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Abstract

The chromate ore process residues (COPR) polluted soil was physically separated into coarse sand (2.000-0.425 mm), fine
sand (0.425-0.053 mm) and silt to clay (< 0.053 mm) fractions. The Cr speciation was characterized by synchrotron based
micro X-ray fluorescence (u-XRF) and micro X-ray absorption near-edge spectra (u-XANES). The results indicated that Cr
was bearing both in COPR parent minerals and hydrated products and was dominated by Cr(III) in three size-fractions. The
synchrotron results indicated that Cr(IIT) was dominated by chromite, organic matter bound Cr(III) and particle adsorbed Cr**
in the selected hotspots from the coarse sand, fine sand and silt to clay sized fraction, respectively. While Cr(VI) occurred in
the form of Cr042_ in the selected hotspots from three size fractions. The difference of Cr(IIl) species in the size-fractions
suggested that higher edaphic effects occurred in the fine size-fractions than in the coarse size-fraction for the weathered

COPR.
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Chromate ore process residues (COPR) were generated
by the process of roasting chromite ore at approximately
1200°C to oxidize the trivalent Cr in the chromite ore to the
hexavalent state with the addition of lime. The mineralogical
characteristics of COPR have been studied extensively (Hill-
ier et al. 2003, 2007; Chrysochoou et al. 2009a, 2010; Moon
and Wazne 2011). The mineral phases are divided into three
main categories: unreacted feedstock ore (chromite), high
temperature phases produced during Cr extraction (brown-
millerite, periclase and larnite), and minerals formed under
ambient weathering conditions at the disposal sites (brucite,
calcite, aragonite, ettringite, hydrocalumite, hydrogarnet).
However, the mineral composition of the weathered COPR
may vary greatly among deposition sites and the transforma-
tion of mineral phases under ambient condition may therefor
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affect Cr speciation and its distribution (Hillier et al. 2003;
Chrysochoou et al. 2009b). Meanwhile, soil organic mat-
ter, Fe(I), and Mn(IIL,IV) hydroxides and oxides may have
an important role in the change of Cr species of weathered
COPR (James 1996).

Although chemical extraction is applied widely in the
evaluation of heavy metal fractions in soils or sediments,
it is limited by only providing information on operation-
ally defined fractions rather than in-situ speciation of heavy
metals in solid phase and by only providing an average or
“bulk” assessment but not a spatially resolved speciation in a
sample (Grafe et al. 2014). In contrast, synchrotron radiation
method has a capability in determining in-situ speciation
of heavy metals in soils on the micro-scale (Vodyanitskii
2013). For example, synchrotron-based micro X-ray fluores-
cence (u-XRF) and micro-X-ray absorption near-edge spec-
tra (u-XANES) showed that > 50% of the Cr(VI) was hosted
by hydrogarnet and hydrotalcite in the weathered COPR
materials (Chrysochoou et al. 2009a). Linear combination
fitting (LCF) of XANES data has been used to indicate
chromium species change from hexavalence to trivalence in
the presence of biochar in the Cr polluted water (Rajapak-
sha et al. 2018). Moreover, u-XRF mapping coupled with
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multiscale correlation analysis could be applied to reveal the
spatial heterogeneity of heavy metals in the contaminated
soil particles (Yu and Lu 2016).

Therefore, the objectives of the present study were to pre-
sent the in-situ chemical speciation of Cr using synchrotron
X-ray analysis in the different size-fractions of a weathered
COPR polluted soil. Because in the reality of remediation,
COPR polluted soil was usually required to be physically
separated based on grain size to concentrate the Cr in a
smaller volume prior to subsequent treatment (Hawley et al.
2005), hence this study was expected to be helpful in the
selection of appropriate treatment technologies based on the
Cr species in the different size-fractions.

Materials and Methods

A bulk COPR polluted soil for the experiment was collected
from the surface (0—10 cm) of the former COPR deposition
site located in Hangzhou, Zhejiang Province, east China.
Approximately 1 kg of the sieved (<2 mm) dry bulk soil was
eventually separated into three size fractions, i.e. F1: coarse
sand-sized fraction (2.000-0.425 mm), F2: fine sand-sized
fraction (0.425-0.053 mm) and F3: silt-to-clay sized fraction
(<0.053 mm). Each size-fraction was collected and stored
dry until analysis. Total Cr content in the COPR polluted
soil was analyzed using inductively coupled plasma optical
emission spectrometer (ICP-OES) after the soil was digested
with mixed acids of HCI, HNO;, HF and HCIO,. Total
Cr(VI) content was determined by an alkaline digestion pro-
cedure based on U.S. EPA method 3036A (USEPA 1996).
The hexavalent chromium concentration in the digests was
determined using diphenylcarbazide hydrazine spectropho-
tometry (SEPA 2007). The certified reference materials of
GSS-7 and CRMO041-30G were added to check the accuracy
of the total Cr and Cr(VI) analysis, and the recoveries were
within the range of 95%—109% and 91%—-106%, respectively.
Three replicates were analyzed during the sample analysis
for Cr and Cr(VI) and the relative standard deviations (RSD)
were all lower than 5%.

The mineralogical characterization for each size-fraction
was performed by X-ray diffraction (XRD). The XRD spec-
tra were analyzed using Jade software and phase identifica-
tion was made by reference to patterns in the International
Center for Diffraction Data (ICDD) database released in
1998 and by reference to patterns calculated from crystal
structure data in the International Crystal Structure Data-
base (ICSD). The mineral phase was also identified by mor-
phology using scanning election microscope (SEM) and by
comparing the atomic ratios of Fe, Ca, Mg and Cr to Al
identified by energy dispersive X-ray spectroscopy (EDX)
with the theoretical structural formula of a mineral. This
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method has been successfully used in other studies (Hillier
et al. 2003; Chrysochoou et al. 2009a).

Synchrotron-based y-XRF and u-XANES were measured
with energies ranging from 5 to 20 keV. The sample was
adhere to a 3-M plastic film and then fixed onto the sample
holder for analysis. The u-XRF elemental mapping was per-
formed at 10 keV incident energy of X-rays monochroma-
tized with a double crystal Si (111) monochromator which
focused on a beam size of 50 x 50 um?. Fluorescence counts
were collected for Cr, Ca and Fe to indicate elemental abun-
dance and distribution. Various hotspots of interest were
selected from the maps for Cr K-edge u-XANES analysis.
The hotspots were scanned at a step width of 0.5 eV ranging
from 5960 to 6080 eV. A number of reference compounds
were analyzed at Cr K-edge to facilitate interpretation of
the hotspots data including (1) 0.02M Cr(NO3);-9H,0 solu-
tion at pH 3.0 for Cr(Ill), (2) chromite (GSBD33001.5-94,
Beijing), (3) calcium chromate (CaCrO,4, 99.9%, J&K Sci-
entific), (4) solid Cr(OH),, prepared by adding ammonium
hydroxide to Cr(NOs;); solution in a water bath at 90°C (Xu
et al. 2004), and (5) aqueous Cr(III)-HA prepared by com-
plexing 0.005M Cr(NO;); solution with commercial pure
humic acid (technical grade, Sigma-Aldrich) at pH 4.5 as
shown in reference (Elzinga and Cirmo 2010). The XANES
spectra of Na,CrO, and Cr,S; were also used as referential
spectra, which were derived from XAFS Spectra Library
(http://cars.uchicago.edu/xaslib/search/Cr). All the reference
materials were selected based on its possible occurrence in
the COPR reported by other studies (Hillier et al. 2003;
Chrysochoou et al. 2010; Moon and Wazne 2011). Spectra
of the samples and reference compounds were processed
using Athena program (version 0.8.056). The ratio of each
Cr speciation was calculated using LCF and the goodness
of fit was expressed as R-factor (Ohta 2015).

Results and Discussion

Table 1 shows that the total Cr content is up to
23,100 mg kg™ in the bulk soil and comparable to that in the
COPR material from New Jersey (Chrysochoou et al. 2010).
The total Cr(VI) content of the bulk soil is 5890 mg kg™!,
which accounts for 25.6% of the total Cr content, slightly
lower than the Cr(VI) percentage in some typical COPR
wastes reported by Dermatas et al. (2006). The Cr and
Cr(VI) contents of each soil size fraction are shown in
Table 1. Both species show the highest contents occur in the
coarse sand sized fraction (2.00-0.45 mm) due to the high
amount residue of COPR material in that fraction.

Figure 1 indicates the mineral phases in the different
size fractions identified by XRD. In contrast to natural soil
containing a high abundance of quartz, the COPR-enriched
soil is characterized by a sharp peak of calcite which is
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Table 1 Total Cr content and

. . Sample label Grain size (mm) Percent Total Cr content Cr(VI) content
Cr(VI) in the bulk material and -1 -1
. . mg kg mg kg

each size-fractions
Bulk soil <2.000 - 23,100+753a 5890+95.7a
F1 size-fraction 2.000-0.425 44.6 23,100+ 368a 6180+76.5b
F2 size-fraction 0.425-0.053 52.5 20,700+927b 5720+ 38.3¢
F3 size-fraction <0.053 2.9 20,400 4+ 600bc 5190+19.1d

Letters of a, b, ¢, d indicate the statistically difference at the 0.05 level

B: Brownmillerite, Br: Brucite

C
. Ca: Calcite, E: Ettringite
M: Magnesiochromite
P: Periclase, Q: Quartz, S: Stichtite
s Br
Br
Ca
N Q M Pca
F1(2-0.425mm)
F2(0.425-0.053mm)
E
E
F3 (<0.053mm)
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
5 10 15 20 25 30 35 40 45 50

2-Theta(deg)

Fig.1 XRD spectra showing the difference of mineral phases among the size-fractions of the COPR-polluted soil

corresponding to the high-lime technology used during the
roasting of chromite ore in dichromate production in China
(Darrie 2001). A difference was obtained from the XRD
spectra between the silt-to-clay (< 0.053 mm) sized fraction
and sand (2.000-0.425, 0.425-0.053 mm) sized fractions. In
the case of soil minerals, a more pronounced peak intensity
of quartz is shown in the silt-to-clay sized fraction than in
the sand sized fractions, suggesting a higher proportion of
natural soil in the smaller grain-size particles. In the case of
COPR minerals, brownmillerite, chromatite and periclase
(indicative of the COPR parent materials) show more pro-
nounced peak intensities in the coarse sand sized fractions
than in the silt-to-clay sized fraction. This indicated that the
coarse sand sized fraction was directly impacted by COPR
to a greater extent than the fine sized fraction. In addition,
ettringite, a type of COPR hydration product, was observed
in the silt-to-clay sized fraction but not in the sand sized
fractions based on XRD spectra. Ettringite was assumed to
be formed in relation to COPR exposure to sulfate within a

temperature range of 25-50°C (Moon et al. 2007). The pres-
ence of ettringite in the fine-sized fraction was probably in
relation to the subsequent short-term electroplating after halt
of the dichromate production. Wastewater containing sulfate
acid discharged from the electroplating have contaminated
the site.

SEM coupled with EDX was assistant to identify Cr bear-
ing mineral phases in the sample. Brownmillerite (Fig. 2b),
a typical COPR parent mineral, was found containing
a high abundance of Cr. The hydrated minerals includ-
ing stichtite (Fig. 2a), paraalumhydrocalcite (Fig. 2¢) and
brucite (Fig. 2f) were also identified to bearing Cr in the
sample, which have been reported in other studies as well
(Chrysochoou and Dermatas 2006; Hillier et al. 2007; Moon
et al. 2007; Moon and Wazne 2011). However Cr bearing
in magnesiochromite (Fig. 2d) and hashemite (Fig. 2e) has
been rarely reported in the previous studies.

The u-XRF maps of Cr, Fe and Ca for the different size-
fractions indicate that Cr hotspots distributions have an
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Fig.2 SEM images and EDX spectra showing different Cr bearing minerals from the COPR-polluted soil

analogous feature with Fe and Ca hotspot distributions in the
coarse sand sized fraction but not in the other two size-frac-
tions (Fig. 3a). Correlation analysis confirmed that strong
positive relationship between Cr intensity count and Fe, Ca
intensity count occurred only in the coarse sand fraction.
This implied that Cr in the coarse sand sized fraction in the
sample was more inclined to be binding with Fe than with
Ca on average. That was different to the CORP material from
a deposition site in Baltimore, MD, USA, in which Cr was
characterized by binding with Ca-rich matrix (Chrysochoou
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et al. 2009a). Hence the predominant host minerals for Cr
might be iron-rich minerals such as brownmillerite and
chromite. This was in consistent with the XRD results as
shown in Fig. 1. Furthermore, the incorporation of Cr into
Fe(III)-hydroxides is another possible explanation for the
high correlation between Cr and Fe in the coarse sized frac-
tion (Elzinga and Cirmo 2010).

The u-XANES were recorded for determination of the
valence state and chemical speciation of Cr at various Cr
hotspots on the u-XRF maps (Fig. 3b). Spotl (F1) has a
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Fig.3 p-XRF maps a showing heterogeneous distributions of Cr, Fe
and Ca in the small particles with different grain size, spotl (F1),
spot2 (F2), spot3 (F2) and spot4 (F3) denoting the selected hotspots

Table 2 Quantification of Cr speciation in the selected hotspots from
a set of reference Cr-containing compounds using linear combination
fitting

Chromium com- Relative percentage of the Cr-bound fraction (%)

(b)

e Observation data —— LCF line

Reference material

pspot1(F1)

P spot2(F2)

spot3(F2)

% Spotd(F3)

pounds

Spotl (F1) Spot2 (F2) Spot3 (F2) Spot4 (F3)
CaCrO, 40 n.d. 28 n.d.
Na,CrO, n.d. 16 13 22
Chromite 60 12 12 31
Cr(III)-HA n.d. 66 73 n.d.
Cr,S; n.d. 6 n.d. n.d.
Cr(NO3); n.d. n.d. n.d. 47
R-factor 0.017 0.00069  0.00068  0.012

n.d. denotes not detected

“Indicates the data was lower than the uncertainty (+5%)

pronounced pre-edge peak at 5991.5 eV characteristic of
Cr(V]) (Elzinga and Cirmo 2010). A broad peak at around
6028 eV of the post edge position resembles that of CaCrO,
and chromite. The LCF results indicate that the propor-
tion of CaCrO, and chromite is 40% and 60%, respectively
(Table 2). Although this is an indicative result of a single

CaCrO,
Na,CrO,

Chromite
Cr(OH),
Cr(lll)-HA(aq)

Cr(NO,),9H,0

5980 6000 6020 6040 6060 6080

Energy (eV)

for i-XANES analysis; the Cr near-edge spectra b collected at the
various Cr hotspots with LCF line and the spectra of Cr reference
materials

Cr hotspot, the significant correlation of Cr intensity counts
with Ca and Fe intensity counts on the u-XRF maps sug-
gested that the Cr in the coarse sand sized fraction might
be dominated by the speciation bearing in the COPR parent
mineral phase.

The spots 2 (F2) and spot3 (F2) both from the fine sand
sized fraction have quite similar spectrum shape. The LCF
results indicate that the Cr(II)-HA speciation accounted for
66% and 73% in the spot2 (F2) and spot3 (F2), respectively,
dominating the trivalent chromium in both hotspots, fol-
lowed by chromite (Table 2). The Cr(VI) could be reduced
to Cr(IIl) in the presence of organic materials and then
precipitated as solid state on the surface of organic mat-
ter (Rajapaksha et al. 2018). Ohta (2015) and Ding et al.
(2016) both found the reduction of Cr(VI) in soil samples
and alkaline COPR leachates and the formation of Cr(III)-
organic complex or Cr(IIl) (OH); precipitation in the sites
with substantial organic matter and ferrous.

The Cr(VI) of spot2 (F2) and spot3 (F2) is dominated
by sodium chromate (Na,CrO,), accounting for 16% and
15%, respectively (Table 2). Sodium chromate has a higher
solubility than CaCrO,, which was rarely reported in Euro-
pean and North America COPR where only CaCrO, has
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been found in some COPR samples (Geelhoed et al. 2002;
Chrysochoou et al. 2009b). Matern et al. (2016) has found
the occurrence of Na,CrO, in the pores of COPR samples
and speculated that it was caused by poorly drained and high
evaporation condition in the deposited sites.

Spot 4 (F3) spectrum presents a pronounced pre-edge
peak at 5991.5 eV as spotl (F1), suggesting the occurrence
of Cr(VI). However the LCF results indicate that the Cr
mainly presents as trivalent state, which is dominated by
Cr** and chromite in the hotspot (Table 2). This is reason-
able in a fine size-fraction of a long-term weathered COPR
polluted soil, in which substantial Cr(VI) has been trans-
formed to Cr(IIl) and the converted Cr** may be immobi-
lized by fine particles of the soil due to its high surface area
to volume ratio (Ding et al. 2016; Choppala et al. 2018).

The COPR polluted soil is characterized of high content
of Cr an Cr(VI) which decreased with grain size. The SEM-
EDX showed that the Cr was bearing both the COPR par-
ent mineral phases (brownmillirite, magnesiochromite and
hashemite) and the hydrated products (stichtite, paraalumhy-
drocalcite and brucite). Synchrotron based p-XRF mapping
and p-XANES revealed that Cr was primarily in the hexa-
valent state in the coarse sand sized fraction and occurred
in the mixture of chromatite and chromite. In the case of the
fine size-fraction, organically bound Cr(IIl) and adsorbed
Cr** might occur in some hotspots, suggesting the edaphic
effects on the Cr transformation and sequestration after the
long-term COPR weathering. The variation in Cr speciation
among the size-fractions implied that it was necessary to
separate a COPR-enriched soil based on grain size prior to
treatment with various methods.
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