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a  b  s  t  r  a  c  t

The  feasibility  of  stabilizing  nickel-laden  sludge  by  a  high-temperature  NiCr2O4 synthesis  process  was
investigated  with  different  sintering  temperatures,  salt  contents,  molar  ratios,  and  reaction  atmospheres.
The crystalline  phases  of  species  were  investigated  by  using  an  X-ray  diffraction,  and  the surface  char-
acteristics  of  particles  were  observed  by  scanning  electron  microscopy.  The  leaching  behavior  of  the
stabilized  sludge  was  evaluated  by  Toxicity  Characteristic  Leaching  Procedure  (TCLP)  test.  The  results
indicated  that  NiCr2O4 was  formed  at around  800 ◦C  by transforming  NiO  and  Cr2O3 into  a  spinel  struc-
ludge
ickel
hromium
pinel
iCr2O4

tabilization

ture.  Leaching  concentrations  of  both  nickel  and  chromium  decreased  with  an  increase  in  the  sintering
temperature.  The  existence  of  salt  in the  sludge  disturbed  the  formation  of  spinel,  but  a moderate  salt
content contributed  to stabilization  efficiency.  A  Cr/Ni  molar  ratio  >2  also  contributed  to  the  stabilization
efficiency  of heavy  metals  after  the  thermal  process.  NiCr2O4 was  transformed  from  simulated  sludge
under  both  an  N2 and  air atmosphere.  The  sintering  strategy  designed  for  nickel-laden  sludge  was  proven

ing  n
to  be beneficial  in  stabiliz

. Introduction

According to statistical data of the Taiwanese Environmental
rotection Administration, 164,309 tons of heavy metal sludge was
enerated in 2010 in Taiwan. Most of the sludge is from metal
urface treatment, anodizing, plating, and printed circuit board
anufacture. Concentrations of heavy metal ions in the sludge

lways exceed the legal limit according to the Toxic Characteris-
ic Leaching Procedure (TCLP). The complicated composition and
arious toxic heavy metals that exist in sludge from different
ources are also seen as a challenge for stabilization and reuse.

ithout suitable treatment, disposal of heavy metal sludge may
ontaminate soil and groundwater, and even endanger human
ealth [1].

A  conventional way of treating heavy metal sludge is cement
olidification/stabilization prior to landfill for its cheap cost and
asy operation [2].  However, cement solidification may  only offer
ransient stabilization ability, and long-term leaching problems

f heavy metals in acidic environments are of concern and are
egarded as disadvantages of cementation stabilization [3].  In
ecent years, several studies successfully transformed heavy metal
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el.: +886 223625373; fax: +886 223928830.
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Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

sludge into aluminate or ferrite spinel structures to obtain the
objective of sludge stabilization [4–8]. With this technology, it is
also feasible to reuse or recycle the waste sludge as new ceramic
materials [9].  It was  previously reported that copper can be incor-
porated into the alumina (Al2O3) and hematite (Fe2O3) structure
to form CuAl2O4 and CuFe2O4 spinel by a thermal process [4,7].
By varying the sintering temperature and performing a long-term
TCLP test, the strategy for stabilizing toxic sludge was  unequivo-
cally confirmed. Although copper-laden sludge forms the majority
of heavy metal sludge, nickel-laden sludge is also regarded as an
urgent target for proper treatment. Shih et al. successfully trans-
formed nickel into NiAl2O4 and NiFe2O4 by sintering its oxide
with alumina and hematite [3,6,10]. The successful reduction of
nickel mobility and leachability in acidic environments has also
been demonstrated at the same time. However, besides transform-
ing heavy metal into aluminate or ferrite system spinel, chromite
spinel is also considered an important spinel system with poten-
tial applications in material sciences [11]. In addition, the catalytic
ability and magnetic properties exhibited by NiCr2O4 also provide
potential for removing contaminants in environmental engineer-
ing [12,13]. And transforming the sludge into chromite spinel has
not yet been particularly investigated to stabilize heavy metals in
the past. Therefore, incorporating metal ions into a chromium oxide

structure to form chromite spinel is also a potential worthy strategy
to stabilize heavy metal sludge. However, crucial factors, optimal
processing, and stabilization effects in the process still need to be
investigated prior to its practical application.

ghts reserved.

dx.doi.org/10.1016/j.jhazmat.2011.10.077
http://www.sciencedirect.com/science/journal/03043894
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Conventionally, chromite spinel is prepared by the fusion of
espective divalent metal oxides with Cr2O3 in appropriate molar
atios at high temperature [14]. The synthesis of chromite spinel
as reported by the decomposition of co-precipitated hydroxides

t 600–900 ◦C [15]. Spinel ZnCr2O4 was also successfully prepared
rom a mixture of ZnO and Cr2O3 by a conventional solid-state
eaction at the temperature of 900 ◦C for 240 min  [16].

In this study, we evaluated the technical feasibility of transform-
ng heavy metal sludge into chromite spinel by a thermal process,
nd thus reduce the toxicity of hazardous wastes. The effects of
emperature, conductivity, molar ratio, and reaction atmosphere
n the transformation of NiCr2O4 from nickel species in simulated
eavy metal sludge are discussed. The nickel leachability of NiCr2O3
as also evaluated to understand the stabilization effects.

. Materials and methods

.1. Preparation of simulated sludge

Because of the complex composition of real heavy metal sludge,
imulated nickel-laden sludge was prepared and applied in this
tudy. A co-precipitation method was conducted to prepare the
imulated sludge. Nickel chloride (NiCl2·6H2O) and chromium
hloride (CrCl3·6H2O) were mixed in a specific ratio by stirring
n deionized water to prepare a solution containing high con-
entrations of nickel and chromium. Then the pH was adjusted
o a range of 7–8 with continual stirring and the addition of
aOH and HNO3. The precipitate composed of nickel hydroxide
nd chromium hydroxide was used as the simulated heavy metal
ludge. The simulated sludge was dried at 105 ◦C, and ground to
ass through a 74 �m sieve (ASTM 200 mesh). In each sintering tri-
ls, the sludge sample was pressed into a small pellet with 13 mm
iameter in advance under a compression pressure of 2 t/cm2. All
hemicals used in this study were of reagent grade.

.2. Desalination process

The existence of chlorine ions may  result in a decrease in spinel
ormation efficiency. In this experiment, the content of chloride salt
n the simulated sludge was repeatedly adjusted by washing with
eionized water, and the slurry was centrifuged at 8000 rpm for

 min. The conductivity of the upper layer solution was measured
o indicate the amount of salt in the sludge. Then the simulated
ludge with a conductivity of 0.2–14 ms/cm was dried, pelletized
nd subjected to the sintering process.

.3. Sintering temperature, molar ratio, and atmospheric effect

To interpret the effect of temperature on the formation of the
hromite spinel structure, simulated sludge with a Cr/Ni molar ratio
f 2 and conductivity of 1.4 ms/cm was sintered at varied temper-
tures ranging 500–1200 ◦C for 3 h at a heating rate of 10 ◦C/min
n an air atmosphere. In addition to the sintering temperature, the

olar ratio of Cr/Ni is also an important controlling parameter for
ynthesizing spinel and the stabilization efficiency. The simulated
ludge with a conductivity of 3 ms/cm and different Cr/Ni molar
atios of 1–6 was sintered at 1200 ◦C for 3 h. The furnace was filled
ith two reaction atmospheres (nitrogen and air) during the ther-
al  process. After sintering, samples were air-quenched at room

emperature and ground into powders to pass through a 74 �m
ieve for product characteristic analysis.
.4. Product analysis

The stabilization efficiency of heavy metals after the sintering
rocess was determined through a toxicity characteristic leaching
Fig. 1. XRD patterns of samples (with a Cr/Ni ratio of 2 and a conductivity of
1.4 ms/cm) sintered at different temperatures.

procedure (TCLP). Concentrations of heavy metals were analyzed
by inductively coupled plasma-atomic emission spectrometry (ICP-
AES, Jobin Yvon, JY24) with triplicate analyses, and average values
are presented. The phase transformation of heavy metal sludge
and the formation of spinel structures were investigated by X-
ray diffraction (XRD, Rigaku RINT2000) and scanning electron
microscopy (SEM, Hitachi S-2400). The crystalline phases found
in the products were identified based on the Joint Committee on
Powder Diffraction Standards-International Centre for Diffraction
Data (JCPDS-ICDD), including NiO (PDF #47-1049), Cr2O3 (PDF #06-
0504), and NiCr2O4 (PDF #23-0432).

3. Results and discussions

3.1. Temperature effect

From previous studies, it was supposed that temperature is one
of the most important factors affecting the formation of nickel
spinel during the thermal process. Fig. 1 shows the XRD pattern
(with 2� range of 10–80◦) of the simulated sludge with a Cr/Ni
molar ratio of 2 and conductivity of 1.4 ms/cm sintered at different
temperatures. No crystal phase was observed in the XRD pattern
of samples before processing. The crystal phases of Cr2O3 and NiO
were formed at respective sintering temperatures of 500 and 700 ◦C
due to dehydration of chromium hydroxide and nickel hydroxide
during the high-temperature process. As the sintering temperature
rose to 800 ◦C, characteristic peaks of NiCr2O4 were observed in
the XRD pattern with decreasing intensities of Cr2O3 and NiO. This
showed that NiO began to diffuse and was inset into the lattice of
Cr2O3, and the spinel structure was generated at around 800 ◦C.
The characteristic peaks of Cr2O3 had almost completely disap-
peared at 900 ◦C, which means that the sludge had been almost
completely transformed into nickel chromite spinel after the ther-
mal  process. The formation mechanisms of NiCr2O4 are expressed
by the following chemical reactions:
2Cr(OH)3 → Cr2O3 + 3H2O (1)

(2)Ni(OH)2 → NiO + H2O
(3)Cr2O3 + NiO → NiCr2O4
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obstruct the diffusion of nickel oxide into the chromium oxide
structure at high temperatures. In addition, the chromite spinel has
an affinity of chromium ions for octahedral sites [17]. Therefore,
Fig. 2. SEM micrographs of samples (with a Cr/Ni ratio of 2 and a

The peak intensity of nickel chromite spinel also increased with
n increasing temperature to 1200 ◦C. However, this phenomenon
as different from those of other spinel systems, such as alumi-
ate and ferrite spinel, which dissociate to a delafosite phase at
emperatures of >1100 ◦C [4,5].

Fig. 2 shows the microstructures of sludge sintered at 500, 800,
nd 1200 ◦C. By analyzing the surface characteristic of sintered
ludge from the SEM pictures, it can be seen that a heterogeneous
orous structure was present at 500 ◦C. This observation proves
hat no reaction had occurred at this temperature, coincident with
he XRD results. When the temperature increased to 800 ◦C, surface
articles began to fuse and congregate with fewer porous struc-
ures. As the sintering temperature rose to 1200 ◦C, clear crystalline
acets with tetrahedral and octahedral structures were observed,
ndicating that the sludge had been significantly transformed into
he spinel structure. Changes in the microstructure at different tem-
eratures may  also affect the leachability of nickel ions in the TCLP
est.

To investigate the stabilization efficiency of the simulated
ludge after the thermal process, TCLP tests were performed to
ompare the leachability of samples sintered at different tem-
eratures. Leaching concentrations of nickel and chromium from
intered samples at different temperatures was presented in Fig. 3.

eaching concentrations of nickel and chromium of the sample sin-
ered at 500 ◦C were about 1391 and 526 mg/L, respectively. The
eaching tendencies of both metal ions significantly declined with
n increase in the sintering temperature. When the temperature
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ig. 3. Leaching concentrations of samples (with a Cr/Ni ratio of 2 and a conductivity
f  1.4 ms/cm) sintered at different temperatures.
ctivity of 1.4 ms/cm) sintered at (a) 500, (b) 800, and (c) 1200 ◦C.

exceeded 1100 ◦C, leaching concentrations of nickel and chromium
were <10 and 2.5 mg/L, respectively. Therefore, the results con-
firmed that the sintering strategy designed for nickel-laden sludge
is beneficial in stabilizing heavy metals.

3.2. Desalination effect

To understand the desalination effect when forming chromite
spinel and the stabilization efficiency, the conductivity of the sim-
ulated sludge was adjusted from 0.2 to 1, 3, 8, and 14 ms/cm, and
the sludge was  sintered at 1200 ◦C for 3 h. Fig. 4 illustrates the
effect of the salt content on the formation of the NiCr2O4 crys-
talline phase. Characteristic peaks of NiCr2O4 were only observed at
lower conductivities, and the peak intensity of NiCr2O4 decreased
with an increased salt content. The result also showed that only
characteristic peaks of Cr2O3 and NiCr2O4 were observed in this
system when the conductivity was  >3 ms/cm. The crystalline phase
of nickel oxide did not form due to the presence of the salt con-
tent. In a condition of high conductivity, the salt content might
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Fig. 4. XRD patterns of samples (with a Cr/Ni ratio of 2) with different conductivities
sintered at 1200 ◦C.
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 different conductivities of (a) 0.2, (b) 1, (c) 3, (d) 8, and (e) 14 ms/cm.

p
d
C
a
s
F
t
t

n
i
n
c
a
e
s
m
s
p
a
d
l
w
t
1
i
p
c
w

0

2

4

6

8

10

15129630

Conductivity (ms/cm)

Le
ac

hi
ng

 C
on

ce
nt

ra
tio

n 
(m

g/
L)

 Cr
Ni
Fig. 5. SEM micrographs of samples (with a Cr/Ni ratio of 2) with

lenty of sodium ions might have occupied vacancies in octahe-
ral sites in the spinel structure, which caused the formation of
r2O3 and deferred the formation of NiCr2O4. A similar result was
lso observed by Selim et al. who reported that the presence of
odium ions interfered with the solid reaction between CuO and
e2O3 [18]. It was supposed that removing the salt content from
he system would diminish the distance between NiO and Cr2O3,
hus improving NiCr2O4 formation efficiency.

Fig. 5 shows SEM results of sintered sludge with different desali-
ation levels at 1200 ◦C for 3 h. The particle size of spinel crystal

ncreased with an increasing salt content. However, a portion of
onreactive particles was observed on the surface of the spinel
rystals as the conductivity rose to 14 ms/cm, which might have
ffected the leaching behavior of the sintered sludge. Therefore, the
xistence of chloride in the sludge would affect the spinel particle
ize and then the stabilization efficiency of spinel after the ther-
al  process. To investigate the desalination effect on the nickel

tabilization efficiency, TCLP tests were also performed to com-
are the leachability of samples with different salt contents. Nickel
nd chromium leaching concentrations of sintered sludge with
ifferent conductivities are presented in Fig. 6. It was  found that

eaching concentrations of both nickel and chromium decreased
ith an increase in the conductivity. However, the concentra-

ion of chromium slightly increased as the conductivity rose to
4 ms/cm. From the above results, it was concluded that the behav-
or of a higher leaching concentration was relative to a smaller
article size with a higher specific surface of the spinel at low
onductivities. In addition, the lower transformation efficiency
ould also cause an increase in the leaching concentration at high
Fig. 6. Leaching concentrations of samples (with a Cr/Ni ratio of 2) with different
conductivities sintered at 1200 ◦C.

conductivity. Therefore, the existence of chloride in the sludge
affected the leaching behavior of heavy metals and the transfor-
mation efficiency of NiCr2O4.

3.3. Molar ratio
The initial trivalent ion/divalent ion molar ratio was  also con-
cluded to have a significant influence on the formation of spinel
materials during the thermal process in the previous study [19].
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Most experiments to synthesize spinel materials are conducted
with a high-temperature process under an air atmosphere. The pre-
vious study also indicated that the oxygen partial pressure affects
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ig. 7. XRD patterns of samples (with a conductivity of 3 ms/cm) with different
olar ratios sintered at 1200 ◦C.

lthough the stoichiometric value of the Cr/Ni molar ratio for spinel
ynthesis is 2, field sludge generally contains additional divalent
nd/or trivalent metal oxides. To investigate the appropriate molar
atio for spinel transformation and nickel stabilization, the Cr/Ni
olar ratio was set to 1–6, and samples with a conductivity of

 ms/cm were sintered at 1200 ◦C for 3 h. Changes in the crystalline
hase with different molar ratios are shown in Fig. 7. The results
howed that significant nickel chromite spinel was observed, but
o nickel oxide was detected in any of the sintered samples, indi-
ating that nickel oxide was completely transformed into nickel
hromite after the thermal process. With an increase in the quan-
ities of chromium oxide, a dilution effect might lead to a decrease
n the intensity of nickel chromite spinel. The results also indicated
hat too much chromium oxide was added to the simulated sludge
ith a high Cr/Ni molar ratio for the formation of nickel chromite

pinel.
Fig. 8 shows the relationship between the leaching concen-

ration of TCLP tests and Cr/Ni molar ratio of sintered samples.
he leaching concentration of nickel significantly decreased as the
olar ratio increased from 1 to 2. The results indicated that sam-

les with a molar ratio of 1 had a higher leaching concentration
f nickel because of insufficient chromium oxide to transform the

ickel oxide into chromite spinel. After increasing the amount
f chromium oxide in the simulated sludge, the leaching con-
entration of nickel dramatically decreased because of sufficient
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Fig. 9. XRD patterns of samples (with a Cr/Ni ratio of 2 and a conductivity of
0.2 ms/cm) sintered at 1200 ◦C under two  atmospheres of (a) N2 and (b) air.

chromium oxide which provided a higher transformation efficiency
of nickel oxide. Therefore, it was concluded that a Cr/Ni molar ratio
of >2 will contribute to the stabilization efficiency of heavy metals
in the sludge after thermal processing.

3.4. Atmospheric effects
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Fig. 10. Leaching concentrations of samples (with a Cr/Ni ratio of 2 and a conduc-
tivity of 0.2 ms/cm) sintered at different temperatures under two atmospheres.
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he physical properties of spinel materials in high-temperature
rocesses [20]. In order to understand the effects of the reaction
tmosphere on forming chromite spinel and the stabilization effi-
iency, two different gases, air and nitrogen were used in the study.
ig. 9 shows the XRD patterns of simulated sludge with a Cr/Ni
olar ratio of 2 and a conductivity of 1.4 ms/cm sintered at 1200 ◦C

nder two atmospheric gases for 3 h. The results showed that the
rystal phase of NiCr2O4 was appreciably detected in the two sin-
ered samples under both N2 and air, but no obvious difference
etween the two samples was observed.

The leaching behaviors of nickel and chromium in samples sin-
ered at different temperatures under two atmospheres are shown
s Fig. 10.  Leaching concentrations of both nickel and chromium
ecreased with an increase in the sintering temperature. However,
here was also no obvious difference between the two different
tmospheres, which was coincident with the XRD results. There-
ore, it was concluded that these two reaction atmospheres did
ot affect the transformation efficiency of chromite spinel or the
tabilization of heavy metals.

. Conclusions

The nickel-laden sludge was transformed into nickel chromite
pinel (NiCr2O4) by thermal treatment. From the investigation, the
ollowing conclusions were reached.

1) The simulated nickel-laden sludge prepared by a co-
precipitation method could be transformed into nickel
chromite spinel (NiCr2O4) by thermal treatment at ∼800 ◦C.
The simulated sludge showed in the SEM micrographs was
transformed from porous structures to crystalline facets with
tetrahedral and octahedral structure with an increasing sinter-
ing temperature, which also proved the formation of spinel.
Leaching concentrations of both nickel and chromium also
decreased with an increase in the sintering temperature accord-
ing to the TCLP test. Therefore, this sintering strategy designed
for laden-sludge was proven to be beneficial in stabilizing heavy
metals.

2) The existence of salt in the sludge disturbs the formation of
spinel. However, leaching concentrations of both nickel and
chromium decreased with an increase in the salt content owing
to smaller particle sizes, which indicated that a moderate level
of salt in the sludge contributed to stabilization efficiency dur-
ing the thermal process.

3) The leaching concentration of nickel significantly decreased
as the molar ratio increased from 1 to 2 because of sufficient
chromium oxide to transform nickel oxide into chromite spinel.
The results also indicated that a Cr/Ni molar ratio of >2 con-

tributed to the stabilization efficiency of heavy metals in the
sludge after the thermal process.

4) The reaction atmosphere during thermal treatment did not
show obvious effects on the formation of chromite spinel.

[

aterials 198 (2011) 356– 361 361

Similar results were also observed with the TCLP test, which
means that nickel chromite spinel was  transformed from sim-
ulated sludge under either an N2 or air atmosphere.
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