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Abstract: Calcium-based catalysts are of high interest for glycerol polymerization due to their high
catalytic activity and large availability. However, their poor stability under reaction conditions is an
issue. In the present study, we investigated the stability and catalytic activity of Ca-hydroxyapatites
(HAps) as one of the most abundant Ca-source in nature. A stochiometric, Ca-deficient and Ca-rich
HAps were synthesized and tested as catalysts in the glycerol polymerization reaction. Deficient
and stochiometric HAps exhibited a remarkable 100% selectivity to triglycerol at 15% of glycerol
conversion at 245 ◦C after 8 h of reaction in the presence of 0.5 mol.% of catalyst. Moreover, under
the same reaction conditions, Ca-rich HAp showed a high selectivity (88%) to di- and triglycerol at
a glycerol conversion of 27%. Most importantly, these catalysts were unexpectedly stable towards
leaching under the reaction conditions based on the ICP-OES results. However, based on the
catalytic tests and characterization analysis performed by XRD, XPS, IR, TGA-DSC and ICP-OES, we
found that HAps can be deactivated by the presence of the reaction products themselves, i.e., water
and polymers.

Keywords: hydroxyapatite; ca-based catalyst; stability; polyglycerol

1. Introduction

Polyglycerols (PGs) are very interesting polyols with a wide range of structures and
applications, particularly in the cosmetics, biomedical, and food sectors. PGs are water-
soluble, biocompatible, and highly functional materials. Currently, 52% of the PGs market
demand is occupied by the short-chain PGs, including PG2 and PG3 (PG2-3) [1].

In the last few years, attention has been paid to alkaline-based catalysts such as
earth metal oxides [2–4], Ca/La mixed oxides [5,6] and alkaline-modified zeolite [7,8]
due to their higher selectivity to PGs compared to acid catalysts [5,9–11]. Among the
alkaline catalysts, CaO-based catalysts such as CaO [2,12], supported CaO on CNF [3],
dolomite (CaO-MgO mixed oxides) [4], and calcined eggshell [13] have shown high catalytic
performances with no acrolein formation [9]. Moreover, considering the wide availability
of Ca, its low cost, and its absence of toxicity in the case of catalyst leaching into the media,
Ca-based catalysts can be especially considered promising for glycerol polymerization
reactions [9,12]. However, such catalysts usually exhibit a moderate selectivity to PG2-3.
For instance, Kirby et al. [3] reported a 45% selectivity to PG2-3 at full glycerol conversion
in the presence of CaO/CNF. Barros et al. [4] also reported 55% selectivity to PG2-3 at
glycerol conversion of 90% in the presence of dolomite (CaCO3·MgCO3).

Furthermore, the heterogenous catalysts were generally unstable under polymer-
ization reaction conditions, which induced totally or partially homogeneously-catalyzed
conditions due to the activity of leached species. For Ca-based catalysts, this homogenous
contribution has been attributed by many groups to the action of colloidal Ca(OH)2 and
Ca2+ [2,7,13–15]. For instance, Barros et al. [13] reported that 49% of solid CaO-egg shell
became homogeneous (i.e., dissolved in the reaction medium under the form of Ca2+)
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after 24 h of reaction. Thus, the homogeneous contribution in the PG reaction is still an
unsolved problem.

Many types of Ca-rich compounds, particularly those derived from organic wastes
such as waste fish scales and animal bones, have been successfully used as catalysts [16–19].
In fact, the mineral phase of bones consists of non-stoichiometric calcium hydroxyapatite
(HAp). Hydroxyapatites are widely used in biomedical applications due to their similar-
ity - from a crystallographic point of view and in terms of chemical composition, with
human hard tissues such as bones and teeth [20]. Furthermore, due to their interesting
properties such as high thermal stability, very limited water solubility, and insolubility in
alkaline solutions [21], HAps have also found many applications in catalysis [16–19,22–24],
protein separation [25], and in waste-water and soil treatment [21]. Hence, we decided to
study heterogeneous catalysts based on Ca hydroxyapatite for the glycerol polymerization
reaction due to these advantages.

Calcium hydroxyapatite can be present in various forms;

I. Stochiometric HAp with formula Ca10(PO4)6(OH)2 with a Ca/P molar ratio of 1.67.
II. Deficient HAp (non-stoichiometric) hydroxyapatites with Ca/P < 1.67, which are

generally represented by the formula Ca10-x(PO4)6-x(HPO4)x(OH)2-x with 0 < x < 1.
Outside this compositional range, the compounds can change to multiphasic mixtures
including β-tricalcium phosphate (β-TCP) with a formula of Ca3(PO4)2 with Ca/P
ratio of 1.5; octacalcium phosphate (OCP) (Ca8H2(PO4)6·xH2O) with a Ca/P ratio
of 1.33, calcium hydrogen phosphate (CaHPO4) with a Ca/P ratio of 1 and calcium
pyrophosphate (DCP) (β-Ca2P2O7) with a Ca/P ratio of 1 [26–28].

III. Over-stoichiometric HAp or rich HAp (HAp-R) with a Ca/P molar ratio above 1.67.
Generally, the excess of Ca in HAp-R could lead to the formation of CaO or Ca(OH)2
on the HAp surface [26].

Among the various HAp groups mentioned above, biological HAp has been studied
for transesterification reactions by several groups [17,19]. For instance, Farooq et al. [17]
studied HAp derived from waste chicken bones as a heterogeneous catalyst utilized in the
transesterification reaction of waste cooking oil for biodiesel production. They reported
a biodiesel yield of ca. 89% at 5 wt.% of catalyst loading, at a temperature of 65 ◦C,
and a reaction time of 4 h. Furthermore, the catalyst was reused for four cycles with a
biodiesel yield of 79%, where the recovered catalyst was calcined after each reaction. The
performance decrease observed after the deactivation of the catalyst explained each cycle
by deposition of unreacted oil, biodiesel, or glycerol on the active sites at the surface of
the catalyst.

With respect to these results, HAp could be a suitable catalyst for glycerol polymer-
ization, a liquid phase condensation reaction at high temperatures. To the best of our
knowledge, no study has been reported so far on the catalytic activity of HAps in the
glycerol polymerization reaction. Therefore, based on the literature review, we decided
to develop new catalysts based on calcium hydroxyapatite, which were assumed to act
heterogeneously in the glycerol polymerization reaction.

Thus, we developed several Ca-based HAps catalysts with various Ca/P ratios and
studied their catalytic performances on the glycerol polymerization reaction in this work.
Based on the catalyst characterizations and the catalytic activities, the catalyst deactivation
mechanism has also been studied.

2. Results
2.1. Catalytic Performances

Herein, three Ca-based HAp catalysts have been tested: a stoichiometric HAp (HAp-S)
with a theoretical Ca/P molar ratio of 1.67, a deficient HAp (HAp-D) with a theoretical
Ca/P molar ratio of 1.45 and a rich-HAp (HAp-R) with a theoretical Ca/P molar ratio of
1.94. The catalytic performances of these three catalysts were evaluated at 245 ◦C in the
presence of 0.5 mol.% of catalyst for 8 h reaction, as shown in Figure 1 (left).
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The results showed that HAp-S and HAp-D exhibited the same catalytic performances:
15% glycerol conversion with a full selectivity to PG3. In fact, these catalysts are highly se-
lective to one molecule, which has been identified to be cyclic-PG3 by ESI-MS (Figure 2a,b).
Surprisingly, the conversion of HAp-S and HAp-D did not increase when the reaction time
was prolonged to 22 h (Figure 1 right).

For the Ca-rich hydroxyapatite (HAp-R), a glycerol conversion of 27% with high selec-
tivity to PG2-3 (88%) was also observed after 8 h of reaction. Moreover, in contrast to HAp-S,
the glycerol conversion increased to 42% with 77% of PG2-3 selectivity when the reaction
was carried out for 22 h under the same reaction conditions (Figure 1 right). This increase
in catalytic performances might also be attributed to the Ca leaching (0.37 mg/g) into the
reaction medium, which could cause a partially homogeneous reaction. Furthermore, the
HAp-R was also highly selective to linear PG2 and PG3 (as shown in Figure 2c), where the
peaks at 189.1 Da and 263.1 Da correspond to linear PG2 and PG3, respectively.
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Figure 2. ESI-MS spectra of reaction media when (a) HAp-D, (b) HAp-S, and (c) HAp-R were used
as the catalyst at 245 ◦C after 8 h of reaction.

When HAp-D and HAp-S were used as catalysts, low amounts of catalyst leached
to the respective reaction media after 8 h of reaction (namely, 1.8% for HAp-D and 0.5%
for HAp-S as shown in Table 1). Thus, since no increase in glycerol conversion nor PGs
selectivity was observed after 22 h of reaction time (Figure 1), there is no strong evidence
indicating that the catalytic performances were related to any homogeneous catalysis
provoked by leached species.

Table 1. Catalytic performances in glycerol polymerization reaction in the presence of 0.5 mol% of
CaO and different HAps and percentages of leached Ca based on the ICP-OES when 0.5 mol.% of
catalysts were used at 245 ◦C for 8 h.

Catalyst Glycerol
Conversion (%)

PG2
Selectivity (%)

PG3
Selectivity (%)

PG4+
Selectivity (%) Leached Ca. (%)

CaO 36 8 22 70 100
HAp-D 15 0 100 0 1.8
HAp-S 15 0 100 0 0.5
HAp-R 27 50 38 12 3.4

The quantity of calcium leached in the reaction medium (Table 1) was also very low in
the presence of HAp-R (3.4%) in the same reaction conditions. In contrast, CaO, as a typical
Ca-based catalyst, became totally soluble after 1 h of reaction. Thus, HAp-based catalysts
are highly stable compared to CaO.

The catalytic results obtained so far showed that among several HAp-based catalysts,
the most promising one is HAp-S, both in terms of selectivity to PG3 and stability (very
low Ca leaching). Hence, hereafter, the recycling of this catalyst was studied.

2.2. Activity of Recycled Catalyst

The catalytic performance of spent catalysts obtained from HAp-S was assessed upon
recovery/reutilization under the same reaction conditions. The spent catalyst was washed
with two different solvents: (1) water, labeled HAp-W or (2) EtOH, labeled HAp-Et.

Using ethanol to wash the used catalyst, it was shown that the recovered catalyst from
the 1st run reaction, HAp-Et-1, had a glycerol conversion of 15%, similar to that of the
fresh HAp-S catalyst. Moreover, the spent catalysts, HAp-Et-1 and HAp-Et-2, were suc-
cessfully reused in the 2nd and 3rd run reactions, without loss in activity (Figure 3). Most
importantly, the reused catalyst (HAp-Et-1 and HAp-Et-2) still exhibited 100% selectivity
to PG3.

Surprisingly, when the HAp-Et-1 was recalcined prior to the 2nd run reaction, the
glycerol conversion decreased to 7% (HAp-Et-Cal-1). Recalcination of spent catalysts was
carried out under static air, which probably caused a change in HAp stoichiometry. This
could happen by forming carbonated groups due to the presence of O2 or CO2 in the oven
atmosphere. This will be further discussed in Section 3.1.
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Unlike HAp-Et-1, the used catalyst washed with water (HAp-W-1) showed a lower
glycerol conversion of 8% with a 100% selectivity to PG3 compared to initial HAp-S (15%
of conversion) (Figure 3). In this case, the decrease in catalytic performance might be due to
the formation of a hydrated layer on the catalyst surface that causes a loss of catalyst activity.
Moreover, when the recovered catalyst was recalcined prior to the reaction (HAp-W-Cal -1),
lower performances than HAp-W-1 were observed (4% conversion vs. 8%), probably
because the hydrated layer was removed but CO2 of the calcination atmosphere created
carbonated species. Hence, like in the case of HAp-Et-Cal-1, the catalyst recalcination
caused some deactivation.

To understand the deactivation phenomenon after water washing, further characteri-
zation of spent catalysts was needed, which will be further discussed.

2.3. Catalysts Characterization

HAp-D, HAp-S, and HAp-R were characterized using several techniques, including
BET, XRD, XPS, IR, and TGA to study the influence of the Ca/P ratio on the bulk and
surface properties of the catalysts.

2.3.1. Surface Characterization and Elemental Analysis

The specific surface area (SSA) of HAp-D, HAp-S, and Hap-R were measured using
BET (Table 2). The HAp-S with 70.4 m2/g developed a higher SSA than HAp-D and HAp-R
with 19.4 m2/g and 13.8 m2/g, respectively.

Table 2. Chemical compositions and surface areas of fresh and reused HAps.

Catalyst Name
BET

Specific Surface
Area (m2/g)

Theoretical Ca/P
Ca/P

Atomic Ratio
(ICP)

Ca
(wt.%)

P
(wt.%)

C
(wt.%)

Fresh catalysts
HAp-D 19.4 1.45 1.62 36.16 17.33 0.108
HAp-S 70.4 1.67 1.66 36.07 16.84 0.111
HAp-R 13.8 1.94 1.78 38.44 17.39 0.8

Reused catalysts

HAp-W-1 38.3 1.67 n.d * n.d n.d 2.13
HAp-Et-1 36.6 1.67 n.d n.d n.d 1.96
HAp-Et-2 38 1.67 n.d n.d n.d 2.38

HAp-Et-Cal-1 60 1.67 n.d n.d n.d 0.37

*n.d.: Not determined.
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Moreover, the ICP analysis of the catalysts showed that the atomic Ca/P ratios
of bulk HAp-S, HAp-D, and HAp-R were 1.66, 1.62, and 1.78, respectively, with ca.
36 wt.%, 36 wt.%, and 38 wt.% of calcium, respectively (Table 2). The difference between
the experimental and the theoretical Ca/P atomic ratios for HAp-D (Table 2) suggests
that no other apatite such as β-tricalcium phosphate, octacalcium phosphate, or calcium
pyrophosphate was formed.

In addition, C analysis showed the presence of some carbon in HAp-D, HAp-S, and
HAp-R. The presence of carbon suggests that some atmospheric CO2 was absorbed during
the synthesis process, as already reported in the literature [26,27,29]. However, since the
HAps were calcinated at 700 ◦C, this result suggests that only a partial release of CO2 could
occur at this temperature level.

For the used catalysts washed with EtOH, the BET analysis showed a decrease in the
surface area (36.6 m2/g for HAp-Et-1 and 38 m2/g for HAp-Et-2) compared to HAp-S
(73.7 m2/g). The C content was also increased for HAp-Et-1 (1.96 wt.%) and HAp-Et-2
(2.38 wt.%) compared to HAp-S (0.11 wt.%) as shown in Table 2. These results suggest
that the carbon deposition caused a decrease in the specific surface area of the recovered
catalysts. However, it had no effect on its performance. Moreover, the recalcination of
catalyst partially removed the C in HAp-Et-Cal-1, as expected. However, the higher amount
of carbon in HAp-W-1 compared to HAp-Et-1 (2.13 wt.% vs 1.96 wt.%) confirmed that
ethanol was more efficient than water to remove adsorbed species.

2.3.2. XRD

X-ray diffractograms of HAp-S, HAp-D, and HAp-R are presented in Figure 4(a–c).
The characteristic peaks of calcium hydroxyapatite (PDF 04-014-8416) were observed for
all these HAps.
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cards for (d) HAp-S, (e) calcium hydroxyapatite, (f) β-TCP, (g) OCP and (h) DCP (right).

Moreover, no peak was assigned to β-tricalcium phosphate (β-TCP) (PDF 00-055-
0898); octacalcium phosphate (OCP) (PDF 00-044-0778), nor to calcium pyrophosphate
(DCP) (PDF 00-044-0762) were observed (Figure 4 right). In addition, for HAp-R, no
other crystalline phase, namely CaO with 2θ at 32.2◦, 37.4◦ and 53.9◦ (PDF 01-070-4066)
or Ca hydroxide with 2θ at 18.14◦, 28.7◦, 34.2◦, or 50.8◦ (PDF-00-087-0673) were observed.
However, it has to be noted that the main XRD peak for CaO at 2θ = 32.2◦ or Ca(OH)2 at
34.2◦, could be hidden by intense peaks of HAp-R between 2θ = 31◦ and 35◦.

Thus, it is impossible to distinguish the stoichiometric and non-stoichiometric HAps
by XRD, as reported in the literature [27,30].

For the spent catalysts, either washed with water or ethanol, the characteristic peaks of
calcium hydroxyapatite (PDF 04-014-8416) were also observed (Figure 5). The XRD results
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revealed that the crystalline structure of recovered HAps, including HAp-Et-1, HAp-W-1,
and HAp-Et-Cal-1 remained unchanged after reaction.

Catalysts 2021, 11, x FOR PEER REVIEW 7 of 18 
 

 

X-ray diffractograms of HAp-S, HAp-D, and HAp-R are presented in Figure 4 (a–c). 

The characteristic peaks of calcium hydroxyapatite (PDF 04-014-8416) were observed for 

all these HAps.  

 

Figure 4. XRD diffractograms of (a) HAp-D, (b) HAp-S and (c) HAp-R (left); and the standard PDF 

cards for (d) HAp-S, (e) calcium hydroxyapatite, (f) β-TCP, (g) OCP and (h) DCP (right). 

Moreover, no peak was assigned to β-tricalcium phosphate (β-TCP) (PDF 00-055-

0898); octacalcium phosphate (OCP) (PDF 00-044-0778), nor to calcium pyrophosphate 

(DCP) (PDF 00-044-0762) were observed (Figure 4.3). In addition, for HAp-R, no other 

crystalline phase, namely CaO with 2θ at 32.2°, 37.4° and 53.9° (PDF 01-070-4066) or Ca 

hydroxide with 2θ at 18.14°, 28.7°, 34.2°, or 50.8° (PDF-00-087-0673) were observed. How-

ever, it has to be noted that the main XRD peak for CaO at 2θ = 32.2° or Ca(OH)2 at 34.2°, 

could be hidden by intense peaks of HAp-R between 2θ = 31° and 35°. 

Thus, it is impossible to distinguish the stoichiometric and non-stoichiometric HAps 

by XRD, as reported in the literature [27,30]. 

For the spent catalysts, either washed with water or ethanol, the characteristic peaks 

of calcium hydroxyapatite (PDF 04-014-8416) were also observed (Figure 5). The XRD re-

sults revealed that the crystalline structure of recovered HAps, including HAp-Et-1, HAp-

W-1, and HAp-Et-Cal-1 remained unchanged after reaction. 

 

Figure 5. XRD patterns of (a) HAp-Et-1, (b) HAp-W-1, and (c) HAp-Et-Cal-1. 

Further, these catalysts were also analyzed by the IR technique to study the carbon 

bonds, carbon-carbon, and carbon-oxygen bonds, on the spent catalysts. 

2.3.3. IR Analysis 
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Further, these catalysts were also analyzed by the IR technique to study the carbon
bonds, carbon-carbon, and carbon-oxygen bonds, on the spent catalysts.

2.3.3. IR Analysis

The structures of the HAps were further studied by IR analysis. For HAp-S, HAp-D,
and HAp-R, the IR spectra confirmed the presence of OH and phosphate groups.

As shown in Figure 6a–c, the peak at 3572 cm−1 is assigned to the OH groups in HAp
structures; and the peaks at 652 cm−1, 1084 cm−1, 1173 cm−1, and four peaks in the region
of 1960 to 2220 cm−1 are assigned to the vibration of PO4

3− in HAps [27,29,31].
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Furthermore, the bands in the regions of 1370 cm−1 and 1580 cm−1 with four peaks at
1413 cm−1, 1456 cm−1 (A and B-type), 1500 cm−1, and 1550 cm−1 (A-type) were attributed
to carbonate groups [27,29,32]. The IR spectra for HAp-D and HAp-S (Figure 6 d–f) showed
the presence of carbonated groups in these catalysts, where the intensity of two peaks at
1413 cm−1 and 1456 cm−1 were lower compared to HAp-R (Figure 6f). The presence of
CO3

2− in non-carbonated HAps, is consistent with the XPS results (Section 2.3.3) and ICP
results (Table 2).

Moreover, three peaks at 878 cm−1, 963 cm−1, and 1017 cm−1 assigned to HPO4
2− [27,29,33]

were observed for all HAp samples (Figure 6e–f). For the deficient HAp, the presence of
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HPO4
2− was expected. However, for other HAps, the presence of HPO4

2− can be explained
by A and B-type carbonate substitution.

In conclusion, regardless of the Ca/P molar ratio in HAps, they all contain PO4
3−

,
HPO4

2−, CO3
2− and OH- groups.

The recovered catalysts, including HAp-Et-1, HAp-W-1, and HAp-W-Cal-1, were
also analyzed using IR (Figure 7b–d). Similarly to HAp-S as the precursor catalyst
(Figure 6a), the peaks assigned to OH−, to phosphate groups, and carbonate groups (be-
tween 1377 cm−1 and 1580 cm−1) were also observed for all the recovered HAps (See
Section 2.3.3). However, the intensity of peaks at 1413 cm−1, 1456 cm−1 (A and B-type)
attributed to carbonate significantly increased for the spent catalysts compared to HAp-S,
in the following order: HAp-S << HAp-Et-1 < HAp-W-1 < HAp-W-Cal-1.
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Besides, two peaks observed at 2880 cm−1 and 2940 cm−1 (Figure 7b-c) are attributed
to the -C-H bond on spent HAps. -CH bonds could form due to the presence of glyc-
erol and/or PGs in the reaction, which is consistent with the decreased specific sur-
face area (Table 2). These peaks disappeared after recalcination of the spent catalyst
(HAp-Et-Cal-1) (Figure 7d).

Furthermore, the peak at 3400 cm−1 (3000–3500 cm−1), attributed to the H2O, became
more intense for the non-calcined spent catalysts (Figure 7b–c), which suggests that the
latter became hydrated during the reaction.

2.3.4. XPS

XPS analyzed the HAp-D, HAp-S and HAp-R samples to determine their surface
compositions, Ca/P molar ratio, and oxidation state of the elements. The XPS spectra for
these catalysts, showed in Figure 8, indicate the presence of Ca, P, O, and C elements, as
was expected.

The peaks at 284.8 eV, 285.8 eV, and 288.6 eV corresponding to C 1s are attributed
to the organic C (C-C), Ca-OH-C (C-O), and CO3, respectively (not shown), where the
peak at 284.8 eV was used to calibrate the spectra. A considerable concentration of carbon
contamination on the HAps’ surface can originate from the vacuum of the XPS chamber,
which is generally known as “adventitious carbon” [34].



Catalysts 2021, 11, 1247 9 of 17

Catalysts 2021, 11, x FOR PEER REVIEW 9 of 18 
 

 

  

Figure 7. IR spectra for (a) HAp-S before the reaction and spent catalysts (b) HAp-Et-1, (c) HAp-W-

1, and (d) HAp-Et-Cal-1. 

Furthermore, the peak at 3400 cm−1 (3000–3500 cm−1), attributed to the H2O, became 

more intense for the non-calcined spent catalysts (Figure 7b–c), which suggests that the 

latter became hydrated during the reaction. 

2.3.4. XPS 

XPS analyzed the HAp-D, HAp-S and HAp-R samples to determine their surface 

compositions, Ca/P molar ratio, and oxidation state of the elements. The XPS spectra for 

these catalysts, showed in Figure 8, indicate the presence of Ca, P, O, and C elements, as 

was expected. 

The peaks at 284.8 eV, 285.8 eV, and 288.6 eV corresponding to C 1s are attributed to 

the organic C (C-C), Ca-OH-C (C-O), and CO3, respectively (not shown), where the peak 

at 284.8 eV was used to calibrate the spectra. A considerable concentration of carbon con-

tamination on the HAps’ surface can originate from the vacuum of the XPS chamber, 

which is generally known as “adventitious carbon” [34]. 

 

 

Figure 8. XPS spectra of (a) HAp-D, (b) HAp-S, and (c) HAp-R. 

As shown in Figure 9, for HAp-D and HAp-S, a well-defined doublet with two com-

ponents Ca 2p1/2 (347.4 eV) and Ca 2p3/2 (350.9 eV) is observed, which is attributed to Ca 
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As shown in Figure 9, for HAp-D and HAp-S, a well-defined doublet with two
components Ca 2p1/2 (347.4 eV) and Ca 2p3/2 (350.9 eV) is observed, which is attributed
to Ca involved in bonds characteristic of HAps [30,35]. However, the Ca 2p spectrum of
HAp-R suggests that the environment of Ca ions on the surface of HAp-R is not similar to
that in HAp-S and HAp-D.
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For all HAps, the O 1s envelope (not shown) was fitted with two peaks at 531.1 eV
and 532.6 eV, attributed to O-Ca and O-P (or O-H) in HAps structure, respectively [35,36].
It should be noted that the peak assigned to O-C cannot be distinguished in the fitted
peaks; however, the presence of carbonate peak (288.6 eV) already confirmed the presence
of carbonate on the HAp surface.

Furthermore, the atomic percentages of Ca, P, O, and C are presented in Table 3. These
ratios represent the atomic proportion on the surface layer of approximately 10 nm of
HAps’ surface. The Ca/P molar ratio for HAp-D, HAp-S, and HAp-R were 1.4, 1.36, and
1.48, respectively. The lower Ca/P ratios obtained on the surface compared to Ca/P ratios
obtained for the bulk HAps by ICP (Table 2) can be due to the carbonate adsorption on the
surface, which caused a change in stoichiometries. This was in agreement with previous
studies [31,36] and indicated that Ca species are less exposed on the surface.
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Table 3. Surface chemical compositions (atomic %) of HAp-D, HAp-S, and HAp-R by XPS analysis.

Catalyst C 1s (%) O 1s (%) Ca 2p (%) P 2p (%) Ca/P (XPS)

HAp-D 35 43.8 12.4 8.8 1.40
HAp-S 21.7 51.4 15.5 11.4 1.36
HAp-R 22.9 50.9 15.6 10.6 1.48

2.3.5. Thermal Analysis

To study their thermal behaviors, TGA was performed on the non-calcined catalysts,
including HAp-D, HAp-S, and HAp-D.

The TGA curve for HAp-D showed a total weight loss of 2.02 wt.% between room
temperature (RT) and 1100 ◦C. The first weight loss from RT to 140 ◦C can be attributed to
the release of H2O from the sample surface, followed by two steps of mass loss of 0.53 wt.%
and 0.32 wt.% up to 800 ◦C (Figure 10a). The final mass loss of 0.78 wt.% occurred between
800 ◦C and 1100 ◦C, where an endothermic peak at 957 ◦C associated with this weight loss
was also observed in the DSC curve.
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Similarly, the TGA curve for HAp-S showed a three steps weight loss with a total loss
of 5.56 wt.% (Figure 10b). The first weight loss (1.81 wt.%) from RT to 214 ◦C, followed by
a further weight loss of 2.66 wt.% up to 743 ◦C, suggests the release of H2O and CO2 from
the sample surface. The final weight loss of 1.09 wt.% with a corresponding endothermic
peak at 919 ◦C was recorded between 743 ◦C and 1100 ◦C.

For HAp-R, the weight loss was observed in 4 steps. The first two mass losses of
1.89 wt.% and 2.15 wt.% were recorded between RT and 587 ◦C, corresponding to the
desorption of H2O and CO2 from the surface. The further weight loss of 3.42 wt.% was
recorded between 587 ◦C and 745 ◦C. An endothermic peak at 705 ◦C, which corresponds
to this mass loss, suggests that decarboxylation of HAp-R might have occurred at this
temperature range. Finally, HAp-R lost 9.26 wt.% when heated up to 1100 ◦C, as shown
in Figure 10c.
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For these samples, the large, broad endothermic peak at the range of 900 to 1100 ◦C
suggests a phase transition of HAps to other apatites such as OCP, DCP, and TCP, meaning
that the chosen calcination temperature (700 ◦C) was optimal.

3. Discussion

The results of catalytic tests showed that HAp-D and HAp-S exhibited an excellent
selectivity to PG3 (100%), where the glycerol conversion was 15%. The same catalytic
activity for these two catalysts could be due to their similar Ca/P bulk molar ratios as
measured by ICP-OES (Table 2) or the similar Ca surface content for HAp-S and HAp-D
(ca. 36 wt.%) as obtained by XPS (Table 3). The relatively low glycerol conversion of 15%
can be due to the blockage of the active sites; otherwise, the conversion would still increase
with reaction time.

More interestingly, these catalysts also showed good stability during the glycerol poly-
merization reaction, where 98% and 99.5% of HAp-D and HAp-S, respectively, remained as
solid in the reaction media after 8 h of reaction. However, the similar catalytic performances
after 8 and 22 h reaction for the catalysts (Figure 1) suggested that the catalysts deactivated
during the reaction.

On the other hand, a higher glycerol conversion was obtained in the presence of HAp-
R (27%), in the same reaction conditions, where the catalyst showed good selectivity to
linear PG2-3 of 88%. An increase in the glycerol conversion (42%) with a selectivity of 77%
to PG2-3, after 22 h reaction, suggested that increased catalytic performance could influence
Ca leaching. However, 96.5% of the catalyst was still solid based on the ICP results.

So far, HAp-D and HAp-S showed better stability compared to HAp-R, while HAp-R
exhibited a higher glycerol conversion in the same reaction condition, where the three
catalysts were highly selective to PG2-3 and highly stable compared to CaO.

The results of recycling experiments also showed that used HAp-S washed by EtOH
(HAp-Et) was successfully reused in the reaction, where it exhibited a glycerol conversion
of 15% after 3rd run, similar to fresh HAp-S (15%). In contrast, HAp-W lost its activity
when reused for the 2nd run of reaction (conversion of 7% vs. 15%). These results suggested
that the catalyst was deactivated upon hydration.

Furthermore, the IR and C analyses confirmed that the catalysts after reaction became
carbonized with the formation of CO3

2− and also contained -CH groups. In addition,
IR analysis showed that the -CH groups were removed after recalcination of the catalyst
(HAp-Et-Cal-1). This result is consistent with C analysis, where the C content decreased
from 1.96 to 0.37 wt.% in HAp-Et -1 and HAp-Et-Cal-1, respectively.

However, the catalytic results proved that -CH groups did not affect catalytic activity
when the regenerated catalyst was reused without any further thermal treatment. However,
-CH groups could convert to CO3

2− under calcination treatment and decrease the activity
of the catalyst (HAp-Et-Cal).

As a short conclusion for this part, the XRD patterns for HAps, including HAp-S,
HAp-D, and HAp-R confirmed the formation of calcium hydroxyapatite structures, where
no other crystalline phase was observed. The XRD results were in good agreement with
IR analysis, where the IR spectra exhibited the characteristic peaks of hydroxyapatite,
including hydroxyl and phosphate groups for all HAps. In addition to that, the presence
of CO3

2− and HPO4
2− were also observed in IR spectra. The IR analysis agreed with C

analysis, where it showed the presence of carbon in HAps.
In addition, the XPS spectra for HAp-D, HAp-S, and HAp-R, confirmed the presence

of less Ca exposed on the surface of the catalysts compared to the bulk. This can be due
to the presence of various groups, including CO3

2− and HPO4
2− observed by IR, which

changed the surface stoichiometries.
Moreover, the thermal analysis showed 2 to 10 wt.% of weight loss for these catalysts,

which could be attributed to the release of H2O and CO2. The TGA results were also in good
agreement with C analysis, where it confirmed that calcination at 700 ◦C partially removed
the carbonates in the HAps’ structures. Thus, since the results of catalyst characterization
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confirmed the presence of unexpected carbonates in HAps, its effect on the catalyst activity
must be studied.

3.1. Deactivation Mechanisms

Herein, based on the catalytic performances results and the catalyst characterizations,
we focus on the deactivation of the HAps.

In brief, the HAps can be deactivated due to the following reasons:

i. Physical deposition of glycerol and/or reaction products/polymers;
ii. H2O interaction with Ca2+ on the surface;
iii. Carbonate formation.

These three hypotheses were examined by performing the following experiments.

3.1.1. Physical Deactivation

As aforementioned in Section 2.1, HAp-D and HAp-S were deactivated after 8 h of
reaction. Here, we assumed that the formed PGs could poison the catalyst surface by
physical interaction with the catalyst. This hypothesis was examined by performing a
reaction with HAp-S as the catalyst in the presence of 3 wt.% of a PG3 standard. In this
case, no glycerol conversion was observed. This result proved that the catalyst’s surface
was poisoned by PGs (as illustrated in Scheme 1).
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However, as previously observed, when EtOH regenerated the spent catalyst, the PGs
layer was washed out, and the catalyst recovered its activity (see Section 2.2).

3.1.2. Water Deactivation

This hypothesis of water deactivation was assessed by performing a reaction in the
presence of 0.5 wt.% of extra water in the reaction medium. The results revealed that the
catalytic activity dropped to 5% of glycerol conversion (vs. 15%). Moreover, when H2O
was used to regenerate the spent catalyst (see Section 2.2), the catalyst’s surface became
more hydrated, as shown by the IR analysis (Figure 7), which caused a drop in the activity.

Thus, H2O can strongly interact with Ca2+ ions and form a hydrated layer on the
surface, including inside the porous network. This phenomenon has already been reported
in the literature [37–40].
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3.1.3. Carbonate Formation

In addition to physical deactivations, the catalyst can also be deactivated by carbonate
formation. This hypothesis was examined by performing a reaction with HAp-S as the
catalyst in the presence of CO2 atmosphere. In this case, very low glycerol conversion (6%)
was observed. This result proved that the catalyst was deactivated due to the carbonate
formation on the surface. In fact, the carbonation probably changed the Ca nature through
CaCO3 formation and caused a reduction in catalytic performances. We also previously
reported that CaCO3 had a low conversion compare to other catalysts [12].

Moreover, the -CH bonds on the spent catalysts (Figure 7b,c) can also deactivate the
catalysts upon conversion to carbonate during calcination (CaCO3 formation). For instance,
the catalytic performances of HAp-Et decreased when it was recalcined under static air
(HAp-Et-Cal), where -CH bonds were removed after thermal treatment and converted to
CO3. This phenomenon was confirmed by IR analysis (Figure 7d), where the intensity of
carbonate peaks was increased by removing the -CH peaks.

4. Materials and Methods
4.1. Materials

CaO and Ca(OH)2 were purchased from Alfa Aesar. Glycerol (99.5% purity), Ca(NO3)2.4H2O,
(NH4)H2PO4, NH4OH (25–30% solution), ethanol (99.5% purity), and were purchased
from Sigma-Aldrich. All the chemicals were used as such without any pre-treatment
or purification.

4.2. Catalyst Preparation

Stoichiometric hydroxyapatite (HAp-S) with a theoretical formula of Ca10(PO4)6(OH)2
was synthesized by adding dropwise 60 mL of an aqueous solution containing 0.033 mol
(7.882 g) of Ca(NO3)2.4H2O to 200 mL of a 0.0198 mol (2.273 g) of NH4H2PO4 solution
placed under stirring at 70 ◦C. The pH of the solution was adjusted to 10 prior to mixing by
adding a 25–30% NH4OH solution. The formed precipitate was centrifuged and washed
with milli-Q H2O several times before drying at 80 ◦C for 48 h. Then, the obtained white
solid was calcined at 700 ◦C with a ramp of 10 ◦C/min under static air for 4 h.

Deficient hydroxyapatite (HAp-D) with a theoretical formula of Ca8.7(PO4)4.7(HPO4)1.3(OH)0.7
was synthesized by a method similar to the HAp-S by adding dropwise 60 mL of an aque-
ous solution containing 0.033 mol (7.882 g) of Ca(NO3)2.4H2O to 200 mL of a 0.023 mol
(2.64 g) of (NH4)H2PO4 solution.

Ca-rich hydroxyapatite (HAp-R) with the theoretical formula of Ca11.62(PO4)6(OH)2.62
was synthesized by an impregnation method similar to methods described previously in
the literature [41,42]. To synthesize HAp-R, 4.9 g of Ca(OH)2 (0.066 mmol) were mixed in
145 mL of milli-Q H2O as a solvent, where the pH of the initial solution was 12.9. Then,
2.32 mL of an 85 % of H3PO4 solution (0.0341 mmol) were added very slowly to adjust
the pH to 4. The slurry mixture was heated at 80 ◦C for 48 h, before washing with milli-Q
water for several times and drying at 80 ◦C for 72 h before calcination at 700 ◦C with a
ramp of 10 ◦C/min for 4 h.

Calcined calcium oxide (CaO) was freshly prepared by performing a high-temperature
treatment of calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) under static air in a calcination
oven, where the nitrate salt was heated to 700 ◦C with a ramp of 10 ◦C/min for 2 h.

4.3. Catalytic Test

Then, 218 mmol (20 g) of pure glycerol were placed in a 100 mL Schlenk tube in the
presence of 0.5 mol.% of catalyst (based on the number of moles of glycerol), including CaO,
HAp-S, HAp-D, and HAp-R. The reaction took place at 245 ◦C under N2 atmosphere at a
stirring rate of 800 rpm. After 8 h of reaction, the catalyst was separated from the reaction
medium by centrifugation and washed with ethanol or water. The collected catalysts were
characterized after drying under static air at 80 ◦C for 4 h.
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4.4. Glycerol and Polyglycerol Analyses

The analysis of glycerol was performed using high-performance liquid-phase chro-
matography (HPLC) equipped with a refractive index (RI) detector. A Bio-Rad (Des Plaines,
IL, USA) column (300 mm × 7.8 mm) was used, and the eluent was a 5 mM H2SO4 solution
fed at 0.5 mL/min flowrate. The glycerol conversion was calculated using Equation (1):

Glycerol conversion (%) = 100 × initial mol o f glycerol − mol o f unreacted glycerol
initial mol o f glycerol

(1)

PGs analyses were conducted by direct infusion Electrospray Ionization Mass Spec-
trometry (ESI-MS) in a Waters ESI-MS/MS SYNAPT G2-Si HDMS (High Definition Mass
Spectrometer) (USA). ESI was set in the positive ion mode, the heated capillary temperature
was 300 ◦C, the spray voltage 3 kV and the capillary voltage 60 V.

Although quantitative analysis required a pure PG standard for each product, whereas
the available standards were a mixture of PGs, a relative PG selectivity was chosen to
evaluate the catalysts’ performances.

Relative PG selectivity was defined as the ratio of the intensities of the ESI-MS peaks of
the di- and tri- glycerol’s (PG2-3) or the tetra-, penta- and hexa-glycerol’s (PG4+) divided by
the sum of the intensities of all the PGs peaks detected, as shown in Equations (2) and (3):

PG2−3 selectivity = 100 × Sum o f PG2 and PG3 intensities
Total PGs intensities

(2)

PG4+ selectivity = 100 × ∑6
i = 4 PGi

Total PGs intensities
(3)

4.5. Characterization of Catalyst
4.5.1. BET

The Brunauer–Emmett–Teller (BET) model serves as the basis for the measurement of
the specific surface area of materials. The samples were outgassed at 130 ◦C in vacuum
for 3 h before plotting the N2 physisorption isotherms at liquid nitrogen temperature on a
TriStar II Plus gas adsorption analyzer (Micromeritics, Norcross, GA, USA). The specific
surface areas were evaluated with the BET model over the P/P0 = 0.05–0.30 range.

4.5.2. XRD

X-ray diffraction patterns of the solid catalysts were recorded on a D8 Discover X-ray
Diffractometer from Bruker using an X-Ray tube with the Cu (Kα) radiation (λ = 1.54060 Å).
The diffraction angle 2θ was taken in the 10–70◦ range with steps of 0.01◦ per second.

4.5.3. XPS

XPS spectra were collected on an Axis UltraDLD Kratos (U.K) spectrometer using the
monochromatic Al Kα radiation (hν = 1486.6 eV) as the excitation source. The calibration
of the XPS spectra was made using the carbon C1s reference peak at 284.8 eV.

4.5.4. Infrared Spectroscopy (IR)

Infrared spectroscopy (IR) spectra were recorded on a Fourier transform infrared
spectrometer (FTIR), Tensor 37-HTS-XT from Bruker (Mannheim, Germany). An MCT
(Mercury-Cadmium-Telluride) photoelectric detector cooled by liquid N2 was used in
reflection mode. The spectra were recorded by accumulating 16 scans with a resolution
of 4 cm−1.

4.5.5. Thermal Analyses

Thermo Gravimetric (TG) and Differential Scanning Calorimetry (DSC) were carried
out using a Setaram Labsys instrument (France). Continuous heating was applied from 25
to 1100 ◦C with a heating rate of 10 ◦C min−1 under 30 ml/min nitrogen flow.
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4.5.6. Inductively Coupled Plasma-optic Emission Spectroscopy (ICP-OES)

These analyses were performed on a 720-ES ICP-OES from Agilent (USA) with axially
viewing and simultaneous CCD detection. For liquid samples from reaction media, 20 mg
of liquid samples were prepared by diluting them with 4 mL of milli-Q water. Prior to the
analysis of the solid samples, an acid digestion method was applied for the total dissolution
of the catalysts before analysis. 10 mg of each sample were digested with 2 mL of aqua
regia (0.5 mL HNO3 + 1.5 mL HCl) and mixed under sonification for 15 min before being
kept overnight at ambient temperature before analysis.

4.5.7. Carbon Analysis

The carbon amount of HAps catalysts was determined using a Thermo Scientific
(Waltham, MA, USA) FlashSmart automated analyzer. The samples were weighted in tin
containers and introduced into the combustion reactor. The reactor operated with dynamic
flash combustion of the sample at 950 ◦C, where the C was detected as CO2. The resultant
gases were separated on a packed column heated at 60 ◦C in an oven and detected by a
thermal conductivity detector (TCD).

5. Conclusions

In this paper, the catalytic performances of three calcium-based hydroxyapatites: one
stoichiometric, one deficient, and one rich HAps with different theoretical Ca/P molar
ratios were assessed for glycerol polymerization. The catalytic tests showed that HAp-D
and HAp-S exhibited similar performances, 15% of conversion with a total selectivity to
PG3 (100%) at 245 ◦C after 8 h of reaction. HAp-R also exhibited a very good selectivity to
linear PG2-3 (88%) in the same reaction conditions but with a slightly higher activity (27%
glycerol conversion instead of 15%).

The same catalytic performances obtained for HAp-D and HAp-S were explained by
their similar bulk and surface atomic Ca/P ratio, as observed by ICP and XPS. The higher
catalytic activity of HAp-R was explained by a higher atomic Ca/P ratio than HAp-S
and also by the higher amount of Ca leached into the reaction medium (homogeneous
contribution). However, this leaching was very low compared to what is observed for CaO.

Further, these catalysts were characterized by XRD, IR, XPS, TGA-DSC, and ICP-OES.
As said above, the elemental analysis showed that HAp-D and HAp-S had a close bulk
Ca/P molar ratio, 1.62 and 1.66, respectively, while HAp-R had a higher Ca/P molar ratio
of 1.78. However, XRD analysis confirmed that these catalysts had the crystallized structure
of Ca hydroxyapatite, despite the difference in their theoretical Ca/P ratios. Furthermore,
XPS analysis showed the Ca/P ratios on the surface of the catalysts were lower than the
bulk ones. Hence, less Ca was exposed at the surface of catalysts. Moreover, IR analysis
brought new insight into the HAps’ structure. The IR analysis confirmed that the HAps
contain CO3

2− and HPO4
2−, PO4

3− and OH− groups in their structure. The intensity
of carbonate groups in IR was in good agreement with elemental analysis, which was
HAp-R (0.8 wt.%) >> HAp-S (0.111 wt.%) ~ HAp-D (0.108 wt.%). The thermal analysis also
confirmed that the release of CO2 gradually continued up to 1100 ◦C for these catalysts.

Thus far, based on the results, we proposed and examined the three following hypothe-
ses that could explain the catalyst deactivation: (i) Physical deposition of PGs, (ii) water
deactivation, and (iii) carbonate formation. Finally, the results confirmed that HAps were
mostly deactivated by the presence of products, i.e., “PGs” and water formed by the
polymerization reaction.

Thus, it can be concluded that the HAp calcium-based catalysts discussed in this paper
are promising solid catalysts for the glycerol polymerization reaction, regarding their high
selectivity to PG2-3 and their stability under the reaction conditions.
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