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Dry reforming of methane (DRM) is a promising process for the production of synthetic gas
from carbon dioxide and methane. However, the design of a performing catalyst for this
reaction is still challenging since catalyst deactivation usually takes place, principally by
thermal sintering at high temperatures (700—950 °C) and by carbon deposition. In this
work, calcium hydroxyapatite (HAP) and HAP-doped magnesium (Mg HAP) supported
nickel catalysts were synthesized by wet precipitation method, characterized by various
physico-chemical and thermal techniques, and evaluated in DRM reaction. Outstanding
catalytic performance in DRM could be obtained with Ni/ HAP and Ni/Mg HAP catalysts,
thanks to a tunable acidity-basicity of these supports, a strong metal-support interaction,
and a good thermal stability of nickel nanoparticles. H, and CO were the main products,
with stable selectivity up to 85 F 3%, while H,0 and solid carbon were byproducts with 5
—10% of selectivity.



Introduction

Dry reforming of methane (DRM) is an attractive catalytic pro-
cess for synthetic gas (syngas, a gas mixture rich in CO and H,)
production from methane and carbon dioxide, which are the
two main greenhouse gases (Eq. (1)). Syngas is well known for
its versatility, which can be used to feed different chemical
processes such as water-gas shift, alcohol synthesis, catalytic
methanation, Fischer—Tropsch synthesis, etc. [1]. Despite the
importance of DRM reaction, its industrial deployment still
meets difficulties. In fact, the standard enthalpy of the DRM
reaction is very high (Eq. (1)), so this reaction is highly endo-
thermal. Thus, high reaction temperatures, typically in the
range of 700—950 °C, are needed to thermodynamically favor
high reaction conversions [2—4]. Even at high temperature,
DRM reaction requires the utilization of a catalyst to reach
high kinetics. Under high reaction temperatures, thermal
sintering of the catalyst can take place, in particular in the
case of metal nanoparticles supported on a support [5].
Moreover, the reac-tion of CH, with CO, can also be impacted
by various side re-actions, such as reverse water-gas shift,
methane cracking, Boudouard reaction etc. [2, 3], leading to the
formation of byproducts. Among them, solid carbon has been
reported in most of publications on DRM reaction [3], which
also causes catalyst deactivation in DRM. Developing a highly-
performing catalyst, which resists to solid carbon formation
and to ther-mal sintering is among the main objectives for

DRM process [5].

CH,+CO, — 2CO+2H, AHyp= + 247 kJ / mol Eq. 1

To-date, nickel-based catalysts, under the form of nickel
nanoparticles supported on a solid support have largely been
reported for DRM reaction [6,7]. To a lesser extend, other
transition metal-based catalysts (e.g. iron, cobalt, copper)
[8—10], noble metal-based catalysts (e.g. Pt, Pd, Ru etc.) [11,12],
or nickel-containing bimetallic catalysts (e.g. Ni-Co, Ni-Fe, Ni-
Co, etc.) have also been reported [13—16]. About catalyst sup-
ports, the conventional materials such as alumina, silica,
ceria, zirconia, zeolites, mixed oxides, etc. have usually been
reported [17—19]. As recently reviewed by Hambali et al. [20],
the common criteria required for a robust DRM catalyst are as
follows: a good metal dispersion, a strong metal-support
interaction, a high specific surface area, a mobility of surface
oxygen, and an adequate acidity/basicity. Thus, catalyst sup-
port plays crucial role in DRM reaction. The exploration of
new promising catalyst supports, such as hydroxyapatite
(HAP, Ca40(PO4)s(OH),) is recommended in order to design new
per-forming DRM catalysts. In fact, HAP has several
advantages for a catalyst supports such as a possible high
porous volume and high specific surface area, high thermal
stability, exceptional ion exchange capacity, and tunable acid-
base property [21]. HAP-supported metal (Ni, Pt, Ru or Ni-Co)
catalysts have been investigated in DRM reaction [22-30],
showing high catalytic performance in comparison with
catalysts prepared from conventional supports (Table 1) [24].
One of the main advan-tages of HAP supports is related to the
controllability of the acidity/basicity, which can be achieved
by varying the molar ratio of Ca/P, and/or by partially
substituting Ca®* cations by other divalent cations such as
Mg?". While the impact of the Ca/P ratio has been investigated
by Boukha et al. [23], the

impact of Mg addition to HAP support is not studied yet in DRM
reaction, to the best of our knowledge. Thus, the objective of
the present study is to investigate the impact of the Ca/P ratio
and the partial substitution of Ca®* by Mg®* in HAP structure
on the catalytic performance of Ni supported catalysts.

Experimental

Preparation of apatitic supports

Calcium hydroxyapatite (HAP) supports

HAP supports were prepared by wet precipitation method,
according to the method described elsewhere [31]. Briefly,
calcium nitrate (Ca(NOs),-4H,0 99% purity, CAS: 13477-34-4)
and ammonium dihydrogen phosphate (NH4H,PO,, 98% pu-
rity, CAS: 7722-76-1), which were purchased from Fisher Sci-
entific, were used as starting materials. Aqueous solutions of
calcium nitrate (0.89 M) and ammonium dihydrogen phos-
phate (0.34 M) were prepared using permuted water at room
temperature, and their pH values were fixed at 10.7 et 10.3,
respectively, using an aqueous solution of NH,OH (35 wt%,
CAS: 1336-21-6, from Fisher Scientific). The synthesis was
performed in a glass reactor, thermostated at 40 °C and stirred
at 400 rpm, by adding the solution of NH4H,PO, into the so-
lution of Ca(NOs3),. The volume of each solution was
calculated to obtain theoretical molar ratio of Ca to P (Ca/P) of
1.55, 1.67 and 1.75, which correspond to calcium-deficient,
stoichio-metric, and calcium-surplus HAP, respectively. The
mixture was kept under a constant pH of 9.6 (by using the
solution of NH,OH mentioned above) for 48 h. A white
precipitate was formed, which was filtered and washed
several times and dried at 105 °C overnight in an electrical
oven. Finally, HAP supports were crushed and sieved to obtain
grains in the range of 125—315 pm (see Supplementary
information SI 1), which were later used for preparing Ni/HAP
catalysts. Three HAP supports were synthesized which are
named as follows: HAP1.55, HAP1.67 and HAP1.75, resulting
from three theoret-ical values of the Ca/P ratio mentioned
above.

Calcium hydroxyapatite-doped magnesium (Mg_HAP) supports
Mg HAP supports were prepared by the same procedure
described above for HAP supports, by replacing Ca(NOs),
Table 1 — Reactivity of Ni-based catalysts in DRM reaction

at 700 °C and ambient pressure; nd: not determined. Ni/
Ca-HA2: a HAP-supported nickel catalyst. Adapted with
permission of Elsevier [24].

Catalyst Metal Catalyst CH,/CO, Time on
content weight conversion stream
(Wt%)  (mg) (%) (h)
NiLa,04/Zr0, Ni: 5 200 70/nd 50
Ni/Al,04 Ni: 6.6 180 67/75 24
Ni-Mg/Al,05 Ni: 5, 200 77/nd 22
Mg: 3
Ni/CeO, Ni: 5 50 40-15/ 12
80-40
Ni/Ca-HA2 Ni: 5 300 78-66/ 90
84-73



aqueous solution by a mixture solution containing both
Ca(NOs3), and Mg(NOs),. The latter (Mg(NOs),, >98% purity,
CAS: 13446-18-9) was also purchased from Fischer Scientific.
The concentration of each solution was calculated to obtain
three Mg HAP supports with the theoretical values of molar
ratio of (Ca + Mg)/P = 1.67, and Mg/Ca = 0.1, 0.3 and 0.5, which
led to three material named respectively 0.1 Mg HAP, 0.3
Mg HAP and 0.5 Mg HAP. The dried Mg HAP supports were
also crushed and sieved to obtain grains of 125—315 um, which
were later used for preparing Ni/Mg _HAP catalysts.

Preparation of nickel supported catalysts

Grains of HAP and Mg-HAP supports were first calcined at 500
°C in the air to avoid all further structural evolution of the
apatitic materials. The deposition of nickel on the surface of
the supports was carried out by the conventional incipient
wetness impregnation method [24, 25], using nickel nitrate
precursor (Ni(NO3),-6H,0, 98% purity, CAS: 13478-00-7, from
Fisher Scientific). The theoretical value of nickel loading was
fixed at 5 wt%. After impregnation, the mixture was dried at
105 °C overnight, calcined at 700 °C under the air for 3 h to
convert nickel precursor into nanoparticles of nickel oxides.
Thus, from six HAP and Mg HAP supports, six nickel sup-
ported catalysts were obtained, which are named as follows:
5Ni/HAP1.55, 5Ni/HAP1.67, 5Ni/HAP1.75, 5Ni/0.1 Mg _HAP, 5Ni/
0.3 Mg HAP, and 5Ni/0.5 Mg HAP (Table 2).

Characterization methods

Elemental analysis was carried out with an ICP-AES (Induc-
tively Coupled Plasma-Atomic Emission Spectroscopy)
HORIBA Jobin Yvon Ultima 2 apparatus. Before analysis,
calcined catalysts were dissolved in aqua regia (a mixture of
concentrated HCl and HNOj; acids).

Fourier transformed infrared (FTIR) spectra of the calcined
catalysts were recorded within 4000 & 500 cm~* wavelength
range, with a SHIMADZU 8400S spectrometer.

Thermogravimetry coupled with differential thermal
anal-ysis (TG-DTA) were performed with a SDT Q600 (TA
Instru-ment), while TG coupled with mass spectroscopy
(TG-MS) analysis was done with a STA 409 PC (Netzsch) and a
GSD 320 (Pfeiffer Vacuum OmniStar). For each analysis,
samples of calcined catalysts (around 30 mg) were heated
from 30 to 1000 °C under the air (100 NmL/min), with a
heating rate of 10 °C/min.

X-rays diffraction (XRD) patterns were recorded in the
range of 20 of 10—80 degrees, using a X'pert Pro MPD

(PANalytical) diffractometer. The identification of crystalline
phases was carried out with the International Centre for
Diffraction Data (ICDD) and Crystallography Open Database
(COD) databases. These analyses were conducted with cata-
lysts calcined at 500 and 700 °C under the air. From XRD re-
sults, the crystallite size of nickel oxide is calculated
according to the Scherrer equation (Eq. 2) [32]. The calculation
was done with three main diffraction peaks of NiO crystallites
at 26 of 37.33, 43.94, and 62.97 degrees, which allowed
obtaining the average NiO crystallite size.

k.2

4= FWHM.cos 6

Eq. 2
where d is the crystallite size of nickel oxide (nm), k is a
dimensionless shape factor which has usually the value of 0.9,
Ais the X-ray wavelength (nm), 4 is the Bragg diffraction angle
(°), FWHM is the full-width at half-maximum of the consid-
ered peak (Rad).

Scanning electron microscopy (SEM) analysis was carried
out with a Philips XL30 ESEM FEG apparatus. SEM images were
recorded using both Secondary Electron (SE) and Back-
scattered Electron (BSE) detectors. Transmission electron mi-
croscopy coupled with energy-dispersive X-ray spectroscopy
(TEM-EDX) were also conducted, by using both FEG JEOL JEM
2100F and JEOL1400 machines.

Specific surface area and pore size distribution of the
calcined catalysts were obtained from nitrogen adsorption-
desorption isotherms. These isotherms were recorded with a
Micromeritics Tristar II 3020 apparatus at 77 K. Before analysis,
solid samples were degassed at 105 °C and 50—100 mbar for
24 h, using a Micromeritics 3FLEX machine. From the iso-
therms, the specific surface area was calculated by the Bru-
nauver — Emmett — Teller (BET) model, while the pore size
distribution was obtained by the BJH (Barrett-Joyner-Halenda)
model, since the prepared catalysts are mesoporous materials.

Temperature-programed reduction (TPR) was carried out
with dried catalysts, using a Micromeritics Autochem 2920
machine. For each analysis, around 100 mg of dried catalyst
were placed in a U-shape quartz reactor, heated by an electric
oven. The reactor was heated from 30 to 700 °C (10 °C/min)
under a flux of 4%vol.Hy/He (100 NmL/min). The reduction was
detected by a Thermal Conductivity Detector (TCD). By using
this Micromeritics Autochem 2920 machine,
temperature-programed desorption (TPD) was also per-
formed, using both CO, (CO,-TPD) and NH3 (NH3-TPD) as probe
molecules, in order to analyze respectively basic and acidic
sites of the catalysts. For a given analysis, 100 mg of dried
catalyst were first reduced under H, at 700 °C for 2 h. Then, it

same

Table 2 — Results of elemental analysis by ICP-AES of the prepared catalysts; in brackets: theoretical values.

Catalyst Molar ratio

Weight percentage (%)

Ca/P (theoretical value) Mg/Ca

(theoretical value)

(Ca + Mg)/P
(theoretical value)

% Mg % Ni
(theoretical value) (theoretical value)

5Ni/HAP1.55 1.61 (1.55) -
5Ni/HAP1.67 1.73 (1.67) -
5Ni/HAP1.75 1.74 (1.75) -
5Ni/0.1 Mg_HAP 1.60 (1.52) 0.14 (0.10)
5Ni/0.3 Mg_HAP 1.25 (1.28) 0.4 (0.30)
5Ni/0.5 Mg_HAP 1.10 (1.11) 0.53 (0.50)

3.75 F 0.10 (5)

- - 3.96 F 0.20 (5)
- - 3.91 F 0.28 (5)
1.82 (1.67) 2.4 (2.2) 3.96 F 0.10 (5)
1.81 (1.67) 6.9 (5.8) 4.07 F 0.33 (5)
1.64 (1.67) 6.2 (8.5) 3.98 F 0.27 (5)




was cooled down to 100 °C under He. Then, the adsorption of
CO, or NH; was done at 100 °C under a flux (50 NmL/min) of 5%
CO,/N, or 5%NHa3/N,, respectively, for 60 min. After a purge
with a He flux at 100 °C, the CO,-TPD or NH;-TPD was recorded
by heating the sample to 800 °C (10 °C/min heating rate) under
He. The desorption was detected by a TCD detector.

Catalytic reactor and procedure of DRM reaction

The scheme and a photo of the fixed-bed reactor used in this
work is presented in Supplementary information SI 2. The
tubular reactor is made by alumina refractory ceramic, with
an inner diameter of 8 mm and a length of 25 cm. For each
reaction, the reactor was filled with inert alumina powder
(<3 m%g), followed by a mixture of calcined catalyst (340 mg)
diluted with inert alumina powder (340 mg), and completed
with inert alumina powder. The quantity of each layer of inert
alumina powder was calculated to fix the catalyst bed at the
center of the reactor, which can be homogeneously heated by
the oven. The pressure drop observed in the reactor varied
between 0.5 and 0.9 bar, depending on the gas flowrate used.
The total pressure inside the reactor was controlled by a
manual device, which can work between 1 and 50 bar. The
temperature of the catalyst bed was controlled by a
thermocouple set at the center of the bed. The reactor was fed
with different gas bottles under high pres-sure. The flowrate
of each gas was controlled by a mass-flow controller (MFC),
which allowed obtaining the desired feeding composition. To
start a DRM reaction, the reactor was heated under N, flux (70
NmL/min) up to 700 °C. Then, an in-situ reduction took place
under 10%vol.Hy/N, flux (70 NmL/min) for 2 h. Then, the
temperature of the reactor was set to the desired temperature
(if needed), and the DRM re-action started by feeding the
reactor with a mixture of CHy, CO,, and N,.

At the outlet of the reactor, a water trap containing silica gel
was used to quantity water formed as a byproduct of the DRM
reaction. The dried gas mixture at the outlet of this trap was
analyzed by a p-GC (MyGC model, from Agilent). The total
flowrate of this dried gas was measured by a Pro Flow 6000
flowmeter (from Restek). This total gas flowrate and its
composition obtained by pu-GC allowed calculating the flow-
rate (moles/min) of each gas in the mixture. The conversion (X,
%) and the selectivity (S, %) of the DRM reaction were
calculated by the following equations.

inlet __ Myoutlet
XCH4(%) = % x 100 Eq 3
QCH4
Qénlet __ (outlet
Xco2(%) :% x 100 Eq. 4
QCOZ
formed
S (%)=——H2 %100 Eq.5
2 x Qi - Qz)
formed
Sco(%) = o x100 Eq. 6

2% (s - Qar)

formed
Sc(%) =—— RS : x100 Eq. 7
(Qits — Qi) + (i — Qaie)
formed
Stao(%) =——H20______ %100 Eq. 8

2 Q- Qzet)
where: Xcpq and Xcop are CH, and CO, conversions, respec-
tively; Sua, Sco, Sc and Sy»o are selectivity in hydrogen, carbon
monoxide, solid carbon, and water, respectively; QI and
Qlet are molar methane flowrate (moles/min) at the reactor
inlet and reactor outlet, respectively; Q¥4 and Q24 are molar
carbon dioxide flowrate (moles/min) at the reactor inlet and

reactor outlet, respectively; Q™ ,and Q2™ are molar

flowrate (moles/min) of CO, H, and H,0, respectively, which

formed
2

are formed during the reaction; and Q™ is the flowrate of
solid carbon calculated from the carbon balance. In reality, it

is not possible to measure Q™ during the DRM reaction for
this experimental setup.

Results and discussion
Catalyst characterization

Elemental analysis

The results of ICP-AES analysis for the fresh catalysts are
presented in Table 2. Among three catalysts prepared from
HAP supports (without Mg addition), SNi/HAP1.55 was a
calcium-deficient material with the analytical Ca/P ratio equal
to 1.61, while the two others were calcium-surplus materials
with the similar analytical Ca/P ratio equal to 1.73 and 1.74. On
the other hand, stoichiometric HAP could not be obtained.
This could be explained by the fact that, HAP synthesis is a
delicate process which depends on a set of parameters such
as the nature and the addition order of calcium and
phosphorus precursor, the aging time, the pH control, and the
washing procedure [33—35]. For three catalysts prepared from
Mg HAP supports, the analytical values of the Ca/P ratio were
close to the corresponding theoretical values. However, the
analytical values of the Mg/Ca ratio are notably higher than
the corre-sponding theoretical values. This suggests a part of
Ca?* cat-ions were not precipitated. Despite this calcium loss,
the (Ca + Mg)/P ratio obtained by ICP-AES were higher than
the corresponding theoretical values for the two catalysts 5Ni/
0.1 Mg HAP and 5Ni/0.3 Mg HAP, meaning a loss of phosphate
also took place under the form of soluble ions in the filtrate.
On the other hand, for 5Ni/0.5 Mg HAP, the (Ca + Mg)/P ratio
was slightly smaller than the theoretical one, which is
explained by a loss of Ca?" and/or Mg”" cations during the
synthesis. These results highlighted the delicacy of the syn-
thesis of apatitic materials, as recently reported by El Jemli et
al. [33].

Nickel loading of the prepared catalysts varied in the range
of 3.75 F 0.10 and 4.07 F 0.33 wt%, which is smaller than the
theoretical value of 5 wt%. Possible, a loss of nickel (e.g. nickel
fixed on the wall of the flash) took place during the catalyst



synthesis. This loss can be significant for the preparation of
small quantity of catalyst (e.g. some grams), as in this study.
This phenomenon was usually observed in the heterogeneous
catalysis [33,36].

FTIR

Fig. 1 shows the FTIR spectra of the HAP and Mg HAP sup-
ports. Characteristic peaks of the apatitic structure were
observed. The peaks at 565, 603, 960, 1037, and 1091 cm~*
could be attributed to the vibration of (PO4)* groups, while the
peaks at 636 and 3572 cm ™' belong to the vibration of OH~
groups [37,38]. The peaks at 873, 1414 and 1454 cm™* could be
due to the presence of COs>~ groups. The latter could be
inserted to the apatitic structure during the synthesis, by the
dissolution of CO, from the air in the solution mixture, and by
the fixation of CO, from the air in contact with the solid
supports [39]. In addition, the peaks of CO5?~ groups indicate
the formation of B-type carbonated apatite (substitution of
phosphate groups by carbonate groups) [40,41]. This obser-
vation agrees with the ICP-AES results, since the analytical
values of Ca/P and (Ca + Mg)/P ratios were higher than the
corresponding theoretical ones. Finally, the presence of Mgin
Mg HAP supports seemed to have an impact on the apatitic
structure, causing an enlargement as well as an intensity
diminution of the PO, bands in the elongation region (1030
cm~?) and the bend region (565 cm ™) [42]. Similar FTIR
spectra were also obtained with the calcined nickel catalysts
prepared from these six supports (results not shown). Nickel
oxide nanoparticles, as evidenced later by SEM and TEM an-
alyses, did not lead to a notable change of FTIR signals of the
supports.

TG-DTA and TG-MS

Fig. 2 presents the evolution of the mass, and CO, and H,0
emission during TG and TG-MS analyses of the supports. Note
that DTG curves were the derivative of the corresponding TG
curves, which better highlight the mass evolution than TG
curves. DTA results are not shown since only endothermal
phenomena were observed. Thus, within 30 and 200 °C,
several mass losses took place which were due to the depar-
ture of physisorbed water (below 100 °C) and the possible
dehydration of MCPM (mono-calcium phosphate mono-
hydrate, Ca(H,PO,),-H,0) between 100 and 200 °C according to

] HAP1.75
S ] HAP1.67
&
8 -
£ HAP1.55
=
E ] \OH'
=
£ ]
St
h -

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Eqg. (9) [43]. In the range of 200—700 °C, all the supports had
small and consecutive mass losses, which could not be
observed as net DTG peak. This was due to the dehydration
and decarbonation as highlighted by TG-MS analysis (Fig. 2 (c)
and (d)), which corresponds to the thermal behavior of
apatitic materials [33]. In fact, in this temperature range, the
dehy-dration  could take place with  superficial
hydrogenophosphate groups such as H,PO,~ and HPO,>~ [44],
while the decarbon-ation could be due to the carbonate
groups chemisorbed on the basic sites of these supports. In
the temperature range of 700—1000 °C, DTG peaks were
observed for some materials, which could be also explained
by dehydration and decarbon-ation. The dehydration in this
zone (700—1000 °C) could be either provoked by the
condensation of HPO,?~ groups, incorporated in the apatitic
structure, into pyrophosphate (Eq.(10)), followed by the
conversion of pyrophosphate into phosphate (Eq. (11)) [106], or
the partial decomposition the apatitic components into B-TCP
[45]. The temperature of these dehydration decreased when
the Mg loading in Mg HAP sup-ports increased, as a
consequence of Mg incorporation in the apatitic structure
[46,47]. The decarbonation in this zone (700—1000 °C) was due
to the departure of carbonate anions, inserted in the apatitic
structure [25]. For all six supports, the mass loss did not finish
at 1000 °C, which could be explained by the partial
dehydration of hydroxyl groups of the apatitic structure at
high temperature [48].

Ca(H2PO4)2 . Hzo - Ca(H2P04)2 + H2O Eq. 9
2HPO,>” — P,0,* +H,01 Eq. 10
P,0,* +20H™ — 2P0,* +H,01 Eq. 11

XRD

XRD diffractograms of all the catalysts calcined at 500 and
700 °C under the air are displayed in Fig. 3. For Ni/HAP1.55, Ni/
HAP1.67, and Ni/HAP1.75 calcined at 500 °C, characteristic
peaks of the crystalline phase of the apatitic structure at 26
angle of 25.9, 31.8, 32.9, 46.8 and 49.7 degrees were observed
[33,49]. When these catalysts were calcined at 700 °C, the same
peaks were also observed, with a better crystallinity. In addi-
tion, a new peak at 2¢ angle of 32.2 degrees appeared which
also corresponded to the (112) crystalline plan of the apatitic

(b)

1 0.5Mg_HAP

0.3Mg_HAP

0.1Mg_HAP

Transmittance (a.u.)

] \ Ml-
OH COz* PO \
PO }‘

PO

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'!)

Fig. 1 — FTIR spectra of the HAP supports (a), and Mg HAP supports (b).
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Fig. 2 — Thermal behavior of HAP and Mg HAP supports: (a) and (b): TG and DTG signals during TG analysis, respectively; (c)
and (d): H,O and CO, emissions during TG-MS analysis, respectively.

structure. No diffraction peak of other compounds such as
MCPM or TCP could be observed, which could be due to their
low contents. For nickel, diffraction peaks at 26 of 37.3, 43.4
and 63.5 degrees were observed, which could be attributed to
nickel oxide (NiO).

For Mg HAP supported nickel catalysts calcined at 500 °C,
at low Mg content (2.2 wt% Mg in 5Ni/0.1 Mg _HAP), only peaks
of the apatitic structure could be observed, which are similar
to those of HAP supports. Other crystalline phases of Mg such
as MgO or Mg(OH), were not observed. Probably, at this low Mg
content, Mg®" cations were incorporated to the apatitic
structure and partially replaced Ca?* cations. When this
catalyst was calcined at 700 °C, the same diffraction peaks
were detected, accompanied with a new peak at 20 of 32.2
degrees as already observed for Ni/HAP catalysts. For catalysts
containing higher Mg contents (5Ni/0.3 Mg HAP and 5Ni/
0.5 Mg _HAP) calcined at 500 °C, the principal diffraction peaks
of the apatitic structure at 2¢ around 30—35 degrees are
superimposed and formed a broad peak, which suggests a low
crystallinity of these materials. In addition, mixed oxides of
Mg and Ni could be also formed. When these catalysts were
calcined at 700 °C, whitlockite (Cas;Mge(PO4)ss, ICDD:
96-901-2138) was formed as a new crystalline phase. The
latter was already observed by Fadeev et al. [50] who
employed the similar synthesis conditions (co-precipitation
using the same Ca, Mg et P precursors). In addition, these
authors evidenced the favorable effect of increasing Mg
content on the formation of whitlockite. For all three
nickel catalysts supported on Mg HAP supports, the
characteristic peaks of nickel oxide (NiO) at 26 of 37.2, 43.2
and 63.52 degrees were observed. From

the XRD results, the average size of NiO crystallites could be
calculated by the Scherrer equation, which varied in the range
of 21.4 and 27.8 nm (Table 3).

SEM and TEM-EDX

All the six catalysts calcined at 700 °C were analyzed by SEM
and TEM-EDX. As shows in Supplementary information SI
3,at low magnification, three HAP-supported nickel catalysts
and 5Ni/0.1 Mg HAP catalyst were composed of grains with
rela-tively homogeneous and large size. On the other hand,
5Ni/ 0.3 Mg HAP and 5Ni/0.5 Mg HAP catalysts contained
much smaller grains, since they were more brittle than the
four other catalysts. High Mg content probably weakened the
me-chanical strength of these materials.

At high SEM magnification, nickel oxide nanoparticles
could be observed (Fig. 4). The size of nickel oxide nano-
particles seemed to be similar for all these catalysts. However,
nickel oxide nanoparticles in 5Ni/0.3 Mg HAP and 5Ni/ 0.5
Mg HAP catalysts were less visible and had a lower fre-quency
on their surface, in comparison with the other catalysts.

Fig. 5 shows TEM images and particle size distribution of
four catalysts calcined at 700 °C. Two catalysts SNi/HAP1.75
and 5Ni/0.5 Mg _HAP were not analyzed by TEM since they are
similar to 5Ni/HAP1.67 and 5Ni/0.3 Mg HAP catalysts, as pre-
viously evidenced by different characterization techniques.
Thus, all four catalysts showed nickel oxide nanoparticles in a
large range of ca. 14—120 nm. These particles were generally
not spherical. Some agglomerations could be also observed.
From TEM images, the size distribution of nickel oxide
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Fig. 3 — XRD diffractograms of HAP and Mg HAP supported nickel catalysts, calcined at 500 (denoted as “catalyst_500 °C”)

and 700 °C (denoted as “catalyst_700 °C”) under the air.

Table 3 — Comparison of average size of nickel oxide crystallites (by XRD) and nanoparticles (by TEM) of the prepared

catalysts. n.a.: not available.

Average size of NiO nanoparticles by TEM (nm)

Catalyst Average size of NiO crystallites by XRD (nm)
5Ni/HAP1.55 278 ¥ 6.7
5Ni/HAP1.67 244 F 2.7
5Ni/HAP1.75 259 F 2.9
5Ni/0.1 Mg HAP 22.0 ¥ 3.8
5Ni/0.3 Mg _HAP 266 F 3.3
5Ni/0.5 Mg_HAP 214 ¥ 0.9

39.5
40.3
n.a.
53.9
50.5
n.a.

nanoparticles could be obtained as shown in Fig. 5 (e). Most of
nickel oxide nanoparticles were found in the large range of
14—-70 nm. For two Ni/HAP catalysts, the particle size was
impacted by the Ca/P ratio: the higher the Ca/P ratio was, the
larger the particle size was. The average sizes of nickel oxide
nanoparticles determined by TEM are summarized in Table 3,
which are coherent with the average size of nickel oxide
crystallites. Finally, EDX mapping was also performed with
four catalysts analyzed by TEM above. For Ni/HAP catalysts,
Ca and P were homogeneously distributed on the surface of
catalyst grains, while Ni was mostly found under the form of

nanoparticles (see Supplementary information SI 4 and SI 5).
For Ni/Mg HAP catalysts, Ca, Mg and P were also homoge-
neously distributed on the surface of catalyst grains, as ex-
pected. This confirmed the combination of Mg with phosphate
anions in the apatitic structure. About nickel, it was mostly
found under the form of nanoparticles (see Supplementary
information SI6 and SI 7).

Nitrogen adsorption—desorption isotherms
Nitrogen adsorption-desorption isotherms of the supports
and the catalysts are displayed in Fig. 6 (a) and (b). All of them
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Fig. 4 — SEM images at high magnification of Ni/HAP and Ni/Mg_HAP catalysts.

belong to the type IV according to the IUPAC classification
[51,52], indicating that these supports are mesoporous mate-
rials. The hysteresis loops of three HAP supports (Fig. 6 (a))
were of type H1, indicating the presence of pores of narrow
size [51, 52]. This could be confirmed by the results of pore size
distribution using the BJH method (Fig. 6 (c)). Each HAP sup-
port had a monomodal pore size distribution of ca. 22—31 nm
(Table 4).

The support 0.1 Mg HAP also had the H1 type hysteresis
loop (Fig. 6 (b)) with a monomodal pore size distribution

(Fig. 6 (c)), which is similar to HAP supports. On the other
hand, 0.3 Mg HAP and 0.5 Mg HAP supports presented H2
type hysteresis loops, which is characteristic for materials
with slit-shaped pores of irregular sizes [51, 52]. The analysis
of differential pore size distribution of these materials indi-
cated the presence of pores in a large range, up to 120 nm
(Fig. 6 (d)).

The deposition of nickel nanoparticles on the surface of
HAP and Mg HAP supports by incipient wetness impregna-
tion method did not notably impact the shape of these
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curves, in comparison with those of the corresponding porous volume (V) and the mean pore size (d;) of each sup-
supports. port and catalyst (Table 4). The HAP and Mg HAP supports had

The treatment of these isotherms by the BET and BJH relatively high Sper (55-125 m?/g). For HAP support, Sger
methods allowed obtaining the specific surface area (Sget), the increased with the increase of the Ca/P ratio. For Mg HAP
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Table 4 — Textural properties of the prepared supports
and catalysts.

Material Sger (M%/g) V,, (cm®/g) d,, (nm)
HAP1.55 66 0.42 204
HAP1.67 86 0.57 224
HAP1.75 90 0.54 19.3
0.1 Mg_HAP 125 0.71 21.4
0.3 Mg_HAP 67 0.52 314
0.5 Mg HAP 55 0.31 30.0
5Ni/HAP1.55 55 0.39 24.2
SNi/HAP1.67 65 0.50 25.6
5Ni/HAP1.75 68 0.47 232
5Ni/0.1 Mg HAP 50 0.39 26.3
5Ni/0.3 Mg _HAP 47 0.32 34.1
5Ni/0.5 Mg HAP 52.1 0.30 30.2

supports, the incorporation of a small amount of Mg led to a
strong increase of Sger (125 mz/g for 0.1 Mg HAP containing
2.4 wt% Mg). Goldberg et al. [47] also found that the incorpo-
ration of 1 wt% of Mg into HAP structure led to a strong in-
crease of Sgrr. However, at higher Mg contents, Sger strongly
decreased (55—67 m?%g for 0.3 Mg HAP and 0.5 Mg HAP sup-
ports). The deposition of Ni followed by the calcination at
700 °C led to a notable diminution of V;, and Sger values, but to
an increase of d,. This suggests that nickel oxide nano-
particles were preferably formed inside the smallest pores,
thus reducing V;, but increasing dp. The reduction of V, and
SgeT could also be due to the effect of the calcination at 700 °C.
In fact, Cacciotti et al. [53] showed that the calcination at
600 °C of a HAP substituted with 10 atomic % of Mg led to a
reduction of Sgpr from 87 to 27 m? g%,

TPR

Fig. 7 (a) shows TPR profiles of Ni/HAP and Ni/Mg HAP cata-
lysts, which were previously calcined at 700 °C. This calcina-
tion should convert nickel nitrate into nickel oxide (NiO) as
evidenced by XRD analysis. It was already reported in the
literature that the reduction of nickel oxide occurred through
three consecutive steps: the first takes place within 300 and
400 °C (peak noted as «), which is due to the reduction of
nickel species having weak interaction with the support; the
second happens within 400 and 500 °C (peak noted as B),
which cor-responds to the reduction of nickel species having
strong interaction with the support; and the third is found
above 500 °C (peak noted as ), which is related to the
reduction of nickel species incorporated in the structure of the
support [22, 23]. For Ni/HAP catalysts and 5Ni/0.1 Mg HAP
catalyst (Fig. 7 a), the TPR profiles were similar to each other:
Each catalyst displayed three reduction peaks, which were
more or less overlapped, with g peak as the principal one. In
addition, it seemed that the intensity of y peak was more
important for 5Ni/HAP1.55 and 5Ni/0.1 Mg _HAP than for 5Ni/
HAP1.67 and 5Ni/HAP1.75. In fact, during the catalyst
synthesis by impregnation, cation exchange between Ni*" and
Ca®" and/or Mg?" could take place [34]. ICP-AES analysis
showed that SNi/HAP1.67 and 5Ni/HAP1.75 catalysts had the
similar Ca/P ratio of 1.73 and 1.74. These calcium-surplus
materials are not favorable for the cation exchange, as
previously observed by Boukha et al. [23]. Thus, the intensity
of y peak of these cat-alysts were weak. On the other hand,
the S5Ni/HAP1.55 catalyst
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Fig. 7 — (a) TPR profiles; (b) NH3-TPD profiles; and (c) CO,-TPD
profiles of the prepared catalysts.

was a calcium-deficient material (Ca/P ratio of 1.61 by ICP-

AES), which must favor the cation exchange [23]. However, for
5Ni/0.1 Mg HAP catalyst, despite its high (Ca + Mg)/P ratio of

1.82, the intensity of its y peak was relatively important.



Was the solid solution of nickel and magnesium oxides
formed? Further characterization such as XPS would be useful
to better understand this behavior.

For 5Ni/0.3 Mg _HAP and 5Ni/0.5 Mg _HAP catalysts, their (Ca
+ Mg)/P ratio, which was determined by ICP-AES, reached 1.81
and 1.64, respectively. However, their TPR profiles are similar
to each other with a small a peak at around 430 °C, and a large
overlapped B and y peak around 500—580 °C. In com-parison to
Ni/HAP catalysts, TPR peaks of 5Ni/0.3 Mg HAP and 5Ni/0.5
Mg HAP shifted to higher temperatures, meaning a stronger
metal-support interaction, which is generally favor-able for
the thermal stability of the catalyst in DRM reaction [22,54].

Fig. 7 (b) presents NH;-TPD profiles of the reduced catalysts
(see experimental section for the TPD procedure). In all cases,
a desorption peak was observed within 130 et 400 °C. This
desorption temperature range suggests the presence of acidic
sites of weak and moderate strength. Above 400 °C, TCD sig-
nals were not significant. However, above 750 °C, some TCD
signals could be detected, which might be due to the emission
of carbon dioxide from decarbonation of carbonate groups
inserted in the apatitic structure [23].

Fig. 7 (c) shows CO,-TPD profiles of the six catalysts. A
broad desorption peak at around 130—500 °C was observed for
all the catalysts, indicating the presence of basic sites of weak
and moderate strength. TCD signals observed above 750 °C
might be attributed to the decarbonation of carbonate groups,
as observed for NH5-TPD.

From TPD curves, the temperatures of TPD peaks and the
density of acidic and basic sites could be determined (Table 5).
Thus, all the six catalysts contained both acidic and basic
sites. As expected, the increase of Ca/P ratio in HAP supports
and the incorporation of Mg in Mg HAP supports allowed
decreasing the acidity and increasing the basicity of the
catalysts.

Catalytic results

Impact of catalyst supports in DRM

Fig. 8 compared the activity and the selectivity of the six
catalysts in DRM reaction under the same reaction condi-

tions. Before starting the reaction, all the catalysts were in-

situ reduced under H, at 700 °C. For HAP-supported nickel
catalysts, 5Ni/HAP1.67 and 5Ni/HAP1.75 had the similar cat-
alytic behavior, taking into account their similar composi-
tion and structure, as evidenced by different

characterizations (ICP-AES, XRD, TPR, TPD, etc.). The initial
CH, and CO, conversion reached 73 and 77%, respectively,
which decreased to 65 and 75% after the first 5 h of time-on-
stream (TOS), indicating that a catalytic deactivation took
place. The catalytic activity of these catalysts was relatively
stable after ca. 45 h TOS at around 59 and 68% of CH, and CO,
conversion, respectively. For 5Ni/HAP1.55 catalyst, it was
less active than 5Ni/HAP1.67 and 5Ni/HAP1.75. The CH, and
CO, conversion decreased from 45 to 58% at the beginning to
44 and 56% after 50 h TOS, respectively. This can be
explained by the impact of Ca/P ratio of HAP support. 5Ni/
HAP1.55 catalyst had the lowest Ca/P ratio, leading to a
higher acidity and a lower basicity in comparison with 5Ni/
HAP1.67 and 5Ni/HAP1.75 catalysts (Table 5). High basicity
favors CO, adsorption, and so accelerates methane reform-
ing in DRM [55,56]. However, 5Ni/HAP1.55 catalyst was rela-
tively stable along the reaction time (CH, and CO, conversion
practically unchanged). Did the calcium deficiency in HAP1.55
support better stabilize nickel nanoparticles in DRM at 700
°C? This might be possible since the surface of this support
can better incorporate Ni?* cations into its apatitic structure,
as previously suggested by TPR results (Fig. 7 a).

For Mg HAP-supported nickel catalysts, 5Ni/0.3 Mg HAP
and 5Ni/0.5 Mg HAP showed similar catalytic behavior, which
could be comparable to that of 5Ni/HAP1.67 and 5Ni/HAP1.75
catalysts. The initial CH, and CO, conversion reached nearly
73 and 77%, which became relatively stable above 45 h TOS at
around 53 and 64%, respectively. On the other hand, 5Ni/ 0.1
Mg HAP catalyst was less active than 5Ni/0.3 Mg HAP and
5Ni/0.5 Mg _HAP catalysts, and this once again evidenced the
favorable impact of the basicity of catalyst in DRM reaction
(Table 5). However, a very good catalytic stability of 5Ni/ 0.1
Mg HAP catalyst was obtained along the DRM reaction, as
previously observed for 5Ni/HAP1.55 catalyst. The molar ratio
of Ca/P of the support 0.1 Mg HAP reached 1.60, which is
smaller than the stoichiometric value (Table 2), and which can
better stabilize Ni species or Ni nanoparticles on the surface of
the support. In addition, the role of Mg on the catalyst stability
should be further evidenced. Did the addition of small Mg
amount in 5Ni/0.1 Mg HAP catalyst improve the catalytic
stability? Further study, in particular the characterization of
the catalyst surface using techniques such as in-situ Diffuse
Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS), X-ray Photoelectron Spectroscopy (XPS), would be
helpful to explain the catalytic behavior of this catalyst in
DRM.

Table 5 — Acidic-basic properties of the prepared catalysts after in-situ reduction at 700 °C under H,.

Catalyst NH;-TPD CO,-TPD
Peak temperature Concentration of acidic Peak temperature Concentration of basic sites
(°C) sites (umol/g) (°C) (nmol/g)

5Ni/HAP1.55 201 121.9 273 121.4
SNi/HAP1.67 217 94.9 210 167.4
5Ni/HAP1.75 245 86.9 248 168.6
5Ni/0.1 Mg HAP 211 75.7 200 164.9
5Ni/0.3 Mg HAP 184 75.6 216 185.6
5Ni/0.5 Mg _HAP 213 71.8 198 173.0
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Fig. 8 — DRM reaction over HAP and Mg_HAP supported nickel catalysts. Reaction conditions: feeding composition CH,/CO,/
N, = 20%/20%/60% (vol%), GHSV = 31.7 L'h Yg.., %, T = 700 °C, P = 1.8 bar.

It is worth noticing that, for each investigated catalyst, CO,
conversion was systematically higher than CH, conversion.
This indicating the presence of reactions favoring the con-
sumption of CO,, such as the reversed water-gas shift (Eq. (12))
and reversed Boudouard reaction (Eq. (13)), which was already
observed in DRM by other groups [57].

CO, +H, < CO+H,0  AH,es = +41.2 k] /mol Eg. 12

CO, + C>2CO AH,g = +172.3 k] /mol Eq. 13

By comparing the CH4 and CO, conversion of the six pre-
pared catalysts, the following decreasing order of catalytic
activity can be classified: 5Ni/HAP1.75 = 5Ni/HAP1.67 > 5Ni/
0.3 Mg HAP = 5Ni/0.5 Mg HAP > 5Ni/0.1 Mg HAP > 5Ni/
HAP1.55. The addition of Mg did not allow improving the
catalytic performance of Ni/HAP catalysts, but seemed to
favor the catalytic stability.

H, and CO are the main targeted products of DRM
reaction. Fig. 8 (c) and (d) shows that the four catalysts 5Ni/
HAP1.67, 5Ni/HAP1.75, 5Ni/0.3 Mg HAP and 5Ni/0.5 Mg HAP,
with the highest



catalytic activity, possessed also the highest selectivity in
syn-gas. During the reaction, the selectivity into H, and CO
slightly decreased from ca. 85 ¥ 3% at the beginning of the
reaction to ca. 80 ¥ 3% at 50 h TOS. 5Ni/HAP1.55 and 5Ni/0.1
Mg HAP cat-alysts, having the lowest catalyst activity, had
also smaller selectivity in H, and CO, which was within the
range of 80—75%.

Water and solid carbon are the two by-products of DRM. In
Fig. 8 (e), the selectivity of water, quantified during the DRM
reaction, was found within the range of 5—-14%, which was
relatively stable for each catalyst. About the solid carbon, as
mentioned in the experimental section, its amount could not
be experimentally measured during the reaction, but could be
calculated from the carbon balance. Thus, the selectivity in
solid carbon was found in the range of 6—13% for all the cat-
alysts (Fig. 8 (f)).

The formation of solid carbon is one of the main reasons of
catalyst deactivation. Thus, the used catalysts recovered after
DRM reaction were characterized to better understand the
nature of this solid carbon. Generally, solid carbon formed
during a catalytic reaction can exist under various forms of
graphitic carbon, fibrous carbon (whisker), or carbon nano-
tube (CNT) [58,59]. In Supplementary information SI 8, fibrous
carbon was omnipresent on the surface of all the six used
catalysts. On the other hand, graphitic carbon was
particularly present in the case of 5Ni/HAP1.55, which
explains the lowest catalytic activity of this catalyst.

Ni SNi/HAP1.55

&
Ceo

Another reason of catalyst deactivation for high tempera-
ture processes such as in the case of DRM reaction is the
thermal sintering of metal nanoparticles. Thus, TEM-EDX
analysis was conducted with the following used catalysts:
S5Ni/HAP1.55, 5Ni/HAP1.67, 5Ni/0.1 Mg HAP et 5Ni/ 0.3
Mg HAP. In fact, 5Ni/HAP1.67 and 5Ni/0.3 Mg HAP were
similar to 5Ni/HAP1.75 5Ni/0.5 Mg HAP, respectively, so we
did not analyze the used 5Ni/HAP1.75 and 5Ni/0.5 Mg HAP
catalysts. Fig. 9 shows some TEM images of these used cata-
lysts. In addition to the relatively-large Ni nanoparticles,
which were already observed with the fresh catalysts (Fig. 5), a
population of small Ni nanoparticles of a dozen nm could be
also observed. The presence of this population of small Ni
nanoparticles was confirmed by EDX analysis (Supplementary
information: SI 9 to SI 12). It might be possible that these small
Ni nanoparticles were formed under the in-situ reduction
(before the catalytic test) and/or during the DRM reaction from
Ni** cations inserted into the apatitic structure of the support
by cation exchange. This transformation could not take place
during the calcination under the air at 700 °C. Thus, since TEM
analysis was not conducted with fresh reduced catalysts, it is
not possible to conclude on the catalyst sintering. But, from
the catalytic results and from TEM images of the used cata-
lysts, we can suppose that the thermal sintering must not be
significant in the case of the catalysts investigated in this
study.
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Fig. 9 — TEM images of the four used catalysts recovered after DRM reaction at 700 °C.



Table 6 — Pressure drop as a function of GHSV in DRM
reaction over 5Ni/HAP1.67 catalyst.

Catalyst GHSV Pressure drop  Pressure drop
(L-geac-h™) at the beginning  at 50 h TOS
of the reaction (bar)
(bar)
5Ni/HAP1.67 15.8 0.75 0.88
31.7 1.60 1.80
47.6 2.50 3.20

Impact of reaction conditions

Impact of the contact time. The impact of the contact time was
studied over 5Ni/HAP1.67 and Ni/HAP1.55 catalysts, since 5Ni/
HAP1.67 had the best catalytic performance while Ni/HAP1.55
had a very good catalyst stability among the six prepared
catalysts, as previously shown in Fig. 8. For this study, the
catalyst amount was kept unchanged (340 mg), while three
total feeding flowrates were employed: 90, 180, and 270 NmL/
min, which correspond to three GHSV of 15.8,31.7 and 47.6 L
-8eat “h™1. The inlet gas was composed of 20%CH,, 20%CO,
and 60%N, (vol%), while the reaction temperature was fixed at
700 °C. Before the reaction, the catalyst was also in-situ
reduced at 700 °C under a flux of 10 vol%H,/N, for 2 h. On the
other hand, a variation of the pressure drop inside the reactor
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as a function of GHSV was observed, as shown in Table 6 in
the case of 5Ni/HAP1.67, which was due to fine alumina
powder used to charge the reactor. This pressure drop slightly
increased during the reaction, which must be due to the
accumulation of solid carbon inside the catalyst bed.

Fig. 10 shows the CH4 and CO, conversion over 5Ni/HAP1.67
and Ni/HAP1.55 catalysts at different GHSV.

In the case of 5Ni/HAP1.67, for each GHSV employed, the
catalytic behavior of this catalyst was similar, with a pro-
gressive catalyst deactivation up to around 45 h TOS, before
reaching a relative stabilization. As expected, the increase of
GHSV led to a decrease in CH, and CO, conversion. For
example, CH, conversion diminished from 83 to 72%, 72 to
57%, and 61 to 44% after 45 h TOS, at GHSV of 15.8, 31.7 and
47.6 L-gear *-h7?, respectively (Fig. 10 (a)). The increase of
GHSV reduced the probability of reactants to be converted into
products, explaining the diminution of the reaction conver-
sion. In the case of the present study, the increase of pressure
drop when the GHSV increased must also contribute to lower
CH, and CO, conversions. For all GHSV investigated, CO and
H, were the main products formed with selectivity within
85—95%, while water and solid carbon were the two byprod-
ucts of the reaction (results not shown).

In the case of Ni/HAP1.55 catalyst, as previously observed in
Fig. 8, this catalyst showed a very good catalyst stability along
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Fig. 10 — Impact of GHSV on the catalytic performance at 700 °C of: (a) and (b) 5Ni/HAP1.67; (c) and (d) Ni/HAP1.55 catalyst.



the DRM reaction. To verify this catalytic behavior, this
catalyst was investigated at two GHSV of 15.8 and 31.7 L~gca{1
-h~. Fig. 10 (c) and (d) confirmed this catalytic stability along
the reaction time at both GHSV investigated. The conversions
of CH4 and CO, were well stable along the reaction. Very high
selectivity into H, and CO were also observed in all case, while
water and solid carbon as two byproducts of the reaction were
formed at low amounts (results not shown).

Impact of the reaction temperature and the total pressure. DRM
reaction is highly endothermal (Eq. (1)), so it is strongly
impacted by the reaction temperature. Fig. 11 (a) and (b) show
the CH4 and CO, conversions over 5Ni/HAP1.67 catalyst at 700
and 800 °C and GHSV of 47.6 L-g., *-h™’. A mixture contain-
ing 50 vol% CH,4 and 50 vol% CO, (instead of 20%CH,4, 20%CO,
and 60%N, in previous sections) was used, in order to keep the
reaction conversion under the thermodynamic limit at 700
and 800 °C. At 700 °C, the initial CH, and CO, conversions (at
the beginning of the reaction) reached 35 and 42%, which only
slightly decreased to 31 and 40% at 25 h TOS. At 800 °C, the CH,4
and CO, conversions at the beginning of the reaction reached
54 and 60%, and 52 and 58% at 20 h TOS, respectively, and then
remained stable. This catalytic stability at 800 °C was signifi-
cant in DRM, suggesting a good resistance of the catalyst
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against a possible risk of thermal sintering at this high
temperature.

DRM reaction is thermodynamically favored at low
pressure (e.g. ambient pressure) [2, 3, 4]. However, down-
stream processes of the syngas production are generally
operated at higher pressure, e.g. 20 bar for Fischer—Tropsch
synthesis. Thus, it would be interesting to conduct the
syngas production at high pressures, which have advan-
tages to avoid the expensive steps of syngas compression
[60,61]. For example, hydrogen production at the pilot scale
by steam reforming of biogas was performed at 16 bar [62].
Thus, in the present study, the impact of the total reaction
pressure was investigated in the range of 3—15 bar, using 5Ni/
HAP1.67 catalyst. The reaction temperature was fixed at 700
°C, while the feeding composition was 50 vol%CH,4 and 50 vol%
CO,, with a total gas flowrate of 270 NmL/min, cor-responding
to a GHSV of 47.6 L-g... *-h™ . Before test, the catalyst was
also in-situ reduced at 700 °C under 10 vol%H,/N, for 2 h. Fig.
11 (c) and (d) shows the results obtained. As expected, the
CH, and CO, conversions decreased when the total reaction
pressure increased. At 3 bar total pressure, an initial catalyst
deactivation took place during ca. 45 h TOS before being
relatively stable (ca. 42 and 55% of CH, and CO, conversion,
respectively). The increase of the total pressure
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Fig. 11 — (a) and (b): Effect of the reaction temperature on the catalytic performance of 5Ni/HAP1.67 catalysts. Reaction
conditions: total pressure = 1.7—1.9 bar; catalyst mass = 340 mg (In-situ reduction under 10 vol% H,/N, for 2 h);

GHSV = 47.6 L'g.: h™%; feeding composition: CH,/CO, = 50 vol%/50 vol%. (c) and (d): Impact of the total pressure on the
catalytic performance of 5Ni/HAP1.67 catalyst. Reaction conditions: Total pressure = 3, 5 and 15 bar; T = 700 °C; catalyst
mass = 340 mg (In-situ reduction under 10 vol% H,/N, for 2 h); GHSV = 47.6 L-g.., “h~?, feeding composition: CH,/

CO, = 50 vol%/50 vol%.
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Fig. 12 — Mass balance in the DRM reaction over 5Ni/HAP1.67 at 700 °C and GHSV of 15.8 L-g.,, “h~™.

to 5 bar slightly decreased the CH4 and CO, conversion to ca.
40 and 53%, respectively, without impacting the catalyst
stability within 50—100 h TOS. Finally, when the total pres-
sure increased to 15 bar, a net impact on the catalyst per-
formance could be observed: the CH, and CO, conversion
decreased to ca. 29 and 40%, respectively. Despite these low
conversions, the catalyst remained relatively stable within
100—140 h TOS.

Mass balance

Mass balance was calculated for all three elements (C, O, and
H) involved in the DRM reaction. The details of these calcu-
lations have been described elsewhere [26]. Briefly, from the
total gas flowrate and the composition by u-GC of the gas
mixture at the reactor outlet (for permanent gases, e.g. CHa,
CO,, CO, H,) and water quantity (by water trap), it is possible
to calculate the inlet flowrate and outlet flowrate of C, O, and
H. The mass balance is then obtained by Eq. (14).

Xouﬂet
Xinlet

Xbalance = Eq 14

where Xpalance: mass balance of C, O or H; X;niet: inlet flowrate
of X (mmol/min); Xouer: outlet flowrate of X (mmol/min).

For all the catalytic tests conducted, the mass balance was
relatively well buckled. As an example, Fig. 12 shows the case

of the test performed at 700 °C over 5Ni/HAP1.67 catalyst. The
mass balance of all three elements reached above 90%
meaning that most of the products of the reaction were well
quantified.

Relative comparison

Table 7 presents a relative comparison of the catalytic per-
formance of 5Ni/HAP1.67 catalyst developed in this study with
those reported in the literature for DRM reaction. The terms

mean converted -1 -1 mean converted _
TOFgg,"  (molgyy moly; -h™') and TOF¢o" (molgp,

moly! -h')are calculated on the basis of the total quantity of
Niused in the catalytic test (but not the surface nickel amount,
which were not systematically available). The values of
TOFg5" and TOFgg," obtained with SNi/HAP1.67 catalyst were
found to be only smaller than those of NiCe/SBA-16, Ni/MgO-
Al,O3; and NiCeAl catalysts. Considering the fact that size
distribution of nickel nanoparticles of 5Ni/HAP1.67 catalyst
prepared in this work is found within a large range of
14—120 nm (Fig. 5), it would be helpful to reduce the size of
these nickel nanoparticles in order to improve not only the
activity, but also the stability of HAP-supported nickel cata-
lysts. For that, other methods for nickel deposition on HAP

supports would be investigated [33].



Table 7 — Relative comparison of the catalytic performance of 5Ni/HAP1.67 catalyst developed in the present study with those reported in the literature in DRM reaction; S:

selectivity into a given product among H,, CO, H,0, C.
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800
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7

82

80
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290-255 (50)

121 (7)
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121 (7)
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18
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15

54
18
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15
15

1.7

96
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3.
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88
95
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80

5.7
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20

20

2Ni1Co/ZSM5

Conclusions

This study aimed to investigate the synthesis, characteriza-
tion and evaluation of calcium hydroxyapatite (HAP) and
calcium hydroxyapatite-doped magnesium (Mg HAP) sup-
ported nickel catalysts in dry reforming of methane (DRM)
reaction. The synthesis of HAP supports containing various
molar Ca/P ratios as well as Mg_HAP with various substitu-
tion levels of Ca®* by Mg?* in the apatitic structure could be
achieved by simple wet precipitation method. Then, nickel
nanoparticles with a large particle size distribution of
14—120 nm could be deposited on the support surface by
incipient wetness impregnation. The prepared catalysts
were mesoporous materials which had relatively high spe-
cific surface areas in the range of 47—68 m? g ' after air
calcination at 700 °C. They contain both acidic and basic sites
on the surface, which mostly had weak and moderate
strength. The density of these sites depended on the
composition of the supports. The catalyst prepared with
calcium-deficient support (5Ni/HAP1.55) contained similar
amounts of acidic and basic sites, while those prepared with
calcium-surplus supports or Mg-doped supports had higher
basic site density than acidic site density. TPR analysis
indicated the presence of different nickel species, which had
different strengths of interaction with the support. Among
them, the strong metal-support interaction was found to be
preponderant.

In DRV, the catalysts prepared with calcium-surplus sup-
ports (5Ni/HAP1.67 and 5Ni/HAP1.75) were more active than
that prepared with calcium-deficient support (SNi/HAP1.55).
This could be explained by the impact of Ca/P ratio. High Ca/P
ratio in calcium-surplus supports favored CO, adsorption and
so favored the DRM reaction. However, the catalyst prepared
with calcium-deficient support (SNi/HAP1.55) was found to be
more stable. The partial substitution of Ca*" by Mg®" in the
apatitic structure did not improve the catalytic activity. On the
other hand, the catalytic stability could be enhanced by small
amount of Mg addition (in the case of 5Ni/0.1 Mg HAP). This
beneficial effect of Mg addition on the catalytic stability would
be confirmed by further investigations. The impact of the re-
action temperature and pressure could also be confirmed.
According the thermodynamic properties of the DRM reaction,
increasing the reaction temperature strongly favor the reac-
tion conversion, while increasing the reaction pressure low-
ered the reaction conversion. In all cases, CO and H, were
formed as the two main products, with the selectivity stabi-
lized up to 85 F 3%. At 700—800 °C, H,0 and solid carbon were
still formed as undesirable products at notable amounts
around 5—10% of selectivity.

Further work would be conducted on the catalyst prepa-
ration method to reduce the size of nickel nanoparticles,
which must be helpful to improve the activity, selectivity, and
the stability of HAP-based catalysts.
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