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Carbon-carbon bonds, ubiquitousinlignin, limit monomer yields from
current depolymerization strategies, which mainly target C-O bonds.
Selective cleavage of the inherently inert o-type C-C bonds without pre-
functionalization remains challenging. Here we report the breaking of
C-Cbondsinlignin obtained uponinitial disruption of labile C-O bonds,
achieving monocyclic hydrocarbonyields up to an order of magnitude
higher than previously reported. The use of a Pt (de)hydrogenation function
leads to olefinic groups close to recalcitrant C-C bonds, which can undergo
B-scission over zeolitic Brgnsted acid sites. After confirming that this
approach canselectively cleave common C-Clinkages (5-5’, -1/, B-5’

and B-p’) inlignin skeletons, we demonstrate its utility in the valorization
of various representative lignins. A techno-economic analysis shows the
promise of our method for producing gasoline- and jet-range cycloalkanes
and aromatics, while a life-cycle assessment confirms its potential for CO,-
neutral fuel production.

Lignocellulosic biomass, the most abundant renewable feedstock
on Earth, can replace fossil resources to produce fuels, chemicals
and materials'™. It consists of cellulose (35%-50%), hemicellulose
(20%-35%) and lignin (10%-25%)". Traditionally, lignin is burned to
generate power, mainly in the pulp and paper industry, where the cel-
lulose part of biomass is the main product®. The advent of second-gen-
erationbiorefineries will generate more lignin waste, whichneeds tobe
converted to valuable products to render these operations economi-
cally viable®.

Depolymerization of lignin into fragments with lower molecular
mass suitable for downstream processing is one of the most promis-
ing approaches to obtaining value-added products from lignin side
streams®”. Lignin is randomly linked by C-C bonds (5-5, B-5’, B-1’
and -f’)and C-Obonds (3-0-4’, a-0-4’and 4-0-5') with respective

contents of 20-40% and 60-80% in lignocellulosic biomass (Fig. 1a)™°.
Cleaving the relatively labile 3—0-4’bonds is the primary depolym-
erization strategy for obtaining monomers". The ‘maximum mono-
mer’yield based on cleaving these bonds can be approximated as the
square of the fraction of p-O-4’ bonds™. For lignin with a relatively
high B-0-4’ content of 70%, the maximum monomer yield will be 49%.

Extracting uncondensed lignin with a high 3-0-4’contentduring
biomass fractionation (Fig. 1a) can facilitate the subsequent produc-
tion of lignin monomers®. Biomass fractionation in paper and pulp
manufacture (‘harsh’ fractionation in Fig. 1a) involves using mineral
acids or bases at relatively high temperatures to remove lignin and
hemicellulose from the lignocellulosic matrix'*. Under such severe
conditions, lignin undergoes irreversible condensation, where the
C-0 bonds break and new recalcitrant C-C bonds form, yielding a
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Fig.1| Valorization of lignocellulosic biomass. a, State-of-the-art approaches for the fractionation of lignocellulosic biomass via C-O cleavage. The C-Cand C-O
bondsinlignin are highlighted in red and blue, respectively. b, Current and proposed catalytic approaches for the deconstruction of technical lignin via C-C cleavage

under mild conditions (<310 °C).

highly condensed lignin. Mild fractionation, includingammonia-based
fractionation®, ionic liquid-assisted fractionation', y-valerolactone-
assisted hydrolysis and organosolv approaches’, results in more
reactive (that is, less condensed) lignins, in which the disruption of
C-0 bonds and the concurrent formation of reactive intermediates
is diminished. The drawback of mild fractionation is that the yield
of isolated lignin with a relatively high p—0-4’ content is usually low.
Increasing the extent of delignification requires harsher conditions,
which reduces the 3-0-4’ content in the extracted lignin. This trade-
off was demonstrated in a recent study covering 27 types of lignin,
where conservation of high —0-4’ content was accompanied by alow
yield of isolated lignin®. The lignin-first strategy, which has emerged
recently, focuses on separating lignin from the lignocellulosic matrix,
resulting in alignin oil and a solid carbohydrate pulp***. A promising
lignin-first approach comprises reductive catalytic fractionation (RCF),
where lignin-carbohydrate bonds are broken by hydrogenolysis. At
the same time, the released lignin fragments are further hydrogen-
ated to a lignin oil with a yield close to the maximum monomer yield
based on the B-0-4’ content?. However, this lignin-first strategy is
also hampered by the inability to cleave C-C bonds, which leaves a
highly condensed, high-molecular-weight technical lignin residue
with many C-Clinkages.

The C-C bonds in technical lignin can be categorized into aryl-
aryl (5-5’), aryl-alkyl (B-5’) and alkyl-alkyl (3-1"and B-f’). Their high
dissociation energies in the 226-494 k] mol™ range hamper the opti-
mal valorization of this important renewable resource”*. To extract
more monomers from technicallignin, approaches that can cleave the
recalcitrant C-C bonds are needed. Samec and colleagues reported
the oxidative cleavage of aryl-alkyl and alkyl-alkyl linkages in lignin
with the formation of 2,6-dimethoxybenzoquinone in a yield of 18%,
corresponding to a total monomer yield of 132% relative to the maxi-
mum monomer yield (Fig.1b)*. However, the oxidation approach only
cleaved C-Cbondsin lignin fragments containing free phenolicgroups
but not aryl-aryl bonds. Another drawback is that the stoichiometric
oxidant must be regenerated.

It would be highly desirable if the scission of various C-C bonds
could be achieved by one-pot reductive chemistry. The main challenge
is to break these C-C bonds selectively. Typically, the high reaction

temperatures (>310 °C) required to break C-C bonds lead to exten-
sive cracking and low yields of desirable ring products*. Compared to
cracking, catalytic hydrogenolysis at milder conditions (<310 °C) can
be carried out with higher selectivity”*2. Dong and colleagues used a
rhodium-based catalyst to break the aryl-arylbond in 2,2’-biphenols,
which areabundantinlignin (Fig.1b)*, and unstrained aryl-alkyl bonds
in phenolic resins?. However, this method cannot break alkyl-alkyl
bonds. Concerns for the practical implementation of this innovative
approach arethatthe catalyst requires the absence of water and the use
of substantial amounts of phosphinites as a modifying group. Under
relatively mild reaction conditions of 310 °Cand 5 bar H,,aRu/NbOPO,,
catalyst was reported to cleave C-C bonds in lignin selectively, result-
ingin the formation of monocyclic hydrocarbonsinayield of 8.0-9.9%
(Fig.1b)*. The total monomer yield achieved was 124-153% relative to
the maximum monomer yield. Despite the high selectivity for cleaving
aryl-aryl and aryl-alkyl bonds, the catalyst displayed no activity for
breaking alkyl-alkyl bonds, which limits the monomer yield. Thus, there
remains aneed for ahydrogenation approach toselectively disrupt all
three types of C-Clinkage in lignin under mild reaction conditions.

In this Article we report a mild and reductive catalytic approach
employing abifunctional Pt/H-MOR catalyst to depolymerize technical
lignin to obtain monomers in a 2-11-times higher yield than reported
inthe literature. The utility of this approach is illustrated by selective
cleavage of aryl-aryl, aryl-alkyl and alkyl-alkyl in seven different lignins
atarelatively low temperature of 300 °C. Mechanistic studies show that
the Brgnsted acid sites in H-MOR can directly cleave aryl-alkyl bonds.
Pt/H-MOR catalyzes the cleavage of aryl-aryl and alkyl-alkyl com-
pounds viabifunctional catalysis, where Pt hydrogenates aryl moieties
andintroduces double bondsinalkyl ones, followed by acid-catalyzed
B-scission. This approach substantially improves the monomer yield,
with the bestresults constituting a 58-409% increase over the conven-
tional maximum monomer yield obtainable for the investigated lignins.

Results and discussion

For catalyst screening, we used amodel lignindimer (2,2’-biphenol, 1),
representative of the 5-5’-linked units (C-Cbonds) ubiquitousin lignin
and with the highest bond dissociation energy in the 481-494 k) mol™
range**. The reductive cleavage of C-C bonds in 1 was evaluated at a
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Fig.2|Reductive C-C cleavage of 2,2’-biphenol (1). a, Reductive cleavage of
1using various catalysts. Conversion and yield are defined in Supplementary
Section 1.3. b, Proposed reaction pathways for the conversion of 1 over
Pt/H-MOR. c-e, Time-course reaction profiles for Pt/H-MOR-catalyzed
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depolymerization of1to monomers, showing the selective cleavage of C-C
bonds for2-6 (c), 7-9 (d) and 10-14 (e). *Reaction conditions: 1(20 mmol ),
50 mg catalyst, 40 ml n-pentane, 260 °C, 4 hand 40 bar H,.

temperature of 260 °C and an H, pressure of 40 bar using n-pentane
as the solvent. Figure 2a shows the results for the different catalysts
explored. The most important physicochemical properties of these
catalysts are reported in Extended Data Table 1 and Supplementary
Fig.1. Without a catalyst,1was not converted under these conditions.
Inthe presence of Pt/SiO,, 1was completely converted to mainly bicy-
clohexyl (10) and a small amount of cyclopentylmethylcyclohexane
(11). With H-MOR as the catalyst, 1 was quantitatively dehydrated to
dibenzofuran (7). By combining Pt/SiO, and H-MOR, monomers such
as cyclohexane (13) and methylcyclopentane (14) were obtained with
a total yield of 8.0%. The monomer yield from the conversion of 1
improved to 86.3% when Pt/H-MOR was used instead of a physical

mixture of Pt/SiO,and H-MOR. Its non-acidic counterpart, Pt/Na-MOR,
did not afford monomers. The low activity obtained with Pt/SiO,-Al,O,
canbeattributed tothelow acidity of amorphoussilica-alumina. Other
common Pt/acid-base catalysts, suchas Pt/Nb,Os;and Pt/TiO,, did not
result in monomers either. The preference for Pt/H-MOR was further
compared by varying the Brgnsted acid support and the metal (Sup-
plementary Note 1). It was verified that the n-pentane solvent was not
converted to monomers by carrying out the experiment without1with
Pt/H-MOR (Supplementary Figs. 2 and 3 and Supplementary Table 2).
A recent study reported a Pt/CDC-SiC (carbide-derived carbon-
SiC composite) catalyst that achieved a monomer yield of 49.3 wt%
by cleaving the C—-C bond in 1 assisted by microwave irradiation®.
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Our results demonstrate an improved total monomer yield of 86.3%,
outperforming the previously reported highest yield of 80.7% using
aRuRealloy catalyst™.

Figure 2b proposes the main reaction pathways during conversion
of 1over Pt/H-MOR, including the major reaction intermediates and
products (Supplementary Fig. 4): 2-hydroxybiphenyl (2), 2-cyclohex-
ylphenol (3), 2-phenylclohexanol (4), 2-cyclohexylcyclohexanol (5),
cyclohexylbenzene (6), dibenzofuran (7), tetrahydrodibenzofuran (8),
dodecahydrodibenzofuran (9), bicyclohexyl (10), cyclopentylmethyl-
cyclohexane (11), 3-cyclohexylcyclohexene (12), cyclohexane (13)
and methylcyclopentane (14). These pathways are based on the time-
course profiles displayed in Fig. 2c-e, and the rates of the individual
reaction steps are provided in Supplementary Table 3. Following an
earlier study on the hydrodeoxygenation of guaiacol®*, we report here
pseudo-first-order reaction rate constants to compare the reactivi-
ties of the different compounds. Figure 2c shows that 2 is a reaction
intermediate obtained by the removal of one of the hydroxyl groups
inlover Pt. 2is then partially hydrogenated to 3 and 4 with areaction
rate of 14.6 mmol [ h™. 3 and 4 are hydrogenated to 5, and removal
of the other hydroxyl group yields 6. Removal of the second hydroxyl
group from 5 results in 10 and its isomer 11. Figure 2d demonstrates
that 7 is another reaction intermediate obtained from 1 by dehydra-
tion over H-MOR with a reaction rate of 15.1 mmol I h™. Intermediate
7 can be hydrogenated to 8 and 9 with an overall hydrogenation rate
0f23.9 mmol I h™’. Intermediates 8 and 9 can then be converted to 6
and 10 +11. C-C bond cleavage in 10 results in the main monomeric
products13and 14 with an overall reaction rate of 2.6 mol I h™ (Fig. 2e).
Relevant to cleavage of the alkyl-alkyl moiety in 10 is the observation
of compound 12 with a C=C bond that allows C-C bond cleavage via
B-scission over H-MOR. Note that 10 was not converted by Pt cata-
lysts supported on SiO,, Nb,Os, Al,O; and TiO, containing Lewis acid
and basic sites (Supplementary Table 4). This demonstrates that the
Brgnsted acid sites in H-MOR are indispensable for alkyl-alkyl cleav-
age. The cracking of 6 should also be considered as a pathway to the

monocyclic products. The contributions of cracking via intermedi-
ates 10 and 6 were then investigated by studying their conversionsin
separate experiments.

The conversion of bicyclohexyl (10) over Pt/H-MOR resulted in
13 and 14 as monocyclic products (Supplementary Fig. 5a), confirm-
ing that alkyl-alkyl bonds can be cracked by our approach. Unlike
for 1, the conversion of 10 led to heavier products (Supplementary
Note 2). Cracking was also achieved with a physical mixture of Pt/
Si0, and H-MOR (Supplementary Fig. 5b), but not with Pt/SiO, or
H-MOR (Supplementary Table 4). This confirms the bifunctional
nature of the cleavage of 10**. Different from the conversion of 1,
cyclohexylcyclohexene (12) was not observed during the conver-
sion of10. However, by lowering the hydrogen pressure to 5 bar, this
intermediate was observed (Supplementary Fig. 6). Aspecific aspect
of bifunctional hydrocracking of hydrocarbons is that the distance
between the two catalytic functions affects the overall rate®. In the
present work, thisis evident from the substantially higher C-C cleav-
age rate of 10 for Pt/H-MOR (2.6 mmol I h™) than for the physical
mixture of Pt/SiO,and H-MOR (0.8 mmol I"* h™), suggesting that slow
diffusion of unsaturated intermediates between Pt and acid sites
suppresses the overall rate.

We then studied C-C cleavage in the unsaturated intermedi-
ate cyclohexylbenzene (6) observed during the conversion of 1 over
H-MORwithout hydrogen (Supplementary Fig. 7a). Products 13,14 and
benzene (15) were formed as the main monocyclic products, confirm-
ing that the aryl-alkyl moiety in 6 can be directly cleaved by H-MOR.
The observation of small amounts of cyclohexene (16) and 1-methyl-
cyclopentene (17) suggests that dehydrogenation of the cyclohexyl
ring in 6 is a possible pathway. The observation of H, in the gas phase
during this experiment confirms this (Supplementary Fig. 8). AL,O,
with mainly Lewis sites did not convert 6 under identical reaction
conditions. This further supports the conclusion that strong Brgn-
sted acid sitesin H-MOR are the active centers for aryl-alkyl cleavage.
Notably, the conversion of 6 on Pt/H-MOR under aH, pressure of 40 bar
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(Supplementary Fig. 7b) led to the formation of similar products.
However, products16 and 17 were not observed, presumably because
they were rapidly hydrogenated. The reaction rate of 51.1mmol I h™?
obtained with Pt/H-MOR was more than five times higher than with
H-MOR. This difference is a strong indication that, although direct
cracking of 6 on strong acid sites is possible, the bifunctional con-
version of 6 via phenylcyclohexene is much faster. From the model
compound studies, we can infer that 1is mainly converted through
hydrocracking of 6 with a small contribution of cracking via 10. This
is further supported by the nearly similar yields of 13 and 14 dur-
ing the conversion of 1and 6, while the conversion of 10 also led to
heavier products.

Togainamolecular-level understanding of the C-Cbond cleavage
mechanism over zeolitic Brgnsted acid sites, we performed density
functional theory (DFT) calculations. To facilitate such calculations for
zeolite, we employed an H-FAU zeolite model (Supplementary Fig. 9)
instead of H-MOR. Compared with the more complex MOR topol-
ogy, the faujasite zeolite topology comprises a network of uniform
supercages with only one crystallographically distinct T site. Cata-
lyticexperiments showed that H-MOR and H-FAU display comparable
catalytic behavior (Supplementary Table 5). Various reaction pathways
were explored for the cracking of the C-Cbond in 12 (1-cyclohexylcy-
clohexene, C,C") (Fig. 3), which was observed as an intermediate in
the cracking of 10. The activation of C,C,~ over zeolite Brgnsted acid
sites (Zeo-H") occurs via protonation of the C-C double bond, which
proceeds either via transition state 1 (TS1) to a tertiary carbenium

ion (C,C™) or via TS2 to a secondary carbenium ion (C,C¢*¢). As
expected, forming a tertiary carbenium ion requires a lower reac-
tionbarrier (AF” =32 k) mol™) than that of a secondary carbeniumion
(AE*=72KkJ mol™). The conversion of C,C¢" to C,C,** can be achieved
by a1,2-H shift (TS3, AE” = 61 kJ mol™), which is followed by C-C bond
cleavage to form the C, products13 and 14. The cracking of the C,C**¢
carbenium occurs via B-scission (TS4, AE* =117 k) mol™), whichyyields
a secondary C, carbenium along with cyclohexene (C,**¢/Cy7). C¢*¢
can deprotonate to another cyclohexene molecule or isomerize to
abranched 5-ring structure (CH,;C;*™). The isomerization of C;*“ to
CH,Cs*"occursintwo steps, in which C;*isfirst rearranged to CH,C**
andthento CH,C;*“"viaal,2-Hshift with respective activation barriers
of 52 and 33 k) mol™ (Supplementary Fig. 10). The deprotonation of
C*¢and CH,C*“"yields cyclic alkenes, which will be hydrogenated to
cyclohexane and methylcyclopentanein the presence of ahydrogena-
tion function such as Pt*. As cyclohexane and methylcyclopentane
were observed as the main products during the conversion of 10, it is
reasonableto concludethat C-Cbond cleavage canalso occur viainter-
mediates with a cyclohexyl-methylene-cyclopentane skeleton. DFT
calculations indicate that forming such intermediates (for example,
C,CH'Cy)isfacile viaisomerization of C,C.** with arelatively low barrier
(TS5, AE* =27 k) mol™). To obtain two cyclic compounds via B-scission,
the C,CH'C;intermediate should be converted toacarbeniumionwith
the positive carbon center either in the 5-ring or the 6-ring (C,CH,C;*",
C¢CH,Cs*¢, C4*"CH,C; and C¢**“CH,C;). The formation and intercon-
version of these carbenium ions can be achieved by intramolecular
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Pt/C (b) and lignin oil after hydrocracking of AAF oligomers over Pt/H-MOR
(c). Reaction conditions: AAF oligomers (1.0 g), 500 mg 1 wt% Pt/H-MOR or
100 mg commercial 5 wt% Pt/C, 40 ml of n-pentane, 300 °C, 40 bar H,and 24 h.
d, Hydrogenolysis of AAF oligomers over Pt/C resulted in amonomer yield

Condensed oligomers

0f10.6% via C-O cleavage. A substantially improved monomer yield of 54.0%
over Pt/H-MOR was achieved via reductive C-C and C-O cleavage developed
using Pt/H-MOR. e, GPC of AAF oligomers (black line), lignin oil obtained after
hydrogenolysis of AAF oligomers over Pt/C (blue) and lignin oil obtained after
hydrocracking of AAF oligomers over Pt/H-MOR (red).

H shifts with activation barriers in the range of 3-58 k] mol™ (Sup-
plementary Fig.11). Depending on the location of the positive carbon
center, -scission of C,CH'C;-derived carbeniumions (TS6-9) leads to
different combinations of cyclic reaction products (Supplementary

Fig.12). Acomparison of the energy profiles indicates that these C-C
bond cleavage pathways may provide an alternative to 3-scission from
C,C¢*, although the latter route remains the most favorable (Fig. 3 and
Supplementary Table 6).
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Additional DFT calculations (Supplementary Note 3) demonstrate
that a reaction pathway for the C-C cracking of phenylcyclohexene
has a low barrier of 86 k] mol™, which compares favorably with the
barrier of 117 k) mol™ for cyclohexylcyclohexene. This explains the
preference for C-C cleavage in 6 over 10. Moreover, the direct C-C
bond cleavage in phenylcyclohexane is also possible with a barrier of
134 k) mol™. These results can explain the experimental finding that,
although monomer formation from 6 is possible with H-MOR, the rate
with Pt/H-MOR is much higher.

Based on this comprehensive understanding of C-C cleavage,
we explored different substrates (Fig. 4). Biphenols substituted at the
2-2’-positions were evaluated at a reaction temperature of 260 °C. It
is encouraging that different 2,2’-substituents (1a and 1b) also led to
monocyclicproductsingoodyields. A substrate without hydroxyls (1c)
required a higher reaction temperature (280 °C) to achieve a decent
conversion to monocyclic products. Besides biphenol compounds
with 5-5"bonds, compounds with -1’ linkages with hydroxyls placed
atdifferent positions at the carbon bridge were also evaluated. Conver-
sion of such -1’ linkages (20, 20a and 20b) required a temperature
of280 °C. The lower reactivity of such compounds compared to1a,1b
andIcindicates that oxygen-containing substituents on the aromatic
ring facilitate hydrogenation and subsequent aryl-alkyl cleavage. In
additionto -1/, bicyclic model compounds with methylene linkages
(19 and 19a) representing o.—1’ bonds were converted. Such bonds
are typically found in technical lignins due to self-condensation or
formaldehyde-induced condensation of lignin fragments during acidic
and alkaline fractionation®”**, Compared with 5-5" and -1’ bonds,
achieving a high yield of monocyclic products by cleavage of the
a-1"bondsin19 and19a demanded a higher reaction temperature of
300 °C.Theincreasein the temperature required to selectively cleave
5-5’, -1’ and a-1’ bonds did not correlate with their bond dissocia-
tionenergies, suggesting that C-C cleavage was also affected by other
aspectssuchasthe presence of hydroxyl groups on the aromaticring
in the B-1’ linkage. 1,4-Diphenylbutane (21), employed to represent
the B-p’ linkage, could be converted to monocyclic hydrocarbons
with ayield of 98%. It was also found that a bulkier trimer compound
(5-5"trimer, 1d) could be decomposed into monocyclic compounds
with a high yield at a temperature of 280 °C, further confirming the
promise of our approach.

With a reliable approach for selectively cleaving C-C bonds in
hand, we were motivated to examine the potential of depolymerizing
oligomers obtained by aldehyde-assisted fractionation (AAF oligom-
ers; Extended Data Table 1 and Fig. 5). The feedstock was obtained by
fractionation of hardwood usingisobutyraldehyde as a capping agent
to hinder recondensation, followed by catalytic hydrogenolysis of the
isolated lignin®. The depolymerization of these AAF oligomers over
Pt/H-MORYyielded 54.0% monocyclics at 300 °C (Extended Data Table 1
and Supplementary Table 7). For comparison, hydrogenolysis with
Pt/C as a catalyst and oxidation with alkaline nitrobenzene oxidation
(NBO) gave respective monomer yields of10.6% (Extended Data Table 1
and Supplementary Table 8) and 9.5% (Extended Data Table 1and Sup-
plementary Table 9), suggesting that the monomer yield related to
C-0 bond cleavage was ~10%. Thus, the fivefold increase to 54.0% in
monomer yield over Pt/H-MOR results from C-Cbond cleavage, inline
with the predominance of such linkages in the AAF oligomers (Fig. 5a
and Supplementary Table 10). C-C bond cleavage was confirmed by
observing partially hydrogenated bicyclic compounds after 1 h and
their cleavage to monomers after 4 h (Supplementary Figs.13and 14).
Whereas five different dimeric compounds containing -/, 5-5/,
-1/, 3-5 and B-1’ linkages were observed in the lignin oil obtained
with Pt/C (Supplementary Fig. 15), these compounds were absent
with Pt/H-MOR as the catalyst (Supplementary Fig. 16). The occur-
rence of C-C cleavage was further supported by acomparison of "H/*C
2D heteronuclear single quantum coherence (HSQC) spectra of the
AAF oligomers (Fig. 5a) and the lignin oils extracted upon conversion

with Pt/C (Fig. 5b) and Pt/H-MOR (Fig. 5c). The AAF oligomers were
composed of S (syringyl)-derived phenylpropanol, G (guaiacyl)
and H (p-hydroxylphenyl) building blocks with an S/G/H ratio of
64.8/34.8/0.4, which are connected by -0-4’ (A), -5’ (B) and -’
(C) linkages. After depolymerization, the -5’ (B1) and 3’ (C3) link-
ages remained intact, with Pt/C (Fig. 5b,d) accounting for 9.8% of the C,
unitsinthereacted lignin, similar to the content in the parent lignin. In
contrast, 35 and -’ bonds were completely cleaved with Pt/H-MOR
(Fig. 5¢,d). Correspondingly, the H content of the lignin oil obtained
with Pt/Cslightly increased to 1.2% (S/G/H = 47.9/50.9/1.2), which was
accompanied by a decrease in the number of methoxy groups. The
increase in the H content to 65.1% (0/34.9/65.1) with Pt/H-MOR can be
explained by the high deoxygenation activity of our catalyst. The use
of the bifunctional Pt/H-MOR catalyst led to asignificant reduction of
the molecular weight (M,,) of the condensed oligomers to 497 g mol™, in
comparison with the value of 882 g mol™ for the lignin residue obtained
with Pt/C, as determined by gel permeation chromatography (GPC;
Fig. 5e). The Pt/H-MOR catalyst could be reused at least four times
without any loss of activity in the conversion of AAF oligomers (Sup-
plementary Note 4). The utility of our approach was further assessedin
the upgrading of lignin oligomers obtained by the RCF of birchwood.
The RCF stepyielded alignin oil containing 42.3% monomers. Further
conversionoftheligninoil over Pt/H-MOR increased the total monomer
yieldto 76.9%, representing a nearly twofold increase over the theoreti-
cal maximum monomer yield (Supplementary Note 5).

The broader utility of our approach towards technical lignin was
established for arange of lignins fractionated from hardwood and soft-
wood using methods such as acid methanolysis (methanolysis lignin),
sulfite pulping (Kraft lignin), alkaline pulping (soda lignin), alkaline
pulping with methanolysis (soda-methanolysis lignin), supercritical
water extraction (water-extracted lignin) and acid hydrolysis with
enzymolysis (enzymatic-hydrolysis lignin) (detailed information is
provided in Supplementary Tables 10-13). In all cases, this approach
led toasignificantimprovement of the monomeryield (Extended Data
Table 1), that is, by 16.8% for the methanolysis lignin (Supplementary
Fig.17), 6.0% for the Kraft lignin (Supplementary Fig.18),12.0% for the
sodalignin (Supplementary Fig.19), 12.4% for the soda-methanolysis
lignin (Supplementary Fig. 20), 8.6% for the water-extracted lignin
(Supplementary Fig. 21) and 7.9% for the enzymatic-hydrolysis lignin
(Supplementary Fig. 22), referenced to values obtained by NBO and
Pt/C hydrogenolysis. The HSQC and GPC results (Fig. 5 and Supple-
mentary Figs. 17-22) showed that the -5’ and -’ linkages in the
seven lignins were completely cleaved during their conversion with
the Pt/H-MOR catalyst, while most remained intact with Pt/C. This
differenceillustrates that the type of C-Clinkage did not significantly
affect the monomer yield achieved by our approach. Among the sig-
nificantimprovements in monomer yield, the extent of C-C cleavage
was highest for the AAF oligomers. Comparison of typical properties
that can serve as indicators to predict the monomer yield, such as
B-0-4' content™ (Supplementary Fig. 23a),S/G ratio*° (Supplementary
Fig.23b) and molecular weight* (Supplementary Fig. 23¢), did not pro-
videasatisfactory explanation for the outstanding results obtained with
the AAF oligomers. Instead, we speculate that the H content plays an
importantrole (Supplementary Fig.23d). Although the water-extracted
ligninhasahigher H content thanthe AAF oligomers, itis poorly soluble
in various apolar solvents, which can explain the poor C-C cleavage
performanceinour approach. The substrate scope study showed that
cleaving the C-C bond in the compound representing H units (1in
Fig. 4) is much easier than others. This aspect can be further utilized
infuture studies by employing a larger population of natural variants
to perform multivariate studies*.

We then designed a process involving our C-C bond cleavage
approach (Fig. 6a, Supplementary Fig. 24 and Supplementary Table 14)
to perform a techno-economic analysis (TEA) and a life-cycle assess-
ment (LCA) for a biorefinery based on AAF oligomers. The process

Nature Chemical Engineering | Volume 1| January 2024 | 61-72

67


http://www.nature.com/natchemeng

Article

https://doi.org/10.1038/s44286-023-00006-0

a
Pentane and jet fuel recovery Flue gas
C,-C, gas ) K
PSA
C-C, gas @ Combustor
(’? E] Pentane
Reactor ~ C,-C, gas /:/ Jet+gaso
o TN Separator 2 Pentane
Lignin  —— Pentane ~N Jet+gaso
A () FPentane | f’ Separator 4
Pentane —— 4/ ~
Pentane Separator 1 Penta A }——— Wastewater
T Jet+ entane Separator 3
et+gaso Jet+gaso (‘?—' Jet fuel
H,O H,O
) L2 2 k—\ Jet+gaso Separator 5
Jet: jet fuel Lignin residue ~
Gaso: gasoline Lignin residue AO0— Gasoline

b
1,079.1 jet+gaso 1079.1 jet+gaso
. Pentane
2,000.0 lignin 102.5 water 13.4 )
Pentane 3.4 water 89y
" Wartey.
49.2 gas
S 49.2.gas
‘%{9 g
50,400 pentane /’9/7/.
2
fe@’c/
Y
86'2.
//9/7/
/es,Q/Ue
C d 00
Vil | o+BHY"+3 @
__ 801
Vil | o+f'+y'+S' P
33 691
Vi | oty s 838 -
Do 40 4
8 v | 0(+B+VI+6" g g
5 53 ] =
3w | oe+pry+3" g
@ 04 | =]
il o+By'+3"| 20
i 0'+B+V'+6'"| %Q‘{“ %‘% «*\\\ \c}d\ szxf\v
X 4(\6 c‘)\S Q
! l:l oY+ © & &® “.‘\0\
T T T T {\\(\ \Q\e‘ \00
0 5 10 15 20 25 N @ \@G
Minimun fuel selling price (US$/GGE) @‘\e @’
@
@
Q\

Fig. 6 | Process layout and details of the proposed AAF oligomers refinery.

a, Proposed block flow diagram to produce jet fuel and gasoline components from
the reductive cleavage of C-C bondsin lignin. b, Mass flows (t d™) of the lignin
biorefinery. ¢, Minimum jet fuel selling price (MFSP) for various scenarios based
on a West Texas Intermediate (WTI) price of US$96.5 per barrel and a gasoline

price of US$1,161.1 per ton. H, consumption is based on the oxygen content in the
model compound (f-0-4’, «) and lignin (elemental analysis, ’); H, recycle: Yes
(B) and No (’); combustion of lignin (y), pentane (y’), and gasoline and lignin (y');
solventloss at 0.2% (8),1% (8’),3% (6”) and 5% (8”). d, Global warming potential
(GWP) (gC0O,e per M) product) of biofuel in different scenarios.

involves the complete hydrodeoxygenation (HDO) of the intermediates
obtained by the C-C bond cleavage strategy. The product consists of
alkylated cyclohexanes and monoaromatics withagasoline-range C,—
Cgfraction (74.9%) and a fraction of C,—C,, compounds (25.1%), which
can be blended with (renewable) jet fuel (Supplementary Table 15).
Renewable jet fuel can be derived from various sources, such as syn-
thetic paraffinic kerosene (SPK) obtained by Fischer-Tropsch synthe-
sis*®, biomass-derived synthetic paraffinic kerosene (Bio-SPK)** and
hydroprocessed esters and fatty acids (HEFA)* from animal fats and
plant oils, which mainly consist of n- and iso-alkanes. According to
ASTM D7566-14a*, jet fuel should contain at least 8 vol% of aromatics

and up to 15 vol% of cycloalkanes, which can be obtained from the
proposed catalytic process by liquid-solid separation (separator 1)
and liquid fractionation (separators 3 and 5). The water formed dur-
ing lignin HDO ends up in the wastewater stream from separator 4.
The gaseous mixture comprising C,-C, gases, n-pentane and H, is fed
tothe condenser (separator 2), in which n-pentane, together with the
collected n-pentane and biofuel from separator 4, is recycled back to
thereactor. The remaining gas mixture of C,~C, hydrocarbons and H,
isprocessedinthe pressure swing adsorption (PSA) section, separating
the C,-C,components from H,, the latter being recycled to thereactor.
The C,-C,gasandtheligninresidue from separator1are combusted for
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heatrecovery. The mass flowsin Fig. 6b (also Supplementary Tables 16
and17) show that the conversion of 2,000 tons of AAF oligomers yields
270.1tons of jet fuel and 809.0 tons of gasoline, corresponding to
54 wt% of the lignin intake. The HDO process consumes 24% of the H,,
while 2% of the H, is lostin the liquid—-gas separation and PSA processes.
Analysis of the carbon-based flows (Supplementary Fig. 25) reveals
that 49.9% of ligninis converted tojet fuel-compatible mixtures, gaso-
line, lignin residue and gas with carbon yields of 21.1%, 63.3%, 12.9%
and 2.8%, respectively. The remaining lignin (50.1%) was burned for
energy. The energy flows (Supplementary Fig. 26 and Supplementary
Table18) demonstrate that operating the biorefinery necessitates the
additional combustion of lignin to fulfill the remaining 39.4% of the
energy requirement.

The TEA of the proposed biorefinery (Fig. 6¢) was calculated for
adaily treatment 0of 2,000 tons of lignin*'. The combustor (32.7%) and
high-pressure reactor (25.3%) were the most expensive pieces of equip-
ment (Supplementary Fig.27). Concerning operational expenditure,
the feedstock was the most significant contributor to the manufactur-
ing cost (Supplementary Fig. 28 and Supplementary Tables 19 and 20).
Eight different scenarios (Supplementary Table 21) were compared,
considering the mode of H, consumption, H, recycle, solvent loss
and feedstock/product combustion on the operating cost. The mini-
mum fuel selling price (MFSP) was determined using a 10% discount
rate without considering taxation. The selling price of the product
was adjusted to achieve a net present value (NPV) of zero. Based on
the design and economic basis (Supplementary Table 22), scenario
Ireached the lowest MFSP of US$1.51 per gasoline gallon equivalent
(GGE). Thiswas mainly due to the higher yield of target products, such
as gasoline, and the reduced solvent consumption through lignin
combustion. Given the current pricing of jet fuel and gasoline, the
optimized scenario | offers a rough internal rate of return of 23.0%
and a payout time of 6.6 years for a plant with a lifetime of 20 years
(Supplementary Table 23).

Wealso carried outan LCA of this process (Fig. 6d, Supplementary
Fig. 29 and Supplementary Tables 24-27). Optimized scenario | was
compared to standard scenarios, including SPK* and Bio-SPK**. As
expected, scenario I showed the lowest greenhouse-gas emissions at
20.4 gCO,e MJ jet fuel and gasoline, giving respective decreases of
55.0% and 77.1% compared to Bio-SPK and SPK. The greenhouse-gas
emissions would decrease to 0.47 gCO,e M) jet fuel and gasoline using
renewable electricity and H,, unveiling the possibility for aCO,-neutral
lignin biorefinery aimed at fuel production.

Current biorefining efforts remain strongly hampered by the
low value of lignin waste, even when part of the lignin can be valorized
into valuable building blocks in the lignin-first approach. The present
study demonstrates atechnology to convertrecalcitrantligninsources
rich in C-C bonds into valuable products for sustainable aviation
purposes, contributing to reducing the carbon footprint of this hard-
to-abate sector interms of greenhouse-gas emissions. The developed
catalytic approach selectively disrupts various C-C linkages without
pre-functionalization under relatively mild conditions. It is based on
the synergistic action between a Pt (de)hydrogenation function and
Brgnsted acid sites confined in the micropores of zeolite. We have dem-
onstrated that this hydrocracking strategy is effective for upgrading
oligomers obtained by aldehyde-assisted fractionation or RCF from
lignocellulosic biomass, as well as various technical lignins, underpin-
ning the broad utility of our approach. As such, this technology can
be easily integrated into different biorefining schemes, bringing the
valorization of some 70 million tons of lignin waste annually produced
closer toreality.

Methods

Preparation of catalysts

Pt was loaded on various support materials by wetness impregna-
tion. In a typical synthesis, 1.0 g of H-MOR was suspended in a

tetraammineplatinum(ll) nitrate solution, prepared by dissolving
0.0198 g (Pt(NH;),(NO,), in 20 ml of deionized water. After stirring
for 2 h, the mixture was dried at 80 °C overnight. The powder was cal-
cined in flowing artificial air at 300 °C for 4 h, followed by reduction
ina 50 vol% H, in He flow at 300 °C for 4 h (1°C min™). The Pt content
of Pt/H-MORwas -1 wt%. Na-exchanged H-MOR catalyst was prepared
by three times ion exchange with a1 M NaNO; solution at 40 °C for
24 h, followed by centrifugation and drying at 80 °C overnight. The
Pt/Na-MOR zeolite was obtained in the same way as Pt/H-MOR. Pt was
loaded on other support materials in the same way. Ru/H-MOR, Ni/H-
MOR and Cu/H-MOR were obtained by incipient wetness impregnation
using aqueous solutions of RuCl,, Ni(NO,),:6H,0 and Cu,(NO,),,-5H,0,
respectively, of appropriate concentration under vigorous stirring
for2 h. Theresulting solid mixture was dried, calcined and reducedin
the same way as the Pt-containing zeolites, except for the Ru/H-MOR
zeolite, which was calcined in He.

Conversion of lignin model compounds and lignins

In lignin model compound conversion studies, the substrate
(20 mmol I") and catalyst (50 mg) were loaded into a100-ml Parr reac-
tor with n-pentane (40 ml) asthe solvent. Once closed, the reactor was
purged with N, five times and charged with H, at 40 bar. The reactor
was heated to the desired temperature, followed by a dwell under
stirring (650 r.p.m.). Liquid products for gas chromatography (GC)
analysis were sampled during the experiment. After the reaction, the
reactor was cooledinanice bath until the temperature was below 10 °C,
at which time the gaseous products were collected for GC analysis.
In lignin conversion studies, 1.0 g of lignin powder was mixed with
500 mg of solid catalyst. The remaining procedure was the same as
described above.

'H-C HSQC NMR of lignin

Approximately 100 mg of dried lignin was dissolved in 0.7 ml of
dimethylsulfoxide-d, (DMSO-d,). NMR spectra were recorded using
a VARIAN INOVA 500-MHz spectrometer equipped with a 5-mm ID
Auto ID PFG probe (128 scans acquired from 0 to 16 ppm in the F2 (*H)
dimensionwith1,200 data points (acquisition time 10 ms) and 44 scans
with 0 to 200 ppm in the F1 (®*C) dimension with 256 tl increments
(acquisition time 10 ms) and 2-srelaxation time). Data were processed
using MestreNova software. The DMSO solvent peak was used as an
internal reference (6. =39.5 ppm, 6,,=2.50 ppm). Semi-quantitative
analysis of the HSQC NMR spectra was done by integration of the
correlation peaks in the different regions of the spectra according to
literature methods". The relative quantity of side chains involved in
theinter-unit and terminal substructuresis expressed as anumber per
100 aromatic units (S + G).

Derivatization and analysis of dimers in lignin oils
Derivatization was performed as described previously*°. Dried lignin
oil samples were prepared for dissolving in dichloromethane to obtain
a10-mg-ml™ solution. Six hundred microliters of 10-mg-ml™ lignin
oil solution were added to a 2-ml GC vial, followed by the addition of
50 plof pyridineand 100 pl of silylating agent. N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane was used
as the silylating agent. As this compound reacts readily with water,
BSTFA was applied immediately after opening the cap, followed by
immediately closing the GC vial. The lignin oil, pyridine and BSTFA
solution were then heated for 30 min at 50 °C before being injected
onthe GC-MS.

Computational methods

Periodic DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP, version 5.4.4). The Perdew-Burke-Ernz-
erhof (PBE) functional was combined with the projector augmented
wave (PAW) method. The cutoff energy of the plane-wave basis sets
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was set to 500 eV. The Brillouin zone sampling was restricted to the
point. Van der Waals interactions were described by the DFT-D3 (B))
method. Structures were assumed to be converged when the force
on each atom was below 0.05 eV A™". The minimum-energy reaction
paths and corresponding transition states were determined by the
climbingimage nudged elastic band (CI-NEB) method. The maximum
energy geometries along the reaction path from CI-NEB calculations
were further optimized using a quasi-Newton algorithm. FAU zeolite
was simulated using a rhombohedral 48 T unit cell (Si,gOo). Bran-
sted acid sites were introduced by replacing one of the lattice Si with
an Al atom with a charge-compensating proton (H*) being added to
the anionic oxygen site (Supplementary Fig. 9). The cell parameters
were first optimized, followed by complete geometry optimization
with guest molecules with fixed lattice parameters (a=b=c=17.29 A,
a=B=y=60°).

Process design details for TEA and LCA

The process simulations were performed using Aspen Plus (V10.0).
ENVIRON was used as a method filter, and METCBAR was chosen as
the global unit. For modeling the equilibrium data of jet fuel and gaso-
line, the Soave-Redlich-Kwong equation of state (SRK) method is
used. Details on the assumptions for these process simulations and
input data are described in the Supplementary Information. Briefly,
the reactors were operated in a steady state, assuming uniform tem-
peratures and pressures in the reactors. The units were designed to
process 2,000 tons of lignin per day. The reaction conditions for the
hydrotreatment step were 300 °C, 4 MPa and areaction time of 24 h.
The lignin/n-pentane/hydrogen mass ratio was 1/25.2/0.19. The strip-
ping conditions used for gas-liquid separations were 25 °C and 3 bar.
The stripping conditions for the liquid-liquid separation were 40 °C
and avapor fraction of 0.9. The jet fuel and gasoline/water mass ratio
during separationis1/0.095. The combustion of C,-C, gas, H,and lignin
residues was carried out at 900 °Cand 1 bar. In the system, excess heat
isused to produce steam as aby-product. Moreover, gaseous products
(C,-C,gasand asmallamount of hydrogen) and lignin residues are fed
into the combustion chamber to supply heat.

Methodology for TEA

TEAincludesadetailed process flow diagram (based onresearch data),
rigorous materials and energy balance calculations (via Aspen Plus
simulation tools), capital and project cost estimation (percentages
of the total equipment costs and revenues'*), and calculations of anet
present value of zero (NPV) and aminimum fuel selling price. The pro-
jectlengthis20 years. The operation timeis 7,884 h per year. The total
plant cost includes equipment cost, other direct costs (installation,
building and auxiliaries) and indirect costs (engineering and contin-
gency). Direct costs are specified as 50% of equipment cost. Indirect
costsare calculated tobe 30% of equipment cost and direct costs. The
monetary price of the products and raw materials is considered as the
average market price in 2020. The lifetime of the Pt/H-MOR catalyst
was assumed to be one year.

Methodology for LCA

The system boundaries encompass a cradle-to-gate approach (Sup-
plementary Fig. 29), meaning that the analysis considers all stages in
the life-cycle of the products. These stages include hydrogenolysis of
the isolated lignin obtained during fractionation of hardwood using
isobutyraldehyde protection, transportation of AAF1 oligomers, and
the production of jet fuel and gasoline. The first two processes do not
consider CO, emissions, because AAF1 oligomers are considered a
by-product. The production of jet fuel and gasoline (Supplementary
Fig.24 andFig. 6a) includes hydrotreatment, liquid-solid separation,
liquid-liquid fractionation, hydrogen pressure swing adsorption (PSA),
liquid and gas circulation, and combustion. The input is composed of
catalyst, hydrogen, pentane and electricity. The CO, emissions for the

usage of jet fuel and gasoline are notincluded due to the carbon-neutral
property of AAF1oligomers.

The GWP was studied using SimaPro software (9.4.0.1). The Ecoin-
vent3and Industry data2.0 LCl databases were used to determine the
environmental impact of the existing technologies and production
processes. ‘Cut-off, S’ is selected as the model to analyze the GWP of
thefeedstock. The datainthe process are determined from laboratory
experiments, whichare simulated on anindustrial scaleaccompanied
by the TEA. The allocation of CO, emission is based on the economic
value of the products. The assessment method used was IPCC 2013
GWP100a.

Data availability

Alldataare available within the manuscript and Supplementary Infor-
mation. The atomic coordinates of the optimized computational mod-
els are provided in Supplementary Data 1. Source data are provided
with this paper.
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Extended Data Table 1| Monomers obtained from various technical lignins using different methods, including alkaline
nitrobenzene oxidation (NBO), Pt/C-catalyzed hydrogenolysis, and Pt/H-MOR-catalyzed hydrocracking

Entry Lignin source Monomer yield (mol%)
C-O Cleavage C-O and C-C cleavage C-C cleavage!
NBO? Pt/Cb ¢ Pt/H-MOR® ¢
1 AAF oligomers 9.5 10.6 54.0 44.0
2 Methanolysis 33 5.5 21.2 16.8
3 Kraft 11.5 10.8 17.1 6.0
4  Soda 7.3 7.5 19.4 12.0
5 Soda 8.8 9.4 21.5 12.4
6  Water-extracted 7.9 8.6 16.8 8.6
7  Enzymatic-hydrolysis 3.7 4.9 12.2 7.9
8  Birch wood - 42 .3f 76.9 34.6

4 Monomer obtained from alkaline nitrobenzene oxidation (NBO).

b Monomer obtained from hydrogenolysis over commercial Pt/C.

¢ Monomer obtained from hydrocracking over Pt/H-MOR.

4 Improved monomer yield results from the C—C cleavage; defined as Pt/H-MOR — (NBO + Pt/C)/2.

¢ Reaction conditions: Lignin (1.0 g), 500 mg 1 wt% Pt/H-MOR or 100 mg commercial 5 wt% Pt/C, 40
mL n-pentane, 24 h, 300 °C, and 40 bar H.

fConventional RCF process with the theoretical maximum monomer yield.

2Monomer obtained from alkaline nitrobenzene oxidation (NBO). "Monomer obtained from hydrogenolysis over commercial Pt/C. *Monomer obtained from hydrocracking over Pt/H-MOR.
dImproved monomer yield results from the C-C cleavage; defined as Pt/H-MOR - (NBO + Pt/C)/2. °Reaction conditions: Lignin (1.0g), 500 mg 1wt% Pt/H-MOR or 100 mg commercial 5wt%
Pt/C, 40 mL n-pentane, 24h, 300°C, and 40 bar H2. {Conventional RCF process with the theoretical maximum monomer yield.
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