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Abstract
Chromium and/or arsenate removal by Fe(II) as a function of pH, Fe(II) dosage and initial Cr(VI)/As(V) ratio were examined in

batch tests. The presence of arsenate reduced the removal efficiency of chromium by Fe(II), while the presence of chromate significantly
increased the removal efficiency of arsenate by Fe(II) at pH 6–8. In the absence of arsenate, chromium removal by Fe(II) increased to
a maximum with increasing pH from 4 to 7 and then decreased with a further increase in pH. The increment in Fe(II) dosage resulted
in an improvement in chromium removal and the improvement was more remarkable under alkaline conditions than that under acidic
conditions. Chromium removal by Fe(II) was reduced to a larger extent under neutral and alkaline conditions than that under acidic
conditions due to the presence of 10 µmol/L arsenate. The presence of 20 µmol/L arsenate slightly improved chromium removal by
Fe(II) at pH 3.9–5.8, but had detrimental effects at pH 6.7–9.8. Arsenate removal was improved significantly at pH 4–9 due to the
presence of 10 µmol/L chromate at Fe(II) dosages of 20–60 µmol/L. Elevating the chromate concentration from 10 to 20 µmol/L
resulted in a further improvement in arsenate removal at pH 4.0–4.6 when Fe(II) was dosed at 30–60 µmol/L.
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Introduction

Chromium is found in wastewaters originated from
metal etching and plating operations, wood preservative
manufactures, leather tanning industries, paint and pig-
ments, dyeing, steel fabrication and industrial operations
involving the processing of ferrous and nonferrous metals
(Raji and Anirudhan, 1997; Parga et al., 2005). Sources
of arsenic include petroleum refineries, fossil fuel power
plants, nonferrous smelting activities and ceramics, semi-
conductors, pesticides, and fertilizer production (Pierce
and Moore, 1980). Chromium and arsenic have been iden-
tified as co-contaminants in wastes from wood preservative
manufacture, paint and ink manufactures, and petroleum
refineries, as well as some municipal wastewaters (Jha
et al., 2006). Inadequate storage and improper disposal
practices of chromium and arsenic have caused many
incidences of soil and groundwater contamination in indus-
trialized areas (Aceto and Fedele, 1994; Qin et al., 2005;
Greven et al., 2007; Liu et al., 2009). Both arsenic and
chromium represent potential threats to the environment,
human health, and animal health due to their carcinogenic
and toxicological effects (Guan et al., 2008; Buerge and

* Corresponding author. E-mail: hitgxh@126.com

Hug, 1999). Arsenic and hexavalent chromium have been
considered as important priority pollutants worldwide ow-
ing to numerous health problems arising from groundwater
contaminated by these two pollutants (Parga et al., 2005;
Oliveira et al., 2008). Therefore, the World Health Or-
ganization (WHO) and the Ministry of Health of China
have established a provisional guideline of 10 µg/L for As
and 50 µg/L for Cr(VI) in drinking water (MHPRC, 2007;
WHO, 1993). Recent public concern regarding As and
Cr(VI) in drinking water has promoted the investigation of
treatment technologies with the potential to remove them
simultaneously to levels well below the drinking water
maximum contaminant level.

Limited research has explored methods to remove As(V)
and Cr(VI) simultaneously from water. Jha et al. (2006)
employed a hybrid field-gradient magnetic separation
device filled with magnetic iron exchange resin for si-
multaneous removal of As(V) and Cr(VI). However, the
removal efficiency of As(V) and Cr(VI) in their system
was only 33.3% and 53%, respectively, in the mixed metal
solution. Khaodhiar et al. (2000) studied the adsorption
of copper, chromium and arsenic on iron-oxide-coated
sand and reported that As(V) adsorption was not affected
by the presence of Cr(VI) but the presence of As(V)
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greatly decreased Cr(VI) adsorption due to competition
for adsorption sites and electrostatic effects. The removal
of co-present chromate and arsenate by zero-valent iron
was investigated by Liu et al. (2009) and the results
showed that chromium removal, a reduction-dominated
process, was not affected by the presence of arsenate but
arsenate removal was dramatically inhibited by co-present
chromate. These results indicated that both adsorption or
ion exchange and application of zero-valent iron were
not effective for simultaneous removal of chromate and
arsenate. Therefore, more effective methods for simultane-
ous removal of chromate and arsenate from contaminated
groundwater should be explored.

Chromium exists in natural waters in two main oxidation
states, Cr(VI) and Cr(III). Cr(III) occurs primarily as a
cation in solution and can be easily adsorbed onto the
surface of iron oxides and oxyhydroxides at pH higher than
4.0 by forming strongly bound inner-sphere complexes
or precipitates (Charlet and Manceau, 1992; Pettine et
al., 1998). Cr(III) hydroxide (Cr(OH)3) exhibits a low
solubility in the neutral pH range (Rai et al., 1987).
Furthermore, Cr(III) is generally considered to be benign
and an essential trace nutrient for animals and humans
(Qin et al., 2005). Therefore, Cr(VI) removal by reduction
to Cr(III) with ferrous iron and subsequent precipitation,
coprecipitation, or coagulation is well documented (Qin et
al., 2005; Pettine et al., 1998; Eary and Rai, 1988; Fendorf
and Li, 1996; Buerge and Hug, 1997; Brown et al., 1998;
Lee and Hering, 2003; Sharma et al., 2008; Schlautman
and Han, 2001). In the reaction between Cr(VI) and Fe(II),
Cr(VI) is reduced to Cr(III) by Fe(II), while Fe(II) is oxi-
dized to Fe(III), which forms ferric hydroxide rapidly. The
reduced Cr(III) can be easily sorbed and/or coprecipitated
with the ferric hydroxide as the following reaction (Lee
and Hering, 2003):

CrO2−
4 + 3Fe2+ + 8H2O→ 4Fe0.75Cr0.25(OH)3(s) + 4H+

Our previous study had demonstrated that Fe(III)
formed in-situ by oxidizing Fe(II) with permanganate was
very powerful for removing As(V) (Guan et al., 2009).
Moreover, Namasivayam and Senthilkumar (1998) showed
that Fe(III)/Cr(III) hydroxide could be effectively used for
the removal of arsenate from solution. Thus, it is expected
that the precipitates formed in the process of Cr(VI) reduc-
tion by Fe(II), Fe0.75Cr0.25(OH)3(s), have great capacity to
entrap or coprecipitate As(V). Additionally, Cr(III) form
complexes with inorganic and organic ligands present in
the environment, leading to higher solubility (Rai et al.,
1987, 2004). It was reported that at increasing concen-
trations, Cr(III) also can cause adverse effects on living
organisms (Anirudhan and Radhakrishnan, 2007). Since
the soluble complexes of Cr(III) can be re-oxidized to
Cr(VI) either by the naturally occurring oxidants (Eary and
Rai, 1988; Fendorf and Li, 1996; Buerge and Hug, 1997;
Brown et al., 1998; Lee and Hering, 2003) or by chlorine or
other strong oxidizing disinfectants during drinking water
treatment (Schlautman and Han, 2001), removal of both
Cr(VI) and Cr(III) (i.e., total Cr) is vital to a successful
Cr treatment technology (Qin et al., 2005). Therefore, the

overall purpose of this study is to investigate chromium
and arsenate removal from contaminated groundwater by
Fe(II) in single-solute and bi-solute systems. The effects
of pH, Fe(II) dosage, and Cr(VI)/As(V) molar ratio on the
removal of chromium or/and arsenate by Fe(II) were also
discussed.

1 Experimental section

1.1 Chemicals and reagents

All chemicals used in the experiments were reagent
grade and all solutions were prepared with distilled water.
The stock solutions of As(V) and Cr(VI) were prepared
weekly from Na3AsO4·7H2O and K2Cr2O7, respectively.
FeSO4 solution was prepared freshly for each set of
experiments using FeSO4·7H2O and acidified (to avoid
Fe(II) oxygenation) by adding concentrated HCl to the
solution. Background electrolyte solutions were prepared
from the reagent-grade salts NaCl and NaHCO3. Samples
containing As(V) and/or Cr(VI) were prepared by diluting
stock solutions to target concentrations, with a constant
ionic strength and alkalinity provided by 0.01 mol/L NaCl
and 0.001 mol/L NaHCO3, respectively.

1.2 Batch experiments

The batch experiments were carried out by preparing a
series of 100 mL samples containing As(V) and/or Cr(VI)
of predetermined concentrations in conical flasks. The pH
values were adjusted to 4–10 with HCl or NaOH, and then
the flasks were capped and placed in a reciprocating shaker
immediately after dosing certain amount of ferrous iron.
The concentrations of both Cr(VI) and As(V) were relevant
to their levels in groundwater, Cr(VI) 0–22 mg/L and As
0.0005–5 mg/L (Liu et al., 2009; Smedley and Kinniburgh,
2002; Gonzalez et al., 2005).

A shaking rate of 130 r/min was used and all experi-
ments were carried out at 22°C in a water bath. Given that
it is very difficult to purge oxygen from the process stream
during full scale drinking water treatment, the experiments
were carried out without any attempt to control dissolved
oxygen (DO) concentrations. The initial DO concentration
was in the range of 5.46–5.82 mg/L. The preliminary study
indicated that both chromium and arsenate removal by
Fe(II) could approach equilibrium in 2 hr under common
environmental conditions (pH 6–8) when they coexisted in
solution. Although prolonged reaction time could improve
chromium and arsenate removal significantly at pH < 6, it
had limited influence on chromium and arsenate removal
at pH > 6 (data not shown). Considering the practical
retention time in groundwater treatment, a reaction time
of 2 hr was employed in this study. Each experiment was
carried out at least in duplicates with reproducible results.
All points in the figures are the mean values and error bars
represent standard deviation of the means.

The kinetics of chromium and/or arsenate removal by
Fe(II) was investigated at pH 6, 7, 8 by shaking vials of
samples containing 10 µmol/L Cr(VI) or/and 10 µmol/L
As(V) immediately after dosing 45 µmol/L of Fe(II). One

http://www.jesc.ac.cn


jes
c.a

c.c
n

374 Journal of Environmental Sciences 2011, 23(3) 372–380 / Xiaohong Guan et al. Vol. 23

vial of sample was taken at certain time intervals up to
120 min for equilibrium pH measurement and total Cr
and/or As analysis. To investigate the removal of chromi-
um and/or arsenate, various concentrations of ferrous iron
ranging from 20 to 60 µmol/L were applied to react with
the samples containing Cr(VI) and/or As(V) at desired pH
values for 2 hr.

1.3 Chemical analysis.

After each test, the supernatant was sampled and filtered
immediately through a cellulose acetate membrane (MFS)
of 0.45 µm pore size for the determination of total As,
Cr and Fe by inductively coupled plasma optical emission
spectrometry (ICP-OES) (PerkinElmer Optima 5300 DV,
USA) with detection limits for As, Cr and Fe are and 7, 1,
and 0.1 µg/L, respectively. All samples and standards were
acidified according to the standard methods (APHA, 1995)
before subject to ICP-OES analysis.

2 Results

2.1 Kinetics of chromium and arsenate removal by
Fe(II)

Kinetics of chromium removal by Fe(II) in the absence
or presence of arsenate was investigated at pH 6–8, as
demonstrated in Fig. 1. In the absence of arsenate, chromi-
um removal by Fe(II) reached equilibrium at 120, 10, and 5
min, respectively, at pH 6, 7 and 8. At equilibrium, 99.1%
and approximately 100% of chromium was removed at pH

6 and pH 7–8, respectively. The presence of 10 µmol/L
arsenate had negligible effects on the removal rate of
chromium at pH 7, however, it showed slight inhibitory
effects at pH 6 and 8. The removal efficiency of chromium
was reduced by 2.8% and 6.5%, respectively, at pH 6 and
8 due to the presence of arsenate.

Arsenate removal by Fe(II) was very slow at pH 6–8
and did not achieve equilibrium in 120 min in the absence
of chromate. As shown in Fig. 1d, only 6.4%–23.8% of
arsenate was removed by 45 µmol/L Fe(II). The presence
of 10 µmol/L chromate remarkably enhanced the removal
rate of arsenate at pH 6–8. In the presence of chromate,
arsenate removal increased rapidly in the first 45 min and
then increased gradually. The removal rate of arsenate at
pH 7 and 8 was greater than that at pH 6 in the first 20 min
and 10 min, respectively, which may be attributable to the
more rapid oxidation of Fe(II) by chromate at pH 7–8 than
that at pH 6. As both chromium and arsenate removal by
Fe(II) could approach equilibrium in 2 hr at pH 6–8 when
they were coexisted in solution, a reaction time of 2 hr was
employed in the following experiments.

2.2 Chromium removal by Fe(II) in the absence of
arsenate

Chromium removal by Fe(II) in the absence of arsenate
as a function of pH and Fe(II) dosage was determined
and illustrated in Fig. 2. Chromium removal was strongly
influenced by pH and Fe(II) dosage. At various Fe(II)
dosages, chromium removal increased to the maximum
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Fig. 1 Kinetics of chromium removal and arsenate removal by Fe(II) under various conditions (Fe(II): 45 µmol/L).
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with increasing pH and then decreased with further in-
crease in pH. When Fe(II) was dosed at 20 µmol/L,
maximum removal of chromium was 68.6% which was
achieved at pH 6. When the dosage of Fe(II) was increased
to 30 µmol/L, 97.5% of chromium was removed at pH 7.
The chromium removal of 99%–100% was observed over
the pH range of 5.9–7.7 and 5.8–7.8, respectively, when
Fe(II) was dosed at 45 µmol/L and 60 µmol/L. Decrease
in pH or increment in pH out of this range resulted in
a decline in chromium removal. The increase in Fe(II)
dosage resulted in an improvement in chromium removal
and the improvement was more remarkable under alkaline
conditions than that under acidic conditions. Chromium
removal was enhanced over pH 5–10 by increasing Fe(II)
dosage from 20 to 45 µmol/L and a further rise in Fe(II)
dosage from 45 to 60 µmol/L only resulted in an improve-
ment in chromium removal at pH 8–10.

2.3 Chromium removal by Fe(II) in the presence of
arsenate

The effects of arsenate on chromium removal by Fe(II)
(initial Cr(VI)/As(V) molar ratio was 1) were strongly
dependent on pH and Fe(II) dosages, as illustrated in Fig.
2. The presence of arsenate had more drastic effects on
chromium removal by Fe(II) under alkaline conditions

than that under acidic and neutral conditions. For instance,
chromium removal was decreased by 5.4%–11.2% at pH
4–7 and by 12.4%–33.9% at pH 7.5–10 due to the presence
of 10 µmol/L arsenate when Fe(II) was 20 µmol/L. Increas-
ing Fe(II) dosage could alleviate the inhibitive effects from
arsenate for chromium removal by Fe(II). When Fe(II) was
dosed at 45 µmol/L, the presence of 10 µmol/L arsenate
had negligible effects on chromium removal at pH 4–7
but reduced chromium removal under alkaline condition.
When Fe(II) was applied at 60 µmol/L, chromium removal
was only slightly affected by the presence of arsenate at pH
8–9. Over 99% of chromium was removed at pH 6.8 even
in the presence of arsenate when Fe(II) was dosed at 45 or
60 µmol/L.

2.4 Arsenate removal by Fe(II) in the absence of chro-
mate

It was expected that arsenate could be removed by ferric
hydroxide derived from oxidation of Fe(II) by dissolved
oxygen in the solution. Accordingly, arsenate removal by
Fe(II) at various pH levels and Fe(II) dosages was investi-
gated, as shown in Fig. 3. When Fe(II) was dosed at 20–45
µmol/L, arsenate removal varied from 2.2% to 14.7%
at pH 4–6 and reached maximum at pH 6.7–6.9. With
further increment in pH, arsenate removal experienced a
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Fig. 2 Chromium removal by Fe(II) in the absence and presence of arsenate as a function of pH and Fe(II) dosage at Cr(VI) of 10 µmol/L.
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reduction and then a slight increase. However, a different
removal edge for arsenate was observed when Fe(II) was
60 µmol/L. Arsenate removal rose slowly from pH 4.0 to
pH 6.0 but increased sharply to 92.7% over the pH range
of 6.0–7.1. Under the alkaline conditions, arsenate removal
was lowered sharply from pH 7.1 to pH 7.4 but decreased
gradually at pH 7.4–9.7.

2.5 Arsenate removal by Fe(II) in the presence of chro-
mate

The presence of 10 µmol/L chromate (initial
Cr(VI)/As(V) molar ratio 1) dramatically improved
arsenate removal by Fe(II) under most conditions
investigated in this study, as shown in Fig. 3. At various
Fe(II) dosages, the optimal arsenate removal was achieved
at pH 5.8–6.0 and the increase or reduction in pH resulted
in a decline in arsenate removal. When Fe(II) was dosed at
20 µmol/L, arsenate removal rose gradually from 28.1%
to 71.1% as pH increased from 4.0 to 6.0 and then reduced
gradually from 71.1% to 9.5% as pH varied from 6.0 to
8.5. The variation of arsenate removal with pH at Fe(II)
dosage of 30 or 45 µmol/L was very similar to that at Fe(II)
dosage of 20 µmol/L, except that higher Fe(II) dosage
resulted in a higher arsenate removal at pH 3.9–9.8. In
particular, when Fe(II) was applied at 60 µmol/L, arsenate
removal over the pH range of 3.8–9.6 can be divided into

three stages: a slow increase from 74.0% to 99.2% at
pH 3.9–5.8, a very slow decline from 99.2% to 94.4% at
pH 5.8–7.2, and a sharp decrease from 94.4% to 22.1%
over the pH range of 7.2–9.8. Arsenate removal was
improved by 9.3%–68.7%, 26.0%–86.0%, 44.7%–83.6%
and 1.7%–84.9%, respectively, at pH 4–9 due to the
presence of 10 µmol/L chromate at Fe(II) dosages of 20,
30, 45, and 60 µmol/L. In addition, arsenate removal by
Fe(II) in the presence of chromate was enhanced by the
increase of Fe(II) dosages over the pH range of 4–10.

2.6 Effects of initial Cr(VI)/As(V) molar ratios on
chromium and arsenate removal by Fe(II).

The removal of chromium and arsenate by Fe(II) was
examined when the initial concentrations of chromate
and arsenate were 20 µmol/L and 10 µmol/L (initial
Cr(VI)/As(V) molar ratio 2:1), respectively, and the results
are illustrated in Fig. 4. In the presence of 10 µmol/L arsen-
ate, chromium removal by Fe(II) increased with increasing
pH from 3.9 to 5.9 and remained almost constant over
pH 5.9–7.4 before a decline with further increase in pH.
The maximum chromium removal was achieved at pH 6.9
at various Fe(II) dosages. The increment in Fe(II) dosage
from 30 to 60 µmol/L resulted in a drastic enhancement in
optimum chromium removal from 50.7% to 97.1%.

In the presence of 20 µmol/L chromate (Fig. 5), arsenate
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Fig. 5 Effects of concentration of co-existing chromate on arsenate
removal as a function of pH and Fe(II) dosages (As(V): 10 µmol/L).

removal rose gradually from 64.3% to 91.3% as pH
increased from 3.9 to 5.9 and then reduced gradually from
91.3% to 12.0% as pH varied from 6.0 to 9.8, when Fe(II)
was dosed at 30 µmol/L. As Fe(II) dosage was applied at
45 or 60 µmol/L, a broad removal maximum was achieved
for arsenate, with 97.4%–98.9% arsenate uptake at pH
4.7–5.9 and pH 4.6–6.9, respectively. Interestingly, it was
found that increasing chromate concentration from 10 to
20 µmol/L resulted in an improvement in arsenate removal
by 16.1%–20% and 14.3%–17.7%, respectively, at pH 4.0
and pH 4.6 when Fe(II) was dosed at 30–60 µmol/L.

This study also examined chromium and arsenate uptake
by Fe(II) dosed at 30–60 µmol/L when the initial concen-
trations of chromate was 10 µmol/L and arsenate was 20
µmol/L (initial Cr(VI)/As(V) molar ratio 1:2). As shown
in Fig. 6, in the presence of 20 µmol/L arsenate, optimum
chromium removal was achieved at pH 5.8 at various
Fe(II) dosages and increase or decrease in pH resulted in a
sharp decrease in chromium removal (Fig. 6a). Chromium
removal in the presence of 20 µmol/L arsenate was not
greatly affected by Fe(II) dosages, especially under neutral
and alkaline conditions. The increase in Fe(II) dosage from
30 to 60 µmol/L only led to a slight improvement in
chromium uptake at pH 5.8 from 84.0%–97.7%. Arsenate
removal by Fe(II) in the presence of chromate was strongly
dependent on pH but moderately dependent on Fe(II)
dosage when the initial Cr(VI)/As(V) molar ratio was
1:2, as illustrated in Fig. 6b. Arsenate removal improved
gradually as pH increased from 3.9 to 5.8 but reduced
sharply with further increase in pH. Arsenate removal was
enhanced by only 12.1%–26.7% at pH 3.9–6.8 when the
Fe(II) dosage was increased from 30 to 60 µmol/L; how-
ever, there was almost no improvement under neutral and
alkaline conditions. It was found that chromium removal
by Fe(II) was increased by 1.2%–19.6% at pH 3.9–5.8 due
to the presence of 20 µmol/L arsenate, compared to the
case where arsenate was 10 µmol/L, as shown in Fig. 7.
On the other hand, the presence of 20 µmol/L arsenate
dramatically decreased chromium removal by Fe(II) over
the pH range of 6.7–9.8, as illustrated in Figs. 6a and 7.
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Fig. 7 Effects of concentration of co-existing arsenate on chromium
removal as a function of pH and Fe(II) dosage (Cr(VI): 10 µmol/L).

Under neutral and alkaline conditions, increasing Fe(II)
dosage could not mediate the detrimental effects from

arsenate of 20 µmol/L on chromium removal by Fe(II).

3 Discussion

Batch experiments showed that Fe(II) is effective in
removing chromium from water under neutral conditions,
even in the presence of arsenate when the initial molar ratio
of As(V)/Cr(VI) 6 1. However, in the case of groundwater
containing arsenate and chromate with molar ratio of
As(V)/Cr(VI) > 2, some cations, e.g., Ca2+ or Mg2+,
should be applied together with Fe(II) to the contami-
nated groundwater to improve the precipitation of Fe-Cr
hydroxides as well as the removal of both chromium and
arsenate. In this method, Fe(II) may have to be dosed at
a higher concentration than the theoretical requirement to
remove both chromium and arsenate in order to meet the
drinking water standard. Nonetheless, the residual Fe(II)
can be easily removed by aeration and filtration.

In addition, as all of our experiments were performed
in solutions without deoxygenation, more efficient removal
of chromium and arsenate by Fe(II) would be anticipated
in groundwater containing little dissolved oxygen since
the competing side reaction with oxygen would not be
a concern. Therefore, in-situ remediation of groundwater
contaminated by both chromium and arsenate by addition
of soluble Fe(II) salts may be an economic alternative
to pump and treat remediation or to permeable reactive
Fe(0) barriers which might become less reactive with time
because of surface passivation (Liu et al., 2009).

4 Conclusions

Effects of pH, Fe(II) dosage, Cr(VI)/As(V) molar ratio
on the removal of chromium or/and arsenate by Fe(II) were
investigated in single-solute and bi-solute systems. In the
absence of arsenate, chromium removal by Fe(II) reached a
maximum at pH 7 and declined with either further decrease
or rise in pH. The increment in Fe(II) dosage resulted in
an improvement in chromium removal. The presence of
10 µmol/L arsenate caused more significant decrease in
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chromium removal under neutral and alkaline conditions
than that under acidic conditions, but the decrease could
be alleviated by increasing Fe(II) dosage. Over 99% of
chromium was removed at pH 6.8 even in the presence
of 10 µmol/L arsenate when Fe(II) was dosed at 45 or
60 µmol/L. However, in the case of Cr(VI)/As(V) molar
ratio 1:2, increasing Fe(II) dosage could not mediate the
detrimental effects from arsenate on chromium removal
by Fe(II) under neutral and alkaline conditions. Arsenate
removal by Fe(II) alone was trivial except at extremely
high dosage of Fe(II), but was significantly improved at pH
4–9 due to the presence of 10 µmol/L chromate at various
Fe(II) dosages. Increasing chromate concentration from 10
to 20 µmol/L resulted in further improvement in arsenate
removal at pH 4.0–4.6 when Fe(II) was dosed at 30–60
µmol/L.

This study implies that Fe(II) is feasible for the treat-
ment of groundwater contaminated by both chromate and
arsenate. This method is very appealing because of its
relatively low cost, ease of handling and effectiveness.
In addition, Fe(II) is most effective for chromium and
arsenate removal at pH 7, suggesting that it is not necessary
to adjust pH for most waters.
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