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Abstract

In this paper, two aspects of studies are carried out: (1) synthesis of geopolymer by using slag and metakaolin; (2) immobilization behaviors
of slag based geopolymer in a presence of Pb and Cu ions. As for the synthesis of slag based geopolymer, four different slag content (10%,
30%, 50%, 70%) and three types of curing regimes (standard curing, steam curing and autoclave curing) are investigated to obtain the optimum
synthesis condition based on the compressive and flexural strength. The testing results showed that geopolymer mortar containing 50% slag that is
synthesized at steam curing (80 °C for 8 h), exhibits higher mechanical strengths. The compressive and flexural strengths of slag based geopolymer
mortar are 75.2 MPa and 10.1 MPa, respectively. Additionally, Infrared (IR), X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques are used to characterize the microstructure of the slag based geopolymer paste. IR spectra show that the absorptive band at 1086 cm™!
shifts to lower wave number around 1007 cm~!, and some six-coordinated Als transforms into four-coordination during the synthesis of slag based
geopolymer paste. The resulting slag based geopolymeric products are X-ray amorphous materials. SEM observation shows that it is possible to have
geopolymeric gel and calcium silicate hydrate (C—S—H) gel forming simultaneously within slag based geopolymer paste. As for immobilization
of heavy metals, the leaching tests are employed to investigate the immobilization behaviors of the slag based geopolymer mortar synthesized
under the above optimum condition. The leaching tests show that slag based geopolymer mortar can effectively immobilize Cu and Pb heavy metal
ions, and the immobilization efficiency reach 98.5% greater when heavy metals are incorporated in the slag geopolymeric matrix in the range of

0.1-0.3%. The Pb exhibits better immobilization efficiency than the Cu in the case of large dosages of heavy metals.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent years have seen a great development in new type
of inorganic cementitious materials—geopolymer around the
world. Geopolymer is one type of CaO-free aluminosilicate gel
binders, which was firstly introduced into the inorganic cemen-
titious world by Davidovits in the later 1970s [1]. Geopolymer
can be synthesized by mixing aluminosilicate reactive materials
with little or no CaO component (such as metakaolin, dehy-
drated clay) and strongly alkaline solutions (such as NaOH
or KOH), then curing at room temperature. Under a strongly
alkaline solution, aluminosilicate reactive materials are rapidly
dissolved into solution to form free SiO4 and AlQOy4 tetrahedral
units. With the development of reaction, mix water is gradually
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split out and these SiO4 and AlOy4 tetrahedral units are linked
alternatively to yield polymeric precursors (—SiO4—AlO4—, or
—S104—Al104-Si04—, or —Si04—Al04—-Si04—Si04-) by sharing
all oxygen atoms between two tetrahedral units, and thereby
forming monolithic like geopolymer products [2].

Geopolymer made with reasonable mix-design and for-
mulation can exhibit superior properties [3-6]: The produc-
tion of geopolymer requires much lower calcining temperature
(600-800 °C) and emits 80—90% less CO; than Portland cement.
Reasonable strength can be gained in a short period at room tem-
perature. In most cases, 70% of the final compressive strength is
developed in the first 12 h. Low permeability, comparable to nat-
ural granite, is another property of geopolymer. It is also reported
that resistance to fire and acid attacks for geopolymer are sub-
stantially superior to those for Portland cement. Apart from the
high early strength, low permeability and good fire and acid
resistance, geopolymer also can attain higher unconfined com-
pressive strength and shrink much less than Portland cement.
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Table 1
Chemical compositions and physical properties of raw materials

Types of raw materials SiO, Al,O3 Fe, 03 CaO MgO TiO, MnO K,O P,05 SO3 LOI Specific surface
(mz/kg)

Metakaolin 62.97 26.91 2.62 0.60 - 1.24 0.01 0.18 0.74 - 4.44 350

Slag 34.20 14.20 0.43 41.70 6.70 1.07 0.3 - - 1.47 1.02 490

Other documented properties include good resistance to freeze-
thaw cycles as well as excellent solidification of heavy metal
ions. These properties make geopolymer have great potentials in
the fields of civil, bridge, pavement, waste treatment, hydraulic,
underground and military engineering [7].

Blast furnace slag is formed in the processes of iron manufac-
ture from iron ore, combustion residue of coke, and fluxes such
as limestone or serpentine and other materials. If the molten slag
is rapidly chilled by immersion in water, a vitreous Ca—Al-Mg
silicate fine grain glass is formed with a highly cementitious in
nature. At present, most of the slag is utilized in fields of Port-
land cement industry or concrete production companies. Only
in China, over 100 million tonnes of slag is generated annually.
Slag contain much reactive SiO, and Al,O3, and can be a good
raw material for partially substituting metakaolin to synthesize
high-value geopolymer, which can be utilized in heavy metal
immobilization applications.

Each year, millions of tonnes of heavy metal containments
such as mine tailings and electroplating sludge are generated
across the worlds. These wastes are accumulated to such an
extent that ‘giga-scale disposal’ is becoming a common phe-
nomenon. In general, Cu and Pb are two prominent heavy metals
in the wastes as compared to other types of heavy metals [8].
Thus studies on the immobilization of Cu and Pb are very impor-
tant for testing a new type of heavy metal solidification materials.

The synthesis and heavy metal immobilization behaviors
of geopolymer by using metakaolin alone [9-11] or slag
alone [12—-19] have been systematically studied. However, little
research is done in the synthesis and immobilization behaviors
of geopolymer by using both metakaolin and slag [20-25]. Our
primary researches suggest that the addition of slag will greatly
increase the mechanical strength and improve the pore structure
of the hardened geopolymeric matrix [26]. Thus the geopoly-
mer incorporated with slag will be expected to possess superior
immobilization capacity to the pure geopolymer without any
slag addition. In order to better understand the immobiliza-
tion behaviors of the geopolymer incorporated with slag, two
aspects of studies are conducted in this paper: (1) synthesis of
geopolymer by using both slag and metakaolin; (2) immobiliza-
tion behaviors of slag based geopolymer in a presence of Pb and
Cu ions.

2. Experimental
2.1. Materials
Metakaolin used in this study is obtained by calcining pure

kaolin at 700 °C for 12 h. Blast furnace slag is supplied by Jiang-
nan cement plant, Jiangsu province, PR China. Chemical grade

NaOH and sodium silicate solution with the molar ratio o SiO»
to NayO of 3.2 are used as alkaline reagents. River sand as fine
aggregate is incorporated into slag based geopolymer paste to
achieve reasonable strengths (=30 MPa) and limited shrinkage
ratio (<350 x 10~°) in this study. The fineness modulus of river
sand is 2.8. Analytical grade Cu(NO3),, Pb(NO3), are used as
heave metal contained resource. All experiments are performed
using the same batches of reagents and starting materials. Dis-
tilled water is used throughout the experiment. The chemical
compositions and physical properties of raw materials are listed
in Table 1. The particle size distribution of raw materials is also
shown in Fig. 1.

2.2. Experimental program

2.2.1. Synthesis of slag based geopolymer

In this part, a total of 10 batches of geompolymer with
different compositions are made in this study. The details of
experimental program are given in Table 2. Batch “PSS” to
Batch “SL70PSS” are used to compare the influence of slag
content on mechanical strength. Batch “SL50PSS-D3” to Batch
“SL50PSS-T150-2h” is specifically designed to optimize the
curing regime. In order to investigate the effect of the steam
curing time, Batch “SL50PSS-T80-2h” to Batch “SL50PSS-
T80-8h” are prepared. Through the above studies, the optimum
slag content and curing regime can be determined.

It is important to point out that Batch “PSS” is served as
a control sample which is synthesized only by metakaolin,
no any addition of slag. The oxidants molar ratio of Batch
“PSS” that is optimized and used in literature [27] is as follows:
Si0,/Al1,03=4.5, Na,O/Al;03 =0.8, HyO/Na,O=6.4.
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Fig. 1. Particle size distribution of raw materials.
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Table 2
Experimental program

Types of geopolymer Binders Binders:sand (by mass) Curing regimes

Metakaolin (%) Slag (%)
PSS 100 0 1:1 20°C and RH 100% for 28 days
SL10PSS 90 10 1:1 20°C and RH 100% for 28 days
SL30PSS 70 30 1:1 20°C and RH 100% for 28 days
SL50PSS 50 50 1:1 20°C and RH 100% for 28 days
SL70PSS 30 70 1:1 20°C and RH 100% for 28 days
SL50PSS-D3 70 30 1:1 20°C and RH 100% for 3 days
SL50PSS-T80-2h 70 30 1:1 80°C and RH 100% for 2h
SL50PSS-T80-4h 70 30 1:1 80°C and RH 100% for 4 h
SL50PSS-T80-8h 70 30 1:1 80°C and RH 100% for 8 h
SL50PSS-T150-2h 70 30 1:1 Autoclave curing at 150°C for 2h

Note. PSS represents pure geopolymer without any slag addition.

2.2.2. Immobilization behaviors of slag based geopolymer

In this part, geopolymer mortar synthesized under the opti-
mum condition is used to investigate the immobilization behav-
iors of heavy metal ions. Two types of heavy metal ions—Cu?*,
Pb2* in the format of Cu(NO3), and Pb(NO3), are added to
slag based geopolymer mixture during mixing as a solution of
Cu(NO3), and Pb(NOj3);, in water. Three different concentra-
tions of 0.1%, 0.2% and 0.3% (accounting for the total mass
of binders) are used for each type of heavy metal ions. Table 3
summaries the compositions of slag based geopolymer under
discussion.

Batch “SL50PSSCul” to Batch “SL50PSSCu3” are used
to investigate the influence of Cu?* concentration on the
immobilization behaviors of slag based geopolymer; Batch
“SL50PSSPb1” to Batch “SL50PSSPb3” are used to study the
influence of Pb>* concentration on the immobilization behav-
iors.

2.3. Specimen preparation for mechanical test

Metakaolin and slag are firstly dry-mixed for 3min in a
Hobart-mixer. Then, NaOH, sodium polysilicate solution and
water are mixed and cooled to room temperature. The cooled
alkaline solution is added into pre-mixed slag plus metakaolin
powders and mixed for another 3 min. After that, sand is placed
into slag based geopolymer paste and mixed for 3 min. The
fresh geopolymer mortar is poured into cubic steel moulds

Table 3
Compositions of slag based geopolymer contained heavy metals

with 40 mm x 40 mm x 40 mm for compressive strength and
prismatic steel moulds 40 mm x 40 mm x 160 mm for flexural
strength, then vibrated for 30s. A plastic film is covered on the
opening surface of moulds to prevent the evaporation of mixing
water. After 24 h, the samples are demoulded and cured under
scheduled regimes. Three samples are tested for each mechan-
ical test. Herein it is important to point out that the pre-mix
of NaOH and sodium silicate, rather than the direct addition
of NaOH powder into geopolymer pastes is a key to ensure a
enough long pot life to complete the above process.

2.4. Sample preparation for microanalysis

The slag based geopolymer paste without sand addition is
specially prepared according to the procedure described in Sec-
tion 2.3. The only difference in mixture proportions between
geopolymer paste and geopolymer mortar is that geopolymer
paste has not sand addition. Some of geopolymer paste samples
are used to conduct ESEM-EDXA analysis. The others are fur-
ther finely crushed, and then immersed in an ethanol for 3 days
to stop the further geopolymerization reaction of geopolymeric
cement, subsequently oven-dried at 60 °C for 6 h to remove the
absorbed water. After that, these hardened geopolymeric cement
paste fractions are further ground into very fine particles with
agate mortar, and remove the coarse particles with the sieve of
80 pm in diameter. The fine powders are placed in desiccators
for 24 h to conduct XRD, IR microanalysis.

Types Contaminant (%) Binders Binders:sand (by mass) Water:binders (by mass)
Metakaolin (%) Slag (%)
SL50PSSCul Cu0.1 1:1 0.35
SL50PSSCu2 Cu0.2 50 50 1:1 0.35
SL50PSSCu3 Cu0.3 50 50 1:1 0.35
SL50PSSPb1 Pb 0.1 50 50 1:1 0.35
SL50PSSPb2 Pb 0.2 50 50 1:1 0.35
SL50PSSPb3 Pb 0.3 50 50 1:1 0.35

Note. SL50PSS represents slag based geopolymer synthesized under the optimum condition; Cul to Pb3 represents the types and amount of heavy metal ions.
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2.5. Methods

2.5.1. Mechanical tests

Flexural strength and compressive strength are tested accord-
ing to ASTM C39-96. Three samples of each batch are tested.
The average value of three samples is served as the finial
compressive strength and flexural strength. A closed-loop ser-
vohydraulically controlled materials testing machine (Sintech
10/D MTS 810) is used to conduct flexural and compressive
test.

2.5.2. Leaching tests

After mechanical tests, fragments of geopolymeric speci-
mens are collected and used as the samples for leaching tests.
A modified toxicity characteristic leaching procedure (TCLP)
leaching test [28,29] is conducted to simulate an more aggressive
leaching environment than normally used TCLP in this study for
acquiring the necessary kinetic leaching data in a short time. The
detailed procedure is as follows.

Samples collected from the compression test are firstly
crushed and sieved into small particle size fractions. Particles
of size fraction ranging from 0.6 mm to 2.5 mm are placed in
an acetic acid solution buffered with sodium acetate at a pH of
3.3 for the leaching analysis. A solid:liquid ratio of 1:25 is used
for the leaching tests and the temperature is maintained at 30 °C
by a water bath. All samples are stirred at the mixing speed of
200 rpm by using the sealed magnetic stirring apparatus for 24 h,
which allowed for leaching equilibrium to be attained in around
24 h the leachate solution is extracted by syringe at 0.5h, 1.0h,
1.5h,2.0h,2.5h,3.0h,4.0h, 8.0 h, 12.0 h and 24 h, respectively,
and the total extracting volume never exceeded 10% of the fluid
volume, thus creating an average error of 5%. The extracted
solutions are centrifuged and filtered by using filter paper. The
filtrate is diluted 20 times with 5% volume concentration of nitric
acid and the concentrations of all metals are determined using
Perkin-Elmer Optima 2000 ICP-AES (Perkin-Elmer, Norwalk,
CT, USA).

3. Results and discussion
3.1. Synthesis of slag based geopolymer

3.1.1. Optimization of slag content

In order to study the influence of slag replacement percent-
age, 10%, 30%, 50% and 70% by mass of the total amount of
metakaolin are substituted by slag (Batch SL10PSS to Batch
SL70PSS). Batch PSS is served as a referee sample without
any slag addition. The water to binders (metakaolin plus slag)
mass ratios and binders to sand mass ratio of all batches are
fixed at 0.35 and 1:1, respectively. The compressive and flexural
strength of geopolymeric mortars with different amount of slag
are shown in Figs. 2 and 3. As can be seen, addition of slag leads
to a great increase in both compressive and flexural strength. It
is especially obvious when the replacement percentage exceeds
30%. As compared to referee sample (Batch PSS), the compres-
sive strength of geopolymeric mortars incorporated with slag is
increased by 2.5-100%, flexural strength by 32.6-54.3%. It is
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Fig. 2. Effect of slag replacement percentages on compressive strength.

worth pointing out that the mechanical properties of geopoly-
meric mortar with 50% slag are the highest among all slag based
geopolymeric mortars whose compressive strength and flexural
strengths are 64.1 MPa and 8.01 MPa, respectively. Based on the
above analysis, 50% slag is selected as the optimum replacement
percentage in the study.

3.1.2. Selection of the optimum curing regime

Three types of curing regimes are employed in the study:
(1) standard curing: 20 °C and RH 100% for 3 days; (2) steam
curing: 80 °C and RH 100% for 2h, 4h and 8 h; (3) autoclave
curing: 150 °C for 2 h.

The effects of three different types of curing regimes on
the compressive and flexural strength of slag based geopoly-
mer are shown in Fig. 4. It is found that curing regimes have
great impact on mechanical strengths of slag based geopoly-
mer. Slag based geopolymer under standard curing regime has
the lowest strength. However, when steam curing is employed to
slag based geopolymer, compressive and flexural strengths show
an obvious increase. Only through 2-h steam curing, 9.4 MPa
compressive strength is gained that is 19.14% higher than 3-
day standard curing. As the time of steam curing increases, the
enhancement of steam curing is more effectively exhibited. Four
and 8 h steam curing can obtain 46.03% and 53.16% higher com-
pressive strength than 3-day standard curing. Autoclave curing
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Fig. 3. Effect of slag replacement percentages on flexural strength.
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Fig. 4. Effect of curing regimes on mechanical strengths.

shows more attractive strength enhancement than stream curing.
It is only through 2-h autoclave curing that 70.0 MPa compres-
sive strength is achieved, which is 19.66% higher than 2-h steam
curing. The above analysis indicates that elevating temperatures
can significantly increase the reaction rate, accelerate the for-
mation of products, resulting in high strength.

Fig. 4 also illustrates the effects of three different types of cur-
ing regimes on the flexural strength of slag based geopolymer.
As can be seen from Fig. 4, the effects of curing regimes on flex-
ural strength have a similar tendency as compressive strength,
but the influencing extent is less for flexural strength than that for
compressive strength. For instance, 8-h steam curing can only
gain 28.99% higher flexural strength than 3-day standard curing,
while 8-h steam curing can provide 53.16% higher compressive
strength than 3-day standard curing.

Based on the above experimental results, it can be seen
that autoclave curing is most effective in improving mechan-
ical strength of slag based geopolymer among three types of
curing regimes, but its high energy consumption and complex
operation limit the curing regime widely to be applied in prac-
tices. Standard curing has such advantages as easy operation
and lower energy consumption. However, mechanical strength
of slag based geopolymer cannot be effectively developed under
the curing condition in relatively short curing ages. Steam cur-
ing combines these merits of the other two curing regimes. As a
result, 8-h steam curing is selected as the optimum curing regime
in this study and adopted in all the following tests.

Based on the above selected optimum replacement percent-
age of slag and curing regime, SL50PSS-T80-8h is used as the
final slag based geopolymeric matrix of heavy metal immobi-
lization in the following study.

3.1.3. Microstructure of slag base geopolymer

3.1.3.1. X-ray diffraction (XRD). As can be seen from Fig. 5,
slag based geopolymer have a large diffuse halo peak at about
20—40° (26max Cu Ka). This means that the slag based geopoly-
meric products are mainly X-ray amorphous materials. In addi-
tion, several sharp characteristic peaks (7.09 A, 4.23 A, 3.33 A,
1.81 A, 1.54A, 1.37A) are also seen from Fig. 5. According
to the XRD pattern, these peaks are identified as quartz. With
the respect to X-ray diffractogram of metakaolin, the quartz is

3.33

4.04 1. Slag based geopolymer
2. Metakaolin
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206

Fig. 5. X-ray diffractograms of metakaolin and slag based geopolymer.

induced by metakaolin, and these quartzes do not take part in
the chemical reaction.

3.1.3.2. Infrared analysis (IR). The infrared spectra of
metakaolin and slag based geopolymer are given in Fig. 6. The
chemical shifts of main IR characteristic bands and correspond-
ing species are also listed in Table 4.

Comparing IR spectra of metakaolin and slag base geopoly-
mer, it can be observed that:

(1) During geopolymerization, the prominent band at
1086 cm™! presented in IR spectrum of metakaolin shifts
towards a lower wave number. The corresponding IR band
of slag based geopolymer is 1007 cm~!. According to
Table 4, 1086 cm™! band is caused by symmetrical vibra-
tion of Si—O bond, while 1007 cm™! band by asymmetrical
vibration of Si—O bond. The shift toward the low wave
number may be attributed to the partial replacement of SiO4
tetrahedron by AlO4 tetrahedron, resulting in a change in
the local chemical environment of Si—O bond.

(2) A 914cm™! and 798cm™! bands in IR spectrum of
metakaolin cause by six-coordinated Al-OH stretching
vibration and six-coordinated Al-O stretching vibration,
respectively, become very weak in IR spectrum of slag
based geopolymer. This means that six-coordinated Al

Slag based

geopolymer A

Metakaoline

469

1086

I T T T T 1
1400 1200 1000 800 600 400

Wavenumbers(cni')

Fig. 6. IR spectra of metakaolin and slag based geopolymer.
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Table 4
IR bands and corresponding species of metakaolin and slag based geopolymer

Types of species Metakaolin Slag based geopolymer

Si-O 1086 cm ™! (symmetrical vibration) 1007 cm™! (asymmetrical vibration)
Al-OH 914 cm™~! (six-coordinated A1-OH stretching vibration) Neglectable

Al-O 798 cm~! (six-coordinated Al-O stretching vibration) Very weak

Si-O 694 cm™! (symmetrically stretching vibration) Very weak

Si—O-Al 540cm™! (bending vibration) 540cm~! (bending vibration)

Si-O 469 cm™! (in-plane bending vibration) 467(in-plane bending vibration)

Fig. 7. SEM micrograph of pure geopolymeric matrix without slag addition.

will transform into other coordination in the process of
hydration reaction.

3.1.3.3. Scanning electron microscopy (SEM). A JEOL-6300
scanning electron microscope with an energy dispersive X-ray
analysis (SEM-EDXA) system is utilized to examine the micro-
graphics of geopolymeric matrices. Figs. 7 and 8 are the typical
SEM micrographics of pure geopolymeric matrix without slag
addition, and geopolymeiric matrix containing 50% by mass of

Fig. 8. SEM micrograph of slag based geopolymeric matrix.

slag. As can be seen in Figs. 7 and 8, the microstructure of the
pure geopolymeric matrix is quite different from that of the slag
based geopolymeric matrix. Only one homogeneous phase is
observed in the pure geopolymeric matrix. Comparatively two
separate phases (phases A and B) are clearly seen in the slag
based geopolymeric matrix. EDXA analysis is conducted on the
two sample and the results are listed in Table 5. It was found that
the elemental composition of phase A was dominated by Si, Al
and Na as well as very little Ca, while the elemental composi-
tion of phase B is dominated by Si, and Ca with some Na and
little Al. This indicates that phases A and B are totally differ-
ent in terms of their elemental composition. According to the
chemical compositions and Si:Al:Na (=2.18:1.0:1.15), it is sug-
gested that phase A might be a geopolymeric binder, which has
similar characteristics to the PSS type of geopolymeric binder
formed in the absence of slag as shown in Fig. 7. This obser-
vation is also consistent with previous observations by Yip et
al. [20,21]. Considering that Si, and Ca are the main elements
in the phase B, while Na and Al are of low concentrations, it is
suggested that phase B might be some form of C—S—H (calcium
silicate hydrate). However, it is believed that this C—S—H is not
the normal gel products produced during the hydration process
of Portland cement because of the low the much lower Ca/Si
ratio (0.98). It should belong to the amorphous calcium silicate
generated during the hydration process of alkali slag cement,
the Ca/Si ratio of whose gel products is approximately 1.1. The
Al presented within phase B may be due to some Si substitu-
tion by Al. Consequently, the Na in phase B is used to play a
charge-balancing role for Si substitute by Al.

3.2. Immobilization behavior of slag based geopolymer

3.2.1. Mechanical strength

The mechanical strengths of slag based geopolymer
(SL50PSS) contained different types and amount of heavy met-
als are tested and listed in Table 6. It can be seen that the inclusion

Table 5
The average elemental compositions of pure geopolymer matrix and slag based
geopolymer matrix (%)

Types of geopolymers Silicon (Si) Aluminum  Sodium Calcium
(Al) (Na) (Ca)
Pure geopolymer 49.76 24.39 25.43 0.42
Slag based geopolymer
Phase A 48.66 22.29 25.68 3.36
Phase B 38.39 9.30 14.57 37.74
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Table 6
Mechanical strengths of slag based geopolymer contained different types and
amount of heavy metals (MPa)

Table 7
Immobilization efficiencies of slag based geopolymeric matrix (SL50PSS) con-
tained different types and amount of heavy metals

Gepolymeric matrix Containment (%)  Mechanical strength (MPa)

Compressive  Flexural

0 75.20 10.10

Cu0.1 73.52 9.60

Cu0.2 70.68 9.38
SL50PSS Cu0.3 66.81 9.44

Pb 0.1 72.65 9.57

Pb 0.2 72.93 8.23

Pb0.3 70.28 8.85

of heavy metals have certain influence on the mechanical prop-
erties of slag based geopolymer in terms of compressive and
flexural strengths. A slight reduction in mechanical strength is
observed when 0.2% or less heavy metal is incorporated into the
slag based geopolymeric matrix. However, a further increase in
heavy metal dosage will results in an obvious strength drop.
This indicates that slag based geopolymeric matrix has a lim-
ited capacity for the amount of heavy metals that its structure
can tolerate before structural integrity is destroyed. Exceeding
the tolerant limit will result in a dramatic strength reduction and
rapid heavy ion leaching out.

3.2.2. Leaching behaviors

Leaching test is a very powerful tool to determine the
immobilization efficiencies of different types and concen-
trations of heavy metals in complex system. Kinetic leach-
ing tests are conducted with sampling done specified in this
experimental program until leaching equilibrium (about 24 h)
is reached. Batch “SL50PSSCul” to Batch “SL50PSSCu3”,
Batch “SL50PSSPb1” to Batch “SL50PSSPb3” contained
the same type, but different concentrations of heavy metal
ions, therefore leaching results can determine the influence
of concentration of heavy metal ions on immobilization
behaviors. SLS0PSSCul and SL50PSSPb1, SL50PSSCu2 and
SL50PSSPb2, SL50PSSCu3 and SL50PSSPb3 contain the iden-
tical amounts, but different types of heavy metals, therefore
leaching results can be used to distinguish the influence of types
of heavy ions on immobilization behaviors on the same basis.
Fig. 9 shows the kinetic leaching curves for SLSOPSSCul to

2.0+ —m—Cu0.1%
—eo—Cu02%
— 154 Cu0.3%
X
5
o 1.0
o
[F}
S 05
Bl _ _———— L]
004 =
0O 4 8 12 16 20 24
(a) Time(h)

Matrix Containment (%) Immobilization
efficiency (%)
Cu0.1 99.66
Cu0.2 99.52
Cu0.3 98.67
SL50PSS Pb0.1 99.27
Pb 0.2 99.28
Pb0.3 98.84

SL50PSSPb2. The corresponding immobilization efficiencies
are also calculated and listed in Table 7 in terms of the equi-
librium values obtained in Fig. 9.

As can be seen in Fig. 9, heavy metals are rapidly leached
out from the hardened slag based geopolymeric matrix with an
increase in leaching time, especially in the initial hours. After
that, the leached rate starts to become very slow and the leach-
ing curves gradually level off. The leaching equilibrium can be
reached at approximately 4 h in this study. In addition, the leach-
ing behaviors of heavy metals are also influenced by the amount
of heavy metals. When less heavy metal is added to the geopoly-
meric matrix, such as 0.2% or less, the amount of the leached
heavy metals is almost ignorable. As a result, the finial immobi-
lization efficiency reaches 99% or greater, as shown in Table 7.
However, too much heavy metal is introduced, the immobiliza-
tion capacity will rapidly reduced, which can be clearly seen in
Fig. 9 and Table 7. This tendency seems to be consistent with the
mechanical strengths, as shown in Table 6. Although an increase
in the heavy metal amount will lead to a reduction in the immo-
bilization efficiency, over 98.5% heavy metals incorporated can
be still immobilized in the slag based geopolymeric matrix after
24 h leaching test. It is important to note that for slag based
geopolymeric matrix, the Pb ion seems to leach slightly less that
the Cu in the case of large dosages of heavy metals, regard-
less of the leaching time, as shown in Fig. 9. This fact could
be partially attributed to the differences in ionic radius between
Pb (0.12 A) and Cu (0.72 A) or the chemical interaction with
the slag based geopolymeric matrix forming components dur-
ing synthesis resulting in different roles played by Cu and Pb in
the final product.

2.04 —B—Pb0.1%
—8—Pb0.2%

X 15 Pb 0.3%
5
o
E 1.04
8 1.\.‘ — ]
3 0.5 rf

0.0{ =

0 4 8 12 16 20 24

(b) Time(h)

Fig. 9. Kinetic leaching curve of slag based geopolymeric matrix (SL50PSS) contained difterent types and amount of heavy metals: (a) leaching of Cu; (b) leaching

of Pb.
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4. Conclusion

In this paper, two aspects of studies are conducted: (1) syn-
thesis of geopolymer manufactured by slag and metakaolin; (2)
immobilization behaviors of slag based geopolymer in a pres-
ence of Pb and Cu. Through the study, it is concluded that
geopolymer containing 50% slag that is synthesized at steam
curing (80°C for 8h), exhibited higher mechanical strength.
The compressive and flexural strengths of slag based geopoly-
mer reach 75.2 MPa and 10.1 MPa, respectively. Leaching tests
shows that slag based geopolymer synthesized under the above
optimum condition can effectively immobilize Cu and Pb heavy
metals, and the immobilization efficiency exceeds 98.5% when
the amount of heavy metals contained in slag based geopoly-
meric matrix is in the range of 0.1-0.3% by mass of binders. It
is worth noting that Pb shows better immobilization efficiency
than the Cu in the case of large dosages of heavy metals.
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