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Abstract—Waste brownfield-site soils contaminated with heavy metals such as Zn and Cr are of critical environmental concern
because of the rapid urbanization and industrialization that is occurring in China. Thermal treatment can fix heavy metals in
specific mineral structures, which might be a promising technology for remediation and reutilization of the metal-contaminated
soils. The objective of the present study was to elucidate the stabilization mechanisms of Zn and Cr through thermal treatment of
mixtures of ZnO + Cr,O; to form ZnCr,O4 and to confirm that Zn and Cr were incorporated simultaneously into the spinel
structure. The incorporation efficiency for Zn was quantified, with the value ranging from 70.6 to 100% over the temperature
range 700-1300°C. Leaching results further confirmed that ZnCr, Oy, spinel was a superior product for Zn and Cr immobilization.
Then, by artificially sintering Zn- and Cr-enriched soils, both Zn and Cr were immobilized effectively (with three orders of
magnitude reduction in Zn leachability) in the ZnCr,O4 spinel as the predominant product phase. In addition, multiple heavy
metals such as Zn, Cu, and Cr in the actual brownfield-site soils were well immobilized after sintering, which confirmed the
potential for practical application of the thermal treatment technology utilized in this study.

Keywords—Brownfield site soils - Chromium - Simultaneous immobilization - Spinel - Thermal treatment - Zinc

INTRODUCTION taken into account to eliminate the environmental risks before
redeveloping contaminated sites.

Currently, a large number of techniques has been applied for
the remediation of heavy-metal-contaminated brownfield-site
soils (Huynh et al. 2003; Dermont et al. 2008; Yao et al. 2012;
Cameselle & Gouveia 2019). For example, soil washing, exca-
vation, transport, and landfilling can remove metal pollutants
from the sites, but these methods are difficult to apply on a large
scale due to the potential for secondary pollution, the significant
operation cost, and the limited number of landfills (Basta &
McGowen, 2004; Lee et al. 2009). Another remediation ap-
proach for contaminated sites is the in situ stabilization/
solidification (S/S) method, which can reduce the bioavailability
of heavy metals by immobilization agents or amendments (Lee
et al. 2009; Bolan et al. 2014; Sun et al. 2015; Capobianco et al.
2017). In the traditional S/S method, however, the heavy metals
are stabilized only by sorption or weak chemical bonds, which
means they may be further released into the medium and may

With rapid urbanization and industrialization in China,
many old factories have been or are being relocated or closed,
leaving underutilized and abandoned land as brownfield sites
which were heavily contaminated by the industrial activities
(Woetzel et al. 2009; Coulon et al. 2016). The high levels of
pollutants in the soils of brownfield sites mean that consider-
able remediation is necessary before the former industrial sites
can be brought back into beneficial use (Chen et al. 2009;
Bardos et al. 2016). Hazardous metals in the site soils are
usually from industrial emissions, traffic emissions, and min-
ing activities (Luo et al. 2012; Li et al. 2013, 2018). The main
heavy metals include lead (Pb), arsenic (As), mercury (Hg),
zinc (Zn), cadmium (Cd), copper (Cu), nickel (Ni), and chro-
mium (Cr) (De Kimpe & Morel, 2000; Gallagher et al. 2008;
Wuana & Okieimen, 2011). Hazardous metals are non-
biodegradable and thus persistent in soils, which not only
affects the yield and quality of farm crops, but also causes
direct health injury to human beings living on brownfield sites
(Prabhukumar et al. 2004; Fu et al. 2012). Effective and
economical remediation technologies, therefore, should be
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persist for long periods, especially when the soils are acidified
(Tang et al. 2011a, b; Velasco et al. 2014).

Based on phase transformation during ceramic sintering,
hazardous metals can be incorporated into some specific crys-
tal structures after interacting with the major components in the
ceramic matrices (Tang et al. 2016). Spinel has been recog-
nized as a promising phase in which a variety of metals like Zn,
Cu, and Cd may be stabilized. Spinel is usually expressed with
the general formula of “AB,0,”, where “A” represents divalent
metals such as Zn, Cu, or Cd, and “B” represents trivalent
matrix metal element such as Al and Fe (Marinkovi¢ et al.
2004). For example, by sintering ZnO with Al-containing
ceramic materials, Zn was stabilized successfully by being
incorporated into a ZnAl,O4 spinel structure (Tang et al.
2011a, b, 2016; Tang & Shih 2014). Other studies also reported
the transformation of Cu, Ni, and Cd into their corresponding
spinel structures by sintering with Al-rich ceramic precursors
(Shih et al. 2006; Tang et al. 2011a, b, 2014; Lu & Shih 2012;
Mao et al. 2014; Su et al. 2017). The studies mentioned above,
however, focused mainly on the potential of using Al as the
“B” ion in order to incorporate the divalent heavy metals into
the “A” site; whereas, in actual brownfield-site soils the haz-
ardous metals usually coexist together due to the diversity of
metals released during the industrial activities on/around the
sites (Fonseca et al. 2011). In contrast to having only a single
type of metal, the coexistence of multiple metals in the soils
may cause interactive behavior and combined ecological ef-
fects, thus making soil remediation much more challenging
(Lombi et al. 2001). Considering the reality of contaminated
soils on brownfield sites as containing various metals with
different properties, studies of potential strategies to achieve
the simultaneous immobilization of different metals are impor-
tant and urgent.

Among the hazardous metals found in brownfield-site
soils, Cr and Zn are of most concern and in need of
immobilization (Mulligan et al. 2001; Li et al. 2014;
Zhou et al. 2017). Chromium usually in two oxidation
states (Cr(III) and Cr(VI)), Cr(IIl) being the preferred state
because it is less mobile and less toxic (Hsu et al. 2009).
When divalent Zn coexists with trivalent Cr, both are
expected to be incorporated into the spinel structure upon
heating. The purpose of the present study, therefore, was,
firstly: to determine whether a mixed-metal system of ZnO
and Cr,O3 could be crystallized together through a
sintering process; secondly: to clarify whether the same
incorporation mechanisms would work in a simulated
brownfield soil contaminated by both Zn and Cr; and
thirdly: to utilize the technology with an actual brownfield
soil to confirm that it is suitable for field application. By
choosing Zn and Cr as two target metals, this study
intended to propose a strategy for the simultaneous immo-
bilization of multiple hazardous metals by incorporating
them into stable crystal structures based on their specific
properties, and finally to develop a “waste-to-resource”
approach for the safe and beneficial utilization of metal-
containing solid wastes, such as the brownfield-site soils,
in the form of ceramic materials.
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MATERIALS AND METHODS

Sample Preparation

Three series of samples were prepared for the study, includ-
ing simple mixture of ZnO and Cr,0O5 (ZC series), artificially
Zn- and Cr-enriched soils (AZC series), and actual brownfield-
site soils (ASS series). The ZnO and Cr,O; powders were
purchased from Sigma Aldrich Co. (St. Louis, Missouri,
USA), and then mixed to prepare the ZC series with a total
dry weight of 100 g at a molar ratio of Zn:Cr = 1:2. The AZC
series was prepared by adding 10 g of the ZnO + Cr,0;
mixture (Zn:Cr molar ratio of 1:2) to 90 g of uncontaminated
soil collected from Hunan Province, China. A bulk soil sample
of ~20 kg was collected from a depth of 0-20 cm during the
summer of 2017. The soils collected were air dried and then
ground to pass through a 2-mm sieve. In addition, the ASS
samples were collected from a contaminated site in Hunan
Province, China, which has been used as a smelting plant for
~50 years. Again, a bulk soil sample of ~20 kg was collected
from a depth of 020 cm in 2017. The soils collected were air-
dried for a week and passed through a 13 mm sieve after
careful removal of crop residues and other non-soil materials.
About 1.5 kg of subsample was taken from the bulk sample
after thorough mixing and was then ground to pass a 2 mm
sieve.

The mixing process was carried out by ball milling the
powder in a water slurry (100 g powder with 100 mL water)
for 18 h. The ball milling was conducted in a planetary mill
machine with four agate grinding jars (500 mL each) at a
rotation speed of 180 rpm. The slurry samples were then dried
in the oven at 105°C for 24 h and further homogenized by
extended mortar grinding for 10 min by hand with an agate
mortar and pestle. The powder mixture was pressed into pellets
with a 20 mm diameter to ensure consistent compaction of the
powder samples for the sintering process. Each pellet was
pressed from 3 g of the powder mixture under a pressure of
320 MPa with holding time of 1 min. After that, the sample
pellets were submitted to a controlled sintering scheme at
target temperatures ranging from 700°C to 1300°C and a dwell
time of 3 h, with controlled heating and cooling rates of
10°C/min. After this thermal treatment, the pellets were cooled
in ambient air to room temperature.

Sample Characterization

The metal contents of the collected soils were measured
using an AX-PETRO X-ray fluorescence spectrometer (XRF,
PANalytical, Almelo, The Netherlands ). After the sintering
process, each pellet sample was ground into a fine powder,
giving a particle size <45 um, and then analyzed by X-ray
diffraction (XRD). The XRD pattern of each powder sample
was collected using a Philips-X’Pert Pro MPD (PANalytical,
Almelo, The Netherlands ) equipped with a Cu tube (Ko&; 5, A
= 1.54059 A), operating voltage of 40 kV and current of
40 mA, and an X’celerator detector. The scanning angle range
was 10 to 90°20 with a step size of 0.02°20 and a scanning
speed of 0.5 s per step. To monitor the phase transformation,
the diffraction patterns collected were analyzed by matching
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with standard powder diffraction patterns from the Internation-
al Centre for Diffraction Data ICDD PDF-2 Release 2008).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using an ESCALAB 250 Xi photoelectron spectrome-
ter (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
with Al Ko X-rays as the source (1486.6 eV) at 20 kV. The
basic vacuum during analysis was ~ 2x10~" Pa, and the bind-
ing energy (BE) scales for the samples were referenced by
setting the adventitious carbon C(1s) peak to 285 eV (Naumkin
et al. 2008). The BEs were measured with a precision of +0.2
eV. The high-resolution C(1s), Zn(2p), Cr(2p), and O(1s)
spectra were obtained at a pass energy of 50 eV. The samples
in powder form were pressed into pellets 1 mm thick and 1 cm
in diameter before being introduced into the ultrahigh vacuum.
The XPS peaks with multiple components were resolved by
the peak-fitting program XPSPEAK4.1 assuming 100% Gauss-
ian peak shape.

Transmission electron microscopy (TEM) analysis was
conducted using a JEM-2100F electron microscope (JEOL,
Tokyo, Japan), equipped with energy dispersive X-ray spec-
troscopy (EDS). Samples for TEM were prepared by sonicat-
ing 10 mg of the powder in 10 mL of ethanol for 1 h and then
depositing a few drops of the suspension on a Cu grid coated
with a holey carbon film. Moreover, X-ray absorption near-
edge structure (XANES) spectra were used to determine the
oxidation state/speciation of Cr and the adjacent local struc-
ture. The Cr K-edge (5989 eV) XANES spectra were collected
in transmission mode using a Lytle detector at the 16 A
beamline of NSRRC (Hsinchu, Taiwan). The spectra of the
pure chemicals of Cr,O3 and CrO; were also measured as
reference for Cr(I1l) and Cr(VI) oxidation states. Powders were
fixed on a thin film (XRF tape) and covered with a 4 um thick
Ultralene film (SPEX CertiPrep, Metuchen, New Jersey,
USA). XANES spectra were recorded between 5.96 and
6.21 keV with a step of 0.2 eV and a cumulative time of
1 s/step. The XANES data processing and analysis were car-
ried out using ATHENA (Demeter software package version
0.9.18).

Leaching Experiments

The samples for leaching experiments were prepared by
breaking and grinding the pellets, as obtained above, into a fine
powder (<0.45 pum). The metal leachability was tested by a
leaching procedure modified from the U.S. EPA Toxicity
Characteristic Leaching Procedure (TCLP) with acetic acid
solution (extraction fluid #2, pH ~ 2.9) as the leaching fluid
(USEPA, Method 1311). Each leaching vial was filled with
10 mL of TCLP extraction solution and 0.5 g of sample
powder. The leaching vials were rotated end-over-end at
30 rpm for agitation periods from 0.75 to 21 days. At the end
of each leaching test, the leachates were filtered through
0.25 um cellulose membranes (Jinteng Co., Ltd., Tianjin,
China). The pH of the filtrates was measured, and the concen-
trations of Zn and Cr were determined using an inductively
coupled plasma optical emission spectrometer (ICP-OES Op-
tima 8000, PerkinElmer, Waltham, Massachusetts, USA). All
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the above-mentioned leaching procedures for each sample
were performed in triplicate to ensure reproducibility.

RESULTS AND DISCUSSION
Formation of the ZnCr,0, Spinel from ZnO and Cr,03

Phase Transformation of Zn- and Cr-Containing
Compositions ~ Based on the hypothesis for AB,O, spinel
formation, the molar ratio of Zn as divalent ion to Cr as
trivalent ion was set at 1:2, which is stoichiometrically consis-
tent with the ratio of the two metals in the product phase. From
the XRD patterns of the sintered ZC sample series after thermal
treatment at 700-1200°C (Fig. 1), the initial crystal phases
were identified as ZnO (PDF #89-7102) and Cr,O3 (PDF
#04-0765). The formation of the ZnCr,O, spinel (PDF #87-
0028) was first detected in the sample sintered at 700°C. In the
initial stage of the spinel phase (ZnCr,0O,4) formation, a solid-
state reaction occurred between the ZnO and Cr,O3 due to a
nucleation process, subsequently leading to the formation of
spinel ZnCr,0O4 with a cubic face structure (Dixit et al. 2015).
The potential reaction between ZnO and Cr, O3 is expressed as:

ZnO(orthorhombic) + Cr,05 (orthorhombic)—ZnCr, O4(octahedron)

(1)

With increase of sintering temperature, a substantial in-
crease in the intensity of the ZnCr,O, peaks was observed,
together with a simultaneous decrease in the peaks of ZnO and
Cr,03. At 1000°C, no peaks of ZnO and Cr,O53 could be
identified after 3 h of sintering, implying complete transfor-
mation of both reactants. Subsequently, the diffraction peaks of
the ZnCr,O4 were sharper and narrower as the sintering tem-
perature increased, which indicated enhancement of the crys-
talline phase due to the enlargement of the particles (Gene et al.
2015).

As Zn and Cr are mixed stoichiometrically in the reaction
system, the transformation efficiency for either of the two
metals is reflected by their incorporation into the spinel struc-
ture. Therefore, a “transformation ratio (7R, %)” index was
defined as below, based on the quantification results of all Zn-
containing components in the reaction system:

TR — <wt.%0onCr204> (wt.%onnCr204

wt.%of ZnO
MW of ZnCr, 04 MW of ZnCr,Oy4

MW of ZnO
(2)

where MW refers to the molecular weight. A TR value of
100% implies complete transformation of Zn and Cr into the
ZnCr,0y spinel structure.

From the 7Rs summarized in Fig. 2, 70.55% of Zn was
transformed into the ZnCr,O, structure even at the lowest
temperature in the thermal treatment used in this study. With
further increase in the sintering temperature, the 7R value of Zn
increased continuously until reaching nearly full incorporation
(TR = 100%) at 1300°C. The driving forces for mass transfer
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Fig. 1 XRD patterns of sintered ZnO + Cr,03, at 700 to 1200°C for 3 h. The standard patterns retrieved from the ICDD database included ZnO

(PDF #89-7102), C1,0; (PDF #04-0765), and ZnCr,O, (PDF #87-0028)

during thermal treatment are the differences in chemical po-
tential (free enthalpy or molar Gibbs free energy) among the
firing materials (Sarikaya et al. 2008). The value of A,G
(standard Gibbs free energy) for the reaction between ZnO
and Cr,05 at 1000 K is—88.06 kJ mol ', leading to the efficient
transformation of Zn and Cr into the ZnCr,O4 spinel at a
relatively lower temperature (Stephen et al. 2007).

Incorporation Mechanisms of Zn and Cr into ZnCr,0, Spinel The
XPS spectra of the products obtained through sintering the
mixture of ZnO + Cr,O;5 at 1000°C for 3 h are shown in Fig.
3. A full-scan XPS spectrum (Fig. 3a) was analyzed to study the
surface elemental composition of the sample measured. To
compensate for the shift in energy due to surface charging, the
observed binding energies were all adjusted by assigning the
main C 1s peak to 284.8 ¢V (adventitious carbon). In the XPS
survey spectrum of the sample sintered at 1000°C, various
peaks were observed corresponding to Zn 2p1/2 (1044.8 eV),
Zn 3s(139.8 ¢V), Zn 3p (89.8 ¢V), Zn 2p3/2 (1021.8 ¢V), Cr 3p
(614 eV), Cr2p (611.0 eV), and O 1s (530.8 eV). To examine
the chemical states of Zn and Cr in the thermal-treated sample,
the XPS narrow spectra of Zn, Cr, and O were further analyzed
with Gaussian fitting. The peaks at 1021.8 eV and 1044.8 eV
were attributed to the binding energies of Zn 2p3/2 and Zn 2p1/
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2 (Fig. 3b), the perfect symmetrical Zn 2p peaks ruled out the
existence of multiple components of Zn in the samples, so Zn
was expressed in the lattice in the form of Zn>*. However, one
cannot specify whether the Zn”* ions were present in ZnO or
ZnCr,Q,, due to the similar XPS peak position of Zn?* ions in
these two phases (Song et al. 2017). Figure 3¢ further shows
two Gaussian-fitted peaks (Cr 2p3/2 and Cr 2p1/2) at 576.7 eV
and 586.1 eV, respectively, which correspond to Cr’* in
ZnCr,O, (Gingasu et al. 2014). In addition, a relatively small
Cr 2p3/2 peak at 575.6 eV confirmed the presence of a small
amount of Cr,O3 on the surface of the solids obtained after
thermal treatment (Epling et al. 1997). The atomic Zn/Cr ratio
was 25:54 on the surface of the sintered sample, which is
consistent with the atomic ratio of the ZnCr,O,4 spinel which
was confirmed to be the dominant state of Zn>* in the near-
surface region. The O 1s feature of ZnCr,O4 has a binding
energy of 530.8 eV, which is consistent with the interpretation
of the Zn 2p and Cr 2p spectra, indicating that ZnCr,O, oxide is

the primary state of Zn and Cr species in the near-surface region.
TEM images of the ZnCr,0O,4 obtained at different tempera-

tures revealed a heterogeneous morphology of the 700°C treated
sample but a more homogeneous morphology for the 1000°C
and 1300°C sintered samples (Fig. 4). With the increase in the
sintering temperature, the particle sizes became larger and more
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Fig. 2 The transformation ratio (7R, %) of Zn into the ZnCr,Oy4 spinel structure after sintering the mixture of ZnO + Cr,0;

uniform, due to the melting and fusion of adjacent particles at ~composition, are summarized in Fig. S1 and Table S1. The
high temperatures (Gingasu et al. 2014). The EDX spectrum of  corresponding peaks of Zn, Cr, and O were observed with
the 1300°C sintered sample, together with the calculated atomic  strong signals in the sample, and the elemental composition of
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Fig. 3 (a) XPS survey spectrum, (b) XPS narrow spectrum of Zn 2p, (¢) Cr 2p, and (d) O 1s of the products obtained through sintering the mixture
of ZnO + Cr,0O5 at 1000°C for 3 h
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Fig. 4 TEM images of the products obtained after sintering the mixture of ZnO + Cr,O; at (a) 700°C, (b) 1000°C, and (¢) 1300°C for 3 h

Zn and Cr were 28% and 52%, respectively. Therefore, the
results of EDX analysis confirmed the successful transformation
of Zn and Cr into the ZnCr,O, spinel.

The Cr K-edge XANES spectra of the samples sintered at
900°C and 1350°C, together with those of the reference com-
pounds containing Cr(Ill) and Cr(VI) (Cr,O3 for Cr(Il) and
CrO3 and K;,Cr,07 for Cr(VI)) are shown in Fig. 5. The pre-
edge feature of Cr(VI) was not observed in the sintered prod-
ucts, indicating that the Cr(Ill) in the raw materials was not
oxidized to Cr(VI) during the thermal treatment processes (Lin
& Wang, 2012). As shown in the insert in Fig. 5, the pre-edge
peak “C” decreased while the white line peak increased in the
sample obtained at the higher temperature (1350°C). As the
pre-edge peak is related to the 1s to 3d quadrupole transitions,
the increase of the pre-edge peak intensity can be attributed to
the enhancement of the p—d orbital mixing in the tetrahedral

structure. Therefore, the increase of the pre-edge peak intensity
reflects the increase in the number of Cr atoms occupying the
tetrahedral site (Chen et al. 2013).

Leaching Behavior of Zn and Cr from ZnCr,0, Spinel

A prolonged TCLP leaching procedure was conducted to
evaluate the stability of Zn and Cr in pure ZnCr,O, spinel, in
comparison with the corresponding metal leachability from
ZnO and Cr,05. Moreover, the leaching performance of the
700~1300°C-sintered sample mixture was also tested to reflect
the stability of the metals in real ceramic products. The changes
in concentration of Zn and Cr in the leachates of ZnO, Cr,0Os3,
and pure ZnCr,O,4 spinel, as well as in the sample mixture
before and after sintering processes, are shown in Fig. 6. The
concentration of Zn in ZnO leachate increased substantially to
1160 mg/L even after 0.75 days of leaching (inset in Fig. 6a),

Intensity
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Fig. 5 Cr K-edge XANES spectra of products obtained after sintering at 900°C and 1350°C
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while that value reached 29 mg/L in the leachate of Cr,O; leachates of ZnO and Cr,0s3, respectively, while the concen-
(inset in Fig. 6b). Then, the pH was ~6.4 and 3.2 for the tration of Zn and Cr remained at 1200 and 30 mg/L,
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Fig. 7 (a) XRD pattern of the artificially Zn- and Cr-enriched soils sintered at 1000°C for 3 h, and (b) the Zn concentration in the 18 h leachates of
the above soils sintered at temperatures from 700 to 1350°C for 3 h
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Fig. 8 Concentrations of Zn, Cr, Cu, Cd, Al, Fe, and Si in the leachates of the brownfield-site soils collected before and after sintering at 1000°C

for 3 h. The initial pH value of the leaching liquid was 2.9

respectively, during the rest of the leaching period. However,
for the leachate of ZnCr,O, spinel, a dramatic decrease was
detected in Zn (30 times) and Cr (5 times) concentrations
compared with the leachates of their metal oxide forms
(insets in Fig. 6a and 6b). With prolonged leaching, the con-
centrations of both metals remained at the initial value even
though the pH of the leachate was very low (~3.2) until the end
of this leaching experiment (Fig. S2a).

To evaluate further the stability of Zn and Cr in the sintered
products, leaching experiments on the raw mixture of ZnO +
Cr,05 and the mixture sintered at various temperatures were
performed. The amount of Zn leached from the raw mixture
(Fig. 6¢) reached ~2125 mg/L, but that amount decreased by a
factor of three when the mixture was sintered at a relatively low
temperature (800°C). Moreover, with further temperature in-
crease, a substantial decrease was observed until reaching
~25 mg/L in the leachates of samples sintered at temperatures
>1200°C. Proton-metal exchange is the dominant proton de-
pletion process in the acid environment (Snellings, 2015),
which results in a very high concentration of Zn in the leach-
ates of the raw mixture and in samples treated at lower tem-
peratures (Fig. 6¢). As reflected in the pH value shown in Fig.
S2a, the leachate pH was ~6.5 after leaching for 0.75 days.
Therefore, the protons were completely consumed by more
mobile Zn, which will inhibit the leaching of Cr, resulting in
the very low concentrations (nearly zero) in the leachates of the
raw mixture and samples sintered at 700°C (Fig. 6d). With the
formation of ZnCr,O, spinel, the leachability of Zn was re-
duced significantly due to its incorporation into the spinel
structure. As a result, the extra protons in the solution attacked
Cr instead and caused the Cr concentration to increase in the
leachates of products sintered at 800—1000°C. With the con-
tinuous formation of ZnCr, O, spinel, however, the leachability
of Cr also decreased by >3 timeseven in an acidic environment
with a pH of ~3.0. Moreover, Zn and Cr concentrations in the
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leachates of sintered samples were greater (Fig. 6), which
further indicates the excellent performance of ZnCr,O, spinel
in long-term resistance to acidic attack.

Co-Immobilization of Zn and Cr in Actual Contaminated Soils

The above results confirmed that thermal treatment of a
ZnO and Cr,0; mixture successfully incorporated Zn and Cr
into the stable ZnCr,Oy spinel structure, so the next step was to
apply the method to waste brownfield-site soils in which Zn
and Cr are both typical metal pollutants (Kumpiene et al.
2008). Results from other studies (Kadir et al. 2018; Su et al.
2018; Tang et al. 2018) also gave encouragement that such an
approach would be successful in stabilizing the Zn** and Cr**
ions. Those studies also indicated that the presence of Al, Si,
and Fe (oxyhydr)oxides in the soils could further facilitate the
stabilization of the heavy-metal pollutants. Although the waste
brownfield soil is highly polluted, the Zn and Cr contents are
still much lower than those of the major elements contained in
the soil, such as Si, Al, and Fe (Table S2). Therefore, even with
the successful incorporation of Zn and Cr into the spinel
structure, the ZnCr,O,4 spinel might not be observed clearly
by the XRD technique. For this reason, .the soils were spiked
with ZnO and Cr,Oj; to investigate the formation of spinel
crystalline structure during thermal treatment of that matrix.

For the Zn- and Cr-enriched soil, the XRD patterns re-
vealed that Zn and Cr incorporated successfully into the
ZnCr,0,4 spinel structure after thermal treatment at 1000°C
(Fig. 7a). Besides the existence of the ZnCr,O, as a predom-
inant phase, quartz (SiO,), as a major component in the soil,
was also identified. The Zn leachability of both the sintered
and un-sintered AZC samples was measured (Fig. 7b). The
concentration of Zn leached from the un-sintered samples
reached ~2300 mg/L, but a substantial decrease to 100 mg/L
was observed after relatively low-temperature sintering
(800°C). With further increase in the sintering temperature,
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the Zn concentration dropped to ~1 mg/L which is three orders
lower than in the raw mixture. Therefore, even in the artificial-
ly contaminated soils with relatively large Zn and Cr contents,
Zn was stabilized by the formation of ZnCr,O, spinel after the
relatively low-temperature thermal treatment.

The leachability of other heavy metals was also decreased
dramatically in the brownfield soils after thermal treatment at
1000°C. Concentrations of Zn, Cr, Cu, Cd, Al, Fe, and Si were
2.38,0.68, 1.39,0.08 , 15.61, 0.40, 0.49 mg/L, respectively, in
the leachates of the un-spiked, un-sintered soils. However,
after thermal treatment, the corresponding concentrations were
decreased to 0.31, 0.12, 0.16, 0.03, 1.26, 0.03, and 0.28 mg/L,
respectively (Fig. 8). As implied by the study of the mecha-
nism of incorporation of ZnO and Cr,05 into the spinel struc-
ture, Zn acts as the divalent ions while Cr is trivalent. There-
fore, ZnCr,0, spinel will be generated during the sintering
process, causing a significant reduction in metal leaching.
Moreover, besides Cr(IlI), other major elemental components
such as Al and Fe also exist in the reaction system in the
trivalent state; thus enabling the incorporation of other hazard-
ous, such as copper and zinc in the other spinel structures (such
as CuAl,0,4). With the successful stabilization of multiple
heavy metals, contaminated brownfield soils can be used ben-
eficially as part-substitution for clay minerals to produce a
variety of ceramic products, such as bricks, refractories, and
road pavement materials (Shih et al. 2006; Zhou & Keeling
2013; Smol et al. 2015; Zhou et al. 2016).

CONCLUSION

By combing advanced analytical technologies like XRD,
XPS, TEM, and XANES, ZnCr,0O, spinel was identified in a
sintered mixture of ZnO + Cr,O3, indicating the possibility of
simultaneously incorporating divalent Zn and trivalent Cr in
the spinel structure. 70.55% of available Zn was included in a
ZnCr,04 spinel phase at the lowest temperature used in this
study (700°C). While the TR value of Zn increased continu-
ously with increasing temperature until reaching nearly 100%
at 1300°C, Zn leachability from the ZnCr,O, phase was 170
times lower than from its oxide form over a long period of
leaching. Moreover, Zn and Cr were also well stabilized in
soils artificially enriched in Zn and Cr, with the ZnCr,O, spinel
as the predominant product phase. A concomitant significant
decrease in zinc leachability was also observed in the sintered
samples. In addition, sintering of the brownfield-site soils
yielded excellent metal immobilization. The results of this
study indicate that Zn and Cr are incorporated into a ZnCr,O,
phase when thermally treated at 1300°C, which provides a
safe, reliable, and beneficial strategy to utilize the waste
brownfield-site soils.
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