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Abstract

Arsenite (As(III)) is the predominant arsenic (As) species in reducing environments. As(IIl) is less
strongly adsorbed than As(V) at circumneutral pH conditions by common non-iron metal oxides in
sediments such as those of aluminum. Therefore, oxidation of As(III) to As(V) could contribute to
an improved immobilization of As and thus help mitigate As contamination in groundwater.
Microbial oxidation of As(IIl) is known to readily under aerobic conditions, however, the
dissolved oxygen (O,) concentration in groundwater may be limited due to the poor solubility of
O, and its high chemical reactivity with reduced compounds. Nitrate (NO37), can be considered as
an alternative electron acceptor, which can support oxidation of As(IIl) to As(V) by denitrifying
bacteria. In this study, two up-flow sediment columns packed with activated alumina (AA) were
utilized to demonstrate the role of denitrification on the oxidation of As(III) to As(V) and its
contribution to improved As adsorption onto AA. One column was supplied with NO3~ (C1) and
its performance was compared with a control column lacking NO3~ (C2). During most of the
operation when the pH was in the circumneutral range (d 50-250), the release of arsenic was
greater from C2 compared to C1. The effluent As concentrations started increasing on d 60 and d
100 in C2 and C1, respectively. Complete breakthrough started on d 200 in C2; whereas in Cl1,
complete breakthrough was never achieved. The effluent and solid phase As speciation was
dominated by As(V) in C1, indicating the occurrence of As(IIl) oxidation due to NO3~; whereas in
C2, only As(IIT) was dominant. This study illustrates a bioremediation or natural attenuation
process based on anoxic microbial NO3™-dependent oxidation of As(III) to more readily adsorbed
As(V) as a means to enhance the immobilization of As on alumina oxide particles in subsurface
environments.
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Introduction

Arsenic (As) is generally found as a contaminant in soil, sediments and water systems
(Smedley and Kinniburgh 2002). The occurrence of elevated As in groundwater or surface
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water has been attributed to natural biogeochemical reactions such as weathering and
dissolution of As-containing minerals, which promote its release into groundwater (Smedley
and Kinniburgh 2002). In natural environments, Arsenic generally occurs as either arsenate
(As(V)) encountered under oxidizing conditions, or arsenite (As(IIl)) in reduced anaerobic
environments. At circumneutral pH values, As(V) occurs as deprotonated oxyanions of
arsenic acid (HpAsO4 and HAsO42‘); As(IIT) exists in the non-ionic form (H3AsOj3)
(Cullen and Reimer 1989). Of the two commonly occurring species, As(IIl) is generally
considered more mobile and toxic (Oremland and Stolz 2003; Sierra-Alvarez et al. 2004;
Smedley and Kinniburgh 2002).

The main mechanism of immobilizing As is its sorption from the aqueous phase onto the
solid phase (Dixit and Hering 2003). Clay minerals are common constituents of the
subsurface environment, which act as adsorbents. As(IIT) and As(V) are adsorbed on the
surface of various clay minerals, which largely consists of alternating layers of silica oxide
and Al oxide (Lin and Puls 2000; Wang and Mulligan 2006). It is well established that
As(III) is less strongly bound compared to As(V) onto clay and minerals with alumina
oxides and low content of iron (Goldberg 2002; Lin and Wu 2001; Manning and Goldberg
1997). For example, aolinite and montmorillonite exhibited higher affinities for As(V) than
As(IIT) (Frost and Griffin 1977). Activated alumina (AA) has a 2-fold higher affinity for
As(V) than As(III) at pH 7 (Ghosh and Yuan 1987). Therefore, oxidation of As(IIl) to As(V)
could contribute to improved As sorption onto clay mineral and other alumina (hydr)oxides,
thereby decreasing As contamination in groundwater.

Some studies have demonstrated an improved removal of As in AA packed columns when a
chemical pre-oxidation of As(III) was utilized (Bissen and Frimmel 2003). The microbial
oxidation of As(III) under aerobic conditions is well known and has been reviewed in
several references (Inskeep et al. 2007; Oremland and Stolz 2003). However, the dissolved
oxygen (O,) concentration in groundwater of anaerobic subsurface zones may be limited
due to the poor solubility of O, and its high chemical reactivity with reduced compounds.
Recently evidence is growing that microbial oxidation of As(IIl) can also occur under
anoxic conditions in the presence of nitrate (NO3™) (Oremland et al. 2002; Rhine et al. 2006;
Sun et al. 2008) or selenate (Fisher and Hollibaugh 2008). In a previous study, the anoxic
oxidation of arsenite (As(IIl)) linked to chemolithotrophic denitrification was shown to be
stable and efficient over prolonged periods of operation ranging up to 3 years in up-flow
continuous bioreactors (Sun et al. 2010).

The objective of this study was to evaluate the potential of NO3~ as a possible oxidant to
promote the oxidation of As(IIl) by denitrifying bacteria, and subsequent effect on As
immobility in anaerobic environments. The evaluation was performed using two up-flow
sediment columns packed with AA and fed with As(III) either in the presence or absence of
NO3~ The columns were used to simulate anaerobic sediments containing mostly non-iron,
alumina oxides.
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Materials and methods

Microorganisms

A chemolithotrophic As(III)-oxidizing denitrifying granular biofilm (CAODGB) was used
to inoculate the two columns packed with AA. The inoculum was obtained from a 2-1 bench-
scale upward flow anaerobic sludge bed As(IIl)-oxidizing denitrifying bioreactor after 466
days of operation (Sun et al. 2010). The bioreactor was fed with As(IIT) (3.5 mM) as
electron donor, NO3~ (6.5 mM) as electron acceptor, and NaHCO3 (8.0 mM) as major
carbon source with a hydraulic retention time (HRT) of 1.1 d. The total suspended solids
(TSS) and volatile suspended solids (VSS) content of the sludge was 6.08+0.18% and
5.76+0.23%, respectively, on a wet weight basis. The CAODGB was washed and sieved
before use to remove fines.

Basal medium

The standard basal medium at the beginning of the column operation was prepared using
ultra pure water (Milli-Q system; Millipore) and contained the following compounds (mg
1=1: NH4HCOj3 (3.16); NaHCO3 (672); CaCl, (10), MgS04+7H,0 (10); K,HPO, (300);
KH,PO4+2H,0 (800); and 0.02 ml I-! of a trace element solution containing (in mg I=1):
FeC13+4H,0 (2,000); CoCl,*6 H,0 (2,000); MnCl,*4H;0 (500); AICI3+6 H,0 (90);
CuC12~2H20 (30); ZnC12 (50); H3BO3 (50); (NH4)6M07024° HZO (50); NaZSeO3'5H20
(100); NiCly*6H,0 (50); EDTA (1,000); resazurin (200); HC1 36% (1 ml). The pH of the
basal medium was adjusted to 7.2 using concentrated NaOH or HCI, as needed. On the day
25, the concentration (mg 1~!) of bicarbonate and phosphate buffer was lowered to 100
(NaHCO3), 204 (KH,PO42H,0) and 204 (K,HPOy), respectively.

Batch assays to determine the terminal product of denitrification

Microbial reduction of NO3~ coupled to As(III) oxidation was assessed in shaken batch
bioassays inoculated with 1.5 g VSS 1! CAODGB. Serum flasks (160 ml) were supplied
with 120 ml of a basal mineral medium (pH 7.0-7.2) with NaHCOj3 added as 2150 mg -1,
and 0.2 ml 1~! of a trace element solution as described before. The medium was
supplemented with As(III) as electron donor (3.5 mM) and NO3™ as the electron acceptor
(2.5 mM). Details of the bioassays are in the Supplemental Information.

Attenuation of As(lll) under chemolithotrophic denitrifying conditions in columns packed

with AA

Anoxic As(III) oxidation and immobilization of As(V) formed under denitrifying conditions
was investigated in two glass columns (each 420 ml) continuously fed with the synthetic
basal medium. The columns were placed in a climate controlled room at 30+2°C and
covered with aluminum foil to avoid growth of phototrophic microorganisms. Each reactor
was packed with 350 grams dry weight of AA (regenerable AA-400G, Alkan Chemicals,
Cleveland, Ohio) and inoculated with 2.94 g VSS 1! CAODGB. The full-treatment column
(C1) was fully biologically active as it was inoculated with the CAODGB and fed with basal
medium, As(IIT) (6.7 uM) and NO3~ (2.5 mM). The control column (C2) was inoculated and
fed As(II) in the same fashion as C1, but lacked NO3™. Both reactors were supplied with
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bicarbonate (100 mg I~!) as the major carbon source, except that 18.8 mg 1=! acetate was
added to support the microbial consumption of any possible traces of dissolved oxygen that
could have potentially entered from the medium and caused unwanted aerobic oxidation of
As(IIT). The influent of both reactors was maintained at all times under a N, atmosphere
supplied via a gas bag (SKC-West Inc, Fullerton, CA) to minimize any exposure to O,.

The columns were operated with an empty bed hydraulic retention time (HRT) averaging 24
h (from day 0-30), and 12 h for the remainder of the experiment. Fresh liquid samples were
collected periodically from the influent and effluent lines and prepared immediately for
analysis to minimize possible changes in As speciation upon exposure to the atmosphere.
The pH value was determined immediately after sampling. Samples for analysis of As
speciation, total arsenic, NO3~ and NO,~ were centrifuged (10,000 rpm, 10 min) or
membrane filtered (0.45 pm) prior to dilution.

Arsenic extraction

The total As content and As speciation in solid matrices (i.e., activated alumina, biomass)
were measured following extraction of the samples with 25 ml of NaOH (2.0 M) in
anaerobic tubes (30.0 ml) under N, gas immersed in a shaking water bath at a temperature of
90+2°C for 12 h. After the extraction, the liquid samples were immediately adjusted to pH
lower than 1.0 with 2.5 M HNOj to avoid oxidation at alkaline conditions when the samples
first became exposed to air. Subsequently, the samples were adjusted to a final pH of 6.0—
6.5 with 2.0 M NaOH and membrane filtered (0.45 um) and stored in polypropylene vials at
—20°C. A simple assay was set up to confirm the preservation of As speciation during the
alkaline extraction and sample preservation processes. The results shown (Table 1)
demonstrated that the extraction process on solid-phase AA did not change the As
speciation.

Analytical methods

As(IIT) and As(V) species were analyzed by high performance liquid chromatography—
inductively coupled plasma—mass spectroscopy (HPLC-ICP-MS). NO3~, NO,™ and As(V)
were analyzed by suppressed conductivity ion chromatography (IC) using a Dionex 500
system. N, and N,O were analyzed for the batch assays using a Hewlett Packard 5890
Series II gas chromatograph (GC) fitted with a Carboxen™ 1010 Plot column (30 m x 0.32
mm) and a thermal conductivity detector (TCD). The acetate concentration in liquid samples
was determined by gas chromatography (GC) using an HP5290 Series II system equipped
with a flame ionization detector (FID) and a Nukol fused silica capillary column. Details of
the HPLC-ICP-MS, IC, GC-TCD and GC-FID methods are provided in the supplementary
information.

Other analytical determinations (e.g., pH, TSS, VSS, etc.) were conducted according to
Standard Methods (APHA 1999).
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Results

Terminal products of autotrophic denitrification linked to As(lll) oxidation to As(V)

A batch experiment was set up with the CAODGB used to inoculate the columns in order to
confirm that N, gas was the end product of NO3™~ reduction linked to As(III) oxidation in
this microbial consortium. The results shown in Figure 1A demonstrate the time course of
As(IIT) removal and As(V) formation. In all treatments, the formation of As(V)
corresponded to an almost stoichiometric elimination of As(III). The results indicated that
the enriched microbial consortium could readily oxidize all As(IIT) to As(V) within 50 days
in the presence of NO3™ as electron acceptor.. By the end of the experiment, 97.79+3.19% of
the initial As(III) in the treatments was oxidized to As(V). The possible products from NO3~
reduction, including NO,~, NO, N,O, N, and NH,4*, were also monitored to determine the
fate of NO3~ in the anoxic oxidation of As(II). Accumulations of NO,~, NO, N,O or NH4*
were not detected in any of the treatments. Figure 1B demonstrates that N, was the only end
product formed from NO3™ reduction linked to the oxidation of As(IIl) to As(V). In the
treatment, the formation of N-N corresponded to 109.94£3.8% of the measured net removal
of NO37-N, also confirming that N, was the only product from NO3~ due to As(IIT). The
molar ratio of As: NO3™ involved in the reaction was calculated from the As(V) formed
(AAs(V)) to the NO3~ (ANO3™) consumption corrected for NO3~ removed in the
endogenous control and N-N (AN,-N) formation (corrected for the endogenous N,
formation). The calculated ratios of AAs(V) to ANO3™ and to AN,-N were 2.59+0.14 and
2.35+0.05 respectively, which are very close to the theoretical stoichiometric ratio of 2.5
(eq. 1) for As(IIT) oxidation linked to complete denitrification. These results confirm that the
column inoculum was fully capable of complete denitrification to the benign N, end product
when utilizing As(III) as the electron donor.

5H1AsO3+2N03~ — 8HT+5HAsO, > +No+HoO  (eq. 1)

Attenuation of As(lll) in AA packed columns

A simple experimental model system was utilized in which AA was placed into an anaerobic
up-flow packed bed columns and exposed to continuous feeding of As(III) with basal
medium in the presence or absence of NO3~. During the first 50 d period, the pH of the
effluent was high, in the range of 9.5-10.0 as shown in Figure 2, due to the release of the
alkalinity from the AA. After lowering the concentration of bicarbonate and phosphate, as
well as continued washing of the AA, the pH stabilized around 7 after d 50. The cumulative
release of total As from the two AA packed bed columns fed with As(IIT) with NO3~ (C1)
and without NO3~ (C2) is illustrated in Figure 3. Within this initial period, the total As
removal efficiencies for C1 and C2 of 65 to 86%, respectively; were not optimal. The
removal efficiencies improved dramatically when the pH decreased to 7.2.

From d 50 onwards, circumneutral pH conditions prevailed. In the initial period of the
circumnuetral pH phase (d 52-100), the newly established As removal efficiencies had
increased to 98 and 89% for C1 and C2, respectively (Table 2 and Figure 3). The total As in
the effluent of C2 started to increase on d 60, and continued to increase until almost all of
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the As in the influent broke through on d 200. The release of As was noticeably more
delayed in C1. Increases in the effluent total As concentration only started after d 100 and
even at the end of the experiment on d 250 there was still no complete break through of As
from C1 (Figure 3). By the final period of reactor operation (d 202-250), the total As
removal efficiencies had decreased to 41 and 5% in C1 and C2, respectively (Table 2).

The mass of As released from C1 and C2 in each 50 d interval of reactor operation is shown
in Table 2. The table elucidates a trend in the As mobility difference between C1 and C2.
When the AA adsorbent was highly unsaturated during the first 50 d interval of the
circumnuetral phase, the mobility difference is very pronounced being 6-fold greater in C2
compared to C1. As the adsorbing sites become progressively more occupied with As, the
C2/C1 As release ratio progressively decreases so that by the final interval of 202-250 d, the
ratio had declined to 1.7. The cumulative C2/C1 release ratio during the entire circumnuetral
phase of the column operation was 2.2. The difference in mobility may be attributed to the
impact of NO3~ on the speciation of As.

The daily concentration of arsenic species (As(II) and As(V)) in the influent and effluent of
the two columns is illustrated in Figure 4 for C1 and C2. The results show that influent
As(IIT) was completely removed in C1 from d 50 to 100, after which time, the As started to
partially pass through the column with As(V) as the dominant species in the effluent. In C2,
the influent As(III) passed through the column without any alteration to the As speciation.
The results indicate the removal of As was greater in C1 compared to C2 in accordance with
the expectation that anoxic oxidation of As(IIT) by NO3~ would lead to As(V) formation,
which in turn would be adsorbed more efficiently.

Figure S2 illustrates the average speciation of As in the influent and effluent of column C1
and C2 during the periods from d 50 to 100 and 202-250. The graph demonstrates that the
As in the influent and the effluent of C2 was predominately composed of As(IIl); whereas
the effluent of column C1 contained only As(V). There was incomplete recovery of As(V) in
the C1 effluent due to its continued adsorption by AA. In contrast, the influent and effluent
of column C2 were dominated by As(III). At the end of the experiment, the As(II)
concentrations in the effluent of C2 was similar to that of the influent since the As(III)
adsorption capacity of the column was most-likely completely exhausted.

The NO3~ consumption and NO,™ formation in column C1 is shown in Figure S3 as a
function of column operation time. During the operation period of d 50-250, the NO3~
consumption averaged at 0.48+0.12 mM, which was accounted for the most part by the
oxidation of acetate (averaged acetate removal at 0.32+0.01 mM) and to a lesser extent by
the low concentration of As(III). Negligible accumulation of nitrite was observed during the
whole period. The batch experiment (Figure S4) also demonstrated that the oxidation of
As(IIT) was attributed to denitrification in the presence and absence of acetate. Likewise, the
existence of As(III) did not interfere the oxidation of acetate coupled to denitrification.

Residual arsenic in AA and sludge

At the end of the column experiment, the AA was extracted to determine the As adsorbed on
the column packing. The extracted As from the column was compared with the quantity of
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As retained in the column as estimated from the differences between the influent and
effluent As (some of As species and total As) to make the As mass balances. The recovery
of As calculated as the ratio of As extracted to As retained for both columns is shown on
Table 3. There are three interesting results indicated from Table 3. Firstly, there was more
adsorption of As in C1 compared to C2. Secondly, the recovery of adsorbed As species was
approximately equal to the cumulative removal of As fed to the columns. Thirdly, the As
species extracted from the solid phase was in the form of As(V) in C1 fed with NO3~; and in
the form of As(III) in C2 lacking NO3™. The results are also consistent with a much greater
adsorption capacity of AA for As(V) than As(IIl) as was expected from the isotherms results
of earlier studies as well as the results from this study using the same batch of AA used in
the columns (Table S1 and Figure S1). The dominance of As(V) in both the liquid and solid
phase of C1 confirmed the occurrence of microbial As(IIl) oxidation by
chemolithoautotrophic denitrifiers. Whereas, the effluent and solid phases of C2 contained
only As(III).

The adsorbed As concentration profiles of C1 and C2 over the height of the reactors are
illustrated in Figure 5. There was clearly a greater level of adsorption at the base of C1
compared to the top of the column. In C2, the As sorption was lower than C1 and there was
no obvious profile. The profiles also show that the speciation of As was consistent over the
column height, being predominately As(V) in C1 and As(III) in C2.

Discussion

Natural attenuation and bioremediation of arsenic in the presence of nitrate

As(IIT) is more common in reducing environments, due to microbial catalyzed reduction of
As(V) to As(III). The formation of As(II) enhances the release and mobilization of As
adsorbed on alumina (hydr)oxides into the aqueous phase. Zobrist et al. (Zobrist et al. 2000)
demonstrated that As(V) reduction to As(IIl) by strain Sulforospirillum barnesii can lead to
As mobilization from As(V) co-precipitated with aluminum hydroxide. A previous study
illustrated that leachates generated from landfills result in the biologically catalyzed
mobilization of As from As(V)-laden drinking water residuals on AA due to As(V)
reduction (Sierra-Alvarez et al. 2005).

The question arises if the oxidation of As(IIT) would result in arsenic immobilization in
aluminum (hydr)oxides dominated solid phases. In the continuous study presented here, the
addition of NO3~ supported the anoxic oxidation of As(IIl) to As(V) and its subsequent
adsorption on AA. These findings are consistent with the adsorption studies of As in flow
through columns of AA comparing As(III) with As(V). In such studies, an earlier break
through of As(IIl) has been documented (Clifford 1990). In addition, the desorption of
As(V) from the Al oxides decreased with the increasing aging time (Lin and Puls 2000). In
natural soil and sediments, iron (Fe) (hydr)oxides strongly sorb both As(IIl) and As(V)
(Dixit and Hering 2003; Lin and Wu 2001). However, microbial reduction of As(V) and
ferric (hydr)oxides can lead to release of Fe and As from iron or non-iron metal oxides
(Anawar et al. 2006; Sierra-Alvarez et al. 2005). In previous study, we already validates that
microbial nitrate-dependent oxidation of Fe(II) and As(III) enhances the immobilization of
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As in the anoxic environments (Sun et al. 2009b). Therefore, the addition of NO3~ played an
important role in improving the immobilization of As.

Microbial NO;~-dependent oxidation of As(lll) to As(V)

Diverse microorganisms, including both heterotrophs and autotrophs, have been reported to
have the capacity to oxidize As(IIl) to As(V) in various environments (Inskeep et al. 2007,
Stolz et al. 2006). The heterotrophic As(III) oxidizer most likely provide a detoxification
mechanism, since they do not derived cell growth energy from the oxidation of As(III)
(Silver and Phung 2005). In comparison, some chemolithotrophic As(IIl)-oxidizing bacteria
can grow using the energy gained from the reaction (Rhine et al. 2007; Santini et al. 2000).

Recently, increasing evidence displayed the occurrence of anaerobic oxidation of As(III)
under anoxic conditions with NO3™ as an efficient alternative electron acceptor. Previous
studies have illustrated that As(III) oxidizing denitrifying bacteria are widespread in nature,
including As-contaminated lakes (Oremland et al. 2002; Senn and Hemond 2002) and soil
(Rhine et al. 2006), as well as sludges and sediments with no known exposure to As (Sun et
al. 2008). Denitrifying bacteria from the genus Azoarcus and Diaphorobacter have been
isolated that can link As(III) oxidation to NO3™ reduction to N, (Rhine et al. 2006; Sun et al.
2009a). By comparison of the performances of two columns in this study, microbial anoxic
oxidation of As(III) to As(V) by NO3~ was most likely the main mechanism which
enhanced the As immobilization onto the AA.

Adsorption of As(lll) and As(V) on AA

Adsorption isotherms of both As(II) and As(V) in this study illustrate that As(V) is more
strongly adsorbed by AA compared to As(III) at circumneutral pH conditions (supplemental
information), which is consistent with previous findings in literature reports (Table S1).

During the initial period of the column study from d 0-50, the effluent pH was high in the
range of 9.5-10.0., The sorption of As on AA in C1 was lower than column C2, even though
the As speciation of C1 was dominated by As(V) compared to As(III), which was prevalent
in C2. Previous studies have shown that the adsorption of As(IIT) and As(V) on AA is a
highly pH-dependent process (Lin and Wu 2001; Xu et al. 1991). When the effluent pH
values were around 9.5-10.0, anionic HAsO42‘ is the main As(V) species. In contrast,
As(III) occurs as mixture of the non-ionic H3AsO3 and the deprotonated HyAsO3~ forms at
the same pH range. Since the point of zero charge (pHy,) for different types of aluminum
oxides is around 8.4-9.1 (Lin and Wu 2001), the surface of AA would be negatively charged
when the pH is higher than the pHp,.. Therefore the adsorption of the anionic As(V) species
would be suppressed due to strong repulsion from the negatively charged surface of AA. In
contrast, the less ionic As(IIl) species would show better adsorption than As(V) because of
weaker repulsion at the high pH conditions.

Later, when the pH in the effluent was stabilized and maintained in the circumneutral range,
column C1 displayed a much stronger and efficient As removal than column C2. At neutral
pH, the surface of AA would be positively charged, which is favorable for the sorption of
anions due to charge attraction. The negatively ionic forms of As(V) (as HyAsO4~ and
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HAsO427), would thus have a stronger interaction (specific binding) with the AA surface
and have a higher adsorption affinity. In contrast, As(III) would solely be present in its non-
ionic form (H3AsOj3), which would only afford weak van der Waals forces or weak
chemisorption between the solute and the alumina surface. This could explain why the
As(IIT) adsorption on AA had broken through much earlier in column C2 than column C1
under circumneutral pH conditions. This also provides a scientific underpinning to why the
oxidation of As(IIl) to As(V) would promote the removal of As from groundwater.

The profile of adsorbed As on AA clearly demonstrated that the adsorption process is
kinetically dependent on the As speciation in the columns. The results indicate that As(V)
adsorption on AA was kinetically limited in C1, but As(III) adsorption on AA was not
kinetically limited in C2. There are two possibilities for the kinetic limitation in C1. Firstly,
short circuiting may have occurred causing As(V) to bypass active adsorption sites on the
surface of some AA. Secondly, the diffusion of As(V) into microporosity of AA was slower
in the upper part of the column due to lower As(V) concentration in the upper reaches of C1.

Biogeochemical processes affecting the adsorption of As on soil and sediment minerals have
been a matter of considerable research interest in order to determine the factors controlling
the release of As into groundwater under anoxic environment (Oremland and Stolz 2005).
This work used AA as model to determine the impact of microbial conversion of the As
speciation on the mobility of As in the presence of non-iron metal (hydr)oxides. Anaerobic
environments, are favorable to the microbial reduction of As(V) to As(III) increases the
mobility of As in soil and sediments. To counteract the mobilization due to anaerobic
conditions, NO3~ could be utilized as an alternative electron acceptor to O, promote the
microbial oxidation of As(III) in the saturated subsurface. This study validates a
bioremediation or natural attenuation strategy based on anoxic microbial NO3~-dependent
oxidation of As(IIl) to As(V) which is more readily adsorbed onto aluminum (hydr)oxides in
sediments. The net result was a significantly enhanced immobilization of As.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Time (days)

Batch experiment demonstrating linkage of As(III) oxidation to complete denitrification to
N, gas by CAODGB. Elimination of As(IIl) and formation of As(V) (panel A), As(Ill) (@)
and As(V) (O) by the abiotic treatment, As(III) (A) and As(V) (A) by CAODGB supplied
with As(IIT) and NO3~, As(IIT) (M) and As(V) (OJ) by CAODGB supplied with As(III), but
without NO3™; formation of N, (panel B), Abiotic control (O); CAODGB supplemented
with As(IIl) and NO3~ (A);CAODGB with NO3~, but without As(III) (O), in all the
treatments under denitrifying conditions.
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Time (days)

Figure 2.
Effluent pH of two AA packed columns fed with a mineral medium containing 6.67 uM

As(IIT). Column C1 (fed with 2.5 mM NOj3"), (@); Column C2 (without NO37): (O). The
vertical line on day 50 indicates the time point after which the effluent pH stabilized in the
circumneutral range, when prior to day 50 the pH ranged from 9.5 to 10. The vertical arrow
indicates the time point when HRT decreased to 0.5 d and the concentration of bicarbonate
and phosphate buffer were lowered to 1.2 and 2.4 mM, respectively.
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Figure 3.

Removal of total arsenic in two AA packed columns fed with a mineral medium containing
6.67 uM As(III). Column C1 (fed with 2.5 mM NO37): (M) influent, (A) effluent; Column
C2 (without NO3™): (O) influent, (A) effluent. The vertical line on day 50 indicates the time

point after which the effluent pH fell within the circumneutral pH range.
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Figure 4.
Daily concentrations of As(IIT) and As(V) in the influent and effluent of column C1 (Panels

A and B, respectively) and column C2 (Panels C and D, respectively) as a function of time:
As(IIT) concentrations: (O) influent; (@) effluent. As(V) concentrations: influent (A);
effluent (A).
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Figure 5.

The profile of sorbed arsenic in two AA packed columns at the end of the continuous
experiment. Panel A: Column C1 fed with 6.67 uM As(III) and 2.5 mM. Panel B: Column
C2 fed with 6.67 uM As(III) but lacking NO3~. Total As: (cross hatched block); As(V):
(empty block); As(III): (solid block).
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