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A bench-scale treatability study was conducted to assess the effects of particle size and acid addition on
the remediation of chromite ore processing residue (COPR) using ferrous sulfate. The remediation scheme
entailed the chemical reduction of hexavalent chromium [Cr(VI)] and the mitigation of swell potential.
Leaching tests and the EQ3/6 geochemical model were used to estimate the acid dosage required to
destabilize Cr(VI)-bearing and swell-causing minerals. The model predicted greater acid dosage than that
estimated from the batch leaching tests. This indicated that mass transfer limitation may be playing a
hromite ore processing residue (COPR)
errous sulfate
oxicity characteristic leaching procedure
TCLP)
-ray absorption near edge structure
XANES)
-ray powder diffraction (XRPD)

significant role in impeding the dissolution of COPR minerals following acid addition and hence hindering
the remediation of COPR. Cr(VI) concentrations determined by alkaline digestion for the treated samples
were less than the current NJDEP standard. However, Cr(VI) concentrations measured by X-ray absorp-
tion near edge structure (XANES) were greater than those measured by alkaline digestion. Greater Cr(VI)
percentages were reduced for acid pretreated and also for smaller particle size COPR samples. Upon treat-
ment, brownmillerite content was greatly reduced for the acid pretreated samples. Conversely, ettringite,

was n
a swell-causing mineral,

. Introduction

Chromite ore processing residue (COPR) is the solid residue left
fter the extraction of hexavalent chromium [Cr(VI)] from chromite
re using the high lime process. The extraction process involves
ixing the chromite ore with lime and soda ash at approximately

200 ◦C to oxidize chromium (Cr) from trivalent to hexavalent state
nd to sequester impurities. The detailed description of the extrac-
ion process was described by numerous researchers [1–4]. Millions
f metric tons of COPR had been deposited at many urban areas in
he USA, UK and some other places around the world [5–8]. COPR
s highly alkaline (pH > 12) and it contains unreacted chromite and
nextracted chromate. The total Cr concentrations in COPR are up
o 5%, including hexavalent chromium [Cr(VI)] concentration up
o 2% on dry weight basis [9–11]. Two problems are observed at
OPR deposition sites in the USA: the first problem is leaching of

hromate solution and the second one is heaving and uncontrolled
xpansion [7]. Hence, COPR has become a major geoenvironmen-
al and geotechnical hazard in many urban areas. COPR hazards
tems from its mineralogical composition. It is comprised mainly

∗ Corresponding author. Tel.: +1 201 216 8993 fax: +1 201 216 8212.
E-mail address: mwazne@stevens.edu (M. Wazne).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.02.012
ot observed in the treated COPR.
© 2009 Elsevier B.V. All rights reserved.

of brownmillerite (Ca4Fe2Al2O10), periclase (MgO), quicklime (CaO)
and their hydration products such as hydrogarnets (Ca3Al2(OH)12),
portlandite (Ca(OH)2), and brucite (Mg(OH)2.

The COPR minerals can be grouped into two classes; fast reac-
tants and slow reactants. Fast reactants are mainly hydrates and
carbonates, which react within minutes, whereas, slow reactants
are mainly brownmillerite and periclase, which may take up to
months or years for the reactions to be complete. Tamas and Vertes
[12] reported complete hydration of synthetic brownmillerite in
less than 2 weeks. However, brownmillerite at a New Jersey site
is still present some 80 years after its deposition [1,4,6–11]. The
hydration of brownmillerite in COPR appears to be kinetically inhib-
ited. The slow hydration of brownmillerite results in the delayed
release of alkalinity and alumina, which may prove detrimental to
the remediation process due to the potential for future swell of the
treated COPR material. Moreover, Cr(VI)-bearing minerals can be
embedded in brownmillerite as reported by Kremser et al. [13] and
Hillier et al. [14]. Kremser et al. [13] presented an electron probe
microscope image of a COPR nodule where a Cr(VI)-bearing mineral

was embedded within the brownmillerite mineral.

In the environment, chromium exists in two stable oxidation
states, trivalent chromium [Cr(III)] and Cr(VI). Cr(VI) is carcinogenic
and mobile in alkaline conditions, while Cr(III) is a micro-
nutrient and immobile at pH > 5 [4,15]. Hence, most of the applied

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mwazne@stevens.edu
dx.doi.org/10.1016/j.jhazmat.2009.02.012
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emediation techniques involved the chemical reduction of Cr(VI)
o Cr(III) followed by precipitation to Cr(III) hydroxides. Some of
he more effective reductants are ferrous iron [Fe(II)] [7,10,11,16,17],
alcium polysulfide [9,10,18,19], and sodium dithionite [20]. This
aper deals with Fe(II) in the form of ferrous sulfate heptahydrate
ven though all prior attempts to remediate COPR in NJ using Fe(II)
ources have failed to achieve satisfactory results.

The reduction of Cr(VI) by Fe(II) is based on the following reac-
ion [7].

Fe2+ + CrO4
2− + 8H2O → 4Fe0.75Cr0.25(OH)3 + 4H+ (1)

The use of Fe(II) salt in its sulfate form is advantageous in treat-
ng COPR. Geelhoed et al. [17] reported a large increase in Cr(VI)
eachability caused by sulfate exchange with chromate anions in
r(VI)-bearing minerals such as hydrocalumites. Another advan-
age for using Fe(II) is that it imparts acidity due to the release of
+ ions as shown in Eq. (1). On the other hand, infusion of sulfates

nto COPR matrices can create heave problems. Ettringite, a heav-
ng culprit in COPR and cement chemistry, was formed at pH greater
han 9 in the presence of sulfate in COPR treated samples [7,11].

A pilot scale study which was conducted at a site in New Jer-
ey, USA using ferrous sulfate heptahydrate at 5 and 8 times the
toichiometric requirement (38% and 51%, respectively) failed to
chieve satisfactory results after a curing period of 240 days [7,11].
ermatas et al. [7] reported on the use of three types of mixers-
ugmill, horizontal rotary mixing and vertical auger. The Cr(VI)
oncentrations, as measured by alkaline digestion, were less than
40 mg/kg immediately after mixing but increased over time. Cr(VI)
oncentrations were also measured by X-ray absorption near edge
tructure (XANES) and the lowest Cr(VI) concentration reported
as 588 mg/kg for vertical auger mixing with a ferrous sulfate hep-

ahydrate dosage of 38% (w/w) after 240 days curing time. The
easons for failure are attributed to the slow leaching of Cr(VI) from
he COPR nodules due to mass transfer limitations and the scaveng-
ng of the Fe(II) reductant by oxygen during treatment and curing.
herefore any treatment schemes should mitigate mass transfer
imitations by measures such as reduction of COPR particle size,
estabilization of Cr(VI)-bearing minerals, and effective mixing.

The effect of particle size on the treatment results was shown
n a recent study by Moon et al. [11]. Moon et al. [11] reported on
ong-term treatment issues associated with COPR for the same pilot
tudy. The cited study compared Cr(VI) reduction in two types of
OPR (B1B2 and C) using ferrous sulfate heptahydrate. The parti-
le size of Type C COPR is smaller than the particle size of type
1B2. Greater Cr(VI) reduction rates were observed in Type C COPR,
uggesting that particle size reduction prior to the addition of the
eductant may improve the effectiveness of the treatment. More-
ver, reduction of particle size exposes more surface area thus
esulting in the release of more Cr(VI) that are embedded in the
OPR minerals. The released Cr(VI) ions are more readily avail-
ble for chemical reaction with the ferrous ions than the embedded
nes.

On the other hand, Wazne et al. [4] investigated the sta-
ility regions of Cr(VI)-bearing and swell-causing minerals. The
r(VI)-bearing minerals identified in COPR were calcium alu-
inum oxide chromium hydrates (CACs) (monochromate or

r(VI)-hydrocalumite), hydrotalcites and hydrogarnets [4,21]. The
olubility of Cr(VI) was found controlled by Cr(VI)-ettringite and
r(VI)-hydrocalumite minerals at a pH range of 10.5–11.5 and pH
reater than 11.5, respectively. According to the study, imparting
cidity into COPR destabilizes Cr(VI)-bearing minerals and makes

r(VI) available for reaction with Fe(II). The leaching studies as
eported by Wazne et al. [4] and Tinjum et al. [22] indicated a mea-
ured increase in Cr(VI) leachability at pH values between 5 and
0, where the maximum amount of Cr(VI) was leached in the pH
ange of 7.6–8.1, respectively. Also, at pH less than 9 the formation of
s Materials 168 (2009) 121–128

the swell-causing mineral, ettringite, appears to be inhibited. This
implies that the maintenance of COPR pH below 9 favors the dis-
solution of Cr(VI)-bearing and swell-causing minerals. Moreover,
the alkaline pH of COPR favors the precipitation of Fe(II) as fer-
rous hydroxides or carbonates and the oxidation of Fe(II) to Fe(III)
by oxygen [7,17]. Therefore, COPR treatment should be attempted
with enough acidity to bring the pH to less than 9.

Moon et al. [19] had published the effect of particle size and
pH on the remediation of COPR using calcium polysulfide (CaS5) as
the reductant. The results of the CaS5 showed that the treatment
was not very effective even at pH less than 9. The treatment results
were not satisfactory with respect to residual Cr(VI) and ettringite
formation. It was suspected that the acid dosage needed to bring
the treatment pH values to less than 9, as estimated empirically
from the ANC tests (2 months mixing time) was not sufficient to
keep the pH at target values. Therefore an alternative approach was
necessary to estimate this acid dosage, which led us to conduct
an extensive geochemical modeling work to estimate the amount
of acid needed to reach the target pH, without any rebound in pH
upon mixing or long term treatment.

In this study, ferrous sulfate heptahydrate with a dosage of
25% (w/w) was used for the treatment. The COPR particle size
ranged from 0.150 to 0.010 mm, whereas, the amount of acid dosage
needed to maintain pH less than 9 was estimated from leaching
tests and EQ3/6 geochemical modeling. The toxicity characteris-
tic leaching procedure (TCLP) Cr concentration for treated samples
was measured and compared with the universal treatment stan-
dards (UTS) of 0.6 mg/L. Alkaline digestion and X-ray absorption
near edge structure (XANES), a non-destructive technique, were
used to measure the concentration of Cr(VI) in all COPR samples.
Qualitative and quantitative X-ray powder diffraction (XRPD) anal-
yses were conducted for the untreated and treated COPR samples
to understand the mineralogical transformations and to assess the
treatment results.

2. Materials and methods

2.1. Materials

2.1.1. COPR samples
The COPR samples used in this study were collected during a

major sampling event from study area 7 (SA7) in Jersey City, New
Jersey, USA. The samples were collected from two stratigraphic lay-
ers, B1 and B2, extending from the ground surface to 4–5 m below
ground surface (bgs). The detailed description of the physical char-
acterization of the COPR layers was presented in Dermatas et al. [6]
and Wazne et al. [9]. The water table fluctuates in the B2 zone. A
homogenized B1B2 sample was prepared by mixing equal amounts
of COPR from zones B1 and B2. After homogenization, the sample
was air dried and pulverized to achieve lower particle sizes. Four
different particle sizes were used in this study, which consisted
of COPR material passing through sieves-mesh 100 (<0.150 mm),
mesh 200 (<0.075 mm), mesh 400 (<0.038 mm) and micronized
COPR (<0.010 mm). The micronized COPR was obtained by grind-
ing air dried COPR with cyclohexane in a McCrone micronizing mill
(Westmont, IL) and then air drying the mixture. It is worth noting
here that, when the COPR sample was passed through a particu-
lar sieve to achieve the required particle size, the entire quantity
of COPR sample was made to pass through the sieve to avoid any
fractionation.
2.1.2. Reagents
Ferrous sulfate heptahydrate (FeSO4·7H2O), potassium chro-

mate (K2CrO4), chromium nitrate nonahydrate [Cr(NO3)3·9H2O],
concentrated sulfuric acid, concentrated hydrochloric acid, sodium
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Table 1
Treatment conditions for COPR.

Sample ID Particle size
(mm)

Reductant dosage
% (w/w)a

Acid pretreated
(yes/no)

COPR1-150-NA ≤0.150 25 No
COPR2-150-A ≤0.150 25 Yes
COPR3-075-NA ≤0.075 25 No
COPR4-075-A ≤0.075 25 Yes
COPR5-038-NA ≤0.038 25 No
COPR6-038-A ≤0.038 25 Yes
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OPR7-010-NA ≤0.010 25 No
OPR8-010-A ≤0.010 25 Yes

a Percent of dry weight of COPR.

ydroxide, sodium carbonate, and cyclohexane were certified ACS
rade and were obtained from Fisher Scientific (Suwanee, GA).

.2. Experimental design and methods

.2.1. Design
The experimental design to investigate the effects of particle

ize and acid dosage is presented in Table 1. The dosage of ferrous
ulfate heptahydrate is the same for all treatment conditions, at
pproximately twice the Cr(VI) stoichiometric requirement and is
quivalent to 25% (w/w). At each particle size, the samples were
cid treated prior to the addition of the reductant. The acid dosage
as diluted into the required water quantity and mixed with COPR
efore the addition of the ferrous sulfate dosage. Control duplicate
xperiments were conducted at each particle size with no acid pre-
reatment. The samples were mixed rigorously with the ferrous
ulfate and sulfuric acid (when applicable) for 1 h at a liquid to
olid ratio of 10. After mixing, the samples were filtered and the
OPR residue was subjected to alkaline digestion, TCLP, XANES and
RPD analyses.

.2.2. Leaching tests
The amount of mineral acid needed to destabilize the Cr-bearing

inerals and the swell-causing minerals as determined from ANC
ests [23] have been previously reported by Wazne et al. [10]. A
OPR sample of particle size less than 0.150 mm was mixed with
ifferent equivalents of acid and water at a liquid to solid ratio
f 20, to achieve pH values ranging from 1 to 12. The samples
ere prepared in duplicates and mixed in an end-over-end mixer

or 1 week and 2 months, before the pH was measured. However,
he required acid dosage was also obtained through geochemical

odeling. The geochemical modeling code, EQ3/6, developed at
awrence Livermore National Laboratory (LLNL) was used to simu-
ate COPR–water interactions [24,25]. The LLNL database is one of
he most extensive resources available and contains many minerals
hat are pertinent to the COPR mineral system. The database was
lso supplemented by COPR phases reported in the literature [3,4].
he input used in the model was the percent weight of the min-
ral phases as obtained by Rietveld quantification. The amorphous
ontent was assumed to consist of goethite during the modeling
uns. Typically, the major sources of amorphous content are silicon
nd iron oxides; the measured concentrations of Si and Fe in the
OPR samples were approximately 1.98% and 11.8%, respectively
19]. The small amount of Si can sequester in quartz, albite, and
ydroadratite, whereas there is no clear sink for the large iron con-
ent in the COPR minerals. Amorphous content could not be used as
nput in the model calculations so goethite was used as a surrogate

or the iron oxide–hydroxide. Iron in COPR is generated due to the
ydration of brownmillerite to hydrogarnet (non-iron phase) and

ron oxide–hydroxide. However, it is widely accepted in the litera-
ure that hematite is abundant in ancient deposits whereas goethite
s abundant in younger deposits [26]; therefore goethite was used
s Materials 168 (2009) 121–128 123

as a surrogate for the amorphous content. COPR was titrated with
acid during the model simulation and all reactions were assumed
to occur instantaneously.

2.2.3. Physicochemical analyses
pH values for all COPR samples were measured as per ASTM

D4972-01 [27]. The total concentration of chromium in the treated
samples was measured using US Environmental Protection Agency
(USEPA) Method 3051A, microwave assisted acid digestion [28] and
USEPA Method 6010C, Inductive Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) [29]. For quality control purposes, Montana
standard soil was used for the acid digestion process. The Cr ICP
standard was used for the calibration of ICP-AES and quality con-
trol blank and spikes were measured for every 10 samples per batch.
The concentration of Cr(VI) in COPR was measured using the USEPA
Method 3060A, alkaline digestion method [30]. A representative
sample of 2.5 g of the COPR material was digested in phosphate
buffered alkaline digestion solution (0.28 M Na2CO3/0.5 M NaOH)
at 90–95 ◦C for about 60–65 min. 100 mg of Mg2+ in the form of
magnesium chloride was also added to the digestion solution to
suppress the oxidation of Cr(III). The digested solution was allowed
to cool to room temperature. The solution was then filtered using
Millipore Nylon-66, 0.45 �m membrane filters. The Cr(VI) concen-
tration in the filtrate was measured using the USEPA Method 7196A,
colorimetric analyses [31]. In colorimetric analyses, diphenylcar-
bazide reagent was used to react with Cr(VI) in acid solution, which
produces a red-violet product. The absorbance was measured at
540 nm in the spectrophotometer, to measure aqueous Cr(VI) con-
centration. Turbidity blanks were incorporated into the analysis
procedure. Cr(VI) solution in the form of K2CrO4 was used for the
calibration of spectrophotometer. Blank and spike recoveries were
conducted to check the accuracy of the method. The toxicity charac-
teristic leaching procedure (TCLP) of Cr was conducted as per USEPA
Method 1311 [32]. Briefly, 3 g of sample was mixed with 60 mL of
TCLP extraction fluid, and tumbled for 18 h at 30 ± 2 rpm. The post
tumbling pH of the sample was recorded and the leachate was fil-
trated through a polycarbonate filter with an effective pore size of
0.45 �m. The concentration of Cr in the filtrate was measured using
ICP-AES.

2.2.4. Mineralogical analyses
XRPD technique was used to assess the mineralogical compo-

sition of the untreated and treated COPR samples. XRPD sample
preparation included pulverization of a 2 g homogenized COPR
sample with 7 mL cyclohexane in the McCrone micronizing mill for
5 min. The resulting slurry was air dried and then mixed with corun-
dum (�-Al2O3, Sawyer, Lot No. C04-AO-41) on an 80:20 weight
basis and was subjected to XRPD. Corundum was used to determine
the amorphous content in the COPR samples. Step-scanned XRPD
data was collected by the Rigaku DXR-3000 computer-automated
diffractometer using Bragg-Brentano geometry. The diffractome-
try was conducted at 40 kV and 40 mA using a diffracted beam
graphite-monochromator with Cu radiation. The data was collected
in the 2� range of 5◦ to 65◦ with a step size of 0.02◦ per 3 s. The
qualitative and quantitative analyses of the XRPD patterns were
performed using the Jade software [33], version 7.5 and the Whole
Pattern Fitting function of Jade, which is based on the Rietveld
method [34]. The reference databases for powder diffraction and
crystal structure data were the International Center for Diffraction
Data database [35] and the Inorganic Crystal Structure Database
[36], respectively.
2.2.5. X-ray absorption near edge structure (XANES)
XANES, being a non-destructive technique, was used to deter-

mine the Cr(VI) concentrations in the treated samples. XANES
patterns were collected at the Pohang Accelerator Laboratory (PAL),
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the hydration byproduct of periclase. The rest of magnesium could
also be present in hydrotalcite phases such as quintinite, sjogren-
ite, which are present at approximately 2% each. It is worth noting
that periclase is not stable under environmental conditions and
should hydrate to brucite and hydrotalcites. Finally, the amorphous

Table 2
Quantitative Results of untreated COPR.

Mineral name Untreated COPR (%)

Calcium aluminum oxide chromium
hydrate (CAC), 3CaOAl2O3CaCrO4·14H2O

1.28

Sodium calcium aluminum sulfate hydrate,
NaCa4Al2O6(SO4)1.5·15H2O

2.49

Brownmillerite, Ca2(Al, Fe3+)2O5 31.20
Brucite, Mg(OH)2 3.83
Calcite, CaCO3 5.78
Hydroandradite, Ca3Fe2(SiO4(OH)4)3 4.71
Katoite, Ca3Al2(OH)12 3.83
Periclase, MgO 2.56
Portlandite, Ca(OH)2 1.88
Quartz, SiO2 2.15
Fig. 1. XRPD patte

outh Korea using a BL7C1 (Electrochemistry) beamline in a stor-
ge ring of 2.5 GeV with a ring current of 130–185 mA. A Si(1 1 1)
ouble crystal monochromator was used and high order harmonic
ontamination was eliminated by detuning the monochromator
o reduce the incident X-ray intensity by approximately 30%. All
pectroscopic data were collected in the fluorescence mode using
ure N2 gas-filled ionization chambers as gas detectors. Energy
alibration was simultaneously performed for each measurement
sing a reference Cr foil placed in front of the third ion chamber,
nd assigning the first inflection point to 5989 eV. The chromium
ompounds, potassium chromate (K2CrO4) and chromium nitrate
onahydrate [Cr(NO3)3·9H2O] were used as the standard reference

or Cr(VI) and Cr(III), respectively. The ATHENA program in the IFEF-
IT computer package was used for the quantitative XANES analyses
37].

. Results and discussion

.1. Initial characterization

The pH of the untreated COPR samples varied from 12.03 to
2.25, with an average value of 12.14. The concentrations of Cr(VI)
s measured using alkaline digestion [30] and colorimetric analy-
is [31] for the untreated COPR for the four different particle sizes
anged from 4575 to 6530 mg/kg. Specifically, Cr(VI) concentrations
ere 4575, 4974, 6478 and 6530 mg/kg for samples with particle

izes less than 4.75 mm, less than 0.15 mm, less than 0.075 mm and
ess than 0.01 mm, respectively. This indicated that greater Cr(VI)
uantities were extracted as the particle size of the COPR sam-
les was reduced. However, Cr(VI) concentration was measured at
588 mg/kg by Wazne et al. [9] and Moon et al. [11] using XANES.

The XRPD pattern of the untreated COPR is presented in Fig. 1
nd the mineralogical quantification is presented in Table 2.
rownmillerite was the major phase observed in the untreated
OPR measured at approximately 31%. However, brownmillerite

s not stable thermodynamically under aqueous conditions and

hould have hydrated to hydrogarnets [Ca3Al2(OH)12], portlandite
Ca(OH)2] and hematite (Fe2O3) according to the following reac-
ion:

a4Fe2Al2O10 + 7H2O → Ca(OH)2 + Fe2O3 + Ca3Al2(OH)12 (2)
untreated COPR.

Cr(VI)-hydrocalumite (calcium aluminum chromium oxide
hydrate, CAC, 3CaOAl2O3CaCrO4·14H2O) was the only Cr(VI)
phase identified in the XRPD pattern. The quantity of Cr(VI)-
hydrocalumite identified in the COPR sample was measured at
1.28%, which corresponds to a Cr(VI) concentration of approxi-
mately 750 mg/kg. However, this is about 10% of the total Cr(VI)
concentration in the untreated COPR sample. The remaining Cr(VI)
could be present in other mineral phases such as hydrogarnet and
hydrotalcites [4,21]. Numerous minor phases were also detected
as shown in Table 2. Calcite was measured at approximately 6%.
Calcite could have formed upon carbonation of COPR after depo-
sition. Silicate phases such as hydroandradite, albite and quartz
were measured at approximately 5%, 3% and 2%, respectively. Sili-
con could have originated from the chromite ore or it could have
come from contact of COPR with indigenous soils. Brucite and per-
iclase were measured at approximately 4% and 3%, respectively.
These two phases serve as sinks for magnesium; however, brucite is
Quintinite, Mg4Al2(OH)12(CO3)·3H2O 1.85
Sjogrenite, Mg6Fe2+

2CO3(OH)16·4H2O 2.22
Albite, NaAlSi3O8 3.43
Amorphous 32.75

Total 99.97
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Fig. 2. ANC and model results for COPR sample.
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provides 1.8 eq [H+]/kg, an additional 11.2 eq [H+]/kg was needed
in the form of added acid to attain the required dosage. The acid
dosage used was approximately 0.31 L concentrated sulfuric acid
per 1 kg of dry weight COPR.

Table 3
Results of ferrous sulfate treated COPR.

Sample ID Treatment pH Cr(VI)a (mg/kg) TCLP Cr (mg/L) TCLP pH

COPR1-150-NA 8.59 <2 10.89 8.37
COPR2-150-A 7.25 <2 2.43 7.49
COPR3-075-NA 8.54 <2 10.65 8.51
COPR4-075-A 7.75 <2 1.52 6.75
COPR5-038-NA 8.54 <2 11.33 7.95
Fig. 3. Chromium K-edge X

ontent was determined to be approximately 33% using corundum
s an internal standard.

.2. Leaching tests

The pH results from the ANC tests after a mixing time of 1 week
nd 2 months are shown in Fig. 2 as reported in Wazne et al. [10].
he pH values are virtually similar at all the acid dosages except at
eq [H+]/kg. This could be due to the slow hydration of the COPR
inerals. The pH results obtained from the EQ3/6 model are also

resented in Fig. 2. The model predicted a higher acid dosage than
he ANC tests at a pH greater than 6. This may indicate that the

ydration of COPR minerals is slow and also that the system had
ot reached equilibrium even after 2 months. Though the ANC tests

ndicate that an acid dosage of 5.5 eq [H+]/kg is needed to achieve a
H below 9, the model predicted an acid dosage of 13 eq [H+]/kg to
ttain the same pH value. As the addition of ferrous sulfate at 25%
patterns for treated COPR.
COPR6-038-A 7.77 <2 1.08 6.82
COPR7-010-NA 8.55 <2 7.49 7.58
COPR8-010-A 6.80 <2 0.55 6.96

Note: Method detection limit (MDL)—2 mg/kg.
a Cr(VI) was measured using alkaline digestion and colorimetry.
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Table 4
XANES results for treated COPR samples.

Sample ID Total Cr (mg/kg) Cr(VI) (%) Cr(III) (%) Cr(VI) (mg/kg) Cr(III) (mg/kg) % Reduction of Cr(VI)

COPR1-150-NA 27,473 21 79 5769 21,704 23.97
COPR2-150-A 26,435 4 96 1057 25,378 86.06
COPR3-075-NA 27,632 16 84 4421 23,211 41.74
COPR4-075-A 27,219 2 98 544 26,675 92.83
C
C
C
C
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T
T
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d
s
0
0
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3

s
a
r

OPR5-038-NA 27,248 14 86
OPR6-038-A 27,134 1 99
OPR7-010-NA 27,190 8 92
OPR8-010-A 26,925 1 99

.3. Reduction of Cr(VI) in COPR

The treatment pH, alkaline digestion Cr(VI) concentrations,
CLP Cr and TCLP pH for all the samples are presented in
able 3. The treatment pH of all the samples is less than 9
fter a mixing period of 1 h. This pH favors the dissolution of
ll Cr(VI)-bound minerals and swell-causing minerals. The Cr(VI)
oncentration as measured by alkaline digestion was less than
mg/kg for all these samples, indicating a satisfactory treatment
erformance. However, when subjected to XANES analyses Cr(VI)
oncentrations were much greater than those measured by alkaline
igestion. The TCLP Cr concentration for the acid pretreated sam-
les (COPR2-150-A, COPR4-075-A, COPR6-038-A, COPR8-010-A)
ecreased significantly when compared to the non-acid pretreated
amples (COPR1-150-NA, COPR3-075-NA, COPR5-038-NA, COPR7-
10-NA). For example, for the sample with particle size less than
.075 mm, the TCLP Cr concentration for the acid pretreated COPR
as 1.52 mg/L (COPR4-075-A), whereas, the TCLP Cr concentration

or the non-acid pretreated COPR sample was 10.65 mg/L (COPR3-
75-NA). The TCLP Cr concentrations of the acid pretreated samples
pproached the universal treatment standard of 0.6 mg/L but only
he sample with particle size less than 0.010 mm (COPR8-010-A)

et the above standard.

.4. XANES results
The Cr(VI) concentrations for all the treated samples were mea-
ured by XANES. The XANES patterns are presented in Fig. 3 and
ssociated Cr(VI) percentages are shown in Table 4. The percent
eduction of Cr(VI) was calculated using the untreated COPR Cr(VI)

Fig. 4. XRPD patterns for non-
3815 23,433 49.73
271 26,863 96.42

2175 25,015 71.33
269 26,656 96.45

concentration of 7588 mg/kg as reported previously by Wazne et al.
using XANES [14]. For all the particle sizes, the percent reduction of
Cr(VI) is greater for the acid pretreated samples than for the non-
acid pretreated samples. The percent reduction of Cr(VI) increased
for the acid pretreated samples and for the smaller particle size.
For example, the Cr(VI) concentrations for the coarse particle size
(<0.150 mm) and acid pretreated COPR is 1057 mg/kg, whereas, for
the same particle size and non-acid pretreated COPR, the value
is 5769 mg/kg. Similarly, for the finest particle size (<0.010 mm),
the measured Cr(VI) concentration for the acid pretreated COPR
was 269 mg/kg whereas the measured Cr(VI) concentration was
2175 mg/kg for the non-acid pretreated COPR sample. This indicated
that approximately 71% Cr(VI) reduction was attained only based on
the particle size reduction to 0.01 mm. Moreover, 80% Cr(VI) reduc-
tion was further achieved based on the acid addition with particle
size of 0.15 mm. The measured concentration of Cr(VI) for the coars-
est particle size with acid pre-treatment was 1057 mg/kg, whereas
the measured Cr(VI) concentration was 2157 mg/kg for the finest
particle size with no acid pre-treatment. This may suggest that the
acid dosage is a more important factor in reducing the concentra-
tion of Cr(VI) than the particle size reduction. However, without
particle size reduction, the best treatment results achieved only
partial reduction with residual Cr(VI) concentration of 1057 mg/kg.
A maximum Cr(VI) reduction of 96.45% was achieved for the acid
pretreated COPR with the lowest particle size of less than 0.010 mm,

which corresponds to a Cr(VI) concentration of 269 mg/kg.

For all the samples, the Cr(VI) concentrations as measured by
XANES were higher than those obtained by alkaline digestion,
which confirms that the alkaline digestion process underestimates
Cr(VI) concentrations of Fe(II) treated samples. Similar observations

acid pretreated samples.
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Fig. 5. XRPD patterns for acid pretreated samples.

Table 5
Quantitative results of treated COPR samples.

Mineral name COPR1-150-NA COPR2-150-A COPR3-075-NA COPR4-075-A COPR5-038-NA COPR6-038-A COPR7-010-NA COPR8-010-A

Aragonite, CaCO3 5.34 – 9.52 – 11.37 – 11.06 –
Brownmillerite, Ca2(Al, Fe3+)2O5 22.41 18.73 22.43 19.38 19.28 17.12 20.74 13.75
Calcite, CaCO3 5.10 2.61 7.18 2.38 6.82 8.13 4.68 1.98
Gypsum, CaSO4·2H2O 6.53 33.52 5.88 33.99 6.15 33.84 6.02 38.96
Periclase, MgO 0.52 – 0.20 – – – – –
Quartz, SiO2 1.81 1.52 1.69 1.25 1.29 1.44 4.27 3.71
Quintinite, 2H,

Mg4Al2(OH)12(CO3)·3H2O
2.67 2.18 1.45 3.26 3.57 2.56 2.98 3.39

Sjogrenite,
Mg6Fe2+

2CO3(OH)16·4H2O
1.62 2.00 – 2.45 1.29 2.49 0.77 2.24

Brucite, Mg(OH)2 1.67 – 1.50 – 1.91 – 0.87 –
Amorphous 52.33 39.38 50.15 37.28 48.31 34.42 48.55 36.03

T 1

N

w
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otal 100.00 99.94 100.00

ote: All the values are in percentages.

ere also reported for ferrous sulfate treated COPR by Dermatas et
l. [7] and Moon et al. [11] and also for calcium polysulfide treated
OPR by Wazne et al. [9] and Moon et al. [19].

.5. XRPD results

The XRPD patterns for the treated COPR samples with acid
retreatment and with no acid pretreatment are presented in
igs. 4 and 5, respectively. The quantitative XRPD results for all
reated COPR samples are presented in Table 5. There was a
ignificant change in the mineralogy of the treated COPR. Cr(VI)-
ydrocalumite was not observed in any of the treated samples as
H was below its stability regime. Conversely, brownmillerite con-
ent decreased for all treated COPR samples. However, a significant
ecrease (31.2–14%) was observed for the acid pretreated samples
ith a particle size less than 0.01 mm. This indicates that reduc-

ion of particle size and acid addition mitigates the mass transfer
imitation hindering brownmillerite hydration. No ettringite peaks
ere observed for all treated samples, confirming other results [7]
ndicating that ettringite is not stable in ferrous sulfate treated
OPR at pH less than 9 [10]. On the other hand, gypsum peaks
re clearly identified for all treated samples. The quantity of gyp-
um was greater for the acid pretreated COPR samples than for
00.00 100.00 100.00 99.95 100.06

the non-acid pretreated COPR, indicating that acid addition favors
gypsum formation. However, gypsum may transform to ettringite
in the presence of alumina and alkalinity (pH > 9), both of which
become available upon hydration of residual brownmillerite. There-
fore, residual brownmillerite may play a detrimental role in any
treatment scheme if not significantly destabilized. Longer mixing
times and more aggressive mixing can be utilized to destabilize
residual brownmillerite. More mixing options should become avail-
able for future pilot scale programs. Also, addition of soils, which
have some buffering capacity, to the treated COPR can be tested
(as a polishing step) to neutralize the alkalinity bound in residual
brownmillerite if needed.

4. Conclusions

A bench-scale treatability study was performed to evaluate the
effects of particle size and acid addition on the remediation of COPR
using ferrous sulfate. The acid dosage required to destabilize Cr(VI)-

bearing minerals and inhibit ettringite formation as predicted by
EQ3/6 was 13 eq [H+]/kg, much greater than 5.5 eq [H+]/kg, cal-
culated from the batch leaching tests after a mixing period of 2
months. This indicated that the system has not reached equilibrium
even after 2 months mixing. Also, mass transfer limitation is play-
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ng a significant role in impeding the dissolution of COPR minerals
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nd particle size reduction, the TCLP results showed that all treated
OPR samples failed to meet the UTS of 0.6 mg/L, except for the
cid pretreated sample with particle size less than 0.010 mm. Cr(VI)
oncentrations for all the treated samples as measured by alkaline
igestion were less than the current NJDEP standard of 20 mg/kg.
owever, the Cr(VI) concentrations as quantified by XANES resulted

n higher concentrations than those quantified by alkaline diges-
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