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Abstract: Lignin, a component of lignocellulosic biomass, is abundant and is produced extensively as
a waste product of the Kraft pulping process, lignin obtained from this process is called Kraft lignin
(KL). Lignin’s three-dimensional structure composed of aromatic alcohols (monolignols) makes
it a potential source of renewable aromatic chemicals or bio-oil, if depolymerized. Among all
the depolymerization methods for KL, solvolysis is the most popular, showing consistently high
bio-oil yields. Despite the large number of studies that have been carried out, an economically
feasible industrial process has not been found and comparison among the various studies is difficult,
as very different studies in terms of reaction media and catalysts report seemingly satisfactory results.
In this review, we compare and analyze KL solvolysis studies published, identify trends in bio-oil
composition and give a comprehensive explanation about the mechanisms involved in the processes.
Additional commentary is offered about the availability and future potential of KL as a renewable
feedstock for aromatic chemicals, as well as logistical and technical aspects.
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1. Introduction

During the course of the last couple of centuries, our easy access to fossil fuels has allowed the
development of industry and led to the advanced society we know today. However, in light of our
current understanding of the atmospheric greenhouse gas effect and climate change, in addition to the
threat of eventual exhaustion of fossil fuel resources, we now desperately need both carbon-free and
carbon neutral alternatives that can supplant their role.

While the development of wind power and solar photovoltaic technologies have allowed us to
partly fulfill our energy needs, the question remains as to how to replace the role of fossil fuels as raw
materials, fuels and chemicals [1]. To overcome this, studies regarding the possibility of converting
different kinds of biomass into chemicals and raw materials have gained popularity in recent decades,
most prominently the use of lignocellulosic matter as feedstock for processes. Lignocellulosic matter
is composed of cellulose, hemicellulose and lignin in different proportions, depending on the plant.
This type of biomass has garnered great interest due to its abundance, ease of renewability and potential
to be transformed into different kinds of chemicals [2].

Early biomass conversion technologies relied heavily on simple sugars, starches and vegetable
oils as raw materials to produce biofuel and led to a debate about the use of food as a source
of biofuel synthesis, and its impact on food prices; these were called “first-generation biofuels”.
Understanding this problem, attention was paid to non-edible plant matter that could be collected
postharvest at relatively low cost; this led to the development of what is called “second-generation
biofuels”, which rely entirely on non-edible plant matter, particularly in the production of cellulosic
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ethanol. Third-generation biofuels rely on algae or bacteria to decompose organic non-edible matter
and implement chemical process techniques to turn it into fuels or chemicals [3].

Out of the components of lignocellulosic biomass, lignin accounts for 15 to 40% of its weight on a
dry basis [4] and is known to be the most recalcitrant and hard to transform into products of interest,
partly due to its chemical resistance [5].

Lignin’s polymeric structure is comprised of monolignols, which are found in variable proportions,
depending on the plant source [6] (Figure 1).
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Figure 1. Structures of the three occurring monolignols in lignin.

Together, these monolignols form the characteristic bonds that make the structure of lignin as
shown in Figure 2. Depending on the plant from which the lignin originates and the isolation method
used to obtain the lignin, the resulting structure contains different proportions of the chemical bonds,
highlighted in red. This can lead to notable differences between lignins in terms of molecular weight,
reactivity and solubility.

Figure 2. Chemical bonds found in lignin, comprised of both ether and carbon—carbon bonds
(highlighted in red). (A) 3-O-4, (B) x-O-4, (C) 4-O-5, (D) 5-5, (E) -5, (F) B-B, (G) #-1.
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Lignin’s structure makes it a potential renewable source of aromatic chemicals that are currently
only available from fossil fuel sources. These aromatic chemicals have high economic value as raw
materials for diverse industries, as well as being a key component of jet fuel [7].

Diverse lignin depolymerization methods exist, such as pyrolysis, solvolysis and gasification [8].
Among these, pyrolysis tends to result in higher rates of char formation and higher oxygen content in the
resulting bio-oil, whereas gasification allows high and fast conversion at the expense of char formation
and products of lower economic value. Solvolysis, by using either a pure solvent or with a solvent
mixture, results in minimal char formation and tends to favor the formation of low-oxygen-containing
aromatic monomers [9]. These depolymerization methods, along with their reaction temperature and
products, are briefly summarized in Table 1. Early studies employing solvolysis to depolymerize
lignin suffered from high reaction temperature, long reaction time or high hydrogen pressure [10];
however, catalyst development and better understanding of the process have led to the development
of less severe processes.

Table 1. Temperatures and primary products from different depolymerization methods used in
lignin depolymerization.

Method Temperature Primary Products References
Gasification 700-1000 °C Syngas [11]
Pyrolysis 300-600 °C Gaseous hydrocarbons, bio-oil and char [8]
Solvolysis 200-350 °C Bio-oil and char [8]

In this review, an analysis of the availability and opportunities of transforming KL to bio-oil
and works published in the last decade regarding depolymerization of KL by solvolysis to bio-oils is
given. By centering our analysis of the studies in the reaction media and catalyst used, we examine
the trends in published studies and draw attention to and criticize the metrics used to evaluate these
studies. Finally, a summary of the observed trends regarding KL depolymerization is given and
recommendations are suggested.

2. Availability and Economic Importance of Kraft Lignin

Due to lignin’s ample abundance, it could serve as a sustainable source of aromatic chemicals,
replacing the current oil-dependent process of catalytic reforming [12]. The most readily available
source of isolated lignin comes from chemical pulping, such as Kraft and sulfite pulping, producing
KL and lignosulfonates. While lignosulfonates have found extensive applications as resins and
additives for concrete [13-15], their total production is very small compared to the potential availability
of KL. Pulp production is mostly done through the Kraft process, with figures as high as 85%
being reported [16].

The Kraft process consists of the digestion of wood chips in a pressure vessel using white
liquor, which is a solution of NayS and NaOH, at high pressure and temperature ranging from 150 to
180 °C [17]. This separates the raw pulp from the lignin that is left dissolved in the cooking solution,
now called black liquor (BL), which is then concentrated in evaporators and fed to a recovery boiler,
which generates steam to provide heat and power the process, the molten pulping chemicals are then
mixed with water to obtain green liquor and is then mixed with CaO in a causticizer to regenerate the
spent pulping chemicals. This process is illustrated in Figure 3.
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Figure 3. Simplified process diagram of Kraft pulping process.

The lignin contained in the BL can be precipitated through acidification by mineral acids [18],
or more recently by using CO,, as in the LignoforceTM process [19]. While the majority of the BL is
burned in the recovery boiler to power the process, it is noted that in many cases, the energy needs
of the process are met and removal of lignin through precipitation of black liquor is necessary to
debottleneck the recovery boiler, to allow for more pulp to be produced [20].

It is estimated that the amount of removable KL from the process could be as high as 36% [21].
As the volume of produced Kraft pulp continues to grow [22] and the thermal efficiency of the
mills continues to rise [23], the prospect of large quantities of KL being available becomes a very
likely scenario.

The paper pulp industry has demonstrated interest in the development of value-added products
from KL to diversify their product portfolios and generate new revenue streams. Currently, the most
prominent applications of KL are its use as phenol replacement in resins [24], which are considered
short- and near-term applications, while the development of bio-oil, nanomaterials and specific
chemicals have yet to achieve technological and economic feasibility. Despite these possibilities,
little progress has been made in developing an industrial-scale process of lignin depolymerization
to bio-oil.

The challenges cited for depolymerization of lignin to bio-oil are many, with some of them applying
for all types of biomass and others exclusively to lignin, among them, the most important ones are cited
to be, firstly, the low energy density of most lignocellulosic biomass, making its collection expensive
and creating logistic problems [25]; secondly, the need for mechanical or chemical pre-treatment [26];
and thirdly, the actual processing of the biomass into bio-o0il [27]. The first and second disadvantages
are largely circumvented in the case of KL, as it is available in situ and is readily processed into powder
or pellets after drying, while the processing of KL into bio-oil remains a matter of debate due to the
large diversity of existing methods involving different catalysts, solvents and reaction conditions.

For KL bio-oil to replace the role of fossil fuels in the economy, its properties have to be assessed,
the most common comparison being with crude oil. In terms of elemental composition, KL contains,
by weight: 65.1% carbon, 26.1% oxygen, 5.8% hydrogen, and 2.5% sulfur, with traces of chlorine
and nitrogen making up less than 1% [19]. By contrast, the oxygen content of crude oil is usually
below 2% [28]; this is of critical importance for bio-oil production, due to the negative properties
associated with high-oxygen-containing organic species, such as low heating value, chemical instability
and low pH. During the Kraft pulping process, the lignin undergoes extensive repolymerization and
self-condensation, resulting in the presence of more carbon-carbon bonds which are harder to sever
during depolymerization.

The cost of KL as feedstock is hard to assess, with low-purity isolated lignins being as cheap as
50 USD/MT to pure lignins going as high as 750 USD/MT. KL market value tends to hover around
260-500 USD/MT; however, it is important to take into account that this market value does not
necessarily reflect the value of KL as feedstock, as currently only 2% of the total lignin produced yearly
is sold, mostly in the form of lignosulphates for dispersants, adhesives, surfactants [29] and small
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quantities for R&D purposes. In practice, the real value of lignin from the pulp mill operator derives
from the energy obtained from its combustion in the form of concentrated BL and by the fact that it
allows the pulping chemicals to be regenerated. In short, for a pulping mill with consistent production,
assessing the minimum market value of isolated lignin boils down to the cost of the energy that would
be obtained from it and the processing cost necessary to isolate the lignin.

The governing factors of the lignin depolymerization reaction are hard to point out beyond
reaction conditions such as temperature, pressure and reaction time. However, there seem to be largely
three dominant factors in the resulting products obtained: the quality of the lignin, reaction media and
catalyst used.

3. Lignin Solvolysis

Among the various lignin depolymerization methods, studies employing solvolysis make up
a very significant portion of the total published studies. The advantages of solvolysis over other
lignin depolymerization methods is that by choosing an effective solvent and reaction temperature,
mass transfer limitations can be greatly reduced by allowing lignin to properly dissolve, while the
temperature distribution inside the reactor (batch or continuous flow) is easier to control.

Water, alcohols, hydrocarbons and other solvents have been used as reaction media with varying
degrees of success, usually in conjunction with some sort of homogeneous or heterogeneous catalyst and
occasionally molecular hydrogen. This can be seen in the many trends seen lignin depolymerization
studies. While the results reported in these studies are usually centered on the yield and the
product distribution in the bio-oil obtained, it is hard to say with certainty which combination of
factors is the best performing, with multiple, sometimes very distinct studies reporting bio-oil yields
of above 80%. The bio-oil obtained is analyzed through various techniques, most prominently
by gas chromatography—-mass spectroscopy (GC-MS) and nuclear magnetic resonance (NMR) [30].
GC-MS allows for identification of aromatic monomers contained in bio-oil, but cannot identify larger
oligomeric structures, whereas NMR provides insight about the nature of the chemical bonds found in
the bio-oil, providing general understanding of the results of the reaction, for example the absence of
[3-O-4 ether bonds could correlate with good depolymerization results.

As illustrated in Figure 4 the performance of a lignin depolymerization reaction through
solvolysis for a given type of lignin depends on the interaction between three controlling factors.
Concretely, the three pairs of interactions are described as follows: Firstly, the lignin—catalyst interaction
is relatively well understood, as catalysts used in studies are designed using analogies on the basis
of the functional groups present in lignin, for example promoting hydrogenation, hydrogenolysis or
dehydration of hydroxyl or ether functional groups found in lignin moieties. Secondly, this same
catalyst can simultaneously react with the reaction media itself, as is the case with alcohols, phenol,
water and other solvents, donating hydrogen [31], preventing the formation of char [32], or as alkylating
agents [33]; and thirdly, this same reaction media might display different levels of affinity for lignin,
dissolving it to varying degrees at different temperatures, either by itself or in combination with
other solvents [34], and may react with the catalyst to decompose and form hydrogen through steam
reforming and water gas shift reactions that occur simultaneously for alcohols [35,36]. The overall
depolymerization process and some of the monomers found in bio-oil are shown in Figure 5.
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Figure 5. Depolymerization of lignin by solvolysis.

Together, these interactions, mediated by the temperature, pressure and concentration of the
reactants, present determine the yield and the quality of the obtained bio-oil. Most studies published
to date have focused exclusively on one of these interactions, while neglecting the others, trying to
find the “best” catalyst or the “optimal” reaction conditions for a given reaction media or lignin type.
While satisfactory results may be possible by following this approach, it is reasonable to believe that
by achieving deeper understanding of all the interactions that take place simultaneously during the
process, we can aim to achieve not only high yields and good quality of bio-oil, but also to do so
economically and at industrial scale.

4. The Role of Reaction Media on Kraft Lignin Depolymerization

4.1. Sub- and Supercritical Water as Reaction Medium

Depolymerization of KL in sub- and supercritical water is usually carried out in conjunction
with basic homogeneous catalysts of varying strengths such as NaOH, KOH, K,CO3; and Na,CO;3,
the addition of a basic catalyst seems to improve the reaction performance through at least two
mechanisms: Firstly, by improving the solubility of KL in the aqueous solution; and secondly,
by preventing to a certain degree the magnitude of repolymerization that happens during the reaction.
While the use of basic homogeneous catalysts appears to be the norm in hydrothermal depolymerization,
there have been a few instances of hydrothermal studies using heterogeneous catalysts, notably zeolites
ZSM-5 [37] and SBA-15, in conjunction with Na,COj5 [38].

In terms of reaction performance, the yield of bio-oil obtained varies significantly among studies,
with studies at low temperatures in absence of catalyst showing yields of 9.7% [39] of bio-oil and
large formation of char and studies at higher temperatures employing phenol as capping agent
to prevent repolymerization reporting a yield of 102.3% [40] on lignin-weight basis. Some of the
trends observed in these studies include: how basic pH correlates with the minimization of char
formation, with the optimal value appearing to be pH of 9.1 for the feed and increasing gradually
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if it goes above that value [37]; higher temperature, particularly around the critical point of water
(374 °C, 22 MPa), increases the oil yield [38,40,41], but if in absence of a catalyst it can still result in
high char formation [42].

4.2. Short-Chain Alcohols as Reaction Media

The prevalence of studies employing short-chain alcohols (C1-C4) as reaction media for KL
depolymerization is high, the motivations for these are: KL displays significantly higher solubility
in short-chain alcohols than in pure water, facilitating the reaction, additionally the occurrence
of low-temperature dry alcohol reforming [37] and hydrogen donating capacity of alcohols [43],
reduces the oxygen content of the resulting bio-oil and prevents the formation of char. The occurrence
of these two hydrogen forming reactions is mediated by the temperature, reaction time and catalyst
used, with various reduced transition metals in diverse supports displaying notable performance.

Low-temperature KL depolymerization experiments carried out by [44] highlighted this reaction
behavior, where reactions were carried out at 150 °C in the presence of a titanium nitride-nickel catalyst
in ethanol, the products obtained show a strong bias towards the production of guaiacol related
chemical species, by contrast the study of [45] reports the formation of almost exclusively oxygen-free
aromatic monomers at 280-330 °C in the presence of a MoC1-x/Cu-MgAIO catalyst, using ethanol as
the reaction medium. While it is important to point out that the catalysts used in these two studies
are different, the trend shows that in the presence of a transition metal catalyst, ethanol biases the
reaction products towards less oxygenated species with higher temperature and longer reaction
time, accordingly.

Methanol has also been successfully used as a reaction medium [46] in the presence of NiSn oxide
as catalyst at 280 °C, obtaining 80% bio-oil yield, similar to in [47] with the use of NiW, NiMo or
CoMo supported in alumina, activated carbon or ZSM-5 at 320 °C, obtaining 80% methanol soluble oil
comprised mostly of alkylphenols.

Among all the short-chain alcohols, use of isopropanol displays outstanding results, ref. [48]
reporting up to 98.8% bio-oil yield, comprised of aromatic monomers and cycloalkenes at long reaction
times. Similarly, ref. [49] reported bio-oil yield reaching over 100% due to isopropanol’s activity as an
alkylating agent, with the bio-oil consisting of large amounts of cycloalkenes at extended reaction times.

4.3. Dioxane and Other Solvents as Reaction Media

Dioxane has been used as a reaction medium in several KL depolymerization studies in conjunction
with other solvents such as water [50], ethanol [51] and most prominently with methanol [46,52-55].
KL is not especially soluble in dioxane, but when used in conjunction with other solvents, the solubility
is drastically increased, allowing lignin to interact more freely with any present catalyst and reduce the
chance of char formation. Bio-oil yields over 80% are commonly seen [51,52]; however, dioxane does
not display any hydrogen donating activity, resulting in low monomer formation and high oxygen
content in the bio-oil obtained.

In addition to dioxane, acetone [56] and dodecane [57,58] have been used as reaction media in
KL depolymerization in a few studies. Acetone by itself does not dissolve KL extensively, but when
combined with water its solubilizing capabilities increase drastically [59]. A bio-oil yield of 93% is
reported in [56]; it is important to note that this study employs direct hydrogen pressure, as acetone
does not possess hydrogen donating capacity. Dodecane as reaction medium does not possess hydrogen
donating properties; thus, its only role in the reaction is to facilitate the interaction of lignin with
the catalyst.

4.4. Solvent—Water Mixtures

KL depolymerization studies employing mixtures of solvents and water are numerous. There are
two main reasons for this: solubility of KL is higher in alcohol-water mixtures [60], and most
short-chain alcohols display some degree of hydrogen donating capacity through the steam reforming
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and water gas shift reaction that occurs simultaneously [35,36]. The most common combination seen is
ethanol and water [61-65]. The study conducted by [61] highlighted the behavior of alcohol-water
(ethanol, isopropanol) mixtures as reaction media for KL depolymerization, where in the absence of a
catalyst the bio-oil yield drop significantly, but more importantly it resulted in greater concentration
of oxygen containing monomers such as guaiacolics and catechol. By adding a simple Pt/Al,O3 or
Rh/Al, O3 catalyst to the same experiments, the product selectivity shifted towards the formation of
less oxygenated species, albeit at the expense of some of the bio-oil yield. Ref. [64] employs the same
combination of ethanol and water as the reaction medium as used in [61], and under similar reaction
conditions, but with the addition of formic acid (FA) as in situ source of hydrogen, showing that a
50/50 v/v mixture of ethanol and water produces a 90% yield of bio-oil and minimizes the formation of
char to 1%. A similar experiment was carried out by [66] using methanol and methanol-water mixtures
as reaction media in the presence of HZM-5 zeolite and NaOH as catalysts. The experiments employing
pure methanol as the reaction medium displayed lower lignin conversion as well as higher formation of
char, whether this difference caused exclusively by KL’s higher solubility in methanol-water mixtures
is not clear [60]. In general, it seems alcohol-water mixtures improve the performance of the lignin
depolymerization reaction by both increasing the solubility of KL, donating hydrogen and potentially
serving as a reactant to suppress the formation of char if in the presence of an acid catalyst, resulting in
the formation of alkyl-phenols [67].

Other less prominent combinations of solvents and water are dioxane-water and phenol-water
[50,68]. In [50], a mixture of a 9:1 dioxane-water mixture (v/v) was used as the reaction medium
in the presence of an HTaMoOg and Rh/C catalysts simultaneously in addition to hydrogen
pressure. Prior work [68] uses phenol as a co-solvent for water at 4.1% wt, due to phenol’s limited
solubility in water (roughly 8 g per 100 g of water) it is difficult to call this a solvent mixture.
However, phenol suppresses the formation of char by reacting with active species. In Table 2, a
comparison of the best performing studies of this section in basis of bio-oil yield produced shown on
the basis of the solvent used for the different reaction media categories listed in the previous section.

As seen in Table 2, studies employing diverse reaction media can achieve bio-oil yields of 80%,
the reactions optimal reaction temperature seems to be somewhere around 300 °C for most studies,
reaction time varies significantly among studies, with higher reaction times often correlating with
higher bio-oil yield. The composition of the bio-o0il obtained is affected by the presence or absence of a
source of hydrogen, either directly through molecular H; or available in situ from the reaction media.
Experiments that do not involve a source of hydrogen report a much higher presence of guaiacol-like
species, whereas those that do show a lower incidence of oxygen-containing groups (e.g., hydroxyl,
methoxy), and in the case of those that use alcohols, a higher incidence of alkylphenols due to alcohols’
ability to act as an alkylating agent. As a conclusion to this section, it is possible to obtain high bio-oil
yield regardless of the reaction medium used; however, some might result in lower oxygen containing
bio-oil, or could represent operational advantages/disadvantages from an operational standpoint if
the process were to be scaled up from laboratory to industrial scale, such as cost of reaction media,
solvent recovery or purification and ease of post-reaction separation of bio-oil.
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Reaction Media Catalyst Reaction Conditions Results Ref.
Water Ni/ZSM-5, Na,CO5 200 °C, 4 h, 4 MPa H, 83.4% oil yield [37]
NiW/NiMo/CoMo on o o . )

Methanol alumina, ZSM-5 or AC 320 °C and 35 bar Hp 80% methanol soluble oil [47]
Ni-Cu on H-Beta, Lo o

Isopropanol HZSM-5, MAS-7, 330 °C for 3 h, purged with N, i‘;ﬁggé‘;ldi‘e’f;ifg&; and L)

MCM-41 and SAPO-11 ¥ OowWh

Isopropanol Pd/C, P tﬁ /aC“d Ru/C, 270-350 °C, 1-5 h Over 100% bio-oil yield [48]

Dioxane-ethanol None 300°Cfor2h 552% b1o—(:;},2nz1 ZI(’)I/Omel‘S yield [51]

Dioxane-methanol Ru/C 320°Cfor6h 93.44% bio-oil yield [53]

Acetone Ni, Ru, Mo, W on C 100 bar Hj,, 250-350 °C 93% bio-oil yield [56]

Dodecane Ru/NbOPO4 310°C, 0.5 MPa Hy, 40 h ﬁiﬁ;ﬂfg{g’:ﬁﬁp@ﬁggz [57]

Ethanol-water None 200-350 °C, 1-2 h, 2 MPa with N 90 wt.% oil yield [64]

Ni10%j/Zeolite and o B o) i1
Ethanol-water FHUDS-2) 200-300 °C for 1-3 h 93.5% oil yield [65]
Dioxane-water HTaMoOg and Rh/C 290-320 °C, 2-24 h, 2 MPa H, 95.6% bio-oil yield [50]

5. Catalysts in Kraft Lignin Depolymerization

5.1. Noble Metal Catalysts

Noble metals have been used extensively in many chemical processes, notably among them
hydrogenation and hydrogenolysis processes. When used in lignin depolymerization reactions in the
presence of hydrogen gas, their activity in hydrogenation reactions is clearly shown; this is illustrated
by [56], where bio-oil yields above 90% were obtained across different experiments by using Ru
supported in activated carbon or alumina under 10 MPa of hydrogen gas at 350 °C with a reaction
time of 1 h, the resulting product distribution had a bias towards low oxygen products in addition
the usual guaiacolics. In the presence of reaction media that can donate hydrogen, such as in [48],
where they employed noble metals (Pd, Pt, Ru, Rh) supported in carbon as a catalyst in the presence
of isopropanol as the reaction medium, bio-oil yields above 100% were reported, partly due to the
interaction of isopropanol with the lignin. Of the noble metal catalysts, Ru [56,57] and Rh [69-71] have
displayed outstanding performance compared to the other noble metal catalysts. Studies employing
noble metals as catalysts have reported good bio-oil yields and product selectivity biased towards less
oxygenated compounds, so long as there is hydrogen available in the reaction media, either produced
in situ or fed directly at the beginning of the reaction.

5.2. Non-Noble Metal Catalysts

Non-noble metals have been extensively used in many chemical processes, notably those related to
petro-chemistry, such as removal of oxygen, nitrogen or sulfur from hydrocarbons by hydrotreating [72].
Catalysts containing Ni, Mo, Co and W have been used in lignin depolymerization either by themselves
or in bi-metallic catalysts. Among these, Ni has been used in a large number of studies with good
results; in [65], a 10% wt Ni catalyst was supported in neutral and acidic support materials with
ethanol-water mixture as the reaction medium resulted in higher bio-oil yield than a supported
5% wt Ru catalyst, albeit by using higher metal loading. The same trend can be seen in [56], where the
same 10% wt Ni and 5% wt Ru catalysts were used in supercritical acetone under direct hydrogen gas
pressure, once again with the Ni catalyst, resulting in similar and sometimes superior bio-oil yields
when compared to the Ru catalyst. Notable results have also been obtained by using Ni in combination
with other transition metals such as Cu [49], Sn [46], Mo [58] and W [47]. While it is clear that Ni in
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combination with other metals displays good catalytic activity, the reaction behavior observed follows
that seen with noble metal catalysts, where the results obtained are highly dependent on the availability
of hydrogen in the reaction media, either produced in situ or directly fed as hydrogen gas.

5.3. Role of Support Materials in Catalysts for Kraft Lignin Depolymerization

The heterogeneous catalysts used in KL depolymerization studies can be roughly divided into
neutral and acidic support materials. The main purpose of these support materials is to disperse
the various transition metals used as the active phase of the catalyst, preventing agglomeration
and guaranteeing efficient use of the potentially expensive metals used. However, in many cases,
the support itself plays a role in the reaction depending on the chemical properties it possesses.

5.3.1. Acidic Support Materials

Various acidic support materials have been used in catalysts employed in KL depolymerization
studies; of these, in the majority of the studies zeolites, alumina or metal oxides were used. In the
case of zeolite-supported catalysts, most of the studies involve the use of alcohol or alcohol-water
mixtures as the reaction media; [49] used Ni-Cu supported in various zeolites (H-beta, ZSM-5, MAS-7,
MCM-41, SAPO-11) in the presence of isopropanol as the reaction medium, obtaining bio-oil yields
above 85% for all used zeolites. The presence of acidic sites and mesoporosity across all zeolites
had a positive impact in bio-oil yields when compared to non-catalyzed experiments. In the same
vein, ref. [47] used conventional hydrotreatment metals (Ni, Mo, W, Co) supported on ZSM-5 in
the presence of methanol as the reaction medium under hydrogen pressure. The resulting product
selectivity is biased towards the formation of alkylphenols but also the formation of 30 wt.% char,
due to the high acidity in the ZSM-5 support. Studies using alumina as catalyst support are also
common; [61] reported the use of Pt and Rh supported in alumina for KL depolymerization in mixtures
of isopropanol, ethanol or acetone with water. The modest acidity present in alumina was reported
to have positively impacted the reaction performance, particularly in the case of ethanol, where the
selectivity strongly favored the formation of less oxygenated species. In the case of metal oxides,
ref. [50] carried out KL depolymerization in a dioxane-water mixture in the presence of an HTaMoOg
and Rh/C catalyst under hydrogen gas pressure, obtaining outstanding bio-oil yield and minimal
formation of char. However, despite the presence of hydrogen gas, the products obtained were biased
mostly towards guaiacol and structurally similar compounds. The support’s acidity can clearly affect
reaction performance positively by allowing the formation of alkylphenols via Friedel-crafts alkylation;
this is especially true for zeolites [73] and metal oxides [74] if in the presence of a short-chain alcohol
such as methanol, ethanol or isopropanol; this in turn can also increase the bio-oil yield to above 100%
due to the addition of said alkyl groups to the original lignin aromatic rings. It must be kept in mind
that excessive acidity can increase the formation of char if the species present in the reaction media are
not able to prevent repolymerization side reactions.

5.3.2. Neutral Support Materials

Neutral support materials lack the acid sites that acidic support materials possess, their purpose
being mostly to provide a medium for the active phase to disperse. Activated carbon has been
extensively used in catalysts for KL depolymerization studies, usually in combination with mixed
transition metals with outstanding results; [48] used Pt, Pd, Ru and Rh supported in activated carbon
in the presence of isopropanol as the reaction medium for KL depolymerization, obtaining over 100%
bio-oil yield in some their experiments. In [62]'s work, Pt, Ni, Ru, Pd supported in activated carbon was
used in the presence of ethanol-water mixture (1:1 wt.%) for KL depolymerization without additional
hydrogen. The obtained product distribution contains mostly guaiacolic compounds, which is in line
with the metals used and the absence of additional hydrogen. In studies where the reaction media
does not provide hydrogen, good results can be obtained so long as hydrogen is directly provided,
such as in [56]'s experiments involving the use of Ni, Mo, Ru and W supported in activated carbon in
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the presence of supercritical acetone as the reaction medium under hydrogen pressure, obtaining a
bio-oil yield above 95%. Overall, the key difference between acidic and neutral supports lies in the fact
that the presence of acid sites contributes to the lowering of the oxygen content in the resulting bio-oil
by promoting dehydration of guaiacolics [75] and aiding the formation of alkylphenols if short-chain
alcohols are present [67].

In Table 3, a comparison of the most outstanding studies ordered on the basis of catalyst is shown,
illustrating that, overall, good results are possible with a wide variety of catalysts.

Table 3. Bio-oil yields and products obtained from different solvothermal studies, ordered on the basis
of the catalyst used.

Catalyst Reaction Media Reac.h.on Results Ref.
Conditions
100 bar Hj, o 1+ s .
Ru/C Acetone 250-350 °C 95.2% liquid fraction [56]
Pd, Pt, Ru and Rh 270-350 °C, A, Y
on carbon Isopropanol 1-5h Total liquid yield over 100% [48]
310°C, 0.5
Ru/NbOPO, Dodecane MPa H,, 68% selectivity to arenes [57]
40 h of reaction
Rh supported on o P o
LayOs/CeOr—ZrO, Ethanol 350 °C for 4 h. Total liquid yield over 100% [69]
RI/La;05/Ce0;-Z10,, Isopropanol-water mixture 373°Cfor2h Over 100% bio-oil rate [70]
Fe as a reductant
290-320 °C,
Rh/C and Dioxane-water mixture 2-24 h, 95.6% bio-oil yield [50]
HTaMoOgq 2 MPa H,
Ni 10%j/Zeolite and . 200-300 °C for o .
FHUDS-2) Water—ethanol mixture 13h 93.5% KL liquid [65]
. 100 bar H, o 1o s .
Ni/C Acetone 250-350 °C 95.0% liquid fraction [56]
Ni-Cu supported
on H-Beta,
HZSM-5, MAS-7, Isopropanol 330 °C for3h 98.03% bio-oil yield [49]
MCM-41 and
SAPO-11
280 °C,
Ni-Sn metal oxide Methanol or dioxane 2 MPa H,, 90%+ liquid yield at 24 h [46]
1-24h
. . 3 MPa H,, Max 74% methanol soluble
NIW/SIC Methanol 320°Cfor8h liquid, 35.1% monomers 76l
NiW/NiMo/CoMo o
on alumina, ZSM-5 Methanol 33250 bC z;_rlml 80% methanol soluble oil [47]
or carbon ar Ha

6. Conclusions and Recommendations

6.1. Conclusions

In this review, we analyzed and compared the impact of reaction medium and catalyst choice in
KL depolymerization studies. The diversity of reaction conditions makes direct comparison of studies
difficult; however, some key points can be stated clearly on the basis of our analysis: the chosen reaction
medium primarily serves the purpose of dissolving the KL, but it is clear that at the proper temperature
it can provide hydrogen that reduces the oxygen content of the resulting bio-oil through hydrogenation,
hydrogenolysis or dehydration of oxygen-containing molecules such as guaiacolics. Alcohols can also
create a positive impact on the resulting bio-oil by serving as alkylating agents, further minimizing the
oxygen content of the bio-oil and preventing the formation of char. This solvent behavior is strongly
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linked to the choice of catalyst used, due to the large overlap in catalyst composition for catalysts
used in reforming of alcohol, either dry or with steam or by hydrogen transfer. Other solvents that
do not undergo these reactions are unable to provide hydrogen to reduce the oxygen content of the
resulting bio-oil or react with the active species responsible for the formation of char; for these reasons,
they require the addition of molecular hydrogen to obtain high-quality bio-oil.

Because of the aforementioned points, the performance of the catalyst used in KL depolymerization
depends largely on the solvent used. Assuming that the addition of molecular hydrogen is not possible,
the performance of those catalysts that simultaneously promote oxygen-removing and hydrogen
generating reactions will be largely dependent on the use of alcohols or other solvents capable of
generating hydrogen in situ. If the addition of molecular hydrogen is possible, the role of the catalyst
can be exclusively to promote hydrogenation and hydrogenolysis of the bio-oil produced.

However, while the absence of molecular hydrogen or hydrogen donating species negatively
impact the oxygen content of the bio-oil, it is still possible to obtain high bio-oil yields, so long as the
formation of char is prevented, either by the use of a strong alkali salt catalyst or by the addition of
sufficient phenol or char-preventing compound.

In short, this means that it is possible to obtain high yields of bio-oil regardless of the solvent or
catalyst used, so long as the solvent provides a source of hydrogen and prevents the formation of char
to the necessary extent.

6.2. Recommendations

It is clear from the previous analysis that there are multiple combinations that can produce high
yields and good quality of KL bio-oil. Itis for this reason that the metrics used to evaluate the success or
failure of these studies need to be reassessed. Higher heating value (HHV) and elemental composition
of the bio-oil compared to the process conditions (reaction time, temperature) could serve as a better
indicator of the viability of the process, so long as the yield of bio-oil remains high enough.

For KL depolymerization to bio-oil to be economically feasible at an industrial scale,
attention should be paid to the cost of the solvent used; the use of alcohols as reaction media
could be prohibitively expensive unless the benefits of using them outweigh their cost. The case for the
production of cheap ethanol from lignocellulosic biomass or methanol from hydrogenation of captured
CO; in the coming decades could change the economics of the process. In the same vein, the cheap
production of abundant hydrogen gas in the future could mean that KL bio-o0il could be cheaper to
upgrade after its production or could be added initially as the KL depolymerization reaction begins.

Due to the limited economic value of KL use as a feedstock and the marginal value of bio-oil, it is
of the utmost importance that the catalyst used is readily regenerable or is only slowly deactivated;
this concern is rarely assessed in studies. Based on the works analyzed in this review, we believe
that future studies will focus on designing regenerable catalysts that are compatible with continuous
reactors, ideally using non-noble metals and relatively simple synthesis methods. In terms of solvents,
the choice of reaction medium will require a cost-benefit analysis with regard to the oxygen content in
the resulting bio-oil, as well as the formation of char.

Ultimately, for KL to bio-o0il to be economically competitive, attention should be paid to the
economic trends regarding aromatic chemicals and the cost of other fuels.
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