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Abstract

Cement stabilisation has been widely applied for the immobilisation of heavy metal ions before their disposal in landfills. This paper

investigated the microstructure of cementitious wastes containing Pb, Cd, As, and Cr using an electron probe microanalyser and examined the

implications of the microstructure on the leaching of the metal ions. From the microstructure analysis, it was proposed that Pb, As, and Cr

ions were homogeneously dispersed in the calcium silicate hydrate (C-S-H) matrix by adsorption or precipitation with calcium or silicate

compounds present in the cement. However, Cd formed discrete Cd(OH)2 precipitates believed to be contained within the cement pores or

adsorbed on the C-S-H matrix. The leaching of metals in the pH region of 6 to 8 decreased in the following order:

Cr(VI)>Cd(II)>Pb(II) >As(V). This leaching trend was found to be influenced by the manner in which the metal ions were incorporated

into the cement matrix.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Solidification/stabilisation (S/S) techniques have been

widely used to immobilise contaminated wastes before their

disposal into the environment. Cement stabilisation is one of

the most popular stabilisation techniques due to its low cost

and the resultant alkaline pH rendering many metal con-

taminants insoluble. The leaching of heavy metals from

cementitious wastes has been subject to extensive investi-

gation in the past [1–7]. However, the relationship between

the incorporation of these metals into the cement matrix and

their leaching is not fully understood.

Electron microscopic techniques have been previously

used for the analysis of solid waste structures [8–10]. Klich

et al. [9] used these techniques for evaluatingmetal speciation

and association of metals to different mineralogical phases in

metal-contaminated soils and industrial wastes stabilised

with Portland cement. They examined the mineral alterations
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and weathering features that affect the durability of cement

and metal containment of metals in aged remediated wastes.

They found that the use of the electron microscope is an

important tool to evaluate the prediction of the long-term fate

of metal containments in solidified and stabilised wastes.

Ouki and Hills [8] used a scanning electron microscopy

(SEM) technique to evaluate the effect of addition of metal

nitrate on cement hydration. They found that the type and the

amount of metals added are important in the microstructural

development of the cement. In general, metal addition

resulted in a reduction in cement hydration and total porosity.

Metal containment in cement has been extensively studied

[11–15], but much conjecture remains regarding metal ion

incorporation into the cement matrix. For example, studies

have postulated Pb to be either adsorbed onto the calcium

silicate hydrate (C-S-H) matrix of cement [4,5] or precipitat-

ed as Pb silicate [11,12]. In the instance of Cd ions, Cartledge

et al. [13] suggested Cd was in the form of Cd(OH)2 particles,

which were encapsulated, on a microscopic scale, in the C-S-

H and/or Ca(OH)2 matrix of cement. Conner [15] and Park

[16] proposed instead that Cd formed a double compound

CdCa(OH)4 and, using X-ray photoelectron spectroscopy



Table 1

Composition of cementitious wastes containing Pb, Cd, As, and Cr as

determined by X-ray fluorescence [7]

Element Cement composition (mg/g of waste)

Cement

containing

Pb

Cement

containing

Cd

Cement

containing

Pb and Cd

Cement

containing

As

Cement

containing

Cr

Pb 23 0.0 20 0.0 0.0

Cd 0.0 13 19 0.0 0.0

As 0.0 0.0 0.0 13 0.0

Cr 0.0 0.0 0.0 0.0 20

Al 16 15 14 16 15

C 15 20 8.0 11 9.0

Ca 340 340 341 340 340

Fe 23 22 21 23 23

K 6.6 7.5 7.9 6.6 6.6

Mg 10 10 9.4 10 10

Na 4.5 2.2 3.9 13 22

Si 74 73 67 74 73

S 8.8 8.4 8.5 8.8 8.8

Th 0.9 0.9 1.3 0.9 0.9

Ti 0.6 0.6 0.8 0.6 0.6
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(XPS), McWhinney and Cocke [17] observed the existence

of Cd oxides, carbonates, and hydroxides. The inclusion of

arsenic in cement is also unclear. Akhter et al. [18] found As

formed a NaCaAsO4�7.5H2O precipitate in cement using X-

ray diffraction (XRD) studies whereas Mollah et al. [19]

observed the presence of insoluble Ca3(AsO4)2 on the surfa-

ces of hydrating cement particles. In the case of Cr(VI),

Omotoso et al. [20] found that most Cr(VI) ions were

precipitated as Ca2CrO5�3H2O in cement. They also postu-

lated that CrO4
2� ions released by Ca2CrO5�3H2O during

the hydration process might either form an amorphous

material not detected by powder diffraction techniques or

be incorporated in the tetrahedral silicate sites in the C-S-H

matrix [20].

Although the heavy metal containment in cement has

been widely studied, very few studies have attempted to

correlate this with the leaching behaviour of metal ions from

cement [5]. This paper will investigate the manner in which

the heavy metal ions (Pb(II), Cd(II), As(V), and Cr(VI)) are

incorporated into the cement matrix, and correlations be-

tween the structural configurations of the cement-stabilised

wastes and the leaching of the heavy metal ions will also be

developed.
2. Experimental procedures

2.1. Preparation of cementitious waste

Cementitious wastes containing selected heavy metal ions

were prepared by mixing ordinary Portland cement (OPC),

supplied by Australian Cement, with either lead nitrate

(Pb(NO3)2), cadmiumnitrate tetrahydrate (Cd(NO3)2�4H2O),

sodium arsenate (Na2HAsO4�7H2O), or sodium chromate

(Na2CrO4) solutions. A cementitious waste containing a

mixture of Pb and Cd was also prepared. The metal salts

were dissolved in deionised water and blended with the OPC

at water to cement (W/C) ratios of 0.38, 0.44, 0.38, 0.31, and

0.47 for wastes containing Pb, Cd, As, Cr, and both Pb and

Cd, respectively. The mixtures were mechanically stirred for

15 min and subsequently cured for 28 days. The cured

mixtures were crushed using three consecutive crushers

(jaw crusher, cone crusher, and roller crusher) and passed

through a 2.4-mm-mesh sieve. The compositions of the

cement samples were analysed using X-ray fluorescence

(XRF) and are shown in Table 1. The incorporation of the

metal ions does not alter the overall composition of the

cement. The higher Na concentration observed for the As and

Cr samples is a result of the addition of As and Cr as

Na2HAsO4�7H2O and Na2CrO4, respectively.

2.2. Microstructure analysis using the Cameca SX50

microprobe

Sample pretreatment involved mounting a sample of the

cementitious waste in Araldite D/HY-951 epoxy resin fol-
lowed by polishing on Kent Mk 3 polishing machines. The

polishing was performed sequentially on a ceramic lap using

a 3-Am Engis diamond paste with lubricating oil followed by

a Texmet lap using 1-Am diamond with water as a lubricant

[21]. The epoxy resins containing the samples were carbon

coated such that they became conductive for the microstruc-

ture analysis.

Analysis of the coated samples by the Cameca SX50

electron probe microanalyser (EPMA) was performed at an

accelerating voltage of 15 kV and current of 20 nA. The

Cameca SX50 used four wavelength-dispersive spectrom-

eters and one energy-dispersive X-ray analyser for elemen-

tal detection [22]. Quantitative analyses for elements at

different points across the samples were performed and

backscattered electron (BSE) images were acquired. Dur-

ing the quantitative analysis, characteristic X-rays generat-

ed by the elements in the sample are diffracted by a

suitable analysing crystal and measured in counts per

second by gas proportional detectors. The crystals and

lines used for each element were chosen to give the most

sensitive but noninteracting reading with other elements

[22]. Using BSE, Portland cement pastes appear as con-

trasting light and dark areas relating to the mean atomic

number of the portrayed areas [8,23]. The colours in the

images range between 0 and 255 (dark to brick) grey

levels. A higher average atomic number results in a higher

intensity of BSE signal, reflecting a brighter colour. Thus,

porosity has a black appearance, C-S-H gel and portlandite

are grey in colour, while residual anhydrous cement grains

are bright/white in colour [8].

Stage and beam image acquisition scans were done to

provide elemental concentration maps of the samples to

view phases, inclusions, and grain boundaries. The results

were analysed using HIMax 6.5 and Matlab. In the

Results and discussion section, the values for elemental
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composition obtained by EPMA were all in weight

percent.

2.3. Leaching experiments

Leaching experiments were conducted in accordance with

Australian Standard AS 4439.3-1997 [24]. Cementitious

waste crushed to less than 2.4 mm in diameter was mixed

with acetic acid solution at a liquid to solid (L/S) ratio of 20:1

and tumbled for 18 h at a speed of 30 rpm. The concentration

range of the acetic acid solutions used was between 0.1 and

5.7M. The resulting solution (leachate) was filtered through a

0.8-Am membrane filter and the pH was measured. The

samples were preserved with 2% HNO3 before metal ion

analysis using an Optima 3000 inductively coupled plasma

atomic emission spectrometer (ICPAES).
3. Results and discussion

3.1. The structure of cement and contaminated cement

3.1.1. Basic structure of cement

BSE images of the particles are shown in Fig. 1(a) and

(b). The cement is dominated by the presence of C-S-H as

shown by the light grey regions in the images. These

particles contain approximately 20% Ca, 15% Si, and

40% O, giving a Ca:Si:O ratio of approximately 1.3:1:2.7.

This ratio is in good agreement with the Ca:Si:O ratio of

1.4:1:2.3 in CaH2SiO4 (C-S-H gel).

Larger, darker grey inclusions in the cement surface

(as highlighted in Fig. 1(a)) were found to contain high

amounts of either Ca or Si. An elemental balance of the

composition of these particles indicated the presence of

Ca(OH)2, CaCO3 (which may have resulted from carbon-

ation of Ca(OH)2 [25]), or unhydrated SiO2 particles. The

black ‘‘cracks’’ throughout the C-S-H structure (seen in

Fig. 1(b)) represent pores. Fig. 1(b) also indicates the

presence of small, pale grey flecks scattered throughout
Fig. 1. BSE images of cement sample at (
the C-S-H matrix. These spots were found to contain

elevated concentrations of Al and Fe (up to 10%) in the

form of ettringite (3CaO�Al2O3�3CaSO4�32H2O) and other

hydrated calcium compounds.

3.1.2. The structure of Pb-contaminated cement

The BSE images of Pb-contaminated cement are given in

Fig. 2(a) and (b). Comparison with Fig. 1(a) and (b)

indicates the addition of Pb to the cement has little effect

on the morphology and structure of the particles as the Pb-

spiked cementitious waste is also dominated by the C-S-H

matrix. Quantitative analysis found the Pb to be evenly

distributed throughout the C-S-H matrix at a concentration

of 4.6F 0.9 wt.%.

Fig. 3(a), (b), (c), and (d) give the X-ray mapping results

for Ca, Si, and Pb in the cement sample as well as the

concentration profiles of each of these elements along the

line AB depicted in Fig. 3(c), respectively. Fig. 3(a) and (b)

show Ca and Si to be distributed throughout the cement

matrix with the occasional Ca-rich or Si-rich inclusion.

These inclusions are attributed to the presence of Ca(OH)2,

CaCO3, or unhydrated SiO2. Fig. 3(c) highlights the fact that

Pb is also dispersed throughout the C-S-H matrix. This point

is further supported by the Pb concentration profile in Fig.

3(d). It shows the Pb to be present at all points along the line

AB given in Fig. 3(c).

3.1.3. The structure of Cd-contaminated cement

The BSE images of Cd-contaminated cement shown in

Fig. 4(a) and (b) indicate that the structure of Cd-contam-

inated cement is dominated by C-S-H. The Cd-contaminated

cement is not as granular in appearance as the Pb-contam-

inated cement making identification of Ca- and Si-rich

particles difficult. However, located throughout the cement

structure are small white particles that were found to contain

high amounts of Cd (at an average of 28%). The elemental

balance of these particles was on average 18% Ca, 37% O,

and 6% Si, with the remaining 11% consisting of other

cations such as Fe and Al.
a) low and (b) high magnifications.



Fig. 2. BSE images of cement containing 23 mg Pb/g of waste at (a) low and (b) high magnifications.
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The X-ray maps of Ca, Si, and Cd of the particle shown

in Fig. 4(b) are shown in Fig. 5 as well as the concentration

profiles of Cd, Ca and Si along line CD, shown in Fig. 5(c).

The X-ray mapping shows Ca and Si to be distributed

throughout the particle with Cd inclusions (up to 60%) at

points within this matrix. Elemental analysis indicated that

Cd is likely to exist as Cd(OH)2 or CdCO3. This is in

agreement with the findings by Cartledge et al. [13] and

McWhinney and Cocke [17] who reported the formation of
Fig. 3. X-ray maps of cement containing 23 mg Pb/g of waste. (a) Ca; (b) Si; (c) Pb

axis corresponds to distance along line AB.
Cd precipitates in cement as single compounds in the form

of cadmium oxide, hydroxide, or carbonate [13,17]. Conner

[15] and Park [16] reported Cd existed as a double cadmium

calcium hydroxide compound (CdCa(OH)4) [15,16].

It is clear from the images and X-ray mapping that Cd is

bound differently in cement when compared to Pb. While

Pb is dispersed throughout the C-S-H matrix, Cd forms

discrete particles, which precipitate on the surface of C-S-H

or within the cement pores.
; (d) Ca, Si, and Pb concentration profiles (wt.%) along line shown in (c). X-



Fig. 4. BSE images of cement containing 13 mg Cd/g of waste at (a) low and (b) high magnifications.
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3.1.4. The structure of cementitious waste containing both

Pb and Cd

The BSE image of the cement sample is shown in Fig.

6. Fig. 7 contains the Pb and Cd X-ray maps and the

concentration profiles of Pb, Cd, Ca, and Si along the line

EF, shown in Fig. 7(a) and (b). From the X-ray maps, it is

again apparent that Pb is distributed throughout the cement

matrix, whereas Cd is concentrated (up to 30%) at various

locations throughout this matrix. The results indicate that

the distribution of these metals within cement is unaffect-
Fig. 5. X-ray maps of cement containing 13 mg Cd/g of waste. (a) Ca; (b) Si; (c) C

X-axis corresponds to distance along line CD.
ed, irrespective of whether they are added individually or

together.

3.1.5. The structure of As-contaminated cement

Analysis of BSE image of the As-contaminated cement

(Fig. 8) indicated As to be mostly evenly distributed through-

out the C-S-Hmatrix at a concentration of 2.5F 1.2%, giving

an As:Ca:O ratio of 1:9.5:16. Darker areas were also ob-

served in the image, which were found to contain high

amounts of As (18F 3%). The As:Ca:O ratio of these
 

d; (d) Ca, Si, and Cd concentration profiles (wt.%) along line shown in (c).



Fig. 6. BSE image of cement containing 20 mg Pb/g of waste and 13 mg Cd/g of waste.

C.E. Halim et al. / Cement and Concrete Research 34 (2004) 1093–11021098
inclusions was 1:1.7:0.5, which is comparable to the As:Ca:O

ratio of Ca3(AsO4)2 (1:0.8:0.9), suggesting that As may form

a calcium arsenate precipitate. Other studies have also sug-

gested the formation of calcium arsenate precipitates in

cement, including Akhter et al. [18], who identified the

NaCaAsO4�7.5H2O precipitate in cement, and Mollah et al.

[19], who found that Ca3(AsO4)2 precipitate was present

during the hydration process.

3.1.6. The structure of Cr-contaminated cement

Fig. 9 shows the BSE image of the Cr-contaminated

cement. The structure of the Cr-contaminated cement was
Fig. 7. X-ray maps of cement containing 20 mg Pb/g of waste and 19 mg Cd/g of

along line shown in (a) and (b). X-axis corresponds to distance along line EF.
found to be similar to that of the blank sample but with Cr

evenly distributed throughout the C-S-H matrix at a con-

centration of 0.8F 0.7%. Precipitation of Cr anions with Ca

in cement has also observed by Omotoso et al. [20].

3.2. Implications of metal containment in cement on

leaching of metals

The leaching of heavy metal ions from cementitious

wastes was studied and attempts made to link the micro-

structure of the cement with the extent of the observed

leaching. The percentage of metal ions (Pb, Cd, As, and Cr)
waste. (a) Pb; (b) Cd; (c) Ca, Si, Pb, and Cd concentration profiles (wt.%)



Fig. 8. BSE image of As of cement containing 13 mg As/g of waste.
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leached from the cementitious waste as a function of

leachate pH are illustrated in Fig. 10. It can be seen that

the solubility of the heavy metal ions decreased in the

following order: Cr(VI)>Cd(II)>Pb(II)>As(V) in the neutral

pH region (6–8), which is the pH region typical of a mature

municipal landfill leachate.

3.2.1. Calcium

In earlier studies, it has been postulated that there are two

principal stages of Ca leaching from cement [26,27]. The

first stage occurs when the waste is exposed to the leaching

fluid and the portlandite (Ca(OH)2) structure is neutralised

(the region between pH 7 and 12 in Fig. 10). When the

available Ca(OH)2 is exhausted, the leaching fluid attacks

the C-S-H matrix (the region below pH 7). This is supported

by the corresponding increase of Si ions in the leachate at

pH values below 7 (Fig. 11).

3.2.2. Chromium

Fig. 10 shows the relative percentage of Cr in the leachate

was higher than Ca at all pH values. This shows that Cr is

present as a very soluble material in cement. It is widely

known that Cr(VI) is water soluble at all pH [28]. It may have

formed a calcium chromate precipitate during the hydration

process or adsorbed on the C-S-H matrix as chromate ions.
Fig. 9. BSE image of Cr of cement c
The Ksp of CaCrO4, a calcium chromate compound, is

7.1�10� 4 [29], indicating the high solubility of this com-

pound. As the Cr-contaminated cementitious waste was

exposed to the leaching fluid, it is reasonable to expect that

Cr would easily solubilise together with the portlandite

particles.

The predicted concentration of Cr (as calcium chromate)

and other ions (in mg/l) based on thermodynamic data, is

shown in Fig. 12. The thermodynamic data used to provide

the solubility curves in Fig. 12 were obtained from the

Lawrence Livermore National Laboratory Database for

PHREEQC 1.11 [30]. It was found that above pH 5, the

Cr concentration in the leachate was lower than the pre-

dicted values. This is believed to be due to Cr trapped in the

cement pores. Below pH 5, it can be seen that all the Cr has

been completely leached as the C-S-H matrix has dissolved.

This is because the C-S-H matrix has solubilised at pH 5.

This assertion is supported by a corresponding increase in Si

concentration in the leachate (from Fig. 11). The exact mode

of Cr interaction with cement is unclear; however, studies

by Fowler et al. [31] observed the formation of a water-

soluble Cr precipitate in cement. They found that SiO4
4� in

the C-S-H matrix was substituted by CrO4
2� . Omotoso et al.

[20] have also reported the formation of Ca2CrO5.3H2O

during the cement hydration process.
ontaining 20 mg Cr/g of waste.



Fig. 10. Percentage of metal ions present in the leachate as a function of

leachate pH. The cementitious wastes were tumbled with 0.1–5.7 M acetic

acid solutions at an L/S ratio of 20:1 for 18 h. The calculation of the

percentage of metal ions leached was based on the total amount of metal

ions available in the wastes.

Fig. 12. Comparison of the metal concentrations in the leachate and the

predicted concentrations based on the solubility of Pb(OH)2, Cd(OH)2,

Ca3(AsO4)2, and CaCrO4.
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3.2.3. Cadmium

Fig. 12 shows that at pH values less than 5 the

concentration of Cd in the leachate reached around 90%

of the predicted value based on Cd(OH)2 solubility. Earlier

(in Section 3.1.3), Cd was shown to exist as discrete

particles within the cement matrix that were proposed to

be either cadmium hydroxide or cadmium carbonate. Upon

mixing the solid waste with the leaching fluid, the

Cd(OH)2 particles are believed to have solubilised. More-

over, as the portlandite (Ca(OH)2) was released from the

cement matrix and the C-S-H solubilised, Cd trapped

within the cement pores was subsequently released. This

leaching mechanism is similar to that of Cr leaching;

however, the presence of Cd in the leachate is also

governed by the solubility of Cd(OH)2. As a result, on a

percentage basis, a lower amount of Cd was leached

relative to Cr at a pH greater than 5 (Fig. 10). The same

leaching patterns between Cd and alkalinity were also
Fig. 11. Percentage of Si ions leached from Pb-, Cd-, As-, and Cr-spiked

cementitious wastes as a function of leachate pH. The cementitious wastes

were tumbled with 0.1–5.7 M acetic acid solutions at an L/S ratio of 20:1

for 18 h. The calculation of the percentage of Si ions leached was based on

the total amount of Si ion available in the wastes.
observed by Bishop [12], supporting these findings, where-

by the destruction of the C-S-H matrix releases Cd trapped

within the pores (as its hydroxide or carbonate).

3.2.4. Lead

Fig. 10 shows that Pb began to rapidly leach at pH 7. At

this same pH, Si also began to rapidly leach (Fig. 11). These

observations indicate that Pb is primarily incorporated in the

C-S-H matrix, and when this begins to dissolve and the Si is

released, Pb is also released. Similar observations for Pb and

Si release have been made by Bishop [12]. Fig. 11 also

shows that at pH 4, the concentration of Si leached from the

Pb-spiked cement was lower than that leached from the

other wastes. This suggests that Pb may have formed a Pb

silicate mineral in the cement, corresponding to the fact that

Pb was evenly distributed in the C-S-H matrix (as shown in

Section 3.1.2). The precipitation of Pb as a Pb silicate

compound in cement has also been observed by Bhatty

[11] and Bishop [12].
Fig. 13. Percentage of metal ions present in the leachate as a function of

leachate pH for the cementitious wastes containing separate metal ions (Pb

and Cd) and the cementitious waste containing both metal ions [Pb

(combined) and Cd (combined)]. The calculation of the percentage of metal

ions leached was based on the total amount of metal ions available in the

wastes.
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3.2.5. Arsenic

Similar to Pb, Fig. 10 shows that As did not completely

solubilise at low pH. This shows that As is incorporated in

the C-S-H matrix and forms a more complicated compound

than Ca3(AsO4)2. In addition to calcium arsenate precipita-

tion, arsenate ion can also form iron arsenate precipitate. At

this stage, however, there is not enough information to

validate the proposed mechanism.

3.2.6. Lead and cadmium

The results of leaching tests carried out on the cementi-

tious waste containing both Pb and Cd ions are presented in

Fig. 13. For comparative purposes, this figure also includes

the results of leaching of Pb and Cd from cement when

added separately. From these tests, it is clear that the

leaching of either metal is very similar whether or not the

metal ions are added together or separately. This complies

with the earlier imaging results that showed very little

differences in the cement structure when Pb and Cd were

added separately or together. This is also in agreement with

findings by Neuwirth et al. [32], who observed different

containment sites for Pb and Cd in cement using X-ray

mapping studies. The different containment sites suggest

that no interactions exist between the two elements.
4. Conclusion

From the microstructure studies of cementitious wastes,

the mechanisms by which metal ions (Pb, Cd, As, and Cr)

were incorporated into the cement matrix were found to

differ. Pb appeared to precipitate with silicate compound in

the C-S-H matrix, and As and Cr appeared to be bound into

cement through adsorption or precipitation with silicates or

calcium compounds in the C-S-H matrix. On the other hand,

Cd formed a precipitate, present on the surface C-S-H

matrix and inside the cement pores.

The manner in which the metals were incorporated into

the cement matrix was found to influence the leaching

mechanism. Solubility also played a role in governing the

presence of the heavy metals in the leachate following

release from the cement matrix. The leaching of heavy

metal ions between pH 6 and 8 was found to decrease in

the following order: Cr(VI)>Cd(II)>Pb(II)>As(V).

The leaching of Pb and Cd from cement was comparable

irrespective of whether the metal ions were either added

together or separately. This suggests that no interaction

occurs between the cations when they are both added to

cement.
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