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Design of Nickel Supported on Water-Tolerant
Nb,Os Catalysts for the Hydrotreating of Lignin
Streams Obtained from Lignin-First Bioretfining

Glauco F. Leal,’?3 Sérgio Lima," Inés Graca,' Heloise Carrer,® Dean H. Barrett,®> Erico Teixeira-Neto,*

Antonio Aprigio S. Curvelo,? Cristiane B. Rodella,®> and Roberto Rinaldi'’:¢-*

SUMMARY

In biomass conversion, Nb,Os has attracted increasing attention as a catalyst support presenting wa-
ter-tolerant Lewis acid sites. Herein, we address the design of Ni/Nb,Os catalysts for hydrotreating of
lignin to hydrocarbons. To optimize the balance between acidic and hydrogenating properties, the
catalysts were first evaluated in the hydrotreating of diphenyl ether. The best catalyst candidate
was further explored in the conversion of lignin oil obtained by catalytic upstream biorefining of pop-
lar. As primary products, cycloalkanes were obtained, demonstrating the potential of Ni/Nb,O5 cat-
alysts for the lignin-to-fuels route. However, the Lewis acidity of Nb,Os also catalyzes coke formation
via lignin species condensation. Thereby, an acidity threshold should be found so that dehydration re-
actions essential to the hydrotreatment are not affected, but the condensation of lignin species pre-
vented. This article provides a critical “beginning-to-end” analysis of aspects crucial to the catalyst
design to produce lignin biofuels.

INTRODUCTION

Niobia (Nb,Os) has attracted a great deal of attention for catalytic applications in agueous media owing to
its water-tolerant Lewis acidity (Barrios et al., 2017; Brayner and Bozon-Verduraz, 2003; Chan et al., 2017;
Chary et al., 2003; Francisco et al., 2004; Graga et al., 2013; Guan et al., 2017; Herval et al., 2015; Holtzberg
etal., 1957; Jasik et al., 2005; Ko et al., 1984; Lopes et al., 2014; Nakajima et al., 2013; Rojas et al., 2013; Sol-
cova et al.,, 1993; Tanabe and Okazaki, 1995; Valencia-Balvin et al., 2014; Wojcieszak et al., 2006). Generally,
amorphous Nb,Os shows high surface acidity, which is related to its high specific surface area and number of
surface defects (do Prado and Oliveira, 2017; Ziolek and Sobczak, 2017). However, amorphous Nb,Os is a
fragile material, susceptible to changes by temperature and pressure (Pinto et al., 2017; Wojcieszak et al.,
2006). Considering Nb,Os crystalline phases, they are formed by distorted octahedra (NbO,), connected
by edges and corners. The distortion degree of NbO, octahedra depends on the polymorph structure
(Nico et al., 2016; Pinto et al., 2017; Valencia-Balvin et al., 2014). This distortion leads to varied textural
and structural stabilities as well as different surface acid properties and, therefore, impacts on catalytic prop-
erties. H-Nb,Os (monoclinic structure) and T-Nb,Os (orthorhombic structure) are the most common crystal-
line phases, whereas the TT-Nb,Os (pseudohexagonal structure) is the least thermodynamically stable
phase and s often considered as a less ordered form of the T-phase. By increasing the temperature and pres-
sure in hydrothermal synthesis, the conversion of Nb,Os phases takes place following the sequence: amor-
phous Nb,Os — TT-Nby,Os — T-Nb,Os — H-Nb,Os (Nowak and Ziolek, 1999; Pinto et al., 2017; Valencia-
Balvin et al., 2014). Nb,Os phase transitions are typically followed by a progressive decrease in the surface
area, porosity, and acidity (Ali et al., 2017; Graca et al., 2013; Kreissl et al., 2017; Pinto et al., 2017; Raba et al.,
2016; Valencia-Balvin et al., 2014). Among the crystalline phases, the TT-Nb,Os phase is the one presenting
the highest number of oxygen vacancies in the structure, and so the greatest degree of polyhedral distortion
(Pinto et al., 2017; Rani et al., 2014). TT-Nb,Os is characterized by the presence of distorted octahedra and
pentagonal and hexagonal bipyramids, i.e., NbO,, NbO;, and NbOg polyhedra, which are the structural
units also present in amorphous Nb,Os (Nakajima et al., 2011; Nico et al., 2016). Notably, TT-Nb,Os struc-
tural features translate into a highly polarized and disordered surface with high levels of Lewis and Bransted
acid sites, which are essential to the high performance of hydrodeoxygenation (HDO) catalysts.

Metal-based (mainly Pt, Pd, Ru, Ni) catalysts supported on acidic materials have been widely examined in
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2016; Zhao et al., 2009). For the HDO of lignin model compounds and lignin streams, niobium oxides
have been studied as supports for noble metals (Shao et al., 2017). Studies on multifunctional Fe30,4/
Nb,Os/Co/Re catalysts have also been reported (Parvulescu et al., 2017). Pd catalysts supported on niobia
revealed promising results for the dehydroxylation of phenol to benzene, presenting a reaction rate 90-fold
higher than that observed for a Pd/SiO; catalyst (Barrios et al., 2017). Importantly, Pt/Nb,Os-Al,O3 has
been reported as an active catalyst for the hydrotreating of diphenyl ether, showing stability higher than
that of Pt/Al,O3 owing to the water-tolerant nature of niobium(V) Lewis acid sites (Jeon et al., 2018). Sub-
jecting lignin-derived dimers to a Nig92Nbg os catalyst resulted in full conversion of the substrates into
liquid alkanes at 200°C after 2 h, demonstrating the outstanding ability of this material for C-O cleavage
and HDO (Jin et al.,, 2017). For the selective production of arenes from lignin, it was reported that
Ru-Nb,Os catalysts present unique catalytic properties, compared with Ru supported on traditional oxide
supports (Shao et al., 2017).

In an approach for lignin-to-liquid fuels, one of the challenges is to design inexpensive catalysts with high
activity, selectivity, and stability under process conditions. Since the hydrotreating of lignin streams releases
water, the solid catalyst must be stable in the presence of water under high-severity conditions. Commercial
niobia (Nb,Os+xH,0) is a bulk amorphous material that lacks stability under hydrothermal conditions, thus
losing surface area and leading to the sintering of supported metallic particles (Pham et al., 2011). To over-
come the poor structural stability of commercial Nb,Os, various synthesis methods have been a subject of
research in producing highly stable nanostructured materials (Zhao et al., 2012b). Nb,Os nanoparticles with
no defined shape can be obtained by precipitation and sol-gel synthesis methods followed by calcination.
These routes have extensively been studied in the preparation of the Nb,Os supports applied to the HDO of
lignin and lignin-derived molecules with good results (Shao et al., 2017). Nb,Os crystallization under
low-severity solvothermal conditions constitutes another progress in this field. This synthetic route pro-
duces single TT-Nb,Os nanorods with controlled size and morphology, high surface area, and improved
acid properties (Ali et al., 2017; Leite et al., 2006; Zhou et al., 2008). TT-Nb,Os nanorods exhibit shape-
dependent acidic sites (Zhao et al., 2012a). On (001) TT-Nb,Os surface of the nanorods, Lewis acid sites
are much stronger than those of spherical Nb,Os particles. Despite the interesting acidic properties, the
production of Nb,Os nanorods employs oleic acid and trioctylamine as structure-directing agents in the
solvothermal synthesis. Especially for catalytic applications, the use of such structure-directing agents sur-
factants in the synthesis of Nb,Os presents disadvantages owing to their high costs, low volume of material
production limitation, and the need to remove the agents via calcination, which may modify the
morphology, particle size, and surface chemistry of Nb,Os (Ali et al., 2017; Zhao et al., 2012a).

Hydrothermal synthesis of TT-Nb,Os nanorods in the presence of H,O, represents a route receiving far less
attention, but with the most promising results regarding the textural and acidic properties of niobia (Leal
etal., 2019). Despite the improved chemical and physical properties, such Nb,Os nanorods have not yet
been explored in the chemistry of lignin hydrotreating. Therefore, this knowledge gap brought us to the
study of nickel supported on hydrothermally stable TT-Nb,Os nanorods as a potential catalyst for HDO
of lignin streams. As about 80% of the primary interunit linkages of lignin are ether bonds (Rinaldi et al.,
2016), and a considerable number of other oxygenated functionalities are present in lignin-derived
phenolics, a highly stable and highly acidic niobia could well hold the key to produce efficient catalysts
for lignin-to-liquid fuels, owing to an expected synergism between metal phase and support toward lignin
depolymerization and acid-catalyzed deoxygenation of intermediates formed throughout the HDO course
(Cao et al.,, 2018; Wang and Rinaldi, 2016, 2013).

In this report, we examine the catalytic properties of Ni-supported on TT-Nb,Os nanorods for the hydro-
treating of a model compound (diphenyl ether) and lignin oil produced by a lignin-first biorefining process
based on H-transfer reductive processes, the so-called catalytic upstream biorefining (CUB), which is also
denoted as ‘reductive catalytic fractionation’ (RCF) by several research groups. CUB constitutes a class of
methods for deconstruction of lignocellulose that renders high-quality pulps together with depolymerized
and passivated lignin streams (Ferrini and Rinaldi, 2014; Galkin and Samec, 2016; Graca et al., 2018; Ren-
ders et al., 2017; Rinaldi, 2017, Schutyser et al., 2018; Sultan et al., 2019; Rinaldi et al., 2019). TT-Nb,Os
nanorods were prepared via hydrothermal synthesis by employing ammonium niobium oxalate and
H,O; as the structure-directing agent (Leal et al., 2019; Leite et al., 2006; Pavia et al., 2010). TT-Nb,Os nano-
rods were then loaded with several Ni contents. In this report, the results and discussion are organized as
follows. First, the characterizations of the as-synthesized TT-Nb,Os nanorods and Ni/Nb,Os catalysts are
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Figure 1. XRD Patterns of TT-Nb,Os and Reduced Ni/Nb,Os Catalysts
The asterisks indicate Ni(111) and Ni (200) reflections at 44.6° and 52.1°, respectively.

briefly presented. Ni/Nb,Os catalysts are subsequently applied to the HDO of diphenyl ether at 160°C and
200°C under 4 MPa H,. The catalyst performance and stability in the HDO of diphenyl ether at 200°C under
4 MPa H, were assessed. Finally, under more severe conditions (300°C and 7 MPa Hy), the 15%Ni/Nb,Os
catalyst was applied to the hydrotreating of the lignin oil.

RESULTS AND DISCUSSION
Characterizations of Ni/Nb,O5s Catalysts

Figure 1 shows the X-ray diffraction (XRD) patterns obtained from both the hydrothermally as-synthesized
Nb,Os after calcination at 380°C and Ni/Nb,Os catalysts reduced at 320°C. XRD pattern of the Nb,Os sup-
port exhibits peaks characteristic of the pseudohexagonal TT-Nb,Os phase (Ko and Weissman, 1990).
Notably, a high-intensity signal is observed at 22.8°, which is associated with (001) reflection of TT-Nb,Os.
In addition, a low-intensity and broad signal related to the (100) plane appears at 28.0°. As next confirmed
by scanning transmission electron microscopic (STEM) imaging, a preferred growth of TT-Nb,Os along the
(001) direction creates the preferential orientation feature in the XRD pattern, indicating the formation of
TT-Nb,Os as nanorods (Ali et al., 2017). For the Ni/Nb,Os materials, the XRD patterns demonstrated that
the structural features of the TT-Nb,Os phase were preserved after the reduction procedure. Hence, for
simplicity, when referring to the materials produced in this study, the TT-Nb,Os phase will be denoted
as "Nb,Os" henceforth. As expected, Ni(111) and Ni (200) reflections are observed at 44.6° and 52.1°. These
reflections become more intense and sharper with an increase in Ni content from 5 to 25 wt %. Considering
the Ni(111) reflection, the average Ni crystallite sizes estimated by the Scherrer equation grow from 7 to
15 nm with the rise in Ni content from 5 to 25 wt % (Table 1).

To verify whether the synthesis rendered Nb,Os nanorods, the Nb,Os material was examined by using
high-angle annular dark-field (HAADF)-STEM (Figure 2). The HAADF-STEM images show that the
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Sample Actual Ni Average Ni Crystallite BET Surface
Content (%)° Size (nm)® Area (m? g_1)C
Nb,Os - - 196
5%Ni/Nb,Os 4.8 7 219
10%Ni/Nb,Os 9.4 12 181
15%Ni/Nb,Os 13.9 14 180
25%Ni/Nb,Os 23.8 15 141

Table 1. Ni Content, Ni Crystallite Size, and Textural Properties of Nb,Os and Ni/Nb,Os Materials
?Determined by inductively coupled plasma mass spectrometry (ICP-MS) analysis.

BEstimated by XRD by applying the Scherrer equation to the reflection of Ni(111) at 44.6°.

“Determined by N, physisorption measurements at —196°C.

hydrothermal synthesis produced Nb,Os nanorods with approximately 8-25 nm length and 3-4 nm width
(Leal etal., 2019). The nanorod dimensions are in line with those of previous studies showing that the crystal
growth in the hydrothermal method follows an oriented attachment mechanism (Leite et al., 2006), produc-
ing nanorods smaller than those synthesized in the presence of a surfactant as a shape-directing agent. In
fact, surfactant-based syntheses yield large particles, owing to a decrease in the rate of crystal growth (Zhao
et al., 2012a). In turn, longer (200-500 nm) and thinner (5-20 nm) TT-Nb,O, nanorods were produced by a
synthesis employing oleic acid as a structure-directing agent and ammonium niobium oxalate hydrate as
the starting material (Zhao et al., 2012b).

Table 1 summarizes the textural properties of the support and Ni/Nb,Os materials. N, adsorption-desorp-
tion isotherms are presented in Figure S1. Nb,Os and Ni/Nb,Os materials exhibit a type Il isotherm with an
H3 hysteresis (Thommes et al., 2015), corroborating the non-structural porosity created by the packing of
Nb,Os nanorods. Niobium oxide nanoparticles can be obtained by various synthesis methods, which leads
to the preparation of materials of different shapes with Brunauer-Emmett-Teller (BET) specific surface areas
that can range from about 20 m? g’1 t0 530 m? 971(Luisa Marin et al., 2014; Morais et al., 2017; Shao et al.,
2017). Table 1 shows the as-synthesized Nb,Os support to possess a relatively high specific surface area (196
m? g~ "). Notably, no significant decrease in the surface area of Ni/Nb,Os materials, with 5-15 wt % Ni
loading on Nb,Oswas observed. Likewise, as the porosity of the Nb,Os support is non-structural, the depo-
sition of Ni phase onto the nest of nanorods does not significantly decrease the specific surface area.
However, for 25%Ni/Nb,Os, the specific surface area slightly decreased (from 196 m? g~ ' to 141 m? g~ ").

Temperature-programmed reduction (TPR) profiles of the Nb,Os nanorods and Ni/Nb,Os precursors (cat-
alysts before reduction) are shown in Figure 3. The TPR profiles of Ni/Nb,Os precursors exhibit two reduc-
tion events. The first occurs at around 335°C. This event is assigned to the reduction of Ni(ll) to Ni(0). The
reduction temperature of the Ni(ll) species supported on Nb,Os nanorods is much lower than that of bulk
NiO (450°C) (Graca et al., 2014). Nevertheless, the range of Ni reduction temperatures between 320°C and
345°Cisin line with previous studies on Ni/Nb,Os materials containing high nickel loadings (Jankovi¢ et al.,
2008; Liu et al., 2016). Interestingly, and contrary to what has been previously observed by other research
groups (Chary et al., 2003; Wojcieszak et al., 2006), no shift of the Ni reduction peak to higher temperatures
with an increase in Niloading was observed. As will be presented later, in the 15%Ni/Nb,Os material, the Ni
nanoparticles are embedded in a nest formed by Nb,Os nanorods (Figure 11). Thereby, such an entangle-
ment of metal phase and oxidic support may result in few (but strong) connecting points between these
phases so that an effect of the increase in the Ni loading on the reduction temperature of NiO species
is not apparently observed. However, in the second reduction (at about 800°C), which is related to the par-
tial reduction of Nb,Os to NbO, (Wojcieszak et al., 2006), the temperature required for the reduction of
Nb,Os progressively decreases (from 870°C to 816°C) with increasing Ni content (Table S1). This observa-
tion indicates that there is an interaction between Ni and NbOs phases in which the hydrogen spillover
appears to be more prevalent for the samples containing higher Ni loadings.

Nb,Os polymorph crystals are formed by distorted octahedra (NbOg) connected by edges and corners, the

degree of distortion depending on the polymorph structure (Nico et al., 2016; Pinto et al., 2017; Valencia-
Balvin et al., 2014). In the TT-Nb,O phase, the highly distorted octahedra (NbQOg) units exhibit Nb=O
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Figure 2. HAADF-STEM Images of TT-Nb,Os Nanorods

bonds, enabling the Nb(V) center to act as a Lewis acid site. In turn, the slighted distorted NbOy, as well as
NbO; and NbQOg groups, only present Nb-O bonds, which provide scaffolding for the [Nb(V)—OH,?*]
Brensted acid sites (Chan et al., 2017). In this study, we found the quantity of Lewis acid sites on Nb,Os
(210 pumol 971) to be higher than that of Brensted acid sites (143 pmol 971, Figure S2 and Table S2).

To assess the nature of the acidic sites of Nb,Os support and Ni/Nb,Os catalysts (after the reduction
procedure), attenuated total reflection (ATR)-Fourier transform infrared (FTIR) spectra of adsorbed pyr-
idine (Py) were collected (Figure 4). We chose to assess the nature of acid sites by ATR technique
because of the dark color of the activated Ni/Nb,Os, which hinders FTIR transmission experiments
(as those performed on the Nb,Os support). Pyridine adsorbed on the materials exhibits infrared
(IR) bands at around 1,446 cm~" and 1,606 cm~'. These bands are related to the Py coordinated to
Lewis acid sites. In addition, the IR spectra show bands at 1,639 em~ " and 1,540 cm™, which are as-
signed to the formation of the pyridinium ion (PyH™) on Brgnsted acid sites (Figure 4) (Datka, 1992;
Dollish et al., 1974; lizuka et al., 1983; Parry, 1963). An IR band of adsorbed Py common to both Lewis
and Brensted acid sites is also visible at 1,489 cm™'. These observations indicate that both Lewis and
Brensted acid sites are present in the Nb;Os nanorods. From the relative intensities of Py adsorbed on
Lewis and Brgnsted acid sites, it can be inferred that the Brensted acidity decreases as the Ni loading
increases, as indicated by the reduction in the intensities of the bands at 1,639 em~ ' and 1,540 cm™".
This finding is explained by the ion exchange of Brgnsted acid sites by the positively charged Ni spe-
cies. However, in the 25%Ni/Nb,Os catalyst, the support still presents some residual Brensted acidity.
Notably, the Lewis acidity (bands at around 1,606 cm™" and 1,446 cm™") appears to be mostly pre-
served even at such a high loading of Ni on Nb;Os nanorods.

Acid supports are active in the dehydration of cyclohexanol to cyclohexene and, therefore, are vital to the
hydrotreating of lignin to alkanes and arenes (Wang and Rinaldi, 2016; Zhao et al., 2010, 2009). Hence, to
further assess the effect of Ni loading on the acidic properties of the catalysts, cyclohexanol dehydration
was carried out at 200°C. As will be presented in the next section, this reaction is key to produce
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Figure 3. H,-TPR Profiles for Nb,Os Support and Ni/Nb,Os Catalyst Precursors

cyclohexane from the conversion of diphenyl ether, as well as to obtain cycloalkanes from lignin. Table 2
summarizes the cyclohexanol conversion values obtained after 30 min of reaction at 200°C.

As expected, for the Nb,Os nanorods, cyclohexanol conversion is considerably high. However, cyclohex-
anol conversion significantly decreases in the presence of 5%Ni/Ni,Os catalyst. By increasing Ni loadings,
cyclohexanol conversion continually drops, plateauing at 31% for 25%Ni/Nb,Os. These results show that
the activity of the catalysts is partially affected by Ni deposition. Overall, the results presented in Table 2
indicate that the decrease in Brensted acidity is detrimental to the dehydration performance. These results
confirm that, at promoting the dehydration of cyclohexanol, Bransted acid sites are more active for alcohol
dehydration than the Lewis acid sites (Foo et al., 2014).

Hydrodeoxygenation of Diphenyl Ether

The catalytic performance of the Ni/Nb,Os catalysts was evaluated for the conversion of diphenyl ether as a
model reaction. The cleavage of diphenyl ether serves as a model reaction for the breakdown of 4-O-5
ether linkages occurring in lignins. Owing to its high bond dissociation enthalpy (BDE: 330 kJ mol™"),
the 4-O-5 linkages are resistant against cleavage via non-catalytic thermal processes, compared with
0-O-4 and B-O-4 ether linkages occurring both in native and technical lignins (BDE: 215 kJ mol™" for
a-O-4 in phenylcoumaran subunits, and 290-305 kJ mol ™" for B-O-4 in lignin’s aryl alkyl ether-bonding mo-
tifs) (Dorrestijn et al., 2000; Parthasarathi et al., 2011; Rinaldi et al., 2016; Wang and Rinaldi, 2012; Younker
etal., 2011). Therefore, the ability of a Ni catalyst for hydrogenolysis can be evaluated with little contribu-
tion of thermolysis to the overall reaction results. In this instance, diphenyl ether is also a useful model com-
pound for another reason. It allows for the evaluation of the activity of the Ni phase toward hydrogenation
of phenol and benzene, the intermediates formed by the hydrogenolysis of diphenyl ether. In the presence
of acid sites, the intermediate mixture is ultimately funneled to cyclohexane, as schematically represented
by the reaction network presented in Figure 5.

To investigate the different catalyst functionalities, the hydrotreating of diphenyl ether was carried out at
two temperatures, 160°C and 200°C. These two conditions were chosen because dehydration of alcohols
has significant enthalpic barriers for the formation of carbocations (Liu et al., 2017), meaning that relatively
high temperatures are required for the alcohol dehydration. By this choice, the hydrogenolysis and hydro-
genation extents can be better discerned in the experiments carried out at 160°C, whereas the perfor-
mance for the full HDO of diphenyl ether is better addressed by the experiments performed at 200°C.

When targeting cycloalkanes, the results of a model compound reaction can be more conveniently
compared by computing the HDO extent and degree of deoxygenation (DOD), as given by Equations 1
and 2, respectively (Rinaldi, 2015).

H, incorporated in the products
H, for complete conversion to cyclohexane

HDO extent = X 100 (Equation 1)
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Figure 4. ATR-FTIR Spectra of Absorbed Pyridine on Nb,Os and Reduced Ni/Nb,Os Catalysts

wt % O in feed (Equation 2)
Figure 6A compares the performance of the Ni/Nb,Os by evaluating the HDO extent achieved by the
reaction network as a function of time for the conversion of diphenyl ether at 160°C. As expected, an
increase in HDO extent with time for all tested catalysts was observed. By analyzing the results obtained
at 180 min (Figure 6B), the HDO extent increased linearly from 28% to 46% with the rise in the Ni content
(from 5 to 25 wt %). On the other hand, as expected at this temperature, low DOD was obtained for all
catalysts at 180 min, with a decrease being in general noticed with the increase in Ni content, owing to
the decline in the Bransted acidity, as previously discussed. In these experiments, conversions of di-
phenyl ether in the range of 55%-98% at 180 min were achieved (Figure 6B). A blank test and a catalytic
run with the pure Nb,Os were also carried out (Table S3). By stark contrast, in these control experiments,
only very low conversion of diphenyl ether (8% and 15%, respectively) was achieved at 180 min, with no
selectivity to a specific product. Furthermore, to verify whether there is a contribution of the leached spe-
cies to the reactions, the catalyst 15%Ni/Nb,Os was contacted with the solvent under the same condi-
tions of the reaction. After this, the catalyst was separated from the liquid product, and then diphenyl
ether and the internal standard were added to the reaction media for reaction run. The results were
similar to those of the blank reaction, confirming that the catalytic process is exclusively taking place
on the catalyst surface.

DOD - (1 _wtéOmproduct) 100

Catalyst Cyclohexanol Conversion (%)
No added catalyst 3
Nb,Os 75
5%Ni/Nb,Os 40
10%Ni/Nb,Os 37
15%Ni/Nb,Os 31
25%Ni/Nb,Os 31

Table 2. Cyclohexanol Conversion as a Function of Ni Amount Deposited on Nb,Os.
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Figure 5. Reaction Pathways Proposed for the Hydrotreating of Diphenyl Ether into Cyclohexane in the Presence
of a Bifunctional Catalyst ([M] and [A] Stand for Metal and Acid Sites, Respectively)

In the reaction network, three ether linkages, with distinct reactivities toward hydrogenolysis catalyzed by Ni sites, are
formed. The progressive saturation of diphenyl ether reduces the reactivity of the ether linkage toward hydrogenolysis
over Nisites (He et al., 2012). Noteworthy, Ni catalysts are typically inactive for the cleavage of dialkyl ethers. Thereby, the
hypothetical pathway for the HDO of dicyclohexyl ether will require acid sites to start and proceed via hydrolysis —
dehydration — hydrogenation to yield cyclohexane. This pathway is, however, not followed under the reaction conditions
of this study. In this manner, dicyclohexyl ether accumulated in the reaction mixtures. For clarity, cyclohexene was not
numbered but indicated by an asterisk, as this intermediate is consumed upon its formation so that it is not detected in
the reaction mixtures.
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Figure 6. Evaluation of Ni/Nb,Os Catalysts in the Conversion of Diphenyl Ether at 160°C

(A and B) (A) HDO extent as a function of time (note that measurement began upon the reaction mixture reaching the
temperature of 160°C, ca. 15 min ramp time); (B) relationships between conversion or HDO extent or DOD and Niloading
in Ni/Nb,Os. Reaction conditions: diphenyl ether (13.5 mmol), n-dibutyl ether (3.64 mmol, as an internal standard for gas
chromatography, GC, analysis), methylcyclohexane (70 mL, solvent), catalyst (0.500 g), H, pressure of 4 MPa (at room
temperature), stirring rate of 400 rpm.

To examine in more detail the results of the experiments conducted at 160°C, the product distribution at a
similar conversion level of about 50%-60% was analyzed (Table 3). Two critical ratios of products’ groups
were considered. The ratio 2(4-7)/2(2,3) was used to define the selectivity to monocyclic products pro-
duced by the cleavage of the C-O ether bond. The ratio 2£(5,7)/2(4,6) indicates the selectivity to HDO after
ether bond cleavage, which reflects the ability of the catalyst to execute the following reaction sequence:
phenol — cyclohexanol — cyclohexene — cyclohexane. Evolution of the product selectivity with time at
160°C is given in Figure S3.

Table 3 shows that diphenyl ether was converted into three main products: cyclohexyl phenyl ether
(22%—-25%), cyclohexanol (29%-36%), and cyclohexane (27%-38%). Small quantities of dicyclohexyl ether,
phenol, and benzene were also found in the reaction mixture (individual selectivity values lower than
11%). 2(4-7)/2(2,3) ratio higher than 1 was observed for all the Ni/Nb,Os catalysts. This observation in-
dicates the formation of monocyclic products to prevail over the partial or full saturation of diphenyl
ether. The latter renders the bicyclic products 2 and 3, respectively. With the rise in Ni content in
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OH OH
0 Ni/Nb,Os, 4 MPa Hj (r.t.) 0 0
+ + + + +
160 °C
1 2 3 4 5 6 7

Catalyst Conversion (%) Time (min)  Selectivity (%) ZZ(‘(‘Z_;)) % Ei: Z; HDO Extent (%) DOD (%)
2 3 4 5 6 7

5%Ni/Nb,Os 55 180 23 5 1 4 29 38 257 1.40 28 12

10%Ni/Nb,Os 51 90 25 5 11 4 32 33 233 1.12 24 8

15%Ni/Nb,Os 56 90 25 6 1 4 33 31 2.23 1.03 26 7

25%Ni/Nb,Os 63 60 2 N 1 3 36 27 203 0.81 28 5

Table 3. Product Distribution, HDO Extent, and Degree of Deoxygenation (DOD) at Iso-Conversion for the Diphenyl Ether HDO at 160°C

Ni/Nb,Os catalysts (from 5 to 25 wt %), a gradual reduction in the £(4-7)/2(2,3) ratio (from 2.57 to 2.03)
was observed. Taking the results from the experiment carried out in the presence of 25 wt % Ni/Nb,Os
catalyst into account, the reduction in the £(4-7)/2(2,3) ratio is related to the accumulation of dicyclo-
hexyl ether in the reaction mixture. As previously reported, dialkyl ethers are not prone to undergo hy-
drogenolysis in the presence of Ni catalysts under relatively mild reaction conditions (Wang and Rinaldi,
2016; Zhao et al., 2012a). Should a dialkyl ether be cleaved, the reaction pathway would begin with a
hydrolysis step instead (Figure 5). However, in this study, the formation of dicyclohexyl ether constitutes
a dead end, as its conversion was not observed. Confirming this, we could successfully employ n-dibutyl
ether in the reaction mixtures as an internal standard for gas chromatography (GC) analysis. Likewise, no
decomposition of the internal standard was detected.

The results in Table 3 also shows a rise in the selectivity to cyclohexanol (from 6% to 11%) for the experiment
carried out in the presence of 25 wt % Ni/Nb,Os catalyst. This outcome agrees with the decrease in
Brensted acidity at a high Ni content supported on Nb,Os, as verified by ATR-IR spectra of pyridine
adsorbed on the reduced Ni/Nb,Os catalysts (Figure 4) and model reaction experiments (dehydration of
cyclohexanol, Table 2). Therefore, the increase in Niloading on Nb,Os has implications for both the accu-
mulation of dicyclohexyl ether (i.e., raises the likelihood of full saturation of diphenyl ether to dicyclohexyl
ether) and of cyclohexanol (i.e., lessens the extent of dehydration of cyclohexanol).

The product distributions in Table 3 show similar values of selectivity to cyclohexanol and cyclohexane,
revealing that Nb,Os plays a marginal role in the HDO extent at 160°C. Under these conditions, low
DOD values (5%-12%) were achieved. The catalyst's ability to dehydrate cyclohexanol significantly reduces
with the rise in Ni content, as indicated by the decrease in the =(5,7)/2(4,6) ratio from 1.40 to 0.81. The
decrease in the dehydration capability is correlated with the decrease in the number of Brgnsted acid sites
with the increase in Ni content, as discussed in the previous section.

According to the results from Table 3, 10%Ni/Nb,Os and 15%Ni/Nb,Os catalysts present the best balance
between HDO extent and selectivity to monocyclic deoxygenated products. These catalysts were thus cho-
sen for the conversion of diphenyl ether carried out at 200°C. Figure 7 shows the monitoring of the reaction
mixture components over time. For both experiments, full conversion was achieved at 180 min. Cyclo-
hexane was the main product obtained, with selectivity values of 81% and 88% for the 10%Ni/Nb,Os
and 15%Ni/Nb,O catalysts, respectively. These results confirm that the dehydration of cyclohexanol is
encouraged at 200°C. At 180 min, the HDO extent and DOD were both greater for 15%Ni/Nb,Os (HDO
extent: 91%; DOD: 85%) than for the 10%Ni/Nb,Os catalyst (HDO extent: 82%; DOD: 72%). Based on these
results, 15%Ni/Nb,Os catalyst was considered as the most efficient. Thus the 15%Ni/Nb,Os catalyst was
selected for the recycling experiments and studies on the conversion of lignin oil.

The catalytic performance after five reaction cycles was investigated for the HDO of diphenyl ether at 200°C
for 240 min using the 15%Ni/Nb,Os catalyst. Again, diphenyl ether serves as a model compound because,

476 iScience 15, 467-488, May 31, 2019



iIScience Cell

100-
80-
9
g 60-
= —a— Diphenyl ether
_5 —e— Cyclohexyl phenyl ether
B —a— Dicyclohexyl ether
8 40- —v— Phenol
g —o— Benzene
o —«— Cyclohexanol
—>»— Cyclohexane
20-
0 T T T ? T T T
0 30 60 90 120 150 180
Time (min)
B
100-
80
S
o
E 60
c
8
I3
404
cE>- 0
o
o
204

4
T T T T

0 30 60 90 120
Time (min)

150 180

Figure 7. Catalytic Conversion of Diphenyl Ether at 200°C

Monitoring of reaction mixture composition for the conversion of diphenyl ether at 200°C in the presence of (A) 10%Ni/
Nb,Os or (B) 15%Ni/Nb,Os catalyst. Reaction conditions: diphenyl ether (13.5 mmol), n-dibutyl ether (3.64 mmol, as an
internal standard for GC analysis), methylcyclohexane (70 mL, solvent), catalyst (0.500 g), H, pressure of 4 MPa (at room

temperature), and stirring rate of 400 rom. Note that time measurement began upon reaching a temperature of 200°C
(ca. 20 min ramp time).

when targeting the full HDO of lignin streams, the accumulation of cyclohexanol (derived from hydrogena-
tion of phenol) indicates a decay of the initial acidic properties of a bifunctional catalyst. After each reaction
run, the catalyst was washed with solvent and reused in the following reaction run. Figure 8 displays the
conversion and product distribution after each reaction run.

Figure 8 shows that the catalyst presents a sustained performance, still producing a 91% yield of cyclo-

hexane after five reaction runs. A slight decrease in the cyclohexane selectivity is, however, observed
from the second to fourth reaction runs, with the formation of cyclohexanol and dicyclohexyl ether (around
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Figure 8. Sustained Catalyst Performance of 15% Ni/Nb,Os in the Recycling Experiments at 200°C
Performance of 15%Ni/Nb,Os in the conversion of diphenyl ether at 200°C throughout the recycling experiments.
Reaction conditions for each cycle: diphenyl ether (13.5 mmol), n-dibutyl ether (3.64 mmol, as an internal standard for GC
analysis), methylcyclohexane (70 mL, solvent), catalyst (0.500 g), H, pressure of 4 MPa (at room temperature), reaction time
of 240 min, and stirring rate of 400 rpm. Note that time measurement began upon reaching a temperature of 200°C
(ca. 20 min ramp time).

4%-5% each) from the third cycle on. These results translate into a slight decrease in both HDO extent (from
100% to 92%) and DOD (from 100% to 94%) throughout the recycling experiments.

To examine surface, structural, and morphological alterations occurring in the 15%Ni/Nb,Os catalyst, the
fresh and spent catalysts were analyzed by using a set of techniques (pyridine adsorption, XRD, and
HAADF-STEM). Figure 9 shows the ATR spectra of adsorbed pyridine on the fresh catalysts and spent sam-
ples after five reaction runs. The data indicates that the population of Brgnsted acid sites dramatically
decreased after five successive reuses of the catalyst. This means that even though water is generated dur-
ing the reaction, no regeneration of Bransted acidity takes place in the process. In this context, the accu-
mulation of cyclohexanol appears to be related to a decrease in the population of Bransted acid sites. On
the other hand, Lewis acidity is preserved, which explains the sustained high selectivity to cyclohexane at
200°C, demonstrating that Nb,Os Lewis acid sites are stable under the reaction conditions. Moreover, a
modest decrease in BET surface area was observed (fresh catalyst: 180 m? g~ versus spent catalyst:
144 m? g7"). The XRD pattern of the used catalyst (Figure 10) also shows that the crystalline structure of
the catalyst is maintained after five reaction runs. Also, no significant change in the Ni average crystallite
size occurred after five reaction runs (fresh catalyst: 14 nm versus spent catalyst: 15 nm). Finally, the com-
parison of STEM-HAADF images (Figure 11) indicates that the spent catalyst after the fifth reaction run
maintains the original features of the fresh catalyst, that is, the arrangement and size distribution of Ni
nanoparticles entangled in the Nb,Os nanorod nest remained, to a great extent, unaltered. Overall, these
observations together with the sustained catalytic performance of the 15%Ni/Nb,Os indicated that this
material holds potential as a robust and active catalyst for the conversion of phenolic streams derived
from lignin.

Hydrodeoxygenation of Lignin Oil

To explore the potential of 15%Ni/Nb,Os catalyst in the conversion of lignin oil, lignin oil was subjected to
hydrotreatment under an H, pressure of 7 MPa (measured at room temperature) at 300°C for 16 h. We
chose to increase the reaction temperature from 200°C (as for the model compound experiments) to
300°C to encourage extensive HDO of lignin oil to cycloalkanes, leading to full conversion of lignin into
products soluble in n-pentane (reaction solvent), thus avoiding the accumulation of lignin residues
throughout the catalyst recycling experiments (Wang and Rinaldi, 2012). However, even under harsh con-
ditions, an appreciable amount of a residue insoluble in n-pentane or even methanol (a good solvent for

478 iScience 15, 467-488, May 31, 2019

Cell



iIScience Cell

B L B L+B L
(o] © o D ©
o 9 (]

© © ?) < g
- -~ — -~ -

Spent catalyst

Absorbance (a.u.)

Fresh catalyst

1700 1650 1600 1550 1500 1450 1400 1350

Wavenumber (cm™)

Figure 9. ATR-FTIR Spectrum of Pyridine Adsorbed on the Catalyst 15%Ni/Nb,Os before and after Five Reaction Runs

lignin oil species) was formed and, thus, accumulated with the catalyst. Thereby, in this study, the “conver-
sion of lignin oil” is estimated as a “net conversion,” which takes into account the weight of residue insol-
uble in either n-pentane or methanol formed in each reaction run (in conjunction with the initial weight of
fresh catalyst) and the amount of lignin oil added in each reaction run. For the catalyst recycling experi-
ments, the spent catalyst was washed with methanol to extract soluble residue species. The spent catalyst
containing lignin-derived residues insoluble in methanol was then recovered by filtration and dried at 40°C
in a vacuum oven. The liquid products and the fraction of lignin residues soluble in methanol were charac-
terized by elemental analysis, gas chromatography (GC)-flame ionization detector (FID)/mass spectrometry
(MS), and gel permeation chromatography (GPC).

Throughout the catalyst recycling experiment, which processed in total ca. 6.0 g of lignin oil, the amount of
lignin-derived residue increased from ca. 0.23 g (first run) to 0.30-0.31 g (second or third run, Table 4). Logi-
cally, the accumulation of the lignin-derived residue impedes the precise determination of the initial quan-
tity of substrate present in the second and third reaction runs, as it is not possible to discern whether a part
of the lignin-derived residue was also consumed throughout the recycling experiment and replaced with a
fresh, more oxygenated carbonaceous residue derived from the fresh substrate. Further exploration of the
data listed in Table 4, that is, the determination of weight ratio of liquid-product-to-residue, should be car-
ried out with caution. A mass ratio of liquid-product-to-residue is only meaningful if both liquid product
and residue present similar values of O/C and H/C ratios, which is not the case when the catalyst loses
part of its performance in the recycling experiments.

Figure 12 summarizes in a van Krevelen diagram the results obtained from the control experiment and cata-
lyst recycling in the hydrotreating of lignin oil. In the absence of the catalyst, a 68% conversion of the lignin
oil was achieved by thermal processes (Table 4), increasing the H/C ratio from 1.51 4 0.01, for the lignin oil,
to 1.74 £ 0.02 for the liquid fraction. Conversely, the O/C ratio decreased from 0.46 + 0.01, for the lignin
oil, t0 0.23 + 0.01 for the produced liquid fraction. This decrease in O/C ratio is associated with the elim-
ination of the y-OH group of p-dihydrolignols, among other thermal processes, leading to deoxygenation
(Table S4). The solid residue exhibited an H/C ratio of 1.45 4+ 0.03 and an O/C ratio of 0.34 &+ 0.01. These
results indicate that the residue no longer corresponds to the initial lignin stream.

In the catalytic experiments, an 89% conversion of lignin in the first reaction run was achieved. For the liquid
product obtained from the first reaction run, a substantial increase in the H/C ratio from 1.51 + 0.01, for the
lignin oil, to 1.80 + 0.01 was achieved. In parallel, the O/C molar ratio decreased from 0.46 + 0.01 to
0.006 =+ 0.004 for the liquid product. These results demonstrate the extensive removal of oxygen and incor-
poration of hydrogen in the liquid product. In the subsequent catalyst reuse, the net conversion of lignin oil
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Figure 10. XRD Pattern for the 15%Ni/Nb,Os before and after Five Reaction Runs

slightly decreased from 89% to 85%, for both the second and third reaction runs (Table 4). For the liquid
products, H/C ratios of 1.76 £ 0.01 and 1.75 £ 0.03 for the second and third reaction runs, respectively,
were obtained. These values are slightly lower than those of the liquid products from the first reaction
run (H/C:1.80 £ 0.01). On the other hand, O/C ratios substantially increased from 0.006 + 0.004, for the
first reaction run, to 0.14 + 0.01 and 0.16 + 0.01, for the second and third reactions runs, respectively.
For the residue fraction soluble in MeOH, which corresponds to ca. 10% of the lignin-derived residues,
the H/C ratio decreased from 1.73 + 0.01 (first reaction run) to 1.62 + 0.01 and 1.62 + 0.06, for the second
and third reaction runs, respectively. In parallel, O/C ratios rose from 0.29 + 0.04 (first reaction run) to
0.33 £ 0.01 and 0.36 + 0.01 for the second and third reaction runs, respectively. Altogether, the O/C
and H/C ratios found for the liquid products and residues indicate that the catalyst’s hydrogenation activity
deteriorated to an extent lesser than that of the deoxygenation ability.

A Fresh catalyst

C  Spent catalyst (5t reaction run)

,=3£n'
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“"».n =
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Figure 11. HAADF-STEM Images of 15%Ni/Nb,Os before and after Five Reaction Runs
HAADF-STEM images of (A and B) fresh 15%Ni/Nb,Os catalyst, and (C and D) spent 15%Ni/Nb,Os catalyst after five
reaction runs. Images (B) and (D) correspond to the ratio of high-angle to low-angle ADF signal.
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Reaction Weight (g) Net Conversion (%)
Liquid Residue Insoluble Residue Soluble
Product in n-Pentane and Methanol in Methanol

1 Run 0.2941 0.2293 0.0249 89

2" Run 0.8663 0.2990 0.0204 85

3" Run 0.5907 0.3085 0.0240 85

Table 4. Overall Results for the HDO of Lignin Oil in the Recycling Experiments
Reaction conditions for each cycle: lignin bio-oil (2 g), n-pentane (100 mL, solvent), 15%Ni/Nb,Os catalyst (initial weight:
0.400 g), H, pressure of 7 MPa (at room temperature), 16 h at 300°C, stirring rate of 400 rpm.

To gain an in-depth insight into the composition of the volatile fraction of the liquid products, GC-FID/
MS analysis was carried out (Figure 13). In the volatile fraction of the lignin oil (corresponding to 28% at
an injector temperature of 300°C), the main components were p-dihydrolignols [4-(3-hydroxypropyl)-2-
methoxyphenol and 4-(3-hydroxypropyl)-2,6-dimethoxyphenol, Table S4] followed by other alkylphenol
compounds. In the control experiment, thermolytic processes on the p-dihydrolignols caused the elim-
ination of y-OH group, rendering 4-propylguaiacol and 4-propylsyringol. Other products from the
cracking of the propyl side chain were formed (Table S4). At a much lesser extent, cyclohexanols
(6.6%) and cycloalkanes (1.3%) were also formed. In the presence of 15%Ni/Nb,Os catalyst, the primary
volatile products were cycloalkanes (47%) and cyclohexanols (2%). Half of the cycloalkanes’ fraction con-
tent corresponded to bicyclic aliphatic compounds. In the catalyst recycling, the content of cycloalkanes
in the liquid product significantly decreased from 47%, for the fresh catalyst, to 8% and 5%, for the sec-
ond and third reaction runs, respectively. As a result, the dominant species in the liquid products became
cyclohexanols (31%-35%). The high content of monophenolic species (18-19%) reveals that the catalyst's
hydrogenation ability was also impaired after the first use of the catalyst. However, the catalyst hydroge-
nation ability was affected to an extent lesser than that for the dehydration of cyclohexanol
intermediates.
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Figure 12. Snapshot of the HDO Performance of 15%Ni/Nb,Os Catalyst in the Recycling Experiments
van Krevelen plot comparing the H/C and O/C molar ratios for the lignin oil, residue fraction soluble in methanol, and
liquid products obtained in the presence of 15%Ni/Nb,Os catalyst and from the control experiment (no added catalyst).
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Figure 13. Distribution of compound classes in lignin oil and processed streams

Comparison of distributions of compound classes in the lignin oil, liquid products from the hydroprocessing of lignin oil in
the presence of the 15%Ni/Nb,Os catalyst, and control experiment (no added catalyst). Reaction conditions for each
cycle: lignin bio-oil (2 g), n-pentane (100 mL, solvent), catalyst (0.400 g), H, pressure of 7 MPa (at room temperature), 16 h
at 300°C, stirring rate of 400 rpm.

To assess the extent of decrease in the acidity of the Nb,Os support, ATR-IR measurements of pyridine ad-
sorbed on the spent 15%Ni/Nb,Os catalyst were performed. After the third reaction run, Figure 14 reveals
that the spent catalyst no longer presents either Bransted or Lewis acid sites accessible to pyridine adsorp-
tion. These results demonstrate the decrease in the deoxygenation activity of 15%Ni/Nb,Os to be caused
by the blocking of acid sites on the Nb,Os support. Surprisingly, despite the loss of acidity, the structural
properties of the Nb,Os nanorods were not affected upon recycling (as shown by XRD pattern features,
Figure S4). By stark contrast, the size of the Ni particles increased from 14 to 80 nm after three reaction
runs (Figure S4). Thereby, the decrease in the hydrogenating activity of the catalyst appears to be related
to the decrease in metal surface area due to Ni particle growth.

From the data presented in Figure 13, the sum of compounds visible by the GC technique corresponds to
approximately half of the content of species occurring in the liquid products. To expand our analysis toward
the heavy species, GPC was performed on the hydrotreated liquid products and residue fractions soluble in
methanol. Noteworthy, when applied to product mixtures obtained from lignin, direct information
regarding the content of species cannot be retrieved from an ultraviolet-visible (UV-vis) detector (in this
study, a photodiode array [PDA] detector), as the detector response is not universal. Furthermore, in sam-
ples containing aliphatic hydrocarbons, these compounds will be invisible to the UV-vis detector. Despite
these limitations, the GPC technique coupled with UV-vis spectroscopy provides useful information on the
apparent distribution of M,, and spectral signature of the eluting species. Figure 15 displays the chromato-
gram traces at a wavelength of 280 nm.

Figure 15 shows that the lignin oil substrate encompasses species of apparent M,, from 100 to 66,000 Da. In
the absence of the 15%Ni/Nb,Os catalyst (control experiment), thermal processes on lignin generate sol-
uble species of M,, lower than 1,200 Da for both the product oil and solid residues, at the expense of the
heavy species. In the presence of the fresh 15%Ni/Nb,Os catalyst, both the liquid product and the residue
fraction soluble in methanol still contain UV-absorbing species heavier and of much broader apparent M,,
distributions, compared with those from the control experiment. Surprisingly, the subsequent reaction runs
yielded liquid products and residues of an apparent M,, distribution comparable to the apparent M,, range
of products formed in the control experiment.

To gain further information about the chemical nature of the UV-absorbing species, the spectral data
collected by the PDA detector in the GPC analysis was examined in detail (Figure 16). In the samples
from the first reaction run, a key feature distinguishing the PDA images is the presence of species
absorbing at wavelengths higher than 300 nm for the residue fraction soluble in methanol (indicated in Fig-
ure 16 by a yellow-coded dotted line). In lignin chemistry, this spectral feature is often related to the pres-
ence of quinone methide intermediates, stilbene species, and other conjugated unsaturated species
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Figure 14. ATR-FTIR Spectra of Pyridine Adsorbed on the 15%Ni/Nb,Os Catalyst before and after Recycling
(Third Run)

associated with lignin condensation processes (Lin, 1992; Schmidt, 2010). Overall these observations sug-
gest that, in the presence of the fresh 15%Ni/Nb,Os catalyst, the condensation of lignin species could not
entirely be suppressed by the reductive processes, as the former process appears to take place at a rate
faster than the latter. Interestingly, similar PDA images are found for both liquid products and the residues
soluble in methanol from the second and third reaction runs. These images show no strong absorption spot
at wavelengths higher than 300 nm. Altogether, these observations support the hypothesis that Lewis acid
sites of Nb,Os play a role in the condensation of lignin species. As these sites become largely blocked in
the first reaction run, the condensation of lignin species should occur to a lesser extent in the subsequent
reaction runs. This hypothesis appears to be plausible also considering that the weight of lignin residue
accumulated with the catalyst plateaued after the second reaction run (Table 4).

Conclusions

This study provided a beginning-to-end analysis of the multifaceted picture of the design of water-tolerant
catalysts for the hydrotreating of lignin streams. From the observations of this study, the following conclu-
sions and recommendations for future research are given:

1. In the design of bifunctional Ni/Nb,Os, the incorporation of the Ni phase reduces the population of
Bransted acid sites. However, the population of Lewis acid sites remained almost unaltered. The
dehydration of cyclohexanol over Brensted acid sites takes place at temperatures lower than those
required for the reaction catalyzed by Lewis acid sites. By employing the hydrotreating of diphenyl
ether to cyclohexane as a model reaction, it was possible to find a compromise between hydroge-
nation and dehydration catalyst's capabilities, thus taking the benefit from the catalyst Lewis acidity
for the hydrotreatment. The 15%Ni/Nb,Os catalyst showed sustained results in the recycling exper-
iments. As a result of the high stability of the water-resistant Lewis acid sites, a 91% yield of cyclo-
hexane could be achieved even after five reaction runs.

2. Despite the promising results achieved in the hydrotreatment of diphenyl ether, the 15%Ni/Nb,Os
catalyst lost its activity toward dehydration of the cyclohexanol species already after the first reaction
run performed on the lignin oil stream. This disappointing outcome is associated with the blocking of
the Lewis acid sites.

3. Inthe current literature on lignin hydroprocessing, little attention has been given to the fact that the
acid sites, needed for the dehydration of cyclohexanol species, can also catalyze the condensation of
lignin oligomeric species. In this study, we demonstrated that lignin condensation occurs even under
reductive conditions and when beginning the process with passivated streams from the lignin-first
biorefining based on reductive processes.
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Figure 15. Gel Permeation Chromatogram Traces at a Wavelength of 280 nm

Gel permeation chromatograms for the (i) lignin oil, liquid products (blue-coded curves) and solid residues (gray-coded
curves) obtained from the process with added catalyst in the (ii) first reaction run, (iii) second reaction run, and (iv) third
reaction run, and (v) control experiment with no added catalyst. The apparent M, is given relative to polystyrene

standards. Signal intensities of the curves are not scaled.
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4. The condensation of lignin catalyzed by Nb,Os nanorods’ Lewis acid sites appears to be a chemical

process faster than the saturation or HDO of lignin species. As a result, in the presence of Ni/Nb,Os
catalysts, lignin condensation is not entirely suppressed by reductive processes. Consequently,
carbonaceous matter is formed, blocking the Lewis acid sites.

. Previous studies on hydrotreating of lignin oils in the presence of phosphided Ni/SiO; catalysts

demonstrated that recyclable hydrotreating catalysts could be produced (Cao et al., 2018; Samec,
2018). Confronting those results with the current ones, it is concluded that the control of the surface
acidity is mandatory for the success of lignin oil hydrotreating. Further research is required to define
the type of acidity and a threshold of acidity required for the hydrotreating of lignin while not encour-
aging acid-catalyzed condensation processes on the lignin oligomeric species. Surprisingly, such a
research line has not been receiving much attention from the community. Indeed, often studied
model compounds (e.g., diphenyl ether, benzyl phenyl ether, (alkyl)guaiacols, and several others)
cannot undergo condensation reactions. Therefore, the crucial role of lignin condensation in hydro-
treating processes cannot be mimicked by the current set of model compounds employed in this
research field. This fact clearly limits the translation of technologies designed for the HDO of model
compounds to the hydrotreating of real-world lignin streams.

. The balance of dehydration and hydrogenation abilities of a heterogeneous catalyst becomes a very

complicated issue when considering the significantimpact of lignin condensation throughout the hy-
drotreating process. Considering this, a tentative solution could be the utilization of two solid cata-
lysts, one for hydrogenation and another one for dehydration, so that the balance of these specific
tasks could be then more easily adjusted by the weight ratio of each catalyst component in the
mixture of catalysts. This idea has been already exploited with success (Wang and Rinaldi, 2013).
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Figure 16. Spectral Signature of the Eluting Species in the GPC Analysis

PDA detector response images for the eluting species in the GPC analysis performed on lignin oil, liquid products, and residues obtained with no added
catalyst (control experiment) and in the presence of 15%Ni/Nb,Os catalyst (recycling experiment). The yellow-coded dotted line in the PDA image of the
solid residue (first reaction run) indicates the extension of the UV-vis absorption signal.

However, the conversion of a batch reaction process to a continuous flow process based on a mixture
of catalysts constitutes a challenging task. A more practical approach appears to be the combination
of flow-through reactors operating in series but at different temperatures. This approach could
circumvent catalyst deactivation by the formation of coke via lignin condensation, by gradually satu-
rating the lignin stream under conditions of gradual increase in process severity. A similar approach
was demonstrated to be very fruitful for the hydrotreatment of pyrolysis oil in the presence of Ni-Cu
catalysts (Yin et al., 2016).

In a broader context, this work provides substantial evidence that the use of model reactions has severe
limitations for the design of catalysts for the hydroprocessing of lignin streams. Accordingly, the catalyst
screening carried out on real-world lignin streams is a more productive enterprise to pursue, regardless
of the complexity of the product mixtures obtained. In this quest, the evaluation of H/C and O/C ratios
as the response variables (either for the catalyst discovery or in recycling experiments) constitutes a strat-
egy effective in the simplification of characterization procedures applied to the lignin products. Such a
strategy should become a gold standard in the high-throughput screening catalysts for the hydroprocess-
ing of lignin streams to produce drop-in lignin biofuels, as it allows for the direct comparison of catalyst
performance without the need of scrutinizing the lignin product compositions at an early stage of technol-
ogy-readiness levels (TRL), thus contributing to accelerating catalyst discovery.

Limitations of the Study

The hydrothermal synthesis of Nb,Os is based on the decomposition of niobium peroxo species formed by the
reaction of ammonium niobium(V) oxalate and hydrogen peroxide. CAUTION: As the hydrothermal synthesis
is performed in a closed stainless-steel vessel, it is mandatory to check if the vessel is rated to operate under
the pressure built by the decomposition of the full content of hydrogen peroxide employed in the synthesis.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Transparent Methods

Catalysts synthesis

Niobia synthesis by hydrothermal method. TT-Nb.Os nanorods were prepared by
dissolving ammonium niobium oxalate (5.22 g; 99.9%, CBMM) in deionized water
(65 mL) and H2O, (15 mL, 30%, Synth) in a molar ratio H.O.:Nb of 10, forming a
yellowish solution.(Leal et al., 2019) This solution was then transferred to a 150 mL
stainless steel reactor equipped with a PTFE liner, for a hydrothermal treatment at
175°C for 15 h. The hydrothermal treatment produced a white precipitate of Nb,O:s.
The solid was separated by filtration and washed with deionized water several times.
Next, the solid was dried overnight in an oven at 60°C. To obtain the final support (TT-

Nb.Os), the material was calcined in a muffle at 380°C for 2 h.

Preparation of Ni/Nb,Os catalysts. Ni was deposited on the Nb.Os material by
employing a deposition-precipitation ammonia evaporation method.(Leal et al., 2019)
Typically, Nb.Os (1.0 g), (NH,).CO; (2.0 g, Sigma-Aldrich) and NiCO3-2Ni(OH)..xH.O
(in quantities to provide a 5, 10, 15, and 25 wt% Ni, 99.9%, Sigma-Aldrich) were
dispersed in deionized water (20 mL). To the mixture, an aqueous NH.OH solution (20
mL, 26-30%, Sigma-Aldrich) was added. The suspension was then kept under
magnetic stirring at 90°C for 3 h, under N flow. The solid was centrifuged and washed
with deionized water several times until the filtrate showed a neutral pH value. Next,
the solid was dried at 110°C overnight in an oven. The dried Ni/Nb,Os catalyst
precursor was reduced in a tubular oven under H; flow. The sample was heated up to
320°C with a heating ramp of 5°C min™', and kept at 320°C for 1.5 h under H.

atmosphere. The reduced Ni/Nb,Os catalyst was cooled down to room temperature
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under Ar flow and stored under Ar atmosphere in a glove box. The catalysts were

referred to as %Ni/Nb.Os, where %Ni represents the nominal Ni loading on Nb2Os.

Catalyst characterizations

Ni loading. Ni loading on Nb,Os (Table 1) was determined by inductively coupled
plasma — mass spectroscopy (ICP-MS) analysis on an Agilent Technologies 7900 ICP-
MS system. For the analysis, a catalyst sample (5 mg) was suspended in HNO3 (10 mL,
>68%, Fisher Chemical) and digested under microwave irradiation at 200°C for 15 min
by using a CEM MARS6 microwave oven. After digestion, an aliquot of the solution
(0.1 mL) was diluted 10-times in deionized water (9.9 mL). The solution was then
analyzed on the ICP-MS. For each sample, the determination of Ni and Nb was carried

out in triplicate.

Powder X-Ray diffraction. X-Ray diffraction (XRD) measurements were performed
on the XPD beamline at the Brazilian Synchrotron Light Laboratory (LNLS), operating
at an energy of 8keV (A = 1.5498 A). XRD patterns were collected in a 28 angular range
from 15 to 90° with a Mythen — 1K linear detector (Dectris) installed at 1 m from the
sample. Crystalline phases were identified by comparison with JCPDS files. Ni
crystallite size was estimated by using the Scherrer equation, with the full-width at half-
maximum (FWHM) of the peaks being determined by fitting the data in a pseudo-Voigt

function.

Scanning transmission electron microscopy. Scanning transmission electron
microscopy (STEM) was performed in the LNNano facilities, CNPEM, Brazil.

Acquisition of High-Angle Annular Dark-Field (HAADF) images was performed in an
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FEI Titan Themis aberration-corrected scanning electron microscope operating at
300 kV. The samples were prepared by applying the catalyst powders directly over

TEM standard specimen holder.

Textural properties. The surface area was determined by adsorption-desorption
isotherms of N, at -196°C in an Autosorb 1C (Quantachrome). The samples were
pretreated at 120°C overnight under vacuum. The specific surface area was

determined by the BET method.

Temperature-programmed reduction of Ni/Nb.Os. The reduction of the Ni/Nb,Os
catalyst precursor was analyzed by H, temperature-programmed reduction (TPR). The
precursor samples (50 mg) were pre-treated at 150°C for 1 h under He flow (50 mL
min'). TPR analysis was then performed from room temperature to 1000°C at a heating
rate of 10°C min™' under 5% H./He flow (50 mL min-'). H, was monitored by a mass

spectrometer OmniStarTM GSD 320 O1 (Pfeiffer Vacuum).

ATR-FTIR pyridine adsorbed on Ni/Nb,Os. The acidic properties of niobium oxide
support were evaluated by attenuated total reflection Fourier Transform infrared
spectroscopy (ATR-FTIR) of adsorbed pyridine (Py). FTIR spectra were collected on
an FTIR spectrometer from Perkin Elmer (Spectrum Two) in the range from 400 to
4000 cm™' at a resolution of 0.5 cm-. For signal accumulation, 32 scans were collected.
Initially, the samples in powder form were dried at 150°C for 1h, under N, flow, in a
three-neck rounded bottle flask (50 mL) equipped with a heating mantle. N, carried
pyridine (Py) vapor was introduced into the flask for the adsorption of pyridine on
Nb.Os and reduced Ni/Nb,Os samples. Next, the sample was exposed to Py vapor at

150°C for 1 h. Then, the flask was purged with N, at 120°C, for 30 min, to remove
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physisorbed Py. After cooling to room temperature, the sample was transferred to an
eppendorf and the FTIR spectra were collected with the ATR probe. The spectrum of
adsorbed Py was obtained by subtracting the spectrum of the sample with

chemisorbed Py from that of the treated sample without pyridine.

Quantification of Brgnsted and Lewis acid sites by FTIR of adsorbed pyridine on
Nb.Os. The acidic properties of the niobium oxide were evaluated by FTIR of the
samples adsorbed with pyridine (Py). The FTIR spectra were collected using a Nicolet
FT-IR-6700 spectrometer in the range from 4000 to 1000 cm- with a resolution of 2
cm™ and 128 scans for signal accumulation. The samples were prepared as a thin
pellet through pressing sample powder. The sample pellet was transferred into a
homemade IR cell equipped with CaF windows. First, the sample was dehydrated at
120 °C under dynamic vacuum (2:-10° mbar) for 22 h. After cooled down to room
temperature, the sample spectrum was obtained. Then, the sample was exposed to Py
vapor until the equilibrium with vapor pressure and cooked at 150 °C for 20 h. Next,
the system was cooled down to room temperature and kept under dynamic vacuum
(2:10° mbar) for 30 min to remove the physisorbed Py and collected the FTIR
spectrum. The quantification of acid sites was done using the Lambert-Beer equation
(A = &i.c.d) using the integrated absorbance (A)) and the Integrated Molar Absorption
Coefficient (&i).(Barzetti et al., 1996) The bands in 1444 cm™ (& = 2.22 cm pmol™*) and
1540 cm™ (g = 1.67 cm pmol™") (Emeis, 1993) were used to quantify Lewis Acid Sites

(LAS) and Brgnsted Acid Sites (BAS), respectively.
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Catalyst tests

Hydrodeoxygenation of diphenyl ether. The experiments were carried out in a
stainless steel batch reactor (250 mL) using a catalyst (0.500 g) suspended in a
0.19 mol L' solution of diphenyl ether (13.5 mmol, Sigma-Aldrich, 99%), containing n-
dibutyl ether (0.052 mol L', 3.64 mmol, Acros Organics, > 99%, internal standard for
GC analysis) and methylcyclohexane (70 mL, Acros Organics, 99%, solvent) under
mechanical stirring at 400 rpm. All processes involving the fresh catalyst manipulation
and reactor loading were carried out in a glove box under Ar atmosphere. The reactor
was purged with H, and loaded with 4 MPa at 25°C. The experiments were performed
at 160 or 200°C for 180 min. Reaction mixture aliquots at 0, 15, 30, 60, 90, 120 and
180 min were collected. Recycling experiments were performed at 200°C, under
similar operating conditions. Five reaction cycles of 240 min were carried out. After
each cycle, the catalysts were separated from the reaction mixture by vacuum
filtration, washed with methylcyclohexane and dried in a vacuum oven at 40°C

overnight.

The reaction products were analyzed in a gas chromatograph (Shimadzu QP2010
Plus) equipped with a Rxi-1ms capillary column (30 m, 0.25 mm ID, df 0.25 mm). The
following temperature program was used: an isothermal step for 5 min at 40°C,
increase in temperature at 5.2°C min~' up to 300 °C and finally an isothermal step for
5 min at 300°C. The quantification was performed using a multi-point internal standard
method, through calibration curves based on the response of the flame ionization

detector (FID) for each component relative to the internal standard response.
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Catalytic Upstream Biorefining to produce the lignin oil stream. The catalytic
upstream biorefining (CUB) process was used to deconstruct poplar wood, rendering
lignin oil and a holocellulosic pulp.(Ferrini and Rinaldi, 2014) Poplar wood pellets (704
g) and Raney Ni (331 g, wet) were suspended in an aqueous solution of 2-PrOH (4140
mL, 70%, v/v) and placed in a 2 gallon (ca. 9 L) stainless steel batch reactor (Parr
Instruments & Co, model number: 4552). The suspension was stirred (75 rpm) for 30
min at room temperature. Then, the reactor was heated to 200°C in 1h under
mechanical stirring (700 rpm). The reaction proceeded under autogenic pressure for
3 h. In sequence, the mixture was allowed to cool down to room temperature. The
liquor was separated from the solids (Raney Ni in conjunction with the holocellulosic
pulp) by filtration through a glass fiber filter (GF6, @ 90 mm, Whatman). The solids
were re-suspended in a 2-PrOH/H,O mixture in a PE beaker under mechanical stirring.
To separate Raney Ni from the suspension, a strong neodymium magnet was
externally placed on the bottom of the beaker. The suspension was mechanically
stirred, resulting in the detachment of catalyst particles from the pulp, which were
magnetically decanted. Keeping the magnet placed on the bottom of the beaker, the
catalyst was separated from the pulp suspension by pouring the suspension into a
Buchner funnel. The catalyst was recovered by removing the magnet. The liquor was
isolated from the pulp by filtration under reduced pressure. The catalyst separation
procedure was repeated three times to remove the catalyst content from the pulp
fibers. The liquor and the filtrates (obtained from the catalyst separation procedure)
were combined. Finally, the lignin oil stream was isolated by removing the solvent from

the liquor and filtrates by using a rotoevaporator at 45°C under vacuum.
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Hydrodeoxygenation of lignin oil. The produced lignin oil (2.000 g), n-pentane (70
mL), 15%Ni/Nb.Os (0.400 g) were placed in a 600 mL stainless Parr batch reactor. All
steps involving the fresh catalyst manipulation and reactor loading were performed
inside a glove box under Ar atmosphere. The reactor was then pressurized to 7 MPa
with H, (measured at room temperature). The pressure vessel was then heated up to
300°C and the reaction proceed for 16 h under mechanical stirring (400 rpm). In
sequence, the mixture was allowed to cool down to room temperature. Then, the liquid
fraction was separated from the residual solid, composed of catalyst and lignin
residues, by filtration. Finally, to isolate the liquid products, the solvent of the collected
liquid fraction was evaporated at 25°C by using a centrifugal evaporator (Centrifan™
PE, KDScientific). To recover the spent catalyst for recycling, the mixture of catalyst
and lignin residue was washed with methanol. This procedure could dissolve about
10% of the polymeric lignin residue. The suspension was filtered. After solvent
removal, the lignin residue soluble in methanol was set apart for characterization. In
turn, the washed solid residue (catalyst containing lignin residue insoluble in methanol)
was dried at 40 °C overnight under vacuum and weighed to determine the net

conversion of lignin. The net conversion of the lignin oil was calculated by Eq. S1:

MasSyashed solid residue — initial masscatalyst) % 100 (81)

Net conversion = (1 —
masslignin oil

The liquid products and the solid residue soluble in methanol were analyzed by

CHNS/O elemental analysis, GPC and GC-FID/MS.
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Analysis of lignin oil products

GC-FID/MS analysis. An aliquot of each sample (20.0 mg) and the external standard
(di-n-butyl ether, the internal standard for GC analysis, 3.0 mg) were dissolved in
MeOH (1 mL). The sample was filtered (membrane filter 0.45 mm). The sample
solutions were analyzed by GC-MS 2010 Plus (Shimadzu) equipped with a capillary
column DB-1MS (30 m, 0.25 mm ID, df 0.25 um). The following temperature program
was used: an isothermal step for 5 min at 40 °C, increase in temperature at 5.2°C min-
" up to 300°C and, finally, an additional isothermal step for 5 min at 300°C.
Quantification of selected components was performed by using the FID response. The
response factor of the products was determined from calibration curves (for
cyclohexane, cyclohexanol, 4-ethylcyclohexanol, phenol, 4-ethylphenol, 2-methoxy-4-
ethylphenol, 2-methoxy-4-propylphenol, 2,6-dimethoxyphenol, 2,6-dimethoxy-4-
methylphenol, 4-(3-hydroxypropyl)-2-methoxyphenol, 4-allyl-2,6-dimethoxyphenol) or
by using the Effective Carbon Number method (ECN, for 2,6-dimethoxy-4-ethylphenol,
2,6-dimethoxy-4-propylphenol) relative to 2,6-dimethoxy-4-methylphenol.(Scanlon

and Willis, 1985)

Gel permeation chromatography analysis. To analyze the apparent molecular
weight distribution in lignin products, the products (20 mg) were dissolved in a solution
of anhydrous dimethylformamide (DMF) containing 0.1 wt% LiBr (1 mL) and filtered
(membrane filter 0.45 mm) prior to injection. The GPC analyses were performed at
60°C with a Shimadzu HPLC Prominence system equipped with three columns
(Polargel-M guard 50x4.6mm, Polargel-M 300x7.5mm, Polargel-L 300x7.5mm,

Agilent), and by using DMF + LiBr 0.1 wt% as the eluent (1.0 mL min"). For detection,
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a Shimadzu SPD-M20A diode-array detector (PDA) was used. All responses were
normalized by the sample weight. The system was calibrated with polystyrene

standards (200 to 60 000 Da, Aldrich).

CHN/O elemental analysis. CHN/O elemental analyses of the products were carried
out in an Elementar VarioMI-CRO Cube analyzer, by using 1-2 mg of the sample. Each
sample was analyzed in triplicate, and the average value was taken. The oxygen

content in the samples was estimated by subtraction (%0 = 100 - %C -%H - %N).

Total organic carbon. Total organic carbon content in the aqueous product was
determined in a Sievers InnovOx Laboratory TOC analyzer provided by GE
Instruments, by diluting 50 yL of the sample with deionized water to obtain a total

volume of 20 mL.
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Nitrogen adsorption-desorption measurements
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Figure S1. N, adsorption-desorption isotherms of the support and Ni/Nb,Os catalysts,

related to Table 1.
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Table S1. Temperatures of reduction of NiO and Nb.Os species in Nb,Os and
Ni/Nb,Os materials, related to Figure 3.

Reduction temperature (°C)

Sample
NiO Nb.Os
Nb.Os 870
5%Ni/Nb2Os 339 847
10%Ni/Nb2Os 334 847
15%Ni/Nb2Os 346 834
25%Ni/Nb2Os 338 816
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Figure S2. FTIR absorption spectrum of pyridine adsorbed on Nb.Os, relate to
Figure 4.

Table S2. Amount of Brgnsted and Lewis sites in the niobia, relate to Figure S2.

Area Lewis acidity Area Bronsted acidity
1444 cm”  (umolg"') 1540 cm™’ (umol g

Nb.Os  0.466 210 0.239 143
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Table S3. Conversion and products distribution of the diphenyl ether hydrogenation
reaction in the absence of a catalyst and using only the niobium oxide at 160 °C and

4 MPa H; pressure, relate to Table 3.

SO IO 0I0- 0 00C

Catalyst Conversion (%)  Time (min) Yield (%)
2 3 4 5 6 17
Blank reaction 8 180 1.5 03 02 06 28 25
Nb(HT) 15 180 44 11 03 11 23 4
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Figure S3. Products selectivity in diphenyl ether hydrodeoxygenation employing as a
catalyst: a) 5%Ni/Nb20Os; b) 10%Ni/Nb2Os; c) 15%Ni/Nb2Os and d) 25%Ni/Nb2Os.

Conversion of diphenyl ether shown by orange-coded lines, relate to Table 3 and

Figure 6.
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Table S4. Weight content of selected components in the lignin oil, liquid organic
products of the hydrotreating of lignin oil over 15%Ni/Nb,Os, and control experiment

(no added catalyst) as determined by GC-FID/MS analysis, relate to Figure 13.

Content (wt%)
Selected component Ll'gmp 1% Run 21 Run 3" Run Con'trol
Bio-oil experiment
R o Ri=H;R.=OCHs 9.7 0 0 0 15
R1 =Rz = OCHa 9.3 0 0 0 0
OH
OH
R, Ry Ri=R2=H 0.2 0 1.5 1.2 0.3
Ri1 =H; R2 = OCHs 0.6 0 3.3 2.9 9.4
Ri=Rz2=0OCHs 1.6 0 1.2 1.4 0
. OH . Ri=R2=H 0.5 0 2.9 2.2 1.2
(é/ Ri = H; R, = OCHs 0.6 0 6.3 7.0 8.9
R1=R>=0OCHs 1.3 0 0 0 0
OH
R4 R,
Ri=H; R2 = OCHs 0 0 0.8 0.8 0.7
o Ri=R2=H 2.8 0 0.6 0.6 6.6
R*(j/'*z Ri =H; R2 = OCHs 0 0 0.9 1.4 4.5
R1=Rz2=0OCHs 0.2 0 0.9 1.4 0.3
Aliphatic
double ring 0 22 3.8 23 0
products

/ : : _‘x
Es
I
T
o
=N
o
—
o
-—
(V)
o

Ri = OH 0.6 1.6 115 8.9 2.9
R
1 Ri=H 0 4.3 0 0 0
Ri = OH 0.7 0 11 13 2.7
Ry 0
Ri=H 0 0.3 0.07 0.1
Ri = OH 0 0 1.0 1.2 0
R Ri=H 0 0.2 3.0 0.9 1.3
@ Ri = OH 0 0 7.1 12 1.0
Ri = Cs, Cr 0 4.6 0 0 0
Sum of selected components 28 49 57 58 41
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Figure S4. XRD patterns of the 15% Ni/Nb.Os catalyst before and after catalyst

recycling at 300 °C (third run), relate to Figure 14.
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