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a b s t r a c t

To clarify the volatilization of heavy metals (Cu, Ni, Pb, and Zn) in sewage sludge during co-combustion in
cement kiln, effects of addition and types of four chlorides and temperature on the volatilization of heavy
metals in raw meal with 25 wt.% sewage sludge were investigated. The results showed that the volatiliza-
tion of Cu, Ni, and Pb increased significantly with increase of chlorides addition, while no obvious change
in the volatilization of Zn was observed. The effectiveness of chlorides on the volatilization of heavy met-
als depended on their release capacity of chlorine radicals and the chlorine combined capacity of heavy
metals. Higher calcination temperature resulted in dramatically increase in the volatilization of heavy
metals due to easier formation of volatile heavy metal chlorides. The results will provide a guideline
for co-combusting heavy metals contained solid wastes in cement kiln on the basis of security.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The use of cement kilns for disposing heavy-metal-containing
sewage sludge is promising, attributed to advantages, such as high
temperatures (1450 �C) and long residence times (greater than
1200 �C for several seconds), surplus oxygen during and after com-
bustion, good turbulence and mixing conditions, as well as no gen-
eration of by-products (e.g., slag, ashes, or liquid residues) (Yang
et al., 2014; Mokrzycki et al., 2003).

Several studies (Stephan et al., 1999; Eckert and Guo, 1998; Qi-
jun et al., 2003) have reported that heavy metals can be solidified
in clinker and hydration products, which in turn make it difficult to
leach out. Moreover, during the co-combustion of sludge in cement
kilns, heavy metals can volatilize and move with flue gas into the
atmosphere, which will directly pollute the environment. Hence
it is necessary to clarify the volatilization behavior of heavy metals
during the co-combustion of sludge in cement kiln, which can pro-
vide a guideline for appropriately handling solid wastes containing
heavy metals on the basis of security.

Previously, heavy metals have been known to be classified into
volatile (Pb and Cd), semi-volatile (Zn, Sb, and Se), and non-volatile
(Cr, Cu, Ni, As, Mn, and Co) heavy metals (Yang et al., 1994). The

content of chlorine in sewage sludge changed from ppm (Park
et al., 2010) to one percent (Toledo et al., 2005; Samaras et al.,
2008), and the types of chlorine salt consist mainly of alkali metal
and alkaline earth metal chlorides (Werther and Ogada, 1999) and
ferric chlorides (Wang et al., 2001), and etc.. In a municipal solid
waste (MSW) incineration plant, the evaporation rates of Cd, Cu,
Pb, and Zn in fly ash have been reported to be markedly shifted
by the addition of NaCl at an incineration temperature range of
670–1000 �C (Jakob et al., 1996). Increase in the chlorine content
from either organic chlorides (polyvinyl chloride) or inorganic
chlorides (NaCl and KCl, and FeCl3) will increase the amount of
heavy metal (Cd, Zn, Cr, and Cu) partitioned to the fly ash (Wang
et al., 1999; Tang et al., 2008; Wang et al., 2001). The gas/solid
transformation temperature of Cu has been reported to clearly
decrease while that of Zn is maintained a similar level, attributed
to the present of calcium chloride (Han et al., 2008). Without the
use of a chlorinating agent, only 40% of Zn has been reported to
removed, as compared with the removal of 90% of Pb and Cd and
70% of Cu. In contrast, approximately 90% of Pb, Cd, and Zn have
been removed from electrostatic precipitator ash after treatment
at 1000 �C for 30 min with the addition of calcium chloride (Chan
et al., 1996). The removal of heavy metals depended on the chlo-
rine release ability (Chan et al., 1996) and the binding energy
(Luan et al., 2013) of chlorides. Most of inorganic chlorides are
more effective than organic chlorides, such as PVC (Wang et al.,
1999; Li et al., 2015). Furthermore, CaCl2 and MgCl2 were generally
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more effective for heavy metal removal than NaCl, as CaCl2 and
MgCl2 first form HCl and/or Cl2 by reacting with H2O and/or O2

(indirect chlorination), while NaCl directly chlorinates (Nowak
et al., 2012).

From the above studies, the volatilization of Cu, Ni, Pb, and Zn is
possibly improved by chloride, which is inevitable presented in the
raw materials of cement kiln. Nevertheless, Available literatures
mainly focused on the effects of chlorine on the volatilization of
Cu, Ni, Pb, and Zn during incineration of sewage sludge at relatively
low temperatures (<1000 �C). However, sewage sludge was sub-
jected to high temperature (950–1450 �C) during co-combustion
in cement. In addition, various chlorine sources are contained in
sludge, which will play different roles in the volatilization of heavy
metals. To the best of our knowledge, few studies have been con-
ducted to distinguish the effect of differential chloride sources on
the volatilization of heavy metal. For clarifying the effects of chlo-
rine on the volatilization of Cu, Ni, Pb, and Zn, different addition
and types of chlorides (AlCl3�6H2O, FeCl3�6H2O, CaCl2, and NaCl)
were used in the raw meal, and the volatilization of heavy metals
was determined under different conditions (use of different chlo-
rides and sintering temperature).

2. Materials and methods

2.1. Materials

Cement raw materials, such as limestone, clay, and iron tailing,
were supplied by the Yue Bao cement plant. The original sewage
sludge from wastewater treatment is produced by Anaerobic-
Anoxic-Oxic Technology. The moisture content of original sewage
sludge from wastewater treatment by vacuum filtration or cen-
trifugal dehydration is about 80%, and then decreased to about
33.2% by using the residual heat (about 280 �C) of the exhaust
gas of Yue Bao cement plant. Table 1 summarizes the chemical
compositions of cement raw materials and sewage sludge. Table 2
summarizes the concentrations of heavy metals (Cu, Ni, Pb, and Zn)
in materials determined by atomic absorption spectrometry (Ana-
lytik Jena AG, Germany). Fig. 1 shows the X-ray diffraction (XRD)
pattern of sewage sludge.

2.2. Sample preparation

In this study, Lime saturation ratio (KH), Silica ratio (SM), and
Alumina ratio (IM) values of raw meal with 25.00 wt.% sewage
sludge were designed as 0.9, 2.5, and 1.6, respectively. By the
Bogue calculation (Lawrence, 1998) (Eqs. (1)–(3)), the composi-
tional parameters of cement clinkers were controlled. The theoret-
ical mineral composition was calculated to be 56% C3S, 20% C2S,
8.6% C3A, and 10% C4AF. Raw materials were prepared and four
inorganic chlorides (AlCl3�6H2O, FeCl3�6H2O, CaCl2, and NaCl) were
added at percentages of 0 wt.%, 0.4 wt.%, 0.8 wt.%, 1.2 wt.%, and
1.6 wt.% by mass of raw meal. Table 3 lists the mixtures thus
designed.

Lime saturation ratio ðKHÞ ¼ CaO� 1:65Al2O3 � 0:35Fe2O3

2:8SiO2
ð1Þ

Silica ratio ðSMÞ ¼ SiO2

Al2O3 þ Fe2O3
ð2Þ

Alumina ratio ðIMÞ ¼ Al2O3

Fe2O3
ð3Þ

The experiments were conducted as following: First, the cement
raw materials were homogenized and mixed with sewage sludge
and chlorides, followed by compression of mixtures using
Ø10 � 50 mm cylindrical pellets at 30 MPa with 10% water. Next,
each pellet was calcined from room temperature to the designated
temperature at a heating rate of 10 �C�min�1. When the furnace
reached designated temperature, it was maintained for 45 min.
Finally, the calcined samples were ground and passed through an
ASTM 180 mesh sieve for further analyses.

The volatilization behavior of heavy metals in the calcined sam-
ples with different inorganic chloride content (0%, 0.4%, 0.8%, 1.2%,
and 1.6%) was observed. For comparing the differences in the
volatilization of Cu, Ni, Pb, and Zn under various calcination

Table 1
Chemical composition of materials.

Material Chemical composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Cl P2O5 LOIa Others

Limestone 4.36 – 1.64 53.07 0.47 0.44 0.02 0.04 39.69 0.27
Clay 65.32 17.34 4.71 1.21 0.48 0.9 0.02 0.14 0.04 9.84
Iron tailing 34.45 4.29 30.87 26.87 0.25 0.04 0.02 0.05 0.03 3.13
Sewage sludgeb 27.01 9.77 7.85 13.33 0.96 1.6 0.05 3.5 33.04 2.89

Note: –, un-detected.
a LOI, Loss on ignition (Chinese national standard method GB/T 176-2008).
b Dry weight basis (constant weight at 105 �C).

Table 2
The concentrations of heavy metals in raw materials (mg�kg�1).

Material Cu Ni Pb Zn

Limestone 3.92 1.31 1.12 8.76
Clay 58.97 16.12 180.95 6.80
Iron tailing 2.96 13.34 2.71 13.24
Sewage sludgea 1750.98 206.59 66.08 885.64

a Dry weight basis (constant weight at 105 �C).

Fig. 1. X-ray diffraction pattern of sewage sludge.
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