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Reductive conditions in soils can lead to the dissolution of iron
and manganese oxyhydroxides, releasing heavy metal pollutants
{e.g., Pb and Cd) bound to them. The present study used hydrox-
ylamine as a reducing agent. Laboratory batch experiments were
conducted, varying pH and hydroxylamine concentrations, with
artificially contaminated synthetic amorphous Fe(OH);, and MnO,
and with a polluted cultivated soil. Until conditions were reductive
enough to dissolve solids, remobilization of metals depended on
their surface complexation constant and readsorption of metal was
possible. However, if conditions were sufficiently reductive, all solids
were dissolved and metals were released into solution. A straightfor-
ward surface complexation model for cation desorption was carried
out to support these results. ¢ 2000 Academic Press

Key Words: reduction; iron and manganese oxyhydroxides; Pb;
Cd; desorption; readsorption; modeling.

INTRODUCTION

Contamination of soils by metallic pollutants due to anthro-
pogenic activities raises several questions. Are these pollutants
potentially mobile? What can be done to decrease the mobility
in order to lower the pollution level in situ? Is it possible to in-
crease the mobility in order to decontaminate, for instance, soils
contaminated by heavy metals?

In the environment, various situations can cause significant
variations in redox conditions: flooding, a rising water table,
excess organic matter, an increase in biological activity due to
an increase in nutriments, deterioration of the soil’s physical
properties (compaction, deforestation, etc.) (1). All of these
phenomena can provoke reductive dissolution of soil com-
ponents (iron and manganese oxyhydroxides) (2—4), thereby
releasing the heavy metals bound to them into the aqueous
phase. Indeed, iron and manganese oxides and hydroxides are
known to be strong adsorbents (5).

The effect of variations in redox potential on trace element
mobility has been illustrated in rice fields (6, 7) and freshwater
estuary soils (8). Chuan et al. (9) showed by monitoring pH and
redox potential changes that heavy metal solubility increases
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under reductive conditions. In many cases metal release seems
to be caused by changes in the bonds between the metal and the
solid, induced by redox conditions.

The reactivity of solid surfaces in response to variations in
redox conditions depends on their nature. Functional groups
present at mineral surfaces can react with oxidizing or reducing
agents to form outer- or inner-sphere complexes. The reductive
dissolution of oxyhydroxides proceeds in three steps: (i) diffu-
sion of the reducing agent to the surface, (ii) surface reactions,
and (iii) release of reaction products and diffusion toward the
bulk solution (3).

Each soil has its own natural redox buffering capacity, which
enables it to resist redox changes. This capacity depends on the
availability of reducing (electron donor) and oxidizing (electron
acceptor) species. Oxidation and reduction capacities of a given
soil can be quantified. They are important parameters for under-
standing the geochemical control and fate of micropollutants in
the environment (1, 10, 11).

OXC: oxidation capacity

OXC = 4[O0)] + S[N(V)] + 2[Mn(1V)] + [Fe(III)]
+ 8[S(VD)] + 4[oxidized C] [1]

REC: reduction capacity

REC = 8[N(--1ID)] + 2{Mn(Il}] + [Fe(I)]
-+ 8[S(—ID)] + 4[reduced C]. [2]

Soil redox capacity has to be taken into account in order to
modify redox conditions.

The objective of this work was to evaluate the role of slightly
reducing conditions on the remobilization of heavy metals (Pb
and Cd) from polluted solids. This study tried to provide evi-
dence of and explain release mechanisms for heavy metals under
controlled reductive conditions. Batch experiments were car-
ried out in the presence of a reducing agent (hydroxylamine)
for model solids (simple solids) and a natural solid (cultivated
soil) in order to induce metals release phenomena. Moreover, a
simple desorption model was realized in order to interpret the
results obtained in a reductive medium.
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MATERIALS AND METHODS

All chemicals used in this study were of reagent or analytical
grade. All solutions were prepared with doubly deionized water
(Milli-Q system, Millipore). All experiments were carried out in
polyethylene containers that were cleaned according to the fol-
lowing protocol: washed with detergent, soaked in 10% HNO;
for 48 h, and rinsed with Milli-Q water for 24 h.

Solids and Their Characterization

Synthetic amorphous iron hydroxide (HFO) was prepared in
the laboratory according to Schwertmann and Cornell (12). First
1.5 M of NaOH was added slowly to 0.5 M of Fe(NO3);. The
solution was continuously bubbled with nitrogen during the syn-
thesis to prevent carbonate formation. Pb and Cd were added to
the solution of Fe(NQO,); just before precipitation. The salts of
heavy metal ions were all nitrates and were used as received. The
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HFO precipitate was centrifuged and washed three times with
Milli-Q water. The solid obtained was dried at 20°C, sieved
for homogenization, and stored in a desiccator. Its amorphous
structure was confirmed by X-ray diffraction (XRD) analyses
realized with a SIEMENS DS000 diffractometer (Fig. 1a). Sur-
face area (BET) was determined by three-points N, adsorption
measurement. A specific surface area of 273 m? - g=' was found.
Total concentrations of heavy metals were evaluated by acidic
digestion  according to Ritter and Sung’s protocol (13-15). Pb
and Cd were analyzed by polarography (DPASV). Respectively
343 and 7 ppm were determined for Pb and Cd.

Manganese dioxide was precipitated by rapid addition of 10%
HCI to a 0.5 M solution of KMnO, (16), in the presence of
nitrate salts of Cd and Pb. The precipitate was heated for 24 h at
30°C in order to eliminate excess Cl~, then it was filtered and
washed three times with Milli-Q water. The solid obtained was
dried at 38°C for 24 h, sieved, and stored in a desiccator. Its

2.65A
a 148 A
20 30 40 50 60 70
359A 244 A
1.41 A
] b
l +— —+ t —+— 1
20 30 40 50 60 70
C
672 A
5 15 25 35 45 55 65
2 Théta(®)
FIG. 1. X-ray diffraction patterns of HFO (a), MnO; (b), and soil (c).
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TABLE 1
Geochemical Composition and Metal Concentrations in Soil Sample

Pb Cd
Component S0, ALO3 Fey 03 CaO MgO K,0 MnO TiO Corg CO%‘ (ppm) (ppm)
Quantities in % 77.8 7.40 2.50 1.30 <1.00 2.10 0.05 0.67 1.85 0.8 250 9

amorphous structure was confirmed by XRD analyses (Fig. 1b).
Total concentrations of heavy metals were evaluated by acidic
digestion according to Ritter and Sung’s protocol (13-15). Pb
and Cd were analyzed by polarography (DPASV); 500 ppm of
Pb and 7 ppm of Cd were determined.

A soil sample was collected (upper 30 cm) in northern France
(Nord Pas de Calais region). The site was contaminated over
several years through atmospheric transport from the nearby
steel industry. This sample was air-dried and sieved at 2 mm.

Geochemical characterization was carried out at the French
Geological Survey (BRGM, Orléans) (Table 1). The total con-
centrations of heavy metals (Table 1) were determined after
acidic digestion (13-15). A grain size distribution study was car-
ried out using the AFNOR protocol X 31-107 (17). The sand,
silt, and clays contents expressed as the percentage of dry weight
were 2, 78, and 20, respectively. X-ray diffraction analysis in-
dicated the presence of quartz and feldspar, but no traces of
crystallized iron. However, a convexity at 6.72 A indicated a
trace of amorphous material (Fig. 1¢). Clays characterization
was carried out by X-ray diffraction analysis on the <2-pum size
fraction, extracted following the AFNOR protocol X 31-107
(17) (XRD pattern not shown). 1llite and kaolinite were deter-
mined. Moreover, these clays are relatively stable at pH 3 to 9
(18). Thus, under our experimental conditions, clays dissolution
should be slight in the major part of the pH range.

The soil was characterized by extraction with oxalate and
pyrophosphate (19). Oxalate extraction provides an estimate of
noncrystalline iron oxide and organically complexed Fe. Py-
rophosphate extraction gives an estimate of Fe complexed by
organic matter. Oxalate extractable Fe was measured by mixing
0.05 g of dried soil with 20 ml of 0.2 M acid ammonium oxalate
(pH 3). The solution was shaken for 2 h in the dark at 20°C
and then filtered. Pyrophosphate extractable Fe was measured
by mixing 0.04 g of dried soil with 20 ml of 0.1 M sodium
pyrophosphate solution at 20°C for 16 h. Iron in the oxalate
and pyrophosphate extracts was analyzed by atomic absorption
spectroscopy (Varian SpectrAA 220). The amorphous iron oxy-
hydroxide content in the soil was 17% of total Fe.

Soil carbonate content was evaluated according to the Rauret
protocol (20). 1t was determined by back-titrating an excess of
0.1 M HCI added to 6 g of dry soil sample with 0.1 M NaOH
under a continuous stream of pure N,(g). The carbonate content
in soil was 0.8% w/w. So, carbonate dissolution/precipitation
should have a low effect on the metal mobility under our exper-
imental conditions.

Moreover, the distribution of heavy metals was estimated us-
ing Tessier et al.’s protocol of sequential chemical extractions

(21) (Table 2). The major operationally defined forms for Pb
were oxyhydroxide (40%) and carbonate (25%) and for Cd, ex-
changeable fraction (60%) and carbonate (20%) (Fig. 2). We
can therefore predict that under reductive and acidic (pH 2 to 6)
conditions, a large fraction of Cd and Pb will be released to the
aqueous solution. Iron was mainly present in the residual frac-
tion (75%). This metal could be part of the crystalline structure
of aluminosilicate minerals (such as clay) and thus hardly sol-
ubilized. About 15% of the iron was present as oxyhydroxides
which would provide adsorbing surfaces; this percentage was
in concordance with oxalate—pyrophosphate extractable Fe. We
can conclude that ca. 15% of Fe was in amorphous iron oxide
form. About 40% of the manganese was distributed among the
oxyhydroxides of Fe and Mn and 15% under carbonate forms.
Under reductive conditions, one could therefore expect 15% of
Fe and 40-55% of Mn to be solubilized. Results in Fig. 2 are
only indicative: indeed, sequential selective chemical extrac-
tions cannot provide quantitative data related to the association
of heavy metals with specific geochemical phases in soil.

Surface acidity constants of soil were determined from po-
tentiometric titrations of 10 g - 17! of soil with NaOH (0.1 M)
and HNO; (0.1 M) in a 0.1 M NaNO; medium as the sup-
porting electrolyte (22, 23). Titrations were carried out with a
Metrohm 716 DMS Titrino apparatus equipped with a Metrohm
6.0233.100 combined (3 M KCl) glass electrode.

The cation exchange capacity (CEC) was determined by the
cobalthexammine method (NF X 31-130) (17). lons linked to
the solid surface are exchanged with cobalthexammine ions, the
CEC is the concentration of cobalthexammine ions eliminated
from the solution. First, 50 g of soil was mixed with 50 mi
of 0.017 M cobalthexammine solution for 3 h. The suspension
was then centrifuged and the concentration of cobalthexammine
ion remaining in the solution was measured at 470 nm with a
Shimadzu-160A UV spectrophotometer.

TABLE 2
Chemical Extractions Protocol (21)
Chemical attacks ~ Phases denominations Reagents
I Exchangeable matter ~ MgCly (1 M)
I Carbonates NaOAc (1 M)
1 [ron and manganese NH,OH - HCI (0.04 M)
oxides
v Organic matter HNO; (0.02 M), HyO; (30%),
NH40Ac (3.2 M)
\Y Residual Acidic digestion, HNO3/HCIO4
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Dissolution Experiments

Experiments were conducted first with a solid concentration
of 10 g - 17!, in a 0.01 M NaNOj; electrolyte solution without
reducing agent. The pH was regulated with concentrated so-
lutions of HNO; or NaOH. The equilibration time was 48 h,
determined by previous studies as a function of time under the
same conditions for a pH fixed at 4.

The same protocol was used in a second series of experi-
ments but with 1072 M hydroxylamine. The experiments were
conducted at 96°C for 5 h equilibrium time as determined by
Tessier et al. (21). This temperature was used to catalyze the
reaction; however, under such conditions it was impossible to
follow the redox potential of the suspension. The hydroxylamine
concentration used was determined from an estimation of the
soil oxidation capacity (Eq. [1]) calculated using only iron and
manganese total concentrations in solids (10, 11).

Another series of experiments was carried out on HFO and
MnO,, at various hydroxylamine concentrations in a 0.01 M
NaNQj electrolyte solution.

At the end of these experiments, the solid suspension was
filtered through a 0.2-pm cellulose nitrate filter (Sartorius). The
filtrate was collected in a polypropylene tube to which 100 ul
of 69% HNO; had been added to keep all metals in solution.
Samples were stored at 4°C before analysis.

Analytical Techniques

The solutions of Cd and Pb were analyzed by voltammetry
(DPASYV) on a Metrohm VA 746 Trace Analyzer and with a VA
747 stand with a triple-electrode system: a calomel reference
electrode (3 M KCI/1 M KNOs), a graphite counter electrode,
and a mercury drop electrode. Dissolved oxygen was removed
from the sample by prepurging N,(g) through the solution for
600 s. The deposition step was carried out at —1.2 V for 60 s
followed by metal stripping.

Distribution of heavy metals among geochemical phases in the soil.

Fe and Mn concentrations were measured by atomic absorp-
tion, either FAAS (Varian SpectrAA 220) or GFAAS (Varian
SpectrAA 800).

RESULTS

Dissolution Experiments for HFO and Manganese Oxide

Reducing conditions significantly increased the quantity of
Cd remobilized but had no effect on Pb solubility (Fig. 3). The
presence of hydroxylamine induced very little dissolution of
the solid phase (only 1% of MnO, or HFO). The dissolution
of hydroxides, therefore, occurred only at the surface. About
90% of the Cd adsorbed on the HFO surface was released into
the solution. The low Pb release could be explain by two hypo-
theses:

—Pb was substituted from Fe(IIT) into the solid matrix and
its solubilization depended on solid dissolution. Martinez and
McBride (24) showed that iron oxyhydroxides may be an im-
portant sink for metal retention, especially for Pb, and that they
still prove to be relatively ineffective in lowering activities of
some metals such as Cd.

—Pb was effectively solubilized in the solution; however, as
soon as it was released it was readsorbed on the solid surface not
yet dissolved under these redox conditions. This hypothesis was
supported by the comparison of Pb and Cd surface complexation
constants log Kreopy = 4.65 > log Kreocd = 0.47 (intrinsic
constants) (25).

Dissolution as a Function of Reducing Agent Concentration
for HFO and Manganese Oxide

A second series of experiments was carried out with synthe-
sized oxyhydroxides for a concentration range of hydroxylamine
more adapted to Mn and Fe total amounts.
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FIG.3. Heavy metals released from MnOy (10 g - 17! (a) and HFO (10 g - 1™1) (b) as a function of pH: W, Cd; @, Pb; O, Mn; @, Fe.

For MnQO,, 80% of the solid was dissolved. About 90 £ 10%
of every metal bound to this solid was released into the solution
(Fig. 4a). The reducing agent dissolved almost all of the solid
(80%) as soon as the ratio of solid/reducing agent concentration
rose above 1.2. Below this value, dissolution was a function of
the hydroxylamine concentration. In the first part of the curve,
the Cd released was clearly linked to the quantity of solid surface
dissolved. Pb was not released into the solution although 20% of
the solid surface was destroyed. It seems that Pb was effectively
readsorbed on the 40% of solid surface not dissolved under these
redox conditions.

For 10 g - 17! of solid, the reductive dissolution of Fe(OH)s,
was very low, so the quantity of solid hydroxide was de-
creased to 0.5 g - 17! (Fig. 4b). The fraction of Fe dissolved
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reached a plateau (70%) for a hydroxylamine concentration of
0.05 M. The dissolution of iron hydroxide took place at a solid/
reducing agent concentration ratio of 0.1. The value of this ratio
showed the HFO redox buffer effect. In order to totally dis-
solve the solid matrix, this redox buffering capacity of HFO
should be supplanted. Moreover, this ratio indicated that the re-
dox buffering capacity of HFO is greater than that for MnO,,
so it should be easier to solubilize Mn than Fe under reductive
conditions.

In this experiment (Fig. 4b), Cd was 100% released, as before.
Pb solubilization was increased. Indeed, iron dissolution induced
a remobilization of 50% of the Pb. The other 50% of the Pb
should be readsorbed on the surface of HFO not destroyed or
trapped on the solid matrix not yet dissolved.
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FIG. 4. Heavy metals released from MnQ; (10 g - 171) (a) and HFO (0.5 g - 171} (b) as a function of hydroxylamine concentration: W, Cd; 4, Pb; O, Mn; @,

Fe; pH 4; equilibrium time, 5 h.
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Dissolution Experiment for Soil Sample

Two series of experiments were conducted on the soil sample
as a function of pH, one under mildly reductive conditions and
one in the absence of a reducing agent (Fig. 5). This sample was a
cultivated soil containing iron oxyhydroxides in the amorphous
form, 78% of silt and 20% of clays.

In the absence of a reducing agent, the solubilization of heavy
metals increased with decreasing pH. Under reductive condi-
tions, remobilization of Pb and Cd increased, Cd being soluble
as soon as pH dropped below 5.5 and Pb as soon as pH dropped
below 3.

The fraction of Fe solubilized under acidic and reducing con-
ditions (~20%) corresponds to the value of the amorphous iron
oxide form. Hydroxylamine efficiently dissolved almost all of
the Fe present in the amorphous oxide form in the soil sample.
Around 40% of the Mn was remobilized. The solubilization level
of Mn was constant in the whole pH range. The pH-independent
solubilization of Mn under reducing conditions can be explained
by the reduction of oxides.

A higher extent of Cd remobilization appeared at near neu-
tral pH; and Cd solubilized should be readsorbed onto iron and
manganese oxyhydroxides under oxidative conditions. Under
reductive conditions, however, it would remain in solution since
all of the oxyhydroxides of Mn and Fe are dissolved.

The dissolved Pb level increases under reductive conditions
at low pH but the Pb concentration does not correspond to the
amount that was estimated to be remobilizable by sequential ex-
tractions (20 versus 40-65%). Although the sequential extrac-
tion did not give quantitative data, this difference was sufficiently
significant to be taken into account. Moreover, when the pH is
near neutral, Pbrelease is very low although all of the manganese
and iron oxides were dissolved. Ainsworth er al. (26) and Wang
and Chen (27) have shown that, for natural solid surfaces, the pH
adsorption edges of Pb and Cd are about 2 pH units apart, 50%

of Cd being adsorbed at around pH 6.5 and 50% of Pb at around
pH 4.5. In our experiment, 40% of the Cd was removed at pH
5.5. If a similar rule is respected, 40% of the Pb should have
been solubilized at pH 3.5 but, in fact, only 20% was present in
the solution. As this rule was not evidenced for our dissolution
experiments, Pb would most likely have been readsorbed onto
clay minerals (not dissolved under reductive conditions), and
its concentration in solution was therefore lower than expected.
Moreover, this hypothesis is supported by the results obtained
under nonreductive conditions where desorption of Pb and Cd
differed by ca. 2 pH units.

Surface Complexation Model

A straightforward surface complexation model (SCM) for
cation desorption as a function of pH was carried out to sup-
port these results. The aim of this model was to determine the
pH desorption-edges of Pb and Cd on this type of soil.

Soils are considered as a whole of functional surface groups
expressed as a generic binding site SOH (28, 29). This model
is based on conventional reactions of surface hydroxyl groups
formulated by analogy with reactions already known occurring
in a simple amphoteric compound;

SOH; = SOH + H* [3]
Ka = [SOH][H'1/[SOH/ ] [4]
SOH = SO~ + H* [5]

Ks = [SOT][H']/[SOH]. (6]

Van Benschoten et al. (30) have shown that neglecting elec-
trostatic effects in their sorption model may be a reasonable as-
sumption for strongly sorbing ions. This implies that free energy
of adsorption dominates over coulombic effects. We have there-
fore not taken into account electrostatic effects in our model.
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TABLE 3
Model Parameters
Pbr Cdr CEC= St pKal pKa2 pKsorp” pKsocd®
122x 1073 M §x 1075 M 1.32x 1073 M 53 8.7 12.2 10.3

“Surface complex formation constants determined by model fitting.

The desorption of divalent cations Me’* on the soil surface
may be considered as the following surface complexation reac-
tions,

SOH + Me?* = SOMe* + H*
SO~ + Me** = SOMe™,

(7]

(8]

where the dissolved surface complex constants are defined as
Ksome = [SOMe* J[H]/[SOH][Me**]
Kiome = [SOMe™]/[SO™][Me*].

[9]
[10]

These reactions assume that surface acid/base reactions and
surface ion complexation were taken into account. In this model,
only the monodentate surface complex was considered, because
it was previously shown that this type of complex can describe
a cation sorption edge reasonably well (30).

The total site concentration St was obtained according to

Sp = [SOHF]+ [SOH] + [SO7] + ) [SOMe*].  [11]

TABLE 4
Complex Formation Constants

Log B

Tonic strength = 107! M?

Complex species lonic strength = 07

Cd(OH)*™ 3.9 34
Cd(OH)) 7.7 7.0
Cd(OH); 9.52 8.8
Cd(OH);~ 8.78 8.3
Cda(OHY+ 4.6 4.6
Cd4(OHYy* 233 227
Cd(CO3)° 6.6° 5.6
Cd(CO3)3~ 7.05 6.1
CA(HCO3)™* 24 1.9
Pb(OH)* 6.3 5.8
Pb(OH)] 10.9 10.2
Pb(OH); 13.9 13.2
Pby (OH); 7.6 7.6
Pb3(OH)}* 32.1 30.7
Pba(OH); 36.1 35.6
Pbe(OH)* 68.4 66.5
Pb(CO3)? 6.47 5.5
Pb(HCO3) " 29 2.4
“Ref. (31).

bCalculated according to the Davies equation.
“Ref. (32).

The metals species included in the model were free metal,
hydroxide, carbonate, and hydrogenocarbonate complexes of
metal. The total metal concentration was therefore

Mer = [Mc**] + [SOMe"] + > "[Me(OH),]

+ ) [Me(COy),] + D [Me(HCO3),].  [12]
With this equation, we could find the concentration of free metal
in solution as a function of pH,

Me*'] = Mex /(1 + Ksome[ SOHIH'T ™" + Y A2 [OH

FYAO[CON T + Y A0S T), 3]

where B! is the formation constant for the MeL; complex with
the ligand L.

Mer was measured, [OH ] was calculated from pH, and
[CO%‘] and [HCO; ] were determined knowing the pH value
and the total carbonate concentration in the sample. Literature
thermodynamic constants (31, 32) were recalculated for an ionic
strength of 107> M according to the Davies equation; they are
listed in Table 4. St was assimilated to the CEC (Table 3).
Metals included in the system were Pb and Cd simultaneously
(Table 3). pK, and CEC values determined for the present soil
sample corresponded with those often met in the environment
(pHzpc 0of 7 and CEC around 1.3 x 10~*mol - g=') (2). Thus, this
model was constituted of three algebraic equations, Eq. [11] and
Eq. [13] written for both Pb and Cd with three unknown concen-
trations, [SOH], [Pb**], and [Cd”*], which varied as a function
of pH. They were solved by successive iterations with the cal-
cul program ProSolver version 1.0. The surface complexation
constants Kgopy, and Kgocq were determined by fitting, Stabil-
ity constants determined by our SCM were in good concordance
with other data determined for natural or simple solids (Table 5).

TABLE §

Comparison of Pb and Cd Complexation Constants
with Different Surfaces

PKSopb PK50cd
Solids SO~ + Pb?t = SOPb™ SO~ + Cd?* = SOCd™ Ref.
Cultivated soil 3.55 1.6 This work
Surface sediments 1.3t03.5 —0.83 t0 1.85 27
Surface sediments 4.26 -1.1 (33)
HFO 4.65 —0.47 25)
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Results of fitting this simple SCM to the experimental data
obtained for Pb and Cd desorption as a function of pH appear
in Fig. 6. The SCM could reasonably well reproduce experi-
mental data. Total metal concentration, total surface sites, and
ionic strength were sufficient to simulate metal desorption be-
havior. This modeling approach described adequately the soil
desorption processes. Moreover, a model simulation including
both mono- and bidentate complexes was carried out but the fit-
ting of this metal desorption model with experimental data was
no more accurate than the model presented in this paper.

This result indicates that our soil sample seems to show quite
different desorption capacities for each metal, pH metal des-
orption edges for Pb and Cd being about 1.5 units apart. This
confirms the Pb readsorption in a reductive medium as the gap
between Pb and Cd pH desorption edges is modified in the pres-
ence of the reducing agent in the medium.

DISCUSSION

Metal cation solubility significantly increases under reductive
conditions in the pH range of 2 to 5 (Fig. 7). Under reductive con-
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ditions, metal solubilization takes place due to the dissolution of
manganese and iron oxyhydroxides. The effective remobiliza-
tion seems to be controlled by the metal surface complexation
constant. Metals having a great affinity for iron and manganese
oxides (e.g., Pb) seem to be readsorbed onto the solids that are
not dissolved by the reducing agent. This result was confirmed
by Patrick and Verloo (34) who have shown that Pb is weakly
affected by pH and redox conditions. Nevertheless, metals hav-
ing a low affinity to the solid are released into the solution and
are not readsorbed on the unsolubilized surface (e.g., Cd).

In the case of the soil sample studied, the presence of a re-
ducing agent enabled all of the iron oxyhydroxides to dissolve
(quantity estimated to be reducible by the sequential selective
chemical extractions). The metal bound to these solids was there-
fore remobilized in the solution by phenomena similar to those
identified for iron and manganese oxyhydroxides. In a reductive
system, the destruction of oxides seems to prevent the read-
sorption of metals although several metals such as Pb could
be readsorbed onto the soil (heterogeneous medium) or other
geochemical phases like clay or organic matter. For both nonre-
ductive and mildly reducing conditions, pH is a master variable

100 —=
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a © o o
60 + ° ©
40 + o ©
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20 +
S S
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FIG.7. Cd released under reductive (#) and nonreductive conditions (M) for the soil sample (10 g - 17! (a) and HFO (10 g - 171) (b).
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of the solubilization yield. Solubility is always high at low pH
(pH 2-6) in the case of HFO in the presence of ascorbate (35).

SUMMARY

A risk of remobilization under reductive condition has been
shown. Indeed, the use of hydroxylamine allows solubilization
of soil iron and manganese oxides by a mechanism of reductive
dissolution, inducing the release of heavy metals into the solu-
tion. The phenomena are due to both dissolution and desorption.
However, if conditions are mildly reductive a small amount of
the oxides is dissolved, and therefore only metals having a poor
affinity to the surface are remobilized (e.g., Cd). Other metals
are partly readsorbed (e.g., Pb).

In the environment, therefore, redox variations (modifica-
tion of soil physical properties, flooding, etc.) could induce
the release of heavy metals bound to solids, thus contaminat-
ing groundwater. Nevertheless, solubilization is easy only for
partly adsorbed metals such as Cd, whereas manganese and iron
oxyhydroxides must be totally dissolved for the total remobi-
lization of all metals.
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