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Abstract: Geopolymer cement has been popularly studied nowadays compared to ordinary Portland
cement because it demonstrated superior environmental advantages due to its lower carbon emissions
and waste material utilization. This paper focuses on the formulation of geopolymer cement from
nickel-laterite mine waste (NMW) and coal fly ash (CFA) as geopolymer precursors, and sodium
hydroxide (SH), and sodium silicate (SS) as alkali activators. Different mix formulations of raw
materials are prepared to produce a geopolymer based on an I-optimal design and obtained different
compressive strengths. A mixed formulation of 50% NMW and 50% CFA, SH-to-SS ratio of 0.5, and an
activator-to-precursor ratio of 0.429 yielded the highest 28 d unconfined compressive strength (UCS)
of 22.10 + 5.40 MPa. Furthermore, using an optimized formulation of 50.12% NMW, SH-to-SS ratio of
0.516, and an activator-to-precursor ratio of 0.428, a UCS value of 36.30 + 3.60 MPa was obtained.
The result implies that the synthesized geopolymer material can be potentially used for concrete
structures and pavers, pedestrian pavers, light traffic pavers, and plain concrete.

Keywords: geopolymer; laterite; alkali-activated; alumino-silicates; I-optimal; response surface
methodology; optimization; mine waste

1. Introduction

The rapid increase in construction activity has been observed to meet the ever-increasing
infrastructure demands [1]. In most construction activities, cement-based concrete is an essential and
widely used material. The use of cement-based concrete, like ordinary Portland cement (OPC), is globally
accepted due to ease of operation, excellent mechanical properties, and low-cost production compared
to other construction materials [2]. However, OPC has drawbacks as it releases approximately one ton
of CO;, a greenhouse gas, to produce one ton of OPC [3]. It also has high energy consumption during
production, and it consumes a significant amount of natural resources [2,3]. Due to increasing awareness
of these issues, a viable alternative for the conventional Portland cement is currently being reviewed
and studied by many researchers and scientists. Geopolymer cement is one of the emerging greener
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alternatives for the construction industry. It results from the chemical reaction between aluminosilicate
waste materials and alkaline activators resulting in the inorganic polymer [3]. Itis comprised of repeating
units of silico-oxide (Si-O-5i), silico-aluminate (Si-O-Al-O-), ferro-silico-aluminate (-Fe-O-Si-O-Al-O-),
or alumino-phosphate (-Al-O-P-O-), created through a process of geopolymerization [4].

Aluminosilicate sources, also called geopolymer precursors, can be sourced out from waste such
as fly ash, blast furnace slag, silica fume, and rice husk or a combination of these precursors, which are
rich from silicon (Si), aluminum (Al), or iron (Fe) in an amorphous form [5]. Mine waste has also
emerged as a potential geopolymer precursor because it contains Si, Al, and Fe. Valorization of such
waste would also reduce the environmental burden. For example, thermal and mechanical activations
pretreatment were done to Ni-laterite mine waste from the Philippines to enhance its property as
a geopolymer precursor [6]. Likewise, gold mine tailings in the Philippines are used to produce
geopolymer bricks with a compressive strength of 5.5 MPa [7].

As properties of raw materials for geopolymer precursors could vary from one place to another, it is
necessary to perform mix formulation studies to evaluate the potential application of such construction
material. For example, using fly ash and granulated blast furnace as precursors, the optimal rational
mix design resulted in an improved compressive strength comparable to OPC ranging from 32 to
66 MPa [1]. A statistical mix design of the experiment was also used to optimize the geopolymer
properties from the ternary blend of red mud waste, rice husk ash, and diatomaceous earth [8].
Other studies showed that different mixes and combinations of fly ash-mine tailings (MT) mix [9],
laterite—calcite, and laterite—slag mix [10], could increase the compressive strength. However, a binary
blend of coal fly ash (CFA) and nickel-laterite mine waste (NMW) sourced out from the Philippines as
geopolymer precursors have not been explored yet [9]. Thus, this study extends the work described
in Longos et al. [6] and apply the statistical design of experiment [8] to determine the optimal mix
formulation of coal fly ash (CFA) and nickel-laterite mine waste (NMW) with sodium hydroxide
(SH)-sodium silicate (SS) as alkali activators.

2. Materials and Methods

2.1. Raw Material Preparation

Raw NMW was collected from a siltation pond of a nickel-laterite mining company, while CFA was
obtained from a coal power plant located in Mindanao, Philippines. Raw materials were oven-dried
at 105 °C for 24 h. Dried NMW showed clay-like characteristics, and the clumping of this clayey
material facilitated the need for pre-grinding. The dried NMW was reduced in size using a Raijin
portable attrition mill pulverizer with a power of 1500 Watts, blade diameter of 150 mm, and rotary
speed of 1400 rpm. On the other hand, dried CFA already exhibited the needed fineness and would
not need further grinding. Both raw material samples were then screened using a Tyler mesh sieve
passing 50 mesh (0.297 mm). Analytical grade sodium silicate (water glass solution with 34.13% SiO,,
14.65% Na,O, 51.22% H,0) with a silica modulus of 2.33, and sodium hydroxide flakes with 98% purity
(manufactured by Formosa Plastic Corporation, Kaohsiung, Taiwan) were used in the study as the
alkali activator components.

2.2. Raw Material Characterization Procedure

A particle size distribution (PSD) analysis of both raw materials was performed using a Tyler
standard sieve series (Thomas Scientific, Swedesboro, NJ, USA.) ranging from mesh 4 to mesh
200 (4.75 mm to 0.075 mm) in a vibrating screen.

The chemical compositions of raw NMW and CFA were performed with X-ray fluorescence
spectroscopy using Horiba Scientific XGT-7200 X-ray analytical microscope (Horiba Ltd., Kyoto, Japan)
with an X-ray beam generation of 50 kV voltage and 35 A current.
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The mineralogical analysis was also performed for both raw materials using a Multiflex Rigaku
automated powder x-ray diffractometer (XRD) (Rigaku Corporation, Tokyo, Japan) (Acy k« = 1.54 A,
Voltage = 40 kV, Current = 30.0 mA) with a measuring angle of 5-60°.

Scanning electron microscope (SEM) captured the morphological images and properties of raw
materials using a FESEM Dual Beam Helios Nanolab 600i (FEI, Hillsboro, OR, USA.) with a voltage of
2.0 kV and beam current of 43 pA equipped with energy-dispersive X-ray spectroscopy (EDS) with a
voltage of 15.0 kV and a beam current of 0.69 nA.

2.3. Toxicity Characteristic Leaching Procedure (TCLP)

Toxicity characteristic leaching procedure using US EPA Method 1311 was performed for both
raw materials. This procedure is to determine the heavy metal leachability property, whether these
materials are hazardous or not. The parameters used were liquid to solid ratio of 20:1 and an agitation
speed of 30 rpm for 12 h. Leachate was then analyzed using an Agilent Technology inductively coupled
plasma-mass spectrometry (ICP-MS) and Agilent 5100 inductively coupled plasma-optical emission
spectroscopy (ICP-OES), both are done by a third-party laboratory.

2.4. Thermal Activation of Nickel-Laterite Mine Waste (NMW)

Pretreatment of NMW by thermal activation was performed first before experimental runs were
conducted [7]. NMW samples were heat treated in the laboratory furnace at a ramping rate of 10 °C
per minute to attain a temperature of 700 °C at a holding time of 2 h. The samples were left inside the
furnace to be cooled down to room temperature after soaking at 700 °C.

2.5. Experimental Procedures and Runs

The design of the experiment was based on an I-optimal design, which is a mixture experiment
intended to predict the responses for all possible formulations of the mixture and to identify optimal
proportions for each of the ingredients minimizing the average variance of prediction. Table 1 shows the
factors used in the mixture design like the activator-to-precursor ratio of 0.429 to 1.0 [8,11], NMW-CFA
content (% NMW) of 50% to 100% [9,12] and SH-to-SS ratio of 1:2 to 2:1 [10,13].

Table 1. Parameters of each factor and level for geopolymer synthesis.

Factors Low Level Mid Level High Level
1. Activator-to-precursor ratio 0.429 0.667 1.0
2. NMW-CFA content, as % NMW 50% 75% 100%
3. SH-to-SS ratio 1:2 1:1 2:1

The performance of the different factors was evaluated independently using runs randomly
ordered by Design-Expert 11 (Design-Expert® software, version 11). A total of 18 runs were generated,
with three as replicate points. The 18 experimental runs are shown in Table 2 with different combinations
of factor levels.

2.6. Geopolymer Synthesis

For geopolymer preparation, run number 15 is the basis of the amounts of raw materials used.
A 500 g of precursor (50% NMW + CFA) was prepared and set aside first for mixing later. With an
activator-to-precursor of 0.438, the alkali activator was prepared first by mixing 71 g of 12 M sodium
hydroxide (SH) with 143 g sodium silicate solution (SS). Then, 250 g of CFA was mixed with the
prepared alkali activator. Manual mixing was done for at least 5 min until the consistency of the
CFA-activator mixture was homogenized. Another 250 g NMW was then added to the mixture,
and the second stage of manual mixing was done for at least 5 min until the consistency of the
mixture was homogenized. During mixing, it must be noted that the mixture hardens immediately.
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After stabilization, the geopolymer was placed in a square mold made of polyethylene material with
a dimension of 50 mm X 50 mm X 50 mm. The prepared geopolymer can make 3 square molds.
The molded sample was set for at least 24 h before it was demolded. The demolded sample was then
placed in a polyethylene Ziploc. Next, the air was removed manually from the Ziploc before sealing.
The sealed geopolymer samples were then placed in an oven at 80 °C for 24 h. Lastly, the samples were
cured for 28 d at ambient temperature before further test and analysis.

Table 2. Experimental runs in standard order.

Factor 1: Factor 2: Factor 3:
Std Order Run Order Activator-to-Precursor Ratio NMW-CFA Content SH-to-SS Ratio
as % NMW
1 15 0.4286 50% 1:2
2 5 1.0000 50% 1:2
3 0.4286 75% 1:2
4 10 0.6667 100% 1:2
5 16 1.0000 100% 1:2
6 9 0.6667 50% 1:1
7 1 0.6667 50% 11
8 2 0.6667 75% 1:1
9 11 0.6667 75% 1:1
10 0.6667 75% 1:1
11 4 1.0000 75% 1:1
Std Order Run Order Activator—f;;t::cﬁrsor Ratio NMwljoé;tZrCZ(.mtent SH-I:(;:-C;(;rIE{,;tio
as % NMW
12 12 0.4286 100% 11
13 3 0.4286 50% 2:1
14 7 1.0000 50% 2:1
15 18 0.6667 75% 2:1
16 17 1.0000 75% 2:1
17 14 0.4286 100% 2:1
18 13 1.0000 100% 2:1

2.7. Unconfined Compressive Strength (LICS)

Unconfined compressive strength (UCS) was the response variable to evaluate the engineering
property of the geopolymer specimens. It was performed following ASTM C109/C109M. This test
method covers the determination of the compressive strength of hydraulic cement mortars, using 2-inch
(50-mm) cube specimens to determine compliance with specifications.

3. Results and Discussions
3.1. Raw Material Characterization

3.1.1. X-ray Fluorescence Spectroscopy (Chemical Composition)

The elemental analysis of NMW and CFA is shown in Table 3, which is primarily composed
of oxides of iron (Fe;O3), silicon (S5iO,), calcium (CaO), aluminum (Al,O3), magnesium (MgO),
and nickel (NiO). Trace elements in both samples include oxides of manganese (MnO), titanium (TiO,),
potassium (K,O), and silver (Ag,O). NMW contains an oxide of chromium (Cr,Os3), which is not
present in CFA but contains oxides of strontium (S5rO) and sulfur (SO3). The composition of both
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raw materials showed that it could be a geopolymer precursor because of the high presence of silica

and alumina.

Table 3. Chemical Composition of raw nickel-laterite mine waste (NMW) and coal fly ash (CFA).

Mass % Si02 A1203 F8203 CaO MgO NiO Cl‘203 MnO Ti02 Kzo Agzo SrO 503 LOI
NMW 2054 279 4768 546 423 194 085 038 025 035 0.04 - - 15.50
CFA 2612 8.01 2270 2935 198 0.03 - 023 097 089 012 030 531 4.0

- No detection in the analysis.

3.1.2. Particle Size Distribution

The particle size distributions of NMW and CFA are shown in Figure 1. The particle size of NMW
is between 0.075 to about 2.36 mm with Dgy (median diameter) of about 0.25 mm. At the same time,
the particle size of CFA is between 0.0013 mm to about 4.75 mm with D5 (median diameter) of about

0.425 mm.
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Figure 1. Particle size distribution (PSD) of (a) nickel-laterite mine waste and (b) coal fly ash.

3.1.3. Leachability of Metals Based on Toxicity Characteristics Leaching Procedure (TCLP)

Numerous studies have shown that under certain conditions, coal fly ash releases traces of heavy
metals to the environment [14-16]. With this condition and the possibility of NMW leaching out
heavy metals, the TCLP method was employed in this study for geopolymer precursors. This test
determines the mobility of organic and inorganic analytes present in the liquid, solid, and multiphase
waste [17]. Furthermore, it simulates the conditions that may be present in a landfill where water may
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pass through the landfilled waste and travel into the groundwater carrying the soluble materials with
it. Table 4 shows the leachability of NMW and CFA. Indication suggests that the metallic components
in both samples are well below the TCLP limits and considered non-hazardous according to the United
States Environmental Protection Agency limits [18] and Philippines’ DENR Administrative Order
2013-22 Standards for the Management of Hazardous Wastes [19].

However, it should be noted that initial leachability results warrant further study. For example,
one study considers the limitations of such a test and emphasized that the test mimics leachate in landfills
with lower pH and higher organic acid content than most of the municipal solid waste (MSW) [20].
Other factors need to be considered, as demonstrated by previous studies [21-23]. The mobility of
trace elements and heavy metals in the environment depends mainly on the properties of solution and
solids, such as pH, redox potential, chemical composition, surface properties, and mineral contents.

Table 4. Toxicity characteristic leaching procedure (TCLP) Analysis of raw materials samples in mg/L.

Raw Material Ag As Ba Cd Cr Hg Ni Pb Se
CFA 0.00051 0.069 2.544 0.00042 0.035 0.00085 0.214 0.0027 0.0228
NMW 0.00045 0.00005 0.108 0.00037 0.19  0.0001 2.929 0.00335 0.001
TCLP limit @ 5.0 5.0 100.0 1.0 5.0 0.2 - 5.0 1.0
Class AP - 0.01 0.7 0.003 0.01 0.001 0.02 0.01 0.01
Class CP - 0.02 3 0.005 0.01 0.002 0.2 0.05 0.02

2 US Environmental Protection Agency [18] and Philippines” DAO 2013-22 Standards for the Management of
Hazardous Wastes [19].; P Philippines DAO 2016-08 Water Quality Guidelines and General Effluent Standards [24];
- No regulatory limit.

Moreover, the TCLP result is compared with the Philippine regulatory standard for Class A
and Class C water body quality (Table 4) based on DENR Administrative Order 2016-08 on Water
Quality Guidelines and General Effluent Standards. These classifications and parameters are intended
to maintain and preserve the quality of all water bodies based on their intended beneficial usage.
Class A is intended for drinking water supply sources after conventional treatment, while Class C is
intended for agriculture and irrigation [23,24]. While not conclusive, TCLP results suggest that both
raw materials could potentially leach high quantities if beneficially used in an unconsolidated matter
such as arsenic in CFA for both water classes. However, because TCLP simulates conditions within
the environment (i.e., landfill) that are different from beneficial use scenarios, the values presented
in Table 5 are higher than those obtained using non-buffered extractants such as distilled water [25].
The added benefit of comparing these values is that there is conservatism with the comparison.

Nevertheless, TCLP is still widely used as a test to determine if individual material is hazardous
since the test function is a conservative predictor of leaching. In the Philippines, the same limit and
test are also used to classify hazardous wastes, as stated in the DENR Administrative Order 2013-22 on
Hazardous Waste Management Procedural Manual [19].

On the other hand, the leachability of the NMW-CFA geopolymer is also worthy to note as the
alkalinity of the leachates of the precursors (NMW and CFA) or the geopolymer itself can influence the
leachability behavior of inorganic pollutants [26]. With this, some of the heavy metals initially present
may be more mobile due to higher pH values and warrant further investigation on the geopolymer [23].
For example, a study by Tigue et al. using a modified percolation test set-up has shown that the
arsenic leached out in high concentration compared with other heavy metals present in the geopolymer
sample [27]. On the other hand, some studies have also revealed that geopolymer technology is an
effective technique in the immobilization of heavy metals. For instance, Ahmari et al. confirmed that
heavy metals were found to be effectively immobilized in mine tailing geopolymer bricks [28]. Thus,
this will be considered in future work, especially that the mobility of metals present in the material
varies depending on the condition.
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3.1.4. X-ray Diffractometer (XRD)

The XRD patterns of CFA and NMW are shown in Figure 2. It was detected that CFA
contains minerals such as endellite, julgoldite, quartz, magnetite, troilite, and maghemite. The most
substantial peak intensities in this pattern were quartz, which is a typical XRD pattern for coal
fly ash similar to other studies [1,9]. On the other hand, NMW had various minerals identified;
however, minerals that were dominantly detected include silhydrite, montmorillonite, kaolinite,
santafeite, dickite, sodalite, szymanskiite, nontronite, moganite, tridymite, quartz, ferrosaponite,
chegemite, maghemite, and goethite. Most minerals identified contain Fe, namely santafeite, nontronite,
ferrosaponite, maghemite, and goethite, which can be matched with the XRF analysis with the highest
composition at 47.68% Fe;O3. Table 5 summarized the minerals with their corresponding chemical
formula. Most of the minerals for both samples contain Si and Al or aluminosilicate materials, which is
a good indication for a geopolymer precursor. Moreover, broad peaks between 26-27°, 35-37° 20 for
CFA, and between 19-23°, 33-37° 20 for raw NMW may correspond to the amorphous content of the
material. It is believed that the amorphous content of the material has played a significant role in
geopolymerization due to its reactive nature. This inference can be correlated with the study reported
in Jaarsveld et al., wherein materials having high amorphous content were found to yield a geopolymer
having a better mechanical property in binders [29].
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Figure 2. Mineralogical pattern (XRD) of raw materials (a) CFA and (b) NMW.

Table 5. List of detected minerals for NMW and CFA.

Mineral ID Abbreviation € Chemical Formula
CFA
Endellite End Al,Si;05(0H)4-2(H,0)
Julgoldite Jul CayFe? (Fe3*,Al),(Si04)(Si,O7)(0,0H),-(H,0)
Quartz Qz SiO,
Magnetite Mag Fe304
Maghemite Mgh v-Fe, O3
Hematite Hem Fe, O3

Troilite Tro FeS
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Table 5. Cont.

Mineral ID Abbreviation € Chemical Formula
NMW
Silhydrite Sih 35i0,-(H,0)
Montmorillonite Mnt (Na,Ca)0,3(A1,Mg),Si,O19(OH),-n(H,0)
Kaolinite Kin Al,Si;O5(0OH),
Santafeite San (Mn,Fe,ALMg)2(Mn** Mn?*),(Ca,Sr,Na)3(VO,,As0,)4(OH)3-2(H,O)
Dickite Dck Al,Si;O5(0H),
Sodalite Sdl NagAlgSigOy4Cly
Szymanskiite Szy Hg*16(Ni,Mg)e(H30)s(CO3)12-3(H,0)
Nontronite Non Na0.3Fe3+2(Si,Al)401(OH), n(H,0)
Moganite Mog 5i0,
Ferrosaponite Fsap Ca0.3(Fe>* Mg,Fe3*)3(Si,Al)401((OH),-4(H,0)
Tridymite Trd 5i0,
Chegemite Che Cay(SiOy4)3(OH),
Mineral ID Abbreviation € Chemical Formula
Maghemite Mgh v-Fe,O3
Goethite Gth Fe3+*O(OH)

¢ Nomenclature of minerals is based on the International Mineralogical Association (IMA). Minerals not found in
the table are abbreviated based on the format of Kretz as cited by Whitney et al. [30].

3.1.5. Scanning Electron Microscope

SEM images of raw materials were also captured, as shown in Figure 3. The structure of the raw
NMW is platy and loose with sheets, which is favorable for water storage [31]. On the other hand,
CFA images show that most of the particles are spherical (cenosphere) or are occurring as microspheres
and are looser than the NMW particles. These microspheres increase the specific surface area of the fly
ash [32]. Thus, there is a high probability that the total surface area of CFA is higher than a coarser
platy structure, which may make the CFA more reactive than NMW.

B8 i Wit

" 3000x

Figure 3. SEM images at magnification 3000x for (a) raw nickel-laterite mine waste and (b) coal fly ash.
3.2. Compressive Strength

The unconfined compressive strengths of the synthesized geopolymer were observed to range
from 1.93 MPa up to 22.14 MPa after 28 d (Figure 4). The experimental formulation mix number 15 with
an activator-to-precursor ratio of 0.429, 50% NMW, and with SH-to-SS ratio of 1:2 yielded the highest
value making it the best mix sample among other runs. The sample with an activator-to-precursor
ratio of 1, 100% NMW with 2 parts of sodium hydroxide and 1-part sodium silicate (SH-to-SS ratio of
2:1) resulted in deflocculation of NMW; hence it did not harden. This result is due to the following;:
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(1) the precursor is made from 100% NMW, which is not that reactive as CFA; (2) the high ratio of
SH-to-5S and low reactive Si and Al content of NMW resulted in excess amounts of NaOH and water.
Additional water generally improves the workability of the geopolymer paste made from a precursor
with high water holding capacity such as NMW. However, the excess water content can cause a dilution
effect, which affects the geopolymerization and, consequently, the number of active components that
can be mobilized [33]. It was also observed that the higher viscosity of concentrated NaOH solution
hindered the evaporation of excess water. This result means that the geopolymeric paste needs more
time or higher curing temperature to gain better or full strength [34,35].

25.00

16.1

22.1
20.00 B
- 137 141 144
10.00
5.15
. 4.02 442 4.84 S.15
00 103 245 250 2.66 301 328 378 I I
oo " m B N N I | I I I
4 7 12 8 10 11 [ 6 3 5 5 T

Run Order 13 17 18 14 16 2
Factor 1:
Activator: 1.00 | 1.00 | 1.00 1.00 | 0.667 | 0.429 | 1.00 | 0.429 | 0.667 | 0.667 | 0.667 | 0.667 | 0.429 | 0.429 | 1.00 | 0.667 | 0.667 | 0.429
Precursor ratio

Compressive Strength, MPa

Factor 2:
NMW-CFA content| 100 75 75 50 75 100 100 100 75 100 75 75 75 50 50 50 50 50
% NMW

Factor 3:

SH-to-SS ratio 2:1 2:1 1:1 2:1 2:1 2:1 12 1:1 1:1 12 1:1 1:1 1:2 2:1 1:2 1:1 1:1 12

Figure 4. Comparison of unconfined compressive strength at different mix proportions.
3.3. Model Statistics

The summary of model statistics suggested that the analysis model is quadratic with an adjusted
R-squared of 92.69% and a predicted R-squared of 80.97%, as shown in Table 6.

Table 6. Summary of model statistics for UCS.

Source Std. Dev. R? Adjusted R? Predicted R? Remarks
Linear 3.10 0.823 0.785 0.704
2F1 2.64 0.899 0.844 0.748
Quadratic 1.81 0.966 0.927 0.801 Suggested
Cubic 0.716 0.998 0.989 Aliased

The analysis of variance (ANOVA) for the quadratic model, shown in Table 7, indicates that the
model is significant. However, there are quadratic model terms with insignificant p-values, which the
model must be reduced, as shown in Table 8.
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Table 7. ANOVA for the quadratic model. ANOVA for the quadratic model.

Source Sum of Squares  df Mean Square F-Value p-Value Remarks
Model 735.05 9 81.67 24.94 <0.0001 significant
A—activator-to-precursor ratio 99.69 1 99.69 30.44 0.0006 significant
B—NMW-CFA content 320.70 1 320.70 97.93 <0.0001 significant
C—SH-to-SS ratio 107.22 1 107.22 32.74 0.0004 significant
AB 24.69 1 24.69 7.54 0.0252 significant
AC 0.02 1 0.02 0.01 0.9451 not significant
BC 27.62 1 27.62 8.43 0.0198 significant
A? 0.45 1 0.45 0.14 0.7200 not significant
B? 25.45 1 25.45 7.77 0.0236 significant
C? 422 1 422 1.29 0.2890 not significant
Residual 26.20 8 3.27
Lack of fit 24.66 5 4.93 9.61 0.0458 significant
Pure error 1.54 3 0.51
Cor total 761.25 17

Table 8. ANOVA for the reduced quadratic model.

Source Sum of Squares  df Mean Square F-Value p-Value Remarks

Model 727.58 6 121.26 39.61 <0.0001 significant

A—activator-to-precursor ratio 95.31 1 95.31 31.13 0.0002 significant

B—NMW-CFA content (% NMW) 315.15 1 315.15 102.94  <0.0001 significant

C—SH-to-SS ratio 100.18 1 100.18 32.72 0.0001 significant

AB 29.33 1 29.33 9.58 0.0102 significant

BC 28.54 1 28.54 9.32 0.0110 significant

B2 44.58 1 44.58 14.56 0.0029 significant
Residual 33.68 11 3.06

Lack of fit 32.14 8 4.02 7.83 0.0591 not significant

Pure error 1.54 3 0.5133

Cor total 761.25

3.4. Factors Affecting Compressive Strength

All three factors significantly affect the compressive strength of the synthesized geopolymer
based on ANOVA (Table 8). Representative plots of the relationship of individual factors with their
compressive strength are shown in Figure 5. All factors namely activator-to-precursor ratio (A),
percentage NMW (B) and SH-to-SS ratio (C) show the same effect to the compressive strength which
increases as individual factor decreases.

Factors affecting the compressive strength of geopolymers are related to the mechanisms involved
in the alkaline activation of various aluminosilicate precursors. Garcia-Lodeiro et al. reviewed various
geopolymerization models that can be summarized as follows: initially, the contact between the solid
aluminosilicate source and the alkaline solution causes the glassy or amorphous precursor components
to dissolve, releasing aluminates and silicates, probably as monomers. These monomers interact to
form dimers, trimers, tetramers, and so on. When the solution reaches saturation, an aluminosilicate
gel called N-A-S-H undergoes precipitation and restructuring. This step determines the composition,
structure, and physical properties of the resulting geopolymer [36].



Minerals 2020, 10, 1144 11 of 17

30 304 30
S5 <, s
57 ¢ S 577
% B B
] ] ]
& 15 - . 8 8 15
4 13 v -
Z s >
a (] a
g g g
" 75 B 75 54
o o o

[ 04 04

T T T T T T T T T T T T T T T T T
04286 05714 07143 08571 10000 50 60 70 0 90 100 05 08 11 14 17
A: Activator-to-Precursor ratio B: NMW-CFA Content (% NMW) C: SH-to-SS ratio

Design-Expert® Software
Factor Coding: Actual

Compressive Strength (MPa)
@ Design Points

95% CIBands

Actual Factors

A: Activator-to-Precursor ratio = 0.42857
B: NMW-CFA Content = 50

C: SH-to-SS ratio=0.5

Figure 5. One-factor plot.

Based on the above mechanism, the amount and reactivity of precursors and alkaline activating
solutions are crucial in geopolymer synthesis and properties. This result may have been because
more precursor is present in the system to participate in the geopolymerization process. In the
study of Pacheco-Torgal et al. [37], it suggested that aside from the composition of the precursor
materials, the relative amount of the precursor and composition of the alkaline activators also affect
the strength and other properties of geopolymers. This observation may be due to the increase
in coal fly ash percentage, which is more reactive than the NMW. The decrease of SH-to-SS ratio
means more SS in the solution, which means more SiO3 content in the system can participate in the
geopolymerization reaction.

Figure 6 shows the interaction graph of AB and BC. The interaction of factors A
(activator-to-precursor ratio) and B (% NMW) shows that the compressive strength increases as
both factors decrease (Figure 6a). The interaction AB shows that the trend of compressive strength is
affected when %NMW (B) is changed from 50% to 100%. At 100% NMW), the change in compressive
strength is less obvious when the activator-to-precursor ratio (A) is changed. Decreasing the % NMW
(B) corresponds to the increase of CFA content in the system, in which CFA is more reactive for
geopolymerization. Moreover, when the activator-to-precursor ratio (A) decreases, a higher precursor
amount is present in the system. When the amount of precursor is increased, the geopolymerization
reaction is boosted because of the high reactivity of CFA, increasing the compressive strength of
the product. Similarly, Figure 6b also shows the interaction of factors B (% NMW) and C (SH-to-SS
ratio) that compressive strength also increases as both factors B and C decreases. The interaction BC
shows that when SH-to-SS ratio (C) is increased from 0.5 to 2, the trend of the compressive strength
decreased slowly when % NMW (B) is increased from 50% to 100%.The possible explanation for
this is that when % NMW is decreased, more CFA is present in the system. This interaction can be
further explained by the mineralogy of the precursors. The XRD of the NMW shows that it has less
active aluminosilicate components than CFA. Thus, increasing the amount of CFA in the precursor
mix improves the reactivity and influence the compressive strength of the final geopolymer mixture.
Moreover, when SH-to-SS is decreased, it means a high value of SS (Na,SiO3) is present. The SH may
have easily dissolved the reactive aluminosilicates in both the NMW and CFA, so less hydroxide is
needed before the geopolymerization process. Thus, SS is considerably needed as a binding source
and promoter of hardening [38].
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3.5. Regression Model

The regression result further explains the result of ANOVA. The resulting linear regression model
based on these observed values is as follows:

Y = 86.337 — 30.408A — 1.310B — 11.408C + 0.268AB + 0.0996BC + 0.0052B> D)

where:

Y = Compressive strength, MPa

A = Activator — to — precursor ratio
B = NMW — CFA content, % NMW
C = SH —to — SS ratio

From Equation (1), it can be observed that factor B (% NMW) can significantly affect the compressive
strength of the geopolymer as it is present in 4 out of 7 coefficients in the equation. Based on the
regression model, the compressive strength decreases linearly with B (% NMW) while increases
with the following second-order terms: AB, BC, and B2. However, as shown in Figure 5 (One-factor
plot), the observed inverse relationship of compressive strength and B (% NMW) is more prevalent
compared to the direct relationship of the 2nd degree involving B (% NMW) to the compressive
strength. This model is expected since these are primary raw materials containing SiO, and Al,O3,
which are necessary components to undergo geopolymerization. The decrease in % NMW corresponds
to the increase of CFA content in the mixture. The raw material characterization of CFA suggests
that it could be more reactive than NMW, and thus, the modification of the percentage from 100% to
50% NMW enhances the compressive strength. Moreover, CFA has higher SiO, and Al,O5 content.
Thus, when the amount of CFA is increased, more aluminosilicate can participate in the reaction [5].
Furthermore, the increase of SiO; and Al,O3, with the additional presence of Fe3* in the mixture,
may also influence the compressive strength of the product by replacing or substituting Al>* by Fe3*
in the octahedral sites of an aluminosilicate structure [39,40]. This model indicates that the proper
selection of precursors needs to be determined using characterization methods. Lastly, the I-optimal
design of the experiment can help us fine-tune the mix design of the geopolymer for the sampling and
selection of a new precursor source [38].

3.6. Response Surface Methodology (Optimization)

The numerical optimization tool of the Design-Expert software was used to find the optimal
point on the response surface to maximize the unconfined compressive strength of the synthesized
geopolymer. The selected values were followed in the region where maximum strength can be seen,
which from Figure 7, it can be observed that the maximum strength is approaching the minimum
values of all the factors. With desirability of 1.0, the calculated optimized mix formulation is obtained
with an activator-to-precursor ratio of 0.438, percent NMW of 50.1%, and an SH-to-SS ratio of 0.520.
The predicted value is calculated at 22.9 MPa with a predicted R? equivalent of 0.890.
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3.7. Confirmatory Run

Using the calculated optimized mix formulation obtained with an activator-to-precursor ratio of
0.438, percent NMW of 50.1%, and an SH-to-SS ratio of 0.520, a confirmatory run of the synthesized
geopolymer was performed. The unconfined compressive strength of the confirmatory run was
obtained to be 36.3 MPa with a deviation of —58.0% (Table 9).

Table 9. Predicted and observed values of unconfined compressive strength (UCS) of the
confirmatory run.

A—Activator-to- B:NMW-CFA (. g1\ 66 predicted UCS  Observed UCS

Precursor Content . % Deviation
Ratio (% NMW) Ratio MPa MPa
0.438 50.1 0.520 229 36.3 —58.0%

The deviation of —58.0% could be attributed to the noise that was not controlled and measured
during the experiment. Nonetheless, the result is in reasonable agreement with the predicted R?
equivalent to 0.8902. The deviation may be attributed to the uncontrolled external factors, such as the
type and strength of manual mixing of raw materials, the person who performed the mixing, and the
UCS equipment used for the optimized sample analyzed by a third party.
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3.8. Morphological Properties of Synthesized Geopolymer

Figure 8 shows the different images of synthesized geopolymer with different NMW-CFA content.
Synthesized geopolymer using 100% NMW has several voids and more unreacted NMW, resulting in a
lower compressive strength than a matrix with a compact structure. The morphology of geopolymer
with 75% NMW has cemented surfaces but with fewer voids and fewer unreacted NMW, which can
be a basis of a higher compressive strength than the previous geopolymer. Geopolymer with 50%
NMMW has the most apparent or widest distribution of cemented surfaces among the geopolymers,
which signifies a higher compressive strength. Although, there are some spherical shapes seen, which is
unreacted coal fly ash. On the other hand, the optimized sample has a larger cemented surface area,
which explains its highest compressive strength for all the samples.

(a) Geopolymer
(100% NMW)

(b) Geopolymer
(75% NMW)

(c) Geopolymer
Y!
(50% NMW)

(d)GOpfimlized ) R T 'M-. : 80 um  3000x
eopolymer

Ccmented . =

- 100 200 30.0 40.0 ' Ly s
Compressive Strength, MPa

3000x

Figure 8. SEM images of synthesized geopolymer at different precursor mix (1000x) with
corresponding UCS.

3.9. Potential Engineering Application

Table 10 shows the unconfined compressive strength of the synthesized geopolymer (optimized,
50% NMW, 75% NMW, and 100% NMW) and compared it to several types of concretes. Based on the
standard unconfined compressive strengths, the synthesized geopolymers can have a potential
application for concrete structures and concrete pavers, pedestrian and light traffic pavers,
and plain concretes.

Table 10. Comparison of unconfined compressive strength from the standard materials.

Material Mixture Application UCS (MPa) Source

Class A Concrete OPC-sand mixture Concrete structures and 20.7
concrete pavements

Pedestrian and light traffic
paver

20.7 DPWH and ASTM
Standards [41,42]

Class C Concrete OPC-sand mixture

Class B Concrete OPC-sand mixture Plain concrete foF structure 16.5
(curbs, gutter, sidewalks)

Class F Concrete OPC-sand mixture Plain concrete for leveling 11.8
Optimized sample Pavers, bricks 36.3£3.6
Geopolymer 50% NMW; 50% CFA Pavers 221+54 This study, 2020
75% NMW; 25% CFA Coring bricks 13.7 £29

100% NMW Clay bricks 442+0.3
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4. Conclusions

This paper presents an experimental study to produce an optimized geopolymer material that
yields the highest value of unconfined compressive strength from the mixture of nickel-laterite mine
waste (NMW), coal fly ash (CFA), and an alkali activator with components of sodium hydroxide (SH)
and sodium silicate (SS). The optimum formulation mix was found to have an activator-to-precursor
ratio of 0.428% NMW of 50.1%, and SH-to-SS ratio of 0.520, which produces a geopolymer with an
average 28-day compressive strength of 36.3 MPa. This value is comparable to ordinary Portland
cement for concrete structures and pavers, pedestrian pavers, light traffic pavers, and plain concrete.

SEM/EDX also showed that the optimum formulation has a cemented surface, resulting in a high
unconfined compressive strength. The sample with low compressive strength was observed to have
large voids in the microstructure, explaining its lower unconfined compressive strength.

Future work includes exploring the leachability of the NMW-CFA mixture to evaluate further the
leachability of different mixtures, which may affect its pH during the test. Moreover, the leachability
behavior of the NMW-CFA geopolymer product warrants further investigation as the nature of the
material becomes more basic. Exploring the effect of the iron content of the NMW in the synthesis
of the geopolymer, curing conditions, and other formulation mixes of the synthesized geopolymer
should also consider in future studies. Other engineering properties can also be explored like water
absorption, flexural strength, shrinkage, heat resistance, and porosity for other engineering applications
like filtrations, panel boards, bricks, tiles, and other ceramic and building applications.
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