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Abstract
Alkaline activation of slag – metakaolin (AAS) binder enhanced with nano-kaolin for preparation 
of eco-friendly geopolymer materials (40:60 wt. %), of geopolymer binder results in formation of 
C-A-S-H as well as N-A-S-H gel. Activators used are 10% NaOH solution in addition to 5% liquid 
sodium silicate both used from the total binder weight), while nano-kaolin was added in the ratio 
from 0 up to 9% from the total dry weight and replaced the used metakaolin. The properties 
of the produced geopolymer bricks have been studied through measurement of compressive 
strength, FTIR, XRD and SEM imaging. Results demonstrate enhancement in both mechanical 
and microstructural characteristics with nano-kaolin up to 5%, while further increase resulted in 
agglomeration and strength decrease, also uses of additional activators as sodium aluminate in 
the ratio of 5% results in strength decline as a results of zeolite increase. 
Keywords: Nano-kaolin, Geopolymer, activation, eco-friendly.
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1. Introduction
Alkali activated cements refer to any system uses an alkali 

activator to initiate a reaction or a series of reactions which will 
produce a material with cementitious property. Alkali activated 
cement, alkali activated slag and fly ash, and geopolymers are 
all considered to be alkali activated cementitious systems, 
however, it is expected that the structures of these materials are 
vastly different and result from different chemical mechanistic 
paths. It is commonly acknowledged that calcium silicate 
hydrate (CSH) is the major binding phase in Portland cement [1, 
2] and alkali activated slags [3]. However, the binding property 
of geopolymers is generally assumed to be as the result of the 
formation of a three-dimensional amorphous aluminosilicate 
network [4–6]. Davidovits stated that geopolymers formed 
by polymerization of individual aluminate and silicate 
species, dissolved from their original sources at high pH in 
the presence of alkali metals [6-7]. The resultant products are 
reported to have the general formula Mn–[[–Si–O2]z–Al–O]
n- wH2O where M is the alkali element, –indicates the presence 
of a bond, z is 1, 2 or 3 and n is the degree of polymerization. 
Theoretically, any cations in the medium can be used in 
balancing the three dimensional network, however sodium 
(Na+) and potassium (K+) ions are the most common univalent 
cations [7, 8].

Major difference between geopolymers and Portland cement 
in terms of chemical composition is calcium, where calcium 
is not essential in any part of a basic geopolymeric structure, 
but can form CSH which form nucleation sites for geopolymer 
accumulation. On the other hand, CSH which is the most 
important binder in cement formed as a results of hydration of 
tri-calcium silicate and di-calcium silicate. 

Recently, many studies conducted on various metakaolin 
(MK)/ lime (calcium hydroxide) and MK-blended cement 
systems [9, 10]. Cabrera and coworkers [10, 12, 13] found that 
activation of metakaolin in the presence of calcium hydroxide 
caused rapid formation of CSH, C2ASH8 (stratlingite) and 
C4AH13 (tetracalcium aluminate hydrate). Alonso and Palomo 
[9, 11] found alkaline activation of metakaolin in the presence 
of calcium hydroxide in a highly alkaline environment, led to 
formation of an amorphous sodium aluminosilicate, with the 
same characteristics as a geopolymeric gel. This geopolymeric 
gel formed was found to be similar to that obtained when 
metakaolin was activated in the absence of calcium hydroxide, 
in addition to a secondary product which is CSH gel. There are 
many factors affecting the nature of the end alkaline product 
[9, 10] such as: elemental composition, mineralogy, physical 
properties (e.g. surface properties, particle size distribution) 
of both aluminosilicate and calcium sources, alkalinity, nature 
of soluble alkaline metal present, as well as curing conditions 
and use of any pre-treatment. The chemical reactions that 
take place in the MK/GGBFS system are expected to be more 
complex than in the MK/lime system, as GGBFS consists of a 
mixture of glassy phases reacting at different rates depending 
on the ratio of water cooled slag to metakaolin and molar ratio 
of Na2O/SiO2 molar ratio. 

Uses of nano-particles in cement and concrete can lead to 
improvements in the nanostructure of building materials [14]. 
Nano-materials show unique physical and chemical properties 
that can lead to the development of more effective materials 
than ones which are currently available [15]. The extremely fine 
size of nano-particles yields favorable characteristics. Ginebara 
et al. [16] reported that the particle size can greatly affect the 
hydration kinetics of cement. Ultra small magnetic ferrite 
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nano particles (diameter smaller than 15 nm) when dispersed 
in liquid carrier possess both fluid and magnetic properties, 
and may lead to numerous industrial applications [17]. 
Several studies were performed concerning with applications 
of nanotechnology and nano materials in Construction [18-
20], whereas nano-kaolin considered to be high reactive and 
low price nano-material which can be used as alternative to 
the high price nano-materials. Where, nano-silica and nano-
alumina are mainly constituents present in nano-metakaolin 
(NMK) chemical structure. Various improvements obtained 
when NMK used as cementitious materials due to its high 
pozzlolanic activity [21]. 

Several author used NMK to improve the physico-
mechanical properties and durability of cement mortar. Morsy 
et al. [22] reported an increase in compressive strength by 18% 
when adding 6% NMK compared to control cement mortar. 
Also, a significant increase in the compressive and flexural 
strength was observed when different amount of NMK added 
to cement mortar containing fly ash [23]. The fire resistant of 
cement mortar with or without NMK was studied by Morsy 
et al. [24]; they showed that cement mortar containing 10 and 
15 wt.% NMK exhibited slow decrease in compressive strength 
compared to control sample as the exposure temperature 
increased up to 800°C. On the other hand, Bauereggerm and 
co-authors [25] found an enhancement of 50 and 60% in the 16 
hr early compressive and flexural strength, respectively, by the 
addition of 5% NMK to Portland cement.

There are few researches studied the impact of nano-kaolin 
on the properties of geopolymer based binder. Khater and co-
authors studied the effect of NMK on the physico-mechanical 
properties of alkali activated slag geopolymer [26]. They found 
better enhancing in the mechanical properties of geopolymer 
by addition of 1% NMK compared with control mix up to 
90 days, while higher ratio leads to matrix dilution and so 
negatively affect mechanical characteristics of the resulting 
products. 

The main purpose of this work is to demonstrate the 
activation and enhancement effect of nano-kaolin materials 
on the performance of the produced geopolymer materials 
by alkaline activation of amorphous water cooled slag/Mk 
materials, where this target can be fulfilled by tracing of the 
hardened geopolymeric products by X-ray diffraction, FTIR 
and SEM are used for scanning and analysis of the composite 
structure of nano geopolymer. While, the compressive strength 
measurement was used to evaluate the mechanical performance 
of the geopolymer mixes.

2. Experimental procedures
2.1. Materials

Studied materials are water cooled slag sourced from Iron 
and Steel Factory-Helwan, Egypt, and Kaolinite material 
collected from El-Dehesa, South Sinai, Egypt, both chemical 
composition illustrated in Table 1. Sodium hydroxide (NaOH) 

with purity 99% in the form of pellets 
used as alkali activators, obtained 
from SHIDO Co., Egypt, while liquid 
sodium silicate (LSS, Na2SiO3. 9H2O) 
from Fisher company consists of 
32% SiO2 and 17% Na2O with Silica 
modulus SiO2/Na2O equal 1.88 and its 
density is 1.46 g/cm3, also laboratory 
prepared sodium aluminate with 47% 
Al2O3 and 48.10% Na2O. Kaolinite 
material used for Nano-kaolin (NK) 
preparation brought from Middle 
East for Mining Investment Co., 
Egypt. 

Composition of the starting raw 
materials is illustrated in Table 1, 
while mineralogical characterization 
of the raw materials is represented 
in Fig. 1. Water cooled slag is a 
rich aluminosilicate material and 
composed from the dominant content 

Oxide content (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 MnO P2O5 Cl- L.O.I. BaO SrO Total

Water-cooled slag  
(GGBFS)

36.67 10.31 0.50 38.82 1.70 2.17 1.03 0.48 0.57 4.04 0.04 0.050 0.12 3.28 0.18 99.96

Kaolin 56.33 27.61 1.32 0.18 0.06 0.06 0.04 0.08 3.73 - 0.13 0.05 10.17 - - 99.97

MK (fired kaolin at  
800°C for 2 hrs)

57.50 35.10 1.59 0.64 0.17 0.25 0.15 0.12 2.85 0.00 0.13 0.06 1.14 - - 99.70

Nano-kaolin 57.53 38.63 0.35 0.11 0.30 0.56 0.03 0.01 1.02 0.01 0.41 - 0.93 - - 99.88

	 Table 1.	 Chemical composition of starting materials (Mass, %)
	1. táblázat 	 Alapanyagok kémiai összetétele (m%)

	 Fig. 1.	 X-Ray diffraction pattern of the starting raw materials
	 1. ábra 	 Alapanyagok röntgendiffraktogramjai
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of SiO2, CaO, Al2O3 Fe2O3,and MnO as illustrated from Table 
1, while its mineralogical composed of amorphous materials.

Whereas, the chemical composition of kaolin showed that 
it contains high percentage of alumina of about 56% with 
about 27% of silica, in addition to little amount of calcium and 
magnesium as presented in Table 1, however the mineralogical 
composition indicated that kaolinite composed of minor 
amount of quartz minerals 30% and 70% kaolin, whilst NK 
composed of about 95% pure kaolin and 5% quartz. This 
kaolinite material was thermally treated at 800°C for 2 hrs 
with a heating rate of 5°C /min., to form Mk. This temperature 
was chosen on the basis of an earlier research works, where 
calcinations below 700°C results in a less reactive metakaolinite 
with more residual kaolinite, above 850°C crystallization 
occurs and reactivity declines [27-30]. 

2.2 Synthesis of NK
Kaolin nanoparticles are synthesized by firing ultra-pure 

kaolin at 800°C for 2 hrs with a heating rate of 5°C/min to 
form an amorphous nano precursors, where firing results in 
the formation of NK particles with the average particle size 
35-53 nm, while its raw material before firing has a grain size 
about 100% < 10 µm as indicated from the TEM (see Fig. 2). 
Fig. 3 illustrates XRD pattern of fired treated and untreated 
kaolin materials, the pattern reflects that mostly all the kaolin 
residues are distorted and dehydrated forming amorphous NK 
material. 

	 Fig. 2.	 Transmission electron micrograph of fired and unfired Kaolinite material 
provided from Middle East for mining investment

	 2. ábra 	 Kiégetett és eredeti kaolin elektronmikroszkópos felvételei (forrás: Közel-Keleti 
bányafeltárás)

	 Fig. 3.	 X-Ray diffraction pattern of kaolin material before and after firing (provided 
from Middle East for mining investment) (K: kaolin, Q: quartz)

	 3. ábra 	 Kiégetett és eredeti kaolin röntgendiffraktogramjai (forrás: Közel-Keleti 
bányafeltárás) [K: kaolin, Q: kvarc]

2.3. Geopolymerization and curing
Geopolymer made by hand-mixing raw materials of each 

mixture passing a sieve of 90 µm with the alkaline solution for 
10 min and a further 5 min with a mixer. All investigations 
involved using 15 % NaOH and 5 % Na2SiO3 of dry mixes, 
while uses an additional 5% sodium aluminate as a method 
for comparative activation. The water-binder material ratio 
(w/b) was in the range of 0.22:0.24 by mass. NK was added 
to the binding material (Blast furnace slag and metakaolin 
in the ratio of 40: 60, wt.%) in small quantities 0 up to 9% 
from the total weight and as  a replacement  of metakaolin as 
illustrated in Table 2, mixed well with part of the total water 
using a magnetic stirrer, the other part of water is mixed with 
the activators, then added to the binding material in the mixer 
followed by the deflocculated NK, and finally superplasticizer 
(Glenium Ace) in the range of 1.50 : 2.30 %. Paste mixture 
were cast into 25×25×25 mm cubic-shaped moulds, vibrated 
for compaction and sealed with a lid to minimize any loss of 
evaporable water. 

All mixes were left to cure undisturbed under ambient 
temperature for 24 hrs, followed by curing temperature at 40°C 
with a 100 % relative humidity. At the end of the curing regime, 
the specimens were subjected to the compressive strength 
measurements and then the resulted crushed specimens were 
subjected to stopping of hydration process using solution of 
alcohol/acetone (1:1), followed by washing with acetone as 
recommended by [31, 32] in order to prevent further hydration 

Mix no. Water-cooled 
slag (WCS), %

Metakaolin 
(MK), %

Nano-kaolin 
(NK), %

NaOH, 
%

Sodium 
silicate, %

Sodium alu-
minate, %

Superplas-
ticizer, %

Water/
binder, %

T.M2O/
Al2O3

SiO2/
Al2O3

T.M2O/
SiO2

Y0 40 60 0 15 5 - 1.50 0.22 1.063 2.04 0.31

Y1 40 59 1 15 5 - 1.50 0.22 1.048 2.01 0.31

Y3 40 57 3 15 5 - 1.70 0.22 1.060 2.03 0.31

Y5 40 55 5 15 5 - 1.90 0.24 1.060 2.03 0.31

Y7 40 53 7 15 5 - 2.12 0.24 1.056 2.02 0.31

Y9 40 51 9 15 5 - 2.30 0.24 1.054 2.01 0.31

X 40 60 0 15 5 5 1.50 0.24 1.163 1.88 0.36

	 Table 2. 	 Composition of the geopolymer mixes (m%)
	2. táblázat 	 Alapanyagok kémiai összetétele (m%)
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and for further analysis and followed by drying of the crushed 
specimens for 24 hrs at 80°C and then preserved in a well tight 
container until the time of testing. 

2.4. Methods of investigation
Chemical analysis was carried out using Axios, WD-XRF 

Sequential Spectrometer (Panalytical, Netherland, 2009). 
Compressive strength tests were carried out using five tones 
German Brüf pressing machine with a loading rate of 100kg/min 
determined according to ASTM-C109 [33]. The XRD analysis 
was carried out using a Philips PW3050/60 Diffractometer. 
The data were identified according to the XRD software. 
The microstructure of the hardened alkali activated water 
cooled slag was studied using SEM Inspect S (FEI Company, 
Netherland) equipped with an energy dispersive X-ray analyzer 
(EDX). The removal of free water was accomplished by using 
alcohol/acetone method as recommended as recommended 
by [31, 32]. Transmission Electronic Microscopic (TEM) 
(type JEOL – JEM – 1230) of magnification up to 60000 was 
to measure the particle size of the nanoparticles. Bonding 
characteristics of the alkali activated specimens were analyzed 
using a Jasco-6100 Fourier transformed infrared spectrometer 
FTIR. Test sample was ground and uniformly mixed with KBr 
at a weight ratio KBr: specimen=200:1. The mixture, 0.20 g was 
pressed to a disk of 13 mm in diameter for analysis at 8 t/cm2.
The wave number was ranging from 400 to 4000 cm−1 [34, 35].

3. Results and discussion
3.1. Mineralogical investigation

Fig. 4, shows XRD pattern of 90 days alkali activated slag / 
MK (40: 60, wt.%) geopolymer mixes incorporated various NK 
content from 0 up to 9% as a partial replacement of MK. Pattern 
illustrate a band in the region of 6° to 10° 2θ for aluminosilicate 
gel and band in the region of 25° to 35° 2θ characterizing glassy 
phase of geopolymer constituents, the formation of intense 
peak of Faujasite of zeolite, zeolite A as well as sodalite in the 
control mix along with a sharp intense peaks for metastable 
phases of hydroxysodalite favours the lower geopolymer 
characteristic as known by their lower branching ability, the 
previous notice comes in accordance with Zuhua et al. [36], 
where the crystalline zeolite phases are destructive to the 
consistent distribution of geopolymers.

Addition of 1% NK results in decreasing crystalline zeolites as 
the nanomaterials offers a nucleation sites [29, 30] or geopolymer 
accumulation and so increases in the formed amorphous 
constituents in addition to shifting of the geopolymer region 
into lower 2θ, reflecting the increased amorphous constituents 
on the expense of the crystalline geopolymer. Increasing NK to 
5% results in an extra enhancement in the geopolymerization 
reactions as the possibility for extra nucleation sites facilitate 
the accumulation and activation of the formed geopolymer 
as well as formation of CSH phases as allocated at 29.4o as 
well as Reversedite at 5.5 and 7.2o, where the formed CSH 
results from the interaction of freely dissolved silica with Ca 
species in the matrix forming CSH, in spite this binder can 
positively affect the structure by acting as nucleation sites for 
geopolymer formation and crystallization [37] as reflected on 

the mineralogical and structural composition of the formed 
geopolymer which can be in coherent with the increased Si/
Al ratio (2.03) with NK forming poly-sialate siloxy chains, as 
well as T.M2O/A2O3  which favours the amorphous geopolymer 
formation than crystalline one.

	 Fig. 4.	 XRD pattern of 90 days alkali activated MK-slag Geopolymer specimens 
having various NK rations as a partial replacement of metakaoline (Q: 
Quartz, A: ZeoliteA, FJ: Faujastine, R: Reversedite, CSH: Calcium silicate 
hydrate, S: Sodalite, HS: Hydroxysodalite, C: Calcite)

	 4. ábra 	 90 napos korú alkáli aktivált MK-kohósalak geopolimer keverékek 
röntgendiffraktogramjai különböző NK adagolás mellett [Q: kvarc, A: zeolit 
A, Fj: Faujasit, R: Reversedit, CSH: kalcium-szilikát-hidrát, S: szodalit, HS: 
hidroxoszodalit, C: kalcit]

However, further increase in NK content up to 9%, results 
again in an increase in the zeolitic phases as reflected on an 
increased broadness and intensity of Faujasite, sodalite and 
zeolite-A peaks, related mainly to the increased agglomeration 
of the added nanomaterial that will negatively affect the 
contact between the interacting geopolymer particles and so 
hinder the propagation of the geopolymerization reaction, so 
that the formed chains will be more prone to crystallization 
than propagation as well as formation of three dimensional 
network. Also, the agglomerated NK results in an increased 
porosity as well as increased carbonation within the matrix as 
indicated in calcite peak at 29.35o.

On investigating the effect of curing time up to 180 days on 
the control geopolymer specimen without NK, XRD pattern 
Fig. 5, illustrate the increase in CSH phases (reversedite, 
CSH) emphasizing an increased dissolution of binding slag’s 
calcium and interacting with available free silica forming 
additional CASH binder phases in addition to CSH as a result 
of increased dissolution with time, also a noticeable increase 
in transformation of amorphous geopolymer structure into 
crystalline zeolite (Faujasite, sodalite, zeolite-A) with time is 
predominant which confirmed by the increased intensity of  the 
previous phases with time up to 90 days, however further time 
increase results in the decrease in the broadness of the zeolite 
phases as a results of nucleation effect by CSH which facilitate 
and offer nucleation sites for geopolymer condensation and 
so hinder crystallization of geopolymer, then strengthen the 
formed matrix with time. There is small peak for calcite at 
23.05o which may be resulted from the carbonation of CSH as 
well as any free alkalis within the matrix.
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	 Fig. 5.	 XRD pattern of alkali activated control Geoplymer specimens MK-salg cured 
up to 180 days (Q: Quartz, A: ZeoliteA, FJ: Faujastine, R: Reversedite, CSH: 
Calcium silicate hydrate, S: Sodalite, HS: Hydroxysodalite, C: Calcite)

	 5. ábra 	 180 napos korú alkáli aktivált kontroll MK-kohósalak geopolimer keverékek 
röntgendiffraktogramjai [Q: kvarc, A: zeolit A, Fj: Faujasit, R: Reversedit, 
CSH: kalcium-szilikát-hidrát, S: szodalit, HS: hidroxoszodalit, C: kalcit]

Increasing in the activator by adding 5% sodium aluminate, 
results in an increase in the available sodium within the 
matrix which undergoes carbonation as depicted from 
increased calcite content in Fig. 6, also the increased sodium 
cations suppressed the propagation of geopolymer network 
and favours the oligomer formation as well as short chains 
geopolymer which will be susceptible to crystallization into 
zeolite as come in accordance with increased Faujasite and 
hydroxysodalite peaks [34] as compared with the control mix 
without aluminate source. 

	 Fig. 6.	 XRD pattern of 90 days alkali activated slag/MK Geoploymer specimens activated 
by various activators (Q: Quartz, A: ZeoliteA, FJ: Faujastine, R: Reversedite, CSH: 
Calcium silicate hydrate, S: Sodalite, HS: Hydroxysodalite, C: Calcite)

	 6. ábra 	 90 napos korú alkáli aktivált MK-kohósalak geopolimer keverékek 
röntgendiffraktogramjai különböző aktivátorok alkalmazása esetén [Q: 
kvarc, A: zeolit A, Fj: Faujasit, R: Reversedit, CSH: kalcium-szilikát-hidrát, S: 
szodalit, HS: hidroxoszodalit, C: kalcit]

3.2. FTIR investigations
FTIR spectra of 90 days cured MK/slag geopolymer 

specimens having various NK content as a partial replacement 
of metakaolin are shown in Fig. 7. The characteristics bands 
for the present geopolymer structure are: hydration groups 

and combined water allocated for stretching vibration of O-H 
bond at about 3450 cm-1 and bending vibration for H-O-H 
at about 1640 cm-1, stretching vibration of CO2 located at 
about1430-1450 cm-1, asymmetric stretching vibration (Si–O–
Si) at about 1060 cm-1 for non-solubilized silica where T=Si or 
Al, asymmetric stretching vibration (Ti–O–Si) at about 975 
cm-1 where T=Si or Al, out of plane bending vibration of CO2 
at about 870 cm-1, symmetric stretching vibration (Si–O–Si )in 
the region 650-680 cm-1 and bending vibration (Si–O–Si and 
O–Si–O) in the region 420-440 cm-1.

	 Fig. 7.	 FTIR spectra of 90 days cured (40 °C and 100% R.H.) MK-slag geopolymer 
specimens having various NK content [1: Stretching vibration of O-H bond;  
2: Bending vibrations of (HOH); 3: Stretching vibration of CO2; 4: 
Asymmetric stretching vibration (Si-O-Si); 5: Asymmetric stertching vibration 
(T-O-Si); 6: Symmetric stretching vibration of CO2; 7: Symmetric stretching 
vibrations (Si-O-Si); 8: Bending vibration (Si-O-Si and O-Si-O)]

	 7. ábra 	 90 napos korú (40 °C, 100% RH) MK-kohósalak geopolimer keverékek FTIR 
spektrumai különböző NK adagolás mellett [1: Vegyértékrezgés O-H kötés, 
2: Deformációs rezgés (HOH), 3: Vegyértékrezgés CO2, 4: Aszimmetrikus 
vegyértékrezgés (Si-O-Si), 5: Aszimmetrikus vegyértékrezgés (T-O-Si), 6: 
Szimmetrikus vegyértékrezgés CO2, 7: Szimmetrikus vegyértékrezgés (Si-O-
Si), 8: Deformációs rezgés (Si-O-Si és O-Si-O)]

The pattern indicates an increased growth in the hydration 
bands and combined water at about 3400 and 1600 cm-1 with 
increasing NK increase up to 5% (Y5), then subjected to 
decrease with further NK increase up to 9%, this can be linked 
to the enhancement of NK [29, 30] in facilitating the interaction 
of free dissolved Ca and Si species forming nucleation sites 
for geopolymer accumulation [37] in addition to the their 
strengthen effect forming hydration materials (CSH, CASH) 
that acquire more water content in addition to the chemically 
combined water within the matrix structure.

It can be seen a gradual increase in the main asymmetric 
band for T-O-Si which related to the amorphous geopolymer 
structure with NK as a results of increasing the enhancement 
effect with NK addition up to 5% NK in addition to the shifting 
of the asymmetric band into lower wave number (958 cm-1) as 
a results of increasing of the vitreous enhancement effect of 
NK by the formation of agglomerated bundles that segregate 
the reacting geopolymer chains which then underwent 
crystallization and inhibited the formation of more branched 
geopolymer structure with NK, however further increase of 
NK results in an increased broadness of the previous band and 
shifting a higher wave number with the presence of shoulder at 
about 1100 cm-1 for non-solublized silica, which linked directly 
to the negative effect of increased NK.
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	 Fig. 8.	 FTIR spectra of control MK-geopolymer specimens cured up to 180 days 
[1: Stretching vibration of O-H bond; 2: Bending vibrations of (HOH); 3: 
Stretching vibration of CO2; 4: Asymmetric stretching vibration (T-O-Si); 5: 
Symmetric stretching vibration of CO2; 6: Symmetric stretching vibrations 
(Si-O-Si); 7: Bending vibration (Si-O-Si and O-Si-O)]

	 8. ábra 	 180 napos korú kontroll MK-kohósalak geopolimer keverékek FTIR 
spektrumai különböző NK adagolás mellett [1: Vegyértékrezgés O-H kötés, 
2: Deformációs rezgés (HOH), 3: Vegyértékrezgés CO2, 4: Aszimmetrikus 
vegyértékrezgés (T-O-Si), 5: Szimmetrikus vegyértékrezgés CO2, 6: 
Szimmetrikus vegyértékrezgés (Si-O-Si), 7: Deformációs rezgés (Si-O-Si és 
O-Si-O)]

The appearance of bands in the regions of 1430-1450 cm-1 (ν 
C–O), and 867 cm-1 (δ C–O) are typical of CO32- vibrational 
groups, present in inorganic carbonates [38], the increased 
contents of GBFS also lead to the growth of the carbonate band 
as discussed above, showing that the carbonates identified 
in this raw material do not react significantly under alkaline 
activation conditions [39]. These notices are in alignment 
with the XRD data where the amorphous vitreous structure 
increases up to 5% as well as increase in binding CSH phases 
that has an important role in binding the reacting materials 
however it may interfere with the required silica needed for 
geopolymer formation and accumulation [40].

Investigating the effect of increasing the curing time on the 
control geopolymer mix without NK (see Fig. 8), results in 
gradual increase in the main asymmetric band at about 950 
cm-1 up to sharp increase at 6 months, as a results of increasing 

the rate of geopolymer formation and accumulation in the open 
pores resulting in the formation of well compacted structure, 
this is in consistent with the increased hydration band at about 
3450 cm-1, reflecting the increased combined water content in 
the geopolymer network as well as the formed CSH and CASH 
phases. It can be noticed also the splitting of the carbonation 
bands at about 1450 cm-1, indicating the distorted nature of 
the formed carbonate as well as exposure of CSH binding 
phases into air carbonation [41, 42], this splitting turned to 
be diminished with time indicating the stability of the formed 
CSH against air carbonation.

3.3. SEM Observation
Microstructure of the control MK-slag geopolymer 

specimens without NK and cured at 90 and 180 days are shown 
in Fig. 9. It can be noticed that morphology of geopolymer 
specimens cured up to 90 days (Fig. 9.a), the coexistence of 
the aluminosilicate gel and the amorphous geopolymer in 
addition to CSH which fill mostly all the voids within the 
matrix, however increasing curing time to 180 days (Fig. 9.b) 
results in an increased transformation of the aluminosilicate 
gel into geopolymer plates that spread and forming a 
homogeneous structure; this is in coincide with the XRD and 
FTIR explanations.  

Replacing MK by NK from 0 to 9% cured at 90 days Fig. 10, 
where the transformation of aluminosilicate gel in the control 
mix (Fig. 10.a) into geopolymer plates for mix containing 1% 
NK (Fig. 10.b) is a major feature as a result of the enhancement 
effect of NK in forming a nucleation sites for gel growth and 
precipitation. The previous nucleation illustration emphasized 
by increased formation of dense geopolymer plates that spread 
and fill most of the matrix forming a dense and well compact 
structure, where the added NK offers an extra nucleation sites 
for geopolymer growth in addition to the formed CSH  by 
enhanced  interaction of dissolved Ca and Si species (Fig. 10.c). 
On the other hand, further increase in NK to 9% results in the 
formation of agglomerates as a results of incomplete dispersion 
of high nano dose, these agglomerates results in the formation 
of weak zones and so result in formation of heterogeneous 
structure with many pores that spread within the structure, 

	 Fig. 9.	 SEM micrographs of alkali activated control Geopolymer specimens composed af 40% slag and 60% metakaoline cured at: A) 90 days B) 180 days
	 9. ábra 	 Geopolimer keverékek (40% kohósalak, 60% metakaolin) elektronmikroszkópos felvételei különböző utókezelés mellett, a) 90 napig, b) 180 napig tartó utókezelés
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these agglomerates inhibit the intact between geopolymer 
chains and so results in the formation less dense geopolymer 
structure (Fig. 10.d).    

3.4. Compressive strength properties
The results of compressive strength for hardened MK/slag 

geopolymer mixes incorporated various NK content and cured 
in 100% relative humidity at 40°C up to 180 days are shown in 
Fig. 11. Results showed an increase of strength for all mixes along 
with hydration age as attributed to the continuing pozzolanic 
reaction as well as continuous growth of the geopolymer chains 

	 Fig. 10.	 SEM micrographs of 90 days alkali activated Geopolymer specimens having various Nanokaolin content.  
A) 0% NK, B) 3% NK, C) 5% NK, and D) 9% NK

	 10. ábra 	 90 napos korú alkáli aktivált geopolimer keverékek elektronmikroszkópos felvételei különböző nano-kaolin 
adagolás mellett, a) 0% NK, b) 3% NK, c) 5% NK, d) 9% NK

forming tightly bound structure, also 
the strength increase with NK up to 5%, 
and then subjected to gradual decrease 
with further NK addition. This increase 
with NK can be explained by increased 
geopolymer chain networks as results 
of increased nucleation sites for gel 
growth, in addition to the enhancement 
of NK to the interaction of dissolved Ca 
supplied by the GBFS with some of the 
excess dissolved silicate present, forming 
additional strengthen binding materials 
in addition to their role in providing 
nucleating agent for geopolymer 
formation and accumulation [43, 44], as 
illustrated clearly from XRD, FTIR, and 
SEM micrographs.

The decreased compressive strength 
up on increasing NK ratio more than 
5% aroused primarily from incomplete 
dispersion of added nanomaterial 
forming agglomerates and result in 
formation of weak zones within the 
matrix providing more pores with 
susceptible for carbonation, as well as 
inhibiting the interaction and growth of 
the geopolymer networks. These previous 
findings confirmed with the XRD and 
FTIR which illustrated the growth of 
the amorphous geopolymer as well as 
CSH with NK up to 5%, while suffering 
of amorphous constituents as well as 

shifting of the main asymmetric geopolymer band to higher 
wave number favouring the zeolite formation than amorphous 
geopolymer increase, emphasizing the segregation effect of 
NK and so zeolite structure with lower chains formed on the 
expense of three dimensional networks, also the increased 
carbonate with NK increase (9%) confirms the presence of 
more pores as well as the presence of available cations exposed 
for carbonations. This increased porosity coincide with SEM 
micrographs illustrations where an increased pores in high NK 
content is the predominant feature.

However, on comparing mechanical compressive strength 
of control geopolymer mix specimens activated by sodium 
hydroxide, silicate and aluminate and cured up to 180 days 
(Fig. 12), where adding aluminate source in spite benefits the 
geopolymerization by adding extra sodium cations and alumina 
source, it lowered the SiO2/Al2O3 (1.88 as compared with 2.04 
for non-aluminate activator source) and so transferred from 
the category of polysialate-siloxo into polysilate species which 
known by its lowering branching ability than the previous one, 
in addition exceeding of the sodium cation over the required 
balancing ions necessary for charge balancing as resulted from 
Table 2 which gives the values of 1.163 and 0.36 for T.M2O/
Al2O3 and T.M2O/SiO2 and resulting in:

1. Sodium cations, which are normally presented at high 
concentrations in the geopolymeric systems, are specifically 
adsorbed ions on the surface of geopolymer particles changing 

	 Fig. 11. 	 Compressive strength of alkali activated MK-slag geopolymer specimens with 
various NK contents ratios as partial replacement of metakaoline cured up to 
180 days

	 11. ábra 	 Alkáli aktivált MK-kohósalak geopolimer keverékek nyomószilárdsága 
különböző NK adagolás és utókezelési időtartam mellett, 180 napos korig
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the surface speciation according to the following chemical 
Equation:
> T–OH + Na+⇔> T–ONa + H+ 

The stability area of >T–O-Na surface species is pH 
dependent and is located at extremely high pH values [45].

2. The sodium cations adsorption in highly alkaline conditions 
consumes the surface species (>T–OH and >T–O−), on which 
the chemical bonding between the insoluble solid particles and 
the geopolymeric framework takes place in the final stage of the 
geopolymerization process. Thus, the resulted geopolymeric 
materials have low mechanical strength [34].

	 Fig. 12. 	 Compressive strength of alkali activated MK-slag geopolymer specimens 
activated by different activators cured up to 180 days

	 12. ábra 	 Alkáli aktivált MK-kohósalak geopolimer keverékek nyomószilárdsága 
különböző aktivátor és utókezelési időtartam mellett, 180 napos korig

The compressive strength confirmed and emphasized by 
XRD and FTIR where an increased amorphous geopolymer 
structure in the control mix without aluminate source as 
compared with one aluminate activator mix, where an 
increased Faujasite content in XRD as well as shifting to higher 
wave number in FTIR as a results of increased zeolite. The 
compressive strength results give a values of 45.93, 50.93 and 
51.90 MPa after 28, 60 and 90 days, respectively, for aluminate 
activated mix, while gives 51.53, 56.13 and 57.51 MPa for non-
aluminate mix geopolymer specimen which can be applied in 
various building application purposes.

4. Conclusions 
The most important findings of the present paper are 

summarized below:
1.	 Addition of NK results in better enhancement in 

mechanical and morphological by using NK up to 5%, 
however further increase results in an agglomeration and 
decrease in efficiency of added nanomaterials.

2.	 SEM micrographs have proved an increased enhancement 
in microstructural properties of the NK-mixes up to 
formation of dense and homogenous morphological 
shape when using 5% NK, whilst an increase in the 
matrix porosity is a common feature of higher NK-mixes.

3.	 XRD and FTIR spectra confirm an intense amorphous 
geopolymer structure up on using 5% NK, while an 
increased crystalline phase with an increased carbonate 
bearing compounds are predominant with further NK.

4.	 Geopolymer mixes possess high mechanical properties 
that exceed 50 MPa after 28 days for control mix and 

increased with further NK up to 5%, giving a value of 67 
MPa at 28 days and 71 MPa at 6 months, which can be 
used in various building applications as infrastructure as 
well as fire resistant building materials.

5.	 Using sodium aluminate activating source results in 
lowering in mechanical and physical characteristics of the 
produced specimens whilst their strength values reaches 
45 MPa and 52 MPa after 28 and 90 days of curing.
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Nano-kaolin tartalmú MK/kohósalak geopolimerek 
szintézise és tulajdonságai 
A cikk nano-kaolin tartalmú metakaolin/kohósalak geopo-
limer keverékek alkáli aktiválási lehetőségét mutatja be és 
ismerteti a C-A-S-H és N-A-S-H gél képződés részleteit. Ak-
tivátorként 10% NaOH oldatot és 5% nátrium-szilikát oldatot 
használtak és a nano-kaolin adagolás 0 és 9% között vál-
tozott. A kialakuló geopolimerek mechanikai tulajdonságait 
(nyomószilárdság) prizmatikus próbatesteken vizsgálták. 
A struktúra és fázisösszetétel vizsgálata során pásztázó 
elektronmikroszkópot, röntgendiffraktométert és infravörös 
spektroszkópot használtak. Az eredmények rávilágítottak, 
hogy a nano-kaolin adagolása 5%-os mennyiségig javítja a 
mikrostruktúrát és szilárdságnövekedést eredményez, de 
ennél nagyobb mennyiség adagolása agglomerációhoz és 
szilárdságcsökkenéshez vezet. Nátrium-aluminát aktivá-
tor adagolása szilárdságcsökkenést eredményez a zeolit 
képződés következtében.
Kulcsszavak: Nano-kaolin, Geopolimer, aktiválás, környezet-
barát.
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