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Abstract

Lignin-first biorefining constitutes a new research field in which the overarching objective is
the prevention of lignin recalcitrance while providing high-quality pulps. For this purpose, the
solvent extraction of lignin is performed in the presence of a hydrogenation catalyst,
employing H. pressure or an H-donor solvent (e.g. 2-propanol), and thus leading to
passivation of reactive lignin fragments via reductive processes. As a result, lignin-first
biorefining methods generate high-quality pulps in addition to low-molecular-weight lignin
streams with high molecular uniformity. Nonetheless, upon cooking lignocellulose in solvent
mixtures containing water, other processes on the lignocellulosic matrix take place, releasing
soluble intermediates. In fact, hemicellulose undergoes deacetylation, to a variable extent,
releasing acetic acid into the liquor. Moreover, formic acid can also be formed as a degradation
product of hemicellulose Cs-sugars also released into the liquor. However, despite this general
notion, the formation and fate of these carboxylic acids during the cooking of lignocellulosic
substrates, and the effects these acids may have on hydrogenation catalyst performance remain
poorly understood. In this report, we examine both the formation and subsequent fate of
formic acid and acetic acid during lignocellulose deconstruction for both a lignin-first
biorefining method (via H-transfer reactions in the presence of Raney Ni catalyst) and its
equivalent Organosolv process with no added acid or hydrogenation catalyst. An apparent
mechanism for the mitigation of formic acid formation in the presence of Raney Ni catalyst is
outlined via the hydrogenation of sugars to sugar alcohols. Furthermore, the effects of the
carboxylic acids on Raney Ni performance are assessed, using the transfer-hydrogenation of
phenol to cyclohexanol/cyclohexanone as a model reaction, elucidating inhibition rates of the
acids. Finally, we conclude with the implications of these results for the design of lignin-first
biorefining processes. In a broader context, understanding of the formation and fate of
carboxylic acids during CUB is crucial to producing high-quality pulps with high degrees of

polymerization and high xylan contents.



Introduction

Catalytic Upstream Biorefining (CUB) or lignin-first biorefining represents a rapidly growing
research area within the field of lignin valorization."® In CUB processes, also known as
reductive catalytic fractionation, a hydrogenation catalyst is employed for the early-stage
conversion of lignin fragments released upon cooking lignocellulose in water/organic solvent
mixtures.®®:6) This strategy brings about the hydrodeoxygenation of reactive intermediates
(i.e. Hibbert ketones and their degradation products), which constitutes an atom-economic
way of suppressing re-condensation reactions often occurring in Organosolv and other
stoichiometric pulping processes.®® Typically, CUB processes isolate lignin as a viscous oil
along with delignified pulps. By varying the hydrogenation catalyst and solvent, the process
can lead to different types of monophenolics as major components in lignin oil composition
(e.g. 4-dihydro-p-monolignols, monolignols or alkyl(di)methoxyphenols) along with other
minor products, such as lignin dimers, oligomers and polyols derived from the transformation

of hemicellulose sugars released together with the lignin fragments).®-2)

In 2014, we reported a CUB process based on the early-stage catalytic conversion of
lignin (ECCL) via H-transfer reactions in the presence of Raney Ni.("®® This process led to
the selective hydrodeoxygenation of lignin fragment’s propyl-side chains, resulting in much
simpler mixtures of products in comparison to conventional methods for late-stage catalytic
conversion of isolated technical lignins.® Noteworthy, lignin-first does not imply “cellulose-
second”. Recently, it was demonstrated that the CUB process in the presence of Raney Ni and
2-PrOH/H20 (7:3, v/v) produces holocellulosic pulps with larger degrees of polymerization
and higher xylan contents, than pulps produced by Organosolv processes (with no added

catalyst) under similar conditions.*?) It was put forward that these features are associated with
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the higher pH of CUB liquors compared to those from the Organosolv process (ApH = 1-2),
suggesting that Raney Ni should be able to decompose acidic content in the liquor by reductive
processes, "3 mostly in the form of acetic acid and formic acid.®(@9-09 Acetic acid is
produced via the hydrolysis of the acetyl groups (deacetylation) of hemicellulose. The
concentration of acetic acid is especially significant in the hydrolysates of hardwoods as O-
acetyl groups substitute a considerable number of the OH-groups of the xylose units.(t®:0).(21)
Indeed, acetyl groups account for 3-5% of hardwood’s composition, while this number is 1-
2% in softwoods.?Y On the other hand, formyl groups rarely occur in woods. Typically,
formyl contents do not exceed 0.04% of the wood composition.?? It is generally accepted that
formic acid found in the liquors after lignin-extraction by an organic solvent (i.e. Organosolv
processes) is primarily produced in the degradation of hemicellulose sugars formed by
hemicellulose hydrolysis under cooking conditions.8-@%.G1 n acidic medium, released
saccharides (arabinose, glucose, xylose, rhamnose and galacturonic acid in Poplar wood)®?
undergo dehydration to forming furanic compounds, which may be further degraded to yield,
for instance, formic acid in addition to levulinic acid.*®@0.(23-(6) Scheme 1 illustrates

possible reactions leading to the formation and release of carboxylic acids into the liquor.
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Scheme 1. Schematic representation of reactions leading to formic acid and acetic acid release
upon the cooking of lignocellulosic biomass.

Despite some evidence indicating decreased carboxylic acid content in the CUB
liquor, there is a knowledge gap in both the formation and fate of carboxylic acids in the
lignin-first deconstruction of lignocellulosic biomass. Herein, a fundamental study on the
formation and fate of acetic acid and formic acid from Poplar wood is presented. In order to
shed light on the fate of these acids, a detailed analysis of the interaction between formic acid
or acetic acid and the surface of Raney Ni, under conditions comparable to those of a CUB
process, is performed. This report is organized as follows. Firstly, the evolution of acetic acid
and formic acid levels in the CUB and Organosolv processes are compared. A mechanism
underlining the mitigation of formic acid formation is presented in addition to the reactivity

of carboxylic acids in the presence of Raney Ni. After which, the impact of formic acid and
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acetic acid on the transfer-hydrogenation of phenol is assessed by pulse injection of the
carboxylic acids into a continuously stirred tank reactor (CSTR) at 140 °C. The H-transfer of
phenol was selected as a model reaction owing to its favorable kinetics in batch reactions and
high selectivity for single products.®”@® To identify the main species interacting with Raney
Ni upon adsorption of acetic acid and formic acid, the liquid-solid interface of Raney Ni was
analyzed by surface attenuated total reflection infrared (ATR-IR) spectroscopy. Additionally,
further understanding of the extent of the inhibition effect caused by the carboxylic acids on
Raney Ni is provided through the analysis of the catalyst oxidation by Ni K-edge X-Ray
absorption near-edge spectroscopy (Ni K-edge XANES). Finally, to investigate the inhibitory
effect of carboxylic acids under conditions near to those of CUB process, the pulse injection
experiments of H-transfer hydrogenation of phenol were performed at several temperatures.
The results extrapolated to the lowest operating temperature of the CUB process (180 °C)
indicate that the carboxylic acids play a marginal role in the Raney Ni performance under
“real world” CUB conditions. Overall, this paper provides detailed fundamental knowledge
on the impact of the presence of carboxylic acids on Raney Ni and their reactivity under

conditions similar to the CUB process.

Results and Discussion
Monitoring formic acid and acetic acid in the CUB and Organosolv liquor

To examine the formation and fate of formic acid and acetic acid throughout both CUB and
Organosolv processes (performed in 7:3 (v/v) 2-PrOH/H20 liquor at 200°C), the liquors were

analyzed by LC-MS operating in Selected lon Monitoring (SIM) mode. Compared in Figure



1 are the levels of formic acid and acetic acid released throughout the course of both CUB and

Organosolv processes.

Figure 1 reveals key features of the chemistry of formic acid and acetic acid in both
CUB and Organosolv liquors. Throughout both experiments, the levels of formic acid in the
CUB liquor were markedly lower than those found in the Organosolv liquor (Figure 1a). At
first sight, this observation might suggest formic acid is utilized as an H-source in the presence
of Raney Ni. As it will be presented in the next section, this working hypothesis is, however,
not entirely valid. The overall lower carboxylic acid levels measured in the CUB process in
Figure 1 are in good agreement with the resulting pulp compositions for both the CUB and
Organosolv processes (Table 1), as already reported by us.”** Notably, xylan retention was
improved in CUB derived pulps, in good agreement with a positive effect, expected from
reduced acid concentrations, on the inhibition of hydrolysis of hemicellulose. Additionally,
the presence of Raney Ni contributed to an increased delignification from 73 % (Organosolv

process) to 80 % (CUB process).

Table 1. Weight yields of isolated fractions, pulp composition, and delignification extent
obtained for Organosolv and CUB processes under identical process conditions. @

Process type Isolated fractions Pulp composition®}[] Delignification
1% relative to initial Iwit% 1%
substrate weight

Soluble Pulp  Glucans Xylans Lignin  Others

Organosolv 33 53 79 6 8 7 73
cuB 22 55 80 9 6 5 80

[a] General experimental conditions: Poplar wood (16.5 g), solvent (2 propanol:water, 7:3
v/v, 140 mL), 200 °C, 3h. CUB experiment was performed with the addition of Raney Ni
(wet, 10 g); [b] Obtained from analytical saccharification with sulfuric acid; [c]
Unprocessed Poplar wood composition: glucans 52 wt%, xylans 17 wt%, lignin 30 wt%,
others 1 wt% (dry and ash-free values). [d] As part of the unidentified other products, acid-
soluble lignin can comprise ~5 wt% of Poplar.
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Figure 1. LC-MS (SIM mode) monitoring of the levels of (a) formic acid and (b) acetic acid
in Organosolv and CUB liquors. Experimental conditions: 1) CUB: Poplar wood (17 g), wet
Raney Ni (10 g), 2-propanol-water solution (7:3 v/v, 140 mL, as lignin-extracting liquor and
H-donor), 200 °C; 2) Organosolv process: the experiment was carried out in the absence of
Raney Ni under identical conditions to the CUB. Note that time measurement began upon the
liquor reaching a temperature of 200 °C (ca. 60 min ramp time).



A less obvious trend is found for the evolution of formic acid in the Organosolv liquor
(Figure 1a). This liquor showed a marked increase in formic acid concentration, from 5.4 to
18.9 mM, in the initial hour of Poplar wood cooking, after which, the formic acid levels
gradually decreased to 13.2 mM at 6 h. This result suggests that formic acid is also utilized as
a reducing agent in the Organosolv process. Previous works on hydrogenolysis of
lignocellulosic substrates in the presence of formate/formic acid elucidated this route of
formic acid consumption (Scheme 2a-c).®? This process involves the formylation of hydroxyl
groups occurring in sugars and lignin, followed by the elimination of CO5, leading to species

hydrodeoxygenation.
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Scheme 2. Hydrodeoxygenation of alcohol moieties occurring in sugars and lignin via
formylation and CO> elimination.?

Regarding the formation of acetic acid, Figure 1b shows that, after 1h cooking of
Poplar at 200°C, the levels of acetic acid in the CUB liquor became higher than those in the

Organosolv liquor. Surprisingly, acetic acid levels decreased throughout the course of the



Organosolv process, while maintaining at a much higher concentration in the CUB liquor. As
will be presented in the next section, Raney Ni is incapable of decomposing acetic acid via H-
transfer reactions under CUB conditions. This new finding rejects, therefore, our previous
hypothesis that the higher pH values of CUB liquor in comparison to those of the Organosolv
liquor would be caused by the decomposition of acetic acid by Raney Ni.("-®® Accordingly,
we propose here another working hypothesis: the levels of formic acid in the liquor affects the
extent of reversible deacetylation of hemicelluloses owing to their influence in the acid-base
chemical equilibria in the process. To investigate this hypothesis, we considered the chemical
equilibrium involved in the deacetylation of hemicellulose and acetic acid/acetate equilibrium,

as defined by (1) and (2), respectively:

O O

)k + H,0 Sugar—OH + AOH (1)

Sugar—0O

O

M+ o 2)

O
AOH + H,0

As formic acid (pKa = 3.75) acidifies the liquors, the equilibrium (2) will shift to the
left-hand side, increasing the levels of free acetic acid (pKa = 4.8). In turn, equilibrium (1)
will respond to the resulting higher levels of free acetic acid, decreasing the extent of
hemicellulose deacetylation. As a result, low levels of acetic acid should be found when the

concentration of formic acid is increased.

To assess whether there is a relationship between the extent of deacetylation and the

concentration of formic acid occurring in the liquor, we chose to examine the effect of formic
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acid on the deacetylation of insoluble cellulose acetate as a model for the less-defined
acetylated hemicelluloses. In this experiment, cellulose acetate was cooked at 200 °C with
added formic acid in 2-PrOH/H20 (7:3, v/v). A control experiment was also performed in
which no formic acid was added. The evolution of the levels of acetic acid and formic acid
over cooking time was monitored by LC-MS operating in SIM mode. Figure 2a compares the
evolution of acetic acid levels in the liquors in both the presence and absence of formic acid.
In turn, in Figure 2b the concentration of formic acid is monitored with time in the experiment

with added formic acid.
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Figure 2. Deacetylation of cellulose acetate as a model reaction for understanding the effect
of formic acid on the equilibrium of hemicellulose deacetylation: a) acetic acid concentration
over time in experiments carried out with and without added formic acid; b) Monitoring of
formic acid concentration with time in the experiment performed with added formic acid.
Experimental conditions: cellulose acetate (0.25 g), 2-propanol-water solution (7:3 v/v, 140
mL), formic acid (15 mM), 200 °C. Note that time measurement began upon the liquor
reaching a temperature of 200 °C (ca. 60 min ramp time, corresponding to a decrease in formic

acid concentration from 15 to 12.6 mM).
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Figure 2a shows that, in the initial 2 h of cooking of acetylated cellulose in the presence
of formic acid, the acetic acid levels were considerably lower than those of the control
experiment (i.e. no added formic acid). After 2 h, the acetic acid levels in both liquors started
converging to around 2 mM. Notably, the convergence seems to be also associated with the
considerable decay of formic acid concentration throughout the course of the experiment
(Figure 2b). The concentration of formic acid (initial: 15 mM, which had decreased to
12.6 mM after the temperature ramping to 200 °C) decreased in the initial three hours of
experiment, plateauing at about 4 mM at 4 h. As discussed previously, formic acid may also
be consumed by reductive processes beginning with the formylation of free-alcohol groups.
Most importantly, the data from Figure 2 supports the working hypothesis that high levels of
formic acid in the liquor reduces the extent of deacetylation of hemicellulose as a response of
the acid impact on the chemical equilibria (1) and (2). In fact, Gosselink et al.?" reported that
the addition of NaOH slightly increased the release of acetic acid when measuring acetyl and
formyl group contents in fiber hemp by saponification in a mixture of 2-propanol/water. This
concentration increase suggested that a medium of higher pH was favorable for deacetylation.
In another paper, Kapu et al.®® developed a mathematical model to predict HsO* evolution
during autohydrolysis and dilute-acid hydrolysis of hemicellulose, considering all the
processes governing HzO* concentration in solution (hydrolysis, deacetylation, equilibrium
created by water dissociation, acid neutralization and addition of an external acid). The authors
reported that the model predicts a steady-state HzO" concentration that depends on the
equilibrium between the initial acetyl groups and added acid. Therefore, our results are in line
with the previous observations that the deacetylation of hemicellulose is governed by the H;O*

concentration in the liquors.?:(3)
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Formation of formic acid and the reactivity of carboxylic acids in the presence of Raney Ni

As revealed in Figure 1, a primary feature distinguishing CUB from Organosolv process is
the low levels of formic acid present in the CUB liquor. In this section, the mechanisms
underlining the occurrence of formic acid in low concentrations in the CUB liquor is
presented. It has been demonstrated that Raney Ni/2-PrOH catalytic systems can quickly
reduce the Cs/Cs sugars to the corresponding sugar alcohols.@9-GD Byilding on those
results, it is apparent that an alternate pathway resulting in the low concentrations of formic
acid in the CUB liquor should be the hydrogenation of hemicellulose sugars. In fact, this
reaction suppresses the formation of HMF and other furanic compounds, thus stopping the
pathways for the formation of formic acid via hemicellulose sugars degradation. To verify this
alternate pathway, the levels of Cs/Cs sugars and sugar alcohols in the liquors were also
monitored using LC-MS operating in SIM mode. Figure 3 shows the evolution of the

concentrations of sugars and sugar alcohols in the Organosolv and CUB liquors.
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Figure 3. Monitoring of the levels of sugars and sugar alcohols in (a) Organosolv liquor and
(b) CUB liquor. Experimental conditions: 1) CUB: Poplar wood (17 g), wet Raney Ni (10 g),
2-propanol-water solution (7:3 v/v, 140 mL, as lignin-extracting liquor and H-donor), 200 °C;
2) Organosolv process: the experiment was carried out in the absence of Raney Ni under
identical conditions to the CUB. Note that time measurement began upon the liquor reaching
a temperature of 200 °C (ca. 60 min ramp time).
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Figure 3a reveals that xylose is present in the Organosolv liquor. Notably, however,
hexoses were not detected in the Organosolv liquor. As expected, no sugars, but sugar alcohols
were detected in the CUB liquor. Interestingly, Cs and Ce sugar alcohols were present in the
CUB liquor (Figure 3b), with the concentration of xylitol around three times higher than those
of xylose in the Organosolv liquor. These findings demonstrate that a significant fraction of
the hemicellulose sugars underwent degradation in the Organosolv liquor. Nonetheless,
throughout the CUB process, sugar alcohol concentration slowly decreased. This observation
suggests that Raney Ni may be utilizing part of the sugar alcohols as H-donors at temperatures
of 200 °C. Furthermore, part of the sugar alcohols is known to undergo hydrogenolysis

producing lower polyols, as previously reported by us.!

The observation that the hydrogenation of hemicellulose sugars prevents the formation
of furfurals suggests that, although formic acid can be decomposed by Raney Ni (as outlined
in the following sections), the low levels of formic acid in the CUB liquor are more likely to
be associated with formation of sugar alcohols, effectively preventing the formation of formic

acid via the suppression of sequential dehydration of the hemicellulose sugars to furfurals.

To further investigate the reactivity of formic acid and acetic acid in the presence of
Raney Ni, 0.2 M solutions of each carboxylic acid in 2-PrOH/H20 (7:3 v/v) were subjected
to Raney Ni under identical CUB conditions (Figure 4). As previously, formic acid and acetic

acid concentration were monitored by LC-MS operating in SIM mode.
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Figure 4. Monitoring acetic acid and formic acid concentrations in model experiments under
CUB conditions (in the absence of lignocellulose). Experimental conditions: formic acid (0.2
M) or acetic acid (0.2 M) solution in 2-propanol-water (7:3 v/v, 140 mL), Raney Ni (10 g,
wet), 200 °C. Note that time measurement began upon the liquor reaching a temperature of
200 °C (ca. 60 min ramp time).

Figure 4 shows that acetic acid levels remain unchanged from the initial 0.2 M
concentration throughout the experiment at 200° C, demonstrating that acetic acid is not
decomposed via H-transfer reactions. Contrastingly, formic acid was fully decomposed
already in the temperature ramping stage. This decomposition was associated with an increase
in the pressure inside the reactor by about 7 bar (room temperature), indicating that formic
acid was transformed into gaseous products (CO2 and CHjs as identified by FTIR of the
gaseous phase). Conversely, no increase in pressure was noticed for the acetic acid

experiment.
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Impact of formic acid and acetic acid on Raney Ni’s hydrogenation activity

In the previous sections, a complex network of processes associated with the release of acetic
acid and formic acid into Organosolv and CUB liquors was discussed. Naturally, these
findings give rise to the question of whether these carboxylic acids will affect the performance
of Raney Ni for reductive processes during CUB processes. To assess the impact of the
exposure of Raney Ni catalyst to acetic acid and formic acid in CUB processes, H-transfer
hydrogenation of phenol, employing 2-PrOH as both a solvent and an H-donor, was chosen
as a model reaction. By using a pulse injection to give a 0.2 M acetic acid or formic acid
solution in a continuous stirred tank reactor (CSTR) operating at 140 °C, the influence of the
carboxylic acid upon the catalyst productivity of cyclohexanol (primary product) and
cyclohexanone (secondary product) was examined. The acid concentration of 0.2 M
corresponds to an extreme condition, as it is much higher than those typically found for formic
acid (max. 19 mM, Figure 1) and acetic acid (max. 8 mM, Figure 1). Figure 5 presents the
results of the transfer-hydrogenation of phenol performed in a CSTR at 140 °C, revealing the

effect of a pulse injection of acetic acid or formic acid.
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Figure 5. Effect of acetic acid or formic acid upon the transfer-hydrogenation of phenol
employing 2-PrOH as both solvent and H-donor. At time zero an inhibitor molecule solution
was added to the reactor via pulse injection, resulting in a concentration of 0.2 M for (a) acetic
acid or (b) formic acid in the CSTR operating at 140 °C. The black line in (b) is the point at
which the cyclohexanone production increases and the catalyst begins to recover productivity.
Experimental conditions: phenol solution in 2-PrOH (0.39 M) at a flow rate of 0.45 mL min,
dry Raney Ni (1.0 g), back pressure 25 bar, 1700 rpm stirring, 140 °C. CSTR volume was
46.5 mL, resulting in a residence time of ca. 103 min. For clarity, deviation bars are not
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Figure 5 shows that the pulse of both acetic acid and formic acid decreased the
productivity of cyclohexanol. However, the catalyst partially (in the case of acetic acid) or
entirely (in the case of formic acid) recovered its productivity over 6 h time-on-stream. This
observation is particularly interesting in the case of formic acid, as the inhibition seems to be
reversible, despite the greater initial detrimental impact of formic acid on the catalyst

productivity, compared to the effect of acetic acid.

OH OH
+ 6H
a) (ads)
OH O
b) — + 2H (ags)
OH O
o) + 4H aq4s)

Scheme 3. Formation of cyclohexanone from cyclohexanol (a) on a catalyst surface resulting
in two adsorbed atoms of hydrogen (b), or direct formation from phenol (c).

The primary product of Raney Ni-catalyzed hydrogen transfer from 2-PrOH to phenol
is cyclohexanol (Scheme 3a).%® However, the secondary product, cyclohexanone, also
potentially offers essential information regarding the H-transfer processes on the surface of
the catalyst, which may change as a consequence of the presence of inhibiting compounds.

Cyclohexanone can form in one of two ways, either through the transfer dehydrogenation of
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cyclohexanol (Scheme 3b) or as a result of partial hydrogenation of phenol owing to lack of

available hydrogen on the catalyst surface (Scheme 3c).

Before the pulse injection of acetic acid or formic acid, cyclohexanone production was
found to be ca. 2% of the product distribution. After the pulse injection of acetic acid,
cyclohexanone production doubled to 4% (Figure 5a). Cyclohexanone production also
increased temporarily in the experiment performed with a pulse injection of formic acid
(Figure 5b). Notably, the increase in cyclohexanone production occurred in the catalyst
reactivation stage, as indicated by the black line in Figure 5b which corresponded roughly to
1.3-times the residence time of the reactor. In the regeneration stage, cyclohexanone
production reached 7% of the product distribution or 11% selectivity (vs. 2% under standard

reaction conditions with no added carboxylic acid).

To further investigate whether the reactivation of the surface of Raney Ni requires
hydrogen, the quantity of acetone formed was compared to that of cyclohexanol. Considering
the reaction stoichiometry, three moles of acetone should be produced for every mole of
cyclohexanol. Figure 6 compares the acetone-to-cyclohexanol molar ratio found in the

inhibition experiments.
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Figure 6. Acetone-to-cyclohexanol molar ratio found in transfer-hydrogenation of phenol. At
time zero an inhibitor molecule solution was added to the reactor via pulse injection, resulting
in a concentration of 0.2 M for (a) acetic acid or (b) formic acid in the CSTR at 140 °C. The
line represents the acetone-to-cyclohexanol
stoichiometry of transfer-hydrogenation of phenol to cyclohexanol. Experimental conditions:
a 0.39 M phenol solution in 2-PrOH at a flow rate of 0.45 mL min™, dry Raney Ni (1.0 g),
back pressure 25 bar, 1700 rpm stirring, 140 °C. CSTR volume was 46.5 mL, resulting in a
residence time of ca. 103 min. For clarity, deviation bars are not presented. The standard
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Figure 6a shows that the acetone-to-cyclohexanol molar ratio was maintained at ca.
3.0 £ 0.1 mol/mol after the pulse injection of acetic acid, in good agreement with the
stoichiometric acetone-to-cyclohexanol molar ratio. Moreover, the acetone production is
consistent with the acetic acid playing an inhibitory role through a competitive binding
interaction with 2-PrOH and/or phenol. Conversely, Figure 6b shows the distinguishing
features in the acetone-to-cyclohexanol molar ratio throughout the experiment with formic
acid. Indeed, the pulse injection of formic acid initially resulted in decreased acetone
production, suggesting that either part of the H-content stored in Raney Ni is utilized for the
hydrogenation process due to surface poisoning by formic acid, or that formic acid could be
utilized as an H-donor. In contrast, between 120 and 240 min of time-on-stream, the acetone-
to-cyclohexanol molar ratio reached a value of 3.6, indicating that part of 2-PrOH was utilized

in the regeneration of Raney Ni’s performance.

To address the inhibiting effects of acetic acid and formic acid on Raney Ni, and
identify the species formed as a result of the adsorption of acetic acid or formic acid, the
liquid-solid interface of Raney Ni was analyzed by ATR-IR spectroscopy. This technique has
previously been employed in the characterization of organic adsorbates at the liquid-solid
interface of Raney Ni.?%:(%.(% To obtain the ATR-IR spectra, Raney Ni was contacted with
a 1 uM formic acid or acetic acid in cyclohexane. Figure 7 compares the ATR-IR spectra of

the acid solution and acid adsorbed on Raney Ni.
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Figure 7. ATR-IR spectra of adsorbed carboxylic acids on Raney Ni: a) acetic acid, and b)
formic acid. Black traces show the spectra of 1 mM acidic solutions in cyclohexane, while red
traces are ATR-IR spectra of Raney Ni exposed to 1 uM acid solutions in cyclohexane. A low
concentration was employed to collect the ATR-IR spectra with no contribution of non-
adsorbed acidic species in the liquid phase.

In the ATR-IR spectra of the liquid-solid interface of Raney Ni, the signals for v(CO)
(acetic acid: 1725 cm™; formic acid: 1716 cm™) and the v(C-OH) (acetic acid: 1290 cm™;
formic acid: 1211 cm™), related to the carboxylic acid dimers in solution, were replaced with
two new bands assigned to vsym(OCO) and vasym(OCO).3GN.(8) These IR bands suggest that
the carboxylic acid dimers in solution are converted into carboxylate species on Raney Ni
surface. Carboxylates can coordinate to metals in several ways, for example as a unidentate
ligand, a bidentate/chelating ligand, a bridging bidentate ligand or as a monoatomic bridging

ligand.®® Each orientation on the surface will have its own stability, which could be related
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to the effects of acetic acid and formic acid on the transfer-hydrogenation of phenol, as shown
in Figures 5 and 6. Notably, from the IR data, it is possible to infer the coordination of
carboxylates on a surface. Typically, a coordination differing from a symmetrical
bidentate/chelating ligand will break the equivalent carbon-oxygen bond order of RCOO"
bidentate ligand (i.e. both carbon-oxygen bonds with a bond order of 1'/,), generating
inequivalent carbon-oxygen bond orders (i.e., for a unidentate coordination, one carbon-
oxygen bond with a bond order of 1 and the other of 2, as in an ester group). Such a change
in carbon-oxygen bond orders directly translates into substantial shifts in both vsym(OCQO) and
Vasym(OCO). In this manner, the separation Av ([Vasym(OCO)-vsym(OCO)]) serves as an

indicator of the nature of the carboxylate coordination.®®

From the ATR-IR data, Raney Ni exposed to acetic acid exhibits vsym(OCO) and
vasym(OCO) for acetate at around 1422 and 1587 cm™, respectively, leading to a Av value of
165 cm™ (Figure 7a). Such a Av compares to that found for anhydrous sodium acetate
[Vsym(OCO): 1414 cm™. vasym(OCO): 1578 cm™. Av: 164 cm™] in which the acetate ion
presents equivalent carbon-oxygen bond orders. Hence, the spectral data indicates bidentate
coordination of acetate ions to Raney Ni surface. In turn, formate species adsorbed on the
catalyst surface displayed vsym(OCO) and vasym(OCO) at around 1599 and 1345 cm”,
respectively, giving a Av value of 254 cm™ (Figure 7b). These values are considerably similar
to the ionic counterpart, sodium formate [vsym(OCO): 1363 cm™. vagym(OCO): 1604 cm™; Av:

241 cm], again indicating a bidentate coordination to Raney Ni surface.

Considering that both acetate and formate show bidentate coordination to Raney Ni
surface, the distinguished effects of these acids on the performance of phenol’s transfer-

hydrogenation are apparently not associated with the adsorption of such anions. Incidentally,
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as nickel is a base metal, it is expected that Raney Ni can oxidize in the presence of an acid.
To examine whether extensive oxidation of the catalyst takes place, Ni K-edge XANES
analysis was performed. Figure 8 presents the normalized Ni K-edge XANES spectra of
freshly-prepared Raney Ni and catalyst samples suspended in a 0.1 mM solution of acetic acid
or formic acid in 7:3 (v/v) 2-PrOH/H,0. For comparison, the normalized Ni K-edge XANES

spectra of a Ni(0) foil and Ni(HCOO): are also shown in Figure 8.

~— Raney Ni
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Figure 8. Ni K-edge XANES spectra of freshly-prepared Raney Ni and catalyst samples
suspended in a 0.1 mM solution of acetic acid or formic acid in 7:3 (v/v) 2-PrOH/H20. For
comparison, Ni K-edge XANES spectra of a Ni(0) foil and Ni(HCOO),, as reference
materials, are also presented.

XANES spectrum of the freshly-prepared Raney Ni indicates that that the chemical
environment around the Ni atoms are identical to the Ni foil (reference). The threshold-onset
feature of the freshly-prepared Raney Ni at the Ni K edge (8333 eV) indicates that the initial
catalyst is not oxidized.“?-(*1) Notably, the XANES spectrum of Raney Ni exposed to acetic

acid showed a shift by -2 eV in the threshold-onset feature, probably caused by a charge-
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transfer from acetate to nickel, owing to acetate chemisorption. Importantly, the absence of
Ni(Il) characteristic single white line at ~8350 eV demonstrates that Raney Ni was not
extensively oxidized by acetic acid. By stark contrast, in the XANES spectrum of Raney Ni
exposed to formic acid, the first spectrum feature at 8333 eV decreased in intensity. In
addition, the appearance of the single white line at 8350 eV, similar to that found in the
XANES spectrum of Ni(HCOO)2, demonstrated that the oxidation of Raney Ni by formic acid
was more profound and not only restricted to the uppermost surface layer. To conclude,

XANES results indicate that the Raney Ni oxidation extends considerably deep into the bulk.

Therefore, revisiting the results presented in Figure 6, it becomes clear that, in the
regeneration phase of Raney Ni, the high acetone-to-cyclohexanol molar ratio of 3.6 is
associated with catalyst reduction. Nonetheless, other processes may also be consuming 2-
PrOH as the H-donor. Indeed, in the experiment of transfer-hydrogenation of phenol in the
presence of formic acid, together with CO3, a typical product of decomposition of formic acid
when serving as an H-donor,“?-“% we also detected methane in the gas-phase. This finding
suggests the formation of methane may take place as an H-transfer reaction sequential to the
formation of COg, thus consuming additional 2-PrOH. Work is in progress in our group to
assess the formation of methane in the conversion of formic acid in the presence of Raney Ni

under H-transfer conditions.

Effect of temperature on Raney Ni inhibition

To assess the effect of temperature on the Raney Ni inhibition by acetic acid or formic
acid, the pulse injection experiments of H-transfer hydrogenation of phenol were carried out

at various temperatures. The residence time of the compounds in the reactor was unaffected
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by the increase in the temperature, due to the constant flow rate and constant backpressure (25
bar). We defined the inhibition strength as the maximum concentration of phenol measured
during the reaction (due to suppression of transfer hydrogenation of phenol to cyclohexanol).

Figure 9 presents the inhibition strength as a function of the temperature.

For both formic acid and acetic acid, an increase in the reaction temperature was
beneficial to decrease catalyst inhibition. However, temperature effects appear much more
significant for formic acid, resulting in a complete absence of an inhibitory effect at the highest
temperatures. This observation is most likely related to the decomposition of formate surface
species. Indeed, anhydrous nickel formate decomposes at temperatures around 200°C,
forming Ni, CO/CO; and H,0.“8-8) |n the case of acetic acid, inhibition is not fully overcome
by increasing process temperatures. In this manner, acetic acid still exerts a small detrimental

effect in the H-transfer reductive processes catalyzed by Raney Ni.

Extrapolating the trends found in Figure 9 to a temperature of 180°C, currently, the
minimum temperature required for extensive lignin extraction and, therefore, for the lignin-
first deconstruction of lignocellulose, shows that formic acid will not inhibit Raney Ni.
Importantly, owing to the hydrogenation of sugars to sugar alcohols, thus mitigating the
formation of formic acid, the levels of formic acid found in the CUB process are dramatically
reduced. Therefore, although interesting from the perspective of understanding the fate of
formic acid in the presence of Raney Ni, formic acid is unlikely to pose any problem to Raney
Ni performance in the CUB process. In the case of acetic acid, there will be a slight reduction
in the performance of Raney Ni. Nonetheless, the acetic acid effect on the hydrogenation
activity of Raney Ni is notoriously small at temperatures higher than 180 °C at which lignin-

first biorefining processes are often performed.
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Figure 9. Dependence of inhibition strength of (a) formic acid and (b) acetic acid, as defined
by the point of maximum phenol concentration in the stream. Experimental conditions:
phenol solution in 2-PrOH (0.39 M) at a flow rate of 0.45 mL min, dry Raney Ni (1.0 g),
pulse injection of the inhibitor molecule solution to result in an initial solution concentration
of 0.2 M formic acid or 0.2 M acetic acid in 2-PrOH with 1700 rpm stirring and backpressure
25 bar at the indicated temperatures.
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Conclusions

We have demonstrated that Raney Ni catalyst impacts on the formation and fate of acetic acid
and formic acid in the lignin-first biorefining. The influence of Raney Ni on the carboxylic
acid formation is especially crucial in the case of formic acid, as its content in CUB liquors
was found to be significantly lower than for Organosolv processes. The low levels of formic
acid were attributed to the preferential hydrogenation of sugars into sugar alcohols in the
presence of the Raney Ni, preventing sugar degradation, and ultimately the formation of
formic acid. The ability of Raney Ni to decompose formic acid by H-transfer reactions
becomes thus redundant. Conversely, Raney Ni did not appear to promote acetic acid
decomposition through H-transfer reactions, rather the concentration of acetic acid remained
stable during CUB being mainly governed by the impact of the overall acid content on the
deacetylation equilibrium. However, continuous exposure of Raney Ni to these carboxylic
acids may impact its performance, as it was observed by pulse injection experiments that both
acetic acid and formic acid have a detrimental impact on Raney Ni catalytic performance in a
model H-transfer hydrogenation of phenol, with the most potent inhibition observed for
formic acid. Nonetheless, unlike acetic acid, the performance of Raney Ni is wholly recovered
over time-on-stream for formic acid. Both carboxylic acids were observed by ATR-IR
spectroscopy to interact with the surface of Raney Ni as acetate and formate in bidentate
coordination, though competing with 2-PrOH and phenol for the active sites on the catalyst
surface. Additionally, in the case of formic acid, Raney Ni oxidation followed by a
reactivation of the catalyst took place, increasing the quantity of 2-PrOH consumed by the

lignin-first process. Our data also suggest that 2-PrOH could also be involved in other H-
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transfer processes, namely the conversion of CO2 (from the decomposition of formic acid)

into methane.

Even though the impact of formic acid and acetic acid on Raney Ni performance is
more significant at low temperatures, inhibition seems to be entirely (for formic acid) or
significantly (for acetic acid) overcome by increases in process temperature. This observation
indicates that, under the conditions of lignin-first deconstruction of lignocellulose, formic acid
is unlikely to inhibit Raney Ni performance, whereas acetic acid might only be detrimental

upon long exposure times.

Experimental
Organosolv and CUB of poplar wood

Poplar wood (17 g) and a mixture of 2-propanol and water (7:3 v/v, 140 mL) were placed in
a 250 mL autoclave and heated up to the desired temperature (200 °C). For the CUB process,
Raney Ni (10 g, wet) was also added to the reaction mixture. The reaction proceeded under
autogenous pressure for a total of 6 h, and aliquots of the reaction mixture were taken at

defined times and set aside for LC-MS analysis.

Model experiments with cellulose acetate

Cellulose acetate (0.25 g, average Mn ~50,000 g mol™* by GPC) was added to a mixture of 2-
propanol and water (7:3 v/v, 140 mL) and placed in a 250 mL autoclave, which was heated
up to 200 °C. The reaction proceeded under autogenous pressure for a total of 6 h, and several

aliquots of the reaction mixture were taken at different times. In a second experiment, 15 mM
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was added to the reaction mixture. In order to analyze the content of acetic acid and formic

acid, samples were centrifuged, filtered and analyzed by LC-MS.

Reactivity of formic acid and acetic acid

Formic acid or acetic acid (0.2 M) and a mixture of 2-propanol and water (7:3 v/v, 140 mL)
were placed in a 250 mL autoclave and heated up to the desired temperature (200 °C). Raney
Ni (10 g, wet) was also added to the reaction mixture. The reaction proceeded under
autogenous pressure for a total of 6 h, and several aliquots of the reaction mixture were
collected at different times. For determination of formic acid and acetic acid concentrations,

samples were diluted in water, centrifuged and filtered before being analyzed by LC-MS.

LC-MS analysis

Liquor samples were then diluted (1:1) in Milli-Q water, centrifuged and filtered before being
analyzed in a Shimadzu LC-MS 2020 system using an electrospray ionization (ESI) MS ion
source and operating in Selected lon Monitoring (SIM) mode for the detection of formic acid,
acetic acid, Cs/Ce sugars and sugars alcohols. The system was equipped with a TSKgel
Amide-80 3.0x100 mm column operating at 70 °C. The mobile phase was a mixture of
acetonitrile and water (ACN/H20: 75:25 v/v) at a flow rate of 0.35 mL min™. A gradient
method for the mobile phase was applied. Within the initial 5 min, the mobile phase was
maintained at an ACN/H20 concentration of 75:25 (v/v); between 5-10 min, it was linearly
decreased to 40:60 (v/v) ACN/H20. Finally, mobile phase ACN/H20 concentration was

increased to 75:25 (v/v) from 10-14 min, remaining at this concentration until the end of the
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run (15 min). To allow for high sensitivity for quantification of the sugars and sugar alcohols,
a post-column addition of a solution of methanol and chloroform (4:1 v/v, 0.075 mL min™)
was made. This procedure allows for the formation of the corresponding [carbohydrate-Cl]

ions, dramatically increasing the sensitivity for sugars and sugars alcohols.

Inhibition experiments

Catalyst inhibition experiments were performed in a continuous stirred tank reactor (CSTR)
fed with a 0.39 M phenol solution in 2-PrOH by a HPLC pump. Under argon atmosphere, dry
Raney Ni (1.0 g) suspended in 2-PrOH was transferred into a 46.5-mL reactor. Next, to shorten
the initial equilibration time, Raney Ni was held in the reactor with a magnet as the 2-PrOH
was removed from the reactor and replaced with the 2-PrOH-phenol solution. The reactor was
sealed, flushed with Ar and connected into the reactor set-up. A flow rate of 0.45 mL min of
the 2-PrOH-phenol solution was initiated, generating a backpressure of ca. 25 bar. The reactor
was heated to 120 °C at which point stirring (1700 rpm) was initiated. The system was then
heated up to the reaction temperature. The reaction continued until a steady state conversion
of ca. 100% was achieved at which point an inhibitor molecule solution (1 mL) was added to
the reactor via the Rheodyne 7010 Sample Injector to result in an initial inhibitor molecule
concentration of 0.2 M. The concentration of phenol was analyzed by in-line ultraviolet-
visible spectroscopy (UV-Vis) (Agilent 8453 UV-Visible spectrophotometer) equipped with
a continuous flow cell (Hellma Analytics Quartz SUPRASIL® 0.1-mm pathlength flow cell).
The wavelength was selected outside the maximum absorbance for phenol (286 nm) to have

an extended linear range of absorption at high concentration of phenol.
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The formation of cyclohexanol and cyclohexanone in the inhibition experiments was
monitored using gas chromatography (GC) analysis. Samples were collected from continuous
flow experiments using a Gerstel Multi-Purpose-Sampler. All samples were analyzed on a GC
6850 Agilent equipped with an HP-INNOWax column (30 m, 0.25 mm internal diameter, d¢
0.25 pm) with an injection temperature of 280 °C and a 10:1 split ratio of Ha carrier gas. The
temperature program was as follows; an initial isothermal step at 35 °C for 2 min, temperature
then increased from 35 to 120 °C (ramp rate of 100 °C min), followed by an increase to
200 °C at the same ramp rate. Finally, the temperature program was finished with an

isothermal step at 200 °C for 5 min.

ATR-IR spectroscopy measurements

The instrument used for the in situ monitoring of surface adsorption using ATR-FTIR is
described in detail elsewhere. A film of Raney Ni was deposited on the surface of the ZnSe
crystal in a custom built mini-glove-box, as described previously.*® The film was then sealed
into the ATR cell under Ar atmosphere and transferred to the continuous flow set-up.“® Argon
was removed from the cell with a cyclohexane solution at a flow rate of 0.5 mL min™, after
which the flow rate was increased to 2.7 mL min™. A background spectrum was collected
under a convective flow of cyclohexane at a flow rate of 2.7 mL min™. The film was then
treated with a solution containing 1 pumol of formic acid and acetic acid and 5 umol for

propionic in cyclohexane, with an ATR-IR spectrum collected every 20 s.
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Ni K-edge XANES

For measurement, the wet Raney Ni samples were dispersed homogeneously in petroleum
jelly. XANES analyses were performed using the transmission mode at beamline “DXAS” of
the Brazilian Synchrotron Light Laboratory (LNLS) which was operating at 1.37 GeV, at the
Ni K-edge (8333 eV).®” To monochromatize the incoming radiation, a curved Si(111)
monochromator, operating in Bragg mode in an X-ray range from 4 keV up to 14 keV and
focusing it on the sample, was used. For the detection, a CCD solid-state detector was
employed. Energy calibration and normalization of the spectra were performed using the
ATHENA software. The catalyst spectra were compared against reference spectra of Ni(OH)>

(Ni*?) and nickel foil (Ni°) collected under the same conditions as those for the samples.
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Hemicellulose acts as a direct and indirect source of carboxylic acids in lignin-first
biorefining. In the lignin-first biorefining, the formation of formic acid is suppressed by

hydrogenation of sugars to sugar alcohols.
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