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Abstract: This study aims to examine the hydrodeoxygenation (HDO) of vanillin, an oxygenated
phenolic compound present in bio-oil, into creosol. Biochar residue generated when wood is slowly
pyrolyzed is utilized as a catalyst support. To improve biochar’s physicochemical properties, H2SO4

(sulfuric acid) and KOH (potassium hydroxide) are used as chemical activators. By means of a wet
impregnation method with nickel salt, an Ni/biochar catalyst was prepared and utilized in the HDO
of vanillin using a 100 mL Parr reactor, catalyst loading 0.4–0.8 g, temperature 100 ◦C to 150 ◦C,
hydrogen (H2) pressures of 30 to 50 bar, and a stirring rate of 1000 rpm. The prepared catalysts
were characterized with the nitrogen-sorption isotherm technique, carbon dioxide temperature-
programmed desorption (CO2-TPD), scanning electron microscopy (SEM) coupled with energy
dispersed X-ray analysis (EDX), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy
(FTIR). Based on chemical treatment, Ni/biochar (KOH) pore sizes were found to be dominated by
mesopores, with a surface area increase of 64.7% and a volume increase of 65.3%, while Ni/biochar
(H2SO4) was mostly microporous and mesoporous, with an area increase of 372.3% and a volume
increase of 256.8% in comparison to Ni/biochar (74.84 m2g−1 and 0.095 cm3g−1). Vanillin conversion
of up to 97% with 91.17% selectivity to p-creosol was obtained over Ni/biochar catalyst; in addition
to being highly selective and active for p-creosol, a plausible fuel, the catalyst was stable after four
cycles. Chemical treatments of the biochar support resulted in improved physicochemical properties,
leading to improved catalytic performance in terms of vanillin conversion and p-creosol yield in the
order Ni/biochar (H2SO4) > Ni/biochar (KOH) > Ni/biochar.

Keywords: Ni/biochar; hydrodeoxygenation; H2SO4 treatment; KOH- treatment

1. Introduction

Bio-oil and its derivative model compounds are being studied for hydrodeoxygenation
(HDO) due to the urgent need to mitigate climate change by developing alternative fuels
such as p-creosol for transportation purposes. HDO technology is one of the most effective
ways to upgrade bio-oils to make sure they can be used as substitute fuels in the future.
As real bio-oil and lignin-based feeds are unstable and complex, several model substrates
have been used to study hydrogenation and deoxygenation of phenolic compounds, in-
cluding anisole, guaiacol, vanillin and m-cresol, to gain a mechanistic understanding of the
reactions [1,2]. Vanillin contains three oxygen functional groups, comprising an aldehyde,
ether, and hydroxyl in its structure, which makes it difficult to be completely deoxygenated
and a good demonstrative model of oxygenate compounds present in bio-oil [3–6]. Biochar
serves as a catalyst carrier in this study for converting vanillin, an oxygenated phenolic
compound found in bio-oil, into creosol via HDO. As an upgrade technique, HDO involves
the reduction of oxygen content in bio-oil oxygenates, removed in the form of water, carbon
dioxide, and carbon monoxide, resulting in a better hydrogen/carbon ratio (H/C) and
physicochemical characteristics.
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It is well known that pyrolysis can be used to convert biomass into bio-oil, biochar,
and gaseous products [7]. In particular, biochar is one of the products of thermo-catalytic
reforming, together with liquid bio-oil and gases [6]. Several environmental applications
have been found for the biochar residue material, including carbon capture and storage,
as an adsorbent for wastewater treatment, and for soil amendment [8,9]. Some of the
advantages of using biochar as a catalyst include its renewable nature, ease of preparation,
and the ease with which it can be tailored to obtain specific properties such as high surface
area and porosity via physical and chemical modifications [10]. This highlights the need
to further explore the potential of biochar in heterogeneous catalysis. As a carbon-rich
material, biochar can be used as a cheap and renewable catalyst or catalyst support for
bio-oil upgrade or conversion into fuels and chemicals. Additionally, its use has been
reported as a catalyst carrier in the upgrade of bio-oil itself, the conversion of syngas, and
the transesterification for biodiesel production [11,12]. Biochar contains mainly carbon,
and the yield of biochar from pyrolysis depends on the biomass, heating rate, particle size,
reaction time, purging gas, catalyst used, flow rate and the type of reactor used [13]. This
material is suitable for catalyst support due to its high surface area and porosity, among
other physicochemical characteristics [14]. Moreover, several pre and post treatments
can also alter the properties of biochar support to meet certain desirable physicochemical
properties, such as chemical activation and acidic site implantation [15,16]. Treatment
of biochar with an acid (H2SO4) or alkali (KOH) can potentially improve its sorption
capacity by chemically altering and increasing its surface area and pore distribution. In
2018, Sajjadi et al. published a comprehensive review on the chemical activation of biochar,
including H2SO4 and KOH, which had a beneficial effect on the physicochemical properties,
functionalities, and applications of biochar [17]. It is believed that KOH reacts with active
O-containing species in biochar, which is the main reaction in which KOH is converted to
K2CO3, resulting in large quantities of gaseous products that increase the specific surface
area and porosity of the biochar [18]. Likewise, a specific reaction mechanism of H2SO4
with a carbon source can also explain the improved pore volume and mesoporosity of
biochar. Furthermore, by means of FTIR analysis, it has been found that the biochar surface
possesses functional groups such as a phenolic group, C-O-C, and -COOH [19]. These
surface functional groups are known to improve the interaction of reactants with biochar
surfaces during reactions. Additionally, functional groups on the surface of biochar could
improve the dispersion of active sites by improving the interaction between the active metal
and the support, allowing the active metal to be more readily accessed by the substrate and
hydrogen during HDO.

Vanillin HDO over noble metal catalysts such as Pd, Au, and Ru supported on biochars
has been reported in the literature [5]. The economic considerations of the overall process
are significantly impacted by the cost of noble metal: even though about 92% selectivity
toward p-creosol was achieved at complete vanillin conversion after 3 h, the commercial-
ization of noble metal catalysts for HDO is difficult because of their high cost. Furthermore,
the following catalysts have been screened for HDO of vanillin: Pd/C, PdRh/Al2O3,
Pd/Al2O3, Pt/C, Pt/SiO2, and Rh/Al2O3, finding that the bimetallic PdRh/Al2O3 cat-
alyst consumed the lowest amount of hydrogen, and exhibited significantly high (99%)
selectivity toward creosol [3,4]. The costs of catalyst carriers contribute substantially to
the overall cost of HDO, in addition to the noble metals. The use of Ni/C catalyst for
the HDO reaction of m-cresol as a bio-oil model compound has been reported, resulting
in toluene and methylcyclohexane, as well as a variety of other non-HDO products [20].
Additionally, the results of an Ni-Co-P/HAP (hydroxyapatite) catalyst for in situ HDO
of vanillin showed excellent catalytic activity, resulting in 97.86% conversion and 93.97%
selectivity toward 2-methoxy-4-methylphenol [21]. In this study, a low-cost HDO catalyst
was developed using nickel salt and biochar residue from the pyrolysis of biomass. The
pyrolysis of biomass produces bio-oil and biochar as a residue. In this context, recycling
biochar as a catalyst carrier for the HDO of bio-oil or its model compound will improve
the overall economy of the process by means of circular economy [6]. By using renewable
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biochar as a catalyst carrier, and non-noble metals like nickel as active materials, the HDO
process for bio-oil upgrade becomes more sustainable and cost-effective. Non-noble metals
such as nickel, molybdenum, cobalt, copper, etc., make up the second group of HDO
catalysts for bio-oil model compounds [22–24]. These non-precious metals demonstrate
good activity as catalysts for upgrading bio-oil and its model compounds, and to achieve
comparable selectivity and activity, they require higher metal loadings, usually by 10–15%,
compared to their noble metal counterparts [25–27]. In contrast to noble metal catalysts,
these catalysts have low activity and selectivity, but because of their lower cost and ease of
design, they can be readily commercialized.

As opposed to eliminating all three oxygen atoms from vanillin HDO, the focus is on
producing p-creosol, which has been reported to be a potential fuel. As a second test, HDO
of vanillin to p-creosol is used to evaluate the concept of using biomass-derived catalyst
support. Compared to previous studies, where either activated carbon or alumina were
used as a catalyst support with either noble metal or bimetallic catalysts, this study seeks
to increase the economic value of biochar by incorporating it in HDO process catalytic
applications to increase the overall economics of upgrading bio-oil. The catalyst activity is
also significantly affected by the choice of catalytic supports. Catalysts with carbon-based
carriers have also been reported to perform better by modifying their physicochemical
properties chemically or physically [28]. Therefore, in this study, chemical activation is
employed to improve pore structure, surface area, and other physicochemical properties
of biochar derived from thermocatalytic reforming (TCR) by treating it with sulfuric acid
and potassium hydroxide (KOH). Improving the surface area and internal pore structure
of the biochar will enhance mass transport and Ni metal dispersion, improving catalytic
performance [28,29]. Hence, the objective of this study is to develop a robust and low-cost
catalyst for HDO of vanillin, a bio-oil model compound, into p-creosol, as a potential
fuel, using nickel-impregnated biochar derived from the pyrolysis of biomass. Therefore,
among the novel aspects of this study are the development of HDO catalysts based on
biochars obtained from TCR, as well as chemical activation of biochar for improvements in
mass transfer, metal dispersion and mesoporous properties, and consequently the process
optimization was systematically investigated.

2. Results and Discussion
2.1. Catalyst Characterization
Physicochemical Properties of the Prepared Catalysts

Table 1 shows the surface area calculated using the BET equation and the pore vol-
ume estimated using BJH equation for the prepared Ni/biochar, Ni/biochar (KOH) and
Ni/biochar (H2SO4) catalysts, while their nitrogen-sorption isotherms and pore size dis-
tributions are shown in Figure 1. In all cases, the adsorption–desorption hysteresis pat-
terns indicate that they are Type IV isotherms, which is consistent with the presence of
mesoporous structures—2 nm to 50 nm (Figure 1a). Chemical treatment created more
mesoporous structures in the biochar, resulting in an increase in gas uptake as a function of
relative pressure (P/P0). However, the hysteresis loops were similar in shape but occurred
at different positions in terms of relative pressure, size, and volume due to the increase
in the pore size of the biochar caused by the chemical treatment. Consequently, the H3
hysteresis loops are thought to be associated with aggregates of plate-like particles that
form slit-like pores [30]. It can be observed that both the surface area and the pore volume
of the catalyst increased significantly for the chemically treated biochar support in relation
to the untreated biochar (Table 1). For the chemical activation of biochar with KOH, the
surface area and pore volumes increased by 64.8% and 65.3%, respectively, compared to
that of Ni/biochar (74.84 m2g−1 and 0.095 cm3g−1). Meanwhile, acid treatment with H2SO4
resulted in a 372.3% increase in surface area and a 256.8% increase in pore volume relative to
Ni/biochar. However, in Figure 1b, it can be observed that the mesopores of the chemically
treated biochar improved compared to the Ni/biochar. The Ni/biochar (H2SO4) developed
narrower mesopores compared to those found in Ni/biochar (KOH). This suggests that



Catalysts 2023, 13, 171 4 of 22

chemical treatment has the potential to create mesopores (i.e., pores with sizes of 2 to
50 nm) within the biochar as a result of leaching, dehydration and oxidation [31,32]. This
enhanced mesoporous structure of the biochar following chemical treatment explains the
increases in surface area and pore volume, with surface area and pore volume decreasing
in the following order: Ni/biochar (H2SO4) > Ni/biochar (KOH) > Ni/biochar. This is also
consistent with findings reported in the literature regarding chemical activation [33,34].
ICP-OES analyses revealed that the actual Ni metal content in the prepared catalysts ranges
from 14.7 to 15.3%.

Table 1. Surface area and pore volume of Ni/biochar, Ni/activated biochar, and Ni/acidified biochar.

Catalyst Surface Area (m2g−1) Pore Volume (cm3g−1) Ni Content (%)

Ni/biochar 74.837 0.095 15.1

Ni/biochar (KOH) 123.304 0.15 15.3

Ni/biochar (H2SO4) 353.503 0.339 14.7
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Figure 1. The (a) N2 adsorption–desorption isotherm and (b) pore size distribution of the prepared
catalysts. The pore size distribution of the catalysts further confirms that they are mesoporous
materials, with a pore size distribution found mostly in the range between 2 nm and 16.24 nm
(mesopore range 2 to 50 nm).

The SEM photomicrograph of the biochar is shown in Figure 2. The surface topology
and morphology reveal that the raw biochar is composed of agglomerated particles with
irregular shapes and sizes and rough surfaces (Figure 2a). Based on the EDX elemental
analysis, it is clear the raw biochar contains the following elements: Al, Si, Fe, K, Ca, Mg,
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Ti, S, and P, which may have originated from the source or parent biomass (Figure 2b).
Furthermore, elemental mapping by EDX indicated that the biochar was composed of
uniformly distributed oxygen (42.6%) and carbon (38.8%), occurring as a result of charring
caused by the pyrolysis of the biomass. It has been reported in the literature that some of
the oxygen atoms in biochar belong to existing functional groups or are part of functional
groups arising from the pyrolysis bio-oil originating from the source biomass [35].
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Figure 2. SEM-EDX analysis of biochar. (a) SEM micrograph; (b) EDX analysis including tabulated
elemental composition below the figure.

The TEM images and grain size distribution of the Ni nanoparticles are shown in
Figure 3. It is worth noting that the area covered with the shadows of particles over a light
background corresponds to clusters of Ni nanoparticles dispersed on the biochar surface.
The grain size of Ni nanoparticles on the Ni/biochar, determined on the basis of image
analysis performed using image J software, is mostly between 6 and 11 nm, whereas that
of Ni/biochar (KOH) is between 4 and 12 nm and that of Ni/biochar (H2SO4) is between
4 and 10 nm. Overall, the average Ni grain sizes on the surfaces of the catalysts are 7.5 nm
(Ni/biochar), 9.5 nm (Ni/biochar (KOH)) and 8.5 nm (Ni/biochar (H2SO4)). The Ni metal
nanoparticles are aggregated (Figure 3). While chemically treating biochar with KOH and
H2SO4 increases its mesoporosity and surface area, there was no significant enhancement
in the dispersion of active Ni metal relative to Ni/biochar.
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Figure 3. TEM analysis and histograms of the Ni metal nanoparticle sizes of (a) Ni/biochar,
(b) Ni/biochar (KOH), and (c) Ni/biochar (H2SO4).

Metals are mostly present in their oxide form, which is confirmed by the XRD analysis
of the biochar (Figure 4). Notably, the following trace elements were detected: Si (5.48%),
Al (5.05%), Fe (4.0%), Ca (1.27%), and P (1.18%), along with others (K, S, Mg, and Ti)
with concentrations lower than 1%, which were well distributed on the surface of the
biochar (Figure S1a–k). This demonstrates the heterogeneous nature of the biochar surface.
Interestingly, it has been reported in the literature that oxides of Ti, Al, and Si provide
excellent catalytic support to Ni and Cu for HDO reactions [34,36–38]; thus, despite their
minor occurrence on the surface of the biochar, they could contribute to the performance of
the prepared Ni/biochar catalysts. The dispersion of these elements on the surface of the
biochar can be found in the Supplementary Materials Figure S1.
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Figure 4 shows the XRD diffraction patterns of the fresh and used catalysts. The
sharpness of most of the peaks in the XRD patterns indicates that the biochars and their
corresponding catalysts possess good crystallinity. The broad diffraction peak at 2θ = 25.7◦

indicates the presence of graphite (002), which is an amorphous carbon with irregular
structure [35]. The pyrolysis of biomass into biochar and bio-oil results in the formation of
graphite. Compared to raw biochar and biochar (KOH), the acid-treated biochar (biochar
(H2SO4)) exhibited an amplified intensity in some peaks, such as CaCO3, CaO and Al2O3
(Figure 4a). The other peaks that can be identified in the XRD patterns include SiO2,
occurring at 2θ = 21.33◦ and 27.07 [36], and CaO, CaCO3, Ca (OH)2 and Al2O3, appearing
at 2θ = 38.92◦, 46.13◦, 50.54◦ and 68.61◦, respectively [37,38].

In addition to the peaks of the biochar supports, both fresh and used catalysts exhibited
the characteristic peaks of NiO at 2θ values of 37◦, 44.5◦ and 64.5◦ (Figure 4b,c) [39]. The
presence of oxidized NiO nanoparticles on the surface of the biochar indicates that the
impregnated nickel (ii) nitrate hexahydrate decomposed during calcination. Interestingly,
in the XRD patterns before and after the reaction experiments, the peak positions and
intensities of the catalysts did not change (Figure 4b,c), which indicates that no phase
transformation or deactivation occurred as a result of the HDO of vanillin over the course
of the reaction time.

Figure 5 shows the FTIR spectra of the prepared Ni catalysts supported on biochar,
biochar (KOH), and biochar (H2SO4). The results reveal the presence of several matching
functional groups, such as a phenolic OH-group at 3400 cm−1 [40], carboxylic acids, -
COOH, at 2330 cm−1 [41], -C-O stretching in cellulose at 1030 cm−1 [42], and C=C vibration
for aromatic groups at 1580 cm−1 [40]. A decrease in the intensity of the –OH functional
group peak and a slight decrease in the C=C vibration peak for aromatic groups can be
observed in the spectrum of Ni/biochar (KOH) and Ni/biochar (H2SO4), indicating that
some of the surface functionalities of the biochar support may have been lost as a result of
acidic and basic treatments.
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Figure 5. FTIR spectra of biochar, biochar (KOH), biochar (H2SO4), and their corresponding Ni catalysts.

A study of the surface chemistry of the prepared catalyst was performed, particularly
the reduction of the impregnated Ni metal and its oxides (NiO) in the catalyst. Temperature-
programmed reduction (TPR) was carried out using hydrogen gas as a reducing agent,
while CO2-TPD was also performed. Figure 6 shows the H2-TPR profiles of the raw biochar
support and the 15 wt% Ni/biochar, 15 wt% Ni/biochar (KOH) and 15 wt% Ni/biochar
(H2SO4) catalysts. No reduction peak can be observed in the raw biochar, confirming that
the metal oxides found in the biochar as revealed by EDX and XRD remained in their oxide
states even at high temperatures under constant hydrogen flow; thus, they were able to
contribute to the reaction as catalysts. However, a reduction peak can be observed for
the Ni-supported catalysts Ni/biochar, Ni/biochar (KOH), and Ni/biochar (H2SO4) at
temperatures between 300 ◦C and 450 ◦C.

The reduction peaks occurred at 350 ◦C for both 15 wt% Ni/biochar and 15 wt%
Ni/biochar (H2SO4), and at 400 ◦C for 15 wt% Ni/biochar (KOH). Previous studies have
reported that nickel oxide (NiO) can be reduced to metallic nickel in hydrogen at 400 ◦C to
ensure the conversion of all nickel oxides to the metallic nickel [43–45]. The results of this
study show, however, that total reduction of nickel oxide precursors takes place slightly
beyond 400 ◦C for all precursors. The 350 to 400 ◦C reduction temperature observed in the
prepared catalyst represents weak to moderate Ni–support interaction. These reduction
temperatures represent a reduction in NiO, which is not present in the raw biochar itself.
Consequently, the Ni–support interaction is stronger for 15 wt% Ni/biochar (KOH) than
for 15 wt% Ni/biochar or 15 wt% Ni/biochar (H2SO4).
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(H2SO4) catalysts.

The surface interactions between the adsorbed molecules and the biochar surface can
be determined using the TPD method. Biochar’s acidic–basic properties may play a critical
role during vanillin HDO, since it activates oxygenated compounds on the surface of the
support. Additionally, adsorption of reactants is fundamentally affected by the acidity or
basicity of the biochar surface [17]. The CO2-TPD profiles of the biochar and the prepared
catalysts are shown in Figure 7. Two basic sites can be observed on the TPD profile of
the biochar and the prepared Ni/biochar. The first broad peak occurred at about 675 ◦C,
representing moderately basic sites, while the second peak at 790 ◦C is assigned to the
strong basic sites of the biochar support itself. Upon impregnation with Ni to produce the
Ni/biochar catalyst, a shift can be observed, with the first peak appearing at 700 ◦C and the
second peak at 800 ◦C. Meanwhile, the chemically treated biochar catalysts possess only a
single peak, with the peak for the Ni/biochar (KOH) appearing at 675 ◦ C, and that for the
Ni/biochar (H2SO4) appearing at 575 ◦C. The results suggest that the surface interaction
with the components can be summarized as follows: Ni/biochar > biochar > Ni/biochar
(KOH) > Ni/biochar (H2SO4). The basic sites are a result of the interaction between O− and
CO2 [46]. Figure 7 shows a significant increase in the basic sites in Ni/activated biochar
and Ni/acidified biochar when compared to those in the biochar. The increase in basic sites
contributes to the high reactivity observed in Ni/biochar (KOH) and Ni/biochar (H2SO4).
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The thermal stability of the prepared catalysts was studied with the aid of TGA.
The response of the catalysts to temperature can be seen in the TGA results displayed
in Figure 8. The first thermal peak occurred at around 100 ◦C, with initial weight losses
of about 2.5% (Ni/biochar (KOH) and 5% (Ni/biochar and Ni/biochar (H2SO4) being
observed in the temperature range of 25 ◦C to 200 ◦C, which may be attributable to moisture
loss, some light volatile compounds, and bound solvent evaporation [47]. This includes
phenolic OH-groups and carboxylic acids, -COOH, as identified in the FTIR analysis shown
in Figure 5.

For the Ni/biochar, significant weight loss of about 12% occurred between 200 ◦C
and 650 ◦C, due to the decomposition of hemicellulose and cellulose, and from 650 ◦C to
800 ◦C, weight loss occurred as a result of the thermal decomposition of lignin [48]. The
presence of cellulose on the biochar surface could be observed from the FTIR analysis, and
the decomposition from 200 ◦C to 650 ◦C is consistent with this observation. Compared
to Ni/biochar, the weight loss of the chemically treated counterpart during the second
stage occurred in the temperature range between 200 ◦C and 800 ◦C, indicating that the
occurrence of thermal peaks had shifted to a higher temperature. This could be attributed
to the thermal decomposition of lignin, cellulose, and hemicellulose compounds on the
biochar [47]. Within the studied temperature range of 25 ◦C to 800 ◦C, the total weight loss
values corresponded to 15% (Ni/biochar), 18% (Ni/biocharH2SO4) and 20% (Ni/biochar
(KOH), which is in the same order as their thermal stability. The additional drop in weight
loss can be attributed to the enhanced mesoporosity of the chemically treated biochar, which
allows the diffusion of gas in the interior of the biochar during the TGA test. Therefore,
due to its excellent proven thermal stability, low cost, and good resistance to acidic and
basic media, biochar offers many advantages as a support material for HDO catalysts.
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2.2. Catalyst Activity
2.2.1. Conversion of Vanillin

The HDO of vanillin can result in two products, vanillyl alcohol and p-creosol. It is
possible to achieve catalytic HDO via successive transformations of organic compounds
containing oxygen. In this case, the conversion of vanillin into p-creosol during HDO can
be achieved through: (a) intermediate hydrogenation to vanillyl alcohol and additional
hydrogenolysis; and/or (b) straight hydrogenolysis of the C=O bond [49,50]. There have
been a variety of reaction pathways reported in the literature for vanillin HDO over
different catalysts in the past [5,51–53]. This study identified p-creosol as the final product
of the HDO of vanillin over Ni/biochar catalysts in 2-propanol solvents. p-creosol is
formed in a two-step reaction first involving the hydrogenation of vanillin to vanillyl
alcohol, and then the further hydrodeoxygenation of this intermediate, as shown in reaction
Scheme 1. Figure 9 shows the conversion and yields of vanillyl alcohol and p-creosol as
a function of reaction time. With HDO approaching completion at 10 h, it is evident that
vanillin conversion increases to 100%, p-creosol yields increase as well, and vanillyl alcohol
yields decline negligibly. At 10 h, the hydrogenolysis of vanillyl alcohol, including the
cleavage of the C-O bond and the formation of a new C-H bond, had resulted in an almost
total conversion to p-creosol. This observation clearly confirms that vanillyl alcohol was
the intermediate product and p-creosol was the final product (Scheme 1). The Ni metal
facilitates the hydrogenation of C=C and C=O bonds, and the basic sites promote the
cleavage of the C–O bond to form a deoxygenated product.
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Figure 9. Conversion and product yield from vanillin HDO over Ni/biochar catalyst (reaction
conditions: initial substrate concentration 0.33 M; temperature 150 ◦C; H2 pressure 50 bar; catalyst
0.8 g; reaction time 10 h).

2.2.2. Effect of Temperature on the HDO of Vanillin

The effect of reaction temperature in the range of 100 to 150 ◦C was studied over
Ni/biochar catalyst. The effect of reaction temperature on the HDO of vanillin is shown
in Figure 10. With increasing reaction temperature, vanillin conversion as well as the
selectivity of p-creosol and vanillyl alcohol change significantly. With an increase in
reaction temperature from 100 ◦C to 150 ◦C, vanillin conversion increases from 26% to 95%,
while p-creosol yield increases from 15% to 90%, and vanillyl alcohol yield decreases from
8% to 2%. It is evident that increased reaction temperature favors p-creosol selectivity, while
simultaneously diminishing the selectivity toward vanillyl alcohol. This suggests that the
HDO of vanillin is endothermic in nature [4,54], with the reaction rate generally increasing
as the temperature rises [4]. Based on these results, p-creosol yield increases with an increase
in temperature from 100 ◦C to 150 ◦C, while vanillyl alcohol yield decreases, showing
that vanillyl alcohol is the intermediate product, and is converted via hydrogenolysis
to p-creosol. Similarly, Ru/CNT catalysts for HDO of vanillin showed similar trends in
selectivity for p-creosol and vanillyl alcohol when changing the temperature from 50 ◦C to
150 ◦C [55]. In other words, the hydrogenolysis of vanillyl alcohol advanced very rapidly
at longer reaction times and high temperature [50]. Reactions at higher temperatures were
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found to exhibit p-creosol selectivity of up to 96%. As a consequence, at 150 ◦C, vanillin
conversion was greater than 95% after 9.5 h, with a 99% p-creosol yield.

Catalysts 2023, 13, x FOR PEER REVIEW 13 of 23 
 

 

simultaneously diminishing the selectivity toward vanillyl alcohol. This suggests that the 
HDO of vanillin is endothermic in nature [4,54], with the reaction rate generally increasing 
as the temperature rises [4]. Based on these results, p-creosol yield increases with an in-
crease in temperature from 100 °C to 150 °C, while vanillyl alcohol yield decreases, show-
ing that vanillyl alcohol is the intermediate product, and is converted via hydrogenolysis 
to p-creosol. Similarly, Ru/CNT catalysts for HDO of vanillin showed similar trends in 
selectivity for p-creosol and vanillyl alcohol when changing the temperature from 50 °C 
to 150 °C [55]. In other words, the hydrogenolysis of vanillyl alcohol advanced very rap-
idly at longer reaction times and high temperature [50]. Reactions at higher temperatures 
were found to exhibit p-creosol selectivity of up to 96%. As a consequence, at 150 °C, van-
illin conversion was greater than 95% after 9.5 h, with a 99% p-creosol yield.  

 
Figure 10. Effect of temperature on HDO of vanillin (reaction conditions: initial concentration 0.33 
M; catalyst 0.4 g; H2 pressure 50 bar; reaction time 9.5 h). 

2.2.3. Effect of Pressure on the HDO of Vanillin 
The effect of H2 pressure on the HDO of vanillin was studied from 30 bar to 50 bar at 

a constant temperature of 150⁰C. As shown in Figure 11, an increase in pressure from 30 
bar to 50 bar tends to increase vanillin conversion and p-creosol yield. Notably, at 50 bar, 
the yield of vanillyl alcohol is negligible compared to that obtained at pressures of 30 and 
40 bar. Due to the increase in hydrogen pressure, the catalyst surface is exposed to more 
H2, allowing hydrogenolysis of vanillyl alcohol to occur more easily [3]. 
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catalyst 0.4 g; H2 pressure 50 bar; reaction time 9.5 h).

2.2.3. Effect of Pressure on the HDO of Vanillin

The effect of H2 pressure on the HDO of vanillin was studied from 30 bar to 50 bar
at a constant temperature of 150 ◦C. As shown in Figure 11, an increase in pressure from
30 bar to 50 bar tends to increase vanillin conversion and p-creosol yield. Notably, at 50 bar,
the yield of vanillyl alcohol is negligible compared to that obtained at pressures of 30 and
40 bar. Due to the increase in hydrogen pressure, the catalyst surface is exposed to more
H2, allowing hydrogenolysis of vanillyl alcohol to occur more easily [3].
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2.3. Effect of Reaction Parameters

The effects of three factors—temperature, pressure, and catalyst loading—on the HDO
of vanillin were studied using the response surface methodology (RSM), implemented
in Minitab 19 statistical software. This Design of Experiments (DOEs) software package
was used to assist in achieving optimization using the minimum number of experimental
conditions. For the modeling and optimization of the HDO of vanillin, a tri-oxygenate
model compound of bio-oil was implemented using the RSM approach. By using the RSM,
it is possible to determine the combined effect of process factors as well as their high order,
enabling the objective assessment of the relationship between different combinations of
reaction factors and yield, as opposed to the traditional optimization approach [56,57].

The results obtained, as presented in the Supplementary Materials Table S1, indicate
that the highest vanillin conversion of 97%, with 91.17% p-creosol yield, was obtained at
a temperature of 150 ◦C, 50 bar H2 pressure, and a catalyst loading of 0.6 g. Analysis of
variance for the experimental results was used based on a set of 15 replicated experiments
(Table S1) to fit the polynomial model used (Equation (1)) in order to determine the effect
of linear, square, and interactive reaction variables.

Vanillin Conversion = 134.9 − 4.118 T + 2.63 P + 15.60 C + 0.02014 T2 − 0.0372 P2 + 0.01070 TP (1)

where T: temperature (◦C); P: pressure (bar); and C: catalyst loading. Temperature, pres-
sure, catalyst loading, square of temperature, pressure and the combined interaction of
temperature and pressure were identified as statistically significant factors for improved
vanillin conversion, as shown in Table 2. On the basis of the effect of variations in the
reaction parameters or factors studied, a second-order polynomial empirical model, as
shown in Equation (1), was able to fit the experimental data obtained, and thus can be
used to predict the conversion of vanillin as a response. The values of the determination
coefficients (R2) and adjusted coefficient (R2 adj.) were found to be 99.66% and 99.40%,
respectively, which indicates that the model was able to adequately fit the experimental
data, with a good predictive power (Rsq. Pred.) of 98.65% (Table 3).

Table 2. Results of analysis of variance for hydrodeoxygenation of vanillin.

Source DF Adj ss Adj MS F-Value P-Value
Significance

Model
Linear

9
3

106,44.7
9927.7

1182.74
3309.23

355.07
993.46

0.000 S
0.000 S

Temperature (◦C) 1 9058.6 9058.58 2719.47 0.000 S
Pressure (Bar) 1 791.2 791.22 237.53 0.000 S

Catalyst Loading (g) 1 77.9 77.88 23.38 0.005 S
Square 3 676.1 225.36 67.65 0.000 S

Temp. (◦C) × Temp. (◦C) 1 595.6 595.61 178.81 0.000 S
Pressure (Bar) × Pressure (Bar) 1 48.1 48.10 14.44 0.013 S

Cat. Loading (g) × Cat. Loading (g) 1 7.7 7.67 2.30 0.190 NS
2-Way Interaction 3 40.9 13.64 4.09 0.082 NS

Temp. (◦C) × Pressure (Bar) 1 28.6 28.62 8.59 0.033 S
Temp. (◦C) × Catalyst Loading (g) 1 4.6 4.62 1.39 0.292 NS
Pressure (Bar) × Cat.Loading (g) 1 7.7 7.67 2.30 0.190 NS

Error 5 16.7 3.33

DF: degrees of freedom, Adj ss: adjusted sum of square, Add ms: adjusted mean squares. P-value: probability
value and F-value: Fisher value; Temp: temperature; Cat loading: catalyst loading regression equation in
uncoded units.

Table 3. Model summary.

S R2 R2 (adj.) R2 (pred.)

2.14 99.66 99.40 98.65

Three sets of experiments with different combinations of reaction conditions at tem-
perature 120 ◦C–140 ◦C, pressure 30–50 bar, and catalyst loading 0.4–0.8 g were conducted
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in duplicate to assess the predictive power of the empirical model within the lower and
higher limits of the experimental conditions studied in Table S1. The results obtained from
the experiments and the empirical model (Equation (1)) predictions are shown in Table 4.
Based on the results, vanillin conversion could be predicted to within an error range of
5.02 to 9.95% with the use of this empirical model. Consequently, RSM can be used to
develop an empirical model that accounts for the interactive effects of reaction variables
such as temperature and pressure on the yield of p-creosol obtained from the HDO of
vanillin. There are several advantages to using the RSM technique, including the fact that it
generates a significant amount of data from fewer experiments, thereby saving time and
resources. It can also be used to determine the effect of the interaction between independent
and dependent reaction variables [58].

Table 4. Validation of the regression model.

S/no. Temperature (◦C) Pressure (bar) Catalyst (g) Calculated Value Experimental Value

1 120 40 0.4 34.04 44.01
2 135 30 0.6 45.14 54.48
3 140 50 0.8 79 84.02

2.4. Catalyst Reusability

An investigation of Ni/biochar stability was carried out for fresh and used catalysts
by reusing the catalyst recovered from the first, second, and third experimental cycles. The
vanillin conversion, p-creosol and vanillyl alcohol yields and their selectivity after each
cycle are shown in Figure 12.
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Vanillin conversion and p-creosol yields showed similar patterns from the first cycle
through to the third cycle, with an increase in vanillyl alcohol yield and selectivity in the
second, third and fourth cycles. It is clear from Figure 12 that the conversion of vanillin
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and the yield of the p-creosol product did not significantly change for either the first
or the second cycles. However, while both the conversion of vanillin and the yield of
p-creosol decreased from the third to the fourth cycle, the yield of vanillyl alcohol increased.
This indicates a decrease in the hydrogenolysis of vanillyl alcohol to p-creosol between the
successive experiments. The stability of the catalyst can be attributed to the thermal stability
of the prepared catalyst, as indicated by the TGA analysis presented in Figure 8. However,
the catalyst exhibited a slight deactivation after the third cycle, which might be attributable
to the leaching of some of the Ni [59], depending on the strength of the interaction between
the Ni and the biochar. This can be explained by the weak Ni-biochar support interaction
observed in the H2-TPR analyses in Figure 6, resulting in a reduction in the overall vanillin
conversion and p-creosol yield in the third and fourth cycles. With a reaction temperature
of 150 ◦C, C-C cleavage is not likely to occur; therefore, coke will not form during the
HDO of vanillin. Furthermore, the only products observed in this study were p-creosol
and vanillyl alcohol, both of which were produced by hydrogenation and hydrogenolysis.
In light of this, it can be inferred that no coke was formed. As a result, the decreases in
the conversion of vanillin, p-creosol yield, and selectivity cannot be ascribed to catalyst
deactivation resulting from coke on the Ni. It has also been hypothesized that organic
species adsorbed onto the surface of the Ni/biochar during the first and second cycles may
be responsible for the decline in the catalytic activity of the catalyst in subsequent reaction
cycles [60].

2.5. Effect of Chemical Treatment on Catalytic Performance

The novelty of the present work lies in the design of a robust and low-cost catalyst
for the HDO of vanillin. The effect of the chemical activation of biochar on the activity
of Ni/biochar in vanillin HDO was studied using Ni/biochar, Ni/ biochar (KOH) and
Ni/biochar (H2SO4). Figure 13 demonstrates the impact of the chemical treatment of
the biochar on the catalytic performance of the HDO of vanillin. Notably, the catalyst
prepared using the KOH- and H2SO4-treated biochar clearly outperformed that prepared
with raw biochar.
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There was a moderate improvement in the catalytic performance of the modified
catalysts, especially the H2SO4 treated biochar, which showed a high yield of p-creosol and a
negligible vanillyl alcohol yield. It is expected that the improved mesoporous structure seen
in the particle size distribution from the BET analyses (Figure 1a) of the biochar following
chemical treatment would provide a large surface area for Ni metal dispersion and pore size,
minimizing the mass transport of vanillin and hydrogen, and thereby increasing catalytic
activity. A 23% increase in vanillin conversion was observed with the Ni/biochar (KOH)
catalyst, and an increase of 35% over Ni/biochar (H2SO4). Despite the biochar’s excellent
physicochemical properties after KOH and H2SO4 treatments as a catalyst support, the
active metal, in this case Ni, is the major determinant of catalytic performance. This can be
plausibly attributed to the reduced basic strength of chemically treated biochar catalysts
relative to Ni/biochar (Figure 7). It could also possibly be attributed to the nature and
distribution of the Ni nanoparticles on the surface of the biochar (Figure 3). Due to the
increased surface area of biochar following chemical treatment, the nanoparticles of Ni
metal are dispersed more widely.

Considering the fact HDO reaction is dependent on the Ni metal, the more widely
distributed the active Ni nanoparticles are on the surface of the biochar, the less effective
the chemically treated biochar support catalyst will be. It is also possible that the Ni
loading might not be adequate for the chemically treated biochar to achieve good surface
coverage, considering the significant increase in surface area relative to the raw biochar.
The Ni/biochar catalyst demonstrated excellent catalytic activity in the HDO of vanillin;
however, it has a small specific surface area (Figure 1) and is prone to the agglomeration of
Ni nanoparticles, as can be observed in Figure 3.

3. Materials and Methods
3.1. Materials

The biochar used in this research work was produced at the School of Chemical
Engineering, University of Birmingham, UK by pyrolysis of sewage sludge waste. The gases
used in this research were obtained from British Oxygen Company (BOC), Ltd., Woking, UK,
and include 5% H2/N2, hydrogen (purity 99.0%) and nitrogen (purity 99.9%). The vanillin
(4-Hydroxy-3-methoxybenzaldehyde, 4-(HO)C6H3-3-(OCH3)CHO, 99% purity) substrate
used in this study was purchased from Alfa, Aesar, UK, while vanillyl alcohol (4-Hydroxy-
3-methoxybenzyl alcohol, HOC6H3(OCH3)CH2OH, purity 98%), p-creosol (2-Methoxy-
4-methylphenol, CH3OC6H3(CH3)OH, purity >98%), 2-propanol (CH3)2CHOH, purity
99.99%), sulfuric acid, H2SO4 (Sigma Aldrich, Gillingham, UK), potassium hydroxide, KOH
(Sigma Aldrich) and nickel (ii) nitrate hexahydrate (Ni(NO3)2·6H2O, purity 99.99%) were
purchased from Sigma Aldrich, UK and deionized water was sourced locally (University
of Birmingham, 100%).

3.2. Chemical Activation of Biochar

Chemical activation was accomplished using 7 M KOH (aq.) in the ratios 3:1 (KOH
solution: Biochar) by weight and stirred for 3 h with the aid of magnetic stirrer at 120 ◦C.
The resulting mixture was filtered with the aid of a vacuum filter to obtain the chemically
impregnated biochar as residue. Several washing steps were performed with deionized
water, and the filtrate was tested with litmus paper after each step until a neutral pH was
reached [29]. The KOH activated biochar is labelled as thus: biochar (KOH).

3.3. Acidification of Biochar

The biochar (20 g) was sulfonated using 300 mL concentrated sulfuric acid (95–98%)
in a 250 mL round-bottomed flask fitted with a reflux condenser at 120 ◦C on a hot plate
equipped with thermocouple and heating mantle for 3 h. After cooling to ambient tem-
perature, the mixture was slowly added to 300 mL deionized water (2/3 ice) to ensure the
mixture cooled to room temperature, and the reaction is quenched completely, diluted,
stirred and filtered using a vacuum filter. Then, the precipitate was washed repeatedly
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with hot distilled water until the filtrate was free from sulfate ions, which was confirmed
by testing the pH. The samples were oven dried at 80 ◦C overnight based on the protocol
reported in the literature [33]. The solid material produced was denoted as biochar (H2SO4).

3.4. Preparation of Ni/Biochar Catalyst

The 15 wt. % Ni/biochar catalyst was prepared by a wet impregnation method
in which the biochar support was soaked and mixed in aqueous solution of nickel (ii)
hexahydrate as follows: 17.82 g of nickel (ii) nitrate hexahydrate was dissolved in 50 mL of
deionized water, and 20 g of biochar was gradually added to the aqueous solution while
stirring. The mixture was stirred at 800 rpm and 70 ◦C using a hot plate magnetic stirrer
until all surface water had evaporated, leaving behind a wet solid catalyst that was dried
overnight at 80 ◦C in the oven. The resulting Ni/biochar catalyst was calcined at 500 ◦C for
5.5 h. The same preparation methodology was followed for all catalysts used in this study
for Ni/biochar, Ni/biochar (KOH) and Ni/biochar (H2SO4).

3.5. Catalyst Characterization

The surface area, pore size distribution, and pore volume of the prepared catalysts
were determined by the means of N2¬ adsorption–desorption isotherms technique at a
temperature of 77.261 K using a Micrometrics Analytical Instrument ASAP 2010. The
surface area and pore size distribution were estimated using the Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) model equations. The surface morphology of
the catalysts was studied using an SEM Hitachi TM3030 Plus Tabletop microscope, and
the particle size distributions of the Ni (metal) over the biochar support was studied by
transmission electron microscopy (TEM) using a Hitachi TM4000 plus instrument. Fur-
thermore, ChemBET Pulsar temperature-programmed reduction/desorption (TPR/TPD)
equipment was used to determine the strength and number of the basic sites of the pre-
pared catalysts by carbon dioxide temperature-programmed desorption (CO2-TPD) at
desorption temperatures between 120 ◦C and 900 ◦C at a ramp rate of 20 ◦C/min with
about 0.34 g of sample. The reduction temperature of the catalysts was determined using
hydrogen gas temperature-programmed reduction (H2-TPR) and Cat-lab equipment for
temperature ranging from ambient to 900 ◦C at a heating rate of 20 ◦C/min. Additionally,
X-ray diffraction (XRD) analysis was carried out on the biochar itself and prepared catalysts
(i.e., 15 wt% Ni/biochar, 15 wt% Ni/biochar (KOH), 15 wt% Ni/biochar (H2SO4) and
their counterparts) to determine the crystallinity of the material, the crystal phase, and
the elemental composition. Meanwhile, the thermal stability of the catalysts was studied
by means of thermogravimetric analysis, TGA (Perkin Elmer TGA 8000) ramping from
25 ◦C to 800 ◦C at the rate of 10 ◦C/min under a nitrogen atmosphere (purity 99.9%),
and the functional groups on the surface of the prepared catalysts were determined using
Perkin Elmer FTIR (Fourier-transform infrared) spectrometer frontier equipment. The
FTIR spectra data collection used a detector LiTaO3, KBr window with a resolution of
0.4 cm−1 and a scanning rate of 100 scans/second. Inductively coupled plasma–optical
emission spectroscopy (ICP-OES) method was used to determine how much Ni metal had
been incorporated into the biochar. To prepare the sample for ICP-OES analysis, 8 mL of
concentrated nitric acid and 2 mL of hydrogen peroxide were combined with about 1 g of
sample and digested at 140 ◦C for 20 min.

3.6. Catalytic Reaction

This study used a 100 mL stainless steel batch reactor supplied by Parr Instruments for
all experiments on vanillin hydrodeoxygenation (HDO). The Parr reactor was fitted with a
mechanical stirrer, thermocouple, pressure gauge, and a control system for temperature
and stirring speed. Prior to each experiment, the catalyst was activated (ex situ) in a
Carbolite Gero TF1200 tubular furnace under a constant flow of 5% H2/N2 at 500 ◦C for
5.5 h. The amount of catalyst tested in the experiment was in the range of 0.4–0.8 g and
vanillin in 2-propanol solvent 50 gL−1 (2.5 g vanillin in 50 mL of 2-propanol) was fed
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into the reactor, sealed, and purged three times with nitrogen and subsequently heated
under hydrogen to the desired temperature and pressure. There was no evidence that
2-propanol solvent was hydrodeoxygenated during the HDO of vanillin from the GC
analysis, since the peak remained unchanged. The choice of solvent was based on the
findings reported in the previous study [3] showing that conversion and selectivity (p-
creosol) for 2-propanol solvent was about 100% [3]. Consequently, the stability of the
Ni/biochar catalyst was tested over four cycles under the same experimental conditions.
This was done using fresh and used catalysts recovered from the first, second and third
experimental cycles, respectively. A simple filtration procedure using 150 mm Whatman
filter paper was adopted to separate the catalyst from the reaction solution at the end of the
reaction. The solid catalyst used was heated at 150 ◦C for 2 h under a nitrogen atmosphere
to remove the visible white crystals of the reactants and products still adsorbed on the
catalyst surface.

The HDO reaction was carried out under the following range of conditions: tempera-
tures 100 ◦C to 150 ◦C, hydrogen (H2) pressures 30 to 50 bar, and stirring rate 1000 rpm.
Based on the preliminary experiments, it was found that a stirring rate of 1000 rpm was
sufficient to eliminate the effect of external mass transfer. Hence, all experiments were per-
formed using this mixing speed. As soon as hydrogen was introduced into the reactor, the
reaction time was started. For each reaction, samples were taken at the end (undisturbed)
or at equally spaced time intervals throughout the duration of the reaction, and the amount
of each sample was fixed to reduce pressure loss.

3.7. Optimization of the Reaction Parameters over Ni/biochar Catalyst

The following reaction parameters were optimized over the range: temperature
(100 ◦C–150 ◦C), H2 pressure (30–50 bar), and catalyst loading (0.4–0.8 g) using a 3-level
Box–Behnken design in response surface methodology (Minitab 19 statistical software)
for HDO of vanillin over Ni/biochar catalyst only. The experimental runs (15 sets) were
performed in duplicate to ensure variability of the data, and the regression equation was
obtained for p-creosol yield (Supplementary Materials Table S1).

3.8. Product Analysis

For every experiment, about 2 mL of liquid samples were collected periodically and
analyzed using a gas chromatographer (GC—Agilent 6890N) equipped with an FID detector
and column (30 m × 0.320 mm × 0.25 µm). The GC was operated at an inlet pressure
of 4.1 psi with helium as the carrier gas. The inlet and detector temperatures were set at
320 ◦C and 330 ◦C, respectively. The oven temperature was programmed at 60 ◦C and
subsequently ramped to 300 ◦C at a heating rate of 24 ◦C min−1. Then, 1 µL of the collected
sample was injected into the column using a split ratio of 20:1 for each analysis. Despite
the fact that the reaction pathway indicates the formation of water molecules, the GC-FID
could not detect peaks for water. As a result, the yield was calculated using the moles of the
reactant (i.e., vanillin) and products (i.e., vanillyl alcohol and p-creosol), and the selectivity
was also calculated with those moles. The following equations were used to quantify
vanillin conversion, yields of vanillyl alcohol and P-creosol, as well as their selectivity.

Conversion (%) =
initial moles of vanillin (nV0)− final moles of vanillin(nV1)

initial moles of vanillin (nV0)
× 100 (2)

Product yield (%) =
Moles of desired product

(
np

)
initial moles of vanillin (nV0)

× 100 (3)

Selectivity (%) =
Moles of desired product

(
np

)
total moles of products

× 100 (4)

where the desired product (np) = Vanillyl alcohol or P-creosol, and the total product = moles
of vanillyl alcohol + mole of p-creosol
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4. Conclusions

The conversion of vanillin, an oxygenated phenolic compound found in bio-oil, into
p-creosol, a future fuel, was carried out using biochar as a catalyst carrier. A robust, cost-
effective and renewable catalyst was developed by chemically improving the mesoporous
structure of the biochar before impregnating the nickel metal to produced Ni/biochar
catalyst. The surface area and pore volume of KOH treated biochar increased by 65.5% and
65.3%, while H2SO4-treated biochar exhibited increases of 372.3% and 256.8% in comparison
to raw biochar (74.84 m2g−1 and 0.095 cm3g−1). The optimization of vanillin HDO using
the response surface methodology (RSM) showed that 150 ◦C, 50 bar, 0.6 g catalyst loading
and 1000 rpm were the optimal conditions for vanillin hydrodeoxygenation to p-creosol
over a duration of 10 h. The catalyst also showed high stability after being used for four
cycles. However, the KOH and H2SO4 treatments of the biochar only moderately increased
catalyst performance when compared to the observed enhancement in physicochemical
properties such as surface area, pore volume and pore size distribution.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13010171/s1, Table S1: Design of Experiment (DOE)
matrix, vanillin conversion and corresponding p-creosol yields, Figure S1: SEM-EDX of the biochar
and the compositional element mapping.
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