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Abstract

The hydration of tricalcium silicate (C3S) in the presence of heavy metal is very important to cement-based solidification/stabilisation (s/s)
of waste. In this work, tricalcium silicate pastes and aqueous suspensions doped with nitrate salts of Zn>*, Pb?>*, Cu?* and Cr** were examined
at different ages by X-ray powder diffraction (XRD), thermal analysis (DTA/TG) and *°Si solid-state magic angle spinning/nuclear magnetic
resonance (MAS/NMR). It was found that heavy metal doping accelerated C3S hydration, even though Zn>* doping exhibited a severe retardation
effect at an early period of time of C;S hydration. Heavy metals retarded the precipitation of portlandite due to the reduction of pH resulted from
the hydrolysis of heavy metal ions during C3S hydration. The contents of portlandite in the control, Cr**-doped, Cu?*-doped, Pb?**-doped and Zn?*-
doped C;S pastes aged 28 days were 16.7, 5.5, 5.5, 5.5, and <0.7%, respectively. Heavy metals co-precipitated with calcium as double hydroxides
such as (Ca,Cr(OH);-3H,0, Ca,(OH)44Cu(OH),-2H,0 and CaZn,(OH)s-2H,0). These compounds were identified as crystalline phases in heavy
metal doping CsS suspensions and amorphous phases in heavy metal doping C3S pastes. 2°Si NMR data confirmed that heavy metals promoted the
polymerisation of C-S—H gel in 1-year-old of C;S pastes. The average numbers of Si in C-S—H gel for the Zn**-doped, Cu**-doped, Cr**-doped,
control, and Pb**-doped C;3S pastes were 5.86, 5.11, 3.66, 3.62, and 3.52. And the corresponding Ca/Si ratios were 1.36, 1.41, 1.56, 1.57 and 1.56,
respectively. This study also revealed that the presence of heavy metal facilitated the formation of calcium carbonate during C;S hydration process
in the presence of carbon dioxide.
© 2007 Published by Elsevier B.V.
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1. Introduction e In the gel model, a membrane of calcium silicate hydrate
(C-S-H) gel is formed on the surfaces of C3S, when C3S
Alite is the most abundant phase of Portland cement and plays grains contact with water. This membrane permits the inward
an important role in hydration of cementitious materials. As tri- flow of water molecules and the outward migration of mainly
calcium silicate (C3S) is the pure form of alite, C3S hydration Ca”* and silicate ions due to the difference of osmotic poten-
has been extensively investigated and a divergence of opinions tial on both sides of the membrane. Portlandite forms and
exists in literatures [ 1-3]. As well known, C3S is thermodynami- accumulates on the fluid side of the membrane.
cally unstable due to non-regular co-ordination, and its reactivity e In the crystal model, calcium silicate mineral dissociates into
with water results in the formation of calcium silicate hydrate charged silicate and calcium ions. The charged silicate ions
(C-S—H) gel and portlandite. The gel model and crystal model then concentrate as a thin silicon rich layer on the surface of
have been forwarded to explain hydration of C3S and cement: C3S grains. The nucleation and growth of hexagonal crystals

of calcium hydroxide fill up the spaces and cavities between
the grains. Meanwhile, particles of C—S—H precipitate out
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The structure and molecular composition of C-S—H gel
are problematical at present [1,4]. A number of essential
models regarding the structure of C-S—-H gel, for example,
Taylor’s model [4], Glasser’s isolated disilicate model [5], and
Richardson—Groves’ linear single chain model [6-9] have been
put forward. Unfortunately, Glasser’s model cannot explain Q>
species in hydrated C3S pastes. Taylor’s model is based on the
assumption that C—S—H gel relates to the structures of at least
two kinds of crystalline calcium silicate hydrate minerals such
as tobermorite or jennite. However, C—S—H gel is a highly dis-
ordered amorphous phase in cement or C3S pastes and there
is no convincing evidence that structure of C—S—H gel gener-
ated from C3S or cement hydration stacks like the crystalline
structure of calcium silicate hydrates [5]. Additionally, for high
disordered amorphous C—S-H gel, it is unlikely that silicon only
adopts numbers of (3m — 1) (m is an integer), as indicated in
the Richardson—Groves’ model. It is likely that a continuous
range of chemical composition of C—S—H gel may exist in C3S
or cement pastes [5].

Since 1970s, cement-based solidification/stabilisation (s/s)
has been widely used in the treatment of industrial residues,
sewage sludge and soil contaminated by heavy metal compounds
[10,11]. The s/s technology is now recognised as one of the most
effective management techniques of reducing the mobility of
toxic heavy metal pollutants. Recently, the amount of modern
green cement made from wastes increases dramatically and may
contain significant quantities of heavy metals derived from raw
materials and fuels. These metals are incorporated in the clinker
phases during the burning process of cement [12,13] and affect
the hydration behaviour of cement as well as the durability of
concrete.

There are mounting interests in understanding interactions
of heavy metal ions and cement phases during cement hydra-
tion process. The characterisation of hydration products in the
presence of heavy metals has received considerable attention
[14,15]. A number of models, including the double layer model,
the triple layer model and the charge-dispersal model, have been
developed to understand the intrinsic mechanism involved in
cement-based s/s processes and heavy metal-bearing cementi-
tious materials [2,3].

In the present work, hydrated C3S pastes and aqueous sus-
pensions doped with heavy metal nitrates have been used in
order to characterise hydration products of C3S in the presence
of heavy metal. Nitrate salts were chosen because of their high
solubility in aqueous solution and because nitrate anion has little

C3S c3s
T
C3S
a C3s
C3s C3S
= [ b
O N
IIIIIIIII|IIII|IIII]I|II|IIII|IIII|
10 20 30 40
2-Theta

Fig. 1. The XRD pattern of C3S.

effect on the hydration of C3S and cement [16,17]. The effects of
these metals on phase development of C3S hydration were eval-
uated up to 1 year of age by X-ray powder diffraction (XRD),
thermal analyses (DTA/TG) and ?°Si solid-state magic angle
spinning/nuclear magnetic resonance (MAS/NMR) techniques.
The molecular models of C—S—H gel and heavy metal incorpo-
ration mechanism in C—S—H have been discussed based on the
experimental results.

2. Experimental
2.1. Materials

Tricalcium silicate was synthesised from CaCO3 and SiO»
(Aldrich Chemical Company, purity >98%). A 3:1 molar ratio
mixture of CaCO3 and SiO; was ground to a fine powder in
a ceramic ball mill, pelletised and then sintered at 1500 °C for
2 h. These cycles of preparation were repeated until no XRD
peaks of free CaO was detected (Fig. 1). The diffractogram of
C3S obtained conforms to that of a typical C3S described in
references [1,18].

Solutions of Cu, Cr, Pb and Zn were prepared from their
respective standard reagent grade metal nitrates salts (BCD
Ltd.). Each metal salt, Cu(NO3);-3H,0, Zn(NO3),-6H,0,
Cr(NO3)3-9H,0 and Pb(NO3),, was dissolved in de-ionised
water at a concentration of 5% (w/w) or 10% (w/w) (by heavy
metal ion weight, assuming ideal stoichiometry) for various
uses. At a concentration of 5% (w/w), mole concentrations for
Cu, Zn, Crand Pb were 0.79, 0.76, 0.96 and 0.24 M, respectively.
For the interest of practical application, heavy metal doping load
to C3S varied by weight to investigate effects of heavy metals
on C3S hydration in this study.

2.2. Methods

2.2.1. C3S pastes

In the preparation of hydrated pastes of C3S containing a
metal salt, 30g of C3S were mixed with a solution of heavy
metal nitrate at a concentration of 10% (w/w) (as heavy metal
ions) at a solid/liquid ratio of 10:4. The heavy metal content
in the C3S pastes (doping load of heavy metal) was 4% (w/w).
For the control sample, C3S was added to de-ionised water at the
same solid/water ratio. These samples were kept in plastic screw
top bottles in @ 50 mm (in diameter) at the laboratory ambient
temperature of around 17 °C.

2.2.2. C3S suspensions

In C3S pastes, amorphous structures of heavy compounds
may tend to form, possibly because the nucleation and aggrega-
tion occur too fast and species lack sufficient mobility to undergo
proper orientation and alignment before bonding into a structure.
As amorphous compounds are difficult to identified directly, in
this work, the suspensions of C3S with heavy metals were used to
create the more favourable conditions for heavy metal compound
crystallising.

The heavy metal nitrate solution with a concentration of 5%
(w/w) (as heavy metals) was added to 10 g of C3S clinker at a
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solid/liquid ratio of 1:3. The initial concentration of heavy metal
in C3S suspensions was 50 g/1, but after 30 min of hydration, the
heavy metal concentration decreased to <1 mg/l due to the high
pH media resulted from C3S hydration. The doping load of heavy
metal to C3S was 3/20 g/g, i.e. 15% (w/w).

The suspensions were placed in sealed containers and agi-
tated in a shaker, and pH was measured (Philips DW9418 pH
meter) at regular time intervals. After 7 days, 14 days, 28 days
and 3 months of hydration time, the suspensions were filtered
through 0.45 pm filter paper. The filtration cakes obtained were
dried at a temperature of 60 °C for 48 h in a vacuum oven and
examined by XRD.

2.2.3. X-ray powder diffraction (XRD)

A Siemens D500 diffractometer and Kristalloflex 810 gen-
erator (Cu Ka radiation) were used to identify the crystalline
products of C3S hydration. The accelerating voltage was 40 kV
and the current was 40 mA. The finely ground samples (<30 pm)
were examined between 5° and 40° 26 at scanning rate of 1° 26
per minute. The diffractograms were obtained with Diffplus and
analysed using Bruker/AXS EVA software and were compared
with the current version of the international powder data file
(ICDD-JCPDS) for the purpose of phase identification.

2.2.4. Thermal analysis (DTA/TG)

Differential thermal analysis/thermal gravimetry (DTA/TG)
techniques are effective tools for analysing the crystalline and
amorphous products of cementitious systems. A Stanton Red-
croft STA 780 Simultaneous Thermal Analyser was used to
conduct DTA/TG analyses of hydrated C3S pastes with or with-
out heavy metals in this work. The 20mg of vacuum-drying
powdered samples (less than 30 m) at a temperature of 60 °C
for 72h were packed in the rhodium—platinum crucible of
5.8 mm diameter and 4 mm high. Samples were examined at a
heating rate of 10 °C/min under flowing nitrogen (40 cm>/min)
from 30 to 1100°C. The contents of calcium hydroxide and
calcium carbonate were determined from following equations:

CH (%) = WLy (%) x SveH (1)
MWy

CC (%) = WLee (%) x vee ®)
- = MWQ

where CH (%) and CC (%) are the content of Ca(OH), and
CaCOs3, WLcH (%) and WL (%) are the weight loss occurred
during the decomposition of portlandite and calcium carbonate,
MWcH, MWy, MW¢ and MW are the molar weight of port-
landite, water, carbon dioxide and calcium carbonate. The mass
loss percentages of pure calcium hydroxide and calcite are 24
and 44%, respectively.

2.2.5. Solid-state magic angle spinning/nuclear magnetic
resonance

The 2°Si chemical shifts in solid-state high resolution magic
angle spinning/nuclear magnetic resonance (MAS/NMR) spec-
troscopy display a regular dependence upon the degree of
condensation of silica—oxygen tetrahedra and provide valuable
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Fig. 2. Diffractograms of 28 days old C3S hydrated pastes (legend: C: calcite,
P: portlandite).

molecular information [19,20]. In this work, 2°Si solid-state
NMR spectra of hydrated C3S pastes were recorded on a Var-
ian Infinity Plus-300 spectrometer equipped with a 7.1T magnet
in which the resonance frequency for 2°Si is 59.49 MHz. To
narrow the resonance peaks, 2°Si NMR spectra of hydrated C3S
pastes with or without heavy metals were obtained on a spin rate
of 6 kHz. It was operated at relaxation T1 >>30s with a relax-
ation delay of 10s. The curing time of all samples for NMR
experiments was 1 year after hydration.

3. Results and discussion
3.1. XRD

Fig. 2 presents diffractograms obtained from hydrated C3S
pastes with or without heavy metal at 28 days of age. First of
all, it is needed to point out that the diffractograms show the
peaks corresponding to calcite, indicating that natural carbona-
tion occurred during the sample preparation and storage, even
though the samples were sealed in plastic screw top bottles.

The main differences in diffractograms (Fig. 2) involved the
X-ray reflection peaks of portlandite (at 18.1°,28.5°,29.5°, and
34° 20) and C3S (at 29.5°, 32°, 32.7°, and 34.4° 20). Although
the reflection peak intensity is not directly proportional to the
content of crystalline phases, some important information can be
obtained from comparisons of the relative intensity or changes
of the intensity with time. As shown in Fig. 3, the peaks due to
portlandite in the control paste were much stronger than those
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Fig. 3. XRD intensity of main phases in 1-month-old hydrated C3S pastes.
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Fig. 4. Diffratograms of 1-year-old hydrated C3S pastes (legend: C: calcite, P:
portlandite, V: vaterite).

in the heavy metal doped pastes, especially in the Zn>*-doped
C3S paste, the X-ray reflection peak at 18.1° due to portlandite
was very weak. For the Cu?*-doped, Cr**-doped C3S pastes, the
X-ray reflection peaks of C3S were weaker compared with the
control paste. However, in the Zn>*-doped C3S paste, the peaks
of C3S were much stronger than those in the control paste.

Diffractograms of 1-year-old C3S pastes are shown in Fig. 4.
As expected, the relative intensities of C3S peaks were lower
than those of 28 days old C3S pastes, indicating that hydration
had continued with time. Compared with 28 days old hydrated
C3S pastes, the intensities of portlandite peaks in 1-year-old
pastes were greater, suggesting that more portlandite precipi-
tated. In addition, more carbonation took place during sample
storage, which may have resulted from CO, contained in orig-
inal mix water or from air trapped within the sample bottles.
As a consequence, in addition to calcite, which was detected
in all the pastes examined, vaterite was observed at 25°, 27.1°
and 33° 26 in Zn**-doped, Pb**-doped and Cu**-doped pastes.
The presence of heavy metals influenced the polymorphism of
calcium carbonate formed.

In contrast to 28 days old C3S pastes, the differences of XRD
diffractograms of C3S pastes aged 1 year with or without heavy
metals were less pronounced in respect of the reflection peak
intensities of C3S and portlandite. This suggests that the influ-
ence of heavy metals on C3S hydration decreases with time. It is
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Fig. 5. Diffractograms of products of C3S suspensions at the age of 3 months
(heavy metal/C3S: 15%, w/w).

worthy to mention that the increase of heavy metal doping loads
in C3S pastes gave very similar diffractograms described above
[21].

Diffractograms obtained from products of C3S suspension
in the presence of heavy metals were much more complex, as
shown in Fig. 5. The crystalline products of C3S suspensions
at different hydration time (14 days, 28 days and 3 months)
are summarised in Table 1. The X-ray reflection peaks of C3S in
the Cu?*-doped, Cr**-doped, and Pb**-doped C3S systems van-
ished faster compared with the control sample. In Zn**-doped
C3S system, the peaks due to C3S were still very strong even
after 3 months (see Fig. 5). According to X-ray reflection peaks
of C3S with time, Cu?*, Pb>* and Cr>* promoted the hydration
of C3S, but Zn?* retarded C3S early hydration (see Table 1). This
opinion is based on the consumption of C3S in hydration systems
and supported by DTA/TG and 2°Si NMR results below, differ-
ing from the traditional point of view based on hydration heat
flow, portlandite contents in pastes or setting time observation
in literatures (e.g. [10,17]).

Unlike C3S pastes containing heavy metals, layered
double hydroxides of heavy metal and calcium such
as  CaCr(OH);-3H20, Cay(OH)44Cu(OH);-H,O  and
CaZny(OH)e-2H,0O were found to be crystalline phases
for C3S suspensions with heavy metals (Fig. 5). No lead
compound was detected, suggesting that Pb was completely
absorbed or adsorbed by the products of C3S hydration due to
the relative lower Pb mole concentration in the C3S suspension.
If an initial mole concentration in a C3S suspension doubled
(0.48M) or increased 4 times (0.96 M, the same mole con-
centration as other metals), Pb(OH), can be detected by XRD
(reported elsewhere) [21].

Table 1
The crystalline phase development in C3S suspensions
Samples Phases identified by XRD
14 days 28 days 3 months
Control Portlandite, C3S Portlandite, C3S Portlandite
Cr3+—doped CayCr(OH)7-3H, 0, portlandite Portlandite, calcite, CayCr(OH)7-3H,0 Portlandite, calcite, Ca,Cr(OH)7-3H,0
Cu2+-d0ped Portlandite, Ca;(OH)44Cu(OH),-H,O Portlandite, calcite, Cap (OH)44Cu(OH),-H;0 Portlandite, Cay(OH)44Cu(OH),-H, O calcite
Pb2+—doped Portlandite Portlandite, calcite Portlandite, calcite

Zn?*-doped CaZn,(OH)s-2H,0, C3S

CaZny(OH)g-2H,0, C3S

CaZny(OH)g-2H,0, C3S, vaterite
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Fig. 6. The pH variation of C3S suspensions with time.

From XRD patterns of hydration products of C3S suspen-
sions, it can also be seen that X-ray reflection peaks of portlandite
from the control sample was most intensive, in accordance with
the hydrated C3S pastes. Obviously, portlandite did not form in
Zn*-doped C3S suspension in an early period of hydration time
(e.g. 14 days, 28 days and 3 months, see Fig. 5 and Table 1).

3.2. Suspension pH of C3S

To understand the effects of heavy metals on portlandite pre-
cipitation and C3S hydration, the pH of C3S suspensions was
measured. In the absence of heavy metals, as shown in Fig. 6,
C3S decomposed rapidly and a pH of 12.4 was recorded. This
value is close to the pH of the saturated solution of pure port-
landite. Additions of heavy metal nitrates decreased pH due to
hydrolysis of heavy metal cations. For example, at an initial
concentration of 50 g/ (as heavy metal), the initial pH values of
C3S suspensions with Cu?*, Pb>*, Zn>* and Cr’* were 6.3, 6.7,
8.4 and 8.5, respectively. The pH of the C3S suspensions rose
with time due to the hydration of C3S at different rates, which
reflected interactions between C3S and heavy metals. In Zn*-
doped C3S suspension, the pH value was below 12 even in 3
months, confirming that Zn>* severely retarded the hydration of
Cs3S. In low pH media (<12.4), the precipitation of portlandite is
inhibited. The suspension pH measurement results can explain
that heavy metal doping lowered the amount of portlandite of
hydrating C3S systems. As a result, X-ray reflection peak inten-
sities of portlandite were lower in diffractograms obtained from
these materials.

3.3. Thermal analyses

Thermal analysis techniques were used to obtain the fur-
ther qualitative information and quantitative information (e.g.
portlandite contents) of hydrated C3S pastes with heavy metal.
The DTA curves and simultaneous TG curves of C3S pastes
aged 28 days are presented in Figs. 7 and 8. The endother-
mic peaks in the DTA curves, located at 50-120°C can be
attributed to the evaporation of physically and chemically
bound water in C—S—H gel in the pastes [22,23]. The endother-
mic peaks of portlandite dehydroxylation at 460-510°C and
calcite decomposition at 650-750°C were observed with an
exception of the Zn?*-doped C3S paste. In the latter, no
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Fig. 7. DTA curves of hydrated C3S pastes aged 28 days.

endothermic peak of portlandite dehydroxylation at 460-510 °C
was observed. The formations of amorphous double hydrox-
ides, such as Ca,Cr(OH)7-3H,0, Cay(OH)44Cu(OH),-H,O and
CaZny(OH)e-2H,0, were responsible for many endothermic
reactions occurred during the heating processes. These heavy
metal compounds were not detect by XRD in the C3S pastes but
detected as crystals in the C3S suspensions doped with heavy
metal nitrates.

In the control paste, two steps of mass loss in the TG curve
corresponding to dehydroxylation of portlandite and decompo-
sition of calcite were very notable. According to the amount of
mass loss, the calculated portlandite content and calcite content
were 16.7 and 16.8%, respectively (Table 2).

The peaks of DTA/TG curves of the Pb>*-doped C3S paste
were very similar to those of the control paste. The mass loss of
portlandite was, however, smaller than that of the control paste.
The calculated portlandite content was 7.1% and calculated cal-
cium carbonate content was 27.7%. These results conform to
the XRD examinations. Some calcium released from C3S reac-
tions was consumed due to the formation of calcium carbonate
during sample storage and preparation. In other words, the pres-
ence of Pbretarded the precipitation of portlandit and accelerated
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Fig. 8. TG curves of hydrated C3S pastes aged 28 days.
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Table 2

The mass loss and calculated data of hydrated C3S pastes

Samples Contr. Cr3*-doped Cu?*-doped Pb?*-doped Zn*-doped
20-250°C (%) 5.9 12.1 12.3 11.5 42
250-600°C (%) 6.9 12.1 10.7 6.9 4.6
600-900 °C (%) 7.4 12.9 12.9 12.2 5.4

Total mass loss (%) 20.2 37.1 359 30.6 14.2
Ca(OH)z (%) 16.7 5.5 5.4 7.1 0.7
CaCO3 (%) 16.8 29.3 29.3 27.7 12.3

C3S carbonation due to the lower pH media resulted from the
hydrolysis of Pb?* cations.

In the Cr¥*-doped C3S paste, there were five major endother-
mic peaks in the DTA curves, located at 50-120, 280-310,
390-430, 450-500 and 650-780 °C. The decomposition of cal-
cium and chromium double hydroxide is known as following
three successive reactions:

CayCr(OH)7-3H,0 — Ca,Cr(OH);7 4+ 3H,0 3)
2Ca,Cr(OH)7 — Cry03 + 4Ca(OH); + 3H,0 4)
Ca(OH); — CaO + H,O 5)

Asmentioned earlier, the first endothermic peak can be attributed
to the evaporation of physically and chemically bound water in
C-S-H gel. The second peak and third peak arose from the
dehydration and the decomposition of the double hydroxide of
calcium and chromium (CayCr(OH)7-3H,0, Egs. (3) and (4)).
The fourth endothermic peak and corresponding mass loss can
be attributed to dehydroxylation of portlandite (Eq. (5)). The
fifth endothermic peak at 650-800 °C was due to the decompo-
sition of calcium carbonate. The estimated portlandite content
was 5.5%. The calcium carbonate content in the Cr*-doped
paste was 29.3%, much higher compared with the control paste
(16.8%).

The Cu?*-doped C3S paste also exhibited 5 endothermic
peaks. The endothermic peaks in the temperature range of
250400 and 390430 °C were due to the decomposition of the
double hydroxide (Cay(OH)44Cu(OH),-H>0). The mass loss
steps occurred continuously in temperature range of 30-860 °C
with different slopes. The endothermic peak and mass loss
corresponding to portlandite was very small, the calculated port-
landite content and calcium carbonate content were 5.4 and
29.3%, respectively. The decomposition of calcium and copper
double hydroxide is shown as following three step reactions:

Ca,(OH)44Cu(OH);-H,O — Cay(OH)44Cu(OH),; + H,O
(6)

Cay(OH)44Cu(OH); — 4CuO + 2Ca(OH), + 4H,0 7
Ca(OH), — CaO + H,0 ®)

In the Zn**-doped C3S paste, there were three endother-
mic peaks. The second endothermic peak at 170-200°C
could arise from the dehydroxylation of calcium zin-
cate (CaZny(OH)g-2H>0). The third endothermic peak at

650-800 °C was due to the decomposition of calcium carbon-
ate. The calcium carbonate content, according to the mass loss,
was 12.3%. The decomposition of calcium zincate is shown as
following equations:

CaZny(OH)s-2H,0 — CaZny(OH)g + 2H,0 )
CaZny(OH)g — 2Zn0O + Ca(OH), +2H,0 (10)
Ca(OH), — CaO + H,O (11)

To sum up, the amount of portlandite in C3S pastes was in
the increasing order: control > Pb>* > Cr’* = Cu?* > Zn>*, con-
firming that heavy metals reduced the formation of portlandite
during C3S hydration. This is consistent with the XRD exam-
ination, with reference to main peak intensities of portlandite
at 18.1° (001), 34.1° (101), 26. As all powdered samples
investigated were dried at a temperature of 60°C for 72h in
a vacuum oven, no free water existed and the total mass loss in
100-800 °C should reflect the degree of C3S reactions (includ-
ing hydration and carbonation). According to the total mass loss,
the reaction degree of C3S can be arranged in the sequence:
Cr3* > Cu?* > Pb>* > control > Zn>*. This consequence is also
consistent with the XRD examination, with reference to the
peaks of C3S at 32-33° 26. It is certain that Cr, Cu and Pb
promoted hydration and natural carbonation of C3S, whereas
Zn retarded the early hydration of C3S.

The retardation effect of Zn on C3S hydration could
arise from the formation of CaZn,;(OH)g-2H,O on C3S sur-
faces, keeping water from contacting [1,2]. In contrast, double
hydroxides (CayCr(OH)7-3H, O and Caz (OH)44Cu(OH),-H,0)
formed in Cr¥*- or Cu?*-doped C3S suspensions may not keep
water from contacting C3S. The reason could be that they may
not precipitate on the surface of C3S or precipitated on the sur-
face of C3S but did not form membrane or did not cover C3S
grains. The acceleration effect of Cu, Cr and Pb on C3S hydration
could be attributed to the attack of H* resulting from hydrolysis
of heavy metal ions, supporting the theory put forward by Taylor
[1].

As well known, the solubility of double hydroxide is lower
than that of hydroxide in alkaline pH media. The formation of
double hydroxides would favour for the reduction of the heavy
metal leachability of solidified/stabilised wastes using cement
as a binder.
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Table 3

29Si NMR data of hydrated C3S pastes (species proportion, %)

Samples Control Cr**-doped Cu?*-doped Pb?*-doped Zn**-doped
0% -12 ppm 16.08 14.97 10.91 15.43 15.2
0%, —75ppm 24.51 24.15 25.40 23.66 20.53
Q', —80ppm 32.94 33.53 21.43 34.57 17.86
Q?, —87ppm 26.47 27.35 33.33 26.34 34.50
03, —93 ppm 0 0 8.90 0 11.91
ZQ* 59.41 60.88 63.69 60.91 64.27
a (%) 58.6 60.8 63.4 62.0 65.2
C 1.45 1.44 1.80 1.43 1.82
Ca/Si 1.57 1.56 1.41 1.56 1.36
Psi 3.62 3.66 5.11 3.52 5.86

Note: Y Q" =0'+0*+ Q%
3.4. 29Si MAS/NMR spectra

For hydrated C3S pastes were dominated by C-S-H gel
(around 60% by mass), solid-state magic angle spinning/nuclear
magnetic resonance (MAS/NMR) was employed to study the
structure of calcium silicate gel in the C3S pastes at the age of
1 year. Based on the 2°Si NMR spectra of hydrated C3S pastes,
the differences in the polymerisation of calcium silicate hydrate
gel are summarised in Table 3. Note that the hydration degree of
C3S (@), average length (the number of Si) in C—S—H gel (Psi),
connectivity ratio (C) and Ca/Si ratio were determined by the
following equations [24,25]:

2
Psi— 2 (lj(’Q(lQ))) (12)
Q' +20% +30° +40°
oot o o (4
% =20°+150'+ 0% +0.30° (14)
1—1(0°
_ (lo(gf))) « 100% (15)

where 1(Q°), I(Q"), I(Q?) are the integral intensity at —75, —80
and —85 ppm, respectively. 0°, 0!, 0%, @® and Q* are per-
centages of respective species. 1°(Q°) is raw C3S intensity at
—75 ppm.

As shown in Fig. 9, two peaks of C3S lay at in —72 and
—75 ppm, which are characteristic for the mono-silicate group
(Q0 species) [19]. Hydration of C3S resulted in transformation
of silicate from single tetrahedron (mono-silicate, SiO4 unit, Q0
species) to end groups (Q! species) and chain middle groups
(0> species). It is interesting to note that in the control, Cr*-
doped and Pb**-doped C3S pastes, Q' > 02, but in Cu?*-doped
and Zn>*-doped pastes, Q> >Q', which means a higher conden-
sation of C—S—H gel in the Cu”*-doped and Zn?*-doped pastes.
Correspondingly, the average length (Psi) and values of con-
nectivity (C) of C-S—H gel in the Cu**-doped and Zn**-doped
pastes were larger than those of the control paste. In terms of Eq.
(12), the numbers of Siin C—S—H gel were 5.86,5.11, 3.66, 3.62,
and 3.52 for the Zn>*-doped, Cu**-doped, Cr**-doped, control,
and Pb>*-doped C3S pastes, respectively. The calculated Ca/Si

ratios of C—S—H gel in 1-year-old control paste and Zn>*-doped,
Cu?*-doped, Cr**-doped, and Pb>*-doped C3S pastes were 1.57,
1.36, 1.41, 1.56 and 1.56, respectively. In other words, Cu?* and
Zn** doping lowered the Ca/Si ratio of C—S—H gel and promoted
the polymerisation of C—S—H gel at age of 1 year compared with
the C3S control paste.

According to 2°Si NMR results and Eq. (15), in 1 year of age,
all heavy metals investigated slightly promoted the hydration of
C3S in the order: Zn?* > Cu?* > Cr** > Pb>* > control, although
the difference in degrees of C3S hydration was not very large
(2.2-6.6%). As shown in Table 3, the value of « is in good
agreement with sum of hydrated species (Z:Q’k =0'+0*+ 0%,
which also describes the proportion of cementitious materials
hydrated. The consistency of data from XRD, DTA/TG and
NMR indicates that the results of this study are reliable. At
present, the mechanism that Zn promoted C3S hydration in the
later period of time (e.g. 1 year) is not known, possibly due to
the rupture of calcium zincate membrane on the surfaces of C3S
grains.

In C3S pastes, calcium silicate hydrate gel (C-S-H) is
thermodynamically unstable at ambient temperature, which
comprises a large and complex family of phases, with varying
compositions. Based on the results of 2°Si NMR studies, in the
control hydrated C3S paste, the molecular compositional model
of C—S-H gel could be deduced as follows:

mC3S + gH,0
— yCa(OH), + CaxHZ(m—x)SimO3m -zCa(OH),

Control Cr Cu Pb Zn
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Fig. 9. 2°Si NMR spectra of hydrated C3S pastes.
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-nH>O (cyclic silicates, Q2 species) (16)

where m=3, 4,5, 6, 7 (average value: 3.6); n>0; ¢>0; z=0,1,
2, 3, etc. Ca/Si=(x+z)/m=1.36-1.57.
And,

mC3S +gHy0
— yCa(OH), + Ca,Ha(n41-x)Sin O3 +1-2Ca(OH),
-nH>O (short single chain silicates, Q1 and Q2 species)

7)

where m=2, 3, 4, 5, 6, 7 (average value: 3.6); n>0; g>0;
z=0, 1, 2, 3, etc. Ca/Si=(x+2)/m=136-1.57. If 5 —y=x, it
reduces to Glasser’ s model; If m=3n—1, it reduces to the
Richardson—Groves’ model.

In the presence of heavy metals, hydrolysis of heavy metal
cations results in the reduction of pH. But due to C3S hydration,
pH rises, and M(OH)2(aq)/M(OH)3(aq) and M(OH),? "3~ jons
form. If the amount of heavy metal is large enough and pH is
suitable, precipitation of hydroxides and co-precipitation of cal-
cium and heavy metal can occur and form three-dimensional
structures. For example, the co-precipitation forms double
hydroxides of calcium and copper or chromium, which were
identified in this work.

During C3S hydration, in C—S—H gel, heavy metals may sub-
stitute for calcium, or heavy metal hydroxide may substitute
for Ca(OH);. As a result, the Ca/Si ratio of C—S—H gel in heavy
metal doped C3S pastes decreases. In disordered C—S—H gel, the
incorporation of heavy metal is similar to the structure of glass.
Heavy metals act as network modifiers or network intermediates.

4. Conclusions

Tricalcium silicate pastes and aqueous suspensions doped
with nitrate salts of Zn?*, Pb2*, Cu?* and Cr’* were examined
by X-ray powder diffraction (XRD), thermal analysis (DTA/TG)
and 2°Si solid-state magic angle spinning/nuclear magnetic res-
onance (MAS/NMR) techniques. The effects of heavy metals
on hydrated products of C3S were recorded and following con-
clusions can be drawn:

e Heavy metals such as Cu, Cr and Pb promoted hydration of
C3S, whereas Zn exhibited retarding effect at the early period
of C3S hydration. At 1 year, all heavy metals investigated
slightly increased the degree of C3S reactions by 2.2-6.6%.

e XRD and DTA/TG results showed that heavy metals exhibited
aretarding effect on precipitation of portlandite and an accel-
erating effect on the formation of calcium carbonate during
C3S hydration process in the presence of carbon dioxide.

e Double hydroxides of calcium and heavy metals,
CayCr(OH)7-3H;0, Caz(OH)44Cu(OH),-H;0 and CaZn;
(OH)6-2H, 0, were identified in heavy metal ion doping C3S
suspensions as crystalline phases. In heavy metal doping
C3S pastes the amorphous phases of these compounds were
also present according to the thermal analysis results.

e The length of C—S-H gel (the average number of Si) in
1-year-old of hydrated C3S pastes was in the order: Zn>*
(5.86)>Cu?* (5.11)>Cr’* (3.66)>control (3.62)>Pb**
(3.52). Heavy metals, especially Cu and Zn, promoted the
polymerisation of C—S—H gel. The Ca/Si ratio of C—S—H gel
in 1-year-old of hydrated C3S pastes was in the range of
1.36-1.57.
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