MATERIALS PHYSICS AND MECHANICS RESEARCH ARTICLE

Submitted: February 29, 2024 Revised: January 15, 2025 Accepted: January 26, 2025

Preparation and characterization of geopolymer/activated carbon
composite materials used as a bone substitute material

A. Moonphukhiao?, B. Samran?, S. Chaiwichian'™
! Rajamangala University of Technology Isan Sakonnakhon Campus, Phangkon, Sakonnakhon, Thailand

2 Nakhon Phanom University, Muang District, Nakhon Phanom, Thailand
*'saranyou530531117 @gmail.com

ABSTRACT

Geopolymer/activated carbon composite materials were successfully prepared using alkaline activator
solution to be a binder. The physical and mechanical properties of as-prepared samples were characterized
through X-ray diffraction, scanning electron microscopy, transmission electron microscopy, Fourier
transform infrared spectrometry and compressive strength techniques. Results revealed that
geopolymer/activated carbon composite materials exhibited amorphous phase and spherical-like and
plate-like morphologies. Fourier transform infrared spectrometry results indicated that after the
geopolymerization reaction, the band at 977 cm* was shifted to lower wavenumber (975 cm?). This might
be attributed to the interaction of aluminum atoms and the formation of higher cross-linking in silicate
geopolymer structure. The compressive strength of geopolymer/activated carbon composite materials
decreased with increasing amount of activated carbon in geopolymer. It was found that the concentration
of 0.001 mol. % activated carbon introduced into geopolymer gave the highest strength compared with
other samples.
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Introduction

A significant component of the human body consists of 206 bones. Each bone has
different internal and external structures, such as leg bones, arm bones, hip bones, etc.
[1,2]. However, these bones may not remain throughout a person’s life, as they can be
affected by various factors, such as accidents, bone diseases, and bone deterioration [2,3].
To date, artificial bones or bone substitute materials have become crucial in addressing
bone-related issues. As a result, many researchers have focused on the development of
artificial bones to create efficient bone substitute materials and to improve production
technologies for faster and more accurate procedures. Artificial bones or bone substitute
materials are typically made from various metals, such as stainless steel, titanium,
titanium-cobalt alloys, and others [4], which can suffer from corrosion during long-term
use. To overcome this limitation, researchers have been seeking alternative materials to
replace metals. Geopolymer, first synthesized by Davidovits in the 1970s [5-7], is
classified as an inorganic polymer. It is well-known as a green pozzolanic material,
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produced using waste materials as aluminosilicate sources combined with an alkaline
activator solution [8-13]. Geopolymers are significant alternative materials and have
drawn substantial interest in biomedical applications to replace metals due to their
desirable properties, such as low greenhouse gas emissions, corrosion resistance and
environmental sustainability [11,14,15]. However, a limitation of pure geopolymer is its
low compressive strength. To address this issue, numerous efforts have focused on
incorporating porous materials into geopolymer to improve its compressive strength.
Recently, porous materials, such as zeolite and activated carbon, have gained popularity
for enhancing the mechanical properties of geopolymers [16]. Activated carbon, in
particular, is a naturally derived porous material widely used in industry as an adsorbent
and catalyst for waste and gas purification [16,17]. Additionally, activated carbon
possesses important mechanical properties, such as resistance to abrasion and attrition,
making it suitable for integration with geopolymer to enhance its compressive strength.

In this study, geopolymer/activated carbon composite materials were prepared
by using an alkaline activator solution as a binder, with activated carbon added to the
geopolymer solution to form the composite. Furthermore, we investigated the effect of
varying concentrations of activated carbon in the geopolymer on the mechanical
properties, with the aim of utilizing these materials in biomedical applications in the
future. The chemical properties of all the prepared samples were characterized using
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR).

Materials and Methods

Activated carbon was made of coconut shell by using potassium hydroxide (KOH) as an
activating agent during chemical activation process. Firstly, the natural coconut shell was
cleanly washed with deionized water to eliminate the contaminant. The coconut shell
was then dried at 80 °C for 24 h in an electric oven to remove the water content. Next,
the coconut shell was heated at 200 °C to form charcoal. The as-prepared charcoal was
ground into small pieces and soaked in 6M KOH solution to generate porous volume.
Then, the obtained suspension was filtered and washed with deionized water until pH 7
by using a centrifuge to split the particle and solution. Finally, the as-prepared activated
carbon particles were dried in an electric oven at a temperature of 80 °C for 24 h and
then heated at the calcination temperature of 600 °C for 1 h.

Geopolymer was prepared by using kaolin, CaO, NaOH and Na,SiOs as precursor.
First of all, kaolin was heated at 600 °C within 2 h to form metakaolin. Then, 2:1:1:1 of
metakaolin, CaO, NaOH and Na,SiOs, respectively, was slowly dissolved in 25 ml of
deionized water until becoming homogeneous solution. The as-prepared suspension was
poured in the mold and dried at room temperature for 24 h. Finally, geopolymer for bone
substitute materials was heated at 550 °C for 6 h.

Geopolymer/activated carbon composite materials were prepared by using NaOH as
alkaline activator to activate geopolymer. 2:1:1:1 of metakaolin, CaO, NaOH and Na,SiOs,
respectively, was dissolved in 25 ml of deionized water with vigorously magnetic stirrer
till homogeneous solution. Then, the previously prepared activated carbon powders were
added into the geopolymer solution with different mole ratios of 0.001 and 0.003 %



Preparation and characterization of geopolymer/activated carbon composite materials used as a bone substitute material 152

together with continuously magnetic stirring for 30 min. Next, the obtained suspension
was poured in the mold, and then dried at room temperature overnight to construct a
bone substitute material. The samples were finally heated at the high temperature of
550 °C for 6 h by a furnace.

The identification of phase structure of all samples was measured using X-ray
diffraction (XRD, Philips X'Pert MPD, Thailand) with CuKa radiation (0.15418 nm) at the
26 range of 10° to 80°. The morphology structure of as-prepared samples was studied via
scanning electron microscopy (SEM, JEOL JSM-6335F, Thailand) technique. The
microstructure and actual particle size of samples were investigated by using
transmission electron microscopy (TEM, JEOL JEM-2010, Thailand) technique. The
structural characterization and functional group identification of samples were analyzed
by using Fourier transform infrared spectroscopy (FTIR, PerkinElmer Sciencific, Thailand)
technique.

The mechanical property of all samples in the hardened state was carried out by
compressive strength. The compressive strength of prismatic samples with dimensions of
150 x 30 x 30 mm? was studied in accordance with the ASTM C105 standard.

Results and Discussion

Figure 1 shows the result of X-ray diffraction (XRD) patterns of geopolymer, activated
carbon, geopolymer/activated carbon with different activated carbon mole ratios of 0.001
and 0.003 %. The XRD patterns of activated carbon showed a broad peak appearing at 26
of 24.15° and 43.44°, corresponding to the (002) and (100) plans in amorphous carbon
[18,19]. In part of XRD pattern of geopolymer, the peak was located at 26 of 21.78°,
26.80°, 50.28° and 60.51°, which can be indexed as quartz phase [7], whereas the peak
was detected at 20 of 13.51°, 34.07° and 42.04°, which can be assigned to mullite phase
[7]. Furthermore, the sharp peak was located at 26 of 23.73°, which can be identified as
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Fig. 1. XRD patterns of geopolymer, activated carbon, geopolymer/activated carbon with different
activated carbon mole ratios of 0.001 and 0.003 %
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the cristobalite phase in silica [7,20]. Moreover, it was found that the absence of alumina
peak showed in XRD pattern, indicating that the alumina in geopolymer was in the
amorphous phase [21]. For geopolymer/activated carbon with different activated carbon
mole ratios of 0.001 and 0.003 %, the XRD peak was similar to pure geopolymer, which
can be inferred that the addition of activated carbon content into geopolymer had no
effect on the phase transition of geopolymer. In addition, it can be clearly observed that
no activated carbon peak was emerged on geopolymer/activated carbon composite
materials, owing to a very low content of activated carbon added into geopolymer.

The morphology of geopolymer, activated carbon, geopolymer/activated carbon
with different activated carbon mole ratios of 0.001% and 0.003% was investigated
through scanning electron microscopy (SEM), as shown in Fig. 2. Results showed that the
morphology of geopolymer exhibited spherical-like structure, with average particle size
of 50 to 100 nm approximately, as displayed in Fig. 2(a). Meanwhile, the activated carbon
morphology was plate-Llike structure together with some pores distributed on the surface
of activated carbon[22]. The size of pore diameters was about 1.4to 1.9 ym
corresponding to the macropore classification [23,24], as shown in Fig. 2(b). For
composite materials, the morphology was consisted of the structures of geopolymer and
activated carbon in composite materials, as represented in Fig. 2 (c,d).
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Fig. 2. SEM images of (a) geopolymer, (b) activated carbon and geopolymer/activated carbon with
different activated carbon mole ratios of (c) 0.001 and (d) 0.003 %
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To confirm the microstructure and particle size of geopolymer, activated carbon,
geopolymer/activated carbon with different activated carbon mole ratios of 0.001% and
0.003%, transmission electron microscopy (TEM) was used, as shown in Fig. 3. The results
of TEM image of geopolymer were spherical-like structure, with the average particle size
of about 50 to 100 nm, as displayed in Fig. 3(a). In Figure 3 (b), TEM images of activated
carbon were plate-like structure together with particle size of 20 to 100 nm
approximately. For the composite materials, TEM images were composed of spherical-
like and plate-like structures, as illuminated in Fig. 3(c,d). Therefore, it can be confirmed
that the presence of activated carbon was in the geopolymer/activated carbon composite
materials.

Microscope Accelerating Voitage Magnihicaton Microscope Accelerating Voitage Magnificaton
JEM-1400 80 kv 50000 % | ———500 nm—o EM.-1400 30 kY 100000 X ——200 nm——

Fig. 3. TEM images of (a) geopolymer, (b) activated carbon and geopolymer/activated carbon with
different activated carbon mole ratios of (c) 0.001 and (d) 0.003 %

The chemical structure and functional group of activated carbon, geopolymer and
geopolymer/activated carbon with different activated carbon mole ratios of 0.001 and
0.003 % were studied by using Fourier transform infrared spectroscopy (FT-IR), as
presented in Fig.4. FT-IR spectra of activated carbon showed absorption bands at
3442 cm, which might be due to the -OH stretching vibration [22]. The peaks occurred
at 1558 cm? could be attributed to the N-H deformation vibration, C=C group or
C=0 stretching vibration in carbon [25], while the peaks at 2361 and 1208 cm™ could be
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due to the N-H and C-O stretching vibrations, respectively [25]. For FT-IR spectra of
geopolymer, the peaks appeared at 3406 and 1443 cm® were ascribed to the O-H
stretching vibration of absorbed H,O molecules and C-O stretching vibration of COs*
groups [26,27]. The peaks located at 977 cm™ and 866 cm™® were characterized as
the Si-O-T (where T is tetrahedral Si or Al) asymmetric stretching vibration in geopolymer
and O-C-O stretching vibration [28,29], respectively. The part of the peaks at 687 cm™ to
425 cm was corresponded to the Si-O-Si and Al-O-Si symmetric stretching vibrations,
indicating the formation of amorphous aluminosilicate materials in geopolymer [30-32].
In part of FT-IR spectra of geopolymer/activated carbon with different activated carbon
mole ratios of 0.001 and 0.003 %, the peaks were similar to the geopolymer. Furthermore,
it can be observed that the peaks of geopolymer and /activated carbon composite
materials occurred at 977 cm® were shifted to the lower wavenumbers (975 cm™) after
geopolymerization reaction [33,34]. The shifting and reduction of peaks in the
geopolymer and /activated carbon composite materials might be due to the interaction
of aluminum atoms and the formation of poly (sialate-siloxo) chain in geopolymer
structure [34,35].
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Fig. 4. FT-IR spectra of activated carbon, geopolymer and geopolymer/activated carbon with different
activated carbon mole ratios of 0.001 and 0.003 %

The compressive strengths of geopolymer and geopolymer/activated carbon
composite materials with different activated carbon mole ratios of 0.001 and 0.003 %
were shown in Fig. 5. From experimental results, the compressive strength of geopolymer
was 12.79 MPa, while the geopolymer/activated carbon composite materials with
different activated carbon mole ratios of 0.001 and 0.003 % were 16.09 and 10.93 MPa,
respectively. The obtained results were found that the concentration of 0.001 mol. %
activated carbon added into the geopolymer showed the highest strength. While the
concentration of 0.003 mol. % activated carbon was introduced into the geopolymer, the
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strength of geopolymer was decreased. Therefore, it was concluded that the
concentration of activated carbon added into geopolymer had an effect on the strength
of geopolymer, the 0.001 mol.% activated carbon loaded into the geopolymer was a
suitable concentration to function as a bone substitute material in the future.
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Fig. 5. Compressive strength of geopolymer and geopolymer/activated carbon composite materials with
different activated carbon mole ratios of 0.001 and 0.003 %

Conclusions

In summary, geopolymer/activated carbon composite materials were successfully
synthesized from metakaolin using a NaOH alkaline activator solution as a binder. The
resulting geopolymer/activated carbon composite materials exhibited an amorphous
phase. The composite materials consisted of spherical-like geopolymer and plate-like
activated carbon, with an average particle size ranging from 20 to 100 nm. The FTIR band
of the geopolymer/activated carbon composite materials, after the geopolymerization
reaction, shifted slightly from 977 to 975 cm™. This shift could be attributed to the
interaction of the functional groups of aluminum atoms and the increased cross-linking
within the geopolymer structure. The sample with 0.001 % activated carbon
demonstrated the highest strength compared to the other samples.
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