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A B S T R A C T   

In this study, hydroxyapatite (HAp) microparticles obtained from animal bones were synthesized, and for the 
first time, HAp was reinforced with beneficiated kaolin using the sol-gel route to improve the mechano-biological 
properties of the bioceramic materials. The non-reinforced HAp as well as the reinforced samples (K-HAp) were 
sintered at 900, 1000 and 1100 ◦C to consolidate the mixture and detailed physico-chemical and mechanical 
characterizations was conducted. In-vitro experiments in phosphate buffer saline and simulated body fluid were 
used to confirm the degradability and compatibility of the HAp-derived bioceramic materials, respectively. XRD 
signatures showed that a dominant phase of hydroxyapatite was formed at all sintering temperatures (900, 1000, 
1100 ◦C). The calcium to phosphate ratio (Ca/P) of the K-HAp-900 sample was approximately 1.67, which is the 
Ca/P ratio for stoichiometric hydroxyapatite prepared from synthetic sources. The active surface areas of the 
produced kaolin reinforced bioceramic materials: K-HAp 900–1100,were 0.9770, 0.2159 and 0.8659 m2/g, 
respectively, while the obtained micropore volumes were 0.000397, 0.001287, and 0.000334 cm3/g, respec
tively. At 900, 1000 and 1100 ◦C, compressive strengths (after applying the compaction pressure) with a value of 
5.67, 6.33 and 7.66 MPa were obtained for the kaolin reinforced bioceramic materials, respectively. The me
chanical measurement data further confirms that the reinforced bioceramic materials are suitable for human 
trabecular bone as the proposed scaffolds were endowed with an improved mechanical strength matching the 
bearable range of trabecular bone (2–12 MPa). In-vitro experiments showed the degradability and compatibility 
of the scaffolds. A relative neutral pH was maintained for sample K-HAp 900, and this sample also showed 
inhibitory potentials for bacterial strain (E. Coli).   
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1. Introduction 

Critical-sized bone defects represent significant clinical problems 
that continually drive research in biomedical engineering. Bone im
plants should be characterized by bioactivity and acceptable mechanical 
strength. Hydroxyapatite (HAp) is known to be bioactive because it has 
very close similarities with the mineralogical composition of teeth and 
bones (Suchanek et al., 1996). However, the mechanical competence of 
stand-alone HAp is poor which has made the use of HAp limited in 
clinical settings by reason of this inherent behaviour. Reports revealed 
that the human trabecular bone has a compressive strength within the 
range of 2–12 MPa (Jones et al., 2006; White et al., 2007), which has 
triggered the improvement of the mechanical reliability of HAp through 
the inclusion of additives such as SiC, Al2O3, ZrO2 and metal fibers 
(Hongquan et al., 2003). Unfortunately, most additives are detrimental 
to the biological properties of HAp. Consequently, the inclusion of 
kaolin and zeolites have gained attention (Harabi et al., 2016; Zhao 
et al., 2018). 

Kaolin, an aluminium silicate, has over time been used as an additive 
(Mallick et al., 2008; Goyanes et al., 2013), adsorbent (Ballet et al., 
2010), and an agent for blood clotting (Véliz et al., 2014). Additionally, 
kaolin has been identified to facilitate clotting because it enables charge 
interactions with clotting factors and huge potentials to accelerate 
haemostasis (Vaiana et al., 2011). An interesting insight in the use of 
kaolin in the field of pelletization is its plasticizing effect (Law and 
Deasy, 1997), which was useful in making the hydroxyapatite-based 
pellets in this study. Kaolin has being reported to be mechanically reli
able (Obada et al., 2016c; Obada et al., 2020b), in addition to its non- 
toxicity. Hence, hypothetically, using kaolin as an additive to rein
force HAp should enhance the mechanical properties without overly 
comprising the bioactivity. 

The application of clay as a naturally occurring material for bone 
application is gaining attention due to its inherent properties. Noticeable 
among such studies is the work of Usmaniya et al. (2019), who studied 
the electrophoretic deposition of bioactive glass nanoclay (kaolin) 
nanocomposites on titanium. The findings of the study showed an 
improvement in the corrosion performance of the coating composed of 
kaolin with the concentration as high as 50% by mass. The results show 
that kaolinite rich nanocomposites can be regarded as ideal materials for 
bioimplant coating. Also, Belhouchet et al. (2016) prepared and char
acterized anorthite from Algerian kaolin and hydroxyapatite from nat
ural phosphate. A composite of kaolin and HAp within the range of 20 to 
80 wt% of kaolin was considered, with a sintering temperature within 
the range of 1000 ◦C and 1400 ◦C for the produced samples. The study 
concluded that the reaction sintering of Kaolin/HAp, anorthite, HAp and 
mullite materials can be used in different fields. Furthermore, Sutthi 
et al. (2018), studied the effects of curing temperature and time on the 
mechanical properties of HAp/calcined kaolin (CK). The curing tem
peratures were within the temperature of 40 ◦C and 80 ◦C and curing 
time within 2 and 28 days. The result of the study showed that the curing 
time and temperature significantly affect the compressive strength of 
HAp/CK samples, and there is no interaction between curing time and 
curing temperature. By curing the sample at 80 ◦C for 28 days, the 
highest compressive strength of 37.8 MPa was achieved. Tang et al. 
(2014) modified mesoporous bioglass (MBG) with the inclusion of 
kaolin ranging between 5 and 20% (5-20 k). It was reported that with 
the addition of kaolin, the MBG-10 K scaffold exhibited a more stable 
and desirable pH environment, and an enhanced protein adsorption 
capacity. 

In light of these, continued efforts to design novel biological mate
rials is essential in the engineering of bone tissues. These afford insights 
into the development of man-made and artificial intelligence motivated 
bioceramic materials with structural and compositional features which 
have the potential of mimicking natural bone tissues. Reports by Okafor 
et al. (2020) and Okafor et al. (2021), demonstrated an alternative 
approach which employs artificial intelligence (AI) based ensemble 

learning methods for predicting the structural and functional groups of 
hydroxyapatite (HAp) samples. These may enable the tailored synthesis 
of robust bioceramic materials with inherent structural and biological 
properties. Since HAp is quite sensitive to processing protocols, the 
characterization for specific biomedical applications will suffice for the 
fabrication of novel bioceramic materials with characteristics suitable as 
bone implants and essential migration to the clinic. 

In light of these, for the first time, the reinforcement of hydroxyap
atite with beneficiated kaolin microparticles is reported in this study. In 
addition, a proposal of a simple protocol which advances a novel 
approach to fabricate HAp and K-HAp scaffolds by a “low cold 
compaction pressure” (Abifarin et al., 2019; Obada et al., 2020a; Obada 
et al., 2021a) technique is presented. Furthermore, the physical, 
chemical and biological properties, in-vitro, which are important in 
evaluating the bioactive potentials of the developed bioceramic mate
rials are reported. 

2. Materials and methods 

2.1. Materials 

Animal bones were sourced from an abattoir dumping site in Zaria, 
Nigeria, and kaolin was collected from a deposit in Kankara, Nigeria. 
The kaolin was beneficiated by a protocol described by Obada et al. 
(2016a). The pysico-chemical characteristics of the kaolin (raw and 
beneficiated) can be found in previous papers of the author’s team 
(Obada et al., 2016a; Obada et al., 2017a; Obada et al., 2017b; Obada 
et al., 2017c). 

2.2. Preparation of hydroxyapatite powder from the animal bones 

The animal bones were cleaned to de-proteinize the biomaterials and 
dried in a hot air oven at 150 ◦C for 8 h. Afterwards, the bones were 
subjected to heat treatment in a Nabertherm muffle furnace at 900 ◦C 
with a dwell time of 2 h. The bones subjected to heat treatment at 900 ◦C 
were grinded and sieved to obtain fine powder with particles lower than 
300 μm. The same sample was again sintered (double-stage sintering), 
after initial sintering, at 900 ◦C, at temperatures of 900, 1000, and 
1100 ◦C and labelled as HA-900, HA-1000, and HA-1100, respectively. 
In addition, a non-heat-treated sample was prepared which was labelled 
as RB (raw bone). 

2.3. Microstructure and phase composition 

To investigate the phase composition of the raw, synthesized HAp 
powders and kaolin, XRD patterns were collected on a Bruker AXS, D8 
Advance diffractometer operating at 40 kV and 30 mA. The morphology 
of the beneficiated kaolin and hydroxyapatite powders was observed 
using a Zeiss Ultra 60 scanning electron microscope which was operated 
at 15 kV. 

2.4. Synthesis and characterization of the kaolin reinforced 
hydroxyapatite (K-HAp) 

The kaolin reinforced hydroxyapatite (K-HAp) was synthesized by 
the sol-gel method. The already prepared HAp powders (HA-900, HA- 
1000, and HA-1100) were dissolved separately into 100 ml tap water 
with stirring for 1 h. Next, the solution of each HAp powder was 
homogenously mixed with 15 wt% of kaolin particles under continuous 
stirring for another 1 h. The resultant solutions were mixed with in
crease in temperature until dryness. The products were further dried at 
60 ◦C for 24 h. 

Before pelletizing, to validate the efficacy of the synthesis method 
(sol-gel) for producing the K-HAp mixture, the morphology of the kaolin 
mixed hydroxyapatite samples which was only mixed with a spatula 
before the sol-gel synthesis procedure (BSG), and the resultant K/HAp 
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powder after the sol-gel synthesis protocol (ASG), was observed using 
the MAIA3 TESCAN SEM machine equipped with Electron Energy 
Dispersive X-Ray Analysis (EDX). To investigate the phase composition 
of the K/HAp samples (ASG and BSG), XRD patterns were collected on a 
diffractometer (Model: Rigaku, Miniflex 300) operating at 40 kV and 30 
mA. A Zeiss EM900 transmission electron microscope was used to 
establish the grain size of the produced kaolin reinforced HAp (K-HAp). 
The estimated average crystallite sizes of the kaolin reinforced samples 
(ASG), in addition to samples produced by spatula mixing of kaolin and 
hydroxyapatite (BSG), were calculated using the Scherrer broadening 
method (Scherrer, 1918). The broadening of the reflections can be 
ascribed to the crystallite size which could be equal or smaller to the 
grain size (Farzadi et al., 2014). Typically, the (002) HAp reflections 
were useful for the evaluation (Landi et al., 2000; Farzadi et al., 2011). 
The Brunauer-Emmett-Teller (BET) method was used to obtain the 
surface areas and micropore volumes of the reinforced HAp samples 
using the TriStar 3000 BET analyser. The sintered kaolin reinforced 
powdery samples were labelled as K-HAp 900, K-HAp-1000 and, K-HAp- 
1100. 

2.5. K-HAp pellets preparation for compressive testing 

Next, pelletization of the powders from the sol-gel synthesis was 
conducted using a pressure of 1 MPa into cylindrical shaped pellets with 
a diameter of 25.6 mm and thickness of 10.2 mm for hardness and 
compressive tests. Since the K-HAp pellets required some densification 
prior to mechanical measurements, the K-HAp samples were sintered at 
900, 1000, and 1100 ◦C at the heating rate of 5 ◦C/min and a dwell time 
of 2 h to obtain the representative bioceramic materials. 

2.6. Characterization of the physical properties of kaolin reinforced 
hydroxyapatite 

2.6.1. Porosity measurements 
Porosity measurements was conducted by adopting Eq. 1: 

Porosity (%) =

(

1 −
Weight of Pellet

Volume of Pellet × Density of Pellet

)

× 100 (1)  

2.6.2. Density measurements 
The theoretical density was calculated based on the expression stated 

by Kusakabe et al. (2017) 

Density of the Pellet =
100

∝
d1
+

(100− ∝)
d2

(2)  

where α = wt% of Kaolin, d1 is the density of kaolin (2.65 g/cm3) and d2 
is the Density of HAp (3.16 g/cm3) (Landi et al., 2000; Ayed et al., 2001; 
Munar et al., 2006; Obada et al., 2020a). 

Dimension of the Pellets: 
Average diameter of the pellets = 25.6 mm 
Average height of the pellets = 10.2 mm 
Measurements were taken in triplicate and the average values were 

recorded. 

2.7. Compressive strengths of HAp and K-HAp pellets 

The compressive strengths of the K-HAp scaffolds was measured in 
triplicates using a TQSM1000 universal testing machine equipped with a 
5 kN load cell. A comparison of the compressive strength of the pellets 
with compaction and no compaction pressures was made. 

2.8. Statistical analysis 

Statistical analysis was performed using SPSS (Statistical Package for 
Social Science, SPSS, version 20.0, SPSS, Chicago, IL, USA). After 

calculating the mean ± standard deviation of the compressive strengths, 
one-way ANOVA test was used to compare the groups and determine the 
significance of the effect of sintering temperature on the compressive 
strength of the compacted and non-compacted samples. In the current 
study, p < 0.05 was considered statistically significant. 

2.9. Antimicrobial assessment of the scaffolds 

The antimicrobial activity of the kaolin reinforced samples (K-HAp) 
was conducted using the disc diffusion method (Bauer, 1966) against 
Staphylococcus aureus (S. aureus) and Staphylococcus épidermidis (S. 
epidermis) as Gram-positive bacteria models, and Escherichia coli (E. coli) 
and Pseudomonas aeruginosa (P. aeruginosa) as Gram-negative bacteria 
models. The Candida albicans (C. albicans) microbial strain was used as 
the model fungi. The inoculums of the micro-organisms were synthe
sized via fresh overnight broth cultures which were kept in the incubator 
at 37 ◦C under constant stirring. The agar disc diffusion studies were 
performed using Muller Hinton agar (MH, pH 7.3 ± 0.1), and conducted 
by pouring the agar into petri plates containing 15 ml of molten media. 
The turbidity of the bacterial suspension was adjusted to 0.5 Mcfarland 
standard and with a sterile swab, the bacterial culture was streaked on 
previously prepared MH agar dish. The paper discs were conditioned 
separately with 25 ml of the powder prepared previously and placed at 
equal distance in a circle on the seeded dish. These dishes were placed at 
room temperature for about 15–30 min before incubation at 37 ◦C for up 
to 48 h. After the period of incubation, the dishes were assessed for the 
inhibitory zones which included the diameter of the discs. Each sample 
was used in duplicate for the assessment of the antibacterial and anti
fungal activity. The blank discs were used as a negative control. 

2.10. In-vitro biological evaluations (biocompatibility) of the kaolin- 
reinforced scaffolds 

The bioactivity of the prepared pellets was evaluated using a simu
lated body fluid (SBF) solution which was prepared according to the 
protocol of Kokubo and Takadama (2006). The pellets representing the 
synthesized bioceramic materials were placed in an air-tight poly
ethylene container with a volume of 50 ml SBF solution and carefully 
positioned in an incubator using a water bath for a period of 7, 14 and 
28 days, respectively at 37 ◦C. The SBF solution was replaced every day 
during the experiments to preserve ions concentration. 

2.11. Biodegradability assessment of the scaffolds 

Biodegradability studies were conducted to assess the gradual weight 
loss of the scaffolds in a phosphate buffer solution (PBS) for 7, 14 and 21 
days by dissolving a PBS tablet in 100 ml of deionized water to obtain a 
pH of 7.4. Each pellet was placed in 50 ml of PBS solution and kept in an 
incubator. Readings were taken for the pH variation and weight loss of 
each respective bioceramic pellets before and after the incubation using 
a pH meter and an analytical balance (accuracy: 0.001 g). The per
centage of weight decrease (Wd) was calculated using Eq. 3: 

Wd =
Wa − Wb

Wa
× 100% (3)  

where Wa and Wb are the respective weights of samples before and after 
soaking in phosphate buffer saline solution, respectively. 

3. Results 

3.1. XRD patterns of kaolin, raw animal bones and its derived 
hydroxyapatite 

The XRD pattern of kaolin (Fig. 1) exhibits two prominent reflections 
at 12◦ and 24.90◦ 2θ, and other reflections at 19.94◦, 35.98◦ and 55.12◦
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2θ. These reflections were matched with the PDF card number 01–089- 
6538 and buttressed by reports elsewhere (Kakali et al., 2001; Obada 
et al., 2016b; Obada et al., 2016c). The results indicated that kaolinite 
was the predominant phase in the powdery bulk. In addition, illite, 
muscovite and quartz were identified as minor mineral phases present in 
the sample. 

The XRD patterns of the non-reinforced HAp (Fig. 2) represents 
characteristic signatures of HAp reflections at 26.17, 28.25, 29.1, 31.9, 
32.35, 33, 34.2, 39.96, 46.85, 48.25, 50.65, 51.4, 52.35, 53.38 and 
63.1◦ 2θ. All the reflections are common of the hexagonal phase of hy
droxyapatite (Chavan et al., 2010; Akpan et al., 2020a; Akpan et al., 
2021a) and is in line with JCPDS No. 74–0566 (Heidari et al., 2016). The 
pattern of raw bones (RB) which is characterized by broad reflections 
can be attributed to the low crystallinity of the HAp phase. 

3.2. SEM images of kaolin, raw bones and raw bones derived 
hydroxyapatite 

Fig. 3(a–d) shows the morphology of kaolin particles at different 
magnifications. For all the images, the structured layers of kaolinite 

mineral in kaolin are stacked with an obvious booklet morphology, with 
particular emphasis on the image taken under the highest magnification 
(image 3d; 100 kX). These structured layers were also seen to align 
parallelly showing some discontinuities. These observations are in line 
with the typical morphology of kaolinite as described by several authors 
(Bohor and Hughes, 1971; Lee et al., 2003; Bergaya and Lagaly, 2013). 

The SEM images and EDX spectra of the raw animal bones and heat- 
treated variants are depicted in Figs. 4 and 5. Hollow surfaces are 
observed for the raw bones (RB) while for all the heat-treated (sintered) 
variants at different temperatures, the particles are closely packed. This 
can be ascribed to the effect of heat during the sintering regimes 
(densification). The samples subjected to heat-treatment (HA-900, 1000, 
1100) exhibit inter connectivity related to their dense structures and 
defines the start of a crystalline grain structure of hydroxyapatite 
(Haberko et al., 2006; Murugan et al., 2006; Zhao et al., 2013; Lowe 
et al., 2016). The presence/distribution of pores are evident on the 
surface of the samples with consequent potential application for cell 
proliferation in orthopaedic medicine (Sopyan and Kaur, 2009). It is 
worth noting, from the SEM images, that the spherical shaped particles 
with clumped and agglomerated distribution peculiar to hydroxyapatite 
is characteristic of the sintered variants. 

The EDX spectra in Fig. 5 confirms that HAp is primarily composed of 
calcium (Ca), phosphorus (P) and oxygen (O) with traces of minor ele
ments. This composition has huge similarities to the chemical constit
uents of the natural bone (Ramesh et al., 2018) 

3.3. Viability of the sol-gel synthesis route: XRD patterns and SEM of BSG 
(before sol-gel) and ASG (after sol-gel) samples 

To gain insight into the efficacy of the synthesis method, XRD and 
SEM analyses were carried out on the prepared powdery composite (BSG 
& ASG) as shown in Fig. 6a and b, respectively. Typical reflections with 
higher intensities at 31.9, 32.35, 33, and 34.2◦ 2θ, which corresponds to 
reflections of the hexagonal phase of hydroxyapatite [Ca10(PO4)6(OH)2] 
were observed. The reflections of kaolinite in the two samples were not 
visible due to the low kaolin content (15 wt%) in the mixture. In addi
tion, due to the non-mesostructured nature of kaolin, the diffraction 
reflections of the BSG mix broadened slightly and the diffraction in
tensities decreased to an extent. Correspondingly, the diffraction re
flections of ASG were significantly increased at 31.9, 32.35, 33◦ 2θ. In 
addition, ASG powders had a higher crystallite size of 98.7 nm compared 
with BSG powders of 51.6 nm. This infers that ASG powders have the 
potential to exhibit better mechanical properties, because, with 
increased crystallite size, ASG powder would be resistant to micro- 
cracking due to the anisotropic thermal expansion coefficient. After 
matching the results obtained from the BSG and ASG powders with the 
JCPDS database, prominent phase of hydroxylapatite and hydroxy
flouroxyapatite were formed respectively, with the formation of 
hydroxyflouroxyapatite ascribed to the partial substitution of the hy
droxyl (OH− ) by the fluoride (F− ) ions which also has the potential to 
enhance the mechanical properties of the HAp pellets. 

Fig. 6b reveals the morphological structure of the spatula mixing 
(BSG) and the sol-gel-derived kaolin reinforced HAp (ASG). From the 
representative SEM images of BSG, it is observed that the typical booklet 
morphology of kaolin was visible between the bead-like morphology of 
HAp aggregates. This depicts an inhomogeneous mix at both magnifi
cations (10.0kX and 20.0kX). A quite uniform morphology was observed 
for ASG samples at low and high magnifications with the microstruc
tures mostly composed of the bead-like morphology of HAp. This 
confirmed the hypothesis that the sol-gel method could improve the 
homogeneity and enhance the physico-mechanical properties of the 
kaolin reinforced composite. 
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Fig. 1. X-ray diffraction pattern of Kankara kaolin.  

Fig. 2. X-ray diffraction patterns of the synthesized hydroxyapatite (HAp) 
samples at various sintering temperatures. 

D.O. Obada et al.                                                                                                                                                                                                                               



Applied Clay Science 215 (2021) 106298

5

Fig. 3. SEM images of Kankara kaolin at different magnifications, a) 10,000× b) 20,000× c) 30,000× d) 100,000×.  

Fig. 4. SEM images of the raw animal bones and hydroxyapatite (HAp) samples sintered at 900, 1000 and 1100 ◦C.  
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3.4. Average crystallite sizes of kaolin and kaolin reinforced 
hydroxyapatite 

The crystallite sizes of kaolin and kaolin reinforced hydroxyapatite 
were generated by virtue of the (002) reflections from the XRD analyses. 
The crystallite sizes of the kaolin, K-HAp-900-1100 were 42.61 nm, 
45.04 nm, 63.03 nm, and 54.50 nm, respectively. These crystallite sizes 
are close and comparable to the size of the HAp nanocrystals in natural 
bone (about 50 nm) as reported by Kikuchi et al. (2001). Rusu et al. 
(2005) also observed a crystallite size range of 15 to 50 nm for HAp 
crystals decorated on a chitosan matrix. Relatedly, Pang and Bao (2003), 
reported a size range of 20 to 53 nm for their as-prepared HAp nano
particles. As shown in Table 1, it was noticed that the increase in the 
crystallite sizes with an increase in sintering temperature was not linear. 
One possible explanation for this could be that the HAp with the largest 
crystallites in sample K-HAp 1000 was formed mainly due to the for
mation of larger microcrystals during sintering. As much as macropores 

in a HAp implant are essential for bone ingrowth, this is also enhanced as 
bioceramic scaffolding materials also contain microporosity. The results 
of surface area and micropore volume (Table 1) are quite close to the 
surface area and pore volume of hydroxyapatite samples as reported by 
Pramanik et al. (2005, 2007). There is a consistent trend between the 
surface areas and average crystallite sizes. With increasing sintering 

Fig. 5. EDX spectra of the raw animal bones and hydroxyapatite (HAp) samples sintered at 900, 1000 and 1100 ◦C.  

Fig. 6. a) X-ray diffraction signatures of hydroxyapatite (HAp)-kaolin mix before sol-gel (BSG) and after sol-gel (ASG), b) SEM images of BSG and ASG.  

Table 1 
Average crystallite sizes of the kaolin reinforced hydroxyapatite (K-HAp) 
samples.  

Sample 
code 

Average crystallite size 
(nm) 

Surface area 
(m2/g) 

Micropore volume 
(cm3/g) 

K-HAp-900 45.04 0.9770 0.000397 
K-HAp- 

1000 
63.03 0.2159 0.001287 

K-HAp- 
1100 

54.5 0.8659 0.000334  
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temperature of the samples, there is a decrease in surface area for K- 
HAp-1000 sample. An increase in surface area is noticed as the crys
tallite size dropped for the K-HAp-1100 sample. The increase in surface 
area following this trend can be ascribed to smaller crystallites and 
higher reactivity of particles in the solid. The low surface area of the 
materials, as reported, can be ascribed to the external surface of the 
particles of the bulk. 

3.5. Representative morphologies and Ca/P ratio of the K-HAp samples 

The SEM images of the K-HAp bioceramic materials (Fig. 7a) reveal 
aluminosilicate crystals which are deposited on the surface of all the 
samples as spheroidal oriented particulates are merged with more 
obvious agglomerates which can be ascribed to the addition of kaolin. 
The nano and micro-sized crystals complimentarily reveal the typical 
microstructure of HAp. The EDX analysis of K-HAp samples (Fig. 7b) 
revealed that the Ca/P ratio was within the range of 1.66–1.99, which is 
close to the Ca/P ratio in natural apatite of hard tissue with similar ratios 
reported elsewhere (Abifarin et al., 2019; Akpan et al., 2020b; Obada 

et al., 2020a; Akpan et al., 2021b). The EDX analyses for K-HAp 
(900–1100) showed the presence of silicon (Si) and aluminium (Al) due 
to the addition of kaolin. The Ca/P ratio (1.66) of K-HAp-900 was the 
closest to stoichiometric Ca/P ratio of hydroxyapatite (1.67) among the 
samples. The Ca/P ratio of K-HAp-900 seem to be a little calcium defi
cient which may make it highly soluble and as a consequence be better 
comparatively with the other kaolin-reinforced variants in terms of its 
osteoinductive support for bone regeneration (Li et al., 2012). 

The solid particles noticeable on the TEM images of K-HAp samples 
(Fig. 7c) are mostly ascribed to HAp. The TEM images revealed that the 
samples’ particles are mostly spherical in shape and in line with other 
studies (Sun et al., 2006; Lin et al., 2007). This has positive conse
quences as it has the potential to enhance the mechanical properties of 
bioceramic materials. It was difficult to further complement the findings 
from the TEM images with the topographical morphology from SEM as 
clearer morphological gradients were revealed by SEM. 

Fig. 7. a) SEM images of the kaolin reinforced hydroxyapatite samples (K-HAp), b) EDX spectra of the K-HAp samples, c) TEM images of the K-HAp samples.  
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3.6. XRD signatures of K-HAp samples 

The XRD patterns of the K–HAp samples after sintering at different 
temperatures (900–1100 ◦C) are seen in Fig. 8. The diffraction peaks of 
the K–HAp mixture sintered at 900 ◦C are found to be in accordance with 
the structure of the crystalline hydroxyapatite. However, when the 
sintering temperature increased to 1000 and 1100 ◦C, two small re
flections could be seen at 31.17◦ and 34.51◦ 2θ, and can be identified as 
β-TCP which has the potential to accelerate new bone formation (Dean 
et al., 1995), if the bioceramic materials are used as implants. The 
appearance of β-TCP resulting in the decomposition of HAp at 1100 ◦C 
can be ascribed to kaolin containing SiO2 which reacts with HAp and 
transforms into the TCP phase. This is in line with the findings reported 
by Laonapakul et al. (2021). This indicated the lower thermal stability of 
the K-HAp with an increase in the sintering temperature. As the sintering 
temperature increased above 1000 ◦C, the appearance of the trans
formed phases of kaolin (cristobalite and mullite) were observed. Hy
droxyapatite was still a predominant phase at these temperatures, as the 
reflections were matched with hydroxyapatite card number of 96–900- 
3549. However, mullite, cristobalite and tricalium phosphate reflections 
were also noticed with ICDD files: 96-900-1568, 96–900-1579 and 
JCPDS card number 09–0169, respectively. This implies that at higher 
sintering temperature, kaolin transformation which is associated with 
the dehydration and dehydroxylation processes took place. This allowed 
a reduction of the intensity of the reflections of HAp, especially for K- 
HAp-1100 sample. These characteristics have implications on control
ling microstructure and avoiding exaggerating grain growth which may 
affect the mechanical strength of the kaolin reinforced scaffolds. 

3.7. Physical characteristics of the kaolin reinforced samples 

The porosities of K-HAp- 900, 1000 and 1100 are 45.7 ± 0.01%, 45.9 
± 0.01%, and 57.1 ± 0.01%, respectively (Fig. 9). At higher sintering 
temperatures, the porosity for K-HAp-1000 slightly increased and can be 
considered very marginal. The porosity for K-HAp-1100 increased, 
though this trend is not typical for porosities of ceramic materials when 
subjected to elevated temperatures. One reason for the trend noticed in 
this study could be that the smaller pores in the bulk of the bioceramic 
materials were absorbed into larger pores. It has been reported previ
ously that porosity in the range from 40 to 90% is enough for osteoin
tegration (Karageorgiou and Kaplan, 2005). Hence, it is noteworthy that 
the computed porosities show potential for biomedical applications. 

Porosities of HAp samples (HAp 900–1100) and RB (raw bone) have 
been reported in a previous study (Obada et al., 2020a). The porosities of 
these samples varied from 46.9 ± 0.10% to 60.2 ± 0.76% with porosity 
value of HAp-1100 (60.2%) slightly higher than K-HAp-1100 (59.2%). 
This could be ascribed to the kaolin particles used as reinforcement 
which may have marginally filled some of the pores. 

Apparent density for the kaolin reinforced samples was found in the 
range between 1.32 ± 0.01 and 1.67 ± 0.01 g/cm3. The K-HAp 1100 
sample was denser as compared to other samples as a result of the 
highest sintering temperature used for its densification. This may have 
been possible due to the encapsulation of smaller pores in larger ones 
with consequent increase in densely packed regions in the bulk. It is still 
not very clear why this is the case as the K-HAp-1100 sample had the 
highest porosity, however smaller pores in the bulk being absorbed into 
larger pores could be noteworthy. 

3.8. Compressive strengths of the K-HAp pellets 

It is important to highlight the robust compressive strength of the 
pellets after reinforcing with micro-sized kaolin particles and applying 
the low cold compaction pressure (1 MPa) as compared to non- 
reinforced HAp pellets. Significant compressive strength of 7.66 MPa 
as compared with 0.89 MPa for the non-reinforced HAp matrix was 
observed at 1100 ◦C. Fig. 10 reveals that the compressive strength 
measured exhibited gradients for all the samples. By using a low cold 
compaction pressure of 1 MPa, the range of compressive strength for all 
the samples were 5.67 ± 0.15 MPa, to 7.66 ± 0.14 MPa. The compres
sive strength of the K-HAp-1100 was significantly increased with 
compaction pressure of 1 MPa and surpassed the minimum mechanical 
strength requirements of trabecular bone (about 2 MPa) making it 
suitable for bone regeneration. Emphasizing the need for the compac
tion pressure, the pellets fabricated without compaction pressure gave 
compressive strengths of 1.98 ± 0.08 MPa; 1.97 ± 0.16 MPa and 0.89 ±
0.08 MPa, for K-HAp-900, 1000 and 1100 samples, respectively. These 
values did not reach the minimum mechanical strength requirements of 
trabecular bone (about 2 MPa). 

The analysis of variance (ANOVA) of the three groups of compacted 
K-HAp variants [K-HAp 900(C), K-HAp 1000(C), and K-HAp 1100(C); 
please see Fig. 11] as depicted in Table 2 show that the obtained Fo value 
of 9.333 is greater than the cut-off value of 5.143 from the F distribution 
with 2 and 6 degrees of freedom and a significance level of 0.05. 
Therefore, the null hypothesis that states that the mean levels, as ob
tained from the compressive test experiments conducted in triplicates, 
are the same is rejected. From this analysis, it can be stated that the 
sintering temperature has an effect on the compressive strength of the 
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Fig. 9. Variation of the average porosity and density of K-HAp scaffolds.  
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compacted samples. 
In a similar vein, the analysis of variance of the three groups as 

shown in Table 3, which is representattive of the non-compacted K-HAp 
variants [K-HAp 900(NC), K-HAp 1000(NC), and K-HAp 1100(NC); 
please see Fig. 11], show that the obtained Fo value of 101.826 is greater 
than the cut-off value of 5.143 from the F distribution with 2 and 6 
degrees of freedom and a significance level of 0.05. Therefore, the null 
hypothesis that states that the mean levels, as obtained from the 
compressive test experiments conducted in triplicates, are the same is 
rejected. From this analysis, it can be stated that the sintering temper
ature has an effect on the compressive strength of the non-compacted 
samples. 

One reason for the improved compressive strength with the influence 
of temperature can be ascribed to the “particle-reinforcing” effect of 
kaolin. The well dispersed kaolin formed good bridging with the HAp. 
Based on the studies reported on the compressive strength of human 
trabecular bone (Jones et al., 2006; White et al., 2007; Fu et al., 2013), 
the kaolin reinforced bioceramic material can be used as bone implants 
in a fractured area of trabecular bone. The compaction pressure used for 
pelletizing the K-HAp scaffolds enhanced the densification of the scaf
folds. The compressive strengths of the compacts increased with tem
perature because with an increase in temperature, the ultimate stress of 

the ceramic compacts decrease, while the strain corresponding to the 
peak strength increase. The well-defined crystal structures of the kaolin 
reinforced hydroxyapatite indicated the quality of the bioceramic ma
terials for trabecular bone applications, and this was also reported by 
Rollo et al. (2015). 

3.9. Biodegradability (weight loss) and pH variation profiles of the kaolin 
reinforced samples 

Fig. 12 represents the weight loss profiles of the scaffolds over time in 
phosphate buffer saline (PBS). For all the pelletized bioceramic mate
rials, there was an initial increase in weight in the first three days before 
the weight steadily decreased with incubation time. The K-HAp-1100 
bioceramic material exhibited a slower degradation rate than the other 
scaffolds, which may be associated with the inherent porosity that 
slowed down the degradation of weight of the bioceramic materials. 

The pH profiles for the PBS-soaked scaffolds as illustrated in Fig. 13 
show that the pH value of the PBS solution gradually increased for all the 
bioceramic materials at an earlier stage, while for the K-HAP-1100 
sample, there was a steady increase in pH during the 21 days of incu
bation. There was a considerable increase of pH for the K-HAp-900 
scaffold which hovered around the neutral pH levels. Such gradients in 
pH rise may be ascribed to the dissolution of alkaline ions from the 
kaolin reinforced pellets, and this compensates the acidity of the PBS 
medium, locally. The pH auto-regulation mechanism shown by the K- 
HAp-900 scaffold due to presumably more alkaline ions in the bulk of 
the samples can be quite efficient in reducing the inflammation of soft 
and hard tissues surrounding the scaffold during in vivo implantation. 

Fig. 10. Compressive strength of HAp and K-HAp scaffolds; NC- no compaction 
pressure; C- I MPa compaction pressure. 

Fig. 11. Pictures of the non-compacted (NC) and compacted (C) samples.  

Table 2 
One-Way ANOVA on the impact of sintering temperature on the compressive 
strength of compacted K-HAp scaffolds.   

Sum of squares df Mean square F Sig. 
Between Groups 6.222 2 3.111 9.333 0.014 
Within Groups 2.000 6 0.333   
Total 8.222 8     

Table 3 
One-way ANOVA on the impact of sintering temperature on the compressive 
strength of non-compacted K-HAp scaffolds.   

Sum of squares df Mean square F Sig. 

Between Groups 2.464 2 1.232 101.826 0.000 
Within Groups 0.073 6 0.012   
Total 2.537 8     
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3.10. Antibacterial activity of the reinforced scaffolds 

Typically, bacterial and fungal colonies can quickly grow on HAp 
due to their bioactive properties and the presence of calcium and 
phosphate ions which supplement as nutrients for their growth. The 
formation of these colonies is a major reason for implant failure, and, 
therefore, it is an important parameter to study. The K-HAp-900 sample 
(Fig. 14) showed bactericidal effect on gram negative E.coli with inhi
bition diameters reaching a maximum at 11 ± 0.5 mm. However, no 
such activity was observed for all the other bacterial and viral strains. 
The activity exhibited for bacterial strain (E.coli) by the K-HAp-900 
scaffold can be ascribed to the variations in the cell structure, the rate of 
diffusion, the metabolism, and the interaction of the microparticles with 
the microorganisms. This antibacterial effect can also be linked to the pH 
auto-regulation potentials of K-HAp-900, as the rate of metabolism is a 
bit stable. It is possible that the antibacterial activity of the sample and 
other kaolin reinforced variants can be further improved by doping with 
trace metal ions as shown in studies reported by Tank et al. (2011, 
2014), and Obada et al. (2021b) with a protocol which will be safe to use 
for biomedical applications. 

3.11. Morphology of scaffolds after immersion in SBF and representative 
Ca/P ratios 

The pH auto-regulation potential and the antimicrobial activity of K- 
HAp-900 bioceramic material necessitated a further study on its in-vitro 
compatibility potential. The morphology of the scaffolds after immer
sion in SBF for 0, 14, and 28 days is displayed in Fig. 15. Some parts of 
the surface of the kaolin reinforced hydroxyapatite were covered with 
an apatite layer after 14 days as there is a distinct topography and 
morphology as compared to bioceramic materials not immersed in SBF. 
On the 28th day, the surface of the hydroxyapatite is also distinct and 
the agglomeration is higher as compared to the microstructure on the 
14th day. The apatite formation on the scaffold started to grow indi
vidually and separately from each other on the 14th day. On the 28th 
day, a process of cluster agglomeration started with the consequent 
losing of individual clusters. These trends were also noticed in a related 
work conducted by Abad-Javier et al. (2018). 

The variation of Ca/P ratio after the in vitro evaluation tests in SBF is 
presented in Fig. 16. For all scaffolds, Ca/P ratio in weight and atomic 
percentages decreased with incubation time, higher in weight percent 
than the stoichiometric value of apatite (Ca/P = 1.67). This indicates 
that the surface was covered by a Ca rich-apatite layer as depicted by the 
microstructures. After 14 and 28 days, the atomic Ca/P ratio for both K- 
HAp-1000 &1100 exhibited ratios equal to 1.48 and 1.39, respectively, 
which shows calcium-deficiency in the hydroxyapatite bulk. This result 
indicated that the SBF favours the degradation process after 14 days for 

Fig. 12. Weight loss profiles of the kaolin reinforced samples (K-HAp-900, 
1000, and 1100). 

Fig. 13. pH variation profiles of the kaolin reinforced samples (K-HAp-900, 
1000, and 1100). 

Fig. 14. Inhibitory diameters of the K-HAp powders on the tested microbial strains.  
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the scaffolds with osteoinductive support potentials for bone 
regeneration. 

4. Discussion 

To fabricate bioceramic scaffolding materials with a hierarchical 
structure, the sol-gel technique followed by heat treatment was used to 
produce the kaolin reinforced bioceramic material with a combined 
micro, macro and mesoporous structure. The trimodal porous structure 
as illustrated in the SEM images (Fig. 7), which were interconnected in 
nature, could be instrumental for the enhancement of nutrient exchange, 
cell proliferation, promotion of bone formation and bone/tissue 
ingrowth. This assertion is in line with several researchers who have 
produced bioceramic materials with various structures for biomedical 
applications (Zhao et al., 2015; Vallet-Regí et al., 2016; Gu et al., 2017). 

The SEM images of the kaolin reinforced scaffolds show that a bio
ceramic scaffold with a trimodal architecture was fabricated, which is 
close to the structural characteristics of natural bone. This is therefore a 
versatile scaffolding material to support bone regeneration. 

The synthesized kaolin reinforced composite scaffolds show me
chanical robustness, and tailorable degradation rates. A quick degra
dation of scaffolding materials usually doesn’t allow enough time for the 
bone to grow quickly enough and ensure completeness in bone repair 
applications. Essentially, it is quite important for an orthopaedic 
biodegradable implant to have a degradation rate that matches the 
healing or regeneration process of blood vessels (Xie et al., 2016; Zhu 
et al., 2019).On the other hand, if the degradation is too slow, it may not 
provide enough space for new bone ingrowth. Therefore, it can be 
suggested that the fabricated bioceramic scaffolding materials have 
characteristics in an acceptable range. The K-HAp scaffolds showed 

Fig. 15. Morphology of the K-HAp-900 scaffolds after immersion in simulated body fluid (SBF).  
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moderate degradation and auto-pH regulation tendencies. The 
compressive strength of the low-cold compacted scaffolds showed 
matchable properties with the mechanical requirements of the trabec
ular bone (2–12 MPa). To compare the mechanical properties of the 
scaffolds in this study to other studies can be misleading. This is because 
many factors influence the mechanical properties of hydroxyapatite 
derived scaffolds. These factors are pore size, and orientation, material 
purity, sintering temperature and time, phase transitions and phases 
present, and the volume of sample. To put into context, Metsger et al. 
(1999) conducted a detailed comparison of studies on mechanical 
properties of HAp and reported, for example, that the compressive 
strength of dense HAp ranged from 100 to 900 MPa. Other parameters 
which may have endowed the dense HAp with this robust compressive 
strength may not have been mentioned and this may not allow an ac
curate comparison. Hence, the compressive strength of the pellets/ 
scaffolds with trimodal architecture synthesized in this study have not 
been compared to properties of HAp derived scaffolds reported in the 
literature. However, the properties of the produced scaffolds have been 
compared to the properties of bone since the intended application for the 
bioceramic materials studied here is as bone substitutes. The consider
ations when conducting the characteristics of these scaffolds to bone 
include: the materials degrade slowly and when a comparison of this 
nature is made, it is important to consider that the strength and stiffness 
would increase with bone ingrowth. Secondly, the flexibility of the 
method of fabrication allows the characteristics of the scaffolds to be 
tuned to enhance the compactness and strength of the scaffolds. Nor
mally, the strength of a degradable scaffold should match that of the host 
bone. Essentially, for scaffolding materials that degrade slowly, for 
instance, HAp, it is important that the characteristics of the scaffold and 
the ingrown bones match that of the native bone. The scaffolding ma
terials prepared in this study had average compressive strength of 5.67 
to 7.66 MPa, which is close to the 1–7 MPa range of strengths reported 
for trabecular bone by Bayraktar et al. (2004), 

The immersion assays conducted in-vitro in simulated body fluid 
suggested that the reinforced samples accelerated the growth and 
nucleation of new phases. This effect can be ascribed to the dissolution 
of the scaffolds which triggered the release of Ca2+ which is essential for 
CaP nucleation and favours the formations of new HAp phase as shown 
in the Ca/P ratios after immersion. 

The limitations in this study include the inability to test, in vitro, the 
non-reinforced scaffolds alongside the reinforced variants. Also, a stand- 
alone kaolin scaffold would have been used as a positive control. An in- 
depth study will be performed in vitro and in vivo specifically for anti
bacterial, acute, and chronic toxicity evaluations to further demonstrate 
the potential for clinical applications. 

5. Conclusions 

This study has shown the feasibility and viability of producing hy
droxyapatite from animal bones and further reinforcing with kaolin to 
fabricate scaffolds through a low-cold compaction protocol assisted by 
heat treatment. The crystallites of kaolin and kaolin reinforced micro
particles were mainly comprised of 40–65 nm sized particles which has 
similarities with natural bone apatite. The calcium to phosphate ratio of 
K-HAp was 1.66 which is very close to 1.67 (the Ca/P ratio for stoi
chiometric hydroxyapatite). The micropore volumes of the samples, 
0.000397, 0.001287 and 0.000334 cm3/g, for KHAp 900–1100, 
respectively, are in line with data obtained for bioactive materials in 
other studies. The grain morphology as revealed by TEM analyses 
showed that the spherical orientation of the samples has the potential of 
enhancing the mechanical properties of the kaolin-reinforced scaffolds. 
From the X-ray diffraction analyses of the sintered scaffolding materials 
in comparison with pure HAp and kaolin, the reflections of tri‑calcium 
phosphate (β-TCP) which was evident in the kaolin reinforced mix sin
tered at 1100 ◦C (K-HAp-1100), has the tendency to enhance accelerated 
new bone formation if the scaffolds are used as implants. In addition, K- 
HAp-1100 prepared with 1 MPa compaction pressure showed the most 
significant compressive strength of 7.66 MPa. In-vitro experiments 
showed the degradability and compatibility of the scaffolds as a relative 
neutral pH was maintained for the K-HAp-900 sample. Moreover, sam
ple K-HAp-900 also showed inhibitory potentials for E. coli. In the cur
rent study, the K-HAp-900 scaffold prepared through an innovative 
strategy possess a better combination of physical, biological and me
chanical characteristics (5.66 MPa compressive strength). Essentially, 
the novel compaction protocol and kaolin reinforcement used in this 
study represents a new approach to fabricate biomimicking scaffolds for 
bone regeneration. 
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