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Abstract : This study is examined to assess leachability of Pb-doped solidified waste forms using Portland
cement and calcite. X-ray diffraction was used for identification of mineral transformations occurring on the
solidified waste materials formed during the leaching process. Particular attention is given to the leaching
effects of calcite (CaCO;) in the solidification/stabilization of lead. Rapid diffusion of lead substances
(KP20) at the attack of acid is mainly related to dissolution rate of lead precipitates located in larger pores
(capillary pores) and their openness in cavities. On the other hand, additional calcite on lead contaminated
materials (KC5P20, KC10P20) including even a lot of lead precipitates in cavity areas such as KP20 are
presumably very resistant to acid attack because enhanced calcium-silicate-hydrate (C-S-H) due to
accelerating effect of calcite strongly encapsulates/protects even portlandite as well as lead precipitates,
which not much dissolves even up to the 5™ feach.
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INTRODUCTION

Solidification/stabilization (S/S) is a widely
used technology for disposal of hazardous wastes
due to its relatively low cost and demonstrated
effectiveness over many years."” The U.S.
Environmental Protection Agency also recognizes
cementitious solidification as the ‘best demonst-
rated available technology’ (BDAT) for land
disposal of most toxic elements.™

The best system of cement-based S/S has the
ultimate goal of fixing hazardous substances in a
matrix of hydrated products. Fixation mecha-

7Com:sponding author
E-mail: dongj7{@empal.com
Tel: +61-2-9385-5562, Fax: +61-2-9385-6139

nisms in S/S are very complex due to the
mutual chemical and physical interactions bet-
ween wastes and cement components as well as
the aquatic, surface, molecular, and material
chemistry of cement in its own right. ldentifi-
cation of hazardous substances in the cement
matrix and the location of these has not been
adequately addressed with significant limitations
of available characterization tools for investiga-
tion of $/S.”

Immobilization mechanisms were illustrated in
Figure 1 that possible interactions between cem-
ent particles and hazardous substances include
mechanisms as below: A: adsorption, C: chemi-
sorption, D: diodochy, Ic: incorporation, Is:
intrusion, P: precipitation, R: repricipitation, S:
substitution. Immobilization mechanism of hazar-
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Figure 1. Illustration of possible interactions bet-
ween cement particles and hazardous
Substances. A: adsorption, C: chemisorp-
tion, D: diodochy, Ic: incorporation, Is:
intrusion, P: precipitation, R: reprecipi-
tation, S: substitution.

dous wastes on the cement-based solidification
especially with regard to the chemistry of ce-
ment and wastes is still active and controversial
area. This is in part due to the complexity of
the system and the inadequacy of our analytical
tools. It was found with regard to the immobi-
lization mechanisms of heavy metals that pre-
cipitation reactions appeared to be formation of
relatively more insoluble species of normally
hydroxides {carbonate) salts in the pore area in
the initial stage of the S/S due to the increase
of pH up to 13 for the hydration of cement.
C-S-H, which has a high specific surface area
with its high density of irregular hydrogen
bonding, creates a strong potential for sorption.
After cement-based systems generates significant
quantities of C-S-H in at least a few days of
hydration, the first-formed C-S-H dose has an
especially high chemical reactivity with resulting
sorption and physical inclusion of toxics to/into
the cement grains. In areas external to the
C-S-H gel and in the -cavities, there are
chemical reactions such as chemisorption and
precipitation/reprecipitation of hydroxides, carbo-
nates, silicates, sulfates, and other more complex
species with hazardous substances, substitution,

ion exchange and adsorption with the extent of
the particular reaction dependent particularly on
the pH of the system.”
substituted for the silicon in the C-S-H ge
and nickel and cobalt have been found to
substitute for calcium.” Cadmium as Cd(OH),
can be incorporated on a microscopic scale with
C-S-H and/or ponlandite.s) In the S/S of radio-
active wastes iodine is partly incorporated into
C-S-H and uranium is sorbed and co-precipitated
onto C-S-H.”

More crystalline phases may form which are

Chromium may be
&7

particularly amenable to substitution reactions.
For example, ettringite (3CaQ ALQs; 3CaSO4
32H,0), a prodtict formed in the early stages of
Portland cement hydration, possesses a structure
which is relatively tolerant to modest deviations
in composition.”
other divalent metal cations such as zinc, lead,
cadmium and nickel and aluminum can be
replaced by trivalent cations of chromium,
manganese, titanium, etc. Sulfate and hydroxide
can be replaced by Cr042', AsO42', Zn042',
B(OH),, CO5%, ete.*'”

Understanding of the above immobilization
mechanisms and the location of hazardous sub-
stances in the hydrate structure is most impor-
tant in predicting leachability of the solidified
waste forms (SWF) and in developing more
stable SWFs. In this work, we assess leaching
mechanisms operating under various conditions
based on the likely immobilization mechanisms
and the location of lead in the cement matrix.
Particular attention is given to the leaching
effects of calcite in the S/S of lead. Physical
characterization on the SWF after leach was
undertaken by X-ray diffraction was used for
identification of mineral transformations occurr-

Calcium can be replaced by

ing during the leaching process.

MATERIALS AND METHODS

Cement used was purchased as normal Port-
land cement from Sangyong Cement in Korea.
The cement has the following mineralogical
composition: (i) 41.7% of tricalcium silicate
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(CasSi0s: Cs8), (i) 27.9% of dicalcium silicate
(Ca:Si0s: Co8), (iii) 12.7% of tricalcium alu-
minate (Ca;ALQOs: CA), (iv) 9.4% of calcium
aluminoferrite  (CasALFe;01: C4AF) and (v)
2.9% of calcium sulfate (CaSO; 2H,0).

Calcite used was of high grade crystalline
form (>95.0% CaCO;) with < 4.0% MgCOs
and < 1.5% acid insolubles content. Its specific
gravity was 2.7 and its BET specific surface
area was 5.2 m'/g. It was ground such that it
exhibited an average diameter (Dsp) of 1.8 um,
maximum particle size of 8ym and residue on a
20 pm screen of < 0.005%.

The wastes were prepared from lead nitrate
which precipitated to form hydroxide sludge on
adjusting the pH to 85 with 60N sodium
hydroxide and then dried at 104°C for 24 hours.
The major crystalline phases present were iden-
tified by X-ray diffraction and found to princi-
pally be lead nitrate hydroxide [Pb:(NO;)(OH);]
and lead oxide nitrate hydroxide [PbcOs(NO;):
(OH)s]. The formation of these minerals is
consistent with the results of Asavapisit and
Cheeseman'” and Gress and El-korchi.””

Varying ratios of dry Pb waste and cement
were mixed with water at a water/solid (cement,
calcite and Pb wastes) ratio (W/S) of 0.3+0.01.
After thorough mixing the samples were intro-
duced into polyethylene cylindrical moulds
measuring 20mm diameter X 40mm height and
removed after 24 hours. The curing was carried
out in humid air at 20°C for 28days for each
sample respectively. Samples were prepared in
triplicate and are denoted KCiPbj, where / is the
calcite content and j is the Pb-doped waste
content. In this study, samples were also pre-
pared in triplicate. Samples used are 20%
Pb-doped SWF with 0, 5 and 10% additional
calcite, denoted KP20, KC5P20 and KCI0P20,
respectively.

Leaching tests were carried out on the 30-
day-old hydrated pastes using the US EPA
Toxicity  Characteristic ~ Leaching  Procedure
(TCLP). Samples were ground to particles of
less than 9.5mm in size, and leached with acetic
acid (pH 4.9370.05). The solid phase was

extracted with an amount of extraction fluid
equal to 20 times the weight of the solid phase.
The samples were agitated in a rotary tumbler at
30 rpm for 18 hours. After the first extraction
residues of all samples, on the other hand, were
weighed, collected at the same weight respec-
tively, and returned to the extraction bottles to
repeat the extraction. The amount of new
leachant equal to 20 times the weight of the
solid phase was refilled for each extraction.
Each extraction was carried out at room
temperature for 18 hrs. This procedure was
repeated up to the fifth extraction. The residues
of samples after the first to fifth extraction were
collected, at the same time, dried at 104°C for
24 hours for the investigation of XRD.

X-ray Diffraction (XRD)

XRD was used to identify and quantify the
crystalline mineral phases present in the SWF.
The mineralogical composition of the samples
was analyzed using Cu K, radiation at 35V and
25 mA 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 Inter-
national Center for Diffraction Data were used
for identifying mineral forms of SWF.

RESULTS

Insight of Fixation Mechanism and the
Location of Lead in Unleached SWF
Understanding of the location of hazardous
substances in the hydrate structure is most im-
portant in predicting leachability of the solidified
waste forms (SWF) as well as in illuminating
fixation mechanism of lead. Lead, initially
present as Pbo(NO3)(OH); (S) and PbsO; (NO;).
(OH)4 (S) as shown in Figure 2, will dissolve
on mixing with cement and water. The solubi-
lised lead ions will undergo a variety of rapid
reactions including initial adsorption to the
surface of the clinker materials and, as these
clinker materials dissolve causing an increase in
alkalinity and resultant pH increase, will begin
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Figure 2. Leaching mechanism of solidified waste forms of KP20 in accordance to extraction number

(a) cement clinker (b) KP20 before leach at curing time of 28 days (c) KP20 after the ™

leach (d) KP20 after the 5" leach.

precipitating as PbsSOs(CO3)(OH): (P2), 3PbCO:s.
2Pb(OH)=.H.0 (P3) and two other unidentified
The
lead salts are probably located for the most part

lead salts (P4,P5) as shown in Figure 2.

in the capillary pores illustrated in Figure 1.
Some lead species, on the other hand, selec-

tively coat the surface of cement components

such as C;S and C-S in C-S-H gel illustrated in

Figure 1. These coatings effectively prevent

further hydration of clinker components locked
as its very low permeability “membrane” and, at
longer curing time, promote the polymerization
of silicate at the surfacing due to the presence
of a supersaturated solution trapped inside the
membrane by the coating of leads.” It is likely
that the Pb ions at the surface of the clinker
components will begin to combine with hydra-
tion products and will begin to be incorporated
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into the C-S-H gel that forms from dissolving
clinker components.'” The resultant gel, which
we will denote as C-Pb-S-H (a non-stoichio-
metric representation of a gel containing incor-
porated or substituted gel, is apparently excee-
dingly more impermeable than lead precipitates.

On the other hand, the accelerating effect of
calcite enhances the polymerization of the
silicate at the surface of cement components,
advancing in the dissolution of the initial lead
salts in the hydration of cement in the earlier

14)

study. ™ Hydration of the clinker components
will occur at a greater rate with the faster
breakage of Pb-impreganted coating periodically
compared to that observed in the absence of
calcite. The rapid dissolution of lead salts with
the development of C-S-H, at the same time,
makes faster diffusion of dissolved lead ions
into C-S-H gel to be calcium lead silicate
(sulfate) hydroxide (C-Pb-S-H: S4), and then
partially enhancing crystal forms of the C-Pb-
S-H such as “coral-reef” silicate structure.'”
Through the development of cement hydration
by the addition of calcite, the well-developed
crystalline C-Pb-S-H as well as C-S-H is likely
to encapsulate portlandite as well as the
un-dissolved lead precipitates in the silica matrix

. . . . 13
in the earlier microscopy studies.

XRD Investigation on the Leaching of
20% Pb-doped SWF

In the S/S of 20% Pb waste (KP20), lead
precipitates (PI1~PS5) were markedly produced
from initial lead wastes in the cavity regions at
28-days of curing time as shown in Figure 2b.
Less portlandite (Ca(OH):} was produced than in
10% Pb-doped SWFs due to the more retarding
effect of Pb in the hydration of cement,”
Ca(OH). does not exert a large effect on the
strength of the cement products but contributes
significantly to ANC of hydrated cement. Calcite
(CaCOs) also appeared, presumably as a result
of reaction of carbon dioxide from the air with
products arising from the hydration of cement.

By leaching on KP20, portlandite and calcite
were extensively removed and the lead preci-

pitates were also substantially degraded. These
results confirm the rapid diffusion/dissolution of
lead on leaching. Carboaluminate hydrates (3C;A
-:3CaC03-32H,0:  He, CajALOs(CO;3)ys(OH)-
11.5H,0: Tc¢ and 3CaO-AlLO;-Ca(OH),- 18H-0:
C1) were freshly produced with the release of
aluminum from the cement grains of C3A and
CsAF, and calcium lead silicate (sulfate) hydro-
xide (C-Pb-S-H) crystals (S4) were produced
increasingly as lead ions released from lead salts
were adsorbed to silicate matrix.

Interestingly, on calcite-additional SWFs as
KC5P20 and KCI10P20, portlandite and calcite
were not decreased substantially by acid attack,
even up to the fifth leach as shown in Figure 3
and 4. Even lead precipitates P2 and P3 as well
as most portlandite were similar to those of
SWF before the leach. Only P5 in KC5P20 and
P4/P5 in KCIOP20 after the fifth leach were
reduced to approximately three-fourth of that
originally present. These observations result in
the slow diffusion/dissolution of lead on leach.
The remineralization of carboaluminate hydrates
(Hc,C1) was made with the dissolution of C;A
and C4AF. As a result of increased adsorption
of Pb species to the larger numbers of well-
developed silicate surfaces, C-Pb-S-H crystals
(S4), produced around the surface of SWFs,
were increasingly produced as shown in the

. . 13
earlier microscopy study.”

DISCUSSION

In general, the leachability of SWFs s
governed by a number of factors including: (i)
the location of hazardous substances in the
SWF, (ii) the production of crystalline minerals
adsorbed/chemisorbed/incorporated on/into the sur-
face of SWF during the hydration of cement,
and (iit) the remineralization with the leached
constituents on/into the surface of the leached
SWF. The SWF has the structure of a porous
solid at least partially saturated with water.”
Rapid diffusion/dissolution of hazardous sub-
stances on the attack of acid is mainly related
to the presence of larger pores (capillary pores)

VOL. 9, NO. 4, 2004 / ENVIRONMENTAL ENGINEERING RESEARCH
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Figure 3. Leaching mechanism of solidified waste forms of KC5P20 in accordance to extraction number.
(a) cement clinker (b) KC5P20 before leach at curing time of 28 days (c) KC5P20 after the
1" leach (d) KC5P20 after the 5" leach.
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Figure 4. Leaching mechanism of solidified waste forms of KCIOP20 in accordance to extraction
number. (a) cement clinker (b) KC10P20 before leach at curing time of 28 days (c) KC10P20
after the 1" leach (d) KC10P20 after the 5" leach.

ENVIRONMENTAL ENGINEERING RESEARCH/VOL. 9, NO. 4, 2004



Leachability of Pb-doped Solidified Waste Forms using Portland Cement and Calcite: I11. Insight of Leaching Mechanism 181

and their openness within cavities."” On the
other hand, micropores (gel pores) occur within
the C-S-H gel which is essentially a coherent
assemblage of colloidal particles through which
diffusion is expected to be slow.

In the Pb-doped SWFs, the degree of lead
leaching also depends on the number and size of
larger pores, which lead precipitates will be
mainly located in. The initial leaching rate of
lead will be dominated by the dissolution of
these lead precipitates, and the release of cal-
cium will be dominated by the dissolution of
portlandite. Shrinking core modeling by Hin-
senveld'® suggests that Ca(OH), dissolves more
rapidly than the C-S-H gel with the dissolution
of Ca(OH). largely determining the rate of
reduction in mass of the SWF. The following
equations for the dissolution of lead precipitates
and portlandite in cavities are proposed:

Ca(OH), + 2H" — Ca™" + 2H,0 (H

3PbCO;-2Pb(OH);-H.0 + 4H™ — 5Pb”" + 3COs"+
5H,0 )

PbsSO4(CO3)2(OH), + 2H" — 4Pb™ + SO, +
2C05” + 2H,0 3)

The rate of reactions Equation (1)-(3) will be
governed initially by the solubility of these
products in the acidic leach media. If the pH of
the system is maintained in the acidic region
(pH<5-6) by continual supply of acidic leachant,
then dissolution will continue as long as readily
accessible lead precipitates are available.
Alkalinity will be released however as the SWF
dissolves and, if the supply of leachant is
insufficient to neutralize this alkalinity, the pH
of the system undergoing leaching will rise.
Precipitates of lead carbonate (sulfate) hydroxide
or mixed forms of these solids however are
highly insoluble in the pH 6-12 region and little
solubilisation of lead will occur. Only if the pH
rises above 12 will high concentrations of lead
again be released because lead is amphoteric
substance on pH.

On the S/S of lead (in the sample of KP20),
the above mechanisms on the dissolution of lead
precipitates located in the capillary pores (see
Figure 1) significantly affect the higher leaching
of lead with the higher dissolution of Ca(OH),.
While the leachant acid decomposes the SWF
by the dissolution of Ca(OH). and other alkaline
materials, the pore structure of the leached SWF
becomes enlarged with the release of calcium.
The porosity of cementitious SWFs have been
found to increase from 0.3~0.5 before leach to
0.8 after leach.” Thus, the more calcium that is
leached from portlandite, the greater the ex-
pected release of other metals (such as lead)
given the greater accessibility of the leachant to
the solid matrix. The microscopy studies of
Pb-contaminated SWF (KP20) in the earlier
work'” gave clear evidence on the higher
leaching of lead in the accordance with the
increase of porosity with the higher dissolution
(or breakdown) of lead precipitates as well as
hydrated products (Ca(OH): and C-S-H).

The slower leaching of lead will be deter-
mined primarily through the displacement/
dissolution of lead ions forming coordinate
covalent bonds with silicate oxygens. Ortego et
al'” have proposed the following generalized
mechanism of polymerization with the release of
toxic metals ions:

->8i0X + H" — ->8iOH + X' 4)
or > SiOX + 2H' — >Si(OH), + X*' (5)

where X = calcium, potassium, sodium or
toxic metal ions, Si-(OH), — branched and
cross-linked silicates condensed.

The attack of acid decomposes the SWF by
the dissolution of portlandite and other alkaline
materials, leaving the silica-rich minerals. The
adsorption of lead ions on the silica-rich surface
is expected to be significant since the isoelectric
point of SiO, gel is at pH 1.0~2.5 so the sur-
face sites will be negatively charged at the pH
of the leach solution (pH 5.0~6.0) observed.'®

The lead ions derived from dissolution of lead

VOL. 9, NO. 4, 2004 / ENVIRONMENTAL ENGINEERING RESEARCH



182  Dongjin Lee

precipitates and / or desorbed from silica
surfaces can diffuse toward the kernel of the
SWF as well as toward the acetic acid solution
since free lead ions as with other free cations
are expected to be quite low within the kernel.
Since the adsorption edge of lead (pH 5~6) is
lower than that of calcium (pH 9~12) on the
surface of SiO. gel, the extent of adsorption of
lead is expected to be very much higher than
that of calcium. The migration of lead ions on
the silica-rich surface and toward the kernel of
the SWF has been seen to result in formation of
a variety of Pb-rich gelatinous products:

C;S/CaS (or C-S-H) + H+ + Pb*" (or + H-0)
— C-Pb-S-H (S4) (6)

It is also recognized that carbon dioxide from
the air will diffuse into the system, especially at
high pH where the aqueous concentration of
carbonate in equilibrium with the atmosphere is
high. Carbonation of C;S and C;A can result in
formation of carbosilicate hydrates and carboalu-
minate hydrates, respectively as follows:

CiSorCsS +CO™ +H +H0—CS (7
CA+CO7 +H +H:0 — Ho. T, Ciete. (8)

The remineralization is shown in Equation (6)
to (8) are likely to reduce the leaching rate of
lead through the reduction in- porosity of the
SWF and as a result of increased adsorption of
Pb ions to’ the larger numbers of surfaces sides.

On the calcite additions, significantly slower
leaching of the lead is expected to occur from
the SWF (KC5P20, KC10P20) because of the
accelerating effects of calcite on the hydration
of cement. The significantly higher proportion of
Pb bound in impermeable C-Pb-S-H phases
induced the slow leaching of Pb. In addition,
higher development of well-hydrated C-S-H
strongly encapsulated even portlandite as well as
lead precipitates in capillary pores against the
attack of acid.

CONCLUSION

In this study, it is observed, in lead contami-
nated materials including lots of lead precipitates
such as KP20, that the initial leaching rate of
lead is principally compromised in the dissolu-
tion of lead salts locating in cavity areas by
XRD investigation. Rapid diffusion/dissolution of
lead at the attack of acid is mainly related to
the location (capillary pores) of lead salts and
their openness in pores, at the same time, with
the rapid diffusion/dissolution of portlandite. At
the attack of acid, carboaluminate hydrates (Hc,
Tc, Cl) were freshly produced with dissoution
of CiA and C4AF, and calcium lead silicate
(sulfate) hydroxide (C-Pb-S-H) crystals (S4)
were produced increasingly as lead ions released
from lead salts were adsorbed to silicate matrix.

On the other hand, although lead contami-
nated materials that calcite has been added such
as KC5P20 and KCI10P20 include a lot of lead
precipitates in cavity areas, slower diffusion/
dissolution of lead ions are observed, at the
same time, with not much dissolution of even
portlandite. It is reasonable that lead contami-
nated materials of KC5P20 and KCI10P20 are
presumably very resistant to acid attack because
enhanced C-S-H due to accelerating effect of
calcite strongly encapsulates/protects even port-
landite as well as lead precipitates locating in
cavity areas. This investigation results in the
slow diffusion/dissolution of lead on leach in
calcite-additional SWFs. The remineralization of
C-Pb-S-H (S4), Hc, C1 and CS on the surface
of SWFs during leaching is likely to reduce the
leaching rate of lead through the reduction in
porosity of the SWF and as a result of in-
creased adsorption of pb ions to the silicate
surfaces. Significantly slower leaching of the
lead is expected to occur from the calcite-doped
samples because of the significantly higher pro-
portion of Pb bound in impermeable C-Pb-S-H
phases as well as higher development of
well-hydrated C-S-H strongly encapsulating even
portlandite as well as lead precipitates against
the attack of acid.
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