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Steam reforming of biomass-derived pyrolysis liquids (bio-oil) to produce hydrogen with carbon-based Ni cat-
alysts is gaining attention due to their advantages in terms of cost, sustainability and activity. However, the
catalytic activity at long times on stream is compromised by either coke deposition or gasification of the support.
To face these drawbacks, two activated carbons have been studied as Ni catalyst support: a microporous carbon
of high purity and a mesoporous carbon with phosphorus surface groups. The activity and long-term stability of
these catalysts have been studied for the steam reforming of model compounds of bio-oil. The microporous
support provided a slightly higher Hy production and lower contribution of methanation reaction. However,
gasification of this support after 20 h led to a decline in the activity, and massive formation of carbon nanotubes
and coke. Nevertheless, the resulting material maintained an outstanding stability with high and stable Hy/CO
ratio for 50 h. The P-containing catalyst showed a remarkable long-term stability, but lower Hy/CO ratio. Carbon
gasification was less significant in this catalyst due to the presence of surface phosphorus groups, and the
generation of nickel phosphides, which hampers the growth of pyrolytic carbon and carbon nanotubes, leading to

a superior stability.

1. Introduction

In the current global energy scenario, fossil fuels still represent the
main source for obtaining primary energy [1]. However, the depletion of
these natural resources, together with the increasing concerns about
climate change, are setting new directives and plans towards the
decarbonization of energy by using hydrogen as alternative fuel [2].
Hydrogen is, indeed, considered nowadays as an ideal energy carrier and
a fundamental building-block for the petrochemical and metallurgical
industries. The production of hydrogen is mostly accomplished via
catalytic steam reforming of natural gas and naphtha [3]. However, if a
reduction in the reliance on fossil fuels is targeted, alternative and sus-
tainable feedstocks and routes to produce hydrogen are required.

In this context, lignocellulosic biomass constitutes a promising sus-
tainable feedstock for energy applications due to its great availability
and low price [4,5]. In addition, if lignocellulosic materials, such as
wood, pruning leftovers or other agroforestry wastes, are used for such
energetic purposes, no competition with food crops will take place [6].

* Corresponding author.

The production of hydrogen from biomass can be achieved through
pyrolysis, which generates a solid, a liquid and gas fraction. The gas
fraction is usually rich in CO5 and methane, which can be upgraded to
hydrogen through steam or dry reforming [7,8]. The yield of the liquid
fraction (bio-oil) can be considerably increased under fast or flash
operating conditions [9]. The aqueous fraction of bio-oil can be upgra-
ded or used to obtain hydrogen by catalytic steam reforming [10-12].
Several catalysts have been investigated for hydrogen production by
bio-oil steam reforming. Although noble metals, such as Rh, Pt, or Ir,
have demonstrated a fairly good catalytic performance [13], the high
cost of these elements somehow hinders their use in industrial applica-
tions [14]. On the other hand, transition metals, including Co, Ni and Fe,
have been also analyzed as potential catalysts. Within these alternative
active metals, Ni-based catalysts have received a great deal of attention
due to its high activity and relatively low cost [15]. Different elements as
Cu, Mg or La have been identified as suitable promoters [16,17],
although they would increase costs and require additional preparation
steps. As for the catalyst support, different inorganic oxides, such as
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ZrOy [18], dolomite [19], Al;03 [20] or aluminum oxide spinel [21]
have been investigated. Amongst them, alumina supported catalysts
have been extensively studied due to its high mechanical and thermal
stability and high surface area [10]. However, the use of this support
presents some drawbacks, such as its low hydrothermal stability [22]
and the need of high reforming temperatures (ca. 750 °C) to achieve
stable operation [23]. Furthermore, the surface acidity of alumina has
been reported to promote undesired polymerization reactions, giving
rise to additional problems related to catalyst deactivation by coke
deposition [24]. Alternative catalysts, as coal fly ash, have been pro-
posed to increase industrial competitiveness of steam reforming pro-
cesses, at the cost of using a fossil-derived product of low sustainability
[25]. The role of catalytic supports and promoters in the steam
reforming reaction has been studied in the literature. For instance,
Garcia et al. analyzed the activity of catalysts as a function of their
composition, finding a strong impact of Mg and La as promoters [14],
while Furusawa et al. reported an improved catalytic activity of Al,O3 as
support over ZrOy, MgO, CeO, and TiO2 [26]. The support also modifies
the nature of coke formed on the process, as stated by He et al., who
reported an increased formation of active CNTs at low S/C ratios for
y-Al,03 over a-Al;O3 Ni-catalysts in the SR of toluene [27].

It is also worth to mention, that conventional inorganic supports
require, in some cases, energy intensive preparation methods, such as
hydrothermal synthesis, that make resulting catalyst costly. Besides,
once these catalysts are irreversibly deactivated the recovery of the
active metal phases constitutes a challenge. In this context, the use of
activated carbons as alternative supports for Ni-based steam reforming
catalysts would present interesting techno economical as well as envi-
ronmental advantages. These materials present outstanding physico-
chemical properties, such as high specific surface area, good thermal
conductivity, and high thermal and chemical stability [28]. Another
remarkable feature activated carbon possesses is the possibility of tuning
its surface chemistry through the incorporation of different heteroatoms
on its surface [29-32]. Besides, these carbon-supports can be prepared
using industrial waste as carbon precursor, reducing the cost of the
catalyst and the carbon footprint. Furthermore, the use of these catalysts
could be very interesting from the perspective of increasing the process
circularity and sustainability. In the event of irreversible catalyst deac-
tivation, the recovery of the active phase can be accomplished by gasi-
fication or combustion of the carbon support, obtaining energy and a
solid residue (i.e., ashes) that mostly contains the metal catalyst phase.

Some recent studies on the use of carbon support for catalytic steam
reforming can be found in literature [33-36]. In this line, Yahya et al.
used activated carbon-supported Ni—Co catalysts for hydrogen pro-
duction from toluene steam reforming [36]. Di Stasi et al. reported the
use of Ni—Co catalysts supported on physically activated straw-derived
biochars for different bio-oil model compounds steam reforming [35].
Partial deactivation with time-on-stream was observed for these carbon-
based catalysts under certain operation conditions due to the adsorption
of heavy compounds on the active sites of the catalyst.

The main drawback of carbon-based catalytic systems for SR of py-
rolysis liquids lies on their low gasification resistance. In order to avoid
deactivation via coke deposition, Ni-based SR catalysts are operated at
high steam-to-carbon (S/C) ratios and temperatures [37], which not
only hampers the energy balance of the process, but also leads to the
gasification of the carbon supports by the excess of steam in the gas
stream. The use of conventional alkaline and alkaline earth promoters
(efficient carbonaceous gasification catalysts) [38] to enable the cata-
lytic SR operation under softer conditions would only aggravate the
gasification of the carbon supports, while the addition of other pro-
moters as rare earths [39] or noble metals [20] would severely hinder
the sustainability of using biomass-derived carbon supports. However,
other non-expensive heteroatoms could serve as catalytic promoters for
carbon supports. In this sense, Lu et al. studied tar model compounds for
steam reforming using char-supported nickel catalysts [40]. The authors
found that the addition of P into the catalyst resulted in a better catalytic
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performance, which was attributed to the presence of acid sites together
with an enhancement in the Ni dispersion. This interesting effect of P on
the enhanced catalytic stability of Ni-based catalysts by reducing coke
deposition has been also reported for other inorganic catalysts [41].

Cordero et al. have reported several works on the preparation of
activated carbons by chemical activation of different lignocellulosic
waste with phosphoric acid [42,43]. The use of this chemical as acti-
vating reagent, under particular temperature and impregnation ratio
conditions, yields mesoporous carbon materials presenting phosphorus
surface complexes, mainly in the form of C-PO3 and C-O-PO3 groups,
exhibiting a high thermal and chemical stability, remaining on the
carbon surface after the washing step [44]. These phosphorus complexes
provide the activated carbons with surface acidity and a high oxidation
resistance, making them outstanding candidates for catalysis applica-
tions [45-47].

In the present work, the steam reforming of bio-oil model compounds
for the sustainable hydrogen production using Ni-loaded biomass-
derived activated carbon catalysts was studied. The preparation condi-
tions of these ACs were carefully selected not only to achieve a high
specific surface area to improve the dispersion of the active phase, but
also to obtain i) a microporous support of high purity ii) a mesoporous
support with phosphorus surface groups. For this purpose, the activated
carbons were prepared via partial gasification of a biochar derived from
a lignocellulosic waste, pistachio shell, with CO, activation and by
chemical activation of the same biomass waste with phosphoric acid.
The key role of porosity and phosphorus surface groups in the resulting
catalysts was in-detail analyzed. The stability with time on stream of the
resulting catalyst was also assessed.

2. Material & methods
2.1. Preparation of catalysts

Pistachio shells were selected as raw material to prepare the acti-
vated carbons used as catalyst supports. The as received pistachio shell
(referred as PS) was washed with deionized water at room temperature,
dried and grinded and sieved to particle sizes lower than 2 mm. For the
preparation of the chemically activated carbon, PS was impregnated at
room temperature with aqueous phosphoric acid (85% w/w) using an
acid/PS impregnation mass ratio of 3:1. After that, the impregnated
sample was dried for 24 h at 60 °C in an oven. This mixture was sub-
sequently activated at 500 °C in a horizontal tubular furnace (heating
rate of 10 °C/min) in a N3 atmosphere (99.999%, 150 mL/min STP) for
2 h. Previous studies of our research group [42,48] concluded that
activation temperature of 500 °C and H3PO,4 impregnation rate of 3 are
adequate to obtain an activated carbon with high carbon preparation
yields and high development of the apparent surface area and mesopore
volume.

The activated samples were washed with distilled water at 60 °C
until neutral pH. The resulting activated carbon, PSP, were dried at
120 °C for 24 h and weighted for the determination of the preparation
yield. Afterwards, they were grinded and sieved between 50 and 100
pm. A phosphorus-free activated carbon was prepared by partial gasi-
fication with COs. PS was firstly carbonized at 800 °C in a conventional
tubular furnace under N, atmosphere (150 mL/min STP) with a heating
rate of 10 °C/min and a holding time of 2 h. Then, a partial gasification
of the resulting sample was carried out at the same temperature under
CO4 atmosphere for 2 h (burn-off: 55%), obtaining PSG activated car-
bon. These preparations conditions were chosen in order to obtain a
similar apparent surface area in both PSP and PSG carbons.

The loading of the active phase on both supports was carried out by
incipient wetness impregnation method. A calculated amount of nickel
precursor (Ni(NOs)2-6H0, VWR lab) was added in order to reach a
nominal 10% Ni mass loading on the final carbon-based catalyst system.
The impregnated carbons were dried overnight in an oven at 120 °C,
followed by a thermal treatment under inert atmosphere (N2, 150 mL/
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min STP, heating rate of 10 °C/min) at 700 °C for 4 h, in order to
decompose the nickel salt and promote the formation of the active
phase. The final obtained catalysts were denoted as PSP-Ni for the P-
containing, HsPOy-activated carbon, and PSG-Ni for the P-free, physi-
cally activated carbon.

2.2. Characterization of catalysts

The porosity of the prepared catalysts (before and after reaction) was
characterized by Ny adsorption-desorption at —196 °C and by CO,
adsorption at 0 °C (ASAP 2020, Micromeritics Instruments Corp., Nor-
cross, GA, USA). The samples were outgassed for at least 8 h at 150 °C
under vacuum prior to the analysis.

From the Ny isotherm data, the apparent surface area (Aggr) was
calculated from the Brunauer—Emmett—Teller equation (BET). The P/P
range was selected in accordance to Rouquerol’s criteria [36]. The a-s
method was used to obtain the values of micropore volume (Vg). The
difference between the maximum volume adsorbed (Vi) at a relative
pressure of 0.96 and the micropore volume (V) determined the value of
the mesopore volume (Vpes). From the CO5 isotherm data, the Dubi-
nin—Radushkevich equation was applied to calculate the narrow
micropore volume (Vpg) [36].

The surface chemistry of the fresh and used catalysts was studied by
X-ray photoelectron spectroscopy (XPS), which was carried out in a
spectrophotometer 5700C (Physical Electronics)/PHI 5000 VersaProbe
II (Physical Electronics, Chanhassen, MN, USA), with MgKa radiation
(1253.6 V). For the analysis of the XPS peaks, the maximum of the Cls
peak was set at 284.5 eV and used as a reference for the other peaks.

X-ray diffraction patterns (XRD) of the samples were recorded in the
region 20 = 5-90° on an EMPYREAN diffractometer of PANalytical
using CuKa monochromatic radiation (operation value 45 kV and 40
mA), a PIXcel detector and Soller slits (incident and diffracted beam) of
0.04 rad. The average crystallite sizes (D,) were estimated by the
application of the Scherrer equation (Eq. (1)) from the X-ray wavelength
(A) and the position and full width at half maximum (FWHM) of the
peaks:

0.94-2

Dp=——rt
P = FWHM-cos0

@

Temperature programmed reduction with hydrogen (H,-TPR) was
also used to study the reducibility of the metallic species on the surface
of the activated carbons. In these experiments, 50 mg of sample were
loaded in a quartz fixed-bed microreactor, placed inside a vertical
furnace with temperature control, and heated up to 120 °C in a 5% (v/v)
Hj in Ar stream (100 mL/min). Hy consumption and CHy, H20, CO, and
CO4 generation were monitored by mass spectrometry (Pfeifer Omnistar
GCD-301), recording the signals m/z = 2, 15, 18, 28 and 44, respec-
tively. Signal m/z = 32 was also recorded in order to ensure the absence
of oxygen in the experiment, while m/z = 40, associated to the argon
carrier, was followed for reference purposes.

Raman spectra were recorded with a micro-Raman system
(Renishaw) using an Ar + laser at 514 nm as the excitation source, with a
spectral resolution of 2 cm. Two scans were carried out using a power of
0.27 mW, 10 s of acquisition time and a 50 x magnification.

The morphology of the catalysts was studied by transmission elec-
tron microscopy (TEM) in a FEI Talos F200X microscope at an acceler-
ating voltage of 200 kV and in a high annular dark field (HAADF).
Energy dispersive X-ray (EDX) mapping analysis of the samples gave
information about their chemical composition and the distribution of
carbon, oxygen, phosphorus and nickel.

2.3. Steam reforming reaction experiments
Steam reforming experiments were carried out at atmospheric

pressure in a fixed-bed microreactor (i.d. 4 mm) placed inside a vertical
furnace with temperature control. An equimolar mix of acetone, ethanol
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and acetic acid (0.75% v/v each) was used as model compound to
simulate the ethanol extract of pistachio shell bio-oil. The steam
reforming of each one of these compounds would proceed in accordance
with the next set of reactions:

C,Hy Oy + (20 — k)H,0—n CO, + (211 —k+ %) H, @

The steam reforming reaction of every oxygenated compound is
described by Eq. (2) and therefore was taken into consideration to define
the global stoichiometry of the process.

The steam to carbon molar ratio (S/C) was set to the stoichiometric
value in order to minimize the steam gasification of the carbon support.
The water and the compounds simulating the bio-oil were fed together
to the system with a 1.357 mL/h rate by using a syringe pump (Cole-
Parmer® 74,900-00-05 model) with argon (purity of 99.999%, Linde,
180 mL/min STP) as carrier gas, achieving a total flow rate of 200 mL/
min STP. A scheme of the experimental set-up can be shown in Fig. S1.

To avoid condensation of any compound, all pipelines were heated
up to 120 °C.

In a typical experiment, 50 mg of catalyst (space time of 50 gcat-S/
mmol) were loaded in a quartz reactor (inner diameter: 4 mm) The
catalyst bed was placed in the isothermal zone of the reactor, and an
internal thermocouple was used to ensure that the temperature of the
bed is kept constant. The reaction took place under isothermal condi-
tions at 600 °C or 700 °C. Before starting the reaction, a reduction stage
consisting of a treatment of the catalysts at 600 °C with a 20% H; in Ar
stream for 2 h, was carried out in some of the experiments. An experi-
ment with only water as reactant in the gas inlet was also carried out for
each catalyst to evaluate the possible gasification of the activated car-
bons under the reaction conditions.

Concentrations of gas reactants and products were measured by an
online Varian CP-4900 gas micro chromatograph (Agilent), equipped
with capillary columns: 5 A molecular sieve, PPQ, and wax columns. The
mass variation of the catalytic bed was quantified by directly weighing
the reactor before and after reaction.

The conversion for each reactant was defined based on the inlet and
outlet concentration (Eq. (3)), whereas the yield of the products of in-
terest was calculated from the corresponding product outlet concen-
tration with respect to the stoichiometric concentration of hydrogen or
carbon. According to this, the conversion of reactant and the yields of Hy
(Eq. (4)) and the carbon-containing by-products (Eq. (5)) were defined
as follows:

Ci.in - Ci.out

X, = —Lin — Ziout 3

Ci.in ( )
C OUl

Vi = e 3G +H32:c’ +2-C )
H,0,in CH3CH,OH CH3COCH3 CH3;COOH
m,-C,

Y, = =t 2— (5)

? Z (mi . Ci,nur)

where X; represents the conversion of each reactant, Yy, the yield of
hydrogen, and Y, the yield of each carbon-containing product. C;;; and
Ci our are the inlet and outlet concentration of corresponding i molecule,
respectively; and, finally, n; and m; stands for the total number of H or C
atoms in every reactant, respectively.

Conversion and yield values at equilibrium have been estimated by
simulating the steam reforming reaction with Aspen HYSYS V10 simu-
lation software. A Peng-Robinson thermodynamic package together
with all the detected compounds were used as input. The inlet was fed to
an isotherm Gibbs reactor module, where working conditions and all the
possible reactions were set, and which provides both composition of the
gaseous outlet and amount of generated coke by minimizing the Gibbs
free energy of the reaction system.
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3. Results and discussion
3.1. Characterization of the catalysts

The N, adsorption-desorption isotherms at —196 °C of the physically
activated pistachio shell (PSG) and chemically activated pistachio shell
(PSP) are compared in Fig. 1. Notable differences can be appreciated in
the nitrogen uptake and shape of the adsorption isotherms. PSG shows a
type I adsorption isotherm according to the IUPAC classification [49],
indicative of the presence of mainly a microporous structure, while PSP
shows a type IV adsorption isotherm, suggesting the presence of both
micro and mesoporosity.

The derived porosity parameters are compiled in Table 1. PSP shows
higher values of apparent surfaces area (Apgr), micropore and mesopore
volume than PSG. The NLDFT pore size distribution derived from the
respective Ny and CO; adsorption isotherms, Fig. 1B, confirms that the
COq-activated carbon has developed a narrow microporosity, with
>90% of the pore volume represented by pores of sizes below 1.2 nm
and a maximum in the pore size distribution centered at 0.65 nm (see
inset on Fig. 1B). However, the chemical activation of PS with H3PO4 has
rendered a porous carbon (PSP) with a bimodal pore size distribution,
also showing a sharp peak corresponding to micropores, with a
maximum centered at 0.9 nm, and an asymmetric broadband showing a
maximum for the pore size at 1.2 nm, a wide shoulder from 2 to 5 nm,
which accounts for 24% of the distribution, followed by a long tail that
covers 57% of the pore volume up to pore size of 20 nm. In addition, XRF
and XPS analyses of the chemically activated carbon support clearly
confirmed the presence of P surface species (0.8 and 1.4% wt., respec-
tively). In sum, the disparity between the PSD of the two carbon supports
and the presence of phosphorus in PSP are expected to have a strong
impact on the dispersion and chemical state of the nickel in the final
carbon-based catalytic systems.

Table 1 summarizes the most relevant parameters of the nickel cat-
alysts supported on the chemically (PSP-Ni) and physically (PSG—Ni)
activated carbons. After the impregnation with the metal phase, the
porosity of the resulting catalysts was modified. In the case of PSG—Ni,
the decrease in surface area, micropore, mesopore and total volume was
ca. 10%, suggesting that nickel has been preferentially deposited on the
external surface of the particles, without any significant filling of the
micro- or mesoporosity. Differently, the comparison of the textural pa-
rameters of PSP support and PSP-Ni catalyst reveals a homogeneous
reduction of the porosity parameters of ca. 30%. Most of the decrease on
textural parameters can be associated to the porosity shrinkage caused
by the thermal treatment at 700 °C, Fig. S2, although the possibility of a
porosity blockage by nickel cannot be ruled out. Comparisons between
the pore size distribution of PSP and PSP-Ni, Fig. 1B, confirm the
shrinkage of porosity in the 1-15 nm range, with the largest decrease
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Table 1
Characterization of catalysts.
PSP PSG PSP-Ni PSG-Ni

N, adsorption-desorption isotherm at —196 °C
Aggr (m%/ 2) 1400 965 975 895
Vs (cm3/g) 0.44 0.36 0.29 0.34
Vineso (cm®/g) 1.16 0.05 0.85 0.06
Vit (cm®/g) 1.60 0.41 1.31 0.41
XRF composition (wt%)
P 0.9 0.0 1.5 0
Ni 0 0.0 13.4 10.7
XPS composition (wt%)
C 90.9 91.4 93.0 78.8
(0] 7.7 8.6 4.4 10.8
P 1.4 0.0 0.8 0.0
Ni 0.0 0.0 1.9 10.4
Acidity (TPD-NH3)
NH3 (mmol/g) 0.23 n.m. 0.07 n.m.

n.m.: not measured.

being found for pore widths of 2-5 nm. In addition, although both cat-
alysts have similar Ni contents determined by XRF, the XPS nickel sur-
face concentration is much lower in PSP-Ni than in PSG—Ni, Table 1,
pointing out that a relevant fraction of the active phase has been loaded
within the porosity of PSP-Ni.

Compositional data analyses by XRF confirmed nickel loadings of
around 11 and 13%wt. for PSG-Ni and PSP-Ni catalyst, respectively. The
higher nickel concentration in PSP-Ni can be related to the preparation
temperature of the support, 500 °C. Since the catalyst is annealed at
700 °C, additional weight loss from the support takes part between 500
and 700 °C due to the decomposition of surface oxygen groups such as
anhydrides and phenols [30]. In addition, H3PO4 activated carbons are
known to have phosphate and polyphosphate functional groups on their
surface [31]. These phosphorus groups could be able to react with
nickel, forming nickel phosphide species. The support would provide
carbon atoms as reducing agent, releasing CO, and therefore bringing
additional weight loss of the support, increasing the concentration of the
inorganic fraction of the catalyst (i.e., Nickel). The formation of nickel
phosphide seems to be confirmed by XPS analyses, Fig. 2. Detailed
analysis of the P2p photoemission region (Fig. 2A) shows a wide band at
133.2 eV related to the presence of C-O-P bonds and a narrow band at
129.5 eV that has been ascribed to the formation of nickel phosphide
(P%) [50]. The XPS core level spectrum of Ni2p is reported in Fig. 2B.
The spectrum of PSG-Ni shows two clear bands centered at 852.5 and
856.0, indicative of metallic nickel (Ni) and oxidized species such as
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Fig. 1. A) N, adsorption-desorption isotherms at —196 °C of the PSG-Ni and PSP-Ni catalysts and the parent supports (PSG & PSP, respectively). B) NLDFT Pore size

distribution derived from the N, and CO, adsorption isotherms at —196 °C.
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Fig. 2. A) P2p XPS region of PSP-Ni catalyst. B) Ni2p XPS photoemission region of PSP-Ni and PSG-Ni catalysts. C) XRD of PSG and PSP catalysts.

oxyhydroxides (NiOy), respectively, and a shoulder at 853.7 eV related
to the presence of NiO species [50-52]. PSP-Ni catalyst shows some
change on these peaks. The first one is now found at 853.0 eV, sug-
gesting the presence of Ni species with a small amount of positive charge
(Ni6+), while that related to NiO is no longer found, whereas the one
ascribed to NiOy species is increased and displays a positive shift to
856.5 eV, possibly related to the interaction with remaining phosphate
ions and/or other surface oxygen groups [53], which are not found on
the PSG support.

Deconvolution of Ni2p XPS region spectra, Fig. S3, allows to deter-
mine the presence of each nickel specie in the catalysts, whose relative
areas are given in Table S1. According to these fits, about 35% of the
nickel in PSG-Ni is Ni’, the remainder being nickel oxides that can be
reduced to metallic nickel. In PSP-Ni, P-related compounds represent
approximately half of the nickel species.

The formation of nickel phosphide species in PSP-Ni has been also
corroborated by XRD, Fig. 2C. The XRD pattern of the PSG-Ni catalysts
shows diffraction peaks at 20 values of 44.4 and 51.8, attributed to the
presence of metallic nickel phase, confirming the formation of Ni° spe-
cies observed on the catalyst surface by XPS. The PSP-Ni XRD pattern
also shows the diffraction peaks corresponding to crystalline nickel,
although they are less intense than those related to the presence of NisP
(see square dots in Fig. 2C). The preferential formation of NisP over
other phosphides with lower Ni/P ratio can be understood attending to
the weight ratio of nickel and phosphorus that are put together during
the preparation of the PSP-Ni catalyst. NisP requires a value of 5.7 for
Ni/P weight ratio, whereas the PSP + Ni(NOs), mixture used in the
catalyst synthesis shows a value of 11.1 for Ni/P weight ratio, favoring
the formation of NisP over any other higher P-containing phosphide
species. It should be noted that the synthesis of nickel phosphides usu-
ally requires the reaction of toxic gases as phosphines with metals, the
reduction of metal phosphates by hydrogen, the use of plasma treat-
ments or the thermal decomposition of precursors using long reaction

times and high reaction temperatures (in the range of 1000 °C) [54]. To
our knowledge, this is the first time that the production of nickel
phosphides species through a straightforward thermal treatment pro-
cedure using as P-donating agent a H3POjy-activated biomass source is
ever reported in the literature. The decrease on the acidity of the PSP-Ni
catalyst, as denoted by the NH3-TPR values for PSP-Ni and PSP samples
in Table 1, also confirms the loss of surface C-O-P groups, which are
responsible for the acidity of P-containing activated carbons [55].
Hy-TPR analyses of the catalysts are shown in Fig. S4A-B. PSP-Ni H,
consumption profile consists of two peaks at 330 °C and 480 °C that may
be related to the reduction of free NiO and NiO particles with strong
interaction with the support (which made them less prone to be
reduced), respectively [56]. The small evolution of CH4 at 350 °C can be
related to the reduction of amorphous polymeric carbon species on top
of nickel species, a conventional feature of Ni catalysts that has been
exposed to hydrocarbons under reductive atmosphere at high temper-
atures [57]. These amorphous carbon deposits can be formed during the
annealing treatment of the catalyst at 700 °C. The evolution of HyO (18
m/z line on Fig. S4A) from the reduction of nickel oxide is much higher.
Given that mostly HyO evolution was registered on that temperature
range, the Hy consumption registered for PSP-Ni mainly corresponds to
reduction of nickel oxides particles. In the PSG-Ni catalyst, the higher
and broader H; consumption profile might be interpreted as the
reduction of nickel oxide starting at lower temperatures and proceeding
over a wide range of temperature than for PSP-Ni, Fig. S4B. However, it
is noteworthy the rise of the 15 m/z, related to methane evolution from
the catalyst, at 250-350 °C, probably due to the reduction of amorphous
carbon. Another large methane peak is registered at 530 °C, evidencing
that a relevant fraction of hydrogen has been consumed by the metha-
nation reaction of CO5 evolving from the surface of the PSG-Ni support,
which is catalyzed by nickel catalysts [56]. In addition, hydrogen can be
consumed in the methane formation for the PSG-Ni catalyst, therefore
the amount of reducible nickel has been estimated from the H,O
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evolution for both samples. The results show a hydrogen consumption of
0.68 mmol/g for PSP-Ni and 1.01 mmol/g for PSG—Ni, pointing out that
PSG-Ni catalyst has a larger amount of nickel oxide species. In fact,
considering that all phosphorus in PSP-Ni catalyst is forming NisP, only
8.9% wt. of metallic nickel would be found in PSP-Ni, versus the 10.7%
shown by PSG—Ni. In view of the Hy-TPR results, a hydrogen reduction
treatment at 600 °C prior the steam reforming experiments with PSG-Ni
has been established to achieve full reduction of the active phase.

TEM images from PSG-Ni and PSP-Ni catalysts are gathered in Fig. 3.
The PSG-Ni images reveal a distribution of nickel particles with sizes
ranging from 10 to 40 nm, Fig. 3A. Most of them seem to be placed on
top of the carbon particles, suggesting that the average diameter of the
Ni particle is larger than the mean pore size of PSG—Ni, Fig. 1B. PSP-Ni
catalyst shows a less dense structure of the carbon support, along with
the presence of metal nanoparticles with a broader size distribution,
Fig. 3B. A detailed HR-TEM analysis of these nanoparticles on PSP-Ni
shows a clear crystalline structure, Fig. 3C, in which the observed
interplanar spacing (0.205 nm) corresponds to metallic nickel. In addi-
tion, EDX analysis of different metal nanoparticles reveals large domains
containing nickel and phosphorus (Fig. 3D), confirming the presence of
nickel phosphide, along with small nickel regions which are free of
phosphorus (see white circles in Fig. 3E-F). These results suggest that
nickel in PSP-Ni is distributed between Ni3P and, in less extend, metallic
nickel species.

3.2. Steam reforming of model bio-oil compounds
Bio-oil is a complex mixture of organic compounds and water. The

composition and yields of the different fractions obtained from pyrolysis
of pistachio shell have been recently reported [48,58]. Fig. 4A shows the
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composition of a bio-oil obtained from fast pyrolysis of pistachio shell at
500 °C. The aromatic fraction is regarded as an interesting value-added
product; however, it needs to be upgraded through purification pro-
cesses [59]. The aqueous fraction of biomass pyrolysis liquids has been
envisaged as ideal source of hydrogen [60,61]. Ethanol extraction of bio-
oil can be useful to obtain a raffinate concentrated in phenols and other
oxygenated aromatics. The resulting ethanol extract is rich in acids,
water, ketones/aldehydes and ethanol, Fig. 4B, having an adequate
composition to produce hydrogen through steam reforming. Bearing this
composition in mind, a mixture of ethanol, acetone, acetic acid in
equimolar ratios has been prepared and used as model compounds for
steam reforming using the PSP-Ni and PSG-Ni catalysts, adding water in
a stoichiometric ratio.

Gasification of the support is one of the main drawbacks of using
activated carbons as supports for the preparation of catalysts. In this
sense, when only water was feed to the reactor inlet at 700 °C (at the
same Hy0 molar flow value later used in the steam reforming of model
compounds), the catalysts provided a relevant weight loss that is related
to the gasification of the carbon supports. After 20 h of TOS, burn-off
values of 83.9 and 36.8% were obtained for PSG-Ni and PSP-Ni,
respectively, suggesting that the activated carbon prepared by chemi-
cal activation with H3POy4 delivers a higher resistance to steam gasifi-
cation. Indeed, phosphorus groups provide higher oxidation resistance
due to the preferential formation of phosphate groups on carbon free
sites and the high thermal stability of C-O-P bonds [44]. Moreover, the
inhibition effect of phosphorus on the steam gasification of chars from
lignocellulosic origin has been connected in the literature with the for-
mation of phosphates, suppressing the catalytic activity towards gasifi-
cation [62]. Both phenomena could explain the higher resistance
towards gasification of PSP-Ni. In spite of the gasification of the carbon

Fig. 3. TEM images of A) PSG-Ni and B) PSP-Ni catalysts. C) HR-TEM of PSP-Ni. D-F) HAADF & EDX Ni and P mapping image of metal nanoparticles from PSP-Ni.



P. Cabrera-Reyes et al.

A) B)

53
4.8
1.7 1.1

Fuel Processing Technology 253 (2024) 108028

= Acid

= Phenol and derivatives
Ketone and aldehyde
Furan-furfural

= Nitrogen compound

m Oxygenated aromatics

m Saccharides

m Water

u ethanol

Fig. 4. A) Composition of the bio-oil fraction. Adapted from [45]. B) Composition of ethanol extract obtained with 1:1 v/v ethanol/bio-oil.

supports, the evolution rate of Hy, CO and CO5, are at least two orders of
magnitude lower than the one measured during steam reforming ex-
periments (see PSG-Ni-H;O and PSP-Ni-H,O columns in Table 2),
allowing to discard the potential contribution of gasification to the gas
evolution during the reaction.

The steam reforming of the model compounds has been carried out at
600 and 700 °C for both PSG-Ni and PSP-Ni catalysts under the same
inlet concentration (0.75% v/v for the model compounds and 7.5% v/v
water) and space time conditions (50 gc,-s/mmol). Fig. 5 shows the
corresponding conversion and gas product distribution at the reactor
outlet. Conversions only reached values of 7-8% for acetic acid and
acetone, and slightly over 25% for ethanol at 700 °C, being almost
negligible at 600 °C in the absence of catalyst. Much higher conversions
of all the model compounds are achieved in the presence of Ni catalysts,
confirming the high steam reforming activity of both catalysts. The main
gaseous reaction products are hydrogen and carbon monoxide. The
formation of ethylene in small amounts can be associated to the dehy-
dration reactions of ethanol, while COy production is related to the
water gas shift (WGS) reaction between carbon monoxide and steam. Hy,
CO and CO; concentrations limits at 600 °C according to thermody-
namic equilibrium are 9.3, and 2.6 and 2.1%, respectively. It is observed
that ethanol and acetone conversion are slightly higher for PSG-Ni
catalyst at 600 °C, along with hydrogen and carbon dioxide concentra-
tions. PSP-Ni catalyst seems to favor methane formation at the cost of
small decrease on hydrogen production.

At 700 °C, the conversion values are around 90% for all the model
compounds in the case of PSG-Ni and close to total conversion for PSP-Ni
catalyst. At this temperature, the product distribution is notoriously
affected by the catalyst. The obtained Hp, CO and CO2 concentrations
are within the thermodynamic equilibrium limits at 700 °C (9.4, 2.9 and
1.9%, respectively) for the set of reactions depicted in Egs. (1)-(3). Hp
production is maximized for PSG—Ni, while the formation of methane

Table 2
Conversion (%) and outlet gas composition (% v/v) for the gasification & steam
reforming experiments at 700 °C.

PSG-Ni-H,0°  PSP-Ni-H,0"  PSG-Ni PSP-Ni
TOS": 5h 5h 5h 50 h 5h 50 h
Xacetone n.a. n.a. 80.4 45.7 94.8 77.4
Xethanol na. n.a. 85.2 48.9 87.8 79.8
Xaceticcid D na. 84.7 44.6 93.5 94.4
Hy (%) 0.004 0.029 3.864 2385 3579  3.271
CH4 (%,)  0.009 0.010 0.106  0.134 1102  1.094
CO (%) 0.005 0.027 1.148  0.633 0916 2.014
COy (%)  0.017 0.018 1.078 0.669 0.518  0.634
Cz (%) 0.000 0.002 0.020  0.050 0.009  0.092

n.a.: not applicable.
# only steam is feed on the gas inlet. Cyao = 7.5% v/v.
> Time on stream.

seems to be minimized. Differently, PSP-Ni shows a lower hydrogen
concentration, a higher Hy/CO ratio, but also a notable formation of
methane. The steam reforming of ethanol, acetone and similar bio-oil
derived oxygenate compounds proceeds through a series of competing
reaction pathways, namely i) dehydrogenation of the compound fol-
lowed by steam reforming of the resulting oxygenated intermediates,
producing hydrogen and carbon monoxide, with water gas shift deliv-
ering the formation of COj; ii) the side dehydration and decomposition
reactions, which produces undesired ethylene, methane and coke de-
posits. In this side pathway, methane can be reformed with steam by
nickel catalysts when reaction temperature is high enough; iii) hydro-
genation of CO and CO,, generating additional CH4 [63-65]. In this
sense, nickel phosphide is regarded as an active hydrotreatment catalyst
[66], and has been tested as hydrodeoxygenation catalyst for bio-oil
upgrading [67]. Therefore, it could enhance the methanation rate of
PSP-Ni with respect to that of PSG—Ni. The carbon mass balance reveals
that, of the carbon consumption in PSP-Ni, 32% can be attributed to CH4
production, while 66% is associated with the steam reforming/inverse
WGS reaction pathway (estimated from the generated amount of CO and
CO2). These percentages align reasonably well with the presence of 53%
nickel phosphides and 47% metallic nickel as calculated from XPS data,
pointing out a likely relationship between the presence of nickel phos-
phide and the methanation reaction. The differences in the extent of
each reaction and the concentration of active phases could be related to
the weaker catalytic activity of the nickel phosphides. NiyP is also re-
ported to have a relevant activity for the dry reforming of methane with
CO., although this reaction proceeds at higher temperatures (800 °C)
[81, so probably it is not modifying the product distribution of PSP-Ni.

The catalytic performance at long time on streams (TOS) is the main
concern when using carbon-based supports in this reaction. To obtain a
better understanding of the enduring stability of the catalysts developed
in this study, PSG-Ni and PSP-Ni were submitted to harsh reaction
conditions (700 °C, S/C stoichiometric ratio in the gas inlet that favors
coke deposition) for 50 h. Fig. 6 reports the evolution of conversion and
gas outlet composition with TOS for steam reforming of the bio-oil
model compounds at 700 °C using PSP-Ni and PSG-Ni catalysts,
respectively. The conversion and composition of the gas outlet at TOS of
5 and 50 h has been also gathered in Table 2. It can be seen that the
activity of the catalysts is affected by TOS. Initially, acetone, ethanol and
acetic acid conversions are close to 100% for both catalysts. PSP-Ni
showed significant stability under the studied reaction conditions,
keeping high conversion values throughout all the reaction time.
Initially, PSG-Ni also showed high activity with near total conversion of
the oxygenates, but conversion decreased from almost 100% to 40-50%
in 15 h. From this TOS value, no signs of further deactivation were
appreciated. The differences found in the catalytic performance for PSP-
Ni and PSG-Ni during long time operation experiments were ascribed to
the nature of the Ni active phases present on the surface of the carbon
catalysts. PSP-Ni, contained nickel phosphide species on the its surface,
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which hindered the formation of CNTs and, thus, the deactivation due to
coke deposition. Conversely, the P-free catalyst, PSG-Ni presented NiO
species on the catalyst surface, which promote CNTs formation under
reaction conditions. This CNTs growth results in the partial deactivation
of the catalyst. After 20 h on stream though, the catalyst showed a
steady-state operation regime, in which highly active catalyst particles
yielding CNTs were deactivated. These carbon nanotubes act as a new
support for the Ni particles, allowing the reaction to take place for a long
period of time, making operation stable. In the light of these results, it

can be foreseen that both catalysts could perform stable for longer times
on stream.

Accordingly, hydrogen, CO and CO, concentration decreases with
TOS for PSG—Ni, Fig. 6C, whereas methane and ethylene increases,
probably due to the lower activity of the catalyst for the steam reforming
of methane. Interestingly, the CO/CO, ratio decreases from 1.1 to 0.9,
indicating a lower contribution of the inverse WGS reaction, and
consequently, the Ho/CO ratio improves from 3.37 to 3.80 at the end of
the catalytic experiment. In PSP-Ni, the hydrogen production remains
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remarkably stable, as in the case of methane. However, the product
distribution is shifted towards higher formation of carbon monoxide,
Fig. 6D, decreasing the Hy/CO ratio as well as the CH4/CO one at the gas
outlet, going from 3.91 down to 1.62 and from 1.20 to 0.54 at the end of
the experimental run, Table 2. The low H,/CO ratios and the presence of
methane in the reactor outlet are clearly consequence of the low S/C
value in the feed, which favors the inverse WGS reaction and hinders the
rate of the steam reforming of methane. Inorganic catalysts with higher
steam concentration in the gas inlet minimizes the methane formation
and greatly enhances CO, formation. However, even when working at
high S/C ratios, inorganic catalysts such as Ni/a-Al,O3 modified with
LayOs faces stronger deactivation than that found for PSP-Ni and even
PSG-Ni catalysts under similar temperature and space time operation
conditions [68].

Due to the lack of details provided by studies about the steam
reforming of pyrolysis liquids and the wide variety of operating condi-
tions, it is difficult to stablish straightforward comparisons of the con-
version, selectivity and yields results obtained in this work. Therefore,
the effectiveness of the catalysts has been evaluated by calculating their
activity as consumed moles of reactant per hour and per mass of nickel at
TOS of 5 h. Chen et al. and Di Stasi et al. analyzed the activity of 10%
nickel-loaded catalysts supported by activated carbons in steam
reforming of acetic acid at 700 °C using an S/C of 2.5 and 4, respectively
[35,69], achieving activities of 1.29 and 1.42 moloxygenatedh’l-gﬁil,
respectively, which were slightly lower than the value reached by the P-
containing catalyst prepared in the present work, of 1.92
moloxygenated-h’lgﬁ}. Nevertheless, considering that only 47% of the
total metal, according to deconvolution of the XPS data, after reducing is
metallic nickel, PSP-Ni performed an activity referred to Ni® of 4.076
moloxygenatedh’l-gﬁilo. On the other hand, the 15%-nickel-loaded cata-
lyst supported on a coal ash reported by Wang et al. was tested at S/C =
1 and 700 °C and showed an activity lower than 1 moloxygenatedh’l-gﬁil
[70]. It must be highlighted that the nature of the bio-oil can influence
the catalytic activity, and the presence of additional compounds in the
feed certainly has influence in the SR catalytic activity of PSP-Ni and
PSG—Ni. These comparisons allow to stablish that these catalysts have
SR activity in line to those found in the literature.

Regarding inorganic supports, Bimbela et al. tested nickel over AlyO3
catalysts in a wide range of conditions, such as reduction time, nickel
loading and reaction temperature [71]. When using an S/C ratio of 5.58
and acetic acid as reactant, they reported an activity of 2.15
moloxygenatedh’l-gﬁil by testing a 23%-Ni-loaded catalyst at 650 °C,
whereas the 33%-Ni-loaded catalyst tested at 750 °C reached a value of
2.06. In addition, Basagiannis et al. reported an activity of 1.36
moloxygenatedh*l-gﬁil when analyzing a 17%-Ni-loaded catalyst over
Al,03 and LayO3 at S/C = 3 and 700 °C [72]. Note that the advantage of
inorganic supports is that they allow the use of higher S/C molar ratios,
which improves the catalytic activity [68], while carbon supports would
suffer from gasification when exposed to those S/C values due to the
presence of excess of HyO. Nevertheless, these catalysts are usually
prepared with higher nickel loadings, which can lead to worse disper-
sion of the active phase and sintering of the nickel particles, and
therefore their performance is only slightly better than the one achieved
in this work using carbon supported catalysts.

It is important to point out that the evolution of the conversion and
product distribution in the steam reforming of oxygenates is not usually
studied for >2 h, due to strong catalyst deactivation. For instance, Zhang
et al. analyzed the activity of Ni catalysts at 600 °C and S/C of 5, at
different nickel loadings, reporting clear signs of deactivation from the
first hour of reaction, for a 10% wt Ni/y-Al,O3 catalyst [73]. Some of the
above-mentioned works have performed a stability test of the catalysts
for TOS of 10-12 h, showing similar deactivation to that found for PSG-
Ni [17,35,70]. The use of stability promoters as lanthanum or yttrium
are needed to achieve stable catalytic performances for time on streams
comparable to those herein explored [39]. For example, Fatsikostas
et al., proposed the use of LayOs3 as support to achieve a stable catalytic
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performance for a TOS of 90 h in the steam reforming of ethanol, at
750 °Cand S/C of 1.5 [74], therefore, the outstanding stability shown by
the PSP-Ni catalyst without the addition of unconventional promoters
must be highlighted.

The yields towards the different products obtained by steam
reforming using PSG-Ni and PSP-Ni catalysts are reported in Fig. 7.
Again, the high stability on hydrogen yield of PSP-Ni is remarkable,
whereas clear signs of deactivation can be appreciated on the hydrogen
yield of PSG—Ni. Similar deactivation trends are observed for CO and
CO3 on the latter catalyst, while methane and ethylene yields increase
with TOS. Differently, PSP-Ni develops higher CO and CO; yields with
TOS. Besides the evolution of gases, the negative carbon balance reveals
that coke is deposited in both catalysts, especially at short TOS values,
where estimated coke selectivity up to 38 and 34 wt% for PSG-Ni and
PSP-Ni at TOS of 5 h were observed, respectively. The favorable
adsorption, solubility, and diffusion of carbon on nickel during
reforming reactions of both light hydrocarbons and oxygenates explain
the fast coke formation on these catalysts [57]. Coke selectivity esti-
mated from carbon balance diminishes with TOS for both catalysts. This
decrease is more pronounced for PSP-Ni, which shows negligible coke
selectivity from the carbon balance closure after 40 h. The used catalysts
were recovered and weighted after TOS of 50 h to check the amount of
coke formed. When referred to the inorganic matter present in the
catalyst, a 272% weight increase for PSG-Ni was obtained, while PSP-Ni
showed a lower weight increase (92%). This difference could be con-
nected to the higher methane and carbon monoxide rate formation of
latter catalysts.

The mechanism of coke generation involves the dissociative
adsorption of light hydrocarbons on nickel, with highly active monoa-
tomic carbon being gasified by steam to form CO and Hs. Given that a
low S/C ratio has been used in this work to avoid the gasification of the
catalytic support, the gasification rate of the deposited monoatomic
carbon is low, favoring polymerization reactions that give rise to coke
accumulation [75]. However, the coke formation can be inhibited by
controlling the active sites available for the polymerization of monoa-
tomic carbons. For instance, Alstrup and Andersen modified Ni catalyst
with nickel sulfide, achieving NiS surfaces containing small regions of
free nickel sites [76]. The presence of NiS delimited the Ni sites available
for polymerization of monoatomic carbon. Consequently, coke forma-
tion notoriously declined, due to a lower steam reforming reaction rate.
Thus, it is expected that NiyP can also inhibit coke formation through a
similar mechanism. Moreover, given that nickel phosphides are highly
active hydrogenation catalysts, their presence could also remove mon-
oatomic carbon species through hydrogenation, decreasing the coke
formation or at least shifting the formation of aromatic coke to aliphatic
one, following an analogous process to that reported for La-modified Ni
catalysts [39,74]. Indeed, a much higher methane formation is observed
for PSP-Ni catalyst at all TOS, Fig. 6. This hypothesis is supported by
Wang et al., which reported a strong decrease of coke formation for Ni:P
ratios of 2-4 for alumina-supported nickel as dry reforming catalyst
[41].

In order to corroborate the lower formation of coke due to the
presence of NiyP species, the PSP-Ni catalyst was submitted to a
hydrogen treatment at 600 °C for 2 h prior to the catalytic test. Ac-
cording to the literature, hydrogen treatment of mixtures of nickel and
phosphorus precursors at temperatures over 600 °C has been used for
the production of nickel phosphides [77]. When the hydrogen-treated
PSP-Ni catalyst is submitted to the steam reforming of the model com-
pounds at 700 °C under the same space time as those for PSP-Ni and
PSG—Ni, the conversions of acetone, ethanol and acetic acid were 9.3,
53.9 and 58% at TOS of 5 h, which was remarkably lower. Interestingly,
the conversion values at TOS of 40 h are 20.9, 48.1 and 39.0% for
acetone, ethanol, and acetic acid, pointing out the high stability of this
catalyst. As expected from the lower activity, the hydrogen production is
lower, reaching gas concentration values of around 1.5%, with carbon
monoxide as the other main product, Fig. 8A. The stability of the gas
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Fig. 7. Evolution of the yields to the main products at different TOS in the steam reforming experiments at 700 °C for A) PSG-Ni and B) PSP-Ni.
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Fig. 8. A) gas concentration and B) yield evolution with TOS during steam reforming at 700 °C using PSP-Ni reduced in hydrogen for 2 h as catalyst.

outlet composition, however, is significantly greater than that exhibited
by PSG—Ni. Similar performance in terms of stability is observed from
the evolution of product yields with TOS, Fig. 8B. The outstanding sta-
bility of this catalyst is probably related to the low coke formation, as
pointed out by estimated coke selectivity lower than 5%, being two-
three times lesser than those registered by PSP-Ni and PSG—Ni.

3.3. Characterization of used catalysts

The used catalysts were recovered and submitted to characterization
in order to identify the most likely origins of their different deactivation
rates. Fig. 9 shows the TEM images of the used PSG-Ni and PSP-Ni cat-
alysts at TOS value of 50 h. Clear evidence of metal sintering can be
identified from the images of PSP-Ni, Fig. 9A, resulting in the most
frequent average particle size increasing from 23 to 35 nm in relation to
the fresh catalyst, Fig. S5, along with the formation of multi-
walled-carbon nanotubes (CNTs) and some pyrolytic deposits on top of
the catalyst. Even so, it should be noted that nickel continues to show
high dispersion on the used catalyst. The size of the pyrolytic deposits in
the form of large, bulky filaments and the amount of CNTs is drastically
intensified in the case of PSG-Ni catalyst, Fig. 9B. The formation of coke
deposits and carbon nanotubes in the presence of hydrocarbons at
700 °C is a well-known feature of nickel catalysts [78,79]. The formation
of CNTs during steam-methane reforming at 500-600 °C is a well-known
process, where the interaction between Ni2t species, alkali promoters
and support, as well as the size of the nickel nanoparticles are reported
to play a major role; in fact, the use of impregnation methods to load the

metallic phase delivers a promoted formation of CNTs [80]. Recently,
Kontchouo et al. studied the formation of coke and carbon nanotubes in
the steam reforming of several oxygenates, reporting that ethanol and
acetone as feedstocks render the formation of thick wall, rough surface
& tip-open CNTs, while long waist CNTs with smooth surfaces and active
nickel-on-tip particles are achieved via acetic acid steam reforming [81].
In this sense, higher magnification TEM images of used PSG-Ni reveal
that pyrolytic deposits are formed on the surface of carbon nanotubes,
Fig. 9C, whereas the carbon support seems to have disappeared. EDX
analyses confirms that the denser, bulky microfilaments observed in
PSG-Ni images are indeed coke (carbon deposits), with some nickel
nanoparticles being loosely dispersed on them, Fig. 9D-F. These analyses
also reveal severe sintering of Ni particles, Fig. 9F. The different evo-
lution of the catalysts structure between used PSG-Ni and PSP-Ni is also
manifested by nickel particle size distributions at different TOS, Fig. S5.
As previously mentioned, the nickel particles in PSP-Ni increase their
most frequent sized to 35 nm after 50 h, while the distribution curve
preserves the initial width, although it is fully shifted to higher nano-
particles sizes. In contrast, two different nickel particle size ranges can
be appreciated for used PSG-Ni at TOS of 50 h. This first one, centered
around 17 nm, is related to particles responsible for CNTs growth, which
somehow managed to keep the initial particle size distribution of the
fresh PSG catalyst. On the other hand, 24% of the size distribution
corresponds to the sintered nickel particles inside the massive pyrolytic
carbon structures (as those observed in Fig. 9), showing sizes from 40 to
100 nm. A 9% of the total measured Ni nanoparticles showed sizes even
larger than 100 nm and have been excluded of Fig. S5 for clearness. This
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Fig. 9. TEM images of A) used PSP-Ni at TOS: 50 h and used PSG-Ni catalysts at B) TOS: 20 h and C) TOS: 50 h. D-F) HAADF & EDX C and Ni mapping image of used

PSG-Ni catalyst.

result seems to point out that the smaller Ni nanoparticles preserve their
average size, and probably their activity, due to the stabilizing effect of
the formation of carbon nanotubes.

The formation of pyrolytic carbon and CNTs has also been checked
by Raman spectroscopy, Fig. S6. Both PSG-Ni and PSP-Ni fresh catalysts
show two intense peaks corresponding to the D and G bands at ca. 1320
and 1590 cm™, related to the presence of disordered carbon and
graphite like structure, respectively, in the carbon supports. It is also
possible to detect in the overtone region the 2D band at 2700 cm ™! and
the D + G band at 2940 cm™!, showing slightly narrower and more
intense bands for PSG-Ni catalyst due to the higher preparation tem-
perature of the activated carbon support (800 °C for PSG vs 500 °C for
PSP, see experimental section), which favors the advance of structural
order [82]. In the case of the used PSP-Ni catalyst (TOS of 50 h), the D
band intensifies and gets narrower, suggesting the formation of amor-
phous coke [83], while the peaks on the Raman overtone region gets a
better definition, yet with only a small increment on their intensity,
Fig. S6A.

Differently, used PSG-Ni catalyst shows the opposite behavior,
Fig. S6B, namely i) narrowing and shifting of the G band towards that of
the 1584 cm ! (see the detailed first tone Raman region on Fig. S6C), a
position characteristic of graphene-like materials; ii) strong develop-
ment of 2D band that achieves an intensity comparable to those of the D
and G band. All these phenomena are proving the formation of an or-
dered carbon structure on the used PSG-Ni catalyst. In fact, the devel-
opment of the 2D band is one of the features used for tracking the purity
of multiwalled-carbon nanotubes [84]. Thus, Raman spectra confirms
the preferential formation of carbon nanostructures on PSG—Ni,
whereas the loss of disordered-related bands could be also interpreted as
a proof of the gasification of the low-ordered PSG carbon support. The
formation of CNT is probably inhibited in PSP-Ni due to the
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hydrogenation activity of nickel phosphide, favoring the formation of
aliphatic coke over aromatic one. In addition, a detailed study about the
catalytic growth of CNT using nickel nanoparticles supported in silica
shown the formation rate is much lower when CHy is used as carbon
source instead of CO [85], so the preferential formation of methane over
CO in PSP-Ni catalyst is another factor contributing to attain lower
carbon nanotube formation, avoiding catalyst deactivation. Ideally, the
formation of CNT does not deactivate the catalyst since the nickel sur-
face can keep adsorbing and diffusing carbon atoms for a long period of
time, explaining the long-term activity of PSG—Ni, Fig. 6.

The nature of the coke recovered from the used catalysts after TOS of
20 h was analyzed by temperature programmed oxidation, Fig. 10. It can
be observed that the reaction profile of the used PSP-Ni has been slightly
shifted to a higher onset temperature in relation to the fresh catalyst.
This change is much more pronounced in the case of PSG—Ni, where the
starting of weight loss, attributed to the combustion of carbon, is
delayed from 350 to 600 °C. The drastic differences between the TGA
profiles of fresh and used PSG-Ni along with the loss of the support,
pointed out by TEM images, suggest that a total gasification of the
carbon support is attained after TOS of 20 h, evidencing the trans-
formation of PSG-Ni into a new carbon nanotubes-based catalyst with a
higher resistance to gasification. This structural modification is un-
doubtedly connected to the previously mentioned change in the con-
version behavior at TOS of 15-20 h, Fig. S6, revealing that carbon
nanotubes also provide a high and stable catalytic activity. In fact, Ni
supported on carbon nanotubes have been successfully used as catalysts
for the steam reforming of glycerol, although they operated at much
lower temperatures [86].

XPS were recorded for the used catalysts at TOS values of 12 and 50
h, Fig. 11. The detailed analyses of the Ni2p region show that nickel
surface amount is gradually decreasing with TOS for the PSP-Ni catalyst



P. Cabrera-Reyes et al.

1

0.9
0.8
0.7
=0.6
< 05
= 0.4
0.3
0.2
0.1

0 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900

Temperature CC)

—PSP-Ni fresh
—PSP-Ni used

Fuel Processing Technology 253 (2024) 108028

—PSG-Ni fresh
—PSG-Ni used

0 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900

Temperature CC)

Fig. 10. Temperature programmed oxidation of fresh and used A) PSP-Ni and B) PSG-Ni catalysts. Heating rate: 10 °C/min.
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Fig. 11. XPS Ni 2p photoemission region of A) PSP-Ni and B) PSG-Ni fresh & used catalysts. XRD of C) PSP-Ni and D) PSG-Ni fresh & used catalysts.

(see inset with surface nickel content on weight basis on Fig. 1A). In
addition, the peak at 856.5 eV progressively decreases, indicating that
nickel oxides and phosphates could be gradually reduced. According to
the XPS Ni2p spectrum of fresh and used PSG—NIi, this catalyst shows a
strong decrease on surface nickel content after 12 h (~ 80%), achieving
a lower value than that of PSP-Ni at TOS of 50 h (0.5% vs 0.8% for PSG-
Ni and PSP-Ni catalysts, respectively), in agreement with the formation
of large amounts of pyrolytic deposits and carbon nanotubes revealed by
TEM images.

XRD patterns of the used catalysts at TOS 50 h are depicted in
Fig. 11C-D. The used catalysts show a strong peak at 25.6°, which is
attributed to the reflection of the (002) graphite crystal plane. An
interplanar distance of 0.35 nm is derived from this reflection, pointing
out a dense packing of graphene layers, quite close to the interlayer
spacing of graphite (0.334 nm). This peak is especially narrow and
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intense for the used PSG-Ni catalyst at TOS of 50 h, confirming the
formation of highly ordered carbon structures. In the case of PSP-Ni,
apart from the reflections related to the presence of NizP, the appear-
ance of two narrow peaks can be observed at 20 of 45° and 52° corre-
sponding to crystalline Ni’. The emergence of these peak reflections
indicates that nickel species have been either reduced to Ni° or sintered
during the reaction, confirming the findings of the TEM and XPS mea-
surements. In fact, a significant sintering of the nickel species is observed
for both catalysts, as revealed from the average crystal sizes determined
from the Scherrer equation (see insets in Fig. 11C & D).

The porosity of the support is another factor that has influence on the
deactivation of Ni catalysts. The formation of coke can usually produce
the catalyst failure by plugging of the porosity of the support and the
catalytic bed [87]. The presence of mesopores with large volumes in
PSP-Ni may allow to allocate higher amounts of coke before full
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blockage of porosity, increasing the lifetime of the catalyst. In this sense,
Buentello-Montoya et al. studied the effect of the porosity on the per-
formance of a biochar as support for the steam reforming of tar [88]. The
authors concluded that the coke deposited in the porosity of mesoporous
chars can be easily gasified by steam, while microporous supports
showed initial higher activity, but faced a faster deactivation rate. The
nitrogen adsorption-desorption isotherms of both used PSP-Ni and PSG-
Ni show a clear decrease on the nitrogen uptake at low and medium
pressures, evidencing the porosity blockage generated by the deposition
of coke and the possible gasification of the carbon support, Fig. 12A-B.
The used PSP-Ni catalyst still retains superior textural properties due to
the presence of a large mesoporosity system on the fresh catalyst.
However, the used PSG-Ni catalyst develops a new hysteresis loop on the
Nj adsorption-desorption isotherm at relative pressures over 0.8,
Fig. 12B. The NLDFT pore size distribution of this sample shows the
formation of mesopores, with size distributions centered at approxi-
mately 10 and 33 nm, Fig. S7B, which are hardly observed in the PSD of
the PSP-Ni used catalyst obtained at a similar TOS, Fig. S7A. These
mesopore sizes are in good agreement with the average inner diameter
of the CNT observed in TEM images and the confined pores formed in the
aggregated structure of CNT bundles [89], corroborating the preferen-
tial formation of carbon nanotubes on PSG-Ni catalyst.

In sum, catalyst deactivation seems to proceed through nickel sin-
tering and carbon deposition. PSG-Ni catalyst seems to face both deac-
tivation mechanisms, and also suffers from the gasification of the
catalyst support, which probably enhances nickel sintering. However,
the presence of mesopores and NiyP species on PSP-Ni partially inhibits
the latter deactivation mechanism, explaining the superior stability of
PSP-Ni at long time on streams.

4. Conclusions

Nickel catalysts have been prepared using activated carbons (ACs)
obtained by CO5 and H3POg4-activation of pistachio shells. The charac-
terization shows that catalysts with large specific surface area (close to
1000 m?.g~1) well developed micro- and mesoporosity and homoge-
nously dispersed nickel nanoparticles have been obtained. Nickel
nanoparticles seem to be as metallic nickel, nickel (I) and (II) oxides in
the COs-activated carbon. XPS, XRD and TEM-EDAX suggest that the
presence of surface phosphorus on the H3PO4-activated carbon leads to
the additional formation of nickel phosphide species on the P-containing
catalyst. Both catalysts have demonstrated remarkable activity for the
production of hydrogen through steam reforming (SR) of acetone,
ethanol and acetic acid (model compounds of the aqueous bio-oil frac-
tion of pyrolysis of pistachio shells) using low steam to carbon ratios,
achieving near 100% conversion at 700 °C. Time on stream analyses on
SR at 700 °C up to 50 h revealed that the Ni catalyst prepared from the P-
containing AC support shows a stable catalytic activity after 50 h,
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producing a gas mixture mainly composed by Hy, CH4, CO and COs.
Differently, a lower CH4 formation, as well as a decline in SR activity
during the first 20 h on stream is observed when the CO,-activated
support is used. From that point, the catalyst shows a steady catalytic
performance, preserving the activity and a superior Hy/CO ratio up to
50 h. The higher stability of the P-containing catalyst seems to be con-
nected to the promotion of methanation reactions by the presence of
nickel phosphides, which suppresses coke formation.

The characterization of the catalysts after TOS of 20-50 h reveals that
deactivation of the COs-activated catalyst is related to the support
gasification, leading to the partial sintering of the active phase, and
massive coke deposition, while the remaining activity seems to be
related to the formation of carbon nanotubes, that stabilizes nickel
nanoparticles, obtaining a stable and highly selective CNT-based cata-
lyst, showing features that could be of interest for further studies.
Gasification of the AC support seems to be avoided in the case of the P-
containing catalyst. In addition, the presence of mesopores, which can
allocate higher coke amounts before being blocked, and NixP species
that promote hydrogenation reactions, seem to delay the coke deacti-
vation mechanisms, explaining the superior stability of the nickel cat-
alysts obtained using the H3POg4-activated carbon.

This novel approach points out that sustainable hydrogen production
can be attained by using agricultural waste both as feedstock for the
pyrolysis process and as raw material to produce renewable carbon-
based nickel catalysts with improved catalytic performance in the
steam reforming of bio-oil.
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