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The aim of this work is to investigate the effect of the addition of Cu, Cd, Ni, Pb and Zn nitrate salts on the
compressive strength of a CEM I Portland cement. Concentrations of 0.018 or 0.18 mol/kg of cement of
each trace element were tested. After 2 days age, the compressive strength was reduced by various
extents by addition of heavy metals, with the exception of Ni. This difference is due to a delay in trical-
cium silicate hydration (C3S) as shown by an isothermal calorimetry test. Trace elements also influence
the 28-days compressive strength, whereas the measured degree of hydration of these cement pastes is
the same. As shown by scanning electron microscopy and X-ray diffraction, Cu and Pb are predominantly
absorbed in the calcium silicate hydrate gel (C–S–H) while Cd, Ni and Zn are mainly precipitated as
hydroxides within the intergranular porosity. Thus, trace elements precipitated as hydroxides have only
a slight effect on the compressive strength. In contrast, Cu and Pb cause an increase in mechanical resis-
tance by changing the C–S–H nanometric assembly and its density.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement clinker is manufactured by burning at high
temperature a raw meal consisting mainly of limestone and clay.
In recent years, an increase in the content of trace elements such
as heavy metals in cement has been observed [1,2]. Trace elements
may be derived from raw materials or fuels. Among raw materials,
a distinction is made between primary (limestone, clay,. . .) and
secondary (sediments, sludge) raw materials. Fuels are of two
types: fossil fuels (coal, oil coke,. . .) and secondary fuels (tires,
waste oils,. . .) [2]. The presence of trace elements in clinker and
thereafter in Portland cement can have significant consequences.
First, during the clinkerization, trace elements can induce changes
in phase stability. Indeed, several studies [3–11] have shown that
trace elements can be incorporated into clinker phases. Second,
during the hydration of cement, trace elements are released into
the pore solution having a basic pH and can thereafter react. They
are likely to be absorbed on some hydrates such as the calcium sil-
icate hydrate gel (C–S–H) or form new compounds such as hydrox-
ides [3–11]. Several consequences can arise with respect to
technical properties of the cement such as its setting times and
compressive strengths [12–18]. Also, the environmental impact
ll rights reserved.
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of such cement pastes containing trace elements has to be consid-
ered. Indeed, according to the immobilization nature of trace ele-
ments in the cement paste, the kinetics of their leaching will be
very different [4,19–25]. As a consequence, numerous studies have
dealt with one or several of the points mentioned above. Two main
types of studies have been carried out. On the one hand, trace ele-
ments are added during the clinkering process mainly to study
phase stability and their subsequent consequences on technical
properties and on the other hand, trace elements are introduced
during mixing as soluble salts to study their impact on the hydra-
tion and also on the environment.

The results presented in literature highlight several contradic-
tions concerning the effect of trace elements added during mixing.
Most studies compare the effect of various trace elements on mix-
ing, as they worked in weight percentage [4,9,11,18,26–28] and
without taking into account the effect of the counter ion, which
in our opinion can lead to two types of inaccuracies in the interpre-
tation of the results: (a) working with weight percentages induces
different molar concentrations of trace elements as a function of
their molar weight. Indeed, at equal weight percentage, a trace ele-
ment with a higher molar weight will be less concentrated. (b) It is
well established that chlorides have an accelerating effect on
hydration [31] while nitrates cause a delay [29,32], therefore, in
our opinion it is difficult to compare trace elements effects without
considering their corresponding counter ion as for example in
comparing the results obtained by Rossetti and Medici [29] who
worked on trace elements as chloride salts with results by Díez
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Table 2
Comparison of average trace element concentrations in OPC and
those introduced in the present study.

Trace
element

Average concentration
in OPC [2], wt.%

The 0.18 mol/kg
converted to wt.%

Ni 0.0045 1.05
Cu 0.0038 1.14
Zn 0.0164 1.18
Cd 0.00006 2.02
Pb 0.0027 3.73
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et al. [30] who used nitrate salts. Thus, to better understand the
effect of trace elements and to compare them, it is necessary to
use the same counter ion and an equal number of moles of trace
element per unit mass of cement.

The results presented here are part of a larger study on the im-
pact of trace elements on the technical and environmental proper-
ties of Portland cement. The aim of this paper is to assess the effect
of Cu, Cd, Ni, Pb and Zn added during mixing, by using the same
counter ion (nitrates) and an equal number of moles, on the
mechanical strength of mortars.

First, the compressive strengths at 2 and 28 days were moni-
tored, and then its evolution has been correlated to modifications
of the microstructure. Finally, to confirm the previously observed
trends, the effects of the addition of Cd and Zn as chloride salts
were also studied.
Table 3
Compressive strengths obtained after 2 and 28 days of mortar curing.

Compressive strength (MPa)

2 days 28 days

Control 1 (CEM I) 45.1 ± 1.5 69.6 ± 2.2

Samples 0.18 mol/kg 0.018 mol/kg 0.18 mol/kg

Control 2 (Ca(NO3)2) 42.2 ± 0.5 64.5 ± 1.9 70.4 ± 2.7
Ni(NO3)2 40.4 ± 1.1 64.4 ± 1.2 69.2 ± 2.4
Cu(NO3)2 1.2 ± 0.0 71.9 ± 1.4 72.8 ± 2.3
Zn(NO3)2 1.0 ± 0.0 71.1 ± 1.9 62.9 ± 1.0
Cd(NO3)2 36.4 ± 0.4 65.3 ± 0.8 68.4 ± 1.6
Pb(NO3)2 22.5 ± 1.1 69.0 ± 2.3 81.2 ± 2.1
2. Materials and methods

The compressive strength was determined on standard mortars
made according to the French standard (NF-EN-196–13 [33]). The
mercury intrusion porosimetry, isothermal calorimetry, thermo-
gravimetry, X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) measurements described below were performed on
cement pastes with a water/cement ratio (w/c) by mass equal to
0.5. The cement used in this study is an Ordinary Portland Cement
(OPC) (CEM I 52.5 N) produced by Lafarge. Its chemical composi-
tion is given in Table 1.

Three controls were made: Control 1, without admixture, Con-
trol 2 adding Ca(NO3)2�4H2O,and Control 3 with CaCl2�2H2O. For
assays, added trace elements during mixing were in the form of ni-
trate or chloride (hydrated) salts: Ni(NO3)2�6H2O, Cu(NO3)2�3H2O,
Zn(NO3)2�6H2O, Cd(NO3)2�4H2O, Pb(NO3)2, CdCl2�5H2O and ZnCl2.
The tested concentrations in trace elements were 0.018 and
0.18 mol of element per kilogram of cement. Table 2 compares
the highest concentrations to those of OPC [2]. For clarity, the con-
centrations are expressed in weight percentage.

After 2 and 28 days of curing at 100% relative humidity, the
compressive strength was measured on six samples following the
NF-EN-196–13 standard [33] with an Instron 4206 press.

The heat of hydration of cement pastes was measured by means
of an isothermal calorimeter. A sample of 5 g of cement and 2.5 g of
water previously stored at 20 �C were mixed manually for a few
seconds before placing the cells inside the calorimeter. The mea-
surements were processed at 20 �C. The effect of trace elements
on hydration was studied by determining at what time the heat re-
leased due to C3S hydration begins.

The experimental methods described below were applied on
28-days-old cement pastes, whose hydration was stopped by vac-
uum drying.

Total porosity and pore size diameter were measured by mer-
cury intrusion porosimetry (MIP). Measurements were performed
by using a Micrometrics-Autopore IV system at low and high pres-
sure (31,000 psi or 231.2 MPa).

The calcium hydroxide (portlandite) content of the pastes was
determined by thermogravimetric analysis (TGA) using a Netzsch
STA 409 system. One gram of sample was placed in an alumina cru-
cible and heated from 20 to 105 �C at a rate of 2 �C/min. The tem-
perature was stabilized at 105 �C for 30 min. The sample was
finally heated from 105 to 1100 �C at a rate of 3 �C/min. Through-
Table 1
Chemical composition of cement.

Oxide SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO

Dry, wt.% 20.76 4.54 2.70 65.38 0.07 0.88 1.38
out the analysis, the sample was maintained under an argon atmo-
sphere, flowing at a rate of 75 ml/min. XRD analyses were
performed on cement paste powders. A Bruker D8 with Co Ka radi-
ation (Ka = 1.78 ÅA

0

) is used. The X-ray patterns were acquired in the
2h (10–100�) interval with a step of 0.0197� and 3 s per step.

The microstructure was observed on polished sections with a
Hitachi S-4300SE/N SEM operating in backscattered electron mode
(20 KeV and 2 KA) and also equipped with an energy dispersive X-
ray spectrometer (EDS). To make the polished sections, a piece of
cement paste was vacuum impregnated in epoxy resin and then
polished with ethanol to avoid reaction with water. Finally, the
samples were carbon coated before observation.
3. Results and discussion

3.1. Compressive strengths

The compressive strength of cement is an important technical
property; therefore, it is essential to determine the impact of trace
elements. The results of the mortars’ compressive strengths after 2
and 28 days of curing are summarized in Table 3.

At 2 days, the measurements of compressive strength reveal
two trends. First, the addition of Cu, Zn, Cd and Pb lead to a de-
crease in compressive strength compared to Controls 1 and 2.
However, large differences exist between these four trace ele-
ments. Indeed, it is noted that the compressive strength of mortars
doped with Cd and Pb are lower than controls. In contrast, for mor-
tars doped with Cu and Zn, the compressive strength is close to
zero. Finally, the addition of Ni has no significant effect.

To explain the differences observed between the early compres-
sive strengths of mortars, calorimetric measurements were per-
SO3 Mn2O3 TiO2 P2O5 SnO LOI Total Free lime

3.30 0.02 0.28 0.21 0.02 0.83 100.37 0.31



Table 4
Portlandite content, total porosity and pore size diameter (nm) of 28-
days-old cement pastes with 0.18 mol of trace element/kg of cement.

Samples Ca(OH)2

(wt.%)
Total
porosity (%)

Pore size
diameter (nm)

Control 1 (CEM I) 20.8 25.0 24.8
Ni(NO3)2 20.7 24.7 23.1
Cu(NO3)2 20.3 19.3 15.1
Zn(NO3)2 19.7 21.7 26.7
Cd(NO3)2 19.6 27.1 25.6
Pb(NO3)2 20.8 20.9 16.9
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formed on cement paste containing 0.18 mol of trace element/kg of
cement. Given that cement hydration is an exothermic process, the
observation of heat released provides information about the kinet-
ics of hydration of each cement constituent. Here, focus was on C3S
hydration because this constituent is mainly responsible for the
early-age compressive strength. Curves presented in Fig. 1 indicate
that the peak due to C3S hydration for Controls 1 and 2 appears at
about 2 h. Moreover, the trace elements seem to have different ef-
fects on hydration. Except Ni, which has a small influence on C3S
hydration, the four other trace elements lead to a delayed hydra-
tion reaction compared to the controls. Indeed, for cement paste
doped with Cd and Pb, the hydration occurs respectively at about
5 h and 25 h. Finally the most important delay is observed for ce-
ment pastes doped with Cu or Zn. Their hydration occurs after a
longer time, respectively at about 100 and beyond 360 h.

Thus, the decrease in early-age compressive strength seems to
be caused by a delay of the C3S hydration. Indeed, the more the
C3S hydration is delayed, the more the compressive strength at
early ages is low. Díez et al. [30] have previously observed that
5 wt.% of Cd as a nitrate salt retards the cement hydration and de-
creases the early compressive strength.

At 28-days, the mortar compressive strength has been moni-
tored for 0.018 and 0.18 mol of trace element/kg of cement (Table
3). The results reveal that the highest effect is observed for the
higher concentration in each trace element. Moreover, three main
trends have been highlighted. First, the addition of Cu and Pb lead
to an increase in compressive strength compared to the controls,
which is in accordance, for example, with Cullinane et al. [14],
who have previously shown that the addition of 5 wt.% of Pb as a
nitrate salt in cement strongly enhances the compressive strength.
However, a distinction must be made between these two trace ele-
ments. Indeed, the addition of Pb causes a greater increase in com-
pressive strength than Cu. Then, the values obtained for Ni and Cd
are close to those of the controls. Therefore, Ni and Cd have no sig-
nificant effect on the compressive strength. Finally, the addition of
Zn leads to a slight decrease in the compressive strength compared
to the controls. This last result is less in accordance with those ob-
served in the literature. For example, a decrease in the compressive
strength was observed, only for up to 7 days, when 15 wt.% of Zn
are added to cement [18]. The disagreement between our results
and those of Olmo et al. [18] is probably due to different experi-
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Fig. 1. Heat of hydration versus time of different cement pastes dop
mental conditions such as the concentration and the nature of
the counter ion. In the previous example [18], zinc is introduced
in the form of an oxide. Our study is the first, where similar exper-
imental conditions are used for all the studied trace elements. In
fact, all trace elements were added at equal molar concentration
and having a single counter ion.

In order to correlate the evolution of the 28-days mechanical
strength to the modifications of microstructure, TGA, total poros-
ity, pore size diameter, SEM and XRD measurements were carried
out. The results are presented in the following sections. Given that
trace elements added at 0.018 mol/kg of cement induce no signif-
icant effect on the 28-days compressive strengths, further discus-
sion will be exclusively focussed on the results obtained with the
higher concentration in trace elements (0.18 mol/kg).
3.2. Calcium hydroxide (portlandite) content

To compare the effect of trace elements on the degree of cement
hydration, the content of calcium hydroxide was determined by
TGA. The results are presented in Table 4 as a weight percentage.
The dehydration of calcium hydroxide occurs between 400 and
500 �C as described by the following equation:

CaðOHÞ2 ! CaOþH2O

The TGA shows that, after 28 days, the difference of portlandite
content between cement pastes made with each trace element is
not significant. Therefore, the degree of hydration of cement pastes
30 40 50 60
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ed with 0.18 mol of trace elements/kg of cement as nitrate salt.
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is very close and can not be the cause of differences encountered in
terms of mechanical strength. This result implies that this
difference can be caused by the microstructure and the density
of C–S–H. Several studies [34–39] have shown that temperature
can modify the density of C–S–H and by that the compressive
strength. One might suppose that trace elements could have the
same consequences as temperature. Indeed, in equal molar
amount, if the C–S–H is less dense, it will occupy a larger volume
resulting in a lower total porosity and an increased compressive
strength.

To validate this hypothesis, total porosity, pore size diameter,
SEM and XRD measurements were carried out.
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3.3. Total porosity and pore size diameter

Total porosity and pore size diameter (Table 4) reveal a wide
disparity of behaviours depending on the trace element. Three
main trends have been highlighted. We noted, in particular, that
cement pastes doped with Cu and Pb lead to different values from
the other compounds. Indeed their porosity and pore size diameter
are the lowest. Nickel has no effect on porosity and pore size diam-
eter. Finally, Zn and Cd did not significantly affect the pore size
diameter, although the highest porosity is obtained in the presence
of Cd.

The pore size diameter distribution (Fig. 2) indicates that the
samples doped with Cu and Pb have once again different behav-
iours from the other trace elements. They have indeed the lowest
pore size diameter. For the three other trace elements, the results
are close to those of the control.

The results for cement pastes with high contents of Cu and Pb
are consistent with the high values of 28-days compressive
strength obtained previously. For the three other compounds, no
correlation between total porosity and compressive strength could
be established.
3.4. SEM analyses

SEM coupled with EDS was used to determine the distribution
of trace elements in cement pastes. Knowing that trace elements
have been introduced during mixing, they would be present in hy-
drated phases like portlandite, ettringite or C–S–H. For example,
the C–S–H, which is a product of the calcium silicate hydration,
grows mainly around the anhydrous grains of cement.

The analyses reveal that Cu and Pb (Fig. 3) seem to be mainly
fixed, in the periphery of anhydrous cement grains. They are there-
(right) of cement pastes doped with Cu and Pb.



Fig. 4. SEM photos (left) and elemental X-ray images (right) of cement pastes doped with Cd, Zn and Ni.
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fore mainly concentrated in the C–S–H. Also, Cd and Zn enriched
areas have been detected. These two trace elements could be pres-
ent in cement paste in oxide or hydroxide forms (Fig. 4). Finally, Ni
seems to behave as Cd and Zn. Indeed, it does not appear to be
fixed in the C–S–H (Fig. 4).

All these results should be taken with caution because the trace
elements are difficult to detect by SEM. Further analyses would be
necessary to study in more detail the results obtained. Recall that
the aim of this paper is to assess the impact of trace elements
added during mixing by using the same counter ion and an equal
molar concentration.
3.5. XRD analyses

XRD patterns show that cement pastes contain crystalline hy-
drates (ettringite, portlandite) and anhydrous grains (C3S and
C2S) which have not totally reacted. Thus, the complete hydration
of cement is not achieved at 28 days. Moreover, in the case of Cd
and Zn, the results reveal that new compounds have been formed
during hydration compared to the control. Indeed, after 28 days,
the analysis of cement paste with a high content of Cd indicates
the presence of CaCd(OH)4 (labelled X in Fig. 5). In our conditions,
the well-known calcium hydroxo-zincate (CaZn2(OH)6�2H2O) is not
detected at 28 days. However, additional tests conducted at early
ages (2 days of curing) confirm the presence of this compound (la-
belled Y in Fig. 6). Regarding cement pastes doped with Cu, Ni and
Pb, no new compounds were identified.
3.6. Complementary tests

In order to validate the trace element effect on technical prop-
erties, we studied the evolution of compressive strength when Cd
and Zn are added as chloride salts to cement during mixing. These
trace elements were chosen because, when they are introduced as
nitrate salts, their effects on the 28 days compressive strength
were significantly different.

The results (Table 5) reveal that the early compressive strength
measured for Cd is lower than that of Control 3. At 28 days aging,
their values are very close to each other. In the case of Zn, the com-
pressive strengths measured after 2 days are close to zero. Then
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after 28 days, this value is lower than that of Control 3. All these
results seem to be in accordance with the previous observations
made for these two trace elements added as nitrate salts.

The effects of the considered trace elements were confirmed
by calorimetric measurements (Fig. 7). We note that C3S hydra-
tion is delayed compared to Control 3. Indeed in the case of ce-
ment paste doped with Cd, the main peak appears at 5 h. The
delay observed for Zn is longer as C3S hydration occurs only after
360 h. These results are in accordance with the values of com-
pressive strength.

Finally, as mentioned in Section 1, these last experiments con-
firm that chlorides have an accelerating effect on hydration com-



Table 5
Compressive strengths obtained after 2 and 28 days of mortar curing for a
concentration of 0.18 mol in trace element/kg of cement.

Samples Compressive strength (MPa)

2 days 28 days

Control 1 (CEM I) 45.1 ± 1.5 69.6 ± 2.2
Control 2 (Ca(NO3)2) 42.2 ± 0.5 70.4 ± 2.7
Control 3 (CaCl2) 46.6 ± 1.5 74.6 ± 1.7
CdCl2 41.1 ± 0.9 75.8 ± 1.3
ZnCl2 0.5 ± 0.0 58.2 ± 2.6
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pared to nitrate salts. Consequently it is always necessary to take
into account the effect of the counter ion in these experiments.

4. Conclusions

(1) Considered trace elements can be classified according to two
distinct groups. Similarities in behaviour have been
observed for Cu and Pb. Cd, Ni and Zn, have no significant
effect at the examined concentrations.

(2) SEM and XRD analyses reveal that Cd, Ni and Zn are mainly
present in the hydroxide form whereas Cu and Pb are possi-
bly fixed in the C–S–H. These differences could generate
modifications in term of the microstructure that affect the
mechanical properties and the material’s resistance to
transport.

(3) Trace element addition modifies the compressive strength in
various ways. The early compressive strength (2 days) is cor-
related to C3S hydration. The more C3S hydration is delayed,
the lower is the compressive strength. At 28 days of curing,
the degree of hydration is the same for each sample doped
with trace elements, whereas their total porosity and pore
distribution are different. Thus, it implies that the micro-
structure and the density of C–S–H are responsible for the
differences observed in compressive strength.

(4) Literature concerning the accelerating and/or retarding
effect of trace elements on setting time and compressive
strength development of Portland cement is large but con-
tradictory. The mechanism of retardation has long been
thought to be due to a coating formed on the surface of
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the cement grains by heavy metal hydroxides [40]. However
this hypothesis has been recently disputed. Indeed, Weeks
et al. [41] proposed that the retardation of setting was
induced by the conversion of a metal hydroxide to a metal
hydroxyl-species. This reaction consumes calcium and
hydroxide ions and delays the supersaturation of the solu-
tion and hence the precipitation of C–S–H and Ca(OH)2.
The results, that were obtained in XRD, show the presence
of CaCd(OH)4 and CaZn2(OH)6�2H2O. However, at this stage
of the study, we are not able to validate one of hypotheses
over the others described above.

(5) Given the observed effects on compressive strength and
microstructure, trace elements can lead to different phe-
nomena of diffusivity and dissolution as indicated below.
Cu and Pb being trapped in C–S–H, would be expected to
be more slowly mobilized during leaching. In support of this,
Moudilou [21] has shown that this was true in the case of Pb,
since it was never detected in the leaching solution. Regard-
ing Cu, his comments indicate that it is released according to
a slow and linear kinetics over time. In addition, the mea-
sured levels are correlated with the increase in the silicon
from the C–S–H silicate sheets in the altered zone. Despite
this different leaching behaviour, Moudilou [21] still sug-
gests that the Pb and Cu are trapped in an identical manner
in the silica tetrahedra of C–S–H. However, Labhasetwar and
Shrivastava [42] propose an alternative model of retention of
Pb in C–S–H, which consists of little or no reversible chemi-
sorption phenomenon due to a substitution for calcium in C–
S–H. Knowing that the atomic radii of Pb and Ca are close,
this could explain the differences observed by Moudilou
[21] for Pb and Cu leaching.

The purpose of this work was to investigate the impact of trace
elements added during mixing on CEM I hydration as for example
when they are immobilized in a cement matrix. However, incorpo-
rating trace elements during mixing does not fully reflect their ef-
fect when they are contained in the clinker. Indeed, in industrial
cement, trace elements are present before hydration in the miner-
alogical clinker phases. Thus, trace elements’ concentration in solu-
tion depends on the dissolution kinetics of these phases. Future
work will be to study the impact of the content of trace elements
from the clinkering process on the technical and environmental
properties of cement.
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