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Abstract In the present study, the influence of

Cr(III) on the properties of C3S and its stabilization

in C3S hydrates was investigated by either direct

incorporation as Cr2O3 during C3S preparation or

introduced as nitrate salt during hydration. Levels of

Cr used were from 0.1 to 3.0 wt% of C3S. The effect of

Cr on the polymorph and hydration of C3S and its

immobilization in the hydrates was detected by means

of DTA/TG, XRD, isothermal calorimeter and ICP-

AES, etc. When doped during sintering process, Cr

caused a C3S polymorph transformation from T1 to T2

and led a decomposition of C3S into C2S and CaO

resulting in high f-CaO content. Cr doping showed an

obvious promotion effect on the hydration properties.

The promotion effect decreased when the Cr addition

increased to 3.0 wt%. When Cr was added as nitrate

salt, Cr showed a retardation effect on the hydration of

C3S due to the formation of Ca2Cr(OH)7�3H2O, which

resulted in a high degree of Cr stabilization.

Keywords C3S � Cr � Polymorph � Hydration �
Stabilization

1 Introduction

Disposal of hazardous materials has become a major

concern in most industrial countries because they can

leach and may contaminate the soil and water with

toxic substances, especially for the heavy metal

containing wastes. Various technologies have been

developed to render a waste non-toxic or to reduce the

potential for the release of toxic heavy metals into the

environment. Cement based solidification/stabiliza-

tion (S/S) process is one of the most widely used

technologies for safe immobilization of heavy metal

containing wastes before their disposal into the

environment [1–5]. The immobilization of heavy

metal relies on the formation of hydration products.

Recently, reusing of heavy metal-contained wastes as

raw materials in cement manufacturing has been

performed substantially to investigate the stabilization

of heavy metal in clinker phases [6–11]. However, to

utilize heavy metal-contained waste in cement-man-

ufacturing processes, the effect of heavy metal on the

engineering properties of the cement products and

environmental aspects must be known.

As a most abundant phase of Ordinary Portland

Cement (OPC), alite plays an important role in

hydration of cementitious materials. As tricalcium

silicate (C3S) is the pure form of alite, the influence of
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heavy metal on the hydration of C3S can be used to

predict the S/S performance of Portland cement.

Chromium(III), a heavy metal of major environ-

mental concern, may cause a serious environmental

problem and damage people’s health due to its toxic,

mutagenic, and carcinogenic nature. Lin et al. [12]

studied the solidification/stabilization of chromium

with Portland cement and C3S.Willitsch and Sturm [6]

studied the behavior of chromium during the produc-

tion of cement clinker and the hydration of cement.

Chromium(III) was found to be oxidized to Cr4?,

Cr5?, and Cr6? during clinkerization at high temper-

atures. Similar results were also observed by Siny-

ounga et al. [13]. The mechanism of chromium

containment in C3S during hydration was determined

by Omotoso et al. [14]. Stephen et al. [15] studied the

influence of Cr and other heavy metals on the

properties of doped C3S. The results showed that all

heavy metal only influenced the properties of cement

and C3S when present at much higher loadings than

those found in OPC. However, to date there is lack of

in-depth report on the impact of Cr on the properties of

C3S during the manufacturing process and hydration.

Changes in the properties of C3S during sintering,

hydration and the final leaching process from the

hydrates require investigation.

The major purpose of this study is to examine the

effect of Cr(III) on the properties of C3S and its degree

of immobilization in C3S hydrated matrix by compar-

ing two incorporation methods. In the first way, the

Cr(III) was introduced in the C3S solid solution during

sintering process mainly to study the effect of Cr(III)

on the polymorph of C3S and the subsequent conse-

quences on hydration properties and immobilization

as well. The valorization of Cr was also considered

because some heavy metals may affect the sintering

property and some of them may evaporate during the

sintering process. On the other hand, the Cr(III) was

introduced in the C3S during hydration in the form of

nitrate salt to study the effect of Cr on the hydration

and also on the environment.

2 Materials and methods

2.1 Preparation of samples

Samples of pure tricalcium silicate (C3S) were

prepared by mixing Ca(OH)2 (analytical grade) and

SiO2 (analytical grade) by a molar ratio of 3:1 in a ball

mill for 12 h. The mixtures were pressed and molded

into discs forms, and the molded specimens were

sintered three times at 1450 �C, each time for 2 h.

Between the intervals, the samples were ground and

remolded into discs with anhydrous alcohol.

To prepare Cr(III) doped C3S samples, Cr (intro-

duced as Cr2O3) was added to the mixtures of Ca(OH)2
and SiO2 at 0.1, 0.5, 1.0 and 3.0 wt. % with respect to

C3S and were sintered together according to the

process described above. Both the pure and doped C3S

were sintered at 1450 �C for 2 h three times.

The well prepared samples were then ground to

particle size \75 lm to be ready for the followed

testing process and hydration reaction.

2.2 Hydration reaction

The hydration reactions were carried out by mixing

10 g of each sample with 5 mL de-ionized water

(water/C3S = 0.5). For samples P1–P4 (in which pure

C3S was hydrated in Cr-containing solutions), 0.1, 0.5,

1.0 and 3.0 wt% of Cr(III) ions with respect to C3S

were added to the mixing water in the form of

Cr(NO3)3�9H2O. For samples D1–D4, the prepared

C3S doped with different amount (0.1, 0.5, 1.0 and

3.0 wt%) of Cr(III) was hydrated in de-ionized water.

As opposed to other publications, in the present paper

all given concentrations refer to the heavy metal Cr

instead of the oxide. Table 1 shows the composition of

the samples. The samples were kept in plastic screw

top bottles at laboratory ambient temperature of

around 23 �C. The hydrated samples at certain ages

were stopped by Acetone-Ether drying.

2.3 Test methods

For all the following analysis, all samples were ground

to pass through a 75 lm sieve.

A NETZSC STA-449C thermogravimetric ana-

lyzer was used to determine the sintering reactions in

raw mixtures during the sintering process. In an air

flux of 20 mL/min, the experiments were conducted at

atmospheric pressure and temperature ranging from

ambient to 1450 �C under air atmosphere using a

heating rate of 10 �C/min, and a-Al2O3 as reference.

The differential thermal analysis (DTA) and weight

loss (TG curve) were recorded as a function of

temperature during the heating run.
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The free lime (f-CaO) content of pure C3S and

doped C3S samples were determined by glycerin

alcohol method according to Chinese Standard

GB176-2008 [16].

The X-ray diffraction (XRD) patterns of doped C3S

and the hydrates were examined by a D/max-IIIA

X-ray diffractometer (Rigaku Corporation, Japan),

using Cu Ka radiation and a position sensitive

detector.

Scanning electron microscopic (SEM) images and

energy dispersive X-ray spectra (EDS) were collected

with a JEOL JSM-7100F SEM/EDS microscope at an

acceleration voltage of 15 kV.

A TAM air isothermal calorimeter (produced by

TA America) was employed to determinate the heat

liberation rate during the hydration of pure C3S and

doped C3S. In this test, 5 g C3S powder and 2.5 g

mixing water (liquid/solid ratio 0.5) were mixed in the

calorimetric cell.

The heavy metals concentration in C3S solid

solution was determined by inductively coupled

plasma atomic emission spectrophotometer (ICP-

AES). To prepare the solution for ICP-AES analysis,

approximately 0.5 g sample was successively digested

by HNO3, HClO4 and HF acids [7].

The leaching test was carried out on the 28-day

hydrated pastes based on Chinese National Standard

Solid waste-Extraction procedure for leaching toxic-

ity-Sulphuric acid & nitric acid method (HJ/T

299-2007) [17]. The hydrated samples were crushed

and ground to a powder with a particle size\9.5 mm

and leached in the extraction solution (pH

3.20 ± 0.05) prepared by mixing sulphuric acid and

nitric acid. For each sample, 10 g of hydrated pastes

were weighed into polypropylene bottles, and the

extraction solution was added at a liquid to solid ratio

of 10:1 (L/kg). At the end of extraction, the leachate

was filtered with glass-fiber filter paper. The filtrate

was then acidified to pH\2 by the addition of 1 M

HNO3 to prevent precipitation of the metal ions.

Finally, the concentration of Cr ions in the filtrate

solution was determined by ICP-AES.

3 Results and discussion

3.1 Formation of C3S doped with Cr(III)

3.1.1 Thermal analysis of doped C3S

Thermal gravimetry/differential thermal analysis (TG/

DTA) technique is an effective tool for determining

the sintering reactions in raw mixtures during the

sintering process. The TG/DTA analyses were con-

ducted on the raw materials of control and D4, and

their TG/DTA curves are shown in Fig. 1.

In the case of control sample, the expected

endothermic effect between 400 and 600 �C is

attributed to the decomposition of Ca(OH)2, resulting

in a mass loss in the corresponding temperature range.

The following endothermic peak at around 740 �C is

attributed to the decomposition of CaCO3, which is

formed from the reaction between the ultra-fine

Ca(OH)2 powders and CO2 in the atmosphere during

the raw materials preparation. The corresponding

mass loss can be observed in the TG curves.

Table 1 The composition of the samples

Sample no. Treatment Cr added

concentration (wt%)

Water/C3S

ratio

Control Pure C3S hydrated in de-ionized water 0 0.5

P1 Pure C3S hydrated in Cr3? containing solution 0.1

P2 0.5

P3 1.0

P4 3.0

D1 Cr doped C3S hydrated in de-ionized water 0.1

D2 0.5

D3 1.0

D4 3.0

The added concentration of Cr(III) was taken with respect to C3S
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Comparing with the control sample, the addition of

Cr causes no significant differences as far as the

temperature of the Ca(OH)2 and CaCO3 decomposi-

tion is concerned. TG/DTA curves of D4 are almost

the same with those of control sample in these two

endothermic effect temperature ranges. The difference

in total mass loss between control and D4 is attributed

to the addition of Cr (in the form of Cr2O3) resulting in

a relative lower content of Ca(OH)2 in the raw

mixtures of D4 than that of control sample. On the

contrary, Cr addition causes a decrease of the forma-

tion temperature of liquid phase and an increase of the

corresponding peak area. This is due to the formation

of an eutectic melt as well as to the higher percentage

of the melting material. It is indicated that addition of

Cr leads to a lower formation temperature and an

increase in quantity of liquid phase. Those changes in

the quantity and properties of liquid phase provide a

favorable condition for the formation of C2S and/or

C3S during the sintering process.

3.1.2 XRD patterns

XRD patterns of pure C3S and doped C3S are shown in

Fig. 2. Peaks appearing between 32� and 33� and

between51� and52� inXRDprofilesof theC3Sare good

indicators of the symmetries of the polymorphs [18].

As shown in Fig. 2a, it can be clearly seen that

diffraction peaks with respect to dicalcium silicates

(C2S) exist with the Cr addition concentration increas-

ing to 3.0 wt%. It is indicated that the addition of Cr

will lead to the decomposition of C3S into C2S and

CaO. The decomposition of C3S at higher concentra-

tions of Cr2O3 has already been described several

times [15, 19, 20].

Details of the XRD patterns of characteristic groups

of 2h = 32�–33� and 51�–52� are given in Fig. 2b. It

can be seen that pure C3S (control) shows a common

feature in their XRD patterns with respect to the

splitting of peaks from 32� to 33� and 51� to 52�,
which are triplets. The addition of Cr (0.5 wt%) causes

a transformation from T1 to T2 polymorph. Moreover,

with the Cr concentration increasing from 0.5 to

3.0 wt%, no significant changes are found. Different

from the results in the present paper, Woermann et al.

[21] found no change in the modification of C3S up to

1.0 wt% Cr, and Stephan et al. [15] found no

modification from T1 to T2 until concentration of Cr

was up to 2.5 wt%.

3.1.3 f-CaO content

The f-CaO content of pure C3S and doped C3S is

shown in Fig. 3. The f-CaO content of control sample

Fig. 1 TG/DTA curves of control and Cr doped C3S

Fig. 2 XRD patterns of doped C3S. a XRD profiles the angles

2h = 25�–55�. b XRD profiles of the angles 2h = 32�–33� and
51�–52�
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(pure C3S) is 0.68 wt%. Firstly, the f-CaO content of

Cr doped C3S decreases to 0.27 wt% with the addition

of Cr up to a concentration of 0.5 wt%. Then a

significant increase in f-CaO content is detected when

the Cr added concentration is greater than 1.0 wt%;

the f-CaO content raises to 0.84 and 3.41 wt% with Cr

added concentration of 1.0 and 3.0 wt%, respectively.

The results are in agreement with those of Stephan

et al. [15], who found that the f-CaO content decreased

with the Cr concentration up to 0.5 wt% then raised to

13.2 wt% with added Cr up to 5.0 wt%. Similar

research results were also found by Sychev and

Korneev [22], who found a decrease of the f-CaO up

to a concentration of 0.7 wt% Cr; with a higher

concentration of Cr, the content of f-CaO increased

extremely. Different from the results mentioned

above, Sakurai et al. [19] found no decrease of

f-CaO. Fierens and Verhaegen [20] found no decrease

but a linear rise of f-CaO up to 1.2 wt% of Cr; with

more Cr they also found an extreme rise of the f-CaO

content.

As illustrated in Fig. 1, the addition of Cr can lower

the formation temperature and increase the quantity of

liquid phase. In other words, Cr doping favors the

consumption of CaO and the formation of C2S and/or

C3S during the sintering process. On the other hand, as

shown in Fig. 2, the addition of Cr will lead to the

decomposition of C3S into C2S and CaO. The

synergies of these two effects introduced by Cr doping

mentioned above (mineralization and decomposition

of C3S) results in firstly a slight decrease in f-CaO

content when the Cr addition increases to 0.5 wt%,

and then an extreme increase of f-CaO content of Cr

doped C3S with the Cr addition increases to 3.0 wt%.

3.1.4 SEM

C3S doped with Cr (1.0 and 3.0 wt%) were analyzed

under a scanning electron microscope with energy

dispersive X-ray spectra (EDS) to determine the distri-

bution of Cr. Figure 4 shows SEM images of doped C3S,

and the element content of analyzed spots is shown in

Table 2. The analyzed results of the selected spots by

EDS indicate that theCr ismore likely present in the solid

phase with higher silica content, which is mainly C2S

according to the element composition. Cr inhibits the

reaction between belite and CaO to form alite but it is not

clear whether it is caused by the destabilization of alite or

the stabilization of belite [15].

3.1.5 Incorporation of Cr in C3S

It is well known that doping of C3S crystal with minor

elements will create many defects. According to the

hypothesis mentioned by Wang et al. [23], the ion

replacement reaction produces only a substitution

defect for doping ions of the same valence; whereas

for ions of different valence, the ion replacement

produces not only a substitution defect but also a

vacancy defect or interstitial defect. In the case of

substitution solution, the size of ions is a deciding

factor for the reaction. When the relative difference in

radius of ions is less than 30 %, a substitution solution

reaction will take place. However, if greater than

30 %, the substation reaction will not take place.

Although chromium is considered to be present in

the C3S as Cr3?, Cr3? can be oxidized to Cr4?, Cr5?,

and Cr6? during clinkerization at high temperature [6,

13]. The ionic radii of Cr3?, Cr4?, Cr5?, Cr6?, Ca2?

and Si4? is 0.069, 0.055, 0.049, 0.044, 0.099 and

0.042 nm, respectively. Therefore, the relative differ-

ence in ionic radii of Cr (?3,?4,?5 and?6 oxidation

state) and Ca2? is greater than 30 %, as well as the

relative difference between the ionic radii of Cr (?3,

?4) and that of Si4?. The relative difference in ionic

radii of Cr (?5, ?6) and Si4? is less than 30 %. So

according to the hypothesis mention above, a substi-

tution defect would only take place between Cr (?5,

?6) and Si4?. In other words, the Si4? could be

possibly replaced by Cr5? and/or Cr6?; Cr3?, Cr4?

may enter some interstitial sites. However, chromium

was found to be present as CaCrO4 in the C3S doped

with Cr [24]. It indicates that only a part of Cr6? plays

the role of substitute ions. The formation of any

Fig. 3 f-CaO content of doped C3S
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chromium compound has not been detected in the

present study probably due to the less amount.

Besides the substitute hypothesis mentioned above,

coupled substitution which do not involve defect or

interstitial sites can also occur. The coupled replace-

ment of O2- and Si4? by F- and Al3? in C3S was

found by Tran et al. [25] in fluoride-mineralized

Portland cements. It can be assumed that Ca2? and

Si4? might be replaced by two Cr3? ions. Further

investigation is necessary to reveal the complex

substitution schemes of Cr in C3S.

3.2 Hydration of pure C3S and doped C3S

3.2.1 Hydration of C3S doped with Cr

during the mixing process

XRD patterns of the hydration products obtained from

control and P1–P4 compositions are shown in Fig. 5.

The main X-ray reflection peaks of unhydrated

tricalcium silicate (C3S) and hydration product port-

landite (CH) are identified in the patterns. Although

the reflection peak intensity is not directly propor-

tional to the content of crystalline phases, some

important information can be obtained from the

comparisons of the relative intensity or changes of

the intensity with hydration time.

The relative intensities of C3S peaks of P1-P3

pastes at 1 day are getting weaker than those of the

control paste, while the CH peaks are getting stronger.

However, the peaks due to CH are not detected in P4

paste. Besides, one reflection peak due to an unknown

phase begins to emerge. This phase is not one of the

normal hydration products of C3S.

At 7 days, the relative intensities of C3S peaks are

lower than those of the pastes at 1 day, indicating that

hydration has continued with time. Moreover, the

relative intensities of CH peaks get stronger, suggest-

ing that more portlandite precipitated. Whereas, there

are still no CH peaks emerged in P4 paste. The relative

intensity of peak due to an unknown phase emerged at

1 day increases along with the appearance of the other

two peaks. This new phase identified by XRD phase

analysis is Ca2Cr(OH)7�3H2O. Chen et al. [1] also

found this compound in 14 days hydrates. The results

indicate that addition of 3.0 % of Cr3? ions shows an

retardation effect on the hydration of C3S even after

7 days. The retardation may be caused by the forma-

tion of Ca2Cr(OH)7�3H2O. During the early hydration

of C3S in the presence of Cr3?, a slightly soluble

calcium salt Ca2Cr(OH)7�3H2O is formed in the basic

environment from the reaction between Ca2?, OH-

and Cr3?, which consequently reduces the concentra-

tion of calcium and hydroxide ions. On one hand, the

10 µm

+ spot A +

spot B

1 µm

+
spot C

+ spot D

(a) (b)Fig. 4 SEM images of

doped C3S. a D3-1.0 %,

b D4-3.0 %

Table 2 Element analysis

measured by EDS
Sample Cr addition (wt%) Spot Element (at.%)

Ca Si O Cr

D3 1.0 A 25.49 8.76 65.26 0.49

B 26.65 12.24 58.42 2.69

D4 3.0 C 26.32 8.57 64.24 0.87

D 27.26 10.63 57.83 4.28
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required supersaturation of the pore solution does not

occur until the above formation reaction is completed

and, hence, the hydration is delayed. On the other

hand, the dissolution of unhydrated C3S could also be

delayed and/or inhibited due to the precipitate of

Ca2Cr(OH)7�3H2O on the C3S particles. As a conse-

quence, the hydration is delayed.

3.2.2 Hydration of C3S doped with Cr

during the sintering process

The XRD patterns of the hydration products obtained

from control and D1–D4 compositions are shown in

Fig. 6. The main X-ray reflection peaks of portlandite

(CH) and unhydrated tricalcium silicate (C3S) and

dicalcium silicate (C2S) are identified in the patterns.

The C3S peaks of the control paste at 1 day are

stronger than those of D1–D4 pastes. In D4 paste, the

C2S peaks are still detected due to the low reactivity of

C2S compared with C3S.

The relative intensities of C3S peaks of D1-D4 at

7 days pastes are much lower than those of the control

paste. Moreover, the CH peaks of D1–D3 pastes are

stronger than those of control paste. However, those

peaks in D4 paste have almost the same relative

intensities as that of control paste. The unhydrated C2S

can still be identified due to its low reactivity. It is

implied that Cr doping has a promotion effect on the

hydration of doped C3S, but the promotion effect

decreases with the added concentration Cr reaches

3.0 wt%. The promotion effect can also be proved by

the results from hydration heat (see detail analysis in

Sect. 3.2.3). Similar results were also reported by

Stephen et al. [15], in whose study Cr doping was

found to accelerate the hydration at the Cr concentra-

tions of 0.5 and 2.5 wt%. The decrease of the

promotion effect might be due to the relative low

content of C3S in D4 sample resulting from the

decomposition of C3S into C2S and CaO induced by Cr

doping.

3.2.3 Rate of hydrating heat liberation

In order to eliminate the effects of the f-CaO content

and the existing of C2S on the hydration, the heat

liberation rate during the hydration was conducted on

the samples of P3, D3 (0.84 wt% f-CaO) and control

sample (0.68 wt% f-CaO), to determinate the influ-

ence of Cr (1.0 wt%) on the hydration of C3S. The

results are shown in Fig. 7.

A rapid heat evolution took place and dropped

down within a few minutes. It is the so-called pre-

induction period, followed by induction period and

acceleration period. During the acceleration period, P3

and D3 show quite different characteristics of heat

liberation from control sample. The maximum

exothermic rates of P3 and D3 are almost twice of

the control sample. Moreover, maximum exothermic

rate values of P3 and D3 occur at 10.5 h and 14.0 h,

respectively; while the time of maximum exothermic

rate of control sample is 9.1 h which is earlier than

those of two samples.

Fig. 5 XRD patterns of pure C3S hydration in Cr3? ion

containing solution. a 1 day. b 7 days
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Besides, the heat liberation of P3 is characterized

by double exothermic peaks during the acceleration

period. The double peaks may be attributed to the

retardation effect, which caused by the formation of

Ca2Cr(OH)7�3H2O. At the early hydration period, a

small amount of this compound is formed and has a

negative influence on the hydration representing a

drop of heat liberation rate. Soon after that, the rate of

heat liberation increases again.

For the D3 sample, the results of hydrating heat

liberation obtained in the present study are in accor-

dance with those of Fierens and Verhaegen [20], who

observed an increase in the hydrating heat in Cr doped

C3S. According to Fierens and Verhaegen [20], the

introduction of Cr2O3 into the lattice of C3S at

sufficiently high concentrations can lead to the

appearance of crystal defects; the Cr is distributed at

random and produces very reactive sites at high

concentrations. Sakurai et al. [19] observed that

increased Cr concentration could lead to an increased

concentration of screw dislocations. Since these

dislocations are potential nucleation sites, reactivity

is increased. From the point of crystal chemistry, these

circumstances are related to lower stability. The

hydration behavior depends directly on the concen-

tration of crystalline imperfections in the phases. Cr

doping promotes distortions of the crystalline structure

of C3S. Compared with control sample and P3, a

longer induction period was observed in D3 sample. It

is related to the rapid hydration of doped C3S in the

pre-induction period which increases the amount of

C–S–H and causes the formation of the covering layer

on the surface of the particles, which makes the

diffusion of ions more difficult and the hydration

slower and so it shows a longer induction period.

These concepts suggest why the reaction rate of Cr

doped C3S was higher than that of control sample.

3.3 Stabilization of chromium

In order to assess the stabilization properties of Cr in

C3S after sintering for 2 h at 1450 �C for three times,

the Cr concentration in the clinker is given in Table 3.

The results indicate that the stabilization of Cr in C3S

after sintering is more than 77 % in D3 and D4 sample.

Leaching tests were performed on the 28 days old

hydrates according to Chinese National Standard

HJ/T 299-2007 [17], which is similar to Toxicity

Fig. 6 XRD patterns of doped C3S hydrates. a 1 day. b 7 days

Fig. 7 Curves of the rate of hydrating heat liberation of pure

and doped C3S
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characteristic leaching procedure (TCLP, EPA

Method 1311) [26]. The results of leaching test are

shown in Table 3.

The leached chromium amount of P3 and P4 is

0.008 and 0.015 mg/L respectively, which is much

lower than the permission range of standard value

15 mg/L according to Chinese Standard GB 5085.3-

2007 [27]. For the hydrates of doped C3S, the leaching

value is 53.7 and 135.3 mg/L for D3 and D4,

respectively; both are much higher than the standard

value 15 mg/L. Similar results were obtained by

Sinyoung et al. [13], who studied the chromium

behavior during cement production; they came to the

results that the amounts of leached chromium detected

from concrete prepared with the initial (raw meal)

chromium concentrations of 1.0, 2.0 and 5.0 % were

46.7, 105.5 and 265.9 mg/L, respectively.

As mentioned before, Cr3? will be oxidized to

Cr4?, Cr5?, and Cr6? after high temperature sintering

[6, 13]. Sinyoung et al. [13] found Cr species with ?3

and ?6 oxidation states in the leachate. Cr6? was the

predominant species, and the amount leached was

close to that of the total chromium content. Cr3? and

other species of chromium were leached from the

cement at much lower levels than Cr6?. This behavior

can be explained by the different solubility of the

various chromium species: compounds containing

Cr4?, Cr5? exhibit very low solubility, Cr3? com-

pounds are slightly more soluble, and those containing

Cr6? show the highest solubility compared to those

containing Cr3? [13, 28]. Therefore, Cr6? was found

in the leachate at a fraction of approximately 80–90 %

of the total Cr. The low solubility of Cr3? containing

compounds and the other species in the clinker phases

was likely to be the major reason for their low

percentage of the total chromium concentration in the

control and doped solutions. Consequently, the low

leachability of Cr in the P3 and P4 sample can be

attributed to the formation of Ca2Cr(OH)7�3H2O,

which is slightly soluble.

4 Conclusion

When doped during the sintering process, addition of

up to 0.5 wt% Cr lowers the f-CaO content; then with

higher Cr addition (from 1.0 to 3.0 wt%), the f-CaO

content raises considerably. The XRD results indicate

that addition of Cr will lead to the decomposition of

C3S into C2S and CaO, resulting in an extreme

increase of f-CaO content in Cr doped C3S. Cr doping

could cause a polymorph transformation of C3S from

T1 to T2 with the Cr addition increases from 0.1 to

3.0 wt%.

An obvious promotion effect on the hydration can

be observed in the Cr doped C3S. The promotion effect

decreases when the added concentration of Cr

increases to 3.0 wt%. While in the case of pure C3S

hydration in Cr3? containing solution, 3.0 wt% of

Cr3? ions exhibits a retardation effect on the hydration

of C3S, which may be attributed to the formation of

Ca2Cr(OH)7�3H2O.

Although about 77 % of Cr can be stabilized in the

C3S solid solution in the sintering process, the

leaching concentration from the Cr doped C3S

hydrates is higher than the limit. While in the case of

pure C3S hydration in Cr3? containing solution, it

shows a high degree of Cr immobilization.
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