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a b s t r a c t

This research study was to elucidate the mechanisms of arsenic mobilization from mine tailings in the
presence of natural organic matter (NOM). Humic acid (HA) was chosen as a model for NOM. The introduc-
tion of the HA at a low mass ratio (below 2 mg added HA/g mine tailings) inhibited arsenic mobilization
under acidic conditions. Arsenic mobilization increased with increasing mass ratio. When pH was above 7,
the addition of HA enhanced arsenic mobilization significantly. A mobilization isotherm was developed
eywords:
rsenic
ine tailings
obilization isotherm
atural organic matter

to predict arsenic mobilization from the mine tailings in the presence of HA. It was indicated that HA
sorption to the mine tailings was essential for arsenic mobilization. HA might enhance arsenic mobil-
ity through formation of aqueous complexes, competition for adsorption and electrostatic interactions.
Capillary electrophoresis analyses indicated that arsenic redox reactions might not have a significant
effect on arsenic mobilization in this study. The mobilization of co-existing metals could enhance arsenic

ncorp
elective sequential extraction mobilization by helping i

. Introduction

Mine tailings enriched in arsenic and heavy metals have been
onsidered as potential contamination sources [1]. It was estimated
hat about 10% of the total arsenic added to soils originates from

ine tailings [2]. Arsenic exits essentially in the environment in
our oxidation states (i.e., −III, 0, +III and +V) and forms various
ompounds. It has been established that the mobility and toxic-
ty of arsenic are dependent on the chemical form and oxidation
tate in which it exists [1]. Inorganic arsenic species generally are
ore toxic and mobile than organoarsenic species, while arsenite

As(III)] is considered to be more toxic and mobile than arsenate
As(V)].

Prevalent in subsurface, natural organic matter (NOM) has
emonstrated potential in influencing arsenic sorption behavior by

nteracting with mineral surfaces and/or with arsenic itself, and
hus may play a substantial role in the release of arsenic from
oils and sediments into groundwater [3–6]. Grafe et al. [5] demon-

trated the competition between organic substances and arsenic for
orption to a crystalline iron oxide. Redman et al. [6] suggested NOM
ight greatly influence the redox condition as well as the complex-

tion speciation of arsenic in freshwater environments. However,
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orating it into soluble complexes in the presence of HA.
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more extensive investigations on various geological materials are
required to achieve a thorough understanding. Further research
is needed to evaluate the complex role of NOM on arsenic redox
cycling. Moreover, the role of metal cations in the interaction
between arsenic and NOM has not been elucidated well.

HA was chosen in this study as a model for NOM to evaluate its
effects on arsenic mobilization from a Canadian mine tailings. The
objectives of the kinetic batch tests were to examine the effects
of pH, mass ratio of added HA to mine tailings and reaction time.
The correlation between the mobilization of arsenic and co-existing
metals in the mine tailings was monitored. The results and their
implications on the release of arsenic from soils and sediments into
groundwater and the remediation of arsenic contaminated sites are
discussed.

2. Experimental materials and methods

2.1. Reagents

Arsenic trioxide, sodium metaarsenate and dimethylarsinic acid
(DMAA) were purchased from Sigma, USA. Monomethylarsinic acid
(MMAA) was purchased from Welck, USA. The reagents are of
analytical grade. Acetic acid, sodium acetate (NaOAc), ammonium
acetate (NH4OAc), magnesium chloride (MgCl2), hydroxylamine

hydrochloride (NH2OH·HCl), sodium phosphate dibasic anhydrous
(Na2HPO4), nitric acid (HNO3), hydrochloric acid (HCl), sodium
hydroxide (NaOH), hydrogen peroxide (H2O2), ethylene glycol
monoethyl ether (EGME) and sodium dodecyl sulphate (SDS) were
purchased from Fisher Scientific Co. (Canada).

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mulligan@civil.concordia.ca
dx.doi.org/10.1016/j.jhazmat.2009.02.088
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in the supernatant.
Mass balances were verified by comparing the sum of arsenic in
22 S. Wang, C.N. Mulligan / Journal of H

.2. Analytical methods

To determine the total arsenic concentration in the mine tail-
ngs, the mine tailings were first digested by aqua regia method.
he extract was then diluted before measuring arsenic concentra-
ions. The total arsenic concentration in solutions was determined
y a Hach method (Hach-28228-00, Anachemia Canada Inc.). The
etection limit is 10 �g/l. Good agreement was achieved between
he data from the Hach method and ICP-MS analyses. Metal
i.e., Fe, Cu, Pb and Zn) concentrations were measured with an
tomic Absorption Spectrophotometer (PERKIN ELMER, AAnalyst
00, PerkinElmer Inc., Canada).

.3. Fluka HA

A commercial and standardized HA (Fluka, Saint-Quentin
allavier, France) was chosen as a model for NOM. It was used
ithout any further purification.

.4. Mine tailings

Samples of oxidized Pb–Zn mine tailings were collected from
he top of the tailing piles in Bathurst, Canada. It was air-dried
nd homogenized through mixing. Its extractable Fe content was
round 23.8%. The measured total arsenic, copper (Cu), lead (Pb) and
inc (Zn) concentrations were 2,180, 1,100, 12,860 and 5,075 mg/kg,
espectively.

Particle size distribution analysis (ASTM method D422) [7] indi-
ated that it could be classified as a sandy soil. Specific gravity was
etermined to be 3.65 (20 ◦C, ASTM method D854) [8]. Specific sur-

ace area measured by ethylene glycol monoethyl ether adsorption
9] was 1.84 m2/g. The organic matter content based on weight loss
fter calcination at 550 ◦C was 4.67%. The pH of the mine tailings
etermined by using 1:2.5 (w/v) mine tailings with 0.01 M CaCl2
10] was 3.6. The cation exchange capacity determined through
eplacement of exchangeable cations by potassium acetate [11] was
0.38 cmol/kg.

.5. Zeta potential measurement

Zeta potential of the mine tailings was determined by a Zeta
eter System 3.0 (Zeta-Meter Inc., USA) with an Automatic Sample

ransfer System. Approximately 0.2 g of dried mine tailings (passing
hrough a 200 mesh sieve) were added in 250 ml solutions (contain-
ng 100 mM NaCl as an electrolyte to maintain the ionic strength
onstant). The suspension was stirred on a magnetic stirrer. The pH
f the solution was adjusted by 1N HCl or 1N NaOH. Measurements
ere performed 24 h after preparation of the suspension at room

emperature. The applied voltage varied in the range of 50–200 mV.
n average of 10–50 measurements was taken to determine the
easured zeta potential.

.6. Mineralogical analyses

X-ray powder diffraction (XRD) was applied to identify the
xistence of crystallized arsenic mineral phases. A Philip PW1710
iffractometer using Cu K� radiation (� = 15,418 Å) was employed
McGill University, Montreal, Canada). XRD patterns were collected
ver 3–60◦ �. A step scanning technique with a fixed time of 0.5 s
er 0.02◦ � was adopted for the measurements.
Scanning electron microscopy–energy dispersive X-ray spec-
rometer (SEM–EDS) analysis were used to determine arsenic-
ontaining phases in the mine tailings. The sample was examined
t McGill University on a JEOL-JSM-840A Scanning Electron Micro-
cope (JEOL, Tokyo, Japan) equipped with an energy dispersive
ous Materials 168 (2009) 721–726

spectrometer. Analyses were carried out at an accelerating voltage
of 20 keV.

2.7. Selective sequential extraction (SSE)

A SSE procedure based on Yong et al. [12] was applied. For each
procedure, 2.0 g dried mine tailings sample used. Between each
successive extraction, separation was made by centrifugation at
3000 rpm for 15 min. The supernatant was collected and the residue
was washed with distilled water. Each extract and the rinse water
associated were pooled together. Each of the fractions was collected
and the concentrations of arsenic were determined. The amounts of
arsenic extracted from the mine tailings by each of the extractants
were then calculated.

The sequential extraction procedure that was used is as follows:

F1. Water soluble: 8 ml of distilled water or washing solution
added, shaking at room temperature for 30 min;
F2. Exchangeable: 8 ml of 1 M MgCl2, pH 7, 1-h shaking at room
temperature;
F3. Carbonate associated: 8 ml of 1 M NaOAc, pH adjusted to 5 with
acetic acid, 5-h shaking at room temperature;
F4. Oxide and hydroxide associated: 8 ml of 0.04 M NH2OH·HCl in
25% (v/v) acetic acid, pH 2.5, at 96 ◦C in a water bath for 6 h;
F5. Organic matter and sulphide associated: 3 ml of 0.02 M HNO3
and 5 ml of 30% H2O2 (pH 2) at 85 ◦C for 2 h, followed by 3 ml of
30% H2O2 (pH 2) at 85 ◦C for 3 h, and then 5 ml of 3.2 M NH4OAc in
20% (v/v) HNO3 diluted to 20 ml at room temperature for 30 min;
and
F6. Residual fraction: digestion at 90 ◦C with 25 ml of dilute aqua
regia (50 ml HCl + 200 ml HNO3 + 750 ml water) for 3 h.

2.8. Batch tests

Batch tests were run to elucidate the effects of HA on arsenic
mobilization from the mine tailings. The HA was dissolved in
distilled water first, with the concentrations varied from 25 to
1200 mg/l. 20 ml solution and 2 g mine tailings (10:1, v/w) were
added together into 50 ml polypropylene centrifuge tubes with
varying the mass ratio of HA to mine tailings from 0.25 to 12 mg/g
through changing HA concentration, pH, and reaction time. The
mixtures were shaken at 60 rpm for a desired time period. The mix-
ture was then centrifuged to separate the supernatant and mine
tailing residue.

All batch tests were conducted at room temperature. The pH
values (i.e., 3, 5, 7, 9 and 11) were adjusted by 1N NaOH or 1N
HCl solutions which altered the volume by less than 2%. The devi-
ation from the originally adjusted pH values was corrected by
re-adjustment after a 1 h equilibration. Distilled water alone with
pH adjustment was used to compare with HA. Though pH adjust-
ment introduced HCl or NaOH into the solution at a concentration
level of 1 × 10−3 to 1 × 10−11 M, the term “distilled water” was used
in the text for convenience. The supernatants and residues were
analyzed to determine the concentrations of arsenic and heavy
metals. To determine the effect of reaction time, sampling was per-
formed after every 6 or 12 h of shaking of the mixture of mine
tailings and HA until a constant arsenic concentration was reached
the supernatant and residual arsenic in mine tailings with the initial
amount of arsenic in the mine tailings. The mass balances were
good during the batch experiments, though a little variation was
observed. It might be caused by the analytical and operation errors,
which were unavoidable but expected during the experiments.
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Fig. 1. Zeta potential measurement of the mine tailings.

.9. Arsenic speciation by capillary electrophoresis (CE)

All CE separations were carried out on a Beckman P/ACE MDQ
E system (Beckman Coulter, Inc., California, USA) with direct UV
etection. A fused-silica capillary tube (70 cm × 75 �m I.D., 61 cm
ffective length) was used. Stock solutions (1 g/l) were prepared by
issolving appropriate amounts of As(III), As(V), MMAA, and DMAA

n distilled water. The buffer solution consisted of 15 mM Na2HPO4
djusted to pH 6.5. 10 mM SDS was added as the electroosmotic
ow (EOF) modifier.

The extracts from the batch tests were analyzed to examine
he effect of HA on arsenic speciation. Before the separation pro-
edure, the buffer solution and extracts were filtered through a
.45-�m filter and degassed by vacuum. The samples were injected
ydrostatically by a pressure of 3.45 kPa for 10 s. The capillary tem-
erature was adjusted to 28 ◦C. A positive voltage of 25 kV on the

njection side was applied for separation. The detection wavelength
as 200 nm.

. Results and discussion

.1. Characterization of the tailings
The zeta potential of the mining tailings was evaluated as a func-
ion of pH. The negative zeta potential increased with an increase
f pH, due to the ionization of acidic groups on the tailings surface
Fig. 1). The isoelectric point of the mine tailings was determined to
e around 4.3. The introduction of HA decreased the zeta potential

Fig. 2. SEM image and associated EDS spe
Fig. 3. Effect of reaction time on arsenic mobilization.

significantly. The zeta potential of the mine tailings became slightly
more negative with an increase of the HA concentration from 50 to
1000 mg/l, probably due to the increased sorption of the HA on the
mine tailings, which increased the density of negatively charged
functional groups on the surfaces. The increased density of nega-
tive charges might enhance arsenic mobilization through repulsive
electrostatic interactions [13,14].

The XRD analyses were performed to determine the presence
of crystalline arsenic phases. However, none were found. This was
not entirely unexpected probably due to the detection limits of this
method (2–5 wt.%). SEM–EDS analyses detected possible arsenic-
enriched particles in the mine tailings. The arsenic was detected
mainly in association with Fe, Ca, Si, and S as well as O (Fig. 2).

3.2. Mobilization tests

3.2.1. Effect of reaction time
The effect of reaction time on arsenic mobilization from the mine

tailings was examined with distilled water and HA. The pH value
was adjusted to various values between 3 and 11. The equilibrium
state was assumed to be reached when there was no significant
effect of reaction time on the dissolved arsenic concentration. At pH
3, the equilibrium state of the distilled water–mine tailings system

was reached after about 12 h, but for the HA–mine tailings system,
a longer reaction time, more than 48 h, was required. At pH 11, the
equilibration time was between 12 and 24 h (Fig. 3).

However, at pH 3, it was observed that the dissolved arsenic
concentrations in the HA–mine tailing system increased with time

ctrum of the mine tailings sample.
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ing to the high arsenic mobilization from the mine tailings. It has
been proposed that HA is a supramolecular association, in which
many relatively small and chemically diverse organic molecules
form clusters linked by hydrogen bonds and hydrophobic inter-
24 S. Wang, C.N. Mulligan / Journal of H

o 24 h, and then decreased and reached equilibrium after 48 h or
onger. It indicated a portion of the dissolved arsenic anions might
e re-adsorbed onto the HA adsorbed on the mine tailings or to
he remaining mine tailings. Furthermore, the arsenic anions might
dsorb onto HA first and then to the remaining surfaces of the mine
ailings [15].

.2.2. Arsenic mobilization by distilled water with adjusted pH
Batch tests with distilled water at different adjusted pH values

i.e., 3, 5, 7, 9, and 11) were used to examine the mobilization of
rsenic from the mine tailings without additives. Arsenic was found
o be most mobilized at pH 3 with distilled water (Fig. 4), probably
ue to the dissolution of the components of the mine tailings such as
etal oxides, which released the associated arsenic. A high content

f arsenic in the mine tailings and the high mobility of arsenic at
ow pH suggested that the mine tailings might impose a high risk
o the surface- and groundwater quality under acidic conditions.

.2.3. Arsenic mobilization by HA
The addition of HA under acidic to neutral conditions with a low

ass ratio inhibited arsenic mobilization (Fig. 4). Compared to dis-
illed water, even at pH 5 or 7, arsenic mobilization was inhibited
y the addition of HA at a mass ratio of 0.25–1 mg/g, and it was
nhanced when the mass ratio was above 2 mg/g. The addition of
A at pH 3 inhibited arsenic mobilization from the mine tailings

ignificantly. Even when the mass ratio was 10 mg/g at pH 3, the
oncentration ratio (the ratio of arsenic mobilized by HA to that
y distilled water at same adjusted pH) was 0.76. The decrease in
rsenic mobilization by HA under acidic conditions might involve
he sorption of HA to the mine tailings and the re-sorption of
rsenic to the sorbed HA and to the remaining mine tailings. The
esults were consistent with the previous observation that HA could
ontribute more to the retention process of arsenic in acidic envi-
onments and to the formation of aqueous arsenic phases under
lkaline conditions [16].

The mobilization of arsenic increased with the mass ratio of
dded HA to the mine tailings (Fig. 4). Especially, arsenic mobiliza-
ion was significantly enhanced when the mass ratio was increased
rom 2 to 10 mg/g under alkaline conditions. However, increasing
oth the mass of mine tailings and added HA while keeping the
ame mass ratio (2 mg/g) increased the dissolved arsenic concen-
rations in the supernatants significantly, but had no significant
ffect on the portion of arsenic mobilized. This might indicate that
rsenic mobilization by the HA was controlled mainly by the inter-
ction between the HA and the mine tailings. HA sorption to the
ine tailings was essential for the mobilization of arsenic. When

he mass ratio was 10 mg/g at pH 11, arsenic was most mobilized,
ith a corresponding concentration ratio of 13.18.

.2.4. pH-dependency
Arsenic mobilization in the presence of HA was evaluated at dif-

erent values of pH. It was found to be highly pH-dependent (Fig. 3),
ue to the fact that the distribution of arsenic species and the devel-
pment of surface charge on the solids are highly pH-dependent [4].
he formation of the OH2

+, OH and O− surface functional groups
ue to pH changes might have a significant effect on the adsorption
f HA to the mine tailings and the interaction between arsenic and
A [17].

Low arsenic mobilization at pH 3 in the presence of HA (Fig. 3)
ight result from HA sorption to the mine tailings and the retention

f arsenic to the sorbed HA through metal-bridging mechanisms.

he mine tailings possessed a positive zeta potential at pH 3. HA
ight first be adsorbed to the mineral surfaces through hydro-

en bonding and electrostatic interactions [5,13]. The dissolution
f metal oxides in the mine tailings under acidic conditions pro-
ided more active adsorption sites for the HA. Arsenic might also be
Fig. 4. Arsenic mobilization by HA as a function of mass ratio and pH.

released in this phase as a result of the dissolution of metal oxides,
anion exchange and competition adsorption with the HA. Conse-
quentially, the dissolved arsenic was re-adsorbed to the positively
charged solid surface or to the organic matter by electrostatic inter-
actions or forming inner-sphere complexes presumably through
metal-bridging mechanisms [4,5,13].

When pH increased from 3 to 5, arsenic mobilization from the
mine tailings was increased because the solubility of HA increased
and the available metal cations were decreased due to pH increase.
The mobilization of arsenic was decreased significantly at pH 7,
probably due to the decrease of HA sorption to mine tailings [18].
High arsenic mobilization was observed when pH was greater than
7. Dissociation of HA and formation of soluble aqueous complexes
contributed to the high arsenic mobilization. It was demonstrated
that arsenic was mobilized the most by the HA at pH 11. Desorption
of arsenic from Fe (hydro)oxides and the dissolution of organic mat-
ter in the mine tailings at high pH values might release associated
arsenic, thus contributing to the high mobility of arsenic [19,20].
The adsorption of organic matter increased the density of nega-
tively charged functional groups on the mineral surfaces, producing
a greater repulsive interaction between the mine tailing surface or
the organic matter surface and arsenic anions, thus leading to the
increase of the mobilization of arsenic.

The formation of soluble arsenic–HA and/or arsenic–metal–HA
complexes at high pH was another potential mechanism contribut-
Fig. 5. Mobilization isotherms of arsenic from the mine tailings in the presence of
HA at different pH values.
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Table 1
Percentage of arsenic mobilized from each fraction by washing with HA at a mass
ratio of 10:1 at pH 11.

Fractions Percentage

Water soluble 100.0%
Exchangeable 94.7%
Carbonate 21.4%
Oxide and hydroxide 1.6%
Organic matter and sulphide 4.2%
Residual 0.0%

be incorporated into either soluble complexes. It further impli-
cated that the mobilization of arsenic from the mine tailings was
enhanced, to some extent, by the co-mobilization of the metals in
the presence of HA.
S. Wang, C.N. Mulligan / Journal of H

ctions [21]. The supramolecular association dissociated into low
olecular weight organic matter at high pH, which might form sol-

ble complexes with arsenic. Moreover, Spark et al. [22] observed
hat the interaction between HA and metal cations resulted in the
ormation of soluble metal-humate species instead of the precipita-
ion of metal hydroxides at pH above 8, which further prevented the
e-precipitation of arsenic by adsorption to and/or co-precipitation
ith the hydroxides. It was also found that the solubility of the
etal–HA complexes increased at high pH. Arsenic can be bound

o the complexes through metal-bridging mechanisms or form
queous complexes with HA directly [4,23], which might enhance
rsenic mobilization from the mine tailings.

.3. Arsenic mobilization modeling

The degree of arsenic mobilization can be described by a mobi-
ization coefficient (Ks):

s = residual mass of As in the tailings (mg/kg)
mass of As in the aqueous phase (mg/kg)

(1)

The Ks, similar to the soil distribution coefficient in contaminant
orption studies [24], could be a useful predictor of the mobilization
f arsenic, because it takes the residual arsenic concentrations in
he mine tailings into consideration, which eliminates the effect of
nitial arsenic concentrations in the mine tailings.

By examining the experimental data from batch tests with HA, it
as found that Ks fell into a linear relationship with the reciprocal
f the mass ratio of added HA to mine tailings (r, mg/g) (Fig. 5). It
an be expressed as

s = b
r + a (2)

here r > 0, a is a dimensionless constant, and b is a sorption coef-
cient (mg/g). The coefficient b reflects the sorption extent of HA
o the mine tailings.

This mobilization isotherm can be used to predict arsenic mobi-
ization in the presence of HA. From the isotherm, it can be
ostulated that arsenic mobilization was mainly determined by the
ass ratio of added HA to mine tailings and the sorption extent of
A to the mine tailings. It explains the observation that increasing

he mass of both HA and mine tailings without changing the mass
atio did not significantly affect the portion of arsenic mobilized
rom the mine tailings.

.4. Selective sequential extraction

Selective sequential extraction tests were performed to evaluate
he fractionation of As among the soil fractions. It was indicated
hat arsenic in the mine tailings was of relatively low mobility,
ecause water soluble and exchangeable arsenic levels accounted
or less than 1% of the total arsenic, and the arsenic was concen-
rated (>90%) in the oxides, organic and residual fractions. Similar
bservations were reported in the mine tailings (abandoned Au–Ag
nd Au–Ag–Pb–Zn mines) of South Korea [25]. The low mobility of
rsenic in the mine tailings could help reduce the bioavailability
nd then the toxicity of arsenic in the environment.

Arsenic was easily mobilized from the weakly bound and rel-
tively more mobile fractions by the HA (Table 1). Almost all of
he arsenic in the water soluble and exchangeable fractions was

obilized by HA washing. Arsenic in the fraction associated with
arbonates was also mobilized by the HA due to the competition
ffect between arsenic and HA. It showed that HA was able to

obilize arsenic in the oxide associated fraction, probably through

ompetition for adsorption sites and/or anion exchange between
umate and arsenic. About 4.2% of the arsenic associated with the
rganic fraction was mobilized. Arsenic in the residual fraction was
egligibly affected by HA. This could be expected, since arsenic in
Fig. 6. Correlation between arsenic and metal (Fe, Cu, Pb, and Zn) mobilization.

this fraction was of the most stable nature compared to that in other
fractions.

3.5. Correlation between arsenic and metal mobilization

Correlations of the mobilization of arsenic with other metals
were examined. The mobilization of arsenic was found to be closely
related to the metals (i.e., Fe, Cu, Pb, and Zn) from the mine tailings
in the batch test with a HA/mine tailings mass ratio of 10 (Fig. 6). The
co-mobilization of arsenic and metals from the mine tailings indi-
cated that the co-precipitation of arsenic and metals did not occur
or was minimized. Aqueous arsenic and metals existed simultane-
ously in solutions. Therefore, the dissolved arsenic or metals must
Fig. 7. Electropherograms of the mine tailings extracted by distilled water and HA
at pH 3 and 11.
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.6. Arsenic speciation by CE analyses

CE analyses indicated that As(V) was the only water-soluble
rsenic species from the mine tailings (Fig. 7), probably because
he arsenic in the mine tailings has been oxidized completely and
tabilized to As(V) due to the long-term on-site disposal. This was
onsistent with the previous observation that As(V) was the domi-
ant oxidation state of arsenic in mine tailings [26].

Similarly, only As(V) was detected in the extracts by the HA,
ndicating that the HA did not incur the reduction of As(V) to As(III)
r at least, the reduction reaction did produce a detectable level of
s(III). Therefore, arsenic redox and methylation reactions might
ot play a significant role in arsenic mobilization from the mine
ailings in the presence of HA in this study.

. Conclusions and recommendations

The findings of this research study are important in advancing
urrent understanding of the fate and transport cycle of arsenic in
he environment and giving implications on the control of arsenic

obility. HA showed potential to influence arsenic mobile behavior
y interacting with the mine tailings and with arsenic itself. Due to
ts ubiquity in the environment, HA may play an important role in
he release of arsenic from soils and sediments into groundwater.
he presence of HA may enhance arsenic release mainly through
ompetition for available adsorption sites, formation of aqueous
omplexes under alkaline conditions and electrostatic interaction.

On the other hand, under acidic conditions, HA can help immobi-
ize arsenic in soils and sediments by serving as a binding agent and
orming insoluble complexes. Sorption of HA onto the solid surface

ay bind cations in solution and then re-adsorb arsenic onto the
olid phases through metal-bridging mechanism. It may also reduce
rsenic concentration in groundwater by transferring it into partic-
late phases. A direct result is the observation of decreasing arsenic
obilization from the mine tailings at pH 3 in this study. How-

ver, desorption and remobilization of the sorbed arsenic may occur
hen the site biological or physicochemical conditions such as pH

nd Eh change with time, thus releasing arsenic into groundwater.
This research study indicated that use of NOM in arsenic remedi-

tion may be developed as an environmentally benign and possible
ffective remedial option to reduce and avoid further contamina-
ion. HA could be used effectively to extract arsenic from soils,
ither in situ or ex situ, under alkaline conditions. It can also be
sed as a pretreatment for continuing treatment methods such as
tabilization/solidification, bioremediation, or natural attenuation
rocesses. Field demonstrations are required to evaluate the in-field
erformance and cost-effectiveness. Further efforts are required
o develop applicable technologies for NOM recovery and recycle
ased on cost consideration.
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