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Abstract: This work aims at assessing the hydrodeoxygenation (HDO) of phenol over a promising
catalytic material: a CoMoS-based active phase with a Co/(Co + Mo) = 0.2, supported on a promising
mixed oxide, Al,O3-TiO; (Al/Ti = 2). Particularly, to optimize the catalytic and kinetic performance
of CoMoS/ Al,03-TiO,, a response surface methodology (RSM) is carried out by following a Box—
Behnken experimental design. The response variables are the initial reaction rate and the reaction
selectivity, determined via a proper contribution analysis (¢) of both the direct hydrodeoxygenation
(DDO) and the hydrogenation (HYD). At the same time, the operating conditions used as factors
are the reaction temperature (280-360 °C), the total pressure (3-5.5 MPa), and the Mo loading
(10-15 wt.%). The activity and selectivity are correlated to the catalysts’ physicochemical properties
determined by XRD, UV-Vis DRS, TPR, and Raman Spectroscopy. Regarding the CoMo-based active
phase, a Mo loading of 12.5 wt.% leads to the optimal reaction performance, which is associated with
the lowest (Co + Mo)°"/(Co + Mo)™ ratio. Concerning the operating conditions, a temperature of
360 °C and a total pressure of 5.5 MPa give rise to the optimal initial reaction rates, in which the DDO
(¢ = 65%) is selectively favored over HYD (¢ = 35%).

Keywords: hydrodeoxygenation; CoMo-based active phase; phenol; optimization; RSM

1. Introduction

The generation of greenhouse gases through the burning of fossil-based fuels, and
their contribution to global warming and climate change, has given rise to the exploration
of alternate fuel-production processes [1]. In this regard, second-generation biofuels (here-
after called bio-oils), obtained from the pyrolysis of lignocellulosic biomass, including
agro-industrial, agricultural or wood residues, have, nowadays, become attractive for sub-
stituting fossil-based fuels [2,3]. Although these bio-oils contain a low amount of nitrogen
(0-0.2 wt.%) and sulfur-heteroatoms (<0.1 wt.%) their oxygen content is significantly high
(35—40 wt.%) in comparison with fossil-based fuels. This oxygen content leads to undesired
properties such as high viscosity, corrosivity, chemical and thermal instability, and the risk
of polymerization [4-6]. Therefore, these properties restrict the use of bio-oils as transporta-
tion fuels, making their upgrading mandatory by eliminating oxygen-heteroatoms through
proper catalytic treatments.

Catalytic hydrodeoxygenation (HDO) has been identified as one of the most promising
approaches to upgrading bio-oils due to its ability to remove oxygen-heteroatoms from
several bio-oil-based molecules [7,8]. The attractiveness of HDO rests on its similarity to the
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well-known commercial catalytic hydrodesulfurization (HDS) of fossil-based fuels. For in-
stance, as in the HDS process, the commercial CoMoS or NiMoS-based material, supported
on y-Al,Os3, has been identified as active during the HDO of different oxygenated-based
molecules [9-11]. Moreover, the operation conditions involved during the HDO, i.e., tem-
perature and pressure, are similar to those applied during HDS. Specifically, HDO has
been evaluated in broader temperature and pressure ranges: 200 to 400 °C and 0.1 to
20 MPa, respectively. Nevertheless, after two and half decades of assessing the HDO of
different oxygenated molecules and catalytic systems, the main challenge relies on design-
ing a highly active material and identifying the operating conditions for optimal kinetic
performance [12-15].

It is accepted that the active sites of CoMoS and NiMoS-based catalysts are composed
of the Mo-edge and coordinately unsaturated sites (CUS). Mo-edge active sites are selective
for hydrogenation (HYD), whereas the promoted edges of the MoS; slabs are selective
for the direct hydrodeoxygenation (DDO) [16-22]. The active phase suffers inhibition and
deactivation because of the strong interaction between the support and oxygenated-based
molecules [17]. In this regard, due to the lack of sulfur in the bio-oil composition, the
catalysts tend to deactivate. Research works related to the deactivation mechanisms of
either CoMoS or NiMoS-based active phase supported on y-Al,O3 can be found in several
contributions from the literature [9,10,16,17,19,23], including the ones from our research
group [24-26].

To the above end, different strategies have been implemented to overcome inhibition
and deactivation and, hence, increase activity during HDO [12,14,22,27-38]. In one of the
most attractive proposals, different types of support have been proposed for the HDO
to minimize catalyst deactivation [39—44], such as Al,O3, TiOy, SiO,, MgO, ZrO,, CeO,,
Al O3-TiO,, ZrO,-TiO,, SiO;-TiO,, among others [15,17,32,45,46]. The selection of the
appropriate support has improved the stabilization and activity of either the CoMoS or
NiMoS active phase due to an improvement in the electronic metal-support interaction and
the textural properties [17]. The use of Al;O3 has led to the strong adsorption of oxygenated-
based molecules by its strong Lewis acid sites, causing coke formation on the surface and,
subsequently, catalyst deactivation [19,22,47], while mixed-oxide-based supports have led
to better results than pure oxides [24,25,48-53]. The Al,O3-TiO, support [51,54,55] has
improved the catalytic performance of either the CoMoS or NiMoS-based active phase by
increasing the activity and minimizing deactivation. On this basis, contributions from our
research group [48] identified that a CoMo/Al,O3-TiO; catalytic system with an Al/Ti of 2
and a Mo loading of 15 wt.% during the HDO of phenol presented higher activities, and
more resistance to sulfur, than CoMo/Al,O3-based mixed oxides. Although the research
elucidated how the activity is improved and deactivation minimized, it was impossible
to identify the Mo loading and operating conditions leading to optimizing the kinetic
performance of CoMo/Al,O3-TiO; during the HDO of phenol.

This work is aimed to optimizing the catalytic performance of a promising CoMoS-
based active phase supported on Al,O3-TiO, (Al/Ti = 2 or hereafter named AT2) with a
Co/(Co + Mo) = 0.2 during the HDO of phenol, a stable oxygenated-based molecule within
the composition of bio-oils. It is worth mentioning that the evaluation of phenol allows
the obtention of relevant, quick, and straightforward information about the catalytic and
kinetic functionalities of the catalysts regarding the cleavage of the CAr—O bond on the
catalytic surface [56]; such that results based on the use of phenol can be applied as the base
for carrying out the HDO of different oxygenated-based molecules [52,57,58]. To achieve
this aim, a response surface methodology (RSM) based on the Box-Behnken experimental
design is implemented to identify the Mo loading in the CoMoS active phase and the
operating conditions leading to the optimal performance of CoMo/AT2. The variables
used as responses are the initial reaction rate and selectivity, while the factors, operating
conditions, are the reaction temperature (280-360 °C), the total pressure (3-5.5 MPa), and the
Mo loading (10-15 wt.%). The catalyst activity and selectivity are associated with some of
the physical properties of AT2, determined by N, physisorption and XRD, and the chemical
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characteristics of the CoMo-based active phase supported on AT2, determined by DRS
UV-Vis, TPR, and Raman Spectroscopy. Results accounting for the catalyst characterization
and surface response analysis are, firstly, presented in Section 2; secondly, their discussion
is stated in Section 3; then, the methodology is given in Section 4; and, finally, Section 5
mentions the main conclusions and perspectives.

2. Results
2.1. Catalyst Characterization

Figure 1 displays the N, adsorption-desorption isotherm and X-ray diffractogram for
the AT2 support. Based on the IUPAC classification [59], AT2 relates to a type IV isotherm
with an H2b hysteresis, which means that AT2 presents a pore network with an area equal
to 347 m?/g. The Barret-Joyner-Hallender (BJH) method shows that the average pore
diameter and volume are 7.0 nm and 0.49 cm3/g, respectively. Moreover, the absence
of well-defined peaks in the diffractogram elucidates the predominantly microcrystalline
structure of AT2, confirming that the support is a mixed oxide. The pattern identified
between 20° and 38° is associated with the presence of TiO, as microcrystals dispersed in
the alumina matrix [24,51].
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Figure 1. N, adsorption—desorption isotherm (left) and X-ray diffractogram (right) for the support
AlLO5-TiO, (AT2).

Figure 2 displays the UV-Vis (DRS UV-Vis) spectra from 200 nm to 450 nm for the
calcined Mo/AT2 and CoMo/AT2 catalysts when varying the Mo loading: 10, 12 and
15 wt.%. Absorption bands between 220 and 280 nm are attributed to Mo species in
tetrahedral coordination (Mot) [39,43], while absorption bands from 290 to 350 nm are
related to MoOy species in their octahedral coordination (Mo°h) [60,61]. Absorption bands
from 200 to 360 nm are also associated with ligand-to-metal charge transfer (LMCT) for
0% — Mo®* [62,63]. Nonetheless, it is important to mention that the bands between 250
and 330 nm are related to LMCT for O*>~ — Ti** [62], which overlap with those bands
associated with Mo" and Mo°" species [61]. It is worth noting that while the Mo content
increased, the spectrum signals shifted to visible light, indicating how Mo°" species are
formed with the increase of metal loading.

Moreover, by analyzing the absorption spectra from 200 to 800 nm for the CoMo/AT2
catalysts, it is possible to identify for all Mo loadings a shoulder from 480 to 800 nm due
to the presence of Co. The absorption bands from 480 to 750 nm are associated with
the electronic transitions for Co (II) with tetrahedral (Co™, 480-600 nm) and octahedral
coordination (Co°h, 600-750 nm). Moreover, the absorption bands from 400 to 500 nm,
are associated with Co°! species, Co (IIT), which are barely overlapped with Mo®" species
identified from 290 to 350 nm [60-63]. Nonetheless, the displacement of the bands towards
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visible light is due to the increase in Mo and Co content due to the increment of Coch
species in the active phase of the material.
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Figure 2. Diffuse reflectance UV-vis spectra of the Mo/AT?2 (left) and CoMo/AT?2 (right) catalysts
accounting for different loadings of Mo: (a) 10, (b) 12 and (c) 15 wt.%.

TPR results of the Mo/AT2 and CoMo/ AT2 catalysts with different Mo loadings are
shown in Figure 3. In all samples, it is possible to identify three prominent reduction
peaks. The reduction peak of Mo/AT2 catalysts near 400 °C indicates the reduction of
Mo®* — Mo** in octahedral coordination. The second peak, around 650 °C, is attributed to
the reduction processes Mo® — Mo** and Mo** — Mo from the mixture of Mo species
in octahedral and tetrahedral coordination [53]. Finally, at high temperatures (>600 °C),
the reduction of Mo*" — Mo in tetrahedral coordination and the TiO, (850 °C) from
the support takes place [11,22,53]. The deconvolution analysis shows that octahedral Mo
species increase their concentration in loadings higher than 10 wt.%. Additionally, the shift
to lower temperatures of the middle peak indicates that Mo®" species are easily reducible,
i.e.,, Mo-based materials with a loading of 12 and 15 wt.% will be sulfided easier than with
10 wt.%, due to a decrease in the metal support interaction.
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Figure 3. TPR profiles for the Mo/AT2 catalysts (left) and the CoMo/AT?2 catalyst (right) with
different Mo loadings: (a) 10, (b) 12, and (c) 15 wt.%.
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Concerning the CoMo/AT?2 catalyst, the peak between 470 and 498 °C is related to
Co3* — Co?* and Mo®t — Mo** reduction processes of Co°" and Mo°h species [53,64,65].
The peaks between 672 and 800 °C are associated with the total reduction of Co and Mo in
tetrahedral coordination and CoMoOQy species [11,48,66]. The peak at temperatures higher
than 800 °C is related to the reduction of Ti*" — Ti3* [54]. Note that when the Mo content
increases, the reduction peaks shift to lower temperatures indicating a decrease in the
metal-support interaction. Moreover, the area of the first reduction peak increases with the
Mo and Co content, indicating how a high Mo loading leads to a high formation of Co®®
and Mo°" species in the active phase.

Raman spectra obtained for the Mo/AT2 and CoMo/AT2 catalysts are displayed
in Figure 4. Regarding the Mo/AT2 material, four peaks are located at 992, 950, 817,
and 665 cm™!. The peak at 992 cm ™! (1) is attributed to the vibrations of octamolybdate
species (MogOys*~) [67]. The signal at 955 cm ! (2) is assigned to vibrations of the Mo=O
terminal bond associated with heptamolybdate species (Mo07024%7) [67-69]. The intensity
of this peak increases according to the Mo content. The peak at 817 cm ™! (3) is assigned
to the species of vibrations of monomeric molybdenum trioxide (MoOs) [67,70]. The
peak at 665 cm ™! (4) is also attributed to heptamolybdate species (Mo;0,4°7), but gives
information on the stretching and bending vibrations of the internal M-O-M bond. Note
that the intensity of peak 4 is not affected by the Mo loading [53].

E)
S
2
3
c
3
=
1100 1000 900 800 700 600
= 5
< I
Z >
2 £
2 c
() Q
- -
= c
1100 1000 900 800 700 600
Bl
S/ T T T T
> 1100 1000 900 800 700 600
‘2 Raman shift (cm™)
s
=

1100

1000

900 800 700 600
Raman shift cm-)

Figure 4. Raman Spectra for the Mo/AT2 (left) and CoMo/AT2 (rigth) catalysts by using different
Mo loadings: (a) 10, (b) 12 and (c) 15 wt.%.

For the CoMo/AT2 catalyst, only one peak near 945 cm~! is observed in all Mo
loadings. A Gaussian deconvolution is needed to identify at least three more vibration
signals. The intensity of the signal increased as a function of the Mo loading. This vibration
signal is attributed to heptamolybdate species (Mo;0,4°) elucidating the vibration of the
terminal Mo=0 bond [53,67,69]. However, the spectrum tail is attributed to overlapping
between different surface species with similar vibrations. According to the literature [67,68],
the vibrations of species along the tail are associated with the symmetric stretching of Mo-O
and Co-O, which in turn relates to the formation of heptamolybdates and polymolybdates
with the promotion of Co. Based on the intensity identified along the tail, the catalyst
containing a Mo loading of 15 wt.% leads to a higher amount of the polyoxometalate species
in accordance to DRS UV-vis and TPR results.
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2.2. Catalytic Evaluation

Figure 5 exhibits the product yield and the initial reaction rate of the HDO of phenol
with CoMoS/AT2 catalysts at different loadings of Mo and Co/(Co + Mo) = 0.2. It is
possible to observe that the CoMo-based phase with a Mo loading of 12 wt.% shows
approximately 2.3 times more activity than with a Mo loading of 10 wt.% and 1.5 times
more than with 15 wt.%. The catalytic activity of these materials shows a volcano-like
behavior where the catalyst with a Mo loading of 12 wt.% leads to the optimal performance
of the catalyst. Concerning the selectivity, the main generated product via DDO is benzene;
while products associated with HYD are cyclohexene and cyclohexane [10,40]. The catalyst
with a Mo loading of 12 wt.% produces more benzene and less cyclohexane than the other
two materials. This elucidates how the active sites of the MoS2 slabs are well promoted by
Co and generate a CoMoS II phase, which in turn provides enough CUS that favors DDO.
Besides, the catalysts with a Mo loading of 10 and 15 wt.% lead to higher productions of
cyclohexane and cyclohexene than the material with a Mo loading of 12 wt.%.
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AN Cyclohexane . -~

E= cyclohexene ¥ 80 Lgo &

v () | s .

g ’.§ -=(mo phenolJcat S ) U§7

o 70 , i L70 @

] , ~ 2

g , . g

& 60 -0 N 60—

— ¢ - N o

o ;7 7 > N s ~ E

£ 50 ;7 N ~O L=

% ;7 N - 3

s 2 7 =(MOlhenoOwe'S™  ~ X

- \ g 40 / phenol¥Mo N L 40 o

Q% §§§§ 24 (3)4’/ N 3

\ \ " N [n g
N N 30 B 13

12 wt.% 15 wt.% ; ; : : : .

10 11 12 13 14 15
Loading of Mo(wt.%)

Figure 5. (Left) Products yield of the HDO of phenol over CoMoS/AT2 catalysts at 10% of conversion.
(Right) Comparison of the initial reaction rates of CoMoS/AT2 with different Mo loadings at 320 °C
and 5.5 MPa.

Figures 6 and 7 show the surface and contour response plots giving information on
the effect of the operational pressure, the temperature and the Mo loading on the initial
reaction rate and selectivity, see Equation (1), respectively. In general, the catalyst activity
and selectivity are strongly affected by both the content of Mo and operational conditions.
In particular, the maximum temperature (360 °C) and pressure (5.5 MPa) used during the
experimentation leads to the highest activity of the CoMoS/AT2-based catalysts during
their evaluation (see also Supplementary Materials Table S1). The optimal initial reaction
rate of phenol over the CoMoS/AT2 catalyst is associated with a Mo loading of 12.5 wt.%;
while the maximum selectivity is related to the catalyst with a Mo loading of 15 wt.%. On
the contrary, those catalysts with a Mo loading of 10 and 15 wt.% lead to the minimum initial
reaction rates, while the material with a Mo loading of 10 wt.% gives rise to the minimum
selectivity. As expected from the previous analysis and the literature [32], independently
of the catalyst, HYD is favored at lower temperatures, whereas DDO is favored at higher
temperatures. In conclusion, the operating conditions leading to the optimal performance
of CoMo/AT2 are 360 °C, 5.5 MPa, and a Mo loading of 12.5 wt.%.
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Figure 6. Response surface curve (left) and contour surface plot (right) corresponding to the initial
reaction rate Rppyg of the HDO of phenol over CoMo/AT?2 as a function of Mo loading (wt.%) and
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Figure 7. Response surface curve (left) and contour plot (right) correspond to selectivity as a function
of Mo loading and temperature for the HDO of phenol over CoMo/AT?2.

Since a Mo loading of 12 wt.% is the closest one to the Mo content (12.5 wt.%) leading
to the optimal performance of the HDO of phenol, for this catalyst, Figure 8 elucidates the
surface and contour response plots giving information on the effects of the operational
temperature and total pressure on the route selectivity, while Table 1 summarizes the effect
of temperature on the initial reaction of phenol and selectivity, at an operational pressure
of 5.5 MPa. The highest operating temperature leads to the maximum initial reaction rate
of phenol and the minimum selectivity [17]. Our experimental trends, associated with the
effect of temperature and pressure on catalyst activity, have also been identified during

the HDO of oxygenated-based molecules for CoMoS/AT2-based catalysts [48] and other
catalysts [71].
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Figure 8. Response surface curve (left) and contour surface plot (right) correspond to the selectivity
as a function of the reaction temperature and pressure for the HDO of phenol over a CoMo/AT2
material with a Mo loading of 12 wt.%.

Table 1. The effect of operational temperature on the initial reaction rate of phenol using a Co-
MoS/AT2 material with a Mo loading of 12 wt.% and operational pressure of 5.5 MPa.

3 7

TempOeCrature [mOIii::zl gcalt(i - [moll,f::i ;;0071 1 HYD/DDO
280 23 20 0.97
320 74 62 053
360 482 400 0.46

The statistical models for the responses are presented in Table 2. In these models, every
response is influenced by operational conditions such as temperature (T), pressure (P), and
Mo loading (C). The models are used to describe responses, as observed in Figures 6-8.
Models follow a general second-order polynomial mathematical structure accounting for
the operating conditions’ linear, quadratic and two-way interactions on the responses.
The coefficient located in the second, third, and fourth terms of the right-hand side of the
models relates to the linear, quadratic, and two-way effects, respectively, while the first
term is associated with the intercept. Although the coefficients in the models are empirical
without physical sound, they provide quantitative information about the importance of
every operating condition on the catalytic performance. The models contain 16 parameters,
estimated via a non-linear regression, having as an input, 13 independent experiments (see
Table S1 in Supplementary Materials). The analysis of variance (ANOVA) is presented in
Table 3 to assess the suitability of the regression.

Table 2. Statistical model. Responses: Initial reaction rate of phenol Rpy,y and selectivity and Factors:

Temperature (T, °C), Pressure (P, MPa) and Mo loading (C, wt.%) and their respective correlation
coefficients.

Model R? (%)
Rppo = 7.42 x 1072 —4.83 X 10~4(T) — 6.57 X 10~3(P) + 1.75 x 10~3(C) + 91.9
7.257 X 1077 (T?) 4 3.28 x 10~%(P?) — 7.02 X 10~5(C?) + 1.26 X 10~5(T-P) ’

S =893 —4.88 x 1072 (T) +3.99 X 10~ 1(P) + 6.6 X x10~2 (C) + 6.2155 X 971
10~%(T?) — 3.57 x 10~2(P?) — 1.38 x 10~%4(C?) 4-2.19 x 10~#(T-P) :
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Table 3. Analysis of variance (ANOVA) for second-order models (95% probability).
Source D.E* Sum of Mean F-Value p-Value
Squares Square
Model of Activity (Rppg)
Regression 7 23 x107° 3.0 x 107 8.16 0.017
Linear effect 3 1.6 x 107 6.0 x 107® 13.78 0.007
Quadratic effect 3 6.0 x 107° 2.0 x 10~° 4.65 0.066
Interaction effect 1 2.0 x 107° 2.0 x 107 4.04 0.101
Residual error 5 2.0 x 1076 22.0 x 1077
Total 12 2.5 x 107
Model of Selectivity (S)
Regression 6 6.95 x 1070 1.159 x 107! 33.38 0.001
Linear effect 3 6.45 x 1071 21 x 1071 60.42 0.001
Quadratic effect 2 487 x 1072 243 x 1072 7.02 0.027
Interaction effect 1 1.98 x 1073 1.98 x 1073 0.57 0.478
Residual error 6 2.08 x 1072
Total 12 7.16 x 1071

* Degree of freedom.

The surface and contour plots exhibit curvatures that can be considered reliable
considering the structure of the models and the experimental design implemented in this
work. The coefficient of determination (R?) is 0.91 for the initial reaction rate and 0.97 for
the selectivity, meaning that the model is adequate. However, the F-value for the initial
reaction rate and the selectivity is higher than the tabulated one, while the p-value for two
responses is lower than 0.5. These statistical results elucidate how the statistical models
both describe observations correctly and adequately account for the operating conditions’
effect on the initial reaction rate and selectivity.

The coefficients estimated for the model that describes the initial reaction rate suggest
that the linear, quadratic, and interaction effects affect this response such that their F-value
was higher than the tabulated one (2.3) and their p-value is lower than 0.5. Analyzing
their magnitude order, the interaction effect between pairs of factors is the one with a
minimum impact on the response. In contrast, the linear effect leads to a stronger influence
on the response.

Moreover, based on the estimated values of the coefficients for the selectivity model,
the F-value and p-value suggest that linear and quadratic effects are the main factors
impacting the response such that their F-value is higher than the tabulated one and their p-
value is lower than 0.5. Nevertheless, the interaction effect presents the minimum statistical
impact on the response such that the F-value is higher than the tabulated one and the
p-value is slightly lower than 0.5. Thus, the three factors, Mo loading, temperature and
pressure, impact both the initial reaction rate and selectivity.

3. Discussion

The results have proved that CoMoS/Al,O3-TiO; is a promising catalyst for the HDO
of oxygenated-based molecules [17,20,25]. Nevertheless, its application at large reactor
scales needs different catalytic and kinetic analyses that allow a deeper understanding of
its catalytic surface and, hence, its improvement. According to our results and literature
findings [25,48,50], Co and Mo surface species in the active phase and their interaction
with the support significantly impact the activity and selectivity of the CoMoS/Al,Os-
TiO; catalyst. First, previous studies evaluating the effect of the Al/Ti atomic ratio in the
AlyO5-TiO; mixed oxide on the performance of the CoMoS active phase identified how an
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Al/Ti = 2 (AT2) increased the catalytic activity significantly in the HDO of phenol [48,54].
When compared with the state-of-the-art CoMoS/Al,O3 catalyst, the use of AT2 increases
Mo°" and Co°" species, which were associated with a higher formation of active sites for
both the HYD and DDO during the HDO of oxygenated-based molecules. For instance, the
increase in Co°! species led to higher availability of MoS, slabs during the corresponding
sulfidation of the CoMo/AT?2 catalyst, explaining the promoting activity and less inhibition
of its catalytic surface during the HDO of phenol [25,48]. Second, studies assessing the
impact of the Co/(Co + Mo) ratio were carried out to identify its impact on the HDO
of oxygenated-based molecules over a CoMoS/AT2 catalyst [25]. Their observations
suggested how a Co/(Co + Mo) = 0.2 led to a higher activity at the operating conditions
studied during the HDO of phenol. Catalyst activity and selectivity were associated with
the qualitative formation of Mo®" and Co°" species in the active phase. At the same
time, the yield to the different species was insensitive to the Co/(Co + Mo) ratio. In this
regard, CoOM species were related to the formation of a high content of the CoMoS phase,
which promoted the formation of active sites and, hence, the catalyst activity [25]. Thus,
although the previous research elucidated how the activity was improved, it was not
possible to identify the Mo loading and operating conditions leading to the optimization
of the performance for the CoMoS/AT2 catalyst, using a Co/(Co + Mo) = 0.2, during the
HDO of phenol.

To the above end, because of the promising results of the CoMoS/AT?2 catalyst, our
research focused on finding the optimal catalytic and kinetic performance of this material
and relating it to the formation of Co and Mo surface species when varying the Mo loading.
As engineering methodology to identify the optimal performance of the catalyst, an RSM,
based on the Box-Behnken experimental design, was applied accordingly. In what follows,
the main discussion of our results is presented. First, different from what was identified in
the literature [48], the best catalytic performance is identified when using a Mo loading of
12.5 wt.% rather than 15 wt.% in the CoMoS active phase. The catalytic results are associated
with the formation of Mo and Co species in the active phase. Table 4 gives quantitative
information on their generation when varying the Mo loading in the CoMo/AT?2 catalyst.
Regarding (Co + Mo)°!, (Co + Mo)" and Ti** species, the highest value is identified for
the material with a Mo loading of 15 wt.%, while the lowest one is associated with a Mo
loading of 10 wt.%, also agreeing with the literature [48,65]. Second, it is observed that
the formation of (Co + Mo)°™" species in the active phase of the evaluated catalysts is
favored when the catalyst contains a Mo loading of 12 wt.%. Particularly, it is worth
stressing that the (Co + Mo)°P /(Co + Mo)th ratio does not follow a conventional trend
such that its lowest value is obtained with a Mo loading of 12 wt.%, while the highest
value is associated with a Mo loading of 10 wt.%. In this regard, Figure 9 displays how
the initial reaction rate of phenol relates to the (Co + Mo)°h/(Co + Mo)™ ratio when the
CoMoS/ AT2 materials are evaluated at 320 °C and 5.5 MPa. Different from what was
reported in the literature [48], the most active CoMo0S/AT2 material is not the one with the
highest Mo loading or with the highest concentration of Co°" and Mo°" species but the one
(Mo loading of 12 wt.%) with the lowest (Co + Mo)°h/(Co + Mo)™ ratio. Therefore, the
catalyst activity is associated with a combination between (Co + Mo)°" and (Co + Mo)th
species, such that the catalyst presenting the lowest (Co + Mo)°"/(Co + Mo)™ ratio also
gives rise to the highest catalyst activity. Regarding the yield of the different products, the
active phase with Mo loading of 12 wt.% follows trends as in the other catalytic materials,
where DDO, leading to the formation of benzene, is favored over HYD leading, to the
formation of cyclohexene. Note, in Figure 9, that the higher the conversion of phenol is, the
higher the production of cyclohexane out of cyclohexene becomes.
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Table 4. H, consumption for Co and Mo species involved in the CoMo/AT?2 using different loadings

of Mo: 10, 12 and 15 wt.%.

Loﬁ‘i’ng (Co+Mo)®®  (Co+Mo)°Mh  (Co + Mo)h Tit* I\(ACO‘)’O; p
[wt.%] (400-550 °C) (550-650 °C) (650-750 °C) (>750 °C) (Co + Mo)th
T (°C) 497 599 700 832
10 0.77
H, * 123.21 55.47 159.25 83.91
T (°C) 482 590 712 856
12 0.48
H, * 133.82 76.04 273.04 147.49
T (°C) 467 557 681 841
15 0.6
H, * 195.52 54.66 323.84 150.61
* H, relative consumption associated with TPR profiles [pumol/gcat].
100
b) o
— I~ Benzene 704 ’,
go] —© Cyclohexane P ,
—A- Cyclohexene T !
o 60 )
60 3 ’
_wt .
o7 5 50 © .
40 1 I A £ .
Pl r) 2 -’
- ” — 7z
- _ - xg 404 - -
20 o’ _0o” o @ .-
I P - A e -
” - - - - - = = - - 304
0 _M - é . . . T T T T T
0 20 40 60 80 100 077 070 063 056  0.49
(Co+Mo)°"/ (Co+Mo)*"

Phenol conversion (%)

Figure 9. Distribution of products with respect to phenol conversion (left) and correlation between
the in-itial reaction rate and Co and Mo species (right) during the HDO of phenol over a CoMoS/AT2
catalyst using different loading of Mo: (a) 10, (b) 12 and (c) 15 wt.%. Operating conditions: 320 °C
and 5.5 MPa.

Complementing the above discussion, when the Mo loading is 10 wt.%, strong metal-
support interactions generate more Mo'" and Co"" than octahedral species; this is, probably,
associated with less sulfidation in the active phase because of the possible formation of
CoMoQy, as TPR results suggest. On the other hand, Co promoted the formation of MoS,
to a lower extent for Mo loadings of 12 and 15 wt.% resulting mainly in the selective
formation of the CoMoS phase. Regarding the catalyst with a Mo loading of 15 wt.%, as it
contains more Mo and Co in the active phase, the formed MoS, slabs presented less edge
Mo, increasing HYD but decreasing the catalyst activity. Therefore, it is possible to confirm
that the CoMoS phase with a Mo loading of 12 wt.% generates a higher concentration of
active sites because due to its adequate concentration of Mo and Co on the surface, when
compared with those catalysts with Mo loadings of 10 and 15 wt.%.

Finally, Table 5 shows the contribution analysis and initial reaction rates for DDO
and HYD during the HDO of phenol over the CoMoS/AT?2 catalysts with a Mo loading of
10, 12, and 15%. These catalyst responses are calculated when the reaction takes place at
320 °C and 5.5 MPa. Additionally, Figure 10 summarizes the reaction scheme following
the formation of the different byproducts via DDO and HYD. This figure also presents
contributing factors identified for the catalysts presenting the lowest (Co + Mo)°"/(Co +
Mo) ratio, i.e., a Mo loading of 12 wt.%. As mentioned earlier, the proposal of the reaction
scheme collects all observations obtained at different Mo loadings and operating conditions
assessed in this contribution. So far, the results presented herein agree with those identified
in Section 2.2, such that a Mo loading of 12 wt.% leads to the higher initial reaction rates of
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both DDO and HYD compared with those active phases using different Mo loadings. This
kinetic result is corroborated when analyzing the contributing factors which do indicate
that the highest contributing factor relates to the DDO route followed by HYD1, HYD4 and
HYD?5, agreeing with the analysis of product yields presented in Figure 9. Contributing
factors do elucidate the stability of benzene to not react and produce cyclohxane at the
studied operating conditions.

Table 5. Contribution factors for phenol HDO products in CoMoS/AT?2 catalysts with Mo loadings
of 10, 12 and 15 wt.%. Operating conditions: 320 °C and 5.5 MPa.

Catalysts (wt.% de Mo) 10 12 15
RDDO[molPhenol/gcat s] x 108 18.6 £2 49.7 + 3 3154+ 33
RHYD1[molPhenol/gcat s] x 108 77 +£1 204 +2 12+1
RHYD4[molPhenol/gcat s] x 108 68+1 53+1 5+1

Pppo(%) 56 65 64

¢ryD1(%) = @ryps(%) 23 27 24
@ryDpa(%) 15 6.4 9.5
@YD5(%) 5 0.6 1.5

OH H,0
© Rppo { Rsgine
®ppo =65 @pyps = 0.6
phenol benzene cyclohexane

Ryvypi 27

Puyp1 =

TR A Puyps = 64 | Ruyps
0 OH
H,0
Ruyp2 Rpuyps f ©
—~—~————
®PHyD3 = PHYD1
cyclohexene
cyclohexanone cyclohexanol

Figure 10. Reaction scheme and contribution analysis obtained for the CoMoS/AT?2 catalyst with a
Mo loading of 12 wt.% when this mixed oxide is evaluated during the HDO of phenol at 320 °C and
5.5 MPa. Contribution factor is obtained for a Mo loading of 12 wt.%.

4. Methodology
4.1. Catalyst Synthesis

The support based on a Al,O3-TiO; oxide with an Al/Ti = 2 (AT2) was synthe-
sized following the sol-gel method, as described elsewhere [25]. As precursors, tri-
sec-butoxide (Al (OCH(CHj3) C,Hsg)s3, Aldrich 99.9%, St. Louis, MI, USA) and titanium
isopropoxide (Ti (OCH3Hy)4; Aldrich 98%, St. Louis, MI, USA) were used. Thus, 2-
propanol (CH3),CHOH; Baker 99.5%, Ecatepec, Estado de Mexico, Mexico) and nitric
acid (HNOj; Baker 99.5%, Ecatepec, Estado de Mexico, Mexico) were used as solvent
and as hydrolysis catalyst. The nominal molar ratio implemented for the preparation of
the support was 2-propanol/alkoxide = 65, HyO/alkoxide = 20 HNO3/alkoxide = 0.2,
aluminum/titanium = 2 [48]. Thus, 2-propanol was cooled to 4 °C and under vigorous
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stirring, the theoretical amounts of Al and Ti were added. Then, HNO3 aqueous solution
was added slowly dropwise. The obtained gel was aged for 24 h at normal conditions.
Subsequently, it was placed in a crystallizer at 65 °C in a water bath to evaporate the
liquids. The supports obtained were calcined at 500 °C for 3 h under an air atmosphere.
Finally, between 80 and 100 mesh (0.177-0.149 mm) were ground and sifted. AT2 was,
subsequently, impregnated by the impregnation method using an aqueous solution of
ammonium heptamolybdate ((NH4)sMoyO,4-4H,0O; Aldrich 99.9%, St. Louis, MI, USA)
and cobalt nitrate ((Co(NO3),-6H,O; Aldrich 99%, St. Louis, M1, USA). The Mo/AT2 and
CoMo/ AT2 series were synthetized with the following Mo loadings: 10, 12, and 15 wt.%.
The CoMo-based series were impregnated following a Co/(Co + Mo) molar ratio of 0.2. For
the Mo/ AT2, the solution was maintained at room conditions for 12 h. After that, it was
dried at 120 °C and calcinated at 400 °C for 5 h. For the CoMo/AT2, the Mo/AT2 materials
were impregnated with the cobalt solution and the heat treatment was repeated.

4.2. Catalysts Characterization

N, Physisorption. The AT2 support was characterized in a gas sorption instrument,
model Autosorb iQ brand Quantachrome (Boynton Beach, FL, USA) Lab. ISASA. The
sample was degassed at 150 °C in vacuum for 8 h with ultra-high purity Nitrogen (<99.999%
or 5.0). The specific area was determined by the Brunauer-Emmett-Teller (BET) multi-point
method in a relative pressure interval of (P/P0) (0.05 to 0.25). The pore diameter was
determined by the Barret-Joyner-Hallender (BJH) method.

X-Ray Diffraction (XRD). The XRD pattern of AT2 support was performed in a
BRUKER D-8 ADVANCE diffractometer with Bragg geometry: Brenthane 8-68, Cu K« radia-
tion, Ni 0.5% Cu-K§ filter in the secondary beam and a position-sensitive one-dimensional
silicon strip detector (Bruker, Lynxeye, Billerica, MA, USA). The intensity of the diffraction
as a function of the angle 20 was measured between 4 and 80°, with a step of 0.02° per 0.5 s
per point.

UV-vis diffuse reflectance spectra (DRS UV-vis). The DRS UV-vis spectra (Labsphere
RSA-PE-20, North Sutton, NH, USA) were measured in the range of 200 to 1000 nm at
room temperature with a PERKIN ELMER LAMBDA 35 spectrometer equipped with an
integration sphere (LABSPHERE RSA-PE-20). The samples were sieved until obtaining 100
mesh (<150 um), and dried at 393 K for 2 h. The spectra were measured in the reflectance
mode considering an infinite thickness (Roo) using the reflectance of MgO as a reference.
Data acquisition was in the 0.5 nm range with a scan speed of 240 nm/min.

Thermo-programmed reduction (TPR). TPR experiments were carried out in an AMI-
80 system equipped with a thermal conductivity detector (TCD) (Pittsburgh, PA, USA).
The sample (100 mg) was loaded in the quartz U cell and prepared in-situ at 523 K for one
h under a flow of 35 mL/min of He. The temperature was raised with a heating ramp of
15 °C/min from room temperature to 900 °C, under a constant stream of 50 mL/min of
H,/Ar at 10 vol.%.

Raman spectroscopy. Laser Raman spectroscopy (LRS) was analyzed with a Perkin
Elmer GX Raman FT-IR (Waltham, MA, USA), equipped with an Nd: YAG (1064 nm) laser
and InGaAs detector. The data acquisition was carried out with a laser power of 40 to
300 mW at the 3600 to 100 cm~! Raman shift range with a resolution of 2 to 4 cm 1.

4.3. Catalytic Evaluation

Experimentation was carried out in a batch reactor (Parr model 5500). The feedstock
contained a solution of 100 mL of phenol dissolved in hexadecane. The concentration of
oxygen in this solution was equal to 500 ppm (or 2223 ppm of phenol). The reactor operated
with 0.1 g of a sulfided catalyst with a mesh ranging from 80 to 100 (<150 um). It is worth
mentioning that this mesh led to minimizing intraparticle transport resistances [25,48,56].
To this end, the reaction was initiated, once the system was agitated at 1000 rpm. This
agitation rate led to minimize interparticle transport resistances [25,48,56]. The catalyst
was activated ex situ with a flow of H,S/H; at 15% v/v at 400 °C for 2 h. Because phenol is



Catalysts 2022, 12, 1139

14 0f 18

in the solid phase at normal temperature and pressure conditions, a study of solubility and
phase equilibrium between phenol and different solvents was previously carried out [56],
and it was identified that hexadecane was one of the molecules where phenol presented
higher solubility.

The experimental design was based on the well-known response surface method
(RSM) [72]. Three factors (Temperature, pressure, and Mo loading) and three levels (-1, 0,
1) were selected to follow the Box-Behnken design, see Table 6. The response variables are
the catalyst activity Rpy (initial reaction rate) and the selectivity S.

Table 6. Coded levels of experiments involved in the Box-Behnken design.

Level B-BD Pressure Temperature Load of Metal
evel b (MPa) Q) (Wt/wt.%)
-1 3 280 10
0 4 320 12
1 5.5 360 15

The reaction’s products were analyzed using a Shimadzu GC 2010 Plus gas chromato-
graph with an AOC-20i automatic injection bridge, equipped with an Agilent CP-5il5 CB
60 m x 0.32 mm X 1.0 um column and a flame ionization detector (FID). Subsequently,
the conversions and yields were determined using a proper calibration curve based on the
area under the curve of the products analyzed in the gas chromatograph. Selectivity was
determined with a relationship between the products of the HYD hydrogenation pathway
(cyclohexene and cyclohexane) and the compound (benzene) associated with the DDO
pathway, as shown in Equation (1).

HYD

° = Dpo @

4.4. Contribution Analysis

To evaluate the impact of the global reaction steps of HDO, a contribution analysis was
carried out using contribution factors determined by reaction rates integrated over time.

_ T

T E
where, @;; is the integral contribution factor that for the reaction step i accounts for the
appearance/disappearance of the component j. It is generally defined as the ratio of the

rate of appearance/disappearance of j resulting from the reaction i to the total rate of
appearance/disappearance of j inside the reactor.

®ij )

5. Conclusions

This work evaluated the HDO of phenol over a CoMoS supported on Al,O3-TiO;
mixed oxide with an Al/Ti = 2 (AT2) and Co/(Co + Mo) = 0.2. The optimization of the
catalytic performance of HDO followed an RSM using a Box-Behnken experimental design.
Based on the development of a statistical model, it was elucidated how the initial reaction
rate and selectivity depend closely on three established factors: Mo loading (10-15 wt.%),
temperature (280-360 °C), and pressure (3-5.5 MPa). The responses were slightly affected
by the interaction between any pair of factors, while the linear and quadratic effects of the
operating conditions and Mo loading strongly influenced the responses. The CoMo/AT2
catalyst achieved the optimal catalytic performance with a Mo loading of 12.5 wt.%, a tem-
perature of 360 °C, and a system total pressure of 5.5 MPa. The highest pressure favored the
presence of hydrogen in the liquid media, overcoming thermodynamic limitations. How-
ever, high temperature kinetically increased the reaction rate according to the transition
state theory. As a relevant finding of this contribution, the lowest Mo loading presented
the lowest (Co + Mo)°"/(Co + Mo)! ratio, which favored the formation of active sites
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for HYD and DDO. Nevertheless, the DDO was always predominant under all studied
operating conditions.

Since this study determined the operational conditions leading to the optimal perfor-
mance of the HDO over CoMoS/ AT2, future research will evaluate the kinetic performance
and changes in the catalyst’s surface and structure around the optimal conditions. The
kinetic analysis will rest on proposing an elemental reaction mechanism and developing a
kinetic model, while the study of the catalyst surface will depend on its appropriate charac-
terization through the operation time, from the start-up to the shut-off of the experiment.
Thus, their output will be associated, such that after it, the kinetic and catalyst deactivation
analyses will pave the way for the future application of the CoMoS/AT2 during the HDO
of different oxygenated-based molecules in different reactor operation modes and scales.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101139 /51, Table S1: Raw data obtained by following the
RSM by using the Box-Behnken experimental design.
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