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This study compares two methods to immobilise the same amount of Zn in cement paste. In the first
method, Zn is introduced into the raw material before clinkerisation, whereas in the second process,
Zn is introduced in the liquid phase used to make the cement paste, which is often referred to as solid-
ification/stabilisation. In laboratory-made clinker, Zn was mainly fixed within a new compound (Ca6Z-
n3Al4O15). Also, Zn was observed in tricalcium silicate (C3S) and in the interstitial phase (C3A and
C4AF) with the exception of dicalcium silicate (C2S). In the present study, the threshold limit value cor-
responds to the maximum amount of Zn that could be incorporated without the stability of the clinker
phases being modified. This threshold was reached when a decrease in C3A content and/or the presence
of Ca6Zn3Al4O15 were observed by X-ray diffraction. The threshold limit of Zn in the studied clinker was
established at 0.7% by weight. The reactivity of synthesised cement doped with Zn was studied by iso-
thermal calorimetry measurements. These tests revealed that the incorporation of Zn had no effect on
calcium silicate hydration (C3S and C2S), even if the Zn content exceeded the threshold limit value, i.e.,
1%. These results were compared with those obtained through the solidification/stabilisation treatment
of Zn in a cement paste. In these experiments, a Zn content of 0.7% induced a significant delay in the
cement hydration. This difference in behaviour is due to the slower flow of zinc ions released in solution
when it is incorporated in the clinker phases. Thus, the immobilisation during clinkerisation is a good
alternative to treat waste with a high Zn content in Ordinary Portland Cement (OPC) without causing
the well-known, deleterious effect on cement setting time.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Each year, industrial activities produce large quantities of
waste. Most of the waste contains heavy metals that could be dan-
gerous to human health and cause environmental problems [1].
The growing interest in sustainable development makes the treat-
ment of heavy metals a priority.

The use of Ordinary Portland Cement (OPC) as a binder for hea-
vy metal immobilisation is a common practice and is referred to as
solidification/stabilisation [2]. Indeed, this binder has good charac-
teristics, such as a low permeability, high technical properties
(strength) and good durability. The immobilisation of heavy metal
waste is well documented [3,4]. For the last 50 years [5], the solid-
ification/stabilisation process has been the most widely used pro-
cess in the final treatment of hazardous waste. It fixes heavy
metals by sorption, lattice incorporation and precipitation during
the cement hydration [6].
ll rights reserved.
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However, this method has its limitations. For many types of
waste, such as waste with a high Zn content, the use of OPC as a
binder for the solidification/stabilisation process is problematic.
Several studies have shown that Zn strongly delays Portland ce-
ment hydration and can even stop it entirely [7–9]. Consequently,
Zn can affect the early-age compressive strength generated by OPC
[10]. This phenomenon has been widely studied, and several
hypotheses have been made. The first hypothesis [11] deals with
the formation of a heavy metal hydroxide on the surface of the
anhydrous cement grains. Recently, Week et al. [12] proposed an-
other mechanism based on the conversion of a metal hydroxide to
metal hydroxyl species. This reaction consumes calcium and
hydroxide ions and reduces the supersaturation of the solution
with respect to C–S–H and Ca(OH)2 and, hence, delays this
precipitation.

To solve this problem, some studies have been conducted on
new binders, particularly on calcium sulfoaluminate cement
(CSA) [13]. This study has shown that adding a high concentration
of ZnCl2 (�1% of Zn) in the liquid used to prepare CSA mortars did
not induce a strong retardation compared with OPC; the major part
of CSA hydration occurred between 4 and 15 h, whereas it
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appeared after several days when using OPC. Although CSA cement
seems to be a good alternative to Zn solidification/stabilisation de-
spite some possible deleterious volume changes, Zn could be effec-
tively immobilised in OPC by incorporating it during the clinkering
process. This alternative method would only be valid if a high Zn
content does not alter the stability and reactivity of the clinker
phases, namely C3S, C2S, C3A and C4AF.

Our study is aimed at assessing the validity of this alternative
method.

(1) Investigating the localisation of Zn in a laboratory-made
clinker using a scanning electron microscope (SEM) and
the threshold limit of Zn in the clinker by X-ray diffraction
(XRD). The threshold limit corresponds to the maximum
amount of Zn that could be incorporated without modifying
the stability of the clinker phases.

(2) Comparing the reactivity of the Zn-doped cement paste to a
similar Zn concentration directly supplied in the solution
during the solidification process. The kinetics of hydration
were investigated using isothermal calorimetry and by the
measuring the compressive strength of the cement pastes.

One might ask about the originality of this work because the ef-
fect of ZnO as a clinker dopant or as a cement additive is well-
known. Indeed, many studies deal with this subject. The originality
of this work is based on three main points. First, this study showed
that the use of Portland cement to immobilise Zn is realistic and
thus the use of new binders is not necessary. Secondly, the defini-
tion of a Zn threshold limit in clinker is a concept that has never
been previously described in the literature. Finally, the compari-
son, for a same cement composition, between a Zn doped clinker
and a cement containing Zn is presented.
2. Materials and methods

2.1. Materials

Clinkers were prepared by mixing analytical grade reagents of
CaCO3, SiO2, Al2O3, Fe2O3, MgO and K2O. First, a reference clinker with
a composition close to that of an average OPC clinker was synthesised
in the laboratory. Table 1 shows the chemical and the mineralogical
composition (according to Bogue) of the reference clinker after sinter-
ing. To prepare the doped clinkers, Zn was introduced into the raw
meal in the form of zinc oxide (ZnO). The raw mixes were homoge-
nised and pressed at 5 kN into pellets (height = 23 mm, diame-
ter = 40 mm) to obtain a more regular clinkering process. Pellets
were fired up to 1450 �C at a rate of 10 �C/min. After 45 min of burning
to the clinkering temperature, the clinker was slowly cooled in the
furnace to obtain larger calcium aluminate crystals, which are more
easily analysed with SEM. In our experimental conditions, the atmo-
Table 1
Chemical and mineral composition (%w/w) of the reference cement.

Chemical composition
CaO 64.22
SiO2 21.68
Al2O3 4.46
Fe2O3 2.57
MgO 0.76
K2O 0.65
Mineral composition (according to Bogue)
C3S 65
C2S 18
C3A 8
C4AF 8
sphere inside the furnace was oxidant whereas it is reductive in the
cement industry. The free lime content of the reference clinker was
determined according to the standard ethylene glycol method [14]
and was equal to 0.35%. The raw mix and burning conditions were un-
changed for the reference and the doped clinkers. Cement was pro-
duced by mixing pure gypsum with clinkers that were previously
ground (<40 lm) in order to reach 3.3% SO3. The quantities of cement
produced in the laboratory are limited. Thus, given the small size of
the furnace available in the laboratory, it was only possible to produce
about 100 g of the clinker.

For assays of solidification/stabilisation, Zn was added to the
reference cement during mixing in the form of a nitrate salt
(Zn(NO3)2�6H2O). Indeed, results presented previously in Part I
[10], showed that nitrates, at the tested concentration, did not af-
fect the reactivity and the compressive strength of cement during
mixing. For clarity, all the concentrations are expressed as element
weight percentages.

2.2. Methods

The chemical composition of each doped clinker after sintering
was verified by X-ray fluorescence. For clarity, all the doping con-
centrations are expressed as Zn weight percentage present in
clinker.

The mineralogy of the clinkers was studied using XRD. A Bruker
D8 with Co Ka radiation (1.78 ÅA

0

) was used. The X-ray patterns
were acquired in the 2h (5–100�) with a step of 0.019 and 3 s per
step.

The chemical composition of the clinker phases was investi-
gated on polished sections with a Hitachi S-4300SE/N SEM operat-
ing in the backscattered electron mode (20 keV) and equipped with
an energy dispersive X-ray spectrometer (EDS). To make the pol-
ished section, a piece of clinker was vacuum impregnated in an
epoxy resin and then polished with ethanol to avoid reacting with
water. Finally, the samples were coated with carbon before
observation.

The reactivity of the cements was determined through isother-
mal calorimetry measurements performed at 20 �C. Five grams of
cement and 2.5 g of water previously stored at 20 �C were mixed
manually for a few seconds directly outside the calorimeter in
measurements cells that were then placed inside the calorimeter.
The calorimeter used was a home-made calorimeter using fluxme-
ters that allowed the calorimeter to equilibrate in less than 5 min.
Thus, it was possible to record the heat flux released at the begin-
ning of hydration, even if the mixing of the cement paste was exe-
cuted outside the calorimeter. The effect of Zn on hydration was
studied by determining at what time the heat released due to
C3S hydration begins. An example of the method used to determine
the beginning of hydration is described in more detail in Fig. 4.

The microstructures of the cement pastes were also observed
through SEM analyses on polished sections after 2 days of curing.
The hydration was stopped by immersing the cement pastes into
isopropanol and drying them for 24 h at 60 �C.

Due to the limited quantities of the clinker produced in labora-
tory, the compressive strength was determined on small cylinders
(height = 12 mm, diameter = 6 mm) made of cement paste with a
water/cement ratio (w/c) of 0.45 according to a slightly modified
method developed by Perez [15–17]. Cement and water were man-
ually mixed for 3 min. The paste was loaded into polytetrafluoro-
ethylene (PTFE) moulds. The filling of the moulds was performed
in two steps on a vibration table. The moulds were kept for 24 h
at 100% relative humidity and 20 �C. The paste cylinders were
demoulded after 24 h and curing was continued at 100% relative
humidity and 20 �C. The compressive strength was measured on
5 samples after 2, 7 and 28 days. The tests were performed at a
constant stress of 0.3 MPa/s. using an uniaxial press.



Table 2
Zinc localisation in clinker phases measured by EDS.
(Assay on clinker doped with 1% Zn).

Clinker phase Content in Zn (wt.%)

C3S 0.96
C2S 0.05
C3A 0.51
C4AF 0.68
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3. Results and discussion

3.1. Incorporation of Zn during the clinkering process

3.1.1. Localisation of Zn in the clinker phases
The SEM analyses (Fig. 1) conducted for clinker doped with 1%

Zn, revealed the presence of white areas at the interface of the
C3S and/or C2S and the interstitial phase. The exact chemical com-
position of these areas could not be determined accurately by EDS
measurements because of their small size. However, these areas
had a higher Zn content than the other clinker phases and conse-
quently appeared brighter on the SEM micrograph. Indeed, Zn
has a high atomic number and can backscatter electrons more
strongly than the other elements present in the clinker phases. In
addition, it was noticed that Zn was present in the clinker phases
except in C2S (Table 2).

This result is in accordance with those previously observed. For
example, Barbarulo et al. [20] previously observed the formation of
white areas in clinker doped with Zn. Bolio-Arceo and Glasser
[18,21] have recently identified the exact composition of this phase
as Ca6Zn3Al4O15. Moreover, several studies [18–20] have reported
that Zn is mainly present in the interstitial phase of the clinker
(C3A and C4AF), and Hornain [22] also showed that it is difficult
for Zn to enter into C2S. Finally, a modification in the stability of
the clinker phases (C3S, C2S, C3A and C4AF), where a decrease in
C3A content occurs, has been previously observed [21].
3.1.2. Threshold limit of Zn in the clinker
The threshold limit corresponds to the maximum Zn content that

could be incorporated in a clinker without modifying the stability of
the clinker phases. For Zn, the threshold limit is reached when a
decrease in C3A content and/or the presence of Ca6Zn3Al4O15 are ob-
served. To determine this maximum, different concentrations of Zn
were incorporated into the raw-mix. The resulting clinkers were
analysed by XRD (Fig. 2) and compared to the reference.

The XRD analysis conducted on the reference indicated that the
major crystalline phases of OPC (C3S, C2S (b), C3A and C4AF) were
present. The comparison with the doped clinkers revealed that
the C3A content decreased when the concentration of Zn incorpo-
rated into the clinker was greater than 0.7% by weight. Conse-
quently, this concentration corresponds to the threshold limit of
Zn. In addition, Ca6Zn3Al4O15 (PDF2 reference code 00-52-1560)
was detected by XRD when the concentration was higher than
1% Zn. For clinkers doped with more that 2% Zn, it was observed
that C3A had completely disappeared. The SEM images of a clinker
doped with 3% Zn (Fig. 3) confirmed the XRD observations. Indeed,
Fig. 1. SEM micrograph of the
the interstitial phase, surrounding the silicates (C1), was only com-
posed of C4AF (C2) and Ca6Zn3Al4O15 (C3). No C3A was observed in
the SEM image.

It is important to note that the current average Zn concentration
in OPC is equal to 0.0164% [23]. Thus, the threshold limits are not
reached yet.
3.2. Comparison of the two methods of Zn immobilisation in a cement
paste

3.2.1. Reactivity of cements
Because cement hydration is an exothermic process, the heat

released from the process gives information about the kinetics of
hydration of the cement constituents. We focused on C3S hydration
because this constituent is primarily responsible for the early com-
pressive strength.
3.2.1.1. Cements pastes doped during the clinkering process. First, the
reactivity of the synthesised cement doped with Zn during the clin-
kering process had to be determined. The first experiment per-
formed was on cement made with a clinker containing 0.7% Zn
which corresponds to the threshold limit for this specific cement.
Then, the reactivities of cements whose Zn contents exceeded the
threshold limits were studied. Cements doped with 1% and 3% Zn
were chosen because at 1% a decrease in the C3A content was ob-
served, and Ca6Zn3Al4O15 was present. For cement doped with 3%
Zn, C3A had completely disappeared and was replaced by
Ca6Zn3Al4O15.

Heat flow curves, presented in Fig. 4, indicate that the presence
of Zn in the clinker did not seem to significantly affect hydration.
Indeed, for the cements doped with 0.7% or 1% Zn, the major peak
of hydration appeared at the same time as the reference cement,
i.e., at about 4 h. In contrast, the hydration of the cement doped
with 3% Zn was delayed occurring after 20 h. This result is in accor-
dance with Stephan et al. [24], who showed that the hydration of
Zinc-bearing « white areas » 

clinker doped with 1% Zn.
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Fig. 3. SEM micrograph (left) and elemental X-ray images (right) of the clinker doped with 3% Zn; C1 = C3S, C2 = C4AF and C3 = Ca6Zn3Al4O15.
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Portland cement doped with 2.5% Zn was delayed, occurring after
15 h.

To explain the difference observed in the cement hydration be-
tween the cements doped with 1% and 3% Zn, the concentration of
Zn present, in the solution during hydration was determined by
inductively coupled plasma atomic emission spectrometry (ICP-
AES). Suspensions of cement were prepared by mixing 2 g of ce-
ment with deionised water with a water/cement ratio (w/c) of
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10. The mixes were homogenised mechanically at 20 �C. Leachates
were collected and filtered at different times of hydration. The
aqueous Zn concentration was measured using a Varian 720-ES
ICP-AES. Cement hydration stopping times of 1, 4 and 15 h were
chosen following the results of the calorimetry tests presented pre-
viously in Fig. 4. The concentrations of Zn in the solution after 1, 4
and 15 h of hydration was less than 0.4 ppm in both cases. This re-
sult is in accordance with previous studies. Bolio-Arceo and Glasser
[21] showed that Zn incorporated in the clinker phase was very
insoluble as the Zn content in the aqueous phase was less than
2 ppm. Consequently, the delay in cement hydration observed be-
tween the cement doped during clinkerisation with respectively 1%
and 3% Zn, cannot be explained by a high Zn content in solution but
by a high Zn flow. In our opinion, Zn precipitates gradually as it dis-
solves in solution, in a phase that can be designated as X, which
acts as a diffusive barrier for anhydrous dissolution. In the case
of cement doped with 1% Zn, the content in the X phase was not
sufficient to induce a delay in cement hydration.

Another hypothesis can also explain this result. Indeed, in clin-
ker doped with 3% Zn, all C3A was replaced by Ca6Zn3Al4O15. The
content of gypsum used in this study to control the reactivity of
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C3A was perhaps not optimised in these new conditions and could
affect the cement hydration. Although, Bolio-Arceo and Glasser
[21], showed that Ca6Zn3Al4O15 is a cementitious compound, par-
ticularly in combination with gypsum, no studies have shown that
C3A and Ca6Zn3Al4O15 have the same reactivity in the presence of
gypsum. In addition, it’s well known [25] that an overdosage in
gypsum could induce a delay in cement hydration.

3.2.1.2. Cements pastes doped with Zn during mixing. Second, the
reactivity of cement paste doped with Zn directly supplied to the
solution during the solidification process was studied. Similar Zn
concentrations to those previously tested in Section 3.2.1.1. were
studied.

Heat flow curves (Fig. 5) showed that cement hydration was de-
layed when 0.7% Zn, which was in the form of a nitrate salt, was
introduced during mixing. The main hydration peak occurred after
24 h. The delay was even greater if 1% Zn was added during mixing.
In this case, the kinetics of hydration was expected to be very slow
because no exothermic peak was observed after 170 h. Given this
result, it did not seem necessary to test the highest concentration
in Zn, i.e., 3%. This result is in accordance with Nocun-Wczelik
0 100 120 140 160
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Fig. 6. SEM micrograph (left) and elemental X-ray images (right) of cement pastes doped with 1% Zn introduced during mixing (A) and during the clinkering process (B).
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and Malolepszy [26] who had previously studied the effect of 1% Zn
introduced as nitrate salt on cement hydration.

As mentioned in Section 3.2.1.1., the addition of 0.7% and 1% Zn
during clinkerisation did not delay cement hydration. A delay in
cement hydration was observed only for a Zn content of 3%,
occurring after 20 h.

Consequently, the incorporation of Zn during the clinkering pro-
cess is a good alternative to the solidification/stabilisation process
that is usually used.
3.2.2. Microstructure
To explain the differences of reactivity between the two meth-

ods of Zn immobilisation, the microstructures of the cement paste
doped with 1% Zn during either clinkerisation or mixing were stud-
ied by SEM coupled with EDS after 2 days of hydration. The objec-
tive was to locate Zn in the cement paste and to study the nature of
the hydrates.

The analyses revealed that in cement paste doped during mix-
ing (Fig. 6A), Zn was present in hydrates all around the anhydrous
grains. In contrast, when Zn was introduced during clinkerisation,
Zn was mainly observed in anhydrous grains, particularly in the
interstitial phase (Fig. 6B).

Moreover, no Ca(OH)2 and C–S–H were formed in the cement
paste doped during mixing (Fig. 6A) whereas they were identified
in cement paste doped during clinkerisation (Fig. 6B). The EDS
analyses conducted on these two types of hydrates (Table 3) re-
vealed that Zn was primarily fixed in C–S–H.

One might ask about the phenomena responsible for the differ-
ences in early hydration microstructure and several explanations
can be envisaged. Firstly, such differences could be induced by
the flow of Zn2+ in solution. During mixing, Zn2+ ions are immedi-
ately available and can react with the cement phases. Hydrates
bearing Zn are formed and grow around the anhydrous grains.
Table 3
Composition of hydrates measured by EDS (Assays on cement pastes doped during
the clinkering process with 1% Zn).

Compound Element (wt.%)

O Mg Al Si S K Ca Fe Zn

Ca(OH)2 32.37 – 0.16 0.46 0.26 – 66.75 – –
C–S–H 42.76 0.42 1.26 12.32 0.94 0.14 39.75 1.08 1.34
These hydrates seem to be responsible for the retardation effect
on cement hydration by blocking, either temporarily or perma-
nently, the hydration of anhydrous grains. In contrast, when Zn is
incorporated in the clinker phases, the release of Zn2+ depends
on the rate of dissolution of the Zn-bearing phases. SEM analyses
conducted on cement paste obtained with clinker doped by 1%
Zn (Fig. 6B) showed that after 2 days of hydration, a part of the
interstitial phase containing Ca6Zn3Al4O15 was still encapsulated
in the silicate grains that had not yet reacted. Consequently, some
zinc incorporated in the clinker was not accessible to the mixing
water and this could explain why there was no delay in setting
time. It is well-known that during hydration of cement, the pH of
the solution is very important. Consequently, Zn should precipitate
as hydroxides and no important Zn content should be detectable in
solution. Tests to measure the aqueous Zn concentration in solu-
tion during hydration were conducted for cement doped with 1%
Zn during mixing and clinkering process. The same method, as that
previously described in Section 3.2.1.1., was used for these tests.
Results showed no differences in aqueous Zn content (<0.4 ppm)
between the two samples. Therefore, it seems that it is not the
instantaneous concentration of Zn in solution but its flow that is
responsible for the differences of microstructure observed between
the cement pastes doped during mixing and during the clinkering
process.

Finally, it is well-known [27,28], that the rate of hydration in
the induction and acceleratory periods is controlled by the nucle-
ation and the growth of hydrates and particularly C–S–H. In our
case, the presence and the amount of Zn hydroxides could affect
the hydrates growth and consequently delay the early hydration
of cement.

3.2.3. Compressive strength
The compressive strengths for the reference and the cement

doped with 1% Zn during the clinkering process were determined.
These tests were conducted on cement pastes after 2, 7 and 28 days
of curing. The results (Fig. 7) indicate that the presence of Zn in the
clinker phases does not affect the mechanical compressive strength
after either the short (2 days) or the long curing time (28 days). The
fact that Zn incorporated during clinkerisation did not affect the
early compressive strength is very important to highlight. In a
previous study [10], we have shown that Zn added during mixing
had, on the contrary, a deleterious effect on mortar compressive
strength, particularly after 2 days of curing. This difference in
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compressive strength behaviour at the early age is due to the delay
in hydration observed when Zn is added during mixing.

4. Conclusions

The purpose of this work was to compare two methods of Zn
immobilisation in Portland cement. The main conclusions can be
summarised as follows:

(1) In this study, we were able to incorporate 1% Zn in Portland
cement without affecting its reactivity and compressive
strength.

(2) SEM and XRD analyses revealed that Zn could be incorpo-
rated into the clinker (C3S, C3A and C4AF) except in C2S. If
the Zn content in the clinker exceeded 0.7%, the stability of
the clinker phases, particularly that of C3A, was modified.
A decrease in C3A content and the formation of Ca6Zn3Al4O15

were observed. Finally, beyond 2% Zn, C3A disappeared com-
pletely and was replaced by Ca6Zn3Al4O15.

(3) Calorimetry tests conducted on cement paste doped during
clinkerisation revealed that the presence of Zn in the clinker
phases did not have an effect on cement hydration. This
observation remained true if the Zn content exceeded the
threshold limit. Even at high levels of Zn (3%), the cement
hydration was not delayed by much as it occurred within
the first 24 h.

(4) The delay in hydration observed between cement doped
during clinkerisation with respectively 1% and 3% Zn was
not due to a higher Zn content in solution during hydration.
Analysis of the mixing solution, by ICP-AES, proved that in
both case, little Zn was present in the solution.

(5) The reactivity of cement doped during mixing with the same
amount of Zn in the form of nitrate salt was studied. A signif-
icant delay in cement hydration was observed particularly
when 1% Zn was added during mixing. The cement hydration
peak was not observed after 170 h.

(6) The difference observed between the two methods of Zn
immobilisation could be explained by the flow of Zn2+ in
solution. During mixing, Zn2+ ions are immediately available
and can react with the cement. When Zn is incorporated in
the clinker phases, the release of Zn2+ depends on the rate
of dissolution of the Zn-bearing phases. Indeed, some inter-
stitial phase containing Ca6Zn3Al4O15 is still encapsulated in
the silicate grains that have not yet reacted. In this condi-
tion, Zn is not accessible to the mixing water.
(7) Finally, given that Zn is mainly trapped in C–S–H when it is
introduced in the cement during clinkerisation, it would be
expected to be more slowly released during leaching. In sup-
port of this hypothesis, Moudilou [29] showed that Zn is
released according to a slow and linear kinetics over time.
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