of Fe(IIl) impregnation method to pre-
pare Fe-Bent with several iron oxides active sites. Fe-Bent was used for adsorption of
inorganic arsenic from aqueous solution to access the lower amount of arsenic residual
in the WHO limit value of 0.01 mg L', This research was also focused on the Fe-
Bent in the various experimental conditions to remove As(V). The arsenic removal
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mechanisms were revealed by different two- and three-parameter isotherm models.
Furthermore, the thermodynamics and kinetics of As(V) adsorption onto Fe-Bent were
studied.

2 Experimental
2.1 Materials

Natural bentonite was obtained from Shahrood mining company, Semnan, Iran.
FeCl;-6H,0 (Merck Co), NaCl (Merck Co), AgNO; (Merc. Co) and Na,AsO,-7H,0 (Titra-
Chem Co.) were used to modify bentonite, and to prepare adsorbate solution.

2.2 Methods

For the preparation of Fe-Bent, the natural bentonite was purified in the laboratory. Disper-
sion, Na-activation, sedimentation based on the Stokes’ Law, sonication and centrifugation
methods were used to remove quartz, organic matter and carbonates. The purified sample
was ground and sieved through 325 mesh. To obtained Na*-exchanged bentonite, the puri-
fied bentonite added in 1.0 M NaCl at a ratio of S:L.=1:100 (w/w) at 80 °C for 2 h in three
times (Timofeeva et al. 2009). It was then washed to remove chloride by the AgNO; test
(Yan et al. 2008). To prepare Fe-Bent, 300 g of Na-bentonite was added into a 1000-mL
beaker filled with 0.1 M FeCl;-6H,0 solution in pH=2. The beaker was placed on a mag-
netic stirrer for 12 h at 85 °C. Then, the sample was baked on a hot plate at 150 °C for 6 h.
To remove uncoated soluble iron, the baked Fe-Bent was washed and dried at 105 °C. The
schematic of the impregnation method is shown in Fig. 1.

Impregnation

reactions
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TR AT and ground
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Fig. 1 Schematic of impregnation method to the synthesis of Fe-Bent
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The stock solution (1000 mg L~' As(V) concentration) was prepared by dissolution of
Na,HAsO,-7H,O0 salt in de-ionized water. Then, the dilution of the stock solution was done
to prepare different As(V) concentrations (5—20 mg Lh.

2.3 Characterization techniques

N, adsorption—desorption was used at — 196 °C using a specific surface area and porosity
analyzer Belsorp mini. The Brunauer—-Emmett-Teller (BET) method was used to deter-
mine the specific surface area of Bent and Fe-Bent. The total pore volume (V,) was calcu-
lated from the amount of nitrogen adsorbed at a relative pressure of 0.99. The ¢ plot method
was used to determine the total micropore volume (V,;., ©) and the specific surface area
of micropores (S, #) and mesopores (S, ). The pore size distributions and mesopore
volume (V,,.,) were determined by BJH methods. The XRD analysis of none modified
Bent and Fe-Bent samples was done with a Philips X’Pert Pro instrument (Cu Ka radia-
tion) in the range of 260 =4°-80°; also to determine the chemical compositions of Bent and
Fe-Bent the XRF analysis was used by ARL 9400 XP + spectrometer (voltage 20—60 kV).
To determine the functional groups for Bent and Fe-Bent, the FTIR spectra were recorded
in the range of 400—4000 cm™' on a Bruker Vertex 70 spectrophotometer. The structural
morphology of Bent and Fe-Bent was analyzed by scanning electronic microscopy (SEM,
Philips XL-30), and the elemental compositions were measured by semi-quantitative
energy dispersive X-ray techniques (EDX). To identify the nature of iron species, iron
amounts and their distribution onto the bentonite, the UV—Vis spectroscopy (T110+ dou-
ble monochromator UV-visible spectrophotometer) was used in the absorbance range of
180-600 nm. The arsenic concentration in the adsorption experiments was measured by
ICP-mass spectrometry (ICP-MS, Elan 6000 DRC). To determine cation exchange capacity
(CECQ), the Bower method (Bower et al. 1952) was used for Bent and Fe-Bent samples. The
flame photometer device (360, Sherwood) was also used for Na*, Ca®* and K* measure-
ments in CEC method. In this research, the planetary ball mill (p6, Fritsch) carried out for
crushing and grinding of dried bentonite.

2.4 The pHzpc determination method

pHzpc is the pH of zero point charge (Weber and DiGiano 1996). To estimate the effect of
pH in the adsorption process, the pHzpc of the Bent and Fe-Bent was determined in the
batch equilibrium system. In this way, the 1:100 (solid/liquid) ratio of the 0.01 M NaCl
solution was prepared as the inert electrolyte. Then, the 0.5 g of each sample was mixed by
40 mL of NaCl electrolyte in the initial pH ranges between 2 and 12. To measure the final
pH values, the equilibrium time reached after 48 h (Labinco, L.82). Finally, the plot of ApH
versus initial pH value indicated the pHzpc at ApH=0 (Gitari 2014).

2.5 Batch experiment

To investigate the arsenic adsorption, the effect of As(V) concentration, pH, contact time
and bentonite dosage was evaluated. Batch adsorption experiments were performed at 298,
308 and 318 K. 0.01, 0.05, 0.1 and 0.5 g of natural and modified bentonite were added
into the 100-mL flasks containing 50 mL solution with various concentrations of As(V)
between 5 and 20 mg L™". The pH of solution was adjusted in different pH ranges from 2 to
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8 by adding amounts of 1 M NaOH or 1 M HCI, and the bottles were shaken by a magnetic
stirrer for 5, 30, 60, 120, 180 and 240 min to attain equilibrium. Then, the supernatant was
filtered, and the arsenic concentration was measured using ICP-MS. The arsenic removal
efficiency and the equilibrium arsenic adsorption capacity for adsorbent were determined,
respectively, by Egs. (1) and (2).

G -Ce
R= x 100 (1)
C()

2

2.6 Measurement of the iron content stability

In this study, the acidic leaching was chosen to estimate the stability of iron contents (Lu
1995). 0.03 g of Fe-Bent was added into the 30 mL beaker with 1:1 HCI solution, and the
beaker was shaken by magnetic stirrer at 500 rpm for 10 h. Then, the beaker was set in a
heater stirrer at 80 °C for 4 h. Finally, the Fe-Bent was filtered and the iron concentration in
the supernatant was analyzed by UV-Vis spectra. The iron content was calculated accord-
ing to Eq. (3).

Mass of iron

Iron content = - - x 100. 3
Mass of bentonite + mass of iron 3)

3 Results and discussions
3.1 Composition and characteristics of adsorbents
On the basis of pHzpc measurement results, the increase in pHzpc after the modification

was evidenced in Fe-Bent. The presence of Fe(IIl) ions on the external surface and the edge
of Fe-Bent may cause this increment. The pHzpc for bentonite was 4.9. After modification,
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the pHzpc changed to 8.3. Therefore, Fe-Bent has a positive charge for pH < 8.3 and shows
a negative charge for pH> 8.3.

The UV-Vis spectra were deconvoluted in the wavelength range 190-600 nm by Orig-
inPro in Lorentz model. As shown in Fig. 2 and Table 1, four peaks in Fe-Bent UV-Vis
spectra represent the presence of different species of iron (III) ions. Moreover, the UV-Vis
spectra give information about the coordination of the iron species. The ligand (oxygen)-
to-metal charge transfer is attributed to O-Fe charge transfer transitions observed at
240-300 nm. Bands at ca. 400-500 nm are ascribed to the extra-framework Fe(III) ions
due to medium intense d—d electron pair transition. The bands larger than 500 nm cor-
respond to larger particles formed of Fe O, (Liu et al. 2015). Accordingly, various active
sites at Fe-Bent were made by the mononuclear Fe** cations, small oligonuclear Fe,O,
clusters and bulky particles of Fe,O5.

The physical and chemical analysis of Fe-Bent and Bent is carried out with the intense
dy, reflections observed at 8.34° and 6.04° in the basal spacing of 10.60 A and 14.60 A,
respectively. In Fig. 3, the XRD pattern shows that the montmorillonite with the JCPDS
file number of 96-900-0960 is the main compound. Before modification, the major impuri-
ties in the bentonite structure include the quartz and cristobalite with the JCPDS file num-
ber of 96-900-7287 and 96-900-1581, respectively. After Fe-impregnation methods, the
XRD pattern shows the composite material in both crystalline and amorphous species in
Fe-Bent. The presence of y-FeOOH (lepidocrocite) and Fe;0, (magnetite) with JCPDS file
number of 96-101-1027 and 96-900-5638 is indicated by the major reflection at 260 =15°
and 35°, respectively.

As shown in Fig. 3, the decrease in dy,, values can be corresponded to the leaching and
partial protonation of the interlayer cations in Fe-Bent (Krupskaya et al. 2017).

FTIR spectra of Bent and Fe-Bent are presented in Fig. 4. The peaks corresponding to
the AI-Mg—OH and AI-Al-OH stretching vibrations resulting from octahedral sheets of
bentonite clay were located at 3630-3625 cm™' (Putra et al. 2009). The O—H stretching
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Fig.4 FTIR spectra of a Bent and b Fe-Bent

vibration of the structural hydroxyl groups and the water molecules presented in the inter-
layer were observed at 3449-3426 cm™! (Abukhadra et al. 2018b). The H-O—H deforma-
tion band of water molecule was observed at 1632-1620 cm™'. The H-O-H stretching
vibration of the adsorbed water molecule was shown at 2325 cm™'. The observation peaks
corresponding to Si—O-Si stretching and Si—O bending vibrations were observed at 1035
and 465 cm™!, respectively. The Si—O vibration band corresponding to quartz, silica and
cristobalite was shown at 793 cm™', 696 and 691 cm™, respectively. Therefore, all of the
bands corresponding to the bentonite structure were retained in all of the Bent and Fe-
Bent samples, indicating that the structural damage of bentonite was not happened by the
impregnation method.

In Fe-Bent spectra, the intensity of OH vibration band decreased due to the baking pro-
cess in the impregnation method. Moreover, in Fe-Bent, the observation of the new peaks
at 470 and 1098 cm™! was assigned to the lepidocrocite/magnetite phases (Pradisty et al.
2017), and iron hydroxo complexes (e.g., Fe—-OH and Fe—-OH-Fe), respectively (Devi et al.
2014).

As shown in Fig. 5, the SEM-EDX analysis of Bent and Fe-Bent samples gives help-
ful information on the distribution of Fe(IIl) ions in the structure of bentonite. The
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Fig.5 SEM-EDX images of a Bent and b Fe- Bent

Table 2 N, adsorption—desorption results of Bent and Fe-Bent

Sample SBET (mzlg) Smic,t (m2/g) Smes,t (mZ/g) Vmic, t (cm3/g) Vlolal (Cm3/g) Vmes (Cmalg) Da (nm)

Bent 28 28.06 18.49 0.004 0.10 0.09 19.90
Fe-Bent 168 79.50 73.96 0.17 0.19 0.01 10.07
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Fig.6 Adsorption—desorption isotherms and the corresponding pore size distribution (inset) of Bent and
Fe-Bent

Bent is composed of the large flaky particles, while the Fe-Bent shows small particles
related to the probable presence of Fe(Ill) ions without any destructive effect for basic
clay layer. This property was also verified by EDX analysis. The results show a rather
increase in the amount of Fe(IIl) ions on the external surface of Fe-Bent, which causes
to increase the adsorption efficiency of Fe-Bent. The main mechanism of Fe(IIl) ions
distribution probably belongs to tack place Fe(IIl) ions in an external surface of benton-
ite or ferric precipitates on the internal surface of bentonite. In addition, the modifica-
tion of bentonite shows the homogeneous pore sizes in the morphologies of Fe-Bent.
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Table 3 XRF analysis of

bentonite before and after Element/composition Fe-Ben (W) Bent (W)
Fe-modification Sio, 46.00 52.38
AlLO, 17.91 15.27
Fe 8.10 4.08
CaO 0.29 4.07
cl 0.16 1.56
MgO 1.92 6.37
SO, 0.56 4.68
P,04 0.08 0.23
LOI 33.35 11.31

The obtained results from N, adsorption—desorption for Bent and Fe-Bent are shown
in Table 2 and Fig. 6. These results revealed that the Fe(IlI) impregnation method in
bentonite clay increased the BET surface area from 28 to 168 m*/g. This aspect could
be depended on the formation of different iron species active sites on Fe-Bent. The pres-
ence of iron particles increased the micropores volume and total pore volume. Accord-
ing to IUPAC (International Union of Pure and Applied Chemistry) classification, the
Bent and Fe-Bent showed the isotherms assigned to type IV with H4 hysteresis loop. H4
indicated the formation of narrow slit-like pores. Therefore, the large BET surface area,
the increase in micropores volume and the decrease in mean pore diameter (Da) corre-
sponded to Fe(IIl) impregnated bentonite. As shown in Fig. 6, the pore size distribution
of Fe-Bent was more homogenous than Bent with several peaks.

The other physical properties of clay mineral include CEC. The CEC of bentonite
after Na-activation by NaCl salt is changed from 117 to 124 meq/100 g clay. This fea-
ture helps bentonite to have a high capacity for cation exchange in the impregnation
method.

According to the XRF results, the chemical compositions of bentonite before and after
modification are shown in Table 3. The amount of Fe(IIl) ions after modification increased
from 4.08 to 8.10 wt%. The impurities of initial bentonite were relatively decreased, and its
quality was much increased by a large amount of Fe content.

3.2 Iron content of adsorbents

The stability of iron was measured at pH=2 due to the iron content dissolution of Fe-Bent
under acidic conditions. The Fe content of Fe-Bent was analyzed by UV-Vis spectroscopy
after acidic leaching. In this pH for 1 g L™! of bentonite, the iron concentration was achieved
about 16 mg L™! which was equaled to 40% of the impregnated iron content. Therefore, this
adsorbent revealed a high capacity for As(V) removal. The results showed that the adsorbent
was modified well. Moreover, the Fe-Bent could be applied on acidic effluent (e.g., acid mine
dragging in mine wastewater).

3.3 Effect of adsorbent dosage
In the adsorption experiment, the effect of Bent and Fe-Bent dosages was studied on the range

of 0.01, 0.05, 0.1 and 0.5 g. For this purpose, all samples were mixed to 50 mL of arsenic
solution with a concentration of 10 mg L' at pH=6. Then, these mixtures were stirred at
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300 rpm for 60 min at ambient temperature. Finally, the Bent and Fe-Bent were separated
from the solution and the concentration of arsenic was evaluated by ICP-MS.

As shown in Fig. 7a, the increase in Fe-Bent dosage distinctly decreased the amount of
arsenic in solution at the beginning, and then, it was obtained the maximum decreasing due
to the high available adsorption sites and high surface contact for the adsorption process. The
dosage of 2 g L™! for Fe-Bent was taken as the optimum dosage with removal percentage of
99%. After that, the extra addition of the Fe-Bent caused the saturation and the removal effi-
ciency of the adsorbent decreased. In the Bent, the amount of As(V) adsorbed increased up
to 43% in the dosage of 10 g L™!. Therefore, Bent showed lower adsorption efficiency than
Fe-Bent.

3.4 Effect of arsenic concentration

The effect of arsenic concentration in the adsorption process was studied under vari-
ous concentration from 5 to 20 mg L™ with 2 g L™ of adsorbent dosage, at pH=6 and
ambient temperature. As shown in Fig. 7b, the Fe-Bent was more suitable adsorbent at
As(V) concentrations of 10 mg L™! with removal percentage of 99%. At higher con-
centrations of As(V), the adsorption efficiency reduced due to the decrease in available
active sites. In the Bent sample, As(V) adsorption was favored at the concentrations of
5 mg L™! with the efficiency of 31% and then drastically decreased.

3.5 Effect of pH

The arsenic adsorption from aqueous solution using Bent and Fe-Bent was shown
the extremely pH-dependent process. The pH of the solution indicated the interaction
between physicochemical properties of arsenic ion species and the surface charge of the
adsorbent. In the pH ranges from 2 to 10, the adsorption behavior of As(V) ions was
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Table 4 Isotherm models equations with two and three parameters

Equations
Isotherm models Two parameters
Nonlinear form
Langmuir — WK C
& 9e = 14bC,

1 1/n
Freundlich q, = K,C"
Temkin q. = % InAC,
Isotherm models Three parameters

Nonlinear form

Sips _ dusKsC)'™

de = 1+(KSCC)I/11\
Toth q. = _ 4wrCe
e (1+kem)

g.: the amount of As(V) adsorbed per unit of adsorbent mass (mg g™"); C,: a concentration of adsorbate at
equilibrium in the solution (mg L™); Gomms,me: the maximum loading capacity (mg ¢ 1); K : the Langmuir
constant (L mg™!) related to the energy of adsorption; K;: Freundlich constants related to the adsorption
capacity (L mg™"); n: Freundlich constants related to the intensity, respectively; A: binding constant (L g™');
b: Temkin constant; R: the universal gas constant (8.314 J mol~' K™1); T the temperature at 298 K; Kg: the
adsorption affinity; ng: the system’s heterogeneity; Ky: the adsorption affinity in Toth equation; ny: the sys-
tem heterogeneity in Toth equation

investigated by using 2 g L™' of adsorbent dosage and 10 mg L™" of As(V) concentra-
tion. In Fig. 7c, the results for Fe-Bent adsorbent showed the increase of As(V) adsorp-
tion percentage up to pH = 8. However, the amount of As(V) removal in the Bent sample
decreased at pH > 4. Therefore, the different values of pHzpc for Bent and Fe-Bent sam-
ples made different surface charge for As(V) adsorption in various pH. This suggested
that the Fe-Bent was more capable than the Bent due to high positive surface charge for
As(V) removal.

3.6 Sorption isotherms

The adsorption isotherm indicates how the adsorption molecules distribute between the
liquid phase and the solid phase when the adsorption process reaches an equilibrium
state. In this way, the two-parameter and three-parameter isotherm models were inves-
tigated to find the best fit for the experimental data. The distribution of As(V) onto the
adsorption phase (Fe-Bent) was described well by Freundlich, Langmuir, Temkin (as
two-parameter models), Sips and Toth models (as three-parameter models). The equa-
tions of all isotherm models are shown in Table 4.

The adsorption in the Langmuir isotherm model occurs on the homogeneous surface
with monolayer formation without any interaction (Shaban et al. 2018). Freundlich iso-
therm model has been used for heterogeneous surface energy systems with the random
distribution of sorption heat (Abukhadra et al. 2018a). The Temkin isotherm model has
been used to investigate the indirect interactions among adsorbate—adsorbate and the heat
of each molecule in each layer during the increase in surface coverage (Khalfa et al. 2016).
The Temkin is one of the possible isotherm models to investigate the adsorption experi-
mental data in contaminates and clay mineral system based on the chemisorption mecha-
nism (Ahmedzeki et al. 2013).
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Fig.8 Two- and three-parameter isotherm models in nonlinear forms (at pH=10, adsorbent dos-
age=2 g L™!, contact time =60 min and temperature of 298, 308 and 318 K)

Sips isotherm is the extended Langmuir-Freundlich model with a finite saturation
capacity at high concentration (Ismadji et al. 2015). The heterogeneity parameter (ng)
shows the behavior of Sips isotherm like as Freundlich model for n,>1 and shows the
behavior like as Langmuir for the value of ng=1. Toth isotherm model is the improved
Henry law for low concentration without limitation in the saturation capacity for high con-
centration medium. This isotherm model showed multilayer and heterogeneous adsorption
behaviors.

Figure 8 illustrates the isotherm models, and Table 5 shows the values of the iso-
therm constants, maximum adsorption capacities in Langmuir, Freundlich, Temkin,
Sips and Toth models. The adsorption experimental data were fitted well to the Freun-
dlich, Sips, Toth, Temkin and Langmuir isotherm models, respectively, due to the high
values of R? and the minimum amount of x2. Following as Egs. (4) and (5), R? is the
coefficient of determination in the range of 0—1 values, and »* is the Chi-square tests
used to estimate the best possible fit for the equilibrium model based on the optimal
model (Markandeya and Kisku 2015).

2
Z?:l (q(exr)) - q(cal))

R =
— \2
h (q(exp) - q(exp))

“4)

n 2
= Z (‘I(exm - q(cal)) )
i=1 9(exp).n

Where Gexp)s Giexpys dicary (M ¢ !) are experimental, mean experimental, model predicted
adsorption capacity amounts, and n is the number of data points.As shown in Fig. 8 and
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Table 5, the isotherm shape can be predicted using the dimensionless separation factor (R;)
and the Freundlich exponent (1/n). The R, parameter is defined by Eq. (6).

1

R=—
LT T+K.C, ©)

where k; is the Langmuir constant, C,, is the initial concentration (mg L™'). R; was obtained
from different ranges of initial concentrations. In this way, 1/n>1 and R >1; 1/n<1 and
O<R; <1;1/n=1and R =1 and 1/n=0 and R; =0 show the isotherm model is unfavora-
ble, favorable, linear and irreversible, respectively (Kumar 2006; Tran et al. 2017). In this
research, the obtained 1/n and R; values lower than 1 indicated that the As(V) adsorption
onto Fe-Bent is favorable.

As shown in Fig. 8 and Table 5, the A values in Temkin model increased with increasing
temperature indicated that the As(V) was better adsorbed on Fe-Bent with increasing tem-
perature. Therefore, at a higher temperature, the increase in As(V) adsorption onto the Fe-
Bent surface could be expected and the adsorption process was endothermic. The b values
indicated the chemical interaction between As(V) and Fe-Bent (Erhayem et al. 2015). In Sips
isotherm model, ¢g,,, showed the maximum adsorption capacity similar to g,, in Langmuir
model. Parameter ng showed the behavior of Sips isotherm like as Freundlich model; however,
the value of ng=1 showed the homogeneous surface similar to Langmuir model in high tem-
perature. According to the adsorption isotherm data, the heterogeneous surface sites mainly
affected the As(V) adsorption.

To compare the adsorption capacity between Fe-Bent and the other clays/iron compounds,
the physical properties (e.g., BET surface area, maximum adsorption capacity and iron con-
tent) and the experimental conditions (e.g., pH, adsorbent dosage and As(V) concentration)
are evaluated in Table 6. The results showed that the Fe-Bent significantly improved the effi-
ciency of As(V) adsorption.

3.7 Kinetic models of As(V) adsorption

In this research, the kinetic models of pseudo-first-order, pseudo-second-order and Elovich
were investigated to describe the As(V) adsorption mechanism. All equations and parameters
of these kinetic models are shown in Table 7. The plot of kinetic models is illustrated in Fig. 9.
The pseudo-first-order model in many adsorption processes was found to be suitable for only
a short time of interaction and not for the whole range of contact time. The pseudo-second-
order model is based on a chemical adsorption reaction involving the valence forces through
share or exchange of electrons between the adsorbent and the adsorbate (Mohan and Pittman
2007). Elovich equation has been used to describe the energetically heterogeneous nature of
the adsorbent surface for chemisorption reactions (Shaban et al. 2017).

According to Table 8, the pseudo-second-order, Elovich and pseudo-first-order kinetic
models were fitted well to the experimental kinetic data of Fe-Bent, respectively.

3.8 Adsorption thermodynamics

The thermodynamic adsorption parameters are calculated by Van’t Hoff equation [Eq. (7)]:

AG’ = —RTInK, (7)

where K is the thermodynamic equilibrium constant, 7 is the solution temperature (K),
and R is the universal constant (8.314 J mol™' K™!). K. represented the adsorption constant
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Table 7 Equations and

L Kinetic models Equations Parameters
parameters of kinetic models
Pseudo-first-order q,=q.(1-eX) q. (mg g‘]l)
K, (min™")
Pseudo-second-order g = geKyt q. (mg )
AR K,(g mg~!' min~")
Elovich 4 = % In(af) + %m n g mg:l min~")
p(mgg™)

q.: the amounts of As(V) adsorbed at equilibrium time (mg g7); ¢,:
the amounts of As(V) adsorbed at ¢ (min) time (mg g"'); K,: the rate
constant in the pseudo-first-order adsorption (min~'); K,: the rate con-
stant in the pseudo-second-order adsorption (g mg™' min~'); a: con-
stants of the Elovich model corresponded to initial adsorption rate
(mg g~! min~!); B: constants of the Elovich model corresponded to the
surface coverage with the chemisorption activation energy(g mg~")

Fig.9 Kinetic models in nonlin- 61 )
ear forms (at pH= 10, adsor- A Fe-Bent (298) _
bent dosage=2g L, As(V) L Redoscondonr  a
concentration=10 mg L' and e Elowieh P st
temperature of 298 K) G
4 4
C
=
ko
2
¥ Non-linear form
[) 5 T T 1
0 100 200 300

t (min)

of the best isotherm model (Fenti et al. 2019; Tran et al. 2017). Therefore, K; was selected
for K. determination duo to the lowest 4 and highest R* values (see Table 5). For the con-

version of K; Eq. (8) was used.
K o\ (1=1/n)
Kc = L (107 8)
1000 \ p

where p is a density of pure water (assumed as~1 g mL™"). Standard enthalpy AH® and
standard entropy AS® were obtained by the plot of In K versus 1/7. The standard free
energy AG® was calculated from the Gibbs relation at a constant temperature [Egs. (9) and

(10)]:

AG® = AH? — TAS° )
ASO  AHO
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Fig.10 Van’t Hoff plot of Ln K, 8 1
versus 1/T for As(V) removal

y =-12768x + 46.537
6 R>=0.9411

In Ke
N
.

2 A Fe-Bent

14 Linear (Fe-Bent)

0.0031 0.0032 0.0033 0.0034
1T (K

Table 9 Thermodynamic parameters for sorption of As(V) on Fe-Bent

Temperature (K) Thermodynamic parameters
AG® (kJ mol™) AH® (K mol™) AS® (J mol™' K™
298 -9.61 106.15 386.91
308 —12.01
318 —17.41

where C, is the equilibrium concentration of As(V) adsorbed on Fe-Bent (mg L") and Co
is the equilibrium concentration of As(V) in aqueous solution (mg L™!). The thermody-
namic results are shown in Fig. 10 and Table 9. The obtained adsorption enthalpy (AH® =
106.15 kJ mol™!) for Fe-Bent represented the endothermic and chemical reaction. There-
fore, it seems that the iron hydroxide groups kept the As(V) ions strongly. The spontaneity
of the As(V) adsorption reaction onto Fe-Bent was exhibited by increasing temperature and
decreasing AG°.

The experimental data with the investigation of isotherms, kinetic models and ther-
modynamic data suggested the following mechanism for As(V) adsorption on Fe-Bent:

Under acidic conditions (pH <pHzpc), the Fe-Bent surface is positively charged, and
then, these positive charges are equaled to their accompanying anions. Therefore, the
ligand exchange reactions happened and the present anionic species in the solution could
be adsorbed. In this way, the complexation occurred on the surface of Fe-Bent with the
interchange of the OH group in Fe—OH species [Eqs. (11)—(13)].

Moreover, the mechanism of As(V) adsorption in Fe-Bent strongly depends on the pH
of the solution due to the formation of new sites with hydrated exchangeable metal cations
on the surface (Ramstedt 2004).

Si/Al — OH 4+ Me?* & Si/Al — O — (Fe/AD“ D+ + HY 11
2(Si/Al) — OH + Me”* « (Si/Al — 0),(Fe/Al)“D* 4 2H* (12)
Si/Al — OH + Me”* + H,0 < Si/Al — O — MeOH“ D+ 4 2H* (13)
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OH ligand interchange
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Fig. 11 Adsorption mechanism of As(V) onto the montmorillonite layer of Fe-Bent

In Fe-Bent, the impregnated iron was mostly coordinated by various functional
groups on bentonite. Moreover, the immobilization of As(V) species on the active sites
of adsorbents was gained by Me—As surface complexes according to subsequent formulas
[Egs. (14) and (15)] (Dousova et al. 2009). At pH=6 (pH <pHzpc), the H,AsO,~ spe-
cies was dominant. The adsorption mechanism of H,AsO,~ onto the Fe-Bent is shown in
Fig. 11.

Me — OH + H,AsO; + H,0 < Me — HAsO4 + H,O(As(V), monodentate)  (14)

2Me — OH + H,AsO, < Me, — AsO, + 2H,O(As(V), bidentate). (15)

4 Conclusion

1. To increase the adsorption capacity of natural bentonite, the modification of bentonite
surface is considered by the formation of isolated Fe(III) ions, small clusters and bulky
Fe, O, particles in the porous structure of Bent.

2. Impregnation method made the crystalline and amorphous iron species in Fe-Bent, and
improved bentonite porosity and surface area for As(V) adsorption.

3. The maximum As(V) adsorption for modified bentonite was determined in the rate of
99% (at adsorbent dosage=2 g L™}, As(V) concentration=10 mg L~! and pH=6-8).

4. For a better understanding of As(V) adsorption, thermodynamics, kinetics and two-/
three-parameter isotherm models were investigated. These isotherms, kinetics, thermo-
dynamic models and the adsorption properties of Fe-Bent based on several analytical
techniques confirmed that the sorption was chemical and endothermic.

5. The probable mechanisms of As(V) adsorption on Fe-Bent clay were the ligand
exchange reactions and the inner-sphere complexation for the formation of stable and
strong bidentate and monodentate As-Fe complexes.
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