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Abstract : Fixation of lead contaminants in the solidification/stabilization using Portland cement has been
investigated by X-ray diffraction, scanning electron microscopy and compressive strength. The presence of
lead was observed to produce lead carbonate sulfate hydroxide (PbsSO4(COs)2(OH)z), lead carbonate
hydroxide hydrate (3PbCO3-2Pb(OH)2-H,0) and two other unidentified lead salts in cavity areas and was
observed to significantly retard the hydration of cement. By 28 days, howevere, the XRD peaks of most of
the lead precipitates have essentially disappeared with only residual traces of lead carbonate sulfate
hydroxide and lead carbonate hydroxide hydrate evident. After 28 days of curing, hydration appears well
advanced with a strong portlandite peak present though C-S-H gel peaks are not particularly evident. Lead
species produced with the dissolution of lead precipitates are fixed into the cement matrix to be calcium
lead silicate hydrate (C-Pb-S-H) during cement-based solidification.
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INTRODUCTION

Heavy metals and hazardous organic substances
can cause significant damages to the environment
and human health as a result of the mobilities
or solubilities of these substances.” Hazardous
and radioactive wastes, contaminated sites and
mine tailings typically require a treatment to pre-
vent the release of toxic substances into the
environment but the increase in quantity of these
wastes is of concern.

Solidification/stabilization (S/S) has been con-
sidered to be a suitable process for managing
such wastes because it is a relatively cheap and
effective technology. The U.S. Environmental
Protection Agency (U.S.-EPA) recognizes cement-
based solidification as the ‘best demonstrated
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available technology’ (BDAT) for land disposal
of most toxic elements.”?

The SIS process is to produce solids that are
non-hazardous or less hazardous than the original
waste, and to prevent pollutants from migrating
into the environment.? The reduction of hazar-
dous effect of S/S for hazardous substances is
achieved by making the toxic contaminants phy-
sically immobile and/or chemically bound to the
binders.® The degree of hazard of the solidified
waste forms (SWF) is usually evaluated by lea-
ching tests.

The presence of lead in wastes has been found
to lower the rate of strength development in solid
waste forms when cement is used for S/S pur-
poses. The major objective of the present study
is to find the mechanism of the effect of Pb
contaminants in the presence of Portland cement.
The ‘fate’ of Pb contaminants is investigated by
SEM and X-ray diffraction for the identification
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of mineral transformations occurring during the
setting process.

EXPERIMENTS

M aterials

Cement used was purchased as ordinary Port-
land cement (OPC) from Ssangyong Cement in
Korea. The cement has the following mineralogical
composition: (i) 41.7% of tricalcium silicate
(CasSiOs: CsS), (i) 27.9% of dicalcium silicate
(CaSiOs: CyS), (iii) 12.7% of tricalcium alumi-
nate (CasAl,06: C3A), (iv) 9.4% of calcium alu-
minoferrite (CasAlFe;010: C4AF) and (v) 2.9%
of calcium sulfate (CaSO4 2H0).

The wastes were prepared from lead nitrate
which precipitated to form hydroxide sludge on
adjusting the pH to 8.5 by adding 6.0 N sodium
hydroxide and then dried at 104°C for 24 hours.
The major crystalline phases present were identi-
fied by X-ray diffraction and found to principally
be lead nitrate hydroxide [Phz(NO3)(OH)s] and
lead oxide nitrate hydroxide [PbsO3(NO3)2(OH)4].
The formation of these minerals is consistent
with the results of Asavapisit et al.? and Gress
et al.”.

Varying ratios of dry Pb waste and cement
were mixed with water at a water/solid (cement
and Pb wastes) ratio (W/S) of 0.3. After comp-
lete mixing the samples were introduced into
polyethylene cylindrical moulds measuring 20
mm diameter x 40 mm height and removed
after 24 hours. The curing was carried out in
humid air at 20°C for 2, 7, 14, and 28days for
each sample respectively. Samples were prepared
in triplicate and are denoted KPi, where i is the
Pb-doped waste content.

M ethods

Unconfined compressive strength (UCS) was
tested on the samples using an Instron testing
machine. The top and bottom of the samples
were capped with masonite to limit the effect of
cracking. Load was increased until cracks began
to appear. The compressive strength was calcu-
lated as the applied load divided by the cross-

sectional area.

X-ray Diffraction (XRD) was used to identify
and quantify the crystalline mineral phases pre-
sent in the SWF. The mineralogical composition
of the samples was analyzed using Cu Ka radia-
tion at 35V and 25mA on a Philips 1830 XRD
diffractometer. XRD scans were obtained using
0.04° steps with 2 second counting time. Difftect
5.0 software and JCPDS diffraction files by JCPDS
International Center for Diffraction Data were
used for identifying mineral forms of SWF.

Scanning electron microscope (SEM) images
were obtained using a Hitachi 4500 SEM fitted
with electron dispersive spectroscopy (EDS). Sam-
ples for SEM analysis were cured for 28 days
and then dried at 104°C for 24 hours. The dried
solid samples were carefully fractured and coated
with carbon to prevent electronic charging effects
during the SEM analysis. Chemical elements of
Ca, Si, Pb, Al, K, Mg and S were identified by
EDS investigation.

EXPERIMENTAL RESULTS

Effect of Lead on the UCS and Leaching
Test of SWF

The results of UCS measurements on solidified
waste forms (SWF) in the absence and presence
of lead over 2 months of curing time are shown
in Figure 1. Normal OPC develops a strength of
around 7000 N/cm?® for 14 days curing and only
9500 N/cm’® after 28 days. The effect of Pb in
inducing poor strength development in cement-K
is obviously shown with the retardation effect.
The strengths in all samples containing Pb are
essentially zero up to 14 days, but increase to
20% (40% in Pb5-K) of that for pure cement
paste (K0) at 28 days. Pb10-K and Pb20-K ach-
ieve a UCS of 40% of regular OPC after 60
days and appear to continue to gain some strength
thereafter.

In the earlier studies,s) the total raw concentra-
tions of lead present in the SWFs containing
5%, 10% and 20% Pb-doped wastes are 1,925,
3,930 and 7,860 mg/L respectively. Lead concent-
rations in the extraction fluid from SWF are
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Figure 1. Effect of lead on unconfined compres-
sive strength in the cementitious soli-
dification up to 2 months of curing.

equivalent to approximately 4%, 10% and 13%

respectively. In KP10, the maximum concentration
of lead extracted by the pH static leaching pro-
cedure is about 27% of total amount of SWF.”

X-ray Diffraction Analysis of Pb-doped SWF

In the absence of any significant proportions
of added lead, it is clear from Figure 2 that OPC
rapidly hydrates with clear evidence of the dimi-
nution of OPC constituents (CsS, C.S, CsA and
C.,AF) and of the high formation of portlandite
(Ca(OH),) and probably C-S-H gel after only
two days of curing. Unidentified hydrated pro-
ducts are observed at 26 values of 44.6, 65.0
and 78.1° after 7 to 14 days of curing.
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Figure 2. X-ray diffraction patterns of KO samples at 2, 7, 14 and 28 days of curing.
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The presence of lead appears to induce consi-
derable retardation in the curing process with CsS,
C.:S, CsA, and C.,AF little changed, even after
14 days, from that present in the unhydrated ce-
ment (Figure 3). There is very little evidence of
the presence of hydration products other than a
little portlandite at 14 days curing time. The XRD
signature of the precipitated lead salt present in
the initial synthetic waste (P1 : Pby(NOs3)(OH)s)
is evident in the cemented solid as are a num-
ber of secondary precipitates presumably as a
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result of interaction of solubilised lead with sul-
fate derived from the OPC and carbonate anions
from the atmosphere. In particular, there is evi-
dence for the presence of lead carbonate sulfate
hydroxide [P2 : PbsSO4(CO3)(OH),, JCPDS file
No. 38-354], lead carbonate hydroxide hydrate
[P3 : 3PbCO3 - 2Pb(OH). - H20, JCPDS file No.
9-356] and two other unidentified lead salts (P4
and P5) (Figure 3). From the diffraction studies
there is no evidence of Pb(OH),, cerussite (PbCOs3),
hydrocerussite (Pb(COs)2(OH)2) or anglesite (PbSO4)
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Figure 3. X-ray diffraction patterns of KP10 samples at 28 days of curing.
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in substantially crystalline forms. In our early
study,” the lead precipitates including sulfate
were also found by electron probe microanalysis
(EPMA).

The peaks of the five precipitated lead salts
(P1-P5) in KP10 maintain a reasonably high
albeit diminishing intensity over the first 14
days of curing. By 28 days however, the XRD
peaks of P2, P4 and P5 lead compounds have
essentially disappeared with only residual traces
of P1 and P3 evident. After 28 days of curing,
hydration appears well advanced with CsS, C,S
and CsA peaks markedly decreased and a strong
portlandite peak present though C-S-H gel peaks
are not particularly evident.

DISCUSSION

Solidification/stabilization processes are able
to produce solids that are non-hazardous or less
hazardous than the original waste, and to prevent
pollutants from migrating into the environment.”
The non- or less hazardous effect of S/S for
hazardous substances is achieved by making the
toxic contaminants physically immobile and/or
chemically bound to the binding agents present.s)
However heavy metals in the cement-based S/S
process (which has generally been considered to
be a suitable process for managing such wastes)
may, at times, exhibit (or induce) specific inter-
actions between the waste and the binding agent
which limit the fixation process. In addition the
effect of additional binding agents, which may
be added in order to rectify specific limitations
in the fixation of heavy metals, is an area of
research in which many challenges remain not
least because of the extreme complexity of the
heterogeneous systems of interest.

‘Faie of Lead Wastes on the Cement-based
SS

Lead, one of the priority metallic pollutants,
has been found to hinder the S/S process due to
the retarding effect it induces.**™ Lead ions
(Pb®) released from lead precipitates such as
sz(NO3)(OH)3 and PbeO3(NO3)2(OH)4, may form

polynuclear species such as PbsO(OH)s™" at the
high pH (of 12-13) approached in cement-water
solution."” The pH is especially important for
the behavior of lead as it exhibits amphoteric
properties and is highly soluble both at low and
high pH with maximum insolubility shown in
the pH range of 7.5-10.% In view of this, the
solubility of lead in the early cement hydration
period may actually be higher than that in the
original Pb wastes and the possibility exists that
a portion of the Pb wastes may rapidly dissolve
in the initial stages of cement hydration.

The lead hydroxy-cations derived from the
original Pb solids can adsorb to silicate surfaces
and/or precipitate as sulfate or carbonate compounds.
Results of the present study indicate that the Pb
concentration in the cement solution sharply dec-
reases to approximately 600 mg/L within 2 minutes.
A likely explanation for this effect may be that
the original Pb wastes rapidly convert to secon-
dary precipitates through dissolution and re-preci-
pitation processes in the early hydration of cement.

Lead Precipitates in the Cavity Areas

Based upon the XRD investigation of lead
enriched solidified samples, precipitates of lead
carbonate sulfate hydroxide (PbsSO4(COs)2(OH)),
lead carbonate hydroxide hydrate (3PbCO3-2Pb
(OH)2.H20) and two other unidentified lead salts
(P4 and P5) are found in cavity areas (Figure 3).

Large accumulations of lead precipitates rich
in sulfate are found in the large cavity area (120
um x 120 zm) by electron microscopy and Ene-
rgy Dispersive X-ray analysis (Figure 4(a) and
(b)). These precipitates are encapsulated in the
cavity by the cement-solidified materials. How-
ever, as pH in the cement pore waters undergoes
fluctuations during the progress of hydration, the
Pb salts undergo solubilization and reprecipitation
periodically.”®*® Pb salts (P1~P5) undergo a very
slow dissolution over 14 days of curing but have
essentially disappeared after 28 days. These Pb
solids located in the cavity areas are readily
accessible to leach water and would be expected
to dissolve under both strongly acidic conditions
as well as under strongly basic conditions.™®
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Figure 4. (8) Microscopic image and (b) elemental
analysis of lead precipitates in the
cavities of KP20.

Membrane Formation and Retarding Effect
of Lead Species

A significant finding of this study is the pre-
ferential deposition of lead both as lead precipi-
tates in the cavity areas and as a membrane of
impervious coating of lead species around cement
clinker grains in the early stages of curing. These
are consistent with argument of Cote'” and Para-
par et a." respectively. In the latter stage of
lead deposition, the membrane of lead species
around the cement clinker grains prevents the
hydration by encapsulating some of the calcium
silicate phases in the clinker. Thomas et al.'?
found that as little as 0.15 wt.% of the Pb
admixture can induce a retardation effect in
solidification by slowing the hydration process.
The presence of the membrane formed by lead
species significantly weakens the cement-solidified
forms physically as shown by the UCS (Figure

1). There is clear evidence for the retarding
effect of lead in that the intensities of the XRD
peaks of the main clinker components CsS, C.S,
CsA, and C4,AF are not reduced, portlandite is
not produced and there is little reduction in the
intermediate lead precipitates (P1~P5) till 14 days
of curing.

Cement-water solution concentrations of calcium
and sulfate in samples without Pb (KO) suddenly
decrease in the first few minutes as a result of
formation of calcium sulfoaluminate (ettringite)."?
The rapid decrease in concentration of these ions
is not apparent however in samples containing
Pb (KP10) due presumably to the retardation in
clinker dissolution by the Pb-rich membranes that
form around clinker components.

At 28 days, most XRD peaks of lead secon-
dary precipitates (P1-P5) almost disappear with
only minor peaks of P1 and P3 evident. There
is evidence for the development of hydration at
28 days with CsS, C,S and CsA peaks markedly
decreased though any specific peaks of C-S-H
are not apparent (possibly because of its XRD
amorphous nature). It is argued that the coating
around clinker components(CsS, C.S, CsA, ---) by
lead compounds retards the dissolution/hydration
of clinker cement. C,AF is generaly considered
most resistant to hydration and peaks still remain
at 14 days though its dissolution is essentially
complete by 28 days.

Fixation Model on the Cement-based S/S
of Lead Wastes

From the findings of thses studies, the follow-
ing model for the fixation mechanism of lead in
the cement-based S/S appears reasonable. The
original Pb wastes dissolve very rapidly in the
highly akaline environment of cement and pro-
duces extremely insoluble precipitates such as
lead carbonate hydroxide and lead sulfate carbo-
nate hydroxide (P1~P5). Lead species also coat
the clinker components, preventing their hydration
for long periods. At the same time, as hydration
is not completely prevented by the coating of Pb
species, diffusion processes through the coating
are till active at a reduced rate>™ As a result,
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Figure 5. (@) Microscopic image and (b) elemental
analysis of KP10 at 28 days of curing.

an excess of portlandite will accumulate on the
fluid side of the membrane particularly after 14
days as shown in the XRD investigation on Pb
enriched solidified material. Precipitation of port-
landite will induce a marked differential in ionic
strength on either side of the membrane with a
resultant buildup in osmotic pressure. This pres-
sure will induce rupture of the membrane with a
subsequent normalization in ionic composition.>'®
The membrane will then reform and the process
of osmotic pressure buildup begin again.

The time of periodical rupture of the membrane
depends on the properties of the cement compo-
nents. Precipitation processes to fix lead compounds
occurs within a narrow zone between the solu-
tions at high degrees of supersaturation.™ It is
also likely that the silicate-rich pore water within
the membrane will induce the formation of fresh
Pb precipitates from Pb acquired from the tran-
sient P1-P5 species. It is expected that solids of
the general form calcium lead silicate hydrate

(C-Pb-S-H) will accumulate.

The micrographs and chemical composition of
the C-Pb-S-H gel both was identified by SEM/
EDS as shown in Figure 5. Bhatty'” has argued
that the lead is fixed into the cement matrix,
forming a metallic calcium silicate hydrate during
cement-based solidification. Some investigators
found the metal hydroxide simply encapsulated
in a silica matrix that prevents its removal except
by destroying the matrix.**® Lead solidified in
this way is leached at rates that are much below
those that would be predicted based on the solu-
bility of lead hydroxides. Conner” has argued
that lead is strongly bound in the hydrated pro-
duct matrix, at least in cement-based systems.
Cocke™ gave evidence that binding energies of
lead ions are consistence with silicate, carbonate,
or hydroxide compounds by XPS.

CONCLUSIONS

This study has examined the effect of lead
contaminants in the presence of Portland cement.
The reduced rate of strength development arises
because lead species coat the surface of cement
components in the clinker and, in so doing, hin-
der the hydration of these entities. In cavity areas,
a large quantity of lead precipitates which, based
upon the results of SEM/EDS and XRD inves-
tigations, have been shown to be principaly lead
carbonate sulfate hydroxide (Pb4SO4(COs)2(OH)y),
lead carbonate hydroxide hydrate (3PbCO3-2Pb
(OH)2:H20) and two other unidentified lead salts.

Most XRD peaks of five lead secondary pre-
cipitates at 28 days, almost disappear with only
minor peaks of principally lead carbonate sulfate
hydroxide and lead carbonate hydroxide hydrate
evident. There is evidence for the development
of hydration with CsS, C,;S and CzA peaks
markedly decreased though any specific peaks of
C-S-H are not apparent possibly because of its
XRD amorphous nature. The lead contaminants
are fixed into the cement matrix, forming a lead
calcium silicate hydrate (C-Pb-S-H) during cement-
based solidification.
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