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Abstract

A leaching model was developed using the United States Geological Survey public domain PHREEQC geochemical package to simulate
the leaching of Pb, Cd, As, and Cr from cementitious wastes. The model utilises both kinetic terms and equilibrium thermodynamics of key
compounds and provides information on leachate and precipitate speciation. The model was able to predict the leaching of Pb, Cd, As, and Cr
from cement in the presence of both simple (0.1 and 0.6 M acetic acid) and complex municipal landfill leachates. Heavy metal complexation
by the municipal landfill leachate was accounted for by the introduction of a monoprotic organic species into the model.

The model indicated Pb and As were predominantly incorporated within the calcium silicate hydrate matrix while a greater portion of Cd
was seen to exist as discrete particles in the cement pores and Cr (VI) existed mostly as ffed €O Precipitation was found to be the
dominant mechanism controlling heavy metal solubility with carbonate and silicate species governing the solubility of Pb and carbonate,
silicate and hydroxide species governing the solubility of Cd. In the presence of acetic acid, at low pH values Pb and Cd acetate complexes
were predominant whereas, at high pH values, hydroxide species dominated. At high pH values, the concentration of As in the leachate was
governed by the solubility of GéAsO,), with the presence of carbonate alkalinity competing with arsenate for Ca ions. In the presence
of municipal landfill leachate, Pb and Cd organic complexes dominated the heavy metal species in solution. The reduction of As and Cr in
municipal landfill leachate was crucial for determining aqueous speciation, with typical municipal landfill conditions providing the reduced
forms of As and Cr.

Published by Elsevier B.V.
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1. Introduction ing tests are the preferred choice for regulatory assessment
due to their simplicity, improved reproducibility, and shorter
In recent years there have been increased concerns regardime requirements. However, as batch leaching tests are typ-
ing the leaching of hazardous substances from landfills into ically run over short time frames, it is debatable whether
local surroundings. As a result, an extensive array of leach-the compounds of interest behave similarly in the long term.
ing tests has been developed to assess the hazards of heawodelling can potentially predict the long term leaching of
metal-containing wastes prior to disposal. Failure to pass awastes providing a solution to problems inherent to batch pro-
regulatory leaching test typically necessitates some form of cedures. Amodel capable of describing contaminant leaching
waste stabilisation, such as cement addition. Batch leach-from wastes can assist in improving the development of man-
agement optionfl].
This study focuses on the leaching of Pb, Cd, As, and Cr
* Corresponding author. Tel.: +61 2 93854361; fax: +61 2 93855066.  [T0M cement-stabilised waste. The leaching of heavy metal
E-mail addressr.amal@unsw.edu.au (R. Amal). ions from cementitious waste has been extensively investi-
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gated2-7], with many researchers using physical mechanis- Table1 N _ .

tic Ieaching model$8—11]. AIthough physical mechanistic = Composition of cgmentltlous wastes (dry weight) containing Pb, Cd, As,
models can successfully describe the leaching of contami-2d € s determined by X-ray fluoresce(ts)

nants from cement, this approach does not give direct indi- Elément  Cement composition (mgiof waste)

cation of chemical species controlling the release. Accord- Pb cement Cd cement As cement Cr cement
ing to van der Sloot et all], the chemistry of elements p 23 0.0 0.0 0.0
and their interaction with substances present in the leachingcd 0.0 13 0.0 0.0
fluid, including ligands and sorbing phases, are governing As 0.0 0.0 13 0.0
factors in element release. Geochemical modelling enablesC’ 0.0 0.0 0.0 20
guantitative speciation of elements based on species stabilityé 11% 12% 116_.51 12
constants. PHREEQC is a geochemical modelling packagec, 340 340 340 340
capable of describing chemical reactions and transport pro-re 23 22 23 23
cesses in water. It is based on the equilibrium chemistry K 6.6 7.5 6.6 6.6
of aqueous solutions with other components, such as min-M9 10 10 10 10
erals, gases, solid solutions, and sorbing surfaces. A solidg'ia 73'5 72'2 712 72§
solution forms when compounds containing similar proper- g 8.8 8.4 8.8 8.8
ties, such as size and charge, precipitate to form a homoge-th 0.9 0.9 0.9 0.9
neous solid compound. It is also capable of incorporating Ti 0.6 0.6 0.6 0.6

kinetic equations for chemical reactions and determining

speciation at any designated time. Many models have been

developed to describe the chemistry of natural wale?$

but at present no model of this type has been developed2.2. Leaching experiments

to describe the leaching of elemental contaminants from

cement. The leaching procedure used was that recommended by

This paper presents work aimed at using PHREEQC to Australian Standard AS 44393-19974] AS 4439.3-1997

develop amodel for simulating the leaching of Pb, Cd, As, and is & modified version of the toxicity characteristic leaching

Cr from cementitious wastes and, where possible, identify Procedure (TCLP), designed to account for waste disposal

species governing the release of these contaminants. Modecenarios other than and including codisposal in a municipal

outcomes were assessed by comparison with leaching profile$0lid waste landfil[14]. Eighty grams of crushed waste was

obtained from procedures recommended by AS 4439.3-1997 tumbled with 1600 g of leaching fluid at a speed of 30 rpm.

Leaching fluids studied included 0.1 and 0.6 M acetic acid and Approximately ten 10-mL samples were taken at nominated

a municipal landfill (ML) leachate. time intervals between 0 and 7 days. The zero-hour value
corresponds to sample mixed with the leaching fluid for a few
seconds prior to tumbling. Leachate samples were filtered by

2. Experimental procedure a 0.8-micron membrane filter and analysed for metal ions
using an Optima 3000 Inductively Coupled Plasma Atomic
2.1. Preparation of cementitious waste Emission Spectroscope (ICP AES).

Leaching fluids used included 0.1 and 0.6 M acetic acid

Cementitious wastes were prepared by mixing Type solutions and a municipal landfill leachate. 0.1 M acetic
GP Ordinary Portland Cement (OPC), supplied by Aus- acid is a leaching fluid recommended by AS 4439.3-1997
tralian Cement (in accordance with Australian Standard AS Whereas 0.6 M acetic acid was utilised for comparison with
3972-1991), with solutions of lead nitrate (Pb(g)g, cad- ML leachate on the basis of final pH That is, both leachants
mium nitrate tetrahydrate (Cd(Ng»-4H,0), sodium arse-  attained a final pH of between 10 and 12 after 7 days leach-
nate (NaHAsO,-7H,0), or sodium chromate (N&rOy) ing. The ML leachate was collected in seven 20-L drums
such that they contained 2.34% Pb, 1.3% Cd, 1.3% As, or (N0 headspace) from a pipe leading to a leachate pond in a
2.0% Cr by We|ght, respective|y_ The metal salts were dis- mature landfill (\’20 years Old) The landfill received both
solved in water, mechanically blended with the OPC and Putrescible and non-putrescible wastes. Approximately 4L
cured for 28 days at water to cement ratios of 0.38 (Pb-spiked of sample was taken from each drum for characteristic anal-
cement), 0.44 (Cd-spiked cement), 0.38 (As-spiked cement),yses, with the remainder stored at@. Leachate samples
and 0.31 (Cr-spiked cement). Detailed procedures are furtherutilising acetic acid as the leaching fluid were preserved
described in a previous publicati¢tB]. The cured mixtures by 2% (v/v) HNG; addition while the ML leachate sam-
were crushed by three consecutive crushers (jaw crusher, condles were stored at “C to minimise microbial activity.
crusher, and roller crusher), and passed through a 2.4-mmComposition of the ML leachate is provided irable 2
mesh sieve. The compositions of the cement samples wereDetailed descriptions of landfill properties, leachate col-
analysed using X-ray fluorescence (XRF) and are shown inlection, and analytical procedures are described elsewhere
Table 1 [13].
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Table 2 matrix within the cement pores. Values were assumed to be
Composition of the municipal landfill leachate 18% for Pb, 56% for Cd, 12% for As, and 68% for Cr with
Leachate characteristics Municipal landfill leachate  respect to the total Pb, Cd, As, and Cr contents in cement and
pH 7.8+ 0.1 were estimated by fitting experimental time-dependant leach
BODs 840+ 230 datato earlier Electron Microprobe findings. They showed Pb
cob 3850+ 130 and As to be predominantly dispersed throughout the C—S—H
Conductivity @S cntl) 24000+ 3500

matrix and Cd to be mainly present as discrete partj@ep

Dissolved inorganic carbon 190700 . .
Dissolved organic carbon 500 300 However, 44% of the Cd was assumed to be dispersed in
Aluminium 0.9+0 the C-S—-H matrix to model Cd trapped within the C-S—-H
Ammoniunt 2800+ 100 pores. Arsenic was assumed to be present as calcium arsen-
Calcium 92 25 ate, as described by Mollah et §1] and believed to exist
I‘?grl]o”de 29104% ‘1110 in the hydration products. This assumption derived from dif-
Magnesium 126 5 ficulties in identifying the actual form of arsenic in cement
Phosphate 16 4 and the lack of available thermodynamic data describing the
Potassium 1408& 300 dissolution of complex arsenic compounds. Chromium was
Sodium 170Gk 300 specified to exist as free chromate ions, which were mostly
Sulfate 32t 33 soluble and not incorporated in the C—S—H matrix. Previous
All values are in mg L* except for pH and where indicated. experiments indicated chromium possessed a high solubility,
? Calculated from NB-N level. suggesting Cr may only be adsorbed on the surface of cement
or form soluble chromium compound0]. This is consis-
3. Establishment of PHREEQC simulation for metal tent with Geelhoed et aJ19], who proposed the formation
leaching from cement of Cr(VI)-bearing hydrogarnet, Cr(VI)-hydrocalumite, and

Cr(VD-ettringite in cement, all of which have a high solubil-
PHREEQC Version 2 was used to model the leaching ity

of contaminants from cementitious wastes. Thermodynamic ~ The absolute metal compositions in each matrix were
data was obtained from the Lawrence Livermore National calculated based on the actual amounts of the elements as
Library (LLNL) database. The database was modified to determined by XRF Table ). This assumes no residual
include thermodynamic data for highly alkaline, and high ynhydrated CaO, Si§) Al,03, and FeOsz was present. The

Ca and Si systems (provided by Atkins et[ab] and Berner amount of C-S—H gel was based on the Si conteable ),

[16]), and the US EPA MINTEQ databa$7]. The ther-  the amount of calcite on the C content, the amount of gyp-
modynamic data of Ca¢$iOs (C—S-H gel) employed was  sym on the S content, and the amount of brownmillerite on

consistent with the Berner model for ORT3]. the Fe content. The amount of hydrogarnet was calculated by
subtraction of the Al content of the brownmillerite from the
3.1. Model input total Al content. The portlandite content was calculated by

subtraction of the amounts of Ca in the C-S—H gel, calcite,

Hydrated Portland cement primarily contains hydrated gypsum, hydrogarnet, and brownmillerite from the total Ca
calcium silicates (40-50%, w/w) and portlandite (Ca(@H) content.
(20-25%, w/w). The remainder comprises of tricalcium alu- During data entry, the amount of each matrix accessible
minate and calcium aluminoferrite (10-20%, w/w), pore to the leaching fluids requires specification. Input values are
solution (10-20%, w/w), and soluble components (alkalihy- shown inTable 3 Also indicated are the portions of cement
droxides) (0-5%, w/wj16]. In the model simulation, cement matrix available for acid attack. It was assumed 100% of
was classified into four distinct groups: C—S—H matrix; port- the matrix was available for acid attack in the presence of
landite; calcite (portlandite that had adsorbed atmospheric0.6 M acetic acid, while 31 and 25% was available for acid
CO,); and free heavy metal compounds. The portlandite and attack when 0.1 M acetic acid and municipal landfill leachate
calcite matrices were assumed to contain only CagGiijl were used, respectively. These are bulk scaling factors, rep-
CaCQ, respectively. The C—S—H matrix was assumed to con- resenting the overall efficiency of solid/liquid mass transfer
tain C—-S—H gel, hydrogarnet (g4l2(H404)3), brownmil- out of the cement matrix, with a higher acid concentration
lerite (CaAl 2Fe,010), NaOH, KOH, Mg(OH», CaSQ, and providing a higher mass transfer of metal ions. These values
a portion of the heavy metal compounds studied (PbgOH) were obtained by trial and error, based on experimental leach-
Cd(OH), Ca(AsOy)2, or Cry?~). C-S—H gel, hydrog-  ing data. HinsenvelflL1] suggested that increasing leachant
arnet, and brownmillerite were chosen to represent the acidity may also increase the release of metals adsorbed on
solubility-controlling phases, according to the findings by the cement surface and allow access to compounds not nor-
Geelhoed et al[19] for cement-like chromite ore process- mally leached at low acid strengths. Such possibilities were
ing residue. The remaining heavy metal ions (Pb(9®H) used to avoid greater model complexity through attempting
Cd(OH), CrO42—, or Ca(AsOs),) were considered avail-  to account for diffusive and surface area controls. However,
able to form free compounds not associated with the C—S—Hthe maximum theoretical amount of calcite was specified for



Cr cement

Municipal landfill leachate
Cr cement Pb cement Cd cement As cement
100% 25% 25% 25% 25%

As cement

100%

Cd cement

100%

Pb cement

0.6 M acetic acid
100%

Cr cement

31%

As cement
31%

Cd cement

Available concentrations of cement components (mg56fwaste)
31%

Pb cement
31%

0.1 M acetic acid

Available amounts of cement components for acid attack by different leaching fluids

Bulk mass transfer factor

Table 3
Matrices
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TLL L each leaching fluid as it was assumed to be entirely con-
SN = tained on the cement surface and therefore readily available
L2, e forleaching. Initially, a higher level of free chromate ions was
specified, relative to that present in the bulk matrix, as it was
LEL L assumed the easily soluble chromate is more readily available
VRSS! » than chromate in the portlandite and C—S—H matrix. This
Iew N is in accordance with previous finding®], which showed
a greater percentage of Cr release compared to Ca release,
LLL L indicating the highly soluble nature of Cr. Mole percents
B EEEs of the compounds specified in the C—S—H matrix and their
X X X X . . . .
Lo 2, | ther_modynamlc dataz_ire shown'ﬁable4|nd|cat|ngthe_pro-
portional amounts estimated to be available for leaching from
LY the C—S—H matrix.
SRSESES A schematic of the developed modelling algorithms is
o ooy B shown inFig. 1 The model commences with the kinet-
Fows ics of cement dissolution, illustrating the release of cement
oo o components as the waste is mixed with the leaching fluid.
5858 = Leaching fluids were defined to be either 0.1 M acetic acid
JagagEs & (pH 2.88), 0.6 M acetic acid (pH 2.5), or municipal land-
Sea b fill leachate (pH 7.0) Table 5. Oxidising conditions were
- oo < maintained for the acetic acid solutions (pe 4.0—default pe
5959 5 in PHREEQC). The municipal landfill leachate was assigned
<& 3 an initial reducing condition of pe-3.1 (corresponding to
N —183mV at 25 C), to lie within the range of typical landfill
[V leachate redox potentials-(00 to—300 mV)[22]. For the
555 ¢ acetic acid leachants, acetate was defined in the input file at
IS & concentrations of either 0.1 or 0.6 M. Input definitions for the
i NI B municipal landfill leachate included 0.0092 M of Organic X
g e and 0.16 M of carbonate ions (based on dissolved organic and
58558 inorganic carbon in the leachate), with other major cation and
XREE anion contents determined from the values givemahle 2
RN B The Organic X content was estimated based on 500g L
n o a - of dissolved organic carbon in the leachatalfle 2 coupled
Rk 5 with the assumption that 45% of the carbon existed as dis-
XXX & solved organic matter having a molecular weight of 121. This
Sm~ 11 composition is typical for landfill leachates as determined by
o - Brown et al.[23]. Initial leachate compositions and corre-
SRk 5 sponding thermodynamic data are showiiatle 5
X X X X The quantities of metal ions released from the cement
™M O o © . . . .
WSS || over any defined leaching period are determined by the
cement dissolution kinetics. At each specified time step,
‘é‘é“é‘ “‘é PHREEQC resolves metal speciation in both the solid and
Xxx X solution forms by establishment of a thermodynamic equilib-
o6 | =1 rium. This occurs through complexation with organic ligands,
formation of solid solutions, solid/liquid equilibrium, and
TLLYL adsorption onto hydrous ferric oxides and silica gel. Greater
JURNRES detail on each module is provided in the following sections.
WSO G
3.2. Dissolution rates
According to Bernerf24], concrete dissolution can be
< < described by several stages. Cement degradation begins with
© 2 ?gg& the dissolution of alkali hydroxides and free portlandite,
g, :% = §§g followed by dissolution of calcium silicates, calcium alumi-
£35d voo9 nates, calcium aluminosulfates, and Mg(@HWyith unhy-
ESST LI drated SiQ, Al,O3, and FeOjz being last to dissolve. The
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Table 4

Mole percents of metal compounds in the C—S—H matrix

Compounds Mol% in the matrix log solubility constaRif) or

neutralisation constah{K)

Pb cement Cd cement As cement Cr cement

C-S—H gel (CaKiSiOy) 64.5 66.6 59.5 54.4 Kn=15.3¢

Hydrogarnet (CgAl2(H404)3) 2.2 2.2 2.2 1.4 Kn=81.4%

Brownmillerite (CaAl2Fe;O10) 5.1 5.1 4.7 4.3 Kn=140.58

Gypsum (CaS@®2H,0) 6.7 6.7 6.2 5.7 Ksp=—4.31

KOH® 4.2 4.9 3.8 35 N/A

Mg(OH)2 10.3 10.7 9.5 8.8 Kn=16.30

NaOH 4.7 2.5 12.4 19.4 N/A

Pb(OH) in C-S—H 2.3 - - - Kn=12.644

Cd(OH), in C-S—H - 1.3 - - Kn=13.74

Cag(AsOy); in C-S-H - - 1.7 - Kn=17.82

CrO4%~¢in C-S-H - - - 2.5 N/A

a Neutralisation constant (based on reaction of the metal compound Wjth H
b Taken from[18].

¢ Taken from[50].

d Taken from[51].

€ NaOH, KOH and Cr@?*~ assumed present as soluble species.

f Not applicable.

9 Neutralisation constant of litharge (PbO +2#H,0 + PF).

cement sample in this study contained a significant amountm?2 g1 of waste); andy+, ap,coss Aop- Acg a”dacong

of calcite as shown by the level of carbon in the sample are the activities of B, H,COs, OH~, C&*, and CQ2,
(Table . This may be due to carbonation during sampling, egpectively. Values in brackets are in molhs L. The dis-
leaving only a small amount of portlandite on the surface. g, tion rate was converted to 50 g of waste/L of solution by
The dissolution rates of the four matrices in cement are \hq factor “50” while the “16” factor converts surface area
described in Eq(1), with the constants for each matrix tab- || iie from n? g ltocn?g L.

ulated inTable 6 The basic form of Eq(1) was obtained BET N, adsorption measurements found the surface area
from the calcite dissolution rate described by Chou et al. of the cement sample varied between 65 and 8g . It was
[25]. assumed C-S—H gel dominated the surface area as C-S—H
dm gel consists of much smaller particles than portlandite and
o =20 10%ksystemA (c1ap4+ + c2aH,C05 calcite, as seen in SEM images from Kjellsen and Justnes
[26]. Therefore, a surface area of 78 gr! of sample was
attributed to the C—-S—H component. The portlandite parti-
where dV/dt is the dissolution rate of each matrix (calcite, Cle size was approximated by a cylinder of diametgma
portlandite, C-S—H matrix, and the free metal compounds); and length 1@um [27]. The calcite particles were assumed
ksystemiS @ constantA is the surface area of the matrix (in o be cubic in shape with a width of 10n [28]. These

+ c3dop- — cadcg+aoo2- + C5) (2)

Calcite
dissolution

Complex formation

Portlandite

dissolution Solid solution formation

Kinetic equations
describing cement
dissolution

Thermodynamic
establishment

Equilibrium
establishment

C-S-H dissolution

Free metal
compound
dissolution

Adsorption to hydrous
iron oxide and silica gel

N
|
| A e |

Fig. 1. Schematic diagram of the modelling algorithms.
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Table 5

Initial concentration of leachate components upon exposure of metal contaminated cements to acetic acid or municipal landfill leachate

Compounds Initial concentration (mott) log formation constanti{;) or neutralisation
Pb-contaminated Cd-contaminated As-contaminated Cr-contaminated constant Kn)? or dissociation constank)
cement cement cement cement

Acetat® 0.1/0.6 0.1/0.6 0.1/0.6 0.1/0.6 Kgq=—4.76"9

COs® 0.16 0.16 0.16 0.16 Kg=—-10.33"

Organic ¥ 0.0092 0.0092 0.0092 0.0092 -

Na° 0.074 0.074 0.074 0.074 -

K® 0.036 0.036 0.036 0.036 -

Mg® 0.0050 0.0050 0.0050 0.0050 -

Cl® 0.082 0.082 0.082 0.082 -

NH4& 0.16 0.16 0.16 0.16 —

P 0.00052 0.00052 0.00052 0.00052 -

s* 0.00048 0.00048 0.00048 0.00048 -

Complex species

PbOrganic X 0 - - - Kf=9.40
PbOrganic % 0 - - - K¢ =10.40
PbOrganic %~ 0 - - - Kf=11.40
CdOrganic X - 0 - - Ki=7.60¢
CdOrganic % - 0 - - Ki=8.40
CdOrganic %~ - 0 - - Kf=9.90¢
Adsorbed speciés
Hfo_sOPH 0 - - - Kq=4.65"
Hfo_wOPb 0 - - - Kq=0.30"
Surf.sOPB 0 - - - Kg=—7.78/
(Surf.sOyPb - 0 - - Kg=—17.23
Hfo_sOCd - 0 - - Kg=0.4%1
Hfo_.wOCd" - 0 - - Kg=—2.9
Surf.soCd - 0 - - Kg=—10.40
Hfo_wH2ASOq - - 0 - Kf=29.31
Hfo_ WHASO,~ - - 0 - K¢ =23.51
Hfo.WOHAsOz3~  — - 0 - Kf=10.58
Hfo_wCrOy~ - - - 0 Kf=10.29
Hfo_sCrQy~ - 0 K¢ =10.29
Solid solution
Fe(OH) 0 0 0 0 Kn=5.66
Gibbsite (AI(OHY) 0 0 0 0 Kn=7.76
Litharge (PbO) 0 0 0 0 n=12.64K
Cas(AsOs)2 0 0 0 0 K,=17.82

@ Neutralisation constant (based on reaction of the metal compound Wjth H

b 0.1 or 0.6 M acetic acid used as leaching fluid.

¢ Taken from[51].

d Dissociation constant (HAcetate = H acetate).

€ Municipal landfill leachate used as leaching fluid.

f Constant for dissociation of HGO to CO:2~ (HCO3~ = CO32~ +H*).

9 Organic complexation formation constant/conditional stability constafit @\ Organic X~ =MOrganic X}_-V where M is a metal ion, Organic X is an
organic ligand, and andy are constants). Values chosen as they provide a good fit for Pb and Cd leachate concentrations.

h Hfo represents hydrous ferric oxide surface: foepresents weak surface adsorption; ldfi@presents strong surface adsorption. Suefpresents surface
silanol groups.

i Constant describing surface complex formation (SurfaceOH*+MsurfaceOM'™1* + H* where M is metal ion).

I Taken from[42].

k Neutralisation constant of litharge (PbO +2&H,0 + Pi#*).

definitions correspond to surface areas of ga#/calcite CrO42~ due to their low relative contents in the cement. Con-
particle and 15@um?/portlandite particle and weights of stant surface area with time was assumed in this simulation.
2.0x 10 9g/calcite particle and 2.8 10~° g/portlandite The rate constants for calcite dissolutian,(c2, c4, Cs)
particle. Calcite and portlandite densities were obtained from were based on values obtained by Chou ¢28l. To account
Joye and Demor[29]. Portlandite and calcite surface areas for the different mixing process in this study (tumbling)
per gram of sample were estimated from the mass compo-compared to Chou et al. (continuous fluidised bed reactor),
sitions and patrticle sizes. Significantly smaller surface areasand the therefore different diffusion processes, a constant
were selected for free Pb(O#)Cd(OH), Ca(AsOs)2, and “ksystem Was introduced. The portlandite dissolution rate
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Table 6
Dissolution rate constants of cement as described i{Hq.
M keystem A (m2g1) Rate constants (molcrds 1 M~1)

Pb cement Cd cement As cement Cr cementcy C2 C3 Ca Cs
Calcite 0.77 0.04 0.05 0.02 0.02 105 1077302 - 10172 101022
Portlandite 0.77 0.13 0.13 0.14 0.15 > - - - 10°91%
C—-S—H matrix 0.77 70 70 70 70 168 _ 1095 _ -
Free Pb(OH) 0.77 0.01 - - - 1079% - - 10°91%
Free Cd(OH) 0.77 - 0.01 - - 10%9% - - 10°91%
Free Ca(AsQs),  0.77 - - 0.01 - 1079% - - 10°91%
Free CrQ%~ 0.77 - - - 0.01 10280 - 10°35% -

@ Taken from[25].
b Fitted to experimental data.

was described in a similar manner to calcite dissolution. to complex with the metal cations. Therefore, a monoprotic
Portlandite dissolution was defined as only being governed Organic X was selected. Complexation reactions of Organic
by the presence of H Higher rate constants to depict the X with Pb and Cd, cations, (represented by{}) are shown
faster dissolution rate of portlandite over caldi@®] were in Egs. (2)—(4) As As and Cr were added as anions, their
also used. These constants generate slightly higher port-complexation was assumed negligible.

landite dissolution rates (13-° and 10°*molcm2s1 at ot _ _
pH 5 and 7, respectively) compared to CaO (&6 and M#¥ + Organic X~ = MOrganic X"

10-%°molcm2s latpH5and 7, respectively), as indicated [MOrganic X*]

by Segall e_t aI[31J. The difference in values is reasgnablg K1 = (IMZ*][Organic X7]) @)
as oxide dissolution should be slower than hydroxide dis-

solution due the oxide requiring a hydration step prior to

dissociation of the hydroxide. M2+ 4+ 20rganic X~ = MOrganic X
Dissolution rate constar_ns of 'Fhe C—-S—H matrix, which [MOrganic Xo]
were unable to be located in the literature, were set at muchK2 = oy — (3)
lower values than calcite and portlandite as it is widely recog- (IM=*][Organic X~]°)
nised that C—S—H disintegration occurs at slower rate than
these two mineralf24]. While it is well known that C-S—H M2t 4 30rganic X = MOrganic X;
dissolution is strongly influenced by*H32], other studies o
have suggested OHmay also play a rol¢33]. Dissolution Ka— [MOrganic X5 1] 4)

also releases other compounds present in the C-S—H matrix =~ ([M2+][Organic X~1%)

(Table 3 in amounts proportional to their relative composi- . :

tions (Table 4. Free metal compound (Pb(OH)Cd(OH), $Ee log valuestpklt, Iéz’ anr? tth ﬁfbpm\é'dgg |n'll'able S o
and Ca(AsOy)2) dissolution was defined to have the same esedwe_;ﬁ estimate fulc (’Iit AI?hn h tre _easle pr%.' €s
rate constants as portlandite dissolution, and only to be influ- agreed with experimental resutts. ougn typical conai-

enced by the Hiterm as the metal hydroxides were assumed tional stability constants of Pb and Cd complexes in landfill

to have the same accessibility to the leachate as portlandite.le"’mh"’Ites are not readily available, the values used here are

The rate of dissolution of free Cyd~ dispersed through comparable to those measured by Mufi4] for Pb and Cd
the C—S—H gel phase was assumed to be influenced by botﬁ:omplexatlo_n with dissolved, colloidal, and particulate mat-
H* and OH". The assigned rate constants were higher than ']Eer gbestg%rlgelzng fcoeg:s(;al_\lf\;]atclers Gbgtemien 9.5t_12t.5f
both portlandite and C—S—H dissolution as it was previously orPband 9.5-10.5 for Cd). The lower stability constants for

observed that a higher degree of leaching was obtained foer' compared to Pb, are also consistent with other studies
Cr than Ca in the cement systda0]. [34.35}

The same cement dissolution rate constants were used ) . . i
for all leaching fluids. Variations are only associated with 3-4- Solid solution formation, adsorption on hydrous
leaching fluid compositions and the maximum availability ON ©xides, and equilibrium state of compounds
of cement components (portlandite, C—S—H matrix, and free

metal ion) to dissolveTable 3. The model assumes the potential for formation of a solid

solution of Fe and Al as hydroxides. Litharge (PbO) and
Caz(AsOy)2 were also assumed to form a solid solution with
3.3. Complex formation Fe and Al hydroxide§36].
Metal ion concentration was assumed to be affected by
The complicated nature of ML leachate makes it extremely adsorption on hydrous ferric oxides (Hfi®7,38]and silica
difficult to identify organic materials in the leachate available gel[39]. Surface site densities and surface area used in this
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study were 0.2 mol weak Hfo sites/mol Fe, 0.005 mol strong liquors containing significant amount of silicate, as calcium

Hfo sites/mol Fe, and 600%gy—1, respectively[40]. The preferentially adsorbs on silicate minerf8].

surface complexation constants for Hfo were obtained from

the Lawrence Livermore National Library (LLNL) database,

sourced from a review by Dzombak and Moj#l]. A value 4, Results and discussion

of 600 n? g~! was used to describe the silica gel surface area

(Surf_s) for a 0.2 mol silanol (SiOH)/mol of Si systef82]. 4.1. Leaching of Pb

The ionisation constant for silica gel was taken from 8]

while the complexation constants for the silica gel surface  Experimental and simulated Pb and Ca concentration pro-

with PE?* and Cd* were taken from Schindler et g#2]. files for Pb-contaminated cement leached with 0.1 M acetic

Values are shown ifiable 5 acid are displayed iRig. 2 The SlI's of selected compounds
The metal concentration in the leachate is governed by at different leaching stages are providedable 8 In agree-

the equilibrium states of solid compounds in the system. ment with the portlandite dissolution rate, all the portlandite

To account for the lack of information available regarding available on the cement surface dissolved within the first

the kinetics of precipitation of most compounds, equilibrium few minutes. This is consistent with Berner’s findings for the

was assumed for possible equilibrium-controlling species, degradation of concref@4] and was found to be primarily

including Fe(OHj}, gibbsite, portlandite, calcite, and poten- responsible for the final solution pH. The modelling results

tial metal precipitates, such as litharge, alamosite SRy, (not shown here) indicated calcite dissolution occurred next

cerussite, hydrocerussite, otavite, CdgiCalcium arsenate,  and, when a pH of approximately 12 was attained, C-S—H

calcium chromate, eskolaite, and ferric arsenate. This func-dissolution played a role in further pH increase and metal

tion ensures the precipitation of compounds having saturationion release. Knowledge of the occurrence of each dissolution

indices (SI's) close to the specified target Sl, as shown in stage is important as it provides greater insight into factors

Table 7 Sl is the ratio of the logarithm of the ion activity controlling Pb release.

product to the logarithm of the solubility product. A posi- According to the model, the initial Pb presence observed

tive Sl indicates precipitation of the mineral while a negative in Fig. 2 was due to the release of free Pb(GHijapped

Slindicates mineral solubilisation. Minerals possessing SI's withinthe cement pores. Decreasing this parameter within the

between—2.0 and 2.0 are most likely to be the controlling model resulted in a significant decrease in initial Pb released.

mineral for constituent element solubility. In similar min-  During the early stages of leaching, (30s), all solid com-

eral series (e.g. oxides, hydroxides, carbonates), the minerapounds possessed negative S| valdeble § with the dom-

with the smallest positive S| will precipitate first due to its inant Pb species in solution being PbAcetatePbAcetaté,

lowest interfacial free energy, according to the Ostwald Step PbAcetate, and PB™.

Rule [43]. Sl values for compounds relevant to each heavy A pH increase after 3min of leaching caused a rapid

metal waste were set at 0.0. An oversaturation Sl of 0.75 wasdecrease in the Pb concentratidfigf 2), suggested by the

specified for calcite due to its tendency to supersaturate inmodel as due to its precipitation as silicate species (alamosite

and PhSiO,—Table §. Simultaneously, the model indicates

Table7 B . reformation of the C—S—H gel occurs, possibly contributing
Neu_t_ral!satlon or solubility constants of metal compounds specified in to the precipitation of these silicate species. As leaching pro-
equilibrium h
— gressed and the pH increased to ER)(2), Pb released from
Compounds Log neutralisation constaip) or
solubility constantKsp)
. . 200 r 14
Alamosite (PbSi@) Kn=5.67
Cag(AsOy)2 Ksp=—18.9 & g o ce—eectamn. GoImE® O - {0
Cag(AsOy)2-4H,0 Ksp=—18.F g 160
Cag(AsOy),2-6H,0 Ksp=—18.9 £ 140 F10 T
Calcite (CaCQ) Kn=1.89 § - 120 —e— Pb (Experiment) ]
Cd(OH), Kn=13.74 e %’I i —o— Pb (PHREEQC) 8 B
Cerussite (PbCg) Kn=-3.22° 8 g —4— Ca (Experiment) x0.01 8
. —#— Ca (PHREEQC) x0.01 H6

Eskolaite (CEOB’) Ksp= _9-13b 8 = 80 —&—pH (Experiment)) 3
Fe(OH) Kn=5.68 T 60 -G pH (PHREEQC) L,
Gibbsite (AI(OHY) Kn=7.76 8 4
Hydrocerussite Kn=1.89 8 5 k2

(Pb3(CO3)2(OH))°
Litharge(PbO) Kn=12.64 0 9 -0
Otavite (CACQ) Kn=—1.77 0001 001 041 1 10 100 1000
Portlandite (Ca(OHy) Kn=22.56 Leaching duration (hours)

a Neutralisation constant (based on reaction of metal compound Wjth H

b Taken from[51]. Fig. 2. Experimental and modelling results for cementitious waste contain-

© Taken from[52)]. ing Pb tumbled with 0.1 M acetic acid. Ca concentrations are multiplied by

d Taken from[17]. 0.01.



Table 8

SlI's of selected compounds at different stages of leaching for Pb-contaminated cement

Formula 0.1 M acetic acid 0.6 M acetic acid ML leachate

30s 180s 73h 30s 73h 30s 180s 73h
pH 5.2 11.3 12.2 4.4 6.7 8.7 8.9 10.9
pe 13.5 6.9 6.2 14.9 11.7 1.8 1.3 —-4.2
Dominant Pb species PbAcetatg™ Pb(OH}~ Pb(OHY~ PbAcetatg™ PbAcetatg™ PbOrganic PbOrganic PbOrganic

in solution (60%) (70%) (95%) (88%) (94%) X* (95%) X* (95%) X* (89%)

PbAcetaté Pb(OH) Pb(OH) PbAcetaté PbAcetate PbOrganic PbOrganic Pbh(CQ)2%*

(25%) (29%) (5%) (6%) (4%) X2 (5%) X2 (5%) (7%)

PbAcetate PbOH PbAcetate PbAcetaté PbOrganic

(11%) (1%) (6%) (3%) X2 (4%)

PE* (4%)
Alamosite PbSi@ —-4.4 1.9 1.7 —-6.0 —-0.75 —-6.2 —-4.2 0.77
Anglesite PbS® -3.0 —-7.3 -8.0 —-3.2 -2.5 —6.6 -5.9 —-7.0
Brownmillerite CaAl;Fe,019 -81 -34 -25 —87 —68 —74 -71 -51
CaAl,05-8H,0 CaAl»05.8H,0 —-27 -4.1 0.42 —-32 =21 —28 —26 -19
CaAl,07-19H,0 CaAl,07.19H,0 —54 —-6.7 1.4 —62 —42 —48 —45 -25
CaH,SiOq4 (gel) CaHSiOy —-10 1.1 34 —-11 —-4.1 —-8.7 —-7.5 -2.0
Calcite CaCQ@ -2.7 0.75 0.75 -3.5 0.75 0.75 0.75 0.75
Cerussite PbC® -1.1 -2.5 -5.1 —2.6 0.00 —-0.92 0.00 -0.62
Ettringite CaAl2(SOy)3 —44 -6.9 5.1 —48 —26 —42 -40 -25

(OH)12.26H0

Hydrocerussite PHCO3)2(0OH)2 -5.6 -0.89 -6.9 -11 -2.3 —-4.6 -16 0.00
Hydrogarnet C@Alo(H404)3 —41 -5.2 11 —46 -31 -38 -35 —19
Lanarkite Pb(S®0O -5.4 -2.3 -3.7 7.7 -3.9 -8.5 -6.6 -4.9
Litharge PbO —7.6 -0.19 —-0.99 —-9.7 —6.6 -7.1 -5.9 -3.1
Massicot PbO -7.8 -0.37 -1.2 -9.9 —6.8 -7.3 —6.1 -3.3
PhSiOy Ph,SiOy —-12 2.0 0.95 —-15 -7.1 -13 -9.8 -2.0
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Leaching time (hours)

Leaching duration (hours)

Fig. 3. Experimental and modelling results for cementitious waste contain-
ing Pb tumbled with 0.6 M acetic acid. Ca concentrations are multiplied by
0.01.

Fig. 4. Experimental and modelling results for cementitious waste contain-
ing Pb tumbled with ML leachate. Ca concentrations are multiplied by 0.1.

the cementincreased again until it reached equilibrium. Here,
according to the model, Pb exists predominantly in solution
as hydroxy complexes (Pb(O%t) and Pb(OH)) and silicate

precipitation remains the controlling mechanism for Pb sta-

plexation of Pb with Organic X dominates Pb speciation in

the solution below pH 10. Decreasing the stability constants
of the Pb complexes led to an underestimation of Pb concen-
i . ) ; X tration, whereas increasing the stability constants resulted in
bility. The quu;ker increase in Pb concentrqtmn above_ pH 12 overestimation of the dissolved Pb. At 180 s of leaching, the
for the modelling resultsHig. 2), despite similar pH profiles, pH of the leachate had increased to 8.9, with Pb indicated to

may rezuIFt)tl;r%m slgwer kmet;}csyf Pb d|sscl)lut|on _l;_rr(]).m Pré- pe precipitating as cerrusite. A further increase in pH to above
C|p|tqte . ( H?) ue to '|ts yaroxy COMpIEXES. TNiS Was 49 g5y hydrocerussite and lead silicate precipitates likely to
not kinetically simulated in the model as it was considered be the solubility controlling species

a second order effect. Modelling also indicated the precip- Itis also apparent from the model that C—S—H dissolution

itation of P.b as a solid goluuon V.V'th Al an_d F? hydroxides | atics s governed by OHconcentration. Omission of this
controlled Its concentration. ThaF IS, removing Ilthqrge (PbO) species from the ML leachate simulation gives a constant
from the solid solution led to a significant overestimation of pH following complete dissolution of portlandite and calcite.
Pblin thﬁ_leachz;\]t(e).G M ic acidFia. 3 h ‘ This is not observed ifrig. 4 The effect was also evident
eachingwith 0.6 M acetic acidHg. 3) saw the amount o for the 0.1 and 0.6 M acetic acid leachates, but is more pro-

.Pb inthe I_eacl?]hat?_llncr((ajase gurlgg the f'rSt_ 3 g,bafter Wh'Ch’_announced for the ML leachate due to its approximately neutral
mr::ret?s?] Int ep pr((j) uced a e_crelasde n : CO'_flce"]tr""t",m'rnitialpH.Thatis,ataninitiaI neutral pH and considering only
The higher acetic acid concentration led to a slow increase in + i, 1o yinetics of CSH dissolution, no significant driving

pHand "?‘SIOW rate of Pbremoval from the leachate. After 73h force will be available to release the cement components. H
of Ieachl_ng, PbAceta@e_, PpAcetat@, an_d PbAcetafewere species lead to significant leaching only at low pH.
the dominant Pb species in the solution with Pb-carbonate
alluded to be governing Pb stabilitygble §.

Although modelling denoted Pbto be strongly adsorbed on 4.2. Leaching of Cd
hydrous iron oxide and silanol surfaces, as has been observed
by other researchel82,37,38] this effect was not found Cd and Ca concentration profiles for the leaching of Cd-
to dictate here due to the low amounts of soluble Fe and spiked cementitious waste by 0.1 and 0.6 M acetic acid are
Si in the system, available as adsorption sites. This totalled shown inFigs. 5 and 6respectively. Model outputs for these
less than 0.1 ppm of Pb adsorbed on hydrous iron oxide andsystems are given ifiable 10 The 0.1 M acetic acid initially
silica gel surfaces for 0.1 M acetic acid and 6.8 ppm of Pb released a high amount of Cd with the dominant species in
as HfasOPH, 0.8 ppm of Pb as HfsOPB, and less than  solution indicated to be CdAcetdteCdAcetate, Cc?*, and
0.1 ppm of Pb adsorbed on the silica gel for 0.6 M acetic CdAcetatg~. Carbonate acted as the solubility controlling
acid. Overall, precipitation was found to be the mechanism phase. The model specified the increase in pH to 12 (at 73 h

controlling Pb concentration in the leachate. of leaching) resulted in solubilisation of the carbonate and
Pb, Ca and pH profiles as a function of leaching duration subsequent precipitation of Cd as its hydroxide and silicate.
in the presence of ML leachate are provided-ig. 4, with The model was unable to simulate Cd release, between 3

the Sl's of various compounds at different stages of leaching and 80 h for the acetic acid, underestimating experimental
by the ML leachate presentedTable 8 The initial increase  results during this period~g. 6). This may be due to some

in Pb (Fig. 4) is due to complexation of Pb with Organic X. factor in the Cd leaching/speciation, unaccounted for by the
This is illustrated in the modeTable 8, which shows com-  modelinits currentform, leading to the observed undershoot.
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Fig. 7. Experimental and modelling results for cementitious waste contain-

Fig. 5. Experimental and modelling results for cementitious waste contain- ing Cd tumbled with ML leachate. Ca concentrations are multiplied by 0.01.

ing Cd tumbled with 0.1 M acetic acid. Ca concentrations are multiplied by
0.01.
4.3. Leaching of As

Figs. 8 and $how the leaching profiles of As and Ca from
Both precipitation of Cd(OH)in a solid solution with  cementitious waste using 0.1 and 0.6 M acetic acid, respec-
Al and Fe hydroxides and adsorption of Cd onto either the
hydrous iron oxide or silica gel surfaces were reported by the

e ; d 200 - - 14

model to be insignificant for controlling Cd concentration 5
in the leachate. Less than 0.1 ppm of Cd was adsorbed on § Py ' PO 12
hydrous iron oxide and silica gel using 0.1 M acetic acid and § 140 _@g' . L 10
0.1ppmofCdwasadsorbed as HHOCd using0.6 Macetic ~ § | L EE’;":E;‘SE‘)’ T
acid (after 73 h of leaching). g % 100 ; A i (BT #0 -8 g

The modelling and experimental results for the leaching ¢ g oy —&— Ca (PHREEQC) x0.01 ls 5§
of Cd and Ca from cementitious waste by ML leachate are $ = _ 4 tzﬂ EE:":EE'";S)) 8
shown inFig. 7. Sl values are provided iffable 9 The 5 M4
model findings imply complexation of Cd with organic lig- £
ands increased the soluble Cd early in the leaching process.

The increase in pH with time gives rise to the precipitation of

Cd as carbonate and silicate species. Cd concentration was
not experimentally monitored between 0 and 1 h, such that
existence of the peak described by PHREEQC over this time rig. 8. comparison between experimental and modelling results for cemen-

frame cannot be confirmed here. titious wastes containing As tumbled with 0.1 M acetic acid. Ca concentra-
tion is multiplied by 0.01.

0.001 0.01 0.1 1 10 100 1000
Leaching duration (hours)
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Fig. 6. Experimental and modelling results for cementitious waste contain- Fig. 9. Comparison between experimental and modelling results for cemen-

ing Cd tumbled with 0.6 M acetic acid. Ca concentrations are multiplied by titious wastes containing As tumbled with 0.6 M acetic acid. Ca concentra-
0.01. tion is multiplied by 0.02.



Table 9
SlI's of selected compounds at different stages of leaching for Cd-contaminated cement
Formula 0.1 M acetic acid 0.6 M acetic acid ML leachate
30s 180s 73h 30s 73h 30s 180s 73h
pH 5.2 111 12.2 4.4 6.5 8.7 8.9 10.8
pe 13.5 0.7 -1.1 15.0 11.9 2.3 2.0 —-2.7
Dominant Cd species CdAcetaté Cd(OH), Cd(OH), CdAcetate CdAcetate CdOrganic CdOrganic CdOrganic
in solution (45%) (70%) (80%) (47%) (48%) X* (96%) X* (96%) X* (95%)
CdAcetate CdOH* Cd(OH)y~ CdAcetaté CdAcetatg™ CdOrganic CdOrganic CdOrganic
(32%) (15%) (19%) (31%) (25%) X2 (3%) X2 (3%) X2 (3%)
Ct CdAcetaté CdOH* CdAcetaté~ CdAcetaté CdOrganic CdOrganic CdOrganic
(19%) (8%) (1%) (15%) (22%) X3~ (1%) X3~ (1%) X3~ (1%)
CdAcetatg™ CdAcetate Cd(OHY}?~ CP* (7%) Cd* (4%) Cd(CQ)2%
(4%) (7%) (1%) (1%)
CdAcetat@?™
(1%)
Brownmillerite CaAlFe09 -81 —-34 -25 —88 —69 —66 —65 -52
CaAl05-8H,0 CaAl05-8H,0 -27 —-4.1 0.52 -32 —22 -20 -20 -13
CaAl07-19H,0 CaAl,07-19H,0 —54 7.7 15 —62 —43 —40 -39 —26
CaH,SiOq (gel) CahSiOy -10 0.52 3.4 -11 —4.4 -8.8 7.7 -2.2
Calcite CaCQ@ -2.8 0.75 0.75 -35 0.75 0.75 0.75 0.75
Cd(OH), Cd(OH)y -8.2 0.00 0.00 -9.8 —-6.7 -6.1 -5.6 -2.4
CdSiG; CdSiG; —-6.0 1.3 1.9 —6.7 -1.5 —-6.1 —-4.7 0.74
CdsQ CdsQ -11 -14 -14 -9.8 -8.8 -12 -12 -13
Ettringite CaAl2(SOy)s —45 -8.4 5.2 —49 27 —-34 —-34 —26
(OH)12:26H0
Hydrogarnet CaAlo(H404)3 —41 -5.7 1.2 —47 -32 -30 —-29 -19
Otavite CdCQ —-2.2 —-2.2 —-4.5 -29 0.00 -0.25 0.00 0.00

9S
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Table 10
SlI's of selected compounds at different stages of leaching for As-contaminated cement
Formula 0.1 M acetic acid 0.6 M acetic acid ML leachate

30s 180s 73h 30s 73h 30s 180s 73h
pH 5.3 11.5 12.2 4.5 7.3 7.9 8.4 115
pe 13.5 7.1 6.5 14.7 11.5 2.9 1.5 -5.6
Dominant As species HoAsOs~  AsQs3 AsOy3~ HoAsOs~  HAsOs2~ HAsSO2~ HAsOs2™  AsOs3-

in solution (94%) (76%) (96%) (81%) (91%) (97%) (99%) (82%)

HASO42~  HAsOs2~  HAsOs2~  HAsO2~  HzAsO;~  HpAsO;~  HpAsO,~  HAsOs2

(6%) (24%) (4%) (19%) (9%) (3%) (1%) (18%)
Arsenolite AsO3 —48 —76 -81 —48 —53 —-25 —-23 —-19
As;05 Asp05 -20 —48 -53 -18 -25 -29 -31 —43
Brownmillerite CaAl,Fe0q9 —-80 -32 -25 —86 —63 —69 —67 —47
CaAl,05-8H,0 CaAl»05-8H,0 =27 -3.2 0.45 =31 —-19 —22 =21 -11
Caz(AsOy)2 Cas(AsOs), -9.7 —-0.27 -11 —11 —1.4 —-10 —-10 —-7.2
Ca3(AsOy)2-4H,0 Ca(AsOy)2-4H, 0 —9.8 -0.31 -1.1 -11 -1.5 -10 -10 7.2
Ca3(AsOy)2-6H0 Ca(AsOy)2-6H, O —9.8 —-0.28 -1.1 -11 —-15 —10 —-10 —-7.2
CaAl07-19H,0 CaAl,07-19H,0 54 -51 1.4 —60 -37 —43 —41 -21
CaH,;SiOq4 (gel) CahHpSiOy -10 1.4 34 -11 34 —10 —-8.7 —-1.6
Calcite CaCQ@ -2.9 0.75 0.75 -2.9 0.75 0.75 0.75 0.75
FeAsQ-2H,O FeAsQ -1.9 -16 -18 -0.36 —4.3 —6.3 7.1 —-13
Hydrogarnet CaAl2(Hs04)3 —-41 -3.9 1.1 —45 -27 -32 -31 -15

tively. Initial SI's of selected minerals and SlI's after 73 h of the precipitation of As as GgAsO,), was evoked to control
leaching are shown ifiable 10 Fig. 8 shows an initial slow As solubility.
pH increase was experienced in the presence of 0.1 M acetic  Although the simulation showed As was strongly adsorbed
acid followed by a sharp increase after approximately three on hydrous iron oxide surfaces, as has been similarly reported
minutes. This pH increase was simulated by dissolution of by van der Hoek et a[44], only a small portion of As (<0.1
the available portlandite, which is consumed very early in the and 3.3 ppm Arsenic as HfwOHAsQ,3~ after 73 h of leach-
leaching process. With increasing time and pH, portlandite ing with 0.1 and 0.6 M acetic acid, respectively) was removed
dissolution was followed by calcite and C—S—H matrix disso- from solution by this mechanism. Thisis a consequence ofthe
lution. The latter is responsible for both calcium and further low level of Fe released~3 mg L~! with 0.1 M acetic acid
contaminant release at the alkaline pH. and~40mg L~! with 0.6 M acetic acid from experimental
The PHREEQC simulation suggests As was initially results) in these systems and indicates precipitation of arse-
released from both the C-S-H matrix and discrete nate compounds plays a greater role in controlling arsenic
Ca(AsOs)2, mainly as HAsO,~ and low levels of concentration.
HAsO42~. The negative Sl values of the selected solid com-  The municipal landfill leachate As leaching profile is
pounds shown ifTable 10illustrate these compounds were shown inFig. 10with the SlI's of selected compounds pre-
soluble under this conditiorTable 10also indicates at low  sented inTable 7and reveals in the initial stages As was
pH the solubility of As may be controlled by the solubil- predominantly leached as HA$® and HAsO4~. Follow-
ity of ferric arsenate, which has an Sl close to 0. As the
leaching progresses, the leachate pH increases due to alka
linity release from the cement. This increase provides an
increase in the SI's of many of the calcium minerals to
above 0.0, signifying precipitation of these compounds in
the system. Furthermore, according to the model, the pH

500 14
450

. . - . . 300+ .o

increase also results in the solubilisation of ferric arsenate G O, e
.. . .. —— As (Experiment)

precipitate and the formation of a §&sO,)2 precipitate —&— As (PHREEQC) L6

—&— Ca (Experiment) x0.1
—4— Ca (PHREEQC) x0.1
—&— pH (Experiment)

@ pH (PHREEQC)
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with the released calcium (SI close to 0). In addition, the
arsenic concentration was influenced by the formation of
a solid solution with Fe and Al hydroxides, but this effect
was not as significant as the precipitation of As as calcium
arsenate. 8
Similar observations were made with 0.6 M acetic acid. G091
At the higher acid concentration, a slower increase in pH
provided a slower decrease in As concentration as CalciumFig. 10. Comparison between experimental and modelling results for
arsenate precipitation is more favourable at high pH. Again, cementitious wastes containing As tumbled with municipal landfill leachate.
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ing 2 h of leaching, a dramatic increase in the simulated As
solution level, due to an elevated C—S-H dissolution rate at
the highly alkaline pH, contributed by the “Oficomponent
in Eq.(1). Removing the “OH " term during C—S—H dissolu-
tion resulted in a constant leachate pH following portlandite

and calcite consumption, which was not observed experimen-

tally. After 73 h of leaching, as the pH increased to 11.5, the
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firm metal containment mechanisms in C—-S—H and similar
phases.

The simulation indicated a substantial increase in As
occurred after 2h of leaching, however, this was not evi-
dent in the experimental work until after 10 h of leaching.
The current rate constants were defined to give reasonable
trends for all metal ions investigated (As and Cr) and for all

SI's of most compounds increased. However, it can be seenleaching fluids. It is possible minor variations in the alka-

that the SI's of the calcium arsenate minerals remained well
below 0.0 (-10), resulting in ahigher modelled As concentra-
tion in solution than seen experimentally with the municipal
landfill leachate. It is possible that in the pH 10-12 region As

linity of the cement-stabilised waste between batches and
slightly different rate constants may occur within the differ-
ent systems. Slight adjustments to the O¢bmponent of the
C—-S—H dissolution rate constant brought the model pH/time

readsorbs onto components of the cement, such as ettringiteprofile closer to experimental observations.
which the acetic acid-based leaches had previously dissolved The model can actas a semi-predictive tool for the leaching

[44]. This may be responsible for the lower experimentally
observed As solution concentrations.

As a comparison, at a pH of 11.5 during leaching by the
0.1 M acetic acid (after 180s of leachingrable 10 the
SI's of the calcium minerals are close to 0.0, indicating a
lower solubility for As. It is clear from the simulation the
high As concentration in the municipal landfill leachate is
due to the preferential precipitation of calcium as calcium
carbonate (SI1=0.75) resulting from the substantial level of

of As from cementitious waste by providing speciation data
at different leaching durations, which are difficult to obtain
experimentally. The simulation shows leaching of As from
cementitious waste is primarily governed by the dissolution
rate of As from the C—S—H matrix and the concentration of
As in the solution at high pH is influenced by the solubil-
ity of Cag(AsOy)2. The presence of carbonate alkalinity in
the solution leading to the formation of Cag@recipitate
may therefore influence arsenate solubility. However, further

dissolved inorganic carbon in the leachate. This supports pre-studies are required to elucidate factors leading to the dis-

vious inferencefl 3] regarding competition between calcium crepancies between the experimental and modelling results

carbonate and calcium arsenate precipitation in municipal particularly for the ML leachate in the long term.

landfill leachate as controlling As concentration. Such a find-

ing is important as it indicates leaching in municipal landfills 4.4. Leaching of Cr

may produce higher levels of arsenic than indicated by an

acetic acid leachant, leading to inappropriate disposal of The Cr and Ca concentration profiles as a function of

hazardous waste. Employing a leaching fluid containing car- leaching duration using 0.1 and 0.6 M acetic acid are shownin

bonate alkalinity would improve the simulation of leaching Figs. 11 and 12espectively. The SI's of selected compounds

in a municipal landfill leachate. are shown iffable 11 Initially, when an acidic pH existed,
Minor variations in the pe of the ML leachate varied As Cr was mainly present as HC§O, Cr,07%~, and CrQ?.

speciation, although this did not necessarily affect As con- The initial SI's of all Cr compounds in the presence of 0.1

centration. For instance, at an initial pe-68.1 As mainly or 0.6 M acetic acid are much lower than 0.0, illustrating the

exists as As(V). A decrease t63.5 resulted in 90% of the  high solubility of Cr. As leaching progressed, the model iden-

arsenic existing as As(ll). As speciation analysis by ion chro- tified CrO;>~ becoming the dominant species; however, the

matography/mass spectrometry showed the presence of onl\Cr remained highly soluble at all times.

As(V) in the leachate sample after 7 days leaching by ML

leachate, a pe of3.1 was used for this simulation. It is

important to note these experiments were conducted under

1400

Simulation of the As leaching from cement revealed
increasing arsenic content in the C—S—H matrix and decreas-
ing arsenic content in the free gAs0O,), produced an
overestimation of the experimental As solution concentra-
tion. This suggests As is predominantly contained within
the C—S—H matrix and not present as discretg(£s0,)o,

supporting previous electron microprobe findifigks How- Fig. 11. Comparison between experimental and modelling results for
ever, at this time insufficient data is available to con- cementitious wastes containing Cr tumbled with 0.1 M acetic acid.

c
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Table 11
SlI's of selected compounds at different stages of leaching for Cr-contaminated cement
Formula 0.1 M acetic acid 0.6 M acetic acid ML leachate

30s 180s 73h 30s 73h 30s 2h 73h
pH 53 9.6 12.1 4.5 7.5 9.3 10.0 12.1
pe 15.5 11.3 8.8 16.8 13.9 —-5.2 5.3 2.0
Dominant Cr species HCrO4~ CrOs%~ CrOs%~ HCrO4~ CrOs%~ Cr(OHy~  CrO4% CrOs%~

in solution (79%) (100%) (100%) (73%) (97%) (50%) (100%) (75%)

CrO4%~ Cr,0,% HCrO,~ Cr(OHy CrO4%~

(11%) (24%) (3%) (44%) (25%)

Cr,07%~ CrOs%~ Cr(OHY*

(10%) (2%) (6%)
Brownmillerite, CaAl,Fe010 —-80 —46 —-25 —86 —62 —63 —58 —41
CaAl205-8H,0 CaAl,05-8H,0  —27 -10 0.40 -31 -19 -19 —16 -7.8
CayAl07-19H,0 CaAl,07-19H,0 54 -20 14 —60 —36 -37 -32 -15
CaH,SiOq (gel) CaHSiOy -10 -1.6 34 —-11 -3.3 -7.6 —-4.0 -0.78
Calcite CaCQ@ -3.0 0.75 0.75 -3.8 0.75 0.75 0.75 0.75
Calcium chromate CaCo -3.6 -2.3 -2.2 -3.8 -1.9 —45 —6.7 —6.9
Chromite FeCGiO4 —26 —41 —-51 27 -35 0.00 —-4.5 -5.2
Eskolaite C503 -16 -31 —-41 -17 -25 —6.7 0.00 -1.8
Hydrogarnet CeAlo(H404)3  —41 —15 11 —45 —27 —27 —24 —11

The simulation indicated Cr leaching derives from disso-
lution of the C—S—H matrix, releasing Cr trapped within the
cement pores, and dissolution of free GfO present on the
C-S—H surface. Decreasing the proportion of free ££1O
in the simulation resulted in an underestimation of Cr con-
centration illustrating Cr is mostly present as free ¢xO
supporting findings detailed in a previous publicatjBh

Although Cr is known to adsorb on Al and Fe hydroxide
surfaces below pH B.9], this model predicted the amount of

Cr adsorbed to be insignificant (<0.1 ppm Cr as HorQ,~

using both 0.1 and 0.6 M acetic acid) due to the low level of

Fe in the system. Formation of a solid solution of CagrO

with Fe and Al hydroxides was also found to be insignificant.
The Cr leaching profile as a function of leaching duration

by the municipal landfill leachate is shown kig. 13 with
the SI's of selected compounds providedable 11 During

the initial leaching period, the model indicated Cr(lll) dom-

inates the Cr species in the solution as Cr(@H)r(OH)y~,

—#— Cr(Experiment)
-&- Cr(PHREEQC)
2500 -4 Ca(Experiment)x0.02
-4~ Ca(PHREEQC)x0.02
@ pH(Experiment)

-6~ pH(PHREEQC)

Cr and Ca concentration
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0
0.001

1
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Leaching time (hours)

Leachate pH

and Cr(OH)*. The initial solubility of Cr was controlled
by the solubility of chromite (FeGO4). As leaching pro-
gressed, leachate pH and redox potential increased result-
ing in the oxidation of Cr(lll) to Cr(VI). This is illustrated
by the domination of Cr as Cu3~ after 2h of leaching
(Table 13, while most Cr(lll) appears to precipitate as its
oxide/hydroxide. This is observed by the plateau in the Cr
concentration between 1 and 10 hleaching. A furtherincrease
in pH saw dissolution of the Cr(lll) precipitate and domina-
tion of Cros2~ in the solution, as indicated by the second
plateau inFig. 13

The modelling provided evidence of Cr reduction during
the early stages of leaching and was influenced by the pH
and pe of the leachate. Variation in the reduction potential
may result in variation of the Cr speciation. For example,
a decrease of the reduction potential fron3.1 to —3.2
showed all the Cr present as Cr(lll) and precipitated as its
oxide/hydroxide. In the experimental study, after 2h tum-
bling with the municipal landfill leachate, 25% of the Cr in the
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Fig. 12. Comparison between experimental and modelling results for Fig. 13. Comparison between experimental and modelling results for
cementitious wastes containing Cr tumbled with 0.6 M acetic acid.

cementitious wastes containing Cr tumbled with municipal landfill leachate.
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solution was in the form of Cr(Il[}13]. In the model simula- ~ suggests its use for predictions in the longer-term is possible.
tion, although after 2 h of leaching the soluble Cr was mostly To confirm this, long-term leaching experiments and compar-
in the form of Cr(VI), some existed as a Cr(lll) oxide pre- isons are required. Furthermore, greater attention is required
cipitate (eskolaite). This suggests the precipitation of Cr(lll) to accountfor the effect of factors leading to the observed dis-
could be kinetically slow, resulting in Cr(lll) being predom- crepancies between results that may have been overlooked in
inantly soluble during the experiment while in the model all this version of the model.

the dissolved Cr(lll) precipitated. It is important to note that,

although the modelling study showed when leaching with

this particular municipal landfill leachate the Cr existed as acknowledgments

chromate ions, under actual mature landfill conditions (where

leachate pH s typically between 6 and 8.5 and redox potential  The authors would like to thank Roy Foley, Jin Yang,
can be lower due to the absence of oxygen) Cr is more likely Yarong Li, and Razi Uddin of the New South Wales Envi-
to exist as Cr(lll), possessing a lower toxicity than Cr(VI) yonmental Protection Authority for their contribution to the
[48]. project. This project has been assisted by the New South
Wales Government through its Environmental Trust. C.E.
_ Halim would also like to thank David L. Parkhurst of USGS
5. Conclusion for helping initiate the model and Helena Natawardaya of

. o . UNSW for conducting several experiments using the munic-
Due to the wide variations in waste and leachate char- jpa| jandfill leachate.

acteristics, it is extremely difficult to develop a universal

model capable of accurately predicting metal leaching from

all available scenarios. The differences in these characteris-
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