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34 14  ABSTRACT

37 15 The fate of heavy metals during clinkerization is of crucial significance to the
39 16  utilization of solid waste as fuels and raw materials in cement kiln producing clinker.
17 A ternary system of clinker-heavy metal-chlorine was developed that is more
44 18  coincident with the condition of co-processing of solid waste in cement kiln. The
19 main goal of this study was to investigate the relationships among chlorine,
49 20  volatilization and solidification of Cu/Pb, and mineral phases of the clinker during
51 21 clinkirization. The AICl;-6H,O (chlorine source) and PbO/CuO were mixed with

54 22 cement raw meal in appropriate ratios to produce co-processed clinkers. The
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volatilization and solidification of Pb and Cu were investigated experimentally using
a combination of atomic absorption spectrometry, electron probe micro-analysis,
scanning electron microscopy with energy-dispersive X-ray spectroscopy, optical
microscope, thermogravimetric and X-ray diffraction quantitative analyses. The
volatilization ratios of Pb and Cu increased up to 46.18% and 34.04%, respectively,
with increasing AlCl;-6H,O content up to 1.6%. comparing to the cement mixtures
without AlICl;-6H,0 addition (Pb and Cu volatilisation ratios are 49.90% and 27.21%,
respectively). Pb and Cu oxides can be transformed into Pb and Cu chlorides, that are
not stable and have high vapor pressure. Pb and Cu are mainly concentrated in the
interstitial phases of the clinker. The addition of AICl;-6H,O led to increase the
crystal size of alite and belite. X-ray diffraction quantitative analyses proved that the
content of silicate phase increased with the corresponding content of interstitial
phases decreased during clinkerization with the addition of AIlCl;-6H,0, that
decreased the ability of clinker to solidify Pb and Cu in the produced clinkers. This
research can help to promote understanding of the fate of heavy metals during the
cement kiln co-processing of solid wastes and meaningfully for energy conservation

and sustainable development.

Key words: energy; chlorine; heavy metals; clinkerization; volatilization; mineral
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Synopsis
The relationships among chlorine, volatilization/solidification of Pb and Cu, and
mineral phases of the cement clinker were demonstrated, which is essential for the

utilization of solid waste as fuels and raw materials in cement kiln.

1. Introduction

The cement industry consumes around 2% of global primary energy use and
produces 5-7% of anthropogenic CO; emissions worldwide. China's cement industry
accounted for more than half of the world's total cement production.' Meanwhile,
China produced 3.28 billion tons of industrial solid waste, 173 million tons of
municipal solid waste (MSW) and 25 million tons of sludge in 2016.% Solid wastes
can be considered as secondary raw fuels and/or materials in the cement industry. The
cement kiln, known to consume a large quantity of energy and raw materials,
promotes to use solid waste (SW) as fuels and raw materials in replacement for
traditional materials used during the manufacturing process.”™

However, the content of chlorine and heavy metals in SW are much higher than
that of in traditional raw fuels and materials (e.g., coal and limestone).”® Previous
studies carried out on heavy metal emissions from waste incineration indicated that

the volatilization of heavy metals depends on the composition of the wastes, the
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physicochemical properties of heavy metals, and the compounds formed during
incineration.”® In particular, the waste-derived chlorine significantly affects the heavy
metal emissions by the formation of volatile metallic chlorides.”'® Therefore, during
the utilization of solid waste as fuel and raw material in cement kiln, heavy metals
volatilization may be promoted by chlorine. Volatilized heavy metals can move with
flue gas to concentrate on the wall of kiln, precalciner and cyclones, and then even
exhaust into the atmosphere, which have serious effects on cement production and
environment.'"™* Accordingly, understanding the influence of chlorine on the fate of
heavy metals in clinkerization is significant for the co-processing of solid wastes in
the cement kiln.

Available literatures mainly focused on the effects of chlorides (such as NaCl
and KCl) on the volatilization of heavy metals during the solid wastes
incineration.'”'® However, the incineration temperatures are relatively low (<1000°C)
and incineration environment and raw materials are different comparing to the cement
clinker production (T=1450°C). Additionally, cations from the chlorides such as Na"
and K" will have some effects on the process of clinkerization and then affect the
volatilization and solidification of heavy metals.'?° Besides, AICIl;-6H,O is
commonly exist in the municipal solid waste such as sewage sludge and industrial
solid waste such as red mud.'”'®*' Therefore, in order to eliminate influence of
cations (such as Na" and K") on the clinkerisation process, AICl;-6H,0 (additionally,
aluminum is one of the constituent elements of clinker) was selected as chlorine

source in this study.
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Pb and Cu commonly exist in the solid wastes such as Pb-Zn slag and sewage

sludgezz'23

that have the potential threat to volatilize and move with flue gas into the
atmosphere. Pb is one of the highly toxic heavy metals and can easily volatilize
during the heat treatment of solid waste. In cement clinkering, CuO is known to act as
mineralizer because it decreases the melt temperature considerably and favours the
combination of free lime.” **

Yu et al.** studied the effects of chlorine on the volatilization of heavy metals
during the co-combustion of sewage sludge. Author showed that chlorine increased
the volatilization ratio of heavy metals during clinkerization. Fukuda et al.*® focused
in a melt-differentiation mechanism to understand the crystallization behavior of
aluminates, other than the effects of chlorine on the fate of heavy metals during
clinkerization. Therefore, the binary systems of clinker-heavy metal or heavy
metal-chlorine have been investigated in previous works of co-processing of solid
waste in cement kiln. In this study, a ternary system of clinker-heavy metal-chlorine
was developed that is more coincident with the condition of co-processing of solid
waste in cement kiln. The main goal of this study was to investigate the relationships
among chlorine, volatilization and solidification of Cu/Pb, and mineral phases of the
clinker during clinkirization. The results obtained in this study can give some
suggestions to reduce the volatilization of Cu and Pb by adjusting mineral

compositions of the clinker when co-processing of chlorine-contained solid waste in

the cement kiln.
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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 (China). Table 1 summarizes the chemical compositions of
cement raw materials determined by X-ray fluorescence (XRF) analysis.
Table 1

Chemical compositions of the raw materials (%).

Material Chemical composition

SiO;  ALO; Fe,O; CaO MgO SOs; P,Os LOI  Others
Limestone 436 BDL 1.64 53.07 047 0.44 0.04 39.69 0.29
Clay 6532 1734 471 121 048 09 0.14 0.04 9.87
Iron tailing 3445 429 30.87 26.87 0.25 0.04 0.05 0.03 3.15

Note: BDL — below detection limit which is 0.01%, LOI: loss on ignition.

Table 2 summarizes the content of Pb, Cu, and Cl in the raw materials analyzed
by atomic absorption spectrometry (Analytik Jena AG, Germany) after total acid
digestion. Although the concentrations of Pb and Cu in clay are 49 mg/kg and 19
mg/kg respectively, they are far away below the detection limit of electron probe
micro-analysis (EPMA) and energy dispersive spectrometer (EDS). Therefore,
exogenous heavy metals of Pb and Cu were added to the raw mixes as PbO and CuO.
Table 2

Concentrations of Pb, Cu, and Cl in the raw materials (mg/kg).

Elements Limestone Clay Iron tailing
Pb 1.1 49 2.7
Cu 3.9 19 3.0
Cl 1.0 1.3 2.2
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2.2. Apparatus

Figure 1 shows a laboratory apparatus used for cement clinker production. The
furnace is an alundum tube with length of 120 cm and inner diameter of 7.0 cm. The
temperature of heating area of the alundum tube is monitored by a thermocouple and
controlled automatically. A quartz-fiber filter was set up next to the alundum tube. The
filter is 99.99% effective for the removal of 0.3 pum particles. The sampling train
consisted of six impingers was situated after the filter. Heavy metals and their
compounds in the flue gases were trapped by using a modified standard method.*® The
first impinger was empty. The second and third impingers were filled with a combined
solution of 5% HNO;3 and 10% H,O, for trapping most of the Pb and Cu and their
compounds from the gases. The fourth and fifth impingers were filled with 4%
KMnOQO4 and 10% H,SO4 to capture trace element. The final impinger was filled with

silica gel to remove the moisture content from the gases.

Vacuum gauge

\ Impingers
N

Tube furnace
z(ir T

P Glass Filter
holder

I Heated Area

Thermocouple ”ﬂﬂﬂﬂ ”“”“”

— &
" k‘ " Ice bath

Empty
A E 50%HNO,/10%H,0,
4%KMnO,/10%I1,S0,

Thermocontroller

Fig 1. Laboratory apparatus used for cement clinker production.
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2.3. Experimental procedure

The phase composition of cement clinkers was controlled by Bogue method”’
(Eq. (1) — (3)). Lime saturation ratio (KH), silica ratio (SM), and alumina ratio (IM)
were designed as 0.9, 2.5, and 1.6, respectively. The theoretical mineral composition
was calculated to be 56% of tricalcium silicate (C3S), 20% of dicalcium silicate (C,S),
8.6% of calcium aluminate (C3A), and 10% of calcium alumino-ferrite (C4AF).
Cement raw meal with 1.0% of Pb or Cu were prepared and AlCl;-6H,0 was added at
percentages of 0.4%, 0.8%, 1.2%, and 1.6% by mass of raw meal. Table 3 lists the

formulated mixtures.

CaO — 1.6541,0, — 0.35Fe,0,

Lime saturation ratio (KH) =

2.88i0, Q)
SiO
Silicaratio(SM) = O
ALO, + Fe,0, )
Al O
Aluminaratio (IM) = —2—
Fe,O, 3)
Table 3

Formulated mixtures with Pb, Cu, and AlCl;-6H,0.

ID. Pb (wt. %) Cu (wt. %) AICL;-6H,0 (CL: wt. %)
Sref. 0 0 0
Spp 1.0 0 0
Spb-0.4 1.0 0 0.4
Spb-0.8 1.0 0 0.8
Spb-1.2 1.0 0 1.2
Spb-1.6 1.0 0 1.6
Scu 0 1.0 0
Scu04 0 1.0 04
Scu-0.8 0 1.0 0.8
Scu-1.2 0 1.0 1.2
Scu-1.6 0 1.0 1.6
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The formulated mixtures were thoroughly blended and homogenized in a
mechanical planetary mixer. Then each mixture was mixed with 8% of water and
pelletized into @10x50 mm cylindrical bar under 40 MPa. Each pellet was calcined at
900°C, then heated up to 1450°C with a heating rate of 10°C/min, and maintained at
1450°C for 30 min. Then the clinkers were cooled quickly in air to the room

temperature.

2.4. Analytical methods

The clinkers were grounded into fine powder. The prepared clinkers were
dissolved using an acid mixture of hydrogen peroxide (H,O,), aqua regia, and
hydrogen fluoride (HF) in a volume ratio of 2:5:2 in the microwave digestion system
(ZEROM, China). The concentrations of Pb and Cu in the solutions were analyzed by
flame atomic absorption spectrometry (AAS, Analytik Jena AG, Germany). The
duplicate measurements were carried out for prepared clinkers, and the average values

were used to calculate the volatilization percentage according to Eq. (4):

“4)
Where, H is the volatilization ratio of Pb or Cu; K (mg/kg) is the content of Pb or Cu
in the clinker; S (mg/kg) is the content of Pb or Cu in raw materials; and LOI
represents the loss on ignition.
The distribution of Pb and Cu in the clinker phases was investigated on the

polished (Tegramin-25 polishing machine, Struers, Denmark) sections by an electron

probe micro-analysis (EPMA-1600, Shimadzu, Japan). The polishing process was as
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follows: sandpaper of #250-mesh for 2min, #800-mesh for Smin, #1200-mesh for
10min, #2000-mesh for 15min, and then #4000-mesh for 20min. The measurement
was conducted with an acceleration voltage of 15 kV and an electron beam diameter
of 1um. the detection limit of mapping by EPMA for Cu and Pb was about 0.1wt.%.
The morphology of the clinkers and element analyses were investigated by scanning
electron microscopy (SEM, EVO 18, Carl Zeiss, Germany) equipped with
energy-dispersive X-ray spectroscopy (EDS, Oxford Instrument INCAx-sigth
EDS-system). SEM/EDS analyses were performed with a 20kV accelerating voltage.
The detection limit of EDS for Cu and Pb from the polished samples of clinkers with
using long counting times was about 0.05wt.%.

Thermogravimetric analysis (TG/DTG) was used to investigate temperature
conditions and mass changes as well as the effect of AlCl;-6H,0 on the sintering
reactions of the clinker. Thermogravimetric analysis was carried out for the samples
of Ster, Spb, Spb-1.6, Scu and Scy16. TG and DTG curves were obtained using a
NETZSCH STA 449F3 instrument. Runs were conducted using about 20 mg of
sample in alumina pans with an air purge gas flow rate of 100 mL/min, equilibration
at 30°C for 10-15 min, followed by a heating rate of 10°C/min from 30°C to 1450°C.

The morphology of mineral phases of the clinkers was observed by a Carl Zeiss
GmbH 37081optical microscope (Germany). The samples were cross-sectioned and
polished, and the surface of the cross-section was etched by nitric acid dissolved in
the alcohol with a volume fraction of 1.0%.

The qualitative and quantitative mineralogical compositions of the clinkers were

ACS Paragon Plus Environment
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determined by X-ray diffraction analysis (Bruker DS8). This diffractometer is equipped
with Cu Ko (A=1.5406 A, 40 kV and 40 mA). A K-value method was adopted to
quantify the amount of mineral phases in clinker according to the previous report®*=

and a-Al,0O3; was used as the internal standard. All patterns were scanned over the

range 5° <20 < 70° using a step size of 0.02° and a count time of 0.2 s.

3. Results and discussion
3.1. Volatilization of Pb and Cu with AICl;-6H,0

Figure 2 shows the results obtained for Pb and Cu volatilization. The
volatilization ratios of Pb and Cu from the Sp, and S¢, samples are 49.90% and
27.21%, respectively. The volatilization ratios of Pb and Cu increased with increasing
AICl3-6H,0O content. The most significant increase of element volatilization was
observed for Pb (46.18%) and Cu (34.04%) with the addition of 1.6% of Cl

comparing to the reference sample (Figure 2).

100

]
N
S 94 |—=—Pb
5 g ——Cu
80
E
£ 70+
S
=]
£ 60
«
s )
g s0-
b=}
3 )
= 404
g
=
2 30
=
=
20 T T T T T
0.0 04 0.8 1.2 16

Chlorine content (Wt%)

Fig. 2. Volatilization of Pb and Cu with AlCl;-6H,0.

Therefore, the volatilization of Pb and Cu depend strongly on the addition of
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AICl3-6H,0. A schematic diagram of the distribution of Pb or Cu and AICl;-6H,0 in a
pellet and the potential reactions between Pb/Cu and AICl;-6H,0 are shown in Figure
3. AICl3-6H,0 release chlorine-containing gas (HCl) with temperature increasing
according to the reactions in Figure 3."> According to Dong et al.,”* Pb and Cu are
assumed to be present as oxides at the envisaged temperature (1000°C). The chemical
reactions show the conversion of PbO and CuO into volatile metal chlorides (Figure
3),223031

The boiling points of PbO and CuO are quite high comparing to the
correspondent PbCl, and CuCl, (Figure 4). Therefore, the addition of AICl3-6H,0 has

a positive effect on the volatilization of Pb and Cu.

B AICl, 6H,0 Pb/Cu
HZO HCI .n.'.' e e
\\ 3 \ = ‘ /)
Diffusion
________________ \ . i PhCL/CuCl,
: N
0, sl . T

4AICI;-6H,0 = 2A1,05+12HCI+18H,0 (g) PbO/CuO+2HCI (g) = PbCl, (g)/CuCl, (2)+H,0 (g)

Fig. 3. Schematic diagram of the distribution of Pb/Cu and AICl;-6H,0 in a pellet (A)

and potential reactions (B).
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236 Figure 2 shows that Pb is more volatile than Cu at the same content of

237  AICl3-6H,0. The reason is that the melting points and boiling points of PbO and

oNOYTULT D WN =

238 PbCl; are lower than that of CuO and CuCly, respectively (Figure 4).

4000

1 I Melting point
12 3500 | Boling point

14 3000

2500 4

2054

2000

—_
[e)}
Temperature/°C

|
1326

1500

20 1000 4
21 5002

23 239 T Cu Al PbOI, CuCl, AICLGHO PhO CuO  ALO,
2% 240 Fig. 4. Melting and boiling points of chemical compounds.

28 241

242 3.2. Solidification of Pb and Cu with AICl;-6H,0

33 243 The element distribution maps of Si, Al, Fe, and Pb in the Sp, clinker are shown
244 in Figure 5. It can be seen that the distributions of Pb, Al and Fe in the clinker are
38 245  similar. Thus, Pb was mainly solidified in the interstitial phases of the clinker. Due to
40 246 the high volatilization of Pb, especially in the Spy,.;2 and Spy.;¢ clinkers, the
43 247  distribution of Pb in the mineral phases is difficult to be confirmed by EPMA.
45 248  Therefore, point chemical analysis was carried out to investigate the solidification of
249  Pb in the Spy.o 5 clinker (Figure 6) and the results are listed in Table 4. Pb was detected
50 250 in the interstitial phases but not in the silicate phase of the clinker. Consequently, the
251  addition of AICI3-6H,0 has no effect on the solidified position of Pb.

55 252

60 ACS Paragon Plus Environment
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253

254 Fig. 5. An EPMA maps of distribution of Si, Al, Fe, and Pb in Sp;, clinker.

255

256

257 Fig. 6. Photomicrograph of a backscattered electron image of mineral phases in the

258 Spb-0.g sample.

259

260  Table 4

261  Composition of clinker phases from Spy.9.3 sample by SEM/EDS (%).
Elements Points in silicate phase Points in interstitial phase

a b c d e f g h i ]

Ca 4231 44.66 41.73 4591 40.84 3520 3729 3588 32.84 35.14
(0] 41.23 38.65 4195 37.52 42.62 3998 37.88 37.79 39.86 33.79
Si 1446 14.77 1437 14.53 14.26 6.61 5.59 5.89 3.18 2.59
Al 1.29 125 1.14 121 1.19 9.45 9.37 8.08 13.03 15.29
Fe 049 046 0.62 0.65 0.19 6.49 7.11 8.14  7.79 8.88
Pb - - - - - 0.13 0.10 0.09 0.11 0.14
Others 022 021 0.19 0.17 0.59 2.14  2.67 4.13 2.71 3.27

262  Note: -, undetected; Error bars: Ca, £2.1; O, +2.7; Si, £1.8; Al, £0.12; Fe, +£0.33; Pb,

ACS Paragon Plus Environment
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263 +0.14.

264
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265 The element distribution maps of Si, Al, Fe, and Cu in the S¢, and Scy.. clinkers
11 266 are shown in Figure 7. Cu was concentrated in the interstitial phases of the clinker
267  (Figure 7A), similar to Pb. The Cu distribution in the clinker phases was not changed
16 268  after AICl;-6H,0 addition. Therefore, the solidified position of Cu was not affected

18 269  with the presence of AICl3-6H,0.

27 270

29 271 (A)

38 272

40 273 (B)

43 274 Fig. 7. An EPMA maps of distribution of Si, Al, Fe, and Cu in clinkers: A) Scy; B)
45 275 Scu-0.8-

276

50 277 3.3. Influence of AICIl3:6H>0 on the decomposition temperature of limestone

278 The formation of each mineral phases during the process of clinkerization relates

55 279  to the reactions among CaO, SiO,, Al,O; and Fe,O;. The reactions are affected by the

60 ACS Paragon Plus Environment
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formation rate of CaO that comes from the decomposition of calcium carbonate (e.g.,
limestone).”” The results from thermogravimetric analysis are shown in Figure 8. The
endothermic pick at 826.4°C for the reference sample corresponds to decomposition
of CaCO;. The decomposition temperature of limestone in the cement mixtures doped
with Pb or Cu (e.g., Sp, and S¢, samples) decreased about 5°C comparing to the Sy
sample. The addition of 1.6 wt.% of AlCl3-6H,O (e.g., Spb-1.6 and Scy.1.6 samples) lead
to decrease of the CaCO3 decomposition temperature significantly (about 30°C lower
than for the reference sample). AICl3-6H,O played the role as a mineralizer
accelerating the decomposition of CaCOj;. According to other research,” the
incorporation of chlorine in the cement raw meal could promote the decomposition of
CaCOs, decrease temperature of the first liquid phase formation, increase the amount

of the melt, and accelerate the rate of the reactions occurring in the solid state.

Reference
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Fig. 8. TG-DTG curves of the following cement mixtures: a;) TG curves of S, Sp
and Spy.1.6; a2) DTG curves of Sier, Spy and Spy.16; b1) TG curves of Seer, Scu and Scy.1.6;

by) DTG curves Siet, Scy and Scy.1 6.

3.4. Influence of AICI;3-6H,0 on the crystal sizes of alite and belite

The optical photomicrographs of the Sict, Spp, Spb-1.6, Scu, and Scy-16 clinkers are
given in Figure 9. All investigated clinkers consist of main silicate minerals such as
alite (CsS), belite (C,S), and interstitial phases including matrix of calcium aluminate
(C5A) and calcium aluminoferrite (C4AF). The fifty typical micrographs were taken
for each sample in order to estimate the crystal sizes of alite and belite (Table 5). The
average crystal sizes of alite and belite in the Sy clinker are in the range of 15-25 um
and 10-20 pm, respectively. There were not visible changes in the alite and belite
crystal sizes for the Sp, and S¢, samples. However, the crystal sizes of alite and belite
in the Spy.16 and Scy.1 ¢ clinkers increased considerably comparing to the Spy, Scy, and

Sier samples.
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Fig. 9. Optical photomicrographs for the clinkers: (a) Sret; (b) Spp; (€) Spb-1.6; (d) Scy;

(e) SCu—1.6~

Table 5

Size and shape of alite and belite crystals in clinkers

ID. Alite Belite
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Size (um)  Shape Size (um)  Shape

Sref 15-25 Angular, elongated, 10-20 Small, roundish
prismatic

Spb 15-30 Prismatic, angular 10-25 Small, roundish

Spb-16 30-50 Large, compact, 20-30 Large, round, compact
prismatic, angular

Scu 15-30 Prismatic, angular 10-25 Small, roundish

Scu16  30-50 Large, compact, 20-30 Large, round, compact

prismatic, angular

According to Taylor et al.,*” Kacimi et al.** and Wang et al.,*® chlorine dissolved
in the melt can affect the acid-base equilibrium [MeO.]” < [MeOg]” of the
amphoteric elements (AI’" and Fe'"). The displacement of this reaction to the left
favors the formation of a network built from [MeO,]” and silicon tetrahedra that leads
to the increase of the melt viscosity, while [MeOs]’" is more mobile and promotes the
decrease of the viscosity surface tension of the melt, and then promote the silicate

crystals (e.g., C3S and C,S) formation and growth.

3.5. Influence of AICI;3-6H,0 on the mineral composition of the clinker

X-ray diffraction is a reliable and precise method to quantify the relative phase
content in the Portland cement clinker.’* The content of silicate and interstitial phases
of the clinkers were determined by quantitative XRD analysis and the results are
listed in Figure 10 and Table 6. The content of silicate phase is 79.2% with 54.2% CsS
and 25.0% C,S for the reference sample, which is consistent with the calculated
mineral composition by Bogue method. For the samples of Sp, and Sc,, the main
peaks intensity of Cs;S in the XRD patterns (Figure 10) increased a little bit and the

content of C3S is slightly higher but contents of C,S, C;A, and C4AF are slightly
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lower than for Sger. Addition of 1.6 wt.% of AlCI;-6H,0 leads to significant increase
the main peaks intensity and content of C3S, about 10 wt.% higher than for reference
clinker. Amount of C,S decrease in 1.65 wt.% for the Spy.1 ¢ clinker and in 2.68 wt.%
for the Scy.16 clinker comparing to Sger. The content of C3A and C4AF (interstitial
phases) decreased considerably (about 8 wt.%) for both Spy;¢ and Scu.16 clinkers
(Table 6). Combined with the results in Section 3.2, Pb and Cu were concentrated in
interstitial phases of the clinker and being not affected by the addition of AlCl;-6H,0.
It can be obtained that chlorine decreased the ability of clinker to solidify Pb and Cu
during clinkerization. Accordingly, to increase the solidification of Cu and Pb in
clinker, the content of interstitial phases in clinker should be increased properly
through adjusting the KH, SM, and IM by Bogue method”® during the co-processing

of chlorine-contained solid waste in cement kiln.

A
A: C,S :
a A A X b A:CyS
B B B: C,S B: C,S
C: C,A C: CA

Pb-CI-1.6%

-C1-0%
Pb-Cl-0% Cu-Cl-0%

T T T T T T T T T

T T
26 29 3 31 32 33 34 35 36 28 20 30 31 32 33 34 35 36
20 (Degree) 20 (Degree)

Cu-CI-1.6%

Fig. 9. XRD patterns of clinker. a) S, Spp and Spp.1.6; b) Ster, Scu and Scy.1.6.

Table 6

Mineral composition of the clinkers, wt.%
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ID. Silicate phase Interstitial phase

CsS C.S Cs;A C4AF Others
Srer 54.2+0.8  25.0+0.6 9.6+0.3  8.3+0.5 2.84+0.2
Spb 56.4+0.6  23.5+0.7 9.4+0.2  8.2+0.4 2.44+0.3
Spb-1.6 64.9+0.4  23.4+0.3 5.0+0.4  4.6+0.5 2.240.1
Scu 55.840.5  24.1+0.4 8.9+0.6  8.0+0.6 3.2+0.3
Scu-1.6 64.7£0.9  22.34+0.2 3.840.2  6.2+0.8 3.0+0.4

4. Conclusions

The relationships among chlorine, volatilization and solidification of Cu/Pb, and

mineral phases of the clinker during clinkirization were investigated and discussed in

this work. The main conclusions can be summarized as follow:

Chlorine has a significant effect on the volatilization of Pb and Cu in
clinkerization. The volatilization ratios of Pb and Cu increased up to 46.18% and
34.04%, respectively, with increasing AlCl;-6H,O content up to 1.6%. comparing
to the cement mixtures without AlCl;-6H,O addition (Pb and Cu volatilisations
are 49.90% and 27.21%, respectively).

Pb and Cu were concentrated in the interstitial phases of the clinker and being not
affected by the addition of chlorine.

The crystal formation and growth of alite and belite were promoted by chlorine.
The crystal sizes of alite and belite increased about 100% and 70%, respectively,
when the content of chlorine was 1.6%. The content of C;S increased about 10
wt.% with the corresponding content of interstitial phases decreased about 8 wt.%
during clinkerization with the addition of 1.6% CI.

Chlorine decreased the ability of clinker to solidify Pb and Cu by decreasing the
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content of interstitial phases in clinkerization.

However, there are some experiments and questions that deserve to be done
and discussed in the future. Firstly, determination of the effects of chlorine on the
volatilization of Pb and Cu in this study was at the temperature of 145007. Indeed,
the cement raw meal will undergo different temperature ranges during the
process of being sintered to clinker. Therefore, the study of the chlorine effect to
the volatilization of Pb and Cu at different temperatures during clinkerization is
required. Secondly, the effect of chlorine on the volatilization of Pb and Cu may
be different, if Pb and Cu exist simultaneously due to their possible competitive
effects. Therefore, it is interesting to investigate the effect of chlorine on the
volatilization of heavy metals from mono-elemental system to multi-elemental

system in the future.
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