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ABSTRACT

In the present study, simulation of hexavalent chromium (Cr(VI)) removal from saturated
porous media using stabilized zero-valent iron nanoparticles (ZVIN) was carried out under
different experimental conditions such as ZVIN concentration, initial Cr(VI) concentration,
geochemistry of groundwater, and pore water velocity. In this regards, stabilized ZVIN was
synthesized with two different stabilizers namely sepiolite and polyacrylic acid (PAA). The
aims of this study were twofold: (1) a comparison between the efficiency of mineral-stabi-
lized and polymer-stabilized ZVINs in Cr(VI) removal and (2) the simulation of the experi-
mental data of Cr(VI) removal in a simulated groundwater system. The experimental data
were interpreted using the convection-dispersion equation via the CXTFIT software. The
colloidal stability of sepiolite-stabilized zero-valent iron nanoparticles (5-ZVIN) compared to
PAA-stabilized zero-valent iron nanoparticles (PAA-ZVIN) was apparently high. Addition-
ally, the results of reductive transport experiments showed that Cr(VI) removal had a direct
relationship with ZVIN and chloride ion (Cl") concentrations, while an indirect relationship
was observed with removal efficiency of Cr(VI) by initial Cr(VI) concentration and pore
water velocity. Obtained simulated parameters (i.e. mass destruction term (u) and retarda-
tion factor (R)) also confirmed the experimental results. Findings of both experimental and
simulation studies indicated that clay mineral was absolutely more suitable than polymers
as a stabilizer of ZVIN for reactive site treatment.

Keywords: CXTFIT; Groundwater; Hexavalent chromium; Polyacrylic acid; Sepiolite;
Zero-valent iron nanoparticles

1. Introduction

Hexavalent chromium (Cr(VI)) is a poisonous
metal that triggers a large number of human diseases
such as ulcer, bronchitis, and liver damages [1].

*Corresponding author.

Hazardous Cr(VI) principally originates from the
discharges of tanning, textile, and paint manufacturing
industries[2]. According to the United States
Environmental Protection Agency (UEPA), 0.05 mg/L
is set as a permissible limit of Cr(VI) in drinking water
[3]. Therefore, excessive Cr(VI) concentrations in
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groundwater—as a source of potable water—should
totally be removed.

In order to decrease Cr(VI) concentration to the per-
mitted level, an innovative and environmentally
friendly agent should undoubtedly be operated. In the
last decade, zero-valent iron as a reductant and efficient
agent has been used in permeable reactive barrier (PRB)
systems to decrease the concentration of environmental
pollutants under toxicity limit [4-6]. However, due, in
part, to some economic and operational troubles, zero-
valent iron nanoparticles (ZVIN) with high surface area
and lower size that give them great capability to react
with contaminants were replaced with previous tech-
nique. In a corresponding approach called the in situ
technique, ZVIN with high concentrations was injected
downward to contact with the contaminants in the
aquifer or reach the target contaminants in the
groundwater [7,8]. The versatility and the economic
benefits of the in situ technique have provoked enthusi-
asm among the relevant engineers to focus on the tech-
nique and think about its application in contaminated
sites.

Although the in situ approach was potentially a
promising method, several challenges like aggregation,
agglomeration, and the deposition of applied uncoated
ZVIN have contributed to reduce its efficiency.
Agglomerated ZVIN in the in situ technique dropped
its reactivity with contaminants and caused pore clog-
ging as well as a considerable decrease in the porosity
of aquifers. Hence, in order to enhance in situ injection
and delivery, ZVIN should be mobile and dispersed in
aquifers.

To prevent ZVIN aggregation and attachment to
the sand grains, surface modification of nanoparticles,
among all proposed methods, is definitely an advanta-
geous approach that creates electrostatic repulsive and
steric forces which act against interparticle attraction
forces and its attachment to porous media. Till now,
there have been lots of polyelectrolytes (e.g. car-
boxymethyl cellulose (CMC) [9], polyacrylic acid
(PAA) [10], polyvinylpyrrolidone [11,12], green
polymers (e.g. guar gum [13,14] and starch [15]), and
surfactants (e.g. sodium dodecylebenzenesulfonate
(SDBS) [16]), which have generally been employed as
stabilizers ~ showing  reasonable  performances.
Jiemvarangkul et al., as a brilliant example, demon-
strated that PAA significantly enhanced the transport
of ZVIN through a sand-packed column-like tracer
[17]. Although the above-mentioned stabilizers pro-
vided significant colloidal stability and increased
ZVIN transport in the subsurface environment, the
drawbacks of their application such as the high cost of
preparation and the environmental problems forced
the researchers to devise an alternative.
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Clays are intrinsically natural minerals that are
widely applied as adsorbents for the removal of con-
taminants due, primarily, to their exclusive features
such as high surface area and uptake capability [18].
Several researchers, in general, used different clay
minerals for stabilizing ZVIN in order to enhance their
reaction efficiency with pollutants [19,20]. For instance,
Chen et al. demonstrated that Bentonite could play a
key role in improving the colloidal stability of ZVIN
that increased Methyl Orange (MO) removal from
aqueous solution [21]. Sepiolite, among all clay
minerals, as a porous and layered mineral with a large
surface area, is considerably abundant in the central
parts of Iran. Regarding such brilliant characteristics
and the low cost, sepiolite-stabilized ZVIN (S-ZVIN)
was synthesized as a novel and efficient nanocompos-
ite in this study. To the best of our knowledge, no
research has been carried out to compare the perfor-
mance of polymer-stabilized and mineral-stabilized
ZVIN for Cr(VI) removal in reactive zone systems.
Consequently, it seems that any research aimed at
clarifying the influence of mineral stabilizers com-
pared to polymer stabilizers on the efficiency of ZVIN
in the removal of contaminants from aquifers is a criti-
cal necessity, distinguishing it from the previous
research. Therefore, sepiolite and PAA-stabilized
ZVINs were synthesized to remove Cr(VI) from a
simulated contaminated aquifer in sand-packed
columns.

Until now, the majority of Cr(VI) removal studies
using ZVIN has been performed in batch systems,
[22-24] while a limited number of research has
reported the results of their experiments in sand-
packed columns [25,26]. Furthermore, categorized
information about the quantitative investigations of
contaminant removal in continuum systems are in
rudimentary steps, although several qualitative con-
taminant treatments using ZVIN have been reported
[27]. The simulation study of contaminant removal is
a promising method to manage and determine the
most proper adsorbent for environmental clean-up in
reactive sites. That is why this study has focused on
the simulation of Cr(VI) transport in sand-packed
columns affected by two-stabilized ZVINs.

The aims of this research were: (1) the synthesis of
stabilized ZVIN with PAA and sepiolite and their
characterization, (2) the reductive removal of Cr(VI)
using two-stabilized ZVINs in a sand-packed column
under different experimental conditions such as ZVIN
concentration, initial Cr(VI) concentration, groundwa-
ter chemical composition and pore water velocity, (3)
the simulation of the experimental data of Cr(VI)
removal in a simulated groundwater system, and (4)
qualitative and quantitative comparisons between the
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removal efficiency of Cr(VI) using two-stabilized
ZVINs in order to find an appropriate stabilizer.

2. Experimental
2.1. Chemicals

In the present study, ferrous sulfate heptahydrate
(FeSO47H,0O) was prepared from AppliChem Co.,
while PAA (750 K) was obtained from Sigma Aldrich
Co. Moreover, sodium borohydride (NaBH,), potas-
sium dichromate (K,Cr,O;), acetone, sodium hydrox-
ide (NaOH), concentrated hydrochloric acid (12N
HCl), sodium chloride (NaCl), sodium dithionate,
hydrogen peroxide, and 1,5 diphenylcarbazide were
purchased from Merck Co. To prepare chromium
solution, a specific amount of potassium dichromate
was poured in a particular fraction of distilled water
and kept at 4°C. Furthermore, the Iranian sepiolite
was obtained from DaneshbonyanFarapouyanlsatis
Co. Afterward, it was grounded using ball mill and
then sieved by a 0.053 micrometer steel to reach the
desirable size.

2.2. Synthesis of ZVINs

The PAA and sepiolite-stabilized ZVINs were pre-
pared from the basis of the reduction of ferrous sulfate
using borohydride in the presence of selected stabiliz-
ers as reported in the previous works [10,24]. PAA-
ZVIN was synthesized through the addition of 20 mL
of 1.05M sodium borohydride solution (1.05M
NaBH,) into 200 mL mixture of 100 mL of 0.065 M fer-
rous sulfate solution (0.065 M FeSO,) and 100 mL of
0.05% w/v PAA solution using a dropping funnel in
nitrogen gas atmosphere. During the injection of
sodium borohydride in a 3 mL/min rate, the solution
was stirred via a magnetic stirrer in high speed. After
black particles appeared, it was stirred for an addi-
tional 30 min to control the diameter of ZVIN parti-
cles. The preparation of sepiolite-stabilized ZVIN was
similar to PAA-ZVIN except using sepiolite instead of
PAA as a stabilizer. Upon finishing the Fe and
borohydride interaction, the supernatant was gathered
using a strong magnet and washed with acetone and
ethanol to remove the disturbing and undesirable
ions.

The size, morphology, and surfaces of both synthe-
sized ZVINs and raw sepiolite were determined using
scanning electron microscope (SEM) (SEM, S 4160,
Hitachi, Japan) and transmission electron microscope
(TEM) (LEO-906E). The element composition on the
structure of ZVINs and raw sepiolite was investigated
using energy dispersive X-ray spectroscopy (EDS).

Finally, the hydrodynamic diameter and the zeta
potential of ZVINs were measured via dynamic light
scattering (DLS) instrument (DLS, Zetasizer, Malvern,
UK) at a similar concentration and pH of 7. The col-
loidal stability of each synthesized ZVINs was per-
formed to assess their resistance against deposition in
aqueous media. Hence, 0.1g/L of each ZVIN
suspensions (with pH of 7) was prepared in the cell of
UV-vis spectrophotometer and the absorbance of sus-
pension was recorded at 508 nm wavelength in a
quiescent condition during 120 min time period.

2.3. Porous media preparation

To carry out the Cr(VI) reductive transport study,
sand grains were employed as the porous matrix. In
this regard, sand particles with 2.68 g/cm’ specific
gravity were sieved using a stainless steel 30-50 US
mesh and reached the range of 300-600 um. The pro-
cess of preparation of sand particles was discussed in
literature [28]. Briefly, in the first step, particles were
immersed in 0.1 M sodium dithionate solution for
approximately, 2 h to totally remove all the adsorbed
metal oxides’ impurities. Second, hydrogen peroxide
solution (0.5% H,O,) was applied to remove organic
matter for soaking the particles for 3 h. Eventually,
these sand particles were soaked in 12 M hydrochloric
acid (12 M HCl) overnight and washed with distilled
water to keep constant pH of water and particles at 7.

2.4. Transport experiments

Reductive removal of Cr(VI) was carried out in satu-
rated sand-packed columns under a steady state flow
rate. To wet-pack the columns, small fractions of sand
particles were poured sequentially into a 25-cm-long
column with an inner diameter of 2.5 cm using a spat-
ula until the column was filled. During the process of
pouring the sand particles, in particular, the column
was tapped with a plastic rod and gently vibrated to
release any trapped air and get packed well. Further-
more, on the two sides of sand columns, a permeable
screen diffuser was set to keep sand particles into the
column. Prior to experiments, over 20 PVs of Cr(VI)
solution with a typical concentration and pH of 7 were
injected downward using a peristaltic pump connected
to the inlet of sand column with a constant slow flow
rate (0.05 cm/min) into the sand column to create a uni-
form Cr(VI) concentration and a steady state flow. The
flow velocity of transport experiments was measured
by weighing the collected water from the sand column
into the samplers during specific time periods. A three-
neck flask was used to keep the ZVIN suspension that
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was equipped with N, gas to prevent ZVIN oxidation.
Keeping ZVIN suspension in an isolated oxygen free
chamber, in order to avoid oxidation has always been
considered as a crucial agent in the field scale operation
[29]. Furthermore, during ZVIN injection, the flask was
put into the ultrasonic bath to homogenize the ZVIN
suspension and decrease the aggregation of nanoparti-
cles. Another peristaltic pump was set to inject down-
ward the ZVIN suspension into the sand column
during the injection of Cr(VI) solution with similar flow
rate. The reductive transport survey of Cr(VI) was car-
ried out with regards to different experimental vari-
ables including ZVIN concentration (2, 3, and 4 g/L),
initial Cr(VI) concentration (40, 60, and 80 mg/L), chlo-
ride concentration (1, 10, and 100 mM), and pore water
velocity (0.07, 0.1, and 0.15 cm/min). The schematic
diagram of the experimental setup and the applied
instruments has been illustrated in Fig. 1. During the
experiments, each sample was gathered from the bot-
tom of the sand column into the plastic bottles at differ-
ent time intervals and then the residual Cr(VI)
concentration was determined using diphenylcarbazide
colorimetric method via a UV-visible spectrophotome-
ter at a wavelength of 540 nm [30]. Table 1 illustrates
the basic characteristics of the transport experiments.

2.5. Equation

The transport and reductive immobilization of Cr
(VD in saturated sand-packed columns as affected by
ZVINs were simulated using convection-dispersion

6
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Table 1
Characteristics of sand column
Item Value
Column length (cm) 25
Column inner diameter (cm) 2.5
pH of solution 7
Porosity 0.36-0.39
pp of sand column 1.62-1.68
Sand grain diameter (mm) 0.42

Temperature (K) 298

equation (CDE) [31]. The following one-dimensional
equation (Eq. (1)) expressed the removal of Cr(VI)
with a first-order mass-destruction term as follows:

dC d’Cc dcC

where C is the Cr(VI) concentration (mg/L), x is the
distance of Cr(VI) stream pathway (cm), f is the time
(min), D 1is the longitudinal-dispersion coefficient
(cm?/min), v is the flow velocity (cm/min), R is the
retardation factor of Cr(VI) transport, and u is the
mass-destruction term (1/min). In the above-men-
tioned equation, two terms (i.e. R and u) should be
strictly considered to be able to describe the influence
of both ZVINs on Cr(VI) transport and reduction. The
high amounts of R and x4, in essence, implied more
interaction between Cr(VI) and ZVIN, which led to

11

10

Fig. 1. Schematic illustration of experimental set up.

Notes: (1) Nitrogen chamber, (2) Nitrogen inlet, (3) Nitrogen outlet, (4) Three-neck flask, (5) Ultrasonic bath, (6) Peristaltic
pump, (7) Chromium solution, (8) Sand column, (9) Effluent collector, (10) UV-visible spectrophotometer, and (11) Data

logger.
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decreasing the Cr(VI) concentration and retardation in
Cr(VI) stream. The parameters D and v were
calculated using nonlinear parameter optimization via
Marquardt-Levenberg algorithm [32].

The transport curves of Cr(VI) were depicted based
on the performed experiments and were also analyzed
using CXTFIT software to fit the model parameters (R
and p). Using the following parameters, a quantitative
comparison between the two applied ZVINs was
carried out.

3. Results and discussion
3.1. Characterization

Fig. 2(a) shows the TEM image of needle-like
sepiolite with their average sizes being around 1.6 pm.
The SEM images of S-ZVIN and PAA-ZVIN are
shown in Fig. 2(b) and (c). According to Fig. 2(b),
sepiolite was bonded into the ZVIN particles and pre-
vented particle aggregation. Furthermore, PAA-ZVIN
was completely spherical and the sizes of both ZVINs
were less than 100 nm (Fig. 2(c)).

To give further proof for interaction between
sepiolite and ZVIN, EDS graphs of raw sepiolite,
S-ZVIN, and PAA-ZVIN were prepared. Based on
Fig. 2(d), four peaks (S5i, Mg, Ca, and Al) were
observed that indicated the presence of sepiolite.
Moreover, in Fig. 2(e), an additional Fe peak together
with the aforementioned sharp peaks was observed
that could be assumed as an undeniable proof for
bonding between ZVIN and sepiolite. Additionally, in
the PAA-ZVIN EDS graph (Fig. 2(f)), sharp Fe and O
peaks were obvious, which referred to ZVIN accompa-
nied with Na and S ones derived from sodium
borohydride and ferrous sulfate.

The colloidal stability of each applied nanoparticle
was measured using a quantitative comparison of
ZVIN deposition in a time period of 120 min. The cuv-
ette containing 0.1 g/L of each ZVIN suspension with
pH of 7 kept in fixed conditions with their absorbance
recorded, using a spectrophotometer with a wave-
length of 508 nm. According to Fig. 3, the majority of
S-ZVIN particles (over 90%) was completely sus-
pended during 120 min, while PAA-ZVIN showed
lower suspended particles compared to S-ZVIN. This
observation confirmed that in aqueous media, S-ZVIN
had higher colloidal stability with higher discrepancy
than PAA-ZVIN enabling it more able to transport
and remove environmental contaminants. Besides,
hydrodynamic diameter of 0.1 g/L of both ZVIN sus-
pensions revealed that S-ZVIN (115 nm) had a smaller
diameter than PAA-ZVIN (194 nm), which led to more

stability of S-ZVIN than PAA-ZVIN due to its lower
deposition. The zeta potentials of S-ZVIN (=38.2 mV)
and PAA-ZVIN (-29.1 mV) showed a complete coat-
ing of negative charges onto ZVIN surfaces created by
stabilizers. Additionally, lower value of zeta potential
of S-ZVIN compared to PAA-ZVIN proved higher
colloidal stability of S-ZVIN than PAA-ZVIN.

3.2. Effect of ZVIN dosage

The concentration of applied ZVINs has significant
impacts on the removal efficiency of Cr(VI). In a series
of similar experiments, various ZVIN concentrations
(2, 3, and 4 g/L) common in typical reactive sites were
used to simulate the injection of ZVIN suspension into
a polluted aquifer [33]. Other experimental variables
including initial Cr(VI) concentration and pore water
velocity were 50 mg/L and 0.05 cm/min, respectively.
Fig. 4(a) and (b) shows that increasing the concentra-
tion of both ZVINSs, caused a considerable enhance-
ment in Cr(VI) removal efficiency. This may be related
to increasing the number of reactive sites, creating a
large capacity for Cr(VID) removal that logically
abounds in higher ZVIN concentrations. So, Cr(VI)
removal is a strongly concentration-dependent pro-
cess. Although, the collision between particles is high
in higher initial particle concentrations, the negative
charges—that were created by stabilizers—onto the
surfaces of ZVIN decreased their aggregation signifi-
cantly. Therefore, high Cr(VI) removal was observed
in higher initial ZVIN concentrations. The graphs for
reductive transport of Cr(VI) as a function of ZVIN
concentration were depicted based on the fraction of
residual Cr(VI) (C) to initial Cr(VI) concentration (Cgp)
vs. reaction time (min) (Fig. 4(a) and (b)). For S-ZVIN,
the maximum removal efficiency was 79.33% while, in
similar ZVIN concentration, approximately maximum
66.04% of initial concentration of Cr(VI) was removed
by means of PAA-ZVIN. The results of the simulation
study of Cr(VI) removal are illustrated in Table 2.
Looking closely, it is obvious that high coefficients of
determination (R?) (i.e. more than 0.95) approved the
reliability of obtained parameters using the CXTFIT
model. The quantitative study of Cr(VI) removal using
S-ZVIN revealed that increasing S-ZVIN concentration,
increased the mass-destruction term and the retarda-
tion factor from 0.00604 to 0.0548 and 1.12 to 1.98,
respectively. For PAA-ZVIN, the above-mentioned
parameters showed an increasing trend from 0.00105
to 0.00277 and 1.04 to 1.19, respectively. From the
obtained results, it can be postulated that S-ZVIN
compared to PAA-ZVIN is potentially more capable of



A. Ramazanpour Esfahani and A. Farrokhian Firouzi | Desalination and Water Treatment 57 (2016) 15424-15434 15429

Lall
psrey

(d)

50 4

40

1 Ca
2 4 keV 6 8
cpsleV
(e)
s0] o
40 4
<07 Fe
20
-~ % .
S F . 10
‘- ; 20.0kv X68.0Ky Sadnm
— — 0 .
keV 6 8
cps/eV.
50 1 N
40 1
304
1 Na S Fe
20 1 ?Fc
1§
104
15.8kV X68.8K SBBnm 0: ‘
2 4 keV 6 8

Fig. 2. (a) TEM image of sepiolite, (b) SEM images of S-ZVIN, and (c) PAA-ZVIN, (d) EDS diagrams of sepiolite,
(e) S-ZVIN, and (f) PAA-ZVIN.

removing Cr(VI) from sand-packed columns. It has 3p.0 Cry0% + 7H,0 — 3Fe?" + 2Cr(OH), + 80H™
been proposed that the removal of Cr(VI) using ZVIN ¢ ’

took place via joint reactions of reduction, precipita-
tion, and co-precipitation of Cr(VI) according to the
following equations [34]:

2

xCr’* + (1 — x)Fe®™ + 3H,O — (Cr,Fe;_,)(OH), +3H"
3
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Fig. 4. Measured (symbols) and simulated (lines) data of
Cr(VI) removal using (a) S-ZVIN and (b) PAA-ZVIN under
2,3, and 4 g/L ZVIN concentrations (initial Cr(VI) concen-
tration: 50 mg/L and pore water velocity: 0.05 cm/min).

xCr’* + (1 — x)Fe®" + 2H,0 — Cr,Fe;_OOH + 3H"
4)

The mechanism of Cr(VI) removal in sandy aquifer
using ZVIN has been illustrated in Fig. 5. Based on
Fig. 5, most of Cr(VI) concentration was reduced to
trivalent chromium (Cr(IIl)), while minority of them
was precipitated to Cr,Fe;_,OOH and Cr,Fe;_,(OH);
compounds.

3.3. Effect of initial Cr(VI) concentration

More experiments were performed to understand
the effect of initial Cr(VI) concentration (40, 60, and
80 mg/L) in a saturated sand column on Cr(VI)
removal efficiency using ZVINs. In these experiments,
ZVIN concentration (2 g/L) and pore water velocity
(0.05 cm/min) were kept constant. Initial Cr(VI) con-
centration, it was observed that it had a remarkable
effect on Cr(VI) reductive removal with ZVIN. Results
of the experiments revealed lower removal efficiency
(in both ZVINs) when the initial Cr(VI) concentration
rose. Fig. 6(a) shows that increasing the initial concen-
tration of Cr(VI) from 40 to 80 mg/L, reduced sharply
the removal efficiency from 74.74 to 65.38%. For PAA-
ZVIN (Fig. 6(b)), in the same experimental conditions,
and at the initial Cr(VI) concentration of 40, 60, and
80 mg/L the removal efficiency indexes were 55.23,
50.36, and 44.67%, respectively. As discussed above, it
can be postulated that increasing Cr(VI) concentration
creates a passivated Cr(VI) thin layer onto the outer
surfaces of ZVIN, considerably limiting the electron
transfer from Fe core to Cr(VI) and consequently,
decreasing their reduction rate. In other words, the
removal efficiency of Cr(VI) generally depends on the
initial Cr(VI) concentration. According to Qiu et al,,
enhancing the initial Cr(VI) concentration from 5 to
20 mg/L caused a significant decrease in Cr(VI)
removal efficiency using CMC-stabilized ZVIN [26].
The fitted parameters of Cr(VI) flow removal are also
presented in Table 2. According to Table 2, it is clear
that in different Cr(VI) concentrations of 40, 60, and
80 mg/L, the mass-destruction term were 0.012,
0.00745, and 0.00447 and the retardation factors were
1.15, 1.10, and 0.969, respectively. In the case of PAA-
ZVIN, similarly, such simulated parameters (¢ and R)
were 0.000324, 0.00001, and 0.00001; and 0.770, 0.605,
and 0.568, respectively. In consequence, from both the
experimental findings and the simulated parameters,
it is so tangible that S-ZVIN is apparently more cap-
able of removing Cr(VI) from polluted-groundwater
than PAA-ZVIN.
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Table 2
Simulated parameters of Cr(VI) reductive transport using ZVINs in contaminated groundwater
ZVIN . Initial Cr(YI) Chloride . Pore Water S-ZVIN PAA-ZVIN
concentration concentration concentration  velocity
(g/L) (mg/L) (mM) (cm/min)  u R R? u R R?
2 40 0 0.05 1.20E-02 1.15E+00 0.982 3.24E—04 7.70E-01 0.9927
2 60 0 0.05 7.45E-03 1.10E+00 0.9886 1.00E-05 6.05E-01 0.9575
2 80 0 0.05 4.47E-03 9.69E-01 0.9878 1.00E-05 5.68E—01 0.9586
2 50 0 0.05 6.04E-03 1.12E+00 0.992 1.05E-03 1.04E+00 0.9882
3 50 0 0.05 1.42E-02 142E+00 0.993 2.71E-03 1.15E+00 0.9935
4 50 0 0.05 548E-02 1.98E+00 0.9981 2.77E—03 1.19E+00 0.9948
2 50 1 0.05 6.15E-03 2.76E+00 0.9621 2.94E—03 1.06E+00 0.9792
2 50 10 0.05 1.24E-02 2.97E+00 0.9919 4.23E-03 1.07E+00 0.9813
2 50 100 0.05 1.25E-01 3.79E+00 0.9928 4.92E-03 1.21E+00 0.9672
2 50 0 0.07 1.03E+00 5.20E-03 0.9804 9.53E—01 8.76E—04 0.9813
2 50 0 0.1 8.37E-01 3.06E-03 0.9755 8.34E-01 3.07E-04 0.9797
2 50 0 0.15 3.63E-01 143E-03 0.9659 242E—01 1.51E-04 0.9741

ZVIN Cr (VI)

% U

Cr VD solution

Fig. 5. Schematic mechanism of Cr(VI) removal in a flow system using ZVIN.

3.4. Effect of chloride concentration

Groundwater and aquifers contain either low or
high amounts of anions that—perhaps produced as a
result of the decomposition of minerals— have a signifi-
cant role on the removal efficiency of contaminants
using ZVIN. Among all typical anions, Cl™ is always
considered as the most plentiful one. The experiments
were carried out at different Cl™ concentrations in the
range of 1-100 mM in order to evaluate the effect of
ionic strength on Cr(VI) removal efficiency via ZVIN.
The ZVIN concentration, the initial Cr(VI) concentration
and the pore water velocity were considered as 2 g/L,

50 mg/L, and 0.05 cm/min, respectively. Based on
Fig. 7(a) and (b), increasing Cl~ concentration from 1 to
100 mM has positive effects on Cr(VI) efficiency using
ZVIN. Accordingly, the maximum Cr(VI) removal rate
using S-ZVIN and PAA-ZVIN increased from 69.16 to
74.41% and from 52.48 to 58.02%, respectively. From
Table 2, an enhancement is obvious in the quantity of
mass-destruction term and retardation factor of Cr(VI)
reductive removal using S-ZVIN and PAA-ZVIN. It is
seen that for S-ZVIN, increasing Cl™ concentration from
1 to 100 mM caused a significant increase in x and R
from 0.00615 to 0.125 and 2.76 to 3.79, respectively. For
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Fig. 6. Measured (symbols) and simulated (lines) data of
Cr(VI) removal using (a) S-ZVIN and (b) PAA-ZVIN under
40, 60, and 80 mg/L Cr(VI) concentrations (ZVIN concen-
tration: 2 g/L and pore water velocity: 0.05 cm/min).

PAA-ZVIN, such parameters showed a similar trend
where they rose from 0.00294 to 0.00492 and 1.06 to
1.21, respectively. Yin et al. reported that a huge
improvement was observed in nitrobenzene removal in
batch experiments as a result of increasing CI" concen-
tration from 0 to 1,000 mg/L [35]. Chloride, it is
believed, could destruct the hydroxide layer onto the
surfaces of ZVIN and regenerate the reactive sites that
gave capacity to ZVIN for Cr(VI) removal [36]. Unmis-
takably, high concentration of CI” is merely disadvanta-
geous for the PRB technique for a long time. In the case
of direct injection treatment, on the other hand, it is con-
sidered as an undeniable advantage, although it may
cause retention and agglomeration of ZVIN.

3.5. Effect of pore water velocity

An additional factor that has a critical pattern on
the Cr(VI) removal in each groundwater is pore water
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Fig. 7. Measured (symbols) and simulated (lines) data of
Cr(VI) removal using (a) S-ZVIN and (b) PAA-ZVIN under
1, 10, and 100 mM chloride concentrations (ZVIN concen-
tration: 2 g/L, initial Cr(VI) concentration: 50 mg/L and
pore water velocity: 0.05 cm/min).

velocity of flow in aquifers. In this research, the reduc-
tive transport of Cr(VI) using ZVIN was performed in
various velocities (0.07, 0.1, and 0.15 cm/min) repre-
senting the range of the flow velocity of a typical
groundwater. The other constant experimental vari-
ables were 2 g/L of ZVIN concentration and 50 of
mg/L initial Cr(VI) concentration. Fig. 8(a) and (b)
illustrate the removal rate of Cr(VI) at different pore
water velocities using S-ZVIN and PAA-ZVIN, respec-
tively. Accordingly, Cr(VI) removal efficiency, in gen-
eral, decreased considerably by increasing pore water
velocity. Hosseini et al. also observed a sharp decrease
in nitrate removal efficiency using Fe/Cu ZVIN by
increasing pore water velocity from 0.0125 to 0.375
mm/s [27]. Going more into recorded data for
S-ZVIN, maximum Cr(VI) removal rates were 67.46,
64.39, and 61.07% in 0.07, 0.1, and 0.15 cm/min pore
water velocity, respectively. However, for PAA-ZVIN,
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Fig. 8. Measured (symbols) and simulated (lines) data of Cr
(VD) removal using (a) S-ZVIN and (b) PAA-ZVIN under
0.07,0.1, and 0.15 cm/min pore water velocities: (ZVIN con-
centration: 2 g/L, initial Cr(VI) concentration: 50 mg/L).

over the same pore water velocity range, this rate
dropped from 49.31 to 39.41%. The obtained simulated
parameters for both ZVINs (Table 2) have a robust
correlation with experimental results. It is clear that
for S-ZVIN, from 0.07 to 0.15cm/min pore water
velocity, R and u decreased from 0.0052 to 0.00143 and
1.03 to 0.36, respectively. A similar observation was
reported for PAA-ZVIN, where in the same pore
water velocity range, R and u showed a decreasing
trend from 0.0008757 to 0.000151 and 0.953 to 0.242,
respectively. Higher flow velocity in each groundwa-
ter, in essence, reduces the reaction time and the
interaction between ZVIN and the contaminants that
leading to decrease in the removal efficiency.

4. Conclusion

In this study, the stabilized ZVINs with two
different stabilizers including sepiolite and PAA were
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synthesized and applied to eliminate Cr(VI) from satu-
rated sand-packed columns. The influence of various
experimental conditions such as ZVIN concentration,
initial Cr(VI)  concentration, geochemistry of
groundwater, and pore water velocity of aquifer on
the reduction of Cr(VI), breakthrough curves of Cr(VI)
transport and parameters of CDE equation was
investigated. Sepiolite, as an inexpensive and natural
material, compared to PAA could certainly better
rocket the colloidal stability of ZVIN suspension and
subsequently increased its interaction with Cr(VI).
Reductive transport of Cr(VI) was assertively depen-
dent on ZVIN concentration, initial Cr(VI) concentra-
tion, pore water velocity of contaminant flow, and the
groundwater chemical compositions. Furthermore, the
experimental curves of Cr(VI) reductive removal were
perfectly fitted with the mathematical model based on
CDE using CXTFIT. Results of the reductive flow
experiments indicated that increasing ZVIN and chlo-
ride concentrations caused a significant improvement
in the quantitative amount of mass-loss term and
retardation factor. An increase in initial Cr(VI) concen-
tration and pore water velocity, on the other hand,
dropped the aforementioned simulated parameters.
Ultimately, for the application of stabilized ZVIN in
real reactive sites, mineral-stabilized ones, compared
to polymer-stabilized ones, are highly recommended.
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