Journal of Hazardous Materials, 30 (1992) 83-95 83
Elsevier Science Publishers B.V., Amsterdam

An XPS and SEM/EDS characterization of leaching
effects on lead- and zinc-doped portland cement

David L. Cocke, M. Yousuf A. Mollah, J.R. Parga, Thomas R. Hess and
J. Dale Ortego

Environmental Chemistry Laboratory, Department of Chernistry, Lamar University, Beaumont,
TX 77710 (USA)

(Received May 13, 1991; accepted September 10, 1991)

Abstract

The characterization of leaching effects on portland cement doped with lead and zinc has been
carried out by X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy/en-
ergy dispersive spectroscopy (SEM/EDS). Evidence is presented from XPS and SEM/EDS re-
sults that the dopant metal ions are preferentially adsorbed on the surface of the cementitious
materials. Leaching tests reveal that most of the Zn?* ions and some of the Pb®>* ions are dis-
solved. A chemical shift with respect to the Si(2p) XPS peak occurs due to the increased poly-
merization of the silicates present in cement. The distribution of the cations before and after
leaching is discussed in relation to the XPS and SEM/EDS results.

1. Introduction

Solidification/stabilization (S/S) of hazardous industrial waste has been
used for more than two decades. This technology uses selected materials such
as portland cement, fly-ash, pozzolan, lime, etc., for binding the hazardous
waste prior to landfilling. Although the application of S/S technology has been
widely used, there remains a lack of fundamental understanding of the physical
and chemical changes that take place as a result of solidification of the priority
pollutants metals (Cr, Pb, Ba, Se, Zn, Ag, Hg, As and Cd). Little is known
about: (a) the adsorption behaviors of different metal cations on cementitious
materials, (b) the chemical and physical changes that take place as a result of
adsorption of these metal ions, (¢) the effect on cement structure by solidifi-
cation, and (d) the leaching behavior of different metal cations adsorbed on
these substances. In recent publications [1-8], we have shown how modern
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surface analysis techniques (X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), ion scattering spectroscopy (ISS), etc.), bulk
characterization techniques (X-ray diffractometry (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), etc.), and
optical spectroscopies (FTIR, solid state NMR, etc.) can be successfully uti-
lized to reveal the chemistry and leaching mechanisms of the S/S process.

High resolution solid state ?Si NMR techniques have been successfully ap-
plied to characterize the hydration products of portland cement [9-11]. The
chemical shift of 2*Si nuclei in various silica minerals is dependent on the na-
ture of the X group in Si—-O-X units [12]. This chemical shift has been suc-
cessfully used to characterize the nature of silicate polymers in hydrated ce-
ments [13]. Ortego et al. [14] have reported, via FTIR and >°Si NMR studies
of lead- and zinc-doped portland cement, that silicon polymerization during
hydration is slightly enhanced with lead doping, while being retarded in the
presence of zinc.

Today, XPS is widely used in surface characterization because it probes the
surface core-level electronic states, thus providing qualitative and semi-quan-
titative information concerning the surface. Shifts in the core-level electronic
states provide information concerning the chemical state of the surface com-
ponents as well as knowledge of the bonding interactions between these com-
ponents. In recent publications [15-17], we have demonstrated how this sur-
face analysis technique can be used in elucidating the binding and chemical
environment in clay, clay minerals and other Si-containing compounds. The
position of Si(2p) core electronic states in the silicate minerals has been found
to be a diagnostic test for delineating the surface conditions in these substances
[18, 19]. Carriere et al. [19] have carried out extensive studies of the Si(2p)
XPS peaks in Si-containing minerals. Based on the Si(2p) peak positions they
have grouped these substances into four categories: (1) elemental silicon at a
binding energy (BE) of 99.0 eV, (2) Fe-Si alloys at BE=100.0 eV, (3) inter-
mediate Si oxidation states or those silicate minerals containing less than four
Si—O bonds per Si atom at BE=102.0-103.0 ¢V and (4) heavily oxidized Si-
containing minerals that contain SiO, tetrahedra linked at four corners by-
Si-O-Si-bonds at BE=104.0 eV.

We have reported [1] via XPS and ISS studies of lead- and chromium-doped
portland cement that lead is located primarily on the outer surface of the ce-
ment matrix while chromium is dispersed in the bulk. XPS and ISS results
combined with SEM data indicated that lead is associated with the tricalcium
silicate (C;S) and the S-dicalcium silicate (#-C,S) components of the cement
matrix. We have also found [2] from XPS and FTIR studies of cement doped
with barium nitrate, that the presence of Ba?* cations in the cement matrix
enhances the polymerization of orthosilicate units in cement. Portland cement
doped with mercury has also been investigated using XPS and EDS techniques
[3]. The results indicate that mercury does not form a surface complex with
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the cement matrix, but is present as the polymeric yellow form of mercuric
oxide. In a continuation of our previous works, we report here some XPS and
SEM/EDS studies of both leached and unleached samples of lead and zinc-
doped portland cement.

2. Experimental

Portland cement, Type 1, was used to prepare the samples. Standard solu-
tions of 10.0 wt% lead and zinc nitrates were prepared using cation-free water.
The solution was then slowly added to the cement while stirring continuously
with a mechanical stirrer. A cement/water ratio of 0.40 was maintained in all
cases. The doped samples were allowed to set for a period of 28 days at room
temperature in air at about 85% relative humidity. One sample of lead and
zinc-doped cement was subjected to the TCLP (toxicity characteristic leach-
ing procedure) tests [20] using acetic acid and sodium acetate buffer (pH
4.85) for 2 hours to investigate the leaching characterstics. The samples were
stored in air prior to analysis.

Prior to XPS analysis, the samples were vacuum dried. After drying, a por-
tion of the bulk unleached samples (outer surface of the leached sample) was
ground into a fine powder and pressed into a stainless steel sample holder. The
XPS analysis was carried out using a Kratos XSAM 800 photoelectron spec-
trometer fitted to a custom-built vacuum chamber. The analysis chamber was
maintained at 5x 102 torr or better during the analysis. Magnesium K, ra-
diation (1253.6 eV) was employed throughout the experiment. The spectrom-
eter, controlled by a DS800 operating system, as operated at low magnification,
medium resolution and fixed analyzer transmission (FAT) mode. To compen-
sate for the shift in energy due to surface charging, the observed binding ener-
gies were all adjusted by assigning the value for the C(1s) line from adventi-
tious carbon to a BE=285.0 eV. The C(1s) region showed three partially
overlapping peaks that in some cases required decomposition and fitting to
assign the adventitious carbon peak at 285.0 eV. A low binding energy peak
was obtained from the metal sample holder and gave direct information on the
electrical connection between the nonconductive sample and the spectrometer.
An additional surface charging that uniformly affected all the other observed
peaks was accounted for using the middle carbon peak. The high binding en-
ergy carbon peak corresponds to carbonate. Samples were run several times
until consistent binding energies were obtained for all peaks as compared to
our laboratory standards and to the literature.

Prior to SEM/EDS analysis, both leached and unleached samples were dry-
cut using an Isomet low speed saw with a diamond studded blade. The sample
slices were mounted using double-sided tape and analyzed by a JEOL-6400
scanning electron microscope (SEM ) equipped with a Tracor-Northern Series
2 EDS system with a germanium detector and diamond window.
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3. Results

The zinc and lead samples were analyzed using XPS and SEM/EDS to de-
termine the extent of the chemical changes that occur upon leaching. The SEM/
EDS provides information concerning the morphological and compositional
changes that occur upon leaching. The chemical state of the sample constitu-
ents and their composition can be delineated from XPS studies. Together, these
two techniques are expected to provide better insight into the leaching mech-
anisms of the solidified wastes.

3.1 XPS results

The photoelectrons and Auger lines indicate the presence of calcium, silicon,
carbon, oxygen and lead in the unleached and leached lead samples. The zinc-
doped sample contains calcium, silicon, carbon and oxygen in the leached and
unleached samples. Zinc was found in the unleached sample only. Only a trace
amount of potassium, sulfur and aluminum were detected in both the leached
and unleached lead and zinc samples. The binding energies of the major com-
ponents are given in Table 1. The change in binding energy between leached
and unleached samples (ABE =BE,.,cnea — BFEunleached) 18 also given.

The binding energies of the oxygen 1s peaks in the lead and zinc unleached
and leached samples occur at about 531.5 and 532.5 eV, respectively. Therefore,
ashift (see Fig. 1) in the binding energy of the O (1s} peak of about 1 eV occurs.
The O (1s) binding energy is dependent on the surrounding chemical environ-
ment in the cement. ‘

An O(1s) binding energy of approximately 531.0-531.5 eV is considered to

TABLE 1

Binding energies (eV) of the major surface components identified in 10.0% lead and 10.0% zinc-
doped portland cement

Components Binding energies (eV)
Identified

10.0% Pb-doped 10.0% Zn-doped

Unleached Leached ABE Unleached Leached ABE

Ca(2p;,2) 347.1 348.1 1.0 347.0 347.4 0.4
Si(2p) 101.2 102.7 1.5 101.0 102.6 1.6
Pb(4f;;,) 138.4 138.8 0.4 — — —
Zn(2ps;z) — — —_ 1021.5 —t —
O(1s) 531.4 532.5 1.1 531.6 532.4 0.8
C(1s) 285.0 285.0 0.0 285.0 285.0 0.0

®No zinc was detected.
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Fig. 1. XPS spectra of O(1s) lines for (a) zinc-doped cement, and (b) lead-doped cement.

be characteristic of the O?~ oxidation state for hydroxyl, carbonate and silicate
anion species in a cement matrix [1, 21, 22]. Although it is rather difficult to
use the O(1s) peak to infer the chemical state of the oxygen species on the
cement surface, the O(1s) peak has sometimes been used to differentiate be-
tween bridging (-Si—-0O-Si-) and non-bridging (-Si-O-X-, where X=Na, Al,
Fe, etc.) oxygen atoms in minerals and ceramics [19]. A shift to higher binding
energies due to leaching is perhaps indicative of the oxygen reacting with the
silicon to form a bridging moiety in the cement matrix.

XPS spectra of Si{2p) lines for leached and unleached samples are shown
in Fig. 2(a) for zinc-doped cement and in Fig. 2(b) for the lead-doped sample.
The peaks appear at 101.2 and 102.7 eV for the unleached and leached lead-
doped samples and the corresponding peaks in the zinc-doped samples appear
at 101.0 and 102.6 eV, respectively. The XPS peaks in Si(2p) have thus been
shifted significantly by about 1.5 eV due to leaching. The Si(2p) signal has
been used to elucidate the structural nature of silicate minerals {15, 19,
23, 24].

Carriere et al. [19] have shown that the diagnostic Si(2p) XPS peaks for a
heavily oxidized Si-containing mineral occurs at about 104 eV, while an inter-
mediate Si-oxidation state for these silicate minerals occurs at around
102-103 eV. An increase in the binding energy of the Si(2p) peaks in the leached
samples is therefore indicative of an increase in the number of Si—O bonds per
silicon atom, thus leading to enhanced polymerization of silica present in
cement.

The Ca(2p;,,) and Ca(2p,,2) peaks in the lead-doped samples appear at
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Fig. 2. XPS spectra of (a) zinc-doped cement and (b) lead-doped cement showing shifting of
Si(2p) lines due to leaching.

347.1, 350.6 and 348.1, 351.6 eV in the unleached and leached samples, while
the corresponding peaks in the zinc-doped spectra appear at 347.0, 350.5 and
347.4, 350.9 eV, respectively. The binding energy difference between the Ca
(2pa/2) and Ca(2p, ,,) peaks is about 3.5 eV, which is typical of calcium sulfate,
silicate and carbonate [3, 21].

The binding energies of Ca(2p;,,) peaks in the unleached lead (347.1 eV)
and zinc (347.0 eV )-doped samples are similar and approximately equal to the
same peak in calcium hydroxide which appears at 346.7 eV (Figs. 3 and 4). It,
thus, appears that calcium in hydrated cement is present mostly as calcium
hydroxide. This is in agreement with the values reported by Suguma [25] from
XPS studies of Ca-based hydrates formed by the interaction of Ca(OH), and
the chemical constituents present on the surface of ceramic microspheres.

Suguma has reported that the binding energy due to the 2p;,, peak appears
at 346.7 for Ca(OH), and 347.6 and 348.4 eV due to the association of calcium
in Ca0-Si0,~H,O and Ca(0-Al,0,-Si0,-H,0, respectively. However, ‘the
binding energies due to the Ca(2p;,,) peaks appear at higher positions in the
lead (Fig. 3) and zinc-doped (Fig. 4) samples, although the difference between
the leached and unleached samples is much more significant for the lead sam-
ple (1.0 eV) than the zinc-doped samples (0.4 €¢V). The reasons for this are
not yet known. It does, however, emphasize the difference in surface chemistry
between zinc- and lead-doped samples. This difference will be examined in
future studies.

The Pb(4f;,,) peaks in lead-doped samples appear at 138.4 eV for the un-
leached sample and 138.8 eV for the leached sample (Fig. 5). The relatively
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Fig. 3. XPS spectra of Ca 2p, ,» and Ca 2p,,, lines for lead-doped cement and standard Ca(OH)..

Standard

Unieached
Leached

360 355 350 345 340

Binding Energy (eV)
Fig. 4. XPS spectra of Ca(2p,,,) and Ca(2p;,;) lines for zinc-doped cement and standard Ca(OH) 2

small shift in the binding energy indicates that the chemical state of the lead
has not changed significantly upon leaching. The binding energy of the Zn
(2ps,2) peak appears at 1021.5 eV in the unleached sample. However, no zinc
was found in the leached sample indicating that most of the surface zinc has
been dissolved during the leaching tests.
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Fig. 5. XPS spectra of lead-doped cement before and after leaching.

3.2 SEM and EDS results

The lead- and zinc-doped samples were also analyzed using scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy (EDS) for qual-
itative and morphological information of the leached and unleached surfaces.

The SEM micrograph of the unleached side, leached side and unleached and
leached front are shown in Fig. 6. The unleached and leached front (Figs. 6b
and e) show two distinctive facets of unleached and leached areas. The char-
acteristic morphology of the phases is also quite visible. The inner continuous
matrix is similar to the unleached side. The leached sides consist of a “honey-
comb” type of structure made up of flakey bright substances. The morphology
of the outer leached side may be compared with a cross-linked, poorly crystal-
line structure and is similar to ettringite commonly present in hydrated cement
{26]. The unleached sides (Figs. 6a and d) of both lead- and zinc-doped ce-
ment consist of a continuous dark area surrounded by bright flakey material.
The zinc-doped cement has more amorphous characteristics than the lead-
doped cement, while the lead-doped cement shows more needle-shaped struc-
tures. The leached sides (Figs. 6¢ and f) consist of loosely bound flakey ma-
terials with cracks and needle-shaped substances spread over the side. The
morphology of the zinc-doped leached sample is fairly similar to the lead-doped
leached sample.

The corresponding EDS spectra of the unleached and leached samples are
shown in Fig. 7. The following elements have been identified from the lead-
doped sample: oxygen, calcium, silicon, aluminum, lead and potassium. It can
be seen (Figs. 7a and b) that the concentration of silicon and calcium have
been drastically changed due to leaching. The calcium to silicon (Ca/Si) ratio
has been considerably reduced in the leached sample due to the dissolution of



Fig. 6. SEM micrographs of lead (a,b,c)- and zinc (d,e,f)-doped portland cement. (a, d) Un-
leached samples, (b,e) leached-unleached front, (c,f) fully leached samples.

Ca(OH),. The concentration of aluminum and potassium has increased slightly
as a result of leaching, while the concentration of lead has been decreased.
The elements identified from EDS spectra of the zinc-doped sample include
oxygen, calcium, silicon, aluminum and potassium. No zinc or sulfur was de-
tected in the leached sample. It is quite clear (Figs. 7c and d) that the calcium
to silicon ratio (Ca/Si) is considerably lower in the leached sample as in the
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Fig. 7. EDS spectra of lead (a,b)- and zinc (c,d)-doped cement; (a,c) unleached sample, (b.d)
leached sample. Note the virtual absence of potassium.

case of the lead-doped cement. These results indicate the presence of higher
concentrations of silicon in the near surface regions (1 um) of the leached
sample. The EDS results are compatible with the XPS results presented above.

4. Discussion

The primary objectives of the present work were to (a) investigate the chem-
istry of leaching, (b) ascertain the positions of the metal dopants in the cement
matrix before and after leaching and (c) characterize the environment of sil-
icon in the cement matrix before and after leaching.

The present results confirm previous reports [1] that lead is preferentially
adsorbed on the surface of the cementitious material doped with lead and also
retardation of the setting of cement by Pb?* ions by blocking the hydration
reaction. The binding energy of the Pb (4f) XPS peaks indicates the presence
of Pb?* ions and is also consistent with silicate, hydroxide and carbonate. The
leaching process removes most of the Pb?* ions from the surface of the cement
matrix as is evidenced from the much reduced intensity of the Pb(4f) XPS
peak. The situation is similar for the zinc-doped sample. The presence of flakey
materials on the surface of unleached samples and the low intensity of the lead
and zinc observed in the EDS support surface binding for both lead and zinc.
The SEM micrographs also support this argument.

The binding energy of the Ca(2p;,,) peaks for the zinc unleached and leached
samples are not significantly different and could be attributed to Ca®** in
Ca(OH),. The surface concentration of calcium in the leached samples has
been significantly reduced. Since calcium and silicon are the major compo-
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nents in portland cement, a rough calculation for comparison purposes of the
relative percentage of calcium and silicon in the leached and unleached sam-
ples can be made from the EDS spectra after normalization of calcium and
silicon peak areas only. In the unleached samples the percentages of silicon
and calcium are 29.0 and 71.0 for 10% Pb-doped cement and 19.10 and 80.90
for 10% Zn-doped cement, respectively. The corresponding values in the leached
samples are 49.40 and 50.60 for Pb-doped cement and 83.70 and 16.30 for 10%
Zn-doped cement. The Ca/Si ratio (2.40 and 1.02 for unleached and leached
Pb-doped cement; 4.20 and 0.19 in the unleached and leached Zn-doped ce-
ment) thus decreases due to leaching, although the effect is more significant
for Zn-doped cement. This is clear evidence that much of the calcium present
as calcium hydroxide has been dissolved into the acidic medium. The relative
concentration of silicon has been increased due to leaching and loss of hydrox-
ide and sulfate. ' _

The chemical shift with respect to the Si(2p) XPS peak is a significant
result. McWhinney [21] has reported the BE of Si(2p) XPS peaks in standard
cement, 10% Pb-doped and 10% Zn-doped cement as 101.1, 101.6 and 101.5
eV, respectively. The BE of the Si(2p) XPS peak in the unleached lead and
zinc-doped cement are comparable, while the BE of the same peak in the leached
sample was found to be 102.7 and 102.6 eV, respectively. The BE of the Si(2p)
peaks have, therefore, been shifted in the leached samples by about 1.5 eV for
lead and by 1.6 eV for zinc. The results clearly demonstrate that the silicon
environment has undergone drastic changes due to leaching. We have reported
[15, 16] via XPS studies that the chemical shift with respect to Si(2p) peak
can be attributed to the difference in the Si-bonding environment and the BE
of the resulting Si-containing compound is dependent on the number of Si-O
bonds per Si atom. Calcium silicate hydrate (Ca0O-SiO,-H,0) is the primary
cementing and hardening chemical formed on hydration in portland cement
and other lime silica systems. It is believed [1] that CaO is a favorable site for
acid attack during the leaching process leading to polymerization of the sili-
cates. Ortego et al. [14] have reported, via 2Si NMR and FTIR studies of lead-
and zinc-doped cements, that polymerization of the silicates present in the
cement matrix occurs due to leaching and the following generalized mechanism
of polymerization has been proposed:

~>8i-0X+Hy,——> Si~OH+ X, or

> 8i~0,X+2H{,,—— > Si- (OH), + X2, ete.

where X =calcium, potassium, sodium or toxic metals ions. Then, condensa-
tions via silanol groups produces:

Si—-(OH),—— branched and cross-linked silicates
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A BE value of 103.0 eV for Si(2p) XPS peaks in the leached samples clearly
demonstrate that the Si moiety in the cement matrix has been polymerized due
to leaching. It is likely that small units of polymerized silica have been linked
at one or two corners of O-Si-O tetrahedra. The beehive type morphology
present in the leached front support this argument. The presence of trace
amounts of potassium in the unleached and leached samples is attributed to
the ion exchange mechanism previously reported [1].

B. Conclusions

The XPS and SEM/EDS results confirm previous reports that both zinc
and lead are preferentially deposited on the surface of the cement grains. How-
ever, the leaching experiments reveal that extended contact of the metal-doped
solidified portland cement with the acidic leaching solution attacks and de-
stroys its mineral structures. The leaching solution attacks the calcium silicate
hydrate (C-S-H) by removing calcium and dissolving calcium hydroxide from
the solidified matrix. This exposes the silicate moiety to the acidic solution
leading to increased branching and cross-linking of silicates to produce a crum-
bly porous solid with very little mechanical strength. The decrease in alkalinity
caused by the acidic attack increases the solubility of the hazardous cations as
well as undermines the chemical and physical integrity of the cement matrix.
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