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Abstract

Biomass fast pyrolysis has emerged as a highly promising technology for producing renewable
fuels and chemicals. However, the inherent multi-scale and multiphase nature of the process and
the heterogeneous nature of biomass feedstocks typically lead to low selectivity toward each bio-
oil molecule, posing significant commercialization challenges. Molecular-level understanding of
the biomass pyrolysis reaction kinetics considering the interactions between the main constituents
(i.e., cellulose, hemicellulose, and lignin) is essential to advance the macroscopic design, scale-up,
and optimization of the process. In this work, microreactor experiments were conducted to
determine the effects of lignin structures on the yields of cellulose-derived products during
pyrolysis. We show that levoglucosan formation is inhibited by the B-O-4 lignin linkages or
catalyzed by the 5-5 linkages, glycolaldehyde formation is catalyzed by the $-O-4 linkages or
inhibited by the 5-5 linkages, and 5-hydroxymethylfurfural formation is inhibited by either linkage.
Density functional theory calculations reveal that these catalytic and inhibitory effects on cellulose
fast pyrolysis are induced by noncovalent interactions between cellulose and lignin. The molecular-

level picture of cellulose—lignin interactions uncovered in this work paves the way for further use
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of genetic engineering to grow new genotypes of biomass for selective production of value-added
chemicals and machine learning approaches to obtain correlations between biomass structures and

product yields for biomass fast pyrolysis.
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Introduction

Bioenergy is the most predominant contributor to renewable energy, accounting for approximately
55% of global renewable energy use and more than 6% of global energy supply in 2021.! Among
various biomass conversion methods, fast pyrolysis, which is thermal decomposition in the absence
of oxygen, offers an inexpensive and simple route toward producing renewable fuels and
chemicals.? Fast pyrolysis of lignocellulosic (inedible) biomass can lead to liquid (i.e., bio-oil)
yields as high as 75 wt% under typical operation conditions (e.g., temperature of 400-600°C and
residence time of less than 10 s).> However, the inherent multi-scale and multiphase nature of the
pyrolysis process and the heterogeneous nature of biomass feedstocks typically lead to diverse
product distributions where low selectivity toward each bio-oil molecule is commonly observed,

presenting significant challenges in its commercialization.?*

Three main biomass constituents exist: cellulose (CE, 30-55 dry wt%), hemicellulose (13-35 dry
wt%), and lignin (14-36 dry wt%).* Trace amounts of extractives (e.g., tannins, fatty acids, and
resins) and alkaline earth salts (e.g., potassium, sodium, etc.) are also present. CE is a linear
homopolymer of D-glucose connected with -1,4-glycosidic linkages, decomposing at 315-400°C
due to its highly crystalline structure held by hydrogen bonds and van der Waals forces.’
Hemicellulose is an amorphous polymer of various monosaccharides such as D-xylose, D-glucose,
and D-mannose. It is the least thermally stable, decomposing at 220-315°C. Lignin decomposes at
a wider temperature range of 160—900°C. It has an amorphous, cross-linked structure produced by
the polymerization of three major monolignols (viz., p-coumaryl alcohol (H), coniferyl alcohol
(G), and sinapyl alcohol (S)) in the plant cells, which are connected by various types of C—O and
C—C linkages.® The abundance of these monolignols as well as linkages significantly varies

dependent on the plant types and the pretreatment methods used.®!!
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The interactions between the three biomass constituents are inherently intricate in the plant cell
wall, involving covalent bonds and noncovalent interactions (NClIs) such as hydrogen bonds, nt-rt
stacking, and van der Waals forces.> When operating in concert, such NCIs can result in differences
in Gibbs free energy, leading to transition-state stabilization or destabilization.!>!? Understanding
the effects of these interactions at the molecular level is essential to the macroscopic process design,
scale-up, and optimization of biomass fast pyrolysis technologies to obtain the most desirable
product distributions.>!* In particular, the interactions between CE and lignin during fast pyrolysis
has been a subject of extensive research over the last two decades, yet no conclusive consensus has
been reached.!>!” Early experimental studies postulated that CE-lignin interactions affect
secondary decomposition of levoglucosan (LG, 1,6-anhydro-f-D-glucopyranose). However,
contradictory findings in LG yields lead to different hypotheses regarding the effects of lignin in

the literature, 82!

where inhibited LG polymerization, inhibited LG degradation, or catalyzed LG
degradation is proposed. These differences may be attributed to the variability of lignin structures
derived from various feedstocks, where different CE-lignin interactions and resulting pyrolysis
pathways are present.?! Elucidating how these interactions alter CE pyrolysis pathways in the
condensed phase requires the use of isotopic labelling or quantum chemistry calculations.?? The
latter is known to be an inexpensive means to obtain insights into the reaction mechanism and
kinetics of biomass pyrolysis. Our recent study on co-pyrolysis between CE and thermoplastics
suggests that the formation of CE-derived products such as LG, glycolaldehyde (GA), and 5-
hydroxymethylfurfural (5-HMF) is catalyzed or inhibited by NCIs induced by functional groups in
molten thermoplastics.?®> These NCIs between CE and thermoplastics altered formation kinetics of

CE-derived volatiles and thus their yields. Similar NCIs could also be present between CE and

lignin, potentially affecting reaction kinetics of biomass fast pyrolysis.
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In this study, a combined experimental and quantum chemistry approach is used to elucidate the
effects of the NCIs between CE and lignin on CE fast pyrolysis. A microreactor was designed to
perform pyrolysis experiments under vacuum, reducing vapor residence time and precluding
secondary degradation reactions in the gas phase. Co-pyrolysis experiments of CE with two
different lignin dimers, namely guaiacylglycerol-f-guaiacyl ether (a G-B-O-4-G model compound)
and 2,2'-dihydroxybiphenyl (a H-5-5-H model compound), were conducted, allowing studying the
effect of different lignin linkage motifs. Density functional theory (DFT) calculations were also
performed to investigate the formation pathways of key CE-derived products using cellobiose as a
model compound. The DFT-calculated rate parameters of cellobiose decomposition into LG, GA,
and 5-HMF in the presence of lignin dimers were compared to the experimental selectivity toward
these products. This work demonstrates how lignin linkage motifs can modulate the kinetics of
critical reaction pathways of CE fast pyrolysis by inducing NCls, leading to catalytic (accelerated)

or inhibitory (decelerated) effects.

Methods

Materials. Microcrystalline CE (degree of polymerization = 219, bulk density = 0.28 g mL!") was
purchased from Alfa Aesar. G-B-O-4-G (97+%, My = 320.34 g mol'!) was purchased from TCIL.
H-5-5-H (99%, My, = 186.21 g mol"!, density = 1.34 ¢ mL!) and octacosane (C28, 99+%, My, =

394.77 g mol!, density = 0.8067 g mL™") were purchased from Thermo Scientific Chemicals.

Sample preparation. CE thin-film samples with a thickness of 111.84 um were prepared in copper
sample holders according to the thin-film deposition method used in Paulsen ef al.?* The thickness
of the binary samples containing CE and one of C28, G-B-0-4-G, and H-5-5-H was kept constant
at 223.68 um by changing mass loadings according to their individual density. The mass loadings

of CE, C28, G-B-0-4-G, and H-5-5-H in the neat and co-pyrolysis experiments were 5.00, 2.60,
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4.05, and 4.25 mg, respectively. These binary samples were mixed homogeneously and melted at
120°C according to the method described in our previous work.?* In addition to the co-pyrolysis
experiments, neat pyrolysis of C28, G-B-0O-4-G, and H-5-5-H without CE was performed as

controls following the same procedure (with a thickness of 111.84 um).

Pyrolysis experiments. The pyrolysis and co-pyrolysis experiments were performed with a
custom-made batch reactor (Figure S1 of the Supporting Information) with a reaction time of 15
min according to the method used in our previous work.?> The temperature of the reactor was
controlled with a proportional—integral—derivative controller (Omega Engineering, CN742). Our
reactor was designed to carry out pyrolysis experiments under vacuum (<0.04 torr) in a closed
system where rapid heating of the samples was achieved via heat conduction. The reaction zone
was preheated to the target reaction temperature (500°C) before a copper sample holder was swiftly
dropped into the preheated reactor zone (500°C) by gravity from its initial position kept at room
temperature. Based on the heat transfer model presented in our previous work, the initial heating
rate of the samples in our experiments could reach as high as 2,300°C s!.2% This enabled us to study
the reaction kinetics of cellulose pyrolysis without heat transfer effects. Although our sample
thickness was larger, the LG yield (15.9 percent carbon) from our previous neat CE pyrolysis
experiment?® at 500°C was found to be comparable to those (11-20 percent carbon) from the thin-
film pyrolysis of samples of 10—50 pum in a Frontier micropyrolyzer,”> where chemical kinetics
was determined to be limiting.?* All the volatile products were collected in a condenser immersed
in a liquid Nz bath. The wall effects in our experiments were minimized by continuously removing
the volatile products via rapid thermal diffusion (mimicking semi-batch operations) into the
condenser and heating the reactor tube prior to dropping the copper sample holder. After each

reaction, the condenser tube was quickly removed from the liquid N> bath, and the volatile products
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within, along with those in the transfer line, were immediately extracted by equal volume of
methanol and dichloromethane. Each experiment was repeated three times in this work for

reproducibility. The standard deviations of the three runs are reported as error bars in the figures.

Analytical methods. The reaction products were analyzed by gas chromatography (GC) according
to the method reported in our previous work.??* Briefly, gaseous and liquid products were analyzed
using a Shimadzu GC-2010 Plus GC system equipped with a mass spectrometer and a flame
ionization detector (FID) and a Shimadzu GC-2014 system equipped with a thermal conductivity
detector and a FID. The mass of the produced char was calculated by the difference in weight of
the copper sample holder before and after the reaction measured by a Mettler Toledo XP105
analytical balance. Note that it was impractical to carry out condenser tube weighing at the end of
each experiment to measure the total mass of the volatile products due to the risk of losing the
products from evaporation. In addition, significant moisture condensation outside the condenser
tube wall was present due to low wall temperature caused by the liquid N> bath, preventing us from
accurate mass measurement. As a result, we opted for immediate extraction of the volatile products
in the condenser tube after each reaction, enabling the identification and accurate quantification of

these products via GC.

Computational Methods. DFT calculations were performed according to the method used in our
previous work.?® Briefly, theoretical kinetics and thermodynamics calculations were conducted in
the gas phase based on the M06-2X functional,?® 6-31+G(2df,p) basis set, and D3 London-
dispersion correction?’ using the Gaussian 16 package.?® Atomic charges were calculated with the
CHelpG scheme.? The quasi-rigid-rotor-harmonic-oscillator approach®® with cut-off frequency of
150 cm™! was employed to treat low-frequency vibrational modes. In our DFT calculations,

cellobiose and cellubiosan, dimers of CE containing a B-1,4 glycosidic bond, were used as
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surrogates to study the pyrolysis pathways of CE and active CE, respectively. Propane (C3) was
used as a surrogate for C28. Lignin model compounds include H, G, and S monomer units as well
as dimers connected with various linkages, including G-B-O-4-G, 1-(4-Hydroxyphenyl)-2-(2-
methoxyphenoxy)propane-1,3-diol (H-B-0-4-G), 1-(4-hydroxy-3-methoxyphenyl)-2-
phenoxypropane-1,3-diol (G--0O-4-H), 4-(1,3-Dihydroxy-2-phenoxypropyl)phenol (H-B-O-4-H),
3,3'-dimethoxy(1,1'-biphenyl)-2,2'-diol (G-5-5-G), H-5-5-H, and 4-(3-hydroxymethyl-5-(3-
hydroxyprop-1-enyl)-7-methoxy-2,3-dihydro-1-benzofuran-2-yl)-2-methoxyphenol  (G--5-G).
While using dimers as model compounds clearly has limitations in modeling possible effects
involving neighboring monomer units or linkages, particularly solvation effects where the impact
of chain length could be critical, they allow more accurate determination of the reaction kinetics
only involving in the linkages or motifs of interest as parts of the reaction center. Since the focus
of this work is to establish detailed mechanistic understanding of the NCIs between key cellulose
and lignin motifs, the dimer surrogates with both appropriate linkage structures and proper
substitution patterns were selected. Based on the recommendation of Lahive et al.,° this level of
complexity (i.e., the “Level 2” complexity) is sufficient to provide insight into the reactivity of the

specific motifs and types of products expected.

Results and discussion

Selection of the lignin surrogates. An initial screening using DFT was first carried out to
understand how different lignin monolignols and linkages affect CE fast pyrolysis. This screening
focused on the concerted cleavage of the glycosidic C—O bonds along CE chains, a key reaction in
CE pyrolysis leading to LG formation.?! Given the complexity (Figure S3) and variability of lignin
structures (Table 1), the choice of lignin surrogates presents a tradeoff between accurate
representation of complex lignin structures and computational cost.® Comparison of relative rate
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constants without any external molecules (i.e., neat) against those in the presence of lignin
surrogates serves as an indicator of catalytic (Kiignin/kneac>1) or inhibitory (Kiignin/knear<1) effect

induced by the lignin surrogates.??

Table 1. Abundance of lignin monolignols and common linkages connecting the aromatic Co units

in different feedstocks®!!

Monolignols (%) Linkages®? (%)
Lignin H G S |[BpO4 405 55 PB5 BB Pl
Softwood | 5-22  78-95 ~0 45-65 07 5-27 6-12 2-6 1-9

Hardwood | 0-48  25-57 5-75 | 52-62 0-9 0-12  3-13 3-12 1-8

Grasses 5-37 26-80 14-55 | 74-84 nd ~1 5-14 1-7 ~1

2 Abundance per 100 Co units

b nd = not determined

Figure 1 shows the ratio of rate constants at 500°C for C—O bond cleavage of cellobiosan in the
presence of monomeric and dimeric lignin surrogates (corresponding to the kinetic parameters
listed in Table S2 and the structures of lignin surrogates shown in Figure S3). Based on the DFT
results, the presence of a H unit induces a catalytic effect on C—O bond cleavage, whereas the
presence of a G or S unit leads to an inhibitory effect. The catalytic effect induced by the H unit
can be attributed to the hydroxyl group at the 4-position, where transition-state stabilization takes
place through the creation of hydrogen bonds with lignin hydroxyls.?>-23°> On the other hand, our
recent study suggests that transition states (TSs) of glycosidic bond cleavage of CE could be

destabilized via the steric interactions invoked by the ether groups of polyethylene glycol during
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its co-pyrolysis with CE.? In line with this steric phenomenon, the inhibitory effect induced by the

G or S unit can be attributed to the methoxy group(s) at the 3- and 5-positions (Figure S3a).

—_
N

Monomers Dimers

-
o

A~ O @

1K, oy @ 500 °C [-]

klignin
N

‘\\g\\{s\‘,w ‘?‘*?‘Ca%c:»

o & TS
> "3<°Q2
Q?Q\Q? Q?\e\%OQ‘O

Figure 1. DFT-calculated relative rate constants kiignin/kneat 0f CE glycosidic bond cleavage leading

to levoglucosan formation in the presence of monomeric and dimeric lignin surrogates at 500°C.

The three most common linkages (viz., 3-O-4, B-5, and 5-5 shown in Figure S3b) were also
selected to elucidate the effect of different lignin structures on glycosidic bond cleavage during
cellulose pyrolysis. The presence of lignin dimers with 3-O-4 and 3-5 linkages were found to cause
an inhibitory effect on CE glycosidic bond cleavage, as opposed to a catalytic effect induced by
dimers with a 5-5 linkage. Since dimers with 3-O-4 and -5 linkages have ether bonds, which do
not exist in the 5-5 linkages, (Figure S3b), they represent another example of ether-induced NClIs

inhibiting CE glycosidic bond cleavage.

A closer examination on the different combinations of H and G units (selected for catalytic and
inhibitory effect, respectively) connecting -O-4 and 5-5 linkages reveal that the types of lignin

linkages are more critical in determining the resulting stabilizing or destabilizing effect than the
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individual unit types they are connecting to. In the case of dimers with a 3-O-4 linkage, although
the presence of H-f-O-4-H leads to an increase of 2.8 times in the rate constant (kx-p-0-4-#/knea=0.6)
compared to that of G--O-4-G (kG-p-0-4-G/knea=0.2), the net effect on CE glycosidic bond cleavage
caused by -O-4 linkages is still inhibitory (kiignin/knear<1). A similar trend was also observed for
dimers with a 5-5 linkage. The presence of G-5-5-G leads to a decrease of 0.7 times in the rate
constant (kG-s-5-G/knea=1.9) compared to that of H-5-5-H (kii-s-5-n/knea=2.8), while the net effect on

CE glycosidic bond cleavage caused by 5-5 linkages is still catalytic (Kiignin/kncat™>1).

Our initial DFT screening paints a consistent molecular picture of how the complexity and
variability of the nearby lignin structures dictate the reactivity of CE pyrolysis. To allow our study
to focus on the NCI effects induced by lignin linkages, two lignin surrogates (i.e., G-f-O-4-G and
H-5-5-H) were selected for microreactor experiments and additional DFT calculations to further
explore their catalytic or inhibitory effects on CE pyrolysis. The choice of these two lignin linkages
was based on two factors: (1) their abundance in native biomass, and (2) their potential impact on
CE glycosidic bond cleavage, the main CE pyrolysis pathway, based on our initial screening using
DFT (Figure 1). G monolignols and B-O-4 linkages invariably represent the most abundant
monomer unit and structural linkage in native biomass (Table 1). Our initial DFT screening also
shows that $-O-4 clearly induces an inhibitory effect on CE glycosidic bond cleavage regardless
the monomers connected (Figure 1). As a result, G-B-O-4-G was chosen as a surrogate to represent
C—O linkages in lignin. Similarly, the 5-5 linkage was chosen to represent C—C linkages due to its
abundance in native biomass (Table 1) and its potential catalytic effect on CE pyrolysis based on
our initial DFT screening (Figure 1). The choice of H-5-5-H as a surrogate, as opposed to G-5-5-
G or G-5-5-H, was due to its higher potential to induce catalytic effects (Figure 1) and its

availability to purchase so that there is no need to synthesize the compound in the lab.
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Co-pyrolysis of cellulose (CE) and lignin dimers. The mass yields of CE-derived products
obtained from neat CE pyrolysis and co-pyrolysis of CE with C28, G-3-O-4-G, or H-5-5-H
(denoted as CE+C28, CE+G-B-0-4-G, or CE+H-5-5-H, respectively) are shown in Figure 2a. All
detected products obtained from neat CE pyrolysis and their corresponding carbon yields are given
in Table S2. Note that no products were observed from neat C28 or G--O-4-G pyrolysis, and all
the initial C28 and G-B-0-4-G mass preloaded to the reactor were recaptured in the condenser after
the neat pyrolysis experiments, suggesting that C28 and G-B-O-4-G vaporized and transported to
the condenser without decomposition at this reaction temperature (500°C). Neat H-5-5-H pyrolysis
only produced 8.5 wt% of dibenzofuran, distinct from CE-derived pyrolysis products, while the
remainder of the initial H-5-5-H mass was also recaptured in the condenser due to vaporization.
Since C28 has a similar volatility (a boiling point of 432°C at 1 atm) to the lignin dimers studied,
the CE+C28 experiment was chosen as the control for the co-pyrolysis experiments to account for
the inhibition of anhydrosugar oligomers escape due to the presence of molten lignin dimers before

they vaporized.*®
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Figure 2. (a) Mass yields of CE-derived products and (b) selectivity toward CE-derived
anhydrosugars, small oxygenates, furans, gases, and char from neat CE pyrolysis and co-pyrolysis
of CE with C28 (CE+C28), G-B-0-4-G (CE+G-B-0-4-G), or H-5-5-H (CE+H-5-5-H). Mass yields
are shown for levoglucosan (LG), dianhydroglucopyranose (DAGP), 1,6-anhydroglucofuranose
(AGF), glycolaldehyde (GA), acetic acid (AA), 5-hydroxymethylfurfural (5-HMF), 2-(5H)-
furanone (FO), furfural (FF), carbon monoxide (CO), carbon dioxide (CO>), and char. Reaction
condition: 5.0, 2.60, 4.05, and 4.25 mg of CE, C28, G-B-O-4-G, and H-5-5-H, respectively, at

500°C under vacuum.

In our work, all co-pyrolysis experiments resulted in the same products as those from the neat

pyrolysis of individual components. No new products from the coupling of individual component
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pyrolysis were detected (which, if present, would contain structures derived from both feedstocks
within a molecule that could have been detected by GC). Specifically, all the initial C28 and G-3-
0-4-G mass preloaded to the reactor was again recaptured in the condenser without decomposition
after their respective co-pyrolysis with CE. This suggests that 3-O-4 linkages in actual lignin have
a longer decomposition timescale than CE during pyrolysis. For H-5-5-H co-pyrolysis with CE, a
slightly higher dibenzofuran yield (9.6 wt%) was observed, with the remainder of the initial H-5-
5-H mass again recaptured in the condenser. This suggests that C28, G-B-O-4-G, and H-5-5-H did
not actively participate in the reactions during their respective co-pyrolysis with CE. Distributions
(i.e., yields and selectivity) of the CE-derived products from the co-pyrolysis experiments,
however, were significantly shifted, with all three sets of co-pyrolysis experiments (CE+C28,
CE+G-B-0-4-G, and CE+H-5-5-H) presenting distinct product distributions. Since the binary
samples used for co-pyrolysis experiments were simply mixed and melted, no covalent interactions
between the components were expected. The differences in product distributions between the three
sets of co-pyrolysis experiments can thus only be attributed to selected CE decomposition pathways
being catalyzed (accelerated) or inhibited (decelerated) by the NCIs induced by the lignin

moieties.??

The LG yield from our thin-film neat CE pyrolysis experiment was 14.3 wt%. This low LG yield
is comparable with those reported using a fast-heating (~5,000°C s!') wire-mesh reactor.>” As
discussed in our previous work,? the mass balance closure from our neat CE pyrolysis experiments
did not reach 100 wt% (Figure 2a) due to the formation of anhydrosugar oligomers (e.g.,
cellobiosan, cellotriosan, cellotetrasan, etc.) and water vapor that were not detectable by GC.
Westerhof et al.’” showed that CE pyrolysis near vacuum (at 5 mbar) resulted in increased yields

of anhydrosugar oligomers compared to 1 bar due to accelerated escape of anhydrosugar oligomers
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via evaporation, thermal ejection, and/or sublimation, preventing them from further decomposition
into smaller products.® Similarly, high yields of anhydrosugar oligomers were expected in our neat
CE pyrolysis experiments since they were operated at near vacuum pressures (<0.04 mbar),

accounting for the undetected mass.

As suggested in our previous work,*® the presence of molten plastics prolongated evaporation and
thermal ejection of anhydrosugar oligomers, aiding their decomposition into LG and LMWPs. As
shown in Figure 2a, the presence of C28 similarly resulted in increased yields of CE-derived
anhydrosugars and LMWPs by 8.9 wt%. The decomposition of anhydrosugar oligomers can be
inferred from the reduced undetected mass obtained from CE+C28 experiments. Since C28 is
nonpolar, the changes in CE-derived products obtained from the co-pyrolysis between CE and C28
can be only explained by the physical inhibition of anhydrosugar oligomer escape caused by the
presence of C28. Since the same sample thickness (228 um) were used in all binary co-pyrolysis
experiments, the degree of inhibition of anhydrosugar escape was assumed to be same.
Consequently, comparing CE+G-B-O-4-G or CE+H-5-5-H experiments against CE+C28

experiments presents the best unbiased NCI effects caused by lignin dimers.

Our experiments showed that the presence of lignin dimers had a diverse effect on CE product
distributions. The presence of G-B-0-4-G reduced the yields of LG and CE-derived volatiles by
11.7 and 10.9 wt%, respectively, while the presence of H-5-5-H increased the yields of CE-derived
volatiles by 12.8 wt%, mainly contributed by an increased LG yield by 14.8 wt%. As shown in our
previous study,”? NCIs between CE and plastics containing different functional groups can alter
product distributions from CE pyrolysis. The variations in yields of CE-derived products in the

presence of two different lignin dimers could be similarly originated from NCIs induced by lignin
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dimers where CE pyrolysis pathways are catalyzed or inhibited through transition-state

stabilization.

To further investigate the NCI-induced effects, CE-derived pyrolysis products were grouped into
three families: 1) anhydrosugars, ii) small oxygenates, and iii) furans, along with gases and char.
CE+G-B-0-4-G resulted in markedly decreased selectivity toward anhydrosugars compared to
CE+C28 (Figure 2b), while CE+H-5-5-H led to increased anhydrosugar selectivity by 9.1 %.
CE+G-B-0-4-G also led to increased selectivity toward small oxygenates and furans by 5.7 and 1.2
%, respectively, compared to CE+C28. On the contrary, CE+H-5-5-H led to decreased selectivity

toward small oxygenates and furans by 3.9 and 3.7 %, respectively.

In CE fast pyrolysis, char is assumed to be produced from secondary dehydration and bimolecular
condensation reactions of volatile products, with a typical range of 5-8 wt% at atmospheric
pressure.>2%37 In this work, char obtained from neat CE pyrolysis was only 1.9 wt% (Figure 2a).
This lower char yield could be attributed to the suppressed aforementioned secondary char
formation reactions under vacuum.? Char obtained from the co-pyrolysis experiments is assumed
to be originated only from CE since no char was observed from neat pyrolysis of C28, G-B-O-4-
G, or H-5-5-H. Co-pyrolysis experiments yielded about 1.6-2.2 wt% of char, close to 1.9 wt%
from neat CE pyrolysis, suggesting that the presence of C28, G-f3-O-4-G, or H-5-5-H has negligible

effects on char formation.

The only gaseous molecules detected from CE pyrolysis were CO and CO», with yields of 1 and 2
wt%, respectively. CO and CO> obtained from the co-pyrolysis experiments are assumed to be
originated from CE because neither molecule was detected from neat pyrolysis of C28, G-B-O-4-

G, or H-5-5-H. Co-pyrolysis experiments showed a decreased CO yield by 0.8 wt% in the presence
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of C28 and an increased CO yield by 0.6 wt% in the presence of G-B-O-4-G. Notably, no CO
formation was observed in the presence of H-5-5-H. The formation of CO and CO; is believed to
involve a series of complex reactions including decarbonylation and decarboxylation.*® Quantum
chemistry studies also suggest that the formation of CO; starts with acetic acid and formic acid,
followed by decarboxylation.*! As shown in Figure 2a, CO, and acetic acid yields in our
experiments decreased by 0.5 and 0.3 wt% in the presence of H-5-5-H, while they both increased
by 0.7 wt% in the presence of G-B-O-4-G. However, this correlation did not hold in the presence
of C28, where a decrease in the CO> yield by 0.4 wt% was observed in contrast to an increase in
the acetic acid yield by 0.4 wt%. It has also been proposed that the formation of CO and CO; is
also associated with char formation due to secondary decomposition of CE-derived volatiles.?>*
Since CO and CO; yields were all very small in our experiments, it was difficult to conclude any

effects caused by the presence of lignin dimers. More research is needed to understand the

formation pathways of CO and CO: during CE pyrolysis.

Effect of different lignin motifs on cellulose (CE) pyrolysis. DFT calculations were carried out
to address how the presence of lignin motifs impacts CE pyrolysis pathways at the molecular level.
Our main objective is to reveal the underlying effects of lignin-induced NCIs on CE pyrolysis. To
this end, the major product from each bio-oil product family (LG from anhydrosugars, GA from
small oxygenates, and 5-HMF from furans) was selected for further investigation in this study.
Although our work showed distinct variations in mass yields of CE-derived products comparing
neat CE pyrolysis and co-pyrolysis experiments, no new products were identified (Figure 2a).
Consequently, we postulate that reaction pathways of CE pyrolysis remain the same in the presence
of lignin dimers, albeit with altered reaction kinetics (i.e., rate constants) due to the possible

catalytic and inhibitory effects caused by lignin-induced NClIs. Similar observations were reported
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for CE pyrolysis in the presence of thermoplastics containing functional groups in our recent

study.??

Scheme 1 illustrates the major reaction pathways leading to LG (orange path), GA (green path),
and 5-HMF (blue path) during CE pyrolysis. The kinetic parameters for the elementary reactions
(represented as arrows) were calculated by DFT in our previous work using cellobiose (as a CE
surrogate) with and without the presence of C3 (as a polyethylene surrogate).?* The presence of C3
does not alter the reaction rates investigated at 500°C, leading to an average rate constant ratio (i.e.,
kcslkneat) of 1.01.2% In this present work, the experimentally observed alteration of CE-derived
product distribution from the CE+C28 experiments compared to neat CE pyrolysis was viewed as
solely caused by the inhibition of anhydrosugar escape. Given the chemical similarities between
C28 and polyethylene, the same DFT calculations involving C3 can be used to interpret the results

from the CE+C28 experiments.
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Scheme 1. Elementary steps of CE pyrolysis investigated by DFT, leading to levoglucosan (LG,
3), glycolaldehyde (GA, 6), and 5-hydroxymethylfurfural (5-HMF, 11). Reproduced from Sakirler

etal »

with permission from the Royal Society of Chemistry.

In our DFT calculations, the reaction pathways shown in Scheme 1 were studied in the presence

of G-B-0-4-G or H-5-5-H. The kinetic parameters at 500°C were determined using the lowest-

energy conformers of the reactants

and TSs. To better evaluate the lignin-induced catalytic or

inhibitory effects, a rate constant ratio (R) is defined as the ratio of the rate constant in the presence

of G-B-0-4-G or H-5-5-H (representing CE+G-B-O-4-G or CE+H-5-5-H) to that in the presence

of C3 (representing CE+C28):

x=G-B-0-4-G, H-5-5-H (1)

Page 19 of 39



where 7 is the reaction temperature. For each elementary step, R>1 represents being catalyzed, and

R<I represents being inhibited.?

Levoglucosan (LG) formation. Orange path in Scheme 1 demonstrates the formation pathway of
LG (3) during CE pyrolysis, including a mid-chain initiation step followed by an end-chain
depolymerization step.? In this study, C—O cleavage of cellobiose (1), a surrogate for CE, is used
to represent mid-chain initiation of CE, leading to “active CE” (i.e., a CE chain with a LG-like
end). C—O cleavage of cellobiosan (2) is used to describe end-chain depolymerization of active
CE, yielding LG. Our DFT results in the absence of any surrogates showed that the
depolymerization (i.e., second) step is rate-limiting, having a higher activation energy of 52.1 kcal

mol! compared to 48.3 kcal mol! from mid-chain initiation.?

Figure 3a shows the DFT-predicted R values for each elementary step of LG formation in the
presence of G--0-4-G or H-5-5-H. Both C—O cleavage reactions is inhibited by NCIs induced by
G-B-0-4-G, while the presence of H-5-5-H catalyzes both C—O cleavage reactions. To make a
qualitative comparison between the experimental and DFT findings, the DFT-predicted R value of
the rate-limiting step (2 — 3 + i2 for LG formation) is compared to the experimental selectivity
toward LG (Figure 3b). The presence of G-B-O-4-G led to an inhibitory effect on the rate-limiting
step (Rg-p-0-4-6=0.25), matching the qualitative trend (decreased LG selectivity by 11.9 %)
observed from the CE+G-B-0O-4-G experiment. Likewise, there is a qualitative agreement between
the experiments and the DFT-predicted R value for the effects of H-5-5-H. The presence of H-5-5-
H resulted in a catalytic effect on the rate-limiting step (Ru-s-5-n=3.3), which is supported by the

enhanced LG selectivity by 9.7 % observed from the CE+H-5-5-H experiments.
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Figure 3. (a) DFT-calculated rate constant ratios (R) of the elementary steps leading to
levoglucosan (LG) formation in the presence of C3, G-f-O-4-G, or H-5-5-H at 500°C. (b)
Comparison of experimental selectivity toward LG from CE+C28, CE+G-3-0-4-G, or CE+H-5-5-
H against the DFT-calculated R values for the rate-limiting step (2 — 3 + i2) of LG formation. (c)
TSs for the rate-limiting step in the presence of C3, G-f3-O-4-G, or H-5-5-H including key distances
and partial charges. Numbers in green and grey represent distances in A and ChelpG partial charges

in au, respectively. Hydrogen atoms not involved in noticeable interactions are omitted for clarity.

Previous experimental and DFT studies®>?>-*2-3 have demonstrated that hydroxyl functional groups
near the reaction center of C—O cleavage during CE pyrolysis can perturb electronic properties of
charge-separated TSs via NClIs, resulting in more stabilized TSs and lower reaction barriers. Here,

even though hydroxyl groups of both G-B-O-4-G and H-5-5-H donate hydrogen bonds to
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cellobiosan (2), the resulting effect on the rate-limiting step of LG formation is opposite (Figure
3¢). In the presence of G-B-O-4-G, transition-state destabilization is attributed to the steric effect
caused by the ether groups of G-B-0O-4-G, including those of the G units. Our DFT calculations
indicate that TS2¢-g-0-4-G has partial charges of -0.51 and -0.63 au, respectively, on the O6 and O3
atoms. These values are less than those from TS2c3 by 0.09 and 0.06 au, respectively. In addition,
TS2G-p-0-4-¢ has a partial charge of 0.26 au on the H6 atom, which is less than that of TS2c3 by
0.14 au. These changes in partial charges make TS2g-p-0-4-G less susceptible to nucleophilic attack
during C—O cleavage than TS2c3. Moreover, the O3—H:--O6 intramolecular hydrogen bond of
TS2¢-p-0-4-G is elongated by 0.08 A compared to TS2c3, indicating reduced hydrogen bond strength
and TS stability. Additional intermolecular hydrogen bonds to the O6 and O2’ atoms are not strong
enough to overcome the steric effects caused by the ether groups (see TS2G-p-0-4-6 in Figure 3c,

O,~H---06, 1.83 A; O,—H---02’, 1.86 A).

On the other hand, H-5-5-H induces a catalytic effect on the rate-limiting step of LG formation,
which is originated by a new intermolecular hydrogen bond (stronger than those of TS2G-$-0-4-G)
to the O3 atom (see TS2u.5.5-n in Figure 3¢, Ors—H---03, 1.76 A). In addition, the presence of H-
5-5-H results in perturbations of atomic distances and partial charges. For instance, the O3—H:---06
hydrogen bond is shorten by 0.18 A and the distance between O3 and O3—H of TS2u.s5u is
elongated by 0.06 A compared to TS2c3, leading to transition-state stabilization through a stronger
hydrogen bond. The increased hydrogen bond strength can be inferred by more negative charges
on the O3 and 06 atoms of TS2n-5-5.-n than those of TS2¢3 by 0.11 and 0.03 au, respectively, and

more positive charges on O3-H of TS2n-5.5.u than those of TS2¢3 by 0.02 au.
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Glycolaldehyde (GA) formation. Green path in Scheme 1 portrays GA (6) formation during CE

14243 and theoretical*!** findings lend direct support to the hypothesis that

pyrolysis. Experimenta
GA formation originates from the reducing end of CE chains. In this study, the formation of GA is
studied by DFT by starting with ring opening of the reducing end of cellobiose (1), yielding an
acyclic glucose-end cellobiose (4). GA (6) is eliminated from the reducing end via two consecutive
retro-aldol reactions through an aldose intermediate (5). Our DFT calculations in the absence of
any lignin surrogates show that ring opening (1 — 4) is the rate-limiting step with an activation

energy of 48.0 kcal mol!, compared to 36.3 and 32.9 kcal mol™! for the two retro-aldol condensation

reactions (4 —» 5+i3,5 — 6 +i4).2

Figure 4a demonstrates the DFT-predicted R values for each elementary step of GA formation in
the presence of G-B-O-4-G or H-5-5-H. The ring opening (Rg-g-0-4-6=1.35) and the first retro-aldol
condensation (Rg-p-0-4-G=12.8) reactions are catalyzed by G-B-O-4-G-induced NCls, while the
second retro-aldol condensation reaction (Rg-p-0-4-G=0.11) is inhibited. On the other hand, each
elementary step in GA formation is inhibited by H-5-5-H, with the most significant effect on the

first retro-aldol condensation reaction (Ru-5-5-5=0.18).
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Figure 4. (a) DFT-calculated rate constant ratios (R) of the elementary steps leading to
glycolaldehyde (GA) formation in the presence of C3, G-B-O-4-G, or H-5-5-H at 500°C. (b)
Comparison of experimental selectivity toward GA from CE+C28, CE+G-3-0-4-G, or CE+H-5-
5-H against the DFT-calculated R values for the rate-limiting step (1 — 4) of GA formation. (c)
TSs for the rate-limiting step in the presence of C3, G-f3-O-4-G, or H-5-5-H including key distances
and partial charges. Numbers in green and grey represent distances in A and ChelpG partial charges

in au, respectively. Hydrogen atoms not involved in noticeable interactions are omitted for clarity.

Our DFT-predicted R values of the rate limiting step qualitatively agree well with the experimental
trends in the presence of lignin dimers (Figure 4b). The presence of G-3-O-4-G led to a catalytic
effect on the rate-limiting step (Rg-p-0-4-6=1.35), matching the enhanced selectivity toward GA
about 3 %. The presence of H-5-5-H resulted in an inhibitory effect on the rate-limiting step (Ru-s-
5-5=0.29), which is supported by the decreased selectivity toward GA by 1.7 % from CE+H-5-5-

H.
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The presence of G-$-O-4-G or H-5-5-H leads to several convoluted intermolecular hydrogen bonds
as opposed to none in the presence of C3 (Figure 4c¢). For instance, the O6 hydroxyl group of 1
forms a bifurcated hydrogen bond to the Off and Or3: atoms of G-B-O-4-G. In addition, the Oc. and
Oy atoms of G-B-0O-4-G each forms a hydrogen bond to the O6 and O2’ atoms of 1, respectively.
On the other hand, the Or4 atom of H-5-5-H donates a hydrogen bond to the O6 atom of 1, while
the 02’ atom of 1 forms a hydrogen bond to the Or4 atom of H-5-5-H. However, there were no
more than 0.04 au perturbations in partial charges on the atoms, such as O1°, H1’, O3’, O5’, and
06’. In addition, changes of distances between O1°---H1” and O5’---H1’ near the reaction center
were no more than 0.01 A. Even though these new intermolecular hydrogen bonds in the presence
of G-B-0-4-G or H-5-5-H are not located near the reaction center, it was found that lignin dimers
still influence the TSs of the ring opening reaction. Specifically, the O2’—H:--O5 intramolecular
hydrogen bond of TS3¢--0-4-c are shortened by 0.10 A compared to TS3c3, indicating increased
hydrogen bond strength and TS stability (Rc-p-0-4-6=1.35). In contrast to the presence of G-f3-O-4-
G, the 02’—H:--0O5 intramolecular hydrogen bond of TS3n.s.s.u is elongated by 0.07 A compared
to TS3c3, indicating reduced hydrogen bond strength and decreased steric stabilization (Rp-s-s-

1=0.29).

5-Hydroxymethylfurfural (5-HMF) formation. In this work, the reaction pathways leading to 5-
HMF are studied by DFT via a fructose-end intermediate*>*® (depicted as “blue path” in Scheme
1). First, cellobiose (1) yields an acyclic glucose-end cellobiose (4) via ring opening, followed by
isomerization of 4 to an acyclic fructose-end cellobiose (7). This intermediate undergoes ring
closing to form a fructose-end intermediate (8), which undergoes dehydration to produce an enol-
end intermediate (9). A second dehydration of 9 occurs to form a dihydrofuran-end intermediate

(10), which undergoes C—O cleavage to form a glucose (i5) and 5-HMF (11). Our DFT calculations
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in the absence of any surrogates suggest that the first dehydration reaction (8 — 9 + H2O) is the

rate-limiting step with an activation energy of 70.1 kcal mol!.2?

Figure 5a demonstrates the DFT-predicted R values for each elementary step of 5-HMF formation
in the presence of G-3-O-4-G or H-5-5-H. Both lignin dimers inhibit isomerization (4 — 7) and
the first dehydration reaction, whereas they catalyze ring closing (7 — 8), the second dehydration
reaction (9 — 10 + H>0), and C—O cleavage (10 — 11 + i5). However, the extent of catalytic or
inhibitory effects on the elementary steps of 5-HMF formation is different. For instance, the
inhibitory effect on isomerization 4 — 7 induced by H-5-5-H (Ru-5.5.5=0.01) is approximately 60
times larger than that induced by G--0-4-G (RG-p-0-4-6=0.61). On the other hand, the catalytic
effect on ring closing 7 — 8 induced by H-5-5-H (Ru.s.s.n=7.37) is 5.3 times larger than that

induced by G-B-0-4-G (RG--0-4-6=1.39).
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Figure 5. (a) DFT-calculated rate constant ratios (R) of the elementary steps of 5-
hydroxymethylfurfural (5-HMF) formation in the presence of C3, G-B-O-4-G, or H-5-5-H at
500°C. (b) Comparison of experimental selectivity toward 5-HMF from CE+C28, CE+G-3-O-4-
G, or CE+H-5-5-H against the DFT-calculated R values for the rate-limiting step (8 — 9 + H20)
of 5-HMF formation. (c¢) TSs for the rate-limiting step in the presence of C3, G-B-O-4-G, or H-5-
5-H including key distances and partial charges. Numbers in green and grey represent distances in
A and ChelpG partial charges in au, respectively. Hydrogen atoms not involved in noticeable

interactions are omitted for clarity.

Our DFT-predicted R values of the rate limiting step in 5-HMF formation qualitatively captures
the experimental trends in the presence of G--O-4-G or H-5-5-H as shown in Figure Sb. The

presence of G-B-O-4-G or H-5-5-H leads to an inhibitory effect on the rate-limiting step (Rg-g-0-4-
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6=0.23, Ru-5-5.5=0.10), which is supported by the decreased selectivity toward 5S-HMF by 0.40 and

0.47 % from CE+G-B-0-4-G and CE+H-5-5-H, respectively.

The structural and electrostatic investigation of TSs for the first dehydration reaction (8 — 9 +
H>O) reveals that hydroxyl-rich G-B-O-4-G leads to a single O—H---w hydrogen bond with a
fructose-end cellobiose (8) as shown in Figure 5c. On the contrary, the Or4 atom of H-5-5-H acts
not only as a donor, but also as an acceptor for a stronger O—H:-O type hydrogen bond compared
to the O—H-- 7 type hydrogen bond. It was also found that TS8g-g-0-4-¢ has 0.13 au less negative
and 0.02 au less positive partial charges on the O2° and H2’ atoms, respectively, compared to those
of TS8c3 (partial charges of -0.73 and 0.29 au, respectively). Thus, the presence of G-B-0-4-G
results in an inhibitory effect on this rate-limiting dehydration step (8 — 9 + H>O), suggesting that
the O1°’—H:- -1 intermolecular hydrogen bond alone does not compensate destabilizing NCIs. On
the other hand, our DFT calculations show that TS8#.5.5.u has 0.19 au more negative and 0.01 au
more positive partial charges on the O2’ and H2’ atoms, respectively, compared to those of TS8cs,
suggesting stabilizing NCIs. Given a more favorable electronic structure and two intermolecular
hydrogen bonds between H-5-5-H and 8 (Or4—H:--06’, O3’—H:-- OL4), the presence of H-5-5-H
elongates the atomic distance between the O3’ hydroxyl group and 06’ by 2.19 A compared to that
of TS8c3, invoking steric hinderance on the O3’—H--- O6’ intramolecular hydrogen bond in TS8c3.
This illustrates an example where competing stabilizing and destabilizing NCIs can act in concert

to affect the overall energetic stability of the TSs.

Insights into cellulose-lignin interactions on levoglucosan (LG) formation. Although the
results presented in this work only elucidate molecular-level interactions between cellobiose and
lignin dimers, they carry general implications on pyrolysis of actual biomass feedstocks. Numerous
studies observed catalytic or inhibitory effects on LG formation from co-pyrolysis of native or
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hand-mixed CE-lignin mixtures.!®!%4748 Drawing from the knowledge of these studies and our
results in Section 3.3.1, the inhibitory effect caused by G-B-O-4-G can help elucidate why reduced
LG yields are typically observed from the pyrolysis of biomass containing herbaceous lignin, such
as corn stover and switchgrass,*” in which B-O-4 is the most abundant linkage (Table 1). On the
other hand, the catalytic effect caused by H-5-5-H may explain enhanced LG formation observed
from the pyrolysis of biomass containing wood lignin, such as cedar wood (softwood),'® pine
(softwood), and red oak (hardwood),*” in which there is increased C-C linkages at the expense of

-O-4 linkages (Table 1).

Most of C-O linkages in native lignin, such as -O-4, are cleaved during lignin fractionation in
biorefineries. Thus, the structure of extracted lignin is significantly altered, leading to more C-C
linkages, such as 5-5 or alkyl linkages, in organosolv lignin.® Hence, enhanced LG formation
observed from organosolv lignin pyrolysis!>* can be attributed to the elevated presence of C-C

linkages, similar to the effects of H-5-5-H revealed in this study.

Our work indicates that the nature of the synergistic effect between the biomass constituents during
actual biomass pyrolysis is dependent on lignin structures and compositions, including functional
groups, linkages, and aromatic contents, particularly how CE and lignin interface with each other.
These biomass characteristics may be tailored to alleviate the low selectivity challenge facing
biomass fast pyrolysis, particularly with the help of genetically engineered plants and
pretreatments.*->! Machine learning approaches to obtain correlations between biomass structures

and product yields from whole biomass pyrolysis are also needed.’>
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Conclusions

Combined microreactor experiments and DFT calculations unveiled the molecular-level picture of
CE-lignin interactions during pyrolysis. Dimeric lignin model compounds induce more dominant
effects on product yields than monomers. Our work suggests that -O-4 linkages caused an
inhibitory effect on the levoglucosan and 5-hydroxymethylfurfural formation pathways and a
catalytic effect on the glycolaldehyde formation pathway during CE pyrolysis. On the other hand,
5-5 linkages resulted in a catalytic effect on levoglucosan formation and an inhibitory effect on 5-
hydroxymethylfurfural and glycolaldehyde formation. These outcomes were attributed to the NCIs
induced by lignin hydroxyl and ether motifs that alter the transition states of the rate-determining
steps, ultimately influencing CE pyrolysis kinetics. Although lignin also undergoes decomposition
at the same time, these catalytic and inhibitory effects should still apply as long as these lignin

motifs are present near cellulose in the reaction system.
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Effect of lignin structures on selective cellulose pyrolysis
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Synopsis

The multifaceted role of lignin on selective production of renewable bio-based chemicals from

cellulose fast pyrolysis is demonstrated.
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