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Removal of arsenic from water by zero-valent iron
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Abstract

Batch and column experiments were conducted to investigate the effect of dissolved oxygen (DO) and pH on arsenic removal with zero-
valent iron [Fe(0)]. Arsenic removal was dramatically affected by the DO content and the pH of the solution. Under oxic conditions, arsenate
[As(V)] removal by Fe(0) filings was faster than arsenite [As(III)]. Greater than 99.8% of the As(V) was removed whereas 82.6% of the
As(III) was removed at pH 6 after 9 h of mixing. When the solution was purged with nitrogen gas to remove DO, less than 10% of the As(III)
and As(V) was removed. High DO content and low solution pH also increased the rate of iron corrosion. The removal of arsenic by Fe(0) was
attributed to adsorption by iron hydroxides generated from the oxic corrosion of Fe(0). The column results indicated that a filtration system
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onsisting of an iron column and a sand filter could be used for treatment of arsenic in drinking water.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Elevated arsenic concentrations are found in groundwater
ue to anthropogenic activities and natural processes. Anthro-
ogenic activities include mining, use of arsenical pesticides,
erbicides and crop desiccants, release of industrial effluents,
nd disposal of chemical waste[1,2]. The release of arsenic

rom natural processes can be caused by the reduction of iron
ydroxides and the oxidation of pyrite minerals including
rpiment (As2S3) and realgar (As2S2) [3,4]. Naturally oc-
urring arsenic in drinking water supplies may affect more
han 100 million people worldwide, including countries like
angladesh, India, China, Chile, Argentina, Mexico, Hun-
ry, Taiwan, Vietnam, Japan, New Zealand, Germany, and

he United States[5–11].
Arsenic can be concentrated in liver, kidney, lung, and skin

issues by ingestion of arsenic in drinking water[12]. In order
o minimize the health risk, the United States Environmental
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Protection Agency (USEPA) adopted a new maximum
taminant level (MCL) for arsenic of 0.01 mg/L on Janu
22, 2001[13]. It is estimated that the new arsenic stand
may affect about 3000 community water systems (CW
currently serving up to 11 million people in the United Sta
[14]. The new arsenic MCL will become effective by Janu
2006[14].

Fe(0) has been used for the treatment of halogenate
ganic compounds by reductive dehalogenation[15,16] and
for the removal of nitrate[17,18]. Recent researches ha
also shown that Fe(0) has effectively removed inorganic
taminants such as chromate, uranyl, copper, cadmium
minum, zinc, nickel[19,20] and metalloids such as selen
cyanate[21]. The mechanism of the metal removal inclu
reductive precipitation, complexes with iron oxides, or e
trochemical reduction[19–21].

Numerous technologies have been developed to re
arsenic from water. The USEPA recommends several
nologies as the best available technology (BAT) candid
for arsenic removal[22]. These technologies include ion e
change, activated alumina, reverse osmosis, modified
ulation/filtration, modified lime softening, electrodialysis
Current address: Department of Environmental Science and Engineer-
ng, Gwangju Institute of Science and Technology (GIST), Gwangju 500-
12, South Korea.

versal, and oxidation/filtration[22]. Several research groups
have investigated removal of arsenic using Fe(0)[23–29].
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Batch experiments, X-ray absorption spectroscopy (XAS),
and X-ray photoelectron spectroscopy have been used for
studying the kinetics and chemical reactions between arsenic
and Fe(0)[23–26]. As(V) and As(III) were detected in the
reacted Fe(0) generated under anoxic conditions. The results
indicate that the arsenic species are removed by Fe(0) through
adsorption on iron oxides, although thermodynamic consid-
erations predict that As(V) and As(III) can be reduced to
As(0) by Fe(0). Reduction of As(V) to As(III) was observed
after 30 and 60 days of reaction with Fe(0)[25].

Column filtration experiments have been conducted by a
few investigators to evaluate the effectiveness of Fe(0) for
arsenic removal[24,27–29]. Melitas et al.[24] reported that
the removal rates of arsenic were up to 10 times faster near
the inlet end of the iron column than near the effluent end.
The faster removal was attributed to rapid oxidation of Fe(0)
by small amounts of dissolved oxygen (DO) in the influent.
On the other hand, Ramaswami et al.[30] reported that the
presence of air in batch reactors hindered arsenic removal by
Fe(0). The column filtration experiments reported in the liter-
ature were all conducted under anoxic conditions and at rela-
tively long hydraulic contact time. The effect of DO content
on arsenic removal by Fe(0) filters has not been investigated
systematically.

DO content in groundwater ranges from zero to several
mg/L. If As(V) and As(III) removal is due to adsorption by
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Table 1
Chemical characteristics of the arsenic-contaminated groundwater

Total As
(mg/L)

Total SiO2

(mg/L)
Total Fe
(mg/L)

pH DO
(mg/L)

85 560 0.2 12 8

NJ), respectively. The Fe(0) filings contained approximately
95% iron, 1.2% carbon, 1.2% silicon, 1.2% manganese, 0.2%
copper, 0.2% chromium, 0.2% nickel, 0.05% phosphorus and
0.05% sulfur. The Brunauer–Emmett–Teller (BET) surface
area analysis indicated a surface area of 0.55 m2/g for 100
mesh and 0.169 m2/g for 40 mesh Fe(0) filings. Arsenic-
contaminated groundwater used in the study was obtained
from a superfund site in Tacoma, Washington[31]. Chemical
characteristics of the groundwater are listed inTable 1. Ar-
senic in the groundwater sample exists primarily in the As(V)
form. The high DO content in the groundwater samples is due
to exposure to air during storage and transportation.

2.2. Batch experiments

In the batch experiments, 1 g/L of Fe(0) filings (100 mesh)
were placed in conical beakers containing 200 ml of arsenic-
spiked aged tap water. The solutions were open to the air
or purged with nitrogen gas during continuous mixing with
a magnetic stirring bar. For the anoxic systems, the solution
was purged with nitrogen gas for 20 min to remove the oxygen
before the addition of Fe(0) filings. During the anoxic exper-
iments, the solution was continuously purged with nitrogen
gas. The solution pH was controlled to the desired values by
adding hydrochloric acid or sodium hydroxide. At different
m ged
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ron oxide, high DO content will increase the rates of i
xidation and subsequently improve the removal of ars
y the Fe(0) column. Long hydraulic retention time may s
late in situ treatment of groundwater with permeable F
arriers. In drinking water treatment, a hydraulic reten

ime of less than 10 min is usually required due to the
ow rate and space limitations in the treatment facilities. H
O content in influent water may be necessary for effic

emoval of arsenic by Fe(0) filters at short hydraulic reten
ime.

The objectives of this study are to study the effects of
nd pH on arsenic removal using Fe(0), and to determin
fficiency of Fe(0) filings for arsenic removal from wa
he knowledge gained from this study will aid in the und
tanding and development of arsenic removal processes
e(0).

. Materials and methods

.1. Materials

All chemicals used in this study were analytical grade
ll stock solutions were prepared with deionized water

rom a Milli-Q water system. The As(III) and As(V) sto
olutions were prepared by dissolving NaAsO2 (Fisher, Fair
awn, NJ) and As2O5·3H2O (Aldrich, Milwaukee, WI) in DI
ater, respectively. Fe(0) filings (100 and 40 mesh) an

er sand (0.35–0.45 mm) were obtained from the U.S. M
nc. (Mentune, IN) and Ricci Bros Sand Inc. (Port Nor
ixing times, 1.5 ml of samples were taken and centrifu
or 10 min to separate the solution from the precipitate
nalysis of soluble arsenic. The samples used for analy

otal iron and arsenic concentrations were prepared by a
oncentrated nitric acid into 2 ml of suspension sample
issolve the precipitates.

.3. Column experiments

Column experiments were conducted using ac
olumns packed with Fe(0) filings. The arsenic-spiked
ater or contaminated groundwater was passed thr
olumns upward at various flow rates using a perist
ump. Four column filtration tests were conducted. In
rst column experiment, the DO content in the influent
ution was varied from 0.9 to 5.5 mg/L by purging nitrog
as into influent water to evaluate the effects of DO on
enic removal by Fe(0). The influent As(V) concentra
as 90�g/L and 150 g of iron filings (100 mesh) was us

n a column of 2.5 cm diameter and 17.8 cm length. The
ate was 30 ml/min. In the second column experiment, th
f the influent solution was adjusted to between 4 and 5
ydrochloric acid to check the effect of pH on the remo
f arsenic using Fe(0). Arsenic-contaminated groundw
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was used in this column test. An influent solution containing
85 mg/L of As(V) and 600 g of iron filings (100 mesh) was
used in a column (5.1 cm in diameter and 17.8 cm in height).
The flow rate was set to 200 ml/day. In the third column ex-
periment, the spiked tap water contained 100 mg/L of As(V)
and 50 mg/L of As(III). The flow rate was 700 ml/day and
400 g of Fe(0) filings (100 mesh) was used in a column. In
the fourth column experiment, an iron column with an inside
diameter of 2.5 cm was conjugated with a sand filter that
had a diameter of 7.6 cm. The sand column was packed
with 61 cm of filter sand with a grain size of 0.35–0.45 mm.
Arsenic-spiked tap water was pumped through the iron col-
umn in an upward flow and then through the sand filter in a
downward flow. The flow rate in the iron column was main-
tained at 0.44 m3/m2 min (10.8 gpm/ft2). The influent and ef-
fluent solution pHs were measured during all column exper-
iments. Effluent solutions after the iron column and the sand
filter were collected and acidified with nitric acid for analysis
of total arsenic and iron.

2.4. Analysis

The arsenic concentration in the solution was deter-
mined with a graphite furnace atomic absorption spectrome-
ter (GFAAS, Varian Zeeman SpectraAA-400 and Varian Zee-
man 220Z). Iron analysis was performed using a GFAAS and
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Fig. 1. Effect of dissolved oxygen on arsenic removal by Fe(0). As(III) and
As(V) = 100 mg/L; Fe(0) content = 1 g/L (100 mesh); pH 6.

Because the industrial-grade nitrogen gas used to purge the
solution contained low content of oxygen, small amount of
ferric hydroxide could be formed on the surface of the iron
filings during the anoxic experiments.

Fe(0) can be oxidized to Fe(II) and Fe(III) when it is ex-
posed to oxygen or water. When the solution is purged with
nitrogen gas to exclude oxygen, only Eq.(1) occurs in the
solution. Since only soluble Fe(II) was generated gradually,
no precipitates were observed in the solution purged with ni-
trogen gas during 9 h of mixing. Under anoxic conditions,
iron oxide such as magnetite (Fe3O4) can be formed slowly
on the Fe(0) particle surface[26]. The reduction of As(III)
and As(V) to As(0) by Fe(0) is thermodynamically favorable
[24]. However, Farrell et al.[23] and Manning et al.[26] re-
ported no measurable reduction of As(V) to As(III). Su and
Puls[25] observed the reduction of As(V) to As(III) on the
Fe(0) surface after 30 days. The investigators did not observe
the reduction of As(V) and As(III) to As(0).

Fe0 + 2H+ = Fe2+ + H2 (1)

In the presence of oxygen, large amounts of ferric hy-
droxide precipitate were formed rapidly from Fe(0) filings as
described by Eqs.(2), (3), and(4). As(V) and As(III) were
mostly removed by the iron hydroxide precipitate through
adsorption. Because iron hydroxide has a higher adsorption
c e-
m

2

4

F

ion
u ed
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s o-
l ith
nductively coupled plasma (ICP, Varian Liberty 200 and V
an VISTA-MPX). In all experiments, pH was measured w
n Orion pH meter (290A and 410A) and the pH meter
alibrated with three buffers (pH 4.0, 7.0, and 10.0) dail

. Results and discussion

.1. Effects of DO and pH on arsenic removal by Fe(0)
n batch experiments

The effect of DO on the removal of arsenic was ev
ted by comparing the experimental results obtained u
xic and anoxic conditions (Fig. 1). During the reaction, th
olution pH was controlled at 6. Greater than 82.6% o
s(III) was removed after 9 h of mixing when the solut
as open to the air, while less than 4% of the As(III) was
oved under anoxic conditions during 9 h of reaction. Sim

rends were observed in As(V) solutions. Greater than 99
f the As(V) was removed under oxic conditions after 9
eaction. On the other hand, less than 9% of the As(V) wa
oved when the solution was purged with nitrogen gas.

esults inFig. 1also indicate that As(V) removal by Fe(0)
aster than As(III) removal under oxic conditions.

The ineffective removal of arsenic under anoxic condit
as due to the lack of ferric hydroxide formation and s
inetics of electrochemical reduction of As(V) and As(
o As(0) by Fe(0). The small amount of As(V) and As(
emoved under anoxic conditions (Fig. 1) was attributed t
dsorption on the ferric hydroxide layer on the iron filin
apacity for As(V) than for As(III) at neutral pH, As(V) r
oval was greater than As(III)[32].

Fe0 + O2 + 4H+ = 2Fe2+ + 2H2O (2)

Fe2+ + 4H+ + O2 = 4Fe3+ + 2H2O (3)

e3+ + 3H2O = Fe(OH)3 + 3H+ (4)

The effect of pH on As(V) removal from arsenic solut
sing Fe(0) is illustrated inFig. 2. The test was conduct
y mixing 0.2 g of Fe(0) filings (100 mesh) with 200 ml
olution containing 100 mg/L of As(V). The pH of the s
utions was controlled at 6, 7, and 8 during the mixing w
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Fig. 2. Removal of As(V) by Fe(0) at various pH. As(V) = 100 mg/L; Fe(0)
content = 1g/L (100 mesh); mixing in ambient air.

Fe(0) in ambient air. The removal of As(V) occurred rapidly
at pH 6. Greater than 99.8% of the As(V) was removed after
9 h of reaction. However, only 55.5 and 2% of the As(V) was
removed from the solution during 9 h of mixing when the pH
of the solutions was maintained at 7 and 8, respectively.

The corrosion rate of Fe(0) filings in the As(V) solution at
various pHs is presented inFig. 3. Fe(0) corrosion was much
faster at pH 6 than at pH 7 and 8. Specifically, the total iron
concentration in the suspension increased to approximately
113 mg/L at pH 6 after 9 h of mixing. Less than 1.5 mg/L
of total iron was detected in the As(V) solution when the
solution pH was 7 and 8. The total iron was mainly in iron
hydroxide precipitate form because the Fe(0) filings were not
suspended in the solution. The formation of iron hydroxides
from Fe(0) filings decreased dramatically when the solution
pH increased from 6 to 8.

As shown inFigs. 2 and 3, As(V) removal is directly
proportional to the amounts of ferric hydroxide precipitate
formed. The extent of As(V) removal decreased from 99.8

F on at
v g
i

Table 2
Pseudo-first-order rate constant (k) and half-life (t1/2)

Condition pH As species k (h−1) t1/2 (h) R2

Oxic
6

As(III) 1.75E− 01 3.96 0.964
As(V) 3.24E− 01 2.14 0.945

7 As(V) 7.95E− 02 8.72 0.980
8 As(V) NA NA NA

Anoxic 6
As(III) NA NA NA
As(V) 1.78E− 02 38.93 0.830

to 2% when the total iron concentration in the suspension
decreased from 113 to less than 0.2 mg/L. In addition to in-
creased Fe(0) corrosion at low pH, the water pH directly
influences the adsorption of arsenic by iron hydroxides and
oxides. It is well known that the extent of As(V) adsorption
decreases when the pH increases from about 5 to 10[32].

The data inFigs. 1 and 2can be described by a pseudo-
first-order reaction (d[As]/dt=−k[As]) with R2 values rang-
ing from 0.83 to 0.98. The pseudo-first-order reaction con-
stants (k) and the calculated half-lives (t1/2) are summarized
in Table 2for arsenic removal by Fe(0) under various condi-
tions. The rate constants could not be determined for As(III)
removal at pH 6 under anoxic conditions and for As(V) re-
moval at pH 8 under oxic conditions because less than 3%
arsenic removal occurred. At pH 6 and under oxic conditions,
the half-lives for As(V) and As(III) removal were 2.14 and
3.96 h, respectively. Under anoxic conditions, the half-life for
As(V) removal increased to 38.93 h. The half-life for As(V)
removal increased from 2.14 to 8.72 h when the pH increased
from 6 to 7.

Su and Puls[25] have reported the kinetics results for
arsenic removal using four types of Fe(0). The half-lives
for As(V) removal using Fe(0) products from Fisher, Peer-
less, Master Builders, and Aldrich Fe(0) were 8.98± 1.12,
19.9± 1.1, 28.3± 0.3, and 131± 9 h, respectively. They con-
cluded that the surface area of Fe(0) was not related to the
k ) had
t e. The
r ch as
D n of
t

3
c

e ar-
s (V)
c ed
c in]
w ning
l are
s of
D n of
t mn
e l ef-
fl enic
ig. 3. Concentration of iron generated from Fe(0) filings during reacti
arious pHs. As(V) = 100 mg/L; Fe(0) content = 1 g/L (100 mesh); mixin
n ambient air.
inetics of arsenic removal by Fe(0) because Fisher Fe(0
he least surface area but it had the greatest removal rat
ates of arsenic removal are affected by many factors su
O, pH, types of Fe(0) products, chemical compositio

he water, and intensity of mixing.

.2. Effects of DO and pH on arsenic removal by Fe(0)
olumns

A column experiment was conducted to investigate th
enic removal at different DO contents. The influent As
oncentration was 90�g/L and a relatively short empty b
ontact time [i.e., EBCT (Fe bed volume/flow rate) = 1.6 m
as used to simulate filtration treatment of water contai

ow level of arsenic. Effluent concentrations of arsenic
hown inFig. 4as a function of filtration time. The effects
O were investigated by changing the DO concentratio

he influent solution from 0.9 to 5.5 mg/L during the colu
xperiment. When the influent DO was 0.9 mg/L, the tota
uent arsenic, which included soluble and particulate ars
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Fig. 4. Effect of dissolved oxygen content on arsenic removal by iron col-
umn. As(V) = 90�g/L; Fe(0) content = 150 g (100 mesh); column diame-
ter = 2.5 cm; iron bed height = 11.6 cm; flow rate = 30 ml/min (1.45 gpm/ft2).

forms, increased approximately from 4 to 62�g/L within
24 h. The concentration of the effluent arsenic decreased with
increasing DO content in the influent solution. Arsenic was
reduced to about 15�g/L when the influent DO increased
to 4.3–5.5 mg/L. The arsenic concentration increased again
when the influent DO was reduced to 0.9 mg/L. The dramatic
effect of DO on the removal of arsenic in the column test was
consistent with that observed in the batch experiments.

Lackovic et al.[27] observed effective removal of ar-
senic from an anoxic landfill leachate containing 300�g/L
of As(III). The main difference between their filtration con-
ditions and those used inFig. 4was the hydraulic contact time
of the water in the Fe(0) columns. A very long hydraulic con-
tact time of several hours was used in their filtration test. Due
to the slow formation rate of iron oxides at low DO content,
a long contact time is required to achieve sufficient removal
of arsenic.

Another column experiment was conducted to investigate
the effects of pH on the arsenic removal from contaminated
groundwater containing 85 mg/L of As(V) (Fig. 5). The influ-
ent solution pH was adjusted to 5 and a long EBCT (i.e., 23 h)
was used in the filtration test. The long hydraulic contact time
simulated an in situ treatment of contaminated groundwater
with a permeable iron barrier. The effluent arsenic concen-
tration and pH decreased gradually in the first 31 days of the
test. The effluent pH and arsenic concentration achieved a
r ay of
fi e ef-
fl pre-
s ays
o ent
a hile,
t l iron
c

te of
i icate
( ad-

Fig. 5. Effect of pH on arsenic removal from contaminated groundwater by
iron column. As(V) = 85 mg/L; Fe(0) content = 600 g (100 mesh); column
diameter = 5.1 cm; iron bed height = 11.3 cm; flow rate = 200 ml/day.

sorption by iron hydroxide. Su and Puls[33] have studied the
effect of silicate on arsenic removal by Fe(0) filings. When
the solution pH was 10.12 in the presence of 6 mg/L of SiO2,
less than 0.2 mg/L of arsenic was removed from 2 mg/L of
arsenic solution[33]. Competitive adsorption of silicate sig-
nificantly reduces As(V) adsorption by iron hydroxides[32].
The adverse effect of silicate on As(V) removal decreases
with decreasing pH.

The third column test was conducted continuously for 200
days to determine the capacity of the Fe(0) filings for arsenic
removal. The influent solution contained 100 mg/L of As(V)
and 50 mg/L of As(III) and influent and effluent pH were
approximately 7 and 8, respectively. The EBCT in the iron
column containing 400 g of Fe(0) filings was 4.46 h. The re-
sults inFig. 6show that arsenic was reduced from 150 mg/L
in the influent to less than about 20 mg/L in the first 100 days
of the filtration test. The effluent arsenic concentration started
to increase after 150 days of continuous filtration. It increased
to about 120 mg/L after 190 days of the test.

F g/L
o mn
d

elatively steady state between the 13th and the 34th d
ltration. The effluent pH was between 7.1 and 7.7, and th
uent total arsenic concentration was about 3.4 mg/L, re
enting approximately 96% removal of As(V). After 34 d
f filtration, the influent pH was reduced to 4 and the efflu
rsenic was reduced to approximately 0.1 mg/L. Meanw

he effluent pH decreased to about 6 and the effluent tota
oncentration increased from about 0.03 to 15 mg/L.

Decreasing the pH could increase the corrosion ra
ron and also reduce the adverse effect of coexisting sil
SiO2 = 560 mg/L) in the contaminated water on As(V)
ig. 6. Removal of arsenic by iron column. Total As = 150 mg/L (100 m
f As(V) + 50 mg/L of As(III)); Fe(0) content = 400 g (100 mesh); colu
iameter = 3.8 cm; iron bed height = 13.6 cm; flow rate = 700 ml/day.
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The increasing arsenic concentration coincided with the
decrease in the effluent iron concentration from about
20–0.3 mg/L. The slow release of iron indicated that the Fe(0)
filings became much less reactive possibly due to the forma-
tion of a thick iron oxide layer on the iron particle surface.

During 200 days of filtration, approximately 18,000 mg
of arsenic was removed by 400 g of Fe(0) filings (i.e., 45 g
As/kg Fe) based on mass balance calculations. Two layers
were formed in the iron bed due to an upward flow used in
the column test. The top layer contained fine particles with
a gray color, and the lower layer contained black and coarse
iron particles. Total digestion analysis of the spent solids de-
termined that the arsenic content in the top layer was 175 g/kg
of dry solid. The solids in the coarse iron had a much lower ar-
senic content (i.e., 12 g/kg). These results indicated that more
arsenic was associated with fine iron particles than coarse iron
particles, which could be attributed to the high surface area
and high iron oxide content of the fine particles.

3.3. Treatment of As(V) by Fe(0) and sand filtration in
series

If Fe(0) is used for the treatment of drinking water, the
treated water has to meet the MCL for arsenic and the sec-
ondary drinking water standard for iron (i.e., 0.3 mg/L). The
process has to be able to remove arsenic at short EBCT. The
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Fig. 7. Effluent total arsenic from iron column and sand filter as a
function of bed volume. As(V) = 100�g/L; Fe(0) content = 1000 g (40
mesh); iron column diameter = 2.5 cm; iron bed height = 46.3 cm; sand col-
umn diameter = 7.6 cm; sand bed height = 61 cm; flow rate = 220 ml/min
(10.82 gpm/ft2).

Fig. 8. Effluent total iron from iron column and sand filter as func-
tions of bed volume. As(V) = 100�g/L; Fe(0) content = 1000 g (40 mesh);
iron column diameter = 2.5 cm; iron bed height = 46.3 cm; sand col-
umn diameter = 7.6 cm; sand bed height = 61 cm; flow rate = 220 ml/min
(10.82 gpm/ft2).

that a cost-effective filtration process can be developed using
Fe(0) filings to remove arsenic from water. Aeration or/and
pH adjustment pretreatments may be required for treatment
of groundwater with low DO content and high pH.

4. Conclusions

Batch and column experimental results demonstrated that
arsenic was effectively removed from arsenic-spiked solu-
tions and arsenic-contaminated groundwater using Fe(0) fil-
ings. The presence of DO and low pH increased the rate of
iron corrosion and arsenic removal in both batch and column
experiments. The removal of arsenic was mainly attributed to
adsorption on iron hydroxides produced through the oxida-
BCT of adsorptive filters used for drinking water treatm
s usually a few minutes. In this experiment, a sand col
as connected to an iron column containing 40 mesh
lings for the removal of iron hydroxide precipitates and
orbed arsenic. Spiked tap water containing 100�g/L As(V)
nd approximately 6 mg/L of DO was pumped through

ron column at an EBCT of about 1 min and then through
and column. Naturally occurring arsenic in groundwat
sually less than 100�g/L in the United States.

The arsenic concentration in the effluent of the iron
mn fluctuated between 20 and 60�g/L (Fig. 7). Approxi-
ately 50% of the As(V) was removed by the iron colu
he sand column further reduced the arsenic concentr

o less than 5�g/L. No breakthrough occurred during t
reatment of nearly 34,000 bed volumes of water. Activ
lumina (AA) usually treats less than 10,000 bed volu
f arsenic contaminated groundwater[34]. Driehaus et a

35] reported that approximately 35,000 bed volumes of
er containing 16–17�g/L of As(V) were filtered by granula
erric hydroxide (GFH) before the effluent arsenic increa
o 10�g/L. Fe(0) filings, AA, and GFH costs were ab
0.20/lb, $0.41/lb, and $4.60/lb, respectively.

The total iron concentration in the effluent of the iron c
mn was between 3 and 6 mg/L (Fig. 8). The sand column re
uced the total iron concentration to less than 0.3 mg/L. I
resence of DO Fe(0) was oxidized to form ferric hydrox

n the iron column. Approximately 50% of the total arseni
he influent passed through the iron column and was rem
y the sand filter because the arsenic was adsorbed on th

ace of the ferric hydroxide precipitate. The results indi
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tion of Fe(0) by dissolved oxygen. A filtration system consist-
ing of an Fe(0) filter and a sand filter can be used to remove
arsenic and iron from contaminated water at short EBCT in
the presence of DO and in a near neutral pH range.
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