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Abstract

The characterization of alkali activated cement prepared by blending blast furnace slag (BFS) and fine metakaolin (FMK) is
studied. MK of particle size 45 pm and blain area 6530 cm?/kg is used by 20, 40, 60 and 80% replacement of BFS in the
production of alkali activated cement. The utilized alkaline activator is mixture of NaOH and Na2SiOs with various molar ratios.
The prepared specimens are cured under humidity conditions up to 90 days. All specimens are characterized regarding setting
times, compressive strength and water absorption. The formed hydrates are studied using XRD analysis, FTIR spectroscopy
and SEM technique. The durability of the prepared geopolymer is determined via studying the fire resistance at 300°, 600° and
800 °C and sulfate ions attack after time intervals extended up to 1 year. The results indicate that the specimens made from 60%

BFS and 40% FMK and activated by (1:1) NaOH and Na2SiOs were revealed the best overall behaviour.
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1. Introduction

Portland cement is the most common material used
in civil engineering fields. However, Portland cement
production causes emission of huge amount of both
carbon dioxide (CO;) and toxic fumes into the
surrounding atmosphere. Approximately, about 0.94
tonnes of CO, are emitted into the atmosphere in
manufacture of 1 tonnes of cement [1]. Besides,
manufacturing of Portland cement requires a high
demand of energy, mostly consumed during clinker
manufacturing process [2].

Geoploymer cement (GPC) or alkali-activated
cement is considered the best alternative material for
Portland cement [3]. In contrary to OPC, geopolymer
cement, does not depend on firing of limestone, which

is the major source of CO, emission in the production
of OPC [4, 5]. Geopolymer cement is made by mixing

of aluminosilicate precursors with highly concentrated
alkali activated solution through geopolymerization
process. It is made of chains with three dimensional
replicate structures of (Si —O —Al -O -), and (Si -0 -
Al —Si —O -), units [6]. The transformation of a solid
aluminosilicate precursor into gelatinous geopolymer
matrix of high compact structure occurred in three
main steps. During the first one, the dissolution of the
amorphous aluminosilicate source by the action of the
alkali solution is happened that it creates a
supersaturated solution of SiO, and Al,O3 species.
These species are connected together leading to the
creating of gelatinous networks while water is released
gradually. In the final step, the gel network increased
that allows the formation of three dimensional
geopolymer matrices [7, 8].

According to the previous research data,
geoploymer binder offers high mechanical properties,
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gooad firing (up to 1000°C) and acid resistivity [9, 10].
However, the mechanical properties and performance
of geoploymer cement are highly dependent on many
factors including, (i) the aluminosilicate precursor, (ii)
the alkaline activator solution and its dosage as well as
the (iii) curing conditions [11-15].

Blast furnace slag (BFS) is a by-product produced
from iron blast furnace after rapid quenching in water
or air. It is composed mainly from mixture of CaO,
SiO2, MgO and Al;Os. BFS based GPC offers high
resistance to different acids and salt solutions with low
thermal conductivity [15-17]. Metakaolin (MK) is a
pozzolanic material that is generated by firing of
kaolinitic clay at temperature between 650 °C and 800
°C. MK is one of the main common aluminosilicate
precursors materials which used in the manufacture of
geopolymers [18-20]. The composition, structure and
properties of the reaction products obtained in the
alkali activation of metakaolin are directly impacted
by the specific surface and composition of the initial
kaolin.

The objective of this investigation is to evaluate the
geopolymer cement based on BFS and BFS/FMK
prepared by various Na-.O molar ratios. In addition, the
resistance towards fire; up to 800°C, and attack by
SO42ions; up to 1 year, of the prepared geopolymer is
determined.

2. Experimental Program

2.1. Raw Materials and Chemicals

The utilized starting materials for the geopolymer
cement composites synthesis are:

1- Fine Metakaolin (FMK) of particle size 45 u was
supplied from Asfour Company for Mining and
Refractories in Helwan province, Egypt. It’s a fine by-
product, having Blaine specific surface area of 6530
cm?/kg.

2- Blast-furnace slag (BFS) is sourced from iron and
steel factory located in Helwan province, Egypt having
Blaine specific surface area of 2883 cm?/kg.

3- A commercial sodium silicate solution (water glass)
was supplied from the market with the module (M=
Nsioz / Nnazo) = 3.0. Sodium hydroxide pellets 98%
with 10M concentration and Magnesium sulfate
powder were provided from Alfa aromatic company.
The chemical compositions of starting materials are
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givenin Table (1). The XRD of BFS and MK materials
are given in Figure (1).

Table (1): The chemical compositions of starting
materials, wt %

Oxide % BFS FMK
SiO; 38.9 52.83
Al,O3 10.66 38.46
Fe 03 1.20 0.91
CaO 38.51 7.32
MgO 4.39 0.13
SOs 1.96 0.01
K20 0.49 0.06
Na,O 0.91 0.03
Cl 0.04 0.02
L.O.l 2.94 0.23
0; onicaie Brs| [tMomne g FMK
M’ Melilite
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Figure (1): XRD pattern for BFS and Fine Metakaolin

2.2. Mixes design

Various geopolymer mixes are prepared using BFS
and FMK. Table (2) illustrates the composition of
different mixes and their notation. The alkaline
activator used is a mix of sodium silicate solution
(water glass) and NaOH (10M). NazSiO3/NaOH ratios
used were as follow: 2.5, 2, 1.5, 1, 0.7, 0.5 and 0.4.

2.3. Geopolymer preparation and curing

Each paste was prepared by mixing each dry mix with
constant liquid activator/solid ratio=2:1. After
complete mixing of each dry mix, the resulted pastes

were moulded into cubic specimens by using one -

inch cube moulds. The moulds containing the pastes

were cured in humidity air for the first 24 h then the

hardened pastes were removed from the moulds and
cured at ~ 100 % RH atmosphere up to 90 days.

Table (2): The designed geopolymer mixes.
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Mix proportion .
Mixes (W, %) Activators %
BFS | FMK | Na;SiOs | Na OH
v 100 0 25 1
M2 100 0 2 1
M3 100 0 15 1
M4 100 0 1 T
M5 100 0 1 15
M6 100 0 1 5
M7 100 0 1 55
M8 80 20 1 1
M9 60 40 1 1
M10 40 60 1 1
M11 20 80 1 1
M12 0 100 1 1

2.4. Test procedure
2.4.1. Setting times

Initial and final setting times of fresh BFS/FMK based
geopolymer were tested using a Vicat apparatus (RV-
300B, China).

2.4.2. Compressive strength and Water absorption

Three samples of each mix are used to determine water
absorption (%) and compressive strength. The
compressive strength was carried out using a Ton
Industric machine (West Germany) for maximum load
of 60 tons.

2.4.3. Durability tests

To evaluate the durability of the GPC specimens
towards deteriorations of firing and attack by sulfate
ions are studied. Attack by sulfate ions is studied as
follow: after 28 days of curing, the cubic specimens
are immersed into 5% MgSO, solution for 1 year.
MgSO. solution is renewed changed regularly.
Compressive strength and percentage of mass change
is determined for each specimen after 1, 3, 9 and 12
months. Firing resistance is tested by heating 28 -days
hardened GPC specimens at 300°, 600° and 800°C for
three h.

Phase composition, and microstructures of GPC are
tested by XRD, FTIR and scanning electron
microscopy techniques. XRD was performed using
cobalt target (A = 0.17889 nm), and filter made of

Egypt. J. Chem. 63, No. 12 (2020)

nickel under 40 kV and 40 mA. SEM examinations
were done using SEM Model Quanta 250 FEG (Field
Emission Gun). FTIR spectra was used to analyze
GPC specimens using a Fourier transform infrared
spectrometer (BIO-RAD FTS-40).

3. Results and discussion

3.1. Characterization of Precursors Materials
XRD of BFS and FMK are illustrated in Figure 1. BFS

is mainly amorphous material which is composed
mainly of mullite (Alx(SiO4)0O), calcite (CaO) and
minor amounts of quartz (SiO;). FMK is composed
mainly from crystals of quartz (SiO.) and illite.

3.2. Setting Times

Initial and final setting times of geopolymer mixes

made from 100% BFS and activated by solutions of
various (NazSiOs/NaOH) ratios; M1, M2, M3, M4,
M5, M6 and M7 mixes, are illustrate in Figure (2). Mix
made from 100% BFS and activated (Na,SiO3/NaOH)
=2.5; M1 mix, shows the shortest initial and final
setting times of all prepared geopolymer mixes.
Besides, the setting times increased by decreasing
(Na,SiOs/NaOH) ratio from 2.5 to 0.4. M7 mix
activated by blends made with (Na.SiOs/NaOH) ratio
of 0.4 exhibits the longest initial and final setting times
compared to those made with other ratios. Such results
can be attributed to the reduction in the amount of
soluble Si present in the mix by decreasing
(NazSiOs/NaOH) ratio, which it results in slow down
the polymerization process [21]. In addition; when the
sodium hydroxide solution is added into sodium
silicate solution, it may lower the viscosity of the
paste; therefore, the geopolymer system needs more
time for initial setting [22].
Setting times of geoploymer mixes made from
BFS/FMK and activated by (Na,SiOs/NaOH) ratio =1,
M4, M8, M9, M10, M11 and M12 mixes, are illustrate
in Figure (3). Replacing BFS with FMK (0, 20, 40,
60, 80 and100% by mass of BFS) causes a notable
delay in the setting process. Also, setting times
enlarged as the contents of FMK increases in the
geopolymer paste. This could be related to the
replacing of BFS (calcium-rich material) by FMK
(less calcium contents materials) causes reducing in
the forming calcium silicate hydrate (CSH) gel in
addition to the sodium aluminum silicate hydrate
(NASH) gel (geopolymer gel) [23]. BFS decreases the
alkaline liquid consistency and accelerates the
hardening of geopolymer paste [24].
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Figure (2): Setting time of BFS geopolymer
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Figure (3): Setting times of BFS/FMK based
geopolymer

3.4. Compressive Strength

The results of compressive strength of M1, M2, M3,
M4, M5, M6 and M7 mixes are illustrated in Figure
(4). All geopolymer mixes show that compressive
strength increases gradually with increasing curing
ages up to 90 days. This can be related to the higher
reactivity of BFS, which in the presence of alkaline
activator (Na.SiO3:NaOH mix), the bonds between
Ca=0; Si=0 and Al=0 are breaked. This dissolves and
promotes the formation of species as Ca?*; [H2SiO4]*",
[HsSiO4] and [AI(OH)4]~ which precipitate when they
concentrations reach super saturation forming CSH
and CASH gels. The precipitation of CASH gels leads
to initiate the polymerization reactions leading to rapid
hardening [25]. Besides, the calcium ions exist in BFS
enter in the Si=O=Al gel structure, which neutralizes
the charge of the aluminum atoms (AI**) and allows
space for CASH system in addition to NASH gel. This
leads to the formation of a more-denser structure [26].
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Mix 4; activated by mixture of (NazSiO3s/NaOH) ratio
= 1.0 exhibits the highest compressive strength than
those with another ratio at all curing ages. This reveals
the impact of the concentration of the alkaline
activator constituents. The compressive strength is
expected to decrease as more silicate is added into the
system. This is because excess sodium silicate lower
water evaporation and structure formation. Such
conclusions agree with the results of [27, 28] that the
high activator concentration has negative effect on the
strength.

The results of compressive strength values of
BFS/FMK geopolymer mixes; M4, M8, M9, M10,
M1l and M12 mixes at various curing times are
graphically represented in Figure (5). Obviously; the
compressive strength of these mixes increases with
increasing the curing time. When 20% of BFS is
substituted by FMK, mix M8, deterioration in
compressive strength is obtained. The compressive
strength of mix M9 exhibits approximately five fold
high as compared with 100% FMK-based sample
(M12). This is attributed to the reaction of Ca*? ions
supplied by BFS with silicates ions leads to form
additional strength-giving gel [29]. From we can
conclude that Ca*? ion plays the key role in
geopolymer formation. In fact, the high CaO content
accelerates the geopolymerization and development of
semi-crystalline CASH hydrate gel produced from
reaction between calcium silicate hydrate (CSH) and
aluminosilicate group [30].

B Age: 3Days MAge:7Days ®BAge:28Days & Age: 90Days
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Figure (4): Compressive strength of BFS
geopolymer
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Figure (5): Compressive strength of BFS/FMK
based geopolymer

3.4. Water absorption

Water absorption is considered an indicator for the
degree of geopolymeric reaction. Water absorption
(%) of M1, M2, M3, M4, M5, M6 and M7 mixes are
illustrated in Figure (6). It is clear that the water
absorption values of all mixes decrease with curing
time. It related to the progress of the polymerization
reactions and changes the matrix to more compact
structure with lower porosity. Besides, the water
absorption (%) values for M4 mix are the lowest
indicating the least porosities are formed in this mix.
Water absorption (%) of geopolymer mixes made by
replacement of BFS by FMK at various curing times
are represented in Figure (7). It was clear that the water
absorption values of all mixes decrease with curing
time. With increasing FMK content, the water
absorption is increased. Presences of FMK in
geopolymer matrix, activation (Si+Al) occurred
beside (Si+Ca) leading to the formation of CASH with
geopolymer network. However, increasing FMK
contents increases the formation of CASH gel and
decrease the CSH gel inside the GPC matrix.

B Age:3Days MAge:7Days ®MAge:28Days BAge: 90Days

30

25

Water absorption, %

Mixes
Figure (6): Water absorption of BFS geopolymer
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Figure (7): The Water absorption of BFS/FMK
based geopolymer

3.5. Resistance to sulfate attack

Among the studied mixes, M2, M3, M4, M8 and M9
mixes are selected to test their resistance against
exposure to 5% magnesium sulfate solution. The
Compressive strength of M2, M3, M4, M8 and M9
mixes after immersing in 5 % MgSO4 solution up to 12
months are represented in Figure (8). Also, the
percentage of mass change values of this mixes are
represented in Figure (9).

According to Figure 8, all mixes show a continues
decrease in compressive strength by increasing the
curing time in magnesium sulfate solution. Besides,
the mass of these mixes increasing with the curing
times. This may be attributed to the attacks of SO4?
ions to the geopolymer matrix through series of
deteriorations reactions leading to the formation of
new phases like gypsum and ettringite [31]. Presences
of such phases inside the hardened geopolymer matrix;
which they are characterized by their large volumes,
induces an internal stress. Such stress leads to
formation of micro cracks and migration of alkalis
from geopolymers into the solution within pores [32].
Partial replacement of BFS by 20 % and 40% FMK,
mixes M8 and M9 respectively, leads to decrease in
the loss in compressive strength due to immersion in
sulfate solution, Figure 9. This can be related to the
partial filling of the pores by FMK. The filling effect
of FMK decreases the permeability and entrance of
S04% ions inside the core structure of geopolymers.



4826 O. Fadel et.al.

B Age: 1 Month mMAge: 3 Months [N Age:9 Months ®RAge: 12 Months
600
500

300
200
100

Compressive Strength (Kg/Cm?®)

Mixes
Figure (8): Compressive strength of M2, M3, M4,
M8 and M9 mixes after immersing in MgSO4

mAge: 1 Month mAge:3 Months [ Age:9Months B Age: 12 Months

Mass change, %
[ ] N w » w

o

Mixes

Figure (9): Mass change of M2, M3, M4, M8 and
M9 mixes after immersing in MgSOa4

3.6 Fire Resistance:

GPC specimens made from M2, M3, M4, M8 and M9
mixes after curing for 28 days in 100% RH are fired at
300, 600 and 800 °C for 3hrs. Heating all GPC
specimens resulted in a continuous loss in compressive
strength; Figure 10. The decrease in compressive
strength can be attributed to the dehydration and
decalcination of GPC hydrates that leads to cracks
formation and pores broadening [33]. GPC made from
BFS/FMK specimens, mix M8 and M9, show reduced
loss in the compressive strength upon firing at 800°C
compared to those made from 100% BFS. About 55
and 41% of the strength still retained by M8 and M9
specimens respectively while 26, 28 and 30% are
recorded for M2, M3 and M4 respectively. This
indicates the high resistance for firing exhibit by GPC
made from BFS/FMK.
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Figure (10): Compressive strength of M2, M3,
M4, M8 and M9 mixes after firing at
different temperature

3.7. Phase composition

XRD diffraction patterns of GPC specimens made
from Mixes M4, M8 and M9 after 3 and 28 days of
curing in 100% RH, are shown in Figure 11. The
diffraction patterns of M4 specimens after 3 days of
curing displays characteristics peaks due to CSH gel
[34, 35] and calcite. In M8 and M9 specimens, new
crystalline phases including thomsonite (CASH) gel
and Garronite (NCASH) are formed due to slag alkali-
activated reactions. Garronite (NCASH) has also
previously been detected in alkali-activated
slag/metakaolin geopolymers produced from strong
activator concentration [36]. Peaks due to unreacted
quartz are also identified in these samples.

After 28 days of curing, the intensities of the hydrated
phases increase while as the intensity of quartz
decreased indicating the progress of the
polymerization reactions.

XRD of mixes M4 and M9 after 1 and 4 months of
immersing in 5% MgSO4 are shown in Figure 12.
Peaks characterized to CSH gel are appeared in M4
specimen after 1 month while they nearly disappeared
after 9 months of curing in MgSQO4 solution. This
reveals the deterioration occurred in this mix made
from 100% slag. However, for GPC made from
BFS/FMK, mix M9, NCASH peaks are still appeared
in XRD patterns up to 9 months. This confirms the
compressive strength results that GPC made from
BFS/FMK shows resistance to sulfate attack compared
to GFC made from 100% slag.

XRD of mixes M4 and M9 after firing at 300° and
800°C for three h is shown in Figure 13. XRD patterns
of the M4 mix after firing at 800°C show peaks that
corresponding to Gehlenite, NASH. While the
observed resistance for firing by M9 specimens at
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800°C is confirmed by the increased intensities for
NASH peaks.
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Figure (11): XRD patterns for hardened paste of
mixes M4, M8 and M9after 3 and 28 days of
curing in 100% RH
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Figure (12): XRD patterns for hardened pastes of
mixes M4 and M9after 1 month and 9 months of
curing in 5% MgSO.
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Figure (13): XRD patterns for hardened paste of

mixes M4 and M9after firing at 300 and 800°C

3.8. Microstructure

SEM of M4 and M8 specimens after curing for 3 and
28 days are shown in Figure 14a-d. After 3 days, SEM
micrographs of M4 mix, Figure 14-a, shows slag
particles that are covered by geopolymer hydrates
mainly CSH gel and CASH indicating the start the
geopolymer reactions. CASH acts as nucleation
centers for geopolymerization [37]. After 28 days a
dense and compact of gel like structure consists of ill
crystalline and gelatinous CSH gel and CASH that are
appeared in SEM micrographs.

For M8 mix, loose structure and FMK particles are
appeared in SEM micrograph after 3 days of curing,
Figure 14-c. According to Z. Li, et al, GPC made from
metakaolin suffer from chemical shrinkage due to the
continuous dissolution of the precursor to form
monomers or small oligomers. However, after 28 days,
SEM micrograph of this mix shows a chain composed
mainly of geopolymer products that are intermix of
CASH and NASH. Formation of these chains is
confirmed the continues of polymerization process in
which the chains are connected the FMK particles.
Also the According to previous works, the presence of
aluminum and silicon ions in FMK geopolymer
supports the development of cementitious gels like Al-
rich gel and Si-rich gel and decreasing the formation
of CSH gel [38, 39].

After firing at 300 °C for three hrs, SEM micrograph
of M4 mix shows loose structure of observed cracks
and pores. However, After firing at 800°C, deep and
large cracks are appeared that indicating the
deterioration effects occurred, Figure 15 a,b. M8 mix
after firing at 300° and 800°C, still keep a compact
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structure of rug-like shape of geopolymer products
with limited pores are appeared after firing at 800°C.
This is explained the resistance of this mix to effect of
heating, Figure 15-c,d.

SEM micrographs of M4 mix after immersion in
5%MgS0O;4 solution for 1 and 9 months, Figure 16a-d.,
show slag particles that are partially covered with fine
needle-like crystals of ettringite which they have a
negative effect on compactness. Limited crystals of
ettringite in M8 mix are observed after curing for 1 and
9 months in5% MgSOQ;, solution.

Figure (14): SEM micrographs of a) M4 after 3
days b) M4 after 28 days c) M8 after 3 days d) M8
after 28 days of curing

L4

Figure (15): SEM micrographs of geopolymer
after firing a) M4 mix 300 °C
b) M4 at 800 °C
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Figure (15): SEM micrographs of geopolymer after
firing ¢) M8 mix at 300 °C d) M8 mix at 800 °C

b ot/ d
S ¢
De

Figure (16): SEM micrographs of geopolymer after
immersion in MgSO, solution a) M4 mix for 1-month
b) M4 mix for months ¢) M8 mix for 1-month d) M8
mix for 9 months.

3.9. FTIR spectroscopy

FTIR spectra of geopolymer samples prepared from
M4, M8 and M9 mixes after 28 days of curing are
shown in Figure 17a. FTIR spectra of all GPC
specimens show abroad band appearing in the range of
3440-3450 cm? which represent the stretching
vibration of O-H and H-O-H bonds due to water
molecules adsorbed or embedded in pores during
polymerization [40]. The band at 1450 cm™* indicated
the stretching vibration of O-C-O was detected for all
tested GPC pastes which is attributed to the
carbonation reaction. The band between 980 and 1027
cm is attributed to asymmetric stretching vibration of
Si-O-Si and Al-O-Si band of CSH and CASH gel.
Also was found stretching vibration of Si-O-Si at
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660cm™ and bending vibrations of Si-O-Si and O-Si-
O located at 450 cm'™.

IR spectra M8 and M9 specimens after show a notable
increase in the intensity at 1450 and 1027 cm of Si-
O-Si and Al-O-Si. This is indicated that the formation
of MK geopolymer in the presence of high rich
calcium provided materials supports the simultaneous
development of cementitious gels CASH and NASH
type gels. According to [41] Ca?* ions are supposed to
be coupled with the Si-O-Al framework of
geopolymeric gel, participating in balancing of
negative charge species in tetrahedral Al (I11) and
replacing the alkali cations.

The durability behavior due to attack by sulfate ions
or firing of M4 and M9 mixes are clearly shown in
their FTIF spectra, Figure 17 b,c. After immersion in
sulfate ions solution for 1 and 9 months, M9 mix
shows an increasing in intensity of the peaks at 1027
and 450cm? due to AI-O-Si and Si-O-Si bonds in
contrary to M4 mix. Also, this noticed for the same
mix after firing at 300° and 800°C. Such note indicates
the substitution of BFS by 40% FMK increases the
resistivity of the formed GPC toward attack by fire or
sulfate ions.
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Figure (17): FTIR-spectra of M4, M8 and M9 mixes
after a) 28 days of curing b) immersion
in Sulfate and c) firing

Conclusion

The following conclusions can be drawn from the
experimental results:

1-Setting times of BFS/FMK based geopolymer
cement increases by decreasing (NazSiOs/ NaOH)
ratio from 2.5 to 0.4 and increasing the contents of
FMK.

2-GPC made from 60%BFS and 40% FMK and
activated by mixture of (Na.SiOs/NaOH) ratio = 1.0
exhibits the best mechanical properties, least water
absorption among the studied mixes.

3-All GPC mixes made from BFS/FMK blends show
high durability towards attack by SO42 ions up to 9
months and firing up to

800°C.

4-According to XRD, FTIR studies, the main phases
in GPC made from100% BFS is CSH gel and CASH.
CASH acts as nucleation centers for
geopolymerization.

5- In GPC made from BFS/FMK, a rug-like of
geopolymer products; mainly NCASH and CASH
gel, are appeared in SEM micrographs.

6-The formation of such geopolymerization products
explains the high resistivity of the formed GPC
toward attack by fire or sulfate ions.
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