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Pb was incorporated to a series of cement matrices, which were submitted to different testes of solidi-
fied/stabilized product. The leaching behaviors of aqueous solution were monitored by graphite furnace
atomic absorption spectroscopy (GF-AAS). The mechanical strengths were evaluated by unconfined com-
pressive strength (UCS) at 7 and 28 ages. Data are discussed in terms of metal mobility along the cement
block monitored by X-ray fluorescence (XRF) spectrometry. Complementary techniques, namely, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), thermal gravimetric analysis (TGA), small
ement
lumb
tabilization
olidification
eaching

angle X-ray scattering (SAXS) and X-ray diffraction spectroscopy (XRD) were employed in the character-
ization of the modified matrices. The Pb incorporated matrices have shown that a long cure time is more
suitable for avoiding metal leaching. At pH 8 lower Pb leaching took place both for both short and long
cure time. For a longer cure period there is a decreasing in the compressive strength. TGA and DRIFTS
analyses show that the resistance fall observed in the UCS tests in the sample with Pb are not caused by
hydration excess. XRF analyses show that there is a lower Ca concentration in the matrix in which Pb

was added.

. Introduction

The growing number of papers and conferences devoted to
aste immobilization reflects a genuine need for economic solu-

ions for restoring a safe, clear, green environment. This manner
tabilization/solidification (S/S) processes are routinely used for
he final treatment of hazardous wastes to reduce contaminant
eaching prior to land disposal. Among various types of S/S binders,
ement-based systems are the mostly widely used, due to relatively
ow cost, wide availability and versatility [1–4].

S/S process can be used to convert heavy metals into less mobile
orm, applicable to several types of wastes which are not suitable to
hysical, chemical or biological processing [2,5–8]. Industrial activ-

ties in the product of materials and chemicals give rise to very
arge quantities of heavy metal-bearing wastes each year. With the
ncreasing concern regarding environmental pollution and growing
nterest in sustainable development, the problem of heavy metal
mmobilization becomes even more significant [9]. Heavy metals
re dangerous because they tend to bioaccumulate and can enter

nto water supply systems by industrial and consumer waste, or
ven from acidic rain breaking down soils and releasing heavy
etals into streams, lakes, rivers, and groundwater. An improper

isposal of heavy metals can cause serious environmental and eco-
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logical problems. Reduction of impact of those residues is desirable
by disposing them into very stable and leaching free conditions.
Metals like As, Cr, Pb, Zn, Cu, Hg are issues of a lot of studies and
researches [10–15], due to the hazardous effects that can cause to
environmental and the human health.

The application of the materials resulting from S/S processes in
civil engineering, for instance, depends on the degree of residues
leaching, as well as on their structural resistance, minimizing
therefore, potential environmental problems. Among metal wastes,
those containing Pb represents a serious issue. Pb derivatives are
employed in industries for fuel and asphalt. Furthermore, it is also
present in mining and metallurgic industries, in processes involv-
ing corrosion of metal objects, manufacture of tin pigments, imprint
and typographer and plastic incineration (utilized in polymer sta-
bilization) [16]. In humans, Pb exposure can lead to a wide range of
biological effects depending on the level and duration of exposure.
Various effects occur over a broad range of doses, with the devel-
oping fetus and infant being more sensitive than the adult. High
levels of exposure may result in toxic biochemical effects in humans
which in turn cause problems in the synthesis of haemoglobin,
effects on the kidneys, gastrointestinal tract, joints and reproduc-
tive system, and acute or chronic damage to the nervous system

[17].

A great number of studies have been done about the S/S effi-
ciency in cement matrices. For example, the incorporation of metals
(Ni, Pb and Cd) results in a decrease of the Ca(OH)2 content of the
cement paste and increases its vulnerability. The leaching rates

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jhzds@iq.ufrgs.br
dx.doi.org/10.1016/j.jhazmat.2010.03.032
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Table 1
Chemical composition and physical properties of the ordinary portland cement.

Composition Content (%)

SiO2 26.70
Fe2O3 2.27
CaO 52.38
MgO 7.05
Al2O3 5.60
SO 4.80
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Fire lose 2.63
CaO free 0.74
Specific mass (g/cm3) 3.10

f the metals increased in the following order: Pb � Ni � Cd [18].
eavy metals (Pb, Cu, Zn, Cd and Mn) added as salts are very effec-

ively immobilized in hydrated matrices (from 99.82 to 99.99%); Cr
s an exception immobilized in lower degree (from 85.97 to 93.33%)
10]. The microstructure of cementation wastes containing Pb, Cd,
s and Cr was also investigated. The metal leaching in the pH region
f 6–8 decreased in the following order: Cr(VI) > Cd(II)Pb(II) > As(V).
n another study in which Pb, Zn, Cu, Fe and Mn were immobilized
y S/S process, mechanical strength was shown to increase [19].

In a previous study, we evaluated the desorption of lead immo-
ilized into cement and concrete modified matrices. Lead desorbed
ontent was monitored by graphite furnace atomic absorption
pectroscopy (GF-AAS) [20], and was shown to be pH dependent. At
resent we investigated the changes in the cement matrices caused
y the incorporation of Pb derivatives. The effect of cement cure
ime on Pb metal leaching and on the matrix mechanical strengths
as evaluated. Data are discussed in terms of metal mobility along

he cement block monitored by X-ray fluorescence (XRF) spec-
rometry. Complementary techniques, namely, diffuse reflectance
nfrared Fourier transform spectroscopy (DRIFTS), thermal gravi-

etric analysis (TGA), small angle X-ray scattering (SAXS) and
-ray diffraction spectroscopy (XRD), were employed in the char-
cterization of the modified matrices.

. Experimental

.1. Materials and methods

All the tests were carried on using ordinary portland cement
OPC). The chemical composition and physical properties of the
mployed Portland cement are shown in Table 1. The tests were
erformed with three different matrices for the control of the
ffect of the presence of Pb. The first one (reference matrix) con-
isted solely of cement portland without the metal. In the second
ne (blank matrix), Pb (10 wt.%) was added. Such matrices were
ot exposed to pH solutions. Finally, the third one, Pb (10 wt.%)

as added and the resulting matrices were submitted to different
H solutions. PbO2 (Riedel-de Haën) was employed as received.
rain size distribution and physical composition of the sand is

ncluded in Table 2. For pH 5, buffer solutions using potassium acid
hthalate (Labsynth) 0.1 M and sodium hydroxide (Merck) 0.1 M

able 2
rain size distribution and physical composition of the sand.

Aperture (mm) Retained (%) Accumulated (%)

4.8 mm 4 4
2.4 mm 9 13
1.2 mm 16 29
600 �m 25 44
300 �m 35 89
150 �m 11 100
<150 �m 0 100

Specific mass = 2.65 g/cm3
ous Materials 179 (2010) 507–514

were employed, while for pH 7 and 8, tris(hydroxymethyl)-amino
methane (Merck), 0.05 M and chroridric acid (Labsynth) 0.1 M were
used.

2.2. Solidification and cure procedure

PbO2 and cement (90% OPC + 10% Pb wastes) were mixed with
water at a water/solid (cement and Pb wastes) ratio (W/S) of 0.6,
which was established based on tests carried out according to the
Brazilian Standards NBR-5738 [21]. Before the rupture tests the
relationship water–cement was evaluated. It is worth noting that
the water–cement ratios as well as the curing conditions, type of
binder, and use of mineral and chemical admixtures have signif-
icant effects on the value of the total porosity and the pore size
distribution [22].

Samples were introduced into metal cylindrical mounds mea-
suring 50 mm diameter × 100 mm height. Air bubbles in the paste
were removed by tapping the mold with approximately 40 hits (for
about 1 min). The molds were exposed to humid air (90 ± 2% rela-
tive humidity). The samples were cured at approximately 23 ± 2 ◦C
for 7 and 28 days, in agreement with the NBR-5738. After the period
of curing the samples were unmolded.

2.3. Leaching test

The leaching test consisted of putting blocks into a PVC pot,
immersed in water solution with different pH (pH 5, 7 and 8). The
blocks continued being cured in these solutions for periods of 7,
14, 21 and 28 days, after staying in humid ambient. The liquid/solid
(L/S) ratio was 4, and the static leaching condition was employed. A
set of five blocks were used for compression strength tests, estab-
lished by the Brazilian Standards NBR-5739 [23]. For each curing
duration, one block of each pH solution, one reference block and
one blank block were submitted to the compression strength test
which were carried in triplicate. Therefore, 15 blocks were broken
for each cure period. During all tests, the pH of the solution was
weekly monitored.

2.4. Unconfined compressive strength (UCS) tests

UCS tests were undertaken with the samples using a SHIMADZU
machine, model Autograph UH2000 KNG, capacity 40–2000 kN,
velocity 30 kN/min (0.254 MPa/s). The top of the samples was
capped with Masonite® to limit the effect of cracking. Loading was
increased up to reaching the maximum amount and visible cracks
appearance. The compressive strength was calculated as the maxi-
mum applied force loading divided by the cross-sectional area. All
tests were established by the Brazilian Standards NBR-5739.

2.5. Graphite furnace atomic absorption spectroscopy (GF-AAS)

The concentration of Pb ions in the solutions was measured by
GF-AAS at 217.0 nm. The metal content was determined in tripli-
cate. For each sample, the mean of three AAS measurements was
recorded. The furnace program used in the analysis is showed in
Table 3.

2.6. Thermogravimetry (TGA)
The thermogravimetric curves were recorded with a TGA Q5000
V3.5 Build 252 apparatus. The samples were heated from room tem-
perature to 400 ◦C at a heating rate of 0.33 ◦C s−1 under nitrogen
flow (1 cm3 s−1).
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Table 3
Graphite furnace heating program employed for analysis.

Steps T (◦C) Time (s) Argon flow rate
(mL min−1)

Ramp Hold time

Drying 140 5 45 300
Pyrolysis 900 100 30 300
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Atomization 1900 FP 6 0
Cleaning 2100 1000 5 300

P = full power.

.7. Diffuse reflectance infrared Fourier transform spectroscopy
DRIFTS)

DRIFTS measurements were performed on a Bomem Instru-
ent, in reflectance mode. The spectra were by coadding 32 scans at
spectral resolution of 4 cm−1. Samples were analyzed as powders.

.8. X-ray diffraction (XRD) spectroscopy

The crystal structure and phase composition of the solids were
nalyzed by powder X-ray diffraction, using a Rigaku X-ray diffrac-
ometer, model DMAX, with Cu K� radiation (� = 0.154178 nm),
sing an accelerating voltage of 40 kV. Samples were analyzed as
owders.

.9. X-ray fluorescence (XRF) spectrometry

The XRF analyses were carried out in a Rigaku (RIX 3100) wave-
ength dispersive X-ray fluorescence spectrometer equipped with

Rh X-ray tube, 4 kW generator and 8 position crystal changer.
he spectrometer was interfaced to a PC with a RIX for Windows
oftware. Operating conditions and spectrometer parameters are
escribed in Table 4. For the analyses, samples were collected from
he external part and bulk (ca. 25 mm) of the blocks.

.10. Small angle X-ray scattering (SAXS)

The SAXS experiments were carried out using synchrotron radi-
tion at LNLS (Campinas, Brazil) with a wavelength k = 1.488 nm.
he beam was monochromatized by a silicon monochromator
nd collimated by a set of slits defining a pin-hole geome-
ry. A solid-stated CCD detector (MAR 160) was used to collect
wo-dimensional (2D) images with 2048 × 2048 pixels located at
752.5 mm of the sample. The q-range of the scattering curves
as 0.02 nm−1 ≤ q ≤ 60.49 nm−1, where q is the scattering vector

q = 4�/� sin (�/2)). The data were corrected for sample transmis-
ion and background scattering using an empty cell as reference.
amples were placed in stainless steel sample holders closed by
wo mica windows.
. Results and discussion

In the following discussion, the label S states for sample, SB for
lank (with Pb), SR for reference (without Pb) and the numbers 5,

able 4
-ray fluorescence operating conditions and spectrometer parameters.

Element Crystal Spectral line 2� (◦) Time (s) Detector

Ca LiF 200 K� 113.5 40 F-PC
Al PET (pentaerytritol) K� 145.2 40 F-PC
aFe LiF 200 K� 57.5 40 SC NaI (Tl)
aPb LiF 200 L� 28.2 40 SC NaI (Tl)

g = background; F-PC = flow proportional counter; SC = scintillation detector.
a Compton scattering matrix correction.
Fig. 1. Metal leaching at different pH solutions, for blocks submitted to 7 (S) and 28
(L) days of cure.

7 and 8 are used to describe the pH of the solutions. Thereafter,
the letter S is used for short (7 days) and L for long (28 days) cure
time. Then, for instance, S5-L means a sample with Pb that was
cured in humid air for 28 days and then was exposed to a pH 5
solution. The samples SB and SR were not exposed to pH solutions,
and they served to evaluate the effect that the Pb addition caused
in the cement matrices resistance.

In this study, the effect of the cure time on metal leaching and
block mechanical strength was evaluated. For each rupture, sam-
ples were collected at different pH solutions. Then, the blocks were
draw back from the solutions and submitted to the evaluation of
strength.

Fig. 1 shows the amount of leached Pb from the cement blocks
submitted to 7 and 28 days of cure in humid air.

The results of the leaching test demonstrated that in blocks with
long cure, the amount of leached Pb was lower than that observed
in the case of short one. The exception was S8-S, which was shown
to be as efficient as the blocks with long cure time. For the other
solutions containing blocks with short cure time, the Pb leached
amount lain around 75–80% higher than those bearing blocks sub-
mitted to longer cure time (see S5 and S7, respectively). For longer
periods of cure, all blocks were shown to be efficient for the metal
retention, because the leached metal amount remained in levels
which were acceptable in agreement with the Brazilian Standards
NBR 10004/1987 [24]. It is worth noting that S5 presented the worst
results, independent of the cure time, suggesting that acid pH can
cause damage for these blocks in terms of Pb leaching.

Concerning the pH of such systems, it is observed that basic
pH affords lower leaching content in relationship to the acid pH.
For matrices submitted to pH 7, a distinct behavior was observed
that depends on the cure time. Short cure time engenders a higher
Pb leaching for this pH, while long cure time affords a smaller Pb
content in solution.

These results reveal the potentiality of using theses blocks in
terms of environmental safety. Nevertheless, from the point of view
of technological application, it is necessary to evaluate their resis-
tance by means of unconfined compressive strength (UCS) tests.
Therefore, after collecting the samples for FG-AAS analyses, each
block was submitted to the UCS test. This test permits an evalua-
tion about the potential efficiency of the blocks for retention of the

metal and its influence on the resistance of these blocks. The results
of the compressive strength for blocks with short and long cure are
showed in Tables 5 and 6, respectively.

Two factors are observed in the results of compressive strength
tests. In general, blocks with a longer cure period showed higher
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Table 5
Mechanical compressive strengths (kgf/cm2) for the blocks: SB, SR, S5, S7 and S8;
with 7 days of setting times.

Time (days) Mechanical compressive strength (kgf/cm2)

Cure period SB-S SR-S S5-S S7-S S8-S

7 32.07 31.67 29.75 38.10 36.62
14 29.30 32.00 29.82 28.14 37.13
21 39.73 32.00 37.69 32.67 29.63
28 45.27 42.26 33.34 26.49 26.33

Table 6
Mechanical compressive strengths (kgf/cm2) for the matrix: SB, SR, S5, S7 and S8;
with 28 days of setting times.

Time (days) Mechanical compressive strength (kgf/cm2)

Cure period SB-L SR-L S5-L S7-L S8-L

7 29.62 37.20 33.69 27.70 26.60

r
d
[
b

14 35.48 37.75 27.59 28.10 29.45
21 32.87 43.15 29.98 36.40 27.50
28 30.00 45.75 21.73 35.56 29.17
esistance. This observation is common in studies and experiments
ealing with concrete or cement strength reported in literature
22,25–27]. In our study the results obtained for SR confirm this
ehavior.

Fig. 2. TGA thermograms of cement-water systems: (
ous Materials 179 (2010) 507–514

On the other hand, the obtained data showed that in blocks SB-
S the strength is comparable or, in almost all the setting data, is
higher than that observed for blocks SR-S. This suggests that the
Pb addition is favorable, because it gives an additional strength for
the blocks in short cure period (Table 5). For the same period of
cure time the blocks which suffer the action of the pH, exhibit,
independently of the pH, a smaller strength, which suggests that
the external environment reduces the block strength. For the first
ages, 7 and 14 days, the pH effect is smaller, but for longer periods
the pH effect is observed and causes a significant decrease in the
strength.

For longer cure period (Table 6), the negative metal effect is
clear. It is observed that the strength of the SB-L blocks decreased
in relationship to the SR-L ones. In this case, it is observed a trend
in which there is an increasing in the strength in the first ages (7
and 14 days), followed by a decreasing after 21 and 28 days of the
curing. Similar results have been reported in the literature in the
case of hydration kinetics studies [28]. Furthermore, the authors
observed that after cure time, heavy metals within cement matrices
can influence on the mechanical strength and permeability of the

matrices.

In the present study, these results demanded a deeper analysis
of the block microstructure aiming at investigating the role of Pb
within these systems. A possibility is that the metal is acting in
the block structure under two forms: by engendering higher water

a) in the presence and (b) in the absence of Pb.
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geneous (see Table 7 SR matrix) and that there is a higher Ca
concentration in the matrix in which Pb was not added and
that are not exposed to aggressive medium. Cement has a very
complex structure, but it is known that Ca is one of the main

Table 7
Metal/Si ratio in concrete matrix measured by XRF.

Sample Ca/Si Al/Si Fe/Si Pb/Si

S5-L external 1.34 0.04 0.17 0.37
ig. 3. DRIFTS of cement-water system: (a) in the absence and (b) in the presence
f Pb.

ncorporation or by causing an isomorphic substitution between
he heavy metal and some elements constituents of the cement

atrix.
In the first case metal addition could generate higher water

ncorporation in the mixing. This fact would also cause the resis-
ance fall to longer curing periods. The hydration excess has a
egative influence in the cement and mortar mixing [29–31].
ydrolysis yields an important increase in cement paste poros-

ty, owing to (i) the leaching of hydrate such as calcium hydroxide
i.e. portlandite, Ca(OH)2) and (ii) the decalcification of the calcium
ilicate hydrates (3CaO·2SiO2·xH2O, x ∼= 3). Note that the porosity
an favor the mobility of the components towards to the external
olution, thus favoring cement degradation reactions [32]. In order
o understanding the behavior and its influence of Pb in the paste
ydration, analyses of the blocks by TGA were performed. The sam-
les were heated up to 400 ◦C in order to quantify the percentage
f incorporated water in systems containing or not Pb (Fig. 2).

Fig. 2 shows that the loss of water in the sample
ater–cement–Pb is practically the same when compared to

ample constituted of water–cement (0.08 versus 0.04%), being
greement with data reported in the literature [33–35]. Such
esults suggest that the presence of Pb did not afford retention of
ater within the matrix. The water interaction with these blocks
as further investigated by DRIFTS, which provided information

bout the uppermost surface (see Fig. 3).
Fig. 3 shows the deformation ı(OH) band intensity centered at

632 cm−1, associated to the presence of water molecules detected
n the sample containing Pb. These results confirm the behavior
epicted in TGA thermogram. The presence of Pb in cement matri-
es seems not to afford an increasing in water content, which could
e responsible for block cracking.

Another possibility of the effect on the matrix resistance resides
n the isomorphic substitution between Pb and some element con-
tituents of the matrix, such as Ca.

Various studies have evaluated the interactions of Pb and
a with the cement matrix. For example, studies have pos-
ulated Pb to be either adsorbed onto the calcium silicate
ydrated matrix of cement [36,37] or precipitated as Pb sili-
ate [38,39]. The formation of leadhilite (lead carbonate sulfate
ydroxide, Pb4SO4(CO3)2(OH)2), lead carbonate hydroxide hydrate
3PbCO3·2Pb(OH)2·H2O) and two others unidentified lead salts was

ppointed by another research [40]. These products were formed
y chemical incorporation/adsorption of re-dissolved Pb species.
he structure of cementation wastes containing Pb(II) and others
etals was evaluated. Pb ions were homogeneously dispersed in

he calcium silicate hydrated matrix by adsorption or precipita-
Fig. 4. XRD patterns of SR, S8, S7 and S5 samples.

tion with calcium or silicate compounds present in the cement
[8]. Other study suggests that Pb generally replace calcium in the
cement hydrates phases [41].

In order to understand the mortar structure and the differences
that Pb addition and the external medium may cause to the matri-
ces, XRD analyses were performed in the blocks after pH submission
(Fig. 4).

According to the diffractgrams, the detected signals can
be assigned to calcite (CaCO3), calcium silicates hydrates
(3CaO·2SiO2·xH2O, x ∼= 3), ettringite (6CaO·Al2O3·3SO3·32H2O),
portlandite (Ca(OH2)) and SiO2, those result is according with
the literature [30–33]. In samples S8, S7 and S5, it is possible to
observe the presence of plattnerite (PbO2). Datas obtained from
XRD techniques show that leaching does not measurably affect the
crystalline structure of the solidified waste sample, as reported in
some studies [33–35,42]. However, changes in the morphology and
cement composition can be analyzed. In order to understand the
blocks microstructure and the possible composition changes that
Pb addition causes in these systems, XRF analyses were performed.
After the mechanical strength tests of those matrices, samples were
collected from the external and bulk parts of the blocks. Ca, Al and
Fe contents were monitored due to their importance in the cement
and mortar. Element content was expressed in terms of metal/Si
ratio (M/Si), since Si (as SiO2) is stable under such pH conditions.
The results were expressed in term of rate intensity and are showed
in Table 7.

The XRF analyses show that the cement matrices are homo-
S5-L bulk 1.75 0.05 0.16 0.39
S8-L external 1.58 0.05 0.14 0.40
S8-L bulk 1.75 0.05 0.16 0.40
SR external 6.37 0.01 0.46 –
SR bulk 6.02 0.06 0.44 –
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ig. 5. Relationship between compressive strengths and matrix metal content M/Si,
= Ca, Al, Pb (bulk and external surface) in mortar matrices.

onstituents of the cement matrices. The mineral composition is
asically constituted of alite or tricalcium silicate (CaO)3SiO5 belite
r dicalcium silicate CaO)2SiO2, tricalcium aluminate (CaO)3Al2O6
nd ferrite phase or tetracalcium aluminoferrite (CaO)4Al2O3Fe2O3.
he respective percentage is roughly 45 and 60%, 15 and 30%, 6 and
2%, and 6 and 8% [29,43,44]. The major product of silicate phase,
ydrated calcium silicate (CaOSiO2·H2O) is one of the main con-
tituents of the cement matrices, and it is the main responsible for
ts resistance [29,43]. Therefore, a relationship between the com-
ressive strength and the matrices metal content was carried on.
he results are shown in Fig. 5.

The results suggest that the Ca/Si ratio reduction can contributes
o resistance decrease. Calcium leaching is a degradation process

hat consists in the progressive dissolution of the cement paste as
consequence of the migration of the calcium ions to the aggres-

ive solution. This phenomenon is normally observed in aggressive
olutions [5,8,14,15], as in the present case. In several studies it
as observed that the pH increasing causes a solubility of Ca2+ in

ig. 6. Pb/Si ratio in the bulk and external surface of the matrices submitted to
ifferent pH.
Fig. 7. Ca/Si ratio in the bulk and external surface of the matrices submitted to
different pH.

the calcite/portlandite phase [45,46]. The lead behavior is differ-
ent: when the pH increases there is a trend to form oxides (such as
PbO2, for example), while for pH decreasing, the generation of Pb2+

is favored [47]. Thus, the leaching effect played by the solutions was
then monitored by expressing the Pb/Si and Ca/Si ratio, detected in
the bulk and external surface of the matrices, after submission of
the matrices to different pH solutions, as illustrated in Figs. 6 and 7,
respectively.

According to Fig. 6, the Pb content in the bulk and external sur-
faces is roughly the same for the matrices which were not exposed
to pH solutions (blank). This result suggests that Pb was initially
homogeneously distributed along the matrices, and different dis-
tribution was achieved after the contact with the pH solutions. For
the bulk surface, Pb content seems to be much reduced in acid pH,
probably due to migration towards the external medium. Never-
theless, alkaline medium (pH 8) seems not to affect the Pb/Si ratio,

if compared to the blank. Concerning the external surface, the vari-
ation along the tested pH seems to be less significant, probably
due to compensation of Pb migrated from the bulk to the external
matrices surface. Fig. 7 shows the results expressed for Ca/Si ratio.

Fig. 8. SAXS profiles plotted as I(q) × q to cement matrices RF and S8, external
surface.
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Fig. 9. Correlation between fract

Similarly to the Pb leaching behavior, the blank samples suggest
uniform distribution of Ca both along the bulk and external sur-

aces. Nevertheless, Ca seems to be more prone to leaching under
hese investigated conditions, considering that a reduction in Ca is
bserved both in the external surface, as in the bulk one. Conversely
o Pb, in the bulk surface, Ca content is lower in pH 7 and 8 than in
H 5. It can be explained because the pH of the solution increases
ery quickly, although the pH have been monitored weekly.

It is important to point out that the Pb content in the external
urface of cement matrices exposed to pH solutions are higher than
a one under the same conditions. In the bulk surface, the content

s comparable for all investigated pH values, excepting for pH 5, in
hich Ca content is superior. The results of XRF indicate Pb migra-

ion to the external surfaces in matrices of pH 5, 7 and 8, and its
igration rate increases as pH decreases. In the case of Ca, lower

ontent was observed in the external surface for all the systems.
evertheless, its migration from the bulk surface seems to be more
ffected as the pH increases, probably due to the enhancement of
a2+ solubility in the calcite/portlandite phase, as previously com-
ented.
In the present study, fractal geometry of the cement matrix was

etermined by small angle X-ray scattering (SAXS). Fig. 8 shows the
AXS curves, plotted as I(q) × q, for the cement matrices SR and S5
E – external surface).

Taking into account the q intermediate region in the SAXS
urve, ˛ coefficient values (slope) were calculated for the different
ystems: SR, SB, S8, S7 and S5, bulk and external surfaces. This coef-
cient is related to the fractal geometry of the matrices, as shown

n Table 8.
According to Table 8, SAXS results show that there are two

egions in the matrix: a denser one (3.6) and another one less dense
3.03). In the matrix SR (without Pb), only one region is depicted

ndicating that the two observed regions might be resulting from
b addition. It is worth noting that in the case of the bulk sur-
ace, submitted to pH 8 (S8), only one region is detected, being in
he agreement with XRF results (Fig. 8), which content was much
imilar to that measured in the Blank.

able 8
lpha values of the bulk and external part of the matrixes.

Sample Bulk External surface

SR 3.60 3.58

SB 3.65 3.03 3.5 3.15
S5 3.67 3.31 3.8 3.35
S7 3.70 3.20 3.97 3.31

S8 3.74 3.6 3.13
fficient (˛) and of the resistance.

In general, the increasing in pH engenders enhancement in the
mortar density. The pH influences in the density of the matrix, prob-
ably because the continuous contact with the aggressive external
ambient.

Fig. 9 presents the correlations between the compressive
strength and fractal geometry (˛) values determined by SAXS data
for internal and external part are analyzed.

According Fig. 9, the behavior in both bulk and external surface
is similar. The presence of Pb affects both the strength and ˛ values.
The reduction is sharper in the case of the external surface, which
is most exposed to the pH solution.

4. Conclusion

In the present study, it was observed that Pb stabilization and
solidification in mortar is possible. The introduction of Pb into the
matrices engenders a reduction in the resistance, not by hydration
excess, but rather by an exchange reaction between Pb and the
phases of the cement. Furthermore, the stability of the resulting
mortars is sensitive to the external environment. Ca leaching, in
basic medium, seems to be the main cause which contributes to
resistance decreasing in the matrices. Therefore, solutions with pH
closer to neutral are the most suitable for the matrices application
when Pb is present in their manufacture. Then, Pb stabilization and
solidification in mortars can be a suitable procedure to immobi-
lize Pb residues, if such matrices are used or kept in environments
which are not exposed to very aggressive media in terms of pH
values.
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