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Abstract: The present investigation aimed to study the physicochemical characteristics of supported
catalysts comprising various percentages of zinc dispersed over SiO2. The physiochemical
properties of these catalysts were surveyed by N2 physisorption (BET), thermogravimetry analysis
(TGA), H2 temperature-programmed reduction, field-emission scanning electron microscopy
(FESEM), inductively coupled plasma-optical emission spectrometry (ICP-OES), and NH3

temperature-programmed desorption (NH3-TPD). In addition, to examine the activity and
performance of the catalysts for the hydrodeoxygenation (HDO) of the bio-oil oxygenated compounds,
the experimental reaction runs, as well as stability and durability tests, were performed using
3% Zn/SiO2 as the catalyst. Characterization of silica-supported zinc catalysts revealed an even
dispersion of the active site over the support in the various dopings of the zinc. The acidity of the
calcinated catalysts elevated clearly up to 0.481 mmol/g. Moreover, characteristic outcomes indicate
that elevating the doping of zinc metal led to interaction and substitution of proton sites on the SiO2

surface that finally resulted in an increase in the desorption temperature peak. The experiments were
performed at temperature 500 ◦C, pressure 1 atm; weight hourly space velocity (WHSV) 0.32 (h−1);
feed flow rate 0.5 (mL/min); and hydrogen flow rate 150 (mL/min). Based on the results, it was
revealed that among all the prepared catalysts, that with 3% of zinc had the highest conversion
efficiency up to 80%. However, the selectivity of the major products, analyzed by gas chromatography
flame-ionization detection (GC-FID), was not influenced by the variation in the active site doping.

Keywords: heterogeneous catalyst; hydrodeoxygenation (HDO); zinc; phenol; bio-oil

1. Introduction

Due to global warming, many countries have moved from fossil fuel-based energy toward
renewable energy. There are several forms of renewable energy that have been effectively executed out
there. Many countries have successfully implemented renewable energy generated from solar [1,2].
Where some others have successfully utilized hydro, wave, geothermal, and wind as a secondary
energy source [1,3], Malaysia and Indonesia have successfully utilized biofuel as one of the alternative
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energy sources [4–6]. Biofuel has been proven to reduce greenhouse gas emissions significantly
in these countries [7]. Therefore, among all alternative sources of energy to replace the restricted
natural fossil fuel reservoirs, biofuel represents the sole available sustainable energy source that could
properly replace petroleum [8,9]. Nevertheless, due to its component’s complexity, which results
in its instability, corrosiveness, and low heating value, the pyrolyzed biomass, known as bio-oil,
must be upgraded before utilization [10–12]. Hydrodeoxygenation is a catalytic reaction that applies
hydrogen to eliminate oxygen from the oxygenated compounds. These reactions are an efficient
alternative method to attain bio-oils from biomass-derived oxygenated compounds [13]. Nevertheless,
several issues must first be addressed before the hydrodeoxygenation (HDO) process can be entirely
commercialized. The development of efficient, robust, cost-effective, and selective catalysts enable the
advancement of this method to partly prevail these disadvantages [14].

Various kinds of active sites have been tested in the last decade for the HDO of the oxygenated
compounds, which have had promising results including transition metal oxides such as MoO3 [15,16],
Mo2C [17], Pt/(Al2O3, SiO2, H-Beta zeolie, activated carbon) [18–20], Fe/(SiO2, activated carbon) [21,22],
Ni/(Al2O3, SiO2, HZSM-5 zeolite) [23], and Ga/(HBETA, SiO2, ZSM-5) [24]; precious metals such as
Ru/TiO2 [25], and W/carbon [26]; phosphides such as Ni2P/SiO2, Fe2P/SiO2, MoP/SiO2, Co2P/SiO2,
and WP/SiO2 [27]; and bifunctional such as NiMo/Al2O3 [28] and Pd-FeOX/SiO2 [29].

Zinc has been reported as an active site for the hydroprocessing of bio-oil oxygenated compounds,
resulting in aromatic compounds and/or hydrocarbons [30–38]. The interdependent effect of nickel
and zinc metals on Al2O3 support has been investigated by Cheng et al. [39]. They found that the pine
sawdust bio-oil could efficiently be converted by 15%Ni.5%Zn/Al2O3 at 44.64 wt%. According to their
report, the highest hydrocarbon content of 50.12% could be achieved by applying this bifunctional
catalyst. Bifunctional catalysts possess two types of active sites and catalyze two dissimilar types of
reactions. In another study by Parsell et al. [40], Zn/Pd was used for the HDO of lignin. Based on the
author’s claims, 80%–90% of conversion yield could be achieved using Pd/Zn as the HDO catalyst.
Besides, they reported that the bifunctional Pd/Zn/C catalyst was more effective in the HDO of
lignin molecules (β-O-4) and aromatic compounds, in comparison to the Pd/C sample. Additionally,
they expressed that the bifunctional Pd/Zn/C sample is recyclable and robust, and no further addition
of the zinc metal is required after each reaction cycle. The efficiency upsurge of the Kapuk seed
oil hydrocracking process using the zinc metal has been reported recently by Mirzayanti et al. [41].
They stated that using Zn-Mo/HZSM-5 with a loading of 2.99 wt% for Zn and 7.55 wt% for Mo,
the highest performance of the catalyst for the hydrocracking process could be reached.

Due to the complexity of the bio-oils causing complicated reactions during the HDO process,
model compounds such as phenol, lignin, and others have been applied. Using the model compounds,
one can attain enough data regarding the mechanism and reaction networks of the process. Phenol
and its derivatives are known as the most refractory compound in the bio-oil and, hence, it has been
selected as the model compound in this investigation [42].

The current research aims to study the physicochemical characteristics of the Zn/SiO2 catalyst
as a potential and promising catalyst for the HDO of bio-oil oxygenated compounds using various
analytical equipment. Furthermore, using the phenol as a model compound for the oxygenated bio-oil
compound, the reactivity, performance, stability, and reusability of the selected catalyst have been
examined in a continuous fixed-bed reactor.

2. Materials and Methods

2.1. Materials

Zinc powder (used to synthesize Zn/SiO2), anhydrous benzene (99.8%), phenol (≥89%), HPLC
grade cyclohexane (99.9%), acetone (HPLC grade), and analytical tetrahydrobenzene or cyclohexene
(99%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Synthesis grade n-decane (≥95%)
and SiO2 (Pure silica) have been purchased from Aldrich and R & M chemicals, respectively.
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2.2. Catalyst Synthesis

The incipient wetness impregnation method was used in this investigation to prepare the catalyst
samples with various doping percentages of the zinc metal onto the silica surface. Silica-supported
3% zinc was prepared using 10 g of silica (catalyst support) and 0.31 g of the powdered Zn metal and
some water. The compounds were mixed in a stirrer, roughly 2 h. Afterward, it was dried overnight in
an electric oven at 105 ◦C. The dried sample was then taken to a furnace for the calcination step for 5 h
under 500 ◦C and air atmosphere. Other impregnated samples were prepared with the same procedure.

2.3. Characterization of the Catalysts

The prepared calcinated catalysts and the bare support were analyzed by XRD (PANalytical
X’Pert with Cu-Kα radiation). Scherrer’s formula was applied to estimate the crystallite size of
silica-supported zinc catalysts. In Equation (1), λ represents the X-ray wavelength, dxrd denotes the
mean size of the crystallite, βhkl stands for the full-width at half-maximum (FWHM), k is the shape factor,
and θ denotes the Bragg angle. Data were collected at ambient conditions at a scanning range from 5◦

to 80◦ with a step size of 0.0260◦. The slit and the time step were set to 0.1 mm and 0.1 s, respectively.

dxrd =
kλ

βhklcosθ
(1)

N2-adsorption analysis was performed using a Micromeritics TrisStar II 3020 V1.04 to detect the
BET surface area, pore size, and pore volume of the calcinated catalysts in this study. The measurement
temperature was set at −196 ◦C and the degassing of the catalysts were performed for one hour at
90 ◦C and, subsequently, 4 h at 200 ◦C, prior to the test and under vacuum atmosphere.

Thermogravimetric (TGA) analysis was employed for the bare SiO2 and freshly calcinated
catalysts to examine the extent of water and organic compounds on the samples. A TGA Q500 V20.10
(TA instruments) instrument was applied in this survey. In a typical run, 80 mg of a sample was placed
in the sample holder and was heated with a heating rate of 20 ◦C/min up to 800 ◦C.

H2 temperature-programmed reduction (H2-TPR) was conducted by a Micromeritics Chemisorb
2720 apparatus. Prior to hydrogen adsorption, using the pure nitrogen at 500 ◦C, the samples were
outgassed for 30 min. Subsequently, the catalysts were reduced, using 5% hydrogen diluted in argon
gas, for one hour and 500 ◦C. In the following, the catalysts were cooled and, to remove the physically
adsorbed molecules, flushed with N2 gas at a flow rate of 20 mL/min. Finally, the catalysts were
heated up to 900 ◦C in the nitrogen atmosphere. A thermal conductivity detector (TCD) monitored
and recorded the H2 consumption during the reduction process.

A QUANTA 450 FEG instrument was applied for the FESEM analysis. The morphology of two
calcinated catalysts (1% Zn/SiO2 and 3% Zn/SiO2) and the bare silica was examined.

Inductively coupled plasma optical emission spectrometry (ICP–OES) was applied to determine
the metal content of the prepared catalysts. In this analysis, 100 mg of each catalyst was digested with
HNO3 (10 mL). Zinc metal solutions for the calibration standard preparation were made using a certain
quantity of Zn metal to 7 mL of nitric acid and 14 mL of distilled water, for each standard sample.

The total acidity of the prepared catalysts was tested using the NH3-TPD method. Prior to
outgassing the catalyst (50 mg) in the quartz U-tube, it was heated from room temperature up to
300 ◦C. Then, under a flow rate of 20 mL/min of helium, the sample was degassed for 30 min at
300 ◦C. Subsequently, the catalyst was cooled down to room temperature and was then ready for the
ammonia chemisorption step. A 5% NH3/He gas mixture was selected for this step and the ammonia
chemisorbed on the sample for 30 min. To remove the physisorbed molecules, the sample was purged
using the helium gas at 100 ◦C (30 min). Finally, applying the heating rate of 40 ◦C/min, the sample
was heated up to 900 ◦C in the helium atmosphere (20 mL/min). For this analysis, a Micromeritics
apparatus was used (Model: Chemisorb 2720).
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2.4. Reactivity Studies

The reactivity and selectivity analysis of the prepared catalysts was performed by passing the
phenol gas through the catalyst in a stainless-steel fixed-bed reactor. An accurate reaction temperature
was observed using an external thermocouple (Type K) located inside the reactor and next to the
sample. In a typical run, 1 g of the sample was placed in the middle of the reactor. Prior to the
main experiments at 500 ◦C, the samples were purged for one hour using the nitrogen gas with a
150 mL/min flow rate. Subsequently, the catalyst was activated for 2 h by hydrogen gas at 500 ◦C and
100 mL/min of flow rate. The main experiment began by injecting the feed to the reactor using an
HPLC pump (Model: PU-980, JASCO) under N2 gas atmosphere. For analysis of the reaction products,
the gas-phase products were collected using a condenser connected to a chiller. To obtain the run
time of each product including cyclohexane, cyclohexene, and benzene, as well as n-hexane, phenol,
and acetone, the standard curves have been created using the standard solutions.

2.5. Catalyst Stability and Reusability Study

To perform the stability test of the prepared catalysts in this study, a freshly prepared 3% Zn/SiO2

catalyst was selected. The collected data from the HDO reaction at various times on stream (TOSs)
were used for calculating the conversion efficiency of the phenol. The obtained results will reveal the
variation in activity and selectivity of the catalyst applied with TOS. A reusability study was done in
the fixed-bed reactor and the sample applied for the stability test was regenerated at 500 ◦C under
the air atmosphere (for 1 h in an electrical furnace). The liquid products were collected and further
analyzed using GC-FID analysis.

3. Results

3.1. Characterization of the Catalyst

3.1.1. XRD

Figure 1 represents the XRD diffractograms of the silica-supported zinc catalysts at various
loadings and the bare SiO2. The XRD patterns of the samples confirmed the existence of Zn metal in
all zinc-doped catalysts (b, c, d, and e). According to the literature, the observed peaks at certain 2θ
values (32◦, 34◦, 36◦, 47◦, 56◦, 63◦, and 68◦) represent hexagonal zinc [43]. Table 1 shows the calculated
average size of zinc (calculated from 2θ = 32◦, 34◦, and 36◦) crystallite, which was elevated with the
increment in Zn metal doping. This phenomenon occurs due to the agglomeration of the zinc particles
outside the pores [44]. The diffraction peaks of some planes including (112), (200), and (110) have not
been found, due to the good dispersion of the small crystallites formed during the impregnation or
forming in negligible quantity. Comparable degrees of crystallinity and slight peak broadening of
all XRD diffractograms indicate that the addition of 0.5–3 wt% Zn metal insignificantly transformed
the crystallinity of the samples. The peaks of Zn metal crystallites (Figure 1) were not distinguished,
probably due to the decent diffusion of Zn particles in the surface of the support (SiO2) or the low
quantity of the zinc.

Table 1. Physicochemical characteristics results of the bare SiO2 and Zn-doped catalysts.

Catalyst
(Nominal Loading)

SBET
(m2/g)

dXRD
(nm)

Pore Volume
(cm3/g)

Pore Size
(Å)

Real Doped Zn
(wt%)

Acidity of Catalyst
(mmol/g)

Bare SiO2 185.5 - 1.300 280.220 - 0.108
0.5% Zn/SiO2 185.2 48 1.300 280.220 0.46 0.357
1% Zn/SiO2 184.7 49 1.300 280.940 0.91 0.370
2% Zn/SiO2 181 51 1.274 281.906 1.8 0.422
3% Zn/SiO2 173.3 60 1.284 283.819 2.53 0.481
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Figure 1. XRD patterns of bare SiO2 and doped catalysts applied in this study [bare SiO2 (a),
0.5% Zn/SiO2 (b), 1% Zn/SiO2 (c), 2% Zn/SiO2 (d), and 3% Zn/SiO2 (e)].

3.1.2. BET

The surface area, pore size, and pore volume of the bare silica and the freshly calcinated sample
values have been detailed in Table 1. The analysis results specified that the BET surface area of the
calcinated impregnated samples was slightly lower than the bare SiO2. Nie [45] has also reported the
same range of surface area for the silica. The surface area and pore volume of the impregnated samples,
as expected and documented previously in the literature, decreased by increasing the zinc load on the
support surface [46,47]. In a study by Clerk et al., they declared that various loadings of molybdenum
and the surface result in a decrease in the BET surface area [48]. Whilst the loading of the active site
resulted in an increase in the BET surface area and pore volume of the samples, it caused decreases in
the pore sizes of the samples. This expected trend is due to the selective closing of the small pores
with the loading of the zinc metal of the surface of the SiO2 [49]. According to the results, all samples
offered type IV isotherms, which indicate a mesoporous texture with capillary condensation.

3.1.3. Thermogravimetric Analysis (TGA)

Thermogravimetry analysis was performed to detect the content of the water and organic
compounds of all calcinated samples, and their weight loss was recorded as a function of temperature.
TGA results of the samples are presented in Figure 2. In all cases, the weight loss occurred up to 100 ◦C,
which is mainly due to the humidity. As it can be observed from Figure 2, calcinated bare SiO2 has
around a 2% weight loss whilst the calcinated metalized samples have a minor one (less than 1%).
This specifies that by loading the support by zinc metal, less humidity can be absorbed, thus having
lower weight loss during the HDO experiments. No high-temperature weight loss was monitored in
TGA analysis, which indicates that the samples had no organic carbon impurites.
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3.1.4. H2-TPR

Figure 3 represents the results for the reducibility of the bare silica and the calcinated samples,
which were investigated by H2-TPR. Some preliminary tests of the SiO2 support showed that it did not
consume any hydrogen (between 300 ◦C to 700 ◦C). Accordingly, any usage of hydrogen gas in the
impregnated catalysts could be credited to the Zn metal doped on the silica support. The catalyst with
0.5% Zn loading showed the lowest maximum reduction temperature (Tmax) at 448 ◦C. The Tmax of the
impregnated samples gradually raised with the elevation in Zn doping probably due to the elevation
in the crystallite size of the active metal on the surface of the support. This outcome agrees with the
abovementioned XRD findings. Therefore, the 3% Zn/SiO2 sample offered the uppermost maximum
reduction in temperature among other catalysts (498 ◦C).
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3.1.5. FESEM

Micrographs of the bare silica and the selected impregnated catalysts are presented in Figure 4
(1% Zn/SiO2 and 3% Zn/SiO2). The image of the silica represents a big slab formed surface with clusters
of silica nanoparticles. From the micrographs of the impregnated samples, it can be perceived that the
bright spots, which are the zinc metal, become more densely colonized as the Zn loading was elevated
from 1% to 3%. However, no agglomeration of the zinc metal particles has been detected in the sample
with the highest loading of the active site (3% Zn/SiO2). Previous studies have mentioned that by
overloading the catalyst surface by an active site, some of the particles might cause agglomeration and
might, therefore, result in a reduction in the catalyst performances [44].
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3.1.6. ICP-OES

The metal content of each catalyst was detected using ICP-OES analysis (Perkin Elmer, Optima
5300DV). Table 1 indicates the analysis result for the catalysts. In all samples, as shown in the Table,
the real metal contents were slightly lower than the calculated extent. The variant between the
calculated and real extent of zinc metal on the silica support was between 8%–15%. The calculated
variant was mainly because of the impurity of the Zn as the error percentages elevated with the increase
in the doped percentages of the impregnated catalysts.

3.1.7. NH3-TPD

Figure 5 represents the NH3-TPD profile of the catalysts. It can be observed that all samples
absorb ammonia in a broad range of temperatures (100 ◦C–800 ◦C). From Figure 5 and Table 1, it can
be observed that after the 0.5%–3% zinc metal was doped on SiO2, the total acidity of the impregnated
samples evidently raised and an elevation in the area of the ammonia desorption peak could be
perceived. Furthermore, considering the desorption peak temperature of the samples, the position of
the NH3 desorption peak temperatures increased by elevating the zinc doping to the samples. It could
be concluded that doping the zinc metal onto the silica surface results in the interaction and exchange
of proton sites on the support surface. This might be due to the interaction and exchange of proton
spots on the silica surface with the loading of zinc metal, initiating the renewal of new proton spots on
the samples. As Table 1 indicates, the total acidity of the catalysts was expressively raised from 0.108 to
0.481 mmol/g within the upsurge in zinc doping from 0% to 3%. According to Kernajanakon et al. [50],
loading the optimum amount of active sites on the support is crucial and ranges from 1% to 2.5%.
By increasing the loading amount such as 5% and 10%, the acidity of the catalysts decreases due to
the concealing of acid spots by the produced ZnO cluster. Furthermore, the authors implied that the
dispersion efficiency of the metal on the surface of the support might be influenced by the amount of
the loaded metal.Energies 2020, 13, x FOR PEER REVIEW 9 of 15 
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Figure 5. NH3-TPD profile of the impregnated catalysts and the bare SiO2.

3.2. Reactivity

Products selectivity and phenol conversion over xZn/SiO2 catalysts in the hydrodeoxygenation of
phenol at various loadings of the zinc metal are shown in Figure 6. From Figure 6, it can be perceived
that all impregnated samples are active and able to convert the phenol. Table 2 details the data attained
by GC-FID analysis. Phenol conversion efficiency using various loads of Zn metal, 0.5–3%, varied
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from 15% to 80%, respectively. By elevating the zinc metal loading of the catalysts, the total conversion
increased, and the highest conversion efficiency was achieved with 3% doping of the active site. In a
separate study [42], we observed that a loading of 4% of the active metal (Zn) on the support surface
(SiO2) resulted in a slight reduction in the HDO conversion efficiency. The main reason was found to
be the occupation of the support surface pores by zinc metal. However, the zinc metal loading (0.5–3%)
had a slight effect (up to 13%) on the selectivity of the products including cyclohexane, cyclohexene,
and phenol. The selectivity of the cyclohexane represents the highest value (71.62%) using the 2%
Zn/SiO2. However, around a 3.14% decrease has been observed in its selectivity, by elevating the
loading of the active site from 2% to 3%. This minor reduction in selectivity might be referred to the
occupying of the surface porosities by the zinc metal nanoparticles.
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Table 2. Results of selectivity and performance of the catalysts.

Catalyst
(Nominal Loading)

Conversion of
Phenol (%)

Selectivity (%)

Benzene Cyclohexene Cyclohexane

0.5% Zn/SiO2 15 0 34.57 65.43
1% Zn/SiO2 59 6.62 34.40 58.98
2% Zn/SiO2 68 3.60 24.78 71.62
3% Zn/SiO2 80 6.10 25.42 68.48

Note: The experimental conditions for all samples include temperature 500 ◦C; pressure 1 atm; WHSV (h−1) 0.32;
feed flow rate (mL/min) 0.5; and hydrogen flow rate (mL/min) 150.

3.3. Catalyst Stability and Reusability

The catalyst with the highest reactivity, 3% Zn/SiO2, was selected for the stability studies of phenol
HDO. To identify the activity alteration of the catalyst with the time on stream, the conversion of
the phenol was assessed using the extracted experimental data at various TOS (Figure 7). As can
be illustrated from the Figure, the catalyst was highly active up to 240 min with a minor decrease
in inactivity. Following that, the activity of the catalyst steadily diminished with elevating TOS.
After around 340 min of TOS, the alteration in the catalyst activity became insignificant and was around
43%. Additionally, the variation in the product selectivity was likewise insignificant after 420 min
of the TOS. In terms of the selectivity of the products, after a TOS of 420 min, the selectivity of the
cyclohexane slightly decreased with a minor increase in the selectivity on cyclohexene. Henceforth,
from the stability results, it could be concluded that the silica-supported zinc with 3% loading is highly
active until 340 min and, after that, must be replaced or regenerated.
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Figure 7. Alteration of the products selectivity and conversion efficiency of phenol with time on stream
(TOS). Catalyst 3% Zn/SiO2; temperature 500 ◦C; pressure 1 atm; weight hourly space velocity (WHSV)
(h−1) 0.32; feed flow rate (mL/min) 0.5; and hydrogen flow rate (mL/min) 150.

The applied catalyst for the stability test has been used for the reusability study. The spent
catalyst was regenerated by calcination at 500 ◦C for one hour under the air atmosphere after each
cycle. The freshly calcinated sample was then examined by the HDO of phenol. This procedure was
continued until four cycles of regeneration. Figure 8 represents the results of the regeneration study.
As can be perceived from the Figure, the catalyst recovered fully and had almost the same results as the
fresh catalyst in its first and second regeneration steps. In the third and fourth cycles of regeneration,
the conversion efficiency of the catalyst was eliminated. The main reason for eliminating the phenol
conversion efficiency after the third regeneration cycle might be because of coking and occupying the
pores of the support.
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Figure 8. Catalyst reusability survey displaying the conversion and yield of products for
hydrodeoxygenation of phenol over 3% Zn/SiO2. Temperature 500 ◦C; pressure 1 atm; WHSV (h−1)
0.32; feed flow rate (mL/min) 0.5; and H2 volumetric flow rate (mL/min) 150.
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4. Discussions

A catalyst characterization study using various analytical techniques including XRD, BET, TGA,
H2-TPR, NH3-TPD, and ICP-OES along with topography analysis of the samples using the FESEM
method revealed that the zinc metal is a promising active site to be applied for hydrodeoxygenation of
oxygenated compounds such as phenol. Zinc is an abundant element in the earth’s crust, which makes
it a promising candidate as a cost-effective active site. Thermogravimetry analysis revealed that the
silica-supported zinc catalysts are highly stable at high temperatures up to 800 ◦C, which is a crucial
factor for a catalyst to be applied for HDO reactions. High surface area and large porosities of the
samples, analyzed by N2-adsorption analysis, make the surface reactions possible during the HDO
process. Significant H2 consumption of the samples in the range of 400–550 ◦C explored by H2-TPR
proved that the catalysts have decent reducibility due to the zinc metal. Furthermore, as it can be
perceived from Figure 3, all the samples have one broad peak, which is representative of the one-step
reduction of the active metal. Based on the literature [50], the surface acidity of a catalyst plays an
important role in the reactivity and selectivity of the HDO reactions. In other words, higher acidity
results in a higher conversion efficiency and selectivity of the products. NH3-TPD analysis proved that
the total acidities of the samples were in the range of 0.108–0.481 mmol/g. Elevating the active site
doping resulted in a higher value for the total acidity, and the sample with 3% of Zn represented the
highest surface acidity of 0.408 mmol/g. The topography analysis micrographs (Figure 4) of the selected
samples showed no sign of agglomeration of the zinc metals on the silica surface. Agglomeration is an
imperative reason for a reduction in conversion efficiency [51].

Along with the characterization analysis, reactivity analysis revealed that the highest conversion
efficiency could be achieved using the sample with 3% metal loading (80%), which was predictable.
The selectivity of the HDO reaction products was analyzed using the GC-FID method and revealed
that the products of the reactions were cyclohexane, cyclohexene, and benzene. According to
the literature [52–54], hydrodeoxygenation of phenol progresses through two dissimilar reaction
mechanisms. The first one is breaking the C-O bonds of phenol through direct hydrogenolysis.
The final main product of this mechanism is cyclohexane. The second mechanism proceeds through
hydrogenation of the aromatic ring, which results in different products in comparison to the first
mechanism such as cyclohexanone, cyclohexanol, cyclohexene, and cyclohexane. Accordingly,
regarding the selectivity of the products, the second mechanism is the main route in this survey.

5. Conclusions

In summary, the catalyst characterization study revealed that the physicochemical properties
of zinc-supported catalysts depended on their active site content. The incorporation of zinc as an
active site over SiO2 mostly involved the filling of pores with zinc, which occupied up to 6.58% of
the surface area. The accumulation of zinc on silica also caused an upsurge in acid site concentration
due to the regeneration of new proton sites on the catalyst. The effect of metal loading amount on the
catalyst performance was also studied in a continuous fixed-bed reactor. It was found that 3%Zn/SiO2

represents the highest phenol conversion efficiency among other samples. However, the results indicate
that the selectivity of the products including cyclohexane, cyclohexene, and phenol remained almost
steady by varying the doping amount of the active site. The time-on-stream investigation showed
that the silica-supported zinc was highly active up to 240 min of phenol HDO, with a conversion
efficiency up to 80%, and after 420 min of TOS, the activity decreased to around a conversion rate of 43%.
Deposition of the impurities and coke on the surface of the catalysts is responsible for the deactivation
of the catalysts. Reusability tests revealed that the catalyst displayed outstanding reusability and could
be regenerated fully after several reusing rounds. Further investigation on catalyst design, reaction
mechanism, and regeneration should facilitate the progress of bio-oil oxygenated compounds using
silica-supported zinc catalysts.
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