Original papers

INVESTIGATING THE POSSIBILITY OF UTILIZING
PUMICE-TYPE NATURAL POZZONAL IN PRODUCTION
OF GEOPOLYMER CEMENT

ALI ALLAHVERDI, KAMYAR MEHRPOUR, EBRAHIM NAJAFI KANI

Department of Chemical Engineering, Iran University of Science and Technology,
Narmak 16846, Tehran, Iran, Tel; +98-21-77240496, Fax; +98-21-77240495

E-mail: ali.allahverdi@iust.ac.ir

Submitted May 30, 2007; accepted November 9, 2007

Keywords: Pumice; Natural pozzolan; Geopolymer Cement; Alkali-activator

Natural pozzolans are aluminosilicate-type materials which can be activated with solutions of NaOH and Na,SiO;. Using a

pumice-type natural pozzolan and different alkali-activators based on combinations of Na,SiO; and NaOH, a number of

geopolymer cement systems were designed and studied. Water-to-dry binder ratio, silica modulus, and sodium oxide concen-

tration of the systems were adjusted at different levels and setting time, workability, and 28-day compressive strengths of

the systems were studied. The results obtained reveal that natural pozzolans of pumice-type can be activated using a propor-

tioned mixture of Na,SiO; and NaOH resulting in the formation of a geopolymer cement system exhibiting suitable workabi-

lity and acceptable 28-day compressive strengths. All the measured final setting times are acceptable compared to standard

values given for Portland cement.

INTRODUCTION

Geopolymer cements are a group of alkali-activat-
ed materials exhibiting superior engineering properties
compared to Portland cements. The raw materials usu-
ally utilized for production of these cements are amor-
phous and reactive aluminosilicates [1].

The molecular structure of geopolymers consists of
an aluminosilicate network that is a product of the che-
mical reaction between aluminosilicate and alkali-poly-
sialate in a relatively highly alkaline medium [2, 3]. The
aluminosilicate network consists of SiO, and AlO, tetra-
hedral structural units connected to each other by sha-
ring their oxygen atoms. The presence of positive ions
such as Na*, K, Li*, Ca*, Ba*’, NH*, and H;O" is neces-
sary to balance the negative charge of aluminum [3, 4].

The role of alkalis is to activate raw materials such
as blast-furnace slag, fly ash, etc, to take part in the
geopolymerization reactions [5]. These materials are
activated by alkalis so that Si—O bonds in the silicates or
aluminosilicates are broken and a number of reactions
result in the formation of geopolymer [6]. The exact
mechanism of geopolymerization reaction is not yet
understood, but all the proposed mechanisms include
three stages: (1) dissolution of raw materials in alkaline

solution, (2) orientation of the dissolved species, and (3)
polycondensation to form networked polymeric oxide
structures [7-10]. In general, the presence of alkali-
metal salts or their hydroxides is necessary for dissolv-
ing aluminosilicates and silicates and for catalyzing the
polycondensation reactions.

The resulting products, i.e. geopolymer cements,
usually exhibit good engineering properties such as rel-
atively high compressive strengths, short to long setting
times, and relatively high resistance against aggressive
media compared to Portland cements [11-16].

In recent years, many research works have been
carried out to investigate the possibility of utilizing
industrials waste materials as raw material in the pro-
duction of geopolymer cements. The use of granulated
blast-furnace slag and fly ash has been reported in many
research works [17-21].

Natural pozzolan which is an almost similar alumi-
nosilicate material, exhibiting cementations behaviour
when mixed with calcium hydroxide and water, probably
is a suitable raw material for being utilized in the pro-
duction of geopolymer cements [17]. This work investi-
gates the possibility of utilizing pumice-type natural
pozzolan as a raw material in the production of geopoly-
mer cements.
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EXPERIMENTAL
Raw materials

Natural pozzolan, used in this work, was pumice
obtained from Taftan mountain, located at the south east
of Iran. The obtained pozzolan was firstly characterized
for its chemical and mineralogical compositions and
also its pozzolanic activity. The results of chemical
analysis determined according to ASTM standard C311
[22] and the value of specific surface area determined
by Blaine air-permeability apparatus are shown in
Table 1. As seen, this natural pozzolan is a relatively
highly siliceous and according to ASTM standard C618
[23], chemically it could be considered as a relatively
good natural pozzolan. Figure 1 shows the X-ray dif-
fraction pattern of Taftan pozzolan. The crystalline min-
eral phases present in Taftan pozzolan therefore include:

Anorthite with empirical formula;
Nap0sCagosAl;osSiz050s,
Hornblende with empirical formula;
Ca,MgiAly7sFe*25(S1;A10,,)(OH),,
Biotite with empirical formula;
KMg, sFe*sAlS1;0,0(OH)1 75Fo.2s,
Quartz with empirical formula; SiO,.

The pozzolanic activity of Taftan pozzolan was also
evaluated by determining its strength activity index
with Portland cement at 7 and 28 days in accordance
with ASTM C311. The results obtained, i.e. 83.2 and
86.8 percent of control respectively for 7 and 28 days,
show a relatively good pozzolanic activity in accor-
dance with ASTM standard C618.

Knowing that particle size distribution of pozzolan
powder could effectively affect both wet and dry prop-
erties of the geopolymer cement, the pozzolan was
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Figure 1. X-ray diffraction pattern of Taftan pozzolan.

ground in an industrial closed mill to obtain a relatively
highly fine powder with a suitable particle size distribu-
tion. The particle size distribution of the pozzolan pow-
der was determined by a laser particle size analyzer. The
Particle size distribution curve of pozzolan powder pre-
pared by the method of Rosin- Rambler-Sperling-Ben-
net (RRSB) is presented in Figure 2. The slope of the
curve and the mean particle size of the ground natural
pozzolan are 0.95 and 22.63 pm, respectively.

Specimens preparation

Commercial water-glass was used for preparing
alkali activators. The silica modulus (Ms = Si0,/Na,0)
of water glass was 0.86. Enough sodium hydroxide was
added to water-glass for preparing three different alka-
li-activators having silica modules of 0.52, 0.60, and
0.68. The sodium oxide-contents of the designed
geopolymer cement systems were adjusted at three dif-
ferent levels of 4, 7, and 10% (by weight of dry binder).
The water-to-dry binder ratios (W/DB-ratio) were con-
trolled at three different values of 0.36, 0.40 and 0.44
for investigating its effects on set and strength behav-
iours of the systems. After adding activators to the dry
binders and mixing for about 5 minutes, the pastes were
cast into moulds of 2x2x2 cm in size. The moulds were
held at an atmosphere of more than 95% relative humid-
ity and ambient temperature, i.e. 25°C. The moulds
were opened after 24 hours and the specimens were
stored in the humid bath until the testing time.
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Figure 2. Particle size distribution of ground Taftan pozzolan
according to RRSB method.

Table 1. Chemical composition and Blaine fineness of the ground Taftan pumice-type pozzolan.

Oxide SIOZ A1203 F6203 CaO MgO S03

K,O

Na,O Cl LOI  Moisture  Blaine (m¥kg)

Wt% 6157 18.00 4.93 6.69 2.63 0.10

1.95

1.65 0.04 2.15 0.51 309
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Test procedure

The pastes prepared were firstly characterized by
determining their final setting times and their relative
visual workability. Final setting times of all the systems
were measured using Vicat needle in accordance with
ASTM standard C191-82 [24]. Since all the systems
exhibit relatively long setting times, the pastes were
stored at an atmosphere of more than 95% relative
humidity at 25°C to prevent any setting due to drying
and to measure the actual final setting time.

The workability of each paste was determined based on
ratings ranging from 4 for a freely flowing paste to 0 for
a quite non-workable paste.

At the age of 28 days, the specimens were used to
determine their compressive strength for investigating
the effects of W/DB-ratio, silica modulus, and Na,O
concentration on 28-day compressive strength of the
material and for determining the maximum achievable
28-day compressive strength. The geopolymer cement
system exhibiting the highest compressive strength was
studied by X-ray diffractometry technique to character-
ize its crystalline mineral phases. To investigate any
possible efflorescence, from each system a 28-day hard-
ened specimen was placed in 50 ml water and kept in an
open-air atmosphere at ambient temperature (25°C)
until the water was dried completely.

RESULTS AND DISCUSSION

Figures 3 to 5, show the effects of W/DB-ratio and
Na,O concentration on relative visual workability of
freshly prepared pastes at different silica modules. As

40— o 4 =
23547 T ETssH WO B
§ 3o+ LM M L [
g o547 250l W 3 H
o | o~ tlosb! Il L FE---]
2 20
o0 A28 B L BT E e
¢ 151 i
‘[ 1.0+ 10.\\00
0.54" 7 &
&
0.0 S
S

Figure 3. Effects of W/DB-ratio and Na,O concentration on

relative visual workability of freshly prepared pastes at silica
modulus of 0.68.

seen in Figures 3 to 5, the rheological properties of the
freshly prepared pastes depend on their W/DB-ratio and
their sodium oxide content. As the results reveal, in gen-
eral, an improvement of workability and thus the possi-
bility of reducing the water-to-dry binder ratio could
result from increasing the sodium oxide content of the
geopolymer cement system. A comparison of the results
obtained for different silica modules however show that
lower silica modules result in higher paste workabili-
ties. The results obtained for the effects of W/DB-ratio,
Na,O concentration, and silica modulus of the activator
on workability of freshly prepared natural pozzolan
pastes are quite similar to those reported in a previous
work for mixtures of fly ash and blast furnace slag [25].

—» Relative workability

Figure 5. Effects of W/DB-ratio and Na,O concentration on
relative visual workability of freshly prepared pastes at silica
modulus of 0.52.

—_» Relative workability

Figure 4. Effects of W/DB-ratio and Na,O concentration on

relative visual workability of freshly prepared pastes at silica
modulus of 0.60.
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Figures 6 to 8, show the effects of W/DB-ratio and
Na,O concentration on final setting time at different sil-
ica modules. As seen, the final setting time reduces
when W/DB-ratio is decreased or Na,O concentration
is increased. All the measured final setting times are
acceptable compared to standard values given for Port-
land cement. The time of setting could be considered as
an indication for the kinetics of geopolymerization reac-
tions, so that a relatively long setting time shows that
the geopolymerization reactions proceed very slowly at
ambient temperature. The kinetics of the geopolymer-
ization reactions therefore could be accelerated by cur-
ing the material hydrothermally and/or probably chang-
ing the chemical and/or mineralogical composition of
the dry binder.

Figures 9, 10, and 11, show the effects of water-to-
dry binder ratio on 28-day compressive strength at dif-
ferent Na,O concentrations and different silica modulus
respectively. As it is expected, W/DB-ratio could signif-
icantly influence the 28-day compressive strength of the
material. Usually W/DB-ratio is increased for improv-
ing the workability of inorganic binders in the form of
paste, mortar, and concrete. However it should be noted
that in most cases any increase in W/DB-ratio results in
an increase in the total pore volume which in turn weak-
ens the strength behaviour of the material. In some
cases a relatively high W/DB-ratio could also result in a
relatively high drying shrinkage which may itself lead
to shrinkage cracks working as macro-defect points. In

the case of the material under study however more
investigation is necessary to understand the effect of
W/DB-ratio on total pore volume and formation of any
probable shrinkage-cracks.

Figures 12, 13, and 14 show the effect of silica
modulus on the 28-day compressive strength at different
Na,O concentrations and different water-to-dry binder

—__» Final setting time (hr)

Figure 6. Effects of W/DB-ratio and Na,O concentration on
final setting time at silica modulus of 0.68.

ratios, respectively. The effect of silica modulus on
28-day compressive strength is quite similar for all the
three W/DB-ratios tested. As silica modulus increases
from 0.52 to 0.68, the 28-day compressive strength
increases to a maximum value and then decreases to a
relatively small value. For all the three W/DB-ratios
tested and all the three Na,O concentrations, the opti-
mum value for silica modulus is 0.60 giving the maxi-
mum 28-day compressive strength. The variations in
silica modulus of the activator at a constant Na,O con-
centration are brought about by proportioning the
amounts of sodium silicate and sodium hydroxide and
changing the soluble silica content of the activator.
Soluble silica from sodium silicate is very important in
formation of monomers and initiation of geopolymeri-
zation reactions [10]. Increasing the soluble silica con-
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Figure 7. Effects of W/DB-ratio and Na,O concentration on
final setting time at silica modulus of 0.60.

—__» Final setting time (hr)

Figure 8. Effects of W/DB-ratio and Na,O concentration on
final setting time at silica modulus of 0.52.
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Figure 9. Effect of water-to-dry binder ratio on 28-day com-
pressive strength at different Na,O concentrations and silica
modulus of 0.68.

50

41.50 40.07

34.32

—> Compressive strength (MPa)
) w IN
o o o
L L L

22.75 19.06 20.96
16.82
15.24
10 - [—e— Sodium oxide (Wt.%)=4
—— Sodium oxide (wt.%)=7
—&— Sodium oxide (wt.%)=10
0 T T T
0.32 0.36 0.40 0.44

— Water-to-dry binder ratio

Figure 10. Effect of water-to-dry binder ratio on 28-day com-
pressive strength at different Na,O concentrations and silica
modulus of 0.60.
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Figure 11. Effect of water-to-dry binder ratio on 28-day com-
pressive strength at different Na,O concentrations and silica
modulus of 0.52.
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Figure 12. Effects of silica modulus on 28-day compressive
strength at different Na,O concentrations and water-to-dry
binder ratio of 0.36.
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Figure 13. Effects of silica modulus on 28-day compressive
strength at different Na,O concentrations and water-to-dry
binder ratio of 0.40.
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Figure 14. Effects of silica modulus on 28-day compressive
strength at different Na,O concentrations and water-to-dry
binder ratio of 0.44.
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tent of the activator and its silica modulus to their opti-
mum values, results in an acceleration in the geopoly-
merization reactions and causes the reactions to proceed
to higher extents. These in turn lead to an improvement
in the strength behaviour of the geopolymer cement
system. Any increase in the soluble silica content of the
activator and its silica modulus from their optimum
values however, decreases the 28-day compressive
strength. The reason for such a decrease in 28-day com-
pressive strength at relatively higher values of silica
modulus is not well known. It is probably due to the
types of geopolymers formed. More investigations
using suitable laboratory techniques such as MAS NMR
and FTIR are needed to characterize the molecular
structure of the material.

Figures 15, 16, and 17, show the effect of Na,O
concentration on 28-day compressive strength at diffe-
rent water-to-dry binder ratios and different silica
modulus, respectively. As seen, any increase in Na,O
concentration in the range between 4 to 10% increases
the 28-day compressive strength. The strength increase
at relatively lower Na,O concentrations in the range
between 4 to 7% is much steeper and at relatively high
concentrations in the range between 7 to 10% becomes
gradually. At higher concentrations of Na,O, the 28-day
compressive strength decreases due to excess sodium
oxide. The role of sodium oxide in the mechanism of
geopolymerization is quite important. Considering the
key-role of Na,O in geopolymerization reactions, disso-
lution of the aluminosilicates in the very first stage and
charge balance of the 3-dimentional network in the last
stage, one can simply conclude that increasing the sodi-
um oxide concentration of the system to its optimum
value, results in the acceleration of geopolymerization
reactions and causes the reactions to proceed to higher
extents. The strength behaviour of the geopolymer
cement system therefore is improved.

Taftan pozzolan and the hardened paste of Taftan
pozzolan-based geopolymer cement exhibiting the high-
est 28-day compressive strength, i.e. almost 47 MPa,
were studied using X-ray diffractometry technique. The
corresponding X-ray diffraction patterns are presented
in Figures 1 and 18, respectively.

As compared with Figure 1, three of the four crys-
talline mineral phases observed in Taftan pozzolan
including Quartz, Hornblende, Anorthite, and Biotite
are present in the hardened paste of Taftan pozzolan-
based geopolymer cement exhibiting the highest 28-day
compressive strength. The crystalline mineral phases of
Taftan pozzolan therefore are not reactive, except
Biotite, and do not take part in the geopolymerization
reactions. In fact, this is the amorphous part of the Taf-
tan pozzolan which is reactive and takes part in the
geopolymerization reactions and results in the forma-
tion of geopolymers in the glassy state.
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Figure 15. Effect of Na,O concentration on 28-day compres-
sive strength at different water-to-dry binder ratios and silica
modulus of 0.52.
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Figure 16. Effect of Na,O concentration on 28-day compres-
sive strength at different water-to-dry binder ratios and silica
modulus of 0.60.
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Figure 17. Effect of Na,O concentration on 28-day compres-
sive strength at different water-to-dry binder ratios and silica
modulus of 0.68.
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From each system, a 28-day hardened paste speci-
men was tested to investigate any possible efflores-
cence. The results of efflorescence test are presented in
Table 2 qualitatively by just comparing the specimens
visually. The severity of the efflorescence has been dif-
ferentiated by letters A, B, and C. Systems exhibiting no
efflorescence are shown by letter A. Those showing
slight and severe efflorescence are distinguished by let-
ters B and C respectively. Figure 19 shows three speci-
mens exhibiting no, slight, and severe efflorescence
from left.

As seen in Table 2, most of the systems containing
4 wt.% Na,O do not show any efflorescence. A 3 wt.%
increase in Na,O concentration however results in
appearance of efflorescence. Most of the systems con-
taining 10 wt.% Na,O exhibit severe efflorescence.

A comparison of the results of 28-day compressive
strength and efflorescence reveal that a relatively high
compressive strength attainable at higher Na,O concen-
trations does not necessarily mean soundness and dura-
bility. On the other hand, systems showing no efflores-
cence do not exhibit acceptable 28-day compressive
strength. Measurement of Na,O concentration in
leachates proved that the appearance of efflorescence is

Table 2. Results of efflorescence test.

due to leaching of non-reacted and free sodium hydrox-
ide which later in a secondary reaction reacts with
atmospheric carbon dioxide producing sodium carbon-
ate. An optimum Na,O concentration along with
hydrothermal treatment of paste specimens probably
could result in development of a pumice-type natural
pozzolan-based geopolymer cement system.

CONCLUSION

1.Based on results obtained for 28-day compressive
strength, amorphous aluminosilicates present in the
studied pumice-type natural pozzolan are reactive and
could take part in the geopolymerizaion reactions.

2.Preliminary results obtained from activating pumice-
type natural pozzolan using proportioned mixtures of
NaOH and Na,SiO; prove the probable potential of
pumice-type natural pozzolan as a suitable raw mate-
rial in production of geopolymer cement.

3.The quality of natural pozzolan-based geopolymer
cement depends on the composition of alkali-activator
and water-to-dry binder ratio, in addition to the qual-
ity of natural pozzolan, i.e. chemical composition and
glass phase content.

4.Using the studied pumice-type natural pozzolan, rela-
tively high 28-day compressive strengths, up to 47
MPa, can be achieved at silica modulus, Na,O con-
centration, and water-to-dry binder ratio of 0.60, 10

System Na,O Ms W/DB Severity of 0 .

No. (WE%) efflorescence wt.%, and 0.36, respectively.

1 0.36 A

2 0.52 0.40 B ~ 7007 .

3 0.44 A ;; 600 - A A - Anorthite

4 036 A 2 5004 H - Hornblende

5 4 0.60 0.40 B 5 400 Q- Quartz

6 0.44 A 2

7 0.36 A > 3007

8 0.68 0.40 A 2001

9 0.44 A 100 1

10 0.36 C T 0

1 0.52 0.40 B 4 12 20 28 36 44 52 60
12 0.44 B — 20()

13 0.36 B Figure 18. X-ray diffraction pattern of Taftan pozzolan-based
14 7 0.60 0.40 C geopolymer cement exhibiting the highest 28-day compressive
15 0.44 B strength.

16 0.36 B

17 0.68 0.40 B

18 0.44 B

19 0.36 C

20 0.52 0.40 C

21 0.44 B

22 0.36 C

23 10 0.60 0.40 B

24 0.44 C

25 0.36 C

26 0.68 0.40 B Figure 19. Specimens exhibiting no, slight, and severe efflo-
27 0.44 B rescence (from left).
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VYZKUM MOZNOSTI VYUZIT{ PRIRODNIHO
PUCOLANU PEMZOVEHO TYPU PRI VYROBE
GEOPOLYMERNIHO CEMENTU

ALI ALLAHVERDI, KAMYAR MEHRPOUR,
EBRAHIM NAJAFI KANI

Department of Chemical Engineering,
Iran University of Science and Technology,
Narmak 16846, Tehran, Iran

Ptirodni pucolany jsou hlinitokifemiéité materialy, které
Ize aktivovat roztoky NaOH a Na,SiOs;. S pouzitim ptirodniho
pucolanu pemzového typu a riznych alkalickych aktivatord na
bazi kombinace Na,SiO; a NaOH bylo navrzeno a studovano
nekolik geopolymernich cementli. Pomér voda—suché pojivo,
modul kfemiku a koncentrace oxidu sodného systémut byly
upraveny na rtizné urovné a u systému byl studovan ¢as tuhnuti,
zpracovatelnost a pevnost v tlaku po 28 dnech. Ziskané vysled-
ky odhaluji, ze pfirodni pucolany pemzového typu lze aktivo-
vat pomoci umérné smési Na,SiO; a NaOH, kdy vysledkem je
vytvofeni geopolymerniho cementového systému, ktery
vykazuje vhodnou zpracovatelnost a pfijatelné pevnosti v tlaku
po 28 dnech. Konec¢néd doba ztuhnuti materialu je vSak pfilis
dlouhd a prakticky nepfijatelna.
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