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 i g  h  l  i  g  h  t  s

The  glass-ceramic  samples  were
proven to be  excellent  in  immobiliz-
ing  Cr.
Glass-ceramic  was  successfully  syn-
thesized  in  CaO-MgO-SiO2-Al2O3 -
Cr2O3 system.
Both  crystalline  and  glass  phases
were  quantified  by Rietveld  quanti-
tative XRD.
The  partitioning  ratio  of  Cr  into  spinel
in the  glass-ceramic  can  be up  to  90%.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

Schematic  illustration  of  chromium  incorporating  in  the  glass-ceramic  matrix.  Most  chromium  contents
are  incorporated  into  spinel  structure  where  the  residual  chromium  are  resided  in the  glass  networks.
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a  b  s  t  r  a  c  t

Glass-ceramics  are  well  known  for the  excellent  combination  properties  provided  by  their  components,
a  glassy  matrix  and  crystalline  phases,  and  have  promising  applications  in  the immobilization  and  detox-
ification  of  solid  waste  containing  toxic  metals.  Glass-ceramic  products  were  successfully  synthesized
in  CaO-MgO-SiO2-Al2O3 -Cr2O3 system.  Two  key  measures  – partitioning  ratio  of Cr in the  spinel  and
Cr  leaching  ratio – were  used  to investigate  the  mechanism  of  Cr immobilization  in the  glass-ceramic

products.  The  results  of  powder  X-ray  diffraction  revealed  that both  spinel  and  diopside  were  major  crys-
eywords:

lass-ceramic
pinel
hromium immobilization
ietveld quantitative XRD
eaching performance

talline  phases  in  the products.  The  value  of  x in  the  MgCrxAl2-xO4 spinel  was  highly  related  to  the  amount
of  Cr2O3 added  to  the  glass-ceramic  system.  As Cr2O3 content  increased,  the  proportion  of  spinel  phase
increased,  while  that  of  glass  phase  decreased.  The  partitioning  ratio  of Cr  in  spinel  phase  was  about  70%
for  2 wt.%  Cr2O3,  and  increased  to 90%  when  loaded  with  10 wt.%  of  Cr2O3. According  to  the  results  of the
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prolonged  toxicity  characteristic  leaching  procedure,  the  Cr leaching  ratio  decreased  with  the  increase  of
Cr  partitioning  ratio  into  the spinel  phase.  The  findings  of  this  study  clearly  indicate  that  glass-ceramic
formed  by  spinel  structure  and  residual  glass  successfully  immobilized  Cr.
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CaMgSi2O6-CaAl2Si2O8 pseudo-binary phase Diagram [25] to give
the lowest possible melting temperature in the final CaO-MgO-
SiO2-Al2O3-Cr2O3 system. A mixture of reagent-grade oxides (MgO,
SiO2, Al2O3, and Cr2O3) and calcium carbonate (CaCO3) with about

Table 1
Chemical compositions of the simulated chromium-containing slag (in wt.%) with
different Cr2O3 contents in the starting materials.

Sample
Name

Chemical Compositions (wt.%)

MgO  CaO SiO2 Al2O3 Cr2O3

P2 11.62 23.02 49.34 14.02 2.00
. Introduction

Millions of tons of chromium (Cr) slag worldwide have been
umped and spread over large areas without receiving appropriate
reatment at industrial sites. This has caused severe environmen-
al problems in many countries [1]. The continuous leaching of
exavalent Cr, Cr(VI), from Cr slag can seriously contaminate the
urrounding environment, such as soil, sediment, underground
ater, and surface water [2–4]. For example, the Cr concentra-

ion of soil and sediment at contaminated source sites may  be
ery high—in some cases exceeding 10,000 mg  kg−1 [5]. Environ-
ental Cr contamination poses a serious threat to humans, plants

nd animals. Therefore, an effective method of treating Cr slag is
rgently required to protect the environment and human health.

n the environment, Cr(III) and Cr(VI) are the two common oxida-
ion states. Generally, Cr(VI) is much more mobile and more toxic
han Cr(III) [6,7]. In addition to the hazards caused by their strong
xidation properties, chromate ions (CrO4

2−) pass through cellu-
ar membranes many orders of magnitude faster than do Cr(III)
pecies, resulting in much greater toxic effects on cells [8,9]. All
r waste must be treated properly before being reused or released
o the environment. Stabilization/solidification (S/S) treatment can
educe the mobility of heavy metals by converting hazardous waste
nto chemically stable solids [10–12]. However, S/S processes have
arely been successfully used to prevent the leaching of toxic metals
n acidic environments [12].

Deriving excellent properties from the combination of a glassy
atrix and embedded crystalline phases, [13] marketable glass-

eramics have been prepared from blast-furnace slag, fly ash,
ludge, and glass cullet. [14–17] Converting waste to useful
lass-ceramics is considered a promising method of protecting
he environment and promoting sustainable development. Glass-
eramics are usually produced from the controlled crystallization
nd devitrification of glass [18], and nucleation processes are crit-
cal throughout their fabrication. [19–21] The major components
f Cr slag have been shown to be calcium (Ca), magnesium (Mg),
ilicon (Si), and aluminum (Al) [7], which make up the glass-
eramic matrix. In addition, Cr2O3 has been found to be an effective
rystallization nucleant during glass production in a quartz sand-
olomite-magnesite system [22] and an SiO2-Al2O3-CaO-Fe2O3
ystem [23]. Barbieri et al. [24] also found that MgCr2O4 spinel
rystallites act as heterogeneous nucleation sites for diopside and
northite phases after the addition of Cr2O3 to an SiO2-Al2O3-
aO-MgO system. However, the above work did not point out the
istribution of Cr in glass-ceramic products nor the formed Cr-
earing phases. To ensure the safe and effective reuse of Cr slag
s marketable glass-ceramics, Cr should be immobilized to ensure
hat very little can leach out when the glass-ceramic products are
sed in the environment. Based on the major reported components
f Cr waste, a simulated Cr slag with the system of CaO-MgO-SiO2-
l2O3-Cr2O3 was designed in this study [25]. Previous research
as shown the promising performance of spinel structures in host-

ng hazardous metals, and that the metal leachability of the spinel
hase is several orders lower than that of metal oxides [26–29].

herefore, the reported formation of Cr spinel in the CaO-MgO-
iO2-Al2O3-Cr2O3 system [25] is expected to greatly facilitate the
mmobilization of Cr in glass-ceramic products.
©  2016  Elsevier  B.V. All  rights  reserved.

Crystalline-phase parameters have been reported to be one
of the most important factors affecting the properties of glass-
ceramics [30,31], and the formation of crystalline phases is
acknowledged to be critical to metal stabilization in glass-ceramics
[18,32,33]. Therefore, it is essential to identify the structure and
quantify the crystalline phases in glass-ceramic products. Rietveld
quantitative X-ray diffraction (QXRD) analysis with spiking a stan-
dard reference material (such as Al2O3 or CaF2) is a powerful tool
to quantify compositions of both crystalline and amorphous phases
in the glass-ceramic samples [34–39]. In the CaO-MgO-SiO2-Al2O3-
Cr2O3 system mentioned above, the Cr-spinel is expected to form
a solid solution due to the complexity of the system [40]. The
precise chemical compositions, especially the distribution of haz-
ardous metals between crystalline and glass phases, are highly
beneficial to discuss the capacity of glass-ceramics to accommodate
the hazardous metals. Transmission electron microscopy-energy
dispersive X-ray spectroscopy (TEM-EDX) can be used to obtain
detailed information at nano level without interference from other
areas [41], ensuring that accurate data are acquired from both crys-
tal and residual glass. Thus, it is powerful to determine the chemical
composition of the spinel solid solution in the glass-ceramic matrix.

In this study, simulated Cr slag with varying Cr2O3 content in
a CaO-MgO-SiO2-Al2O3-Cr2O3 system was treated to synthesize
glass-ceramic products. To obtain the precise chemical composi-
tions of the crystals in the glass-ceramics, the spinel crystals were
probed by the TEM-EDX. The phase components were qualita-
tively identified by powder XRD, and quantitatively determined
by Rietveld quantitative phase analysis with spiking standard ref-
erence. A prolonged leaching procedure was  also carried out to
examine the stabilization of Cr in the glass-ceramics products. Two
measures – the Cr partitioning ratio (PR) and the Cr leaching ratio –
were used to investigate Cr distribution in the glass-ceramic matrix
and the extent of the immobilization of Cr in the glass-ceramic
products.

2. Materials and methods

2.1. Preparation of Cr-bearing glass-ceramics

To simulate common Cr-containing slag, a mixture of CaO, MgO,
SiO2, Al2O3, and Cr2O3 was  prepared. The chemical composition of
the starting mixture (Table 1) was  near the eutectic point of the
P4  11.86 22.43 48.06 13.66 4.00
P6  12.10 21.83 46.78 13.30 6.00
P8  12.34 21.23 45.50 12.93 8.00
P10 12.59 20.63 44.22 12.57 10.00
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0 g in total were well-homogenized by mortar grinding. The mix-
ure was melted at 1450 ◦C for 3 h in a high-temperature furnace
LHT 02/16 LB, LBR, Nabertherm Inc.), then immediately poured
nto an alumina crucible and cooled to room temperature in the
ir.

.2. Analysis and characterization of Cr-bearing glass-ceramics

One set of product samples was treated by mechanical thin-
ing, followed by ion-beam milling (Fischione Model 1010 Ion
eam Mill). The treated samples were then characterized by TEM,
elected area electron diffraction (SAED), and EDX analysis per-
ormed on a FEI Tecnai G220 S-TWIN at 200 kV. The other samples
ere polished and characterized by SEM and EDX spectral analy-

is using a Hitachi S–3400 N SEM operating in variable-pressure
ode. The phases of the products were characterized by pow-

er XRD. The step-scanned XRD patterns for individual powder
amples were collected using a Bruker D8 Advance X-ray powder
iffractometer (Mannheim, Germany) equipped with a Cu K�1,2
-ray radiation source (40 kV, 40 mA)  and a LynxEye detector.
he 2� scanning range was 10–110◦, and the step size was 0.02◦,
ith a scanning speed of 2 s step−1. The phases were qualitatively

dentified by matching the powder XRD patterns with equivalent
atterns retrieved from the standard powder diffraction database
f the International Centre for Diffraction Data (ICDD PDF-2, Release
008; Pennsylvania, U.S.). The product phases were all quantita-
ively analyzed using Topas 4–2 (Bruker, Mannheim, Germany),

 tool based on Rietveld refinement. Refinement analysis with
0 wt.% CaF2 as a standard reference was carried out to quantify
he phase compositions (including the crystalline and amorphous
ontent) of the samples.

The Cr K-edge X-ray absorption near edge structure (XANES)
pectra were collected in fluorescent mode using a Lytle detector
t beamline 16A of the National Synchrotron Radiation Research
enter (NSRRC), Hsinchu, Taiwan. The spectra of pure chemicals
r2O3 and CrO3 were also measured to serve as the references of
r(III) and Cr(VI) oxidation states. The energy of the monochroma-
or was calibrated using the Cr K-edge at 5989 eV. Processing and
nalysis of XANES spectra was carried out using ATHENA (Demeter
oftware package version 0.9.18) [42].

.3. Leaching performance of glass-Ceramic products

The leachability of each sintered sample was tested using a mod-
fied version of the toxicity characteristic leaching procedure (TCLP)
eveloped by the U.S. Environmental Protection Agency, with a pH
.9 acetic acid solution (extraction fluid #2) as the leaching fluid.
ach leaching vial was filled with 5 mL  of TCLP extraction fluid and
.25 g of powder, and the vials were rotated end over end at 30 rpm
or agitation periods of 3 h to 25 d. At the end of each agitation
eriod, the leachates were filtered with syringe filters (0.22 �m,
ylon) into clean centrifuge tubes and reserved for analysis. The
H of the samples was measured, and the concentrations of the
redominant metals in the filtrate were derived using an induc-
ive coupled plasma-atomic emission spectrometer (Perkin-Elmer
ptima 8000).

. Results and discussion

.1. Identification of phases and chemical composition of solid
pinel solution
Glass-ceramic products were obtained in a simulated Cr-
ontaining CaO-MgO-SiO2-Al2O3-Cr2O3 slag system by high-
emperature melting. The XRD results (Fig. 1a) revealed two
aterials 311 (2016) 246–253

crystalline phases in the glass-ceramic products: spinel and diop-
side (normal formula: CaMgSi2O6). However, phase composition
was found to differ according to Cr2O3 content. A crystalline phase
with a spinel structure was  clearly detected in the glass-ceramics
produced using 2 wt.% of Cr2O3, whereas the diopside signal for this
system was very weak. With the continuous addition of Cr2O3 to
the reaction system, both a spinel phase and a diopside phase were
observed in the glass-ceramic products, with a clear increase in
peak intensity in each case. The XRD patterns in Fig. 1b enable fur-
ther comparison of the predominant peaks of diopside and spinel
within the 2� range of 29.0–31.0◦ and 35.0–37.0◦, respectively. The
patterns clearly demonstrate that both diopside and spinel peak
intensity increased with the weight percentage of Cr2O3.

In addition, as Cr2O3 content increased, the 2� position of
the spinel peaks was  observed to shift from a higher to a lower
degree, while smaller changes were observed in the diopside peaks
(Fig. 1b). This shift in the spinel phase peaks may  have been due to
changes in the lattice parameters of the spinel structure. When the
system contained various proportions of MgO, Cr2O3, and Al2O3,
a solid spinel solution was formed during the melting process,
with a chemical formula of MgCrxAl2-xO4 [40]. The value of x dif-
fered according to the chemical composition of the raw materials.
Changes in x altered the lattice parameters of the spinel crys-
tal, causing the diffraction peaks to shift. Rietveld refinement was
applied to the obtained XRD patterns. The lattice parameters of the
spinel phase are shown in Table S1 (Supporting information). The
lattice parameters clearly increased with the Cr2O3 content of the
starting mixture, indicating that Cr incorporation into the spinel
phase was  affected by the initial level of Cr2O3. To determine the
chemical composition of the solid spinel solution (specifically the
value of x) in the obtained glass-ceramic products, TEM-EDX was
used to detect the signals from each element (as shown in Fig. 2).
As shown in Fig. 2a, two  key areas (areas 1 and 2) were selected
near the edge of the crystal grains and the glass, respectively. The
SAED pattern shown in Fig. 2b further demonstrates that area 1 was
composed of spinel crystals. The chemical composition of the spinel
crystals was also obtained in grain areas similar to area 1, located at
the edge of the thin sample without overlap with the glass phase.
Figs. 2c and d illustrate the significantly different element com-
positions of areas 1 and 2, as measured by TEM-EDX. Area 1 was
composed mainly of Mg,  Al, Cr, and O, while Si and Ca made up the
majority of area 2. The results confirm that area 1 was located on
a spinel grain with a chemical formula of MgCrxAl2-xO4, whereas
area 2 was located on the matrix, and was composed mainly of
Si- and Ca-containing minerals. The precise element composition
of the spinel crystals were determined accordingly. The average
values were obtained by statistically analyzing the composition of
the elements detected in five spinel grains. The results are shown
in Table S2 (Supporting information). The atomic percentage of Cr
in the solid solution MgAl2-xCrxO4 increased with the continuous
addition of Cr2O3 to the starting raw materials, whereas those of Al
decreased. As the radius of the Cr ions was  larger than that of the
Al ions, the lattice parameters of the spinel phase increased due to
the continuous incorporation of Cr to substitute for Al. The increase
in the lattice parameters of the solid spinel solution was  confirmed
by the results of Rietveld refinement analysis of the XRD patterns
obtained for the glass-ceramic products (Table S1 in Supporting
information).

For further comparison and confirmation, SEM-EDX was used
to conduct element analysis. The microstructures of the glass-
ceramics and the elements detected in selected areas (“a” and
“b”) are shown in Fig. S1 (Supporting information), in which the

light-colored areas represent crystalline phases and the gray areas
represent residual glass. The EDX spectra show that elements such
as Mg,  Al, Cr, and Si all had very strong signals in both area “a”
and area “b”. As the spinel grain in area “a” had a chemical for-
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ig. 1. (a) XRD patterns for glass-ceramics produced from starting mixtures conta
iopside, showing a peak shift for the spinel phase but no evidence of a peak shift f

ula of MgCrxAl2-xO4, the spinel crystal was assumed to contain
ittle Si. However, a strong Si peak was observed in area “a”, simi-
ar to that in area “b” (Fig. S1, Supporting information), indicating

ignal interference caused by residual glass and the inaccuracy of
he SEM-EDX measurements of chemical composition. Therefore,
hese results further confirm that compared with SEM-EDX, TEM-

ig. 2. (a) Bright-field TEM image of the glass-ceramics with a starting mixture containin
or  the crystal (area 1) (c) and the residual glass (area 2) (d).
different proportions of Cr2O3; (b) Comparison of the major peaks for spinel and
pside.

EDX provides a more accurate and effective means of obtaining the
chemical composition of spinel crystal in glass-ceramics.
3.2. Quantification of Cr-Incorporation mechanisms

After the XRD patterns had been subjected to Rietveld refine-
ment with standard reference materials, the weight fractions of

g 2 wt.% of Cr2O3; (b) SAED results to confirm the spinel crystal; TEM-EDX spectra
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F glass-ceramic system with different percentages of Cr2O3, and (b) Partitioning ratio (PR)
o rphous phase(s) in the system when carried out Rietveld quantitative XRD analysis.
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Fig. 4. Cr K-edge XANES spectra of P2, P4, P6, P8, P10 and reference compounds
ig. 3. (a) Quantitative composition of spinel, diopside, and glass in the as-formed 

f  Cr in the spinel phase. CaF2 was used as an internal standard to quantify the amo

he components (including crystalline and amorphous phases) of
he glass-ceramic products were obtained. The results are shown
n Fig. 3. When 2 wt.% of Cr2O3 was added to the system, the glass
hase(s) made up more than 95% of the products. With a further

ncrease in Cr2O3 content to 10 wt.%, the weight percentage of the
lass phase(s) decreased linearly, finally reaching approximately
0%. In contrast, the crystalline phase(s) continued to grow, as

llustrated in Fig. 3a. The weight percentage of the spinel phase
ncreased from about 2% to around 10%, and that of the diopside
hase ultimately exceeded 30% after adding 10 wt.% of Cr2O3 to the
ystem. These results indicate that increasing Cr2O3 content can
nhance crystallization in a CaO-MgO-SiO2-Al2O3-Cr2O3 system.
imilarly, other studies have revealed that Cr2O3 in an initial glass
ystem may  act as a heterogeneous nucleation site for the crystal-
ization of diopside [24,43] and increase the formation of diopside
44].

As spinel is the dominant Cr-hosting crystalline phase, it was
rucial to study the distribution of Cr between the spinel and other
hases in the glass-ceramics products. The distribution of Cr was
xamined using a “partitioning ratio (PR)” index, and it was defined
s the ratio of the weight of Cr2O3 incorporated into the spinel
hase to the total Cr2O3 used in the mixture. The equation can be
escribed as follows,

R =
wt.%ofMgCrxAl2-xO4 × MWofCrxO1.5x

MWofMgCrxAl2-xO4

wt.%ofCr2O3insample
(1)

here the chemical formula of MgCrxAl2-xO4 is determined by
EM-EDX, the wt.% of MgCrxAl2-xO4 is determined by XRD quan-
ification analysis with a standard reference, and MW indicates

olecular weight. A PR of 100% denotes the complete incorporation
f Cr into the spinel phase; a PR of 0% indicates that no Cr has been
ncorporated into the spinel. As shown in Fig. 3b, the PR of Cr in
he spinel phase continuously increased with the amount of Cr2O3
dded to the system. When 2 wt.% of Cr2O3 was added to the glass-
eramics system, approximately 70% of the Cr was  incorporated
nto the crystalline spinel phase, while 30% remained in the residual
lass matrix. However, when the content of Cr2O3 was 4 wt.%, the
mount of Cr incorporated into the spinel phase increased signifi-
antly, from 70% to 85%. With a further increase in Cr2O3 content,
he PR of Cr in the spinel continued to increase, but at a lower rate.

R reached its maximum value of approximately 90% when the
argest proportion of Cr2O3 (10 wt.%) was added. This increase in
R may  be related to the large octahedral site preferential energy
f Cr in glass structures, leading to the formation of Cr-concentrated
containing Cr(III) and Cr(VI) (Cr2O3 for Cr(III) and CrO3 for Cr(VI)). P2, P4, P6, P8 and
P10 are corresponding to the glass-ceramic matrices with Cr2O3 contents of 2, 4, 6,
8,  10 wt.%, respectively.

spinel [45,46]. These results indicate that most of the Cr element
was incorporated into the spinel phase, with only a small fraction
dispersed in the residual glass and/or the diopside phase. In addi-
tion, the element-mapping profile for glass-ceramics with 10 wt.%
Cr2O3 clearly shows that the Cr element was concentrated in the
spinel crystal and that the residual glass was  rich in Si, Ca, and Al
(Fig. S2, Supporting information). The microstructure depicted in
SEM image in Fig. S2 (Supporting information) shows that spinel
crystals were embedded in the glass matrix. This created a double
barrier for Cr, with the Cr spinel as the first barrier and residual
glass as the second.

3.3. Performance of Cr immobilization in glass-Ceramic products

As particular emphasis is placed on removing Cr(VI) during
the treatment of Cr slag, the transformation of Cr(VI) to Cr(III) is

always considered an important measure of the efficacy of Cr-waste
disposal. Therefore, the valence state of Cr in the as-formed glass-
ceramics was  also investigated in this study. Fig. 4 shows the Cr
K-edge XANES spectra of P2, P4, P6, P8, P10 and reference com-
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ig. 5. (a) Concentrations of Cr in leachates of the glass-ceramic products synthesi
eaching ratio with respect to Cr2O3 content.

ounds containing Cr(III) and Cr(VI) (Cr2O3 for Cr(III) and CrO3 for
r(VI)). In the Cr k-edge XANES spectra, there is a strong pre-edge
eak in the Cr(VI)-bearing compounds. However, this strong pre-
dge peak is absent in the Cr(III)-containing compounds [47]. Thus,
t can be used to identify the existence of Cr(VI) species in the sam-
les. Comparing the Cr k-edge XANES spectra of all glass-ceramic
roducts and reference compounds containing Cr(III) and Cr(VI), it
an be seen that no evidence of Cr(VI) was observed in the obtained
lass-ceramic products. Therefore, it is reasonable to claim that the
r(III) in the original materials did not oxidize into Cr(VI) after glass-
eramic fabrication. In a study of the solubility of Cr2O3 in a similar
ystem, Barbieri et al. [24] also found that Cr(III) was the only oxida-
ion state. In other studies, the results of X-ray absorption near edge
tructure calculations have indicated that Cr(III) is in a stable state
t temperatures higher than 1100 ◦C, whereas Cr(VI)-bearing forms
such as CrO4

2−) are decomposed and reduced to Cr(III) under the
ame conditions [48]. In the current study, the absence of Cr(VI)
uggested that Cr contents in synthesized glass-ceramic products
re in forms of a non-toxic state, Cr(III).

To further investigate the stabilization of the immobilized
r in the glass-ceramic products, the Cr leachability of the as-
ormed products was monitored through a prolonged acid leaching
est. As illustrated in Fig. 5a, the original concentrations of Cr in
he leachates were not substantially different (differences within
.4 ppm). Cr concentration in the leachates increased quickly dur-

ng the first 5 days, then remained relatively stable with increasing
eaching time. When 2 wt.% of C2O3 was added to the starting

ixture, approximately 1.74 mg/L of Cr had been leached from
he glass-ceramics by the 4th day, and this value had reached
.02 mg/L by the end of the leaching experiment. Despite the similar
r concentrations of the leachates produced from glass-ceramics
ontaining different amounts of Cr2O3, the highest Cr concentra-
ion was approximately 2 ppm. This value is lower than the criteria
5 ppm) for hazardous solid waste [49], despite the use of fine
ower in our leaching experiment (as compared with the bulk sam-
les used in standard tests) [50].To compare the effects of Cr2O3
ontent on Cr stabilization in glass-ceramic products, the following
r leaching ratio was introduced,

rLR =
C×V×10−6

MWofCr

2 × SW×wt.%ofCr2O3insample
MWofCr2O3

(2)
here C (mg/L) is the measured Cr concentration in the leachates,
 (mL) is the extraction-fluid volume, SW (g) is the total sample
eight used in the leaching experiment, “wt.% of Cr2O3 in the sam-
ith different proportions of Cr2O3 in their starting mixtures, and (b) normalized Cr

ple” denotes the percentage of Cr2O3 in the glass-ceramics starting
mixture, and MW represents molecular weight.

As shown in Fig. 5b, the glass-ceramics with 2 wt.% of Cr2O3
had the highest Cr leaching ratio, whereas 10 wt.% of Cr2O3 yielded
the lowest Cr leaching ratio. Increasing the Cr2O3 content of the
starting mixture reduced the Cr leaching ratio of the correspond-
ing glass-ceramic products. The Cr leaching ratio clearly decreased
as the spinel phase grew and the PR of Cr in the spinel phase
increased. This decrease in Cr leachability further confirmed the
excellent performance of the spinel phase in immobilizing haz-
ardous Cr ions. The superiority of the spinel structure as an agent of
metal immobilization has also been reported by researchers explor-
ing stabilization mechanisms for hazardous metals (Ni, Cu, Zn, etc.)
in Al-rich and Fe-rich systems [26–29]. In the researches of Shih
and Tang, they used a prolonged acid leaching test (pH 2.9) to
demonstrate the superiority of the spinel structure in immobilizing
hazardous metals, compared with other metal-bearing materials.
That is one of the reasons why  the acid leaching test was  also
used to demonstrate the enhanced durability of the glass-ceramic
products in this study. In addition to the leaching of Cr from the
glass-ceramics, the leachability of other major constituents (Ca,
Al, Mg  and Si) was analyzed, and the results are shown in Fig. S3
(Supporting information). All of the above ions were detected by
a decrease in the concentration of the leachates of sintered glass-
ceramics with an increase in original Cr2O3 from 2 wt.% (Fig. S3a) to
10 wt.% (Fig. S3b). In addition, comparison of the molar concentra-
tions revealed that Ca had the highest leachability and Al had the
lowest leachability. The molar concentrations of Si in the leachates
of glass-ceramics were higher than those of Mg with 2 wt.% of
Cr2O3, but similar when the glass-ceramics were prepared with
10 wt.% of Cr2O3.

3.4. Potential environmental implications

With increasing industrial demand for Cr compounds, more and
more Cr-bearing wastes, such as slag from electronic plating, tan-
neries, and chrome-ore mining, are generated each year. Most of
these wastes are directly deposited by storage or landfill, and thus
cause serious environmental problems. Chromium ore processing
residue contains large amounts of Cr(VI), which are released to the
surrounding environment after long periods of storage, posing a

hazard to ground water. Thereby, an appropriate treatment method
enabling the safe disposal of large volumes of Cr-bearing waste
is urgently needed. The proposed waste-to-resource strategy is
expected to offer a promising solution. An ideal waste-to-resource
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trategy results in zero waste, as the industrial by-product receives
ther useful applications. Our experimental results demonstrated
hat with thermal treatment, Cr in simulated Cr slag with a phase
tructure of CaO-MgO-SiO2-Al2O3-Cr2O3 can be efficiently incor-
orated into spinel, yielding a glass-ceramic product that provides

 double barrier to the mobilization of Cr. In solid MgCrxAl2-xO4
pinel solution with a specific element composition and crystalline
nd amorphous phases quantified by XRD and TEM-EDX, the PR of
r in the spinel phase increased when more Cr2O3 was added to the
ystem, and the Cr leaching ratio decreased. This further indicates
he potential of the proposed technology to stabilize large volumes
f Cr, enabling the reuse of slag as glass-ceramic products. Overall,
he results of our empirical tests of a novel double-barrier method
f Cr immobilization and our quantitative analysis of the poten-
ial stabilization mechanisms in reusable glass-ceramic products
uggest that the proposed strategy offers an environmentally safe
ethod of treating large volumes of Cr slag.
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