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Abstract: Transfer hydrogenation (TH) is considered as one of the most promising ways to convert
biomass into valuable products. This study aims to demonstrate the performance of high-loaded
Ni-based catalysts in the TH of phenolic compounds such as guaiacol and dimethoxybenzenes. The
experiments were carried out under supercritical conditions at 250 °C using 2-PrOH as the only
hydrogen donor. Ni-S5iO; and NiCu-5iO, were synthesized using the eco-friendly original method
based on supercritical antisolvent coprecipitation. It has been found that guaiacol is rapidly converted
into 2-methoxycyclohexanol and cyclohexanol, while the presence of Cu impedes the formation of the
latter product. Transformations of dimethoxybenzene position isomers are slower and result in differ-
ent products. Thus, 1,3-dimethoxybenzene loses oxygen atoms transform into methoxycyclohexane
and cyclohexanol, whereas the saturation of the aromatic ring is more typical for other isomers. The
Cu addition increases specific catalytic activity in the TH of 1,2-and 1,3-dimethoxybenzene compared
to the Cu-free catalyst.

Keywords: transfer hydrogenation; antisolvent supercritical coprecipitation; phenolic compounds;
2-propanol; hydrodeoxygeantion; hydrodearomatization

1. Introduction

The global energy crisis, accompanied by environmental issues, is driving society to
the need for a green transition. In this concept, lignocellulosic biomass should play the
role of the renewable and non-edible source of carbon atoms [1,2]; therefore, its conversion
into chemicals, materials, and fuels is widely studied [3,4]. Unlike cellulose, lignin has an
irregular structure represented by phenolic fragments that makes lignin upgrading into
valuable products difficult. Due to the high oxygen content reaching up to 40 wt.% [5], hy-
drodeoxygenation (HDO) via H, hydrogenation is considered as one of the most promising
and effective methods of lignin transformations [6,7]. However, this method has important
disadvantages from practical and environmental points of view. First, H; is known for its
corrosive activity and explosiveness, and it requires high-pressure equipment presenting a
significant safety hazard. Second, the low solubility of molecular hydrogen in almost all
organic compounds results in low rates of hydrogenation in the liquid phase. At the same
time, the use of organic solvents prevents biomass thermal decomposition and increases
the effectiveness of the whole process [8].

Alcohols can be easily produced from renewable sources; moreover, they demonstrate
the excellent H-donor activity in transfer hydrogenation (TH). For example, alcohols
were used as H-donors in the TH of phenol-like compounds [9-11] and other bio-based
molecules [12,13]. Sometimes alcohols demonstrate superior H-donor activity compared
to Hj [1,14]; however, as a rule, the use of organic H-donors requires harder conditions,
including supercritical fluids [15,16]. In addition to donor activity, the supercritical state of
alcohols also promotes the destruction of complex compounds such as lignin, polymers,
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or inorganic oxides [17-19]. Thus, supercritical alcohols are considered as a promising
reducing agents for Hy-free hydrogenation.

Biomass catalytic conversion is aimed at obtaining a huge number of products, and het-
erogeneous catalysts are considered as an essential part of the process. One of the promising
methods of the catalyst preparation is supercritical antisolvent (SAS) coprecipitation, which
demonstrated promising results in the preparation of metal nanoparticles [10,20,21]. This
method is based on high supersaturation of a precursor solution with supercritical fluid, in
the role of which CO; is often used. The formation of a COy-solvent binary system results
in a sharp decrease in dissolving power and the fast precipitation of catalyst precursors [22],
which can be coprecipitated simultaneously with oxide sols, forming a catalyst support [21].
One of the key advantages of the SAS coprecipitation method is that it allows metal in a cat-
alyst to reach up to 90% while maintaining the high dispersion of the metal particles [23,24].
Moreover, CO; and a solvent of the precursors can be easily separated and used repeatedly
in a way that complies with the principals of green chemistry. In our earlier studies, the
high-loaded nickel-based catalysts prepared according SAS coprecipitation demonstrated
excellent results in the TH of anisole [10,25].

Considering the potential of supercritical fluids in catalyst preparation and Hj-free
hydrogenation, this study aims to demonstrate the performance of the high-loaded Ni-
based catalysts in the transfer hydrogenation of phenolic compounds, such as guaiacol and
dimethoxybenzenes, for the first time. For this, the catalysts were synthesized accordingly
the supercritical antisolvent coprecipitation method using sc-CO; as an antisolvent. The
obtained catalysts containing 36—40 wt.% of nickel were used in the TH of guaiacol and
dimethoxybenzenes modeling the products of lignin degradation. The transformations
were carried out in sc-2-PrOH, which played the role of a solvent and an H-donor. Special
attention was paid to the effect of copper addition to nickel and the comparison of guaiacol
and dimethoxybenezene positional isomers in terms of their reactivity and the selectivity
of their transformations.

2. Results
2.1. Catalyst Properties

The properties of the synthesized catalysts are described in detail in our previous
study [25] and in the Supplementary Materials. Briefly, the results of XRF demonstrate
that the Ni-SiO; catalyst contains 36.4 wt.% of Ni, while NiCu-5iO, contains 40.7 wt.%
and 4.0 wt.% of nickel and copper, respectively (Table S1). XRD shows that Ni? and Cu’
form the monophasic particles, which means the crystallite size does not exceed 5.5 nm,
while the mean size of Ni® crystallites in Ni-SiO; is 6.0 nm (Figure S1). The samples have
similar areas of Ni atoms measured by CO adsorption-35 m?/g and 32 m?/g for Ni-SiO,
and NCu-SiOy, respectively. TEM microphotographs shows that the nanosized particles
are agglomerated in larger structures up to several micrometers in size (Figure S2). EDX
data show that Ni and Cu are evenly distributed.

2.2. Transfer Hydrogenation of Guaiacol

Both catalysts provide higher conversion in TH of guaiacol than the other phenolic
compounds used in this study. Guaiacol has a free OH group, which facilitates the interac-
tion between this substrate and the catalyst surface according to the literature data [9,26].
The conversion of guaiacol reaches 100% after 2 h, and Ni-SiO,, 2-methoxycyclohexanol,
and cyclohexanol are found to be the main products (Figure 1). The kinetic data show
that 2-methylcyclohexanol formed in the reaction mixture transforms into cyclohexanol
and cyclohexane. In our recent study [25], methoxycyclohexane formed after the aromatic
ring saturation of anisole demonstrated stability under very similar conditions. Thus, we
suggest that the presence of two oxygen atoms in the substrate as well as the free OH group
can facilitate hydrodeoxygenation.
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Figure 1. The composition of the reaction mixture in the course of guaiacol transformation over
catalysts: (A)-Ni-SiO, and (B)-NiCu-SiO,. 250 °C, 7.0-7.7 MPa, and m(catalyst) = 0.10-0.11 g.

The literature data show that the addition of Cu to Ni nanoparticles can improve the
catalytic performance of the Ni-based catalysts. It has been demonstrated that Cu lowers the
catalyst activation temperature [23,27] and contributes to the resistance of the Ni-Cu phase
against oxidation [28,29]. Moreover, the presence of Cu can promote anisole HDO when H,
is used [24,30]. However, in case of transfer hydrogenation, the Cu additives decrease the
conversion of anisole as well as the rate of C-O bond cleavage [25]. These observations were
confirmed in the present study because the use of NiCu-5iO; results in the lower guaiacol
conversion compared to Ni-5iO, catalyst (Figure 1). At the same time, the cyclohexanol
yield reaches only 32% vs. 44% after 3 h over NiCu-5iO;, and Ni-SiO;, respectively. Our
previous studies demonstrated that this effect is based on acetone formation, which is
suggested to adsorb on the catalyst surface, blocking active sites [25]. It is clearly seen in

Figure S3 (see the Supplementary Materials) that the logarithmic dependence of guaiacol
conversion on time is not linear.

2.3. Transfer Hydrogenation of Dimethoxybenzenes

The conversion of 1,2-dimethoxybenzene (1,2-DMB) achieves 83% and 88% for 3 h over
Ni-SiO; and NiCu-SiO,, respectively (Figure 2). In both cases, 1,2-dimethoxycyclohexane
was found to be the main product, whereas the concentrations of other compounds did
not exceed 10%. Thus, the oxygen-containing groups are almost uninvolved in the TH, in
contrast to the results obtained for guaiacol. The difference can be related to the influence
of OH group of guaiacol, which interacts with the catalyst facilitating the adsorption of
the organic molecule. This promotes the transformations of the oxygen-containing groups
on the catalyst surface. It is important to notice that the Cu addition results in the higher
rate constant (Table 1) as well as the specific catalytic activity (Table 2), compared to the
Cu-free catalyst. This fact is in good accordance with the known literature data [14,26,31]
demonstrating the positive Cu influence on HDO under TH conditions.
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Figure 2. The composition of the reaction mixture in the course of 1,2-dimethoxybenzene (1,2-DMB)
transformation over (A)-Ni-5iO, and (B)-NiCu-5iO,. 250 °C, 7.0-7.7 MPa, and m(catalyst) = 0.10-0.11 g.

Table 1. Rate constants of phenolic compound transformations in TH with 2-PrOH, 250 °C, and
7.0-7.7 MPa. All constants were calculated taking into account the negative influence of acetone.

k x 102, min—1

Catalyst -
Guaiacol 1,2-DMB 1,3-DMB 1,4-DMB
Ni-SiO, 59 1.3 0.65 13
NiCu-5iO, 2.6 1.6 0.67 0.71

Table 2. Specific activity of the catalysts in TH of phenolic compounds at 250 °C.

k/Sco x 1073, min—1xm—2

Catalyst
Sco, m?/g Guaiacol 1,2-DMB 1,3-DMB 1,4-DMB
Ni-SiO, 35 15 3.4 1.7 34
NiCu-SiO, 32 7.4 45 1.9 2.0

Figure 3 shows the data obtained in the experiments with 1,3-dimethoxybenzene
(1,3-DMB). After 3 h at 250 °C, the conversion of the initial substrate is relatively low and
reaches 44% and 52% over the Ni-SiO; and NiCu-5iO; catalyst, respectively. In terms
of the rate constants and the specific catalytic activity, the Cu addition has a limited
positive effect (Tables 1 and 2). The qualitative content of the products has the significant
differences compared to 1,2-DMB. Methoxycyclohexane and cyclohexanol were found to
be the main products; at the same time, oxygen-free cyclohexane is presented in small
amounts. Thus, the saturation of the 1,3-DMB benzene ring under TH conditions is always
accompanied by C-O cleavage that is not typical for other phenolic compounds used in
this study. Unfortunately, reductive transformations of 1,3-DMB are not widely studied
in the literature; however, the results of the conventional hydrogenation of 1,3-DMB over
silica-supported Pt and Pd [32] catalysts are quite similar to the data presented here.
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Figure 3. The composition of the reaction mixture in the course of 1,3-dimethoxybenzene
(1,3-DMB) transformation over catalysts: (A)-Ni-SiO; and (B)-NiCu-5iO;. 250 °C, 7.0-7.7 MPa,
and m(catalyst) = 0.10-0.11 g.

In contrast to other position isomers, Cu negatively affects both the rate constant
of 1,4-DMB consumption and the specific catalytic activity (Tables 1 and 2). This fact is
mirrored in the conversion of 1,4-DMB, which reaches 84% and 49% over the Ni-S5iO, and
NiCu-SiO; catalysts, respectively (Figure 4). Thus, it is clearly seen that the influence of
Cu on rate constants changes from positive for 1,2-DMB to almost neutral and negative
for 1,3-DMB and 1,4-DMB, respectively. We assume that this effect can be related to the
more effective adsorption of 1,2-DMB promoted by Cu. For example, De Castro et al. [26]
explain the low reactivity of 3-methoxyphenol and 4-methoxyphenol in TH in terms of the
adsorption on the catalyst surface. The results of the FTIR study provided by the authors
demonstrated that after dissociation of the OH group, tilted structures are formed. The
oxygen-containing groups of 2-methoxycyclohexanol are closer to the Ni surface compared
to other derivatives, which causes the faster transformation of 2-methoxycyclohexanol. This
fact, along with the known promoting effect of Cu on the adsorption of oxygen-containing
compounds [31,33], proves our observations.

The transfer hydrogenation of 1,4-DMB results in the formation 1,4-dimethoxycyclohexane
and 4-methoxycyclohexanol (Figure 4). Small amounts of methoxycyclohexane, cyclohex-
anol, and cyclohexane have been also found in the reaction mixtures. Figure 4 shows
that the Cu addition affects the yields of the products negatively; however, the selectivity
remains almost unchanged. As seen, the Carom-O bonds are not significantly involved
in the reductive transformations in contrast to the aromatic rings. At the same time, the
formation of 4-methoxycyclohexanol indicates the noticeable activity of both catalysts in
the CH3-O bond cleavage.
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Figure 4. The composition of the reaction mixture in the course of 1,4-dimethoxybenzene
(1,4-DMB) transformation over catalysts: (A)-Ni-SiO; and (B)-NiCu-5iO,. 250 °C, 7.0-7.7 MPa,
and m(catalyst) = 0.10-0.11 g.

2.4. Kinetic Studies

As it was mentioned above, the first-order kinetic model as well as any other mod-
els based on the higher-order kinetic equations of the elementary reaction do not fit the
experimental data (see Supplementary Materials). In our recent study devoted to anisole
transformations in the TH [25], the negative influence of acetone was demonstrated. In the
kinetic calculations, it was mirrored as a negative term k,c X C,c (Equation (3)), decreas-
ing the rate constant. This term includes k;c, which is technically the quasi-equilibrium
constant showing the ratio between acetone adsorbed on the catalysts surface and in the
solution. The same kinetic model applied to guaiacol and dimethoxybenzenes describes
the dependence of conversion on time quite well (see the Supplementary Materials).

The calculated rate constants (Table 1) show that the transformation of guaiacol over
Ni-SiO; occurs at least 4.5 times faster than for dimethoxybenzenes. The Cu addition
has a negative effect on the guaiacol conversion; therefore, the difference in the kinetic
constants over NiCu-5i0O; is not so high. However, in the case of 1,2-DMB copper increases
the rate constant from 3.4 x 10 3 min ' m2t04.5 x 10 > min ! m~2. Additionally, the
limited positive effect of the copper addition on the rate constant was found for 1,3-DMB.
To calculate the specific catalytic activity, the rate constants were normalized to the Ni’
surface area (Table 2). Due to the close values of the Ni’ area, the dependences observed
for the rate constants are also valid for the specific catalytic activity.

The comparison of the data obtained in this study [25] shows that the specific catalytic
activity in anisole transformation reaches 9.0 x 1073 min~! m~2 and 3.8 x 1073 min~! m~?2
for the Ni-SiO; and NiCu-SiO, catalysts, respectively. Thus, the influence of copper on
anisole TH is close to those observed for guaiacol and 1,4-DMB. At the same time, the
specific catalytic activity of Ni-5iO; and NiCu-SiO; in the TH of anisole remains relatively
high compared to that of dimethoxybenzenes.

Thus, the high-loaded Ni-based catalysts synthesized using coprecipitation in super-
critical CO, demonstrated excellent performance in the TH of the phenolic compounds. The
significant influence of the structure of the phenolic compound on the catalytic activity was
shown. In particular, the transformations of guaiacol were found to be the fastest due to the
presence of the non-methylated OH group. In contrast to other dimethylbenzene position
isomers, 1,3-DMB actively loses oxygen atoms, transforming into methoxycyclohexane
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and cyclohexanol; however, the rate of its transformations remains the lowest compared to
other isomers. There are many studies showing the positive effect of the Cu addition on
the rate of the reductive transformations. This work demonstrates that in the case of TH of
phenolic compounds, Cu can affect the rate constants in the different ways.

3. Materials and Methods
3.1. Materials

The following materials were used: 2-PrOH (>99.8, EKOS-1), MeOH (J.T. Barker,
Phillipsburg, NJ, USA, HPLC Gradient Grade), 1,2-dimethoxybenzene (99%, Sigma-Aldrich,
Burlington, MA, USA), 1,3-dimethoxybenzene (>98%, Sigma-Aldrich), 1,4-demethoxybenzene
(99%, Sigma-Aldrich), guaiacol (>98%, Sigma-Aldrich), dodecane (>99%, Sigma-Aldrich),
tetraethoxysilane (TEOS, 98%, Acros Organics, Geel, Belgium), Ni(OAc),-4H,0O, (99% extra,
Acros Organics), Cu(OAc),-HO, (98%, Sigma Aldrich), and CO; (99.8%, Promgazservis,
Orenburg, Russia).

3.1.1. Catalyst Preparation and Characterization

The catalysts were synthesized according to the original supercritical antisolvent co-
precipitation method using the SAS-50 setup (Waters, Milford, MA, USA). The obtained
solid particles were characterized by XRD, XRF, TEM, EDX, and CO adsorption. The de-
tailed procedure of the catalyst synthesis and characterization is described in our previous
publication [25]. Two samples, Ni-S5iO, and NiCu-5iO, were synthesized.

3.1.2. Batch Experiments

Before application in the treatment of the phenolic compounds, the Ni-based catalysts
were reduced in Hj flow (30 L/h) at 400 °C for NiCu-5iO, and at 450 °C for Ni-SiO,, to
obtain the metal nanoparticles. The completeness of the reduction process was controlled
by XRD. After 45 min under H; flow, the catalysts were cooled down to room temperature.
Then, H, was replaced with Ar, and catalyst was placed under 2-PrOH, avoiding contact
with air.

The catalytic experiments were carried out in the batch reactor (285 mL, AISI 316 L).
The system was purged with Ar and then charged by the reaction mixture, including a
catalyst (0.10-0.11 g); 2-PrOH (110 mL); phenolic compound (30 mmol, 3.72-4.14 g); and
dodecane (0.30 g), which was used as an internal standard. After charging, the reactor was
purged with Ar under stirring (mechanical agitator MagneDrive®, Erie, PA, USA, 800 rpm),
closed, and then heated up to 250 °C for 30-35 min. During the experiment, the pressure
was 7.0-7.7 MPa, and no H; or any other substances were added to the reaction mixture.
The probes were collected just after reaching the target temperature, and then after 20, 40,
60, 90, 120, and 180 min of the reaction. The conversion of the initial substrate and yield of
the products was calculated according to the following equations:

Coy = Con
Conversion = | 1 — pcio x 100% (1)
ph
Yield = Cpr x 100% ()
Zcpr

where Cgh and C,, represent molar concentrations of the phenolic compounds (guaiacol
and dimethoxybenzenes) in the reaction mixture at an initial and a certain time, and C,,
represents a concentration of a certain product at a certain time.
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3.1.3. Kinetic Calculations

The rate constants describing the consumption of phenolic compounds were calculated
according to Equation (3):

dC,,

7 - _(k - kﬂC X Cﬂc) X Cph (3)

where Cp, is a concentration of the phenolic compound in the solution at a certain time,
C,¢ is a concentration of acetone in the solution at a certain time, k is the kinetic constant of
phenolic compound consumption, and kg, is a coefficient showing the proportion between
acetone in the solution and on the catalyst surface.

3.1.4. Product Analysis

The liquid products were analyzed using the Shimadzu GCMS-QP2010 SE spec-
trometer (Kyoto, Japan), equipped with an autosampler. The GsBP-INOWAX capillary
chromatographic column (crosslinked polyethylene glycol) was used (length 30 m, internal
diameter 0.32 mm, and stationary phase thickness 0.25 um). The column was conditioned
at 55 °C for 3 min, heated up to 200 °C at a rate of 15 °C per minute, and then heated up to
250 °C at a rate of 25 °C per minute. The evaporator temperature was 270 °C, and helium
was used as a carrier gas. The products were identified using the peak retention time and
the mass spectrum of the substance, which were compared with the corresponding data of
the pure compounds or with the data from the NIST and Wiley electronic mass spectral
libraries. Conversion of the initial phenolic compound and the yield of the products were
evaluated by the internal standard method using dodecane.

To determine the qualitative composition of the formed gases, the reactor was cooled
to 40 °C when the pressure dropped to 1.3-2.0 MPa. Then, the gas was sampled from the
reactor using a 150 mL syringe. Before the analysis, a gas sample in the syringe was diluted
20 times with air. The chromatographic analysis was preformed using a Chromos GC 1000
(Chromos, Nizhny, Russia) equipped with a chromatography column (length 2 m, internal
diameter 3 mm, and stationary phase—NaX zeolite) and a thermal conductivity detector.
Ar was used as a carrier gas, and the temperature mode of column conditioning was as
follows: 30 °C for 3 min, programmed heating up to 120 °C at a rate 24 °C/min, and then
for 5 min at 120 °C.

4. Conclusions

This study shows that high-loaded Ni and Ni-Cu catalysts demonstrate promising
results in transformations of phenolic compounds and 2-PrOH under supercritical con-
ditions. The obtained kinetic constants show the high reactivity of guaiacol compared to
dimethoxybenzenes and the negative influence of Cu addition on the reaction rate. At
the same time, Cu promotes transformations of 1,2-dimethoxybenzene, increasing the rate
constant from 1.3 x 1072 min~! to 1.6 x 1072 min~!. Guaiacol and 1,3-dimethoxybenzene
actively lose oxygen atoms, transforming into cyclohexanol and methoxycyclohexane,
whereas the main products of 1,2-and 1,4-dimethoxybenzene transfer hydrogenation are
corresponding dimethoxycyclohexanes. Thus, the copper addition and the structure of phe-
nolic compounds significantly affect the rate and selectivity of transfer hydrogenation. This
study expands the understanding of the fundamental aspects of Hy-free hydrogenation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal12121655/s1, Figure S1: XRD data obtained for the catalysts
after activation in Hy. A—Ni-SiO,, B—NiCu-SiO,; Table S1: Content of Ni and Cu in the Ni-Cu
catalysts measured by XRF. D—mean crystallite size, a—lattice parameter, measured by XRD, and
Sco—surface area, measured by CO adsorption.; Figure S2: TEM and EDX-mapping pictures ob-
tained for A—Ni-SiO,, B—NiCu-SiO,; Figure S3: Kinetic data for the experiments with guaiacol over
A—Ni-5i0; and NiCu-SiO;. The first-order kinetic model was used; the dots—experimental
data, and the lines—calculated using Equation (3); Figure S4: Kinetic data for the experiments
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with 1,2-DMB over A—Ni-SiO; and NiCu-SiO;. The first-order kinetic model was used; the
dots—experimental data, and the lines—calculated using Equation (3); Figure S5: Kinetic data
for the experiments with 1,3-DMB over A—Ni-S5iO; and NiCu-SiO,. The first-order kinetic model
was used; the dots—experimental data, and the lines—calculated using Equation (3); Figure S6:
Kinetic data for the experiments with 1,4-DMB over A-Ni-SiO, and NiCu-SiO,. The first-order
kinetic model was used— the dots—experimental data, and the lines—calculated using Equation (3).
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