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Hydroxyapatites (HAP) were

successfully synthesized from

different precursors.

Co/HAP catalysts were systematically

more active than Ni/HAP catalysts.

No synergetic effect of bimetallic Ni-

Co/HAP catalysts could be found.

Calcium-deficient HAP favors the

catalytic stability of Co- and Ni-based

catalysts.
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abstract

Calcium-deficient hydroxyapatite (HAP) non-porous supports were synthesized from Ca(NO3)2and

NH4H2PO4(conventional synthesis route, HAP_N support) and from CaCO3and H3PO4(new synthesis

route, HAP_C support) by wet chemical precipitation method. Monometallic and bimetallic supported

catalysts were prepared by incipient wetness impregnation using Co(NO3)2and Ni(NO3)2salts. The size

of Co- and Ni-based particles varied from some nm to dozens nm. Dry reforming of methane (DRM) tests

at 700C, and 1.6 bar shows that HAP-supported cobalt catalysts were systematically more active than

HAP-supported nickel catalysts, which is a new finding in DRM. Increasing the molar ratio of Ca/P from

1.43 (HAP_N) to 1.60 (HAP_C) support led to a slight decrease of the catalytic activity but an improve-

ment of the catalytic stability. Thus, HAP_C support synthesized from CaCO3and H3PO4is a good candi-

date for designing an efficient catalyst for the DRM reaction.
1. Introduction

Dry reforming of methane (DRM) allows converting methane

and carbon dioxide, known as two main greenhouse gases, into

synthetic gas (syngas, a mixture of carbon monoxide and hydro-

gen) which is a versatile gas platform for the synthesis of various

chemicals and fuels (Abdulrasheed et al., 2019; Liu et al., 2010;
Zhu et al., 2020). Research has been devoted to DRM during the last

decades, but to date, there is not industrial deployment yet

(Abdullah et al., 2017; Abdulrasheed et al., 2019; Sener et al.,

2018; Usman et al., 2015). This process needs high temperature

(above 700C) and atmospheric pressure to theoretically reach

high conversion and high syngas selectivity (Abdulrasheed et al.,

2019; Pham Minh et al., 2018, 2013). A solid catalyst is also

required to get exploitable kinetic. However, under atmosphere

rich in methane and high temperature, DRM catalyst is usually

deactivated by thermal sintering and the formation of solid carbon

and coke (Abdulrasheed et al., 2019; Aramouni et al., 2018; Aziz
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et al., 2019; Jang et al., 2019; Sener et al., 2018; Usman et al., 2015).

The development of an active, selective, and stable catalyst cur-

rently constitutes a main scientific challenge for DRM.

Hydroxyapatite (Ca10(PO4)6(OH)2, HAP) has interesting physico-

chemical properties of catalyst support, e.g., possible high specific

surface area and porosity, controlled acido-basicity, high thermal

stability (Boukha et al., 2020; Chang et al., 2020; Pham Minh

et al., 2013a). Surprisingly, it is much less studied than other con-

ventional supports like alumina, silica, titania, zirconia, ceria, zeo-

lite, etc. A rare review on hydroxyapatite in heterogeneous

catalysis was recently done (Fihri et al., 2017). In DRM, only the

works from Boukha’s research team (Boukha et al., 2007, 2018;

Boukha et al., 2018) and from our team (Phan et al., 2018; Rego

De Vasconcelos et al., 2016; Rego de Vasconcelos et al., 2018,

2019) could be identified. HAP-based catalysts were found to be

competitive versus those prepared with conventional supports

such as Al2O3and MgAl2O4(Rego de Vasconcelos et al., 2019). In

most cases, HAP was synthesized from soluble phosphate salts

(e.g., NaH2PO4, KH2PO4, NH4H2PO4) and calcium nitrate (Ca

(NO3)2). The drawback of this synthesis way is related to the ardu-

ous washing step. In fact, fine HAP particles are formed which

make the washing step difficult to eliminate counter ions like

NO3,Na
þ,Kþ,NHþ4. Our previous studies have demonstrated that

HAP could be synthesized from CaCO3and H3PO4without washing

step because no counter ion is present in the final HAP product

(Pham Minh et al., 2013b). Also, in DRM, stoichiometric HAP hav-

ing the molar ratio of Ca to P of 1.67 was usually used, except

the recent work ofBoukha et al. (2019)showing that calcium-

deficient HAP (Ca/P < 1.67, acid supports) was more favorable for

DRM than stoichiometric HAP (Ca/P = 1.67, acido-basic support)

or calcium-surplus HAP (Ca/P > 1.67, basic support). This seems

to be contradictory to the findings from the literature, where basic

supports generally favor DRM reaction (Rego de Vasconcelos et al.,

2019; Naeem et al., 2014; Alipour et al., 2014; Ibrahim et al., 2019).

The double objective of this study are: (i) to compare two sup-

ports synthesized from Ca(NO3)2and NH4H2PO4(conventional syn-

thesis route) and from CaCO3and H3PO4(new synthesis route), and

(ii) to investigate the catalytic performance of the catalysts pre-

pared from calcium-deficient HAP supports. In fact, to the best of

our knowledge, HAP synthesized from CaCO3and H3PO4has never

been investigated in DRM.
2. Materials and methods

2.1. Chemicals

Commercial chemicals including ammonium hydroxide solu-

tion (NH4OH, Merck, 25–28 wt%), calcium nitrate tetrahydrate

(Ca(NO3)24H2O, >99%, China), calcium carbonate (CaCO3, >99%,

China), ammonium dihydrogen phosphate (NH4H2PO4, >99%,

China), and phosphoric acid (85 wt.%H3PO4, China) were used for

the synthesis of HAP supports. Nickel nitrate hexahydrate (Ni

(NO3)26H2O, Fisher Scientific, >98%) and cobalt nitrate hexahy-

drate (Co(NO3)26H2O, Acros Organics, >98%) were used as metal

precursors for and catalysts preparation. Distilled water was used

as the solvent throughout the experiments.
2.2. HAP synthesis

HAP supports were synthesized by the wet chemical precipita-

tion method at 85C under atmospheric pressure. For the conven-

tional synthesis route, 400 mL of 2.5 M calcium nitrate solution

was mixed with 400 mL of 1.5 M ammonium dihydrogen phos-

phate solution at 85 C for 48 h under stirring and controlled pH

of 8.5–10 by addition of a NH4OH solution. A white precipitate
was formed, which was separated by filtration. Then, it was

washed several times with distilled water, dried at 105 C over-

night in an oven, and crushed into a fine powder. This support is

thereafter called HAP_N. For the new synthesis route, 100 g of fine

calcium carbonate powder was added to 800 mL of 0.75 M H3PO4
solution. The mixture was kept at 85C for 48 h under stirring

and controlled pH of 8.5–10 by the addition of a NH4OH solution.

Then, the solid product was separated by filtration and dried at

105 C overnight in an oven. This support is thereafter called

HAP_C.
2.3. Catalyst preparation

The supports HAP_N and HAP_C were used for the preparation

of monometallic and bimetallic supported catalysts by the conven-

tional incipient wetness impregnation using nickel nitrate and

cobalt nitrate precursors (Phan et al., 2018; Rego de Vasconcelos,

2016). Firstly, the specific porous volume of each support was

determined. For monometallic catalyst preparation, an aqueous

solution of nickel nitrate or cobalt nitrate was prepared and

impregnated on HAP_N or HAP_C at room temperature (ca.

20 C). Then, the mixture was dried overnight at 105 C and cal-

cined under the air atmosphere at 700C before the characteriza-

tion and/or the catalytic test. The concentrations of nickel nitrate

and cobalt nitrate solutions were calculated to reach the theoreti-

cal value of Ni or Co content in the final catalyst of 10 wt%. For

bimetallic catalyst preparation, a solution containing both Ni and

Co was used for the impregnation step. The mixture was also dried

overnight at 105 C and calcined under the air atmosphere at

700 C before the characterization and/or the catalytic test. The

theoretical value of Ni and Co content in each bimetallic catalyst

is 5 wt%. The following catalysts were prepared: 10Ni/HAP_N;

10Ni/HAP_C; 10Co/HAP_N; 10Co/HAP_C; 5Ni-5Co/HAP_N; 5Ni-

5Co/HAP_C.
2.4. Characterization

Ca, P, Ni, and Co contents in the supports and catalysts were

determined by inductively-coupled plasma coupled with atomic

emission spectroscopy (ICP-AES) using a HORIBA Jobin Yvon

Ultima 2 apparatus. Prior to the measurements, solid samples were

completely dissolved inaqua regiaat 90C for 1 h. The specific sur-

face area and the porosity of the supports and of the fresh catalysts

were analyzed by nitrogen adsorption/desorption using a MICRO-

METRICS Gemini Vacprep 061. Before the analysis, the samples

were pretreated at 105 C for 24 h below 100 mbar. PowderX-

ray diffraction (XRD) analysis was performed with a Bruker D8

AdvanceX-ray diffractometer (Cu Karadiation atk= 1.5418 Å; scan

step size of 0.017s1;2hrange of 10–70). Thermogravimetric

analysis (TGA) and differential scanning calorimetry (DSC) was

simultaneously carried out in the temperature range of 30–

1200 C (10 C/min heating rate) under airflow (100 NmL min1)

using a SDT Q600 apparatus. Used catalysts were also analyzed

by TGA coupled with mass spectroscopy (TGA-MS), where a Pfeif-

fer Vacuum OmniStar GSD 320 apparatus was used to analyze the

gas emitted by TGA apparatus. Fourier Transform Infrared Spec-

troscopy (FTIR) was carried out with a FTIR Jasco-6300 spectrome-

ter (wavenumber range of 4000–400 cm1). Environmental

Scanning Electron Microscopy (ESEM) analysis was performed on

a Philips XL30 ESEM apparatus. Transmission electron microscopy

coupled with energy-dispersive X-ray spectroscopy (TEM-EDX)

analysis of fresh and spent catalysts were carried out with a FEG

JEOL JEM 2100F machine, equipped with a HAADF detector.



2.5. Catalytic reaction

DRM reaction was carried out in a tubular fixed-bed ceramic

reactor (8 mm inner diameter, 25 cm length). A thermocouple

was set at the center of the catalyst bed to control the reaction

temperature. For a given test, the reactor was firstly filled with

an inert alumina powder (SBET <3 m2/g). Then, the catalyst

(340 mg) was diluted 2 times with the same alumina to improve

heat dissipation inside the catalyst bed. This mixture was placed

at the center of the reactor. Finally, the reactor was competed with

inert alumina powder (seeFig. SI1for illustration). Prior to the

DRM reaction, the catalyst was reducedin-situat 700 C for 2 h

under 4 vol% H2/N2(70 NmL/min). Then, the DRM reaction started

at 700 C by feeding the reactor with a mixture of CH4/CO2/

N2= 20/20/60 (vol.%, 180 NmL/min total gas flow rate). Under

these conditions, the pressure drop inside the reactor was 0.6 bar

leading to a total pressure equal to 1.6 bar. This latter was mea-

sured by a manometer. Water formed as a byproduct of the DRM

reaction was quantified by a water trap. This latter is composed

of a tube of silica gel. During the reaction, this tube was periodi-

cally weighed to determine the rate of water formation. The total

flow rate of the dried outlet gas was measured by a gas counter,

while its composition was analyzed by a m-GC (MyGC model,

Agilent).

From the composition and the total gas flow rate at the reactor

outlet, the conversion and selectivity of the reaction are defined by

the following equations:

CH4 conversionðXCH4;%Þ:XCH4¼
_Q
inlet

CH4
_Q
outlet

CH4

_Q
inlet

CH4

100 ð1Þ
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_Q
inlet

CO2
_Q
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CO2
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CO2
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Solid carbon and coke selectivity (SC, %):

SC¼
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CH4
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CO2 Þ
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where _Q
inlet

CH4:CH4inlet flow rate (mmol/min);
_Q
outlet

CH4 :CH4outlet flow

rate (mmol/min);_Q
inlet

CO2:CO2inlet flow rate (mmol/min);
_Q
outlet

CO2 :CO2

outlet flow rate (mmol/min);_QCOformed: CO outlet flow rate (mmol/

min); _QH2formed:H2outlet flow rate (mmol/min);
_QH2formed:H2O out-

let flow rate (mmol/min);_Qc: solid carbon outlet flow rate (mmol/

min), which is calculated by difference between inlet carbon (under

the form of CH4and CO2) and outlet carbon analyzed (CH4,CO2and

CO).

As previously defined, solid carbon is formed from CO dispro-

portionation, while coke is formed by decomposition and conden-

sation of hydrocarbons (methane in DRM) (Bartholomew, 1982). In

this work, it is not evident to distinguish solid carbon and coke,

which are accumulated in the catalyst bed. Thus, only the total
selectivity into solid carbon and coke (SC) is calculated according

to Eq.(6).
3. Results

3.1. Supports and fresh catalysts characterization

3.1.1. ICP-AES

ICP-AES analysis results are presented inTable 1. The HAP_N

support had a low molar ratio of Ca/P of 1.43, indicating the forma-

tion of a calcium-deficient HAP. On the other hand, the molar ratio

of Ca/P in HAP_C support was 1.60, which is close to the Ca/P ratio

of the stoichiometric HAP (1.67). For Ni and Co contents, the results

obtained by ICP-AES analysis were close to the theoretical values

(10 wt% for monometallic catalysts and 5 wt% of Ni and 5 wt% of

Co for bimetallic catalysts). In reality, some amounts of Ni and Co

could be lost during the impregnation (e.g., amounts stuck on flask

walls) (Rego De Vasconcelos et al., 2016).
3.1.2. Nitrogen adsorption-desorption isotherms

Nitrogen adsorption-desorption isotherms of the initial sup-

ports and fresh calcined catalysts are presented inFig. 1. According

to the IUPAC classification (Thommes et al., 2015), both the initial

supports had the type III profile of non-porous or macro-porous

materials (Fig. 1a). From these isotherms, the specific surface area

of the supports and fresh catalysts could be calculated by the BET

method (SBET), and the results are shown inTable 1. The specific

surface area is relatively low, which indicates the formation of

non-porous materials. For DRM reaction, low specific surface area

as the result of the absence of pores in the synthesized HAP sup-

ports could be an advantage because it limits the thermal sintering

of the support during the chemical reaction at high temperature. In

fact,Rego de Vasconcelos et al. (2018)tried to reduce the specific

surface area of stoichiometric HAP support before nickel deposi-

tion to avoid thermal sintering during the DRM reaction. They

found that the Ni catalyst prepared with sintered HAP support

was stable at 700 C. Also, the absence of porosity could limit the

formation of ‘‘cold-spot” inside catalyst bed (Chen et al., 2012).

The supported catalysts (Fig. 1b) showed the similar isotherms

of non-porous materials compared to the initial supports. The cat-

alysts were prepared by incipient wetness impregnation, which is

known as a soft preparation method without a notable impact on

the surface of HAP supports (Rego de Vasconcelos, 2016).
3.1.3. FTIR

The FTIR spectra of the two supports and fresh calcined cata-

lysts are presented inFig. 2. Both supports mostly showed vibra-

tion peaks of orthophosphate (PO34 , peaks at 1090, 1035, 963,

606, 569, and 473 cm1) and hydroxyl (OH, peaks at 3572 and

632 cm1) groups (Elliott, 1994; Pham Minh et al., 2012). For

HAP_N, a weak vibration peak appeared at 876 cm 1, which is

not present in the stoichiometric HAP. According toMcGrellis

et al. (2001), this peak could be attributed to the vibration of the

P-O bond inHPO24 groups of calcium-deficient HAP. For HAP_C,

carbonate groups (CO23 ) were inserted inside the apatitic structure

of this support, characterized by the peaks at 1454, 1412 et

872 cm1(A-type carbonated hydroxyapatite whereCO23 groups

replaceOHgroups), and at 1545 and 872 cm1(B-type carbonated

hydroxyapatite where CO23 groups replace PO34 groups)

(Antonakos et al., 2007; Wilson et al., 2004). The deposition of Ni

and Co (Fig. 2b) did not lead to notable modification of FTIR signals

compared to those of the initial supports (Fig. 2a).
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Fig. 2.FTIR spectra of the HAP supports (a) and fresh calcined catalysts (b).

Table 1

ICP-AES analysis and specific surface area of the supports and fresh catalysts.

Support, catalyst Ni (wt.%) Co (wt, %) Molar ratio, Ca/P SBET(m
2/g)

HAP_N – – 1.43 15

10Ni/HAP_N 8.7 – 1.37 8

10Co/HAP_N – 8.2 1.40 7

5Ni-5Co/HAP_N 4.4 4.7 1.43 8

HAP_C – – 1.60 6

10Ni/HAP_C 8.6 – 1.60 5

10Co/HAP_C – 9.1 1.59 6

5Ni-5Co/HAP_C 4.5 4.8 1.58 6
3.1.4. TG analysis

The thermal behavior of the supports is shown inFig. 3. The

HAP_N support with the Ca/P molar ratio of 1.43 had several mass

losses at 30–700C. For this kind of calcium-deficient HAP, protons

(H+) are present in the apatitic structure, as evidenced by FTIR

analysis (HPO24 groups) inFig. 2and XRD analysis (dicalcium

phosphate dihydrate) inFig. 4. Dehydration reaction could take

place according to Eqs.(7)–(9)(Elliott, 1994). The next mass losses

above 700 C could be due to the decarbonation of carbonated

hydroxyapatite formed by the insertion of carbonate into the apa-

titic structure during the synthesis or the contact of HAP_N powder

with the air (El Feki et al., 1994; Tonsuaadu et al., 1995; Yao et al.,

2009), as well as the long dehydration of hydroxyl groups at high

temperature (Sofronia et al., 2014). All these dehydrations were

endothermal (DSC signals not shown).
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Fig. 4.XRD patterns of supports (a) and fresh calcined catalysts (b and c); Main diffraction peaks of HAP (*), Co3O4(e); and NiO (h).
Around 190C : CaHPO4 2H2O! CaHPO4þ2H2O ð8Þ

Around 430C : 2CaHPO4! Ca2P2O7þH2O ð9Þ

The Ca/P molar ratio of HAP_C support was equal to 1.60. So, it

must contain less protons and hydrated compounds than HAP_N.

This explains its negligible mass loss before 300 C. From 300 to

900 C, its thermal behavior was comparable to that of HAP_N.

Then, above 900 C, a strong mass loss took place, which could

be due to the dehydration of hydroxyl groups, but also the decar-

bonation of carbonated hydroxyapatite as previously observed

(Pham Minh et al., 2014). TG results evidenced that carbonated

hydroxyapatite content was higher in HAP_C than HAP_N, which

is consistent because, during the synthesis of HAP_C, carbonic

gas was formed inside the reaction medium from the decarbona-

tion of calcium carbonate (Pham Minh et al., 2012, 2013b).

3.1.5. XRD analysis

Fig. 4a shows the XRD patterns of the supports. As expected,

both supports had the apatitic structure (Reference ICSD #

26204, space group P 63/m (N176)) with the typical diffraction

peaks at 2hangle of 25.9, 31.8, 32.2, 32.9, 46.8 and 49.7(Elliott,

1994; Pham Minh et al., 2012; Phan et al., 2018; Sudarsanan and

Young, 1969). Other compounds including carbonate apatite, octa-

calcium bis(hydrogenphosphate) tetrakis(phosphate) pentahy-

drate (OCP, Ca8(HPO4)2(PO4)45H2O) and dicalcium phosphate

dihydrate (DCPD, CaHPO42H2O) could also be present at low con-

tents, as previously observed (Pham Minh et al., 2012, 2013c).
Fig. 4b and c show the XRD patterns of the fresh calcined cata-

lysts. About the support, no modification could be detected by XRD

after metals deposition. HAP was found as the principal crystalline

phase of all the catalysts. For the active phase of these calcined cat-

alysts, nickel and cobalt oxides are expected. It is important to

recall that their content is relatively low (theoretically 10 wt%

and lower), and consequently, only major peaks of XRD patterns

are indexed. For monometallic catalysts, peaks of NiO (reference

ICSD # 92127 with the principal peaks at 37.2, 43.2, and 63)or

Co3O4(reference ICSD # 69365 with principal peak at 36.8) could

be observed as results of the thermal decomposition of nickel

nitrate and cobalt nitrate (Živkovićet al., 1998; Pham Minh et al.,

2013a, 2013b, 2013c). For each bimetallic catalyst, crystalline

diffraction peaks of both NiO and Co3O4could be observed. Using

the Scherrer equation (Patterson, 1939), the crystallite size of

NiO or Co3O4in the prepared catalysts could be estimated, which

reached around 22–25 nm.
3.1.6. SEM analysis

The textural properties of the supports and the calcined cata-

lysts are illustrated inFig. 5. Initial supports HAP_N and HAP_C

were composed of agglomerates made from micrometric primary

particles of calcium phosphates. The morphology was different

from each other. HAP_N was likely constituted by spherical or

polygonal particles while HAP_C mostly contained prolonged flat

particles having high shape factor. It could be due to the impact

of the Ca/P molar ratio of these supports, but also the nature of cal-
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Fig. 5.SEM images of the initial supports and fresh calcined catalysts.
cium precursor in HAP synthesis (Eslami et al., 2010; Guo et al.,

2013; Mondal et al., 2016; Pham Minh et al., 2012).

For calcined catalysts, NiO and Co3O4 particles could be

observed on the surface of all the catalysts by contrast difference.

At high magnification, particle size could be estimated at around

dozens nm, as previously observed byRego de Vasconcelos et al.

(2016).
3.1.7. TEM analysis

3.1.7.1. Monometallic catalysts.SEM analysis did not allow a clear

observation of metallic particles. Thus, TEM-EDX was performed.

In all cases, EDX analysis was carried out to build the cartography

of cobalt and nickel elements on the catalyst’s surface (Fig. 6). For

both cobalt-based catalysts (Fig. 6a–d), cobalt oxide particles of

dozens nm were formed on the HAP support surface. For nickel-



Fig. 6.TEM-EDX analysis of the fresh calcined monometallic catalysts.



based catalysts (Fig. 6e–h), the size of nickel oxide particles

seemed to vary in a large range from some nm to dozens nm.

Agglomerates of nickel-based particles larger than 100 nm could

also be observed (seeSI 2). Large nickel oxide and cobalt oxide par-

ticles formed on HAP surface by incipient wetness impregnation

were already reported in the literature (Rego De Vasconcelos

et al., 2018, 2019).

3.1.7.2. Bimetallic catalysts.TEM-EDX results of the bimetallic cata-

lysts are presented inFig. 7. As expected, bimetallic catalysts were

formed under the form of nanoparticles mainly composed of Ni-Co.

This was already observed for Ni-Co catalysts prepared with com-

mercial HAP (Phan et al., 2018). The size of these nanoparticles was

mostly below 50 nm, but aggregates larger than 100 nm could also

be observed (seeSI 3andSI 4).

3.2. Catalytic performance

3.2.1. Methane and carbon dioxide conversion

Fig. 8presents methane and carbon dioxide conversions in the

DRM reaction over the catalysts prepared in this work at 700 C

and 1.6 bar. For the catalysts prepared with the HAP_C support,

5Ni-5Co/HAP_C was active with perfect catalytic stability during

50 h of reaction. Surprisingly, the catalytic activity of 10Ni/HAP_C

increased with the reaction time. The repeatability of the DRM

reaction was checked, which confirmed this catalytic behavior.

Before the reaction, the catalyst was already reducedin-situat

700 C under 4 vol% H2/N2, which must be enough to completely

reduce nickel oxides into metallic nickel, according toRego De

Vasconcelos et al. (2018). It could be supposed that a reorganiza-

tion of the surface structure of this catalyst took place. Whisker

carbon is usually formed during the DRM reaction using a nickel-

based catalyst leading to the formation of a new catalyst surface

(Abdulrasheed et al., 2019; Bartholomew, 1982; Helveg et al.,

2011; Rego De Vasconcelos et al., 2018). In this case, nickel parti-

cles could be kept on the top of carbon nanofibers and thus are

available and active in the DRM reaction. Another reason to explain

the increase of the activity of 10Ni/HAP_C could be related to the

activation of Ni2+cations, inserted to the apatitic structure of

HAP_C support during the impregnation step. When a HAP powder

is set in contact with an aqueous solution containing bivalent met-

als such as Ni2+, the latter could be integrated into the apatitic

structure of HAP (Nguyen Thanh et al., 2018; Vahdat et al.,

2019). Under the reducing atmosphere DRM reaction, these Ni2+

cations could be reduced to form new metallic nickel particles

which are active in DRM. To confirm this hypothesis, further speci-

fic characterizations such as XPS, should be performed. Finally,

10Co/HAP_C showed a conventional catalytic profile of a supported

metal catalyst, with an initial catalyst deactivation during around

20 first hours of time-on-stream. Its catalytic activity became

stable during the last 30 h of reaction.

For the catalysts prepared with the HAP_N support, the conven-

tional catalytic behavior could be observed. 10Co/HAP_N showed

the highest catalytic activity. But its activity continuously

decreased during 50 h of time-on-stream for methane conversion.

Both 5Ni-5Co/HAP_N and 10Ni/HAP_N catalysts showed similar

catalytic behavior, but their activity was smaller than that of

10Co/HAP_N.

As previously mentioned,Boukha et al. (2019)found that Ni

catalysts supported on calcium-deficient HAP was more active

than Ni catalysts supported on stoichiometric HAP or calcium-

surplus HAP. In the present work, the comparison of methane con-

version during the last 30 h of time-on-stream shows that HAP_N-

based catalysts (Ca/P molar ratio of 1.43) were systematically more

active than HAP_C-based catalysts (Ca/P molar ratio of 1.60). This

enhanced the findings ofBoukha et al. (2019). However, the cata-
lysts prepared on HAP_C were more stable than those prepared

on HAP_N. The latter, with a small molar ratio of Ca/P of 1.43, must

be a strongly-acidic support, which generally favors solid carbon

and coke formation. Taking into account both the activity and sta-

bility of the studied catalysts, HAP_C seemed to be better than

HAP_N to design a performing catalyst in the DRM reaction.

Nickel is usually reported in the literature as the best transition

metal for DRM reaction (Abdulrasheed et al., 2019; Aramouni et al.,

2018; Aziz et al., 2019; Gao et al., 2018; Jang et al., 2019; Pham

Minh et al., 2013a). However, the results of the present study

showed that when using HAP-based support, cobalt-based cata-

lysts were more active than nickel-based catalysts. According to

the results inFig. 8, the classification of methane conversion during

the last 30 h of time-on-stream could be classified by the following

decreasing order: 10Co/HAP_N > 10Co/HAP_C > 5Ni-5Co/HAP_N >

5Ni-5Co/HAP_C > 10Ni/HAP_C > 10Ni/HAP_N. This is a new finding

for cobalt- and nickel-supported catalysts prepared with calcium-

deficient HAP support in DRM reaction.

The combination of Co and Ni in bimetallic catalysts using

calcium-deficient hydroxyapatite supports seemed to do not lead

to any synergetic effect in the DRM reaction. Further characteriza-

tions, such as the determination of the density of acido-basic sites

of these catalysts by temperature-programmed desorption (TPD),

would be useful to better understand these catalytic results.

For all six catalysts, carbon dioxide conversion was systemati-

cally higher than methane conversion. This is explained by the

reverse water-gas-shift reaction (RWGS) where carbon dioxide

reacts with hydrogen to form carbon monoxide and water

(Aramouni et al., 2018; Aziz et al., 2019; Jang et al., 2019; Phan

et al., 2018; Rego de Vasconcelos et al., 2018, 2019). The analysis

of the products of the reaction will evidence the presence of this

side reaction.

Porous supports with the high specific surface area are gener-

ally advantageous in heterogeneous catalysis, which allows a good

dispersion of the active phase. However, in this study, the catalysts

prepared with non-porous HAP supports showed high catalytic

performance. In fact, DRM is a strongly-endothermal reaction, so

heat transfer is an important parameter (Chen et al., 2012). The

localization of active sites on the external surface of HAP particles,

as highlighted by TEM-EDX analysis, is advantageous to avoid

‘‘cold-spot” (Chen et al., 2012) compared to conventional porous

supports. In addition, DRM needs a high temperature (700Cin

this study), which can lead to thermal sintering of supports, in par-

ticular for those having high specific surface areas. Non-porous

HAP with low specific surface areas used in this work could be

advantageous to limit thermal sintering, as previously found by

Rego de Vasconcelos (2016). Finally, HAP is well known for its

exceptional capacity of cation exchange (Ivanets et al., 2019). Biva-

lent cations such as Ni2+and Co2+can be inserted into the first lay-

ers of HAP surface structure (Gupta et al., 2012; Ivanets et al., 2019;

Nguyen Thanh et al., 2018; Smiciklas et al., 2006), leading to strong

metal-support interaction between Ni and Co particles and HAP

supportRego de Vasconcelos et al., 2018). This enhances the stabil-

ity of HAP-based catalysts against the thermal sintering of metal

nanoparticles.

3.2.2. Hydrogen and carbon monoxide selectivity

Hydrogen and carbon monoxide are expected as the two main

products of the DRM reaction. This is confirmed inFig. 9. Carbon

monoxide selectivity was stable around 85% along the reaction

for all the catalysts tested. On the other hand, hydrogen selectivity

varied with the catalysts. Generally, the catalyst with high selectiv-

ity also showed high hydrogen selectivity. In all cases, hydrogen

selectivity did not exceed 73% because of the presence of the RWGS

reaction. Thus, the molar ratio of H2/CO was smaller than the unit

for all the catalysts tested. This was usually observed in the litera-



Fig. 7.TEM-EDX analysis of the fresh calcined bimetallic catalysts.
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ture (Abdulrasheed et al., 2019; Boukha et al., 2019; Phan et al.,

2018; Rego De Vasconcelos et al., 2016, 2018, 2019).
3.2.3. By-products selectivity

Water and solid carbon and coke were usually reported in the

literature as the two major by-products of the DRM reaction

(Abdulrasheed et al., 2019). However, to the best of our knowledge,

our team seemed to be the first and the only working on the exper-

imental quantification of water formed during the DRM reaction.

Water selectivity was mostly found in the range of 10–16 %. The

higher the methane conversion, the lower the water selectivity

is, as previously observed (Phan et al., 2018; Rego de Vasconcelos
et al., 2019). Both 10Co/HAP_N and 10Co/HAP_C showed the low-

est water selectivity at around 10% along with the reaction.

The formation of solid carbon and coke in DRM reaction is inevi-

table from the thermodynamic point of view (Abdulrasheed et al.,

2019; Aziz et al., 2019; Gao et al., 2018; Jang et al., 2019; Pham

Minh et al., 2018, 2020; Rego de Vasconcelos et al., 2018). For all

the catalysts investigated, solid carbon and coke selectivity was

found in the range of around 8–15% (Fig. 10). Two catalysts 10Ni/

HAP_C and 5Ni-5Co/HAP_C showed the lowest solid carbon and

coke selectivity, explaining their good catalytic stability inFig. 8.

The catalyst 10Co/HAP_N, which had the highest methane conver-

sion, also showed low solid carbon and coke selectivity, so its cat-

alytic deactivation observed inFig. 8could be due to the
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Fig. 11.TEM-EDX analysis of 10Co/HAP_N after DRM reaction at 700C and 1.6 bar. Arrows: encapsulated Co particles.



encapsulation of Co particles, as previously reported (Boukha et al.,

2019). In fact, TEM analysis of 10Co/HAP_N recovered after DRM

reaction (Fig. 11) clearly showed the encapsulation of Co nanopar-

ticles, which could partially prevent the contact of these particles

with the reactants, and also could lead to mass transfer limit by

confinement effect. Also, the size of Co particles seemed to increase

by thermal sintering and could partially contribute to the initial

deactivation of this catalyst.

In order to evidence the nature of solid carbon and coke formed

on the surface of the catalysts investigated, TG-MS analysis was

performed for the used catalysts, recovered after DRM reaction.

The results are presented inFig. 12andSI 5. Because the catalyst

was diluted with inert alumina powder, it was not possible to sep-

arate catalyst particles from alumina particles. In this case, TG-MS

could not be used to quantify mass losses.
Fig. 12.TG-MS analysis of the used catalysts recovered after DRM reaction at 700C and 1

HAP_N; (c) 10Ni/HAP_C; (d) 10Ni/HAP_N; (e) 5Ni-5Co/HAP_C; (f) 5Ni-5Co/HAP_N. The int

axis in the right-hand-side of each figure.
InFig. 12, all the six used catalysts showed a common mass loss

with a peak around 110 C, which could be assigned to the elimi-

nation of surface humidity. Then, a very small mass gain took place

around 360–460 C, which must be due to the re-oxidation of

metallic Ni and Co into nickel oxide and cobalt oxide, respectively.

During the DRM reaction, the catalyst was kept under the reducing

atmosphere of syngas at 700 C. Thus, the active phase must be

reduced to the metallic state. The mass gain is not clearly observed

on DTG curves but could be observed on TG curves (seeFig. SI 5).

Then, between 380 and 760 C, various mass losses took place

due to the oxidation of carbon species. According to

Abdulrasheed et al. (2019), coke could be formed by the decompo-

sition of methane (in the case of DRM) causing catalyst deactiva-

tion by encapsulation of the active phase, and physisorption and/

or chemisorption on the active phase; while solid carbon could
.6 bar. DTG: derivative of TG values against time (%/min); (a) 10Co/HAP_C; (b) 10Co/

ensity of CO2and H2O (a.u.: arbitrary unit) recorded by MS are displayed on the y-



be formed from CO disproportionation. The later could start by the

dissociation of CO on the surface of Ni and Co nanoparticles to form

atomic adsorbed carbon species named Ca. Then, Caspecies could

react together to form polymeric carbon filaments named Cb.At

high temperatures, both Caand Cbare reactive to form graphitic

carbon named Cc, which is less active. The oxidation temperature

of these carbon species is classified by the following increasing

order: Ca<Cb<Cc(Alia et al., 2020). In our case, the TG-MS results

inFig. 12are coherent with the catalytic results obtained inFig. 8.

In fact, the catalytic deactivation was very low for two catalysts

10Ni/HAP_C and 5Ni-5Co/HAP_C (Fig. 8). Only filamentous carbon

(Cbwith the oxidation peak at 590 C) is observed by TG-MS anal-

yses of these two catalysts recovered after the DRM reaction

(Fig. 12c and e). Four other catalysts (10Co/HAP_C, 10Co/HAP_N,

10Ni/HAP_N and 5Ni-5Co/HAP_N) showed important initial cat-

alytic deactivation (Fig. 8). TG-MS analyses of these catalysts

recovered after the DRM reaction showed the presence of all three

carbon species (corresponding to three oxidation peaks Ca,Cb, and

Cc), except the case of 10Co/HAP_N. The later shows only the oxi-

dation peak of Cbdue to filamentous carbon, as highlighted by TEM

analysis inFig. 11.
4. Conclusions and prospects

In this work, two HAP solid powders were prepared from Ca

(NO3)2 and NH4H2PO4 (HAP_N) and from CaCO3 and H3PO4
(HAP_C). Both synthesis methods led to the formation of non-

porous materials with a small specific surface area (SBET= 6–15 m
2/g). Despite their molar ratio of Ca/P smaller than that of the sto-

ichiometric material, both HAP_N and HAP_C supports had the

crystalline structure of hydroxyapatite.

Monometallic and bimetallic catalysts were then prepared by

incipient wetness impregnation method using Ni and Co as active

metals, and HAP_N and HAP_C as catalyst supports. The size of Ni

and Co-based nanoparticles and aggregates varied in a large range,

and could reach dozens of nm. For bimetallic catalysts, nanoparti-

cles and aggregates were systematically composed of both Ni and

Co justifying the efficiency of the synthesis method of bimetallic

catalysts.

The catalysts were then investigated in the dry reforming of

methane at 700 C and 1.6 bar. Among the monometallic catalysts

tested, Co-based catalysts prepared on the same supports were

systematically more active than Ni-based catalysts, which is a

new finding of this work and could be due to a special combination

of Co and HAP supports. The combination of both active metals in

the bimetallic catalyst did not lead to a particular synergy effect.

Finally, the catalysts prepared with HAP_N, which is a calcium-

deficient material (molar ratio of Ca/P equal to 1.43), were slightly

more active but less stable than those prepared with HAP_C (molar

ratio of Ca/P equal to 1.60). Thus, HAP_C is found to be a good can-

didate to design an efficient catalyst for the DRM reaction. In all

cases, water and solid carbon and coke were formed as by-

products. Their elimination still constitutes the main challenge of

dry reforming of methane. Future work would be focused on the

optimization of the catalyst synthesis to reduce the size of metals

nanoparticles, which can improve the resistance to the formation

of carbon and coke.
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