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Abstract

The stabilisation and solidification of waste materials by the technology of geopolymerisation is receiving increasing attention from re-
searchers; immobilisation of metal contaminants in these structures seems to be a viable alternative to present stabilisation techniques.
This paper presents some experimental evidence concerning the effect of the inclusion of mainly Cu and Pb on the physical and chemical
characteristics of geopolymers manufactured from fly ash. A variety of experimental and analytical techniques were used in this investiga-
tion, including compressive strength testing, specific surface area analyses, transmission electron microscopy, nuclear magnetic resonance,
X-ray diffraction, and infrared spectroscopy. It was found that contaminants are being immobilised through a combination of chemical
bonding and physical encapsulation. The nature of the contaminant seems to have a fairly large effect on both the physical and chemical
characteristics of the final product, with subsequent long-term implications as far as durability is concerned. It is therefore concluded that
a definite interaction exists between matrix-forming components and the immobilisation of the contaminant, where the amount of con-

taminant is a critical factor in the analysis. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Previous studies [1-4] have proposed the possible appli-
cations of geopolymers in the immobilisation of toxic met-
als, athough few have presented substantial experimental
data in order to quantify the relationship between heavy
metal and geopolymer paste after structural integrity has
been obtained. Describing this complex system is further
complicated by the fact that many different waste materials
can serve as reagents for geopolymerisation reactions with a
whole range of heavy metalsimmobilised. Thisleads to nu-
merous interactions between the contaminant and the host
material, constituting the bulk of the geopolymer phase, that
makes most observations fairly difficult to explain by con-
ventional means. In this paper we have therefore resorted to
a combination of analytical techniques in order to better
quantify these interactions, although much still needs to be
done before this aspect of geopolymerisation will be fully
understood. In order to utilise waste-based geopolymers as
permanent stabilisation and solidification systems in heavy

* Corresponding author. Tel.: +61-3-9344-6620; fax: +61-3-9344- 4153.
E-mail address: j§.van_deventer@chemeng.unimelb.edu.au (J.S.J. van
Deventer)

metal containment, the base of knowledge regarding the
leaching and long-term behaviour of contaminants immobi-
lised in geopolymeric structures needs to be expanded and
that isthe ultimate aim of this paper.

2. Background and literature

It was mentioned previously [5] that among othersthein-
clusion of a heavy meta in a geopolymer structure is
thought to also change the nature of the compound in either
a physical or chemical way. Previous authors [3] have ac-
knowledged and speculated as to the nature of this heavy
metal inclusion without any definite conclusions. Apart
from the present study the only other available information
regarding the immobilisation of heavy metals in geopoly-
mersis part of a Canadian study completedin 1988 [6]. This
investigation utilised a geopolymer binder (commercialy
available at that time) that was mixed with mine tailings
from different sources and tested for metal immobilisation
by regulatory environmental leaching procedures. The present
investigation does not make use of the addition of a com-
mercially available binder, but instead utilises the reactive
properties of fly ash and kaolin to create the necessary
geopolymeric binder. The behaviour of various metals un-
der leaching conditions, however, can still be compared and
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Tablel
Composition of fly ash used as determined by fusion and XRF
analysis (mass%)

Element as oxide SASOL fly ash Tarong fly ash
SO, 50.1 61.4
Al,O4 28.3 33.0
Ca0 8.2 0.6
Fe,03 40 11
MgO 20 0.3
TiO, 15 2.0
Na,O 0.5 0.1
K,0 0.9 0.1
SO, 0.4 0.0
Losson ignition 41 14

evaluated since the mechanism of immobilisation is not
thought to be significantly different in these two cases. The
reason for thisisthe fact that in each case the chemical con-
ditions of synthesis were quite similar. A study [7] concern-
ing the immobilisation of intermediate-level radioactive
waste with commercially produced geopolymer binders was
completed in the early 1990s and leaching experiments con-
ducted using both water and brine solutions.

For the purpose of this study various factors affect the
eventual mechanical and chemical properties of the finished
product. These include the immobilisation of the heavy
metal, the thermal history of the reagents used, the type and
amount of alkali metal cations present, as well as certain
physical considerations such as particle size and ease of
mixture of the various reagents. Only the first factor will be
considered here, although it should be kept in mind that
most of these factors are interdependent. It is evident that in
each case where metals are being immobilised in an imper-
meable structure the nature of the metal ion either physi-
cally or chemically influences the structure forming around
it, resulting in different immobilisation efficiencies for dif-
ferent metal ions. One important question that remains is
whether the metal ion is physically or chemically bonded
into the geopolymer structure during synthesis and also into
which phases this bonding will preferably take place.

3. Methods
3.1. Materials

Fly ash used in the synthesis of matrices E1, E2, F1, F2,
G1, and G2 was obtained from SASOL at Sasolburg, South
Africa, and fly ash used in matrices H1 to H4 was obtained
from the Tarong power station in Queensland, Australia.
Both fly ashes are of coal origin, with dsy-values of around
12 micron and chemical compositions as shown in Table 1.
Kaolinite, grade HR1, was obtained from Commercial Min-
erals, Sydney, Australia. In the preparation of matrices E1
and E2, metakaolinite was used; it was manufactured by
calcining the above-mentioned kaoline at 600°C for 6 h as
described by Madani [8]. All experiments were performed
using the same batches of reagents and starting materials.
Distilled water was used throughout.

3.2. 9ynthesis

Sample preparation was performed as described previ-
oudy [2] with at least a 7-day waiting period before any
tests were performed. In each case the samples were cast in
50-mm cubes, vibrated for 5 min, and allowed to set at 30°C
for 24 h before being removed from the moulds and kept at
room temperature for another 6 days. Heavy metal cations
were added to the reaction mixture during mixing as solu-
tions of their nitrate salts in water except in the case of ar-
senic where an oxide was used. Tables 2 and 3 summarise
the compositions of the main matrices under discussion. It
could well be noted that the amount of NaOH and KOH
used in producing matrices E1, E2, F1, F2, G1, and G2 was
chosen such as to provide for equal molar amounts of Na
and K present in the structures of all the matricesin Table 2.

3.3. Compressive strength testing

Compressive strength testing was performed as per AS
1012.9 [9] using three 50-mm cubes of each sample and av-
eraging the experimental values obtained. All samples were
tested after 14 days. An Amsler FM 2750 (Roell Amdler,
Gottmodingen, Germany) compressive strength-testing ap-
paratus was used.

Table2
Compositions of matrices prepared from SASOL fly ash (mass%)
Water/fly ash AlL,O4/SIO,
Matrix Contaminant Alkali metal Clay mass ratio mass ratio
E1 Cu, 0.1 KOH, 5.0 Metakaolinite, 16.0 0.2 0.57
E2 Pb, 0.1 KOH, 5.0 Metakaolinite, 16.0 0.2 0.57
F1 Cu, 0.1 NaOH, 3.7 Kaolinite, 15.0 0.2 0.57
F2 Pb, 0.1 NaOH, 3.7 Kaolinite, 15.0 0.2 0.57
G1 Cu, 0.1 KOH, 5.0 Kaolinite, 15.0 0.2 0.57
G2 Pb, 0.1 KOH, 5.0 Kaolinite, 15.0 0.2 0.57
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Table3
Compositions of matrices prepared from Tarong fly ash (mass%)
Water/fly
Matrix Contaminant Alkali metal Clay ashratio AlL,O4/SIO, ratio
H1 Cu, 0.1 KOH, 5.0 Kaolinite, 14.0 0.43 0.57
H2 Pb, 0.1 KOH, 5.0 Kaolinite, 14.0 0.43 0.57
H3 Pb, 0.2 NaOH, 6.0 Kaolinite, 14.0 0.45 0.57
H4 Cu, 0.2 NaOH, 6.0 Kaolinite, 14.0 0.45 0.57

3.4. Specific surface area, infrared analysis, and
X-ray diffraction

The Brunauer Emmet Teller (BET) surface areas were
determined for al samples by using a Micromeritics Flow-
sorb ASAP 2020 (Micromeritics, Norcross, GA, USA) with
a 30/70 ratio of N, and He and degassing for 18 h at 95°C.
Infrared spectra were recorded on a Mattson Galaxy 2020
(Mattson Ingtruments, Madison, WI, USA) spectrometer using
the KBr pdlet technique (0.5 mg powder sample mixed with
250 mg of KBr). X-ray powder diffraction data were ob-
tained for al samples using a Philips PW 1800 (Philips
Equipment, Moorebank, NSW, Austraia) diffractometer
with CuK« radiation.

3.5. Nuclear magnetic resonance and transmission
electron microscopy

Nuclear magnetic resonance (NMR) spectra were re-
corded using the Magic Angle Spinning (MAS) technique.
25 and %’Al spectra were recorded at spinning speeds of 15
kHz (?Al) and 4 kHz (®Si) for matrices F1 and F2. Certain
samples were also submitted to investigation by transmis-
sion electron microscopy (TEM) on a JEOL CS 100 TEM
(Joel Asia, Singapore) fitted with an X-ray microanalysis
system. The specimens were prepared by mechanically
grinding the powder in ethanol, followed by ultrasonic agi-
tation and precipitation on an amorphous carbon film. Elec-
tron diffraction data were obtained by manually measuring
diffraction circle radii and calculating d-spacing values
from the latter data, while taking into account the other mi-
Croscope parameters.

3.6. Leaching tests

Samples submitted to leaching tests were crushed and
sieved into particle-size fractions, the latter being leached

Table4

lonic radii of selected ions[11]

lon Radius (A)
cu?t 0.72

Fe¥* 0.64

Cd?* 0.97

Ast 0.46

Pb?* 1.20

Hg2+ 1.10

until equilibrium conditions were obtained. Leaching of
each particle-size fraction was conducted using a modified
TCLP [2,10] procedure utilising acetic acid buffered at pH =
3.3 by analytical grade sodium acetate. The liquid/solid ra-
tio was kept at 1:25 and the temperature controlled at 30°C.
Equilibrium tests on matrices were conducted by the use of
stirred vessels with overhead impellers. This technique a-
lowed for equilibrium to be attained in around 24 h with
sampling performed periodically over a 24-h period. Sam-
pling was conducted by syringe and the total sampling vol-
ume never exceeded 10% of the fluid volume, thus creating
an average error of 5%. In a separate set of experiments the
matrices of Table 2 were also submitted to leaching by hy-
drochloric acid at pH = 3.3 with externa pH control. Con-
centrations of all metals were determined using a Perkin
Elmer Optima 3000 | CP-OES (Perkin Elmer, Norwalk, CT,
USA), with scandium and/or cadmium asinternal standard.

4. Results and discussion
4.1. General

It was noted previoudly [2,7] that two of the main factors
that influence the incorporation of an ion into a geopolymer
structure are thought to be the ionic size (Table 4) and va
lence of a specific ion [11]. Leaching data obtained by
Davidovits et al. [3] show a reasonable correlation between
ionic size and leaching efficiency when compared with pub-
lished values of ionic sizesfor the different ions (Table 5). It
isalso clear from the table that some exceptions could occur
depending on the oxidation state of the ion at the time of
leaching (thiswill greatly influence the ionic size).

Table5
Comparison of immobilisation efficiencies (%) in geopolymerised
base-metal mine tailings [3] with ionic radii of ions

Immobilisation

Element efficiency Radius (A) [11]
Cu 98 0.72/0.96

Cd 85 1.14/0.97

Pb 60 1.20

Mo 60 0.93

Cr 50 0.89/0.63

Zn 40 0.74

Ni 15 0.69

\% 12 0.59
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Table 6
Compressive strengths after 14 days (M Pa)

Table8
Compressive strength (MPa), porosity (%), and permeability (cm/s) data
from CANMET report [6]

Compressive

Matrix Contaminant Alkali metal strength Matrix Compressive strength Porosity Permeability
E1 Cu (0.1%) K 28.1 MW 33 235 12X 10*
E2 Pb (0.1%) K 337 KK 2.7 29.2 1.1x 1075
H1 Cu (0.1%) K 4.5 P 1.2 323 6.2 1078
H2 Pb (0.1%) K 7.3

H2b Pb (0.2%) K 9.0

H3 Pb (0.2%) Na 18.1

H4 Cu (0.2%) Na 16.5

In this study, mainly Cu and Pb ions were used because
of their similar valence numbers but different ionic radii. It
should also be noted, however, that in highly heterogeneous
systems such as those discussed by the CANMET report [6]
as well as that of the present discussion it is expected that
some competition exists between different metals regarding
their incorporation possibilities into a geopolymeric struc-
ture. No study to date has optimised the loading of metal
contaminants onto a geopolymer structure and in most cases
the limiting factors are based on final strength, mixing, and
other physical processing reguirements.

4.2. Compressive strength

It is significant to note that the inclusion of Pb instead of
Cu serves to strengthen the structure in terms of the fina
compressive strengths achieved (Table 6). Thisistruein the
case of E1 and E2, H1 and H2, as well as H3 and H4. In
each case the matrices contain equal mass amounts of the
heavy metal although the molar amounts would differ and
there would be fewer Pb ions present in each case than in
the corresponding matrix containing Cu. Doubling of the
mass amount of Pb ions in matrix H2b resulted in an even
stronger product compared to H2 and it should be remem-
bered that both H3 and H4 also have double the amount of
metal ions if compared to H2 and H1, respectively, which
resultsin quite substantial increases in compressive strength
despite different alkali metal activators used. It is also evi-
dent from Table 7 that the specific surface area of the matri-
ces that contain lead is higher than that of the corresponding
Cu-containing matrices. Thisis not at all what would be ex-
pected from a structural point of view where the stronger
sample could be expected to have less porosity. It therefore
seems a reasonable assumption that although the Pb ion in-

Table7

BET surface areas for different matrices (m?g)

Matrix Contaminant Alkali metal Specific surface area
El Cu (0.1%) K 12.1

E2 Pb (0.1%) K 16.7

H1 Cu (0.1%) K 9.3

H2 Pb (0.1%) K 12.2

H3 Pb (0.2%) Na 7.8

H4 Cu (0.2%) Na 43

fluences the structure in terms of causing increased porosity
this effect is offset by its contribution to structural strength
in another way, such as through its much larger ionic radius
compared with that of Cu.

Experimental data from the CANMET report is sum-
marised in Table 8 and show that the expected relationship
between compressive strength and porosity does exist, al-
though permeability measurements again contradict these
findings, with the most porous matrices being the least per-
meable and the strongest (least porous) matrices being the
most permeable. Although this apparent contradiction could
be aresult of the measuring techniques used, it also seems
to be an indication of the complexity of these structures and
are found throughout the data comprising the geopolymeri-
sation of potash, uranium, and base meta tailings. It is
therefore till not clear whether these ions are bonded into
the structure or whether the surrounding matrix is just phys-
ically encapsulating them.

If the contribution that the Pb ion makes to a stronger
structure is of a physical nature, such as through more effi-
cient packing or its larger radius, then one would expect the
matrix to have less porosity compared to the weaker Cu-
containing matrices. Since this is not the case, it is reason-
able to assume that some kind of chemical bonding does
take place and that the chemical nature of the immobilised
ion also contributes to the formation of specific phases dur-
ing synthesis. This statement will be substantiated more
thoroughly in the next sections. It should be kept in mind
that there would be alimit to the amount of contaminant any
matrix can tolerate without losing all its structural integrity.
At this point the presence of additional metal ions would
serve to weaken the structure, although thislimit is expected
to be unique for every element and a function of both the
chemical and physical properties of a specificion.

Table9
Influence of contaminant type and amount on the BET surface areasfor the
same matrix composition (m?/g)

Matrix ~ Contaminant ~ Mass% of contaminant  Specific surface area

Ji Pb 1.0 19
J2 Pb 5.0 5.6
J3 Pb 10.0 57
N7 As 1.0 3.8
5 As 5.0 4.5
Jo Cd 1.0 2.6
J7 Cd 5.0 9.8
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Fig. 1. XRD spectrum of matrix E1.

4.3. Specific surface area

It was mentioned earlier that structural effects caused by
the addition of different metal contaminants are also re-
flected in the measured specific surface areas of geopoly-
merised fly ash. It seems that at lower concentrations of the
contaminant (ca. 0.1% mass), slight changes to the structure
could be affected slightly by the ionic radius of the metal,
since these ionic sizes are of the same order of magnitude as
the distances between neighbouring atoms in most of the
crystalline and amorphous phases. From Table 7 it is evi-
dent that in each case the matrix that contains small
amounts of Pb and has a dightly higher surface areathan its
Cu-containing counterpart. It therefore seems that the larger
ionic size of the Pb atom does influence the polymer struc-
ture, thereby creating more surface area. As will be dis-
cussed later, this change could also be caused through
chemical means since the phases present in the Cu- and Pb-
containing matrices differ quite substantially. The incorpo-
ration of heavy metal contaminants into a commercially
available geopolymer has also been reported [7] as resulting
in a structure with increased porosity when compared to the
pure geopolymer.

2500 +
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1500 +

Counts

1000 +

500 +

With reference to Table 9, an increase in the concentra-
tion of metal also leads to an increase in surface area when
all other factors remain constant. At these very high concen-
trations, however, the rheology of the paste is affected by
the added metal to such an extent that it can be visually ob-
served as having different properties in the plastic state.
This is especialy true for Cd and would explain the large
difference in specific surface area at concentrations of 1 and
5%, respectively. In the case of As, however, there also
seems to be an increase in surface area, although As, unlike
Cd and Pb, is very soluble at the conditions of synthesis that
result in excess As not being physically or chemically en-
capsulated. Leaching data collected for previous studies [3]
also substantiates this.

4.4. X-ray diffraction

It was previously observed [1-3] that the study of
geopolymers using X-ray diffraction (XRD) is made diffi-
cult by the fact that a large part of the structure is amor-
phousto X-rays. A comparison of Figs. 1 and 2 and 3 shows
arelatively large amorphous content between 20 and 40 de-
grees 260. This is much more pronounced in the case of E1
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!
T
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4 ' 4 y
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Fig. 2. XRD spectrum of matrix E2.
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Fig. 3. XRD spectrum of matrix G1.
Table 10 4.5. Electron microscopy
Qualitative electron diffraction results for F1
Structure d-spacing Composition R'gus fTr$? eli%tronlgl fffracélfnpgxréerl i megtSE ;:\l’ e sum-
Amorphous 3.5/2.2/1.2/1.1/0.8/0.7 Al, Si, Cu mael’ll ;\n o €S i ftfo . or d’ T a'd1 ed tl’)eSpeC—
Polyarysialline 1.3 Al S Na K, Ca, Fe, Cu tively. The electron diffraction study was conducted by con-
Polycrystalline  4.4/3.9/2.6/1.7/1.6/1.5/0.8  Al, Si, Na, K, Ca, Fe, Cu centrating on newly formed phases when comparisons with
Amorphous Not available Al, Si, K, Ca, Ti, Fe, Cu the starting materials were made. Therefore most diffracto-
Crystalline Not available Al, Si, Na K, Ca, Fe

and E2 than that of G1, mainly because of an increased
amorphous contribution by unreacted metakaolinite that is
used in the synthesis of E1 and E2. The degree of crystallin-
ity present is caused by quartz and mullite phases present in
the fly ash. It can be seen, however, that a certain amor-
phous content is present in all of the samples, and this was
further investigated by electron diffraction. Asfar as E1 and
E2 are concerned, the different heavy metals included in
each structure did not seem to make any difference to the
crystalline part of the spectra and it is therefore assumed
that the heavy metal bonds itself into the amorphous part of
the matrix. This was also observed for matrices G1 (Fig. 3)
and G2, and F1 and F2 (not shown). Further proof of thisis
supplied by electron diffraction studies, discussed below.
XRD experiments conducted by a previous study [7] aso
failed to identify any substantial new phasesthat form in the
crystalline part of the spectra.

Table 11

Quialitative electron diffraction results for F2

Structure d-spacing Composition

Amorphous 2.7/2.011.1 Al, Si,Na K, Ca

Polycrystalline 3.1/2.7/2.1/1.2/0.7 Al, Si, Ca
3.4/2.2/2.0/1.7/1.3/1.2/

Polycrystalline 1.1/0.8/0.7/0.6 Al Si, Ca

Amorphous 2.7/2.1/1.2/0.8/0.7/0.6 Al, S, Na K, Ca

grams were recorded, which avoided obvious unreacted fly
ash, kaolinite, and metakaolinite particles. In each case the
calculated d-spacings were compared to that of metakaolin-
ite, kaolinite, carbon, and fly ash, al of whose d-spacings
are well documented in the literature, in order to ensure that
they resemble a new phase. Each phase presented in Tables
10 to 13 therefore congtitutes a newly formed structure. For
every phase an elemental analysis was performed in order to
further characterise its constituency. The detector used un-
fortunately could not analyse for Pb, although X-ray diffrac-
tion experiments suggested that the Pb is also taken up into
the amorphous part of the structure.

With reference to Tables 10 and 11, it is of interest to
note the fairly large differences in terms of d-spacings that
occurred when the phases constituting F1 and F2 are com-
pared. It is aso apparent that most of the newly formed
phases are either amorphous or polycrystalline. From Table 10
it is aso evident that the Cu ions seem to be part of athe
aluminosilicate structure in each case, since no copper ox-
ides were found in the analyses. In most cases the inclusion
of Cu also seems to be associated with the presence of Fe
and this aspect needs to be investigated further. The rela-
tively large difference in morphology as well as chemical
composition between the various phases of F1 and F2 sug-
gests that the metal contaminant does indeed influence the

Table 12

Quialitative electron diffraction results for E1

Structure d-spacing Composition
Amorphous  3.2/2.2/1.7/1.5/1.3 Al, Si,Na K, Ca, Cu, Ti
Amorphous  3.2/2.2/1.7/1.3/0.8/0.7 Al, Si, K, Na, Ca, Cu
Amorphous  3.2/2.3/1.8/1.6/1.2/0.9/0.8/0.7  Al, Si, K, Ca, Cu
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Table 13

Quialitative electron diffraction results for E2

Structure d-spacing Composition

Amorphous 2.1/15/1.3 Al, Si, Na, K, Ca, Fe

Amorphous 2.7/2.1/1.2/0.7 Al, S, K, Na Ca, Fe, S
3.1/2.7/2.1/1.6/1.3/1.2/

Microcrystalline 1.0/0.8/0.7/0.6 Al, S, K, Ca

chemistry of synthesis and therefore the physical and chem-
ical properties of the final product.

The same is true when the different phases of E1 (Table
12) and E2 (Table 13) are compared. The Cu again seemsto
be part of the amorphous structure with most phases in E1
seemingly very closely related as far as both structure and
chemical analyses are concerned. In the case of E2 the three
phases seems structurally very different from one another,
again suggesting that the presence of Pb both physically and
chemically influences structure formation. The presence of
Cain most of the structures associated with the heavy metal
isin accordance with an immobilisation model as proposed
by Trezek et al. [12].

4.6. Infrared

Datafrom infrared (IR) experiments for matrices E1, E2,
F1, F2, G1, and G2 are presented in Figs. 4 to 9 and the
main feature of all IR spectra is the central peak between
1010 and 1040 cm™? that is attributed to the Si-O-Si or Al-
O-Si asymmetric stretching mode [13]. In comparing F1
and F2, it is obvious that the heavy metal does not seem to
affect this peak, although there is a slight effect in the case
of G1 (Fig. 8) and G2 (Fig. 9) with a shift of around 2 cm™?
when Pb is present instead of Cu. In the case of E1 (Fig. 4)
and E2 (Fig. 5), however, this peak is found at 1025 and
1012 cm™?, respectively, which indicates that the heavy
metal does affect the structure and suggests that it might be
part of the structure and not just physically encapsulated.
The peak found at 543 cm™t in Figs. 6 to 9 has previously
been assigned to the bending of Si-O-Al, where the Al isin
octahedral coordination [8]. It seems that the Pb ion only
dightly influences this pesk in the case of F2 (Fig. 7) and G2
(Fig. 9), compared to the Cu-containing matrices. E1 and E2
exhibit a peak each at 559 cm™? that has been assigned to be
originating from double-ring structures formed by Si and Al
tetrahedra [13]. The fact that the added metal does not seem

1.5+
1025
[}
e 7 467
o
Qo
] 559
[7]
-]
< o5+
0 t f t t— t i
0 500 1000 1500 2000 2500 3000
Wavelength (cm-1)
Fig. 4. IR spectrum of matrix E1.
15 +
1012
[+]
o 14
&
2 459
2 559
2
< 054
0 t t t t t —
0 500 1000 1500 2000 2500 3000

Wavelength (cm-1)

Fig. 5. IR spectrum of matrix E2.
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Fig. 6. IR spectrum of matrix F1.
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2 -4
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Fig. 7. IR spectrum of matrix F2.
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2.1 1031
° 1010
2
87 472
° 543
3 14 913
< 696
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0 500 1000 1500 2000 2500 3000

Wavelength (cm-1)

Fig. 8. IR spectrum of matrix G1.

to affect this ring formation also suggests that only certain
parts of the polymer structure will be able to accommodate
the inclusion and bonding of heavy metas. Perhaps the
most significant peak shifts occur in the bands located be-
tween 450 and 480 cm™%, which have been previously as-

signed to in-plane bending of the Si-O bonds found inside
the basic aluminosilicate tetrahedron [14]. This shift can be
found for al the matrices under consideration and indicates
that the heavy metal does influence the environment of this
bond to such an extent that different amounts of energy are
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Fig. 9. IR spectrum of matrix G2.

required for the bending to take place. This effectisalsoin-
fluenced by the type of alkali metal used as activator [5], al-
though that falls outside the scope of the present discussion.

4.7.NMR

Figs. 10 to 13 represent the 2°Si and the Al MASNMR
spectra for matrices F1 and F2. In each case the ®Si and
27Al spectra of these matrices areidentical, as one would ex-
pect if no substitution of Al and Si by the heavy metal oc-
curs. The latter is highly unlikely for this kind of structure

-91.9 ppm

-87.3 ppm

1
| f i

0 -100 -200
ppm

Fig. 10. Si MAS NMR spectrum of F1.

[15,16]. The ?’Al spectraof both F1 and F2 exhibit the same
peak shifts of 58.5 and 2.2 ppm, which indicates a mixture
of four and six coordinated Al [16,17]. In the case of the
25 spectraof F1 and F2, the two main shifts are —87.3 and
—91.9 ppm, indicating an abundance of Si(4Al) and Si(3Al)
sites [16,18], which is in accordance with other published
structural information on geopolymers [19].

Since it is obvious that the added heavy metal does not
change the basic tetrahedral building blocks of these alumi-
nosilicate structures but does affect certain IR bending and
stretching modes, one can conclude that incorporation of the
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} }

0 -100 -200
ppm

Fig. 11. 2°Si MAS NMR spectrum of F2.
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Fig. 12. 27Al MAS NMR spectrum of F1.

metal contaminant takes place either through physica
means, a charge-balancing action, or through covalent
bonds, where the metal is bonded to the silicate chain
through oxide and/or hydroxide links. The last option re-
quires the presence of Ca [12] and other alkali and alkali
earth ions that would also explain the presence of Ca in
most of the new phases presented in Tables 10 to 13. It
should be kept in mind, however, that the MASNMR inves-
tigation presented here is very simplistic and a more thor-
ough investigation centred around the metal itself will be
necessary to fully quantify all the structural effects that re-
sult from the presence of the metal contaminants.

4.8. Leaching

Leaching studies are a very powerful tool to determine
the immobilisation efficiencies of different ionsin geopoly-
mer systems. In a previous study [5] the potential of
geopolymer binders for the immobilisation of heavy metals
was discussed and environmental leaching results pre-
sented. It was also noted that different metal ions are immo-
bilised with different efficiencies, a fact substantiated by
data from other studies [3,4,6,7].

With reference to Table 14, the equilibrium values for
both Cu and Pb are very similar asfar as matrices E1 and E2
are concerned, although it was stated earlier that the latter
matrix has alarger specific surface areathan its Cu-contain-

2.2 ppm
58.5 ppm
{ i f
200 0 -200
ppm

Fig. 13. 27Al MAS NMR spectrum of F2.

ing counterpart. It could therefore be argued that the Pb ion
should find it easier to leach out of the structure unless its
relatively larger size offsets the effect of the increased sur-
face area, which would result in a comparable equilibrium
to that of Cu. Matrix breakdown was observed as being rel-
atively little, but similar, in both cases. In comparison to the
rest of matrices F1, F2, G1, and G2 in Table 14, it seems
that Pb generally leaches less than Cu under the same condi-
tions. It is also apparent that matrix G immabilises both Cu
and Pb more efficiently than matrices E and F. The only dif-
ference between matrices G and F isthe type of alkali metal
used as activator, whereas the difference between matrices
G and E is the therma pretreatment of the kaolin used.
These differences combined with the action of the metal
contaminant during synthesis result in a wide variety of

Table 14
Equilibrium concentrations achieved during leaching with acetic acid for
24 h (ppm)

Matrix Contaminant 212/600 pm 1700/2360 pm
E1l Cu 22 17
E2 Pb 23 17
F1 Cu 17 11
F2 Pb 11 8
Gl Cu 12 9
G2 Pb <7 <7
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Table 15
Equilibrium concentrations achieved during leaching with hydrochloric
acid in stirred configuration for 24 h (ppm)

Matrix Contaminant 600/1000 p.m 2360/2800 p.m
El Cu 18 8
E2 Pb 5 3
F1 Cu 22 27
F2 Pb 14 6
Gl Cu 32 17
G2 Pb 26 10

phases that cause structures with different chemical and
physical characteristics, as explained earlier. The relative
size of the cation does, however, play arole when diffusion
occurs during leaching and cannot be discounted when pre-
dictions regarding long-term stability have to be made. Ta-
ble 15 illustrates that these relative immobilisation efficien-
cies are independent of the leaching medium used, although
different mineral phases seem to be attacked by the hydro-
chloric acid, which results in relatively better immobilisa-
tion efficiencies for matrix E than for matrix G.

As mentioned earlier, there seems to be a limit to the
amount of heavy metal any matrix can tolerate. Thispoint is
illustrated by comparing the differences in leaching of Cu
and Pb from matrices H1, H2, H3, and H4 (Table 16). Al-
though H1 and H2 were synthesised with KOH and H3 and
H4 were synthesised with NaOH, the latter group also con-
tains double the amount of heavy metal that was introduced
into the first. At smaller particle sizes H3 releases less Pb
than the Cu released by H4, although this trend is reversed
when the larger particle-size fractions are considered. This
trend is not present in the case of H1 and H2 where the Cu
always leaches more than the Pb. Referring to Table 7, the
specific surface area of Cu-containing matrices H1 and H4
is smaller than that of their Pb-containing counterparts, al-
though the latter seem to generally have a higher immobili-
sation efficiency.

Trezek et al. [12] suggested that in some cases the immo-
bilisation of metals occurs through the formation of metal
silicate chelates that serve to stabilise the polymeric silicate
chains through active metal oxide and hydroxide bonds.
These bonds are initially of a weak ionic character before
being transformed into covalent bonds containing hydrox-
ide, heavy metal, and alkali or alkali earth species. Although
the purpose of this discussion is not to prove or disprove
this representation, the resulting structure would be greatly

Table 16
Equilibrium concentrations achieved during leaching with acetic acid in
stirred configuration for 24 h (ppm)

Matrix ~ Contaminant  212/600 um  1700/2360 um  2360/2800 pm

H1 Cu 26.1 19.2 185
H2 Pb 9.1 84 8.2
H3 Pb 14.8 9.8 9.2
H4 Cu 17.1 75 6.3

Table 17

Comparétive percentages of metals leached from identical matrices under
identical conditionswith acetic acid in stirred configuration for 24 h
(percent leached)

Radius
Geopolymer matrix ~ Fe (0.64/0.74)  Pb (0.84/1.20) Hg(1.10/1.27)
Kaolin/sand 0.81 1.04 1.78
Kaolin/fly ash | 0.00 0.00 0.88
Kaolin/fly ash Il 0.07 0.18 1.40

influenced by the valence and ionic size of the included
metal and akali meta ions as these would find themselves
in between the various polymeric chains that make up the
structure. Leaching from these structures will therefore be
influenced by the metal’s ionic size in a mgjor way. This
can be substantiated to a certain extent by data obtained
fromthe CANMET report for the leaching of stabilised base
metal tailings, shown in Table 5. Results forming part of the
present discussion and summarised in Table 17 fully sup-
port the above statement for three different geopolymer ma-
trices. A study that focused on the immobilisation of radio-
active substances in geopolymeric binders also concluded
that for Sr, Cs, Mo, Tc, and U, the immobilisation efficiency
depended largely on the valence and/or the ionic radius of
the included metal cation. This covalent bonding of metal
ions in between polymer chains would also be in accor-
dance with NMR data presented earlier since no interfer-
ence with the basic polymeric chain occurs.

5. Conclusions

The immobilisation of meta contaminants in various
geopolymer structures does not only proceed by a physical en-
capsulation mechanism. It is concluded that different metal
ions affect both the chemistry and morphology of structure for-
mation during geopolymer synthesis, which resultsin various,
mostly amorphous, phases being formed. It appears that the
metal is chemically bonded to the structure, athough the bond-
ing does not affect the basic Al and S tetrahedra building
blocks that make up the bulk of the geopolymer phases. It does,
however, affect the phase formation to such an extent that for
the same quantities of identical starting materials, the find
phases not only exhibits different physical characteristics but
also dightly different chemical compositions and d-spacing
values. Most of these effects on structure seem to be related to
the ionic size and valence of a specific metal with larger ions
having atendency to be better immobilised and also more diffi-
cult to leach out. In certain instances increased concentrations
of heavy meta contaminants can lead to a stronger structure.
There would appear to be a limit as to the amount of meta a
matrix can tolerate. However, this is also a function of other
variables that were not discussed here, such as the alkali metal
activator used, thermal history, and type of the starting materi-
als, aswell asthe S/Al ratio present in thefina product. It was
significant that the present study, which utilised waste materi-
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as such as geopolymer reagents, provided for quite similar ex-
perimental results compared to previous studies conducted
with more expensive commercia geopolymer binders.
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