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The materials for medical application are normally consisted of metal, ceramic, and polymer. Each material
has its own limitations such as corrosion in metal, the brittleness of ceramic, and the high temperature problem of
polymer. To eliminate their weakness, combining one or more respective materials are encouraged, which termed
as composite. One of the emerging composite materials that can be utilized in medical application are geopolymer,
which is an inorganic polymer material consisted of aluminosilicate sources such as metakaolin and sol-gel
synthesized material and alkali activator consisted of strong alkali hydroxide and sodium silicate solution. This
review paper elaborated the raw materials, alkali activators, and admixture for geopolymer, and the application of
geopolymer-based material for medical purposes. We also discuss the prospective and challenges of geopolymer
for the medical field. The adjustable strength and porosity make this material versatile for coating substrates to
become bone scaffold material. However, the concern remains about the leaching and high alkalinity of
geopolymers. This could be improved by reducing the molarity of sodium hydroxide and mixing geopolymer with
compounds to trap the harmful leachate agent inside and studying different solutions for the activation of

geopolymer.
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Introduction

Geopolymer is an aluminosilicate-based amorphous
material that has been used to solve the problem of by-
product materials, such as industrial, metallurgical, and
agricultural wastes, by alkalization. Furthermore, natural
sources that are rich in silicon (Si) and aluminum (Al) can
also be wused as geopolymer precursors. The
aluminosilicate precursor powder reacts with an activating
alkaline solution of sodium and/or potassium hydroxides
and silicates at temperatures below 100 °C to produce a
ceramic amorphous matrix. Currently, geopolymers have
been widely used for scientific and industrial applications
[1]. These applications include cement and concrete,
ceramics, refractory materials, soil stabilizers, coatings,
heavy metal removal, pigments, and carbon capture.
Portland-cement-based concrete has several issues, such
as low alkali-silica reaction (ASR) resistance, is
susceptible to corrosion in marine environments, and
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generates carbon dioxide emissions from the manufacture
and transportation of Portland cement [2]. There are also
major concerns about stockpiled and unutilized waste
material from industries, which can be harmful when
directly exposed to the environment. These problems can
be solved by geopolymer.

Geopolymer has considerable chemical, physical,
mechanical, and morphological characteristics when it
made into nanocomposite, which can be applied in the
medical field. The factors that hinder the development of
geopolymer-based medical applications are their low
biocompatibility, which can be solved by the addition of
materials that can increase the aforementioned properties.
This is reflected in the increased interest in geopolymers
for biomaterials application research in recent
years. Although geopolymers had been found since 1979
by Davidovits, these inorganic polymers are still a hot
topic discussed these years [3]. These are reflected by the
increasing number scientific study in terms of geopolymer
publications collected from Scopus website as illustrated
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in Fig.1. The last ten years of Scopus data from 10.633
scholarly papers, showed that the focus on geopolymer
research has been dominated by the theme of materials
structure and geopolymer concrete, as well as mapping the
geopolymer co-occurrence keyword using VVosViewer in
Fig. 2. There are still many areas that need to be looked
into and strengthened in this regard: (i) the investigation
of potential methods to reduce the high alkalinity
possessed by geopolymers, which severely restricts
biocompatibility; (ii) the careful selection and
characterization of aluminosilicate precursors due to the
potential presence of heavy metals that could cause severe
damage to health; (iii) the study of the stoichiometry of the
geopolymerization reaction to find the correlation
between the Si/Al ratio and biocompatibility with the cell-
level environment.

Data calculation from Biblioshiny analysis shows
annual growth rate scholarly paper about geopolymer for
medical application circa 5.48% with average citation per
document 11.26. Nevertheless, the discussion of
geopolymer for medical applications is a new discussion
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and there are still very few, it doesn't even appear on the
yellowish topic map above, so there are still many
interesting gaps that can be further studied. Scopus
collected only 37 documents related to the keywords
geopolymers and medical with a time span from 2010 until
2024 which we can further analyze blibiometrically in Fig.
3, Fig. 4 and Table 3.

Chemical composition of biomedical waste ash by various
researchers. shown the country productivity based on the
number of authors, with most of them comes from Asian
and European continents.

This paper assesses the potential of geopolymer
materials in biomedical applications by examining the
findings of published research articles and contrasting
them with the characteristics of the materials typically
used as antibacterial, drug delivery, implants, and dental
materials while emphasizing the advantages and
disadvantages. The most recent advancements in materials
made of geopolymers that could be used in the biomedical
sector are covered in this review and
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Fig.1. The number of research publications of geopolymer from Scopus by year per May 2024.
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Fig. 2. (a) Clustering topic geopolymer from scholarly papers Scopus data, (b) overlay visualization based on the
average occurrence of keywords by year based on Mapping VosViewer.
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Table 1.
Country Scientific Production
Region Frequency
INDIA 42
ITALY 16
CHINA
MALAYSIA
AUSTRALIA
GREECE
POLAND
THAILAND
CZECH REPUBLIC
FRANCE
SWEDEN
JAPAN
MOROCCO
UK
GERMANY
IRAQ
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highlighted the important issues and challenges. The

37 document results

Year Documents+  Documents by year

10
2024 4

2023 4 8

2022 8

2021 4

Documents

2020 3

2019 3

2018 3

2017 0

2016 0

2015 0\

prospective and challenges are also discussed.

. Geopolymer

Geopolymer material is a mixture of alkali activator
solution and materials rich in alumina (Al.O3) and silica
(Si0y), or simply aluminosilicate. An inorganic
polycondensation reaction, also known as
"geopolymerization,” between solid aluminosilicate
precursors and alkaline solutions or highly concentrated
aqueous alkali hydroxide, produces a class of
aluminosilicate materials known as geopolymers. This
process is represented in Fig. 5. The first inorganic
geopolymer material was created by Davidovits by mixing
Si and Al rich material such as clay, fly ash, and slag with
alkaline activator. The geopolymerization are represented
in three main steps: (i) Free silica and alumina tetrahedron
units are created when aluminosilicate materials dissolve
in the concentrated alkali solution, (ii) An inorganic
geopolymer gel phase is produced during the condensation
of alumina and silica hydroxyl. Water leaves the structure
to 2024

Select year range to analyze: 2010

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Fig. 3. The number of research publications with the keywords of geopolymer and medical. Data was collected from
Scopus website as per May 2024.
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Fig. 4. Country scientific production scholarly paper.
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as a result of this process, (iii) The three-dimensional
silicoaluminate network that has been created hardens and
condenses.

Geopolymers can also be functionalized, made into
organic-inorganic hybrids, or combined with other
materials to create composites in order to produce novel
materials for cutting-edge technological applications
[4-7]. The organic phase may be added to the geopolymer
paste in either a liquid or solid form, such as a fibers,
whiskers, or particles [8, 9]. The illustration was
represented in Fig. 6.

Fibers

Whiskers

Geopolymer
Matrix

Particles

Fig. 6. Schematic illustration of different phase adition
to geopolymer.

Geopolymer has been widely used as a coating
material since it has good corrosion resistance for metal
[10]. The methods for applying geopolymer coating to
substrate materials include spray and spin coating [11-13].
To accelerate the curing rate of geopolymer-based
coatings, elevated temperatures are often used [14].
Temperatures above room temperature (60-80 °C) are
ideal for geopolymerization because they facilitate the
dissolution response of raw materials [15]. The ratio of
water to solid can affect the workability and adhesion [16].
The fluidity of geopolymers can be maintained in liquid

Geopolymerization

* M represents alkali metal (ex: Na and K)
** Q species of Si in the gel structure
Fig. 5. Geopolymerization process involving aluminosilicate materials and alkali activators resulted in MASH gel.
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form as long as they are subjected to constant shearing
[17-19]. The setting time of the coating depends on its
chemical composition, which can be reduced by lowering
Si/Al ratios or increasing calcium content. Delayed setting
times can be achieved at higher Si/Al ratios.

I1. Source of raw materials

The raw materials for geopolymer have to be rich in
Al>Oz and SiO». They typically include metakaolin and/or
the waste materials left over from different industrial
processes, such as fly ash, bottom ash, red mud, steel slag,
waste glass, rice husk ash, tailing, and others. Metakaolin,
the calcined form of Kaolin, is the most commonly used
aluminosilicate source that has been studied for bone
substitute application because of its white color and high
amount of silica and alumina [20].

However, even high purity kaolin usually contained
trace elements and oxides, such as ferrous oxide (Fe;0s3),
which explained the translucent yellow appearance.
Metakaolin also has a low amount of potassium dioxide
(K20) and titanium dioxide (TiOy). These oxides can be
harmful when applied to the human body since Fe;O3 has
been reported to have toxic effects on the liver and lung
tissue, K20 can be harmful to the upper respiratory tract,
and while TiO, has been widely used as a pigment in
sunscreen, it has been reported that it can induce
inflammation due to oxidative stress and also have a
genotoxic effect leading to apoptosis or chromosomal
instability [21, 22]. To tackle this impurities problem,
synthetic aluminosilicate can be used to ensure the oxides
only consist of alumina and silica. Sol-gel method can be
used for synthesizing alumina and silica from aluminum
nitrate nanohydrate (Al (NO3)3.9H;0) and tetraethyl
orthosilicate (Si (OC2Hs).), respectively [23].

I11. Alkali activators

The alkali activator solution consisted of a highly
basic hydroxide solution such as sodium hydroxide
(NaOH) or potassium hydroxide (KOH) and sodium
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silicate (Na,SiO3). Si** and A" ions dissolve rapidly in
aluminosilicate materials with a high degree of
geopolymerization when the pH is high, which can be
achieved by using NaOH concentration above 10 M [24,
25]. Normally, to obtain different molarities of NaOH
solution, it must be created by reacting NaOH flakes with
aqua DM. The NaOH solution mixing process generates
elevated temperatures up to 180 °C, which can be harmful
if not done correctly. To make an alkali activator, the
sodium hydroxide solution must be mixed with Na,SiOs
solution, which requires a waiting time of 4-6 hours. The
waiting time was necessary since mixing both solutions
generates heat, although the temperature is not as high as
NaOH solution. If freshly mixed alkali activator is directly
added to the geopolymer precursor, the heat will release
COg, which can react with Na;O from the alkali activator
components. This will make the hardened geopolymer
generate sodium bicarbonate (NaHCOs), called the
efflorescence  phenomenon.  Study reported that
geopolymer covered in that compound will have its
compressive strength decreased with increasing NaHCO3
[26]. The temperature problems from the synthesis of
NaOH and alkali activator solutions and also the waiting
time for alkali activator to be readily available are the
problems for commercialization and mass production of
geopolymers. To address this issue, a new method called
a one-part geopolymer was introduced [27]. This
mechanism utilized dry activator(s) that underwent
geopolymerization by just adding water [28]. The solid
alkali materials that have been reported for one-part
geopolymer are sodium metasilicate pentahydrate, sodium
hydroxide, oxide and silicate, sodium aluminate, calcium
hydroxide, potassium carbonate, and sodium metasilicate
anhydrous [29-31].

IV. Additives and fillers

Chemical additives such as selenates, sulfates,
sucrose, and hydrocarboxylic acids can improve the
rheological properties of geopolymers [32]. Fillers of
materials can range from ceramic powder or even polymer
as reinforcing materials. A volcanic material called trass
has been used for geopolymer filler [33]. To increase the
mechanical properties of geopolymer, fillers such as
quartz sand, chamotte, and cordierite have been used to
increase the compressive strength by reducing shrinkage
[34]. Polymer-based filler material such as natural rubber
and glass-reinforced epoxy has been reported to increase
the compressive modulus and compressive strength of
geopolymers [35-37].

V. Fabrication of geopolymer

The most convenient technique to synthesize
geopolymer is by mixing dry aluminosilicate powder with
an alkali activator solution. Manual mixing can produce
an unhomogenous slurry. Therefore, mixing techniques
using a mixer are preferred. Moreover, since some filler
materials can absorb alkali, it is recommended to mix the
aluminosilicate with the alkali solution into a homogenous
paste before adding the fillers. The slurry was then cast
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into the mold that was customized for the test purpose. For
example, cube specimen molds were widely used to
measure the compressive strength of geopolymer
conforming to ASTM C109, since geopolymer itself has
no specific standard up to date and normally refers to
cement-based material standards. The material for the
mold needs to not absorb water because hydrophilic mold
(ex., from wood or cardboard) can absorb the water from
an alkali solution and disrupt the geopolymerization.
Normally, molds made of stainless steel and silicon can be
used for casting purposes. Aluminum-based mold cannot
be used since it can react with NaOH from the alkali
activator, Once the reaction is established, hydrogen gas
rapidly evolves and the reaction becomes highly
exothermic. The reaction is described below:

2Al+ 2NaOH + 2H,0 — 2NaAlO, + 3H

The temperature problems from the synthesis of
NaOH and alkali activator solutions and also the waiting
time for alkali activator to be readily available are the
problems for commercialization and mass production of
geopolymers. To address this issue, a new method called
a one-part geopolymer was introduced [27]. This
mechanism utilized dry activator(s) that underwent
geopolymerization by just adding water [28]. The solid
alkali materials that have been reported for one-part
geopolymer are sodium metasilicate pentahydrate, sodium
hydroxide, sodium silicate, sodium carbonate, sodium
oxide, sodium aluminate, calcium hydroxide, potassium
carbonate, and sodium metasilicate anhydrous [29-31].
The schematic illustration of a one-part geopolymer was
presented in Figure 7.

V1. Application of geopolymer for
medical field

Geopolymers have a wide range of uses like building
materials, thermal applications, aerospace applications
among others. Recently, the applications of these
materials for biomedical applications, has gained interest
worldwide as mentioned in Fig.1. The following
subsections elucidated some application of geopolymer as
antibacterial, drug delivery, implant, and dental material.

VII. Antibacterial

Antibacterial systems are critical not only in hospitals
and sanitary settings, but also in domestic, industrial,
textile, and marine applications [38]. Several studies were
conducted in order to improve the antibacterial capacity of
construction materials such as glazes on ceramic tiles and
alkali-activated slag pastes [39]. Geopolymer has high
alkalinity and ease of functionalization by incorporating
semiconductor materials such as ZnO, TiO,, and CuO.
These oxides can cause bacterial inactivation and virus
elimination in various environments [40, 41]. When
geopolymer mixed with semiconductor materials exposed
to UV and UV-Vis radiation, it exhibited functional
activity such as photocatalytic properties [42]. Gutiérrez
et al. studied the effect of TiO, and CuO nanoparticles
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Fig. 7. The general procedure of one-part geopolymer preparation.

with the addition of waste glass on the antibacterial
activities of metakaolin-based geopolymer [43]. The
bacteria study revealed that after 24 hours in culture
media, the GP-G mortars had a high inhibition capacity for
the growth of P. aeruginosa from solutions of 104 mL and
E. coli and S. aureus from solutions of 106 mL. The
schematic illustration of geopolymer bacterial inhibition
performance compared to non-bacterial resistant material
(NBRM) are shown in Fig. 8.

P e
Bacterial growth

f
|
[
\
\
-

Inhibition halo

1
Geopolymer ’
]
|

\

Fig. 8. Schematic illustration of bacterial inhibition
performance of geopolymer.

The incorporation of geopolymer other substrates to
create antibacterial properties surface can be applied using
advanced deposition techniques such as chemical vapor
deposition, ion  implantation,  sputtering, and
electrochemical solution deposition. These methods,
however, are costly and difficult to apply for large-volume
particles or complex shapes. Dip coating is one of the less-
cost methods compared to others. In fact, Rondinella et al.
utilized this method for the coating of Ti6AI4V alloys for
futuristic prosthetic devices [44]. Their findings showed
that the geopolymer-based coatings slowed bacterial
growth, while highlighting that alkaline-based coating is
found to adhere well to the substrate, in contrast to the
acid-based coating, which is removed during the scratch
test even for low loads, most likely due to unreacted
material. The schematic of multilayered coating structure
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was presented in Fig. 9.

Base metal

: Gedpolymer layer

Surface modified layers
Fig. 9. Brief schematic of the multilayered coating
structure.

Silver (Ag) has been widely known for its
antibacterial properties [45, 46]. Nanoparticle silver can
be integrated to geopolymer to enhance its antibacterial
properties as shown in. Adak et al. studied the efficiency
of nano silver-silica modified geopolymer mortar for eco-
friendly green construction [47]. The mechanical strength,
durability, and anti-bacterial property of the geopolymer
mortar significantly improve with the addition of 6%
(w/w) of the silver-silica nanocomposite. Aside from
oxide semiconductors and antibacterial elements,
antibacterial organic compounds also can be introduced to
geopolymer for carrier material. Rubio-Avalos loaded 5-
chloro-2-(2, 4-Dichlorophenoxy) phenol also known as
“Triclosan” into geopolymer [48]. Their findings showed
that Geopolymer cements with triclosan as a base are
effective at stopping the growth of S. aureus and E. coli
bacteria. The outcomes allow for the creation of a "room-
temperature” antibacterial metakaolin-based geopolymer
cement for use in construction projects that protect human
health and the environment.

VIIl.  Drug delivery

Forsgren et al. studied synthetic aluminosilicate-
based geopolymer from sol-gel technique for controlled
delivery of oxycodone [49]. It was demonstrated that as
the Al/Si ratio increased, the pore sizes of the geopolymers
shrank, and that completely mesoporous geopolymers
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Fig. 10. Mechanism of HAp formation from geopolymer biomaterials immersed in SBF.

could be created from precursor particles with an Al/Si
ratio of 2:1. The opioid oxycodone sustained and linear in
vitro release profile was shown to be correlated with
mesoporosity. By changing the size of the pellets, an
approximately 12-hour clinically relevant release period
was attained. Controlled-release formulations of opioid
drugs have an important feature known as tamper
resistance. Cai et al. evaluated the resistance of
geopolymer-based drug delivery systems to tampering
[50]. The drug-release test showed that the milled
commercial tablets released the drug immediately, which
could lead to dose dumping, whereas the geopolymer-
based formulation maintained its controlled-release
characteristics after milling. Jamstorp et al. used
metakaolin-based geopolymer for drug release of fentanyl,
sumatriptan, theophylline, and saccharin [51]. This
material provides the opportunity to create a solid matrix
that won't dissolve during transit through the digestive
system after being formed into pellets. Their findings
show that theophylline is discovered to have release times
between saccharin and fentanyl, with a slight restriction in
the relative solubility, offering only a minor change in the
release profile in comparison to that of saccharin.

IX. Bioceramics

The most important prerequisite for a biomaterial to
be taken into consideration for use as a potential tissue
replacement is biocompatibility. Designing and using
materials in a way that respects the balance between their
strength and integrity with the necessary bone tissue
ingrowth over time is another aspect of biocompatibility.
Materials used as bone scaffolds should encourage
osteogenesis and reduce or eliminate negative effects,
such as the deterioration of native and healthy tissues and

the body's inflammatory response, because such materials
can be perceived as foreign and be a threat [52, 53]. In
order for the body to naturally digest and absorb the
system without causing pH changes in the cellular
environment, it must be biodegradable. The pH levels at
or near the implant site may change as a result of the
leaching of dangerous byproducts biodegradation
processes. The changes in pH may cause cells to divide
more slowly, reproduce less frequently, and ultimately
prevent growth. [54-56]. Human function must be
supported by an implanted biomaterial under normal
compressive pressure. It becomes crucial to have
biomaterials with mechanical characteristics that enable
them to serve structural purposes while remaining
adaptable enough to prevent shear fracture under
continuous compressive stresses [57, 58]. Catauro et al.
studied the assessment of bioactivities of geopolymer
[59]. The immersion of geopolymer in simulated body
fluid (SBF) generated the formation of hydroxyapatite
(HAp), a compound that is used for scaffold
biocompatibility index and reported a modest bioactivity
of resulting materials. This is illustrated in Fig. 10.

The study of geopolymers for dental material has been
extensively studied, particularly in Indonesia [60]. This is
due to the high amount of natural resources such as kaolin
and silica. Taking advantage of its local wisdom can
reduce the cost of a dental-based product compared to
importing the raw material from overseas. Sutanto et al.
studied the application of geopolymer as an indirect dental
restoration [61]. Their metakaolin-based geopolymer was
synthesized with strontium (Sr) and carbonated apatite
(CHA). The latter element has been reported to increase
the biocompatibility, bio integrity, and mechanical
properties of metakaolin-based geopolymers, as studied
by Sunendar et al. [62]. Their findings stated that
geopolymer samples had high cell viability readings and

Table 2.
Cell viabilities of geopolymer-based material from various researchers
Aluminosilicate . . Cell viabilities
Study Year SOUTCES Doping material (%) Ref.
Refaat et al. 2023 GGBFS NaOH + 50 [63]
Sutanto et al. 2021 Metakaolin Carbonated apatite +90 [64]
Poggetto et al. 2021 Metakaolin Waste glass 70-100 [65]
Sutanto et al. 2020 Metakaolin Carbonated _HAp and + 80 [61]
Strontium
Waste Electrical and
Catauro et al. 2017 Metakaolin Electronic Equipment (WEEE) 20-75 [66]
glass
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Table 3.
Chemical composition of biomedical waste ash by various researchers.

Study ALOs (%) | SiO; (%) %;"‘Af)) Fes0s (%) | K20 (%) | MgO | Ref.
Anastiadou et al. (2012) 5.16 39.74 27.77 4.53 - - [69]
Jaber et al. — ASCH (2021) 0.1267 1.716 14.87 1.180 1.703 <0.10 | [70]
Kumar et al. (2022) 21.8 36.23 19.54 1.2 0.36 7.9 [71]
Kumar et al. (2023) 23.26 38.52 23.2 1.85 5.08 3.21 [72]
Rishi and Aggarwal (2023) 10 20 35 6.4 0.6 2.2 [73]
Debrah and Dinis - TGH
(2023) 2.04 2.54 27.96 0.42 1.01 2.87 | [74]
(sz)grg)h and Dinis - VRAH | 5 74 6.10 27.07 0.83 074 | 293 | [74]
Nataraja et al. (2023) 7.82 12.11 478 1.94 0.25 0.18 | [75]

appeared to be biocompatible. Table 2 shown the cell
viabilities of geopolymer material from various sources.
The study of geopolymer-based composite’s
biocompatibility was also studied by Pangdaeng et al.
using the calcined kaolin-white Portland cement
geopolymer. The results showed that the hydroxyapatite
layer was formed on the 28-days immersed geopolymer’s
surface when in vitro test occurred. In vitro test was done
using the simulated body fluid to comprehend the
biocompatibility in human’s body. Furthermore, the
strength of the calcined-kaolin geopolymer cured at 23°C
was also observed at 45.5 MPa and increased to 63.8 MPa
as the addition of 50% WPC [65]. The utilization of
porous bioceramics using the geopolymer hydroxyapatite
composite has been reported by Andrade et al for
application in bone tissue engineering. Their mixture
consisted of metakaolin, hydroxyapatite, and geopolymer
filler with the variation of metakaolin types (MK1, MK2,
and MK3) followed by heat treatment. The resulted
geopolymers has been proven to own the compressive
strength values between 1.18 and 2.89 MPa, indicating the
suitable balance between mechanical strength and
porosity. Furthermore, the results of in-vitro test using
human adipose-derived mesenchymal stem cells (ADSCs)
also showed the non-toxicity and no morphological
changes when the composite contacted with the human
cells. The reports also said that the geopolymer
hydroxyapatite composite will form a monolayer in the
surface of the scaffolds. The mechanism of bone cells and
geopolymer scaffold resulted in cell proliferation are
illustrated in Fig. 11. Therefore, it can be concluded that
the geopolymer hydroxyapatite composite is effective to
be used for bone tissue application due to its good
compressive strength and biocompatibility [66].

X. Biomedical waste ash utilization

The emergence of the COVID-19 pandemic in 2020
resulted in a high amount of biomedical waste from
hospitals, medical institutes, and research centers. The
waste might comes from anatomical waste, animal wastes
generated during research from veterinary clinics,
microbiology and biotechnology wastes, and waste sharps
[67]. Since it contains harmful and dangerous substances,
incineration has been used for the disposal of waste [68].
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Fig. 11. lllustration of bone cells and geopolymer scaffold
interaction.

The resulting product generates ash, which interestingly
contains Al,Os; and SiO, which are beneficial to the
formation of geopolymers. Some chemical compostion
data of biomedical waste ash were presented in Table 3.
Knowing this, some researchers have utilized the
aforementioned ash for geopolymer applications, either as
replacement for aluminosilicate or fine aggregate
substitutor.

Kumar et al. studied the effect of incinerated
biomedical waste ash (IBWA) in reinforced geopolymer
concrete [76]. The ash was used to partially replace ground
granulated blast furnace slag (GGBS). Their experimental
results showed that reinforced geopolymer beams and
columns with a composition of 30% IBWA and 70%
GGBS performed better than reinforced cement concrete
beams and columns. Kumar et al. compared the
mechanical properties of IBWA and ground granulated
blast furnace (GGBFS)-based geopolymer to reinforced
cement concrete (RCC) [71]. The geopolymer concrete
maximum compressive strength at 28 days was 48.6 MPa,
which is 45.07% higher than RCC. Rishi and Aggarwal
investigated the properties of geopolymer consisting of fly
ash, bone china waste (BCW), and biomedical waste
(BMW) ash with different alkali activator molarity [73].
The addition of BMW and BCW up to 30% each (total of
60%) in the geopolymer mixes resulted in a significant
improvement in workability when compared to the control
mix. In the cases of workability, density, air content, and
strength, the molarity of sodium hydroxide was crucial.
All parameters except air content showed a significant
increase as sodium hydroxide's molarity was raised from
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8to 16 M. Table 3 shows various oxide compositions, but
mainly consists of Al,Os, SiO2, CaO, Fe;0s3 K0, and
MgO. Although the Al,Os; and SiO; has fluctuated, the
amount of CaO in all BMW ash has ranged from 10-20%.
This means that it can be used as a partial replacement of
the geopolymer precursor, which will generate not only N-
A-S-H gel but also C-A-S-H gel. These two
geopolymerization products will complement each other
and result in changes to the mechanical properties of
geopolymers.

XI. Prospective and challenges

The prospect of geopolymer for medical applications
looks promising due to its simple fabrication method,
which requires only mixing solid powder with an alkali
activator. Most of the geopolymer research for medical
applications used metakaolin as the precursor. The
challenges, however, remain the high temperature
requirement of kaolin calcination, which increases the cost
of manufacture. The trace element in kaolin also has to be
studied extensively to observe the leachate element after
contact with the environment. The setting time of
geopolymer paste has to be controlled since different
material sources translate to different Al,Os and SiO;
percentages, which means it will affect the setting time.
The addition of an accelerating or retarding agent might
help to address this issue, provided that the admixture will
not cause a new problem for the environment. For
example, calcium sulfate (CaSO4) may provide a retarding
effect to the geopolymer paste, but the SO4% ion can
induce corrosion in low-carbon steel-based medical
devices as elucidated in Fig. 12.

Fig. 12. Schematic illustration of sulfate ion attack on iron.

Synthetic aluminosilicate using the sol-gel method is
an advanced route to produce high purity Al,O3 and SiO,.
This route can produce micro- or nanoparticle-sized
precursors, which need to be controlled since the fineness
of the powder may generate shrinkage of the resulting

material. The starting material, sol-gel such as TEOS, is
also expensive, and the small number of resulting products
can hinder the mass production of this technique. The
application of geopolymer coating to the metal-based
devices has to be done using the proper technique, since
direct coating can result in spalling of the hardened
geopolymer layer. Heat treatment of metal before
applying geopolymer paste to the substrate or a more
advanced technique such as thermal barrier coating is
proposed to improve the bond between geopolymer and
metal. Although it contains an abundant and considerable
amount of Al,Oz and SiOy, the utilization of fly ash-based
geopolymers for medical applications remains debatable,
not only because they may contain harmful trace elements
but also because their source is industrial waste that might
be inappropriately used in the human body.

Conclusions

In this review paper, the authors summarized that
geopolymer has the potential for various medical
application techniques. The adjustable strength and
porosity make this material versatile for coating substrates
to become bone scaffold material. However, the concern
remains about the leaching and high alkalinity of
geopolymers. This could be improved by mixing
geopolymer with compounds to trap the harmful leachate
agent inside and studying different solutions for the
activation of geopolymer. Future prospects, however,
remains about in-vivo and in-vitro characteristics of
geopolymer before readily applied for human body
application. Hopefully, this review paper encourages more
researchers to study geopolymer and its application in
medical fields.
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B. ITycmacapi', A. Xapmamxki?, €. ®edpina?, K. Ansepina®, B. CicBasnTil
I'eomostiMep A5 METUYHOTO 3aCTOCYBAHHSA: OTJISI/T

Hayionanvne azenmcemso 3 dociioxcens ma innosayiti, Cepnone, Iliedennuii Tanzepane, Inoonesisi;
2Jlabopamopis 0bpobxu nepedosux mamepianis, Texnonoziunuii incmumym Bandyme, Indonesia, harmaji.a@gmail.com;
3Cneyianizoeana oceimus npozpama 3 KNiniuHo20 Xap4yeanns, meouunuti gpaxynomem, Yuisepcumem Xacanyooina, Indouesis

Marepianu Uis MEAWYHOTO 3aCTOCYBaHHS 3a3BHYail (GOPMYIOTH 3 MeTally, KepaMiku Ta moiimepy. KoskeH
Matepias Mae cBoi 0OMeXeHHs, Taki SIK KOpo3ist MeTaly, KpUXKICTh KepaMiK{ Ta BICOKa TeMIIepaTypa IoJliMepy.
o6 ycyHyTH ixHi c1abKOCTi, peKOMEHIYEThCS KOMOIHYyBaTH OJWH ab0 KiJlibKa BiAMOBIAHUX MaTepiajiB, sKi
HA3UBAIOTh KOMMIO3UTHUMH. OJHUM i3 HOBHX KOMIIO3MIIIHHHMX MaTepialiB, SKi MOXHa BHKOPHCTOBYBAaTH B
MEIUYHHUX X — IIe TeomoiiMep, SKMH € HEeOpraHiyHMM HOJIMEPHHM MarepiajoM, IO CKIAJAEThCS 3
ATFOMOCHITIKATHHX JKEPEJ, TAKUX SIK METAKAOJIiH 1 30J1b-TeJICBUI CHHTE30BaHUH MaTepiall Ta akTUBATOPa JIYTY, 110
CKJIaZIa€ThCs 13 CHIIBHOTO TiIPOKCHIY JYTy Ta PO3YMHY CHJIIKATy HATpiro. Y IOMY OTJSIIOBOMY JOCIIIKCHHI
PO3IIISIHYTO CUPOBHHY, JTy>KHI aKTUBATOPHU Ta JOMIIIKH JUIS T€OIOTiMEpiB, a TAKOX 3aCTOCYBaHHs MaTepiay Ha
OCHOBI T€0TOJIIMEPIB y MEIUUHUX LHUBIX. Takok 0OroBOPIOIOTHCS MEPCIIEKTHBU Ta MPOOIEMHU TeomnoIiMepiB st
MeIUIMHH. PeryinoBaHa MIIHICTB 1 IIOPUCTICTh POOIIAITE Liel MaTepian yHiBepCalIbHUM JUIs TOKPUTTS CyOCTpaTiB,
mo0 cTaTH MarepianoM KiCTKOBOro kapkacy. IIpoTe 3amuinaeTbcsi 3aHEHOKOEHHS 110JI0 BUMHMBAHHS Ta BUCOKOT
JIy)KHOCTi reomnoniMepiB. Lle MOXHA TMOKpamIWTH, 3MEHIIMBIIA MOJSPHICTh TiAPOKCHAY HATPIIO Ta 3MIIIABIIN
TeornojiMep i3 CroTyKaMH, 1100 yJIOBUTH LIKiUIMBHIT areHT QinbTpalii BcepeuHi Ta BABYUTH Pi3HI PO3UMHU IS
aKTHBALii TeomoimMepy.

Kurouogi cioBa: anTnbakTepianpHa gist; Oiokepamika; JOCTaBKa JIiKiB; T€OMOIiMep; MEAUIINHA.

638


mailto:harmaji.a@gmail.com

