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Batch experiments were performed to investigate the
feasibility of humic acid (HA) removal by synthetic nanoscale
zerovalent iron (NZVI) and its interaction with As(III) and
As(V), the most poisonous and abundant of groundwater
pollutants. High-resolution transmission electron microscopy
(HR-TEM) and X-ray diffraction (XRD) were used to
characterize the particle size, surface morphology of the
pristine NZVI and HA-treated NZVI (NZVI-HA), and the zero
valence state of the pristine NZVI. It was determined
that HA was completely removed by NZVI (0.3 g/L) within
a few minutes, at a wide range of initial pH values (∼3.0-
12.0). Fourier transform infrared (FTIR) and laser light scattering
(zeta potential measurement) studies confirmed that NZVI-
HA forms inner-sphere surface complexation at different
initial pH conditions. The effects of competing anions showed
that there was complete removal of HA in the presence
of 10 mM NO3- and SO4

2- whereas HA removal was observed
0%, 18% and 22% in presence of 10 mM H2PO4

2-, HCO3
-

and H4SiO4
0, respectively. However, the presence of 2 mM

Ca2+ and Mg2+ enhanced HA removal from 17 mg g-1 to
76 mg g-1 and 55 mg g-1, respectively. Long-term time-resolved
studies of XRD and field emission scanning electron
microscopy (FE-SEM) with energy-dispersive X-ray (EDX)
revealed the formation of various types of new iron oxides
(magnetite, maghemite, and lepidocrocites) during the
continuous reaction of HA in the presence of water and
NZVI at 1, 30, 60, and 90 days. In addition, the surface-area-
normalized rate constant (ksa) of adsorption of As(III)
and As(V) onto NZVI was reduced in the presence of HA
(20 mg L-1), from 100% to 43% and 68%, respectively.
Our results show the potential use of NZVI in removing
HA and its possible effects on arsenic removal during the
application of NZVI in groundwater remediation.

Introduction
Humic substances (HS), a major component of organic
matter, are some of the most abundant materials on earth.
They are formed during the decomposition of plant and
animal biomass in natural systems and usually include a
skeleton of alkyl and aromatic units with functional groups
such as carboxylic acid, phenolic hydroxyl, and quinone
groups attached to them (1). These substances commonly
range in molecular weight from several hundred to tens of
thousands (2). Additionally, the presence of HS in natural

waters can cause various environmental and health problems
including the following: (1) they can cause undesirable color
and taste, serving as food for bacterial growth in water
distribution systems (3); (2) they can bind with heavy metals
and biocides to yield high concentrations of these substances
and enhance their transport in water (4); (3) they can react
with chlorine in water treatment to form potentially carci-
nogenic chlorinated organic compounds, such as trihalom-
ethane (3); (4) they can act as a major foulant affecting various
applications of membrane processes (5); and (5) they have
been shown to compete with low-molecular-weight synthetic
organic chemicals, as well as inorganic pollutants, reducing
their adsorption rates and equilibrium capacities (6, 7). As
such, the adsorption of HS has been widely investigated to
minimize their impact on the adsorption of other compounds
specifically targeted for removal (8-13).

Micrometer to millimeter-sized zerovalent iron (ZVI) has
been used as a permeable reactive barrier (PRB) for ground-
water remediation since about 1990. Recently, nanoscale
zerovalent iron (NZVI) has been introduced into water
treatment processes removing some of the most toxic
contaminants with a much higher efficiency than ZVI. These
contaminants include arsenic (14, 15), halogenated organic
compounds (16, 17), heavy metals (18), and nitrates (19).
Besides its extremely high removal capacity of contaminants
in ex-situ conditions and feasibility to create reactive zones,
the unique character that makes NZVI of such great interest
to environmental scientists and engineers is its applicability
in in-situ conditions, with its potential for direct injection
into contaminated sites, ultimately acting as a colloidal
reactive barrier (CRB) (20).

HS exists in natural waters in the range of a few mg/L to
a few hundred mg/L C (2). Specifically, in Bangladesh and
West Bengal, the concentration of HS in groundwater ranges
between 1 and 12 mg/L C, where arsenic contamination is
the most chronic problem (21). When removing pollutants
including arsenic, HS may compete with target pollutants
and lower its removal efficiency. However, despite the
successful application of NZVI in removing various con-
taminants from the water and soil systems, there have not
been extensive studies reporting the adsorption phenomena
of HS onto NZVI and its possible impact on NZVI charac-
teristics during the removal of targeted pollutants. As such,
to consider the application of NZVI in both ex-situ and in-
situ treatment as CRB, a reactive barrier for removing
groundwater contaminants, there is an urgent need to
investigate the removal capacity of HS and its possible effects
on NZVI performance during the removal of other toxic
contaminants.

In this paper, we report on humic acid (HA), a repre-
sentative of HS removal by NZVI, obtaining detailed studies
by using different spectroscopic and microscopic techniques,
as well as the interaction of HA with arsenic during its removal
by NZVI. Our time-resolved long-term study of scanning
electron microscopy- energy-dispersive X-ray (SEM-EDX)
and X-ray diffraction (XRD) showed chemical and morpho-
logical changes of HA and NZVI for up to 3 months. In
addition, we tested the influence of HA during the removal
of arsenic by NZVI. To this end, the main objectives of our
research are (1) to characterize NZVI and its reaction products
before and after their reaction with HA, (2) to investigate HA
removal by NZVI at different pH conditions and time, (3) to
investigate the effect of anions and divalent cations, (4) to
present a time-resolved long-term study of HA and NZVI
interaction, and (5) to test the influence of HA on the removal
of As(III) and As(V) during their removal by NZVI.
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Experimental Section
Materials and Chemicals. The chemical reagents used in
this study, such as FeSO4‚7H2O, NaBH4, C2H6O, NaOH, HCl,
NaAsO2, Na2HAsO4‚7H2O, KI, NaOH, HCl, all anions (NaH2-
PO4, Na2SiO3, Na2SO4, NaNO3, and NaHCO3), and cations
(CaCl2‚H2O and MgCl2‚6H2O), were reagent grade obtained
from Aldrich Chemical Co. and Fluka and were used directly
without any pretreatment unless otherwise specified. Le-
onardite humic acid was obtained from the International
Humic Substances Society (IHSS). All chemical stock solu-
tions were prepared using doubly distilled deionized water
and were stored at 4 °C. NZVI was synthesized following our
previously reported method (14). Slight differences from our
previous procedure were that 30% ethanol was used instead
of 100% water, and FeSO4 was used instead of FeCl3.
Synthesized iron nanoparticles were dried at room temper-
ature following the method reported by Nurmi et al. (22).
Additionally, the characterization of solid-phase NZVI and
NZVI-HA products was carried out using XRD, laser light
scattering, high-resolution transmission electron microscopy
(HR-TEM), SEM-EDX, and a Brunauer-Emmett-Teller (BET)
surface area analyzer, as described in our previous report
(14, 15).

For Fourier transform infrared (FTIR) samplings, HA was
first treated with NZVI for 12 h in different initial pH solutions,
and then the treated pH (∼3.0-12.0) solutions were cen-
trifuged and the precipitate was dried at room temperature
overnight. FTIR spectra of HA- and NZVI-treated HA com-
plexes were recorded using FTIR (JASCO 460 PLUS spec-
trometer, Tokyo, Japan) connected with a personal computer.
FTIR spectra were measured on KBr pellets prepared by
pressing mixtures of 1 mg dry powdered sample and 100 mg
spectrometry grade KBr under a vacuum, with precautions
taken to avoid moisture uptake.

Batch Experiment for HA Removal. Stock solutions of
HA were prepared using 0.5 g HA powder dissolved in 1 L
of Deionized water (DI) water followed by filtering the
solution through a 0.45-µm membrane filter (cellulose
acetate). Batch adsorption studies were conducted in 43-mL
lined capped glass bottles (Wheaton) containing 20-mL
solutions with varying concentrations of NZVI. The pH of
each solution was adjusted using 1 M NaOH and HCl to
attain the desired pH value and was measured using an Orion
(Model 250A+) pH meter. All HA concentrations were
measured with a UV-vis spectrophotometer (UV mini1240)
at 254 nm. Concentrations of HA were measured by
constructing calibration curves between weight concentra-
tions and the absorbance signal readings. As the UV-vis
absorbance of HA is pH-dependent, calibration lines were
made for each pH required in the study to convert UV-vis
absorbance readings to HA concentration. However, the
change in UV-vis absorbance reading with corresponding
changes in the solution pH was observed to be insignificant.
Additionally, the test solutions were not buffered against pH
change to prevent potential interferences, and all adsorption
experiments were conducted at room temperature.

Adsorption studies of HA onto NZVI were performed using
20 mg L-1 HA treated with varying NZVI solid concentrations
(0.1, 0.2, 0.3, 0.5, 1 g L-1) at time intervals of up to 20 min,
a duration long enough to reach equilibrium concentrations
(Figure 2). Solid NZVI was separated from the solution by
centrifugation at 4000 rpm. The final pH was measured, and
the supernatants were stored in a refrigerator at 4 °C after
filtering in a 0.45-µm membrane filter (cellulose acetate) prior
to their analysis. For investigation into the effect of pH, 20
ppm HA was adsorbed on 0.3 g L-1 NZVI at various pH ranges
(3.0-12.0) after reaction for 12 h; the initial and final pH
values were recorded. Furthermore, to investigate the effect
of HA on As(III) and As(V) removal kinetics, two sets of batch

experiments were performed. In one set, 2 mg L-1 As(III) and
As(V) solutions without HA were treated with 0.3 g L-1 NZVI.
In the other set, 2 mg L-1 As(III) and As(V) with 20 mg L-1

HA solutions were treated with the same amount of NZVI.
The experiment was performed at time intervals of up to 30
min. Then, the reaction solutions were filtered and analyzed
for As content by hydride generation atomic absorption
spectrophotometry (HGAAS; Perkin-Elmer 5100 PC), follow-
ing the procedure described in our previous report (14, 15).

Anionic and Cationic Effects. Batch tests were performed
with competitive anions using 20 mg L-1 HA solutions with
0.3 g L-1 NZVI in 0.1, 1, and 10 mM concentrations of HCO3

-,
SO4

2-, NO3
-, H4SiO4

0, and H2PO4
2-. After a 12-h reaction time,

the suspension was centrifuged and filtered through 0.45-
µm membrane filters and was analyzed with a UV-
spectrometer and was confirmed using a PPM Lab TOC
analyzer (PPM Lab Co.). To study the divalent cationic effect,
batch tests were performed in two steps. First, 20 ppm HA
was treated with 0.2 g L-1 NZVI for 12 h; then, in the same
solution, between 0.3 and 2.7 mM Ca2+ and bteween 0.2 and
2.5 mM Mg2+ were separately added. Again, the reaction was
performed for 12 h, and the suspension was subsequently
centrifuged and filtered through a 0.45-µm membrane filter
and was analyzed for HA levels.

SEM and XRD Observation: Long-Term Study. A long-
term study was performed by reacting 500 mg L-1 HA with
25 g L-1 NZVI for 1, 30, 60, and 90 days. Solutions were stirred
at 200 rpm and were covered with aluminum foil to prevent
photo-oxidation at a controlled room temperature. Each
sample was centrifuged, and then the precipitate was freeze-
dried and analyzed using field emission scanning electron
microscopy (FE-SEM) with EDX and XRD, as described in
our previous report (15).

Results and Discussion
Characterization of NZVI. Laboratory synthesized iron
nanoparticles were analyzed to confirm their nanosize and
zero valence states. HR-TEM was then used to investigate
the morphology and size distribution of pristine NZVI. Figure
1a shows HR-TEM images of pristine NZVI having very thin
layers of oxide shells with distinguishable dark portions inside
because of Fe0 (15). NZVI formed a chainlike, aggregated
structure because of its natural tendency to remain in a more
thermodynamically stable state (14). The size distribution
histogram (Figure 1b) shows that all the nanoparticles are
below 90 nm and that more than 75% of the particles are
below 50 nm. XRD (Figure 1c) presents the three major peaks
of Fe0 at 45, 65, and 85 (2-theta degree), consistent with
previously reported nano- and microsized zerovalent iron
particles (14, 22). The peaks were found to have low intensity
because of the presence of an amorphous iron phase (14).
Pristine NZVI was found to have a specific surface area of 32
m2 g-1, as measured by a BET surface analyzer, which was
a little higher than our previously synthesized NZVI values
(24.4 m2 g-1) (14) but similar to other literature values (16).

Kinetics of HA Adsorption to NZVI. HA (20 gm L-1)
adsorption on NZVI was investigated with different NZVI
dosages (0.1, 0.2, 0.3, 0.5, and 1.0 g L-1), at initial pH of 6
(Figure 2). As can be seen, at concentrations of NZVI lower
than 0.3 g/L, complete adsorption of HA was not observed
over a 20-min period. However, at the concentrations of 0.3
g/L, 0.5 g/L, and 1.0 g/L NZVI, complete adsorption of HA
occurred after 20, 10, and 5 min, respectively. Figure 2 (inset)
shows that the adsorption of HA on NZVI followed pseudo-
first-order reaction kinetics, where Kobs is the pseudo-fist-
order rate constant of HA.

In the case of micrometer-sized ZVI, this equilibrium time
was significantly higher (a few days) (23). Moreover, with a
further increase of NZVI to 1 g L-1, equilibrium was reached
within 5 min. From these time- and dosage-dependent
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variations of equilibrium, two important conclusions can be
drawn. First, 0.1 g L-1 of NZVI does not have enough reactive
surfaces to completely adsorb HA, but 0.3 g L-1 of NZVI
provides an optimum reactive surface for completely ad-
sorbing HA. Second, the decrease of equilibrium time as NZVI
dosage increased may be due to two reasons: (a) abundant
surface sites for adsorption and (b) reduction of diffusion of
HA from the bulk solution to the surface of the NZVI, as the
already adsorbed HA showed unfavorable electrostatic
interaction charges or repulsion of negative ú potentials (24).

Influence of pH on HA Adsorption. Figure 3 presents the
adsorption results of the initial 20 mg L-1 HA onto NZVI,
with variations in the initial pH and final pH causing
corresponding changes in the reacted solution. As can be
seen, the maximum adsorption of HA is 80 mg g-1 in the pH
range 3.0-9.0 and decreases sharply at a pH over 10.0. These
results of adsorption patterns of HA on NZVI (Figure 3) are
consistent with the electrostatic interaction mechanism, as
NZVI remains attractive to negatively charged HA as long as

it has a positive charge on its surface. This can be explained
by the fact that NZVI became more positively charged as the
pH decreased from its point of zero charge at pH 7.7 (14).
On the other hand, HA has negative charge up to pH > 2.0
(24), and NZVI became negatively charged as pH increased,
but HA remained negatively charged.

Our results show that the almost complete removal of HA
occurred even at an initial pH of 10.0. This may be due to
the high protonation of NZVI at higher pH lowering the final
pH, which controls the point of zero charge while reacting
with HA (25). A slight decrease of adsorption rate at pH 3.2
was observed, compared with pH 4.9, possibly because of a
small electrostatic repulsion as the dissolved rate of NZVI
and HA are opposite to each other when the pH decreases
from 4.9 to 3.2 (25).

The relationship between the initial and final pH of HA-
reacted NZVI (Figure 3) shows that the initial pH of 3.0
increased to 4.3, whereas an initial pH of 10.0 decreased to
7.4. However, with an initial pH of around 5.0-6.5, a stable
pH zone was formed because a very insignificant change of
pH occurred in that region. This may be due to the continuous

FIGURE 1. TEM image of (a) pristine NZVI, (b) its histogram, and (c) X-ray diffraction analysis of pristine NZVI.

FIGURE 2. Kinetics of HA adsorption onto NZVI. The reaction is
pseudo-first-order with respect to the total NZVI concentrations.
Reaction conditions: initial HA 20 ppm, 0.01 M NaCl, react for 12
h at 25 °C.

FIGURE 3. Effect of pH on HA adsorption onto NZVI. Reaction
conditions: initial HA 20 mg L-1, 0.3 g L-1 NZVI, 0.01 M NaCl, react
for 12 h at 25 °C.
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protonation and deprotonation of NZVI in the acidic and
basic conditions, as in eqs 1-4. In the pH range 6-11, NZVI
initially reacts with H2O or O2 to give Fe2+ and OH-; this Fe2+

further reacts with H2O or O2 or OH- to precipitate Fe(OH)2

(14). Hence, it can be established that an increase or decrease
of pH depends on the initial pH of the reacted solution.

The electrophoretic mobility of HA, HA-treated NZVI, and
pristine NZVI at different initial pH (5.0-9.3) solutions was
measured to determine the point of zero charge (PZC), at
which net surface charge is zero. PZC of pristine NZVI and
HA-coated NZVI was found to be around 7.7 and 6.2,
respectively (Figure 4), whereas HA was negatively charged
in the range of 5.0-9.3. In this case, the negatively charged
HA adsorbed on NZVI and neutralized the positive charges.
As a result, PZC of HA-coated NZVI shifted from 7.7 to 6.2.
At pH 5.2, the ú potential of pristine NZVI surface was 34 mV,
which became 5 mV after reaction with HA. Conversely, the
ú potential of pristine NZVI at pH 9 was -12 mV, which
changed to -20 mV after reaction with HA. The higher
changes of ú potential at a lower pH, where both inner- and
outer-sphere complexations dominate, are consistent with
other organic matter sorption onto different iron oxides (26,
27).

FTIR Study of HA Adsorbed onto NZVI. Figure S1
(Supporting Information) shows HA spectra having bands at
2870 cm-1 for carboxylate ion stretching; at 2940 cm-1 for
aliphatic C-H, C-H2, and C-H3 stretching; at 1725 cm-1 for
CdO stretching of carboxylic acids; at 1628 cm-1 for CdO
stretching vibration of double bonds in ketone and quinone,
keton, and quinines; and at 1250 cm-1 for C-O stretching
of esters, ethers, and phenols (28). However, NZVI spectra
have bands at 1700-1780 and 2850-3000 cm-1, which may
be due to the presence of hydrous components in the oxides.
The bands at 915 cm-1 may be Fe-O vibrations because of
the different stretching patterns in the different crystal phases
(29). Additionally, when HA reacted with NZVI at different
pH values, the complete disappearance of the bands 2870,
2940, and 1725 cm-1 in the pH range from 3.23 to 10.8
confirmed that the carboxylate ion, aliphatic C-H, C-H2,

C-H3, and carboxylic acid took part in the reaction with
NZVI by making an inner-sphere complexation with ligand
exchange, consistent with previous reports (30).

The appearance of new strong bands at 1025 cm-1,
representing the C-O stretching of alcoholic compounds,
C-O stretching of carbohydrates, and polysaccharide-like
substances, implies that a complex chemical reaction oc-
curred between NZVI and HA (31). This result was different
from the humate-iron complexation in ZVI, where there
were no new bands observed. This may suggest that instead
of just simple deprotonation of COOH by the ligand
exchanges with ZVI species, C-O of esters, ethers, and
phenols present in HA more complexation takes place with
NZVI (30).

Effects of Anionic and Cationic Compounds. Previous
reports suggest that oxyanions and divalent cations present
in natural water systems could significantly influence the
sorption of organic matter (32-36). Figure S2 (Supporting
Information) shows the effects of individual anions (HCO3

-,
SO4

2-, NO3
-, H4SiO4

0, and H2PO4
2-) on the adsorption of HA

onto NZVI. The NO3
- and SO4

2- ions at concentrations of up
to 10 mM did not affect HA uptake. Similarly, the presence
of 0.1 mM anions such as HCO3

-, H4SiO4
0, and H2PO4

2- had
no effect on HA adsorption onto NZVI. However, when
concentrations were further increased, these anions started
reducing the HA adsorption onto NZVI, as HA adsorption
was only 20% in the presence of 1 mM H2PO4

2-, and there
was no adsorption at 10 mM. On the other hand, 56% and
18% of HA were adsorbed in the presence of 1 mM and 10
mM HCO3

-, respectively.
In the presence of 10 mM H4SiO4

0, 22% removal was
observed, but no effect was observed in the presence of 1
mM H4SiO4

0. Furthermore, the presence of NO3
-, SO4

2-

caused no effect on the adsorption capacity of HA on NZVI,
which may be due to the enhancement of the reactive sites
of the NZVI species (37). However, HCO3

- and H2PO4
2- were

found occupying the reactive surface sites of NZVI to form
inner-sphere complexes (38). Hence, it could be concluded
that H4SiO4

0, HCO3
- and H2PO4

2- compete with HA for
sorption sites on NZVI and reduce the adsorption capacity.
The high-adsorption tendency of H2PO4

2- and H4SiO4
0 onto

NZVI has been previously reported where adsorption of
inorganic arsenic was significantly reduced because of
competitive adsorption with these anions (14). However, this
is the first report on the influence of anions on HA adsorption
during their adsorption onto NZVI.

Figure S3 (Supporting Information) depicts increments
of adsorption of HA onto NZVI because of the presence of
divalent cations (Ca2+ and Mg2+), where HA adsorption
capacity increased from 17 mg g-1 up to 55 mg g-1 and 76
mg g-1 because of the presence of 2 mM of Mg2+ and Ca2+,
respectively. This adsorption enhancement may be due to
the compression of the diffuse double layer and charge
neutralization of both adsorbate and adsorbent by Ca2+ and
Mg2+ (35), as interaction in solutions between salts and
organics generally produces a change in the properties of
organics. As a result, Ca2+ and Mg2+ can link the NZVI particle
with HA, forming an NZVI-metal-HA complex that can
significantly enhance adsorption (39). These results are
informative for water treatment using NZVI because of the
coexistence of competing anions and divalent cations in
groundwater.

SEM and XRD Observations: Long-Term Study. We
investigated the long-term effect of HA (500 mg L-1) adsorp-
tion on NZVI (25 g L-1) collected after reaction for 1, 30, 60,
and 90 days. Corresponding FE-SEM images show the
different surface textures and different pore sizes with respect
to time of adsorption and precipitation of HA onto NZVI.
Platelike structures (Figure 5a) were formed when NZVI
reacted with HA for 1 day, and the morphology slowly

FIGURE 4. Electrophoretic mobility of HA treated and untreated
NZVI with respect to pH. Reaction conditions: 0.3 g L-1 untreated
NZVI, 0.3 g L-1 NZVI treated with 20 mg L-1 HA in 0.01 M NaCl, 20
ppm HA without NZVI, react for 12 h at 25 °C.

2Fe0 + 2H2O f 2Fe2+ + H2 + 2OH- (1)

2Fe0 + O2 + 2H2O f 2Fe2+ + 4OH- (2)

6Fe2+ + O2 + 6H2O f 2Fe3O4(s) +12H+ (3)

Fe2+ + 2OH- f Fe(OH)2 (s) (4)
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changed, as there were an increased number of round-shaped
structures at 30 and 60 days, until at 90 days all the structures
had changed.

SEM images showed that the very thin NZVI layer
disappeared over time, replaced with the more stable round-
shaped structures, following the Gay-Lussac-Oswald rip-
ening rule (14). At the same time, corresponding XRD data
analyses show that after 1 day Fe0 was absent and a new peak
of maghemite (m) appeared (Figure 5b). After 30 days, more
peaks of different iron oxide/hydroxides such as maghemite-
magnetite (m) (Fe3O4/γ-Fe2O3) and lepidocrocite (γ-FeOOH)
appeared (40), and these peaks continuously increased in
number and size from 60 to 90 days. This is one of the first
reports that clearly illustrates the possible structural and
crystalline change occurring on NZVI when it is treated with
HA for up to 3 months.

Figure S4 (Supporting Information) analyzed by SEM-
EDX shows the changes which occurred in the elemental
composition of HA-treated NZVI at 1, 30, 60, and 90 days.
Atomic weight-based quantitative SEM-EDX peak area
analysis shows untreated NZVI having Fe:O t 85:13.5. Note
that the elemental composition changed to Fe:O:C t 58:
29:12 after reaction with HA for 1 day. This % atomic ratio
further changed to Fe:O:C t 49:36:13.5, Fe:O:C t 35:48:22,
and Fe:O:C t 31:52:17 for 30, 60, and 90 days, respectively.
This change illustrates that the presence of C increased with
an increase of reaction time from 1 to 60 days and decreased
at 90 days. Conversely, the amount of Fe decreased continu-
ously up to 90 days, whereas the O content increased. These
changes in elemental composition suggest that complexation
of HA with NZVI decreased after 60 days and that the
formation of oxy-hydroxide continuously occurred as time
increased from 1 to 90 days. This finding may be significant
for predicting the long-term effect of HA onto NZVI when
considering direct injection of NZVI in the soil system to
create a mobile reactive zone to remediate different con-
taminants, where HS is required to coexist (15, 20, 41).

Effect of HA on Kinetics of Arsenic Removal. Figure 6
shows the removal of 2 mg L-1 As(III) and As(V) in the absence
and presence of HA, respectively, at 0.3 g L-1 NZVI and initial
pH 6.5. Here, the surface normalized rate constant (ksa) for

As(III) and As(V) were 1005 and 1440 mL m-2 h-1, respectively,
which were reduced by 43% for As(III) and 68% for As(V) in
the presence of 20 mg L-1 HA, and became 578 and 459 mL
m-2 h-1, respectively (Table S1). The observed reduction of
surface-normalized rate constants (ksa) may have resulted
from the following factors: (1) the occupation or obstruction
of a large proportion of sorption sites by HA; (2) slowing the
rate at which arsenic species encountered favorable sites; (3)
the coagulation of NZVI by HA, further diminishing the
number of available surface sites; and (4) the reduction of
corrosion rates of NZVI by HA, which in turn reduces the
formation of new sorption sites of arsenic (42). However,
this phenomenon could be quite important in an arsenic
treatment process using NZVI, as the total removal efficiency
is reduced in the presence of HA.

Implications for HA and Arsenic Remediation. Our
results present a detailed investigation of HA and NZVI
interaction and groundwater chemistry (anion and cation)
effect, of great significance in water treatment as HA
abundantly coexists in groundwater with arsenic and other
pollutants. It was determined that HA can be completely
removed by NZVI at several different pH values. Furthermore,
the results of this study demonstrate that HA has competitive
effects with groundwater pollutants such as arsenic, and these
effects should be considered during the application of
adsorbents such as NZVI for groundwater remediation. In
addition, we have demonstrated this competitive effect during
the remediation of As(III) and As(V), which opens up further
possibilities for competition with other groundwater pol-
lutants.

We have presented evidence that 20 mg L-1 HA could
reduce the surface normalization rate constant (ksa) of 2 mg
L-1 As(III) and As(V) from 100% to 43% and 68%, respectively.
However, the HA concentrations used in these experiments
are relatively high, and the negative effects of HA on arsenic
adsorption on NZVI should generally be smaller in the field.
For successful field applications of long-term in-situ and
ex-situ groundwater treatments using NZVI, a more detailed
study of surface reactions of NZVI with a variety of dissolved
pollutants in the presence of HA should be further under-
taken.
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FIGURE 5. FE-SEM images of (a) HA treated NZVI and (b) XRD at
1, 30, 60, and 90 days. 500 mg L-1 HA reacted with 50 g L-1 NZVI
in 0.01 M NaCl at 25 °C. XRD measured peaks are due to magnetite-
maghemite (m) (Fe3O4/γ-Fe2O3) and lepidocrocite (l) (γ-FeOOH).

FIGURE 6. Effect of HA on the adsorption kinetics of As(III) and
As(V) using NZVI. Reaction conditions: 2 mg L-1 As(III) and As(V),
20 mg L-1 HA, 0.3 g L-1 NZVI, and pH 6.5.
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A table and four figures showing additional details of our
analysis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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