
S
v

J
a

b

a

A
R
R
A
A

K
V
M
A
A
G

1

n
a
o
g
o
m
p
i
n
m
a
i
s
c
p

h

C

2
h

Journal of Asian Ceramic Societies 2 (2014) 387–398

Contents lists available at ScienceDirect

Journal  of  Asian  Ceramic  Societies

HOSTED BY

j ourna l ho me  page: www.elsev ier .com/ loca te / jascer

ynthesis  of  geopolymer  composites  from  a  mixture  of
olcanic  scoria  and  metakaolin

.N.Y.  Djoboa, L.N.  Tchadjiéa,  H.K.  Tchakoutea,∗, B.B.D.  Kennea,b, A.  Elimbia, D.  Njopwouoa

Laboratory of Applied Inorganic Chemistry, University of Yaounde I, Faculty of Science, Department of Inorganic Chemistry, B.P. 812, Yaounde, Cameroon
Laboratoire Matériaux et Durabilité des Constructions, Université de Toulouse, INSA/UPS Génie Civil, 31077 Toulouse Cedex 04, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 26 June 2014
eceived  in revised form 6 August 2014
ccepted 8 August 2014
vailable  online 3 September 2014

eywords:
olcanic scoria
etakaolin

a  b  s  t  r  a  c  t

The  aim  of  this  work  is  to valorize  volcanic  scoria  by using  them  as  starting  material  for  geopolymers
production.  Nevertheless,  volcanic  scoria  possesses  low  reactivity.  Various  amounts  of  metakaolin  (5%,
10%,  15%,  20%  and 25%)  were  added  into  two  volcanic  scoria  (ZD and  ZG) in  order  to improve  their  reactivity.
Two  alkaline  solutions  were  used  to  activate  the  aluminosilicate  materials.  The  starting  materials  were
characterized  by  particle  size  distribution,  specific  surface  area,  chemical  and  mineralogical  composition.
The  geopolymers  were characterized  by the  setting  time,  XRD,  FTIR,  SEM  and  compressive  strength.
The  results  indicated  that  volcanic  scoria  have  low  specific  surface  area  (2.3  m2/g  for  ZD, 15.7  m2/g for
ZG), high  average  particle  size  (d50 =  13.08  �m  and  10.68  �m for ZD and  for  ZG respectively)  and  low
lkaline  solution
morphous phase
eopolymer pastes

glass phase  contents.  Metakaolin  have  a  smaller  average  particle  size  (d50 = 9.95  �m)  and  high  specific
surface  (20.5  m2/g). The compressive  strength  of  geopolymers  increased  in  the  ranges  of 23–68  MPa  and
39–64  MPa  for geopolymers  from  ZD–MK  and  ZG–MK  respectively.  This  study  shows  that  despite  the
low  reactivity  of  volcanic  scoria  it can still  be  used  to synthesize  geopolymers  with  good  physical  and
mechanical  properties.

©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
. Introduction

Geopolymers are a class of largely X-ray amorphous alumi-
osilicate materials, generally synthesized by activation of an
luminosilicate powder with a concentrated alkali metal silicate
r hydroxide solution. Geopolymers have been the subject of a
reat deal of research interest, particularly during the last decade
wing to their good properties and as they are low emission CO2
aterials. It may  be synthesized at an ambient or elevated tem-

erature by alkaline activation of aluminosilicate obtained from
ndustrial wastes [1–5], metakaolin [6–9], melt-quenched alumi-
osilicate [10], natural minerals such as volcanic scoria [11–15], or
ixtures of two or more of these materials [16,17]. Activation is

chieved by addition of highly concentrated alkali metal hydrox-
de or silicate solutions. Tchakoute et al. [17] reported that volcanic
coria contain low amount of alumina oxide (Al2O3), which can be
ompensated by addition of amorphous alumina. However, amor-
hous alumina is very expensive and the compressive strength of
∗ Corresponding author. Tel.: +237 77979617/96811939.
E-mail  addresses: htchak@yahoo.fr,

ervetchakoute@gmail.com (H.K. Tchakoute).
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geopolymers synthesis at ambient temperature from a mixture
of volcanic scoria and an excess (40% by weight) of amorphous
alumina is less than 48 MPa, thus compensating partially the defi-
ciency. This deficiency can be efficiently compensated by adding
high reactive amorphous minerals such as metakaolin and fly ash
because these amorphous aluminosilicate materials contain a good
source of amorphous Al2O3 and SiO2.

A previous study [18] has shown that geopolymer cements
obtained only from volcanic scoria at ambient temperature exhibit
long setting time, low compressive strength, and some volcanic
scoria-based geopolymers swelled and presented cracks after
demolding. Also, geopolymers synthesized from volcanic scoria col-
lected in Djoungo could handle easily only after 14 days at ambient
temperature; this is probably due to their low reactivity assessed by
a low specific surface area (2.3 m2/g) and low glass phase content
(34.8%) [18].

The  present work aims at altering the reactivity of volcanic sco-
ria by adding 5%, 10%, 15%, 20% and 25% by weight of metakaolin
(MK) in the volcanic scoria in order to compensate the deficiency
of Al2O3 and to increase the amount of amorphous phase in the
volcanic scoria, thus reducing the amount of metakaolin to be used
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for the synthesis of geopolymers and therefore reducing the cost of
geopolymer cements. The effect of the addition of metakaolin on
the geopolymerization reaction, structure and mechanical proper-
ties of the volcanic scoria-based geopolymer has been studied using

tion and hosting by Elsevier B.V. 

 

 

Open access under CC BY-NC-ND  license.

dx.doi.org/10.1016/j.jascer.2014.08.003
http://www.sciencedirect.com/science/journal/aip/21870764
http://www.elsevier.com/locate/jascer
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jascer.2014.08.003&domain=pdf
mailto:htchak@yahoo.fr
mailto:hervetchakoute@gmail.com
dx.doi.org/10.1016/j.jascer.2014.08.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


388 J.N.Y. Djobo et al. / Journal of Asian Ceramic Societies 2 (2014) 387–398

Fig. 1. XRD patterns of volcanic scoria (ZD and ZG).

Fig. 2. XRD patterns of kaolin (MY′
3) and metakaolin (MK).
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Fig. 3. Particle size distribution of ZD, ZG and MK

etting time, X-ray diffraction, Fourier transform infrared (FTIR)
pectroscopy, scanning electron microscopy (SEM) and compres-
ive strength.

. Materials and experimental methods

.1. Materials

The volcanic scoria (ZD and ZG) and kaolin (MY3) used in this
tudy were collected from Djoungo (Littoral Region-Cameroon),
alim and Mayouom (West Region-Cameroon). The starting mate-
ials, kaolin and volcanic scoria were previously studied by Njoya
19] and Tchakoute et al. [18] for use in ceramics production and
eopolymers synthesis respectively. They reported that kaolin con-
ists of approximately 79% kaolinite and 8% quartz. ZD and ZG
ensity distribution; B: cumulative distribution).

content 34.8% and 64.8% of glass phase respectively. Taking into
account the differences in density between quartz and kaolinite,
MY3 was enriched with kaolinite by wet sieving at 100 �m.  The
volcanic scoria and the dried clay fraction (MY′

3) were crushed
in a ball mill and mortar respectively and then sieved to 80 �m.
The clay fraction was  calcined in a programmable electric furnace
(Nabertherm, Mod  LH 60/14) for 4 h at a heating rate of 5 ◦C/min
at 700 ◦C to get high reactive metakaolin (MK). The temperature of
700 ◦C is chosen according to the conclusion of a previous work [9].

The alkaline solution was  a mixture of an aqueous solution of
sodium hydroxide (12 M)  and sodium silicate with bulk density of

1400 kg/m3. The sodium hydroxide solution was obtained by dis-
solving sodium hydroxide pellets of 99% purity in distilled water.
The sodium silicate solution was made up of 28.7% SiO2, 8.9% Na2O
and 62.4% H2O by weight. For the synthesis geopolymer pastes,
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Fig. 4. XRD patterns of geopolymers obtain with blend ZG–MK. a:

lkaline activator solutions with two different SiO2/Na2O molar
atios (Ms  = 1.1 and 1.4) were used. The alkaline activating solu-
ions were stored at ambient temperature for at least 24 h before
se to allow full silica dissolution and equilibration.

.2. Experimental methods

The geopolymer cement pastes were obtained by first mix-
ng volcanic scoria (ZD or ZG) with the designated percentage of

etakaolin in Hobart mixer (M & O model N50-G) for 10 min.
he alkaline solution was then slowly added to the mixture and
ixed for another 10 min. In order to obtain a good workability, the

iquid/solid mass ratios of 0.52 (ZG–MK) and 0.48 (ZD–MK) were
sed. One part of fresh geopolymer paste was used to determine
he setting time and another were rapidly molded into cylindrical
VC molds (diameter 31 mm,  height 62 mm and diameter 10 mm,

eight 20 mm).  Once molded, the samples were vibrated for 5 min
n an electrical vibrating table (M & O, type 202, No. 106) to
emove entrapped air bubbles. During hardening of the geopoly-
er  cement paste samples, the cylinders were covered with a
s  = 1.1); b: ZG5 (Ms  = 1.4); c: ZG25 (Ms = 1.1) and d: ZG25 (Ms  = 1.4).

thin film of polyethylene to avoid water evaporation and then
kept for 24 h at ambient atmosphere (24 ± 3 ◦C) before demolding.
The geopolymer cement pastes obtained with 5%, 10%, 15%, 20%
and 25% of metakaolin are labeled ZD5; ZD10; ZD15; ZD20; ZD25 and
ZG5; ZG10; ZG15; ZG20; ZG25 for geopolymers made from a mixture
of ZD–MK  and of ZG–MK  respectively. The hardened geopolymer
cylinder pastes stayed 28 days at ambient atmosphere in the labo-
ratory and compressive strength measurements were carried out.
Some fragments of hardened geopolymer cement pastes obtained
after compressive strength tests were grounded and submitted to
X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spec-
troscopy. The geopolymer pastes which were molded in cylindrical
PVC molds of 10 mm diameter and 20 mm  height were used for
scanning electron microscopy (SEM) analysis.

2.3. Methods of analysis of starting materials and geopolymer

pastes

Particle size distribution of the grounded volcanic scoria (ZD
and ZG) and metakaolin (MK) were measured using a laser
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Fig. 5. XRD patterns of geopolymers obtain with blend ZD–MK. a′: Z

iffraction granulometer by Sympatec equipped with the HELOS
ptical system and the WINDOX software for data acquisition.

The specific surface area of volcanic scoria (ZD and ZG) and
etakaolin (MK) was determined by nitrogen adsorption using

n automatic homemade apparatus Laboratoire Environnement et
ineralurgie (LEM, UMR  7569, Nancy-France).

Chemical analysis of volcanic scoria and metakaolin was  car-
ied out by ICP-AES (inductive coupled plasma-atomic emission
pectrometry).

The crystalline phases of volcanic scoria (ZD and ZG),
aolin (MY3), metakaolin (MK) and selected geopolymers were
etermined by X-ray diffraction using a Philip PW 3050/60
iffractometer, operating by reflection of K�1 radiation of
ooper. The crystalline phases were identified by using the
DF standard of ICDD (International Centre for Diffraction
ata).

Fourier transform infrared (FTIR) spectroscopy was carried out

n powders of raw materials (ZD, ZG and MK)  and of the selected
ardened geopolymer cement pastes using a Bruker alpha-p oper-
ting in absorbance mode from 4000 to 400 cm−1, a diamond ATR
as used.
s  = 1.1); b′: ZD5 (Ms  = 1.4); c′: ZD25 (Ms = 1.1) and d′: ZD25 (Ms  = 1.4).

The setting time was  measured from a fresh geopolymer pastes
using the Vicat apparatus according to the EN 196-3 standard.

Compressive strength was determined for all hardened geopoly-
mer  cylinder paste samples aged 28 days using an electro-hydraulic
press with capacity of 60 KN (M & O, type 11.50, No. 21). The spec-
imens were subjected to a compressive force at average rate of
3 mm/min  until the specimen failed (refer to ASTM C 109 standard
test methods). Before compressive strength test, each specimen
was polished with sand paper to obtain flat and parallel surfaces.

SEM was carried out on a Hitachi S-4800 scanning electron
microscopy. Samples from hardened geopolymer pastes having
10 mm  diameter and 20 mm height aged at least 28 days were
sectioned and carbon coated prior to analysis.

3. Results and discussion

3.1. Characteristics of volcanic scoria and metakaolin
The chemical composition and the physical properties of the
volcanic scoria (ZD and ZG) and metakaolin (MK) are summarized
in Table 1. The SiO2/Al2O3 molar ratio is 4.90 for ZD, 4.55 for ZG
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Fig. 6. FTIR spectra of ZG, MK and geo

nd 1.42 for MK.  The sum silica plus alumina is 59.4 wt% for ZD,
6.8 wt% for ZG and 88.79 wt%wt for MK.  These are the basic ingre-
ients of a geopolymeric reaction and are within the range of values
eported by Davidovits [20] and Palomo et al. [3]. In addition to
hese oxides, the volcanic scoria also contains other oxides, such
s iron oxide, calcium oxide, magnesium oxide and sodium oxide.
he respective loss on ignition is 1.1 wt% (ZD), 9.3 wt% (ZG) and
.43 wt% (MK) which may  likely indicate the presence of higher
rganic matter or water and amorphous phase or higher mineral
hases in ZG. XRD patterns of ZD, ZG, MY′

3 and MK  show that in
ddition to maghemite, hematite and diopside that are common
inerals to these volcanic scoria, ZD also contains calcio-olivine,

northite and anhydrite and ZG contains anorthoclase, muscovite

nd nepheline (Fig. 1). XRD patterns of MY′

3 indicate the presence
f kaolinite, quartz, hematite and illite while MK content quartz,
ematite and illite (Fig. 2). Despite the crystalline phases, volcanic
coria and metakaolin show slightly diffused halo peak between 20◦
ers ZG5 (a: Ms = 1.1 and b: Ms  = 1.4).

and 45◦ (2�) for ZD and ZG (Fig. 1) and a broad hump between 3–12◦

and 15–30◦ (2�) for MK  (Fig. 2). This hump indicates the presence
of amorphous phase in the raw materials. The intensity of the diff-
used halo peak in MK  is greater than that of volcanic scoria; hence
MK has a large amount of amorphous phase. The particle size distri-
bution of ZD and ZG samples ranges from 0.23 to 80 �m,  the mode
is around 35 �m for ZD and 32 �m for ZG and the average particle
size (d50) is 13.01 and 10.68 �m for ZD and ZG respectively (Fig. 3).
Whereas the particle size distribution of MK  ranges from 0.23 to
66 �m,  the mode is around 16 �m and the average particle size
(d50) is 9.95 �m (Fig. 3). The density distribution of volcanic scoria
(ZD and ZG) presents a bimodal distribution due to heterogeneity
in their composition while the density distribution of metakaolin

(MK) presents a unimodal distribution due to homogeneity in its
composition (Fig. 3, curve A). The specific surface area is 2.3 m2/g
for ZD, 15.7 m2/g for ZG and 20.5 m2/g for MK.  These results indi-
cate a good correlation between the particle size distribution and
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Fig. 7. FTIR spectra of ZG, MK and geo

he specific surface area, viz. the finer the particles, the greater
he specific surface area. This greater specific surface area exhib-
ted by MK  by comparison with ZG and ZD may  result from the
resence of more porous microstructure of MK  particles. Particle
ize distribution is one of the most important physical parameters
mpacting on geopolymer synthesis of aluminosilicate as well as on
he resulting products since a significant part of the reaction occurs
t the particle–liquid interface [21]. Thus for a given aluminosili-
ate raw material, the smaller and the more porous microstructure
re the particles, the greater the specific surface area and the more
ctivated is material in alkaline medium.

.2. Characteristics of geopolymers
.2.1. X-ray diffraction
The XRD patterns of blend metakaolin and volcanic scoria-based

eopolymers are presented in Figs. 4 and 5. The major crystalline
ers ZG25 (c: Ms  = 1.1 and d: Ms  = 1.4).

phases originally existing in ZD, ZG and MK  are present in the
synthesized geopolymers (except nepheline and muscovite which
reacted during geopolymerization reaction) indicating the pres-
ence of undissolved metakaolin and volcanic scoria particles in
the final geopolymer materials (Figs. 4 and 5). These crystalline
phases mentioned above are nearly inert to the geopolymeriza-
tion reactions. The diffused halo peak registered between 20–45◦,
3–12◦ and 15–30◦ (2�)  in the XRD diagram of volcanic scoria (ZD,
ZG) and metakaolin (MK) respectively (Figs. 1 and 2) has slightly
shifted toward higher (2�) values (5–13◦ and 18–38◦ (2�)) in the
XRD diagrams of the geopolymers. This is an indication of the
partial dissolution of the glass phase of volcanic scoria (ZD, ZG)
and amorphous phase of metakaolin (MK), and the formation of a

new amorphous or glass phase in the matrix of geopolymer pastes
[22,23]. The diffused halo peak at 3–12◦ (2�) is only observed in
the XRD patterns of ZG–MK  based-geopolymers and ZD–MK  based-
geopolymers obtained with alkaline solution of which Ms  = 1.4.
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Fig. 8. FTIR spectra of ZD, MK  and geopolym

Table 1
Chemical composition and physical properties of volcanic scoriae (ZD, ZG) and
metakaolin (MK).

Oxides ZD ZG MK

SiO2 44.04 41.36 48.31
Al2O3 15.26 15.41 40.48
Fe2O3 12.77 12.88 2.62
TiO2 2.87 3.04 4.45
MnO  0.17 0.2 0.03
MgO  7.00 6.45 0.36
CaO  9.29 7.88 0.04
K2O 1.35 0.90 1.30
Na2O 5.64 2.22 0.15
SO3 0.01 – –
P2O5 0.53 0.48 0.02
Cr2O3 0.02 0.03 0.02
LOI  1.1 9.31 2.43
Average particles size (d50, �m) 13.01 10.68 9.95
Specific surface area (m2/g) 2.3 15.7 20.5
SiO2/Al2O3 (molar ratios) 4.90 4.55 1.42
(SiO2 + Al2O3) 59.30 56.77 88.79

Total 100.04 100.10 100

LOI: loss on ignition.
ers ZD5 (a′: Ms = 1.1 and b′: Ms  = 1.4).

This observation indicated that in the highly alkaline solution
(SiO2/Na2O molar ratios increase in alkaline solution) geopolymer
materials obtained have larger amount of geopolymer phases and
subsequently a higher degree of geopolymerization.

3.2.2. FTIR spectra
The FTIR spectra of volcanic scoria (ZD, ZG), metakaolin (MK) and

the selected geopolymers (ZG5, ZG25, ZD5 and ZD25) are presented
in Figs. 6–9. Significant broad bands of O H stretching and O H
bending were observed in the range of 3410–3455 and 1645 cm−1

in all FTIR spectra of selected geopolymers. These bands indi-
cate the presence of water molecules which are surface absorbed
or entrapped in the large cavities of the polymeric framework
[22,24]. In all the FTIR spectra of geopolymers, the bands located
between 1410 and 1484 cm−1 are attributed to stretching vibra-
tions of O–C–O bond indicating the presence of sodium bicarbonate
which is suggested to have occurred due to atmospheric carbona-

tion [22]. The most characteristic difference observed between the
FTIR spectra of ZD, ZG, MK and FTIR spectra of the selected geopoly-
mers concern the band attributed to the asymmetric stretching
vibrations of Si O Si and Al O Si. The band that appeared as a
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Fig. 9. FTIR spectra of ZD, MK  and geo

road band at around 968, 1005 and 1046 cm−1 in the FTIR spec-
ra of ZD, ZG and MK  respectively is shifted to lower wave number
974–993 cm−1) in the FTIR spectra of geopolymers indicating the
ormation of new amorphous aluminosilicate gel phases [22]. These
esults were also confirmed by the XRD patterns of the selected
eopolymer pastes (Figs. 4 and 5). The intensity of these bands
n ZD25 and ZG25 (c, d, c′ and d′) (Figs. 7 and 9) is higher com-
ared to ZD5 and ZG5 (a, b, a′ and b′) (Figs. 6 and 8), indicating
hat ZD25 and ZG25 have the largest amount of geopolymer phases
25], or that the degree of polycondensation reaction within the

atrix of geopolymer pastes obtained from metakaolinin excess
dded in the volcanic scoria is complete. The weak band observed at
40–842 cm−1 on ZD5 and ZG5 spectra (a, b, a′ and b′) (Figs. 6 and 8) is
ssigned to the bending vibration of Si OH. The presence of Si OH
n the geopolymer products will lead to decrease the degree of
olycondensation reaction, thus a reduction in mechanical strength

26]. These bands are absent on the FTIR spectra of ZD25 and ZG25.
he bands at 913, 736 and 788 cm−1on the FTIR spectra of ZD,
G and MK  respectively, related to the stretching vibration of 6-
old coordinated Al(VI) OH and 6-fold coordinated Al(VI) O [26],
ers ZD25 (c′: Ms = 1.1 and d′: Ms  = 1.4).

have disappeared after polymerization. The band at 678–715 cm−1

only present on the FTIR spectra of geopolymers was ascribed to
Si O stretching symmetrically. The bands at 527–569 cm−1 were
ascribed to symmetric stretching of Si O Si and Al O Si and are
only present on the FTIR spectra of geopolymers [23].

3.2.3. Setting time
Fig. 10 shows the effects on the initial setting time of the amount

of metakaolin incorporated in the volcanic scoria and of SiO2/Na2O
molar ratio in the alkaline solution of the geopolymer pastes. It is
seen that the initial setting time decreases with an increase of the
amount of metakaolin added an increase of the SiO2/Na2O molar
ratio in the alkaline solution. This initial setting time is ranging from
500 to 160 min and between 220 and 125 min  for ZD–MK-based
geopolymers and ZG–MK-based geopolymers respectively. The ini-
tial setting time is directly related to the amount of metakaolin

added and the sodium oxide (Na2O) content; it is found that the
metakaolin added in the volcanic scoria and the SiO2/Na2O molar
ratio in the alkaline solution are very important parameters for the
setting time of volcanic scoria-based geopolymers. The greater the
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Fig. 10. Setting time of geopolymers (a): ZG/MK  and (b): ZD/MK.

iO2/Na2O molar ratio in the alkaline solution (Ms  = 1.4), and the
ore added metakaolin (25%) in the volcanic scoria, the higher the
iscosity of the geopolymer pastes; the faster the polycondensation
henomena and therefore, the faster the setting time of geopoly-
ers.

Fig. 12. SEM analysis of geopolymers (a: ZG5, Ms  = 1.1; b: 
Fig. 11. Compressive strength of geopolymers (a): ZG/MK  and (b): ZD/MK.

3.2.4. Compressive strength
The compressive strength of geopolymer pastes increased with

an increase of the amount of metakaolin added and also with an
increase of the concentration of the alkaline solution (Fig. 11).
These results indicate that a moderate addition of metakaolin in
the volcanic scoria-based geopolymeric system will improve the

mechanical property. After 28 days of casting, the highest com-
pressive strengths are 64.3 MPa  and 68.8 MPa  for ZG25 and ZD25
respectively. In order to explain these results, it is important to

ZG5, Ms  = 1.4; c: ZG25, Ms  = 1.1 and d: ZG25, Ms = 1.4).
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Fig. 13. SEM analysis of geopolymers (a′: ZD5, Ms  = 1.

ote that metakaolin has smaller particle size than volcanic scoria
d50 is9.95 �m for MK,  13.01 �m for ZD and 10.68 �m for ZG), high
pecific surface area and high amorphous phase content than vol-
anic scoria (20.5 m2/g for MK and 2.3 m2/g for ZD, 15.7 m2/g for
G). During the dissolution process the particle of metakaolin will
eact first and more than those of volcanic scoria, so the degree of
eopolymerization and the amount geopolymer gel in the matrix
ise. Thus the unreacted particle of volcanic scoria will act as coarse
ggregate in the matrix and increase the compressive strength. The
ompressive strength of ZD25 is slightly higher than the one of ZG25.
his is probably due to the sum of silica plus alumina in the volcanic
coria (59.30% for ZD against 56.80% for ZG). Then the addition of
etakaolin increases the amount of these oxides in ZD and pro-
otes high quantities of [SiO(OH)3]− and [Al(OH)4]− in the system

uring the dissolution process, producing a high degree of poly-
ondensation reaction and therefore enhancing the compressive
trength of ZD25. The compressive strengths of ZD25 and ZG25 are
rastically higher than those of ZD5 and ZG5. This is justified by the
resence of the band around 840 cm−1 on the ZD5 and ZG5 FTIR spec-
ra which induce the decreasing of the degree of polycondensation
eaction, thus a reduction in mechanical strength.

.2.5. Microstructure
The microstructure of the selected geopolymer pastes (ZD5, ZD25,

G5 and ZG25) is shown in Figs. 12 and 13. It appears that the
icrographs of ZD5 (a′, b′), ZD25 (c′), ZG5 (a, b) and ZG25 (c) are

ot homogeneous. This could be explained on one hand by the low
iO2/Na2O molar ratio in the alkaline solution and to the other hand
y the heterogeneity of particles of ZD and ZG, so that the disper-
ion is not uniform. The geopolymer pastes ZD25 (d′) and ZG25 (d)
how a more compacted structure due to the high SiO2/Na2O molar
atio in the alkaline solution and the more added metakaolin in the
olcanic scoria, because with more the metakaolin is added, the
morphous phase increases in the system. This result corroborates
ith the one of compressive strength.
. Conclusion

This study investigated the possibility of using a composite of
etakaolin/volcanic scoria to produce geopolymers materials at

[
[

ZD5, Ms  = 1.4; c′: ZD25, Ms  = 1.1 and d′: ZD25, Ms  = 1.4).

ambient temperature. The properties of the synthesized products
were dependent on the physico-chemistry properties of the alu-
minosilicate source used, the amount of metakaolin incorporated
in the volcanic scoria and the SiO2/Na2O molar ratio in the alka-
line solution. The initial setting time of the fresh geopolymers
decreases with an increase of the amount of metakaolin added
and also with an increase of the SiO2/Na2O molar ratio in the alka-
line solution. The optimal geopolymer pastes reached a reasonably
high 28-days compressive strength of 68.8 MPa  for ZD25. The addi-
tion of metakaolin in the volcanic scoria increases the amount of
amorphous SiO2 and Al2O3 in the system and therefore favors the
dissolution of alumina and silica species, subsequently promoting
the polycondensation phenomena and the formation of polymeric
binder, resulting in an increase of the compressive strength and a
decrease of the setting time of volcanic scoria-based geopolymers.
This work showed that it was possible to alter the reactivity of vol-
canic scoria by adding amorphous aluminosilicate materials such
as metakaolin to compensate the deficiency of amorphous SiO2 and
Al2O3 in the volcanic scoria. It can be concluded that volcanic sco-
ria could be used as an alternative source material for geopolymer
synthesis at ambient temperature with high compressive strength
and also be used to reduce the amount of metakaolin during the
synthesis of geopolymer cements.
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