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Abstract In this study, an iron oxide-coated zeolite
(I0CZ) nanocomposite was synthesized and used for
the removal of U(VI) and As(III) from aqueous solutions
using a batch system. Parameters such as various contact
times, pH, competing ions (Cd**, Co**, and Cr*"), tem-
perature, and initial concentrations of uranium(VI) and
arsenic(IIl) were investigated. The experimental results
were fitted to the Langmuir, Freundlich, and Dubinin—
Radushkevich isotherms to obtain the characteristic pa-
rameters of each model. Results suggested that adsorp-
tion of U(VI) and As(Ill) by IOCZ was best modeled
with the Freundlich isotherm. The kinetic experimental
data fitted the pseudo second-order model better than the
pseudo first-order model for both elements. Using the
thermodynamic equilibrium constants obtained at differ-
ent temperatures, various thermodynamic parameters,
such as AG®°, AH°, and AS°, were calculated. These
parameters indicated that the process is spontaneous and
exothermic in nature. It was noted that an increase in
temperature resulted in a decrease of 8.5 and 27.5% for
U and As removal, respectively. An increase in initial
concentrations of U(VI) and As(III) from 10 to
100 mg L™" at pH 3 resulted in increased adsorption

E.N. Bakatula (P<]) - R.Molaudzi - P. Nekhunguni - H. Tutu

Molecular Sciences Institute, School of Chemistry, University of
the Witwatersrand, Private Bag X3, Wits 2050, South Africa
e-mail: enbakatula@ gmail.com

E. N. Bakatula
Civil, Geological and Mining Engineering Department, Ecole
Polytechnique de Montréal, Montreal, QC H3C 3A7, Canada

capacities (q.) for both elements. The increases were
from 1.247 to 20.10 mg g~ for U(VI) and from 3.115
to 54.18 mg g ' for As(V). The presence of competing
ions such as Cd**, Co?*, and Cr’** enhanced the removal
of As by 9.2% whereas the adsorption capacity of ura-
nium decreased by 13.8%. This research demonstrated
that IOCZ is a potential adsorbent for the removal of
U(VI) and As(IIl) from aqueous solutions.

Keywords Iron oxide-coated zeolite - Arsenic -
Uranium - Adsorption - Isotherms

1 Introduction

Aquatic systems are prone to contamination by toxic
elements such as Cr, As, Pb, Hg, Cd, and U. Largely,
these elements emanate from mining and smelting op-
erations and can find their way into aquatic systems via
dust fallout, erosion, and weathering of waste as well as
leachate solutions emanating from such sources. In
South Africa, for instance, U and As are commonly
found in gold mining waste in the Witwatersrand Basin.
The basin has contributed immensely to the develop-
ment of the city of Johannesburg and the economy
through vast amounts of gold that have been mined in
it, accounting for over half of the gold ever mined in the
world (Robb and Robb 1998). The waste from the
mining activities is contained in tailing dumps that are
scattered along the mining belt stretching in an east—
west direction across the south of Johannesburg. Several
studies in the basin have reported that the dust and
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leachates emanating from the dumps contain significant
amounts of contaminants, among them U and As
(Winde 2002; Winde and Sandham 2004; Reimold and
Gibson 2006; Tutu et al. 2008; Tutu et al. 2009;
McCarthy and Pretorius 2009; Winde 2010; Bakatula
2012). U and As occur as uraninite (UQO,), brannerite
(UTi,0g), arsenopyrite (FeAsS), cobaltite (CoAsS), and
gersdofite (NiAsS) in the host ores (Feather and Koen
1975).

In oxidizing environments, uranium occurs as the
uranyl ion, U022+, in which it has a valence of VI.
Uranium is both chemotoxic and radioactive with the
liver and kidneys being the main targets of uranium’s
toxic effects and with reservoirs of uranium concentrat-
ing in the kidneys and bones (WHO 2005; Hakonson-
Hayes et al. 2002). This radionuclide makes its way into
the human body through eating, drinking, and inhaling
dust particles (DWAF 2015; Osborne and Ehrlich 1976).
The allowed limit of uranium in drinking water accord-
ing to South African guideline is 0.07 mg L' (DWAF
2015). The toxicity of arsenic depends on the specific
chemical form. Inorganic trivalent arsenite (As'™) is 2—
10 times more toxic than pentavalent arsenate (AsY)
(Ferguson and Gavis 1972), whereas the toxicity of
organo-arsenicals is generally lower than that of its
inorganic species. Inorganic forms of arsenic most often
exist in aqueous systems. Arsenic is sensitive to mobi-
lization at pH between 6.5 and 8.5 and under both
oxidizing and reducing conditions (Smedley and
Kinniburgh 2003). Contamination with high levels of
arsenic is of concern because it can cause a number of
human health effects. Several epidemiological studies
have reported a strong association between arsenic ex-
posure and increased risks of both carcinogenic and
systemic health effects (Tchounwou et al. 2003). Interest
in the toxicity of arsenic has been heightened by recent
reports of large populations in West Bengal, Bangla-
desh, Thailand, Inner Mongolia, Taiwan, China, Mexi-
co, Argentina, Chile, Finland, and Hungary that have
been exposed to high concentrations of arsenic in their
drinking water and are displaying various clinico-
pathological conditions including cardiovascular and
peripheral vascular disease, developmental anomalies,
neurologic and neurobehavioral disorders, diabetes,
hearing loss, portal fibrosis, hematologic disorders (ane-
mia, leukopenia, and eosinophilia), and carcinoma
(Tchounwou et al. 2004; Agency for Toxic Substances
and Disease 2000; Centeno et al. 2005; National
Research Council 2001).
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In South Africa, severe arsenic poisoning has been
reported in the Northern Cape and Limpopo provinces
where concentrations of 1000 ug/L were found in
groundwater (Sami and Druzynski 2003). Another
source of arsenic to groundwater and the soil in South
Africa is the use of chromated copper—arsenate in the
preservation of timber. Arsenic actually protects the
timber from wood-destroying insects. Improper disposal
of waste from timber plants contaminates the soil and
water systems around the plants (Kesunathan et al.
2006). Significant amounts of arsenic have also been
reported in mine leachates and tailings in the Witwaters-
rand Basin (Tutu 2006). The allowed limit of arsenic in
drinking water according to South African guideline is
10 ug L™ (DWAF 2015).

Iron oxides have proved to be an effective sorbent for
the removal of various contaminants from water, due to
their characteristics such as high surface area and sur-
face charge, as well as high affinity towards metals and
metalloids. When used by themselves, iron oxides are
difficult to remove from water after adsorption and thus
need to be placed as a coating onto particles to provide
mechanical stability (Thirunavukkarasu et al. 2003; Hsu
et al. 2008). Iron-based oxides have been found to
adsorb arsenic compounds in drinking water to a signif-
icant extent. For instance, Yuan et al. (2002) evaluated
several iron-treated natural materials, such as Fe-treated
activated carbon (FeAC), Fe-treated gel beads (FeGB),
and iron oxide-coated sand (IOCS), for removing arse-
nic in drinking water for household use (cooking and
drinking) and showed that IOCS had a good perfor-
mance in terms of As(III) and As(V) removal in batch
tests, column tests, and field experiments. Yean et al.
(2005) evaluated the sorption and desorption behavior
of arsenic to magnetite (Fe30,4) nanoparticles, and they
found that the sorption capacity was dependent on the
pH value and surface area of the adsorbent.

Coating iron oxide onto particles with natural affinity
for cations (such as zeolites) and high surface area may
provide an effective sorption media with the application
for both cationic and anionic contaminants from water.

The aim of this work was to assess the performance
of iron oxide-coated zeolite (IOCZ) in removing U and
As from aqueous solutions. The approach was based on
conducting batch studies to assess the effect of pH,
initial concentrations of U and As, contact time, tem-
perature, and the presence of competing ions (Cd*",
Co®*, and Cr’"). The insight on the processes gained
in this study is useful for systems in which initially
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zeolite is used as the adsorbent, but the precipitation of
Fe out of the solutions being treated leads to the inad-
vertent coating of the zeolite.

2 Materials and Methods
2.1 Preparation of Iron Oxide-Coated Zeolite

Natural zeolite was provided by the School of Animal,
Plant and Environmental Sciences, University of the
Witwatersrand, South Africa. The natural zeolite was
treated with NaOH to obtain the activated zeolite—sodi-
um type used for the synthesis of the IOCZ. Na—zeolite
was obtained by soaking 100 g of natural zeolite (frac-
tion 2-3 mm) in 1000 mL of 2 mol L' NaOH for 24 h at
room temperature (i.e., 25+ 1 °C). The zeolitic material
was repeatedly washed with deionized water to remove
any excess Na and then dried at room temperature.

In the first step, iron oxide (magnetite) particles were
prepared by adding a 2 mol L' NaOH solution drop by
drop (with agitation) to a 1000 mL solution containing
4.5 g of ferrous sulfate until the pH reached 11. The
resulting slurry (essentially iron hydroxide) was then
heated in a water bath to form iron oxide which was
then washed with deionized water and dried at room
temperature.

In the second step, iron oxide particles (2.0 g) were
re-dispersed in deionized water and Na—zeolite (6.0 g)
was added slowly with agitation at a ratio of 3:1 (w/w)
zeolite/iron oxide.

The IOCZ obtained was washed with deionized wa-
ter, dried at room temperature, and crushed to particle
size (<2 mm) using a mortar and pestle.

2.2 Physical-Chemical Characterization of the Natural
Zeolite and IOCZ

Natural zeolite was characterized using X-ray fluores-
cence (chemical composition, performed in the School
of Geosciences at University of the Witwatersrand,
South Africa) and FTIR (Tensor 27, Bruker, Germany)
(for the identification of functional groups). The surface
area and cationic exchange capacity (CEC) were deter-
mined by the Brunauer—Emmet—Teller (BET surface
area and porosity analyzer, (Tristar 3000 Analyzer,
Micromeritics, USA) and BaCl, methods Gillman and
Sumpter (1986), respectively. The zeolite—iron oxide

particles were characterized using the Fourier transform
infrared (FTIR) and X-ray diffraction (XRD).

The point of zero charge (PZC) for the IOCZ was
determined using the salt addition method (Tan et al.
2008; Mahmood et al. 2011). In the method, a sample
mass of 0.200 g was added to 40.0 mL of 0.1 mol L'
NaNOj; solution. The pH was adjusted using a pH
Benchtop meter (Thermo Scientific Orion Star A211,
Germany) to 2, 3,4, 5,6,7,8,9, 10, and 11 (£0.1 pH
units), with 0.1 mol L HNO; and 0.1 mol L ! NaOH
as needed in each centrifuge tube. These were then
shaken for 24 h in an automated shaker (Labcon, South
Africa) at 150 rpm to reach equilibrium. After settling,
the final pH of each suspension was measured carefully.
The ApH (the difference between final and initial pH)
values were then plotted against the initial pH values.
PZC was the pH value where ApH equals zero. Each set
of experiments was done in triplicate, and the mean
value was recorded.

2.3 Preparation of Stock Solutions

All chemicals used were of analytical grade and were
purchased from Merck, South Africa. Uranium(VI) and
arsenic(I1T) stock solutions of 1000 mg L™ were pre-
pared by dissolving appropriate amounts of
UO,(NOs),'6H,0 and NaAsO,, respectively, in deion-
ized water. Working solutions were prepared by serial
dilution of the stock solutions. Three solutions of
10 mg L' of co-ions, including Cd**, Co**, and Cu**,
respectively, were prepared by the dissolution of known
mass of their nitrate salts with deionized water. The
initial pH values of the working solutions were adjusted
by the addition of 0.5 mol L' NaOH or HNO;
solutions.

In order to minimize the contamination of the sam-
ples, all glassware and polypropylene vessels were
cleaned by soaking in detergent solution then acid bath
and in deionized water each for 24 h. Before use, the
vessels were rinsed several times with deionized water
and air-dried.

2.4 Batch Adsorption Experiments

The setup of the two separate batches of experiments
was the same for uranium and arsenic. In each case,
elemental concentration, pH, kinetic, temperature, and
effect of competing ions were assessed. The different
procedures are described in paragraphs below.
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2.4.1 Elemental Concentration Study

The effect of elemental concentration was studied by
adding 1.0 g of IOCZ into polypropylene bottles con-
taining 50 mL of U or As solutions at concentrations of
10, 20, 50, and 100 mg L. The pH level of the
solutions was adjusted with 0.1 mol L™ solution
NaOH/HNO; to the given pH value of 3. The mixture
was shaken using an automated shaker (Labcon, SA) at
150 rpm for 5 h at a constant temperature (25 + 1 °C).
The optimum contact time evaluated from the kinetic
experiments was used to perform these studies. The
supernatant was filtered through a 0.45-um pore cellu-
lose nitrate membrane and then analyzed using an in-
ductively coupled plasma optical emission spectroscopy
(ICP-OES) (Kleve, Germany).

2.4.2 pH Study

The effect of varying solutions of pH on adsorbent
performance was conducted by adding 1.0 g of
IOCZ into polypropylene bottles containing 50 mL
of 20 mg L' U or As solutions. The pH was varied
by adding diluted solution of NaOH or HNO;
dropwise to achieve pH values of 3, 5, and 8. The
mixtures were agitated using automated shaker
(Labcon, SA) at 150 rpm for 5 h at a constant
temperature (25+1 °C). After equilibration, the
mixture was filtered through a 0.45-um pore cellu-
lose nitrate membrane. The supernatant was ana-
lyzed using an ICP-OES (Kleve, Germany).

2.4.3 Kinetic Study

The kinetic experiments were performed in a 1-L beaker
containing 500 mL of 20 mg L' U(V) or As(III) solu-
tions and 10.0 g of IOCZ. Solutions of uranium and
arsenic were adjusted at pH 3 using diluted HNOs. The
mixture was shaken in an automated shaker (Labcon,
SA) at 78 rpm, and the temperature was kept constant at
25+ 1 °C. Samples were withdrawn at pre-determined
time intervals (20, 30, 60, 90, 120, 150, and 180 s). The
volume withdrawn at each pre-determined time was
5 mL (i.e., 1% of the total volume) to minimize the
change in the ratio of elemental concentration to the
adsorbent mass. The supernatant was analyzed using
ICP-OES (Kleve, Germany).
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2.4.4 Temperature Study

The effect of temperature was studied by adding 1.0 g of
IOCZ into polypropylene bottles containing 50 mL of
20 mg L™ U or As solutions at pH 3. The mixture was
shaken at 24 and 30 °C (i.e., 297.15 and 303.15 K,
respectively) using an automated shaker (Labcon, SA)
set at 150 rpm for 5 h. At equilibrium, the mixture was
filtered and the filtrate was analyzed by ICP-OES (Kle-
ve, Germany).

2.4.5 The Presence of Competing lons

The study of the effect of the presence of competing ions
was done by adding 1.0 g of IOCZ into polypropylene
bottles containing 50 mL of a mixture of Cd**, Cr**, and
Cu?*. U and As solutions were added to each bottle such
that their concentrations were 10 mg L™ while that of
competing ions was 5 mg L™'. The obtained mixtures
(multi-ion solution and I0CZ) were shaken using an
automated shaker (Labcon, USA) for 5 h at 150 rpm,
and the temperature was kept constant at 25+ 1 °C. At
equilibrium, the mixture was filtered and the filtrate was
analyzed by ICP-OES (Kleve, Germany).

All analyses were based on triplicate measurements
with analytical errors (relative standard deviation) less
than 10%.

2.5 Modeling of Analytical Results
2.5.1 Adsorption Capacity

The adsorption capacity (g.) of IOCZ was calculated
under various conditions using the following expression
(Eq. (1)):

(C()_CE)V

qe :T (1)

where Cy is the initial U or As concentration in milli-
grams per liter and C, the U or As concentration at
equilibrium in milligrams per liter, V the volume of U or
As solution (L), and M the mass of IOCZ adsorbent (g).

2.5.2 Adsorption Isotherms

The equilibrium adsorption isotherm is of importance in
the design of adsorption systems (Langmuir 1918;
Freundlich 1906; Dada et al. 2012). The equilibrium
data obtained in the present study were analyzed using
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the linear forms of the expressions of the Langmuir
(Eq. (2)), Freundlich (Eq. (3)), and Dubinin—
Radushkevich (D-R) (Egs. (4) and (5)) isotherm models:

C. 1 C.

DA 2

de qwd 4 =
1

logg, = logK r + —-logC, (3)
n

In(ge) = In(Xm) + 3*F? 4)

F:R*T*ln(l + 1/Ce) (5)

where forEgs. (2) and (3), C, is the equilibrium concen-
tration (mg L"), ¢, is the amount adsorbed at equilibri-
um (mg g '), g,, is the maximum amount of adsorbate
per unit weight of adsorbent to form a complete mono-
layer on the surface (mg g '), b is the Langmuir iso-
therm constant (L mg "), related to the affinity of the
adsorption sites, and K ((mg gfl) (L mgﬁl)l/ "y and n are
the Freundlich constants related to adsorption capacity
and adsorption intensity of adsorbents, respectively.

For Eq. (4), Xm is the maximum sorption capacity of
sorbent (mol/kg), 3 is a constant related to mean sorption
energy (mol*/kJ?), F is the Polanyi potential, R is the gas law
constant (kJ/(mol K)), and 7'is the absolute temperature (K).

The constants 3 and Xm were obtained from the slope
and intercept of the plot of In(ge) vs. FZ. The sorption
energy (Ej) (kJ mol ') is correlated with /3 (the isotherm
constant) by the following relationship:
=t (6)

=k

If E, is less than 8 kJ mol !, the adsorption process is
physisorption (i.e., an ion—ion attraction); if Ej is be-
tween 8 and 16 kJ mol ™', the adsorption process is by
ion exchange; and if E, is greater than 16 kJ mol ', the
adsorption process is chemisorption (typically via the
formation of strong covalent bonds).

2.5.3 Adsorption Kinetic Study

The study of adsorption kinetics provides information
about the mechanism of adsorption, which is important
for the efficiency of the process and the prediction of the
rate at which contaminants are removed from aqueous
solutions. Several kinetic models are available to exam-
ine the controlling mechanism of the adsorption process
and to test the experimental data.

The rate constants of the adsorbate removal from the
solution by IOCZ composites were determined using the
Lagergren pseudo first-order equation (Eq. (7)) (Aksu
2002; Fungaro et al. 2012) and the pseudo second-order
equation (Eq. (8)) (Ho et al. 1999):

ky-t

log(¢.~q,) = 10g(qe)~ 553 (7)

t 1 1

= 4y 8
q krq;  q. ®)

where ¢, is the amount of ion adsorbed at equilibrium
(mg g "), g, is the amount of ion adsorbed at time ¢
(mg g "), ky is the rate constant for the pseudo first-order
model (min "), and £, is the rate constant for the pseudo
second-order model (g mg ™' min ).

2.5.4 Thermodynamic Study

The thermodynamic parameters, namely the Gibbs free
energy change, AG° (kJ mol "), enthalpy change, AH°
(kJ mol ™), and entropy change, AS° (kJ (mol K) "), for
the specific adsorption were calculated using Egs. (9)
and (10) (Unlu and Ersoz 2007; Wang and Chen 2006):

AG’ =-R.T.InK¢ (9)

AG® = AH°-T(AS°) (10)

where R is the universal gas constant (8.314 J mol ' K™,
T is the absolute temperature in Kelvin, and K¢ is the
equilibrium constant (L g ). Enthalpy change, AH®, and
entropy change, AS°, were determined from the slope and
intercept of the plot according to Eq. (10).

2.5.5 Mathematical Modeling and Statistical
Interpretation

The validity for each model is found by the use of a
normalized standard deviation Ag(%) which can be
calculated from the following Eq. (11):

n 2
Z [qexp “Ycalc ]

i=1 qexp

Aq(%) = 100 — (11)

where ¢, is the experimental metal ion removal, gy is
the calculated amount of metal ions adsorbed, and #» is
the number of data points.
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The goodness-of-fit of the models to the experimen-
tal data is found by the comparison of the correlation
coefficients (i.e., R?).

2.5.6 Elemental Speciation Study

The speciation of U and As in solution was studied using
the Hydra and MEDUSA geochemical modeling code
database (Puigdomenech 1999). The code assumes a state
of thermodynamic equilibrium for the solutions under
consideration and based on this calculates the species
distribution under the given solution conditions. It should
be noted here that speciation models do not require any
calibration as this is done intrinsically in the models.

3 Results and Discussion
3.1 Characterization of Zeolite

The chemical composition of the natural zeolite used in
this study was performed using XRF and the results are
presented in Table 1.

The cationic exchange capacity was 23.16 meq/
100 g, obtained according to the BaCl, method with
Na*, K*, Ca®*, and Mg** being the exchangeable cat-
ions in the zeolite cavities (Gillman and Sumpter 1986).
The surface area and the average pore volume were
18.07 m*/g and 0.0968 cm>/g, respectively.

FTIR and PXRD Analysis of Na—Zeolite and
10CZ Figure 1 shows the FTIR spectra for Na—zeolite
(Na-Z) as well as that for the IOCZ. Peaks were depicted
at 3434 em ™' (O-H stretch); 1631 em ™' (O-H bend);
1106 cm™ ! (Si~O) and 795 cm ' (Al-O); and 536 cm !
(O—H bend out of plane). The presence of iron oxide

was confirmed by the new peak at 2925 cm ™.

Table 1 Chemical com-

position of the natural Constituent Value (%)
zeolite
SiO, 77.36
ALO; 12.96
CaO 1.42
Fe 05 0.13
Na,O 1.62
K,0 40
MgO 0.92
LOI 11.96

@ Springer

The powder X-ray diffraction (PXRD) patterns (not
shown here) depicted clinoptilolite ((Na,K,Ca),_
3Al3(ALSI), Sij3 O3412H,0) as the predominant miner-
al in the natural zeolite. The PXRD pattern of IOCZ
revealed the presence of 23.98% of Fe,03; an increase
of 22.85% compared to natural zeolite confirms the
coating of iron oxide on the surface of zeolite.

3.2 Adsorption Studies

3.2.1 Effect of Initial Uranium and Arsenic
Concentration

The results for the adsorption of U and As with respect to
change in initial concentration are presented in Fig. 2. The
results showed an increase of adsorption capacity with an
increase in the initial concentration from 10 to 100 mg L™
for both elements. The results indicated that the adsorp-
tion capacity of U(VI) and of As(Ill) increased from
1.247 10 20.10 mg g ' and from 3.115 to 54.18 mg g ',
respectively, as the elemental concentration increased
from 10 to 100 mg L™'. The adsorption of As was
generally higher (~2 times more) than that of uranium.
The saturation point was not reached up to a concentra-
tion of 100 mg L™ for both arsenic and uranium.

The increase may be attributed to more elemental
ions being available for the adsorption sites as the con-
centrations increased. The higher adsorption of As com-
pared to U will be explained later when the mechanisms
of adsorption are assessed.

3.2.2 Adsorption Isotherms

As aforementioned, Langmuir, Freundlich, and
Dubinin—Radushkevich (D-R) isotherms were used to
quantitatively describe elemental sorption by IOCZ. The
correlation coefficient (R?) values were used to deter-
mine the most fitted model among all the three written
above. The isotherm parameters as well as the related
correlation coefficients are listed in Table 2.

Based on the correlation coefficient (R?), the
Freundlich model yielded a better fit for both elements
(R*=0.942 for U and 0.981 for As). The fit to the
Freundlich isotherm may be attributed to the heteroge-
nous distribution of active sites on the IOCZ surface
(Bakatula et al. 2014). This model assumes adsorption
onto a heterogenous surface where different sites could
have different energies. The values of the mean free
energy (Es) calculated from the D-R isotherm were
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Fig. 1 FTIR spectra of Na—zeolite and IOCZ

8.213 kJ mol ™" for uranium and 8.895 kJ mol ™' for
arsenic, indicating an ion exchange mechanism for both

elements. The following mechanism is suggested:

groups (Eq. (12)) (Wang et al. 2010).

Fe, O,

Fig. 2 Effect of U(V) and As(II)
concentrations on their adsorption
onto IOCZ (pH =3, temp =

25 °C, contact time =5 h) (n=3
and RSD <10%)

Firstly, the charge on the surface of iron oxides
results from the dissociation of the surface hydroxyl
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Table 2 Langmuir, Freundlich, and D-R constant values for the sorption of U and As on IOCZ

Langmuir constant

Freundlich constant

D-R constant

b@Lmg™") g,(molkg™) R>  Aq(%) n Kpmgg™h) R°  Ag(%) Xm(molkg") E,(kImol™) R*  Ag (%)
U 21,606 0.019 0.293 2651  1.999 1.022 0.942 2077  0.958 8213 0.928 25.71
As 3889 0.034 0.623 2124 1.893 1.012 0981 1128 0919 7.295 0.947 36.73

Furthermore, the surface charge of iron oxide coated
onto zeolite becomes more positive in acidic conditions
due to protonation, resulting in an increase of adsorption
sites for As (Jeon et al. 2009).

Secondly, the hydroxyl ion is exchanged with the
arsenite ion:

Fe—OH + H,AsO; —Fe—0OAsO,H + OH . (13)

Previous studies revealed that sorption of As(V) as
well as As(III) onto soil constituents, such as aluminum
and iron oxides, happens through an inner-sphere com-
plex via a ligand-exchange mechanism (Lumsdon et al.
1984; Sun and Doner 1996; Waychunas et al. 1993).
This means that arsenic ions interacted with iron-
modified zeolite surfaces in acid/base equilibrium,
where underlying Fe ions act as a Lewis acid by ex-
changing the hydroxyl ion for other ligands to form
surface complexes. Interaction between the surface hy-
droxyl groups and protons as well as ligand exchange
provides iron oxides with high affinity to both arsenate
and arsenite, both of which are Lewis bases (electron
pair donors).

The maximum capacities ¢, (mol kg™ ") determined
from the Langmuir isotherm, defining the total capacity
of IOCZ for uranium(VTI) as well as As(III), were 0.019
and 0.034, respectively.

The Freundlich constant, K5 (adsorption capacity,
mg g_l) values were 1.022 and 1.012, respectively, for
uranium and arsenic. The subunitary values of the ratio
1/n suggest that the adsorption was favorable (Taffarel
and Rubio 2010) and that the elements were bound with
weak sorption energies (Ozer et al. 1997). These results
indicate that IOCZ has a very strong adsorption capacity
for U(VI) and As(III) in the solution. When comparing
the statistical results of the three models applied in this
work (Table 2), the Freundlich isotherm was found to
better predict the adsorption of U(VI) and As(III) onto
I0CZ.

In previous studies, the Freundlich isotherm was
reported to be suitable to represent arsenic adsorption
processes by a wide range of iron containing adsorbents,
including iron-pretreated activated carbon (Mondal
et al. 2009), granular ferric hydroxide (Badruzzaman
et al. 2004), and iron oxide-coated sand
(Thirunavukkarasu et al. 2002).

3.2.3 The Effect of Initial pH

The initial pH of the solution is an important factor that
must be considered during adsorption studies. The pH
has two kinds of influence on elemental sorption, name-
ly an effect on the solubility and speciation of the ions in

Fig. 3 Effect of pH on the 1.2
adsorption of U and As on IOCZ AU DAs
(temp =25 °C, C;=20mg L', 1
contact time=5 h) (n=3 and o = =
RSD <10%) __ 08 A
Qo
~
jEj 0.6 B
Q
o
0.4
0.2
A
0
3 4 5 6 7 8 9
pH initial
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Eh (mV)

Fig. 4 Eh—pH diagram for aqueous arsenic species in the system
AsO,—H,0 at 25 °C (re-printed with permission from Smedley
and Kinniburgh 2002)

solution and on the overall charge of the adsorbent. The
adsorption of U and As was studied at pH 3, 5, and 8,
which is the pH regime of most of gold mine waters in
the Witwatersrand. The results of the effect of pH are
shown in Fig. 3.

As seen in Fig. 3, the adsorption efficiency of As(III)
on IOCZ was not much affected by the solution pH (pH
3 to 8). In fact, arsenic exists as oxyanions across pH
ranges 2 to 8, as represented by the speciation diagram
in Fig. 4. The diagram depicted H,AsO, as the only
dissolved species from pH 3 to 7 and H,AsO, > at pH
>7. Therefore, (H,AsO,) being the most abundant

species of As at the pH range studied, this explained
the trend seen in the Fig. 3, almost no variation in
adsorption capacity with the variation of solution pH.
Similar trend was observed by Jeon et al. (2009) when
adsorbing arsenic on iron-coated zeolite. As explained
in the previous paragraph, the adsorption of arsenic on
IOCZ followed an ion exchange process. This means
that the surface charge of the adsorbent had no effect on
the adsorption. Thus, it was concluded that adsorption of
arsenic from aqueous solutions is independent of pH.
The relative abundance of various uranium(VI) spe-
cies is a strong function of pH and composition of
solution. The strong dependence of adsorption on pH
can be explained by changes in the IOCZ surface charge
and U speciation with pH. The pHpyc of 10.4 means that
at the pH range of the experiments, the surface charge of
the IOCZ was positive. Thus, the predominance of U
species will greatly influence its adsorption. The distri-
bution of uranium species as a function of pH is pre-
sented in Fig. 5. At low pH (3-5), the UO,** was
predominant. Since both the uranyl ion and the adsor-
bent have net positive charges, the repulsion by the
positive surface could explain the low removal of ura-
nium by IOCZ. At pH 5-6, the neutral UO,(OH),-H,O
(schoepite) was the most abundant species. This would
likely precipitate on the adsorbent, and thus, the ob-
served increase in adsorption may be a combination of
precipitation and adsorption. At pH >6, negatively
charged species, i.e., UO,(OH); and UO,(OH);%",
were dominant. More U would have been expected to
be adsorbed, but the contrary was observed. This could
suggest that the positively charged sites begin to

Fig.5 Speciation of uranium in a
uranium-water system at 25 °C
and /=0 M calculated using
Hydra and MEDUSA speciation I
modeling freeware versions or
(Bakatula et al. 2015)
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Fig. 6 Adsorption kinetics of 0.5 -
U(VI) and As(III) onto IOCZ AU mAs i1
(temp =25 °C, C;=20 mg L, = o i}
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decrease at those higher pH values that are close to the
pHpzc, leading to decreased adsorption of negatively
charged U species.

Further work involving surface complexation model-
ing would have to be conducted to comprehensively
understand the mechanism behind U adsorption as pH
changes.

3.2.4 Adsorption Kinetics

Figure 6 illustrates adsorption kinetics of uranium and
arsenic onto IOCZ. Adsorption kinetic studies showed a
rapid removal of U(VI) and As(IIT) within the first 30 s
to achieve equilibrium. The adsorption kinetics can be
divided into two linear stages: (i) the rapid adsorption
phase and (ii) the second stage of steady state, where the
adsorption reached a plateau.

The change in the adsorption rate during adsorption
could be explained by the availability of a large number
of free adsorption sites on the surface of the adsorbent in
the beginning of the reaction.

Kinetic Parameters The pseudo first-order and pseudo
second-order models were applied to the kinetic data of

Table 3 Kinetic parameters of the adsorption of U and As on IOCZ

uranium and arsenic adsorption onto IOCZ to investi-
gate the mechanism of the adsorption process and de-
termine the rate controlling step in the overall adsorption
process. The kinetic parameters and correlation coeffi-
cients (R%) for the two kinetic models were calculated
from the linear plots of log(g.—q,) vs. ¢ and #/q, vs. t,
respectively, and are listed in Table 3.

Based on the correlation coefficients, the pseudo
second-order kinetic model represented the uranium
and arsenic uptake best. The plots of ¢/t vs. ¢t showed
good linearity (Fig. 7) with high correlation coefficients
(0.989 for U(VI) 0.991 and for As(III)). In addition, the
equilibrium uptake calculated from the kinetic plots
(ge,ca) agreed well with the experimental values (¢, exp,
0.363 and 0.421 mg/g for U(VI) and As(III),
respectively.

Therefore, the sorption kinetics was well described
by the pseudo second-order kinetics, which implied that
the uranium and arsenic uptake by IOCZ was due to
chemisorption.

The pseudo second-order kinetic model has been
used to describe uranium and arsenic uptake by other
iron containing adsorbents (Gu and Deng 2007; Guo
and Chen 2005; Fierro et al. 2009).

Metal Pseudo first-order Pseudo second-order
kl Ge(cale) R2 Al] k2 Ge(cale) R2 Aq
min ! mgg ' [%] [mol (kg min) '] mgg [%]
U 0.151 1.208 0.864 88.35 49.48 0.348 0.989 13.14
As 0.129 1.149 0.736 86.23 17.06 0.459 0.995 14.67
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Fig. 7 Pseudo second-order ki-
netic model for the adsorption of
uranium and arsenic on I0CZ
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3.2.5 Effect of Temperature

The adsorption of U(VI) and As(V) was assessed at two
different temperatures: 297.15 and 303.15 K. Thermo-
dynamic parameters, i.e., enthalpy change (AH°), free
energy change (AG®), and entropy change (AS®), were
calculated from the experimental data and the results are
presented in Table 4. Raising the temperature of the
metal solutions led to a decrease of the adsorption
capacity of 8.5 and 27.5% for U and As, respectively.
These results were confirmed by the negative values of
enthalpy change, suggesting that the adsorption of both
elements was exothermic. The AH® for the present pro-
cess was found to be negative (—124.9 and
—16.25 kJ mol ™", for U and As, respectively), which
proves the exothermic nature of the sorption reaction.
The standard free energies AG® for the sorption of
uranium, obtained from Eq. (8), were —4.429 and
1.787 kJ mol ' at 297.15 and 303.15 K, respectively.
The negative value of AG® depicts a spontaneous ad-
sorption process. The standard free energy AG® for As
was close to 0 (0.138 kJ mol "), implying that the
removal of As was spontaneous. A more positive AG®
with the increment of temperature implies a non-

Table 4 Thermodynamic parameters of U and As on IOCZ

favorable reaction at higher temperature, which is a
characteristic of exothermic surface process. The entro-
py changes (AS°) were positive for both U and As,
suggesting a high affinity of the elements for the IOCZ.
This also confirms the increased randomness at the
solid—solution interface during adsorption.

3.2.6 Effect of Competing lons

The presence of competing ions, such as Cd*,
Cr’*, and Cu®*, can have a significant effect on
uranium and arsenic adsorption onto IOCZ. The
results of the effect of competing ion studies are
presented in Table 5. The presence of Cd**, Cr’”,
and Cu®* decreased the percentage of U(VI) ad-
sorption by 13.77%, whereas adsorption of As(III)
increased slightly by 9.21%.

The concentrations of competing ions in this study
are those likely to be encountered in wastewater from
some mining areas in South Africa (Bakatula et al.
2015). Thus, IOCZ is able to remove uranium and
arsenic even at the presence of competing ions investi-
gated in this study.

Metal qe Ea AH AS AG

mgg ! kJ mol ™! kJ mol ™! kJ (mol K) ! kJ mol ™!

297.15K 303.15K 297.15K 303.15K
U 0.992 0.907 129.8 -124.9 0.376 —4.429 1.787
As 0.946 0.686 107.2 -16.25 4.812 0.138 0.933
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Table5 Effect of the presence of competing ions (Cd**, Cr’*, and
Cu2+)

Multi-ions solution ¢, Single-ion solution ¢,

(mgg) (mgg)
U 0457 0.530
As 0.498 0.456
Cd 0.249
Cu 0248
Cr 0.250

4 Conclusion

In this study, iron oxide-coated zeolite (I0OCZ) was
synthesized and used for the removal of U(VI) and
As(V) from aqueous solutions. The equilibrium of ad-
sorption was suitably described by the Freundlich
models, depicting that adsorption on a heterogeneous
surface. The process of adsorption was relatively rapid
and was best described by the pseudo second-order
kinetic model. The thermodynamic models showed that
the adsorption of U and As was spontaneous and follow-
ed exothermic processes. Furthermore, IOCZ was able
to adsorb uranium and arsenic in the presence of com-
peting ions such as Cd**, Cr’*, and Co**.

Further work should focus on comprehensively
understanding the adsorption at various pH values
as surface complexation may be an important pro-
cess. The findings of the study can be used to
design and understand systems applying zeolite
for contaminant removal from industrial and
mine-polluted water.
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