
jes
c.a

c.c
n

Journal of Environmental Sciences 2010, 22(7) 1110–1115

Thermal stabilization of chromium slag by sewage sludge: Effects of sludge
quantity and temperature

Changlin Wu, Hua Zhang, Pinjing He∗, Liming Shao

State Key Laboratory of Pollution Control and Resources Reuse, Key Laboratory of Yangtze River Water Environment, College of Environmental
Science & Engineering, Tongji University, Shanghai 200092, China. E-mail: solidwaste@tongji.edu.cn

Received 14 August 2009; revised 03 February 2010; accepted 10 February 2010

Abstract
To investigate the feasibility of detoxifying chromium slag by sewage sludge, synthetic chromium slag containing 3% of Cr(VI) was

mixed with sewage sludge followed by thermal treatment in nitrogen gas for stabilizing chromium. The effects of slag to sludge ratio
(0.5, 1 and 2) and temperature (200, 300, 500, 700 and 900°C) on treatment efficiency were investigated. During the mixing process
before thermal treatment, 59.8%–99.7% of Cr(VI) was reduced, but Cr could be easily leached from the reduction product. Increasing
heating temperature and decreasing slag to sludge ratio strengthened the reduction and stabilization of Cr(VI). When the slag to sludge
ratio was 0.5 and thermal treatment temperature was 300°C, the total leached Cr and Cr(VI) declined to 0.55 mg/L and 0.17 mg/L
respectively, and 45.5% of Cr in the thermally treated residue existed as residual fraction. A two-stage mechanism was proposed for
the reduction and stabilization of Cr.
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Introduction

Chromium exists mainly in two oxidation states, Cr(III)
and Cr(VI), in the natural environment. Cr(III) at trace
concentration is essential in human nutrition as well as
for animals and plants, while Cr(VI) is a strong oxidizing
agent and a carcinogen. Chromium slag from chromate
or metallic chromium manufacturing plants is one of the
most hazardous solid wastes because of its high content of
dissolvable Cr(VI). The continuous Cr(VI) leaching from
chromium slag could cause serious contamination to its
surrounding environment, such as underground water (Shi
and Kan, 2009). It was reported that the accumulative
amount of chromium slag was more than 6 million tons
in China in 2005, among which only 2 million tons were
treated in different extends and the other 4 million tons
were simply deposited (State Environmental Protection
Administration of China, 2005). Thus, there is an urgent
requirement for chromium slag treatment with regard to
environmental protection and human health concern. One
of the most common ways to deal with these wastes
is to reduce Cr(VI) to Cr(III), which is less toxic and
more easily removed or immobilized (Wang and Li, 2004).
Ferrous sulfate is often used for remediation of Cr(VI) con-
taminated wastewater and soils, but Fe(II) could precipitate
under the alkaline environment of chromium slag, thus
hindering the reduction process (Geelhoed et al., 2003).
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Remediation of chromium slag by calcium polysulfide is
also widely studied (Graham et al., 2006; Wazne et al.,
2007). The analyses indicated that Cr(VI) reduction was
not complete and the leached Cr would raise again about
15 months later (Wazne et al., 2007). Many studies have
shown that organic matters could reduce Cr(VI) (Kozÿuh et
al., 2000; Wang and Li, 2004; Park et al., 2008a), however,
they mostly paid attention to the reduction percentage of
Cr(VI) and did not investigate the leachability and mobility
of Cr(III) transferred from Cr(VI) in the products.

Thermal treatment can not only reduce Cr(VI) but also
stabilize Cr(III) in the matrix, such as kaolin (Wei et al.,
2002), clay (Cheng et al., 2005), electroplating sludge
(Espinosa et al., 2001; Li et al., 2007). Sewage sludge
is a kind of solid waste containing significant amount of
organic matters, therefore, it can be possibly used to reduce
Cr(VI). At the same time, thermal treatment enhances the
reduction effect via shortening the reducing time and en-
suring the stability of Cr in the treated residue. Therefore,
in this study, thermal reduction of synthetic chromium
slag in nitrogen gas was conducted using sewage sludge
as reductant, in order to (1) determine the possibility
of chromium slag detoxification by sewage sludge, (2)
discuss the effects of sludge quantity and temperature on
thermal reduction of chromium slag, and (3) investigate
the stability of Cr in the thermally treated residues and the
possible mechanism(s) for thermal stabilization of Cr by
sewage sludge.
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1 Materials and methods

The sewage sludge sample was collected from the
aeration basin of a municipal wastewater treatment plant
in Shanghai, China, and dewatered within 30 min with
a centrifuge (5000 r/min, 15 min). The sludge contained
93.2% of water, 3.0% of ash, and 3.8% of organic matters
by wet weight (or 55.9% by dry weight). The C and N
contents in the sludge by dry weight were 33.5% and 6.2%
respectively, measured by an elemental analyzer (Vario EL
III, Elementar, Germany). The Cr content in the sludge
was 0.049 mg/g by dry weight, analyzed by an inductively
coupled plasma spectrometer (ICP) (ICP-optima 2001DV,
Perkin-Elmer, USA) after aqua regia/HF digestion. The
synthetic chromium slag containing 3% of Cr(VI) was
prepared by mixing 11.2 g of K2CrO4 with 88.8 g of SiO2,
which is the main composition of chromium slag (Ding and
Ji, 2003; HJ/T301-2007). The sludge and synthetic slag
were homogeneously mixed in a mortar with the mass ratio
of slag to sludge 0.5, 1, and 2 (denoted as S0.5, S1, and
S2, respectively) by dry weight. After mixing, the slurry
was dried at 75°C for 3 days (He et al., 2000). Each of the
dried mixture was well ground and stored hermetically at
4°C before thermal treatment.

The thermal treatment tests were performed in an
electric-heated tubular furnace, in which all the air was
displaced with N2 before the experiments. The dried syn-
thetic chromium slag placed in a porcelain boat was heated
in the furnace from room temperature to an established
temperature by 10°C/min in N2 atmosphere (50 mL/min),
and kept for 0.5 hr. After that the tube was cooled to the
ambient temperature with nitrogen.

The total Cr and Cr(VI) content in the samples and
thermally treated residues were analyzed by an ICP af-
ter aqua regia/HF digestion and alkaline digestion (US
EPA Method 3060A), respectively. The leaching test was
conducted according to the Chinese national standard
“solid waste extraction procedure for leaching toxicity-
sulphuric acid & nitric acid method” (HJ/T299-2007). The
concentrations of total Cr and Cr(VI) in the leachate were
determined by the ICP and colorimetrical method using
1,5-dephenylcarbazide (APHA et al., 1998) respectively.
The modified sequential extraction procedure first devised
by European Community Bureau of Reference was carried
out, which consisted of three extraction steps (exchange-
able and weak acid soluble fraction; reducible fraction;
oxidizable fraction) and a residual digestion step (residual
fraction) (Rauret et al., 1999). The thermogravimetric (TG)
analysis was performed in a thermogravimetric analyzer
(SDT Q600, TA Instruments-Waters LLC., USA), with the
heating rate 10°C/min from room temperature to 900°C,
in N2 atmosphere at 50 mL/min. The mineralogical com-
position was identified by an X-ray diffractometer (XRD)
(D/max 2550, Rigaku Corporation, Japan).

All the reagents used in the experiments were of analyt-
ical grade.

2 Results and discussion

2.1 Effect of the slag to sludge ratio on Cr(VI) reduction

Figure 1 shows the content of total Cr and Cr(VI) in
the dried samples with different slag to sludge ratios.
Before the thermal treatment, 99.7%, 94.7%, and 59.8%
of Cr(VI) were reduced for the S0.5, S1, and S2 sample,
respectively. It was clear that the higher proportion of
sludge was in the sample, the more Cr(VI) was reduced.
The organic matter in the sewage sludge could react as
a Cr(VI) reductant in the mixture. When Cr(VI) came
in contact with organic substances or biomaterial, Cr(VI)
could be not only bound on the surface but also reduced to
Cr(III) (Elangovan et al., 2008; Gao et al., 2008; Yang and
Chen, 2008). Organic reductant could provide electron-
donor groups which can reduce Cr(VI) with two reduction
mechanisms. In mechanism I (direct reduction), Cr(VI) is
directly reduced to Cr(III) by contacting with electron-
donor groups. Mechanism II (indirect reduction) consists
of three steps: (i) the binding of anionic Cr(VI) to positive-
ly charged groups, (ii) the reduction of Cr(VI) to Cr(III) by
adjacent electron-donor groups, and (iii) the release of the
reduced-Cr(III) or the complexation of the reduced-Cr(III)
with adjacent groups (Park et al., 2008a, 2008b). For the
Cr(VI) reduction into Cr(III) in the synthetic chromium
slag, electrons as well as protons were required, which was
supplied by the electron-donor groups and hydroxyl in the
sludge.

Fig. 1 Total Cr and Cr(VI) content in the dried mixtures of slag and
sludge.

2.2 Effect of the slag to sludge ratio on Cr stabilization

All the three mixture samples were identified as haz-
ardous before thermal treatment with regard to leaching
toxicity (Table 1), but after treated at 300°C, the leached
concentration of total Cr and Cr(VI) decreased by 95.2%
and 69.4% for sample S0.5, 96.4% and 96.4% for sample
S1, and 97.9% and 99.8% for sample S2. With the increase
of sludge proportion in the samples, both the leached ratio
and concentration of total Cr decreased significantly,
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Table 1 Leached concentration of total Cr and Cr(VI) from the samples before and after treated at 300°C*

Samples Leached Cr(VI) (mg/L) Leached total Cr (mg/L)
Before thermal After thermal Limit value Before thermal After thermal Limit value
treatment treatment (mg/L) treatment treatment (mg/L)

S0.5 0.55 0.17 5 45.8 (4.20%) 2.20 (0.14%) 15
S1 99.2 3.56 5 427 (26.7%) 15.3 (0.70%) 15
S2 965 1.95 5 1450 (63.8%) 30.1 (1.07%) 15

* Values in parenthesis are the ratios of total leached Cr to total Cr in the samples, and the leached concentration exceeding the related limited value
(GB 5085.3-2007) are expressed as black bold.

whether before or after thermal treatment. The leached
ratios of total Cr fell from 26.7% (S1) and 63.8% (S2) to
less than 1.10%, and the leached concentrations of Cr(VI)
fell from 99.2 mg/L (S1) and 965 mg/L (S2) to 3.56 mg/L
and 1.95 mg/L respectively after heating (Table 1). The
more sludge in the sample, the less Cr leached from the
thermally treated products.

From Fig. 2, Cr in each sample converted from more
easily leachable fractions (exchangeable and weak acid
soluble fraction, and reducible fraction) to less leachable
fractions (oxidizable fraction and residual fraction). The
percentages of the more easily leachable fractions de-
creased from 27.87%, 43.55%, and 70.49%, to 5.27%,
4.14%, and 2.69% for S0.5, S1, S2, respectively. Before
thermal treatment, the increase of slag to sludge ratio
caused the more Cr of exchangeable and weak acid soluble
fraction. It is noteworthy that after thermal treatment, the
exchangeable and weak acid soluble Cr was below 0.30%
for all the samples, resulting in a significant decline of Cr
leachability. Thermal treatment, even at a lower tempera-
ture such as 300°C, could obtain a satisfied reduction and
stabilization result. Low slag to sludge ratio can make Cr
more stable through shifting Cr to oxidizable and residual
fractions.

2.3 Effect of heating temperature on Cr(VI) reduction

Figure 3 presents the ratio of Cr(VI) content to total Cr
content in sample S1 and its thermally treated residues.
The ratio of Cr(VI) to total Cr in the dried S1 sample
was as high as 5.3%, but after thermal treatment, the ratio

Fig. 2 Speciation of the mixed samples with different slag to sludge
ratios and the thermally treated residues at 300°C (e.g., S0.5–300).

decreased significantly, from 1.68% at 200°C to 0.45% at
300°C, while varied a little from 500 to 700°C. Thermal
treatment induced the Cr(VI) reduction and the increase of
thermal treatment temperature could enhance the reduction
level.

2.4 Effect of heating temperature on Cr stabilization

Figure 4 shows the leached concentration of total Cr
and Cr(VI) in S1 and its thermally treated residues. It can
be concluded that Cr leached from the thermally treated
residues was greatly influenced by the heating temperature.
Higher temperature resulted in markedly less leached con-
centration of Cr. Although 94.7% of Cr(VI) was reduced
in sample S1 before thermal treatment (Fig. 1), the leached

Fig. 3 Cr(VI) to total Cr ratio of the sample S1 and its thermally
treated residues. The values 200–900 following S1 indicate the heating
temperatures.

Fig. 4 Leached concentration of total Cr and Cr(VI) from the sample
S1 and its thermally treated residues. The values 200–900 following S1
indicate the heating temperatures.
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concentration of total Cr and Cr(VI) was still very high,
427 mg/L (26.7% of total Cr in the sample) and 99.2 mg/L,
respectively (Table 1). That was far beyond the limit values
for hazardous waste (GB 5085.3-2007). Because most
Cr(III) converted from Cr(VI) before thermal treatment
was simply bound to the negative charged groups in the
sludge, such as carboxyl and sulphonate groups (Park et
al., 2008b), it could be easily leached out. However, when
the sample was heated at 300°C, the leached concentration
of total Cr and Cr(VI) significantly decreased to 15.3 mg/L
and 3.56 mg/L, which almost reached to the limit values for
hazardous waste (GB 5085.3-2007).

As shown in Fig. 5, there was 20.4% of exchangeable
and weak acid soluble Cr which can be easily leached
from the waste, and no residual fraction of Cr existed in
the sample S1. But with the increase of thermal treatment
temperature, the Cr of exchangeable and weak acid sol-
uble fraction shifted to oxidizable and residual fractions,
especially for the sample S1-900, 98.5% was residual
fraction which is immobile. Similar result was obtained by
Zorpas et al. (2001), who observed that up to 87.0% of
Cr contained in the sewage sludge would transform from
other fractions to residual fraction when the sludge was
heated in kiln at 900°C. It is clear that the distribution of
Cr had close relationship with the leaching results (Fig. 4),
the more Cr in the residual fraction, the less Cr leached
from the sample. The increase of temperature benefited to
the stabilization of Cr in the thermally treated residues.

2.5 Possible stabilization mechanism(s) of Cr by ther-
mal treatment with sludge

Figure 6 shows the XRD patterns for the sample de-S1
(the mixture of SiO2 and sludge at 1:1 by weight, without
spiking of Cr), S1 and its thermally treated residues. The
characteristic peaks for quartz could be detected for all the
samples, because the matrix of the synthetic chromium
slag was SiO2. Although most Cr existed as residual
fraction (Fig. 5) after thermal treatment, especially at 700
and 900°C, no significant peaks for Cr-containing minerals

Fig. 5 Speciation of the sample S1 and its thermally treated residues.
The values 200–900 following S1 indicate the heating temperatures.

Fig. 6 XRD patterns of the samples.

were detected, indicating that amorphous Cr compounds
were formed during the thermal treatment process, since
XRD fails to detect amorphous phases.

Figure 7 illustrates the TG curves of the mixed samples.
Some differences for the four samples were observed.
Firstly, the shoulder at 430°C became more significant with
the increase of spiked Cr; secondly, the maximum weight
loss of the sample de-S1 occurred at 330°C, with 300°C,
295°C and 290°C for the samples S0.5, S1, S2, respective-
ly. It is clearly that the peak shift to lower temperature. For
all the four samples, the first weight loss occurred between
room temperature and 180°C. This process was associated
to the dehydration of the samples. The second weight loss
was observed from 180 to 390°C and it corresponded to
decomposition of organics in a wider temperature range,
resulting in the different weight loss ratios. Sample S0.5
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Fig. 7 Thermogravimetric (TG) analysis results of different samples.

lost 26.5% of weight under 180–390°C, while 20.1% for
S1 and 10.8% for S2 were obtained.

When S1 was thermally treated at 200°C, the leached
concentration of total Cr reached to 59.0 mg/L, but when
the temperature came to 300°C, during which the weight
loss was 18% and a lot of organics were decomposed, the
total leached Cr of the residue of S1 decreased to 15.3
mg/L (Fig. 4) and some Cr transformed to residual fraction
(Fig. 2). It could be assumed that when the synthetic
slag was mixed with the sludge and dried for 3 days,
Cr(VI) can be reduced to Cr(III) which was bound to the
negative charged groups in the sludge, then with thermal
treatment in nitrogen gas, Cr(III) reduced from Cr(VI)
transformed to more stable and immobile compounds,
and the residual Cr(VI) continued to be reduced with the
decomposition of organic matters. There are also the other
two peaks appeared at about 430°C and 670°C, which
could correspond to depolymerization of cellulose and
decomposition of calcium carbonate or non-biodegradable
matters referring to former publications (Font et al., 2001;
Thipkhunthod et al., 2006; Shao et al., 2008). At 900°C,
the curve of derivability weight inclined to raise again, the
sample might be sintered at higher temperature and form
spinel structure which will make Cr more stable in the
residues (Wei et al., 2006).

3 Conclusions

Cr(VI) in the synthetic chromium slag could be effec-
tively reduced to Cr(III) by sewage sludge. Lower slag to
sludge ratio (0.5 by weight) benefited to both the reduction

effect of Cr(VI) and the stability of Cr in the thermally
treated residue. Temperature is a key factor for Cr(VI)
reduction and stabilization. With the increase of thermal
treatment temperature, the leached Cr decreased signif-
icantly, especially at temperature above 300°C; and Cr
transformed to stable fraction, i.e., oxidizable and residual
fractions.

The mechanism for thermal detoxification of Cr by
sewage sludge may contain two-stage reaction. First,
Cr(VI) was reduced to Cr(III) during the mixing and drying
process and Cr(III) was adsorbed on the surface of sludge,
and then, Cr(III) transformed to stable compounds with
organic matters decomposition at high temperature.
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