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Immobilization of chromate in hyperalkaline waste streams by green rusts and zero-valent iron
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Zero-valent iron (ZVI) and green rusts can be used as reductants to convert chromium from soluble, highly toxic Cr(VI)
to insoluble Cr(III). This study compared the reduction rates of Cr(VI) by ZVI and two carbonate green rust phases in
alkaline/hyperalkaline solutions. Batch experiments were carried out with synthetic chromate solutions at pH 7.7—12.3 and
a chromite ore processing residue (COPR) leachate (pH =~ 12.2). Green rust removes chromate from high pH solutions (pH
10—12.5) very rapidly (<400 s). Chromate reduction rates for both green rust phases were consistently higher than for ZVI
throughout the pH range studied; the surface area normalized rate constants were two orders of magnitude higher in the
COPR leachate solution at pH 12.2. The performances of both green rusts were unaffected by changes in pH. In contrast,
ZVI exhibited a marked decline in reduction rate with increasing pH to become almost ineffective above pH12.
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1. Introduction

The removal of toxic (e.g. Cr(VI)) and radioactive (e.g.
U(V])) species from alkaline and hyperalkaline (pH > 10)
waste streams/groundwaters is a problem for many indus-
tries and contaminated land remediation. Cr(VI), like other
redox active contaminants (e.g. U(VI) and Tc(VII)), can be
reductively immobilized using material such as zero-valent
iron (ZVI) [1] and synthetic resins.[2] In this process, the
highly soluble, oxidized form of the contaminant is chemi-
cally converted to a reduced form, often forming Cr(OH)j;,
which has lower solubility and mobility e.g. Cr(VI) —
Cr(II). The most commonly used forms of ZVI, granular
and micro, have limited efficiency for reducing contam-
inants in hyperalkaline conditions.[1] Therefore, key to
developing a remediation strategy for hyperalkaline wastes
and groundwater is the development of materials which can
effectively reduce contaminants at high pH.

Hyperalkaline wastes are formed during a number
of metal extraction and purification processes. Examples
include nuclear reprocessing wastes, currently stored at
sites in the USA and Europe.[3,4] Hyperalkaline condi-
tions will also be intrinsic to cementitious radioactive waste
repositories where cement pore waters will maintain pH >
12 for thousands of years.[5] Among the most common
hyperalkaline waste streams are Cr(VI) rich waters formed
by leaching chromite ore processing residue (COPR).
These residues are waste products generated by the high

lime process when chromite ore is roasted with alkaline
carbonate (e.g. NaCOs) to extract chromium. Historically,
COPR has been discarded in poorly managed landfills,
often located around urban areas.[6—8] Leachate from these
wastes are typically hyperalkaline and, due to the inefficient
nature of the metal extraction process, can contain toxic
levels of Cr(VI), reaching 1.6 mmol L='.[9,10]

ZVI has been successfully utilized within permeable
reactive barriers (PRB) to reductively immobilize Cr(VI)
in groundwaters with circum neutral pH.[11,12] At higher
pH, the rate of Cr(VI) reduction decreases rapidly due to the
consumption of H* during the Cr(VI) reduction reaction,
and the formation of low solubility Cr(IIT)/Fe(IIl) oxides
on the ZVI surface which limit further reduction.[13] These
processes severely limit the effectiveness of ZVI for reme-
diating high pH COPR leachates. Potential alternatives to
ZVI are green rust phases. These are a family of layered
double hydroxide compounds containing Fe(IT) and Fe(III)
with a general formula

[Felg_, Fel (OH) 1T [(A)s/n - yH,O1, (1)

where x = 0.9—4.2, y = 24 and A is an anion (e.g. CO%f
or SO37).[14,15]

They have been shown to effectively reduce a variety of
redox active contaminants including Cr(VI),[16—18] U(VI)
[19] and Se(VI).[20] During the Cr(VI) reduction process,
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the Fe(Il) within green rust oxidizes to produce Cr(III)
substituted a-Fe(III)OOH as the final reaction product,[21]
see Equation (2)

3Fe(I),Fe(I1),(OH) 1250, - 8H,0 + 4CrO>~ + 2H*
— 22Cry.15Feos,00H + 32H,0 + 3805 )

The substitution of Cr(III) within the highly insoluble
Fe(IIT) phase, potentially limits any further remobilization.
Green rust forms plate-like particles which are typically
1-5 wm in diameter and <100 nm in thickness. The high
surface area of the particles and the ability of electrons to
move through the structure means that the entire particle
is oxidized during the Cr(VI) reduction process, with no
surface passivation.[21] Finally, recent studies have also
shown that green rust can be stable up to at least pH 10,[22]
suggesting it could be a candidate for contaminant reduction
in hyperalkaline solutions.

The aim of this study is to test the hypothesis that green
rusts will be significantly more effective than ZVI for reduc-
tive removal of Cr(VI) from strongly alkaline solutions. The
primary objective was to use batch experiments to compare
the rates of Cr(VI) reduction by carbonate green rust (GR-
CO3), carbonate green rust containing zinc (GR-Zn-CO3)
and granular ZVI, in synthetic alkaline fluids and COPR
leachate. The results from this study show that green rust
is highly effective at removing Cr(VI) from hyperalkaline
solutions.

2. Experimental section

Granular ZVI (Connelly GPM, Inc., IL, USA) was pre-
pared by sieving to produce a size fraction between 0.25
and 0.6 mm. Carbonate green rust (GRCO;3) and carbon-
ate green rust containing zinc (GR-Zn-COs) were syn-
thesized following the methods of Ahmed et al.[22,23]
GR-Zn-CO3 was synthesized from a starting solution with
a Zn/(Zn + Fe) ratio of 0.2, to form a green rust phase
where 20% of the total Fe was substituted with Zn.[23]
Phase purity of the green rusts was confirmed by pow-
der X-ray diffraction (Bruker D8 1 = CuKa,). The surface
areas of the green rusts and ZVI were determined using the
Brunauer—Emmett-Teller (BET) method (Micromeritics
Gemini V2365). The surface areas of the ZVI, GR-CO3 and
GR-Zn-CO3 were 2.07, 21.6 and 88.5m?g ™", respectively.

Sodium chromate solutions (100 and 1000 umol L")
were prepared using deionized water and then titrated, drop-
wise with sodium hydroxide solution, to achieve the desired
initial pH (8, 10 or 12). Solutions were stored in sep-
tum vials and deoxygenated by bubbling with oxygen-free
nitrogen immediately prior to use. Alkaline COPR leachate
was collected from a waste site in the North of England
(from a standpipe piezometer, screened into the COPR).
The leachate had a pH of 12.2 and contained 990 pmol L~
Cr(VD).[9]

The Cr(VI) reduction experiments were performed with
a solid concentration of 10 gL~" in a crimp sealed 20 mL
septum vial with a nitrogen headspace. Two concentrations
of chromate solution were used; 100 umol L~ with ZVI
and 1000 umol L~! with the green rusts. The Cr(VI) con-
centration was increased in the green rust experiments due
to the rapid Cr(VI) reduction rates observed (seconds) in
these systems. In all experiments, the concentration of Fe(II)
within GR was in excess relative to Cr(VI). Vials were
shaken during the experiments at 21°C (£1°C). At each
time step, a nitrogen filled syringe was used to extract a
suspension of the reacting materials; the experiments with
ZV1 were sampled in triplicate, but only single measure-
ments were possible with both green rust materials due to the
fast reduction rates in these systems. The extracted suspen-
sion was filtered through a 0.2 wm nylon syringe filter and
the filtrate analysed for chromate and pH. Determination of
Cr(VI) concentration was achieved colourmetrically based
on the reaction with diphenylcarbazide (US EPA method
7196 [24]). Measurements were made with a Cecil 3021
UV/VIS spectrophotometer at 540 nm; the detection limit
was 0.2 wmol L~!. The pH value reported for each experi-
ment was taken to be the mean of the measured pH values for
every time step used in the derivation of the initial rate con-
stant (kops) for that experiment. A summary of experimental
conditions is given in supporting material Table S1.

3. Results
3.1. Cr(VI) removal

The concentration of dissolved Cr(VI) as a function of
reaction time and pH for reduction experiments employing
green rust and ZVI are shown in Figure 1. Cr(VI) removal
in the presence of GR-CO; and GR-Zn-CO; was extremely
rapid in all systems. GR-COs; completely removed all
Cr(VI) within 300s in all solutions except the leachate.
Here, there was an initial rapid reduction of chromate with
80% removal in 350 s followed by a slower removal stage
lasting over 1000 s (Figure 1(a)). GR-Zn-CO3 was the most
reactive material and removed almost all (>99%) Cr(VI)
within 300 s in all systems. Overall, the reactivity for both
green rust materials remained relatively constant at all pH
values, therefore it was not possible to determine any trend
in reduction rate with pH.

In contrast to the fast reduction rates observed with green
rust, the reduction of Cr(VI) by ZVI was much slower at
all alkaline pH values used in the study (Figure 1(c)). In
fact, at pH > 12 and with COPR leachate, Cr(VI) concen-
trations remained near initial values with little reduction
even after several weeks (data not shown). At lower pH
values, the rates of reduction were faster; at pH 7.7 there
was 50% removal of Cr(VI) after 1.5h (5.3 x 103 s) com-
pared with 1.8h (6.5 x 103 s) at pH 9.0. A photograph of
the post experiment microcosms Figure S1 (with support-
ing material) demonstrates the effectiveness of green rust
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Figure 1. Cr(VI) concentration with time during reaction of (a)
GR-CO3 and (b) GR-Zn-CO3 with synthetic chromate solutions
(pH 10.5-12.3) and COPR leachate, and (c) ZVI with synthetic
chromate solutions (pH 7.7—12.1) and COPR leachate.

materials compared with ZVI at removing Cr(VI) from the
COPR leachate solution.

3.2. Kinetic analysis of Cr(VI) removal

Previous studies of Cr(VI) reduction by green rust [16—18]
and ZVI [13] indicate that, provided the amount of reacting
solid material is not rate limiting, the kinetics of Cr(VI)
reduction can be described by a first order kinetic model as
follows:
d[Cr(VD]
dr

where kg (s7!) is the observed rate constant and ¢ is the
time (seconds). Equation (3) can be expanded to take into
account the variation in surface area of the different solid
materials used in the batch experiments.[25]

Thus,

= —kops[Cr(VD)], 3)

d[Cr(VI
%t” — ksapalCE(VD], @)

where kgp is the specific (surface area normalized) rate con-
stant (L s~ m™2) and p, is the surface area concentration

of the solid material (m? L~"). The surface area concentra-
tion can be related to the surface area per gram of the solid
material and the solid concentration in the system to give

Pa = dsPm, Q)

where aj is the specific surface area of solid (m? g~!) and
om is the mass concentration of solid (gL ™").
Therefore,

kobs = ksA Pmas. (6)

Initial rate constants for each ZVI and GR experiment
were obtained by fitting the first-order rate expression (kops,
Equation (1)) and normalizing for surface area and solid
concentration (ksa, Equation (6)). The values for kqps, ksa
are given in Table 1.

Rate constants (kops and ksa) for Cr(VI) reduction by
green rustand ZVIas a function of pH are shown in Figure 2.
Both the ks and ksa data show that Cr(VI) reacts faster
with green rusts than with granular ZVI. The kqps values for
GR-Zn-COs are slightly higher than those for GR-COs3, but
the ksa values are almost identical. This indicates that the
increased rate of Cr(VI) reduction by GR-Zn-COj is simply
asurface area effect, and there is no intrinsic improvement in
Cr(VI) reduction caused by the addition of zinc. An almost
imperceptible increase in reaction rate with pH is observed
for green rusts when ks values are plotted in Figure 2(a).
When corresponding ksa values are plotted in Figure 2(b),
the reduction rates decrease with pH. The kg and ks values
for granular ZVI decrease rapidly with pH and show that at
pH 10—12 green rust materials reduce Cr(VI) approximately
200 times faster than ZVI. The rate constants (kqps and ksa )
for Cr(VI) reduction in this study correlate well with pub-
lished rates for Cr(VI) reduction by green rust carbonate at
pH 7.[16,17]

The results for ZVI show a steady decrease in reaction
rate with increasing pH. The data are consistent with reduc-
tion rates at lower pH [13] and reveal a trend of decreasing
reduction rate with increasing pH from 5 to >12. By com-
bining the data from this and previous studies,[1,13] a linear
relationship between log kss and pH can be observed. From
this a model for Cr(VI) reduction rate as a function of pH
(5—12) can be derived as follows:

Log ksa = —0.50(£6) pH — 0.4(£5), (7

(Pearson’s r = —0.94, P =< 0.001, n = 10).

Cao and Zhang [1] compared the rates of Cr(VI) reduction
by nano-ZVIand micro ZVIat pH 11 (Figure 2). The Cr(VI)
reduction rate for micro ZVI is similar to those for ZVI in
this study suggesting that the granular ZVIused in this study
was similar to the micro ZVI used by Cao and Zhang.[1]

4. Discussion

This study has demonstrated the highly effective nature of
green rusts in reducing and removing Cr(VI) from solutions
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Table 1. Experimental parameters for each Cr(VI) reduction experiment in this and previously published studies.

Observed rate BET value Surface area Specific rate
Material pH kobs (s™1) as (m?g~1) pa (M?L71) ksa (Ls™'m™2) Ref.
ZV1 granular 7.65 1.31E-04 2.07 20.7 6.33E-06
9.02 1.06E-04 2.07 20.7 5.12E-06
12.11 1.65E-05 2.07 20.7 7.97E-07
12.172 6.97E-06 2.07 20.7 3.37E-07
5.50 3.06E-02 2.30 19.00 1.61E-03 [13]
6.00 1.69E-02 2.30 19.00 8.92E-04 [13]
6.50 7.78E-03 2.30 19.00 4.09E-04 [13]
7.00 3.06E-03 2.30 19.00 1.61E-04 [13]
7.50 1.53E-03 2.30 19.00 8.04E-05 [13]
ZVI micro 11.00 2.57E-05 1.00 10.50 2.45E-06 [1]
ZVI nano 11.00 2.35E-03 35.00 38.50 6.11E-05 [1]
GRCO3 10.98 1.13E-02 21.62 216.0 5.23E-05
12.31 9.81E-03 21.62 214.8 4.57E-05
12.452 6.73E-03 21.62 216.4 3.11E-05
7.00 2.39E-02 30.10 15.05 1.59E-03 [17]
7.00 3.30E-03 47.00 11.80 2.81E-04 [16]
GR-Zn-CO3 10.49 1.73E-02 88.52 885.4 1.95E-05
12.29 2.86E-02 88.52 885.2 3.23E-05
12.192 3.16E-02 88.52 884.7 3.57E-05

Note: Data from referenced work has been adapted to provide a direct comparison with experimental results in this study.

3The solution was COPR leachate.
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Figure 2. A comparison of (a) observed rate constants, kyps and
(b) specific rate constants, ksa for green rusts and ZVI.

at high pH, including hyperalkaline COPR leachate. This
is contrasted with the behaviour of granular ZVI, which
proved to be almost completely ineffective above pH 10.

It also shows that the rate of Cr(VI) reduction by struc-
tural Fe(II) within GR-COj is not significantly affected by
increasing pH to hyperalkaline conditions. The effective-
ness of green rust is likely to be related to the chemical,
electrical and structural properties of these phases. The
Fe(Il) reductant is located within the octahedral layers of
the green rust structure [14] with the reduction of Cr(VI)
occurring at the edges of the plate-like particles.[21] We
suggest that passivation of the green rust particles does
not occur as electrons can easily flow along the octahe-
dral layers [26] so permitting constant replenishment of
Fe(Il) at the reactive edge sites. This process allows the
particles to remain reactive until all the Fe(Il) has been
oxidized. Also, the rapid transport of electrons along the
layers would promote the fast reduction rate of Cr(VI) inter-
acting with edges of the plate-like particles. This idea is
supported by Skovbjerg et al. [21] who showed that the
entire green rust particle reacts to form «-FeOOH during
Cr(VD) reduction. After reduction, Cr(IlI) will substitute
for the oxidized Fe(IIl) ions and become immobilized via
incorporation into the FeOOH structure of the oxidation
product.[21] Cr(IIT) within iron oxides has been observed to
be very resistant to reoxidation.[8] Thus, the reduced Cr(II)
will remain immobilized in the solid for the long term. These
results suggest that green rusts could be an effective reme-
diation material for high pH COPR leachates. However,
it should be noted that green rusts oxidize rapidly in air,
therefore emplacement mechanisms, for example, employ-
ing carbon nanotubes (CNTs), would need to be developed
to minimize air exposure. The use of CNTs in this way
may also contribute to the overall removal capacity of the
material.[27]
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The results at high pH suggest that granular ZVI can
have no practical application in PRB technology for remedi-
ating hyperalkaline COPR sites. The low rates of reduction
observed in this study imply that an unrealistically thick
PRB would be required to achieve acceptable Cr(VI)
removal, and therefore, the implementation costs would be
unfeasibly large.[28] These results are consistent with other
studies which have revealed the ineffectiveness of ZVI as
a Cr(VI) reductant in hyperalkaline solutions [1] The rea-
son for the dramatic decrease in reduction rate with high
pH has been attributed to the decreasing concentration of
H*, which is required for the Cr(VI) reduction reaction,
and the formation of an oxidized surface layer which phys-
ically protects the ZVI surface from further reaction with
Cr(VI).[13] Effective remediation of COPR sites with ZVI
PRB technology could potentially only be achieved through
the addition of other substances to reduce the high pH of the
system into the range where ZVI is effective.[12] However,
this approach has produced limited success.[11] Also, the
necessary maintenance and monitoring required is contrary
to the principles of long-term passive treatment.

In contrast to the results for granular Z VI, the reduction
rates for nZVI were similar to those for GR. Cao and Zhang
[1] suggested that the nano-size of ZVI is too small for
surface oxidation effects to dominate. However, use of nZVI
in the environment can lead to the development of highly
reducing conditions and hydrogen generation,[29] which is
not observed during green rust oxidation, and may not be
desirable.

5. Conclusions

The results from this study indicate that green rusts are
highly effective at reducing and removing Cr(VI) from
hyperalkaline solutions (up to pH >12). Observed sur-
face area normalized reduction rates are similar to nZVI
and ~200 times faster than for granular ZVI at high pH.
Green rust materials could therefore be used as poten-
tial tools for COPR leachate remediation. They may also
be suitable in the reductive immobilization of other con-
taminants from a wide range of hyperalkaline fluids. This
includes radioactive elements (e.g. U, Np and Tc) from high
pH reprocessing wastes.[19] The fast rates of reaction and
environmentally benign reaction products also make green
rusts potential candidate materials for emergency clean-up
operations following accidental spills.
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