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carries a negative charge. Chargc balancing cations
such as Na+, K+, ci+ and Mg 2+ are needed for
electrical neutrality. Addition of phenolic compounds
to lhe matrix produces a negatively charged
phenoxide ion that acts as a charge repulsi on species,
thereby inhibiting polysi alate formati on . The
objective lherefore is to utilisc high surface area
zeolitic materiais for organic adsorption and a
geopolymeric sys tem as an immobilisation systcm for
lhe organic containing zeolitic material.

ABSTRACT

Geopolymerisation h as emerged during the last few
years as an industrial and ecologic al approach to
construction and waste management. By utilizing
waste materiais and their reactive properties it is now
possible to create geopolymers systems that not only
mechanically durable enough to be used as
constructio n materiais but are also potential stable
immobilis ation systems for toxic waste. Previous
studies by Van Jaarsveld et al. ( 1997) and Van
Jaarsveld et ai. (1998) have reported on the numerous
applications of geopolymers in the immobilisation of
toxic metais. Research into the possible utilisation of
geopolymers as an encapsulation media for organic
waste has however been rare. This paper therefore
provides an insight into lhe possible utilisation of
geopolymers as a binder for hazardous organic
materiais.

1.1 Reasons for the encapsulation of phenolic
compounds hy geopolymers
Phenolic compounds can bc toxic to soil
microorganisms at the parts-per-million levei. Indeed,
severa! of the organic compounds classifi ed by the
U.S. Environmental Protection Agency as priority
pollutants are phenols. The fale of phenols in the soil
environment and their remova! from aqueous waste
streams is complicated by their low solubility, ability
to ionize, low vapor pressure and tendency to undergo
oxidation and oxidative polymerization to humic and
fulvic acid-type products. Phenols were selected
because, as noted above, lhey represcnt one of the
more challenging classes of pollutants to be removed
from wastewater streams.

1. INTRODUCTION

The Jack of available landfill sites and
growing environmental concern has resulted in a
move to reduce industrial and organic waste. Zeolites
are gaining widespread recognition in industrial and
commercial applications for lhe remova! of
radioacti ve waste from contaminated water, clean up
of oilrig leakages, adsorption of heavy metais and
adsorbent Iinings in land fi lls. For lhis study zeolites
where utilised for lhere adsorption capaci ty in the
remova! of organics (phenol and 4-chlorophenol)
from aqueous solutions. The chemistry of the
geopolymeric system necessitates the utilisation of
zeolites as the first step in the encapsulation
procednre. The mechanism of geopolymerisation has
been reported to occur via dissolution, transportation
or orientation as well as a reprecipitation step.
Dissolution is necessary process whereby reactive
polysial ate species are liberated from the starting
materiais . The tina! chemical structure is lherefore
determined by the nature and quantities of the starting
materiais. Aluminium in AI0 4 is IV-coordinated and

2. EXPERIMENTA L

2.1 Materiais
The tly ashes used for ali experimental work
were obtained from two different sources, SASOL
(Sasolburg, South Africa) and Eskom (Ash
Resources, South Africa) . The t1y ashes were of coai
origin. Kaolinite (Grade 03) was obtained from G &
W Base and Industrial Minerais. A more detailed
analysis of lhe staring materiais (physical/chemical
properties) is listed in Tab le I and Table II. Oxide
compositions of the starting materiais were
determined by X-ray tluorescence spectroscopy and
are listed in Table III. The chemicals, KOH , sodium
silicate and lhe phenolic compounds used in the
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VI SHMMT I XVIII ENTMME- 2001- Rio de Janeiro/Brazil

experiments were of analytical grade and obtained
from Mcrck, South Africa. Distilled water was used
for ali sample preparation. The natural zeolite
clinoptilolite was obtained from Pratley, South Africa.

investigated in this study are given in Table IV. The
mass percent of zeolitic material added to a standard
geopolymeric matrix is also detailed in Table IV.
Table IV: Geopolymer matrices

Tablc I: Surface area I Mean particle size data
Mcan Particlc
Size (d9 0, J.llll)

Mineral

BET Surfacc
Arca (m 2/g)

Kaolin

11.1462

11.09

Eskom tly ash

1.0850

26.56

SASOL tly ash

5.3959

136.89

T ab lc TI : Physiochemical properties of phenol and 4chl orophenol
pKa

Phenol

9.89

87

4-Chlorophenol

9.18

27

(g

r').

Fly ash

60.0

Kaolinite

6.7

KOH

8.0

Sodium Silicate soln

14.7

Water

10.7

Zeolite

11.25

2.3 Zeolite Synthesis
The zeolite samples were prepared usin~ a
modification of the procedure of Woolard (2000). 40g
of Eskom tly ash were retluxed with a 3M NaOH
solution at I00°C for 72 hours. The slurries were then
filtered, repeatedly washed with distilled water to
remove excess sodium hydroxide and then vacuum
dried at 150°C for 24 hours. This method converts the
ash into zeolite minerais and solubilises the toxic
trace elements, which are in the base medium.
Additional modification procedures, acid etching and
dealumination , were carried out on the zeolite
samples to increase surface area values.

Table III : Oxide composition as determined by XRF
analysis
Eskom

SASOL

Compositio
n

fly ash

tly ash

Si02

53.82

55.01

66.5

Al 2 0

32.97

28.35

22.0

Fe 20 3

3.44

3.49

0.40

C aO

4.36

7.23

0.10

MgO

1.05

1.66

0.30

K20

0.74

0.49

2.90

Na 20

0.39

0.40

0.50

Ti0 2

1.72

1.69

0.70

P20s

0.49

0.26

0.20

BaO

0.12

0.15

MnO

0.05

0.04

(LOI)

0.80

3

Composition (mass%)

Solubility

Compound

%Oxide

Ingredient

Kaolin G3

3 RESUL TS AND DISCUSSION

3.1 Zeolite Synthesis
Zeolite samples were synthesised using
Eskom tly ash. The calcium content of t1y ash has
been postulated to detrimentally interfere with zeolite
synthesis, hence Eskom tly ash was used due to its
low calei um content (Table III).

5.40

2.2 Geopolymer Synthesis

3.1.1 XRD Analysis

SASOL tly ash and kaolinite was mixed for
I minute by hand, after which a solution of potass ium
hydroxide mixcd with sodium silicate was added,
followed by a furthcr 2 minutes of mixing. Samples
were cast in 50 x I OOmm cylinders, vibrated for 1
minute and set at 30°C for 7 days. The mass percent
of kaolin , sod ium silicate and potassium hydroxide
was held constant throughout the matrices while only
varying the mass percent of zeolitic material and
organics bcing added to the matrix. The compositions
of the standard geoplymcric matrices that will be

The XRD patterns for the untreated fly ash
sample and the 3M treated NaOH tly ash sample can
be seen in Figures 1 and 2 respectively . The
crystalline phases identified are mullite (AI 6Si 20 13 )
and quartz (Si0 2 ). There is a large proportion of
amorphous material (glass phase) present ín the
samples. It is this amorphous glassy phase, which
causes an increase in background counts. This can be
clearly observed as a "hump" between -1Y' and 35",
28 on the diffractograms. There is two minor peaks
present at -32.5"and 37.SO 28, probably of another
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minor component present that could not be identitied
at this stage. Apart from mullite and quartz present, a
third phase was identitied as sodium aluminium
silicate (Na6Al 6 Si 10 0 32 ) commonly called zeolite
NaPl. A minor unidentified pcak is prcscnt at -6" 29.
SASOL Fly Ash
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Figure 3: SEM image of tly ash
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Figure 1: XRD graph of untreated 11y ash
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Figure 4: SEM image of zeolite NaP1
Hydrothermal treatment of t1y ash increased
the surface area of the tly ash from 5m2/g to 62.04
m2/g. Observations show that acid treatment and
dealumination of zeolite NaPl increases the surface
area of the zeolite by a factor of almost 4 (Table V).
This increase in surface area is primarily due to the
remova! of cementitious materiais such as CaC0 3,
which promotes agglomeration of parti eles.

"'::.::::--··-·-- -"·:-········-·----··· · · -· ·-·,·-w -·- ·--··
F)Z~.=,:?,:;0;::,:,~\'.::::~::,-:-l~~ ··· ·..

Figure 2: XRD graph of zeolite NaPl

3.1.2 Surface Area Changes
Analysis of the scanning electron images of
the untreated and treated t1y ash samples show a
signiticant change in the surface morphology. The
untreated t1y ash is composed of smooth spherical fly
ash particles (Figure 3). After alkaline treatment the
spherical particles of t1y ash are covered with
polycrystalline spherulites, exhibiting needle-like
outwardly radiating crystals (Figure 4). The crystals
formed during the zeolitisation process were found to
be relatively small <lJ!m.

Table V: Surface area results
Mineral

BET Surface Area (m 2/g)

Eskom t1y ash

1.0850

Zeolite NaPI

62.0358

Zeolite NaPl (deal)

220.1586

Zeolite NaPl (acid)

241.8823

3.1.3 Zeolite Structure
Zeolite Na-P1 has a topology similar to that
of gismondine (Figure 5). ln view of the absence of
specific structural data, clinoptilolite is listed as a
distinct zeolite and may even structurally resemble
mordenite.
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Organlc Adsorptlon Data
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Figure 5: Gismondine structure

3.1.4 Organic Adsorption
Figure 6: Organic Adsorption data
Adsorption is one of the most common
control technologies used in the reduction of volatile
organic compounds emission from industries. Two
kinds of challenges exist when selecting any solid for
the adsorption of organics from a wastewater stream.
These are: I. Finding adsorbents with high specific
surface arcas, 2. Finding adsorbents, which adsorb
large quantities of spccific contaminants in the
presence of background organics. Taking these two
challenges into consideration high surface area
zeolitic material was utilised in the adsorption of
organics from aqueous solutions. A commercially
available zeolite, clinoptilolite (coarse and fine
zeolite)and the synthesised zeolite, NaPl [zeo2 (3M)]
werc the solid adsorbents used.
Adsorption data is reported in Figure 6.
Analysis of the data shows higher adsorption results
for the moditied acid and dealuminated zeolites. This
can be attributed to 2 reasons: 1. The organic
molecules are larger than the pore sizes of the zeolite
and can only be adsorbed on the externa! surface of
the zeolite, hence larger surfacc arcas equate to
greater adsorption capacities. 2. The dealumination
process causes an increase in the Si/ AI ratio of the
zeolite, which corresponds to higher hydrophobicity
and hence higher adsorption capacities towards the
organic molecules. It should however be noted that
aluminium can be removed (Breck, 1974) from the
framework structure of clinoptilolite [(fine zeolite
(deal)] without being completely destroyed, unlike
other zeolites. Higher adsorption values were also
obtained for 4-chlorophenol. The adsorption for
cholorphenols is higher than that for phenols,
probably because of the higher solubility of phenol in
water (Table II).

3.2 Encapsulation of Organic Containing Zeolites

3.2.1 Method of Encapsulation
The zeolite samples containing the adsorbea
organic were coated with a thin layer of geopolymer,
dried for 2 hours at 100°C. The crushed zeolite was
mixed with the standard geopolymeric matrix (Table
IV) and cured for 7 days at 30°C. Coating of the
zeolite with a layer of geopolymer was necessary for
two reasons, firstly to prevent desorption of the
organic from the zeolite and secondly to provide an
additional protective layer for the zeolite.

3.2.2 Effects
merisation

of Encapsulation

on

C'.eopoly-

The effects of zeolite encapsulation on the
geopolymer matrices were evaluated by analysising
compressive
strength
data,
surface
area
measurements, XRD graphs and leaching data.

3.2.2.1 Compressive Strength and Specific Surface
Area Analysis
Compressive strength analysis was utilised to
measure the strength of the geopolymeric matrix.
Compressive strength values for the various matrices
are reported in Table VI. A natural zeolite
(clinoptilolite) was added to the matrix, to investigate
the effect of zeolites on matrix stability. The strength
of the matrices increases with an increase in zeolitic
material from 1% to 5%. The increased strength is
expected due to increased crystallization contacts
between zeolite and amorphous phases. The matrices
containing coarse zeolitic (czeo) material have higher
compressive strength values than the matrices
containing fine zeolitic (fzeo) material because the
coarse aggregates mechanically interlock with the
matrix thereby reducing porosity and increasing
strength. However an increase in crystallinity may
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lead to the formation of macro-cracks, which
negatively affects the mechanical properties of the
geopolymer. Research has shown that the maximum
amount (g) of zeolitic material that the geopolymer
matrix can encapsulate should not exceed 15% of the
total mass of the geopolymer system . Zeol ite addition
exceeding this amount will serve to weaken the
geopolymer structure. Encapsulation of the coated
zeolite samples to the geopolymer matrix increases
the compressive strength values to a maximum value
of 40.79 MPa. As stated above the increased
compressive strength values could be attributed to the
decreased porosity ofthe matrix as the coated zeolitic
material performs a function sim ilar to that of a fi ller.
Specific surface area measurements (Table
VIl) show no significant changes in surface area
measurements of the geoplymer matrices containing
zeolitic material. One would expect that the addition
of high internal surface area zeolite materiais to the
geopolymer matrix would decrease the compressive
strength of the matrix, this however is not observed.
Addition of the zeolitic material has the opposite
effect, actually increasing compressive strength of the
matrix.
Table VI : Compressive strength data

Sample
SASOL
SASOL
l%fzeo
SASOL
l%czeo
SASOL
5%czeo
SASOL
5%fzeo
SASOL
coated
fzeo

Age

Mass

Force

Strength

(days)

(kg)

(kN)

(MPa)

7

0.40

61.18

28.80

7

0.39

38.10

17.90

7

0.40

.49.70

23.40

7

0.40

62.82

29.60

7

0.40

56.67

26.70

7

0.42

86.63

40.79

7

0.42

72.63

34.19

3.2.2.2 X-Ray Diffraction Analysis
Geopolymer
structures
are
generally
amorphous to semi-amorphous. Due to their
amorphous nature a detailed study of geopolymers
utilising XRD analysis is not feasible. There are no
significant changes between the XRD graphs of the
standard geopolymer matrix (Figure 7) and the matrix
containing zeolites (Figure 8). It is also worth noting
that the crystalline phases present in tly ash (quartz
and mullite) are also present in the geopolymer
matrices. These crystalline phases do not seem to be
affected by the geopolymerisation reaction, therefore
it can be concluded that tly ash particles are only
partially dissolved and therefore a degree of
crystallinity is retained in the final geopolymer
matrix. The prominent peak at 26.7° 2e can be
attributed to the quartz component of the tly ash,
while the hump in the diffractogram starting at about
20° 2 e and extending through to 40° 2 e is due to the
significant quantities of amorphous silica present in
the sample. Zeolite addition appears to have no
significant affect on the size of the hump observed.
XRD analysis therefore supports the idea that any
new phases that were formed were largely amorphous
and thereby not possible to detect.

i~.
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Leaching
experiments
are
normally
conducted when evaluating the efficiency of an
immobilisation system as an encapsulation method for
organic waste. When evaluating a material for
leachability, the concentration of the hazardous
constituent in the leachate is compared to that in the
original immobilisation system. Leaching experiments
were performed using a modified TCLP (U.S. Federal
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3.2.3 Leaching Data
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Figure 8: XRD image of SASOL geopolymer +
zeolite
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Figure 7: XRD image of SASOL geopolymer matrix
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Table VII: Geopolymer surface area results
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Register, 1990) adapted by Van Jaarsveld (1998).
Leaching data (Figures 9 and 10) for the various
geopolymer matrices followed a similar trend.
Analysis of leaching data show that signiticantly more
aluminium is being leached from the system than
sílica. A possible explanation for this trend is that the
zeolite forms nucleation sitcs thereby crystallising
sílica on thc zeolitic surface. This is less likely to
happen to aluminium, as aluminium tends to
polymerise and give rise to amorphous products.
Hence the silica is fixed in crystals and the aluminium
in amorph ous phases. Products in amorphous phases
are significantly more soluble than crystalline
products, hence greater aluminium being leached
from the system than sílica. Leaching data also show
no organics being leached from the system. This is
expected as zeolites are generally stable in an acidic
media. The main objective of the leaching
experiments was to predict the long-term behaviour of
the immobilisation system by using a short-term
laboratory scale test.
Graph of AI Concentra.tlon vs Time

4. CONCLUSIONS

There is no single solution for waste
immobilisation, however geopolymers systems are
gaining increasing attention as versatile solidification
and immobilisation systems. The geopolymer
matrices synthesised are not only potentially effective
adsorption systems for organic waste but also produce
materi ais with fairly high compressive strengths that
could have a multitude of possible applications.
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