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Abstract

A method for estimating the release of contaminants from contaminated sites under reducing conditions is proposed. The ability of
two chemical reducing agents, sodium ascorbate and sodium borohydride, to produce different redox environments in a gold mining soil
contaminated with arsenic was investigated. Liquid—solid partitioning experiments were carried out in the presence of each of the reducing
agents at different pH conditions. Both the effect of varying concentrations of the reducing agent and the effect of varying pH in the presence
of a constant concentration of the reducing agent were studied. Concentrations of sodium ascorbate ranging from 0.0075 to 0046 mol L
and concentrations of sodium borohydride ranging from 0.0075 to 0.075Thevere examined. The addition of varying concentrations of
sodium borohydride provided greater reducing conditions (ranging #&®0 to +140 mV versus NHE) than that obtained using sodium
ascorbate (ranging from7 to +345 mV versus NHE). The solubilization of arsenic and iron was significantly increased by the addition of
sodium ascorbate for all concentrations examined and pH tested, compared to that obtained under oxidizing conditions (as much as three
orders of magnitude and four orders of magnitude, respectively, for the addition of 0.046TedHodium ascorbate). In contrast, the alkaline
and highly reduced soil conditions obtained with sodium borohydride lead to a lower effect on arsenic solubilization (as much as one order
of magnitude for pH values between ca. 7 and 10 and no effect for pH values between ca. 10 and 12) and no effect on iron solubilization for
all concentrations examined and pH tested. At similar ORP—pH conditions the results of extraction for arsenic and iron were different for the
two reagents used.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction However, in the environment, many factors can significantly
affect the oxidation—reduction status of contaminated soils
Risk assessment of contaminated sites and determinatiorsuch as periodic inundation, fluctuating groundwater levels,
of remediation endpoints require the determination of leach- excess organic matter, increases in indigenous bacterial ac-
ing potentials. Leaching tests are important laboratory tools tivity, revegetation, oxygen consumption by plant roots, or
commonly used to determine the leachability and mobility deterioration of soil physical properti¢z-4]. The effect of
of inorganic contaminants. Although a wide variety of leach- reducing conditions can be substantial. Contaminant release
ing tests are available in the literature, most of them addresscan be affected by orders of magnitude either by direct re-
the role of pH and complexation, and very few have been duction or by indirect effects such as precipitation of metal
designed to address the question of the effect of changessulfides (e.g., CdS, CuS, F3/nS, ZnS)[5] or dissolution
in the redox potential (ORP) on contaminant relefide of hydrous aluminum, iron and manganese oxides, releasing
adsorbed or co-precipitated metf8s14]. The development
* Corresponding author. Tel.: +1 615 322 5135; fax: +1 615 322 3365.  Of @ leaching test under reducing conditions is therefore crit-
E-mail addressFlorence.sanchez@Vanderbilt.edu (F. Sanchez). ical for better evaluation of the risks to human health and
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ecological systems associated with a contaminated site and.iquid—solid partitioning experiments were carried outin the
for improved management decisions. Assessment of the mo-presence of the reducing agents at different pH conditions.
bility of contaminants, such as arsenic, using experimentally In addition to arsenic, iron concentration was also measured
induced and controlled reducing conditions will contribute since amorphous iron(lll) oxyhydroxides are known to play
to a better understanding of the competing geochemical andan important role in the mobility of arseniz7—30]

biological oxidation/reduction processes that affect contam-

inant fate, transformation, and transport in the subsurface

environment. 2. Materials and methods

In the laboratory, reducing conditions may be brought
about by biological methods or the use of chemical reducing 2.1. Soil sample collection and preparation
agents. Biological methods consist of batch incubation of the
soil under flooded conditions to promote the specific activity ~ An arsenic-contaminated soil collected from a gold min-
of either indigenous or cultured anaerobic microorganisms ing site in France, where mining activities and smelting pro-
[15-18] These methods can take up to several weeks and arecesses of gold ores took place, was used for the study. A
largely dependent upon the characteristics of the microorgan-representative top-surface soil sample (depth: 5-35cm) of
isms and nutrients present in the soil. It is therefore difficult about 50 kg was collected using a mechanical scoop. Prior to
to control the processes that are occurring in the batch micro-characterization and liquid—solid partitioning experiments,
cosm system, even more so to control the redox environment.the soil was air-dried at room temperature §28°C) for
In contrast, the use of chemical reducing agents can offer aone day, sieved at 2 mm through a stainless steel sieve (No.
simple and fast means by which to obtain different redox 10) to remove coarse debris and gravel, homogenized, and
environments. However, most research on the chemical re-stored at £C in the dark.
duction of soils have been focused on using the techniques as
remediation methods for heavy metal contaminated il 2.2. Soil sample characterization
and metal recovery in the metal processing indugoy-22]

Little research has been published on the use of chemical re- The sand (50—-2000m), silt (2-50um), and clay (<qvm)
ducing agents as a tool to characterize the potential mobility fractions of the soil were determined using the NF X31-107
ofinorganic contaminants in soils under various pH and redox protocol[31]. Total content of trace elements and major soil
environments. Davranche et ff—9,23]reported the use of  constituents was determined by acid diges{R2] and sub-
hydroxylamine hydrochloride and sodium ascorbate to study sequent analyses using inductively coupled plasma atomic
the effect of reductive dissolution on the mobility of heavy emission spectrometry (ICP-AES; Jobin-Yvon Ultini&)2
metals (i.e., Pb, Cd, Zn) from slag and synthesized and nat-The natural pH of the soil was measured on a soil slurry with a
ural iron and manganese oxyhydroxidé6,11,13,14] The soil-water ratio of 1:10 (10 g of sample in 100 mL of deion-
use of sodium borohydride has been reported for the precip-ized water) after a contact time of 48h (SR003.1 protocol
itation of cobalt by reductiofi24], removal of copper from  [33]) using an Accumé&t combined glass electrode (Fisher
amino acid complexeR5], as well as for the extraction of  Scientific). The redox potential of the soil was measured
copper, lead, and zinc from soil samples in combination with using an Accumét metallic combination electrode (plat-
a chelant (EDTA or citric acid]26]. inum/Ag/AgCl, +197 mV versus NHE, Fisher Scientific).

The objectives of the research presented here wereto eval- X-ray diffraction (XRD) and scanning electron micro-
uate (i) the ability of chemical reducing agents to produce scopy (SEM) equipped for energy dispersive spectroscopy
different redox environments and (ii) the impact of reducing (EDS) analyses were used in conjunction with sifjgi-37]
conditions on the mobility of arsenic from an industrial con- and sequential chemical extraction technigiass.
taminated soil. A gold mining site, where arsenic-containing ~ XRD analyses were performed on three replicates of the
ores and tailings were exposed to weathering and erosion,Jess than 2 mm soil fraction grounded to powder (g50) us-
was used for the study. Two chemical reducing agents wereing a SIEMENS D500 dual goniometer diffractometer with
investigated: (i) sodium ascorbate and (ii) sodium borohy- Cu Ka radiation. The samples were scanned fromd370Q
dride. Sodium ascorbate was chosen because it is a mild20 at a scan rate of 0.026/s. The results obtained were pro-
reducing agent with a standard redox potential of +0.39V cessed using the DIFFRA®S EVA® software (BRUKER
(versus normal hydrogen electrode (NHEE)P], which is AXS®) and the International Centre for Diffraction Data
lower than the potential (1 V) for the iron(lll)/iron(Il) redox  database (ICDB).
couple, known for playing an important role in the redox SEM-EDS analyses were performed on two replicates
chemistry of soils. Sodium borohydride was chosen becauseof the less than 2 mm soil fraction using a JEDB40A
it is a very strong reducing agent with a redox potential of LGS scanning electron microscope equipped with a solid
—1.24V (versus NHE) at pH 14, decreasing-t0.48V at state Si(Li) (30 mrA) digital detector. Samples for SEM-EDS
pH 0[24]. In addition, both reducing agents were expected to analyses were obtained by attaching the soil particles on an
minimize the risks of precipitation or complexation (such as adhesive tape placed on a stub (sample holder of the SEM).
occurs with hydroxylamine hydrochloride or sodium sulfite). No coating of the samples with a conductive material was
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necessary prior to the analysis. An accelerating voltage of leachate pH and ORP of each subsample were measured prior
20kV was used for qualitative analyses. For each sample,to leachate filtration through a 0.48n pore size polypropy-
secondary and backscattered electron images were collectetene membrane and subsequently preserved with nitric acid
to visualize the average chemistry and to locate the particlesuntil further analysis. The concentrations of arsenic and iron
containing arsenic. X-ray mappings for Ca, As, Fe, S, and were then measured using flame atomic absorption spectrom-
Si were then performed using a magnification of 0@r etry (FAAS, Varian Flame AA 649).
identification of the relative distribution (complementary or
correlating) of the different elements. 2.4. Liquid—solid partitioning experiments under

Single extraction techniques using deionized water, reducing conditions
0.01molL! calcium chloride (CaG) solution, and
0.05mol L1 ethylene diamine tetraacetic acid (EDTA) so- Sodium ascorbate and sodium borohydride were used as
lution at pH 7 (end point pH obtained by addition of a pre- the chemical reducing agents. Analytical grade chemicals
determined equivalent of potassium hydroxide prior to the were used and all solutions were prepared with doubly deion-
beginning of the extraction), were performed to determine, ized water (Milli-Q system, Millipore). Two series of exper-
respectively, the soluble, mobile, and available fractions in iments were carried out for each reducing agent of concern.
the soil[34,36] These single extractions were carried outin One series was carried out using varying concentrations of
triplicate using a liquid to solid (LS) ratio of 10mL/g and the reducing agent. In this series, the pH was controlled by the
a contact time of 48 h, except for the EDTA extraction for soil buffering capacity and the reducing agent used. The ob-
which an LS ratio of 100 mL/g was used. An end-point of jective of this series was to determine the amount of reducing
pH 7 was used for the EDTA extraction in order to maximize agent that was needed to reach different levels of ORP and to
the solubility of anions and oxy-anions by the use of neu- obtain a maximum effect on the solubilization of arsenic. The
tral pH in parallel to the increase of cation solubility through ranges of sodium ascorbate and sodium borohydride concen-
chelation[35]. trations to be used were estimated based on an estimate of

Additionally, a sequential chemical extraction procedure the soil oxidation capacity calculated using only the avail-
adapted from Matera et §29] was carried outin triplicateto  able fraction of iron (as determined using EDTA extraction)
determine the major, operationally defined, arsenic binding [2,3,7-9,39]
phases. The following seven fractions were examined: A second series of experiments was carried out using a

] ) ) ) constant concentration of the reducing agent and additions of

— F1: arsenic soluble in Mgg(magnesium chloride solu-  gqgium hydroxide or nitric acid (only in the case of sodium

tion 1 mol .'-71 adjustedtopH 7.0); _ascorbate) to control the pH at different values. The objective
— F2:arsenic bound to carbonates (sodium acetate solutionyg thjs series was to determine the effect of pH on ORP and
1molL™ adjusted to pH 4.5 with acetic acid); _ subsequently on the solubilization of arsenic and iron. The
— F3-Mn:arsenic bouln_d to Mn-oxides (hydroxylammonium  ,4yimum concentration of reducing agent examined in the
chloride 0.04 mol L in 25 (v/v) acetic acid at 98C); first series was used in this series of experiments. Although
- F3—Fe§a): arsenic bound to amorphous Fe oxides (0-2pjtic acid is an oxidant and thereby directly affects ORP, it
mol L™ oxalate/oxalic acid); was preferred to other acids to minimize the risks of precipi-

- F3—F?£c): arsenic bound to crystalline Fle oxides (0.2 tation (e.g., such as occurs with sulfuric acid), complexation
mol L™ oxalate/oxalic acid with 0.1moltL" ascorbic (g g, with organic acids or hydrochloric acid), or analytical

acid); _ . ~_ interference$33].

— F4:arsenic bound to organic matter and sulfides (nitricacid  gor each series of experiments, 10g sub-samples of soil
0.02 mol L™+ and hydrogen peroxide 8.8 motLat 85°C were contacted with the solution of concern at an LS ratio of
followed by ammonium acetate solution 3.2 mofiin 10 mL/g. All assays were carried out in triplicate. A contact
20% (v/v) nitric acid); _ _ time of 48 h was used for the extractions with sodium borohy-

— F5:residual fraction. This fraction was estimated from the qrige. This contacttime has been shown for aqueous solutions
total content obtained using acid digestion. to provide adequate measurement of equilibr[¢6] and is

significantly greater than the contact time necessary for com-

2.3. Liquid—solid partitioning experiments under plete reaction with sodium borohydrif@@s]. A contact time

oxidizing conditions of 10 days was used for the extractions with sodium ascorbate

because of the slow reductive kinetics of this reagjési4].

As a baseline, liquid—solid partitioning of arsenic and iron High-density polyethylene leak-proof lid bottles were used
was determined under oxidizing conditions at varying pH. for the extractions. The bottles were tumbled in an end-over-
Eleven sub-samples of soil were contacted with solutions of end fashion at a speed of 28 rpm at room temperature
varying equivalents of nitric acid or potassium hydroxide at (20+ 2°C). At the conclusion of the agitation, the bottles
an LS ratio of 10 mL/g to reach final pH ranging between 2 were removed from the rotary tumbler and transferred into
and 12 (SR002.1 protocol, solubility and release as a functiona glove box that was continuously purged with nitrogen to
of pH[33]). Triplicate assays were carried out. After 48 h, the avoid contact of the extracts with oxygen and prevent oxi-
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dation and/or precipitation reactions. Final solution pH and Table 1
ORP were then measured and the quuid and solid were sep_Total content of major and trace elements as determined by acid digestion—
arated by pressure filtration with nitrogen through a uag ~ 27Senic contaminated sol

pore size polypropylene Gelman Scierft@sembrane. The ?i ("gj) 2053
ORP was measured using an Accufhetetallic combina- Ale(f%‘;) 43
tiQn eIecFrer (pIat_inum/Ag/AgCI, +197 mV versus NHE). ca (%) 37
Filtered liquid solutions obtained from the extractions were s (%) 2.1
then refrigerated at 4C before subsequent chemical anal- K (%) 19
ysis. Arsenic and iron concentrations were then measured’,‘\l’Ig ((://")) %fi
. a (" .
using FAAS. As (mgkg™) 27700
Cu (mgkg™) 1700
Pb (mgkgt) 800
: : Mn (mg kg1) 400
3. Results and discussion Zn (mgkg™) 400

3.1. Soil sample characterization
spectively), were not located in any of the main crystallized

The soil consisted of 63wt% sand, 24.6 wt% silt, and phases. Arsenic seemed to have been sorbed with the iron on
12.4wt% clay and contained ca. 3wt% arsenic, ca. 9wt% the soil particles. The presence of amorphous arsenic-bearing
iron, and ca. 1.9wt% total organic compouri84]. Total phases, such as iron oxyhydroxides, was therefore suspected
content of trace and major elements of the soil are summa-[18,34]and thought to be the major process of arsenic trap-
rized inTable 1 The soil presented a natural pH of 6.5 and ping in the soil. This assumption, which is consistent with re-
an ORP of +400 mV (versus NHE). sults found in the literatur®8,29,42—44yvas also evidenced

XRD analyses indicated the presence of traces of hematiteby complementary mineralogical analyses conducted on the
(Fex0O3) and jarosite (KFg(SO4)2(0OH)g), which arethecom-  soil by the French Geological Survey (BRGM, €ahs)41]
mon pyrite weathering products with which arsenic can be and the results obtained from the Matera ef28] sequential
typically associated41]. No pyrite (Fe$) or crystallized extraction procedure.
arsenic mineral phases such as arsenopyrite (FeAsS), how- Results from the single and sequential extractions per-
ever, were detected in the soil. The main crystallized mineral formed on the soil are summarized Table 2 Very low
phases observed were quartz, gypsum, feldspars, muscovitesoluble (ca. 0.016%) and mobile (ca. 0.013%) fractions of
calcite, and dolomite. The absence of residual mixed sulfide arsenic were obtained from the single extraction procedures
phases in the soil was attributed to the weathering and oxi- using deionized water and calcium chloride, respectively, as
dation of pyritic minerals during the post-mining period. the extractant. A significant available fraction of arsenic was,

SEM-EDS resultsKig. 1) showed a close similarity be- however, observed from the single extraction using EDTA
tween the arsenic and iron cartography. Arsenic and iron, (ca. 40% of total arsenic content was extracted). In contrast,
although at high content in the soil (ca. 2.7 and 8.9%, re- results from the sequential extraction procedure indicated that

Arsenic-bearing
3 Fe-oxyhydroxide’

Backscattered electron image

Fig. 1. SEM-EDX mapping of the less than 2 mm fraction of the arsenic contaminated soil)(Z8() SEM image and the corresponding EDX mapping of
(B) iron, (C) calcium, (D) sulfur, (E) arsenic, and (F) silicon.
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Table 2 The effect of sodium ascorbate addition on the liquid—solid

Results from the single and sequential chemical extractions performed on thepartitioning of arsenic and iron is shown ﬁ_-ng. 3A and B

less than 2 mm arsenic contaminated soil fraction (concentration in rig kg . L . s . :
respectively. The liquid—solid partitioning as a function of pH

As Fe obtained under oxidizing conditions is also shown as a base-
Soluble fraction (deionized water) 3.8 0.2 line. The solubilization of arsenic and iron was significantly
Mobile fraction (CaGj) 3.2 0.1 increased by the addition of sodium ascorbate for all con-
Available fraction (EDTA) 11800 22500 onirations examined (as much as three orders of magnitude
Se'gfential e_thaICtiSInS_ el . - and four orders of magnitude, respectively, for the addition
sarseni n . . — H

F2: Zrzinig Z?)Lljndeto car%)(c;)nates 43 30 0f 0.046 mol L 1 .Of sodium a}scorbate). .

E3-Mn: arsenic bound to Mn-oxides 1305 13523 For low additions of sodium ascorbate (i.e., 0.0075 and

F3-Fe(a): arsenic bound to amorphous Fe oxides ~ 18384 31637 0.01 mol L1 that yielded no significant change in the ORP,

F3—Fe(c): arsenic bound to crystalline Fe oxides 444 9666 the increase in arsenic and iron solubilization seemed to be

F4: arsenic bound to organic matter and sulfides 6.7 330 jndicative of a reductive dissolution of iron oxyhydroxides

F5: residual fraction (not extracted) 7515 33613

[10,14]with reduction of surface iron(lll) sites. The release
of iron was accompanied by a simultaneous release of sorbed
arsenic was fairly mobile. About 72% of the total content in arsenate. For additions of sodium ascorbate that yielded a
arsenic was extracted within the first four extracts with ca. decrease in the ORP to values close to or below 0 mV ver-
67% extracted as the fraction bound to amorphous Fe oxidessus NHE (i.e., 0.025 molt! of sodium ascorbate), the in-
Only 27% of the total content in arsenic was in the residual crease in arsenic solubilization was thought to be attributed to
fraction (i.e., silicates, sulfides, or resistant organic matter). changes in arsenic speciation with the conversion of As(V) to
These results indicated that most of the arsenic was boundthe more soluble As(lll) in the solid arsenic mineral phases,
onto As-bearing-Fe-oxyhydroxides, which is consistent with in addition to the reduction and dissolution of “ferric arsen-
results from the XRD and SEM study. Additionally, concur- ates,” which is generally considered to be the primary con-
ring with what is generally observg2], iron was essentially  trolling mechanism under moderately reduced soil conditions
mobilized in the fractions F3—-Fe(a), F3—Fe(c), and F5 (resid- [28,43] This assumption was supported by the pH-Eh dia-
ual). A significant iron extraction percentage (ca. 15%) could gram of the system As—O-H at 26 and 1 baf45], which

also be observed in the F3—Mn fraction. indicated a transition from As(V) to As(lll) near the pH and
Eh of concern (pH of ca. 7 and Eh close to 0 mV versus NHE).
3.2. Effect of sodium ascorbate addition In addition, recent experiments with synthetic iron and alu-

minum oxides on bio-reduction demonstrated the desorption

Four different sodium ascorbate concentrations that pro- of arsenic following reduction of As(V) to As(I1[46] at the
vided different levels of ORP were examined: 0.0075, 0.01, onset of strongly reducing conditions near-neutral pH pro-
0.025, and 0.046 molt?. viding evidence that the dissolution of the oxides is not nec-

The effect of sodium ascorbate addition on pH and ORP essary for the release of arsenic. Further addition of sodium
is shown inFig. 2A and B, respectively. Sodium ascorbate ascorbate did not have further effect on either the ORP or
addition slightly modified the final pH for the concentration the solubilization of arsenic and iron. This result suggested
range studied. A small decrease of ca. 0.4 pH unit was ob-that the iron oxyhydroxides became saturated with respect
served. In contrast, a significant decrease in ORP was ob-to the solution (i.e., re-adsorption of ferrous iron onto the
served. The largest change in ORP was noted between thesurface of iron(lll) oxyhydroxides, thus limiting the further
concentrations of 0.01 moH! (ca. +345mV versus NHE)  dissolution reaction), resulting in a reductive dissolution rate

and 0.025mol 1 (ca. +5mV versus NHE). independent of sodium ascorbate concentrgti@y 7]
10 500
[ 410 -
91 __400m
L w 3 X
Gl Z 300+
T 2 ool
5 7 < 200+
6.6 0 . s é L
6 - . . o 100+
o
I o r
5 04 . .
L B R 10—t
000 001 002 003 004 005 000 001 002 003 004 005
(A) [Na ascorbate mol/L] (B) [Na ascorbate mol/L]

Fig. 2. Effect of sodium ascorbate additio®)(on (A) pH and (B) ORP. pH and ORP at the natural conditions of the soil are also proziji¢d$ ratio:
10 mL/g; contact time: 10 days).
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1000 1000
; L)
i 1004 )
100 4 g
iy E 0 10+
I=) I=3
E 10 E 14
(2] (6] E
< “ooad
14 0.04 F
0.014
0.1 4 0.001 Fo i
6.6
0 0 2 4 6 8 10 12 14
(A} (B) pH
---DL=0.3 mg/L --- DL = 0.006 mg/L

Fig. 3. Effect of sodium ascorbate additio®)(on the liquid—solid partitioning of (A) arsenic and (B) iron. Baseline liquid—solid partitioning as a function
of pH obtained under oxidizing conditions is shown for comparigah (DL: detection limit). (1) Baseline, ORP =410 mV vs. NHE; (2) 0.0075 mot L
ORP =340 vs. NHE; (3) 0.01 molH!, ORP =345mV vs. NHE; (4) 0.025 mol, ORP =5mV vsNHE; (5) 0.046 mol L, ORP =—7mV vs. NHE.

3.3. Effect of varying pH for constant concentrations of magnitude for iron at pH ca. 6). This result was consistent
sodium ascorbate with previous studies performed by Stumm et[a4] and
Deng[10] that indicated that the reductive dissolution of iron

The liquid—solid partitioning of arsenic and iron at vary- oxyhydroxides with ascorbate increases with decreasing pH

ing pH in the presence of a constant concentration of sodiumand could be interpreted by the pH dependence of the extent

ascorbate (i.e., 0.025 mott or 0.046 mol 1) is shown in of ascorbate adsorption onto the surface of iron oxyhydrox-

Fig. 4A and B, respectively. The liquid—solid partitioning as ides.

a function of pH obtained under oxidizing conditions is also

shown as a baseline. The two concentrations of sodium ascor3.4. Effect of sodium borohydride addition

bate used corresponded to the concentrations that provided

the lowest ORP. pH values ranging from 5.8 to 10.3 were  Fig. 5A and B show the effect of sodium borohydride ad-

examined. ORP varied from ca. +10 mV versus NHE (pH ca. dition on the pH and ORP, respectively. Five different sodium

5.8) to—160 mV versus NHE (pH ca. 10.3) for both sodium borohydride concentrations were examined: 0.0075, 0.01,

ascorbate concentrations. Lower ORP could not be obtained0.025, 0.046, and 0.075 mott. In contrast with sodium

for the most acidic pH since nitric acid, which is a strong ascorbateFig. 2), the addition of sodium borohydride had a

oxidizing reagent, was used to lower the pH. stronger effect on pH, with final pH values ranging from 7.2 to
The addition of sodium ascorbate enhanced both arsenic9. Additionally, a broader ORP range was obtained, yielding

and iron solubilization over the pH range tested. However, “highly” reduced soil conditions (from ca. +140 t&600 mV

no significant difference in ORP and arsenic and iron solubi- versus NHE), compared to moderately reduced soil condi-

lization was seen between the two concentrations of sodiumtions obtained with the addition of sodium ascorbate (from

ascorbate. The largest increase in solubilization compared toca. +345 to—7 mV versus NHE). A significant decrease in

the baseline was observed for the lowest pH tested (as muchthe ORP to a value of ca=440 mV versus NHE was ob-

as three orders of magnitude for arsenic and four orders ofserved for the addition of sodium borohydride at a concen-

1000 E 1000
i 100
100 +
i E = 10
= e
D [ =]
é 10 + §, q
(%} E [
< o1
1 0.04
0.01
0.1 0.001
(A) (B)
--- DL =0.3mg/L --- DL = 0.006 mg/L
O No Na Ascorbate O No Na Ascobate
0 Na Ascorbate - 0.046 M © Na Ascorbate - 0.046 M
® Na Ascorbate - 0.025 M @ Na Ascorbate - 0.025 M

Fig. 4. Effect of varying pH in the presence of sodium ascorbate (0.025 @) and 0.046 mol L (()) on the liquid—solid partitioning of (A) arsenic
and (B) iron. (1) Baseline, ORP =410 mV vs. NHE; (2) ORP =10 mV vs. NHE; (3) ORB5mV vs. NHE; (4) ORP =160 mV vs. NHE.
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10 600
i 410}
91 4 A o400 3
| A T F
81 Z 2004
T 77 ab 2 od
6.6 = L
61 o -200 4
L % i
5 -400 -+
| A S i
4 . } . t . 1 2 -600 ! t : } : i
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
(A) [Na Borohydride mol/L] (B) [Na Borohydride mol/L]

Fig. 5. Effect of sodium borohydride additioa) on (A) pH and (B) ORP. pH and ORP at the natural conditions of the soil are also provij€ds ratio:
10 mL/g; contact time: 48 h).

tration of 0.025 mol L. Addition of sodium borohydride at ~ hisms for iron and arsenic release. In addition to the nature
higher concentrations did not significantly change the ORP or of the reagents, the low solubilization of iron observed in the
the pH. This result was similar to that obtained with sodium Sodium borohydride experiments compared to the sodium
ascorbate. ascorbate experiments at a given pH could be due to iron
Addition of sodium borohydride enhanced the solubiliza- Precipitation in the anoxic soil system as sulfide. The stud-
tion of arsenicFig. 6A) over the pH range tested. For a given ied mining soil contained gypsum, whose leaching resulted
pH value, arsenic solubilization obtained in the presence of in ca. 1.5g % sulfate in the soil solution. Under the chem-
sodium borohydride was increased by as much as one ordefcal conditions provided by sodium borohydride (i.e., alka-
of magnitude compared to the baseline solubilization with no line and “highly” reduced soil conditions) sulfate reduction
sodium borohydride. In contrast to arsenic solubilization, iron might have occurred, promoting ironimmobilization into sul-
solubilization was not significantly affected by the ORP con- fide solids. Using thermodynamic calculations, Sajdig]
ditions provided by sodium borohydride over the pH range showed that iron concentrations in highly reduced soils are
tested Fig. 6B). For a given pH, although lower ORP were mainly controlled by the precipitation and dissolution equi-
reached in the presence of sodium borohydride compared tdibrium of pyrite [FeS]. In turn, arsenic solubilization in the
sodium ascorbate, the addition of sodium borohydride pro- sodium borohydride experiments could have been affected
vided lower solubilization of arsenic and iron compared to by arsenic co-precipitation with or sorbed onto iron sulfide
that obtained with the addition of sodium ascorbate. The con- and/or formation of arsenic sulfidé8,49]
centration of arsenic and iron in the ORP range of 5-340 mV
in sodium ascorbate experimentsd. 3, points 2, 4) was  3.5. Effect of pH for a constant concentration of sodium
higher than that in the middle of this range (i.e., ORP of ca. borohydride
+150 mV) in the case of sodium borohydridéd. 6, points
2, 3), while the pH was similar (6.6 and 7.1, respectively). Arsenic and iron liquid—solid partitioning as a function
Thus, at similar ORP—pH conditions the results of extrac- of pH in the presence of a constant concentration of sodium
tion for arsenic and iron were different for the two reagents borohydride (i.e., 0.046 molt?) is shown inFig. 7A and
used. This result may indicate the potential effect of the na- B, respectively. The sodium borohydride concentration used
ture of the reagents, resulting in different reaction mecha- here corresponded to the lowest concentration of sodium
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Fig. 6. Effectof sodium borohydride concentratiar) bn the liquid—solid partitioning of (A) arsenic and (B) iron. Baseline liquid—solid partitioning as a function
of pH obtained under oxidizing conditions is shown for comparigoh (1) Baseline, ORP =410 mV vs. NHE; (2) 0.0075 mofi. ORP =140 mV vs. NHE;

(3) 0.01mol L%, ORP =150 mV vs. NHE; (4) 0.025 molt, ORP =—440mV vs. NHE; (5) 0.046 molt!, ORP =—445mV vs. NHE; (6) 0.075molt?,

ORP =-500mV vs. NHE.
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Fig. 7. Effect of varying pH in the presence of sodium ascorbate (0.046 Tdl4)) on the liquid—solid partitioning of (A) arsenic and (B) iron. (1) Baseline,
ORP =410 mV vs. NHE; (2) ORP=430mV vs. NHE; (3) ORP =650 mV vs. NHE; (4) ORP =780 mV vs. NHE.

borohydride that provided the maximum change in pH and dependent of the reducing agent used, reducing conditions
ORP. pH values ranging from ca. 8.8 to 11.8 were examined. significantly enhanced the solubilization of arsenic compared
Arange of ORP between ca800 mV versus NHE (obtained  to that obtained under oxidizing conditions (by as much as
at a pH value of 11.8) and ca:500mV versus NHE (at a  three orders of magnitude for sodium ascorbate and one or-
pH of 8.8) was measured. This ORP range was significantly der of magnitude for sodium borohydride). The addition of
lower than that obtained with sodium ascorbate for similar sodium ascorbate significantly increased the solubilization
pH (i.e.,—160mV versus NHE for pH ca. 10.3). of arsenic and iron for all concentrations examined and pH
The increase in arsenic solubilization at a given pH tested, although the reducing conditions obtained were mild.
(Fig. 7A) was again less significant than that observed with This effect was most pronounced under slightly acidic condi-
sodium ascorbatd-{g. 4A), although lower ORP conditions tions (as much as three orders of magnitude and four orders of
were obtained. For pH values between ca. 10 and 12, no sig-magnitude, respectively, for the addition of 0.046 motlof
nificant effect on arsenic solubilization was observed. Iron sodium ascorbate at a pH of ca. 6). While the mechanisms re-
solubilization fig. 7B) was not significantly affected by  main uncertain, it was thought that both reductive dissolution
ORP conditions over the pH range examined (i.e., ca. 9—12).of “ferric arsenates” and changes in the arsenic speciation in
No significant differences were observed between iron sol- the solid phase of the arsenic minerals (reductive desorption)
ubilization obtained in the presence of sodium borohydride may have played a role in the release of arsenic and iron.
and the baseline iron solubilization, even though significant In contrast to sodium ascorbate, the alkaline and highly re-
changes in ORP conditions were observed for a given pH duced soil conditions obtained with sodium borohydride led
value. These results differed from that obtained with sodium to a lower effect on arsenic solubilization (as much as one
ascorbate for which a significant increase in arsenic and ironorder of magnitude for pH between ca. 7 and 10 and no effect
solubilization was observed over the entire pH range testedfor pH values between ca. 10 and 12) and no effect on iron
(Fig. 4A and B). These results seemed to confirm that the ge- solubilization for all concentrations examined and pH tested.
ological background of the soil and the alkaline and extreme At similar ORP—pH conditions the results of extraction for
anoxic soil conditions obtained using sodium borohydride arsenic and iron were different for the two reagents used,
might have led to iron precipitation as sulfide and arsenic co- suggesting the potential effect of the nature of the reagents.
precipitation with this mineral and/or formation of arsenic In addition to the nature of the reagents, the low solubiliza-
sulfide[48,49] tion of iron observed in the sodium borohydride experiments
compared to the sodium ascorbate experiments could be due
to iron precipitation in the anoxic soil system as sulfide.
4. Conclusions This research confirmed the importance of the oxido-
reduction status of a contaminated soil and the need for a
A method for estimating the release of contaminants from simple and fast laboratory method by which to obtain dif-
contaminated sites under reducing conditions has been proferent redox environments. Experimentally induced and con-
posed. The ability of two chemical reducing agents, sodium trolled reducing conditions can allow for intrinsic characteri-
ascorbate and sodium borohydride, to produce different re- zation of the potential mobility of contaminants in a contam-
dox environments in a mining soil was investigated. inated soil and for better understanding of the geochemical
Sodium borohydride provided greater reducing conditions oxidation/reduction processes that affect contaminant fate,
(ranging from—500 to +140 mV versus NHE) than sodium transformation, and transport in the subsurface environment.
ascorbate (ranging from7 to +345mV versus NHE). In-  Further improvement in the testing of the method proposed
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here could result in establishing a protocol for solubility and [16] K. Bosecker, Bioleaching: metal solubilization by microorganisms,
release of contaminants under reducing conditions, which is ~ FEMS Microbiol. Rev. 20 (1997) 591-604.

critical for better evaluation of the risks associated with a [17] R- Gourdon, N. Funtowicz, Kinetic model of elemental sulfur oxi-

. d sit dation by Thiobacillus thiooxidans in batch slurry reactors, effect of
contaminated site. surface characteristics and suspended solid concentration, Bioprocess
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