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ABSTRACT

Char is formed as a significant product from the pyrolysis of biomass, and it is well reported that
lignin is the greatest contributor to the production of char. The structures of lignin chars are well
studied in literature; however, an elucidation on the lignin char formation mechanism is lacking
and this is essential to achieve precise control of biomass thermal conversion. In this work, the
char growth process from -O-4 linkage derived lignin monomers was investigated using density
functional theory (DFT) and validated by slow pyrolysis experiments and Nuclear Magnetic
Resonance (NMR) analysis. It was shown that char forms in a two-step process, beginning with
the aggregation of two mono-aromatic species to yield tricyclic species, which then participate in
further ring forming reactions to yield larger aromatic clusters. The side products generated
involve hydrogen, water, methanol, and formaldehyde. Insights from the proposed mechanism are
important for guiding future research on char formation during biomass thermochemical

conversion Processes.
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1. Introduction

It is globally imperative to produce energy and materials from renewable sources aiming to
reduce reliance on fossil fuels, curtail CO, emissions, and achieve net zero targets. Biomass,
including wood, grasses and agricultural waste, are widely available renewable sources of both
energy and industrially important chemical precursors. It is commonly known that energy potential
of biomass (heat and electricity) can be exploited via combustion; while fuels and chemical
products can be obtained by biomass thermal deconstruction through pyrolysis or gasification !>,
The thermal deconstruction of biomass can be described as biomass feedstock firstly being
converted into primary decomposition products (bio-oil, syngas, and char), which will further be
upgraded into fuels and chemicals. Amongst all three types of biomass primary decomposition
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products, char takes up large quantities, often accounting for 30-40wt%
definition of the characteristics of pyrolysis chars has led some literature sources to report char
yields as high as 90% at lower pyrolysis temperatures, though this will certainly include significant
proportions of unreacted and partially reacted feedstock materials. The inclusion of large quantities
of unreacted biomass within reported char yields hampers efforts at understanding the mechanisms
by which char forms, particularly given that the structure of the remaining solids are known to be
highly dependent on temperature.

The structure of bio-chars varies with different operating conditions (e.g. temperature,
heating rate)’ and technology (e.g. slow pyrolysis, fast pyrolysis, gasification) 31°. It has been
shown that increasing pyrolysis temperatures causes a large reduction in the concentration of
aliphatic, hydroxy, and methoxy functionalities in chars. Additionally, identification of increasing
aromatic '*C nuclear magnetic resonance (NMR) signals alongside aromatic CH infrared stretches
provides strong evidence for the development of a highly aromatic char structure under higher
pyrolysis temperatures. An in-depth analysis of chars formed under three different pyrolysis
conditions by Brewer et al. # revealed that all chars possessed a condensed aromatic structure with
some oxygen containing edge functionalities. It was shown through quantitative '*C NMR analysis
that the size of char clusters formed during slow and fast pyrolysis were similar in size, while those
formed from gasification were larger *.

Within the three biomass components (cellulose, hemicellulose, and lignin), it was found
that the greatest quantities of biochar are formed from pyrolysis of lignin ! 12, A direct correlation
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between biomass lignin content and the yield of char formed was reported by Demirbas '~ at



temperatures of 650 °C and above. This is in agreement with other studies that showed a higher
incidence of char formation during the pyrolysis of lignin over polysaccharides '%!°. As the most
common linkage that is found in lignin contains a p-O-4 ether bonds,!¢ it is common practice to
use B-O-4 containing model compounds for lignin, for example, phenethyl phenyl ether (PPE) and
its derivatives !"-18,

Drage et al. !°, conducted slow pyrolysis experiments of two model compounds containing
B-O-4 bonds in a closed system at 300 °C. All of the products identified were phenolic, suggested
they were formed from the ether oxygen bearing ring following cleavage of the ether C-O bond.
As none of the aliphatic ring bearing products were identified, it was proposed that they were
consumed during formation of the large amounts of char. To test this hypothesis, the slow pyrolysis
char was collected and then subjected to fast pyrolysis. The products obtained from this additional
pyrolysis step had characteristics which indicated that they had been formed from the missing
aliphatic bearing portion of the original model compounds, thus evidencing that the aliphatic
bearing portion had been consumed during char formation.

1. 20 as well as theoretical work

Some studies, including experimental work from Britt et a
from Huang et al. 22, have proposed that the B-O-4 linkages decompose through homolytic
cleavage pathways. Other works, like those of Jarvis et al. 7, Klein and Virk ?*> and Huang et al. %!
have shown that a more facile route for B-O-4 cleavage is via one of two concerted mechanisms.
These are a 4-centred Maccoll elimination and a 6-centred retro-ene fragmentation, which when
applied to unsubstituted PPE will yield phenol and styrene. Later works showed that substitution
of the a and P carbons, and inclusion of aromatic methoxy groups on the rings, gives rise to more
complex propenyl benzene derived species %2426,

Despite ample evidence as to the origin of lignin pyrolysis char, no clear formation
mechanisms have yet been put forward. Drawing upon previous experimental observations within
the literature, in this work we identify and explore the first mechanisms for the formation of lignin
char. Employing density functional theory calculations, we first analyse 16 potential pathways for
the concatenation of two -O-4 decomposition products. The product of all 16 pathways is a 3
ringed polycyclic aromatic species that can engage in further ring forming reactions to yield

aromatic clusters of similar structure to those reported by Brewer et al. *. One example pathway of

this ring growth process is also explored using density functional theory (DFT). Slow pyrolysis of



the structurally analogous cinnamyl alcohol followed by NMR analysis were carried out to validate

the modelling results.

Clearer understanding of the mechanisms by which char forms from lignin will afford greater
influence over the characteristics and yields of carbonaceous materials synthesised from lignin.
Furthermore, it is hoped that the underlying mechanisms proposed herein can be used to guide

studies on formation of chars from other biomass sources.

2. Methodology

2.1. Computational details

All calculations were performed using the M052X 27 functional, which has been employed
previously to investigate the thermal conversion reactions of biomass 2!, A thorough assessment
of an array of DFT methods by Goerigk, Grimme and co-workers 32 showed that M052X
performed second best in class among the hybrid methods, with only ®B97X-V 3 outscoring it in
terms of its weighted mean deviation score. M052X also performed well when assessed for
accuracy in calculating reaction barrier heights across a range of pericyclic reactions, with a root
mean squared deviation of just 1.7 kcal mol™ **. The general broad purpose accuracy of the M052X

functional®>-3¢

, and its specific utility for calculation of pericyclic reactions, makes it an ideal
choice of method for the present study. Dispersive effects are accounted for by inclusion of
Grimmes D3 empirical dispersion correction 73, though zero damping function is used due to
incompatibility with the Minnesota family of functionals.

To further ascertain appropriateness of the chosen functional, we calculated the energy
barrier for the intermolecular Diels-Alder reaction of styrene at both the M052X level and the high
accuracy G3B3 ¥ composite method. The barrier height for the Diels-Alder cycloaddition of
styrene was calculated as 28.2 kcal mol™! at the G3B3 level and was found to be 27.9 kcal mol™! at
the M052X-D3/Def2-TZVP * level. This minor difference of 0.3 kcal mol! further supports our

choice of functional for this study. Assessment of the choice of basis set is provided in the

supplementary information.



All ground state structures were confirmed as having zero imaginary frequencies, while
transition state structures were confirmed to have just one imaginary frequency. Intrinsic reaction
coordinate calculations were used to link transition states to reactants and products. All
calculations assume standard temperature and pressure (298.15 K and 1 atm) and the default
integration grid of 99,590 was used in all calculations. Gaussian 16 Rev. A *! was used to perform

all calculations.

2.2. Experimental set up

A lab-scale fixed-bed stainless steel reactor (as shown in Figure 1), which was reported in
our previous paper *?, was used to investigate the pyrolysis characteristics of the cinnamyl alcohol
(CnA, 97.5%), one model compound of propenyl benzene derivatives, in the pure N> gas (99.99%)
at 300 °C . Firstly, about 3.0 g of CnA was sealed in the stainless-steel reactor that has internal
and external diameters of 30 mm and 60 mm, respectively. Secondly, the CnA sample was swept
by pure N> gas with a flow of 100 mL/min for about 1.0 hour to exhaust the air, then the CnA was
sealed in dry nitrogen at room temperature. Thirdly, the stainless-steel reactor was installed
vertically in the electric furnace and heated to 300 °C, the reaction was then carried out at 300 °C
for 20 hours and 100 hours, respectively. Finally, the hot reactor was quickly taken out, and

naturally cooled down at room temperature.

{ Gas inlet

The stainless-steel reactor

The electric furnace

| .
Temperature control panel Sample Gas outlet Gas chromatography

Figure 1. The experimental configuration of the fixed-bed stainless steel reactor *2.



13C NMR experiments were performed using a solid-state NMR spectrometer (AVANCE 11
WIDE BORE 300, Bruker, Germany) operating at 75 MHz using a 4 mm probe. Quantitative '*C
Direct Polarization/Magic Angle Spinning (DP/MAS) NMR experiments were performed by high
power proton decoupling method (HPdec), using 4-mm sample rotors at a spinning frequency of
6500 Hz. The '*C 90°-pulse length was 4.5 ps, and pulse length in decoupling sequence is 5.40.
The carbon resonance line of adamantane was used as an external chemical shift standard and was
assigned a value of 38.48 ppm. The scans for HPdec experiments were 10000. To prepare the solid
samples, the CnA and chars were mixed with the SiO> powders (99.9%) for NMR tests.

3. Results and Discussion

We have observed that char growth from the -O-4 containing model compounds can be
described as a two-step process, beginning with an initiation step that concatenates two single-ring
aromatic compounds to form a three-ring species, and a further cluster aggregation process that

expands the char cluster by addition of further mono-aromatic species.

3.1. [Initiation: one-ring to three-ring structure
3.1.1 Stereoisomers and 16 pathways

The oxygenated propenyl benzene derivative is the selected model compound of lignin for
the modelling work. Owing to the presence of both erythro- and threo- forms of the B-O-4 linkage
in native lignin****, both the cis and trans isomers (shown in Figure 2a) will be formed from the
B-O-4 linkage breaking, so we have chosen to include both isomers in this study. The initiation
step concatenates two B-O-4 derived model compounds into one complex which, due to the cis
and trans isomerism, gives rise to four possible diene-dienophile pairings: cis-cis (CC), cis-trans
(CT), trans-cis (TC), and trans-trans (TT), where the first letter indicates the isomerism of the
diene, and the second letter indicates the dienophile. The two elimination reactions that follow the
cycloaddition reaction are also dictated by the isomerism of the reaction species owing to the
accessibility of the leaving groups to participate in the reactions. This means that each
diene/dienophile pairing follows a unique reaction pathway consisting of three elementary

reactions.
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Figure 2. The two possible isomers for both the diene and the dienophile that give rise to the

four isomer pairs. These pairings are labelled as CC, CT, TC, and TT, where the isomer of the
diene is given by the first letter and the dienophile by the second. The four orientations of the
dienophile that can participate in the Diels-Alder reaction are also provided in Figure 2. These
orientations, denoted as i-iv, are obtained through 180° rotation of the dienophile about any

principal axis and can be understood analogously to the symmetry operations of ethylene.

In this work we have considered four possible orientations for the cycloaddition reaction.
These four orientations are shown in Figure 2. Combining the four possible pairings of reactants
(CC, CT, TC, and TT) and the four possible approaches, gives rise to 16 pathways in total. We

have denoted each of the four orientations with the letters i-iv, as shown in Figure 2.

3.1.2 Diels-Alder cycloaddition and Elimination reactions

For the char growth from one-ring to three-ring, the first elementary reaction consists of a
Diels-Alder cycloaddition between two molecules of the model compound, where one acts as a
diene and the other as a dienophile. Various types of elimination reactions (dehydrogenation,
dehydroxymethanation, dehydration, or grob fragmentation) will be followed to release the minor
compounds (H2, methanol, water, or formaldehyde) and form a three-ring char structure (Prod-

3ring). The optimal reactions for the initiation step are shown in Figure 3.



Following the Diels-Alder cycloaddition, there are two potential elimination reactions that
occur as the second elementary reaction based upon the isomerism of the diene. When the diene is
in the form of the cis isomer, as with is the case for the CC and CT pairs, a cross-ring
dehydrogenation reaction is favoured (from Intel to Inte2 for CC and CT). Due to the orientation
of the hydroxymethyl group, it is difficult for the two trans diene complexes, TC and TT, to
undergo a dehydrogenation reaction. Alternatively, elimination of methanol via
dehydroxymethanation is possible through a 6-membered pericyclic transition state (from Intel to
Inte2 for TC and TT). The final mechanism in all pathways of sets CC and TC is a double
elimination reaction, a form of Grob fragmentation, that produces water and formaldehyde (from
Inte2 to Prod-3ring for CC and TC). There is no Grob fragmentation transition state obtained for
sets CT and TT, owing to non-coplanarity of the hydroxy and the hydroxymethyl group. An
alternative reaction is a 4-centred elimination to yield water via dehydration (from Inte2 to Prod-
3ring for CT and TT).

The activation barriers and reaction energies for those reactions are shown in Figure 4. From
the energy changes from reactant to products, it can be seen that all the 16 pathways are exothermic
with the TT pairs release the highest energy and the CC pairs release the lowest energy. Regarding
the energy barriers, the Diels-Alder cycloaddition has the lowest energy barrier (ranges 27.8-37.2
kcal/mol), the two elimination steps have the similar range of activation energy, which are the rate-
limiting steps. We observe that the CC pathways generally have the lowest activation energies but
are also the least enthalpy releasing. In contrast to this we find that the TT pathways have the
highest activation energies and are also the most enthalpy releasing. All the reactions are

spontaneous due to the negative Gibbs free energy change at each step.
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step, all 16 pathways were considered. Pathways labelled 1 and iii, and ii and iv are presented

together owing to the formation of identical prod-3ring structures.
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value of the four possible orientations, for example, CC value here shows the average of the CC-
1, CC-ii, CC-iii, CC-iv. TS1, TS2, TS3 represent three transition states; Intel and Inte2 represent

two intermediates; Prod-3ring represent the 3-ring product from the initial step. The detailed
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structure of all the compounds (transition states, intermediates, and products) can be found in

Figure 3.

For the Diels-Alder cycloaddition, the CC and CT pathways exhibit lower energy barriers
that the TC and TT pathways. Despite this variety found for the Diels-Alder cycloaddition values,
they do correlate well with other computational findings. Khuong et al. % calculated the energy
barriers for the proposed cycloaddition dimerisation of styrene #’, reporting activation energies of
between 27.7 kcal mol™! and 35.6 kcal mol™!, in good agreement with the upper and lower bounds
of the cycloaddition barrier heights in the present work. Variation between the literature study and
the present results is expected given the various oxygen functional groups of the reactants in this
work and the different choice of computational methodologies.

In general, the barrier heights for the cross-ring dehydrogenation in the CT pathways are
more favourable than for the CC pathways. In both groups, the dehydrogenation is reasonably
exothermic and more notably exergonic. Experimental reports of the activation barrier for the
comparative dehydrogenation of 1,4-cyclohexadiene provide values of 42.7 kcal mol™! *8 to 43.8
kcal mol™! . These experimental values are close to the maximum barrier heights of the analogous
dehydrogenation reactions in the present work, which are likely facilitated by the shorter inter-
hydrogen distances in all Intel complexes when compared to the planar geometry of 1,4-
cyclohexadiene *°. In competition with the dehydrogenation step is a retro-Diels-Alder reaction to
reform the two starting species >1>2. With a lower activation energy and higher reaction enthalpy,
this reverse reaction is the kinetically controlled route while the dehydrogenation is the
thermodynamically controlled pathway.

There is a distinct paucity of reports regarding dehydroxymethylation reactions within the

53-55

literature™” >, and those that were identified are concerned with catalytic processes., This makes

direct comparison of calculated reaction barrier heights and enthalpies to empirical values difficult.
The dehydroxymethylation reactions that we have proposed here appear to be the first reported
concerted mechanisms for methanol formation during lignin pyrolysis. Allan and Matilla ¢
proposed that methanol is derived from aromatic methoxy groups from the lignin; however, this
requires high energy due to the homolytic cleavage of such groups. Klein and Virk *’ suggested

that methanol is derived from cinnamyl alcohol functional groups in lignin, yet pyrolysis studies

158 159

of cinnamy] alcohol °°, p-coumaryl alcohol >”, and other lignin model compounds that have such

functional groups  have not reported the formation of methanol.
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The Grob fragmentation in all pathways is reasonably endothermic (from Inte2 to Prod-3ring
for CC and TC). This reaction has been proposed to occur in the pyrolysis of glycerol in two earlier
works 6162, High level quantum chemical calculations by Nimlos et al. ® give an energy barrier
for this fragmentation of 65.2 kcal mol™!, starkly contrasting the lower barriers of 41.2 kcal mol™!
calculated in this work. The Grob fragmentations in the present study are less endothermic than
that of glycerol, which is likely the result of the aromaticity that is generated in the newly formed
ring, as well as the planarity of all bonds within the ring system. At present, formaldehyde
formation from lignin is mainly understood to be a result of the thermal scission of hydroxyl
bearing aliphatic groups, however, if the formation is to proceed via homolytic pathways,

1. 38 calculated

significant energy requirements must be overcome. For example, Khachatryan et a
the bond dissociation enthalpy for cleavage of a hydroxymethyl group from cinnamyl alcohol to
be 90.7 kcal mol™!. The significantly lower activation energies of the Grob fragmentation in this
work provide a potentially more facile route for the formaldehyde formation from lignin and agree
with the literature reports in which formaldehyde is observed to form at lower pyrolysis
temperatures .

The activation energies for the dehydration reaction in the final step are notably larger than
those observed for any of the Grob fragmentation reactions, averaging 54.3 kcal mol™ for TT.
Conversely to the Grob fragmentation reactions, all dehydration pathways are exothermic and
correspondingly all are over 19.0 kcal mol! free energy releasing. The analogous literature
reaction is the dehydration of ethanol, which was studied by Sivaramakrishnan and co-workers ®*
using high level quantum chemical calculations. This simpler reaction was found to have a higher
energy barrier of 66.0 kcal mol™!, compared to 49.6 to 57.2 kcal mol™! for the dehydrations in the
present work. The reduced enthalpy of reaction of the dehydrogenations proposed in this work

compared to the literature example mimics the pattern observed for the Grob fragmentations and

we can again attribute this to the induction of resonance in the newly formed compound.

3.2. Cluster Aggregation: three-ring to five-ring structure

Patently, the phenyl-naphthalene derivatives form from the initiation step are not structurally
representative of the lignin-derived aromatic clusters. To form the larger polycyclic structures,
further Diels-Alder cycloadditions occur owing to the ability of the intermediate compound to act

once more as a diene. This is followed by intramolecular eliminations of the type already
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described. The newly formed product can continue this pattern of ring-formation and eliminations
to grow the aromatic structure further. A generalised scheme for these cluster aggregation reactions
is provided in Figure 5. The shape of the growing clusters will depend upon the orientation of the
joining dienophile as this will control the orientation of the diene, and therefore placement of the
new ring structure, on the newly formed char. Furthermore, it can be seen that the isomerism of
the dienophile will again affect the nature of the elimination reaction, as was the case for all

initiation reactions, and will therefore also affect the oxygen functionality present upon the char.

HO

F OH

Prod-3ring — \ C O
HO Inte3
- TS

4

A J

OH

HO
H,0

+

HO
Prod-5ring ., OCO o

OH

Figure 5. General scheme for the cluster aggregation reaction from 3-ring structure to 5-ring

structure.

To explore the activation energies for aromatic cluster aggregation, the cluster aggregation
pathway beginning with the reaction of a cis-dienophile with the CC-i-Product was modelled.
Table 1 lists the obtained energies (enthalpies and free energies) of the elementary reactions.

Table 1. Activation barriers and reaction enthalpies (in kcal/mol) for each reaction of the
aggregation step.

TS4 Inte3 TS5 Inte4 TS6 Prod-5ring
AH AG AH AG AH AG AH AG AH AG AH AG
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40.8 58.1 16.6 343 36.6 369 296 -38.0 555 54.7 22.5 -2.8

The activation energy for the Diels-Alder reaction for cluster aggregation is higher than for
any of the cycloaddition reactions presented so far at 40.8 kcal mol™!. We also observe a relatively
high energy of the cycloaddition product of 16.6 kcal mol!, which means that the cluster
aggregation reaction contains the only notable endothermic Diels-Alder reaction. The first of the
elimination reactions is cross-ring dehydrogenation of the type previously described in this work.
The enthalpy barrier for this step is 36.6 kcal mol™! which is similar to those observed for the CC
and CT pathways. Interestingly, the dehydrogenation is notably more exothermic than is the case
for the CC and CT pathways. The final step of this aggregation pathway is a Grob fragmentation
which proceeds through a high energy barrier of 55.5 kcal mol!. The more endothermic
cycloaddition reaction leads to a higher overall energy barrier for cluster aggregation than was

observed for any of the 16 initiation pathways.

3.3. NMR Results

The HPdec spectrum from the NMR result are shown in Figure 6. The relative aromatic
carbon fraction values (aromaticity), which contain the carbon atoms conjugating with phenyl ring,
can be calculated from the quantitative *C NMR data ®. In detail, the integral obtained from 115
to 150 ppm (mostly aromatic carbons) is recorded as A and the integral of the total NMR spectrum
(e.g., from -10 to 225 ppm) is recorded as T. The relative aromaticity (fa) can be calculated by the
area ratios (fa=A/T). The f. value for the reactant CnA and the pyrolysis product chars are shown
in Table 2. It can be seen that the aromaticity increased significantly from the feedstock CnA to
its product char (from 76.99% to 89.13%).

Further analysis was carried out to find out the carbon numbers in the reactant and product
compounds. Brewer et.al. * proposed that the degree of aromatic condensation can be estimated by
the fraction of carbons along the edges of the aromatic rings, Xeage=1-Xbridge, Which decreases with
increasing aromatic ring cluster size. Usually, the aromatic edge carbons in chars come from
aromatic C-H and aromatic C-O moieties, whose fractions Xarn (far-t/far) and Xar.o (far-o/far) can
be determined from the NMR spectra. (far, far-H, and far-o stand for aromatic carbon fractions: total

aromatic carbon, aromatic carbon bonded to hydrogen, and aromatic carbon bonded to oxygen,
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respectively.) Together, they constitute the minimum aromatic edge fraction (Xedge,min) as shown

in Equation 1.

X

edge,min

= XAF_H +XA,,_0 Equation 1
Additional contributions can come from alkyls-C (Xawyis=faikyis/far) and carbonyls-C

(Xcarbonyls=fCarbonyls/far) bonded to the aromatic rings. Thus, the upper limit of the edge fraction

(Xedge,max) is provided by Equation 2.
X

edge,max

=X

edge,min

+ X

atigis T X

Carboxyls Equation 2
Considering the oxygen containing groups were not found in the pyrolysis chars, the formula

(2) was simplified as Xedge,max= Xar-H + Xalkyls, and one can calculate the minimum number of

carbons (nc.min) in a cluster relates to the edge fraction by Equation 3 4,

nc,min 2 6 / Xezdge 2 6 / Xezdge,max Equation 3
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Figure 6. The NMR spectrum for the reactant CnA and the produced chars.

15



As shown in Table 2, the reactant has more than 6 carbons, and the char with a pyrolysis time
of 20 hours has more than 12 carbons, and the char with pyrolysis time of 100 hours has more than
23 carbon numbers. It is clear that longer pyrolysis time shows higher aromatization. The overall
trend fits well with the DFT calculations that the carbon numbers for the reactant, prod-3ring, and
prod-Sring are 7, 17, and 25, respectively. This validated again the aromaticity of the char
formation process.

Table 2. Aromaticities and the carbon numbers for CnA and the produced char.

NMR Results DFT results

Sample Aromaticity Xar-tt Kugts  Xedgemax  Ncmin | Compound Structure nc

CnA 76.99% 0.908  0.066 0.974 >6 CnA C{F 7
: SORASSS:
Char-20h 87.00% 0.571  0.125 0.696 >12 Prod-3ring A %

Char-100h 89.13% 0394 0.117 0511  >23 | Prod-5ring D;Q‘ 25

3.4. Char growth mechanism

Summarising the modelling and the NMR results, here we propose a two-stage mechanism
that begins with an initiation stage that combines two mono-aromatic compounds to produce small
aromatic species. The second stage is the subsequent growth of aromatic clusters by addition of
further mono-aromatic compounds. A generalised scheme for this two-stage process is given in

Figure 7.

HO OHOH 1. Cycloaddition 1. Cycloaddition
- 2. Elimination 1 2. Elimination 1
/ 3. Elimination 2 3. Elimination 2
HO —
HO iie s
Initiation Step Cluster Aggregation

OH

Figure 7. The proposed two-stage mechanism for char formation.

The initiation step begins with a Diels-Alder cycloaddition that concatenates two molecules
of the B-O-4 derived model compound, forming a three-ringed intermediate complex. This is

followed by one of two eliminations reactions which are dependent upon the isomerism of the
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diene. Similarly, the nature of the second elimination reaction is dependent upon the dienophile
isomerism. The cluster aggregation step, in which the initiation products now act as the diene,
proceeds through the same set of potential reactions as the initiation step, however the first

elimination reaction is now controlled by the structure of the cluster and its substituent groups.

3.5. Further applications of the char formation mechanism

Char is pervasive product formed during varying lignin pyrolysis processes. It has been
shown that catalytic pyrolysis of lignin with zeolites is inhibited through catalyst deactivation by
char formation. 678 Exploring potential reaction conditions that impede the progress of the cluster
reaction mechanisms presented herein may indicate measures to reduce coke formation on
catalysts. Furthermore, understanding the role that the Bronsted and Lewis acid sites within a
zeolite framework may play on the proposed reaction mechanisms could identify ways to minimise
char formation.

Both alkali metals and alkaline earth metals have been shown to influence the yields of char
formed during lignocellulosic biomass pyrolysis. >’ Modelling the influence of alkali and
alkaline earth ions on the mechanisms proposed here may help to clarify the specific role that
metals play in coke formation and identify options to influence char formation.

It is well reported that cellulose and hemicellulose form pyrolysis char in the absence of lignin.
71-73 These chars are also shown to be formed of condensed aromatic structures and so may share
similarities in their formation mechanisms to those presented here for lignin, particularly regarding

the elimination reactions.

4. Conclusions

We have shown that char may be formed via a two-stage process that consists of an
initiation stage and a subsequent cluster aggregation stage. A total of sixteen pathways were
investigates for the initiation step, all of which start with a Diels-Alder cycloaddition. This ring-
forming reaction is followed by second elementary reaction that is either a dehydrogenation
reaction, or a methanol evolution reaction. The third elementary reaction of the initiation step is
either a dehydration reaction or a Grob fragmentation reaction that yields formaldehyde in addition
to water. All sixteen pathways lead to the formation of an oxygenated derivative of either 1-

phenylnaphthalene or 2-phenylnaphthalene. The energy barriers of each step are commensurate

17



with those reported for other biomass pyrolysis reactions and all the generated secondary products
are reported within the experimental lignin pyrolysis literature.

The mechanisms presented herein can be used as a basis for numerous further studies to
better understand the role that catalytic species and materials play in lignin char evolution.
Additionally, this work may also provide insights into potential routes for the formation of char

from cellulosic biomass and their thermal degradation products.
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