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a  b  s  t  r  a  c  t

Cr(VI)  is a group  A chemical  based  on  the  weight  of  evidence  of carcinogenicity.  Its  transport  and  reten-
tion  in  soils  and  groundwater  have  been  studied  extensively.  Zeolite  is  a major  component  in  deposits
originated  from  volcanic  ash  and  tuff after  alteration.  In this  study,  zeolite  aggregates  with  the  particle
size  of 1.4–2.4  mm  were  preloaded  with  Fe(III).  The  influence  of present  Fe(III)  on Cr(VI)  retention  by and
transport  through  zeolite  was  studied  under  batch  and  column  experiments.  The added  Fe(III)  resulted
in an  enhanced  Cr(VI)  retention  by  the  zeolite  with  a  capacity  of  82 mg/kg.  The  Cr(VI)  adsorption  on
eywords:
dsorption
hromate
erric iron
etention
ransport

Fe(III)-zeolite  followed  a pseudo-second  order  kinetically  and  the  Freundlich  adsorption  isotherm  ther-
modynamically.  Fitting  the  column  experimental  data  to  HYDRUS-1D  resulted  in  a  retardation  factor  of
3 in  comparison  to 5  calculated  from  batch  tests  at  an  initial  Cr(VI)  concentration  of 3  mg/L.  The  results
from  this  study  showed  that enhanced  adsorption  and  retention  of  Cr(VI)  may  happen  in  soils  derived
from  volcanic  ash  and  tuff that  contains  significant  amounts  of  zeolite  with  extensive  Fe(III)  coating.
eolite

. Introduction

Chromium is one of the most important heavy metals present in
he environment. The valence states of natural present Cr are III and
I. Cr(VI) is the carcinogenic form of Cr prevailed under oxidized
nd neutral to alkaline conditions. Compared to Cr(VI), Cr(III) is less
oxic and less mobile. Thus, many studies were conducted to reduce
r(VI) to Cr(III) via in situ chemical reduction [1,2], or using zero
alent iron Fe(0) as the materials for permeable reactive barriers
PRBs) to intercept and reduce Cr(VI) into Cr(III) [3].  The presence
f Fe(II) or Fe(II)-bearing minerals in soils could also limit the Cr(VI)
ransport as demonstrated by a field study [4].  In addition, Cr(VI)
ould be reduced by green rust, which is made of ferrous–ferric iron
xides. The reduction rate was affected by Fe(II) concentration and
he types of anions with chloride showing the fastest rate in com-
arison to carbonate and sulfate [5].  Furthermore, combination of
e(0) and Fe3O4 resulted in a much higher Cr(VI) reduction rate in
omparison to Fe(0)/�-Fe2O3, Fe(0)/�-Fe2O3 and Fe(0)/FeOOH [6].

n municipal landfill leachate under a reducing condition (Redox
otential of −310 mV)  in the presence of bacteria, Fe(III) and Fe(II)
ere the crucial components for Cr(VI) reduction via an electron

∗ Corresponding author at: Geosciences Department, University of Wisconsin –
arkside, 900 Wood Road, Box 2000, Kenosha, WI  53144-2000, USA.
el.: +1 262 595 2487; fax: +1 262 595 2056.

E-mail address: li@uwp.edu (Z. Li).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.016
© 2012 Elsevier B.V. All rights reserved.

shuttle process where Fe(III) was microbially reduced to Fe(II)
which then chemically reduced Cr(VI) to Cr(III) [7].

Besides in situ reduction, sorptive removal of chromate from
water was  also experienced extensive studies. Ferric iron oxides
and hydroxides had strong affinity for Cr(VI) and arsenic. Cr(VI)
adsorption capacity was  2.3 and 2.0 mg/g on hematite and goethite,
respectively [8].  The presence of high concentrations of phosphate
greatly reduced Cr(VI) adsorption by Fe(III) [9].  Higher partial pres-
sure of CO2 shifted Cr(VI) adsorption edge on goethite drastically
to the low pH side [10]. At lower partial pressure of CO2, the inner-
sphere Cr(VI) surface complex dominated the adsorption behavior,
while the outer-sphere complex was prevalent at a CO2 partial
pressure of 40 matm [10].

In addition to iron and aluminum (oxy)hydroxides, other mate-
rials used to remove Cr(VI) include maize tassel [11] and weathered
basalt andesite products [12]. Zeolite has higher cation exchange
capacity (CEC), thus enabling it to be used as a substrate to remove
heavy metal cations including Cr(III) under column and fixed bed
tests [13,14]. Although the sorption capacity of Cr(III) on zeolite
was  as high as 4% [15], the unmodified zeolite showed no affinity
for anions [16]. Under pH 4–12, raw zeolite could not remove more
than 20% of the input Cr(VI) [17].

Due to its advanced hydraulic properties, zeolite was subject to

extensive studies on its modification. The advantage of using zeolite
as the substrate for surface modification lies on the following two
aspects: its large surface area and high CEC to facilitate contaminant
removal and its good hydraulic conductivities to serve as packing

dx.doi.org/10.1016/j.jhazmat.2012.04.016
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:li@uwp.edu
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aterials for fluid bed or PRB application [18]. Fe(II)-modified zeo-
ite showed good removal potential for both Pb and Cr(VI) [19]. The
inetics of Cr(VI) adsorption on a zeolite NaX followed the first-
rder reversible reaction with an optimal solution pH of 4 [20]. In
ddition to modification by ferrous iron, zeolite can also be modi-
ed by aluminum to enhance the adsorption of arsenate from water
21]. Modification of zeolite by cationic surfactants resulted in sig-
ificant Cr(VI) retardation [18,22,23].  Modification with even heavy
etals such as Ag+, Hg2+, and Pb2+ could also increase the Cr(VI)

ptake by zeolite dramatically [16].
This study was of two folds: (1) to assess the influence of Fe(III)

resent on zeolite surfaces on the adsorption and retention of Cr(VI)
nto and the transport of Cr(VI) through the zeolite and (2) to
xplore the possibilities of using Fe(III)-coated zeolite as substrates
or Cr(VI) removal from water.

. Experimental

.1. Materials

The zeolite was obtained from St. Cloud Mine in Winston, NM.
he aggregated particle size was 1.4–2.4 mm while the size of indi-
idual crystals in the aggregates was in the micrometer range. It has
n external CEC of 100 meq/kg [23] and a total CEC of 900 meq/kg
18]. The Fe(III) used was FeCl3·6H2O from Katayama Chemical
Osaka, Japan) and the Cr(VI) used was K2CrO4 from Fisher Scientific
Pittsburg, PA).

.2. Methods of Fe(III)-zeolite characterization

The integrity and morphology of the zeolite after Fe(III) modifi-
ation was observed under scanning electron microscope (SEM) on
EOL JSM-840A (Japan) at a voltage of 15 kV and a current of 0.4 nA.
he element analyses with energy dispersion spectrum (EDS) were
ade with an XFlash detector 5010 (Bruker). Samples were coated
ith Au for SEM image observation and C for EDS analyses. The 57Fe
össbauer spectrum of Fe(III)-zeolite was acquired at room tem-

erature using a constant acceleration spectrometer, which utilized
57Co (Rh) source and was calibrated with �-iron.

.3. Preparations of Fe(III)-zeolite

To each 500 mL  centrifuge bottle, 120 g of zeolite and 360 mL
f 20 mmol/L Fe(III) solution were added. The mixture was  shaken
t room temperature for 20 h at 150 rpm. After pH was adjusted
o 9 using 2 M NaOH, the mixture was allowed to settle and the
upernatant removed, followed by washing the zeolite with 6 por-
ions of de-ionized (DI) water until no chloride was  detected in the
upernatant using AgNO3. The Fe(III)-zeolite was dried naturally.
he Fe in the supernatant was 0.15 mg/L less than 0.3 mg/L for the
econdary water standard.

.4. Cr(VI) retention in batch system

A mass of 2.0 g Fe(III)-zeolite and a volume of 10 mL  Cr(VI) solu-
ion were used in all batch experiments. They were combined in
0-mL centrifuge tubes in duplicates for each initial conditions,
uch as initial Cr(VI) concentration, equilibrium time, and solution
H. The amount of Cr(VI) adsorbed was calculated from the differ-
nce between the initial and the equilibrium Cr(VI) concentrations.
.4.1. Cr(VI) adsorption isotherm
The initial Cr(VI) concentrations were 2.5, 5, 7.5, 10, 17.5, 25,

7.5, and 50 mg/L. The mixture was shaken on a reciprocal shaker
able at 150 rpm for 24 h. After being centrifuged for 20 min  at
erials 221– 222 (2012) 118– 123 119

4000 rpm, the supernatant was  then analyzed for equilibrium Cr(V)
concentration using a modification of EPA method 7196A [24].

2.4.2. Cr(VI) adsorption kinetics
With an initial Cr(VI) concentration of 5 mg/L, the mixture was

shaken on a reciprocal shaker table at 150 rpm for 0.25, 0.5, 1, 2, 4, 8,
and 24 h. The supernatant was  then analyzed for equilibrium Cr(V)
concentrations at these specific times. The samples were sacrificed
after analyses.

2.4.3. Cr(VI) adsorption under different solution pH and ionic
strength conditions

The initial Cr(VI) concentration was  5 mg/L. The solution pH was
periodically adjusted to 3, 5, 7, 9, and 11 for the pH-dependent study
using NaOH or HCl. The volume of acid or based added was recorded
to correct for the final Cr(VI) concentration due to total volume
change. For ionic strength study, the background electrolyte was
adjusted to 0.001, 0.01, and 0.1 mmol/L of NaCl before the 5 mg/L
Cr(VI) solution was made. The mixtures were shaken for 24 h at
150 rpm. After being centrifuged for 20 min  at 4000 rpm, the super-
natant was then analyzed for equilibrium Cr(V) concentration.

2.4.4. Cr(VI) adsorption under different temperatures
For the temperature-dependent study, the centrifuge tubes

were placed in a Hybaid Micro-4 hybridization oven (Hybaid,
Franklin, MA)  and shaken at 23, 40, and 55 ◦C for 24 h. The above
mentioned procedures were followed to separate the supernatant
from the solid and to analyze the equilibrium Cr(VI) concentrations
in the supernatant.

2.5. Cr(VI) analyses

Cr(VI) was analyzed using the EPA method 7196A with a slight
modification [24]. In this study, phosphoric acid was  used instead of
sulfuric acid. 5 mL  of supernatant was  added to a 10-mL volumet-
ric flask followed by addition of 0.2 mL  of 0.5 M H3PO4–KH2PO4
(from Aldrich) buffer (pH 2.1), and 0.3 mL  of diphenylcarbazide
(from Aldrich) solution (1.00 g dissolved in 100 mL  of acetone). The
flask was diluted to mark. The mixture was  allowed to react for
a minimum of 30 min  for full color development. Then, the mix-
ture was measured by an UV–vis spectrophotometer (Spectronic
20® Genesys, Spectronic Instrumental Inc., Rochester, NY) at the
wavelength of 540 nm.

2.6. Transport of Cr(VI) through Fe(III)-zeolite column

The raw zeolite and Fe(III)-zeolite were packed in plastic
columns to a higher of 11.6 cm and a diameter of 2.60 cm. The Cr(VI)
solution was delivered via a 4-head peristaltic pump in an upward
direction at a flow rate about 32 mL/h, resulting in a Darcy flux
of 6.2 cm/h. The columns were fed with DI water until full satu-
ration as determined by no change in weight differences between
two continuous measurements. The porosity, determined by the
ratio of the volume of water, i.e. the pore volume (PV), in satu-
rated condition to the volume of the zeolite or Fe(III)-zeolite, was
0.6. And the bulk density was  0.95 g/cm3. Then, Cr(VI) solution at a
concentration of 3 mg/L was fed into the columns until full break-
through before the feeding solution was switched to DI water to
determined the desorption. For the raw zeolite, the experiment
lasted for 8 PVs, while it lasted about 70 PVs for Cr(VI) transport
through Fe(III)-zeolite columns.
2.7. Simulation of Cr(VI) transport

Results of the column experiments were simulated using
HYDRUS-1D version 2.01 [25]. The model uses the following partial
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Table  1
Parameter values obtained from HYDRUS-1D for Cr(VI) transport through columns packed with raw or Fe(III)-natural zeolite.

Column ˛L (cm) K (L/kg) � (L/mg) Sm (mg/kg)  ̌ �L (h−1) r2
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for Cr(VI) adsorption on soils [30] and 0.23 L/mg for Cr(VI) adsorp-
tion on SMZ  [22].

Fitting to these different adsorption models may  also be
attributed to different adsorption mechanisms. The removal of
Raw zeolite 0.5 N/A N/A 

Fe(III)-zeolite 150 2.7 0.1 

Batch 4.1 0.05 

ifferential equation to describe the one-dimensional transport of
olutes undergoing equilibrium sorption in porous media [25]:

∂C

∂t
= D

∂2C

∂x2
− v

∂C

∂x
(1)

here R is the retardation factor of the contaminant, C is the
olume-averaged aqueous Cr(VI) concentration, t is the time, D is
he hydrodynamic dispersion coefficient, x is the distance, and v is
he mean pore velocity.

. Results and discussion

.1. Characterization of Fe(III)-zeolite

The integrity of the zeolite was maintained after modification.
he SEM image showed euhedral crystals of clinoptilolite with indi-
idual crystals up to 10 �m (Fig. 1a). The EDS spectrum showed
ajor chemical composition of Si, Al, and O with minor amounts of
a, K, Ca, and Mg  as exchangeable cations. A small peak of Fe was
isible after Fe(III) modification (Fig. 1b). The Mössbauer spectrum
f Fe(III)-zeolite at 298 K showed no band at all, confirming that the
e(III) added to zeolite was in an amorphous form [26], rather than
n any forms of FeO(OH) (Fig. 1c). The total Fe loading was  about
%. While the intended Fe loading was 60 mmol/kg. This amount

s higher than the 110 mmolc/kg, external CEC of the zeolite, but
uch lower than the total CEC of the zeolite [22].

.2. Cr(VI) adsorption isotherm

Overall, the adsorption of a solute on a solid surface is governed
y adsorption isotherm:

S = KCˇ
L

1 + �Cˇ
L

(2)

here CS and CL are solute concentration on solid (mass/mass) and
n solution (mass/volume), K, �, and  ̌ are parameters to be deter-

ined. When �Cˇ
L is very small, Eq. (2) becomes into the Freundlich

sotherm. As  ̌ approaches to 1, Eq. (2) becomes into the Langmuir
sotherm. And when �CL is very small and  ̌ approaches 1, Eq. (2)
ecomes into the linear isotherm.

The raw zeolite had no affinity for Cr(VI) oxyanion [16,27].  How-
ver, the adsorption of Cr(VI) on the Fe(III)-zeolite increased as the
quilibrium Cr(VI) concentration increased. Fitting of adsorption
ata to both Freundlich and Langmuir isotherms resulted in the
oefficients of regression being 0.94 and 0.71, respectively, sug-
esting that the Freundlich model described the data better (Fig. 2).
dsorption of Cr(VI) on kaolinite and illite also followed the Fre-
ndlich isotherm better [28]. In addition, the removal of As (III) and
s(V) using Fe(III)-zeolite was better described by the Freundlich

sotherm in comparison to the Langmuir isotherm [29]. Cr(VI)
dsorption on soils was better fitted by the Freundlich isotherm
ver the Langmuir isotherm [30]. The good fits to the Freundlich
dsorption isotherm could suggest a multi sites adsorption pro-

ess [28]. In comparison to the Freundlich fit, Cr(VI) removal by
urfactant-modified zeolite (SMZ) followed the Langmuir isotherm
ell [22]. The Cr(VI) adsorption capacity (Sm) determined by the

angmuir isotherm was 82 mg/kg, corresponding to 1.5 mmol/kg,
N/A 0.98
27 0.83 0.09 0.97
82 0.71

in comparison to 0.8 and 1.3 mmol/kg for As(V) and As(III) adsorp-
tion on the same Fe(III)-zeolite [29] and 16 mmol/kg for chromate
adsorption on SMZ  [22]. However, the affinity of Cr(VI) on the
Fe(III)-zeolite was  0.05 L/mg, in comparison to 0.0008–0.0010 L/mg
Fig. 1. SEM image showing the integrity of the zeolite after Fe(III) modification (a);
EDS  spectrum showing the presence of Fe (b); and Mössbauer spectrum showing
the amorphous Fe(III) on zeolite at 298 K (c).
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ig. 2. Cr(VI) adsorption by Fe(III)-zeolite. The data were fitted to the Freundlich
dashed line) and Langmuir (solid line) isotherm models.

r(VI) by SMZ  was attributed to surface anion exchange with the
atio of Cr(VI) adsorbed to that of counterion bromide and chlo-
ide desorbed close to one [22], so was the removal of arsenate
nd arsenite by SMZ  [31]. Similarly, the amount of Cr(VI) adsorbed
n surfactant-modified clay minerals also followed stoichiometric
elation with the counterion bromide desorbed [32]. In contrast,
he adsorption of As(III) and As(V) by Fe(III)-zeolite was  due to sur-
ace complexation [29]. Oxyanions, such as arsenate and chromate,
end to bind strongly to the surfaces of oxide minerals in soil, such as
ydrous ferric oxide and goethite [33]. The similarity between the
dsorption of Cr(VI) and As(V) by the Fe(III)-zeolite may  indicate a
imilar type of mechanism, i.e. surface complexation. As reduction
s not a major process, the capacity of Cr(VI) removal by Fe(III)-
eolite is much smaller in comparison to Cr(VI) adsorption on SMZ
22].

.3. Cr(VI) adsorption kinetics

Cr(VI) adsorption increased as the time of equilibration
ncreased (Fig. 3). The data were well described by the
seudo-second-order kinetic model, which was used to describe
hemisorption and has been widely applied to the sorption of pol-
utants from aqueous solutions in recent years. The integrated rate
aw of the pseudo-second-order kinetic model is [34]:

t = kq2
et

1 + kqet
(3)
here k (kg/mg h) is the rate constant of adsorption, qe (mg/kg)
he amount of Cr(VI) adsorbed at equilibrium, and qt (mg/kg) is the
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ines) and one segment (dashed line).
Solution pH

Fig. 4. Effect of the pH on Cr(VI) adsorption by Fe(III)-zeolite.

amount of Cr(VI) adsorbed on Fe(III)-zeolite at any time, t. Eq. (3)
can be re-arranged into a linear form [34]:

t

qt
= 1

kq2
e

+ 1
qe

t (4)

where kq2
e is the initial rate (mg/kg h). The patterns of (t/qt vs. t)

could be used to assess the surface heterogeneity of the adsorbent
and the plot of t/qt vs. t would fall into two segments if the surface
was  heterogeneous [35]. Fitting the kinetic data to Eq. (4) based
on two segments resulted in an r2 of 0.97 for both segments (solid
lines in Fig. 3 insert). In contrast, a similar r2 value of 0.97, an ini-
tial rate of 7 mg/kg-h, a rate constant of 0.05 kg/mg h, and a qe of
12 mg/kg were obtained when the data were fitted to one segment
(dashed line in Fig. 3 insert), in comparison to the initial rates of 1.4
and 3.6 mg/kg-h, the rate constants of 0.01 and 0.06 kg/mg h, and
qe of 11 and 8 mg/kg for As(V) and As(III) sorption on Fe(III)-zeolite,
respectively [29]. The Cr(VI) adsorption rate constant in this study is
higher than 0.12 kg/mg h for Cr(VI) adsorption on NaX zeolite [20],
0.0015 kg/mg h for Cr(III) adsorption on weathered basalt andesite
products [12], and much higher than the first-order rate constant of
0.001 h−1 for Cr(VI) removal from soil [36]. The similarity between
the adsorption kinetics of Cr(VI) and As(V) or As(III) again sug-
gested a similar mechanism for Cr(VI) and As(V) or As(III) uptake
and retention by Fe(III)-zeolite. The equal goodness of fitting to one
segment and two  segments indicates that the surface heterogeneity
may  not play a major role. In comparison to pseudo-second-order
kinetics, fitting of the observed data to pseudo-first-order kinetic,
Elovich, and parabolic diffusion models resulted in r2 values of 0.75,
0.63, and 0.92, respectively.

Confirmations of the pseudo-second-order kinetics suggested
that the Cr(VI) adsorption on Fe(III)-zeolite was mass transfer lim-
ited and the mass transfer coefficient can be determined by [37]:

Kf = mkq2
e

(C0A)
(5)

where m is the mass of adsorbent, C0 is the initial concentration
of Cr(VI), and A is the external surface area. Using a surface area of
10 m2/g, the calculated mass transfer coefficient was  8 × 10−9 cm/s.

3.4. Effects of pH and ionic strength on Cr(VI) adsorptions

As solution pH increased from 3 to 7, Cr(VI) adsorption
decreased by 50% from about 20 mg/kg to 10 mg/kg. Beyond pH
7, a further increase in pH to 11 only resulted in a slight decrease in
Cr(VI) adsorption (Fig. 4). A similar result was observed for Cr(VI)
sorption on hematite and goethite [8] and As(V) adsorption on

Fe(III)-zeolite [29]. However, for Cr(VI) adsorption on hematite and
goethite, the influences of solution pH began at pH 5 and 3, respec-
tively, beyond which, further increasing pH drastically decreased
Cr(VI) adsorption until pH 9, where Cr(VI) adsorption was minimal
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8].  The pKa2 of chromate is 6.5 [36]. Thus, at pH less than the pKa2,
he Cr(VI) would be present in mono-anionic form, while above
he pKa2, it was in divalent anionic form. Thus, when the solution
H was higher than the pKa2 the extra negative charge of Cr(VI)
ight prevent further interactions with Fe(OH)3 formed on zeolite

urfaces.
In comparison to pH, ionic strength of the solution had

ssentially no effects on Cr(VI) adsorption when the background
lectrolyte increased from 0.001 to 0.1 mmol/L of NaCl (Fig. 5).
revious study on adsorption of Cr(VI) on hematite and goethite
lso showed strong dependency on the pH, but independency of
onic strength [8].  In general, the sorption mechanism of surface
omplexation is significantly affected by pH, whereas the sorption
echanism of ion exchange is influenced by ionic strength [8].  The

trong pH dependence and ionic strength independence of Cr(VI)
dsorption suggested that surface complexation rather than ion
xchange was the dominant mechanism with the formation of an
nner-sphere complex.

.5. Temperature effects

The free energy (�G) of adsorption on Fe(III)-zeolite is related
o the distribution coefficient Kd (the ratio of the amount of Cr(VI)
dsorbed to the equilibrium Cr(VI) solution concentration) by:

n Kd = −�G

RT
(6)

here R and T are gas constant and temperature in K. The �G is
lso related to �H, the change in enthalpy, and �S,  the change in
ntropy, by:

G  = �H  − T�S  (7)

Thus, the �S  and �H  values can be obtained from the slope
nd intercept when �G is linearly regressed against T. In com-
arison to �H  of 20 kJ/mol, �S  of 0.1 kJ/mol-K, and �G of −12
o −16 kJ/mol for Cr(VI) adsorption on goethite [38], the �G  val-
es for Cr(VI) adsorption on Fe(III)-zeolite are in the range of
2.37 to −3.02 kJ/mol, indicating weak net attractive interactions,

hus a spontaneous adsorption. The small positive change in �S
0.02 kJ/mol K) also indicated spontaneous adsorption, while the
egative �H value (−9.1 kJ/mol) suggested an exothermic process

or Cr(VI) adsorption by Fe(III)-zeolite.

.6. Column transport of Cr(VI)

Raw zeolite columns showed no retention of Cr(VI) as the

etardation factor R, as defined by the number of PVs at which
he effluent Cr(VI) concentration equals to 50% of the input con-
entration, was 1 (Fig. 6a). Fitting of the experimental data by
YDRUS-1D resulted in a dispersion of 0.5 cm at r2 = 0.95 (Table 1).
(b) Fe(III)-zeolite. Solid lines correspond to the adjusting of the experimental data
with the HYDRUS-1D model and dashed lines represent a reduction term of Cr(VI)
to  Cr(III).

In the presence of Fe(III), the Cr(VI) breakthrough curve became
asymmetric (Fig. 6b). At C/C0 = 0.5, the number of PVs is about 3,
suggesting some retardation in Cr(VI) transport. Fitting the exper-
imental data by HYDRUS-1D with a reaction term resulted in a
dispersion of 57 cm,  K = 2,  ̌ = 0.85, and a reaction rate in liquid
phase �L of 0.09 h−1 with r2 = 0.98 as indicated by the dashed line
(Fig. 6b). Alternatively, fitting the experimental data in the absence
of a reduction term resulted in K = 2.7, � = 0.1,  ̌ = 0.83, and r2 = 0.97
as indicated by the solid line (Fig. 6b). The K value obtained from
the batch test was  4.1, showing a reasonable match between the
batch and column tests. The less than 1 value of  ̌ confirmed the
batch results that the Cr(VI) adsorption on Fe(III)-zeolite followed
the Freundlich isotherm better. The similar r2 values suggest that
Cr(VI) reduction is minimal.

Column experiment of Cr(VI) transport through goethite-
embedded polyacrylamide gel beads resulted in an R of 6 at an input
Cr(VI) concentration of 5.2 mg/L and a goethite to gel ratio of 4.44 g
goethite per liter of gel [39]. On the other hand, Cr(VI) transport
through columns packed with cationic hydrogels, a highly selec-
tive material for Cr(VI) anion exchange, resulted in a R up to 200
[40]. Compared to these specially manufactured anion exchang-
ers, Fe(III)-zeolite had weak adsorption for Cr(VI). Nevertheless, the
inexpensive cost of zeolite and small dosage of Fe(III) for zeolite
modification, may  make the materials inexpensive for the removal
of Cr(VI) from water.

3.7. Conclusions

As Cr(VI) is very mobile in the environment, it is difficult
to immobilize it in soils and subsurface sediments. However, in
the presence of Fe(III), complexation of Cr(VI) on Fe2O3 surfaces

could retard Cr(VI) transport in soils. The treatment of zeolite
by Fe(III) increased the Cr(VI) adsorption capacity to 82 mg/kg.
The Cr(VI) adsorption on Fe(III)-zeolite followed a pseudo-second-
order kinetics and Freundlich adsorption isotherm. Fitting the
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