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Abstract

The use of inorganic polymers (geopolymers) as cement has been encouraged because of its several advantages over Portland cement. This

is due to the huge carbon dioxide (CO2) emission that is involved which has great effects on climatic conditions. This work synthesized
one-part inorganic polymers (geopolymers) using metakaolin, sodium hydroxide (NaOH), sodium silicate (Na2SiOs), and millet husk ash

(MHA). The geopolymers were synthesized by adding water to the calcined kaolin, (NaOH) and (Na2SiOs). The resulting paste was cast for

the compressive and flexural strength test. The casted samples were cured immediately at 60 °C for 20 hours and de-molded. They were

tested for mechanical properties after 1 and 7 weeks at room temperature. The above procedure was repeated by complete replacement of

Naz2SiOs with MHA. The 7-weeks cured geopolymers were characterized by FTIR, XRD, SEM, and TGA to confirm the formation of
synthesized geopolymers. The samples were also analyzed to study physicochemical properties. It was observed that the highest
compressive and flexural strength was obtained at (17.06 N/mm? and 2.31 N/mm?) and (13.50 N/mm? and 1.14 N/mm?) for both Na?SiO®

and MHA geopolymers respectively. Therefore, the current study signified that the synthesized geopolymers can serve as a substitute for

the cement with less effect on the climatic conditions.
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1. Introduction

Geopolymers are inorganic polymers that are obtained by the combination of aluminosilicate
substances with an alkali activator and the addition of fine and coarse materials, for example, sand [8].
Generally, geopolymers can be either one part or two parts. Two-part geopolymers are produced by the
reaction between a concentrated aqueous solution of alkali, silicate, and aluminosilicate precursor i.e.
two-part in addition to water. [37] However, due to the handling of hazardous alkali activator solution
one-part geopolymers have been developed “Just add water” and it is formed as a result of adding water
to the dry solid mixture of an activator and aluminosilicate material.

The geopolymerization reaction for both one-part and two-part can be formed using equation 1 and 2;

Eqn. 1
NaOH, KOH )
n(Si,05,A1,0,) + 2nSiO, + 4nH,0 ————=  n(OH);-Si-0-Al-O-Si-(OH);
(OH),
Q) Eqn. 2
n(OH);-8i-O- Al-O-Si-(OH); —>NaOH’ ot (Na,K)*-(éi-O-z!&(i)-O-éi-O-) + 4nH20q
(OH), 6 o 6

Production of ordinary Portland cement contributes 5% to 7% of the production of total CO: evolution
[15] Approximately 556 ml of CO: is emitted with the production of each 1000 kg of Portland cement
[23]. To these effects, researchers embarked on synthesizing geopolymers to substitute ordinary Portland
cement for the safety of the environment. Metakaolin is an ordinary material for the laboratory to initiate
the synthesis of geopolymer products and is obtained by the calcination of kaolin which can be used to
produce pozzolana with high-strength and performance concrete materials [32]. It is a white powder of
AL0525i0,, dehydrating kaolin. (Al20525i02.2H:0), hydrated kaolin heated to a temperature of 700-900
°C. The geopolymer production is independent of the activators. The use of activators enhanced the
dissolution of metakaolin. [2]. Activators used in one-part geopolymer can be any alkaline solution or
agricultural waste with a high amount of silica content. Therefore the use of NaOH and Na:SiOs
enhances the solubility of raw material and develops the rate of strength of the synthesized geopolymers
[7] [17]. Agricultural wastes encounter problems with the accumulation of waste annually; therefore the
burnt ashes had the considerable advantage of being used as cementitious materials. The importance of
using agro waste to substitute binder or activator is to reduce the cost of buying cement, effective
alternative utilization of the waste apart from using it as manure and minimizing environmental
pollution.

Pozzolana as cementitious materials, Pozzolana can be defined as a mixture of aluminium and silicon
called aluminosilicate substance which when itself possesses little or no cementitious value but when in
firmly divided form and in the presence of water molecule, chemically combined with the soluble base
at ambient temperature to form compounds with cementing properties [5] [19]. Pozzolana can either be
natural or artificial such as diatomaceous earths and volcanic ashes respectively. Example of pozzolanic
materials includes kaolin, fly ash, blast furnace slag, and agricultural husk ashes. The pozzolana must
contain at least 70 % of SiOz, AlOs and Fe:0s [5]. [3], Used guinea corn husk ash (GCHA) to replace
ordinary Portland cement, three concrete blocks were cast and cured for 1, 2, and 4 weeks. The
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replacement of cement by (GCHA) was from (0-20 %). and it was found that 5 % and 10 % exhibited
good strength. [18], uses millet husk ash (MHA) as a partial replacement material with different
percentages i.e. 0 %, 5 %, 10 %, 15 %, and 20 % by the weight of cement. Three cubes were cast and cured
for 1 and 4 weeks, the experimental results showed that there was a considerable increment in
compressive strength at 5 % of MHA when replaced with cement. Therefore, MHA used in concrete
improves the production of concrete. [33] studied the substitution of commercial Na:SiOs with rice husk
ash (RHA). Fly ash, (FA), ground granulated blast furnace slag, (GBFS), and binary 50FA:50GBFS were
activated with a mixture of NaOH and either Na:SiOs or RHA. The pastes were characterized for
mechanical strength, XRD, FTIR and SEM. The findings showed that RHA can be used to yield alkali-

activated material.

2. Materials and method

Kaolin, Sodium metasilicate nonahydrate, (Na25i03.9H20) with 95.0 % and has percentage composition
of (Na2O = 21.8 %, SiO2 = 21.13 % and H:0 = 57.0 %) from a central drug house. Pellet of sodium
hydroxide, (NaOH) Analytical reagents From H.K. Chemical Reagent Co.LTD with 99.0%. Sulphuric
acid, (H2S0s) AR from (JHD Company) 97-99 %. Mechanical strength tests were conducted by a triaxial
frame compression machine. X-ray fluorescence analysis was conducted using ARL QUANT'X EDXRF
Analyzer. X-ray diffraction analysis was conducted using an Empyrean XRD machine. Fourier transform
infrared spectroscopy was analyzed using Agilent technology FTIR machine (630). Scanning Electron
Microscope (SEM) was conducted using SEM 800-07334. Thermogravimetric (TGA) analysis was done
by a Perkin Elmer thermal analyzer with a heating rate from 30 °C to 950 °C at 10 °C/min under a
nitrogen atmosphere. Sample Collection and Pretreatments: The sample (Kaolin) was obtained from
Tsaunin Danmarke, Katsina State. It was sieved using 150 pm mesh and calcined at 700 °C for two hours
to convert to metakaolin [26]. Millet husk was obtained from Batsari road, Katsina State, purified, and
heated to ash at 700 °C using Muffle Furnace. Both the metakaolin and the ash were analyzed by X-ray
Fluorescence. Determination of specific gravity (Sp): Specific gravity (Sp) was determined according to
the procedure reported by [31] it was calculated using equation 3;

WPS — WP Eqgn. 3
WPS — WP + (WA —WB)

Sp (g/cm3) =

WP =mass of empty, clean and dry pycometer

WPS = mass of pycometer bottle containing the dry sample.

WB = mass of pycometer containing the dry sample and distilled water

WA =mass of pycometer bottle filled with distilled water only

Determination of Loss on ignition: The procedure reported by [34] was adopted and the loss on ignition

was calculated using equation 4;
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loee inweight

% loss on ignition =

x 100 Eqn. 4

weight of original zample

Formulation of Inorganic Polymer (Geopolymer): The method reported by [25] [33] [35] was adopted
with slight modifications. 10 % of the activator is used in this study to activate (90 g) of metakaolin. The
geopolymer pastes were formulated according to standard practice [9]. Acid resistance test for the
synthesized geopolymers: The method reported by [21] [30] [40] was adopted. This type of test was
conducted by the immersion of 4-weeks cured geopolymers in 5 % (H250s) for 4 days. The weight and
compressive properties were measured after the immersion. The chemical stability of the synthesized
geopolymers was analyzed and characterized by FTIR, SEM, XRD, and TGA. Evaluation of water
absorption (WA): The cured samples were dipped in water at 26 °C for 1 day. The samples were
removed and saturated weight (WS), of the specimen was measured, all the samples were dried at 105
oC for 1 day, and dry weight was also measured (Wd) [24] [35]. The WA can be calculated using equation
5
WS - Wd

WA (%) = —7— * 100 Egn. 5

Physicochemical analysis: Slump tests were conducted according to British adoption for European
standards. The setting time test is by [13] a metallic mold called a slump cone is used to determine the
free flow or slump of the material and a vicat apparatus is used to identify both the final and initial

setting time.
3. Results and discussion

Table 1. Chemical constituents of metakaolin and millet husk ash.

Oxides SiO, Al,O3 Fe 03 K20 MgO CaO P03 SO3 TiO,
Metakaolin 51.31 38.76 1.62 2.08 4 0.04 0.11 0.51 0.04
MHA 57.01 371 0.92 16.24 451 2.01 4.5 3.39 0.07

The kaolin was converted to calcined kaolin (metakaolin) at 700 °C for two hours [26] and the millet husk
was heated to ash at 700 °C [3]. The percentage composition of each oxide was determined as shown in
Table 1. It was observed that the total of SiO2, Al:Os, and Fe20s in metakaolin was found to be 91.69 %
and 69.64 % for Millet husk ash (MHA), these percentages have met the requirement to act as pozzolana
similar to the literature described by[12] which stated that a reactive SiO: is not be less than 25 % by
mass [3] Based on this requirement both the metakaolin and millet husk ash qualifies the grading for

pozzolana.
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Table 2. Physical properties of metakaolin and millet husk ash.

Properties Metakaolin MHA
Colour Pink Grey
specific gravity (g/cm3) 2.33 2.10
loss on ignition (%) 1.06 5.70

Table 2 explains the physical properties of the starting materials. It was observed that millet husk ash
had a higher value of a loss on ignition compared to the metakaolin this is attributed to the fact that
during the calcination of kaolin, most of the moisture and organic matter were decomposed. The specific
gravity of metakaolin was found to be 2.33 g/cm?® and that of millet husk ash was 2.10 g/cm?, this was
close to the result obtained by [3] [26] reported 2.23 g/cm? as the specific gravity of guinea corn husk ash
and 2.64 g/cm® for metakaolin respectively).

Table 3. Properties of synthesized sodium silicate geopolymers (SSG) and millet husk geopolymers (MHG).

Properties of geopolymers SSG MHG ASTM Standard
Initial Setting Time (Minutes) 210.00 300.00 >60

Final Setting Time (Minutes) 250.00 360.00 <600

Slump test (mm) 30.00 40.00 -

pH after immersing in water 8.83 9.17 -

pH before and after immersing H,SO4 2.94/3.29 2.94/3.01 -

Water absorption (%) 15.00 17.10 -

Table 3 presents the properties of sodium silicate geopolymers (SSG) and millet husk ash geopolymers
(MHG). The results obtained for slump and setting time tests indicated that SSG has lower values for
both slumps, and setting time as observed in Table 3. This is because during the formulation of SSG,
more heat was released (exothermic reaction) due to the excess of Na20 presence in Na:5iOs and NaOH
but in MHG only NaOH was used. This is attributed to the fact that the reactive oxide presence in the
NazSiOs led to the development of sodium aluminosilicate hydrate gel (NASH) therefore the paste tends
to set rapidly in SSG.

The flowability and setting time decrease due to an excess amount of Na20 [35]. It was determined by
this experiment, that the pH of all the geopolymers was basic as observed in Table 3. The pH of both the
geopolymers after immersion in both acid and water was found to increase and this indicated that the
NaOH presence dissolved in water and formed a basic solution while for the acid resistance test, it was
indicated that Na:O raised the pH of the acid which confirmed the basic nature of the materials. The
water absorption was conducted to measure the durability of the produced geopolymers. As observed

from Table 3, SSG possesses a low amount of water absorption when compared to MHG. This signifies
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that the NASH gel presence in SSG makes the structure dense and contains small pores that allow the
penetration of water compared to MHG. This work is similar to the studies of [24] [39] where they
determined that higher alkali contents significantly develop mechanical strength with the reduction of
absorbed water. [24] also described that ambient curing signifies lower water absorption than heat
curing this is the reason that all the geopolymers have slightly higher values for water absorption due to
oven curing at 60 °C was adopted.

Table 4. Mechanical strength of produced geopolymers after 1 and 4 weeks of curing.

Mechanical Strength Test SSG MHG
Compressive Strength after 1week 3.73 2.28
Compressive Strength after 4 weeks 17.06 135
Flexural strength after 1week 0.47 0.3
Flexural strength after 4 weeks 2.31 1.14

The Mechanical strengths were determined at 1 and 4 weeks of ambient curing as shown in Table 4. The
good mechanical strength possessed by geopolymers was due to the heat curing at 60 °C akin to the
report made by [10] [41] which described that heat curing gives better compressive strength than
ambient curing. The heat may help the binder to dissolve in the activator as a result of the addition of
water to form a hydroxylated form of aluminosilicate precursor which later undergoes a
Polycondensation reaction to form a geopolymer backbone. The results revealed that SSG had higher
mechanical strength with maximum compressive and flexural strength at 4- weeks of curing compared
to MHG as observed in Table 4. The highest mechanical strength was similarly reported by [10] [27]. The
higher amount of Na:0 in SSG increases the reactivity of metakaolin due to faster dissolution and
improved polymerization and hardening of the gel phase thereby producing good mechanical
properties geopolymers [39].

Table 5. Absorption bands of FTIR spectra of metakaolin and produced geopolymers.

Type of bond Raw/Metakaolin SSG before/after MHG before/after
immersion in H,SO, immersion in H,SO,

5-0O-H 3685/3622 3361/3335 3361/3346

v H-O-H -I- 1640/1640 1640/1640

8 Si-O and Al-O -I- 1398/disappeared 1391/disappeared

3Si-O-T( T=Si or Al) 1026/1011 981/1004 940/1004

vSi-O-T(T=Si or Al) 754/754 747/750 747/750

The presence of a signal at the band region of 3685 cm™ can be described as the stretching vibration due
to the hydroxyl group present in the raw kaolin. This frequency had moved to the lower band of 3622
cm? in the metakaolin, this indicated that the calcinations have reduced the traces of water and the band
at 1026 cm™ had moved to 1011 cm™ as indicated in Table 5. Furthermore, [38], explained that the band

appearance from 1000 cm™ - 1023 cm™ indicates an amorphous nature of Si-O of the starting materials
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which corresponds to the 1011 cm™ broadband observed in the metakaolin of the samples. In the
formation of SSG and MHG, the presence of broadband of the -OH band at approximately 3361 cm and
1640 cm in both SSG and MHG were due to the stretching and bending vibration of the hydroxyl group
respectively. These bands indicated the generation of geopolymerization products (NASH) [16], [29].
The band that appeared at Si-O-T at 1011 cm™ reduces to a smaller wave number as observed from the
table and these bands tend to accelerate and improve geopolymerization reaction [4]. Therefore shifting
of peaks toward decreasing wave number is an indication of a geopolymerization reaction in which
there may be an interaction between the binder and the activator during the reaction [11], [40]. The
formation of new peaks in both SSG and MHG confirmed the formation of geopolymers [22].

SEM IMAGES

XRD PATTERN
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Fig 1. XRD and SEM images of the raw and calcined kaolin.
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Figure 2. XRD pattern of calcined kaolin, SSG and MHG before and after immersion in acid.
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X-ray diffraction (XRD) was presented in both Figures 1 and 2. The analysis was performed to identify
the crystallinity of the samples. As observed from the results kaolin has four different crystals named
kaolinite, (AL:Si205(OH)s at 120), illite, (Ks00AlienSiso0Oss.00 at 190), anatase (Tis00O0s00 at 250) and rutile,
(Ti20004.00 at 270), and two different crystals were formed after calcination that is quartz (SiO2 at 260), and
calcite, (CaCO:s at 290), which may be attributed due to the exposure to a higher temperature during
calcination and the formation of calcite was attributed due to the surface carbonation and metakaolin
was found to have a small quantity of calcium oxide as shown by XRF analysis and this leads to the
formation of calcite crystal. The presence of these crystals indicated incomplete calcinations as observed
by FTIR analysis. The small rise observed in the XRD pattern at 2 theta between 180-340 indicated that
the metakaolin contained an amorphous structure that can take part during chemical reactions [6], [16].

Figure 2 described that some of the crystals present in metakaolin disappeared and the formation of new
crystals was also observed which indicated that a chemical reaction had occurred between the binder
and the activator. Kaolinite, quartz and rutile do not participate in the geopolymerization and remain as
impurities in geopolymeric matrix It was observed that the peaks found in MHG are more intense with
the formation of phlogopite, (KMgs(AlSizO10)(OH): at 80) unlike SSG the peaks are less intense with the
formation of phlogopite and microcline, (KAISizOs at 270), this showed that silica and alumina in the raw
materials and activator undergoes a chemical reaction better in SSG than MHG which make the SSG

have good mechanical properties. The XRD also supported FTIR results whereby the shift of peaks

corresponds to the new crystal formation in the geopolymers matrix.

CD = Cureeoolymers before immersion in acid AR = Acid
resistance after immersion in acid

Figure 3. SEM Images metakaolin, SSG and MHG before immersion (CD) and after immersion (AR) in acid.
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The morphology of the raw kaolin as observed in Figure 3 was different from that of metakaolin due to
variation in particle size after calcination which reduces the particle size. The metakaolin was observed
to have a heterogeneous mixture with smaller particles scattered all over the structure this showed a
crystalline surface and amorphous structure with small pores embedded in the structure. It was
observed that the produced geopolymers have a dense-gel-like matrix which indicated the dissolution of
the metakaolin aluminosilicate matrix in the activator [20]. The images showed that not all the materials
were reacted. The unreacted materials indicated that a partial reaction had taken place in the system.
These results also agreed with the water absorption which described that lower water absorption for

SSG was attributed to the dense structure with small pores inside the matrix, unlike MHG.
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Figure 4. TGA thermogram of SSG and MHG before immersion (CD) and after immersion (AR) in acid.

Thermogravimetric analysis was presented in Figure 4, from the thermograms, it was found that both
the geopolymers produced have two main degradation patterns the first decline in both the
geopolymers was associated with the dewatering process this is where free water and adsorped water
presence in the geopolymer were removed [14]. The second degradation might be due to the
dehydration of closely bound hydrated water found in NASH matrix [36]. The high contents of hydrous
phases (NASH) are the result of high contents of alkali additives which allow the dissolution of
metakaolin network forming Si** and AI** ions thereby increasing compressive strength and cementing
activities of one-part geopolymers[1]. Therefore, the total percentage in weight decomposed by SSG was
found to be 83.86 % and this makes it have higher NASH with better compressive strength with slightly
less thermal stability compared to MHG with 80.17 %.

Table 6. Percentage weight loss of produced geopolymers after immersion in acid.

Acid resistance Test SSG MHG
Weight before immersion 243.18 246.02
Weight after immersion 221.6 220.8
% Loss in Weight 8.87 10.25
Comp. Strength before immersion 17.06 13.5

Comp. Strength after immersion 12.83 9.67

% Loss in Compressive Strength 24.79 28.37
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Table 6 describes the loss in weight and compressive properties of the samples after the acid resistance
test. It was shown that the loss of weight and compressive properties of SSG was lower compared to that
of MHG. This loss in weight was explained by FTIR, SEM, XRD and TGA. The new peaks found in SSG
and MHG disappeared and a shift of the peak of Si-O-Si or Si-O-Al to a higher band is shown in Table 5.
This shift of peaks indicated partial depolymerization of the amorphous gel matrix and this resulted in
loss of compressive properties of the geopolymers [28]. It was observed from XRD analysis, that the
microcline crystal presence in SSG was dissolved and formed a new crystal called hedenbergite,
(CaFeSiz0Os at 290) while in MHG quartz and rutile were dissolved and another crystal was formed
called dravite, (Na(Mgs3)Als(SisO1s)(BO3)3(OH)sFe(OH). at 340) and all new crystals were formed by the
XRF results of the starting materials. The peaks that appeared in geopolymers after immersion were
observed to be very intense compared to the geopolymers before immersion and this also led to the
reduction of mechanical properties. The SEM images showed some deterioration of some parts as
observed in Figure 3 which may be due to the destruction of Al-O and Si-O bands as determined by
FTIR analysis. And this makes the strength of the geopolymers to be reduced. The TGA results described
that the total percentage of weight decomposed by AR SSG was found to be 84.34% and 82.97 % for that
of MHG, the presence of alkali in the binder or in the activator is responsible for neutralizing the acid

thereby stopping the sample from further destruction [40].
4. Conclusions

Finally, based on this study the replacement of sodium silicate with millet husk ash was effective as
confirmed by characterizations and It was determined that the highest compressive properties of 17.06
N/mm? were obtained for SSG and 13.50 N/mm? for MHG after 4-weeks of curing and these were met

with the international standard for making cementing materials.
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