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a b s t r a c t

The purpose of this study is to utilize an electroplating sludge for belite-rich clinker production and to
observe the influence of heavy metals on the polymorphs of dicalcium silicate (C2S). Belite-rich clinkers
prepared with 0.5–2% of NiO, ZnO, CuO, and Cr2O3 were used to investigate the individual effects of
the heavy metals in question. The Reference Intensity Ratio (RIR) method was employed to determine
the weight fractions of �-C S and �-C S in the clinkers, and their microstructures were examined by the
eywords:
elite-rich clinker
eavy metal
-ray diffraction
ransmission electron microscopy

2 2

transmission electron microscopy (TEM). The results showed that nickel, zinc, and chromium have positive
effects on �-C2S stabilization (Cr3+ > Ni2+ > Zn2+), whereas copper has a negative effect. The addition of
up to 10% electroplating sludge did not have any negative influence on the formation of C2S. It was
observed that �-C2S decreased while �-C2S increased with a rise in the addition of the electroplating
sludge. Moreover, nickel and chromium mainly contributed to stabilizing �-C2S in the belite-rich clinkers

oplat
lectroplating sludge produced from the electr

. Introduction

Cement manufacturing is an industry that consumes a large
mount of energy and emits high levels of CO2; producing one
on of cement typically requires approximately 3.2–6.3 GJ of energy
nd is accompanied by one ton of CO2 emissions [1]. These emis-
ions principally arise from limestone calcination, fuel combustion,
nd electricity use. Some studies have estimated that the cement
ndustry contributes as much as 5% of global anthropogenic CO2
missions [2,3], and thus in recent years there have been a num-
er of efforts aimed at reducing the CO2 emissions with the
roduction of low-energy cements, e.g., alinite cements, sulfoalu-
inate cements, and belite-rich cements (also known as high belite

ements) [4].

The large energy and raw-material requirements of cement

anufacturing provide the industry with significant opportunities
o consume enormous amounts of waste materials and fuels, and
everal researchers have studied the possibility of reusing these

∗ Corresponding author at: Department of Environmental Engineering, National
heng Kung University, No. 1, University Rd., Tainan City 70101, Taiwan, ROC.
el.: +886 6 2757575x65824; fax: +886 6 2752790.
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ing sludge.
© 2009 Elsevier B.V. All rights reserved.

waste materials for ordinary Portland cement production [5–7].
However, the amount of waste materials reused in these studies
was usually limited, because excessive amounts of impurities inter-
fered with the formation of alite (Ca3SiO5, C3S) by hindering belite
(Ca2SiO4, C2S) from combining with lime (CaO). Therefore, it may be
preferable to reuse non-conventional materials, e.g., metal-surface-
treatment sludge [5], chemical-industry waste [6], and galvanic
sludge [7], for the production of belite-rich cements. Compared to
the vitrification process for thermal waste treatment [8,9], belite-
rich cement production should also have the advantage of lower
energy consumption.

Belite-rich cements, in which C2S is the major constituent, have
lower CO2 emissions than ordinary Portland cements because of
their reduced sintering temperature and lower limestone require-
ment. In terms of engineering properties, belite-rich cements also
have the advantages of low hydration heat, high flowability, good
frost resistance, and excellent structural durability [10–12]. How-
ever, the hydraulic activity of belite-rich cements requires further
consideration. It is known that C2S exists in five polymorphs,

namely �, �′

H, �′
L, �, and �. The � phase, which barely reacts with

water, is stable at room temperature, while the other polymorphs
in the pure state are stable only at elevated temperatures [13,14].
In the production of belite-rich cements, the � → � transformation
of C2S can be problematic, reducing the hydraulic activity. Some

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:juuen@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.04.076
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Table 1
The results of the chemical analyses of the raw mix and EPS.

Chemical composition (dry basis) Raw mix EPS

Metal content as oxides (wt.%)

CaO 54.8 12.7
SiO2 23.9 2.8
Al2O3 5.0 0.2
Fe2O3 8.3 8.0
MgO 0.3 0.8
Na2O 0.1 0.6
K2O 0.3 ND

Heavy metal (mg/kg)

Ni ND 72,353
Zn ND 29,770
Cu ND 24,813
Cr ND 42,457
44 Y.-L. Chen et al. / Journal of Haza

pproaches, such as physical and chemical stabilizations, have been
uggested to preserve �-C2S at room temperature. Physical stabi-
ization is related to the cooling conditions and the particle size
f C2S [11,13,15], and the rapid cooling technique is often used
ith different cooling media, e.g., air, water, liquid nitrogen, and

arbon tetrachloride [11]. Chan et al. [15] reported that the C2S
articles smaller than 10 �m were completely retained as the �
hase. The effects of foreign ions on chemical stabilization have also
een investigated [16–19], and various judgment methods based
n the Goldschmidt’s ion radius (RG) [20], the ratio of charge to
auling’s ion radius (C/RP) [21], and the ion polarization ability
C2/RP) [22] have been proposed to predict which ions can stabilize
-C2S at room temperature. Generally, the chemical approaches

n the literature were effective in stabilizing �-C2S, without
articularly controlling the cooling conditions or the particle
ize.

Reducing energy requirements and CO2 emissions and utilizing
lternative materials are important tasks in modern cement manu-
acturing. Non-conventional materials containing some impurities
re more appropriate for the production of belite-rich rather than
rdinary Portland cement clinkers, and the foreign ions are bene-
cial to stabilizing C2S in the � phase. The purpose of this study

s thus to use electroplating sludge (EPS) for the production of
elite-rich clinkers and to observe the influence of heavy-metal

ons, including Ni2+, Cu2+, Zn2+, and Cr3+, on the C2S polymorphs.
n order to assess the effectiveness, quantitative X-ray diffraction
nalysis was employed to determine the weight fractions of �- and
-C2S in the clinkers by means of the Reference Intensity Ratio (RIR)
ethod. In addition, the clinker microstructures were examined by

he transmission electron microscopy (TEM) and energy dispersive
pectroscopy (EDS) techniques.

. Experimental

.1. Materials

The EPS used in this study was obtained from an electroplating
actory manufacturing industrial and automobile components. The
astewaters from different electroplating processes were treated

ogether, and thus EPS containing several heavy metals was gen-
rated in a chemical–precipitation process, where the wastewater
as adjusted to a high pH level. The EPS lumps dried in an oven
ere collected and then crushed with a jaw crusher, and the frag-
ents were then ground into powder with a particle size of less

han 75 �m (No. 200 mesh, USA standard testing sieve) by a cen-
rifugal ball mill for further experiments. The chemical analyses
f EPS were conducted with an inductively coupled plasma-optical
mission spectrometer (ICP-OES, PerkinElmer Optima 2000 DV) fol-
owing the microwave-assisted acid digestion procedure (USEPA,
W-846 Method 3051). The EPS powder was digested with nitric,
ydrochloric, and hydrofluoric acids at ∼175 ◦C for 24 min in a
igh-performance microwave digestion unit (Milestone, MLS 1200
EGA). Table 1 shows the chemical compositions of the EPS and

he raw mix for making belite-rich clinkers. The major constituents
n EPS were CaO and Fe2O3 (12.7 wt.% and 8.0 wt.%, respectively),

eaning that it has potential for use as cement raw materials.
n terms of heavy metals, copper, zinc, chromium, and nickel
ere detected at about 25,000–72,000 mg/kg in the EPS. The raw
ix was primarily composed of CaO and SiO2 (with a molar

atio of CaO to SiO2 of 2.46), and there were no heavy metals
resent. This chemical composition of the raw mix was chosen

n the basis of our previous study [23], in which it was found
hat a lime saturation factor (LSF) of 0.7 is appropriate to pro-
uce belite-rich clinkers at 1,200 ◦C. In the produced clinkers, lime
lmost completely reacted and mainly combined with silica to form
2S.
Pb ND ND
Cd ND ND

ND: not detected (<2 mg/kg).

2.2. Clinker preparation

The raw mix without EPS was used to prepare a reference clinker.
In order to observe the influence of a single heavy metal, some
clinkers were prepared from the raw mixes doped with 0.5–2% of
NiO, ZnO, CuO, and Cr2O3. The raw mixes containing 2.5–10% of the
EPS were synthesized and the proportions of CaO, SiO2, Al2O3, and
Fe2O3 were adjusted close to those in the original raw mix by using
analytical-grade oxides. To produce clinkers, the raw mixes were
shaped into cylindrical pellets (approximately 35 mm in diameter
and 8 mm in height) under a uniaxial pressure of 9.8 MPa, and then
sintered in an electrical furnace at 1200 ◦C for 3 h. After the sinter-
ing procedure, the clinkers were cooled to room temperature in the
furnace under an air atmosphere and then ground in an agate ball
mill for 40 min by using cyclohexane as a grinding aid. The ground
material was then placed in a gentle nitrogen stream to remove
cyclohexane at room temperature.

2.3. Analyses

To acquire the mineralogical compositions of the clinkers, the
X-ray powder diffractometry (XRPD) was conducted with an X-
ray diffractometer (Bruker D8 Advance) with Cu-K� radiation. The
XRPD specimen was prepared by mixing a clinker with corundum
(�-Al2O3) in the weight ratio of 10:1. This mixture was dispersed in
a 0.5% (w/v) aqueous solution of polyvinyl alcohol to form a suspen-
sion in which the solid-to-liquid ratio was 1:2. The suspension was
spray dried at 150 ◦C and the collected particles were used for the
XRPD analysis. This spray-drying procedure was used to minimize
preferred orientation and to enhance the accuracy of the follow-
ing quantitative phase analysis. This analysis was performed with
the Reference Intensity Ratio method, which is an adaptation of the
internal standard method [24–27]. The most general definition of
RIR for the phase of interest � and the reference phase s is given by:

RIR�,s =
(

I(h k l)�

I(h k l)′s

)(
Irel
(h k l)′s

Irel
(h k l)�

)(
Xs

X�

)
(1)

where X, I, and Irel denote the weight fraction, intensity of a diffrac-
tion peak, and relative intensity, respectively. Rearranging Eq. (1)
and using corundum as the reference phase, the equation for the
RIR method can be given as Eq. (2).(

I
)(

Irel ′
)(

X
)

X� = (h k l)�

I(h k l)′cor

(h k l) cor

Irel
(h k l)�

cor

RIR�,cor
(2)

I(h k l)′cor and I(h k l)� can be calculated from the experimental diffrac-

tion data, and the three required constants (Irel
(h k l)′cor

, Irel
(h k l)�, and
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Table 2
RIRcor values and the corresponding peaks for the quantitative phase analysis.

Phase (ICDD-PDF no.) Chemical formula RIRcor Peak

d-Spacing (Å) h k l Irel

�-Dicalcium silicate (01-086-0398) Ca2SiO4 0.76 2.88 1 2 0 27.8
� 1.30 4.32 0 2 1 33.9
C 1.00 3.48 0 1 2 75.0
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Fig. 1. The XRPD patterns of the clinkers prepared with a single heavy-metal oxide.
-Dicalcium silicate (01-087-1257) Ca2SiO4

orunduma (00-010-0173) Al2O3

a Reference phase (internal standard).

IR�,cor) can be taken from the International Centre for Diffrac-
ion Data-Powder Diffraction File (ICDD-PDF) cards. Table 2 lists the
IRcor values and the corresponding peaks of the phases analyzed

n this study. The weight fraction of phase � in the XRPD speci-
en (X�) can be obtained from the known Xcor, and therefore that

n the original sample (X ′
�) can be computed by Eq. (3). However,

he results of the RIR method in this study should be considered as
emi-quantitative, because this analysis was based on the tabulated
onstants from the ICDD-PDF cards.

′
� = X�

1 − Xcor
(3)

The level of heavy metals in the clinkers was determined
ith the ICP-OES following the microwave-assisted acid diges-

ion procedure. To remove the interstitial phases and obtain a
esidue enriched in belite for microstructural examination, a selec-
ive extraction method that combines salicylic acid–methanol
SAM) extraction with KOH–sucrose (KOSH) extraction was used.
his combined method was developed by Gutteridge [28], and is
eferred to as a modified SAM extraction. In the specimen prepa-
ation for microstructural examination, the clinker fragments were
dded into absolute alcohol as a suspension in advance of the proce-
ure. A drop of the suspension was put on a copper grid with carbon
lm and then dried with a vacuum dryer. The microstructures of
he fragments were examined with a field emission transmission
lectron microscope (FE-TEM, Hitachi HF-2000) with an energy dis-
ersive spectrometer (EDS, Noran Voyager 1000).

. Results and discussion

.1. Individual effects of heavy metals on clinker mineralogical
ompositions

The clinkers prepared from the raw mixes doped with 0.5–2% of a
eavy-metal oxide were used to examine the influence of Ni2+, Zn2+,
u2+, and Cr3+ on the mineralogical compositions. Fig. 1 presents
he XRPD patterns of the reference clinker and clinkers prepared
ith a single heavy-metal oxide. The identification of �-C2S and �-

2S was made by using the resolvable diffraction peaks in spite of
artial or complete peak overlaps especially on the high-angle side.

t was observed that �-C2S and �-C2S were both the predominant
rystalline phases in the reference clinker. The interstitial phases
ncluding brownmillerite (Ca2FeAlO5) and gehlenite (Ca2Al2SiO7,
2AS) were also found. When the dosage of CuO or ZnO was raised
o 2%, the diffraction peaks of �-C2S were still clearly observable;
n addition, the clinker prepared with 2% of CuO had a high diffrac-
ion intensity of gehlenite. The diffraction peaks of �-C2S almost
isappeared in the XRPD pattern of the clinker prepared with 1% of
iO or Cr2O3, which was accompanied by an increase in the �-C2S
iffraction intensity.

Figs. 2 and 3 show the weight fraction of �-C2S and �-C2S in the

linkers, respectively. The reference clinker, which was not doped
ith heavy-metal oxides, contained about 27 wt.% of �-C2S and

4 wt.% of �-C2S. The stabilized �-C2S may be attributed to Al3+ and
e3+, which has been reported in several previous studies [16,18,19].
n those studies, Al3+ and Fe3+were doped into a pure CaO–SiO2 sys-

Fig. 2. The weight fraction of �-C2S in the clinkers prepared with different amounts
of heavy metal oxides.
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3.3. Residual heavy metals in clinkers

The level of heavy metals remaining in the clinkers is illustrated
in Fig. 6, and, with the exception of zinc, this was linearly corre-
lated with the EPS addition. Zinc was only detected in the clinkers
ig. 3. The weight fraction of �-C2S in the clinkers prepared with different amounts
f heavy metal oxides.

em at 0.01–0.2 mol for 1 mol of C2S, and it was reported that Al3+

nd Fe3+ could stabilize C2S in the � phase, which was contrary to
he judgments for the determination of stabilizing ions [20–22]. In
he heavy-metal oxide doped clinkers, the weight fraction of �-C2S
eemed to be negatively related to that of �-C2S, and the variations
n the quantity of �-C2S and �-C2S depended on the dosage and cat-
gory of the doped heavy-metal oxides. It was found that Cu2+ had a
egative effect, while Ni2+, Zn2+, and Cr3+ had positive effects on �-
2S stabilization. In addition, �-C2S increased by ∼8 wt.% when the
uO dosage increased to 2%. Cr3+ was most effective in stabilizing
-C2S, and most of the C2S existed in the � phase when Cr2O3 was
% of the raw mix. These findings are in accordance with the study
one by Saraswat et al. [29], which investigated the Cr2O3 doped
aCO3–SiO2 (2:1) system and found that the ratio of �-C2S to �-C2S
as close to the minimum when doped with 1% of Cr2O3. Ni2+ was

imilar to Cr3+, whereas Zn2+ was less effective than either of them.
owever, Ni2+ and Zn2+ were classified as failing to stabilize �-C2S
y the judgment methods [20–22], and this discrepancy may result
rom differences in experimental conditions, such as the CaO to SiO2

olar ratio, sintering and cooling processes, particle size, and the
oncentration of stabilizing ions [18]. As well as the discrepancies
or Ni2+ and Zn2+ seen in this study, they have also been observed
etween the experimental results and judgments for Al3+ and Fe3+

y Suzuki et al. [16] and Kim and Hong [19].

.2. Clinkers prepared with EPS

The XRPD patterns of the clinkers prepared with 2.5–10% of EPS
re given in Fig. 4. When the EPS addition was 2.5%, the diffrac-
ion peaks of �-C2S were still observable but the intensity was

uch lower than those in the reference clinker. In addition, �-C2S
lmost vanished in the clinkers prepared with 5% or more EPS. The
bove results reveal that the � → � transformation of C2S can be
nterrupted completely by employing EPS as a raw material to pro-
ide sufficient stabilizing ions. The clinker produced with 10% EPS
ad the strongest diffraction intensity of �-C2S. It was also found
hat the interstitial phases, brownmillerite and gehlenite, were also
ffected by the addition of EPS, with the diffraction intensity of
rownmillerite generally increasing as more EPS was added, while
ehlenite disappeared after the amount of EPS reached 5%.

Fig. 5 presents the variations in the quantity of �-C S and �-C S
2 2
ersus the amount of EPS added. The quantity of �-C2S is reduced to
he minimum value when the EPS addition is at 0–5%. In contrast,
-C2S gradually rises to the maximum value and the increasing
ariation appears to be slow when the amount of EPS added exceeds
Fig. 4. The XRPD patterns of the clinkers produced with 2.5–10% EPS.

5%. �-C2S accounted for nearly 60 wt.% in the clinker produced with
10% EPS. The results indicate that the addition of EPS was benefi-
cial with regard to �-C2S stabilization, and adding up to 10% did
not have negative influence on the C2S formation. The clinkers pro-
duced from EPS contain approximately equivalent amounts of C2S,
and the C2S exists in the � phase due to stabilizing ions from the
EPS.
Fig. 5. The variations in quantity of �-C2S and �-C2S versus the addition of EPS
added.



Y.-L. Chen et al. / Journal of Hazardous

Fig. 6. The ratio of �-C2S to �-C2S and the levels of residual heavy metals in the
clinkers produced with EPS.

Table 3
The EDS results of the clinker produced with 10% EPS.

Element Weight (%) Atom (%)

Ca 42.36 26.62

p
t
m
l
C
�
s

F
t

In order to reduce the interference from the interstitial phases,
the clinker was treated with the modified SAM extraction before
proceeding to the microstructural examination. Fig. 7 displays the
XRPD patterns of the clinker produced with 10% EPS before and
Si 16.75 14.91
O 40.26 58.17
Ni 0.38 0.19
Cr 0.25 0.11

roduced with 7.5% and 10% EPS. It was found that the evapora-
ion of zinc was much more significant than that of the other heavy
etals, especially compared to copper, which accounted for even
ess than zinc in the EPS. Fig. 6 also shows the variation of �-C2S/�-
2S versus the amount of EPS added. There is a large decrease in
-C2S/�-C2S when EPS is added in the range of 0–5%, but the value
tabilizes beyond this. The decrease in �-C2S/�-C2S means that the

ig. 7. The XRPD patterns of the clinkers produced with 10% EPS before and after
he modified SAM extraction.
Materials 170 (2009) 443–448 447

stabilization of �-C2S is enhanced. Based on the above results, it
is shown that nickel, zinc, and chromium are all capable of sta-
bilizing �-C2S. For the clinkers produced with 2.5% and 5% EPS,
the values of �-C2S/�-C2S are significantly smaller than that of
the reference clinker, although in these two clinkers no zinc was
detected. Consequently, the results show that �-C2S stabilization in
the clinkers produced with EPS can mainly be ascribed to nickel and
chromium.

3.4. Microstructures of the clinkers
Fig. 8. (a) TEM image of the clinker produced with 10% EPS, and (b) the correspond-
ing electron diffraction pattern.



4 rdous

a
s
t
i
e

t
F
c
m
t
p
t
c
w
g
a
m
c
a
c

4

o
I
t
s
t
a
C
a
T
d
a
t
o
i
e
fi
s

A

c
9

R

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
cium silicate polymorphs, J. Mater. Sci. 18 (1983) 2905–2914.
48 Y.-L. Chen et al. / Journal of Haza

fter the modified SAM extraction. According to the ICDD card, the
trongest diffraction line of brownmillerite is (1 4 1). This shows
hat brownmillerite was successfully removed, and the diffraction
ntensity of �-C2S was slightly enhanced after the modified SAM
xtraction.

Fig. 8a and b, respectively, present the TEM image and the elec-
ron diffraction pattern of the clinker produced with 10% EPS. In
ig. 8a, the characteristic twinned lamellar structure of �-C2S is
learly observed, as was seen in some previous studies [30–33]. By
eans of analyzing the electron diffraction pattern shown in Fig. 8b,

he corresponding reflections and the transmission electron beam
arallel to the [1 0 1] direction were found, and the crystal struc-
ure confirms that the fragment is indeed �-C2S. The elemental
omposition obtained from the EDS analysis is given in Table 3,
hich shows that calcium, silicon, and oxygen accounted for the

reat majority of this fragment. The atomic percentages of calcium
nd silicon were 26.62% and 14.91%, respectively, and thus the pri-
ary constituent is C2S. Furthermore, it was found that nickel and

hromium accounted for 0.38 wt.% and 0.25 wt.%, respectively. The
bove results support the idea that �-C2S is stabilized by nickel and
hromium, and are consistent with the inference in Section 3.3.

. Conclusions

The following conclusions can be drawn from the present study
n the C2S polymorphs in the belite-rich clinker produced from EPS.
n terms of the individual effects of the heavy metals, it was found
hat nickel, zinc, and chromium had a positive influence on �-C2S
tabilization, while copper had a negative influence. The order of
he heavy metals by their positive effectiveness can be expressed
s follows: Cr3+ > Ni2+ > Zn2+. In the clinkers produced from EPS, �-
2S almost disappeared when 5% or more EPS was added, and EPS
ddition up to 10% showed no negative influence on C2S formation.
he evaporation of the heavy metals during the sintering proce-
ure should be noticeable, especially for zinc. Based on the residual
mounts of the heavy metals found in the clinkers, it is suggested
hat nickel and chromium mainly contributed to the stabilization
f �-C2S. The characteristic twinned lamellar structure in the TEM
mage and the electron diffraction pattern both show that �-C2S
xisted in the clinker, while the results of the EDS analysis con-
rmed that nickel and chromium were incorporated into C2S and
tabilized it in the � phase.

cknowledgement

The authors gratefully acknowledge the National Science Coun-
il, Taiwan for its financial support for this study (Contract No: NSC
6-2221-E-006-032-MY3).
eferences

[1] H.G. van Oss, A.C. Padovani, Cement manufacture and the environment, part II:
environmental challenges and opportunities, J. Ind. Ecol. 7 (2003) 93–126.

[2] C.A. Hendriks, E. Worrell, L. Price, N. Martin, L. Ozawa Meida, D. de Jager, P.
Riemer, Emission reduction of greenhouse gases from the cement industry, in:

[

[

Materials 170 (2009) 443–448

Proceedings of the 4th International Conference on Greenhouse Gas Control
Technologies, Interlaken, Switzerland, August 30–September 2, 1998.

[3] E. Worrell, L. Price, N. Martin, C. Hendriks, L.O. Meida, Carbon dioxide emissions
from the global cement industry, Annu. Rev. Energy Environ. 26 (2001) 303–329.

[4] F.M. Lea, in: P.C. Hewlett (Ed.), Lea’s Chemistry of Cement and Concrete, fourth
ed., Arnold, London, 1998.

[5] J. Caponero, J.A.S. Tenório, Laboratory testing of the use of phosphate-coating
sludge in cement clinker, Resour. Conserv. Recycl. 29 (2000) 169–179.

[6] J.H. Potgieter, K.A. Horne, S.S. Potgieter, W. Wirth, An evaluation of the incor-
poration of a titanium dioxide producer’s waste material in Portland cement
clinker, Mater. Lett. 57 (2002) 157–163.

[7] D.C.R. Espinosa, J.A.S. Tenório, Laboratory study of galvanic sludge’s influence
on the clinkerization process, Resour. Conserv. Recycl. 31 (2000) 71–82.

[8] C.T. Li, Y.J. Huang, K.L. Huang, W.J. Lee, Characterization of slags and ingots from
the vitrification of municipal solid waste incineration ashes, Ind. Eng. Chem.
Res. 42 (2003) 2306–2313.

[9] C.T. Li, W.J. Lee, K.L. Huang, S.F. Fu, Y.C. Lai, Vitrification of chromium electro-
plating sludge, Environ. Sci. Technol. 41 (2007) 2950–2956.

10] A. Müller, C. Fuhr, D. Knöfel, Frost resistance of cement mortars with different
lime contents, Cem. Concr. Res. 25 (1995) 809–818.

[11] A.K. Chatterjee, High belite cements—present status and future technological
options: part I, Cem. Concr. Res. 26 (1996) 1213–1225.

12] T. Sui, L. Fan, Z. Wen, J. Wang, Z. Zhang, Study on the properties of high strength
concrete using high belite cement, J. Adv. Concr. Technol. 2 (2004) 201–206.

13] S.N. Ghosh, P.B. Rao, A.K. Paul, K. Raina, Chemistry of dicalcium silicate mineral,
J. Mater. Sci. 14 (1979) 1554–1566.

14] H.F.W. Taylor, Cement Chemistry, second ed., Thomas Telford, London, 1997.
15] C.J. Chan, W.M. Kriven, J.F. Young, Physical stabilization of the � → � transfor-

mation in dicalcium silicate, J. Am. Ceram. Soc. 75 (1992) 1621–1627.
16] K. Suzuki, S. Ito, T. Nishikawa, I. Shinno, Effect of Na, K and Fe on the formation

of �- and �-Ca2SiO4, Cem. Concr. Res. 16 (1986) 885–892.
[17] Z. Qotaibi, A. Diouri, A. Boukhari, J. Aride, J. Rogez, R. Castanet, Synthesis and

thermal study of chromium-phosphorus doped dicalcium silicate, World Cem.
30 (1999) 77–80.

[18] G.C. Lai, T. Nojiri, K. Nakano, Studies of the stability of �-Ca2SiO4 doped by minor
ions, Cem. Concr. Res. 22 (1992) 743–754.

19] Y.M. Kim, S.H. Hong, Influence of minor ions on the stability and hydration rates
of �-dicalcium silicate, J. Am. Ceram. Soc. 87 (2004) 900–905.

20] H.E. Schwiete, W. Kronert, K. Deckert, Existence and stabilization of high-
temperature modification of dicalcium silicate, ZKG 21 (1968) 359–366.

21] I.M. Pritts, K.E. Daugherty, The effect of stabilizing agents on the hydration rate
of �-C2S, Cem. Conc. Res. 6 (1976) 783–796.

22] F. Xiuji, L. Shizong, Investigation of the effect of minor ions on the stability of
�-C2S and the mechanism of stabilization, Cem. Conc. Res. 16 (1986) 587–601.

23] Y.L. Chen, J.E. Chang, P.H. Shih, L.C. Chiang, Making belite-rich cement clink-
ers with industrial inorganic sludges, in: Proceedings of the 23rd International
Conference on Solid Waste Technology and Management, Philadelphia, PA, USA,
March 30–April 2, 2008.

24] R.L. Snyder, D.L. Bish, Quantitative analysis, in: D.L. Bish, J.E. Post (Eds.), Reviews
in Mineralogy, Mineralogical Society of America, Washington, DC, 1989, pp.
101–144.

25] R.L. Snyder, The use of reference intensity ratios in X-ray quantitative analysis,
Powder Diffr. 7 (1992) 186–193.

26] R. Jenkins, R.L. Snyder, Introduction to X-ray Powder Diffractometry, Wiley, New
York, 1996.

27] B.D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, third ed., Prentice Hall,
Upper Saddle River, NJ, 2001.

28] W.A. Gutteridge, On the dissolution of the interstitial phases in Portland cement,
Cem. Conc. Res. 9 (1979) 319–324.

29] I.P. Saraswat, V.K. Mathur, S.C. Ahulwalia, Thermal studies of Cr2O3 doped
CaCO3–SiO2 (2:1) system, J. Mater. Sci. 21 (1986) 1939–1942.

30] G.W. Groves, Portland cement clinker viewed by transmission electron
microscopy, J. Mater. Sci. 16 (1981) 1063–1070.

31] A. Ghose, S. Chopra, J.F. Young, Microstructural characterization of doped dical-
32] C.J. Chan, W.M. Kriven, J.F. Young, Analytical electron microscopic studies of
doped dicalcium silicates, J. Am. Ceram. Soc. 71 (1988) 713–719.

33] Y.J. Kim, I. Nettleship, W.M. Kriven, Phase transformations in dicalcium sili-
cate: II, TEM studies of crystallography, microstructure, and mechanisms, J. Am.
Ceram. Soc. 75 (1992) 2407–2419.


	The influence of heavy metals on the polymorphs of dicalcium silicate in the belite-rich clinkers produced from electroplating sludge
	Introduction
	Experimental
	Materials
	Clinker preparation
	Analyses

	Results and discussion
	Individual effects of heavy metals on clinker mineralogical compositions
	Clinkers prepared with EPS
	Residual heavy metals in clinkers
	Microstructures of the clinkers

	Conclusions
	Acknowledgement
	References


