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The potential of natural apatite derived from pork bones to be used as a support of Ni catalysts for the Water-Gas 
Shift (WGS) reaction was investigated. Samples of bone char were chemically treated with either K2CO3 or H2SO4 
and subsequently heated in inert or oxidizing atmosphere at various temperatures. Catalysts were characterized 
by ICP-AES, N2 physisorption, XRD, FTIR, TG-DTG, H2-TPR, XPS, H2 chemisorption and NH3-TPD, and tested in 
the WGS reaction, using both ideal and realistic (mixture of H2O, CO2 and H2) feed streams. Nickel was partly 
exchanged with Ca2+ ions in the support. Regarding the effect of the atmosphere, an inert atmosphere had a 
negative effect due to the collapse of the porous structure. On the contrary, the combination of an oxidizing 
atmosphere and treatment with K2CO3 allowed a superior WGS performance under real reformer conditions, 
with a substantial decrease in the methane formation (six-fold decrease, compared to the non-activated reference 
catalyst). The catalytic activity could be related to the apatitic phase growing geometry, which can be tailored by 
the activation method.   

1. Introduction 

The use of energy sources alternative to fossil fuels, such as 
hydrogen, would contribute to the development of green economy, an 
economy that aims for sustainable development without degrading the 
environment. The success of the hydrogen economy depends on the 
availability of a sustainable and economic way to produce hydrogen, 
and its transformation into energy [1,2]. The steam reforming of hy
drocarbons is a mature catalytic technology to produce H2 [3,4], which 
can be used to feed fuel cells, providing electricity with zero emissions. 
In the current state of the art of fuel cells technology, the hydrogen 
stream must be purified in order to reduce the CO content to below 50 
ppm [5]. Water-Gas Shift (WGS) is one of the most important reactions 
in the hydrogen production process [6,7]. WGS is the first step to pro
duce a reformer gas with a reduced CO content. The fact that WGS is 
exothermic obliges to set up two reaction steps, a high-temperature WGS 
(350–500 ºC) followed by a low temperature WGS (190–250 ºC), in order 
to take advantage of both the reaction kinetics and thermodynamics. 

In the search for alternative catalytic systems, excellent WGS activity 
has been reported for precious metals (Au, Ru) supported on hydroxy
apatite (HAp) [8]. Miao et al. [9] reported stable and near equilibrium 

CO conversions over Pt supported on hydroxyapatite without CH4 for
mation up to 450 ºC. They found a correlation among the activity and 
the Ca/P ratio of the support, suggesting that the apatite surface 
chemistry has a relevant effect in the WGS catalysis. It has been pro
posed that water molecule can be strongly activated on the apatite 
surface through the simultaneous coordination to Lewis acidic Ca2+

cations and H-bonding to basic O atoms of phosphate groups or other 
oxygen-containing groups [10,11]. 

As an alternative to the use of synthetic HAp, the thermochemical 
conversion of waste animal bones can be used to produce a biochar that 
contains mainly bioapatite, together with carbon and other substances 
[12–14]. Animal waste bones have been traditionally thrown away as 
waste. At present, over 140 M pigs are reared across the European Union 
(EU), which represents the largest livestock category [15]. 

In an earlier study we explored the utilization of the biogenic apatite 
obtained from the thermal treatment of pig bone as a support for WGS 
catalysts based on transition metals [16]. Compared to the limited 
availability of noble metals, catalysts based on transition metals are 
more attractive for industrial application due to their high catalytic 
activity and lower cost [17]. According to the results, using an ideal feed 
mixture (CO/H2O = 1/2) the catalytic activity of various metals 
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supported onto bone char varied as follows: Ni > Co > > Cu > Fe, thus 
being Ni the most active catalyst [16]. Despite their low cost and high 
catalytic activity, Ni based catalysts have not been extensively used in 
WGS reaction, as nickel catalyzes the undesired reaction of methanation 
[18]. This side reaction (among others) can lead to catalyst deactivation 
by coke deposition [19]. Moreover, Ni based catalysts may undergo 
metal particle sintering [20]. 

Consequently, it is essential to configure a catalyst with a limited 
methanation activity. The catalytic support influences the catalytic 
behaviour of the catalyst, since it affects both the metal-support inter
action and the stability. In this regard, the utilization of natural apatite 
as support reduced the methane formation by around ten fold, as 
compared to a Ni catalyst supported onto synthetic HAp [16]. The re
sults showed that the most active Ni catalyst (5 wt %) provided a 87 % 
CO conversion with a very low methanation activity (YCH4=0.25 % at 
450 ºC), using an ideal feed mixture. This is an important advantage of 
using bioapatite supports, since the methanation reaction can signifi
cantly lower the efficiency of WGS [21]. Furthermore, the ion exchange 
ability of bioapatite support allows the incorporation of Ni into the 
lattice, thus favouring the metal-support interaction, which leads to an 
improved stability of Ni particles against sintering. 

In a subsequent work [22], the activity of the catalysts supported on 
bioapatite was further improved by increasing the Ni loading (10 wt %), 
reaching a near equilibrium CO conversion (i.e. 92 % at 375 ºC), with 
still a limited methane yield (YCH4 = 1.8 %) using an ideal feed mixture. 
The electronic band structure of the metal-bioapatite system was asso
ciated with an enhanced capacity for the oxidation of CO instead of the 
recombination with the adsorbed proton to form methane. However, 
using a typical reformer gas composition (CO/H2O/CO2/H2 =

6/46/4/31), the selectivity to hydrogen was deteriorated since the 
methanation activity dramatically increased to around 60 %, with a 
negative net hydrogen production. 

The physico-chemical properties of the bioapatites used as support, 
such as bulk and surface composition and textural properties, can 
significantly affect the catalytic behaviour of the catalyst, including the 
conversion and the methanation activity. For example, the relative 
amount of Ca2+, OH- and PO4

3- in the bulk and surface of apatite may 
affect its acid properties, and also the exchange capacity of the loaded 
metal, which can eventually affect the speciation of the metal in the 
catalyst [23,24]. 

The physicochemical properties of bioapatite can be modified by 
chemical activation. However, a literature review shows that the num
ber of studies focused on the effect of the chemical activation of bio
apatite on its catalytic performance is scarce. Most of the investigations 
available in the literature dealing with the chemical activation of bones 
are focused on the adsorption properties of the developed material 
[25–27]. As an example of one the few works on this issue, Amiri et al. 
[28] investigated the chemical activation of waste bones with hydrogen 
peroxide. The chemically activated biochar became more thermally 
stable. Moreover, the exchange between Co2+ and Ca2+ into the bio
apatite framework favoured the incorporation of Co as catalytic active 
phase for the degradation of dyes. 

Herein, chemical activation was used to prepare suitable and sus
tainable catalytic supports for the WGS reaction from waste animal 
bones. To the best of our knowledge, there is no study regarding the 
WGS activity of catalysts supported on bioapatite, prepared through the 
modification of its physico-chemical properties by chemical activation. 
The treatment consists of the impregnation with either K2CO3 or H2SO4, 
and the subsequent heating in oxidizing or inert atmosphere, at various 
temperatures. The obtained biochars were loaded with Ni and the pre
pared catalysts were thoroughly characterised (N2 physisorption, XRD, 
FTIR, ICP-AES, TG-DTG, H2-TPR, XPS, H2 chemisorption, NH3-TPD) and 
tested in the WGS reaction. 

2. Materials and methods 

2.1. Catalyst synthesis 

The support was prepared from pork chop bones collected from a 
local butcher shop. First, bones were cleaned from meat, cut into pieces 
of 2–5 cm and precalcined in air flow (120 NmL/min), heating at 5 ◦C/ 
min to 500 ◦C and hold for 2 h. The obtained biochar was sieved and 
particles in the 0.09–0.25 mm size range were selected. This material 
will be referred as precursor (HAp). 

The precursor was modified by chemical treatment using either 
H2SO4 (S) (at 0.2 mmolH2SO4/g) or K2CO3 (K) (at 5 mmolK2CO3/g). These 
ratios were set based on our previous experience [13]. The samples were 
dried in an oven overnight at 105 ºC. The subsequent heating was car
ried out at 10 ºC/min in either oxidative/calcination (air, A) or inert/
pyrolysis (nitrogen, N) conditions at two temperature levels (HTT, 
highest treatment temperature) for each atmosphere, holding HTT for 
120 min. These HTT (350 and 550 ºC for the oxidizing atmosphere, and 
600 and 800 ºC for the inert atmosphere) were established based on the 
weight-loss profile of the impregnated precursor (Fig. S1, Supplemen
tary material). Various supports (detailed in Table S1, Supplementary 
material) were prepared and coded. For instance, KA350 refers to the 
biogenic precursor impregnated with K2CO3 (K) and calcined in air at
mosphere (A) at a HTT of 350 ºC. 

Ni was loaded onto the aforementioned supports by wet impregna
tion. For the preparation, 2.0 g of Ni(NO3)2⋅6H2O (Aldrich) were dis
solved in milli-Q water (10 mL) and impregnated onto the activated 
precursor samples (3.5 g) in a rotavapour device. These catalysts were 
named preceding Ni. For comparison purposes, Ni was also loaded onto 
the unmodified precursor (Ni/HAp). The obtained solids were calcined 
at 450 ◦C for 2 h (10 ◦C/min, in air flow). 

2.2. Catalyst characterisation 

The bulk chemical composition of the solids was evaluated by ICP- 
AES. Brunauer-Emmett-Teller (BET) method was used to determine 
the specific surface area, whereas the average pore size, total pore vol
ume and pore size distribution (PSD) were estimated based on the 
Barrett, Joyner & Halenda method (BJH) from the data of N2 desorption 
branch. The thermogravimetric analysis of the chemically treated sam
ples was performed to measure the weight loss and its rate. 

The crystalline structure of the support and the catalysts was 
analyzed by XRD using the International Centre of Diffraction Data 
(ICDD) database for the identification of the phases. The Rietveld 
method was used for microstructure analysis (profile refinement) and 
for the estimation of unit cell parameters. The crystallinity of the solids 
was assessed by the Crystallinity Index (CI), calculated from the full 
width at half maximum of (002) reflection [29]. The reducibility and 
metal speciation of the catalysts were examined by 
temperature-programmed reduction (H2-TPR). 

Fourier transform infrared spectroscopy (FTIR) transmission spectra 
for the calcined solids were recorded using disks of samples diluted in 
KBr. X-ray photoelectron spectroscopy (XPS) analysis was performed for 
both calcined and reduced forms of the solids. The peaks were decon
voluted after Shirley background subtraction, using a mixed Gaus
sian–Lorentzian function. 

The surface acid sites were characterized by means of the chemi
sorption of ammonia pulses and the subsequent NH3-TPD. The total 
acidity was calculated from the integration of the pulses, and the 
strength of the acid sites was evaluated from the corresponding TPD 
profile. 

More details on analytical methods are given in Supplementary 
material. 
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2.3. Catalytic performance 

The WGS performance was studied in a downflow fixed bed stainless 
steel reactor (Di = 13.3 mm; length = 305 mm). Prior to the reaction, 
the catalyst (0.1 g diluted in silicon carbide particles of the same size, to 
achieve 1 mL) was reduced in H2/He flow (15 vol % of H2) at 400 ◦C for 
1 h. Then, the reactor was cooled down to 200 ◦C in He flow and the feed 
stream was introduced. Deionized water was supplied by a HPLC pump 
(Gilson 307), and vaporized at 150 ºC before mixing with the reactant 
gases. Catalyst activity tests were carried out at atmospheric pressure in 
the 250–450 ºC range, with a total flow rate of 200 mL/min STP 
(GHSV=120,000 h− 1). Two different feed compositions were tested: (i) 
CO/H2O/He (in vol %): 1/2/97, representative of an ideal WGS mixture; 
and (ii) CO/H2O/CO2/H2/He = 5/46/4/31/14, representative of a 
realistic reformer outlet stream. A Peltier device was used to condense 
the unreacted water from the reactor outlet stream before routing the 
non-condensable products to an Agilent μGC (two molecular sieves with 
He and Ar carriers, respectively, and one PPQ column with He carrier) 
equipped with a TCD detector. Samples were collected once steady state 
at each temperature was attained. Stability tests (24 h of duration) were 
conducted under realistic WGS feed composition. 

The CO conversion and yields (Yi) to H2 and CH4 were calculated 
according to Eqs. (1)–(3): 

XCO(%) = 100 ×
FCO,in − FCO,out

FCO,in
(1)  

YH2(%) = 100 ×
FH2,out − FH2,in

FCO,in
(2)  

YCH4(%) = 100 ×
FCH4,out

FCO,in + FCO2,in
(3)  

3. Results 

3.1. Catalysts characterisation 

3.1.1. Textural properties and chemical composition 
The reference catalyst (Ni/HAp) showed a SBET of 70.8 m2/g, a pore 

volume (Vpore) of 0.29 cm3/g and an average pore diameter (dpore) of 
15.1 nm (Table 1). These values were notably modified during the 
activation of the support (SBET: 2.0–90.9 m2/g; Vpore: 0.001–0.310 cm3/ 
g; dpore: 11.1–48.0 nm). The pore size distribution of the obtained solids 
(Fig. 1) showed the typical hierarchical pore distribution of bone chars 
[30,31] with two main intervals: (i) at small mesopore range 

(2.0–3.5 nm); and (ii) at large mesopore range with peaks at different 
values depending on the treatment (i.e. at around 6, 8, 20 and 30 nm). 
The results (Fig. 1A) showed that the chemical treatment followed by 
heating in air atmosphere at mild conditions (see Ni/KA350, Ni/SA350 
vs. Ni/HAp) increased both the amount of mesopores and specific sur
face area. This effect was more important for the catalysts prepared by 
acid treatment, which might wipe off the inorganic compounds of bio
char. A further increase in the HTT from 350 to 550 ºC caused a drastic 
removal of small mesopores (dpore: 2–20 nm) along with the generation 
of new macropores. Consequently, the average pore size increased (from 
14 to 30 nm, Ni/KA350 vs Ni/KA550; from 11 to 25 nm, Ni/SA350 vs 
Ni/SA550). Concomitantly, the SBET dropped by a half. 

The thermal treatment under inert atmosphere (Fig. 1B) had a 
negative effect on the textural properties and caused the collapse of the 
pore structure. At a comparatively similar HTT, it yields catalysts with 
20–56 % lower SBET values. 

In our samples, the measured Ca/P ratio was around 1.44 for the 
reference Ni/HAp catalyst and varied in the 1.42–1.48 for the rest of 
samples (Table 1). Slightly higher Ca/P values were obtained by the K 
treatment (Ca/P = 1.46–1.48) while S treatment led to lower ratios 
(1.42–1.45). These Ca/P values were in-between the stoichiometric 
hydroxyapatite (1.67) and brushite (1.0) and, in line with XRD data, 
suggest that calcium-deficient hydroxyapatite was formed by the char
ring of animal bones [32]. The relatively high concentration of hetero
atoms (K, Na, N) in natural apatite is noteworthy (Table S2, 
Supplementary material), which is a distinctive characteristic from the 
synthetic hydroxyapatite [33]. Indeed, the presence of minor constitu
ents evidence the substitution of calcium sites in the apatite lattice. 

3.1.2. Structural characterisation 
The XRD measurements revealed that the precursor was a solid with 

poor crystallinity (CI = 0.50, Table 2). The diffraction patterns of the 
prepared catalysts (Fig. S3, Supplementary material) were consistent 
with apatite phase (ICDD 01–84–1997) with the main characteristic 
diffraction peaks at 2θ= 31.993◦, 32.230◦, 31.844◦ and 25.886◦ clearly 
identified. 

The XRD pattern of samples obtained after treatment at low HTT 
(350 ºC) displayed similarities with the reference catalyst (CI =
0.50–0.52 for Ni/HAp, Ni/KA350 and Ni/SA350 catalysts). As could be 
expected, after a more severe thermal treatment (HTT ≥ 550 ºC), inde
pendent of the heating atmosphere, the peaks became more intense and 
sharper. Apatite crystallite size (dHAp) increased with HTT (Fig. S4, 
Supplementary material), as well as the CI, which increased up to 
0.72–0.73 for the highest HTT. Moreover, upon heating in nitrogen at 
800 ºC, new peaks emerged at ~31.5º and ~35º 2θ, characteristic of 
whitlockite (Ca18Mg2H2(PO4)14, ICDD 01–70–2064). 

Intriguingly, the chemical treatment with K2CO3 favoured the 
apatite crystal growing, as deduced from both XRD data. For instance, at 
HTT = 550 ◦C in air atmosphere, the apatite crystal size was 40 nm for 
the catalyst based on K2CO3-treated biochar, whereas it was 25 nm for 
the catalyst based on H2SO4-treated biochar. Similarly, for samples 
heated in inert atmosphere, the K2CO3 treatment resulted in an average 
crystal size of 53 nm (at HTT = 600 ºC), two fold larger than the acid 
treated counterpart (23 nm at HTT 550 ºC). The small difference in the 
HTT, a priori, is not enough to explain such difference. It is also inter
esting to note that as crystallinity was developed (dHAp > 25 nm), a 
strong inverse correlation exists between SBET and apatite crystallite size 
(Fig. 2). Contrarily, among samples with low crystal growth no corre
lation was observed, and a high variance in the SBET could be observed, 
what was ascribed to an intensified effect of the applied chemical 
treatment. 

The Rietveld refined lattice parameters of the precursor (a =
9.40809 Å, c = 6.8783 Å) were in-between those of pure hydroxyapatite 
(a = 9.4180 Å, c = 6.884 Å, ICDD 00–009–0432) and chloro
fluoroapatite (a = 9.3973 Å, c = 6.8782 Å, ICDD 01–084–1997), which 
reflects the flexibility of natural apatites regarding the presence of 

Table 1 
Textural and chemical characteristics of catalysts of Ni supported on bone char.  

Catalyst SBET (m2/ 
g) 

dpore 

(nm) 
Vpore (cm3/ 
g) 

Ni (wt 
%)* 

Ca/P ratio (at./ 
at.)* 

Ni/HAp  70.8  15.1  0.29  11.3  1.44 
Ni/ 

KA350  
77.5  13.6  0.30  10.0  1.46 

Ni/ 
KA550  

33.2  30.0  0.25  9.7  1.48 

Ni/ 
KN600  

14.5  28.3  0.06  9.9  1.48 

Ni/ 
KN800  

2.0  48.0  0.01  9.8  1.48 

Ni/ 
SA350  

90.9  11.1  0.30  10.0  1.42 

Ni/ 
SA550  

45.7  25.4  0.31  9.7  1.45 

Ni/ 
SN600  

36.6  32.5  0.30  9.7  1.44 

Ni/ 
SN800  

9.5  19.1  0.04  10.0  1.45  

* ICP analysis 
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different ions [34,35]. Indeed, biological apatites differ chemically from 
stoichiometric HAp in that they contain additional elements substituted 
into the HAp lattice. Table S2 (Supplementary material) indicates the 
presence of ions such as Cl-, Na+ and Mg2+. 

The lattice dimensions increased after Ni impregnation and the 
subsequent heating, which may be related to the substitution of Ca2+ in 
the apatite structure by Ni2+. Moreover, the chemical impregnation also 
resulted in an alteration of the lattice dimensions: K2CO3 led to a more 
marked expansion in the c axis, whereas for H2SO4 the expansion was 
higher in the a axis. These results could be attributed to the incorpora
tion of several species into the apatite lattice by ion exchange, such as K+

and SO4
2-. The results of Table S2 confirmed a small amount of S in the 

samples treated with H2SO4 (absent in both the precursor and samples 
treated with K2CO3), as well as an increase in the amount of K in the 
samples treated with K2CO3. 

The intensity ratio (rc/a) of diffraction patterns corresponding to 

apatite (002) (c-axis) and (300) planes (a-axis) was used to calculate the 
dominant growing plane of the apatite crystals. rc/a values (summarised 
in Table 2) showed that the acid or alkali treatment and the HTT clearly 
conditioned the crystal growth, providing anisotropic characteristics to 
the obtained bioapatite. Two main behaviours can be outlined; (i) rc/a 
was higher for air-heated samples, that is, the calcination in air atmo
sphere may favour the crystal growth predominantly in the c-axis; and 
(ii) as HTT increased, the apatite crystallites grew preferentially in the a- 
axis orientation, as suggested by the lower rc/a values. The actual nickel 
loading of the catalysts (Table 1) was very close to the nominal value of 
10 % for all catalysts, which corresponded to around 1–3 times the 
theoretical monolayer amount for the supports calcined in air, and 
above ten-fold for the supports activated in pyrolysis conditions 
(exception Ni/SN600, for which 3). This situation could anticipate a 
larger dispersion in the air-calcined series. However, NiO nanoparticle 
size measured from XRD analyses (Table 2) reflected the opposite 

Fig. 1. PSD of the synthesized catalysts. A) Effect of HTT and activating agent in air (low HTT thin line; high HTT thick line); B) Effect of HTT and activating agent in 
pyrolysis conditions and C) Effect of activating agent (H2SO4 red; K2CO3 black). For comparison purposes, PSD of support, before metal impregnation, is shown by 
dashed lines. Prior to the N2 adsorption-desorption, the sample was degassed at 300 ºC for 10 h under He flow. 

Table 2 
XRD characteristics of catalysts of Ni supported on bone char.  

Catalyst CI a (Å) c (Å) Volume (nm3) rc/a dHAp (nm) dNiO (nm) 

Ni/HAp  0.50  9.41307  6.87643  0.52766  0.94  24 7 (n.d.) 
Ni/KA350  0.52  9.41093  6.87854  0.52758  1.03  27 14 
Ni/KA550  0.57  9.41008  6.88123  0.52770  0.83  40 13 (16) 
Ni/KN600  0.70  9.41503  6.88458  0.52851  0.71  53 9 
Ni/KN800  0.72  9.41401  6.88121  0.52813  0.52  93 10 
Ni/SA350  0.50  9.41644  6.87673  0.52806  0.97  26 9 (10) 
Ni/SA550  0.60  9.42095  6.87947  0.52878  0.93  25 17 (21) 
Ni/SN600  0.62  9.42069  6.87822  0.52865  0.85  23 14 (26) 
Ni/SN800  0.73  9.42663  6.87698  0.52923  0.51  75 7 

In brackets the crystallite size of metallic Ni after reduction in H2 flow at 400 ◦C. 
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behaviour. For instance, the precursor of Ni/KA550 catalyst contained 
NiO particles of around 13 nm whereas Ni/KN600, charred even at a 
higher temperature, contained smaller ones of around 9 nm. These re
sults suggest that, in addition to the Ni loading, the rc/a parameter could 
also determine the NiO crystal size, indicating that heating in air at
mosphere favoured the NiO crystallite growth. 

3.1.3. Redox properties 
The effect of the chemical activation of the precursor on the reduc

ibility of the Ni species is shown in Fig. 3. The hydrogen uptake of the 
selected catalysts started at around 200 ºC and several hydrogen con
sumption peaks could be identified. The H2-TPR profile was deconvo
luted into five hydrogen consumption events (Fig. S5, Supplementary 
material). The peak at around 250 ºC (α-peak) was ascribed to the 
reduction of surface oxygen species in bioapatite [31,36]. The reduction 
of NiO oxides was divided into three temperature ranges in the 300–500 

ºC range. The peak at around 300 ºC (β1-peak) was attributed to easily 
reducible, small NiO particles with weak interaction with the support 
[37,38]. The peak from 370-400 ºC (β2-peak) was assigned to the 
reduction of species having mild interaction with the support (for 
instance, the NiO particles previously identified by XRD). However, the 
subtle right shoulder, denotes that it could also include the reduction of 
some less reducible species, such as Niδ+ in the apatite [39]. The in
tensity of this band notably varied with the activation treatment and it 
represented the main hydrogen consumption for all the investigated 
catalysts. The reduction peak at 450–500 ºC (γ1-peak) was attributable 
to species with strong interaction with the support, likely ion exchanged 
Ni2+ in the Ca2+ sites of the apatite [39–41]. Finally, the hydrogen 
consumption at high temperatures was ascribed to the dehydroxylation 
of the apatitic support (γ2-peak) [42]. Note that the bone char used as 
precursor was stabilised at 500 ºC. It is worth mentioning that the 
hydrogen consumption in the reference catalyst Ni/HAp and Ni/SA350 
catalyst largely exceed the stoichiometric value, and thus, suggested that 
the dehydroxylation of the support took place. Also, the occurrence of 
carbon gasification reactions (i.e. reaction between C in bone char and 
hydrogen to produce methane) should not be discarded at high tem
peratures [43]. 

The position of the reduction peaks and H2 consumption values are 
listed in Table 3. It was observed that small NiO particles represented 
around 8 % (in moles) of the nickel loaded in the reference catalyst. The 
nickel was roughly distributed into equal parts in NiO particles with 
mild interaction with the support (β2-peak, 371 ºC) and ion exchanged 
species (γ1-peak, 470 ºC). Indeed, although the calcium nickel apatite 
phase could not be identified by XRD, the aforementioned lattice 
parameter values support the substitution of various ions in bioapatite. 
The reduction temperature of Ni2+ species in Ni/SA350 catalyst was 
similar to the reference catalyst, likely due to the similar HTT applied. 
The extremely high H2 uptake of γ1-peak suggested that the dehydrox
ylation of the support took place at lower temperatures (around 482 ºC) 
as compared to the reference catalyst, coinciding with the ion exchanged 
Niδ+ reduction range. This behaviour suggested that the acid treatment 
originated a more labile support, not sufficiently stabilized, due to the 
low HTT applied. 

The increase of the HTT to 550 ºC or above, significantly modified 
the H2 consumption profile. β2-peak increased by around 24 %, 56 % 
and 70 % for Ni/KA550, Ni/SA550 and Ni/SN600 catalysts, respec
tively, as compared to that of Ni/HAp. Moreover, the peak was centred 
at slightly higher temperature (ΔTmax ~ 11–27 ºC). These results evi
dence that the activation of the support produced a larger amount of 
bulk NiO in these three catalysts, and with a stronger metal-support 
interaction as compared to the reference catalyst (peak maximum shif
ted to higher temperature). The contribution of some ion exchanged 
Niδ+ species or the existence of NiO particles located within the bio
apatite channels should not be discarded. The greater amount of large 
pores in these chemically activated catalysts (Fig. 1) would support this 
hypothesis. 

3.1.4. Surface characteristics 
FTIR spectra (Fig. 4) confirmed the characteristic features of apatite 

with the fundamental vibrational modes of ν1(PO4
3-) at around 

962 cm− 1, ν2 (PO4
3-) at 474 cm− 1, ν3 (PO4

3-) at 1040–1090 cm− 1 and ν4 
(PO4

3-) at around 566 cm− 1 and 603 cm− 1 [44,45]. The bands at 
633 cm− 1 and 3572 cm− 1 are characteristic of the stretching vibrations 
of OH- groups in apatitic environment [46]. These latter bands were 
difficult to detect in the reference catalyst and those treated at HTT 350 
ºC, suggesting that these catalysts contained poorly crystallized apatite, 
as confirmed by XRD. Moreover, carbonate features with a doublet at 
around 1450–1550 cm− 1 and a singlet around 879 cm− 1 were observed 
[47]. The broad shoulder at around 1480 cm− 1 can be attributed to the 
presence of surface labile carbonate [48]. The thermal treatment 
increased the intensity of the characteristic bands of the apatite phase (i. 
e. the OH- stretching bands at 633 cm− 1 and 3572 cm− 1 increased with 

Fig. 2. Specific surface area of chemically activated Ni/HAp catalysts against 
apatite crystal size. 

Fig. 3. Reduction profiles of selected catalysts.  
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HTT). This was likely due to the combined effect of the apatite crystallite 
growth and the removal of other constituents from the surface as tem
perature increased. Also, the main bending mode of the PO4

3- at 
1045 cm− 1 was slightly red shifted what may be a signal that anions 
substituting OH- in the apatite structure (i.e. F-, CO3

2-, etc.) were leached 
out [49,50]. The inverse relationship between the carbonate features 
and those corresponding to the apatitic OH- groups supports the above 
idea. That is, samples where the signal of the apatitic OH- groups at 
3572 cm− 1 was not observed showed more prominent features in the 

carbonate region. 
The XPS survey scans (Table S3, Supplementary material) showed O, 

Ca and P as the most abundant elements in the as-prepared catalysts 
with a significant amount of C (i.e. 4.6–9.1 at %) and low amounts of 
other elements such as K, Na, Si, N, Cl. The surface concentration of K in 
the catalysts based on alkali-treated bone char increased (1.5 at %) 
whereas in the acid-treated catalysts decreased to 0.6 at % (pristine 
material: 1.0 at %), in accordance with the ICP results (Table S2, Sup
plementary material). This behaviour was more marked in the reduced 

Table 3 
H2-TPR results of the most active catalysts. H2 total uptake in mmolH2/g, peak contribution in % of the loaded Ni.  

Catalyst H2 total uptake (1) Ni2+ species 
(β1-peak) 

Ni2+ species 
(β2-peak) 

Exchanged 
Ni2+ species 
(γ1-peak) 

Dehydroxylation (2) (γ2-peak) 

Ni/HAp  2.73 (1.92) 9.8 (281 ºC) 53.4 (371 ºC) 41.1 * (474 ºC) 0.72 (560–652 ºC) 
Ni/KA550  1.93 (1.66) 19.5 (308 ºC) 67.6 (384 ºC) 11.4 (494 ºC) 0.30 (615 ºC) 
Ni/SA350  2.56 (1.70) 11.6 (302 ºC) 49.2 (374 ºC) 78.3 * (482 ºC) 0.19 (674 ºC) 
Ni/SA550  1.89 (1.66) 9.9 (303 ºC) 86.9 (398 ºC) 6.1 (456 ºC) 0.18 (543 ºC) 
Ni/SN600  1.75 (1.66) 6.0 (308 ºC) 96.0 (391 ºC) 3.4 (455 ºC) n.d. 

(1) In brackets, the theoretical uptake of the loaded nickel. 
(2) In mmolH2/g. 
* Includes the reduction of exchanged Ni2+, dehydroxylation and gasification. 

Fig. 4. FTIR spectra of catalysts of Ni supported on bone char.  

Table 4 
XPS results of as prepared (calcined) and in-situ reduced catalysts. Units wt %.  

Catalyst As-prepared Reduced  

Ni (1) Ni2+/Ca2+ (2) Ni 2p3/2 (eV) Ni (3) Ca/P Ca/P bulk (4) Ni (1) Ni2+/Ca2+ (2) Ni 2p3/2 (eV) Ni (5) Ca/P 

Ni/HAp  3.0  0.23 854.3/856.4  50  1.29  1.44  2.6  0.09 852.1/856.1  33  1.35 
Ni/KA550  7.1  0.43 853.7/855.6  62  1.42  1.48  5.7  0.15 852.4/855.4  46  1.54 
Ni/SA350  4.7  0.25 854.3/856.3  50  1.38  1.42  3.2  0.07 852.4/856.8  51  1.44 
Ni/SA550  3.7  0.19 853.5/855.6  50  1.39  1.45  2.7  0.06 852.2/856.8  50  1.43 
Ni/SN600  3.3  0.16 853.7/855.9  46  1.37  1.44  2.5  0.06 851.9/856.5  46  1.41 

(1)Total Ni (wt %) 
(2)atoms/atoms 
(3)Relative amount of Ni2+ as NiO (wt %) 
(4)ICP-AES 
(5)Relative amount of metallic Ni (wt %) 
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catalysts, where the K content increased up to 3.9 at %. As expected, 
after the reduction the surface C content notably decreased in all sam
ples (Table S4). Interestingly, the relative concentration of Ca and P 
atoms increased in the activated samples, which could be related to the 
surface enrichment in the apatitic phase after the activation of the 
supports. Moreover, the surface Ca/P atomic ratios (Table 4) were even 
lower than those measured by the bulk analysis. This could be due to 
either the substitution by ion exchange of the Ca2+ species in the apatite 
surface by Ni2+ or the existence of NiO particles that cover the surface 
sites of Ca. Among the treated samples, the surface Ca/P values were the 
lowest after acid activation. Furthermore, the relative atomic content of 
Ni on the surface was much lower than bulk content (i.e. around 3 at % 
for the pristine material, Table 4) which increased upon chemical 
treatment (i.e. up to 7.1 at % in calcined Ni/KA550). 

The XPS data of both Ca 2p3/2 and O 1 S spectra are shown and 
discussed in Supplementary material (Fig. S6). Concerning the Ni 2p 
spectrum of the calcined catalysts (Fig. 5), a spin-orbit doublet at around 
855 eV was observed, characteristic of Ni 2p3/2 [37,51]. The XPS spectra 
could be deconvoluted into two peaks, reflecting the existence of at least 
two different chemical environments of the Ni2+cations, in line with the 
H2-TPR profiles. The peak appearing at around 854 eV (and the broad 
satellite centred at around 861 eV) was attributed to NiO [52]. The peak 
at around 856 eV reflects the existence of nickel species in a more 
oxidized form. However, this peak cannot be assigned with complete 
certainty due to the complex main line splitting due to multiplet con
tributions in nickel oxides. It could also be assigned to Ni2+ (Ni(OH)2) 
species (856.3 eV) [53] or Ni3+ species (NiOOH, OH-Ni-O-P in apatite) 
reported at around 856–857 eV [39,54]. The reference catalyst showed 
peaks at 854.3 eV and 856.4 eV. A major variation was found in the BE 
values for Ni/KA550, Ni/SA550 and Ni/SN600 catalysts (Table 4 and 
Fig. 5), whereas for Ni/SA350 the BE values were similar to those of the 
reference material. 

After reduction at 400 ºC (Fig. 5), a BE near 852.4 eV appeared, 

characteristic of metallic Ni [55]. The NiO peak at 854.3 eV disappeared 
whereas that at around 856 eV could still be observed in all catalysts, 
reflecting the presence of Niδ+ species with strong interaction with the 
support that were difficult to reduce. This peak appeared at the highest 
BE values for Ni/SA550 and Ni/SN600 catalysts (Table 4: 
856.5–856.8 eV). Similarly to the variations found in TPR profiles 
(Fig. 3) it can be assigned to nickel species with a stronger Ni-support 
interaction (i.e. β2-peak at highest temperature). Contrarily, in 
Ni/KA550 catalyst it appeared at a lower BE of around 855.4 eV. 

Moreover, XPS data revealed an equimolar amount of the two Ni 2p 
3/2 species in the prepared (calcined) catalysts (Table 4). Ni/KA550 
catalyst differed from the general trend, and showed a remarkable 
enrichment of Ni at the topmost layer (e.g. Ni/Ca atomic ratio of around 
0.43), with 62 % of the loaded Ni being as free NiO at the surface. 
Consequently, Ni/KA550 catalyst contained the highest amount of 
metallic Ni (2.6 at %) upon reduction. Note that bulk Ni content for this 
sample was similar or even lower than that in the reference catalyst 
(Table 1: 9.7 vs. 11.3 wt %). 

3.2. WGS performance under ideal conditions 

Fig. 6 shows CO conversion as a function of temperature using an 
ideal reaction mixture. The reference catalyst Ni/HAp showed poor WGS 
activity up to 400 ºC (XCO ≤ 27 %). However, as temperature increased, 
the CO conversion rapidly reached 99.6 % at 425 ºC. This conversion 
was above equilibrium, indicating the occurrence of side reactions that 
consumed CO. 

The activation of the support strongly modified the catalytic per
formance; the activity was enhanced in some cases whereas it was 
deteriorated in others. A first analysis of the light-off curves evidenced 
that the activation of biochar in inert atmosphere had a negative effect 
on the WGS performance (curves in Fig. 6A were shifted to the right). 
Catalysts based on K2CO3-treated biochars (Ni/KN600 and Ni/KN800) 

Fig. 5. XPS spectra of Ni 2p3/2 region of selected catalysts.  
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did not surpass 20 % CO conversion in all the temperature range, with 
little difference between them. Catalysts based on H2SO4-treated bio
chars (Ni/SN600, Ni/SN800) also showed poor catalytic performance 
(XCO ≤ 10 %) below 400 ºC. Only Ni/SN600 catalyst reached the equi
librium conversion, although at around 450 ºC. For this catalyst, the 
temperature for 50 % conversion (T50), was about 25 ºC higher than that 
of reference Ni/HAp (Table 5). 

The air-calcined catalysts showed the best WGS activity. Among 
them, the acid treatment improved the WGS activity (curves in Fig. 6B 
were shifted to the left). Likewise, the activity of the acid-treated cata
lysts increased with HTT. The T50 values (Table 5) varied as follows: Ni/ 
SA550 < Ni/SA350 < Ni/HAp < Ni/KA550 ~ Ni/KA350. Hence, the 
most active catalyst (Ni/SA550) lowered the T50 value by around 50 ºC 
with respect to the reference catalyst. Note that all catalysts surpassed 
the equilibrium CO conversion in WGS, evidencing the occurrence of CO 
consuming side reactions. 

Several representative results are shown in Table 5, including RCO 
(specific reaction rate at 350 ºC, per gram of catalyst) and the apparent 
activation energy. The highest activity was obtained when Ni was sup
ported on the pristine biochar (RCO = 3.03 µmolCO/gcat.s). For similar 

HTT, the supports calcined in air atmosphere (Ni/KA550 and Ni/SA550) 
provided more active catalysts than those treated in inert atmosphere 
(Ni/KN600 and Ni/SN600): 28 % of increase for alkali treated samples 
and 74 % of increase for acid treated samples. The oxidizing atmosphere 
also lowered T50, independent of the chemical activation used. The 
chemical activation significantly lowered the activation energy of the 
WGS reaction, especially in nitrogen atmosphere. For example, Ni/ 
SN800 showed a three fold lower activation energy as compared to the 
reference Ni/HAp catalyst (46.8 vs 127.5 kJ/mol). 

3.3. WGS under realistic conditions 

The investigation was extended to realistic WGS conditions for the 
most active catalysts (Fig. 7). Ni/KA550, Ni/SA350, Ni/SA550 and Ni/ 
SN600 catalysts were selected to allow the comparison between cata
lysts activated varying HTT, activating agent and heating atmosphere. 
The reference catalyst Ni/HAp was also included in the series. The re
sults showed that changing the feed composition from ideal to realistic 
conditions the light-off curve downshifted between 41 and 81 ºC for Ni/ 
HAp, Ni/KA550 and Ni/SA350 catalysts, i.e. catalysts were more active 
for CO conversion (for comparison, all curves are depicted in Fig. S2, 
Supplementary material). This behaviour could be attributed to the 
increased concentration of reactants in the feed, and suggests a positive 
reaction order for CO and H2O [56]. In terms of CO conversion, 
Ni/SA350 catalyst was the most active. Actually, it was the unique 
catalyst that improved the activity of the reference catalyst (T50: 334 ºC 
vs 304 ºC for Ni/HAp and Ni/SA350). The effect of feed composition on 
catalysts supported on bone char treated with acid at high HTT is 
interesting to note. 

The activity of Ni/SA550 and Ni/SN600 catalysts was enhanced for 
the low temperature WGS (below 350 ºC); however, as temperature 
increased, the activity was deteriorated. For instance, switching the feed 
to realistic conditions, the T50 of Ni/SN600 was reduced by 41 ºC; 
nevertheless, the maximum CO conversion hardly surpassed 53 %. 

Fig. 7B shows the evolution of methane yield with temperature. The 
most active catalysts (Ni/HAp and Ni/SA350) showed an extremely high 
methane formation (YCH4 up to 49 % and 32 %, respectively), resulting 
in a negative H2 net production (Fig. 7C). 

That is, part of the H2 fed was consumed in side reactions. The 
comparison of Ni/SA350 and Ni/SA550 catalysts is useful to analyse the 
effect of HTT on the methanation activity. As HTT was increased, the 
methanation was inhibited. Ni/SA550 catalyst provided the lowest 
methanation activity, yet it lacked of sufficient WGS activity (i.e. YCH4=

3.5 % and XCO = 83 % at 450 ºC). Indeed, the main drawback of Ni 

Fig. 6. Light-off curves for (A) Catalysts based on N2-calcined biochar; (B) Catalysts based on air-calcined biochar. The 50 % conversion line is also depicted.  

Table 5 
Results of kinetic measurements for Ni catalysts supported on bone char.  

Catalyst Ideal conditions Realistic conditions 

T50 

(ºC) 
RCO @ 350 ºC 
(µmolCO/gcat.s) 

Ea (kJ/ 
mol) 

T50 

(ºC) 
YCH4 (%) 
(1) 

Ni/HAp 408  3.03  127.5 334 41.2 (350 
ºC) 

Ni/ 
KA350 

425  2.37  76.3 n/a n/a 

Ni/ 
KA550 

427  1.20  93.5 362 8.9 (375 
ºC) 

Ni/ 
KN600 

n/a  0.94  78.4 n/a n/a 

Ni/ 
KN800 

n/a  1.46  89.7 n/a n/a 

Ni/ 
SA350 

385  2.09  116.1 304 18.9 (325 
ºC) 

Ni/ 
SA550 

362  1.25  99.6 369 3.3 (425 
ºC) 

Ni/ 
SN600 

435  0.72  70.2 394 15.2 (n/a) 

Ni/ 
SN800 

n/a  0.80  46.8 n/a n/a 

n/a non achieved; (1) methane yield at the minimum temperature for equilib
rium (in brackets) 
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catalysts is their high activity for methane formation [57]. Among the 
most active catalysts, the lowest values of methane yield were measured 
for Ni/KA550. Among the strategies to reduce the methanation of Ni 
catalysts, the addition of alkaline metals such as K has proved to be 
effective [58]. The authors ascribed this behaviour to the increase of 
weakly basic OH- groups on the modified catalyst. If the associative 
mechanism is applicable for the WGS reaction, a large amount of OH- 

groups is important to form surface intermediate [59]. Indeed, potas
sium can supply active hydroxyl groups to the adsorbed CO species. In 
this context, it is hardly surprising that the alkali-treated catalyst 
(Ni/KA550) showed the most balanced catalytic behaviour. It reached 

the WGS equilibrium conversion at 400 ◦C (XCO,eq ~ 90 %) with a six 
fold decrease in the methane yield as compared to the reference catalyst. 

4. Discussion 

According to the results, chemical activation modified the WGS 
performance. Taken into account the values of specific surface area and 
the catalytic results (Table 1 and Fig. 6), it seemed that the very low SBET 
surface area of Ni/KN600, Ni/KN800 and Ni/SN800 catalysts hindered 
their WGS catalytic activity. 

The results evidence an intense methanation activity for the refer
ence catalyst (YCH4 = 49 % at 375 ºC) during the WGS runs with H2/CO2 
co-feeding, whereas in general, the methane yield of catalysts of Ni 
supported on bioapatite was reduced after activation. The high C con
tent of the reference catalyst (9.2 wt %) compared to the chemically 
activated counterparts suggested that the hydrogenation of the carbo
naceous material could represent an important source for CH4 forma
tion. The results showed that chemical activation removed the bulk 
carbonaceous content of support, especially at HTT = 550 ºC or above, 
suggesting that acid and alkali treatment swiped-off the carbonaceous 
residue on bone char [60]. 

Nevertheless, the surface carbonaceous content could not explain by 
itself the observed high variability in the WGS activity and selectivity of 
the catalysts. As an example, surface analysis revealed quite a similar C 
content in the reference catalyst Ni/HAp (1.5 at %) and other catalysts 
such as Ni/KA550 (1.1 at %), though with a five-fold difference in the 
methane production (YCH4 ~ 10 vs. 50 % at 375 ºC). Analogously, Ni/ 
SA550 and Ni/SN600 catalysts contained a similar carbon total content 
(0.4–0.5 wt %). The latter catalysts were prepared by thermal heating of 
the same specimen (the acid treated precursor) and showed comparable 
textural properties. Moreover, H2-TPR data revealed a similar reduc
ibility of Ni2+ species in these catalysts although heated under different 
atmosphere. However, Ni/SN600 catalyst showed poor WGS activity (it 
did not surpass 50 % CO conversion) with a negative hydrogen yield 
(YH2 = − 59 vs. 27 %, at 425 ºC) and five-fold larger methane formation 
than Ni/SA550 (YCH4 = 14.3 vs. 3.2 %, at 425 ºC). Thus, the heating 
atmosphere has an important effect on the activity of the catalyst. 

Regarding the effect of the atmosphere, the treatment in inert at
mosphere possesses a negative effect on porosity. As previously dis
cussed (Section 3.1.1.), at similar HTT, it yields catalysts with 20–56 % 
lower SBET values. The better textural properties of samples activated in 
air atmosphere are attributed to the beneficial effect of the combustion 
reactions of carbon and hydrogen that take place during the thermo
chemical activation of the bioapatite support [12]. Moreover, the data of 
the same research suggest that the oxidizing atmosphere takes part in 
the generation of OH- functional groups from the reaction of oxygen 
with hydrogen in the support. For example, in the case of SA550 and 
SN600 supports (used in this work to configure Ni/SA550 and Ni/SN600 
catalysts), the ratio between the FTIR peak areas of OH- and phosphate 
was larger for the former support (0.75 vs 0.57). Nevertheless, the FTIR 
data of the catalysts are not in good agreement with those of the sup
ports (Fig. 8B). As will be discussed below, the transformation of the 
hydroxyl groups of bioapatite (both those existing in the apatite lattice 
and those formed during the activation step) to NiO during the calci
nation step would explain this phenomenon. The formed NiO sites 
would result in favourable active sites for the WGS reaction upon 
reduction. 

Overall, Ni/SA550 and Ni/KA550 catalysts showed the best WGS 
performance, since the equilibrium CO conversion was attained with 
limited methane production, thus evidencing the beneficial effect of the 
oxidizing atmosphere. Indeed, these were the unique catalysts that 
provided a positive hydrogen yield at realistic conditions. Between both 
samples, the alkali treated catalyst showed, by far, the highest selectivity 
to hydrogen (YH2 @400 ºC: 51.3 vs 18.5 %). It has been reported that the 
addition of alkaline metals onto bone char can improve the CO con
version with suppression of the methanation because of the increase in 

Fig. 7. WGS performance of selected Ni catalysts under reformer outlet stream 
conditions. Feed (in % vol.): CO/H2O/CO2/H2 = 5/46/4/31, balance N2. (A) 
Light-off curves; (B) Methane yield; (C) Hydrogen yield. 
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weak basic sites [58,61]. NH3-TPD analyses (Fig. S7, Supplementary 
material) indicated around two-fold decrease in the amount of acid sites 
in Ni/KA550 catalyst as compared to the reference sample (57.3 vs 
117.9 µmolNH3/g). In general, a positive correlation can be observed 
between acid-site density and methane yield [62]. Indeed, the treatment 
with K2CO3 reduced both the strength and the amount of acid sites. 
Since CO2 and CO are slightly acidic and basic, respectively [63], a 
decreased acidity would facilitate the desorption of the as formed CO2, 
before undergoing further hydrogenation to methane. It is known that 
CO2 can be strongly adsorbed onto strong acid sites [64]. Moreover, a 
stronger binding of CO can result in hydrogenation to CH4 [65]. The 
limitation of the methanation activity is an advantage of using naturally 
derived apatite, due to the presence of such alkalis in its composition 
even without chemical activation. XPS and EDS analyses confirmed the 
presence of low electronegativity heteroatoms (Na, K) at surface level 
(Tables S2 and S3, Supplementary material), which even increased upon 
reduction in hydrogen flow. 

In order to explore in more detail the formation of methane, the Ni0 

crystallite size values were correlated with WGS performance (Table 3). 
It was observed that methane formation was the largest for catalysts 

with the smallest Ni0 size (i.e. Ni/HAp, Ni/SA350). For non-reducible 
supports, since carbonyl is formed on metal surface, Ni0 nanoparticles 
are identified as active sites for methanation [66]. However, the 
observed behaviour was contrary to that reported by others, in which 
CO2 methanation activity increased with Ni0 particle size [67]. Ander
sson et. al. [68] performed DFT and surface studies at ultra-high vacuum 
condition, and found that CO methanation mainly proceeds at 
under-coordinated sites such as step sites. This is because the energy 
barrier for CHO or CO dissociation on such sites are lower than 
closely-packed Ni (111) facet. Interestingly, the CO conversion 
increased with the relative abundance of horizontal reflection planes of 
the apatite phase in the support, as shown in Fig. 8A. 

Fig. 8A shows a clear correlation in which the ignition temperature 
progressively decreased as the relative amount of c-axis facets in the 
apatite (rc/a) increased. The maximum CO conversion showed a 
sigmoidal dependence with a threshold value of around rc/a = 0.7. 
Catalysts with lower values of rc/a hardly surpassed 20 % CO conversion. 
From both indexes, a clear relation could be appreciated where the 
activation of CO molecule seemed to be favoured with the relative 
abundance of c-axis reflection planes of the apatite phase in the support. 
It is likely that a strong activation of the reactant molecules took place in 
specifically structured supports (i.e. non-stoichiometric apatite surfaces) 
[9]. Data in Table 2 suggested that rc/a was more severely affected by the 
heating atmosphere rather than by the chemical treatment. 

XPS data highlighted the effect of the activation on surface charac
teristics. The chemical activation favoured the surface enrichment in Ni 
in both calcined and reduced form of the catalysts (Table 4). Moreover, 
the activation treatments increased the relative contribution of metallic 
Ni after the reduction (Table 4), which increased from around 33 % for 
the reference catalyst to around 50 % for the activated counterparts. The 
XPS spectra of the most WGS active catalysts in reduced form revealed 
an assignment of Ni 2p3/2 peak at around 856–857 eV ascribed to 
oxidized nickel species (i.e. Ni2+/Ni3+ as Ni(OH)2, NiOOH) [69]. For 
Ni/KA550 catalyst, this peak appeared at the lowest BE (i.e. around 
855.4 eV), reflecting the existence of Niδ+ species at intermediate 
oxidation state (δ < 2), likely nickel species in an apatitic environment. 

Interestingly, the WGS activity of the investigated catalysts increased 
as the amount of apatitic OH- decreased (Fig. 8B). According to FTIR 
spectra, the signal of OH- in the apatite at 633 and 3568 cm− 1 was 
notably attenuated for the most active catalysts. Indeed, the trans
formation of the hydroxyl group of bioapatite to oxide has been previ
ously reported by others [70]. This phenomenon can take place, leading 
to the transformation of most OH- groups to NiO, which upon reduction 
would yield more favourable active sites for the WGS. 

5. Conclusions 

The chemical activation of bone char, used as support for Ni cata
lysts, allowed a superior WGS performance with a substantial decrease 
in the methane formation under real reformer conditions. Regarding the 
effect of the heating atmosphere, an inert atmosphere had a negative 
effect due to the collapse of the porous structure of support. Heating in 
air, on the contrary, improved the WGS activity and selectivity to H2. Ni/ 
KA550 catalyst showed the most balanced WGS performance: it reached 
the equilibrium conversion at 400 ºC with a six-fold decrease in the 
methane yield as compared to the non-activated reference catalyst. 

The treatment with K2CO3 reduced both the strength and the amount 
of acid sites, thus leading to the suppression of methanation. The WGS 
activity increased with the relative abundance of horizontal facets of 
apatite crystals, which was more severely affected by the heating at
mosphere than by the chemical treatment. It is hypothesized that the 
activation treatment, by increasing the pore volume and modifying the 
apatite crystal growing geometry, produced an important structural 
disorder and increased the number of defects in the surface of the sup
port. This may facilitate the reducibility of NiO crystallites (formed 
partly from the transformation of the hydroxyl group of bioapatite) and 

Fig. 8. WGS activity related to crystallographic characteristics, (A) Apatite 
crystal orientation from XRD. T20 (hollow symbol) XCO (solid symbol); (B) 
Apatitic OH- from FTIR at 3568 cm− 1. 
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the subsequent surface enrichment in the metallic active phase. 
The demonstrated potential of waste bone, available at large scale, as 

effective catalytic support can represent a promising solution to the 
growing environmental problems. 
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