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Abstract. Sustainable development of technologies for the industrial waste utilization for building construc-
tion areas are given considerable worldwide attention due to their advantages in reduction of greenhouse
gases compared to Portland cement as well as conservation of raw materials resources used in cement
production. Therefore, geopolymer materials are introduced, not only for the environmental issue, but also
because they can reduce carbon dioxide emission caused by Ordinary Portland Cement (OPC) by 80% to
90% in building construction. In this paper, we aim to produce an eco-friendly one-part geopolymer cement
with low carbon dioxide emission as an alternative for traditional cements, as well as to conserve the natural
resources. The current work focuses on the utilization of industrial wastes rather than natural raw materials
with the just-add-water technique for pre-prepared one-part geopolymer cement, which can be applied in
various building industries. In the current paper, different types of activators with various ratios and varying
firing temperatures from 500 up to 1000°C are studied. The analysis showed that firing of nix at 800°C
using 10 and 20% potassium carbonate results in better mechanical strength reaching 550 and 650 Kg/cm?
after 28 days of hardening.
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1. Introduction

The ecological consequences of human activities have come to worldwide attention and are causing
environmental concerns all over the globe. In the early and mid-1980s, the concept of sustainable devel-
opment began spreading [1], while scientists have been striving to make sustainable industrial processes
more popular. Industrial ecology is the most efficient way to achieve sustainability [2] by using, in particular,
industry-generated by-products. The construction industry contributes to about one-third of the energy-
related global CO2 emissions, which makes it a significant sector often targeted as part of the mitigation
strategies to reduce carbon footprint [3]. Since Portland cement is the most common binder used for build-
ing materials, its production share amounts to 5-8% of global anthropogenic emissions [4].

With the demand for local cement on the rise, its estimated production may continue to increase in
the upcoming years [5]. Clinker production leads to an increase in carbon dioxide emissions through calci-
nation process and fuel combustion. Many studies were conducted to decrease clinker consumption by
blending in pozzolanic and cementitious materials, by using an alternative agricultural waste fuel as well.
Reduction of CO2, particularly in this industry, remains a challenge; therefore, many approaches have been
proposed to reduce the cement consumption. The use of alternating binders of aluminosilicate minerals
can be considered another possible way to reduce the environmental impact of cement [6], which becomes
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reactive on activation of suitable materials using alkaline solutions. Through poly-condensation, they turn
into a hardened 3D molecule network called geopolymer.

Geopolymer, also referred to as an alkali-activated material, is used as a binder system similar to
Portland cement that hardens at room temperature [7]. In addition to that, they have lower carbon footprint
compared with Portland cement, exhibit good mechanical properties such as high early strength, excellent
resistance to acid, and exceptional resistance to immersion [8]. Curing at an elevated temperature also
helps to accelerate the early strength development of geopolymers [9]. However, the traditional synthesis
known as the two-part geopolymer, which is typically cured at an elevated temperature system, is difficult
to implement in field scale applications [10, 11]. Meanwhile, one-part geopolymer-based binder system
uses dry solid aluminosilicate precursors and solid alkali, which form a binder just by adding water, similar
to the OPC binder system. In terms of the environmental impacts, an average reduction of 24% for one-
part geopolymers and 60% for two-part geopolymers in comparison to OPC were reported in [12].

Researches for developing one-part binders based on the chemistry of alkali aluminosilicate have
been largely focused on the mechanical properties produced upon hydration. Other properties related to
hydration products of those cements, such as chemical and dimensional stability, moisture and weathering
resistance, as well as other hydration properties of these cements have not been investigated.

Additional studies are required to understand more and improve the chemical composition of pro-
duced cements, as well as the effectiveness and efficiency of converting raw material blends into hydraulic
cements. The produced binder needs to be systematically characterized to qualify for the developed hy-
draulic cements standards used in concrete production. For the creation of new hydraulic cements, ASTM
C1157 [13] and ATSM C559 [14] were the primary performance-based standards employed in this devel-
opment work. ASTM C1157 criteria are mostly based on ASTM C150 [15] (Standard Specification) perfor-
mance limitations.

Muthukrishnan et al. [16] looked into the development of early age strength due to alkali reactions in
order to formulate a suitable 3D printable one-part geopolymer concrete. On the rheological properties of
concrete, the effect of activator content, additives such as magnesium aluminosilicate, and retarder (su-
crose) dose were explored. The results showed that the formulated one-part geopolymer with magnesium
aluminosilicate, activator, and sucrose content of 0.75 wt%, 10 wt%, and 1.5 wt% of the binder, respectively,
performed well.

The main purpose of this research is the production of one-part geopolymer cement that can be
produced by just-add-water sequence and applied in building industries by incorporation in mortar and
concrete instead of Portland cement with a comparison of its effect on the behavior of the produced mate-
rials. The produced materials were expected to be of higher qualification that encourages their use in infra-
structure buildings and coastal buildings exposed to severe aggressive medium. The sequence of produc-
ing one-part alkali activated cement using various factors was characterized using FTIR, XRD, and SEM;
in addition, compressive strength was measured.

2. Material and Methods
2.1. Materials

The material used in this investigation was Egyptian local clay collected from El-Sheik Fadl-Minia,
Egypt. The geological setting of the sampling area was studied by Abd El-Wahed [17]. It is composed of
clay beds measuring about 25.9 m, as shown in Fig. 1. The clay sections mainly contain dark-colored,
gypsiferous clay, highly laminated and fissile in parts. On the other hand, there are two ferrigenous red
bands in the upper part, glauconitic shale, and glauconitic sand capped by a nummulitic limestone ledge.
In addition, Abd ElI-Wahed reported that based on the change in color and/or lithology, the clay section is
differentiated into 11 beds different in their thickness, the smallest being 0.10 m and the largest — 9 m.

Albite, feldspar, blast furnace slag and cement dust were used as materials enriched in alkalis in
addition to sodium and potassium carbonate for production of one-part cement. The chemical compositions
of all raw materials are given in Table 1, whereas their mineralogical characterization is presented in Fig. 2.
The Egyptian local clay material is formed from montomorlnite, kaolinite, gypsum and quartz. However,
albite and feldspar used are composed of muscovite, microcline and albite, just like the main components.
Blast furnace slag is mostly amorphous, while cement kiln dust is composed mainly of portlandite, anorthite,
sylvite and larnite.
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81 Unit

Yellow, fossiloferous (Carolia, Nummulites,
Bivalves) Limestone.
Calcerous, ferrigenous Red bed.
Grey green, glauconitic, ngsliferous Shale.
ﬁ Fossiloferous, calcerous, ferrigenous, gypsiferous Red bed.

-Grey green, argillaceous, gypsiferous sand.
Grey, fissile, gypsiferous Shale.

————— Grey, fissile (paper like), gypsiferous Shale.

~ Grey green, glauconitic Shale.

— Grey, fissile, gypsiferous Shale.

Qarara Formation

— Brownish yellow, galuconitic, sandy Shale.

Middle Eocene ( Lutetian)

Yellowish grey, fissile Shale with iron band
surrounded by glauconitic sand; base unexposed.
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Figure 1. Stratigraphic section of El-Sheikh Fadl sampling area.

Table 1.Chemical composition of starting materials (Mass, %).

Oxide con-

tent (%) SiO2 AlkO3zFe203 CaO MgO SOs K20 Na20 TiO2 MnOP20s CI- L.O.I BaO SrO Total Notes

BFS 36.67 10.31 0.50 38.821.70 2.17 1.03 0.48 0.57 4.040.040.050 0.12 3.280.1899.96  --

Local Clay 46.80 18.90 8.23 4.02 3.35 1.39 0.70 055 1.16 -- 0.27 0.66 13.80 -- -- 99.82 --
Albite 69.54 14.46 0.13 0.33 0.04 0.03 1154 3.14 001 - 003 -- 066 -- -- 99.76
Feldspar 65.10 17.80 0.42 0.34 0.10 0.03 13.60 2.01 -- -- 0.01 0.03 0.49 -- 0.0299.92 --

Free
CkD 491 212 2.40 49.300.61 18.50 5.73 0.32 0.18 0.010.08 8.58 6.50 -- -- 99.73 Lime=
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Figure 2. X-Ray diffraction pattern of the starting raw materials. [M: Montomorolnite, I: lllite,

G: Gypsum, Q: Quartz, K: Kaolin, Mi: Microcline, Mu:Muscovite, A: Albite, C: Calcite, P:Portland-
ite, An: Anorthite, L: Larnite, Sy: Sylvite, H: Hematite].
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2.2. Geopolymer preparation and curing

One-part geopolymer is prepared by firing the aluminosilicate precursor along with an activator or
alkali-rich materials (K2CO3, Na2COg3, albite, feldspar and CKD) as shown in Table 2 at the requested tem-
perature followed by rapid quenching in order to produce amorphous constituents that can be used for
binder production by just-add-water sequence. The fired materials were then sieved in to obtain a fine
powder with an average grain size of 90 um in order to simulate the ordinary cement grain size. The sam-
ples were then mixed with tap water, molded and left undisturbed under ambient temperature for 24 hrs in
a cube-shaped steel mold, then subjected to curing temperature of 40°C with 100% relative humidity (R.H.)
to be able to activate reaction with moderate temperature and simulate the upmost temperature worldwide.
At testing time, specimens were removed from their curing conditions, dried well at 80°C for 24 hrs, then
tested for their compressive strength. Finally, the resulted crushed specimens were immersed in a stopping
solution of methyl alcohol/acetone [18, 19] in order to prevent further hydration, and then preserved in a
well tight container until the time of examination.

Table 2. Composition of the geoplymer mixes (Mass, %).

_ Total sio Total
. BFS, Clay, NaCO, KCO, CKD, Albite, Feld- Mol "7 Mol
bAlE o o % o6 % %  spar% O 2 2
0 0 0 (1) , 70 . .
7 7 P binder AI203 AI203 SlO2
g0 0 100 20 - - - - 016 111 248 026
gl 20 80 20 - - - - 016 122 261 028
92 40 60 20 - - - - 016 136 276 029
93 60 40 20 - - - - 016 153 296 030
g4 80 20 20 - - - - 016 176 322 032
Al 40 60 - 20 - - - 026 109 276 023
A2 40 60 - - 20 - - 026 021 277 005
A3 40 60 - - - 20 - 026 029 309 006
A4 40 60 - - - - 20 026 029 293 006
il 40 60 - 20 - - - 026 109 276 023
o . . . .
Al- 40 60 - 20 - - - 026 109 276 023
o . . . .
il 40 60 - 20 - - - 026 109 276 023
o . . . .
Al- 40 60 - 20 - - - 026 109 276 023
o . . . .
il 40 60 - 20 - - - 026 109 276 023
1000 : : : :
AL-T-5 40 60 - 5 - - - 026 036 276 008
Aig' 40 60 - 10 - - - 026 060 276 013
Aé'ST' 40 60 - 25 - - - 026 136 276 028
Aég' 40 60 - 30 - - - 026 158 276 034

2.3. Methods of investigation

Chemical investigation for starting materials was performed using XRF-Axios (PW4400) WD-XRF
Sequential Spectrometer, while mineralogical characterization was performed by using Philips PW 3050/60
Diffractometer with a Cu-Ka source. Mechanical testing was carried out using five tones German Brif digital
compression testing machine with a loading rate of 100 Kg/min. FT-IR was used for elucidation of the
amorphous constituents of geopolymer composites using Jasco-6100 with the aid of KBr binder in the range
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from 400 to 4000 cm~' [20,21]. Microstructure imaging was done using Scanning Electron Microscopy —
SEM Inspect S (FEI Company, Netherland) equipped with an energy dispersive X-ray analyzer (EDX).

3. Results and Discussion

XRD pattern of fired one-part geopolymer cement at 800°C for 2 hrs, having various ratio of blast
furnace slag as a partial replacement of local clay mineral and activated by 20% sodium carbonate is
presented in Fig. 3. The pattern illustrates an increased intensity of nephline phase [22, 23] as an alkali-
rich crystalline phase [(K, Na) AISiOa4].

Moreover, the incorporation of alkali during the thermal pre-activation process resulted in the for-
mation of a new Na-rich phase (a partially disordered per-alkaline aluminosilicate, [Na20]x [NaAIOz]y
[NaAISiO4], represented by phase P in Fig. 2, PDF# 01-076-2385 when x > 0, y = 0; represented by phase
Pa, PDF# 00-049-0004, both described below as Na-aluminosilicate for brevity). The last two phases in-
creased up to 40% slag replacement reflecting the disorder of the produced one-part constituent. On in-
creasing slag content to 60%, new phases are formed (sodalites and gehlenite) reflecting increase in crys-
talline phases with increasing slag ratio [21]. Gehlenite is most likely derived from the chemical interaction
between thermally decomposed silicate and alumina derived from the other compounds present in the
unreacted clay/slag mix, such as microcline, which are no longer observed in the thermally treated mix.

Larnite was also detected for 60% slag content, reflecting the alteration of the alumina/silica ratio
due to participation in the formation of amorphous aluminosilicate constituents. Further increasing of slag
ratio up to 80% resulted in the increase of larnite, gehlenite and sodalite phases in addition to the formation
of sharp and intense peak of hematite; all the previous phases resulted in diminishing the efficiency of the
formed binder.

FTIR spectra of one-part geopolymer cement having various slag ratios and activated by 20% sodium
carbonate and fired at 800°C for 2 hrs are shown in Fig. 4. The pattern shows a gradual increase in the
main asymmetric band of T-O-Si at about 975 cm-! with minor shifting to lower wave number, where T=Si
or Al with increasing slag ratio up to 40%. This is accompanied by diminishing of the shoulder at about 1085
cm-1for un-solubilized silica.
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Figure 3. XRD pattern of one-part geopolymer cement having various slag ratios, fired at 800°C
for 2 hrs. [Q: Quartz, N: Nephline, L: Larnite, P: Peralkaline, P(a): Peralkalinealfa, S: Sodalite,
Gh: Gehlnite, F: Hematite].
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Figure 4. FTIR spectra of one part geopolymer cement having various slag ratios, fired at 800°C
for 2 hrs.[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 stretching vibration (T-O-Si), 6: Symmetric stretching vibration (Si—-O-Al),
7, 8: Symmetric stretching vibration (Si—-O-Si), 9,10: Bending vibration (Si—-O-Si and O-Si-0)].

The increase of the main asymmetric band on the expense of the un-solubilized silica reflects the
increased formation of amorphous N-A-S in accordance with XRD pattern Fig. 3, which depicts the growth
of per-alkaline and per-alkaline alfa with slag ratio increasing to 40%. The broad vibration mode appearing
between 630 and 690 cm! is associated with the existence of a range of deformed 4-membered silicate
ring structures indicating a disordered state within these solid powders [24, 25]. However, the bands ap-
pearing between 750-550 cm-! are related to vibration of silicate ring structures, and a reduction in the
wave number within this region associated with a reduced number of bridging oxygen in the corresponding
ring structure [25].

On further increasing of slag ratio to 60% and 80%, decrease in intensity of asymmetric band is
observed with the splitting of symmetric band at 688 cm! into two bands at about 613 and 688 cm-! for
symmetric stretching of Si-O-Si, as well as its bending vibration. The decreased symmetric stretching vi-
bration of Si-O-Si at about 760 cm- reflects the increased deformation of the formed binder.

XRD pattern of fired one-part geopolymer cement prepared at 800°C for 2 hrs of 40:60% slag to local
Egyptian clay activated by 20% of various activators is presented in Fig. 5. From the pattern, it can be
noticed that using of potassium carbonate as an activator results in the formation of an amorphous structure
with an increased intensity of Sylvie (KCI), as well as an increased intensity of nephline phase [22, 23] as
an alkali-rich crystalline phase [(K, Na) AlSiO4]. Moreover, there is an intense akermanite peak at 26 of
31.13°, with the formation of Na-rich phase (a partially disordered per-alkaline aluminosilicate, [Na20]x
[NaAlOz]y [NaAISiO4], represented by phase P in Fig. 2, PDF# 01-076-2385 when x > 0, y = 0; represented
by phase Pa, PDF# 00-049-0004, both described below as Na-aluminosilicate for brevity).

Using alkali-rich cement kiln dust results in the formation of crystalline Lucite feldspars, akermanite,
as well as larnite phase, which is dicalcium silicate phases susceptible for formation of CSH upon hydration.
The increased crystalline phases decrease or diminish disordered aluminosilicate phases. Using sodium
carbonate results in the formation of intense peaks of disordered Na-rich phases (per-alkaline and per-
alkaline alfa, as well as nephline) as the main phases that favor to be of high reactivity as potassium car-
bonate. Using feldspar and albite on the other hand, leads to an intense increase in the crystalline phases
(albite, muscovite, microcline and mullite), with the formation of small peaks of disordered Na-rich phases.
It is clear that the use of the last two activators results in an increase in crystallinity of the formed powder,
and thus may negatively affect their hydration performance.
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Figure5. XRD pattern of one part geopolymer cement having various types of activators, fired at

800° C for 2 hrs. [Q:Quartz, Mu: Mullite, M: Microcline, Ms: Muscovite, C: Calcite, Gh: Gehlenite, N:

Nepheline, Sy: Sylvite, Lu: Lucite, L: Larnite, Ak: Akermanite, Al: Albite, P: Peralkaline, P(a): Per-
alkalinealfa].

FTIR spectra of one-part geopolymer powder having 40:60% slag to local clay activated with various
activators and fired at 800°C for 2 hrs are shown in Fig.(6). The pattern illustrates the increased intensity
of the main asymmetric band of T-O-Si at about 975 cm! upon using potassium carbonate activator fol-
lowed by sodium carbonate one, whereas using cement kiln dust, feldspar and albite results in an increase
in intensity of the shoulder at about 1085 cm- for un-solubilized silica, in the same sequence, which reflects
the increase in crystalline phases matching XRD elucidations. The broad vibration mode appearing be-
tween 630 and 690 cm is associated with the existence of a range of deformed 4-membered silicate ring
structures indicating a disordered state within these solid powders activated by K and Na-carbonate, which
have intense peaks at this region [24, 25]. The decreased symmetric stretching vibration of Si-O-Al at about
760 cm-! reflects an increase in deformation of the formed binder.
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Figure 6. FTIR spectra of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO,4: Asymmetric stretching vibration (Si—O-Si), 5: Asymmetric stretching vibration
(T-0-Si), 6,7: Symmetric stretching vibration (Si—O-Al), 8: Symmetric stretching vibration
(Si—0O-Si), 9: Bending vibration (Si—-O-Si and O-Si-0)].
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However, elaboration of the transformations was encountered on using various temperatures from
500 to 1000°C for potassium carbonate activated samples; and these variations is noticed using XRD anal-
ysis presented in Fig. 7. From the previous pattern, a clear and intense change from amorphous structure
which is represented by nephline phase [22, 23] as an alkali-rich crystalline phase [(K, Na) AlSiO4] and Na-
rich phase (a partially disordered per-alkaline aluminosilicate phase P and phase Pa with increasing tem-
perature up to 800°C. In addition, there is a gradual transformation from calcium aluminate phases to larnite
phases as temperature increased from 500 to 700°C, which both diminishes with the formation of the dis-
ordered phases as well as potassium rich sylvite phases at 800°C. Further temperature increase to 1000°C
results in the formation of intense peaks for crystalline phases (albite, muscovite, microcline, mullite, geh-
linite and hematite), with the formation of small peaks of disordered Na-rich phases. Where, the increase
of temperature up 1000°C results in sintering and an increase in crystallinity of the formed powder and so
may negatively affect the hydration performance of formed geopolymer.

The FTIR spectra of one-part geopolymer cement activated by potassium carbonate at temperatures
ranging from 500 to 100°C for 2 hrs are shown in Fig.(8). The pattern illustrates an increase in intensity of
the main asymmetric band of T-O-Si at about 975 cm-* with temperature increase up to 800°C and with a
clear decrease in intensity of the shoulder at about 1085 cm-for un-solubilized silica, in the same sequence,
which reflects increase of amorphous structure at the expense of crystalline one coinciding with XRD elu-
cidations. However, further increase in temperature results in sharp decrease in asymmetric band with a
shift to left, which implies an increase in crystallinity. A sharp decrease in the carbonate bands as well as
O-H bands with temperature up to complete vanishing at 1000°C is noticed.

The broad vibration mode appearing between 630 and 690 cm-! is associated with the existence of
a range of deformed 4-membered silicate ring structures indicating a disordered state of these solid pow-
ders activated by K and Na-carbonate which have intense peaks at this region increasing up to 800°C, with
a decrease in intensity of the symmetric stretching vibration of Si-O-Si at about 760 cm-1, which reflects the
increased deformation of the formed binder.

24 % KC, 1409

Intensity

1 215 20/° e A il

Figure 7. XRD pattern of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [Q: Quartz, Mu: Mullite, M: Microcline, N: Nepheline, Sy: Sylvite,, Lu: Lucite,
L: Larnite, Ak: Akermanite, Gh: Gehlenite, CA: Tricalcium aluminate].
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Figure 8. FTIR spectra of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO;,4: Asymmetric stretching vibration (Si—O-Si), 5: Asymmetric stretching vibration
(T-O-Si), 6: Out of plane bending vibration of CO, 7,8,9: Symmetric stretching vibration
(Si—0O-Si), 10: Bending vibration (Si—O-Si and O-Si-0)].

On the other hand, using various ratios of potassium carbonate activator from 5 to 30% (Fig. 9)
results in a gradual increase in intensity of the main asymmetric band of T-O-Si at about 975 cm! up to
20% followed by a decrease with further increase in potassium carbonate activator. The shoulder of un-
solubilized silica at about 1085 cm decreased up to 20%, then was exposed to a gradual increase in
intensity up to 30%. The vibration mode appearing between 630 and 690 cm-! for deformed 4-membered
silicate ring structures and disordered state, increased sharply up to 30% within these solid powders acti-
vated, with nearly diminishing of the symmetric stretching vibration of Si-O-Al at about 760 cm-2, which in
turn reflects an increase in deformation of the formed binder.

The results of compressive strength of 28 days of the four groups of hardened one-part geopolymer
cement are shown in Fig. 10. In the previous Figure, the strength for one-part mixes activated by 20%
Na2COs having various slag ratios gradually increase with slag ratio up to 40%, giving about 84 Kg/cm?,
while further increase of slag percent results in a decrease in strength, giving about 72 and 66 Kg/cm? for
60 and 80% of slag. The strength behavior of this pattern was confirmed by XRD and FTIR, which reflected
the increased amorphous content with slag up to 40%. On the other hand, using various activators in the
ratio of 20% (Fig. 10B) results in an extra increase in the compressive strength, 650 g/cm?, for mixes acti-
vated by potassium carbonate, while the rest of the used activators acquired strength values of less than
100 Kg/cm?. As confirmed by XRD and FTIR pattern, there was a sharp increase in disordered phases with
a decrease in the crystalline phases on using the potassium carbonate activator, while the crystalline
phases were predominant for other mixes incorporating different types of activators leading to strength
decline.

However, on using various temperatures for preparation of one-part cement with 20% potassium
carbonate and forming of hardened paste (Fig.10C), the strength pattern confirmed that 800°C was the
optimal temperature for formation of high strength pastes giving about 650 Kg/cm2. On varying the ratio of
potassium carbonate activator in the mix from 5 to 30%, there was a gradual strength increase up to 650
Kg/cm2 on using 20% of activator ratio as depicted from (Fig. 10D), while it was clear that on further increase
of activator, strength declined down to 375 and 273 Kg/cm? for 25 and 30% of activator, respectively.
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Figure 9. FTIR spectra of one-part geopolymer cement having various ratios of potassium car-
bonate activator, fired at 800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibra-
tions of (HOH), 3: Stretching vibration of CO;, 4: Asymmetric stretching vibration (Si—-O-Si), 5:
Asymmetric stretching vibration (T-O-Si), 6: Symmetric stretching vibration (Si—O-Al), 7: Sym-
metric stretching vibration (Si—-O-Si), 8: Bending vibration (Si—-O-Si and O-Si—-0)].
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Figure 10. Compressive strength of 28 days of one-part geopolymer cement incorporating;
A) various slag ratios, B) various types of activators, C) various firing temperatures for the opti-
mum activators, D) various ratios of optimum activators.

Scanning electron micrographs of 28 days hardened one-part geopolymer pastes prepared by using
20% of different activators fired at 800°C are presented in Fig. 11. It can be observed from the microgpraph
(A), that the mix activated by NC, leads to formation of small geopolymer plates with small micropores
spreading within the structure. However, the use of KC (B) activator results in the formation of massive
geopolymer plates spreading within the matrix. The increased geopolymer structure by using potassium
carbonate activator could be attributed to the increased amorphous constituents leading to the formation
and growth of the amorphous geopolymer N-A-S-H gel as well as binding gels (C—(A)—-S—H resulting in a
dense and compact structure [26, 27]. The previous observation is confirmed by the increased compressive
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strength of KC sample and by the increased intensity of the asymmetric Si-O-Al in FTIR as well as disor-
dered peralakline phases in XRD. As the use of alkali-rich feldspars (C) results in the formation of hetero-
geneous structures with little interaction between the formed geopolymer and an increase in porosity within
the matrix as well as a spread of carbonates on the matrix, this reflects the low degree of polymerization
as a results of low reactivity of the used binder.

Figure 11. SEM of 28 days of hardened one-part geopolymer cement paste prepared by using
different activators; A) 20% NC, B) 20% KC, C) 20% FD.

Scanning electron micrographs of 28 days hardened one-part geopolymer pastes prepared by using
20% K2COs activator and fired at different temperatures are presented in Fig. 12. The micrographs show
the growth of the geopolymer structure with increasing of firing temperature up to 800°C with the formation
of massive geopolymer plates (N-A-S-H); while at a lower temperature, small plates are formed in addition
to CSH within the matrix. Further increase in temperature to 900°C leads to sintering of the used binder
and formation of weakly interacting crystalline structure resulting in formation of low reactivity and affecting
the mechanical performance negatively as confirmed by XRD and FTIR.

On the other hand, using various ratios of potassium carbonate activator as presented in Fig. 13
results in the growth of three-dimensional geopolymer network with an increase in activator ratio up to 20%.
A higher ratio of activator forms a matrix rich in wide pores, which results in termination of the formed
geopolymer chains leading to formation of short chains rather than three dimensional networks [21]. More-
over, the micrograph Fig. 12C illustrates the increase in porosity leading to low cohesion between the re-
acting particles. Although, the increase in contents of Si and Al in the aqueous phase results in increase in
formation of oligomeric precursors by increasing of dissolution rates, extremely high NaOH concentrations
inhibit this reaction. As it is seen in Fig. 12, the oligomeric silicate species such as SisOs(OH)e>~ and
SiaOg(OH)4+* lose their stability in favor of mononuclear silicate species like SiO(OH)s™ and SiO2(OH)2?" at
extremely high alkaline conditions [28]. This means the equilibrium reaction shifted towards monomeric
species due to exposure to extremely high alkaline conditions with minimization of the oligomeric silicate
species concentration in the aqueous phase and thus led to lower polycondensation rate, which is then
measured with the compressive strength of the geopolymeric materials.
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Figure 12.SEM of 28 days of hardened one-part geopolymer cement paste prepared using 20% po-
tassium carbonate, fired at various temperatures; A) 700°C, B) 800°C, C) 900°C.

Figure (13): SEM of 28 days of hardened one part geopolymer cement paste formed by various po-
tassium carbonate activator ratios, A) 10 %, B) 20 %, C) 25%.

The elucidations depicted from SEM micrographs can be also confirmed by molar oxide ratios (Table
2). The molar oxide ratios were varied depending on the matrix composition, where the binder formed by
activation using potassium carbonate gave SiO2/AI203 = 2.48, total alkalis/Al203 = 1.11, total
alkalis/SiO2 = 0.26. Since the other mixes have high alkalis/Al203 more than 1.1 up to 1.76, this increase
leads to the consumption of the geopolymer resulting in the formation of short geopolymer chains as
confirmed by previously discussed mechanical properties. At the same time, matrix activated by cement
kiln dust as well as albite has low alkalis/Al203 lower than 0.30. This also coincides with previous data and
as stated by [29] for Si/Al = 1.65, the specimens showed a homogenous microstructure as shown in the
previous SEM figures, where there is an increased compaction as revealed from interaction between
geopolymer constituents, leading to an extra enhancement in matrix performance, which is positively
reflected on their mechanical properties as in K2CO3 mix; on the other hand, the use of other activators
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leads to formation of crystalline matrix with low mechanical strength. It was suggested that the optimum
range of oxide molar ratios [30—32] 0.2<M20/Si02<0.48, 3.3<Si02/AI203<4.5, M20/AI203, is 0.8 t0 1.6
resulting in three-dimensional networks with a more branched structure, thus forming a homogeneous and
compact structure.

4. Conclusions
The main concluded remarks are listed below:

1. Partial replacement of Egyptian local clay by water-cooled slag up to 40% by using sodium car-
bonate activator and firing at 800°C for 2hrs results in formation of an amorphous powder.

2. Using potassium carbonate activator in the mix results in the formation of predominant disordered
aluminosilicate phases.

3. Varying the activation temperature for 20% potassium carbonate samples results in an increased
disordered structure up to 800°C, while varying the ratio of K2COsfrom 5 to 30% results also in the formation
of amorphous phases up to 20%.

4. FTIR and XRD confirm the above-mentioned elucidations.

5. The highest compressive strength of hardened samples for binder activated by 20% K2.COs at
800°C was about 650 Kg/cm? after 28 days, and was about 375 Kg/cm?and 273 Kg/cm?for binder activated
by 25% and 30% potassium activator respectively. The performance of the hardened samples is confirmed
by SEM micrographs represent a homogenous microstructure for the sample activated by 20% K2CO:s.

6. The overall results can suggest a low cost simple tool for preparation of one-part geopolymer
binder, which can be easily prepared without deleterious effects from activators upon mixing.
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