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Abstract: Nickel iron oxide (NiFe2O4) catalyst was prepared by the combustion reaction method and
characterized by XRD, N2 adsorption/desorption, thermogravimetric analysis (TG), and temperature
programmed reduction (TPR). The catalyst presented a mixture of oxides, including the NiFe2O4

spinel and specific surface area of 32.4 m2 g−1. The effect of NiFe2O4 catalyst on the supercritical
water gasification (SCWG) of eucalyptus wood chips was studied in a batch reactor at 450 and 500 ◦C
without catalyst and with 1.0 g and 2.0 g of catalyst and 2.0 g of biomass for 60 min. In addition,
the recyclability of the catalyst under the operating conditions was also tested using recovered and
recalcined catalysts over three reaction cycles. The highest amount of H2 was 25 mol% obtained
at 450 ◦C, using 2 g of NiFe2O4 catalyst. The H2 mol% was enhanced by 45% when compared to
the non-catalytic test, showing the catalytic activity of NiFe2O4 catalyst in the WGS and the steam
reforming reactions. After the third reaction cycle, the results of XRD demonstrated formation of
coke which caused the deactivation of the NiFe2O4 and consequently, a 13.6% reduction in H2 mol%
and a 5.6% reduction in biomass conversion.

Keywords: catalytic gasification; supercritical water; hydrogen production; nickel iron oxide;
recycling tests

1. Introduction

Hydrogen gas is an excellent energy-carrier, which can be combusted directly or used in fuel cells
without any direct carbon emissions. Free molecular hydrogen does not occur on Earth and has to be
produced from steam reforming of petroleum hydrocarbons or natural gas and the electrolysis of water.
Biomass gasification can also be a source of hydrogen but the presence of tar in the syngas is a major
problem in conventional process plants. An efficient method to produce hydrogen is supercritical

Energies 2020, 13, 4553; doi:10.3390/en13174553 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-5339-9823
https://orcid.org/0000-0002-5355-9970
https://orcid.org/0000-0002-4904-4050
https://orcid.org/0000-0001-8740-7011
https://orcid.org/0000-0002-8617-3724
http://www.mdpi.com/1996-1073/13/17/4553?type=check_update&version=1
http://dx.doi.org/10.3390/en13174553
http://www.mdpi.com/journal/energies


Energies 2020, 13, 4553 2 of 17

water gasification (SCWG) of biomass, which can lead to less tar formation and a higher hydrogen
yield than the conventional gasification process.

The main reactions that lead to hydrogen gas production during gasification include reforming
and water–gas shift. One of the advantages of SCWG is that these reactions can occur within the same
reactor space, whereas separate reactors are required in conventional gasification. In addition, due to
the high pressures associated with SCWG, the large latent heat of water vaporisation is avoided or
minimised, which lowers the amount of energy required to maintain the reaction medium, compared
to conventional gasification using steam.

Even though the SCWG increases the selectivity of hydrogen production, it still requires expensive
high pressure (>300 bar) and temperature (ca. 700 ◦C) without catalysts [1–3]. Catalytic supercritical
water gasification (CSCWG) of biomass is a promising solution to improve the efficiency of the
gasification process. The choice of catalyst to gasify lignocellulosic biomass in supercritical water
depends on its ability to lower the activation energies involved in the breaking of C-C and C-O bonds in
biomass, accelerate the rate of water–gas shift reaction [1,2,4] and maintain its catalytic and structural
stability under hydrothermal conditions. Both homogeneous [5–7] and heterogenous catalysts [8–10]
have been applied in SCWG of biomass. Homogeneous catalysts such as KOH and NaOH offer
enhanced yields and purity of the hydrogen product due to in situ CO2 capture, which favourably
shifts the equilibrium of water–gas shift reaction. However, the use of heterogeneous catalysts may be
cheaper as they can offer long-term processing stability and recyclability compared to homogeneous
catalysts [1,2,11,12].

Transition metals are commonly used catalysts for CSCWG because they offer high selectivity,
high catalytic activity, and high carbon conversion to gas at moderately low temperatures [3,12].
Many researchers have used nickel-based catalysts CSCWG due to their low-cost, high availability,
and catalytic activity in conventional biomass gasification. Results from literature show that many
nickel-based catalysts can enhance biomass conversion during SCWG. Elliot [13,14] and Walter and
Vogel [15] carried out detailed experiments to evaluate the hydrothermal gasification performance of
Ni as a catalyst. They found that changes in the chemical and physical structure of Ni catalyst under
hydrothermal conditions helped to improve the gasification reactions of biomass. Furusawa et al. [16,17]
found that the carbon yield of gas products can increase with the increase in the surface area of Ni metal.

Nickel ferrite (NiFe2O4) is an oxide with a spinel AB2O4 structure and is commonly used in the
microwave industries [18], in electrocatalysis [18,19], as a catalyst or support in some catalytic reactions
such as dry reforming of methane and water gas shift [20,21]. Spinel metal oxide particles have been
produced using techniques such as the conventional ceramic method, hydrothermal synthesis, sol-gel,
and chemical coprecipitation techniques [22–24].

Literature shows that many ferrites have been synthesized via the combustion of metal
precursors in different fuels, yielding special structural and morphological properties for different
applications [22,25,26]. The combustion method is a simple and fast technique to obtain materials with
desirable physical and chemical properties, high thermal stability, and low production costs. Efficient
crystal formation, producing high purity and chemically homogenous powders often consisting of
nanosized ferrite particles, may be obtained [25,26]. One major problem of using a solid catalyst to
directly convert solid biomass is that the recovery of catalyst from the reaction residues may be costly
and troublesome, especially for catalysts with poor hydrothermal stability.

Our previous work [27] focused on a simple evaluation of the effect of NiFe2O4 catalyst on
the yields and composition of products from the SCWG of biomass. This present work focuses on
understanding the structure-property relationships of the NiFe2O4 catalyst during SCWG by detailed
evaluation of the synthesis, characterisation and recycling of the catalyst as well as the detailed
characterisation of the gas, liquid, and solid reaction products. In particular, the study of the solid
reaction products and the recyclability of the catalysts through its recovery, recalcination and reuse,
will help to understand the catalytic mechanism and the potential causes of deactivation of NiFe2O4
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during SCWG of biomass. Such sets of data will be important for further optimisation of the catalyst
and the catalytic process in future.

2. Experimental

2.1. Material

Eucalyptus wood chips, with an approximate 30% moisture content and average particle
size of 710 µm, were used as biomass feed material. The biomass was characterised before use.
The methodologies of all the analyses to characterize the biomass have been discussed in an earlier
paper [28].

2.2. Synthesis and Characterization of Catalyst

Nanopowders of nickel ferrite, NiFe2O4, were prepared by combustion reaction using ferric
nitrate Fe(NO3)3·9H2O, nickel nitrate Ni(NO3)2·6H2O, as precursors and urea CO(NH2)2 as fuel.
Stoichiometric amounts of metal nitrates and urea were calculated using the total oxidizing and
reducing valences of the components which serve as the numerical coefficients for the stoichiometric
balance (Equation (1)), according to the concepts of propellant chemistry [25,26,28,29].

The combustion reaction can be represented as follows:

3Ni(NO3)2 + 6Fe(NO3)3 + 20(NH2)2CO→ 3NiFe2O4 + 20CO2 + 40H2O + 32N2 (1)

The measured quantities of the reagents were placed in a vitreous silica basin, homogenized and
put into a muffle furnace which was heated rapidly at a rate of 20 ◦C min−1 to 480 ◦C until ignition
took place, producing a nickel ferrite in a foam form. Thereafter, the material obtained was maintained
at 480 ◦C for an additional 20 min to eliminate any volatile product.

The catalyst obtained was characterized by X-ray diffraction Shimadzu 6000 diffractometer, Cu
Kα with a Ni filter and scanning rate of 2◦ 2θ/min, in a 2θ range of 5–80◦, the average crystallite
sizes were calculated from X-ray line broadening d (311) using Scherrer’s equation [30]. COD
(Crystallography Open Database) and ICSD (Inorganic Crystal Structure Database) databases were
used for the identification of the phases and the semi-quantitative analyses were carried out using
the X’Pert HighScoreTM software [31]. N2 adsorption and desorption isotherms of the catalysts were
conducted at −196.15 ◦C in a Micromeritics ASAP 2020 system. The specific surface area was calculated
from the N2 physical adsorption data using the equation by Brunauer, Emmett, and Teller (BET) [32]
and the Barrett-Joyner-Halenda (BJH) was used to determine the pore volume. The reducibility of
the sample was examined by temperature programmed reduction (TPR) which was performed in
the temperature range of 25–1000 ◦C, at a heating rate of 10 ◦C min−1, using a Micromeritics 2720
system with a thermal conductivity detector (TCD) to monitor H2 consumption. The morphology
of the product particle was studied using scanning electron microscopy (SEM) on a Philips XL-30
FEG. Before analysis, the sample was sprayed by sputter-coating with a layer of 30 nm gold using a
quorum Q150RS. The acceleration voltage used was 10 kV. The products were further characterized
by transmission electron microscopy (TEM) with a Jeol 1200EX Bio at an accelerating voltage of
80 kV. Thermogravimetric analysis (TG) analyses were carried out in a Shimadzu H-50 system. Coke
deposition on the catalyst after SCWG tests was examined using the same TG equipment by heating
approximately 15 mg of reaction solid residue at a rate of 10 ◦C min−1 from 25 to 1000 ◦C under an air
flux (50 mL min−1). Both TG and derivative thermogravimetry (DTG) curves were obtained.

2.3. Catalytic SCWG Test with NiFe2O4

The catalytic activity of the prepared NiFe2O4 catalyst was examined as a function of reaction
temperature (400, 450, and 500 ◦C), using 0.0, 1.0, and 2.0 g catalyst, for the SCWG of eucalyptus wood
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chips in a batch reactor [27]. A schematic diagram of the 75 cm3 non-stirred batch reactor is shown in
Figure 1. The reactor, made by Hastelloy, was designed to operate up to 600 ◦C and 45 MPa.Energies 2020, 13, x FOR PEER REVIEW 4 of 17 
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Figure 1. Schematic diagram of batch reactor assembly.

For each experiment, about 2.2 g (m1) of eucalyptus wood chips were loaded into the reactor
containing distilled water (20 mL), and then the catalyst was loaded (1.0 g or 2.0 g). The reactor was
sealed and heated rapidly at a rate of 20 ◦C min−1 up to 450 or 500 ◦C. Once the reaction temperature
was reached, the system was held for a further 60 min. At the end of the reaction time, the reactor
was withdrawn from the heater and quickly cooled to ambient temperature with compressed air.
After cooling to ambient temperature, the gas product was sampled into a gas-tight 5 mL Tedlar bag
for off-line analysis. The compositions of the gas products were determined by injecting 1 ml of gas
sample into a Shimadzu GC-2014 gas chromatograph (GC) equipped with both thermal conductivity
detector (TCD) and a flame ionisation detector (FID), for the permanent gases (H2, O2, N2, CO, and
CO2) and hydrocarbon gases, respectively. The permanent gases were separated in a 60–80 mesh
packed molecular sieve column (2 m × 2 mm ID) while the hydrocarbons and CO2 were separated on
an 80–100 mesh Hayesep column. Each analysis was carried out twice and the averages were reported.

Semi-quantitative analyses of the liquid products were performed according to a method reported
in literature [33,34], as a preliminary analysis to indicate the concentrations of components in the
liquid organic products. The area % of each identified compound was expressed as a percentage of the
total area of selected peaks in the GC-MS. The method used in this analysis has been discussed in an
earlier paper [27]. It was chosen because it was a fast way of obtaining enough information on the
components of the liquid phase, which was not the focus of this present research.

The carbon balance was calculated considering the carbon content in the gaseous products, in the
solid residue and in the liquid products based on the following equations:

% carbon (gas phase) =
mass of carbon in gas components from GC analysis (g) × 100

mass of carbon in eucalyptus wood feed (g)
(2)

% carbon (solid residue) =
mass of carbon in char (g) × 100

mass of carbon in eucalyptus wood feed (g)
(3)

m (char) = m solid residue −m catalyst −m ash (4)
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Assuming a 100% balance, the carbon content in the liquid phase was calculated by the difference:

% carbon (liquid phase) = 100 − (carbon (gas) + carbon (solid residue)) (5)

The reaction residue was recovered by vacuum filtration and dried in a vacuum oven at 105 ◦C
for 2 h to a constant weight. The weight of the dried reaction residue containing used catalyst and char,
was designated as m2. A portion of the dried residue (m3) was heated in a muffle furnace at 500 ◦C for
2 h to a constant weight to determine the amount of recovered catalyst (m4). After this, the amount
of biomass residue (m5), corresponding to the reaction residue, was determined as the difference m5

= m3 − m4. This amount of char (m5) was adjusted based on the portion of dried residue taken to
obtain the total char produced (m5*). For the recycling procedure, the used catalyst was regenerated by
recalcination at 500 ◦C for 2 h, over two cycles without the use of any solvent to extract the adsorbed
organic matter from the catalyst before reuse.

The catalytic activity of the studied NiFe2O4 was evaluated in terms of biomass conversion to
liquid and gases (C), calculated by (Equation (6)).

Biomass conversion (C)[%] =

(
m1 −m∗5

)
m1

× 100 (6)

In addition, the biomass gasification was evaluated separately based on the mass of gas products
as follows:

Biomass gasification (G) [%] =

∑(Pi×V×Mi
RT

)
m1

× 100 (7)

where, Pi = partial pressure of cooled gas component i at ambient temperature in Pa; V = volume
of reactor headspace in m3; Mi = molecular weight of gas component i in g/mol; R = gas constant
(8.314 J/(mol.K) and T = ambient temperature in K.

Molar composition of gas component i, xi [%] =
ni

ntotal
100 (8)

where, ni = moles of gas component i and ntotal = sum of moles of all gas component.
The catalyst reused was characterised by XRD to learn more about the deactivation mechanism of

the nickel ferrite catalyst.

3. Results and Discussion

3.1. Characterization of the Fresh Catalyst

The XRD patterns of the fresh NiFe2O4 powder correspond to the characteristic peaks of the
cubic spinel-phase NiFe2O4 (PDF 96-591-0065). Fe2O3 (PDF 96-153-2121) and NiO (PDF 91-152-6381)
were also identified, indicating that the reaction was not complete in the used synthesis conditions.
The presence of the secondary phases, NiO and Fe2O3, revealed by XRD analysis indicated that the
reaction was not complete in the used synthesis conditions. It is known that the temperature and fuel
effects have strong influence on purity, size, structural, and magnetic properties of materials prepared
by combustion route [35,36]. This may be due to the type of fuel, differences in stoichiometry, and
component solubility in the inverse spinel of nickel ferrite under the synthesis conditions. The crystallite
size of NiFe2O4, calculated using Scherrer’s equation [30] from lined (311) (2θ = 35.6◦) broadening,
was 18.11 nm.

The TG analysis of the fresh NiFe2O4 powder showed a mass loss of 1.95%, indicating high
thermal stability. The mass loss was attributed to the loss of precursor residues and water.

The H2-TPR profiles were obtained to investigate how the fresh NiFe2O4 catalyst would change
under reducing environments, e.g., in the presence of hydrogen produced during SCWG in a batch
reactor. Results showed that the solid was progressively reduced from 300 to 900 ◦C (Figure 2), with two
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main peaks centred at 360 and 536 ◦C, which encompass several superimposed reduction events, and a
small peak starting around 800 ◦C. The area of the second peak, at 536 ◦C, was nearly twice that of the
first, at 360 ◦C. The first peak centered at 360 ◦C may be interpreted as the overlap of the reduction
of NiO→ Ni, usually occurring at 330–420 ◦C [37]. The reduction of bulk Fe2O3 usually occurs in
two steps, namely, the phase transformation of Fe2O3 → Fe3O4, at 471 ◦C and a broad peak along
with a shoulder occurring at TM = 651 and 755 ◦C, respectively, which corresponds to the subsequent
reduction of magnetite, ultimately involving the slow phase transformation Fe3O4→ α-Fe [38,39].
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The two first peaks could correspond to the following reactions [23,24]:

Step (I) : H2 (g) + NiO→ Ni(s) + H2O (g) (9)

Step (II) :
3
2

Fe2O3 (s) +
9
2

H2 (g) → Fe2O3 (s) +
9
2

H2O (g) (10)

Step (III) : Fe3O4 (s) + 4 H2 (g) → 3 Fe (s) + 4 H2O (g) (11)

The reduction of NiFe2O4 catalyst shown in Figure 2 is shifted toward lower temperatures,
indicating that the presence of nickel facilitated the reduction of iron oxides. However, the spinel
phase could not be reduced at a temperature below 900 ◦C, as confirmed by the integration of the
reduction peak areas, so that the peak starting at 800 ◦C may indicate the initial stages of the NiFe2O4

spinel reduction.
The specific surface area (SBET) and the pore volume of the prepared powder were 32.7 m2 g−1

and 0.15 cm3 g−1, respectively. The N2 adsorption/desorption isotherms of the NiFe2O4 powder,
shown in Figure 3, are classified as type V, which can be attributed to the weak adsorbent-adsorbate
interactions, typically observed on mesoporous materials. A H1 hysteresis loop can be observed,
which is characteristic of solids with uniform pore sizes and shapes [40]. The mesoporosity of the
synthesized NiFe2O4 is due to the release of gases during the combustion reaction, which leads to the
formation of mesopores at the expense of the smaller pores [26,40].

A scanning electron microscope (SEM) was used to observe the morphological aspects of NiFe2O4

powder. The results obtained by SEM (Figure 4a) also showed the formation of agglomerate particles
with the shape of irregular porous blocks, consisting of fine particles that easily de-agglomerated.
There was also a large particle size distribution from less than 1 µm to greater than 10 µm.
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In Figure 4a, the presence of small agglomerates with porous aspects can be seen on the surface
of a larger agglomerate and this is characteristic of easily de-agglomerated materials. This is due
to the high temperatures attained by the combustion reaction during the synthesis of the catalyst,
leading to agglomerated nanometric particles [22]. The pores formed by the release of gases during the
combustion synthesis and the formation of spherical and agglomerated particles may also be observed.

The transmission electron microscopy (TEM) micrograph (Figure 4b) also shows that the nickel
ferrite is formed by agglomerated nanometric particles which tend to react with each other, which
reduces the surface energy, forming agglomerates that are easy to de-agglomerate [25]. The transmission
electron microscope allows the electron beam to pass through the sample and thus it is possible to
better visualize the sizes of the particles. The particle sizes observed by TEM (16–24 nm) are close to
those calculated by Scherrer’s equation (18.11 nm). This range of values is similar to those previously
reported by Costa et al. [22] and Chen and He [41], who obtained a range from 22–29 nm to 5–30 nm,
respectively, for nickel ferrite.

3.2. Catalytic testing of NiFe2O4 for SCWG of Eucalyptus Chips

The results of reaction run and the corresponding conversion of eucalyptus wood chips under
SCWG are shown in Table 1. They indicate that the use of the NiFe2O4 catalyst favoured biomass
conversion, which increased with the catalyst loading. The biomass conversion increased with the
reaction temperature, from 400 to 450 ◦C, however, no significant conversion increase was observed
at 450 and 500 ◦C, at constant residence time and catalyst loading. In order to evaluate the effect
of the catalyst loading on the SCWG of eucalyptus wood chips, experiments were carried out with
different amounts of NiFe2O4 catalyst (1 or 2 g) at 450 ◦C, while the residence time was kept constant at
60 min, and the results are shown in Figure 5. For each experiment, the initial theorical pressure of the
reactor at room temperature was read as 0 MPa from a pressure gauge. The NiFe2O4 catalyst was not
previously activated prior to being used in the reactor. In order to investigate the temperature effect on
the % mol of the H2 gas, the experiments were also performed at 400 and 500 ◦C, as shown in Figure 6.

Table 1. Catalytic supercritical water gasification (CSCWG) testing and biomass conversion using a
reaction time of 60 min.

Exp. Temperature (◦C) Eucalyptus Wood Chips (g) Catalyst (g) Biomass Conversion (%)

Test 1 400 2.223 1.998 81.09

Test 2
450

2.216 - 72.73
Test 3 2.199 1.001 84.93
Test 4 2.201 2.005 95.49

Test 5
500

2.198 - 73.09
Test 6 2.207 0.999 85.23
Test 7 2.225 1.999 95.56

In general, the presence of the NiFe2O4 catalyst led to an increase in the conversion of biomass
into liquid and mainly gas products. As shown in Figure 5, the conversion of eucalyptus was around
73%, without catalyst, while the conversion was around 95%, with catalyst. A careful look at the results
in Figure 5 reveals that by increasing the amount of catalyst to 2 g, with the same temperature and
residence time, the yield of solid residue decreased while the yield of gas products increased. As shown
in Figure 6, the maximum total gas produced was 65.94% at 500 ◦C and 60 min in the presence of 2 g
of NiFe2O4. Although the experiments performed at 500 ◦C produced the highest amount of gases,
the highest amount of hydrogen (around 25 mol%) was obtained by the conversion of eucalyptus
wood chips at 450 ◦C, as shown in Table 2.
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Figure 5. Influence of the NiFe2O catalyst loading on the carbon balance of supercritical water
gasification (SCWG) of eucalyptus wood chips at 450 ◦C.
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Figure 6. Influence of the reaction temperature on the carbon balance of SCWG of eucalyptus wood
chips at 400, 450, and 500 ◦C, using 2 g of NiFe2O4 catalyst and a reaction time of 60 min.

Table 2. Composition of the gaseous product.

Exp.
Gas Component (mol%)

H2 CO CO2 CH4 C2–C4

Test 1 9.52 2.27 75.81 9.15 3.07

Test 2 13.72 6.56 51.85 21.72 5.85
Test 3 18.10 0.70 61.65 14.53 4.85
Test 4 25.05 0.65 56.22 13.55 4.36

Test 5 14.90 2.56 40.83 34.52 7.02
Test 6 19.10 0.50 49.50 24.07 6.47
Test 7 20.19 0.53 49.73 23.11 6.31

The biomass conversion and the percentage of gas products obtained from each experiment can
be seen in Tables 1 and 2. It was found that the CSCWG of the eucalyptus wood chips was nearly
complete, and the gases at the reactor outlet contained H2, CO, CH4, CO2. As can be seen from Figure 5,
the eucalyptus wood chips conversion increased with the increased the amount of catalyst (NiFe2O4)
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with the same temperature and residence time. The maximum biomass conversion of ~95.5% was
obtained at 450 ◦C in the presence of 2 g of NiFe2O4 catalyst and the highest mole fraction of hydrogen
was also produced in these conditions, approximately 25 mol%, as it is shown in Table 2. The results
showed that the NiFe2O4 catalyst promoted the degradation of eucalyptus wood chips in supercritical
water and improved the formation of hydrogen.

One of the main differences between the non-catalytic and catalytic tests was in the concentrations
of gas products. Increasing the amount of NiFe2O4 catalyst increased the H2 gas mol% while reducing
the CH4 gas mol% (Table 2). Increasing the NiFe2O4 loading from 0 to 2 g at 450 ◦C caused the highest
increase of H2 mol% (45%). Therefore, it can be considered that the NiFe2O4 catalyst favoured the
WGS reaction and the steam reforming instead of alternative reaction pathways, as evidenced by the
increase in H2 and CO2 mol%. These results were consistent with earlier literature reports on CSCWG
of biomass using nickel-based catalysts [13–15]. Thus, from the experimental results, NiFe2O4 catalyst
also had the capacity to break the C-C and C-O bonds during SCWG, promoting high conversion of
biomass into gaseous and liquid products, even at moderate temperatures.

The high conversion of eucalyptus wood chips at 450 and 500 ◦C indicates that efficient interactions
occurred between the NiFe2O4 catalytic surface and reactant the molecules at these temperatures.
According to Azadi et al. [42] the use of smaller catalyst particles, as in the present work (18 nm),
can reduce the diffusion path and consequently enhance the catalyst performance, as previously
reported by other researchers [43–45]. Our results confirmed that the NiFe2O4 powder prepared
by the combustion reaction was active as a catalyst for SCWG and may be useful for moderate
temperature processes.

During the non-catalytic tests, the influence of temperature was appreciable for the changes in
the concentrations of CO, CO2, and methane. In going from 450 to 500 ◦C, the concentration of CO in
the gas products decreased by a factor of 2.6, while the concentration on methane increased 1.6 times.
The increase in methane concentration could be due to both methanation (exothermic) of carbon
oxides (COx) and demethylation (endothermic) of larger molecules in the liquid products. The latter is
supported by the overall increase in the biomass gasification at the higher temperature, 500 ◦C. In the
presence of the catalyst, the increase in the overall biomass gasification also showed the influence of
the catalyst in converting the liquid and solid products to gases [4,32,43–45].

Table 2 provides good evidence that both the water–gas shift reaction and methane reforming
occurred, forming increased concentrations of CO2 and H2. For instance, at 450 ◦C the molar
concentration of CO decreased by at least 89% in the presence of the catalyst compared to non-catalytic
tests. At the same time, the concentration of methane fell by at least 30%, when the catalyst was
used. At 450 ◦C, the concentration of H2 increased by 83% in the presence of 2 g of NiFe2O4

compared to the test without the catalyst. However, for the same amount of catalyst at 500 ◦C, the CO
concentration reduced by 80%, while the methane concentration dropped by 33% compared to tests
without the catalyst.

Table 2 also shows that the yield of CO2 remained consistently high in the presence of catalysts.
It is therefore possible to infer that the formation of CO2 was not only via the water–gas shift reaction
but also through the degradation of the biomass. This hypothesis is supported by the results obtained
from the GC/MS analysis of the oil products obtained at 450 ◦C with and without the NiFe2O4 as shown
in Figure 7. The bio-oil components have been classified as aliphatic (alcohols, aldehydes, carboxylic
acids, and ketones,), phenols (phenol, alkylated phenols), alkylbenzenes (xylenes, ethylbenzene,
and various methyl benzenes), and polycyclic aromatic hydrocarbons (PAH) (naphthalene and alkylated
naphthalenes, biphenyls, fluorene), and others (cyclopropane, cyclopropene, and cycloheptatriene)
according to Onwudili and Williams [44].
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Figure 7. Influence of the reaction temperature on the bio-oil products composition of SCWG of
eucalyptus wood chips at 400, 450, and 500 ◦C, using 2 g of NiFe2O4 catalyst and 60 min.

The results showed appreciable formation of cyclic aliphatic and aromatic organic compounds
(cyclopropanes, phenols, indenes, toluene, xylene). These cyclic aromatic compounds are mainly
responsible for the formation of tar and coke. These results may indicate that the catalyst was effective in
promoting decarboxylation of the biomass or the intermediate liquid products to produce hydrocarbons
and CO2. The results in Figure 7 also indicate that high amounts of phenolic compounds, such as light
alkyl phenols, were obtained at 450 and 500 ◦C. Complex mixtures of phenolic compounds are usually
obtained as products of lignin degradation by flash pyrolysis of lignocellulosic biomass [9,44]. Phenol
derivatives are important chemicals and there is a growing interest in producing cost-effective phenols
from lignocellulosic materials, such as eucalyptus wood residues.

Clearly, the use of the NiFe2O4 led to a reduction in the yield of biomass residue compared to
non-catalytic tests. Moreover, the results show that the yields of char at 450 and 500 ◦C were similar,
decreasing from about 27 wt% to just about 5 wt% in both cases. It can therefore be concluded that the
catalyst led to increased conversion of biomass to liquids and gases. Comparing the results obtained
using 2 g of catalyst, it could also be observed that biomass residue decreased with temperature.
An increase in reaction temperature from 400 to 500 ◦C led to a reduction of 78.95% (Figure 5).
The increase in temperature favoured the gas production and the decomposition of the biomass
constituents as residue.

Coke formation by surface polymerization of reaction products, such as phenols, is a common
cause of catalyst deactivation. Therefore, the formation of coke was investigated and the thermal
curves of the reaction residue, containing biomass residue and catalyst, are shown in Figure 8. TG,
DTG and differential thermal analysis (DTA) curves of the solid reaction residues of the Test 4 (450 ◦C,
2 g of NiFe2O4) and Test 7 (500 ◦C, 2 g of NiFe2O4) are presented and, for comparison, the thermal
curves of the fresh catalyst and the eucalyptus are also shown in Figure 8. Two weight losses at
T < 500 ◦C were observed for the raw biomass, while no significant weight loss was observed for the
fresh catalyst. The amount of deposited coke can be calculated from the TG curve of used catalysts
and varied from 0.03 g (at 450 ◦C, Test 4) to 0.02 g (at 500 ◦C, Test 7) and correspond to the weight
loss at 450–600 ◦C in the DTG profile in Figure 8b. The TG analysis of these samples respectively
indicated total weight losses of around 26.8% and 11.4%, respectively, mostly related to combustion of
residual biomass. The DTG profiles of the two used catalysts (Figure 8b) shows that maximum losses
occurred at approximately 420 and 550 ◦C, and the DTA profiles indicate that they are exothermic
events (Figure 8c), since they correspond to the combustion of residual biomass and coke, respectively.
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Given the amount of coke deposited on the catalyst, it could be inferred that the deposition of the coke
could be the main cause of temporary catalyst deactivation, which hindered further gasification.
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3.3. Catalyt Recycling

To evaluate the recyclability of the NiFe2O4 catalyst synthesized by combustion reaction,
a previously used catalyst was regenerated by calcination in air at 500 ◦C for 2 h over two recovery
cycles. The regenerated catalyst was recovered from tests carried out at 450 ◦C, 60 min and using
2 g of NiFe2O4; the condition that most favoured hydrogen production. The regenerated catalysts
were applied for SCWG of the eucalyptus wood chips under the same conditions for Test 4 in Table 2.
The biomass conversion and molar % of the gaseous product for the three reaction cycles are shown in
Figure 8.

It can be observed from Figure 9 that the results from the first reaction cycle was equivalent to the
previous results obtained under the same conditions (Test 4 in Table 2). However, due to losses during
the recovery and calcination procedures, the amount of catalyst used in the recycling tests was 5% less
than that used in the first reaction test, and this could have contributed to the drop in the observed
conversions. Comparing the results of the first and the third reaction cycles, reductions in biomass
conversion (5.6%) and molar % of H2% (13.6%) were observed.

The results presented in the Figure 9 show that biomass conversion, biomass gasification,
and composition of gas products change slightly with repeated use of the catalysts after each
regeneration cycle. Essentially, this could be due to the loss of activity of the catalyst. In addition,
based on the data presented in Figure 8, it was possible that the temperature used for recalcination was
not enough to guarantee that the catalyst surface was clean.
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Figure 9. Influence of NiFe2O4 recycling on the eucalyptus wood chips SCWG at 450 ◦C, using 2 g of
catalyst and reaction time of 60 min.

Figure 10 shows that the diffraction peaks corresponding to the main phases of catalyst changed
after use. The intensity of the NiFe2O4 spinel peaks increased, suggesting that the synthesis of
NiFe2O4 continued after the SCWG and regeneration procedure. This result is in agreement with the
semi-quantitative analysis of the catalyst composition, as it can be seen in Table 3. Correspondingly,
Table 3 also shows the decrease in both the NiO and Fe2O3 percentages, suggesting that NiFe2O4

continued to be formed at the expenses of NiO and Fe2O3, during the calcination at 500 ◦C carried out
for coke removal. In addition, the crystallite size of NiFe2O4 progressively increased after each use,
which suggests that the catalyst deactivation had occurred by sintering [46].Energies 2020, 13, x FOR PEER REVIEW 14 of 17 
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Table 3. Semi-quantitative composition* and NiFe2O4 crystallite size of fresh and recycled catalysts.

Phase

Sample

NiFe2O4 NiFe2O4 NiFe2O4 NiFe2O4

Fresh 1st Cycle 2nd Cycle 3rd Cycle

NiFe2O4 38.6 45.5 48.5 51.0
NiO 33.7 32.7 32.3 30.0

Fe2O3 27.7 21.8 19.2 19.0

NiFe2O4 Crystallite Size (nm) 18.11 23.18 26.73 28.09

* Using X’Pert HighScoreTM.

The diffraction peak corresponding to graphite (2θ = 26.7◦) [47], albeit with a low intensity, was
detected in the XRD patterns after the third reaction cycle. The formation of coke on the surface
of the NiFe2O4 catalyst, would explain the reduction in biomass gasification. It could therefore be
concluded that the deactivation of the NiFe2O4 catalyst occurred due to the formation of coke and by
the progressive increase in the crystallite size of the NiFe2O4 catalyst, as it can be seen from the results
shown in Figure 10 and Table 3. As it was shown in Figure 8, the recalcination temperature was not
high enough to remove all the biomass residue on the catalyst surface. This could also be a reason for
the reduction in biomass gasification.

4. Conclusions

NiFe2O4 nanoparticles were synthesised and used as catalyst for hydrogen production by
supercritical water gasification of eucalyptus wood chips. The catalyst was prepared by the combustion
reaction method and a mixture of oxides containing NiFe2O4, Fe2O3, and NiO was obtained, indicating
that the reaction was not complete in the synthesis conditions used. The catalytic conversion of
eucalyptus attained 95%, compared to 73% in the non-catalytic reaction. The maximum biomass
gasification was 65.94% at 500 ◦C and 60 min in the presence of 2 g of NiFe2O4. The H2 mol% was
enhanced by 45% when compared to the non-catalytic test at 450 ◦C, showing the catalytic activity of
NiFe2O4 in the WGS and the steam reforming reactions, evidenced by the increase in H2 and CO2 mol%.
The catalyst was effective in promoting decarboxylation of the biomass and of the intermediate liquid
products to produce hydrocarbons and CO2 and produced valuable bio-oil compound such as phenol
derivatives. The H2 mol% reduced after the second reaction cycle. The XRD results demonstrated coke
deposition after the third reaction cycle and a progressive increase in the crystallite size of the NiFe2O4

catalyst, which may be the reasons for its deactivation. However, a minimum biomass conversion of
85.90% was obtained after the third reaction cycle, demonstrating a good stability of the catalyst.
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