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An important goal in environmental chemistry is the
extraction of metalsthat aretoxic or radioactive from soils
and waters. For many such metals, the problem is solved by
designing compounds with coordination sites that are
specific for that particular metal. For cases such as
oxoanions, however, where the inorganic center is already
fully coordinated by oxygens, different strategiesneed to be
used. Chromate, phosphate, selenate, pertechnetate, and
aluminate are such anions. These species are problematic
contaminants in soils and waters because they are either
toxic, environmentally undesirable, or radioactive. Fur-
thermore, under both acidic and basic conditions, the
coordination positions of these oxoanions are occupied by
oxygens. Chromium(vi) as either chromate or dichromate
presents a particular problem because it is a strong
oxidizing agent. In this review the different methods of
extracting this group of pseudotetrahedral oxoanions are
discussed, along with the individual advantages and limita-
tions of each strategy.

1 Introduction

The extraction and recovery of metals from soils and watersis
important if the metal istoxic and of commercial value. In some

cases metals can simply be recovered by precipitation, but such
methods result in problematic separation steps. A solution phase
approach that employs either selective complexant hosts or
bioremediation is preferable, especially for ionsthat are present
in agqueous solution. The synthesis of complexants or microbes
for specific metalsistherefore an important goal for high value
toxic metals that need to be selectively recovered from the
environment.

For inorganic cations there is awide range of extractants that
are available because they can be directly bound to a ligating
group on a complexant. However, for inorganic anions such as
oxoanions, there is no direct interaction between the inorganic
center and the complexant. As a conseguence, athough
numerous molecules act as complexants for cations, few
molecules have been identified that act as selective hosts and
extractants for anions.2~# From an environmental viewpoint, a
seriesof anionsfor which selective hostswould be useful arethe
oxoanions. Among the important inorganic oxoanions are
chromate, phosphate, selenate, pertechnetate, and aluminate.
Chromate and dichromate ions are environmentally important
dueto their high toxicity,5 and al so because of their presencein
soils and waters from electroplating and other industrial
operations.® At present the remediation of chromate involves
reduction to chromium(ii), followed by precipitation as its
hydroxide. However, engineering considerations cause methods
that involve the generation of solid materials to be disfavored.
As aresult the use of a selective complexant for extracting this
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reduced state of chromium in soluble form is a preferred
dternative when considering approaches for the removal of
chromium(vi) from soils and waters. Phosphate is an oxoanion
that needsto be removed from soils and waters becauseit causes
excessive plant growth when released into lakes and streams.
Also phosphate is widespread in the environment because it is
the thermodynamically stable form of phosphorus, and under
anerobic conditions all phosphorus compounds are oxidized to
phosphates. Under different solution acidities phosphate is
present as the different protonated forms HiPO,, H.PO4—,
HPO42—, PO,3—. Selenium is a toxic element that is found in
anionic form in both its selenium(iv) and (vi) oxidation states.
In oxygenated akaline water the higher oxidation state selenate
(Se042~) form predominates, although some selenite (SeOz2-)
isalso present. Since the toxicity of selenium for the two forms
is additive, extractants for both forms are needed. Both the
pertechnetate (TcO,~) and aluminate oxoanions are special
cases since their distribution is localized because they have
become an environmental problem as a result of the nuclear
industry. Although this article addresses each of the oxoanions,
the broader literature on the removal of chromate isreflected in
the balance and coverage in the article.

In designing selective extractants for these oxoanions certain
strategies are common among them. Each of these anions has
peripheral oxygen functionalities that can hydrogen bond with
complexant hosts. In addition, each of these anionsispresent in
the form of a salt with a cationic counterion such as sodium or
potassium that can be directly bound to ligating groups. It is
advantageous therefore to seek extractants that can both
coordinate to the cation in the salt and have the correct shape,
size, and hydrogen bonding sitesto act as asel ective host for the
oxoanion.

1.1 Toxicological effects

Chromium(vi) is a carcinogen in humans and animals, with
chromates and dichromates being both mutagenic and geno-
toxic. Chromium(vi) requiresintracellular reduction for activa-
tion, and this in vivo reduction can produce several reactive
intermediates such as chromium(v) and chromium(v) that can
target and damage DNA.5 Epidemiological studies have
established that chromium(vi) compounds are human carcino-
gens. They are a so strong clastogens, and are mutagenic in both
bacterial and mammalian test systems. The principal chemical
form of chromium(vi) in solution a physiologica pH is
chromate, CrO,2—, which is isostructura with the other
oxoanions considered in this article. Chromate enters mammal -
ian cells through the general anion channel, which resultsin a
rapid accumulation of high concentrations of intracellular
chromium. By contrast, water soluble chromium(i) com-
pounds are not considered to be carcinogenic, possibly because
they do not cross plasma membranes.” Nevertheless, the final
intracellular reduction product of chromium(vi) is chro-
mium(in) which forms in vivo amino acid nucleotide com-
plexes. The mutagenic potential of these complexesis not fully
known. Mussels, which have been widely used as biological
monitors of coastal contamination, assimilate chromium.8 Only
chromium(vi) from the dissolved phase and chromium(in) from
ingested food contribute to chromium accumulation in marine
mussels. The uptake of the toxic chromium(vi) is especialy
important from waters that have low salinities.

Selenium is an essential element that is also toxic at higher
concentrations. A deficit of selenium leads to white muscle
disease in animals, and an excess causes heath problems
because it replaces sulfur in in vivo biologica cycles. From a
geological viewpoint, because selenium usually occurs along
with sulfur, it is released into the environment from the
combustion of high sulfur coal and oil. Pertechnetate, or
perrhenate as its surrogate, has become a recent target for the

design of extractants because it is a product of nuclear fission.
Like the other anions considered in this article, this oxoanion
has a tetrahedral structure. However, since it is only singly
charged, there is the possibility that it can be selectively
extracted in the presence of other more highly charged
oxoanions.

1.2 Analytical techniques

The quantity of dissolved oxoanionsin water can be determined
by several methods. One choice is ion chromatography. This
method has detection limitsthat areinthe 0.3-0.4 ug L —1 range.
Other methods that have been used include coprecipitation,
colorimetry, chelation extraction in combination with either
atomic absorption spectroscopy (AAS) or inductively coupled
plasma-atomic emission spectroscopy (ICP-AES), and differ-
ential pulse polarography.® Each method has specific features
that makes it preferable in certain situations and conditions.
Phosphate and aluminate can a so be selectively determined by
31P and 2’Al NMR spectroscopy respectively, athough the
sensitivity of thismethod islow. The ICP-AES method also has
arather low sensitivity for phosphate. Technetium can be easily
assayed from its radioactive signature.

2 Extraction methods

Several approaches have been used for the environmental
removal of oxoanions. These approaches involve precipitation
methods as well as el ectrochemical and complexation methods.
Both liquidiquid phase extraction and ion exchange are
widely used methods. In designing selective extractants, the
function of the material both as a complexant and a phase
transfer agent must be considered for maximum effectiveness.

2.1 Precipitation methods

Precipitation methods have been widely used for the removal of
chromium because its toxic hexavalent form is a strong
oxidizing agent that is destructive to many complexants.
Conventional methods for chromium recovery involve reduc-
tion of chromium(vi) to chromium(in), followed by precipita-
tion of the chromium(in) hydroxide Cr(OH); at asolution pH in
the 8-10 range. One method that is used to technologically
achieve this goal is to reduce the chromium(vi) in the presence
of oxide surfaces with «-hydroxycarboxylic acids such as
mandelic acid. Alternatively, either oxalic acid or substituted
phenols can be used as the reductant. These conventional pump-
and-treat techniques for chromium(vi) removal, however,
frequently result in lengthy application times because of the
decrease in the chromium removal rate at the later stages of the
process. Nevertheless, modifications can be made to improve
the process. One improvement involves the addition of sulfate
ion to the extraction water, which decreases by amost two
orders of magnitude the number of pore volumes required to
achieve atargeted level of chromium(vi) reduction. This effect
is a consequence of sulfate releasing chromate from any
insoluble barium chromate according to egn. (1).

BaCI’O4 + 80427 e BaSO4 + CrO4 - (1)

Inindustrial wastewater treatment the removal of chromium(vi)
involves a two-step process. The first step is the reduction of
chromium(vi) under acidic conditions (usualy pH 2-3),
followed by the precipitation of chromium(in) hydroxide at a
solution pH in the 8-10 range. Commonly used reducing agents
are sulfur dioxide, sodium sulfite, sodium bisulfite, and ferrous
sulfate. The reduction of chromium(v1) by iron(i1) sulfateis one
method that has found use for the remediation of chromate. In

Chem. Soc. Rev., 2002, 31, 60-67 61



addition to iron(i1) being areductant, the iron(in) that is formed
isan effective precipitant for the chromium(iir) form that results
from the chromium(vi) reduction. Thiseffect of iron(in) appears
to be due to the formation of the insoluble ferric hydroxide
which coprecipitates with the chromium(in) hydroxide. The
solid Cr(OH)sz—Fe(OH); mixture can then be removed by
flotation.1011 Although chromium(vi) can be removed by
reduction to chromium(ni), followed by precipitation of
Cr(OH)3, at very low concentrations of chromium(vi) the
reduction iskinetically slow and does not result in the near-zero
levelsin waters that is often required. Complete reduction can,
however, be achieved by a closely coupled, biotic—abiotic
reductive pathway under iron-reducing conditions. The system
uses Shewanella alga strain BrY and iron hydroxides of varying
stabilities.12

Phosphate can also be recovered in solid form if desired
because under high pH conditionsits trianionic form gives very
insoluble salts with cations such as aluminum(in) and cal-
cium(n).

2.2 Electrochemical methods

Electroplating baths are a source of waste chromium, and an
electrochemical precipitation (ECP) process has been used to
remove chromium from electroplating wastewater. The chro-
mium removal efficiencies by such methods are greater than
99%, and the residual chromium concentrationsarelessthan 0.5
mg L—1. The ECP process usesacurrent of 0.5-5.0 amperesand
an initial pH of 4.5.

2.3 Soil washing

Hexavalent chromium can be extracted directly from soils by
using a mixture of sodium carbonate and sodium hydroxide in
the temperature range of 90-95 °C. Extraction with 0.28 M
sodium carbonate and 0.5 M sodium hydroxide solutionsresults
in maximal dissolution of chromium(vi), while minimizing
oxidation and reduction.13 Ambient temperature mixed solu-
tions containing sodium carbonate and sodium hydroxide, pure
water itself, a phosphate buffer at pH 7.0, or sonication under
alkaline conditions, al extract lesser amounts of chromium(v1).
Other methods such as ion exchange or adsorption, both of
which use solid phase materials, have aso been successfully
used to remove chromium(vi). Examples of adsorbents that
have been used are anthracite and activated carbon. A mixture
of iron(i) and chromium(ii) hydroxide has a so been used asan
adsorbent for chromium(vi), with amost complete removal of
chromium(v1) being achieved from water that isin the pH range
of 5-6. Nevertheless, effective reliable methods for extracting
both soluble and insoluble forms of chromium(vi) from soils
without inducing chromium(iir) oxidation or chromium(vi)
reduction are still required.

2.4 Extraction with minerals

In addition to these prepared materials, minerals can also be
used as adsorbents for chromium(vi). One such mineral is
goethite («-FeOOH).14.15 An analysis of the structural EXAFS
data concludes that the three different surface complexes of
chromate that are formed on goethite are a monodentate
complex 1, and both a mononuclear 2 and a binuclear 3
bidentate complex. Pressure jump relaxation measurements on
the system show that the adsorption of chromate on goethite is
a two-step process that results in the formation of an inner-
sphere bidentate surface complex. The initia rapid step
involves a ligand exchange reaction of the protonated agueous
form (HCrO,4—) with hydroxy groups on the goethite surface to
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give an inner-sphere monodentate surface complex. Zeolites
have aso been used as adsorbents for chromium(vi).
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2.5 Polymeric sorbents

A polymeric ligand exchange material has been developed that
removes trace concentrations of chromium(vi), even in the
presence of sulfate, chloride, or bicarbonate ions. The material
consists of a cross-linked polystyrene—divinylbenzene matrix
with picolylamine groups appended. Onto these picolyl groups
is chelated copper (1), and the high selectivity results from the
preference of chromium(vi) for the divalent copper center.16
Chromium(in) has been removed from phosphoric acid solu-
tions by chelating resins containing either phosphonic or
diphosphonic groups. One such resin is Diphonix that contains
both sulfuric and gem-diphosphonic acid groups, and effec-
tively removes chromium(in). The column sorption is influ-
enced by the acid concentration, with a decrease in elution
efficiency of chromium(in) from the Diphonix being obtained
with increases in phosphoric acid concentration during the
sorption process.” The iron(in) complex of a carboxylated
polyacrylamide-grafted sawdust is also an effective adsorbent
for the removal of chromium(vi) from aqueous solution. Up to
99% removal is observed in the pH range of 2.0 to 3.0. The
chromium(vi) adsorbs as HCrO4—. Over 95% of the chro-
mium(vi) can be desorbed with 0.1 M sodium hydroxide
solution.18 An akyl quaternized poly(4-vinylpyridine) coated
silica gel absorbs chromium(vi) from solution at a diffusion
controlled rate.x® Chromium(vi) has also been removed using
polyurea microcapsules.

For a series of different ion exchange resinsit is found that
the acidities must be carefully chosen. Because of selectivity
reversal between HCrO,— and CrO42— at the prevailing ionic
strength there is a critical pH in the acidic region whereby
lowering it causes no increasein chromate removal capacity. An
ion exchange material prepared by adsorbing a ferrocenyl salt
onto silicaisaredox-recyclable extractant for pertechnetate and
perrhenate. The oxidized cationic form of this compound,
1,1’,3,3-tetrakis(2-methyl-2-hexyl)ferrocene 4, extracts these
anions into an organic phase and then releases them upon

PO
o

4
reduction with potassium ferrocyanide. The reversibility of this

material results from the oxidized iron(ii) form being cationic,
and the reduced iron(ir) form being uncharged.20

3 Complexant design

Although to date there has been relatively little effort directed
toward designing selective receptors for oxoanions, the situa-



tionisrapidly changing. Simple compoundsthat have been used
as ligquidHiquid extractants for chromium(vi) are methyl
isobutyl ketone, p-(1,1,3,3-tetramethylbutyl)phenylphosphoric
acid, an iron(in) hexamethylenedithiocarbamate complex, and
diphenylcarbazide. Selectivity, however, is often limited, and
thereis no rational understanding as to why they are effective.
As a result, no guidelines are available as to how to design
complexants and extractants that have high selectivities for
chromate or other oxoanions. An important aspect of develop-
ing extractant for both metal ions and oxoanionsisthat they are
kinetically rapid. Thisis especially important if the complexant
will eventually be bound to a polymeric support because
attachment of achelate to such asupport resultsin adecreasein
the rate of metal binding.

3.1 Cationic amines

One approach to specifically designing extractants for oxo-
anionsisto seek cationic hosts with tetrahedral cavitiesthat can
hydrogen bond with the peripheral oxygens on the guest. These
cations can have metal centers that bind to the oxo functional -
ities of the anions or cationic groups that can interact by
hydrogen bonding. Amines meet many of these requirements,
and reversibility of anionic binding can be achieved by
switching between the free amine and its protonated form.

In acid solution the chromium(vi) oxoanion is primarily
present in its protonated dimeric form HCr,O,~. Extraction
from acid solution via ion-pair formation with simple long-
chain alkylamines R3N results in proton transfer to the amine

[ean. (2)].
Hcr2077 + H* + 2R3N — (R3N H)2Cr207 (2)

If, however, the chromium(vi) is initially present in basic
solution, it will exist in the monomeric form CrO42—. Although
simple short alkyl chain amines do not extract chromium(vi),2t
the synergistic extraction of chromium(vi) and copper(i1) occurs
with a mixture of LIX 84 and trioctylamine.22 In addition to
akylammonium salts [egn. (3)],

2Nat + CrO42— + 2R4N*Cl— — 2Na* + 2Cl— + 2(R4N).CrO,4

©)
pyridinium salts are al so extractants for both chromium(vi) and
technetium(vi) oxoanions. Another approach is to use cyclic
polyamines. These compounds are cationic in acid solution,
have cavity sizes that can be modified to be specific for
tetrahedral oxoanions, and have multiple hydrogen bonding
sites.23 Examples are the polyamines 5 and 6. These macro-

NH H HN . %’/ \/X\/
b J NH\/X\/

cyclic polyamines have cavities available for oxoanion inclu-
sion, along with multiple NH functionalities for hydrogen
bonding with an oxoanion. These macrocyclic amines are hosts
for the citrate, malonate, oxalate, sulfate, and substituted
phosphate oxoanions.24

A water-soluble polyazaferrocene macrocycle 7 has been
employed as an oxoanion sensor by again making use of the
reversible 1-electron oxidation wave of a ferrocenyl reporter.
This compound electrochemically recognizes both the hydro-
gen phosphate HPO42— and ATP oxoanions in an agueous
environment in the pH range of 6 to 7.25 Metallocycles are also
used for the recognition of oxoanions. The metalocycle 8

NH NH
=
Fe
©\NH NH

7

selectively recognizes both the perrhenate and dihydrogen
phosphate oxoanions. The anion selectivity of 8 isinfluenced by

n Bu]N\ IBu-n
77X 7
S\C /S S\ /S
_Cu /Cu\

8

the size of the dithiocarbamate copper(i) macrocycle.26 A
metallocrown dimer that contains five tyrosine-hydroximate
ligands and five copper(i1) ions is a selective host for nitrate
anions. This host—guest complexation is a good size match
because it occurs with only minimal perturbations to the cavity
geometry.2” A similar host—guest strategy uses a dicopper(i)
cationic complex within a polyamine cleft 9 for binding to
phosphoryl groups.28

OH o A

0.,.0
oo
Hoo o
N " HN
NH-&- -Gy /eyt J-NH
(N OH N

9

3.2 Calixarenes as extractants

Calixarenes, which are cyclic oligomers prepared by condensa-
tion reactions between para substituted phenols and formal-
dehyde, are excellent phase transfer agents. Calix[4]arenes have
both awide and narrow rim. They have tert-butyl groups on the
wide rim and phenol functionalities on the narrow one. Two
abbreviations that are used for calix[4]arenes are shown in Fig.
1

t-Bu Bu-t Bu-t
t-Bu Bu-t
HO OH
OH “oH OH 4

Fig. 1 Structural representations for a calix[4]arene.

Chemically modified calix[4]arenes are effective extractants
for transferring cationic metal ions from aqueous solution into
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an organic layer.29.30 Since polyamines are hosts for oxoanions
itislogical totarget calixareneswith multiple amine functional -
ities as oxoanion extractants. Asaresult acalix[4]arene diamine
has been found to be a pH-switchable extractant for chro-
mium(vi). The diprotonated alkylammonium form transfers
dichromate into an organic phase, but a a higher pH the
chromateionis carried back into the aqueous phase [egn. (4)].3t

t Bu Bu- tBu-t t Bu tBu ¢
oH
+ Cro 2
O OH HO O O
\+J/ 3 //
0 \‘ N N HzN NH2 (%)

A limitation to amines is that they are susceptible to oxidation
by chromium(vi). Amides, however, are more resistant to
oxidation, therefore the anal ogous amides have also been used
as extractants. These calix[4]arene amines 10, 11 and amides
12, 13 show significant liquidiquid extraction of oxoanions

Bu-t
2 O\L 4
NH, NH,
10 11
Bu-t
2 0 4
O\ \)\
O)/\ NEt, 0" NEt,
12 13

from water into a chloroform phase.21 The extraction percent-
agesin Table 1 show that 11 extracts al oxoanions, and that 13

Table 1 Extraction (%) of oxoanions by calix[4]arene amines (6 and 7) and
amides (8 and 9)

Compound Cr,02= CrO42~ HPO42~ ReO4 WQO,2—
10 11 9 — — 10

11 16 88 66 36 95

12 — 6 3 1 1

13 1 5 — 29 45

is effective for perrhenate. The amides, however, have the
advantage in that they have both amide nitrogen and carbonyl
oxygen functionalitiesfor hydrogen bonding with the oxoanion,
a feature that may be a factor in the extraction of selenate by
hydrophabic calix[4]arene amides.32 Since these extractions are
carried out for only a short time duration the complexation and
phasetransfer sequenceisrelatively rapid. Longer contact times
cause no significant changes in the extraction percentages,
which indicates that equilibration is quickly reached. Pyr-
idinium substituted calixarenes are aso hosts for both dihy-
drogen phosphate and hydrogen sulfate oxoanions.33

64 Chem. Soc. Rev., 2002, 31, 60-67

Other cationic calixarenes have been used as extractants by
ion-pairing with oxoanions. One such family of compounds
incorporates either a cobalt(in) or iron(i1) metallocene (14-17),

— — = —
Fe Fe PFg Co" Co" PFg~
S )

r o i (lJ
Tos Tos Tos Tos
14 15

or a ruthenium(i) bipyridyl cation 18 bound to the wide
calixarene rim. In addition to having a cationic metal center,

18

these extractants again have amide functionalities that can
become involved in hydrogen bonding with the oxoanion guest.
The stability constant data for 15-17 with oxoanions and the
chloride are collected in Table 2. A high selectivity for the

Table 2 Anion stability constant data (K/dm3 mol—1) for calix[4]arene
amides 12-14

Compound H,PO4~ HSO,~ NO3— Cl—
15 2500 — — 400
16 3100 weak weak weak
17 6380 40 125 70

dihydrogen phosphate oxoanion is observed. Aswith thedatain
Table 2, it is clear that oxoanions associate with these



calixarenes, but it is difficult to rationalize the observed
selectivities. In addition to functioning as extractants for
oxoanions, these compounds also act as either redox or optical
sensors for oxoanions.1-3

3.3 Poly(ethylene glycoal) for chromium(vi) extraction

An agueous solution of poly(ethylene glycol) (PEG) is a
biphasic system that has been used as a medium for the phase
transfer recovery of metals from salt solutions. When ammonia
is bubbled through an aqueous solution having the chro-
mium(vi) in the upper PEG-rich layer, the chromium is
transferred to the lower layer. Similarly, passing carbon dioxide
through the system in aqueous ammonia with chromium(v1) in
the lower layer results in its transfer to the upper layer.
Subsequent addition of ferrous sulfate leads to reduction of
chromium(vi) to chromium(ni), followed by an essentially
quantitative transfer of the chromium from the PEG to the salt
layer. A combination of electrolytic methods coupled with the
iron(i,in) redox system can be used to reduce chromium(vi) to
chromium(in). The system succeeds because after oxidation of
the added iron(n) to iron(ii) by chromium(vi), the iron(inn) is
electrolytically reduced back to iron(i). The iron(n), therefore,
needs to be present in only catalytic quantities.34

3.4 Supercritical carbon dioxide for rhenium(vi)
extraction

Supercritical carbon dioxide is a hydrophobic fluid that is
attracting increasing attention for metal extractions. Oxoanions
are also being studied. Perrhenate as its tetrabutylammonium
salt forms the most efficient ion pair for maximizing extraction
into a solution of methanol in supercritical carbon dioxide. The
sdt is extracted because the charge on the perrhenate anion is
partially neutralized by electrostatic interactions of theion pair,
thereby making the salt soluble in the hydrophobic carbon
dioxide solvent. Increasing or decreasing the length of the alkyl
chain decreases the extraction efficiency.35

4 Extraction from soils

Removal of metals from soil presents different challenges than
does their removal from water. In particular, it is economically
advantageous to effect the in situ remediation of soils without
having to carry out their excavation and removal for off-site
cleansing. Thisis also a particularly important detail if the soil
is covered by buildings or vegetation that needs to be retained.
The analytical challenges can also be problematic. One reason
is that the metal may be strongly occluded into the zeolite soil
structure, and therefore difficult to release for accurate assay.
Nevertheless, chromium(vi) has been successfully removed
from soils. The oxidation—reduction chemistry of chromium is
an important factor in determining remediation strategies for
soils. Certain forms of chromium(in) can be oxidized to
chromium(vi), and also chromium(vi) can be reduced to
chromium(ii), under differing soil conditions. It has been
proposed that a Potential Chromium Oxidation Score (PCDOS)
be used as the basis for setting acceptable maximum limits for
chromium(in)-containing wastesin particular soil environments
to maintain chromium(v1) levelsat or below health-based limits.
This PCDOS is based on solubility and site potential of
chromium(in), levels of manganese(i1) and manganese(iv), soil
potential for chromium(vi) reduction, and soil pH.36 Much of
the prior engineering work on in situ soil reclamation has
focused on the removal of organic compounds by using
technol ogies developed for the recovery of oil through polymer
and/or surfactant flooding of porous media. Many of these

strategies, however, can aso be used for metals such as
chromium.37

4.1 Soil washing

The use of flooding methods for the removal of toxic metals
from soils by washing with highly alkaline or acid water has
been investigated, but to a lesser extent than for organics.
Chromium has been effectively removed from soil by using a
washing solution at apH of 10.4. A similar in situ application of
soil washing uses an acid solution to leach metals from more
than 30000 cubic meters of soil.38

4.2 In situ stabilization

Another approach for dealing with metal contamination in soils
is in Situ stabilization. The in situ stabilization involves
converting the metal to an insoluble form such as an insoluble
sulfide, thereby converting the metal into the same chemical
composition as the mineral from which it was originaly
extracted. Another alternative involves solidification and stabi-
lization into Portland cement prior to burial and disposal. An
agricultural-based alternativeis also viable. Such amethod uses
green plants and soil amendments to achieve in situ stabiliza-
tion.3®

5 Electrokinetic extraction

The direct remova of metals such as anionic chromium(vi)
from soils without introducing chemicals presents another
challenge. A technique that can be used for metals is
electrokinetic extraction. The electrokinetic method involves
inserting electrodes into the soil and then applying a potential
across them. In this technique the application of an in situ direct
current produces an electroosmotic water flow, and the H* and
OH- fronts move through the soil in opposite directions.4° The
acid front that moves from the anode to the cathode dissolves
metals that are absorbed in the soil. By contrast, the highly
alkaline interstitial water near the cathode causes these heavy
metalsto precipitate astheir hydroxides. Thisproblem limitsthe
extent of metal ion migration, and hence, to some extent, the
effectiveness of the electrokinetic reclamation process (Fig. 2).

Anode Cathode
+ _
OH- T
OoH
H H;
)
HZO &_ Hzo
+
M "
H,0 H, Ho
OH~ Cro 2"
- -
Soil

Fig. 2 Electrokinetic transfer of the chromate oxoanion and electroosmosis
in soils

Electrokinetic remediation has been used to treat chromium(vi)
contaminated soils. Complete cleansing of a sample of 50-100
mesh sand containing 10% water and 100 ppm chromium(vi) is
obtained after 22 hours of treatment. The chromium(vi) that
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collects near the anode migrates at arate of 0.40 cm h—1witha
purewater current density of 2.26 mA cm—2. Theresults of such
a homogeneous run with chromate contaminated sand are
shown in Fig. 3. During the run the current remains constant at

Cathode Anode
ov +90V
|
50 to 100 mesh sand ‘
10 wt% |
initial moisture
>
|
ov Chromium Distribution after 22 h +150V

ppm Chromium

Fig. 3 Chromium(v1) distribution after electrokinetic treatment.

10.3 mA, while the the voltage rises from the initial value of 90
V to a final value of 150 V after 22 hours. No chromium is
detected in the sample except in aregion adjacent to the anode.
These studies indicate that the electromigration rates normal-
ized by purewater current densitiesin homogeneous studies can
also be applied to heterogeneous soil systems. The in situ
electrokinetic remediation of chromium(vi) is found to be
dependent on the type of clay soil onto which it is adsorbed. In
a comparative study of kaolin clay and a glacial till, some
differences were found. In the kaolin a sharp pH gradient
ranging from ~2 near the anode to 12 near the cathode
develops. However, inthe glacid till, akaline conditions (pH >
8) exist throughout the soil because of its high carbonate-
buffering capacity. The migration of anionic chromium(vi)
toward the anode is therefore more efficient in the glacial till,
and also near the cathode region of kaolin, because of low
adsorption of chromium(vi) in high pH environments. Adsorp-
tion of chromium(v1) in the low pH regions near the anode in
kaolin results in low chromium(vi) removal .41

6 Bioremediation

Bioremediation is atechnology that differs from the simple use
of biomass for the adsorption of metals such as chromium.42:43
Instead, it is atechnology that focuses on developing problem-
specific organisms. As a result, bioremediation, which uses
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living microorganisms for the degradation of pollutants, is
becoming increasingly important in the search for a clean
environment. Furthermore, genetically engineered microbes
can be designed that target specific pollutants and environ-
mental conditions. Although bioremediation is primarily used
for organic pollutants, there are also possibilities for the
development of biotechnologies that are focused on the
remediation of oxoanions such as chromate. As an example,
Allied Signal has developed a process for the bioremediation of
groundwater and soils contaminated by metals. The process is
successful for chromium(vi). The process takes advantage of
the ability of anaerobic sulfate-reducing bacteria to reduce
metals to their lower oxidation states, which for chromium(vi)
leads to its conversion to the less toxic chromium(iir) form. The
process circumvents the acute toxicity of chromium(vi) to
microbes by using bacteria that produce hydrogen sulfide
gradients, with the chromium(vi) being reduced to chro-
mium(in) before it reaches the microbial cells. This technology
has already been successfully field tested.

An aternate approach for chromium remediation couplesthe
microbial reduction of chromium(vi) with the anaerobic
degradation of benzoate.#4 Chromium(vi) is removed from
aqueous solutions by an Enterobacter cloacae strain that
reduces it under anaerobic conditions. Both chromium and
organic contaminants can be simultaneously removed by an
anaerobic consortium of bacteria. The microbia reduction of
chromium(vi), and its potentia application for the removal of
chromium from polluted sites, has been reviewed.4> Polluted
sites often contain mixtures of both chromium(vi) and toxic
organic compounds because industrial processes such as|eather
tanning, metals finishing, and petroleum refining, discharge
mixtures of chromium(vi) and aromatics. An important goal,
therefore, is the simultaneous detoxification of both chro-
mium(vi) and these phenolic compounds using aerobic bacteria
or abiotic redox reactions.46 Chromium(vi)-resistant fungal or
bacterial microbes can also be used to effect the reduction of
chromium(vi) to chromium(in). In comparative experiments, it
has been found that the fungi tested are more tolerant to
chromium(vi) than are the bacteria, and that al microbes are
more effective reductants under anaerobic conditions. In order
to be able to apply these technol ogies a two-stage bioreactor has
been designed where Escherichia coli cells are grown in afirst
stage, and then pumped to a second stage plug-flow reactor
where the anaerobic reduction of chromium(vi) occurs.47

7 Phytoremediation

Phytoremediation is also an important method for the removal
of metalsand oxoanionsfrom soilsand waters. For example, the
efficiency of wheat, rape and buckwheat for the removal of
chromium from waste waters has been compared, with
buckwheat being the most efficient. The plant roots are
powerful agents for chromium(in) removal, inducing its
subsequent precipitation on their surface. Although the chro-
mium(vi) form is more toxic to plants than is the chromium(in)
form, some plants retain their capacity for chromium removal
while still showing symptoms of strong toxicity. Chromium(vi)
is removed from aqueous solutions by both Zoogloea ramigera
and water hyacinth.

8 Conclusions and per spectives

Thisfield of anion recognition and extraction isarelatively new
one, but one that has far reaching consequences. The field of
oxoanions is a particularly important one because of envir-
onmentally problematic ions such as chromate, phosphate,
pertechnetate and selenate. Methods of extraction of the anions



from soils and waters are becoming more readily available,
however, and systems are being discovered that can select
between these oxoanions and the simple halides. Nevertheless,
no chemical system issufficiently effective at thistimeto bethe
chosen technology. However, different systemswill continueto
be introduced until al of the precipitation methods have been
replaced.

In competition with the chemical methods are those of
bioremediation and phytoremediation. These last two methods
have the advantage of not introducing chemicalsinto the soil or
water that must be subsequently removed. Also the two methods
are complementary to some extent in that it is becoming
apparent that the metal binding sites in bioremediation and
phytoremediation systems are chemically similar to those that
are designed into selective ligating sites. Advances in genetic
engineering will alow for systems to be designed and grown
that have increasingly higher capacities and selectivities.
Successful remediation strategies will likely be ones that take
advantage of all of the methods in order to engineer the most
effective system. Nevertheless, changing site conditions will
always require local variations in the chosen method.
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