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e Cu-Ni mixed oxides effective catalyst of transfer hydrogenolysis of lignin model

e (Catalysts from hydrotalcites allow hydrogen transfer from subcritical methanol

e In-situ reduction of oxides in reaction medium forms active hydrogen transfer sites
e Preservation of aromatic rings provides valuable lignin depolymerisation products

Abstract

Copper and nickel mixed catalysts obtained by calcination of iron and aluminium hydrotalcites
(layered double hydroxides, LDH) have been tested in the conversion of a lignin model dimer in
subcritical methanol. Phase distribution and textural properties of the catalysts were
characterized by X-ray diffraction Rietveld analysis and N2 physisorption. The presence of
copper was critical for effective hydrogenation, both by direct hydrogen transfer from methanol
to aldehyde groups and by reactivity of products from methanol reforming. TPR experiments
showed that the hydrogenation activity was promoted by an enhanced reducibility of the Cu-
catalysts, related to the presence of other oxide components.

Characterisation of the catalysts after reaction indicated that metallic copper was formed by the
reduction of CuO by methanol and that modifications of the oxide catalysts in the reaction
medium played a major role in the formation of active sites.

Keywords: Heterogeneous catalysis; lignin depolymerisation; catalytic transfer hydrogenation;

hydrotalcite; in-situ activation

1. Introduction

The perspective of economical valorisation of all components of lignocellulosic biomass to
chemicals and fuels relies on the development of more advanced processes, leading to
integrated biorefineries [1-6]. Among the processes well coping with the specifications of new
market flows, organosolv pulping has received a renewed interest. [7, 8] The use of organic
solvents in pulping process allows an efficient recovery of the lignin fraction from the
lignocellulosic biomass but has always been a niche industrial reality, due to the competition of
fossil-derived products on the market of lignin-derived molecules. The implementation of second
generation ethanol plants has opened a new window of opportunity for organosolv treatments,
in which the added value of lignin extraction is boosted by the production of valuable easily-
fermentable cellulose [9-11].

Hydrogen-donor solvents used in organosolv processes do not only break lignin-holocellulose

bonds and solubilize lignin but also represent an appropriate source of hydrogenating reagents,



able to stabilize lignin fragments towards unwanted re-condensation. Indeed, the processes of
valorisation of lignin through depolymerisation to market chemicals have always been plagued
by the easy formation of heavy recalcitrant compounds by the condensation of lignin fragments
[12-14]. The classical view of the mechanisms of re-condensation of lignin fragments implied the
formation of diphenylmethane-type bonds by Michael addition of phenolic carbanions to quinone
methide intermediates or the aldol condensation of aldehydes formed by alkaline cleavage of
alkyl phenyl ethers [15, 16]. More recently, this last condensation pathway has been revisited
and integrated with a mechanism of polymerisation of the reactive aldehydes formed by
acidolysis of B-O-4 bonds, the most frequent linkages in lignin [17]. The relevance of this
mechanism has been confirmed by the effectiveness of the hydrogenation of aldehydes or the
introduction of appropriate end-capping groups in preventing the re-condensation of lignin-
derived monomers [18-20].

The nature of marketable products which can be obtained from organosolv lignin is significantly
affected by its level of hydrogenation in the biorefinery process. High hydrogenation in the
pulping process would decrease the burden of further hydrodeoxygenation units in the
production of bio-oil or BTX [21-24]. However, deep hydrogenation would prevent the
preservation of valuable functional groups for fine chemistry applications [25]. Among the
solvents used in organosolv processes, methanol has been often proposed as a source of
hydrogen in biomass-to-fuel processes [26]. Methanol in liquid phase is an effective
hydrogenating agent, able to go beyond MPV (Meerwein-Ponndorf-Verley) hydrogen exchange
with carbonyl groups and providing deeper hydrogenation by generation of hydrogen through
disproportionation to formaldehyde and CO [27].

The benefits of heterogeneous catalysis, fully developed in the transformation of fossil
resources, are still largely to be exploited in the valorisation of biomass [28]. If heterogeneous
catalysts found useful applications in the chemistry of cellulose-derived molecules, they are at a
preliminary stage of development for the fractionation of biomass and the valorisation of lignin
[29-335].

Supported Ni catalysts are shown to be active in the reductive depolymerisation of birch
sawdust lignin to monomeric phenols with methanol solvent as the only source of hydrogen [36,
37]. Cu-bearing porous metal oxides (PMO) formed by the calcination of layered double
hydroxides (LDH) have been presented as effective catalysts for the depolymerisation of lignin
in supercritical methanol [38-40]. These materials have also been proved effective in catalytic
transfer hydrogenolysis of lignocellulosic biomass, furfural, 5-hydroxymethylfurfural, and ethanol

Guerbet reaction to butanol [41-45]. Supercritical methanol was often used in previous studies of



hydrogen transfer on biomass components [46-48]. The required levels of temperature and
pressure represent conditions more severe than in the traditional organosolv pulping in
methanol, which generally operates at temperature significantly lower than 220°C [49], and the
need for milder reaction conditions has been acknowledged [50].

The purpose of the present work is the evaluation of a series of mixed oxide catalysts in the
conversion of a lignin model molecule by hydrogen transfer from methanol. Reaction conditions
well below the critical point of methanol have been chosen, nhamely 200°C and autogenous
pressure from methanol at this temperature, in order to stay near temperature and pressure
compatible with known organosolv processes. The addition of acid or bases has been avoided,
as well as the use of highly basic magnesium-bearing materials, in order to isolate and better
understand the effects of hydrogen transfer from the solvent to the model lignin moiety. The
relative effect of Cu and Ni cations in the catalysts has been studied. Beyond the usual
aluminium-based LDH, iron-bearing materials have been tested, as they present a potential
interest in the magnetic separation of the catalyst from the complex mixture of products of an

organosolv pulping process [51, 52].

2. Experimental

2.1. Preparation and characterization of catalysts

The catalyst precursors were prepared by the addition of appropriate ratios of nitrate solutions
of the metal cations and sodium carbonate at constant pH 10. Hydrotalcite-type layered double
hydroxides were formed in the Cu-Ni-Fe and Cu-Ni-Al systems, accompanied by CuO tenorite in
copper-rich samples. Single-cation materials were prepared as reference by the same
procedure. These precursors were dried at 80°C and calcined at 600°C under air flow. The
catalysts were named by their composition as, for instance, Cu4Ni71Fe25, where the numbers
following the element symbols indicate the atomic fractions of the cations in percent.

The catalysts were characterized by EDX analysis, powder X-ray diffraction with Rietveld phase
analysis, N. sorption and H>-TPR. X-ray powder diffraction (XRD) patterns were measured
using a Bruker D8 Advance Bragg-Brentano diffractometer equipped with a Si(Li) solid state
detector (SOL-X) and a sealed tube providing Cu K radiation (copper anode, 40 kV and 40 mA).
Apertures of divergence, receiving, and detector slits were 2.0 mm, 2.0 mm, and 0.2 mm,
respectively. Data scans were performed in the 26 range 5-75 ° with 0.02 °26, 1.06 s per step.
The refinements for the quantitative phase analyses (QPA) were performed using the GSAS

package and its graphical interface EXPGUI [53, 54]. The weight percentages were calculated



from the scale factors, unit cell masses, and unit cell volumes of the constituent phases

according to the equation:

5, (ZMV),
YR Sk (ZMV),

where Wa = weight fraction of phase a in an n component mixture, S = Rietveld scale factor,
ZMV = mass and volume of unit cell [55-57].

Structural models for crystalline phases were taken from the ICSD database. Depending upon
the number of catalyst phases, the refined variables ranged up to 42 independent variables
including scale factors, zero-point, lattice parameters, 16 coefficients of the shifted Chebyschev
function to fit the background. The line shape was described by a pseudo-Voigt function with the
following refinable coefficients: three Gaussian terms (Gu, Gv, Gw), two Lorentzian terms (LX,
Ly), S/L (S: sample size; L: distance between sample and detector) and H/L (H: detector height;
L: distance between sample and detector) to account for profile asymmetry due to axial
divergence. Site occupancies and atomic displacement parameters were kept fixed in all the
stages of Rietveld refinements.

N2 sorption isotherms at 77 K were measured on a Micromeritics Tristar apparatus with
enhanced secondary void system after outgassing overnight at 250°C. Surface area was
determined by the BET method and mesopore distribution by a DFT kernel [58]. Micropore
volume was measured by the aS method. Crystallite size was measured by the Scherrer
method.

TPR (Temperature Programmed Reduction) experiments were performed using a Micromeritics
Autochem 2920 equipped with a mass spectrometer MKS Cirrus 1l to evaluate H, consumption.
All the tests were carried out by pretreating the samples under He flow (30 mL/min) for 30 min
at 450°C (heating ramp 10°C/min). Then, the samples were cooled down to 25°C, the gas flow
was switched to H, (5% in He v/v, 30mL/min), and the temperature was increased to 900°C
(heating ramp 10°C/min) for the analysis.

2.2. Catalytic tests

20 mg catalysts were introduced in each of six 120 ml autoclaves containing 20 ml of 5 mM
solution of 4-benzyloxy-3-methoxybenzaldehyde (BMBA) in anhydrous methanol. The
autoclaves were connected to a Parr 5000 system and deoxygenated by bubbling N2 in
successive cycles of pressurization and depressurization. The closed autoclaves were heated at

5°C/min and maintained 3 h at 200°C under stirring at 500 rpm. At an autogenous pressure of



40 atm with 17% autoclave filling, nearly 70% of methanol is in the liquid phase. The liquid
products recovered after cooling were identified by GC-MS (Shimadzu GCMS-QP 2010, low
polarity polyimide Zebron ZB-5HT column) and quantified by a GC-FID equipped with the same
column. Yields of products were calculated as ratios between carbon atoms of each product and

carbon atoms of BMBA reagent.

3. Results and discussion

3.1. Phase characterization of catalysts

The catalysts were mixed oxides in the Cu-Ni-Fe and Cu-Ni-Al systems spanning the field of
Cu/divalent ratio from 0 to 1, with divalent/trivalent ratio 3. The catalysts were obtained by
calcination at 600°C of the hydroxide or oxyhydroxide precursors. Single-oxide benchmark
catalysts presented single phases of NiO bunsenite, CuO tenorite or Fe>Os a-hematite. Their
XRD patterns are shown in Fig. S1. All mixed oxide catalysts presented several crystalline
phases, whose ratios, determined by Rietveld method, are shown in Fig. 1 and reported in detail
in Tab. S1. XRD patterns are shown in Figures S2 and S3 for, respectively, the Cu-Ni-Fe and
Cu-Ni-Al systems. NiO bunsenite and CuO tenorite were the prevalent phases, with their ratio
evolving with the Cu/(Cu+Ni) ratio (Fig. 1). A minor spinel phase was present in all Fe-bearing
samples. Some information on the composition of spinels is provided by their a cell parameter,
which in Ni-containing samples varied from 8.34 to 8.36 (Tab. S1), compatible with solid
solutions of intermediate composition between NiFe,0, (8.32 A) and Fe3z0, magnetite (8.39 A)
[59]. In the Ni-free samples, the cell size of spinel was 8.41 A, between the a parameters of
magnetite and CuFe,0, (8.42 A) [60]. In nearly all Fe-bearing samples, the amount of spinel
evaluated from the X-ray diffraction patterns was much lower than the amount of trivalent cation
expected from the iron content of the samples. This effect was still more evident in the Al-
bearing catalysts, in which CuO and NiO were the only crystalline phases observed and no

explicit Al-bearing phase was detected by XRD.




Fig 1. XRD phase composition of the mixed oxide catalysts in the (A) Cu-Ni-Fe and (B) Cu-Ni-Al

systems

The incorporation of some Fe and Al in CuO and NiO phases could partially justify the missed or
insufficient observation of spinel phases. Indeed, the cell parameters of tenorite and bunsenite
in the mixed samples were systematically slightly lower than the parameters of the pure phases
(Tab. S1 and S2). A decrease of cell parameter can be attributed to the presence of cation
vacancies, corresponding to the incorporation of trivalent cations in the sites of divalent cations
[61, 62].

However, limited incorporation of trivalent in the divalent oxide phases does not completely
justify the low amount of spinel in the XRD patterns of Fe-bearing catalysts nor the complete
absence of alumina phases in the Al-bearing catalysts. These effects have to be mainly
attributed to the presence of trivalent cations in an XRD-amorphous material. Indeed, it has
been often seen that mixed hydroxide samples calcined at 600°C are expected to contain a
large amount of trivalent-rich amorphous material. Al-containing spinel phases are observed
only for calcination temperature higher than 750 or 850°C for Ni-Al or Ni,Cu-Al hydrotalcites [63,
64].

3.2. Textural characterization of catalysts

The N2 adsorption-desorption isotherms of the catalysts are reported in Figs. S4-S6. The
surface area and the mesopore volume of the mixed oxide catalysts are reported in Fig. 2 as a
function of the Cu/(Cu+Ni) ratio. Complete textural data of the catalysts are reported in Tab. S3.
The surface area of the Al-bearing catalysts is nearly twice the surface area of the Fe-bearing
samples. The increase of the copper content induces a decrease of the surface area in both Fe-
bearing and Al-bearing series of catalysts. The surface area of the catalysts varies from 191 to
42 m? g* at the increase of copper content in the Cu-Ni-Al system and from 89 to 25 m? gt in
the Cu-Ni-Fe system varies. These variations of the surface area with the composition of the
catalysts can be partially related to the corresponding evolution of the crystallite size as
measured by the Scherrer method, also reported in Tab. S2. In the Cu-Ni-Fe system, the size of
the CuO and spinel crystallites was virtually constant at, respectively, 15.7+1.5 and 8.5+1 nm,
independently on the Cu/(Cu+Ni) ratio. The NiO crystallite size, instead, increased from nearly 7
nm for the Cu-free Ni75Fe25 to more than 14 nm for the Cu-rich Cu44Ni28Fe28, contributing to
the decrease in surface area. In the case of the Cu-Ni-Al system, the NiO crystallites were

smaller, at 3.8+0.4 nm. The decrease of the amount of NiO with the increase of the Cu/(Cu+Ni)



ratio could be a main factor in the decrease of the surface area, despite a decrease of the size
of CuO crystallites from 38 nm for Cu39Ni38AI23 to 14 nm for Cu74Al26.
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Fig.2. Surface area (A) and mesopore volume (B) of the Fe-bearing (green triangles) and Al-

bearing (void circles) catalysts. The lines are a guide for the eye.

The absolute values of experimental surface area do not fully account for the surface areas
which would be expected on the basis of the small crystallite sizes measured by the Scherrer
method. It is likely that the level of aggregation of nanocrystals plays a significant role in the
extent and variations of surface area. It is also likely that the amorphous material present in all
samples can contribute to the aggregation of the oxide nanocrystals. Some information on the

level of aggregation can be obtained from the measurement of pore size and volume. Moreover,
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mesoporosity has been considered to be an important property of the lignin degradation
catalysts obtained by calcination of hydrotalcites. They have indeed been often referred to as
porous metal oxides (PMOs) [38].

The mesopore volume of the catalysts, reported in Fig. 2B, decreases with the increase of the
copper content from 0.57 to 0.11 cm?® g in the Cu-Ni-Fe system and from 0.46 to 0.12 cm3 g?in
the Cu-Ni-Al system. The mesopore size (Tab. S3) increases with the copper content from 24
nm for Ni75Fe25 and 12 nm for Ni75A125 to 35 nm for both Cu65Fe35 and Cu74AI26. At the
increase of copper content, the increase of size of intergranular mesopores parallels the
observed decrease of surface area. Both effects are likely related to the presence of larger

particles, formed by aggregation of nanocrystallites and amorphous material.

3.3. Thermal-programmed reduction of catalysts

The H,-TPR curves of the catalysts are reported in fig. 3A. Temperature of onset of
decomposition, temperature of the main reduction peaks and fraction of hydrogen consumed in
each reduction step are reported In Table 1. The consumption of H in the TPR experiments is
reported in Table S4. In the analysis of Ni and Fe containing samples, the evaluation of
hydrogen consumption compared to CuO standard was often higher than the value expected,
possibly due to the evolution of atmospheric water and CO- adsorbed after the calcination at
600°C.
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catalysts.

Table 1. H,-TPR data: Onset temperature of Ho-TPR reduction; peak temperature and fraction

of consumed H; of major phenomena.

onset main peaks temperature and
T corresponding fraction of consumed H;
catalyst °C °C H> °C H, °C H2 °C H,
fraction fractio fraction fraction
n
NiO 265 450 0.75 560 0.25
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Ni75Fe25 345 530 1

Ni75A125 415 690 1

CuO 248 330 1

Cu79Fe21 215 325 0.79 520 0.21

Cu74Al26 223 245 0.17 300 0.69 | 325 0.14

Cu31Ni40Fe29 | 181 202 0.22 240 0.13 | 392 0.47 507 0.18

Cu39Ni38AI23 178 209 0.42 265 0.10 | 452 0.39 653 0.09

Examining the reduction patterns of the Ni-based Cu-free samples (Fig. 3A), the onset of
reduction of NiO was near 250°C, in good agreement with literature reports for NiO
nanoparticles [65]. The complex shape of the peak can reflect heterogeneities of crystal size. In
the case of Ni75Fe25 catalyst, the reduction began at a higher temperature, 345°C, and
presented a maximum at 530°C. The peak, of complex shape, included the reduction of NiO
bunsenite, possibly iron-doped, 8% spinel and perhaps amorphous iron oxides. The reduction of
the Ni75AI25 catalyst began at still higher temperature, 415°C, and presented a maximum at
690°C. This reduction pattern closely followed the trend observed on co-precipitated NiO-Al,O3
systems [66].

Cu-bearing catalysts were reduced by H- at a lower temperature (Fig. 3B and Table 1). The
reduction of CuO started at 248°C and presented a maximum at 330°C. Contrarily to what
observed in the case of Ni-bearing catalysts, the presence of Fe or Al decreased the reduction
temperature. The Cu79Fe21 sample presented a first reduction peak with onset at 215°C and
maximum at 325°C, including the reduction of CuO and the reduction of Fe3* to Fe?* [67]. A
second peak, beginning at 375 and with maximum at 520°C, corresponded to the reduction of
the FeO formed in the first reduction step. In the Cu74AI26 sample, CuO reduction followed a
complex pattern. A main splitted peak with maxima at 300 and 325°C is preceded by a small
initial peak, beginning at 223 and culminating at 245°C.

The Cu31Ni40Fe29 sample featured a still lower temperature of onset of reduction, 181°C. A
first composite peak with maxima at 202 and 240°C consumed the amount of H, corresponding
to the reduction of CuO to metallic copper. Two following shallower peaks with maxima at 392
and 507°C merged one into the other. The amount of H> consumed in each of the peaks
suggested the attribution of the first one to the reduction of NiO and to the partial reduction of
spinel to a divalent iron oxide with exsolution of nickel. The last peak would correspond to the

reduction of the FeO formed. This pattern of reduction is qualitatively similar to the literature
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report for TPR of CuFe204, in which a first composite peak with onset at 190°C was attributed to
the reduction of CuO and of divalent copper exsoluted from a cuprospinel, leaving a magnetite
Fes;04, which reduction started at about 400°C [68].

The CusgNissAlys catalyst, in which trivalent Al is not involved in the reduction of the material,
featured two initial peaks of H> consumption with onset at 178°C and maxima at 209 and 265°C.
They are followed by two extremely shallow peaks extending from 280 to 800°C, probably
corresponding to the reduction of exsoluted divalent cations from an XRD-amorphous spinel-like
material. In the case of nanocrystalline CuO formed by wet impregnation of y-Al,Os, Yu et al.
reported an onset of reduction at 210°C, lower than the onset temperature of 290°C for bulk
CuO [69]. They also observed that a small fraction of CuO deposited on y-Al,Os presented a
much higher reduction temperature, 410°C, attributed to interaction with the support.

The granulometry of the oxides did not seem to represent a main factor in the differences of
onset temperature of reduction, as the Scherrer grain sizes were 14 nm for both CuO and
Cu31Ni40Fe29, and 16-17 nm for both Cu74Al26 and Cu79Fe21 catalysts (Table S3).
Admittedly, Scherrer size does not provide information on the size distribution of crystallites and
a fraction of smaller, easily-reducible grains can provide early formation of metal, with a catalytic

effect on the reduction of larger grains.

3.4. Catalytic activity

3.4.1. Reaction cascade

4-Benzyloxy-3-methoxybenzaldehyde (BMBA) was used as a model dimer of lignin, allowing to
study the reactivity of phenolic ether groups, corresponding to the most frequent linkage
between monolignols in natural lignin. The presence of an aldehyde group was useful to
differentiate the activity of the catalysts in MPV hydrogen transfer and in further hydrogenation,
by cleavage of C-O and C-C groups, of the alcohol group formed by hydrogenation of the
aldehyde. The main products observed in the catalytic tests and their main reaction pathways
are represented in Fig. 4 as a tree of reactions with minor branches of solvolysis and
acetalisation on the left side and a complex hydrogenation cascade on the right side. The
reactions observed can be classified as (i) solvolysis of the a-O-4 phenyl ether bond by benzyl-
methyl transetherification, (ii) etherification of alcohol groups by methanol, (iii) acetalisation of
aldehyde groups, (iv) hydrogenation of aldehyde groups by MPV hydrogen transfer, (v)
hydrogenolysis of the C-O bond of the benzyl alcohol groups formed, (vi) hydrogenolysis of the
C-C bonds of the toluene-like groups formed, (vii) hydrogenolysis of the a-O-4 phenyl ether

bonds. The relative and absolute extent at which these reactions are performed strongly
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depends on the nature of the catalyst.
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Fig. 4. Main reaction pathways of BMBA (4-Benzyloxy-3-methoxybenzaldehyde) in methanol.
Reaction colour codes: methyl-benzyl transetherification (yellow), methyl etherification of
alcohols (dashed yellow), acetalisation (green), MPV aldehyde hydrogenation (grey), C-O
hydrogenolysis (blue), C-C hydrogenolysis (violet), a-O-4 hydrogenolysis (red). BMT: 4-

benzyloxy-3-methoxytoluene; BMB: 1-Benzyloxy-2-methoxybenzene.

Blank tests were carried out in the absence of catalyst. The hydrogenation of BMBA in methanol
at 200°C for 3 hours was negligible. However, conversion of 9% BMBA into its dimethyl acetal
(BMBAcetal) was observed. No hemiacetal intermediate was observed, probably due to the
known unstablility of hemiacetals, which easily revert to the parent alcohol and aldehyde when

the equilibrium is shifted.

3.4.2. Single-cation catalysts
The activity of single-cation oxides, viz. NiO, CuO and Fe,Os, was preliminary studied as a
benchmark for the activity of mixed-oxide catalysts prepared and tested in the same conditions.

The three single-cation oxides presented quite different reactivity. Conversion of BMBA, carbon

13



balance and yields of the products of different types of reactions are reported in Fig. 5. Detailed
results are provided in Table S5. Conversion of BMBA was 20%, 35% and 12%, respectively on
NiO, CuO and Fe20s. These differences in conversion corresponded to very different

distributions of products, which will be discussed examining the reactivity of each catalyst.
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Fig. 5. Conversion, carbon balance and yields of main products of MPV hydrogen exchange
(BMBAIcohol), acetalisation (BMBAcetal), and benzyl-methyl exchange (benzyl alcohol and

veratraldehyde) on single-cation catalysts.

The main product on NiO was 4-benzyloxy-3-methoxybenzyl alcohol (BMBAIcohol), formed by
the reaction of MPV hydrogen exchange, with a yield of 10%. Veratraldehyde was formed with a
yield of 5%, accompanied by the formation of benzyl alcohol and benzyl methyl ether with a
cumulate 4% yield, through a mechanism of transetherification exchange between benzyl
alcohol and methanol solvent. Solvolysis mechanisms of phenyl ether bonds by methanol at
250°C have been reported on Ni/Al,Os catalysts [48]. No BMBAcetal was formed in the
presence of NiO, despite its significant yield in the blank tests.

CuO catalyst was nearly twice more active than NiO and presented a completely different
product distribution (Fig. 5 and Table S5). BMBAIcohol was again the main product, with a yield
of 17%, indicating higher activity than NiO in MPV hydrogen exchange. BMBAcetal was present
with a yield of 15%, higher than the conversion in the absence of catalyst. Veratraldehyde and
benzyl alcohol were negligible.

Products of hydrogenation reactions requiring more severe conditions than the MPV hydrogen
exchange, negligible on NiO, were observed on CuO, allowing for nearly 3% conversion of

BMBA (Table S5). It is worth following in some detail the nature of these products, as they are a
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representative benchmark for the reactivity of copper-bearing mixed catalysts through the

pathways schematized in Fig. 4. Hydrogenolysis of the C-O bond of vanillic alcohol led to the

formation of creosol. The hydrogenolysis of the C-O bond of BMBAIcohol led to the formation of

a 4-benzyloxy-3-methoxytoluene (BMT) intermediate, which gave rise to 1-benzyloxy-2-

methoxybenzene (BMB) through hydrogenolysis of the C-C bond between the methyl group and

the aromatic ring. Vanillic alcohol and toluene were formed by hydrogenolysis of the a-O-4

phenolic ether bond.

The Fe,0O; catalyst was less active than both NiO and CuO catalysts, despite its higher surface

area, 38 m? g-1 vs. 24 and 13 m? g* for, respectively, NiO and CuO (table S3). The main

product was always BMBAIcohol from MPV reaction, albeit in amount lower than observed in

the blank tests. Minor amounts of products from both transetherification and hydrogenation

reactions were observed, indicating a reactivity including limited formation of products already

observed on NiO as well as on CuO catalysts (Table S5). The carbon balance was 96%, slightly

lower than 100% carbon balance observed in the case of NiO and CuO.

3.4.3. Cu-Ni-Fe catalysts

The conversion to individual products on the catalysts of the Cu-Ni-Fe system are reported in

Table S6. The yields of the main products of the different types of reactions are reported in Fig.

6, together with conversion and carbon balance values. Conversion and distribution of products

were strongly affected by the composition of the catalysts.
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(BMB, creosol and guaiacol) and C-C (BMB and guaiacol) bonds on catalysts of the Ni-Cu-Fe

series.

The Cu-free Ni75Fe25 catalyst allowed a 43% conversion of BMBA, nearly twice the conversion
observed on the pure NiO catalyst. This higher activity could be related to a higher surface area
and smaller NiO crystallite size of the mixed catalyst, surface area being 89 m? g for Ni75Fe25
vs. 24 m? g1 for NiO, Scherrer crystallite size being 7 nm for Ni75Fe25 vs. 21 nm for NiO.
However, the carbon balance of 72% was quite poor, indicating that nearly 60% of converted
BMBA went into unidentified heavy condensation products and the conversion to identified
products was not higher than 15%. The yield of BMBAIcohol, formed by MPV hydrogen
exchange, was lower than 6% and further hydrogenation was nearly absent, the yield of a-O-4
hydrogenolyis products being about 1%. The cleavage of the a-O-4 bond mainly followed a
transetherification pathway, with a 3% yield of veratraldehyde and 3.4% yield of benzyl alcohol
and its methyl ether. These low yields, nearly half the values observed on NiO, suggest that
condensation of oxygenates may significantly contribute to the low carbon balance. At variance
with NiO, some BMBAcetal was also formed (2.6% yield).

The introduction of copper in the catalyst critically increased the conversion of BMBA by
comparison with the Cu-free catalyst. The replacement of 5% Ni by Cu in the Cu4Ni71Fe25
catalyst increased the conversion from 43 to 85%, improved the carbon balance from 72 to 85%
and completely changed the distribution of products. The total yield of MPV hydrogenation of
aldehydes was higher than 60% and further hydrogenation reactions converted most of the
alcohols formed (Tab. S6 and Fig. 6). Only traces of BMT (4-benzyloxy-3-methoxytoluene), the
C-0O hydrogenolysis product of BMBAIcohol, were observed, as this reaction intermediate was
nearly completely converted to BMB (1-benzyloxy-2-methoxybenzene), the product of C-C
hydrogenolysis.

Another effect of the introduction of copper in the catalyst was the formation of products of
hydrogenolysis of the a-O-4 bond with a yield of about 12%. Nearly no free vanillin was
observed. It was either completely converted to vanillic alcohol or bypassed in the chain of
reactions of Fig. 6, vanillic alcohol being formed in majority by a-O-4 hydrogenolysis of
BMBAIcohol, itself formed by a fast MPV hydrogenation of BMBA. Most vanillic alcohol was
converted to products of C-O and C-C hydrogenolysis. However, the distributions of
hydrogenolysis products from BMBAIcohol and vanillic alcohol did differ. If BMT is nearly

completely converted to BMB, only about one third of creosol (2-methoxy-4-methylphenol) was
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hydrogenated to guaiacol, indicating that the reactivity of toluene-like C-C bonds was much
higher in heavier oligomers than in lighter monomers.

Unlike what was observed on NiO, the products of transetherification of benzyl alcohol by
methanol were in negligible amount. It is clear that the introduction of a limited amount of copper
has completely altered the pattern of reactivity of the Ni-Fe catalyst, despite Ni being still, by a
large extent, the majority cation. Globally, the pattern of activity of Cu4Ni71Fe25 parallels the
product distribution observed on CuO, integrated by a strong enhancement of the hydrogenation
behavior.

Increasing the amount of copper in the catalyst from Cu4Ni71Fe25 to Cul7Ni56Fe27 brought
limited changes of the activity pattern, albeit the carbon balance was improved up to 93%. It can
be observed that CuO tenorite phase, absent in Cu4Ni71Fe25, was still a minor phase in
Cul7Ni56Fe27. When CuO became the main phase present, with further increase of the
amount of copper to Cu31Ni40Fe29, the distribution of products was significantly modified. The
global yield of products of MPV hydrogen transfer and their derivatives decreased from more
than 60 to nearly 40% (Tab. S6 and Fig. 6). This decrease did not correspond to a decrease of
activity, as the BMBA conversion was nearly 100%, but was due to a severe worsening of the
carbon balance, decreasing to 80%, corresponding to the formation of non-analysed heavy
products. At the same time, the yield of products of a-O-4 hydrogenolysis rose from 14% to
nearly 65%. Among these products, the yield of toluene approached 38%. Vanillic alcohol was
in negligible amount and the cumulated yields of its hydrogenolysis products, creosol and
guaiacol were less than 26% (Fig. 7). These values indicated a deficit of observed products
issued from the vanillic half of the BMBA molecule, suggesting that condensation of oxygenates
contributed to the formation of non-analysed heavy products.

As already observed at lower copper content, less than one third of creosol was hydrogenated
to guaiacol, corresponding to a yield of C-C hydrogenolysis products significantly lower than the
yield of C-O hydrogenolysis. BMBA which did not undergo cleavage of the a-O-4 bond was,
instead, nearly completely hydrogenated to BMB, confirming a higher C-C cleavage activity for
heavier molecules. No more BMBAcetal was observed, the large conversion of BMBA to
hydrogenated products shifting back the equilibrium of the acetalisation reactions.

Further increase of the copper content brought to a significant worsening of the carbon balance.
At complete substitution of nickel by copper, the Cu65Fe35 catalyst featured 100% conversion
and 72% carbon balance (see Fig. 6). Only 1% of identified products retained an a-O-4 bond
(see Table S6). The yield of toluene was 40%. This yield, as all yields in this work, is calculated

on a carbon atom basis. As the 7 carbon atoms of toluene represent nearly 47% of the carbon
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atoms of BMBA, the yield of toluene on Cu65Fe35 reaches 85% of the maximum theoretical
yield. This is not the case for the products of hydrogenation of intermediate vanillic alcohol,
which present a 31% yield compared to a maximum theoretical yield of 53%. This confirms that
a significant pathway to unidentified heavy products passes through condensation reactions of
vanillic alcohol.

The decrease of the yield of products of MPV hydrogenation at high copper content (Fig. 6) is
worth to remark. Indeed, unreacted aldehydes are not observed in the products and their
acetals are in negligible amount (Table S6). This indicates by default that the MPV activity is
extremely high and the decrease of MPV-derived products has to be attributed to competitive
reactions. Indeed, the condensation of the aldehyde group of BMBA is the most likely pathway
for the formation of heavy non-analysed products and the corresponding worsening of the

carbon balance.

3.4.4. Cu-Ni-Al catalysts

Conversion of BMBA, carbon balance and yields of main products on the Cu-Ni-Al catalysts are
shown in Fig. 7. Complete data are reported in Table S7. In the case of the Cu-free Ni75AI25
catalyst, the conversion is 20% and the carbon balance close to 100%. These values strongly
differ from the ones observed on Ni75Fe25, indicating a lower activity and a much better carbon
balance for Al-bearing than for Fe-bearing catalysts. Indeed, the values of conversion and
carbon balance were nearly identical to the ones observed on NiO in the absence of aluminium
(Fig. 5). However, the distributions of products were quite different in the two cases. In the
presence of aluminium, the yield of products of a-O-4 cleavage by transetherification decreased
from 13% to less than 2%, the products of hydrogenolysis increased from less than 1% to nearly
3%, and the main product, with 8% yield, was BMBAcetal, not observed on single-cation NiO.
The yield of MPV reactions, around 10%, was similar for NiO and Ni75AI25 catalysts but the

presence of aluminium introduced some activity of hydrogenolysis of BMBAIcohol to BMB.
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series.

The mixed copper-nickel Cu39Ni38AI23 catalyst presented 97% conversion and 96% carbon
balance, being nearly as active as the corresponding iron-bearing Cu31Ni40Fe29 catalyst but
presenting a much better carbon balance (compare Figs. 6 and 7). Their distributions of
products were quite different. Whereas on the iron-bearing catalyst the products derived from
hydrogenolysis of the a-O-4 presented a 63% yield, they reached only 8% yield on the
aluminium-bearing catalyst. On the other hand, BMB, the product of total hydrogenation of the
aldehyde group of BMBA, presented a yield of 72% on the aluminium-bearing catalyst vs. just
14% on the iron-bearing catalyst. Clearly, hydrogenation reactions beyond MPV hydrogen
exchange were the predominant reactions on both Fe- and Al-bearing catalysts but the
aluminium-bearing Cu39Ni38AI23 was much less effective in hydrogenolysis of the a-0O-4
phenyl ether bond. Moreover, the observation on the Al-bearing catalyst of 8% yield of
BMBAIcohol, the MPV primary product, negligible on the Fe-bearing catalyst, suggests a lower
activity of hydrogenolysis of the C-O bond. The observation of a 4% yield of BMBAcetal is again
suggestive of a significant acidity of the Al-bearing catalysts.

The Ni-free Cu74AI26 catalyst was less active (92% conversion) than the mixed Cu39Ni38AI23
and presented a poorer 90% carbon balance. The distribution of products was also very
different. The higher yield of toluene (16%) and creosol (12%) corresponded to a higher activity
of a-O-4 hydrogenolysis (see fig. 7). However, the significant amounts of BMBAIcohol (31%
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conversion) and vanillyl methyl ether (4% conversion), intermediate hydrogenation products,
indicated that the hydrogenation activity of the Ni-free Cu74Al26 catalyst was lower than the one
of the Ni- and Cu-bearing Cu39Ni38AI23. The significant yield of BMBAcetal (12%) can be
attributed both to a significant acidity of the catalyst and the higher availability of the BMB
reagent due to its lower consumption by hydrogenation reactions.

3.5. Evaluation of the catalysis results

The reactions undergone by BMBA in the presence of different oxide catalysts correspond to
different kinds of methanol activation. Methanol is the direct hydrogenation agent in the
hydrogen exchange with aldehyde groups by MPV mechanism, whereas hydrogen formed by
methanol reforming is the likely agent of hydrogenolysis of C-O, C-C and phenyl ether bonds.
Methanol is also directly involved in benzyl-methyl transetherification, etherification of alcohol
groups and acetalisation of aldehydes.

Among these reactions, hydrogenation reactions provide the main contribution to the conversion
of the BMBA model molecule on the studied catalysts. The yields of MPV hydrogenation and
hydrogenolysis of a-O-4, C-O and C-C bonds are reported in figure 8 for representative
catalysts of the Cu-Ni-Fe and Cu-Ni-Al series and for single-cation nickel and copper oxides. In
order to highlight the activity for each kind of reaction, the yields indicated in this figure are
cumulative yields, including also the products of reactions consecutive to the reaction indicated.
As an example, the cumulative yield of MPV reaction in Fig. 8 is the sum of the yields of
BMBAIcohol and of all products of the consecutive reactions of BMBAIcohol as identified in Fig.
4,
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Fig. 8. Yields of products of hydrogenation reactions on representative catalysts.
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It is apparent that single-cation NiO and CuO, as well as mixed oxides in the absence of copper,
present only a limited MPV activity and virtually no deeper hydrogenation activity. High MPV
and hydrogenation activities are instead observed on all Cu-bearing mixed oxide catalysts.

A correlation can be observed between the general trend of hydrogenation reactions and the
reducibility of the catalysts, as desumed from the H>-TPR data of Fig. 3 and Table 1. Cu-bearing
mixed oxide catalysts present an onset of reduction by H. at temperature in the 180-220°C field,
lower than the reduction temperature of either oxides without copper or pure CuO. This high
reducibility suggests that methanol at 200°C can induce the formation of reduced sites, active
both in methanol reforming and hydrogenation reactions. Indeed, classical mechanisms of
hydrogen transfer reactions suggest that plain MPV hydrogenation of carbonyls is favoured on
acid-base pairs, whereas metal sites are needed for hydrogenolysis reactions [70, 71]. As an
instance, Fes0. is an effective catalyst of MPV transfer hydrogenation of aldehydes by
hydrogen-donor alcohols at temperature lower than 120°C [72]. Cu/FesO4 catalysts can be
obtained by a reduction treatment of CuO-Fe30,4 oxides. On these catalysts, methanol in liquid
phase at 150°C is able to react with 5-hydroxymethylfurfural not only by MPV hydrogenation to
2,5-bis hydroxymethylfurfural but also inducing C-O hydrogenolysis to methylfurfural [73]. The
hydrogen needed for the hydrogenolysis reactions is provided from methanol reforming through
methanol dehydrogenation to acetaldehyde [74]. Acetaldehyde is dimerized to methyl formiate,
which is disproportionated to CO, and CH4 through a highly thermodynamically favoured
mechanism, which has been well documented on basic oxides at temperatures as low as 160°C
[27, 75].

In order to verify the hypothesis of reduction of Cu-bearing catalysts in methanol, powder X-ray
diffraction was carried out as a preliminary characterization of used catalysts. XRD patterns of
copper-free catalysts after the reaction showed the same phase distribution as the fresh
catalysts. Cu-bearing catalysts, instead, underwent an observable conversion of CuO tenorite to
reduced phases. The diffraction patterns of representative catalysts before and after reaction
are reported in Fig. 9. In the case of single cation CuO catalyst (Fig. 9a), the catalytic reaction
has led to the reduction of a very limited fraction (nearly 1%) of CuO tenorite to Cu,O cuprite
(Fig. 9b). In the course of the reaction, this catalyst has shown some MPV activity (17% yield)

but a very limited activity for deeper hydrogenation (2% yield) (Tab. S5).
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comparison.

Cu74AI26 catalyst (Fig. 9¢), a much more effective hydrogenation catalyst, underwent a very
severe reduction in methanol. After conversion of 92% BMBA, no more CuO tenorite diffraction
lines are visible and metallic copper is the only crystalline phase observed (Fig. 9d). The
diffraction patterns of Cul7Ni56Fe27 (Fig. 9e) also withess catalyst reduction after 80%
conversion of BMBA (Fig. 9f). No modifications of NiO bunsenite and spinel phases are
observable in the used catalyst. CuO tenorite diffraction lines, instead, have completely
disappeared and have been replaced by the diffraction lines of metallic copper. It can be
observed that catalysts from calcination of Cu-Mg-Al hydrotalcites were already reported to
undergo some reduction when used in transfer hydrogenation from supercritical methanol [38].
An oxidation treatment brought back the catalyst to the initial oxidation state. However, it was
later shown that this kind of catalysts did not present significant losses of activity when recycled
without an intermediate oxidation treatment [76].

In the case of Ni75Fe25, a copper-free catalyst providing 43% BMBA conversion but just 6%
yield of reduction products (Table S6), no significant difference was observed between the
diffraction patterns of the fresh (Fig. 9g) and used (Fig. 9h) catalyst. The stability of NiO
bunsenite in our reaction conditions was responsible for a level of hydrogenation activity much

lower than the one reported on reduced nickel catalysts [37].
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The reduction of CuO by methanol at 200°C in liquid phase seems at least as effective as the
reduction by H- in the TPR experiments in gas phase. It seems reasonable to assume that
metallic copper formed in the reaction media is the most effective catalyst for hydrogenation and
reforming reactions in this system. Understandably, the in-situ formation of active sites in the
presence of reducing agents is more and more taken in due account in recent literature [77, 78].
Both MPV hydrogen exchange and deeper hydrogenation are enhanced on the highly reducible
mixed oxide catalysts. However, the ratios between different hydrogenation reactions are
affected by the composition of the catalyst. Just a cursory look at fig. 8 evidences that a-O-4
hydrogenolysis is much more effective in the iron-bearing than in the Al-bearing catalysts. This
trend is correlated to other effects of the nature of the catalyst. In figure 10, the yield of a-O-4
hydrogenolysis products is compared with the methanol etherification activity and the carbon
deficit, viz. the complement to unit of the carbon balance. The etherification activity is somehow
difficult to quantify, as most of the alcohol groups formed by MPV reaction or solvolysis of the a-
0O-4 bond are consumed by C-O hydrogenation. The choice made in Fig.10 is the representation
of the etherification activity by the ratio between measured ethers and the sum of ethers and
alcohols. It is clear that the formation of methyl ethers is increased by the presence of iron in the
same way in which a-O-4 hydrogenolysis is. It is worth to observe that this effect of iron is
strongly enhanced by the presence of copper, as shown by the weak etherification activity and
the absence of a-O-4 hydrogenolysis on the copper-free Ni75Fe25 catalyst. It can also be
observed that etherification by methanol is observed on alcohol groups and not on the phenolic

hydroxils formed by a-O-4 hydrogenolysis.
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Another effect of the presence of iron is the increase of the carbon deficit. This effect, mainly to
be attributed to condensation of BMBA through its aldehyde group, is predominant in all Fe-
bearing catalysts, also in the absence of copper. It can be remembered that, as observed in
section 3.4.3, another contribution to the formation of heavy non-analysed compounds is related
to the reactivity of vanillic alcohol, as inferred by the unbalance between the vanillic alcohol-
derived products and the toluene formed by a-O-4 hydrogenolysis.

The composition of catalysts also affects, as already remarked, the ratio between C-O and C-C
hydrogenolysis. It can be observed in Fig. 8 that, for very weak a-O-4 hydrogenolysis (see
catalyst Cu39Ni38AI23), the yields of C-O and C-C hydrogenolysis are equivalent, viz. nearly all
products of C-O hydrogenolysis are further converted by C-C hydrogenolysis. For important a-
O-4 hydrogenolysis, instead, the yield of C-C hydrogenolysis is much lower than the yield of C-
O hydrogenolysis, indicating that a significant fraction of C-O hydrogenolysis products is no
further hydrogenated. This corresponds to a much easier reducibility of the C-C bond for the
BMT dimer than for monomeric creosol.

It can be also observed that no products of opening of the aromatic ring have been observed.
This differ from the results of other studies and it can be questioned if the stability of the ring is
due to milder temperature and pressure conditions or to the use of magnesium-free less alkaline
catalysts in this study. It has been remarked that the absence of hydrogenation of the aromatic
rings is a basic requirement for the processes aiming at the fine-chemistry valorisation of
phenolic monomers [25].

The methoxy groups of BMBA showed a remarkable stability in all products, quite a logical
effect if the methanol excess in the reaction system is taken into account.

A minor contribution to the activity of the catalysts is brought by reactions not implying
hydrogenation steps. Yields of acetalisation and transetherification products on representative
catalysts are reported in Fig. 11. The data have to be examined by taking into account the
competition with hydrogenation reactions, hence differentiating catalysts with low hydrogenation
activity, like single-cation oxides, from mixed oxide catalysts with high hydrogenation activity. In
the case of single-cation oxides, when faster hydrogenation reactions are not competing for
reagents, CuO is very active in acetalisation and NiO is the best catalyst for phenyl-methyl
exchange.-In the case of mixed oxide catalysts, with strong competition by hydrogenation
reactions, both these secondary reactions are prevented in the iron-bearing catalyst, whereas
Al-bearing mixed oxides are effective acetalisation catalysts, probably due to the presence of
acid sites of amorphous alumina. Cu-bearing mixed oxides from the calcination of MgAl

hydrotalcite have been reported as effective acetalisation catalysts of acetaldehyde [79]. This
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effect has been attributed to the presence of strong acid sites, which have been shown to be
virtually absent in calcined MgFe hydrotalcites [80]. It can be remarked that the formation of
acetals has been proposed as an effective method to preserve oxygenated groups of lignin

fragments for the production of epoxy resin monomers [81].
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4. Conclusions

Testing the hydrodeoxygenation of a lignin model by methanol in conditions of temperature and
pressure similar to the ones of organosolv pulping processes allowed to highlight the role that
mixed oxide catalysts can play in hydrogen transfer and further hydrogenation of lignin.

The reactivity of methanol with the lignin model in the absence of a catalyst was limited to a
weak acetalisation activity. Nickel- and iron-bearing oxides present some activity in MPV
hydrogen transfer. Nevertheless, iron-based catalysts poorly fare about another key topic of
pulping: relevant formation of heavy products from condensation of lignin.

The presence of copper in the catalyst is critical for hydrogenation reactions, leading to yields
increased by an order of magnitude. The preparation of copper-bearing catalysts by calcination
of LDH with different cation composition allows tuning the activity of the catalyst both in MPV
reaction and further hydrogenation reactions. The enhancement of the reducibility of CuO by the
preparation of catalysts in the presence of NiO has a paramount importance in the increase of

hydrogenation activity. Indeed, CuO can be reduced in-situ by methanol to metallic copper in
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the reaction conditions, forming supported metal active sites for methanol activation and
hydrogenation reactions. The aromatic rings of liquid products are not affected by hydrogenation
in these conditions, allowing the formation of high added-value phenolic compounds.

The need of an in-situ activation of catalyst for effective hydrogenation reactions introduces
specific constraints to the reaction systems. The hydrogen-donor activity of the solvent is
critical, either by direct exchange or by in-situ hydrogen generation, and a strict control of the
redox environment of the system is required. The absence of strong acid or basic functions in
the catalysts has allowed to isolate the effect of hydrogenation from other kinds of reactivity.
The level of cleavage of phenolic ether bonds by the Cu-Al catalysts is indeed quite low. This
strongly suggests that depolymerisation of lignin is unlikely to be improved by catalyst-triggered
hydrogen transfer from a donor solvent alone. Very likely, organosolv delignification will
continue to rely on acid-catalysed hydrolysis in the future. However, the hydrodeoxygenation of
the lignin fraction by catalysed hydrogen transfer seems to be a viable improvement of the
economy of organosolv processes. Heterogeneous catalysis clearly can play a role in the

integration of organosolv pulping in biorefineries for the formation of valuable aromatics.
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