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a b s t r a c t

Portland cement (CEM I) and ground granulated blast furnace slag (ggbs) have been used to treat air
pollution control (APC) residues from an energy-from-waste plant burning municipal solid waste. Sta-
bilised/solidified (s/s) products were prepared with binder additions ranging from 10 to 50 wt.% of total
dry mass and water/solids ratios between 0.40 and 0.80. Monolithic leach tests (EA NEN 7375:2004) indi-
cated that 50% binder additions were necessary to meet the UK monolithic Waste Acceptance Criteria
vailable online 14 October 2010

eywords:
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olidification
eavy metals

(monWAC) for Pb and Zn, and previous work indicated that chloride leaching exceeded WAC even at this
binder addition. Lower binder additions (20 and 10%) did not sufficiently reduce leaching of Pb. Although
the monWAC are based on an assumption that leaching is diffusion-controlled, evaluation of leaching
mechanisms indicates that more complex processes than diffusion occur for s/s APC residues.

© 2010 Elsevier B.V. All rights reserved.

eaching
ncineration

. Introduction

Incineration in modern energy-from-waste (EfW) plants is a
ajor management option for municipal solid waste (MSW) that

epresents a viable alternative to landfill. Although the levels of
ecycling are increasing, the number of EfW plants in the UK is also
xpected to increase. Modern EfW plants have sophisticated air
ollution control technologies to meet the emission requirements
f the EC Waste Incineration Directive [1]. These use particulate
emoval systems such as electrostatic precipitators and neutral-
sation of acid gases using wet, dry or semi-dry lime or sodium
icarbonate scrubbers [2]. Activated carbon is used to adsorb heavy
etals and dioxins and furans, with injection of dilute ammonia

olution to reduce nitrogen oxides to nitrogen [3].
Air pollution control (APC) residues are the by-product from

hese systems. These consist of fine particulate matter that is typ-
cally between 3 and 5% of the total mass of MSW incinerated and
re typically a mix of lime, fly ash and carbon [4]. APC residues are
lassified as hazardous waste according to European Waste Cata-

ogue (19 01 07*) and they contain high concentrations of volatile
eavy metals such as Pb, Cu and Zn and soluble salts [5].

Several technologies have been evaluated for the treatment
f APC residues ranging from washing [6], plasma vitrification

∗ Corresponding author at: Department of Civil and Environmental Engineering,
mperial College London, London SW7 2AZ, UK. Tel.: +44 207 594 5971; fax: +44 207
23 9401.

E-mail address: c.cheeseman@imperial.ac.uk (C.R. Cheeseman).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.10.021
[7] and electrokinetic extraction [8]. Comprehensive reviews
of treatment technologies for APC residues have recently been
completed [9,10]. Each technology has advantages and disadvan-
tages in terms of contaminant immobilisation effectiveness, cost,
by-products, process energy consumption and carbon footprint.
Stabilisation/solidification (s/s) with hydraulic binders is a rela-
tively inexpensive technology that is used for the treatment of
metal-containing hazardous wastes. It involves encapsulation of
wastes in a monolithic matrix with structural integrity and reduced
surface area available for leaching. Contaminant immobilisation
mechanisms may include chemical stabilisation as well as physical
encapsulation [11].

Previous work has investigated s/s for the treatment of APC
residues. Polettini et al. [12] showed that heavy metals, anions
and alkalis in APC residues can significantly affect the mechanical
properties of cement and that only partial stabilisation of contam-
inants may occur in hydration products. Geysen et al. [13] used the
German standard DIN 38414-S4 test, a batch extraction with dis-
tilled water, to determine Pb leaching from s/s APC residues using
standard types of cement and silica-containing materials. Results
showed that treatment with cement failed to meet Flemish and
German regulatory landfill limits (2 mg/L), but improved leaching
results were achieved with the addition of silica-containing materi-
als such as micro-silica. Other studies have evaluated re-using APC

residues in construction, by direct application or following one or
more pre-treatment stages [14–17].

The monolithic (tank) leaching test (Dutch standard NEN
7375:2004) is a dynamic test for assessing diffusion-controlled
leaching and is used as the basis for the UK monolithic Waste

dx.doi.org/10.1016/j.jhazmat.2010.10.021
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:c.cheeseman@imperial.ac.uk
dx.doi.org/10.1016/j.jhazmat.2010.10.021
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cceptance Criteria (monWAC) [18]. The objective of this research
as to assess the effectiveness of s/s using commercial binders,

n this case Portland cement and ground granulated blast fur-
ace slag, for the immobilisation of contaminants in APC residues
nd evaluate compliance with the current WAC for monolithic
astes.

. Experimental

.1. Materials

Bulk samples (approximately 20 kg) of APC residues were pro-
ided by the operator of a major EfW plant in SE England with the
apacity to burn 420,000 tonnes per year of MSW. This plant uses
onventional mass-burn technology and generates approximately
4 MWh of electricity. Samples of APC residues were obtained
irectly from the bag house filters.

The mineralogy, elemental composition and leaching
EN12457-4) of these APC residues have previously been reported
5]. Major crystalline phases were Ca(OH)2, CaCO3, CaClOH and,
nhydrite (CaSO4), and soluble salts present were NaCl and KCl.
oncentrations of Pb and Zn leaching from the APC residues were
reater than the granular WAC limits for inert waste landfill, and
hose for Pb were higher than the limit for hazardous waste landfill.
he total amount of chloride present is typically 16–20 wt.%, and
he leachable chloride of 140,000–170,000 mg/kg of dry matter is
ignificantly greater than the granular WAC limits for hazardous
aste landfill.

CEM I (Lafarge Cement) or ground granulated blast furnace slag
ggbs, Civil and Marine Slag Ltd.) and distilled water were used to
repare all s/s APC residue samples. Elemental composition of the
gbs used has previously been reported [19].

.2. Stabilised/solidified product preparation

S/s products were prepared with varying APC residue/binder
atios and mix water contents. Samples were prepared with CEM I
r ggbs additions of 10, 20 and 50 wt.% of total dry mass and water to
olids (w/s) ratios between 0.4 and 0.8. CEM I or another alkali acti-
ator was not used with ggbs because the free lime and alkalis in the
PC residues can activate the ggbs and initiate pozzolanic hydration
eactions. The ranges for binder addition and w/s ratios were based
n industrial applicability considerations for commercial viability
i.e. cost of binder) and workability, as well as performance of the
/S matrices.

Specimen preparation involved thoroughly mixing the binder
ith the APC residues using a 5 L capacity mortar mixer (ELE,
K). Distilled water was then added to achieve the desired w/s

atios. Mixing for 3 minutes produced homogenous pastes that
ere formed into 50 mm cube samples using a vibrating table (Con-

rols, Italy) to remove air voids from the mix. Specimens were
e-moulded after 24 hours and transferred to polyethylene re-
ealable plastic bags containing a damp tissue to maintain a high
umidity environment. This also minimised carbonation that could
lter the properties and leaching characteristics of the solidified
astes. Specimens were prepared and cured at room temperature

20–24 ◦C) and pressure.

.3. Stabilised/solidified product testing
.3.1. Physical properties
Experimental techniques for determination of the physical

roperties of s/s APC residues have previously been reported [5,19].
arameters determined included:
Materials 185 (2011) 1115–1123

• unconfined compressive strength (UCS) at 7 and 28 days using
an automated compression tester (Automax 5) and applying a
loading rate of 300 kN/s;

• setting time (Vicat apparatus, BS EN 196-3:2005) and consistence
(flow table applying 15 rapid vertical displacements, based on BS
4551);

• porosity (determined from bulk density, specific gravity (ASTM
5550-94) and water content).

Stegemann and Zhou [20] have identified performance thresh-
old values for s/s products including:

• mix consistence of approximately 175 ± 10 mm;
• initial setting time between 2 and 8 hours with final setting occur-

ring at before 24 hours;
• 28 day compressive strengths of greater than 1 MPa [21], before

and after immersion.

2.3.2. Mineralogy
The crystalline phases of the s/s products were determined by

X-ray diffraction (XRD) using a PANalytical X-Pert Pro MPD diffrac-
tometer with a Cu X-ray source. Samples cured for 7 and 28 days
were dried at 60 ◦C and crushed to a fine powder. These were loaded
onto a zero background silicon holder, and analysed from 5 to 60◦

2� using 0.04◦ 2� step size and 30 s count time per step. Phase
identification was carried out using the software X’Pert Highscore
Plus.

2.3.3. Tank leaching test (NEN 7375:2004)
The tank test involves leaching of monolithic specimens in

sealed containers, using distilled water as the leachant, to assess
surface area related release. The leachant is renewed at 8 dif-
ferent times (fractions) over a period of 64 days and results are
expressed in terms of emission of mass per unit surface area
(mg/m2).

Products that had a UCS greater than 1 MPa after water
immersion were tested for diffusion-controlled leaching from the
monolith. The 50 mm cube specimens, cured for 28 days, were
immersed in distilled water at VL/VS = 4.0, where VL is the vol-
ume of distilled water and VS is the volume of the specimen, with
renewal of the leachant at 0.25, 1, 2.25, 4, 9, 16, 36 and 64 days.
At each fraction the pH was measured using a pH meter (accuracy
±0.05 pH units), calibrated using standard buffer solutions before
each use. An aliquot of leachate was filtered through a 0.45 �m
cellulose nitrate membrane filters (Whatman International Ltd.)
and analysed for metals by Inductively Coupled Plasma–Optical
Emission Spectroscopy (ICP–OES) (Optima 4300 DV – Severn Trent
Laboratories, UK). The liquid samples were preserved and matrix-
matched to the ICP calibration by adding 1 ml of concentrated
HCl (ARISTAR Grade, VWR, UK) to 9 ml of sample. These sam-
ples were stored in capped, 12 ml polystyrene test tubes, prior to
analysis.

It is noted that samples were tested by ICP–OES for sulphur (S).
However, due to the nature of the mixes it is assumed that the major
sulphur species in the system is sulphate (SO4

2−) and reference is
made only to SO4

2− hereafter. S emissions were corrected for the
mass of SO4

2−. Speciation of sulphur in commercial ggbs for use in
concrete may comprise both sulphides and sulphates with maxi-

mum permissible contents of 2.0% and 2.5% by mass respectively,
according to BS EN 15167-1:2006. A study by Roy [22] however,
has shown that in activated slags it is likely that sulphides will be
transformed to sulphates. Sulphur content in the ggbs used in this
study was 0.05% [19].
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Cumulative leaching according to NEN7375:2004 is calculated
sing the formula:

∗
n =

n∑

i=1

Ei for n = 1 to N (1)

here ε∗
n is the measured cumulative leaching of a component for

eriod n comprising fractions i = 1 to n, in mg/m2 of sample surface
rea, Ei is the measured leaching of the component in fraction i in
g/m2 and N is the total number of leachant renewal periods.
Cumulative derived leaching is also calculated according to the

ormula:

n = Ei ×
√

ti√
ti −

√
ti−1

(2)

here εn is the derived cumulative leaching for a component for
eriod n comprising fraction i = 1 to n, in mg/m2, Ei is the measured

eaching of the component in fraction i, in mg/m2, ti is the replen-
shment time of fraction i in s and ti−1 is the replenishment time
f fraction i − 1. Derived leaching values can be used to evaluate
hether leaching is governed by diffusion.

. Results

.1. Physical properties

The physical properties of the s/s APC residues treated using
EM I or ggbs have previously been reported [5,19]. Compres-
ive strengths of the products ranged between 0.5 and 20.6 MPa
epending on binder and water addition. Ggbs mixes with binder
dditions lower than 50% exhibited compressive strengths below
MPa at 7 and 28 days. All CEM I mixes had compressive strengths
reater than 1 MPa. Porosities for CEM I mixes ranged between 30.7
nd 52.5 volume%, while the porosities of the ggbs samples ranged
rom 33.7% to 59.9%.

In the present study, mixes that satisfied the performance crite-
ia outlined in Section 2.3.1 were 10 wt.% CEM I at w/s: 0.65, 20 wt.%
EM I at w/s: 0.65 and 50 wt.% CEM I at w/s: 0.55. None of the ggbs
ixes satisfied all three criteria, in most cases being stiffer than

he consistence performance threshold [19], which might not be
problem in industrial operations, depending on placement tech-
ique.

.2. Mineralogy

Crystalline phases identified in the s/s products are presented
n Fig. 1a–c. Fig. 1a shows the mineralogical composition of APC
esidues with 50% CEM I addition after 7 and 28 days. Major crys-
alline phases are Ca(OH)2, CaCO3 (calcite) and the chloro-complex
riedel’s salt, Ca2Al(OH)6Cl·2H2O and Ca2Al(OH)7·2H2O. Friedel’s
alt forms by the reaction between calcium aluminates and chloride
ompounds such as NaCl and CaCl2. The absence in the diffrac-
ion pattern of peaks related to the CaClOH previously found in the
ntreated APC residue indicates that this has been transformed into

ess soluble chloro-complex salts, but NaCl and KCl remain present.
Fig. 1b shows the XRD analysis of APC residues with 50% ggbs

ddition. During the hydration of ggbs, the Ca(OH)2 supplied by the
PC residue is completely consumed, while CaClOH reacts to form
riedel’s salt. The broad hump between 20◦ and 36◦ 2� represents
he poorly crystalline forms of the highly reactive phases present

n ggbs.

The effect of CEM I addition on the mineralogical composi-
ion of APC residues at varying binder addition is presented in
ig. 1c. The comparison of the three solidified products shows
he extent of the interaction between APC residues and CEM I.
Fig. 1. XRD data of (a) APC residues with 50% CEM I addition after 7 and 28 day
curing (w/s of 0.50), (b) APC residues with 50% ggbs addition after 28 day curing
(w/s of 0.50) and (c) APC residues with 50%, 20% and 10% CEM I addition after 28
day curing (w/s of 0.50).

In s/s products with 10 and 20 wt.% CEM I, residual CaClOH was

identified. It is also evident that tricalcium aluminate (C3A in
cement chemist’s notation) reacted to form chloro-complex salts.
Neither ettringite (Ca6Al2(SO4)3(OH)12·26H2O) or monosulphate
(Ca4Al2SO4(OH)12·26H2O) were detected in the s/s products pre-
pared with CEM I, while several calcium sulphates, anhydrite
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leaching. Previous studies have shown that alkalis can affect the
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Fig. 2. pH values for the different fractions of the monolithic leaching test.

CaSO4), bassanite (CaSO4·0.5H2O) and gypsum (CaSO4·2H2O) were
dentified for 10 and 20% CEM I addition. It seems that C3A may react

ith the chloride bearing phases to produce chlorocomplexes, and
or this reason the sulphate phases remained unreacted.

.3. Tank leaching data

The pH values determined for the different fractions of the tank
eaching test for the s/s products are presented in Fig. 2. All CEM I

ixes exhibit pH values ranging between 11.5 and 12.4, while ggbs
ixes had lower pH values ranging between 10.7 and 11.2.
Results for measured cumulative leaching vs. time are presented

n Figs. 3a, b and 4 on a double log scale. A similar presentation of
esults is also included in the draft prEN 15863 dynamic monolithic
eaching test standard.

Element leaching data presented as log–log plots of cumulative
erived leaching (εn) vs. time are also given in Figs. 3a, b and 4.
able 1 summarises the total measured amount of each element
eached, expressed as emission of mass per unit of external surface
rea, as well as the diffusion controlled intervals, the slopes of the
egression lines of log–log plots of the cumulative derived leaching
s. time for these intervals, and the estimated 64-day emissions
ased on the diffusion-controlled interval.

Rapid loss of Ca, Na and K was observed for all mixes. The ggbs
amples exhibited lower Ca and Sr release compared to CEM I mixes
ith the same binder addition, but higher concentrations of Si and

O4
2− were released. Results for 50 wt.% binder additions show

hat Pb and Zn were successfully immobilised; emissions were
ompared against the monWAC limits for hazardous waste landfill
hich are 20 mg/m2 and 100 mg/m2 for Pb and Zn, respectively. All

0 wt.% ggbs mixes exhibited concentrations below the detection
imits for all fractions of leachate, while concentrations for 50 wt.%
EM I mixes ranged between 5.0 and 12.4 mg/m2. Zn release for
0% binder additions ranged between 8.2 and 12.1 mg/m2 for ggbs
nd 12.2 and 24.2 mg/m2 for CEM I mixes, demonstrating a poten-
ial pH effect when comparing against the pH values in Fig. 2 [23].
0 and 20 wt.% CEM I mixes failed to meet the monWAC permissi-
le concentrations for Pb, with release ranging between 29.6 and
2.3 mg/m2. It should be noted that s/s samples with lower ggbs
dditions could not be leach tested as they had poor structural
ntegrity. Not all the mixes that met the performance thresholds

ere tested due to strength loss after immersion, and in some cases
pecimens totally disintegrated [19].
According to NEN 7375:2004, the gradient of a log–log plot
f cumulative derived leaching vs. time indicates the predomi-
ant leaching mechanism. Gradients below 0.35 indicate either
urface wash-off or depletion. Gradients between 0.35 and 0.65
Materials 185 (2011) 1115–1123

indicate diffusion-controlled release, whereas gradients greater
than 0.65 indicate dissolution. Examination of the slopes for dif-
ferent leaching intervals in Table 1, as well as the non-linear plots
in Figs. 3a, b and 4 show diffusion control in early leaching intervals,
with depletion, surface wash-off and/or dissolution occurring later.
In the case of Na and K, a diffusion-controlled interval could not be
established for CEM I mixes, due to early depletion. Leaching of Pb
and Zn was governed mainly by diffusion. The diffusion-controlled
interval was used to determine estimated 64-day emissions, which
are presented in Table 1. Differences are observed between the
measured and derived 64-day emissions. This is attributed to the
fact that calculation of the derived emission assumes pure diffu-
sion control, whereas measured emissions during the test may be
influenced or controlled by other mechanisms. The data indicates
that for elements under diffusion control, the estimated release is
close to the measured release.

4. Discussion

The leachate pH values remained above 11.5 for all leachate frac-
tions from the monolithic leaching test for CEM I mixes. Lower
pH values were exhibited by the ggbs mixes, and this can be
attributed to the consumption of free lime present in the mix result-
ing from slag activation. The values obtained are similar to those
for a pure CaO–SiO2–H2O system where Na and K are present,
according to data presented by Polettini et al. [12]. The high pH
values for CEM I mixes are conducive to the release of ampho-
teric metals such as Pb and Zn whose solubility is pH dependent.
It is noteworthy that the pH generally increases with the length
of the leaching interval; this phenomenon may influence the test
results.

XRD analysis identified the presence of Friedel’s salt which is
a hydrated chloride-containing calcium aluminate analogous to
monosulphate in hydrated ordinary Portland cement. It forms from
the reaction of chloride with aluminate phases, and is stable over
a wide range of chloride concentrations [24]. The chloride bind-
ing capacity of cements through the formation of chlorocomplexes
such as Friedel’s salt has been previously investigated [25,26]. It
was observed that for 50 wt.% binder additions, chlorocomplexes
form and the peak of CaClOH disappears. Residual CaClOH peaks
remain for 10 and 20 wt.% CEM I additions and this may be due to
the reduced amount of C3A present and the increased amount of
CaClOH resulting from the greater waste addition. Friedel’s salt for-
mation is also observed for ggbs mixes and this supports the view
that such chloro-complexes can form in the presence of Ca, Al and Cl
without requiring initial addition of C3A phases to the binder. Pre-
vious research [5,19] has shown that amounts of chloride leached
from s/s APC residues are high, despite partial immobilisation in
chlorocomplexes like Friedel’s salt.

It was observed that relatively high amounts of Na and K were
released during the leaching test. A diffusion-controlled increment
could not be identified for CEM I mixes and the slopes of the log–log
plots indicate surface wash-off and dissolution mechanisms. It is
clear that the major release of Na and K results mainly from surface
wash-off and dissolution at early stages and later depletion of the
highly soluble salts present such as NaCl and KCl. However, the
ratio of the sum of the molar amounts of Na and K to Cl ((Na + K)/Cl)
ranged between 0.4 and 0.6, indicating that NaCl and KCl are not the
only sources of chloride in the s/s products. Chloro-complexes that
have formed may also be unstable and eventually lead to chloride
physical properties of mixes such as compressive strength, setting
time and rheology. Alkalis can be incorporated in calcium silicate
hydrate (CSH) gel, affecting the Ca:Si ratio [27] and the properties
of the cement paste. Alkalis have also been reported to increase the
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Fig. 3. Cumulative measured and derived leaching of (a) Ca, Si, Na and K and (b) Sr, Fe, Li and SO2
2− .
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Fig. 3. (Continued )
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Fig. 4. Cumulative measured and derive

olubility of Friedel’s salt and decrease the solubility of Ca(OH)2
28,29].

The absence of Ca(OH)2 peak in the 50 wt.% ggbs mixes was
ttributed to consumption of the lime by reaction with the poz-
olan. Leaching of Ca from ggbs mixes was also less compared to
EM I mixes, as CSH is less soluble than lime [30]. The slopes of the

og–log plots for Ca indicate that depletion or a change in chem-
cal form and release conditions may have occurred during the
ank test, especially at low binder additions. However, this does
ot necessarily imply that Ca is being depleted. Calcium loss may

ccur due to leaching of soluble Ca-containing compounds such
s CaClOH, a major phase in APC residues also detected in the 10
nd 20 wt.% CEM I s/s products. Once Ca derived from such com-
ounds is removed, Ca leaching may continue from other sources
uch as Ca(OH)2 and CSH at a much lower rate. Leaching of Ca
hing of Zn and Pb from s/s APC residues.

from portlandite and CSH leading to decalcification may result in
a degradation of the s/s matrix. Decalcification of CSH is a slow
process which results in a reduction in compressive strength and
increased porosity [31,32]. Rapid leaching of soluble salts cou-
pled with long-term decalcification may lead to an alteration in
the physical properties of the matrix that are deleterious to the
behaviour of the product, and changes to the effective diffusion
coefficients of all species over time.

Leaching of sulphate is greater from 50 wt.% ggbs compared to
all CEM I mixes tested, although both binders met the monWAC for

SO4

2− for hazardous waste landfills (20,000 mg/m2). Calcium sul-
phate hemihydrate, a potential source for leaching, was observed
in the diffractograms for both CEM I and ggbs products. Compar-
ison of leaching results indicates that immobilisation of sulphate
may have taken place to a greater extent in CEM I mixes. However,
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Table 1
Measured cumulative contaminant release (ε∗

n) of mixes tested according to the tank test and slopes of the log–log plots of derived cumulative leaching vs. time for diffusion
controlled increments.

Element Total content in
APC residues
(mg/kg) (Lampris
et al. [5])

Binder addition
(total dry mass)

Water-to-solids
(ml/g)

ε∗
n (mg/m2) Diffusion

controlled
increment

�log εn/�log t of
diffusion controlled
increment

Estimated 64 days
release based on
diffusion controlled
interval (mg/m2)

Ca 250,00–300,000

CEM I 50% 0.50 474,000 1–4 0.58 880,000
CEM I 20% 0.50 844,000 1–4 0.44 2,223,000
CEM I 10% 0.50 884,000 n/aa n/a n/a
ggbs 50% 0.35 235,000 1–4 0.65 342,000
ggbs 50% 0.40 233,000 2–5 0.44 338,000

Na 13,500–22,500

CEM I 50% 0.50 125,000 n/aa n/a n/a
CEM I 20% 0.50 197,000 n/aa n/a n/a
CEM I 10% 0.50 201,000 n/aa n/a n/a
ggbs 50% 0.35 139,000 1–4 0.35 308,000
ggbs 50% 0.40 136,000 1–4 0.38 294,000

K 9000–24,000

CEM I 50% 0.50 125,000 n/aa n/a n/a
CEM I 20% 0.50 169,000 n/aa n/a n/a
CEM I 10% 0.50 195,000 n/aa n/a n/a
ggbs 50% 0.35 139,000 n/aa n/a n/a
ggbs 50% 0.40 126,000 2–5 0.43 227,000

Pb 2500–5500

CEM I 50% 0.50 8.4 2–7 0.48 6.8
CEM I 20% 0.50 42.9 2–7 0.41 40.4
CEM I 10% 0.50 72.3 2–7 0.48 46.7
ggbs 50% 0.35 <3.0b n/a n/a n/a
ggbs 50% 0.40 <3.0b n/a n/a n/a

Zn 4000–18,500

CEM I 50% 0.50 24.2 2–7 0.40 23.7
CEM I 20% 0.50 35.2 n/aa n/a n/a
CEM I 10% 0.50 47.5 2–5 0.42 74.3
ggbs 50% 0.35 8.2 1–4 0.58 18.9
ggbs 50% 0.40 12.1 1–6 0.63 14.9
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a A diffusion controlled interval was not identified.
b Concentrations below the laboratory detection limit for all fractions of the leac

ther sulphur-containing minerals were not detected in the diffrac-
ograms of either the ggbs or CEM I mixes, though previous studies
eport formation of ettringite in s/s APC residues [33]. While high
oncentrations of chloride have been reported to destabilise mono-
ulphate and ettringite in favour of the production of Friedel’s salt
34–36], the form of the sulphate in the 50 wt.% CEM I s/s products
emains an open question. Previous studies [34] identified the pres-
nce of a Cl and SO4-containing calcium aluminate hydrate known
s Kuzel’s salt, although this was not investigated in the present
tudy.

Release of other minor elements, such as Li and Fe, is sim-
lar for ggbs and CEM I at the same binder addition. However,
elease of these elements is not fully diffusion-controlled, and dif-
erent mechanisms are observed throughout the test. Sr release
as lower for ggbs mixes. This can be attributed to the increased

mounts of Al in ggbs compared to CEM I, which may result in
he formation of greater amounts of calcium aluminates hydrates
Ca2Al(OH)7·2H2O). Sr has been previously reported to substitute
or Ca in calcium aluminate hydrates [37]. The higher amount of
l in the ggbs products may also contribute to the higher Friedel’s
alt diffractogram peaks, relative to the CEM I products, though this
as not quantitatively investigated [38,39].

The leaching results for Pb showed that the monWAC limit of
0 mg/m2 for hazardous waste landfills was exceeded for mixes
ith 10 and 20% CEM I addition, but was met for 50 wt.% CEM I.

b release was found to be diffusion-controlled, as demonstrated
y the slopes of the leaching increments in Table 1 and Fig. 4. The

gbs mixes exhibited undetectable Pb release for 50 wt.% binder
ddition compared to CEM I. This may be partially attributed to the
ower pH values for all fractions of the leaching tests for ggbs mixes,

hich reflect lower pore water pH, and therefore a lower driving
orce for diffusion.
st. Emissions in mg/m2 were calculated based on the detection limit of 10 �g/L.

Zn was effectively contained in the matrices and its leaching
was below the monWAC of 100 mg/m2 for hazardous waste land-
fill. Diffusion-controlled release was observed in the early stages
and changes in the chemical form or release conditions at later
stages. Similar release behaviour for Zn has been reported by van
der Sloot et al. [40]. Pb or Zn bearing minerals were not identified
in the XRD data for the s/s products or the untreated APC residues.
The metals may remain with the phases of the APC residue itself, or
may be taken up into crystalline hydration products by isomorphic
substitution, or they may be present in amorphous materials not
detected by XRD. Pb has been found to replace Ca2+ in CSH, inhibit-
ing gel formation [37]. Zn has been reported to be retained by CSH
without the replacement of Ca or Si in the gel but by the linkage
of tetrahedral Zn to CSH tetrahedral silicate chains [37,41]. Pb and
Zn have previously been reported to adversely affect the hydra-
tion of Portland cement and impair physical properties. At high pH
values Pb(OH)4

2− and Zn(OH)4
2− have been reported to form Ca-

complexes which precipitate and coat cement grains [42]. Thus, the
fate of the Pb and Zn in the ggbs or CEM I system is not straightfor-
ward, and several mechanisms probably occur simultaneously that
compete for the available Pb and Zn species.

5. Conclusions

Although s/s APC residues containing 50 wt.% of CEM I or ggbs
can meet the UK monWAC leaching limits for hazardous waste
landfill, the limits were exceeded for Pb at lower binder addi-

tions and for chloride at all binder additions. Current UK monWAC
were developed based on modeling of diffusion-controlled leaching
from a semi-infinite medium with constant porosity and a con-
stant leaching mechanism. However, as determined in the present
study, the release mechanisms of some contaminants are not con-
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tant, leading to changes in the effective diffusion coefficient with
ime. Furthermore, the rapid leaching of high concentrations of sol-
ble contaminants may result in changes to the physical matrix,
ompromising its integrity and affecting the rate of mass transfer,
uch as increase in porosity or even disintegration of the monolith
n the long-term. Contaminant release and leachate composition
re also influenced by the complex geochemistry of the s/s system
s demonstrated by the mineralogy and leaching results. Chemi-
al reactions between contaminant species and hydration products
nd/or other phases can influence the release mechanism and pat-
ern of contaminants, and therefore affect leachate composition.

Thus, it seems that s/s of APC residues results in complex
onoliths, which do not fulfill the assumptions underlying the
onWAC. Nevertheless, monWAC probably represents a conser-

ative approach.
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