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Compressive strength and Water Flux perFormanCe oF type C  
and type F Fly ash-Based geopolymer memBrane

this study explains the influence of fly ash type C and type f on the properties of membrane geopolymer. the geopolymer 
paste was synthesized through a mix of fly ash (fa) and an alkaline activator (aa) (2:1 mass ratio of fa:aa). the alkali activa-
tor was prepared from sodium silicate and 12 M sodium hydroxide solution in a mass ratio of 1.6. hydrogen peroxide 3 wt.% 
was applied as the pore-forming agent, and 4 wt.% glass fiber was employed for reinforcement. the properties of the geopolymer 
were investigated via fourier-transform infrared, X-ray diffraction, and scanning electron microscopy. the compressive strength 
confirmed the higher performance of the type C fly ash-based geopolymer membrane (CfaGM) over the type f fly ash-based 
geopolymer membrane (ffaGM). on the other hand, ffaGM exhibited an enhanced water permeation flux owing to the larger 
pore diameter. these results affirmed the excellent performance compared to the previous study.
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1. introduction

Clean water, as the prevailing demand, is one of the most 
important targets of the 2030 Sustainable Development Goals 
(SDGs). the wastewater treatment particularly supports the 
achievement of SDGs No. 11 and 17, covering goals related to 
water, health, prosperity, energy, and the environment [1]. in 
the quest to provide clean water, many technologies have been 
studied to treat wastewater, including coagulation/flocculation, 
adsorption, advanced oxidation, and electrochemistry. among 
those methods, membrane technology performs superior practi-
cality, high selectivity, and excellent reusability [2]. additionally, 
geopolymer exhibits a high efficacy in the removal of pollutants 
in wastewater, providing increased energy efficiency. 

according to the material, membrane is classified into 
polymer and ceramic. apart from high filtrating performance, 
polymer membrane is prone to fouling and impractical at high 
temperatures and pressure [3]. the ceramic membrane has excel-
lent fouling resistance and is applicable in many various condi-
tions [4]. however, the ceramic membrane is associated with high 
prices and complicated synthesis procedures that require high 

temperatures (above 500℃) [5]. From the drawbacks mentioned 
above, a geopolymer membrane emerges to resolve the fouling 
issue with a feasible preparation at low temperatures [6].

Geopolymer membrane has sufficient compressive strength 
within the range of 18.5-62 MPa [7,8] and pore diameter at the 
nano to micrometer scale [9,10] permitting it to be applied as 
a bioreactor. Previous studies reported the high achievement 
of geopolymer membranes with high permeation flux [11] and 
remarkable selectivity. Notably, the geopolymer membrane is 
a promising alternative for wastewater filtration. in addition, 
geopolymer membranes decrease the energy consumption and 
lower production costs are more energy and cost-saving than 
conventional ceramic membranes [6]. however, several improve-
ments in membrane characteristics are unavoidably necessary, 
especially the higher porosity and compressive strength. 

the disadvantages displayed by geopolymer are the low 
bending strength and crack resistance [12], making it unfeasible 
to be applied as thin as a polymer membrane since this material 
is brittle. to ensure the feed can pass through without any hin-
der in certain thickness, the porosity improvement is an utmost 
inevitability. the porosity of the geopolymer membrane can be 
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modified by the addition of pore-forming agents. Sanguanpak 
et al. [13] applied al powder to synthesize a metakaolin-based 
porous geopolymer membrane. Deng et al. [14] utilized hy-
drogen peroxide (h2o2) to synthesize the rich pore structure 
of the geopolymer membrane. During the hardening process, 
hydrogen peroxide easily decomposes in an alkaline environ-
ment [15] and releases oxygen bubbles leading to the formation 
of micro and millimeter-sized pores [16]. the effectiveness 
of h2o2 as a pore-forming agent was conveyed by the uni-
form and well-distributed open pores, as mentioned in other  
studies [17,18]. 

the compressive strength of geopolymer membrane de-
pends on the source of silica-alumina materials. Geopolymer 
membranes can be prepared from widely available materials 
such as fly ash [19], metakaolin [20], red mud [21], and rice 
husk ash [22]. amidst these aluminosilicate materials, fly ash, as 
generated from the power plant, constitutes the most economi-
cally profitable precursor [23,24]. therefore, the utilization of 
fly ash as a geopolymer membrane precursor addresses the waste 
disposal issues [25]. fly ash is classified into two categories 
based on the Calcium (Ca) content: type C and type f. type C 
fly ash (Cfa) has high Ca while type f has low Ca content [26]. 

Previous studies have produced fly ash-based geopolymer 
membranes with compressive strengths of 18.5 MPa. however, 
despite its 5 mm thickness, this membrane produced a very low 
water flux (29 l.m–2.h–1) [7]. other research has produced fly 
ash-based geopolymer membranes utilizing h2o2 and starch 
(C6h10o5)n as pore-forming agents. the resulting membranes 
have compressive strength of 13.05 MPa and 14.90 MPa, 
respectively [27]. in addition, Shao et al. [28] synthesized an 
analcime/geopolymer composite membrane derived from fly 
ash for organic pollutant filtration with high permeation flux 
(340-440 l·m–2·h–1).

this study investigates the preparation of porous geopoly-
mer membranes from type C and f fly ash with h2o2 as a pore-
forming agent. Several techniques were adopted to confirm the 
properties of geopolymer membranes, including mineral com-
position, functional group, and morphology. the performance of 
the membrane was defined by the porosity, mechanical strength, 
and water permeation flux.

2. experimental

2.1. materials

the fly ash type C was obtained from the power plan of 
Pt iPMoMi, Probolinggo, while type f was collected from 
tanjung awar-awar tuban, east java, indonesia. the chemical 
composition of fly ash was investigated by X-ray fluorescence 
(Xrf) analysis, as mentioned in table 1. Pro-analysis (p.a) 
grade of sodium hydroxide (Naoh) and hydrogen peroxide 
(h2o2) 30% were purchased from Merck. Sodium silicate 
(Na2Sio3) (Sio2 30.62% and Na2o 9.42%) was attained locally 
from Pt brataco.

2.2. methods 

2.2.1. geopolymer and membrane geopolymer  
preparation

Prior to the geopolymer preparation, fly ash was sieved at 
100 mesh and heated up to 105℃ for 24 h. Afterward, 4 wt.% 
of glass fiber was mixed with this dried fly ash referred to in the 
previous study by bai et al. [29]. Separately, the alkaline activator 
was prepared by the addition of sodium silicate (Na2Sio3) into 
12 M sodium hydroxide (Naoh) solution at a mass ratio of 1.6:1. 

the geopolymer was synthesized by mixing the fly ash 
(fa)-glass fiber and alkali activator (aa) (2:1 mass ratio of 
fa:aa) using a hand mixer for 4 minutes. an appropriate amount 
of 3% h2o2 was added, and the stirring was resumed for 2 min-
utes. the geopolymer paste was cast into a disk shape membrane 
mold with a 5 mm diameter and 6 mm thickness. for the purpose 
of compressive strength analysis, the paste was also shaped into 
a cubic with the dimension of 24 mm×24 mm×24 mm. the ge-
opolymer membrane was attained after the curing process at 55℃ 
for 24 h, followed by the same procedure at room temperature 
for 2 h. according to the type of fly ash used, the membrane was 
denoted as type C fly ash geopolymer membrane (CfaGM) and 
type f fly ash geopolymer membrane (ffaGM).

2.2.2. Characterizations

a vicat needle technique was applied to study the setting 
time of the geopolymer. a vicat needle was periodically inserted 
into the geopolymer paste in a cylindric mold (20 mm diameter 
and 60 mm height). the setting time was determined by the total 
time required for the paste to harden so that the needle could 
not pass through the geopolymer. Compressive strength was 
investigated by the universal testing machine using the cube-
shaped geopolymer.

Mineral phase analysis of geopolymer was carried out by 
an Xpert PANalytical X-ray diffractometer using CuKα radia-
tion (λ = 1,5406 Å) at 5-65◦ 2θ with 0.01° step size. An 8400S 
Shimadzu fourier transform infra-red (ftir) was employed to 
study the functional group of fly ash and geopolymer. the spectra 
were collected at the wavelength range of 4,000-400 cm−1, where 
the sample was prepared in a kbr pellet. the morphologies of 
the samples were observed over scanning electron microscopy 
(hitachi flexsem 1000; coating ion sputtering coxem SPt-20 
machine) at an accelerating voltage of 12 kv. the pore diameter 
was calculated by image j software.

2.2.3. Water permeability test of geopolymer membrane

a water permeability test was carried out in a dead-end 
filtration system. in a typical experiment, the geopolymer mem-
brane was placed at the bottom of the reactor, and about 100 ml 
of water was poured into the filtration chamber. the reactor was 
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pressurized at 2 bar using an air compressor. the filtration was 
conducted for 100 minutes, and the filtrate was collected every 
20 minutes. the water permeation flux was determined by the 
following formula:

 
 

    
VF

A t P


 
  (1)

where F represents water permeation flux (l·m–2·h–1·bar–1), 
V is the permeate volume (l), A is the surface area of the mem-
brane (m2), t is the time of filtration (h), and P is pressure (bar).

3. results and discussions

3.1. geopolymer characterizations 

the chemical composition of fly ash was analyzed by 
the Xrf technique, as tabulated in table 1. the result was 
considered in the determination of Si/al, which was used for 
the formulation of geopolymer synthesis. it was also confirmed 
that the Cao content of type C fly ash (Cfa) was 3.5 higher than 
that of type f (ffa). table 2 represents the comparison of Cao 
content in fly ash for both types. this result was considered for 
the following study described in the subsequent subchapters.

table 1

Chemical composition of type C and type f fly ash

Chemical 
Composition na2o sio2 al2o3 Cao Fe2o3 tio2 loi

CFa 2.28 29.67 13.89 21.91 15.48 0.74 3.15
FFa 1.5 46.3 26.4 6.17 11.47 1.93 1.17

table 2

Comparison of results CfaGM and ffaGM properties

properties CFagm FFagm
Cao content in raw material (%) 21.91 6.17

Setting time (minutes) 23 225
Pore diameter (mm) 188.95 209.43

Compressive strength (28 days) (MPa) 22.6±3.5 19.7±5.3
Water permeation flux (L.m–2.h–1.bar–1) 48.917 356.943

fig. 1 depicts the diffractograms of fly ash and geopolymer 
membrane. Cfa and ffa generally exhibited two main features: 
high crystalline and amorphous phases. Quartz (Q) and mullite 
(M) were the major crystalline phase observed in both Cfa and 
ffa. hematite (h) and calcite (C) were presented only in Cfa, 
while corundum (Cor) was present in ffa. the amorphous phase 
was assigned in the form of a hump at 2θ = 20-35°, which is 
beneficial for geopolymer synthesis [26]. based on fig. 1, ffa 
has a higher intensity of crystal phase than Cfa. according to 
luhar et al. [30], type f fly ashes that contain low calcium have 
a higher presence of more crystalline, chemically inert phases. 

in terms of CfaGM and ffaGM diffractograms, several 
differences appeared in some features. a higher intensity of 

quartz in both membranes represented the additional glass fiber 
during the preparation. the mullite and quartz intensities slightly 
decreased that indicating the low dissolution of Si and al into the 
alkali solution. The amorphous hump shift from 2θ of 20-35° to 
25-40° confirmed the presence of geopolymer with amorphous 
characteristics [31]. 

fig. 1. Diffractogram of Cfa, ffa, CfaGM and ffaGM

the functional group of fly ash and geopolymer was ana-
lyzed by ftir, as illustrated in fig. 2. the o-h stretching mode 
and bending h-o-h of water molecules were represented by 
peaks at 3400 and 1650 cm–1, respectively. these peaks were 
associated with the presence of water adsorbed on the surface. 
the sharp feature at 900-990 cm–1 implied the vibration of 
Si-o-t (t = tetrahedral Si or al). this peak shifted to the lower 
wavenumber for CfaGM and ffaGM samples due to the dis-
solution of Si and al during the geopolymerization process [32]. 
additionally, the band at approximately 1400 cm–1 was attributed 
to the asymmetric stretching of the o-C-o, inferring the reaction 
between extra Na+ or k+ and atmospheric Co2 [33]. 

fig. 2. ftir spectra of Cfa, ffa, CfaGM and ffaGM



1110

the morphology of geopolymer membranes is shown 
in fig. 3. ffaGM possessed much larger pores compared to 
CfaGM, with an average pore diameter of 209.43 mm and 
188.95 mm, respectively. it is worth noting that the Cao content 
in the precursor plays a significant role in the decomposition of 
h2o2 during pore formation. 

3.2. setting time and compressive strength  
of geopolymer

the setting time of geopolymer was defined by the time 
required for geopolymer paste to harden. CfaGM sample hard-
ened ten folds faster than ffaGM, as conveyed by the setting 
time in fig. 4. the high content of Cao in Cfa is responsible 
for the rapid setting time on CfaGM since the al3+ and Si4+ ions 
formed during fly ash hydrolyze in an alkaline solution, reacted 
with Ca2+ to form calcium silicate hydrate gel (C-S-h), calcium 
aluminate hydrate gel (C-a-h), or calcium aluminium silicate gel 
(C-a-S-h), (C = Cao, S = Sio2, a = al2o3, h = h2o) [34]. the 
Ca2+ ion enhanced the formation as well as the agglomeration 
of nuclei in C-a-S-h gel and C-S-h gel [35]. according to jaya 
et al. [36], the rapid formation of amorphous C-a-S-h gel and 
C-S-h gel released high heat of hydration, leading to a shorter 
setting time. Moreover, Ca2+ ions facilitated the polymerization 
reaction between the silicates and aluminates to produce more 
N-a-S-h gels.

the hardening time of the geopolymer membrane paste in-
fluenced the pore formation by the pore-forming agent. the faster 
the setting time, the fewer pores generated on the geopolymer 

membrane, and vice versa (fig. 3). Small pores were produced 
during the short setting time where the paste underwent rapid 
drying. Prolonging the setting time provided an adequate time 
for h2o2 to decompose more, and the bubbles gathered inside 
the paste to form larger pores [37]. 

fig. 4. Setting time of CfaGM and ffaGM

for the purpose of comparison, the aging process was 
varied into 7 and 28 days before being tested for compressive 
strength. the results (fig. 5) inferred that extending the aging 
time initiated higher compressive strength due to the formation 
of the longer chains of aluminosilicate oligomers in the form of 

fig. 3. Cross section and macropore diameter distribution of CfaGM and ffaGM
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polysialate -Si-o-al- chain or polysialate siloxo -Si-o-al-o-
Si-o- chain or polysialate disiloxo -Si-o-al-o-Si-o-Si-o chain 
[38]. hence, CfaGM 28 days exhibited higher compressive 
strength (22.6±3.5 MPa) than ffaGM (19.7±5.3 MPa). beyond 
28 days, the aging process generated futile results on geopolymer 
compressive strength [39]. the compressive strength of CfaGM 
and ffaGM synthesis in this study was higher compared to the 
previously reported studies [7,27,40].

the results on the influence of using type C and type f fly 
ash on the compressive strength of geopolymers are shown in fig. 
5. the compressive strength was related to the Cao content in fly 
ash precursors. according to Singh et al. [24], fly ash’s calcium 
content contributes significantly to the strength development 
of geopolymer. in fig. 5, the compressive strength results of 
type C fly ash, which contains higher calcium oxide amounts, are 
higher than type f fly ash with lower calcium oxide amounts. 
this result is in agreement with the results obtained by Sumer 
et al. [41]. in the early geopolymerization, the dissolute calcium 
ions (Ca2+) participate in the formation of 3D network N-a-S-h 
gels. Calcium ions accelerate the geopolymerization of pastes, 
contributing to stiffness development and compressive strength 
enhancement [42].

the high Cao content will accelerate the hardening pro-
cess, resulting in a denser microstructure and high mechanical 
strength. on the other hand, lower Cao prolonged the setting 
process allowing the formation of the larger pore to proceed, 
leading to lower compressive strength. based on fig. 3, ffaGM 
possessed much larger pores compared to CfaGM. these results 
support the fact in fig. 5 that the compressive strength of ffaGM 
is lower than ffaGM. according to a previous study, the foam 
released by h2o2 as a pore-forming agent was unstable, and 
large pores often appeared in the final porous geopolymer [15]. 
the presence of h2o2 increases average cell pore size, pore 
volume fraction, and porosity but reduces the relative density 
and compressive strength [43,44]. 

fig. 5. Compressive strength of CfaGM and ffaGM

3.3. Flux performance of type C and F fly ash-based 
geopolymer membrane

the performance of the geopolymer membrane was tested 
on water permeation flux, as illustrated in fig. 6. in general, the 
water permeation flux declined as a function of filtration time. in 
terms of ffaGM, the permeation flux constantly dropped from 
356.943 to 238.4713 l.m–2.h–1.bar–1 after 80 minutes and slightly 
decreased afterward. in comparison, the constant decline pro-
ceeded up to 60 minutes from 48.917 to 32.866 l.m–2.h–1.bar–1 
over CfaGM. the water flux value of CfaGM is more ex-
cellent than previously developed geopolymer membranes 
[7,11,37,40,45-47]. another researcher also observed the value 
of the flux as a function of time and reported the same phe-
nomenon [48,49]. according to Chen et al. [50], the decrease 
in permeability is linked to the reduction in pore size, porosity, 
and poor connection of pores, which can correlate with the 
continuance of geopolymerization due to which facilitating by 
water [51]. furthermore, ffaGM performed higher permeation 
flux due to the existence of larger pores compared to the CfaGM. 

fig. 6. water flux performance of ffaGM and CfaGM

fig. 7 illustrates the role of pores formed by the decompo-
sition of h2o2, which decreases the net thickness of the mem-
brane. ffaGM possessed larger pores than CfaGM, resulting 
in a shorter distance for the feed to pass through the membrane. 
as a consequence, ffaGM exhibited higher permeation flux. 
Ge et al. [48] showed that the geopolymer porous structure 
intensively influenced the water flux. the increased membrane 
pore size raised the water flux, but the compressive strength was 
reduced. Xu et al. [11] also reported that larger pores lead to an 
increase in water flux.

4. Conclusions

Geopolymer membrane was successfully prepared from fly 
ash types C and f, as confirmed by the diffractogram of XrD 
and ftir spectra. the Cao content of fly ash influenced the 
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geopolymer membrane’s setting time, mechanical strength, and 
pore size, which affected the performance of the water flux ge-
opolymer membrane. lower Cao content in type f fly ash hardly 
fastened the geopolymer hardening time (225 minutes), hereby 
providing sufficient time for large pore diameter formation 
(209.43 mm), higher water flux value (356.943  l.m–2·h–1·bar–1) 
but lower compressive strength (19.7±5.3 MPa) than type C fly 
ash, which required only 23 minutes to set as a hardener geopoly-
mer induced the formation of pores with an average diameter of 
188.95 mm, resulted in water flux was 48.917 l.m–2.h–1.bar–1 
and the compressive strength 22.6±3.5 MPa.
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