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Abstract
Low-carbon methane (CH4) obtained from CO2 hydrogenation is a promising option for reducing greenhouse gases (GHG) 
emissions from carbon-intensive fossil fuel-based energy production, but catalytic performance, especially in low tempera-
tures, still needs to be improved before large-scale implementation. In this work, it is proposed the use of hydroxyapatite 
(HAP) as an alternative catalyst support to validate its performance for CO2 hydrogenation to CH4. In addition, for the 
first time in literature, the influence of process conditions (temperature, gas hourly space velocity and Ni metal load) on 
the performance of HAP-supported catalysts is investigated on semi-pilot scale. CO2 conversion is favored up to 400 °C, 
despite the thermodynamic limitations of the hydrogenation reaction. Ni-based catalysts present the best performance for 
CO2 hydrogenation with a maximum CO2 conversion around 88% under optimized conditions (20 wt.% Ni, T = 350 °C, 
GHSV = 320 h−1) with 100% CH4 selectivity and no CO production up to 450 °C. Finally, long-term operation of 20Ni/HAP 
for 50 h on semi-pilot scale shows a robust performance with 83% CO2 conversion, 100% CH4 selectivity and no signs of 
catalyst deactivation. The performance HAP-based catalyst presented here demonstrates the feasibility of HAP as alternative 
catalyst support for CO2 hydrogenation and the potential for process upscaling with HAP-supported catalysts.

Graphical Abstract

Keywords  Hydroxyapatite · CO2 hydrogenation · Nickel catalysts · Methane · Low-carbon energy vectors

Statement of Novelty

The development of efficient catalysts for CH4 production 
from CO2 hydrogenation is of great interest due to the key 
aspect of this process for the energy transition. HAP meets 
the criteria for potential catalyst support, especially related 
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to its tunable surface basicity and thermal stability. However, 
to the best of our knowledge, only one report in literature 
has considered its use for CO2 hydrogenation to CH4. In 
the present work, we investigate the influence of process 
conditions for CO2 hydrogenation over HAP-supported cata-
lysts on semi-pilot scale and demonstrate the feasibility of 
the process with a great catalytic performance of Ni-based 
HAP-supported catalyst. The evaluation of important pro-
cess parameters on semi-pilot scale provides important and 
novel information for the potential upscaling of CO2 hydro-
genation process using HAP-supported catalysts.

Introduction

The energy transition towards a low-carbon energy economy 
is one of the major global challenges and dealing with the 
greenhouse gas (GHG) emissions has become crucial to 
achieve this transition [1]. Carbon dioxide (CO2) accounts 
for more than 60% of the worldwide GHG emissions and it is 
a primary contributor for the severe global warming and cli-
mate changes [2]. In the efforts for fighting climate changes, 
countries have turned their attention towards the imple-
mentation of policies that limit and reduce CO2 emissions. 
The European Union, for example, committed to reducing 
GHG emissions by 55% below 1990 levels by 2030 [3]. In 
the Canadian scenario, the government has committed to 
an emission reduction target of 40–45% below 2005 levels 
by 2030 [4]. As carbon-intensive energy production from 
fossil fuels still accounts for more than 80% of the global 
energy demand [5], the development of processes towards 
CO2 emissions reductions and low-carbon energy production 
are of great practical interest [6].

Carbon capture and utilization (CCU) technologies have 
been identified as a promising pathway towards a sustain-
able emissions reduction and the production of low-carbon 
energy vectors to enable the energy transition [2, 6]. Among 
the processes considered in the scope of CCU, CO2 hydro-
genation is especially interesting for its flexible operation 
conditions depending on the wide range of products that can 
be obtained from such process, such as methane, methanol, 
higher alcohols, olefins, etc. [7–12]. In this context, CO2 
hydrogenation occurs in two steps: first, low-carbon hydro-
gen (H2) is obtained from water electrolysis using renewable 
electricity. Then, it is combined with CO2 captured from dif-
ferent processes, including high-emitting industries such as 
cement, steel and aluminum production, to produce different 
low-carbon energy vectors [13, 14]. When water electroly-
sis is used for H2 production, the production of low-carbon 
energy vectors via CO2 hydrogenation is usually referred to 
as Power-to-X (with the X depending on the end product) 
[15, 16]. Among the low-carbon energy vectors obtained 
from CO2 hydrogenation, methane (CH4) is of particular 

interest for accounting for around 23% and 36% of the global 
and Canadian energy demands, respectively, in 2019 [5, 17], 
and for being compatible with the current infrastructure for 
natural gas distribution and utilization [18, 19].

CH4 production via CO2 hydrogenation, usually referred 
to as CO2 methanation, Power-to-Gas (PtG) (when H2 is pro-
duced via water electrolysis with renewable electricity) or 
synthetic natural gas (SNG) production, is a highly exother-
mic reaction (Eq. 1) and the most thermodynamically favora-
ble among the CO2 hydrogenation reactions [7, 18, 20]. As 
a strongly exothermic process, CO2 hydrogenation to CH4 
is favored at mild conditions, with CO2 conversions up to 
100% if carried below 200 °C [6]. On the other hand, at such 
temperature, the kinetics of the reaction is greatly affected. 
According to the proposed mechanisms, CO2 hydrogenation 
to CH4 can develop either by CO2 reduction to CO with fol-
lowing CO methanation (Eq. 2), or by the formation of for-
mate and carbonate intermediates on the catalyst surface [20, 
21]. As both mechanisms involve an eight-electron transfer, 
the kinetics of this reaction is generally slow, especially if 
carried at low temperature [22, 23]. Higher temperatures 
(> 400 °C) may indeed favor the reaction kinetics, but ther-
modynamic limitations decrease CO2 conversion to below 
70% at 500 °C [20]. Moreover, the combination of higher 
process temperature with the exothermicity of this reaction 
may lead to increased CO production by competing reverse 
water–gas shift reaction (RWGS; Eq. 3) and to catalyst deac-
tivation by sintering of the active metal particles and coke 
deposition by Boudouard reaction (Eq. 4) [7, 24].

Catalyst development for CO2 hydrogenation to CH4 is 
widely investigated in the literature due to the high interest 
in this process [24]. In this sense, novel alternative catalysts 
can pave the way towards more efficient process develop-
ment and upscaling by overcoming the limitation of common 
and commercially available catalysts, especially related to 
the low activity at lower temperatures [6, 7]. Noble metals 
Ru and Rh, and transition metals Ni, Co, Fe and Mo are the 

(1)
CO2methanation: CO2 + 4H2 ⇌ CH4 + 2H2O
ΔH◦

298K = −165 kJ∕mol

(2)
CO methanation: CO + 3H2 ⇌ CH4 + H2O
ΔH◦

298K = −206 kJ∕mol

(3)

Reverse water − gas shift(RWGS):
CO2 + H2 ⇌ CO + H2O
ΔH◦

298K = 41 kJ∕mol

(4)
Boudouard reaction: 2CO ⇌ C + CO2 ΔH◦

298K
= −172 kJ∕mol
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most commonly investigated active phases for CH4 produc-
tion via CO2 hydrogenation, with especial attention to Ni-
based catalysts, which are accepted as the most promising 
catalysts due to its satisfactory performance, abundance and 
low cost [25, 26], and to Co-based catalysts for its similar 
low cost and good catalytic activity for CO2 conversion at 
low temperature [27]. However, the support phase also plays 
a major role on catalyst performance. Aspects such as metal-
support interaction, active phase dispersion, catalyst stabil-
ity, reducibility, oxygen mobility and electronic state of the 
metal active sites are directly influenced by the catalyst sup-
port [7, 28]. Furthermore, catalysts for CO2 hydrogenation 
have a bi-functional activity, with the active metal particles 
being responsible for H2 activation, while CO2 activation 
occurs on the surface of the catalyst support [29, 30]. Metal 
oxides such as Al2O3, SiO2, TiO2, ZrO2 and CeO2 are the 
most commonly investigated catalyst supports and differ-
ent studies have pointed out their contributing aspects for 
CO2 hydrogenation, especially in terms of surface basicity 
(intrinsic or after modification) and metal dispersion [28, 
31].

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is a calcium 
phosphate-based material commonly used for medicine and 
water treatment applications [32] that has recently attracted 
increased attention as an alternative catalyst support. Pre-
vious reports have already pointed out the good perfor-
mance of HAP-supported catalysts for processes such as 
dry reforming of methane (DRM, [33–40]), glycerol steam 
reforming [41] and photodegradation of water contami-
nants [42], for example. HAP presents several features that 
are required for a catalyst support. It presents high thermal 
stability, low water solubility, controllable surface acid-
ity/basicity (in relation to the Ca/P ratio), oxygen mobility 
capacity and it can present a high surface area with both 
micro and mesopores structure depending on the synthesis 
method [36, 38, 43]. The basic aspect of stoichiometric HAP 
(Ca/P = 1.67) surface favors CO2 adsorption and activation, 
as well as suppression of side reactions [44], while thermal 
stability and oxygen mobility may increase catalyst stability 
by avoiding sintering and coke accumulation [45, 46]. Such 
distinct features make HAP a potential catalyst support for 
CO2 hydrogenation reactions.

Although numerous studies have already been dedicated 
to catalyst development for CO2 hydrogenation, research 
effort is still required for improving catalyst performance 
[31]. Therefore, the present study aims to evaluate the per-
formance of HAP as an efficient catalyst support for CO2 
hydrogenation for methane production as an alternative for 
classical and commercially available catalysts. Despite the 
already proven performance of HAP for other CO2 conver-
sion processes, such as DRM and photocatalytic processes 
[43, 47, 48], only one report, to the best of our knowledge, 
has considered HAP as a catalyst for methane production via 

CO2 hydrogenation [44] with a clear focus on the presence 
of formate intermediates in the reaction mechanism, rather 
than on the process conditions. In this study, monometallic 
Ni, Co and Fe catalysts are chosen as active phases for their 
already reported utilization for CO2 hydrogenation. Influ-
ences of temperature, metal load (Ni wt.%) and gas hourly 
space velocity (GHSV) are investigated for their effects on 
the performance of HAP-supported catalysts. Furthermore, 
for the first time in the literature, to the best of our knowl-
edge, the performance of hydroxyapatite as catalyst support 
is demonstrated on semi-pilot scale, which is an important 
step to identify the potential and the challenges towards the 
scaling up of processes with alternative catalysts.

Materials and Methods

Catalyst Preparation

Commercial HAP (Ca/P = 1.67, 325 mesh, 60 m2/g, 
Sigma-Aldrich, USA) was used as catalyst support with-
out any further modifications. Nickel nitrate hexahydrate 
(Ni(NO3)2.6H2O; > 98%, Alfa Aesar, USA), cobalt nitrate 
hexahydrate (Co(NO3)2.6H2O; > 97.7%, Alfa Aesar, USA), 
iron nitrate nonahydrate (Fe(NO3)3.9H2O; > 98%, Alfa 
Aesar, USA) and distilled water were used for catalyst prepa-
ration. All chemical products were used without any further 
modifications.

HAP-supported catalysts were prepared by incipient wet-
ness impregnation (IWI) with 5–20 wt.% of active metals, 
as summarized in Table 1. For this synthesis, HAP support 
was impregnated with an aqueous solution containing the 
nitrate salts precursors of each metal. The aqueous precursor 
solutions were prepared at a desired concentration to deliver 
the appropriate amount of each metal to the support. After 
the impregnation step, the catalysts were dried overnight at 
105 °C and calcined at 500 °C under static air atmosphere 
for 2 h.

Table 1   Summary of HAP-supported catalysts prepared in this work

a As determined by Rietveld refinement
b As determined by Scherrer’s equation

Catalyst ID Metal load (wt.%) Particle 
size (nm)b

Predicted Measureda

5Ni/HAP 5 wt.% Ni 4.2 17.5
10Ni/HAP 10 wt.% Ni 9.0 19.4
15Ni/HAP 15 wt.% Ni 14.0 16.8
20Ni/HAP 20 wt.% Ni 18.9 18.0
10Co/HAP 10 wt.% Co 9.4 16.4
10Fe/HAP 10 wt.% Fe 9.2 14.1
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Catalyst Characterization

All characterizations were performed on powdered fresh 
catalysts previously calcined at 500 °C for 2 h. X-ray dif-
fraction (XRD) spectra were obtained using a Phillips PANa-
lytical X’Pert Pro MPD diffractometer with Cu Kα radiation 
(λ = 1.5406 Å) over a 2θ range of 20°–70° and a scan step 
size of 0.223°/s. The crystallite sizes of the impregnated 
particles (Ni, Co and Fe) were calculated using the Scher-
rer’s equation. Metal content on the supported catalysts was 
determined by X-ray diffraction (XRD) using the Rietveld 
refinement. For that, all catalysts were calcined at 1000 °C 
for 5 h to ensure the formation of metal oxide crystalline 
phases and the spectra were acquired in the same conditions 
as described above. Scanning electron microscopy images 
with energy-dispersive X-ray spectroscopy (SEM–EDX) 
were obtained for evaluating the metal dispersion on the 
surface of the prepared catalysts. SEM–EDX images were 
acquired with a Hitachi microscope S-4700 coupled with a 
X-Max 50 detector (Oxford Instruments, UK) operating at 
15.0 kV, under 1,000 times magnifications.

Catalyst Evaluation

CO2 hydrogenation tests were carried in a semi-pilot 
scale fixed-bed stainless steel 316 reactor (id = 4.68 cm, 
h = 121.92 cm) under atmospheric pressure with a maximum 
flowrate of 10 L/min and can be operated with up to a few 
hundred grams of catalyst. Prior to each catalytic test, 10 g 
of each HAP-supported catalyst was diluted 1:10 with alu-
mina sand (Al2O3–SiO2, 30–40 mesh), placed in the center 
of the reactor supported by two quartz wool plugs, heated 
under N2 atmosphere (500 mL/min) and reduced in situ with 
a mixture of 50 vol.% H2/N2 (500 mL/min) at 500 °C for 2 h. 
An electrical furnace with three heating zones was used for 
heating the reaction system, with a thermocouple placed in 
the center of the catalyst bed. After the reduction step, the 
system was cooled down to the test temperature under N2 
atmosphere (500 mL/min).

First, the influence of the temperature in the CO2 hydro-
genation was evaluated with the 10 wt.% metal-contain-
ing HAP supported catalysts (10Ni/HAP, 10Co/HAP and 
10Fe/HAP). For evaluating the effect of temperature on 
the catalyst performance, CO2 hydrogenation was carried 
at 250–500 °C at a gas hourly space velocity (GHSV) of 
640 h−1. At the working temperature, the reaction system 
was fed with a mixture of 4:1:0.5 of H2:CO2:N2 at a total 
flow rate of 550 mL/min. Second, the influence of the metal 
load from 5 to 20 wt.% was assessed with the Ni-based cat-
alysts (5Ni/HAP, 15Ni/HAP, 20Ni/HAP) at the same test 
conditions. Then, the influence of the GHSV was assessed 
at GHSV = 320–1600 h−1 at 350 °C for the best perform-
ing catalyst. Stability of the best performing catalyst was 

evaluated for 50 h of time-on-stream (TOS) at T = 350 °C 
and GHSV = 320 h−1. Liquid products (H2O) were sepa-
rated from the outlet stream using a condensation system 
regulated at 4 °C and weighed. No further analysis was car-
ried in the liquid portion. The volumetric flow rate and gas 
composition of the inlet gas were controlled by mass flow 
controllers (MFC; Brooks Instruments, USA). The volumet-
ric flow rate of the dry outlet stream was measured with a 
digital flowmeter (model ADM1000; Agilent, USA). Quan-
tification of reactants and reaction products was performed 
by gas chromatography (Bruker 456 GC) with three detec-
tors TCD-TCD-FID. Conversions of CO2 and H2 ( XCO2

 and 
XH2

 , respectively) and selectivity towards CH4, CO and H2O 
( SCH4

 , SCO and SH2O
 , respectively) were calculated using 

Eqs. 5–9, where ṅ means the molar flow rate, in means inlet 
and out means outlet.

Results and Discussion

Catalyst Characterization

XRD spectra of the HAP-supported catalysts are presented 
on Fig. 1. The spectrum of the HAP supported was recorded 
without any further treatment and after calcination at 500 °C 
for 2 h under static air atmosphere (Fig. 1A). The charac-
teristic diffraction peaks at 2θ = 25.9°, 31.8°, 32.9°, 34.1°, 
39.8°, 46.7° and 53.2° match the hexagonal crystalline struc-
ture of hydroxyapatite (JCPDS 98-000-0251) in the planes 
corresponding to (002), (211), (300), (202), (222), and 
(004). Although no significant changes are observed in the 
spectrum after calcination, a decrease on the intensity of dif-
fraction peaks observed at 2θ = 26.7° and 30.9° is consistent 

(5)XCO2
(%) =

ṅ(CO2)in
− ṅ(CO2)out

ṅ(CO2)in
∗ 100

(6)XH2
(%) =

ṅ(H2)in − ṅ(H2)out

ṅ(H2)in
∗ 100

(7)SCH4
(%) =

ṅ(CH4)out

ṅ(CO2)in
− ṅ(CO2)out

∗ 100

(8)SCO(%) =
ṅ(CO)out

ṅ(CO2)in
− ṅ(CO2)out

∗ 100

(9)SH2O
(%) =

ṅ(H2O)out

ṅ(H2)in
− ṅ(H2)out

∗ 100
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with the already reported increase in HAP crystallinity after 
calcination [49, 50].

For the 10 wt.% metal-impregnated catalysts, the XRD 
spectra can be seen on Fig. 1B. The formation of NiO, 
Co3O4 and Fe2O3 oxide phases is found on the impreg-
nated catalysts. For 10Ni/HAP, diffraction peaks at 
2θ = 37.3°, 43.3° and 62.9° (JCPDS 98-000-0133) corre-
spond to a face-centered cubic crystalline phase and the 
(111), (200) and (220) planes for NiO. For 10Co/HAP, 
diffraction peaks at 2θ = 36.9°, 44.8°, 59.4° and 65.2° 

(JCPDS 98-000-0166) correspond to a face-centered 
cubic crystalline phase and the (311), (400), (511) and 
(440) planes of Co3O4. For 10Fe/HAP, diffraction peaks at 
2θ = 24.2°, 49.8°, 54.4° and 64.1° (JCPDS 01-080-5406) 
correspond to a hexagonal crystalline phase and the (012), 
(024), (116) and (300) planes of Fe2O3. Figure 1C pre-
sents the XRD spectra for 5–20 wt.% Ni-based catalysts. 
Characteristic diffraction peaks at 2θ = 37.3°, 43.3° and 
62.9° (marked by dashed lines) correspond to the (111), 
(200) and (220) planes of NiO (JCPDS 98-000-0133) and 
show a significant increase in intensity as the Ni load on 
the impregnated catalyst increase from 5 to 20 wt.%. In 
addition, no ion-exchanged hydroxyapatite structures are 
detected on the XRD, even for the Ni catalyst with higher 
loading (20 wt.%). This observation might be related to 
the conditions of the incipient wetness impregnation syn-
thesis, where the lack of water excess does not favor ion 
exchange between the Ca2+ from the hydroxyapatite and 
the Ni2+/Co2+/Fe3+ from the precursor solutions [34].

Catalyst metal load was assessed by the XRD spectra 
using the Rietveld refinement and results are presented on 
Table 1. The results show a good agreement between the 
calculated and measured amounts for all the HAP-sup-
ported catalysts. The impregnation yields ranged around 
85–94%, which is expected for the synthesis via incipi-
ent wetness impregnation. Minor losses of metals during 
the synthesis process are usually related to the fixation of 
metals from the precursors solutions on the flask walls 
[34]. NiO, Co3O4 and Fe2O3 particle sizes were calculated 
from XRD spectra using the Scherrer’s equation and are 
presented on Table 1. Results show that average particle 
sizes are in the range of 14–19 nm. For the Ni-impregnated 
catalysts, the increase on metal load from 5 to 20 wt.% did 
not represent a significant increase on particle size, which 
means that the increase on the metal load did not lead to 
agglomeration of the metal particles on the support’s sur-
face. As particle size did not significantly increase with 
the increase on metal load, a similar metal dispersion was 
maintained, which means that a higher portion of the cata-
lyst surface was covered by metal particles/active sites.

To evaluate the distribution of metal particles on the 
surface of the HAP support, SEM–EDX was performed on 
the fresh calcined catalysts. Figure 2 presents the images 
at micrometric scale of the HAP support (Fig. 2A) and 
for the 10Ni/HAP (Fig. 2B), 10Co/HAP (Fig. 2C) and 
10Fe/HAP (Fig. 2D) catalysts. EDX mapping shows the 
distribution of Ca and P from the structure of the HAP 
support and also highlights the good distribution of the 
impregnated metals (Ni, Co and Fe) on the surface of the 
support. In addition, Fig. 3 presents the SEM–EDX images 
acquired for all the Ni-based catalysts with increasing Ni 
load from 5 to 20 wt.%. Despite the increase on the metal 
load, the metal distribution on the surface of the support 

Fig. 1   XRD spectra for A non-treated and calcined HAP support, 
B 10  wt.% metal impregnated catalysts (10Ni/HAP, 10Co/HAP and 
10Fe/HAP), and C Ni-impregnated catalysts (5Ni/HAP, 10Ni/HAP, 
15Ni/HAP and 20Ni/HAP)
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did not seem to be affected by the higher Ni loadings, 
which confirms the hypothesis raised by the virtually 
unaltered average particle size, as calculated by the XRD 
spectra (Table 1).

Catalytic Performance of HAP‑Supported Catalysts

In this study, the performance of HAP as an alternative 
support for classical catalysts for CH4 production via CO2 
hydrogenation is evaluated with 10  wt.% Ni-, Co- and 
Fe-impregnated catalysts. The choice of the active phase 
is based on literature reports that already showed the use 
of Ni, Co and Fe for CO2 hydrogenation processes, espe-
cially for CH4 production [9, 10, 18, 51–53]. The perfor-
mance of 10 wt.% HAP-supported catalysts is investigated 
at atmospheric pressure, GHSV = 640 h−1 on a semi-pilot 
scale fixed-bed reactor and over the temperature range from 
250 to 500 °C. All fresh catalysts were submitted to in-situ 
reduction prior to the catalytic tests at 500 °C with a mixture 
with 50 vol.% H2/N2 at a total flowrate of 500 mL/min for 
2 h. Previous studies on HAP-supported catalysts showed 
increased reducibility of active phases when compared to 
classical supports, such as Al2O3, for example, and reported 
that the reduction of the majority of metal particles should 
occur at temperatures below 500 °C, especially when the 
ion exchanged HAP structure were not present [34, 54, 55].

Catalytic performance of 10 wt.% HAP-supported cata-
lysts is presented in Fig. 4. CO2 and H2 conversions (Fig. 4A, 

C, E) are presented along with the thermodynamic equilib-
rium data (black line) and product selectivity (Fig. 4B, D, F). 
The initial HAP support presents negligible activity towards 
CO2 hydrogenation (data not shown). All catalysts present 
activity for CO2 conversion between 250 and 500 °C. Initial 
CO2 conversions at 250 °C are low around 10–16% for the 
three catalysts investigated. CO2 conversions are favored by 
the temperature increase to a maximum of 70.4% for 10Ni/
HAP at 400 °C (Fig. 4A), 62.3% for 10Co/HAP at 450 °C 
(Fig. 4C) and 61.0% for 10Fe/HAP at 500° (Fig. 4E). H2 
conversion follows similar trend at all conditions.

As an exothermic reaction favored at lower temperatures 
(Eq. 1), thermodynamics limits CO2 conversion as tempera-
ture increases, despite the kinetics of CO2 conversion not 
being favored at the low temperature range [22]. Maximum 
CO2 conversion, according to the thermodynamic equilib-
rium, is around 98% at 250 °C but drops to around 90%, 
and then to below 70% as temperature increases to 350 °C 
and 500 °C, respectively [6]. For this reason, catalyst opti-
mization towards maximizing CO2 conversion at lower 
temperatures is necessary to overcome thermodynamic 
limitations. In this aspect, 10Co/HAP catalyst presents a 
slightly higher CO2 conversion around 16.6% at 250 °C 
when compared to the other two evaluated catalysts (10Ni/
HAP and 10Fe/HAP). On the other hand, the 10Ni/HAP 
achieves the highest CO2 conversion (around 70.4%) at a 
lower temperature (T = 400 °C) when compared to the other 

Fig. 2   SEM images of A HAP 
support, B 10Ni/HAP, C 10Co/
HAP and D 10Fe/HAP at 1000 
times magnification. EDX map-
ping showing the distribution 
of Ca (yellow), P (light blue), O 
(white), Ni (green), Co (blue) 
and Fe (red). Scale bar cor-
responding to 60 µm
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two catalysts (450 °C and 500 °C for 10Co/HAP and 10Fe/
HAP, respectively).

Product selectivity was calculated according to Eqs. 7–9. 
CH4 and CO selectivity were expressed in relation to con-
verted CO2 (Eqs. 7 and 8, respectively) and H2O selectivity 
was expressed in terms of converted H2 (Eq. 9). No solid 
products (coke) were obtained during the reactions. Selectiv-
ity towards CH4 is higher than 90% for the 10Ni/HAP and 
10Co/HAP catalysts for temperatures up to 350 °C. For the 
10Ni/HAP catalyst, CH4 selectivity starts at 100% at 250 °C 
but it dropped to around 96.3% at 300 °C following a small 
production of CO, probably as a product of RWGS reaction 
(Eq. 3). CH4 selectivity of 10Ni/HAP catalyst is stabilized 
above 90% up to 450 °C before dropping to 85.1% at 500 °C, 
when CO selectivity increases to 15%. As for 10Co/HAP, 
CH4 selectivity also starts at 100% at 250 °C but drops to 
93% at 350 °C, confirming the previously reported behavior 
of Co favoring CO2 conversion and CH4 selectivity at lower 

temperatures, when compared to Ni [53, 56]. However, as 
temperature increases, 10Co/HAP presents a higher activity 
to RWGS reaction. CO production also increases, with CO 
selectivity rising from around 9.0% to around 22%, from 400 
to 500 °C. Literature showed that, although Co favors CH4 
production from CO2 hydrogenation at lower temperatures, it 
also presents a higher activity towards RWGS reaction than 
Ni [57], which explains why the onset temperature for CO 
production is higher for 10Co/HAP when compared to 10Ni/
HAP. However, as temperature increased, CO production 
was higher with 10Co/HAP.

As for 10Fe/HAP, product distribution is significantly 
different from the other two catalysts analyzed. CH4 selec-
tivity is low (below 15%) for the whole temperature range 
(250–500 °C), evidencing that RWGS was the dominant 
reaction. CO selectivity starts high at 100% and the onset 
temperature for CH4 production is 350 °C, when CH4 selec-
tivity reaches 14.9%. As temperature increases, CH4 selec-
tivity slowly drops and reaches 10.4% at 500 °C. Literature 
showed that Fe presents significant activity towards RWGS 
reaction and favors the production of CO from a mixture of 
CO2 and H2, with major applications on syngas upgrading, 
for example [58, 59]. The behavior observed for 10Fe/HAP 
is consistent to the report by Kirchner et al. [52] that found 
a maximum yield of 8.0% towards CH4, when investigating 
CO2 hydrogenation over Fe-based catalysts. The authors also 
reported that increasing H2/CO2 ratio in the inlet feed leads 
to shifting the primary reaction towards CH4 production, but 
for a maximum 59.0% CH4 yield the required H2/CO2 ratio 
was 200. Furthermore, it is worth highlighting that, although 
the monometallic 10Fe/HAP catalyst does not present a sig-
nificant activity for CH4 production through CO2 hydrogena-
tion, several studies have evaluated the benefits of promot-
ing Ni- and Co-based catalysts with Fe, for increasing their 
reducibility, sintering resistance and stability [53, 60, 61].

HAP-supported catalysts proposed in this work present 
a comparable performance for CO2 hydrogenation when 
compared to similar catalysts reported in literature. Pieta 
et al. [18] reported the performance of Ni-based catalysts 
with different supports for CO2 hydrogenation. Ni-based 
catalysts with Ni loads between 7 and 13 wt.% supported 
on Al2O3 and SiO2 presented CO2 conversion around 42% 
and 45%, respectively, at 350 °C. Comparatively, the 10Ni/
HAP catalyst proposed in the present work present a CO2 
conversion around 60% at the same temperature (Fig. 4A). 
Liu et al. [62] evaluated the performance of mesoporous 
SiO2 KIT-6-supported Co catalysts for CO2 hydrogenation 
and reported a 40% CO2 conversion at 340 °C, which was 
comparable to what was obtained with 10Co/HAP (36.7% 
CO2 conversion at 350 °C, Fig. 4C). In a more recent study, 
Liu et al. [56] proposed a layered Co–Al–O catalyst for 
selective CO2 hydrogenation at low temperature. For the 
catalysts prepared in a similar reduction temperature to 

Fig. 3   SEM images of A 5Ni/HAP, B 10Ni/HAP, C 15Ni/HAP and D 
20Ni/HAP at 1,000 times magnification. EDX mapping showing the 
distribution of Ni (green). Scale bar corresponding to 60 µm
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the used in this work (500 °C), around 40% CO2 conver-
sion was achieved when CO2 hydrogenation was carried at 
250 °C and a maximum of 70% CO2 conversion for catalysts 
prepared at higher reduction temperature (600 °C). These 
results show that further investigation on the structure of 
the active sites of Co-based HAP-supported catalysts can 
further improve its performance at lower temperatures. In 
terms of product selectivity, the decrease of CH4 selectiv-
ity following an increasing CO production as temperature 
increases was unanimously reported by different studies 
[31, 51, 62, 63]. RWGS reaction is an endothermic reaction 
and literature reported the increasing competition between 
RGWS and CO2 hydrogenation, with the favoring of RWGS, 
following a temperature increase [7, 64]. Finally, the HAP-
supported catalysts proposed in this work presented a good 
performance for the CO2 hydrogenation, especially in terms 
of favoring CO2 conversion and CH4 selectivity at lower 
temperatures (below 400 °C).

Despite the onset temperature for the start of CO produc-
tion being lower for the 10Ni/HAP (CO production starting 
at 300 °C) than for 10Co/HAP (CO production starting at 
350 °C), the maximum CO2 conversion obtained with 10Ni/
HAP is higher and it was achieved at a lower temperature 
(around 70.4% at 400 °C) when compared to 10Co/HAP 
(around 62.3% at 450 °C). For that reason, the Ni-based 
catalyst is chosen as the best performing HAP-supported 
catalyst for its potential for increasing CO2 conversion and 
CH4 selectivity at lower temperatures.

Influence of Ni Loading

The effects of Ni metal load as active phase for CO2 hydro-
genation to CH4 over the HAP-supported catalysts is inves-
tigated in the range of 5–20 wt.%. Catalysts are similarly 
prepared by incipient wetness impregnation, calcined at 
500 °C for 2 h at static air atmosphere and reduced with a 

Fig. 4   Catalytic performance of A, B 10Ni/HAP, C, D 10Co/HAP and E, F 10Fe/HAP for CO2 hydrogenation to CH4 at T = 250–500 °C and 
GHSV = 640 h−1. A, C, E CO2 and H2 conversions. B, D, F Selectivity towards CH4 and CO, in relation to CO2, and H2O, in relation to H2
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mixture of 50 vol.% H2/N2 at 500 °C for 2 h prior to test-
ing. According to previous reports, the increase of metal 
loading on supported catalysts could lead, to a certain 
extent, to the increase on the number of active sites and 
facilitate electron transfer on the surface of the catalyst 
support, which could enhance the catalyst performance 

in terms of conversion and product selectivity [21, 65]. 
However, there whould be a limit for said improvement 
and, above a certain range, the increase on the catalyst 
load could lead to particle agglomeration, decrease on 
the active phase surface and favor catalyst deactivation 
[66]. Figure 5 presents the results of the performance of 

Fig. 5   Catalytic performance of A, B 5Ni/HAP, C, D 10Ni/HAP, E, 
F 15Ni/HAP and G, H 20Ni/HAP for CO2 hydrogenation to CH4 at 
T = 250–500  °C, GHSV = 640  h−1. A, C, E, G CO2 and H2 conver-

sions. B, D, F, G Selectivity towards CH4 and CO, in relation to CO2, 
and H2O, in relation to H2
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HAP-supported catalysts prepared with 5–20 wt.% of Ni 
load at T = 250–500 °C and GHSV = 640 h−1.

The increase on the Ni loading on the HAP-supported 
catalysts has a positive impact both on the conversion of 
CO2 and on the selectivity towards CH4. As observed in 
Fig. 5, the increase on the Ni loading both increases the 
maximum CO2 conversion and shifts the peak of CO2 con-
version to lower temperatures. In addition, the higher Ni 
loadings also delays the onset temperature for the start of 
CO production, reducing the competition of RWGS reaction 
at lower temperatures. For 5Ni/HAP, CO2 conversion starts 
at 11.2% at 250 °C and increases to a maximum of 67.6% 
at 450 °C (Fig. 5A). CO2 conversion at 250 °C increases to 
13.7%, 16.8% and 20.0% as Ni loading increases to 10 wt.%, 
15 wt.% and 20 wt.%, respectively (Fig. 5C, E, G). Similarly, 
maximum CO2 conversion increases to 70.4%, 80.0% and 
83.1%, as Ni loading increases to 10 wt.%, 15 wt.% and 
20 wt.%, respectively (Fig. 5C, E, G), and shifts from 450 °C 
(for the 5Ni/HAP) to 400 °C for the other three catalysts 
with higher Ni loadings (10–20 wt.%).

Furthermore, CO2 conversion presents a linear increase 
with the temperature increase from 250 to 450 °C for 5Ni/
HAP, with a slight decrease from 67.6% at 450 °C to 64.2% 
at 500 °C, following the decreasing thermodynamic limit 
of CO2 conversion (Fig. 5A). For 15Ni/HAP (Fig. 5E) and 
20Ni/HAP (Fig.  5G), CO2 conversion presents a sharp 
increase between 250 and 350 °C, from 20 to 82.1%, respec-
tively. From this temperature onwards, CO2 conversion fol-
lows the decreasing behavior of the thermodynamic limit 
very closely, demonstrating the good performance of the 
Ni-based catalysts at higher Ni load (up to 20 wt.%).

Ni loading also influences the catalyst selectivity towards 
CH4 production. CH4 selectivity starts at 100% at 250 °C 
for all four catalysts evaluated. For 5Ni/HAP (Fig. 5B) and 
10Ni/HAP (Fig. 5D), CH4 selectivity drops at 300 °C to 
93.0% and 96.3%, respectively. As temperature increases, 
maximum CO selectivity for 5Ni/HAP and 10Ni/HAP 
are 36.1% and 14.9% at 500 °C, respectively. In this case, 
although onset temperature for CO production is the same 
for both catalysts, the increase on Ni loading from 5 to 
10 wt.% seems to reduce the occurrence of RWGS reac-
tion both at 300 °C and 500 °C. For 15Ni/HAP (Fig. 5F), 
the onset temperature for CO production is 350 °C, higher 
than what was observed for 5Ni/HAP (300 °C) and 10Ni/
HAP (300 °C), and CH4 selectivity is higher than 90% at 
temperatures higher than 350 °C. For 20Ni/HAP catalyst, 
no CO production is detected up to 450 °C. At 500 °C, CH4 
selectivity is 93.4% for 20Ni/HAP, demonstrating that the 
increase on Ni loading up to 20 wt.% not only favors CO2 
hydrogenation at lower temperatures (300–350 °C), but it 
also decreases the occurrence of RWGS competing reaction 
even at higher temperatures (500 °C).

Similar behavior was previously described by Zhang 
et al. [64] and Cao et al. [67] for Ni-based catalysts sup-
ported on Al2O3 and mesoporous SiO2 KIT-6, respectively. 
In both cases, the increase of Ni loading, up to a certain 
limit, was able to increase CO2 conversion, CH4 selectivity 
and delay the onset temperature for CO production by com-
peting RWGS reaction. Zhang et al. [64] demonstrated that 
for 5 wt.% Ni load on Al2O3 support, RWGS is the primary 
reaction from 300 to 600 °C, with CH4 yields below 10% 
while CO yields ranged from around 40% to around 50% at 
450 °C and 600 °C, respectively. Although 5Ni/HAP cata-
lyst prepared in this work did, in fact, favor the occurrence 
of RWGS reaction in the range of 300–500 °C (Fig. 5B), it 
is noteworthy that CO2 hydrogenation to CH4 was clearly 
the primary reaction while RWGS was rather a compet-
ing reaction gradually favored as temperature increased. 
Furthermore, Zhang et al. [64] also show that for Ni load-
ings between 12.5 and 50 wt.%, CO2 hydrogenation to CH4 
is the main reaction at temperatures ranging from 300 to 
500 °C, with a maximum CH4 yield around 60% at tempera-
tures ranging from 350 to 450 °C for catalysts containing 
40–50 wt.% Ni.

Moreover, Cao et al. [67] reported that the increase in 
Ni loading from 10 to 40 wt.% on V-promoted mesoporous 
KIT-6-supported catalysts was able to shift the temperature 
of maximum CO2 conversion from 425 °C (around 76.3% 
CO2 conversion for 10Ni-0.5 V/KIT-6) to 350 °C (around 
87.5% CO2 conversion for 40Ni-0.5 V/KIT-6). CH4 selectiv-
ity was also affected by the increase in Ni loading. However, 
authors demonstrated that the increase of the Ni loading was 
only beneficial up to 20 wt.%. At this range, CH4 selectivity 
was kept at 100% up to 425 °C and onset temperature for CO 
production was at 450 °C. On the other hand, for the catalyst 
containing 40 wt.% Ni, CH4 selectivity dropped to around 
95% at 400 °C, as the further increase on the metal content 
led to the agglomeration of Ni particles and, in turn, to the 
favoring of RWGS reaction at lower temperature.

Based on the results presented here, the 20Ni/HAP was 
chosen as the best performing catalyst, due to its maximi-
zation of CO2 conversion and CH4 selectivity (delaying of 
the onset temperature of CO production). The evaluation of 
the influence of GHSV on the catalyst performance as well 
as the stability test for 50 h-long operation were performed 
with the 20Ni/HAP catalyst.

Influence of Gas Hourly Space Velocity (GHSV)

GHSV is an important parameter for evaluating catalytic 
performance, since it influences not only the fluid-dynamic 
of the system, but also the mass transfer on the catalyst sur-
face [68]. The increase in the GHSV leads to a decrease 
in the residence time/contact time between the reactants 
(CO2 and H2) and the catalyst, and in the amount of species 
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adsorbed to the catalyst surface [23]. As both proposed 
mechanisms for CO2 hydrogenation to methane (CO and 
formate intermediates) are relatively complex and include 
eight electron transfers [20, 21], the kinetics of the process 
tends to be very slow, especially at low temperatures. More-
over, low residence times present a negative impact on the 
catalyst performance, according to literature reports [69, 70]. 
From a process point of view, the GHSV is directly related 
to the sizing and flowrates of the catalytic systems, which, 
in turn, presents a direct impact on the costs of the process 
[71]. This is especially true at larger scale and it is a major 
challenge to be overcome during the upscaling process with 
alternative catalysts [72].

The influence of the GHSV over the HAP-supported cata-
lysts performance was evaluated for the 20Ni/HAP catalyst 
at 350 °C. Although 350 °C was not the temperature for 
the maximum CO2 conversion obtained with the 20Ni/HAP 
catalyst, at 400 °C the catalyst performance is already very 
close to the thermodynamic limit (Fig. 5G). For evaluating 
different GHSV conditions, the catalyst load on each test is 
kept the same and the total flow rate is adjusted according 
to the desired GHSV. Figure 6 presents the results for the 
catalytic performance of the 20Ni/HAP at GHSV varying 
between 320 and 1600 h−1.

Both CO2 and H2 conversions are negatively affected 
by the increase in the process GHSV. An increase in CO2 
conversion, from 82.4% at 350 °C and 640 h−1 (Fig. 5G) 
to 87.9% at 350 °C and 320 h−1, is achieved at the lowest 
GHSV tested (Fig. 6A). At GHSV = 320 h−1, the maximum 
CO2 conversion (87.9%) is relatively close to the thermo-
dynamic limit expected for the CO2 conversion during CO2 
hydrogenation (90.2% at 350 °C). A 5.0-fold increase in 
GHSV, from 320 to 1600 h−1, results in a 12.5% decrease on 
CO2 conversion, from 87.9 to 75.4%, respectively. H2 con-
version followed a similar behavior and drops from 86.9 to 
76.4%, when the GHSV increases from 320 to 1600 h−1. The 
positive influence of longer residence times (lower GHSV) 
has been reported in literature for CO2 hydrogenation [26, 

69, 70], as for other CO2 conversion processes, such as dry 
reforming of methane [73] and biogas reforming [74], for 
example. Xiao et al. [26], when evaluating NiMgAl catalysts 
for CO2 hydrogenation, reported that at GHSV = 15,000 h−1 
not only maximum CO2 conversion was higher (around 
85%), but it was reached at lower temperature (T = 320 °C), 
than when compared with GHSV = 60,000  h−1 (around 
70% CO2 conversion at 360 °C). Similarly, Jaffar et al. [70] 
reported a decrease in CO2 conversion from around 60% to 
around 30% following an increase on the GHSV from 3000 
to 4800 mL h−1 g−1

cat
.

Selectivity towards CH4 production is also affected 
by the change in the GHSV. CH4 selectivity is at 100%, 
with no CO production, for GHSV ranging from 320 to 
960 h−1 (Fig. 6B). At GHSV = 1280 h−1, CH4 selectivity 
drops to 95.1% and it continues dropping down to 92.2%, 
at GHSV = 1600 h−1. On the other hand, CO production is 
observed for higher GHSV conditions (4.8% and 7.2% CO 
selectivity at 1280 h−1 and 1600 h−1, respectively). H2O 
selectivity is close to 50% at GHSV = 320–960 h−1 and it 
has a slight increase up to 53.1% at GHSV = 1600 h−1 as a 
result of a slight increase on H2O production following CO 
production due to competing RWGS reaction. According to 
Stangeland et al. [23], as RWGS reaction is a more kineti-
cally favorable reaction than CO2 hydrogenation, higher 
GHSV are usually favorable to the competing CO produc-
tion (via RWGS reaction) and detrimental to the CH4 pro-
duction (via CO2 hydrogenation). Similar results have been 
reported by Xiao et al. [26] when evaluating the performance 
of Mn-promoted NiMgAl catalysts. The authors observed 
a slight decrease on CH4 selectivity from 100% to around 
95% following a 4.0-fold increase in GHSV, from 15,000 to 
60,000 h−1. Yeo et al. [75] have evaluated the influence of 
temperature, pressure and space velocity on the CO2 methan-
ation process using a 40Ni5Mg-Al-Zeolite catalyst by means 
of a Taguchi experimental design. In this study, the authors 
have reported that the reaction pressure had the highest influ-
ence on the catalyst performance, but the space velocity had 

Fig. 6   Catalytic performance of 20Ni/HAP catalyst for CO2 hydrogenation to CH4 at T = 350 °C, GHSV = 320–1600 h−1. A CO2 and H2 conver-
sions. B Selectivity towards CH4 and CO, in relation to CO2, and H2O, in relation to H2
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a greater influence than the reaction temperature. Further-
more, the authors reported achieving around 95% of CO2 
conversion and 90% of CH4 yield at T = 315 °C, P = 19 bar 
and GHSV = 6,000 h−1. Similar studies conducted by Jaffar 
et al. [70] and Han et al. [69] highlighted that the adsorption 
of both CO2 and H2 on the catalyst surface is significantly 
important for the success of CO2 hydrogenation, mainly due 
to the complex reaction mechanism. The studies pointed out 
that the increase on GHSV can compromise the adsorption 
of reactants to the catalyst surface and further jeopardize the 
process performance, even when working far from thermo-
dynamic limitations (e.g. low temperatures).

50 h‑Long Stability Test

Best performing 20Ni/HAP catalyst was tested for 50 h-long 
catalytic stability in order to better assess the catalyst per-
formance. The stability test was carried at 350  °C and 
GHSV = 320 h−1, as the best optimized condition obtained 
from the tests with varied temperatures and residence times. 
Figure 7 presents the results for the long reaction test per-
formed with this catalyst.

Figure 7 shows the robust performance of 20Ni/HAP 
for CO2 hydrogenation to CH4. 20Ni/HAP presents a high 
initial CO2 conversion at 88.1% (Fig. 7A), which matches 
the good performance obtained in the previous test at 
GHSV = 320 h−1 (87.9% CO2 conversion, Fig. 6A). CO2 
conversion slightly decreases to around 83% after 7 h of test 
and stabilizes around this value, with no signs of catalyst 
deactivation, for the whole duration of the test. The final 
CO2 conversion obtained at TOS = 50 h was 82.8%. H2 con-
version follows a similar behavior and decreases from 89.4 
to 84.3% by the end of the 50 h-long test. CH4 selectivity is 
kept at 100% for the whole duration of the test (Fig. 7B). No 
signs of CO production and stable H2O selectivity around 
50% (Fig. 7B) demonstrate that the operation of the CO2 
hydrogenation reaction below thermodynamic limitations 
does not favor competing RWGS reaction.

Catalyst development is still one of the main challenges 
standing in the way of large-scale commercialization of 
CO2 hydrogenation for CH4 production [22]. In the process 
of developing new alternative catalysts, such as the HAP-
supported catalysts proposed in this work, stability tests on 
larger scales (semi-pilot, pilot and demonstration, for exam-
ple) are of great contribution for assessing the technology 
limitations and the associated risks for future steps [76], 
especially because information on large-scale testing and 
validation is so scarce. Few reports on literature show the 
feasibility of CO2 hydrogenation for CH4 (or SNG) pro-
duction, including in the Power-to-Gas context, when CO2 
hydrogenation is carried out using captured CO2 and clean 
H2 coming from water electrolysis. Table 2 demonstrates 
the performance of the few large-scale (semi-pilot and pilot 
scales) reports on CO2 hydrogenation. Data on the pro-
cesses’ performance is presented as reported in terms of CO2 
conversion and CH4 production (CH4 selectivity, CH4 yield 
or CH4 concentration on product stream). When compared 
to reported data on pilot scale, the performance of the 20Ni/
HAP catalyst developed in this work, assessed at semi-pilot 
scale, is very promising in terms of CO2 conversion, CH4 
selectivity and performance stability.

Conclusion

Hydroxyapatite has been proposed as an alternative cata-
lyst support for CO2 hydrogenation for CH4 production. 
Ni-, Co- and Fe-based hydroxyapatite-supported catalysts 
have been prepared by incipient wetness impregnation and 
evaluated for CO2 hydrogenation. The influences of tem-
perature (250–500 °C), Ni metal load (5–20 wt.%) and 
GHSV (320–1600 h−1) were investigated on semi-pilot 
scale conditions. CO2 conversion was positively affected 
by the temperature increase, despite the thermodynamic 
limitations of the reaction. Although CO2 hydrogenation 
is an exothermic reaction, no significant overheating was 

Fig. 7   Catalytic performance of 20Ni/HAP catalyst for CO2 hydrogenation to CH4 for 50  h of time on stream (TOS) at T = 350  °C, 
GHSV = 320 h−1. A CO2 and H2 conversions. B Selectivity towards CH4 and CO, in relation to CO2, and H2O, in relation to H2
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detected on the system, even at high CO2 conversion (max. 
3–5 °C increase). For catalysts prepared with 10 wt.% of 
metal active phase (Ni, Co or Fe), CO2 conversion ranged 
around 10–16% at 250 °C. Ni-based catalysts presented 
the best performance for CO2 hydrogenation and maxi-
mum CO2 conversion was around 70% at 400  °C and 
GHSV = 640 h−1 for 10Ni/HAP. Optimization of Ni metal 
load revealed that higher Ni content (up to 20 wt.%) had a 
positive impact on CO2 conversion and delayed the onset 
of competing RWGS reaction. Further GHSV optimiza-
tion revealed that longer residence times would benefit the 
slow CO2 conversion, especially at lower temperatures. 
Best performing 20Ni/HAP catalyst was able to deliver a 
maximum CO2 conversion around 88% at T = 350 °C and 
GHSV = 320 h−1, with 100% CH4 selectivity and no CO 
production up to 450 °C. Finally, long-term operation of 
20Ni/HAP for 50 h on semi-pilot scale showed excellent 
catalytic performance with no significant signs of deacti-
vation and a stable CO2 conversion around 83% and 100% 
CH4 selectivity. The results presented in this work demon-
strate the feasibility of HAP as an alternative support for 
CH4 production via CO2 hydrogenation. Semi-pilot data 
shows the potential for process upscaling with alternative 
HAP-supported catalyst. Further studies should still focus 

on the possible modulation of HAP features for improving 
CO2 conversion at even lower temperatures.
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(Co + Fe = 40 wt.%, 
Co/Fe = 1/3)

H2:CO:N2 = 72:24:4, 
6,000 mL.g−1.h−1

300 °C, 10 bar, 
fixed-bed 
reactor, 
TOS = 24 h

60% CO con-
version

59.3% CH4 
selectivity

Pilot scale [61]

CO2 hydro-
genation

20Ni/HAP H2:CO2:N2 = 4:1:0.5, 
GHSV = 320 h−1

350 °C, 1 bar, 
fixed-bed 
reactor, 
TOS = 50 h

Min. 83% 100%CH4 
selectivity

Semi-pilot 
scale

This work
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