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ABSTRACT

A removal mechanism of chromate (Cr) by synthesized kaolin supported nanoscale zero-
valent iron (K-nZVI) from aqueous solution is demonstrated. Parameters which potentially
influenced the functioning of K-nZVI have been investigated as well. Based on the scanning
electron microscopy, Fourier transform infrared spectroscopes, X-ray crystal powder diffrac-
tion and X-ray photoelectron spectroscopy identifications, we confirm that amorphous Fe®
core/Fe, Oy, shell nZVI can be successfully loaded into the pores and cracks, and onto the
surface of kaolin. Removal efficiency of Cr by K-nZVI decreased with increasing initial pH
and Cr(VI) concentration, but increased while K-nZVI dosage increased. Humic acid and
phosphate had similar dual impacts on chromium removal by K-nZVI, and the inhibitory
effect was obvious at high concentrations in spite of their different reaction mechanisms. In
contrast, high concentrations of sulfate and nitrate could advance the chromium removal.
Adsorption isotherms indicate that the removal processes are endothermic. The data
obtained can be better explained with Langmuir than Freundlich model. At the conditions
of 318 K and optimized pH 4.0, the maximum adsorption capacity was 33.39 mg g~ " illus-
trating that K-nZVI was effective for the removal of total Cr. The removal mechanism is
proposed to divide into four phases, including: (1) aqueous Cr(VI) ions are captured on the
surface of K-nZVI; (2) the captured Cr(VI) are partly reduced to Cr(Ill) accompanied by Fe’
oxidizing to Fe**; (3) part of oxidized Fe®* continues to reduce Cr(VI); and (4) produced
Cr(Il), Fe**, and Fe** are formed passivation layers on the K-nZVI surface which prevent
further removal of chromium and result in redundant Fe’.
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1. Introduction

Chromium (Cr) is widely used in various indus-
trial processes including metal plating, metal
corrosion inhibition, pigment production, wood pre-
serving, leather tanning, and petroleum refining.
Anthropogenic activities such as accidental leakage
and improper disposal can cause severe contamina-
tions to fresh water resources and soils [1,2]. Even
though chromium element manifests its necessity in
vital movement, it leads to heavily toxic effects on
organisms at relatively high concentrations [3]. In
aquatic environment, chromium mainly exists in two
oxidation states, trivalent chromium [Cr(III)] and
hexavalent chromium [Cr(VI)], respectively; and the
latter is known to be more toxic, mobile, and carcino-
genic [4,5]. However, high concentration of Cr(III)
beneficially inhibits various enzymatic activities due
to its large capability coordinating with organic com-
pounds [6]. Both inorganic and organic ligands in the
environment can increase the solubility of Cr(IIl)
through forming complexes [7]. Furthermore, the sol-
uble complexes of Cr(IIl) can be re-oxidized to Cr(VI)
either by naturally occurring oxidants or by chlorine-
containing and other strong oxidizing disinfectants in
drinking water treatment processing [7]. The United
States Environmental Protection Agency (US EPA)
has set a maximum contamination level of 0.1 mg L™"
for total chromium in drinking water [8,9]. It is thus
vital to acquire an efficient chromium treatment or
remediation technology.

Many studies have indicated that nanoscale zero-
valent iron (nZVI), acting as a reducing agent, can
effectively remediate a wide variety of environmental
contaminants including chlorinated organic com-
pounds, heavy metal ions, inorganic anions, and
radionuclides [10]. nZVI is widely used for in situ
remediation due to its higher degradation rates for
contaminants and larger capacity for injection into the
subsurface compared with other bulk materials. How-
ever, there are still technical challenges associated
with its application. Both rapid aggregations of bare
nZVI related to its intrinsic magnetic attraction and
attachment to sand grains can limit the transportabil-
ity in porous media [10]. In addition to the intrinsic
properties of nZVI, many environmental factors can
also affect its stability, deliverability, targeting ability,
and reactivity during in situ remediation [11]. As a
result, modification of nZVI must be required to over-
come the current weaknesses. Polymeric surface modi-
fication, emulsification, and embedding or supporting
nZVI to a carrier are three major modified alternatives.
Among them, nZVI embedded in carriers or supports
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are widely applied because both physical adsorption
and chemical reduction contribute to the remediation.
Polyflon resin-supported nZVI particles were used to
remediate Cr(VI) and Pb(Il) from aqueous solutions.
Its rate of remediation for Cr(VI) and Pb(II) was up to
30 times higher than that offered from iron filing or
iron powder on a Fe molar basis [12]. Chitosan-stabi-
lized nZVI particles were found to have increased sta-
bility as nitrogen and oxygen atoms on the chitosan
bound to iron. Experiments also demonstrated that the
maximum Cr(VI) reduction rates by chitosan-stabi-
lized nZVI was about three times higher than that
using nZVI alone [13]. Besides, bentonite-, pillared
bentonite-, black carbon-, natural montmorillonite-,
and HDTMA modified montmorillonite-supported
nZVI have been showed better removal efficiencies
compared to unsupported nZVI [11,14-17].

Only limited studies have investigated the Cr(VI)
removal mechanism and the influence of natural
occurring ligands [such as phosphate, sulfate, nitrate,
and humic acid (HA)] on the transformation of chro-
mate by nZVI or supported nZVI. In addition, with
respect to support substance, kaolin, acting as one
major kind of clay minerals, manifests a variety of
advantages including chemical and mechanical stabil-
ity, high specific surface area, bargain price, and natu-
ral abundance. To our best knowledge, studies on
kaolin adsorbing of heavy metal cations such as Pb(I),
Cddrn, NidI), Cu(l), and Co(Il) [18,19] were being
drawn more attention accounting for high cation
exchange capacity or strong cationic surface complexa-
tion capacity as well as electrostatic attraction. In con-
trast, the removal of heavy metal anions (e.g. arsenate
and dichromate) by kaolin was rarely reported.

The aim of this study is to investigate physico-
chemical factors affecting chromate removal by syn-
thesized kaolin supported nanoscale zero-valent iron
(K-nZVI) from aqueous solution and its operating
mechanism. Details of preparation steps for K-nZVI
with liquid phase chemical reduction have been
shown. In addition, potential influences on the chro-
mate removal efficiency, including pH, K-nZVI
dosage, initial Cr(VI) concentration and presence of
co-existing ions (phosphate, sulfate, and nitrate), and
HA have been investigated and demonstrated. The
maximum adsorption capacity was studied through
adsorption isotherms. Furthermore, the removal mech-
anism of chromate by K-nZVI has been explored
through scanning electron microscopy (SEM), Fourier
transform infrared spectroscopes (FTIR), X-ray crystal
powder diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) characterizations.
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2. Materials and methods
2.1. Materials and reagents

Kaolin, provided by Fengxian Fengcheng Reagent
Factory (Shanghai, China), was in chemical purity.
The solutions of phosphate, sulfate, nitrate, calcium,
sodium, and magnesium were prepared from bulks of
NaH2PO4, KzSO4, KNO3, CaClz, NaCl, and MgClz,
respectively. Except KBr was in spectral purity, all of
the reagents were analytical grade. Distilled water was
used to prepare the aqueous solution. The standard
solutions of iron and chromium (1,000 mg L}, NACIS,
China) were used in atomic absorption spectropho-
tometry (AAS-6300, Shimadu, Japan).

2.2. Synthesis of K-nZVI and nZVI

K-nZVI was prepared by the liquid phase chemical
reduction method as involved in pertinent literatures
[18,20]. Briefly, 0.1 mol L7 ferrous solution was pre-
pared by dissolving 1.389 g of FeSO,-7H,0O in 50 mL
mixed liquor of absolute ethanol and water (2:3 v/v),
which was transferred into a three-necked flask con-
taining kaolin, and then deaerated under the flow of
ultrapure nitrogen (N,) with magnetic stirring for
30 min. Afterwards, 100 mL of 0.15mol L™' NaBH,
solution, employed as reductant, was dropwisely
instilled into the mixture by a tap funnel and addition-
ally stirred for 20 min. To guarantee the complete
reduction of Fe**, six times of stoichiometric dosage of
NaBH, was used. The entire process was simulta-
neously stirred under N, atmosphere. The generated
black substances were filtrated in vacuum and rinsed
for three times with distilled water, absolute ethanol
and acetone, respectively. To prevent the oxidation of
synthesized nZVI, the black substances were forbidden
to explore into air through the rinsing steps. Finally,
the black material was dried immediately in the cham-
ber of an EYELA FDU-2200 freeze-dryer (Tokyo
Rikakikai, Tokyo, Japan) overnight and then preserved
under N, atmosphere in a desiccator. K-nZVI with var-
ious Fe mass contents (wt.%) was prepared as the
above-mentioned procedures with a range of kaolin
loadings. nZVI was prepared without kaolin. Actual
iron contents were measured by AAS through dissolv-
ing 0.05gof K-nZVI with appropriate amount of
HNOj3; and HCI. The comparison results are given in
Table 1. The actual iron contents in K-nZVI were
slightly lower than the theoretical values, indicating
that synthesized nZVI was not fully supported onto
kaolin and then filtrated. It has been reported that the
removal efficiency of Pb(Il) by K-nZVI increased with
an increasing contents of nZVI, but remained constant
at a level between 20 and 25% [18]. In order to remove
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Table 1
Comparison between theoretical and actual iron contents
in K-nZVI

Iron content (wt.%)

Weight of Weight of

FeSO,7H,O/g kaolin/g Theoretical Actual

1.389 5.301 5.0 3.8
2,511 10.0 7.3
1.116 20.0 16.5
0.651 30.0 25.7
0 nZVI

cost-effectively, K-nZVI containing 20% nZVI was thus
applied in all the following experiments.

2.3. Characterizations and measurements

SEM images of K-nZVI were obtained using a
JSM-7500F SEM (JEOL, Japan) at an operating voltage
of 50 kV. The specific surface areas of nZVI, K-nZVI,
and kaolin were determined by Brunauer-Emmett—
Teller (BET) adsorption method. The FTIR spectra of
K-nZVI were observed via a FTIR spectrometer
(Shimadzu FTIR-8400S, Japan) ranging of 4,000-
400 cm ™" with a resolution of 4 cm™'. XRD measure-
ments of nZVI, kaolin, and K-nZVI were performed
on an UltimalV diffractometer (Rigaku Corporation,
Japan) using Cu Ko radiation (1 =0.154056 nm) at a
scan rate of 15° min~". The tube source was operated at
40 kV and 30 mA. XPS data of K-nZVI were acquired
using a Kratos XSAMS800 with an Al Ka monochro-
matic source radiation (225 W). XPS measurements
were operated in the constant pass energy mode with
full spectrum measurement at 160 eV and high resolu-
tion spectra at 40 eV for Cr 2p, Fe 2p, and Cls.

2.4. Batch experiments

A stock solution of 1,000mg L™ Cr(V) was
obtained by dissolving K,CrO, into distilled water.
Working solutions of Cr(VI) were prepared from the
stock solution by dilution. In the batch experiments,
0.1 gK-nZVI and 50 mL, 50 mg L' Cr(VID) solution
(fixed initial pH 4.0) were mixed well in conical flask
and placed on a thermostatic shaker bath at 25°C, and
then stirred with 160 rpm for 12 h. The supernatant
was collected after centrifugation with a speed of
4,000 rpm for 10 min. The total Cr concentration was
analyzed with AAS. The removal efficiency of total
Cr (R (%)) was calculated by the equation: R (%) =
(Co—Cp 100/Co, where Cy (mg LY is the initial Cr
(VI) concentration and C, (mg L") is the total concen-
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tration of Cr in solution at time f. All experiments
were conducted in duplicate. All points in the figures
were shown by the mean values and error bars repre-
sented their standard deviation. All standard devia-
tions (<3%) are in line with the requirements.

The effects of several parameters were investi-
gated. For each, only one parameter varied while the
others remained constant as above-mentioned condi-
tion, except the study of K-nZVI dose with 100 mg L™
of initial Cr(VI) concentration. Initial pH (3-10) was
adjusted using 0.1 M HCI or NaOH. Different initial
Cr(VI) concentrations in a range of 10 and 80 mg L™"
were performed. The effect of K-nZVI dose was set
between 0.01 and 0.30 g. For comparison in the dosage
experiment, 0.1 g kaolin and 0.1 g nZVI instead of
K-nZVI was added into 50 mL of 100 mg Lt Cr(VD),
respectively. The effects of common anions (phos-
phate, sulfate, and nitrate), cations (calcium, sodium,
and magnesium), and HA on the removal of Cr(VI) by
K-nZVI were investigated. Sulfate, nitrate, and HA
were applied at the concentrations ranged from 0.5 to
100 mg L7, while phosphate at the concentrations
ranged from 0.5 to 50 mg L'. All of cations were
studied in a range of 0.5 and 30 mg L™'. Individual
co-existing ion was added into a mixture of 50 mL of
50 mg L™" Cr(VD) solution (pH 4.0) and 0.1 g K-nZVL.
In addition, the control experiment was conducted
without adding any co-existing ions or HA.

2.5. Adsorption isotherms

The adsorption isotherm experiments were carried
out by adding 0.1 g synthesized K-nZVI to 50 mL of
initial Cr(VI) concentrations (Cy (mg L™")) ranged from
10 to 80mg L' (pH 4.0) at different temperatures
(298, 308, and 318 K, respectively). The following pro-
cesses were as same as that shown in batch experi-
ments. The equilibrium adsorbed amount of Cr
(@. (mg g7")) was evaluated according to the equation:
ge=(Co—C,)V/m, where V and m are the total volume
of the solution (L) and the adsorbent mass (g), respec-
tively. C, (mg L") is the equilibrium concentration of
total Cr in solution. The adsorption isotherms were
fitted by the Langmuir and Freundlich models.

3. Results and discussion
3.1. Characterizations
3.1.1. SEM analysis

The morphologies of K-nZVI before and after reac-
tion with Cr(VI) are illustrated in Fig. 1. The SEM
images before reaction (Fig. 1(a) and (b)) show that
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the majority of the synthesized nZVI supported on
kaolin were spherical shaped nanoparticles (<100 nm
in diameter) and loaded into the pores or cracks and
onto the surface of kaolin. It can be seen that nZVI
exhibited good dispersion with little aggregation on
the kaolin. However, after reaction, the dimension of
iron nanoparticles increased distinctively and the sur-
face of K-nZVI seemly coated by products, which
resulted in the disappearance of mainly pores or
cracks of K-nZVI (Fig. 1(c) and (d)). This implies that
Fe® corrosion and co-precipitation were involved. Tt
also supports evidence for the hypothesis that both
adsorption, redox reaction and precipitation took place
in the removal of Cr(VI) by K-nZVI [11,20].

3.1.2. FTIR spectrogram

The FTIR spectra of K-nZVI before and after
removal of Cr(VI) are shown in Fig. 2. The sharp
peaks at 3,694 and 3,620 cm™' corresponding to OH-
stretching imply a high H,O molecule content in the
kaolin mesosphere and octahedron before reaction, as
well as obvious kaolin peaks of OH-bending at 1,104,
1,033, 1,010, 914, 792, 754, and 695 cm ' (Fig. 2(a))
[21,22]. However, the characteristic peak was shifted
from 1,104 to 1,106 cm ! and the peaks located at
1,033 and 1,010 cm ' were transformed into a broad
absorption band after reaction (Fig. 2(b)), suggesting
that partial Al-O-H bonds was destructed during
removal process. Consistent well with the nZVI spec-
tra bands reported by Zhang et al. [21], the absorption
peaks at 470 and 540 cm™' characterizing Fe-O stretch
of Fe;O; and Fe3;O4 respectively, were observed
before and after reaction, confirming that nZVI had
been successfully supported on kaolin and its surface
was partially oxidized. This supports the hypothesis
that K-nZVI had the Fe’ core/ Fe, Oy shell structure
[21].

3.1.3. XRD measurements

Fig. 3 shows XRD patterns of nZVI, natural kaolin,
synthesized K-nZVI before and after reaction. The
interpretation of the XRD spectra allows us to analyze
the phase composition of material. Synthesized nZVI
particles can be characterized by the sharp peak at
~44.7° (Fig. 3(a)), suggesting that there is large crystal-
line grain size and high crystallinity. Meanwhile, the
ignorable intensity of iron oxide (Fe,O,) diffraction
peaks (at 30° and ~35°) [21,23,24] elucidates that the
content of oxide kept at a relatively low level. Peak M
(Fig. 3(c)) is in good accordance with (110) crystal face
in Fig. 3(a). Thus, as expected, nZVI was successfully
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Fig. 1. SEM images of K-nZVI before and after reaction with Cr(VI): (a) before reaction (x20,000), (b) before reaction (x50,000),
the red arrows point to the spherical-shaped nanoparticles, (c) after reaction (x20,000), and (d) after reaction (x50,000).

loaded on kaolin substrate. Compared with the
corresponding peak L and M in Fig. 3(b) and (c), respec-
tively, even though they are partially overlapped, peak
M is more broaden and higher relative intensity than
peak L. The possible reasons are the generation of
amorphous phase of iron [24] and smaller crystalline
grain size after loaded on kaolin (carrier contributes to
reducing the specific surface energy of nZVI).

3.2. Batch experiments
3.2.1. Effect of initial pH

Fig. 4 illustrates that the initial pH value plays an
important role in the removal of Cr(VI) by K-nZVI.
With the initial pH increased from 3.0 to 10.0, the
removal efficiency dropped significantly from 99.73%
to 49.36%. The result also indicates that the total Cr
removal has maximum efficiencies (in a range of
99.46% and 99.73%) at a low pH values (from 3.0 to
5.0). As a result, pH 4.0 is defined as its optimum
operation value. In general, Cr(VI) exists different

792754

914 540
1106 4da3 o

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm')

Fig. 2. FTIR spectra of K-nZVI before (a) and after (b)
reaction with 50 mg L™" of Cr(VI) solution.
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Fig. 3. XRD patterns of samples. (a) nZVI, (b) kaolin,
(c) K-nZVI before reaction, and (d) K-nZVI after reaction
with 50 mg L™ Cr(VI) solution (the insert represents
microscope of two-theta in the range of 16.5-20°).
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Fig. 4. Effect of initial pH on the removal of total Cr by
K-nZVI (reaction between 50 mg L™' Cr(VD) and 0.1g
K-nZVI at 25°C, 160 rpm for 12 h).

ionic forms in aqueous solutions under variable pH
values [4,25]. The dominant species of Cr(VI) is
HCrO; at pH<6.1, and gradually transforms into
CrOﬁf with the increased pH [26]. However, HCrO,
is easier to be adsorbed than CrOj  because of its
lower adsorption free energy [26]. In addition, pH can
create a contribution to the surface charge of K-nZVI.
Adsorbent is negatively charged when pH is above
the point of zero charge, which leads more electro-
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static repulsion between Cr(VI) ions and K-nZVI, and
consequently causes the decrease of removal effi-
ciency. Our result is consistent with other findings
that the Cr(VI) removal efficiency by activated carbon-
based iron-containing adsorbents and nZVI-Fe;O,
nanocomposites declined sharply <20% and <40%
while the pH increased to 11 and 10, respectively
[9,26].

As removal mechanism to be described next,
Cr(V]) is partly reduced to Cr(Ill) by Fe’ or Fe**. Sub-
sequently, almost all Cr(Ill) is removed in the form of
hydroxylated and co-precipitations (e.g. Cr(OH)s,
Cr,Fe;_(OH);, or Cr,Fe;_OOH [8]) that obstructs the
electron transfer and abrogates further reactions. How-
ever, the formations of these precipitations are inhib-
ited at acidic environments according to Eqgs. (1) and
(2) [8]. At lower pH values, Cr(VD)/Cr(Il) possesses
higher positive electrode potential (Egs. (3) and (4))
which leads to more significant reduction of Cr(VI) by
Fe’. Xie and Cwiertny [27] proposed that more quanti-
ties of ferrous iron species, which are the dominant
substances for Cr(VI) removal by nZVI below pH 8,
were produced because of higher corrosion rate at low
pH values. Our results clearly show that final pH
increased gradually and varied in a range of 9.02 and
10.32 after reaction while the initial pH increased. This
implies that removal of Cr(VI) was the process of pro-
ton consumption and little Cr(IIl) was released into
the solution due to low solubility product of Cr(OH);.
Hence, the increasing pH results in negative removal
efficiency and K-nZVI can effectively remediate Cr(VI)
and Cr(II) at the lower pH level.

xCr't + (1 — x)Fe*" + 3H,0 = Cr,Fe;_(OH),(s) + 3H"
¢))

xCr’t + (1 — x)Fe** + 2H,0 = Cr,Fe; ,OOH(s) + 3H"

)
HCrO; +7H" +3e” = Cr’" +4H,0 ®3)
CrO3 +8H" +3e” = Cr*" +4H,0 )

3.2.2. Effect of initial Cr(VI) concentration

Fig. 5 illustrates the effect of initial Cr(VI) concen-
tration (Cp) on its removal efficiency by K-nZVI. It can
be seen that removal efficiency exceeded 99% with lit-
tle variation in the range of 10 and 25mg L', but
decreased to 92.3% as C; increased to 40 mg L7, and
further dropped to 66.3-82.3% at Cy = 60 mg L™". In
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Fig. 5. Effect of initial Cr(VI) concentration on the removal
of total Cr by K-nZVI (reaction with 0.1 g K-nZVI at pH
4.0, 25°C, 160 rpm for 12 h).

prior investigation of Cr(VI) removal by chitosan-Fe’,
Geng et al. [28] assumed that reduction of Cr(VI) to
Cr(Il)) occurred on the reactive sites occupied by Fe?,
while no reduction happened on the nonreactive sites
occupied by other substances rather than Fe’. Simi-
larly, because of the existence of iron oxide impurities,
we hypothesize that both reactive sites and nonreac-
tive sites existed on the K-nZVI surface, and the
reactive sites remained constant at a fixed amount of
K-nZVI. Almost complete removal of total Cr at low
Cop range indicates that the reactive sites were not satu-
rated. However, removal efficiency decreased while
Cy further increased, implying that the limited reactive
sites were saturated and then acted as a hindrance for
the lasting of reduction.

3.2.3. Effect of K-nZVI dosage

Fig. 6 shows the removal efficiency of Cr as a func-
tion of K-nZVI dosage. It is clear that the removal effi-
ciency increased with the K-nZVI dosage
aggrandizing. This observation can be ascribed to the
increase of reactive sites as iron contents strengthened.
However, removal efficiency below 0.1 g dosage pre-
sents a faster growth trend than that of above 0.1 g,
and only 56.92% of Cr was removed at iron contents
of ~3.3 times the stoichiometric quantity. The most
possible reasons are the formation of passivation layer
(as the following discussed in removal mechanism)
and occurrence of side reactions with water and dis-
solved oxygen [12]. The higher dosage is, the more
remarkable side reactions can be. In the control experi-
ment, poor removal efficiency of kaolin (1.35%) might
be due to no reduction and low adsorption capacity of
kaolin for Cr(VI). Furthermore, it is found that the Cr
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Fig. 6. Effect of K-nZVI dosage on the removal of total Cr
by K-nZVI (reaction with 100 mg L™ Cr(VI) at pH 4.0,
25°C, 160 rpm for 12 h).

removal efficiency by 0.1 g K-nZVI (56.92%) was much
higher than the sum (30.8%) of the reduction by 0.1 g
nZVI (29.45%) and the adsorption by kaolin (1.35%).
This confirms that kaolin, as a supporter, not only sta-
bilizes and disperses nZVI but also prevents its aggre-
gation and provides more reactive sites based on the
same Fe’ mass. In addition, this phenomenon indi-
cates that the Cr removal by K-nZVI is not a simple
sum of adsorption and reduction. There must be some
synergetic effect existing between kaolin and nZVIL.

3.2.4. Effects of HA and co-existing ions

Natural groundwater usually consists of various
cations, anions, and humic substances, mainly HA,
which may influence the removal of chromium by
K-nZVI. Therefore, in practical application, we need to
take them into consideration. In present work, com-
pared to HA and anions (nitrate, sulfate, and phos-
phate), cations (sodium, calcium, and magnesium) did
not obviously change the removal efficiency (the
results are not shown). The possible reasons are elec-
trostatic repulsion between cations and K-nZVI, and
cations could not form inner-sphere complexes.

Fig. 7 shows the effects of three anions and HA
on the chromium removal. Compared to the control
experiment (R = 89.1%), the low concentrations of
HA (0.5-10 mg L™") improved the removal efficiency
(R = 90.3-94.4%), while high concentrations of HA
(10-100 mg L") depressed the removal efficiency
(R = 63.9-90.3%). In the natural environment, HA
was considered as an important reducing agent [29].
So improved removal efficiency at low levels of HA
might result from the reduction of Cr(VI) or Fe(IIl)
by HA. In addition, the quinones in HA would play
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Fig. 7. Effects of co-existent anions and HA on the removal
efficiency (Cg is the initial concentration of ions and HA;
reaction between 50 mg L™' Cr(VI) and 0.1 g K-nZVI at pH
4.0, 25°C, 160 rpm for 12 h).

the role of electron shuttles to strengthen electron
transfer [30]. However, as content of HA was further
raised, the side reaction between dissolved oxygen
and K-nZVI might be enhanced and the formation of
Fe(Ill)-humate complexes and Cr(I)-humate com-
plexes were increased, which were further ascribed to
dissolved chromium concentration [7]. As a result,
HA possesses dual impacts on chromium removal by
K-nZV], that is, low concentrations of HA promoted
chromium removal, while high concentrations of HA
suppressed.

Similar to HA, phosphate had dual impacts on
chromium removal by K-nZVI. In concentration
<10 mg L' of phosphate enhanced the chromium
removal (e.g. R = 94.9% at 0.5mg L™ phosphate),
while higher than that had a negative influence to
some extent (e.g. R = 75.9% at 50 mg L' phosphate).
Phosphate exploiting oxygen atoms can form Fe-com-
plexes with Fe(Ill) and Fe(ll), and Fe(IIl)-complexes
are more stable than Fe(Il)-complexes [7], which
resulted in the decrease of the electrode potentials of
Fe(I) /Fe’ and Fe(IlT) /Fe(Il) and increased the removal
efficiency. The transferring electrons from Fe’ to
Fe’* or from Fe?* to Fe’* could either be gained by
dissolved oxygen or Cr(VD) [27]. In this study,
depressed removal efficiency in high levels of phos-
phate suggests that the electron transfer presented a
preference for dissolved oxygen. Eary and Rai [31]
proposed that the molar ratios of oxidized Fe(Il) to
reduced Cr(VI) were accelerated as the concentration
of phosphate enhanced.

Contrary to HA and phosphate, sulfate depressed
the removal efficiency in low concentrations while
enhanced the removal efficiency in high concentrations.
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Specifically, removal efficiency fell markedly to 69.7%
at 0.5 mg L' sulfate, and then gradually increased to
94.2% while sulfate increased to 100 mg L™". Such phe-
nomenon indicates that low concentrations of sulfate
apparently competed the reactive sites with Cr(VI). The
improved removal efficiency at high levels of sulfate
should be ascribed to the fact that sulfate could acceler-
ate electron generation as a corrosion promoter [27],
thus created more reactive sites on the iron surface.
Iron corrosion and electron release were the prerequi-
sites of pollutant degradation [32]. And it has been
suggested that sulfate promotes the corrosion of
Fe through destabilizing the passivation layers on the
iron surface [33].

However, compared to HA, phosphate, and sul-
fate, nitrate had slight acceleration on the chromium
removal in the whole studied range (0.5-100 mg L™,
because the external addition of nitrate reinforced the
ionic strength and then encouraged iron corrosion
[32]. At the concentration of 100 mg L™ co-existing
ions, nitrate had slightly lower removal efficiency
(92.0%) than sulfate (94.2%). This difference was
ascribed to stronger ion strength provided by sulfate
than nitrate with the same concentration. Despite
phosphate could contribute stronger ion strength and
improve iron corrosion, the inhibitory effects from
many aspects in high concentrations were more mani-
fest. Nitrate seems not to form stable inner-sphere
complexes with iron (oxy) hydroxides as phosphate
does. Thus competitive capacity of nitrate for the reac-
tive sites was not considered to be stronger than or as
effective as chromate. Analogous phenomenon that
nitrate could not compete reactive sites with bromate
was observed by Xie and Shang [34]. Many studies
have confirmed that nitrate could be reduced by Fe’.
However, this reaction was an acid-driven [32,35]. As
mentioned previously, both H" consumed and OH™
released during chromate reduction by K-nZVI con-
tributed to the pH increase, which inhibited the nitrate
reduction by K-nZVI. Therefore, the reaction between
nitrate and K-nZVI was negligible in current system.
To summarize, a conceptual model was established to
depict the effecting process of anions and HA (Fig. 8).

3.3. Adsorption isotherms

Temperature is another important parameter in
K-nZVI treatment systems. It can be seen from Fig. 9
that the g, increased with the raise of temperature
indicating the endothermic nature of removal process.
Similar phenomenon was also observed in the removal
of crystal violet by K-nZVI [20]. In order to have better
understanding of the removal mechanism, the experi-
ments were carried out by applying two well known
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Fig. 9. Plots of the equilibrium absorbed amount versus
the equilibrium concentration of total Cr at different tem-
peratures (reaction with 0.1 g K-nZVI at pH 4.0, 160 rpm
for 12 h).

isotherms, Langmuir and Freundlich, respectively [9].
The Langmuir model assumes that monolayer adsorp-
tion occurs to homogeneous surface with a limited
number of adsorption sites, all of which are identical

and energetically equivalent. The linear form of Lang-
muir equation was described as follows:

—=— )

where g,, (mg g™") is the maximum adsorption capac-
ity and b is the Langmuir constant relating to the
energy of apparent adsorption. The constants b and g,
listed in Table 2 are evaluated by the intercept and
slope of plot of C./q, versus C,, respectively. The val-
ues of g, and b increased with the raise of tempera-
ture implying that the adsorption capacity was higher
and the energy of apparent adsorption was lower at
higher temperatures. In this study, g,, (33.39 mgg™)
of Cr removal by K-nZVI was 9.5 times that of bare
nZVI at 318 K [36]. It is worth to note that the removal
capacity of Cr by K-nZVI was much higher than
naked nZVI as a result of the aggregation of nZVI
decreasing for K-nZVI, despite nZVI had a larger spe-
cific surface area (104.38m? g ') than K-nZVI
(1754 m* g ).
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Table 2
Langmuir and Freundlich adsorption isotherm parameters for total Cr removal by K-nZVI
Langmuir Freundlich
Temperature (K) b G i Ky 1/n ”
298 2.4035 26.67 0.9966 15.483 0.1849 0.8933
308 3.5207 29.93 0.9974 13.219 0.1715 0.9151
318 9.1868 33.39 0.9972 24.459 0.1298 0.8666

For the Langmuir isotherm, a dimensionless con-
stant separation factor can be expressed by the follow-
ing expression

1
Ry = m 6)

The value of R; indicates the type of isotherm to be
either unfavorable (R; > 1), linear (R; = 1), favorable
(0 < Ry < 1), or irreversible (R, = 0). Fig. 10 shows that
the values of R; at different Cy, and temperatures fell
into the range of 0-0.04 indicating that the removal
process of Cr(VI) is favorable. Simultaneously, the val-
ues of R; decreased markedly as Cy and temperature
increased, implying more favorable adsorption at
higher concentrations and temperatures.

The Freundlich isotherm is derived from the
hypothesis of physical adsorption on a heterogeneous
adsorbent surface. The linear relationship of Freund-
lich equation is given as:

1
log g. = log kf + EIOg Ce )

where ks and 1/n are the Freundlich constants related
to the adsorbent capacity and intensity, respectively.
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Fig. 10. Relationship between separation factor and initial
Cr(VI) concentration at different temperatures.

The constants k; and 1/#n listed in Table 2 are evalu-
ated by the intercepts and slopes of plots of log 4. ver-
sus log C, respectively. The values of 1/n < 1
delegate a favorable adsorption. Compared to the Fre-
undlich isotherm, the higher correlation coefficient of
Langmuir model confirmed the suitable of Langmuir
model, indicating greater tendency of the homoge-
neous surface of K-nZVI.

3.4. Removal mechanism of Cr(V1) by K-nZVI

Characterizations analysis demonstrated that the
removal process might include adsorption, reduction,
and precipitation. Compared with the peak L and N in
Fig. 3(b) and (d), they are so similar that peak N could
be interpreted orally as the kaolin diffraction peak and
nZVI had been partly consumed resulting in the disap-
pearance of its diffraction peak. Though we cannot
firmly conclude that iron oxides came into being due to
the interferences of kaolin matrix diffraction peaks, it
explicitly shows the characteristic peaks of compound
FeCr,0O, referred to JCPDS (34-0,140) such as miller
indices (111), (220), and (311) corresponding to two-
theta 18.3° (magnified in the insert), 30.1°, and 35.5°,
respectively. The conclusion of generation of co-precipi-
tated FeCr,O, is in good agreement with that of Shi
et al. [11] and indicates that nZVI was oxidized to Fe**
and simultaneously Cr(VI) was reduced to Cr(IIl), con-
sequently facilitating the formation of co-precipitated
FeCr,O,. The production of other chromium-iron
deposits, of course, cannot be excluded.

In order to derive the removal mechanism better,
XPS technique was used to analyze surface chemistry
for K-nZVI particles extracted from 100 mg L™ of Cr
(VD) solution. Prior to each curve fitting, a Shirley-type
background subtraction was preformed and no
smoothing routine of raw data was done. All the spec-
tra were curves fitted with Gaussian/Lorentzian func-
tions to approximate the peak shapes. In order to
eliminate the shifts caused by surface charging effects,
the binding energy was referenced to the peak of ali-
phatic adventitious hydrocarbon C 1s band at
284.6 eV. The surface atomic concentration (at.%) was
calculated by means of photoelectron peak areas and
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Table 3

The relative contents of elements obtained from XPS spectra quantitative analysis

Peak Position BE (eV) FWHM (eV) Raw area (cps eV) ASF Atomic conc. (at.%)
Fe 2p 710.900 4.509 35,747.0 2.957 2.19

Cr 2p 576.950 4.203 21,029.6 2.427 1.60

Ols 531.750 1.982 273,409.4 0.780 65.45

Cls 284.550 1.573 43,673.6 0.278 30.76

atomic sensitivity factors (ASF), for which the mathe-
matical description is given by the equation:

L/

where I and S denote the intensity of corresponding
photoelectron peak (ie. peak area) and ASF,
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respectively. The subscript i and j represent one cer-
tain element and total elements shown in Table 3,
respectively.

The XPS spectra of K-nZVI after reaction (Fig. 11)
reveal that chromium was incorporated into K-nZVI
particles. In terms of the four elements (Fe, Cr, O, and
O) (Fig. 11(a)), XPS spectra quantitative analysis pro-
vided information of surface composition and relevant
parameters (Table 3). It is conductive to let us further
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Fig. 11. XPS spectra for K-nZVI particles extracted from 100 mg L™! Cr(VID) solution. (a) Full spectrum scanning, (b) Fe
2p, (o) curve fitting of Fe 2p3,,, and (d) curve fitting of Cr 2p3,,.
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understand the whole reaction and draw some valu-
able conclusions. Firstly, considerable oxygen content
could be construed as the contributions of iron (hydr)
oxides, chromium (hydr)oxides, and the constituents
of kaolin (e.g. SiO, and AL,O;) etc. Secondly, the
atomic ratio of Fe and Cr is equal to ~1.4. However,
due to the influences of iron (hydr)oxides and unre-
acted nZVI (see the following analysis), the actual
atomic ratio for co-precipitation is uncertain.

For the high resolution scans of Fe 2p region
(Fig. 11(b)), the first peak located at binding energy of
706.7 eV is Fe® 2ps,,. Peak position at 710.9 and
724.0 eV are assigned to Fe 2p;,, and Fe 2p; /,, respec-
tively [9]. Additionally, the shoulder peak at 719.9 eV
belongs to the combination of shake-up satellite Fe
2ps/» for oxidized iron and Fe 2p;,, for Fe’ [8].
Through curve fitting of Fe 2p;/,,, it can be decom-
posed into two overlapping peaks at 710.2 eV and
712.0 eV, which correspond to Fe(Il) and Fe(IID),
respectively [9]. The above results manifest that Fe’
was superfluous and oxidized iron existed in mixed
valence states after reaction (Fig. 11(c)). Thus, the
oxidation of Fe’ can be described by two successive
elementary reactions:

Fe® = Fe?" + 2e 9)

Fe’" =Fe’" + e~ (10)
A curve fitting of Cr 2p3,, region (Fig. 11(d)) was also
carried out and Cr 2p;3,, spectrum decomposed into
two peaks representing Cr(Ill) and Cr(VI) located at
576.1 eV and 577.4 eV, respectively [9]. Using the area
under each peak, a relative content of chromium in dif-
ferent valence was calculated: w[Cr(IID]:w[Cr(VD] =
3,018.4/3,973.3=0.76. Therefore, during the remedia-
tion of Cr(VI), both redox and adsorption effects played
important roles. In spite of redundant nZVI existed,
adsorbed Cr(VI) still was unreduced suggesting that
Fe° outer sphere was encompassed by passivation lay-
ers composed of Cr(IlI) and oxidized iron complexes.
The Cr(VI) removal by iron is surface mediated.
Therefore, a close contact between Cr(VI) and iron
surface is required. Kaolin can absorb a certain
amount of chromium despite its low adsorption capac-
ity. Consequently, the Cr(VI) concentration in the
vicinity of iron surface increased. The adsorption facil-
itated the mass transfer of Cr(VI) from solution to iron
surface, and then accelerated the removal of Cr(V]) in
a synergetic way. The analogous synergetic effect has
been found in some previous studies [37-39], in which
enhanced removal of contaminants by nZVI was
observed when the adsorbents had been combined.
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Based on the results, the possible mechanism of
Cr(VD) removal by K-nZVI in aqueous solution con-
sists of four steps: (1) aqueous Cr(VI) ions are
adsorbed on the surface of K-nZVI due to large spe-
cific surface area of K-nZVI (17.54m® g '). The
adsorption facilitated the mass transfer, and acceler-
ated the reduction of Cr(VI) in a synergetic way; (2)
the absorbed Cr(VI) is partly reduced to Cr(IIl)
accompanied by Fe’ oxidizing to Fe’*; (3) oxidized
Fe’" continuously reacts with Cr(VI) and releases
Fe** and Cr(Il); and (4) on the outer surface of
nZVI, Cr(Ill) and oxidized iron ions form passivation
layers preventing the further removal of chromium
and remaining adsorbed Cr(VD).

4. Conclusions

In this work, K-nZVI adsorbent was prepared by
the liquid-phase chemical reduction method and used
to remove chromate in aqueous solution. Comprehen-
sive characterizations of kaolin, nZVI, and K-nZVI
were carried out by SEM, FTIR, XRD, and XPS analy-
ses, which illustrate that amorphous Fe® core/ Fe, O,
shell nZVI was successfully loaded into the pores
and cracks and onto the surface of kaolin. The batch
experiments illustrate that removal efficiency of Cr
by K-nZVI decreased with increasing initial pH and
Cr(VI) concentration, but increased while K-nZVI
dosage increased. HA and phosphate had similar
dual impacts on chromium removal by K-nZVI and
the inhibitory effect was obvious at high concentra-
tion in spite of their different reaction mechanisms.
In contract, high concentrations of sulfate and nitrate
could advance chromium removal. To summarize,
the positive effects of the three anions were ranked
in: sulfate > nitrate > phosphate, while the negative
impact of HA was notable. Adsorption isotherms
indicate that the processes of chromate removal by
K-nZVI were endothermic and the equilibrium
adsorbed amount increased with elevating tempera-
ture. The Langmuir model correlated the adsorption
isotherms was better than Freundlich model indicat-
ing greater tendency of homogeneous property of
K-nZVI surface. At the conditions of 318 K and opti-
mized pH 4.0, the maximum adsorption capacity was
33.39 mg g ! illustrating that K-nZVI was effective for
the removal of total Cr. Adsorption, redox reaction,
and precipitation are all involved during the process
of chromate removal by K-nZVI. The potential
removal mechanism of chromate by K-nZVI is sug-
gested based on our results. However, it should be
noted that natural environment has much compli-
cated components and variable pH, the functioning
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of K-nZVI in combination of co-existing ions and at
realistic pH should be further studied.
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