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hydroxide and sodium silicate were used as activators. In vitro test was performed with simulated body fluid
(SBF) for bioactivity characterization. The formation of hydroxyapatite bio-layer on the 28-day soaked samples
surface was tested using SEM, EDS and XRD analyses. The results showed that the morphology of hydroxyapatite
was affected by the source material composition, alkali concentration and curing temperature. The calcined
kaolin-white Portland cement geopolymer with relatively high compressive strength could be fabricated for
use as biomaterial. The mix with 50% white Portland cement and 50% calcined kaolin had 28-day compressive
strength of 59.0 MPa and the hydroxyapatite bio-layer on the 28-day soaked sample surface was clearly evident.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A geopolymer is a three-dimensional aluminosilicate network
formed by polycondensation of monomers — OSi(OH)3 and Al(OH),4
[1]. In the presence of high alkaline solution, SiO, and Al,05 from source
materials leach out and react to form a geopolymer. Several source
materials such as calcined kaolin, fly ash, bottom ash, and slag are
used as starting materials to obtain high strength geopolymers [2-4].
Portland cement is also successfully used as a source material to pro-
duce geopolymer as it contains high silica and alumina [5]. To use
geopolymer material as biomaterial, clean source material with mini-
mum contamination is needed. Calcined kaolin (CK) with white color
seems to be the best source material for this purpose. For the blend of
source material, white Portland cement (WPC) with low iron and mag-
nesium oxide obtained from specific process and fuel used in clinker
manufacture [6] is a preferred choice.

Investigations of bioactivity on the surface of cementitious material
such as WPC [7,8] and aluminosilicate/inorganic polymer [9-12] have
been studied. Apatite-like layer forming on calcium silicate based mate-
rial from WPC has been reported [7,8,13]. These bio-reactive apatite-like
layers such as hydroxyapatite (HA) and hydroxyl carbonate apatite
(HCA) are responsible for bone bonding [ 14]. In the system, the leached
calcium hydroxide gives a high pH condition and enhances the apatite
precipitations with the presence of calcium ions [8]. A high Si-OH
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group in calcium silicate materials promotes the HA precipitation through
the increased nucleation sites [15]. For aluminosilicate/inorganic polymer,
the studies on bioactive functional group on its surface were presented
for both in vivo and in vitro studies [9-12,16]. However in this system,
the high alkalinity condition was not conducive for the existence of HA
and the cell [17]. For CK geopolymer, a study has indicated that the con-
dition is not favorable for the formation of bioactive HA [16]. Therefore,
co-existence of both calcium compound and Si—OH group is probably
the favorable condition for precipitation of bioactive hydroxyapatite
layer on the surface of materials. In addition, it has been reported that
the curing temperature at 250-625 °C of aluminosilicate materials
lowers the pH from 10 to 7 and renders the condition more biocompat-
ible [18].

A number of researches on aluminosilicate material application for
bone repair cement have been carried out, but poor strength and low
bioactivity are still problems [9-12,19]. Previous works reported the en-
hancement of mechanical properties of geopolymer matrixes with the
incorporation of Portland cement [20]. High compressive strength is
preferable for material used for bone substitution. Moreover, both
Portland cement and CK geopolymer contain calcium and Si-OH func-
tional compounds. These compounds promote the precipitation of bio-
active layer-like HA on the material surface [21].

In this paper, the CK-WPC geopolymer was fabricated and tested for
use as a bone-like material with suitable strength and bioactivity func-
tion. Simulated body fluid (SBF) was used to investigate the bioactivity
of materials. The formation of bioactive layer-like HA was characterized
with the aids of scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS) and X-ray diffraction (XRD) techniques.
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Table 1
Chemical composition of CK and WPC.

Materials Chemical composition (%) Blaine fineness (cm?/g) Specific gravity
SiO, Al,04 Ca0 Fe,0; MgO Na,0 SO; LOI®

CK 59.7 341 0.1 0.9 0.2 0.2 0.1 12 13,800 2.59

WPC 15.9 1.9 73.5 0.2 09 0.0 49 23 3430 3.10

2 LOI = loss on ignition.
2. Materials and methods
2.1. Sample preparation

CK and WPC were used as source materials in this experiment. Their
main chemical compositions are shown in Table 1. WPC contains a high
amount of CaO (73.5%) and CK contained a high amount of SiO, (59.7%)
and Al,05 (34.1%). Geopolymer samples were prepared with liquid/
binder ratio of 1.0. Sodium hydroxide (NH, 10 M) and sodium silicate
(NS, 15.32% Na,0, 32.87% SiO, and 51.81% H,0) with NH/NS ratio of
1.0 were used. The geopolymer pastes with CK:WPC by weight of
100:0, 75:25, 50:50, 25:75 and 0:100 (PCO, PC25, PC50, PC75 and
PC100) were prepared. Paste samples were cast in 25 mm® acyclic
molds for compressive strength test and in 10 mm diameter and
2 mm disc molds for bioactivity test. Samples were wrapped with plas-
tic film to protect moisture loss and were left for 1 hina 23 °Croom and
then cured at 23 °Cand 60 °C for 24 h. The samples were then demolded,
wrapped with plastic film and stored in a 23 °C controlled room.

2.2. Test method

Immediately after the mixing of the geopolymer pastes, the initial
and final setting times of pastes were measured using Vicat apparatus
in accordance with ASTM C191 [24]. Compressive strengths of
geopolymer pastes at the age of 7 days were tested in accordance with
ASTM C109 [25]. Three 25 mm cube samples were used for the com-
pressive strength test and the reported results were the average values.
The relative pH values of hardened geopolymer pastes were also tested
using 15 mg of paste ground and mixed with 150 cm? distilled water
[26]. For apatite formation characterization, the soaked samples were
dried in a desiccator and the surface structures were studied using
JEOL JEM-5910LV scanning electron microscopy (SEM). The chemical
compositions of the products were analyzed using energy dispersive
spectrometry (EDS). The formed apatite layer was confirmed by crystal-
lography technique using X-ray diffraction (XRD) method between
15.0-59.9916°26 with 0.0229° step and step time of 240.5 s.

2.3. In vitro test

Simulated body fluid (SBF) with ion concentration similar to human
blood plasma was prepared in accordance with the method given by
Kokubo [22]. At the age of 7 days, the geopolymer paste discs were sub-
merged in SBF solution in sealed plastic containers and controlled soaking
environment of 37 °C. The contact disc surface area to solution volume
ratio was 0.1 cm™ ' [23]. Soaking duration was 28 days to allow the forma-
tion of apatite layer on the sample surface. The pH levels of solutions were
also monitored at 1, 3, 6, 12, 24 h and 7, 14, and 28 days. After removal
from SBF, samples were gently washed with distilled water and kept
dry in the desiccator. The SBF was not refreshed during the 28 day soaking
period in order to lessen the chance of disturbing the samples.

3. Results and discussions
3.1. Properties of geopolymer

The results of setting times of CK-WC geopolymer pastes are shown
in Table 2 and illustrated in Fig. 1a. The initial and final setting times of

CK geopolymer were reasonable at 47 and 72 min. The incorporation of
25% WPC did not reduce both initial and final setting times of the
geopolymer pastes. For increased incorporation of 50% and beyond,
the initial and final setting times of pastes were reduced. For example,
the initial setting times of geopolymer pastes with 0, 25, 50, 75 and
100% WPC were 47, 47, 35, 26 and 20 min, respectively. The reduction
was due to the increase in calcium content as WPC contained a high
CaO content (73.4%). The increase in calcium in the system, through
the provision of extra nucleation sites for precipitation of dissolved spe-
cies [27], significantly accelerated the setting and hardening of the
geopolymer [20,28]. The calcium hydration products were formed and
co-existed with the geopolymer products [29]. The fast setting of ce-
ment binders is desirable for bone repair material and dental cement
[30].

The results of the strength of geopolymer pastes as shown in Table 2
and Fig. 1b showed that the strength was affected by the incorporation
of WPC and curing temperature. The compressive strengths of
geopolymer pastes cured at 23 and 60 °C were 45.4 and 49.9 MPa,
respectively. High curing temperature of the geopolymer accelerates
the strength development at the early age [31]. In this case, the differ-
ence in strength was not large as the alkali activation of CK was an en-
dothermic process [32] and the geopolymerization of CK could thus
proceed with the ambient 23 °C curing temperature. In addition, the in-
corporation of a proper amount of WPC increased the strength of the
geopolymer. The strength of the CK geopolymer cured at 23 °C was
45.4 MPa and improved to 63.8 MPa with the incorporation of 50%
WPC. Optimum calcium in geopolymerization caused the precipitation
of calcium components viz., calcium silicate hydrate and calcium hy-
droxide and led to high compressive strengths [27,33]. However, a
high amount of WPC resulted in the reduction of compressive strength
as the development of C-S-H was retarded due to the rapid removal of
available Si from geopolymer formation [5]. For curing at 60 °C, the op-
timum WPC of 50% was also observed with optimum strength of
55.0 MPa. In this case, the increase in strength was not as large as the
case of 23 °C curing. For high WPC content of 50%, the compressive
strength gain was significant at the early age and noticeably slowed
down at the later age [34]. High curing temperature adversely affected
the strength development at the later age due to the modifications of
microstructure of hydration products [35].

The results of the test of relative pH of geopolymer pastes are shown
in Table 2. The relative pH values of geopolymer pastes increased
with the increase in WPC content. The mixes with 0, 25, 50, 75 and
100% WPC cured at 23 °C resulted in the relative pH values of 10.2,
10.6, 11.1, 11.2 and 11.6, respectively. Similar increases were also ob-
served for the samples cured at 60 °C. An increase in pH was caused

Table 2

Properties of geopolymer pastes.
Mix CK WPC Setting time Compressive pH of pastes

(minutes) strength
(MPa)
(wt%)  (wt%) Initial Final 23°C 60°C 23°C 60°C

PCO 100 0 47 72 454 49.9 10.2 9.8
PC25 75 25 47 91 51.3 489 10.6 10.6
PC50 50 50 35 67 63.8 55.0 11.1 11.0
PC75 25 75 26 48 359 30.5 11.2 11.2
PC100 0 100 20 35 14.6 10.6 11.6 11.7
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