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a b s t r a c t

A new group of MgO-bearing binders has been developed recently which showed improved sustain-

ability and technical performance compared to Portland cement (PC). However, the application of these

MgO-bearing binders in the Solidification/Stabilisation (S/S) techniques is very limited. This study investi-

gates the three-year performance of a highly contaminated soil treated by in-situ S/S using MgO-bearing

binders and PC. The core quality, strength, permeability and the leaching properties of the S/S materi-

als were evaluated. The effects of binder composition, addition of inorgano-organo-clay (IOC) and the

grout content on the properties of the 3-y S/S materials are discussed. It is found that although MgO

alone provided negligible strength to the soil, it is superior in immobilising both inorganic and organic

contaminants. Replacing MgO by ground granulated blast-furnace slag (GGBS) significantly enhanced the

strength while also performed well in immobilising the contaminants. The improved pH buffering ca-

pacity was attributed to the low solubilities of brucite and hydrotalcite-like phases formed in the MgO-

bearing binders, and was also the reason for the improved performance in stabilising contaminants. The

addition of IOC slightly decreased the strength and the permeability of the S/S materials but inconsistent

effect on the contaminant immobilisation was found depending on the binder composition. This study

showed no degradation of the S/S materials after 3 y exposure to field conditions and has proved the

applicability and the advantages of MgO-bearing binders over PC in S/S.

© 2015 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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. Introduction

Solidification/stabilization (S/S) is a commonly used land reme-

iation method, which aims to enhance the mechanical proper-

ies and leaching resistance of the contaminated soil using vari-

us binders. Portland cement (PC) is the most widely used binder

n the S/S techniques. However, PC production is known to be

ighly energy intensive and responsible for 5–10% anthropogenic

O2 emissions, leading to various measures to reduce its usage.
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dditionally, the high pore water pH of PC (usually >13) will in-

rease the mobility of many heavy metals (Conner, 1990). When

he contaminants are not limited to inorganics, PC is known to be

neffective and must be applied with strict caution (Pollard et al.,

991). The replacement of PC by industrial by-products (e.g. fly ash

nd slag) is widely accepted due to the reduced environmental im-

act and improved material properties such as lower permeabil-

ty, better buffering capacity and reduced leachability (Weng and

uang, 1994; Dermatas and Meng, 2003). Additionally, the resid-

al carbon content in fly ash plays a significant role in adsorbing

rganic contaminants, reducing their mobility as reported in (Low

nd Batley, 1988; Banerjee et al., 1995). Industrial adsorbents such
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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as activated carbon and inorgano-organo-clays (IOC) also received

significant attention and have shown promise for immobilising or-

ganics in the S/S techniques (Pollard et al., 1991) but their long-

term effect on the final waste forms and their compatibility with

different binder formulations have yet to be validated.

Magnesia (MgO) has been reported to have superior immobil-

isation capacities for a wide range of contaminants due to (1) its

pH neutralisation range of 9–11, where the solubility of metal hy-

droxides are at their minimum; (2) ion-exchange between magne-

sium and other metal cations and (3) complexation between con-

taminants and OH-groups on the MgO surface (García et al., 2004;

Rötting et al., 2006; Cubukcuoglu and Ouki, 2012; Tresintsi et al.,

2013). In addition to numerous studies (Bochkarev et al., 2007;

Nagappa and Chandrappa, 2007; Moussavi and Mahmoudi, 2009)

on the wastewater treatment using MgO, a few studies (García

et al., 2004; Iyengar, 2008; Suzuki et al., 2013; Wang et al., 2015a)

have been carried out on the utilisation of MgO for contaminated

land remediation. They concluded that MgO is an effective immo-

bilisation agent for soils contaminated by heavy metals and the

efficiency can last for a long time due to the low solubility of

its hydration product (Mg(OH)2, brucite). Recently, a new group

of MgO-bearing cements has been developed (Al-Tabbaa, 2013),

which combines PC, MgO and other industrial by-products (mainly

fly ash or slag) in the formulations and showed many technical and

sustainability advantages over conventional PC. Iyengar (2008) in-

vestigated the performance of MgO and pulverised fly ash (PFA)

blend in the treatment of Zn contaminated soil. It is found that the

leached Zn concentration was significantly lower in MgO-PFA blend

than in PC-PFA blend, although the strength of the former was

much lower due to little reaction between MgO and PFA (Iyengar,

2008). Jin and Al-Tabbaa (2014) compared the performance of

MgO-ground granulated blastfurnace slag (GGBS) and lime-GGBS

blends in the presence of high levels of Pb and Zn contaminations.

They reported an improved pH buffering capacity and higher im-

mobilisation efficiency of the former binder due to the hydrotalcite

(Mg6Al2CO3(OH)·4(H2O))-like phases formed. Apart from the labo-

ratory work, a field study showed that although using MgO alone

produced minimum strength, it is very effective in immobilising

both organic and inorganic contaminants (Wang et al., 2015a). Re-

placing 90% of MgO by GGBS not only maintained the metal im-

mobilisation efficiency but also significantly enhanced the strength

(Wang et al., 2015b).

This study aims to further validate the utilisation of MgO-

bearing binders in S/S techniques by evaluating the performance of

samples cored from a highly contaminated land after 3 y of in-situ

S/S treatment. The main objectives are threefold: (1) investigating

the long-term mechanical and leaching performance of S/S mate-

rials; (2) comparing various MgO-bearing binders with PC; and (3)

assessing the effect of IOC on the properties of S/S materials.

2. Materials and methods

2.1. Contaminated site and soil characterisation

The contaminated site characterisation can be referred to Wang

et al. (2015a). The S/S treatment was performed in May 2011 by

in-situ soil mixing down to 4 m below ground level, and the soil

is primarily composed of made ground. The water content of the

soil is ∼25%, and the liquid limit and plastic limit are ∼30% and

∼24%, respectively. According to the chemical analysis performed

in 2010, the main heavy metal contaminants are Pb (38 mg kg−1),

Zn (99 mg kg−1), As (128 mg kg−1), Cr (495 mg kg−1), Cu

(823 mg kg−1) and Ni (806 mg kg−1). The primary organic con-

taminants are diesel range total petroleum hydrocarbons (TPH)

(1960 mg kg−1) and semi-volatile semivolatile organic compounds

(SVOCs) including chloro-nitro-benzenes (1365 mg kg−1), chloro-
ethyl-nitro-benzenes (222 mg kg−1), and chloro-aniline isomers

58 mg kg−1). Nevertheless, it should be noted that the contami-

ation levels are highly variable depending on the location in ad-

ition to the varying nature of the site soil itself. According to

he official data (Defra, 2015), the annual rainfall in this region is

600 mm and the temperature varies from 1 to 21 °C across the

ear. The average pH value of the rain is 4.4–6.1.

.2. Materials and sampling

Although a wide range of binder compositions were applied at

he site, only those containing MgO were cored at 3 y for detailed

tudy together with PC (CEM I) for comparison purpose. The mixes

ssessed in this study were listed in Table 1, where it can be seen

hat three groups of MgO-bearing binders were utilised, namely,

gO alone, MgO-GGBS, and CEM I-MgO-PFA cements. The IOC was

repared in the laboratory by modifying bentonite with chlorhy-

rol and polypropylene glycol (PPG), the composition of which is

etailed in Wang et al. (2015b). The effects of binder composition,

ddition of IOC and the grout content were investigated according

o the mix design. The site sampling was performed in March, 2014

sing the pressurised rotary coring down to 1.5 m for most mixes

hile two mixes (2 MG and MG + IOC) were cored down to 3 m.

he core samples were sealed in the Ø 0.1 × 1.5 m plastic tubes

nd sent to the laboratory for testing.

.3. Testing procedure

The qualities of the core samples were firstly assessed by total

ore recovery (TCR) and rock quality designation (RQD) calculated

s follows:

CR = lp

lt
× 100%

QD = l100

lt
× 100%

here lp is the sum of length of core pieces, l100 the sum of length

f core sticks longer than 100 mm measured along the centre line

f the core and lt the total length of the core.

To determine the unconfined compressive strength (UCS), the

ores were trimmed into cylindrical pieces with a height to diam-

ter ratio of ∼2. The permeability test was conducted in a triaxial

ell according to (US Army, 1992) using trimmed cylinders with

height to diameter ratio of ∼1. After the UCS test, the crushed

amples were then subjected to the batch leaching procedure as

er BS EN 12457-2 (2002). The CO2 saturated water (pH at ∼5.6)

as used instead of deionised water to simulate the slightly acidic

ainwater. The concentrations of the major heavy metal contam-

nants (Pb, Zn, As, Cr, Cu and Ni) as well as Al, Si, Ca and Mg

n the leachate were analysed using inductive couple plasma opti-

al emission spectroscopy (ICP-OES) on the PerkinElmer 7000 ma-

hine. An accurately measured 300 mL leachate was then trans-

erred into a 1000 mL plug-contained conical flask for organic ex-

raction. After adding 30 mL dichloromethane (DCM) into the flask

nd shaking for 2 min, the mixture was left until a clear separa-

ion of two layers was observed. The bottom layer was carefully

ripped into a cylinder. After repeating this extraction three times,

he collected mixture was poured into a pre-weighted glass con-

ainer, which was then put in a fume cupboard. After 72 h evap-

ration, the mass of the residual was recorded and calculated for

he total organics (TO) concentration in the leachate (Wang et al.,

015b).
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Table 1

Binder compositions used in the S/S treatment.

Mix denotation Binder Binder components ratio Total slurry content (wt%) Water:cement:modified clay

C CEM I 15 1:1:0

M MgO 15 1:1:0

M + IOC MgO 22.5 1:1:1

MG MgO GGBS 1:9 15 1:1:0

2 MG MgO GGBS 1:9 30 1:1:0

MG + IOC MgO GGBS 1:9 22.5 1:1:1

CMF CEM I MgO PFA 1:4:5 15 1:1:0

CMF + IOC CEM I MgO PFA 1:4:5 22.5 1:1:1
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. Results

.1. Core quality

The qualities of the retrieved cores vary significantly depend-

ng on the binder composition. To quantify the quality of the core

ecovered from the boreholes after S/S treatment using different

inders, TCR and RQD of each core were calculated and shown

n Fig. 1. In general the two parameters agreed well with each

ther except for M + IOC mix, which has a high TCR but very

ow RQD. This can be attributed to the very low but consistent

trength of this mix. According to the RQD classification (Deere,

989), mixes containing only MgO (M, M + IOC) were of very poor

uality (RQD < 25%), while only one mix with 2 times grout con-

ent of MgO + GGBS exhibited good quality cores (RQD = 75–90%)

ith the others in between.

.2. Strength and permeability

Fig. 2 shows the UCS of the trimmed cylinders from each core

ith depth. It can be seen that soils treated with MgO only showed

inimum strength as low as 200 kPa, while binders made of MgO

nd GGBS (MG, 2 MG and MG + IOC) gained more than 3.5 MPa

trength at 3 y. It should be noted that most specifications on the

CS of S/S materials are based on the 28-d strength, but a com-

arison of the 3-y UCS with the specifications is still worthwhile

n the view of assessing the strength degradation of the S/S ma-

erials exposed to field conditions. US EPA suggested an UCS of

50 kPa at 28 d for materials to be disposed of to landfill (USEPA,

996), while in the Netherlands and France, a UCS of 1000 kPa is

uggested (Perera et al., 2005b). A much higher value of 3500 kPa

as been suggested by Wastewater Technology Center (1991) tak-

ng into account that the compaction of municipal waste might
Fig. 1. Total core recovery and rock quality designation of the 3-y S/S cores.
ubject the S/S material to higher stresses. As can be seen from

ig. 2, only the mixes using MgO and GGBS can fulfil the require-

ent in Wastewater Technology Center (1991). In terms of the ef-

ects of the variables investigated in this study (binder composi-

ion, modified clay addition and grout content), a few conclusions

an be drawn from the UCS results: (a) MgO alone is very weak

ue to the nature of its hydration product (brucite) (Vandeperre

t al., 2007); (b) replacing MgO by GGBS enhanced the strength

emarkably; (c) doubling the grout content and hence the binder

ontent almost doubled the strength of the treated soil; (d) replac-

ng 90% PC by MgO and PFA had no obvious effect on the strength

n the long term since the pozzolanic reaction between PC and

FA contributed to strength (d) adding IOC in the binders gener-

lly decreased the strength slightly. These findings agree well with

he strength development under various binders reported by Wang

t al. (2015a) at 1.5 y.

As for the permeability, in general the binders with higher

trengths exhibited lower permeabilities as shown in Fig. 3. The

ermeability limit was suggested to be 10−8 m s−1 (Wastewater

echnology Center, 1991) for landfill disposal, while lower limit as

0−9 m s−1 for disposal was specified by USEPA as well as for

n-ground treatment (Al-Tabbaa and Evans, 1998) and utilisation

Wastewater Technology Center, 1991). It can be seen that MG and

C binders have permeabilities of less than 10−10 m s−1, while CMF

inders exhibited permeabilities of ∼10−9 m s−1. Only one mix

M + IOC) exceeded the limit of 10−8 m s−1. Fig. 3 also revealed

hat the addition of IOC slightly decreased the permeability.

.3. Batch leaching results

.3.1. Leachate analysis

The leachate analysis after extraction with carbonic water

howed that the concentrations of Cr, Cd, Pb and Zn were below
Fig. 2. UCS variation with depth of the 3-y S/S cores.
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Fig. 3. Permeability of the 3-y core samples using different binders.
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the limit of detection (LOD) (0.7, 0.5, 20 and 3.3 μg L−1 for Cr, Cd,

Pb and Zn, respectively) for all the samples, and are also far be-

low the leaching limits set for the acceptance of inert waste sites

in landfills (EA, 2002). The concentrations of three detectable met-

als, (As, Cu and Ni) and the total leachable organics, were shown

in Fig. 4a–d together with those leached from untreated soils. It

can be seen that even without treatment, the As leached is less

than the limit for inert waste sites. PC is found to have negli-
Fig. 4. Leachate concentrations of the heavy metals and organics for the
ible effect on immobilising As, while the other binders showed

ome improvement but highly dependent on the depth of the sam-

les used, indicating the heterogeneity of the contamination or the

oor quality mixing on the site. In general, regardless of the binder

omposition and depth, all the As concentrations satisfy the re-

uirement for inert waste sites. The effects of grout content and

ddition of IOC are not clear due to the large variability of the data.

In terms of the leachabilities of Cu and Ni, the results are very

imilar across all the binders used. The major finding are sum-

arised as follows: (a) PC slightly decreased the leachability of Ni

hile increased that of Cu after 3 y; both metals exceeded the lim-

ts set for inert waste sites; (b) All the MgO-bearing binders de-

reased the leachabilities of Cu and Ni to lower than limit for inert

aste site; (c) There is no apparent effect of doubling the grout

ontent and adding IOC for MG and CMF binders. However, adding

OC into MgO (M + IOC) has significantly increased the leachability

f Cu and Ni compared to MgO alone (M), although they are the

est-performing mixes.

As for the leachable TO, a notable reduction from over

00 mg L−1 to 10–200 mg L−1 was observed after S/S treatment

Fig. 4d). All the binders are effective while comparison among

hem is difficult due to the heterogeneity of the soils. It is note-

orthy the no clear relationship was found between pH and TO,

hich is consistent with (Kogbara et al., 2011).

.3.2. pH dependent leaching of metals

Fig. 5 shows the concentrations of four cations (As, Cu, Ni and

l) in the leachates as a function of the pH values of the leachates.

s can be seen, the pH values of the S/S materials after 3 y of
3-y cores as a function of depth: (a) As; (b) Cu; (c) Ni and (d) TO.
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C

reatment are mostly >9.0 and the binder composition showed the

ost remarkable impact on the pH. MgO and CMF binders have

H values in a relatively narrow range at ∼10.0, which are con-

rolled by the solubility of brucite due to the large amount of MgO

resent. PC treated soils presented pH values from 9.0 to 10.5,

hich is far less than the equilibrium pH of portlandite (∼12.5),

ndicating that significant carbonation occurred after 3 y of curing

n the field. Mixes using MgO and GGBS (MG, 2 MG, MG + IOC)

xhibited pH in the range of 7.5–11.5, with most of the values ly-

ng between 10.5 and 11.5. The high pH values are attributed to the

igh pH buffering capacity of the hydrotalcite-like phases formed

n these blends (Jin and Al-Tabbaa, 2014). In addition, since the for-

ation of hydrotalcite-like phases would become more prominent

ith curing ages, the buffering capacities of MG blends would im-

rove with aging (Iyengar, 2008). The three very low pH values

elong to the MG + IOC binder, which could be due to the low

inder content in the samples tested due to the poor mixing. No

pparent effects of IOC and grout content on the pH values were

bserved.

As for the electrical conductivity (EC) of the leachates, they

ecreased in the order of C (2570 ± 270 μS m−1) > CMF

2130 ± 819 μS m−1) ≈ M (1940 ± 156 μS m−1) > M + IOC

1860 ± 321 μS m−1) ≈ CMF + IOC (1810 ± 70 μS m−1) > MG

1520 ± 148 μS m−1) > 2 MG (1200 ± 211 μS m−1) > MG + IOC

813 ± 202 μS m−1). Apparently, for the same binder, the addition

f IOC decreased the EC and the replacement of PC/MgO by in-

ustrial by-products (GGBS/PFA) also decreased the EC. These can

e attributed to the excellent adsorption capacities of ionic sub-
Fig. 5. Concentrations of (a) As, (b) Cu, (c) Ni, and
tances onto the modified clay and GGBS/PFA (Montgomery et al.,

991; Dermatas and Meng, 2003).

From Fig. 5a–c, it can be seen that the leachabilities of As, Cu

nd Ni are not pH dependent as reported by the literature (Johnson

t al., 1996; Halim et al., 2004; Kogbara et al., 2011). Instead, the

inder composition is the most important factor that governs the

eachabilities of these contaminants, suggesting different immobil-

sation mechanisms involved. In contrast, Al leachability is strongly

H-dependent for all the binders (Fig. 5d).

The leaching results for As include both As (III) and As (V). Ac-

ording to Stronach et al. (1997) and Vandecasteele et al. (2002),

s (III) and As (V) solubility during S/S was limited by the for-

ation of the sparingly soluble CaHAsO3 and Ca3(AsO4)2 phases,

espectively, which are both pH-dependent. However in this study,

egligible As was leached and pH-dependence was not observed

Fig. 5a), suggesting other immobilisation mechanisms in control,

.g. adsorption, isomorphic substitution. In addition, it is postu-

ated that As can also be incorporated in the C–S–H matrix and

orm iron arsenate precipitate (Halim et al., 2004), which could ex-

lain the low leachability of As after S/S treatment.

In general, the trends of leachability of Cu and Ni in soils

reated by different binders are very similar, which increased in

he order of: M and M + IOC ≤ CMF and CMF + IOC ≈ MG,

MG and MG + IOC < C (Fig. 5b and c). The concentration of

u in the leachate is reported to be controlled by the solubility

f Cu(OH)2 and malachite (Cu2(OH)2CO3) (Kogbara and Al-Tabbaa,

011; Komonweeraket et al., 2014). However, it is also found that

u is likely to form strong complexes with organic ligands in the
(d) Al in the leachates as a function of pH.
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soils (Johnson et al., 1996; Rieuwerts et al., 1998), resulting in

higher leachability, which would be more applicable to this study

due to the high concentrations of organic matters present in the

contaminated soils. Kogbara et al. (2011) stated that NiCO3 is the

solubility-controlling phase for Ni in the lime-slag and PC-slag

treated soils, but this study shows that for different binder systems

and under field conditions, more complex phases are likely to be

present and control the leachability of Ni. For example, isomorphic

substitution took place when Mg–Al hydrotalcite was used to re-

move Ni from wastewater (Liang et al., 2013), which could explain

the marginal leachability in all of the MgO-GGBS binders (Fig. 5c).

Unlike the contaminants, Al is significantly pH controlled, which

agreed well with the literature that Al is determined by the solu-

bility of Al(OH)3 in both PC and hydrotalcite systems (kumar Allada

et al., 2002; Wu et al., 2013; Komonweeraket et al., 2014).

Fig. 6 shows the relationships between Ca/Mg and Si concen-

trations in the leachates of the S/S samples. It is very clear that

the concentrations and relationships are strongly dependent on the

binder composition. In mix C, the Ca concentration is mainly con-

trolled by portlandite, which is one of the major hydration prod-

ucts of PC, as well as calcite due to carbonation. On the other hand,

the Mg concentration is dominated by the solubility of brucite,

which originates from the PC impurity (Taylor, 1997).

In the mixes with only MgO as the binder, significantly lower

concentrations of Ca and Si and higher concentrations of Mg were

found after leaching test. The source of Ca and Si is probably from

the soil itself as well as the impurities in the MgO used (Jin and

Al-Tabbaa, 2013), while the Mg concentration is controlled by both

the solubilities of MgO (unhydrated) and brucite. It is also found

that the addition of IOC in the MgO slightly increased the Si con-

centration leached, which is attributed to the dissolution of the

modified bentonite at high pH (Rozalen et al., 2009). The same ef-

fect of IOC on the leaching of Si was not found in other binders

due to the presence of C–S–H, which dominates the leaching of Si,

as will be discussed in the following.

The range of Ca/Si ratio leached from the CMF and CMF + IOC

mixes is around 0.8–2.0. Meanwhile, significantly higher concen-

trations of Mg were detected due to the presence of brucite. It is

also well known that decalcification of the C–S–H gel occurs with

carbonation, resulting in the decrease of Ca/Si ratio and the forma-

tion of calcite. Thus, the concentrations of Ca and Si leached from

CMF mixes are probably controlled by the solubility of both calcite

and C–S–H.

In mixes of MG, 2 MG and MG + IOC, there are more Si and less

Ca leached compared to mix C, which is due to that the main hy-
 t

Fig. 6. The relationship between the concentrations of (a) Ca an
ration products are C–S–H and hydrotalcite like-phases (Jin et al.,

013, 2014), with much less portlandite and calcite formed. A

trong positive linear correlation was found between Mg and Si

oncentrations indicating the formation of magnesium silicate hy-

rate (M-S-H) gels, which is in agreement and confirms the find-

ngs in previous studies on the MG mixes (Jin et al., 2013, 2014; Jin

nd Al-Tabbaa, 2014). The Mg concentration increased significantly

aster than Si concentration, indicating other solubility-controlling

hases, which are hydrotalcite-like phases, one of the major hy-

ration products in the MG mixes containing brucite layers in its

tructure (Jin et al., 2014). kumar Allada et al. (2002) reported that

he solubility of hydrotalcite-like phases is controlled by the indi-

idual hydroxide component in their structures and thus the Mg

oncentration is mainly controlled by the solubility of brucite.

. Discussion

.1. Replacement of PC by MgO in the PC-PFA mix in soil remediation

The replacement of PC by PFA has been investigated extensively

onsidering the enhanced sustainability and durability in the long

erm (Taylor, 1997). In the S/S treatment, PFA is reported to be an

ffective adsorbent for many heavy metals (Wang and Wu, 2006)

nd in particular organic contaminants (Banerjee et al., 1995). The

eplacement of PC by MgO has been studied by Vandeperre et al.

2008), showing decreased mechanical properties due to the weak

ature of brucite and the minimal reaction between brucite and

FA. The results in this study are consistent with the previous

orks on the PC-MgO-PFA cement blends; however, in the context

f soil remediation, this blend performed satisfactorily in terms of

trength and permeability at 3 y (Figs. 2 and 3). In addition, due

o the pH buffering capacity of MgO, it is found that the pH val-

es of the leachates have been confined in a much narrow range

ompared to PC (Fig. 5). Accordingly, the leached Cu, Ni and total

rganic content are significantly lower than those from PC. Never-

heless, whether the improved immobilisation efficiency should be

ttributed to the PFA or the MgO is not clear.

.2. Innovative MgO and MgO-GGBS binders in soil remediation

As reviewed in the introduction, the use of MgO in the soil re-

ediation has been successfully applied and showed promising re-

ults (García et al., 2004; Iyengar, 2008; Suzuki et al., 2013; Wang

t al., 2015a). The current study agreed well with the literature

hat MgO alone can serve as an efficient immobilising agent in the
d Si, (b) Mg and Si in the leachates of the 3-y S/S cores.
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ontaminated soils. The concentrations of the leached metals are

he least among all the binders tested, although the strength is far

elow the requirement for S/S materials. The replacement of MgO

y 90% GGBS not only reduced the cost and enhanced the sus-

ainability but also remarkably improved the strength, as can be

een in Fig. 2. This innovative binder has recently gained more and

ore attention due to its better mechanical properties in the long

erm and its improved immobilisation capacity on Pb and Zn com-

ared to the commonly used lime-GGBS binder (Yi et al., 2013; Jin

t al., 2014; Jin and Al-Tabbaa, 2014). The hydrotalcite-like phases

ormed in this binder have been extensively studied as promising

dsorbents for numerous heavy metals and organics (You et al.,

002; Liang et al., 2013). However, no reports on the application of

ydrotalcite-like phases for the remediation of heavy metal con-

aminated soil are available. The current study provided valuable

nformation regarding the performance of MgO-GGBS binder in the

oil remediation after a relatively long time (3 y). The results are

ery promising in terms of higher strength, similar permeability

nd better immobilisation efficiency for both organic and inorganic

ontaminants compared to PC.

.3. Effect of IOC in soil remediation

It is reported that the addition of clay could adversely affect

he strength of cement pastes partially due to the swelling prop-

rties of the clay in water, which removed the water required for

ement hydration, and partially due to the effect of the clay itself

n cement hydration (Montgomery et al., 1991). This study is in

greement with the literature and showed that this adverse effect

s also found on various MgO-bearing binders (Fig. 2), although a

light decrease of permeability was observed probably due to the

welling properties of IOC. In terms of stabilisation of contami-

ants, the effect of IOC is not consistent across the binders and

ontaminants. Taking Cu as an example, adding IOC in CMF and

G mixes decreased the leachable Cu while increased it in binder

(Fig. 4b). As for the organics, IOC seems to be more effective

ith binder M instead of CMF and MG. It is therefore inconclusive

bout the effect of IOC in the MgO-bearing binders and further re-

earch is required to elucidate the interaction among IOC and var-

ous MgO-bearing binders and the contaminants.

.4. Time-dependent performance of different binders in soil

emediation

It is known that real-time field validation of S/S techniques is

ssential, as this is the only exact method of knowing the per-

ormance over time, which also provides information for the back

nalysis of modelling work (Perera et al., 2005a). However, despite

he widespread use of S/S techniques, evidence of validation, es-

ecially the time-related material performance in the field is still

ery limited. Particularly for innovative binders used in S/S tech-

iques, real-time field validation will provide the most valuable

vidence and help to gain confidence on the binders developed.

he strength and leaching properties of selective mixes from the

ame project have been reported in Wang et al. (2015b) and a con-

dential report. The comparison of the 28-d and 3-y data showed

onsistently increased UCS, decreased total heavy metals and total

rganics leached from both PC and MgO-containing binders. Thus

t is concluded that there is no degradation of the S/S materials af-

er 3 y exposure to the field conditions. However, as is inferred

n Chen et al. (2009) that atmospheric carbonation can degrade

ement-based solidified wastes and increase the release of heavy

etals to the environment with time. It is likely to happen after

y considering the decreased pH buffering capacity of the PC-

ased binders as shown in Fig. 5. On the other hand, MgO-bearing

inders showed improved pH buffering capacity due to the low
olubility of brucite as well as the hydrotalcite-like phases, ensur-

ng stable immobilisation performance for heavy metals even after

long time. As deduced in Suzuki et al. (2013), MgO treatment at

5 mg g−1-dry soil dosage is able to provide the soils with an ad-

quate acid buffer capacity to accommodate 100 y of exposure to

cid rain at pH 4.0. Therefore, it is indicated that the MgO-bearing

inders can serve as promising S/S binders providing better me-

hanical and immobilisation performance and improved durability

nd sustainability compared to PC.

. Conclusions

The performance of 3-y old S/S materials was evaluated in

erms of their strength, permeability and leaching properties. The

ain focus of this study is the innovative MgO-bearing binders

ntroduced for the first time in the application of in situ soil re-

ediation. The results showed that MgO-bearing binders are very

romising binders in the S/S techniques, and their properties vary

idely depending on their compositions. The major conclusions

rawn from the present study are as follows:

a) The MgO alone provided negligible strength to the soil, but

it significantly improved the immobilisation capacities on both

the organic and inorganic contaminants;

b) The replacement of MgO by 90% GGBS increased the

strength and decreased the permeability remarkably, achieving

>3.5 MPa. UCS and <10−10 m s−1 permeability at 3 y;

c) The pH of the leachates follows the order of:

MgO + GGBS > MgO ≈ PC + MgO + PFA ≥ PC. The im-

proved pH buffering capacity in the MgO-bearing binders is

attributed to the low solubility of brucite and hydrotalcite-like

phases formed;

d) The immobilisation mechanisms for heavy metals are much

more complex due to the mixed contamination in the field and

the use of novel binders. Further investigations on the detailed

microstructural and speciation analysis would be useful to im-

prove the accuracy of modelling;

e) Al is mainly controlled by the solubility of Al(OH)3 while Mg,

Ca and Si are strongly dependent on the binder composition.

MgO-bearing binders showed much less Ca leached and Mg

concentration is mainly controlled by the solubility of brucite.

The Si concentration is not only governed by C–S–H but also

M–S–H dissolution in the MgO + GGBS blends;

f) The effect of IOC slightly decreased the strength and permeabil-

ity of MgO-bearing binders, but its effect on the contaminants

is not clear. Further studies on the interaction among IOC, MgO-

bearing binders and contaminants are required;

g) No degradation in the performance of S/S materials was ob-

served by comparing 28-d and 3-y data. However, the reduced

pH values of PC indicated the deterioration to some extent (re-

duce acid buffering capacity) but will need to be confirmed by

further studies on older samples. On the other hand, the high

pH buffering capacities of MgO-bearing binders are likely to en-

sure a better durability in the long term.
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