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Background

Lignin is a complex and intractable biopolymer found in woody biomass, where it provides
strength and rigidity to plants. Its presence in wood results in it being a major by-product of
the wood pulping industry, as it is left after the extraction of cellulose. Although it comprises
up to one third of the weight of processed material, lignin generally finds low value uses such
energy recovery or fillers for construction material. However, lignin is a potential feedstock
for biorenewable chemicals. Its structure is an irregular heteropolymer constructed around
a mixture of three phenols; para-coumaryl alcohol, coniferyl alchol and sinapyl alcohol
(Figure 1) with the proportion of these monolignols varying with plant type.

Figure 1: The structure of the three monolignols
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Industrially, aromatic compounds - and specifically phenols - can be valuable chemicals.
They are often derived from complex processing pathways, starting with non-aromatic
petrochemical hydrocarbons, and produced through modifying benzene, toluene and
xylenes (BTX chemicals). Using lignin as an alternative source of chemicals, particularly
linked to the intrinsic functionalised phenols, could provide an alternative cost-effective and
non-petrochemical route to some substances. In addition, this would provide a higher value
use of this by-product, and make use of its constituent functionalised aromatic substances.

Processing lignin is challenging for a variety of reasons, and various chemical and
biochemical routes are under investigation. However, it is poorly understood which of the
substances that could be derived from lignin are useful to industry. The purpose of this work
is therefore to provide a landscape analysis; identifying substances and materials produced
by the chemical industry that could potentially be derived from lignin. This will provide
background and guidance for work on lignin processing via biochemical routes.

Methodology

The scale of this work suggests a straightforward approach involving four consecutive steps
(Figure 2) is appropriate to identify possible target chemicals and classes of substances.

Figure 2: Schematic of methodology
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1. Molecule and group identification

We used three tactics to identify candidate molecules and groups:

e Literature appraisal: relevant publications, grey literature, and company information
were identified, and target molecules and groups were recorded.

e  Expertinterviews: 11 interviews were conducted with experts in lignin; these included
researchers of enzymatic depolymerisation of lignin, industry representatives across
different sectors and experts on lignin processing. This provided context to this work as
well as some specific examples of substances of interest.

e  Structural searches of databases: a series of databases (e.g. of chemical suppliers,
Chemspider and Cheminfo) were interrogated. This approach used the structures of
the monolignols, other depolymerisation products identified by literature and
interviews, and substances formed in the production of lignin as the search input.
Similar or derivative substances that shared structural features or contained a similar
carbon framework were identified and recorded. Due to search limitations, several
thousand structures were identified by this process and therefore some selection was
performed at this stage to eliminate ‘false hits’.

This resulted in a list of around 250 potential molecules and groups backed by additional
information from literature and interviews. In each of these steps, pertinent information
was also extracted for use in the following stages.

2. Screening to yield long list

To screen the first list of targets, each candidate was examined and ranked as ‘low’,
‘medium’ or ‘high interest’, or included as part of a group. Substances or groups scoring
‘low’ were eliminated from further analysis.

This evaluation was designed to be a relatively swift screening exercise to narrow down the
candidate materials. It was conducted based on information gathered from the
identification step or via a high-level search for information. Criteria used included primary
uses (no clear market), structural complexity (both too simple and too complex), or any
reason that would present a barrier to use (e.g. a controlled substance).

This yielded around 95 molecules for more detailed interrogation.

3. Structural & market analysis to yield short list

The 96 targets in the long list were investigated using three criteria:

e  Basic structure: the number and functionalization of the phenolic groups and
(functionalised) aliphatic groups was characterised. Compounds with similar structural
features as well as derivative structures were identified. This permitted classification
related synthetic patterns or groups and to track back to substances that could be
considered ‘building blocks’.

e  Synthesis scoring: a broad-brush assessment of the difficulty in synthesizing the
substance from the precursor monolignol was assessed, linked to transformations of
phenolic groups and alkyl chain. This score was normalised between 0 and 9.

e  Commercial scoring: a high level assessment of the market size and value of the
substance, each scored between 0 and 3, was conducted by searching industrial
marketplaces to find a price range and scale of market. These two scores were
multiplied to give a score between 0 and 9.

This assessment, coupled with previously gathered context information, enable the long list
to be pruned to a short list of substances. This filtering is clearly based on a crude semi-
quantitative scoring. However, factors such as linked substances (e.g. sharing the same
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2.1.1

production route) type of market (e.g. fine chemical, pharmaceutical) were also taken into
consideration, as well as the scores from other substances with the same base.

Classes/groups of materials were also short-listed but the analysis involved greater
uncertainty. This was a generally qualitative judgement based on market potential, difficulty
and existing applications.

This yielded around 47 molecules for more detailed interrogation as potential targets.

4. Refinement of targets and grouping

Further analysis on the shortlisted substances was conducted, looking into specifics markets
and applications and attempting to quantify market size. In most cases, however, with so
little data available, technical judgement was applied. A handful of key targets were
identified which are discussed in detail below.

Though the variation in composition of lignin from different sources were not considered, it
is recognised that describing at least two potential targets from each of the three
monolignols provides a diversity of possibilities and opportunity to add value across the
potential range of substances.

In some cases groups have been identified, as several similar substances could be produced
using similar approaches. Some of these, such as polymers, could have significantly larger
markets than the individual substances identified. However, there is less certainty and
specificity over the relevance to lignin as these are not like-for-like replacements, but share
some of the properties or functionality of the classes.

General comments on approach

Throughout the analysis a few simple principles were taken into consideration to simplify the

process:

e  “Drop in” replacements for existing substances were targeted, but it is likely that
numerous substances available from lignin have no immediate market, if not already
established.

e  Searches focussed on the monolignols and other aromatic depolymerisation products.
The rationale for this is that these form the bulk of lignin, and the process for making
BTX compounds from petrochemicals involves a number of steps.

e  Maintaining substitution on the benzene ring was favoured, as it was assumed this
would broadly mean these substances were more challenging or expensive to produce
from BTX compounds.

e  Analysis focused on substances that could be considered reasonable to obtain from
lignin, ignoring the specific route. Therefore not all may be appropriate for
bioprocessing routes or may require additional chemical steps

e  Though targets were identified for each monolignol, differences in lignin composition
(e.g. hardwood vs softwood) where not taken into consideration in terms of
prioritisation. Similarly the variation in pulp processing outputs were not considered.
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3.1

3.2

3.2.1

Results and Analysis

This document presents the findings of the analysis, with some discussion. The detailed
analysis is available in an accompanying spreadsheet, and the shortlisted substances and
classes can be found in the Annexes to this report as a separate document.

Screening

The number of targets identified at each stage, linked to each base unit are shown in Table 1.
Large differences are seen across the different groups as a result of various influences. For
instance, applications of bulk lignin were ignored after the pre-screening stage as the focus
was on identifying value added substances. A large number of coniferyl alcohol derivatives
were excluded because of their use as recreational drugs (particularly amphetamines).

Table 1: Comparison of targets identified at each stage of the analysis

Base unit Example(s) of derivatives Pre- Long Short Targets
screening List List
p-Coumaryl alcohol p-Coumaric acid 62 30 20 8
Coniferyl alcohol Vanillin 111 37 13 4
Sinapyl alcohol 3,4,5-Trimethoxy-benzaldehyde 49 15 9 3
Bulk Fillers, carbon fibre, phenolic resins 3 0 0 0
Class Flavonoids, Benzimidazoles 12 9 3 3
Polymers Polyesters, Aramids 5 4 2 2
Total 242 95 47 20

Target substances

The individual target molecules are discussed below, linked to each of the three monolignols
and classes. It is useful to highlight that the monolignols themselves appear to have limited
markets, therefore there is greater value in their derivatives and linked substances.

Coumaryl derivatives

Eight targets were identified linked to p-coumaryl alcohol; two of these are intermediates
which can be used to derive other substances of interest.

Figure 3: Substances identified linked to p-coumaryl alcohol
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See also benzaldehye derivatives (Figure 4)
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Three of these are linked to the base structure of the alcohol, leaving the 3 carbon chain at
the para position intact (Figure 3).

Anethole is a flavouring used in the food industry. The market for this substance appears
relatively small; however, it fetches a relatively high price and could be simple to produce
from lignin.

The second target is the methoxycinnamates, which could be derived with p-coumaric acid
as an intermediate. These substances have uses in the cosmetics industry, particularly as
sunscreens. Compared to other substances identified this market appears to be relatively
large, and is likely to grow. Within the EU, the market for octyl methoxycinnamate is
indicated between 1,000 and 10,000 tonnes.

The final target is raspberry ketone, which requires hydrogenation of a double bond and
dehydration, and addition of a methyl group to form a ketone, making this a more
challenging synthesis. However, this substance has found increasing use in the food and
fragrance industry, particularly as a food supplement (though its efficacy is under review).

The second group of targets relies on shortening the alkyl chain to a single carbon followed
by modification, most likely via the benzaldehyde (Figure 4). Both the hydroxyl and methoxy
analogues show potential as useful intermediates, with established markets for both at
various grades (ranging from high and low value). REACH data indicates that 4-anisaldehyde
registered for volumes between 1,000 to 10,000 tonnes per annum, making this among the
larger markets identified.

Figure 4: Substances identified linked to the benzaldehyde moiety
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4-hydroyx benzaldehyde has uses as a precursor to liquid crystal polyesters (see candidate
classes below). Its derivative, 4-(hydroxymethyl) phenol, is a flavouring that has
comparatively high value at food grade, though a small market compared to lignin. The
paraben group of compounds offers a range of compounds based on variation of the alkyl
ester chain. These find uses as preservatives in cosmetics, pharmaceuticals, adhesives and

OAKDENE HOLLINS

RESEARCH & CONSULTING

Lignin Derivatives — Value Added Chemicals



3.2.2

3.2.3

biocidal products. According to REACH data, the EU market for methyl paraben is between
1,000 to 10,000 tonnes per annum, with smaller markets for the other parabens.

The acid derivative of 4-anisaldehyde, 4-methoxybenzoic acid has an active commercial
market, mainly as an intermediate for the fine chemical and pharmaceutical sectors.

Coniferyl derivatives

Four substances derived from the coniferyl structure were identified; one of these is
potentially an intermediate to the others. Few useful structures were found that retained
the available 3-carbon alkyl chain; Eugenol appears to have the most viable market (Figure
5).

Figure 5: Substances identified linked to coniferyl alcohol
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According to the REACH database, this substance has an EU market of between 100-1000
tonnes per annum, and has a relatively high value. Eugenol itself is derived from natural oils,
and is used as a fragrance in washing and cleaning products and several smaller uses.

Other potential target molecules derived from coniferyl alcohol are linked to the well-known
vanillin group of compounds (Figure 6).

Figure 6: Substances linked to the vanillin moiety
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Within the EU vanillin and ethyl vanillin are registered as having a market between 1,000 to
10,000 tonnes, and 100 to 1,000 tonnes per annum respectively, and both have a moderate
value compared to some of the other more specialist substances investigated (though these
were generally excluded due to small markets). The production of vanillin and ethyl vanillin
from lignin is well known, and is a commercially established process by Borregaard. One
potentially interesting derivative is vanillyamine, which does not have a market by itself, but
can be used to produce capsaicinoids, which are generally obtained by extraction and have
commercial uses in pepper sprays and food flavourings. However, the market for this would
need to be developed.

Sinapyl derivatives

Three targets of interest were identified linked to the sinapyl structure; all of these involve
cleavage of the alkyl chain. Derivatives directly linked to sinapyl alcohol include 3,4,5-
Trimethoxybenzaldehyde (Figure 7), and trihydroxybenzoic acid (Figure 8).
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3.3

3.3.1

3,4,5-Trimethoxybenzaldehyde was identified as an intermediate in the pharmaceutical
sector that could be derived from sinapyl alcohol. Within the timescale of this work,
however, little information was found on precise uses and scale of market.

Figure 7: Substances derived from sinapyl alcohol
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3,4,5-Trihydroxybenzoic acid or gallic acid was identified as another derivative of sinapyl
alcohol, again as a potential intermediate - particularly for use in gallate esters. Ethyl,
propyl, octyl and dodecyl gallate esters have been identified as commercially used
preservatives across a range of industries, with all having “E numbers”. No market data
could be found to demonstrate the scale of these markets, but industrial sales indicate they
have medium value compared to other substances. A further use for gallic acid is in the
manufacture of bismuth subgallate, a commonly used pharmaceutical for treating digestive
complaints.

Figure 8: Derivatives from gallic acid
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Target classes

Five candidate classes of materials were identified as possible applications for lignin derived
substances. Rather than being linked to specific substances, these share structural
similarities with classes of substance found elsewhere. There is greater uncertainty over the
viability of these substances, as the many of the lignin derived chemicals possess additional
side chains and functional groups which are likely to influence the properties. However,
there may be potential for deriving new, useful substances. The five classes fall into two
types of substance: single molecule and macromolecule.

Single molecules

These classes have been identified, as the core structure can be relatively easily synthesized
from a lignin based starting material; furthermore they have useful applications and
markets. However, the substances produced from a lignin-based route are likely to vary due
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to additional functionalisation of the aromatic ring. Therefore these substances are unlikely
to be direct ‘drop ins’ for existing substances.

e  Benzimidazole and benzoxazine derivatives

Benzimidazoles and benzoxazines consist of a heterocyclic ring fused with a benzene ring
(Figure 9). Both of these classes of molecule could be derived from coniferyl alcohol (or
similar compounds), with additional substitution on the benzene ring at the para
position to one of the amine or hydroxyl groups.

Figure 9: Benzimidazoles and benzoxazines
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Benzimidazoles consist of an imidazole moiety linked to a benzene ring, with these
substances finding use as pharmaceuticals, pesticides and high performance fibres (e.g.
polybenzimidazole). Benzoxazines in general consist of a oxazine ring fused with
benzene; the 1,4 oxazine configuration is most relevant here. These compounds are
used in resins (though most commonly 1,3 oxazine) as thermoset polymers. Therefore
there may be potential for deriving substances for similar applications from coniferyl
alcohol. However, the impact of the additional benzene substitution and heteroatom
configuration needs to be understood to determine whether this is viable.

e  Salicylic acid derivatives

The benzene functionalisation of salicylic acid does not match that of the monolignols
described above. However, some depolymerisation pathways form molecules with a
1,2-hydroxy-acid structure, and these may provide a route to salicyclic acid and derivatives
such as coumarins and flavonoids which have multiple uses (Figure 10). As with other
substances the impact of the additional substitution around the monolignol benzene ring
needs to be understood before specific molecules can be targeted.

Figure 10: Salicylic acid and derivatives
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3.3.2 Macromolecular classes

Polymers commonly contain aromatic moieties - for example polyesters, polycarbonates,
polyamides and polyethers - which are often connected via an acid or alcohol based linkage.
These substances are often produced in high volume, and lignin-derived monomer units may
provide an opportunity if viable monomers can be produced. As with the single molecules,
‘drop in’ substances may be possible, but this approach requires further modification:
leaving sidechains and functional groups intact may provide some further opportunities.

Two types of polymer are highlighted here; aramids and aromatic polyesters.

e  Aramids

Aramids are comprised of repeating aromatic units connected via an amide linkage, which
find use as high performance synthetic fibres. Two varieties exist: para- and meta-aramid
(Figure 11). Similar structures are also possible with co-polymers, using an additional
monomer unit. These polymers are produced by reaction of a diamine and a diacid.

Figure 11: Structure of aramid polymers
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Analogous materials could potentially be produced from the monolignols or derived
substances by conversion of alcohols to amines or through nitration of the aromatic ring.
This would offer a different repeating unit, but yield potentially interesting properties, with
the ability to adjust functionalisation.

e  Aromatic polyesters

Polyesters consist of repeating units connected by an ester linkage, created from repeating
units of di-acids and diols. Aromatic polyesters may consist of completely aromatic units or a
mixture of aromatic and alkyl units. The most commonly produced polyester is polyethylene
terephthalate, based on a terephthalic acid and glycol. However, other polymers can be
produced from different substitution patterns, particularly meta-diacids (Figure 12).

Figure 12: Different polyester configurations based on phthalic acids
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Other polyesters are fully aromatic, though typically link together two different aromatic
units (for example Vectran which links a benzene and naphthalene moiety).

There are similarities between the aromatic structure of the most commonly produced
aromatic polyesters and substances linked to lignin, produced either directly from lignin or
from monolignol derivatives (e.g. 4-hydroxybenzoic acid which is used in Vectran).
Producing diacids from these substances may be challenging if they are not directly
derived from depolymerisation, hence it may not be possible to produce a cost-effective
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10

‘drop in’ replacement monomer. However, using the combination of acid and alcohol
functionalities seen in many monolignol derivatives may provide an alternative route,
with variations in structure, functionalities and linkage site. This may offer the potential
to produce bio-derived plastics as replacements rather than monomers.
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4 Conclusions

The table below summarises the substances identified as of interest described in the

sections above.
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12

Analysis of the molecules identified highlights key differences between the derivatives of the
monolignols. Based on this analysis p-coumaryl alcohol derivatives demonstrate the highest
potential, with methoxycinnamates, 4-hydroxy benzaldehyde and parabens presenting the
largest opportunity, particularly in terms of scale. Other opportunities exist for other
derivatives, but the scales appear to be smaller.

The market for coniferyl-based molecules is smaller. The best candidates are the vanillins,
which are already produced from lignin. This analysis shows that there appear to be few
viable alternatives. Eugenol is one such example; however, there is some uncertainty about
the market as this is derived via natural extraction.

Sinapyl derivatives sit between the other two monolignols in terms of potential. The gallate
group seems to offer some opportunities through esters (food preservatives), polymers and
intermediates. Other intermediates can be produced, but the market for these is less
certain.

Of the classes, the macromolecules or polymers offer some interesting prospects (but, at
the same time, uncertainty) and development work around polymers would be needed to
take this further. However, this could be an interesting route to pursue, given the amount of
lignin available and the scale of plastics markets. Possibilities for the single molecules also
exist, however they are just as uncertain and the markets are likely to be smaller.

Overall, opportunities for lignin-based chemicals do exist, but development work is required
to fully explore the potential, particularly of polymers. One of the key advantages of deriving
substances from lignin is also a major challenge: The existing market for chemicals
petrochemical is based, which broadly favours non-aromatic molecules with minimal
oxidation. Therefore it is challenging to make complete use of highly aromatised and
oxidised feedstocks without additional processing to remove certain fragments. Therefore
there may be opportunities to develop new markets for alternative substances that broadly
match the structures seen above.

Finally, many of the substances identified are preservatives or similar; therefore, this may
have consequences for biological routes.
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