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Introduction

Life cycle thinking case study for catalytic wet air
oxidation of lignin in bamboo biomass for vanillin
productiont

Christopher S. McCallum, & ** Wanling Wang,® W. John Doran, (°

W. Graham Forsythe,® Mark D. Garrett,? Christopher Hardacre, (2 < J. J. Leahy,®
Kevin Morgan, (22 Dong-Soo Shin® and Gary N. Sheldrake*?

Life cycle thinking analysis (LCT) was conducted on the production of vanillin via bamboo wet air oxi-
dation compared to vanillin production from crude oil or Kraft lignin. Synthetic vanillin has been produced
from crude oil and paper pulping process “waste” for nearly a century. Bamboo is a quick growing, lignin
rich biomass with the potential for the generation of aromatic products including vanillin. Wet air oxi-
dation experiments were performed, using CuSO,4 and Fe,O- catalysts in alkaine environments, on raw
bamboo with the purpose of determining the aromatic compound yields in order to investigate bamboo
as a potential source of fine chemical products. From the LCT approach, production of vanillin from Kraft
Lignin compared to crude oil has a lower environmental impact across all categories per kg produced of
vanillin. Kraft lignin production of vanillin is shown to reduce smog formation and CO, emissions from
non energy sources to negligible levels while decreasing acidification potential by 6.8 times, toxic inhala-
tion by 1.3 times and toxic ingestion potential by 0.3 times compared to crude oil. The proposed bamboo
oxidation route has the potential to have the least environmental impact with negligible impact on smog
formation potential and ozone depletion potential if a green polar extractive solvent can be utilised in
future while also decreasing toxicity by inhalation by a further 115 fold and ingestion by 9458 fold. This
work has the potential to contribute to the United Nation Sustainable Development Goal for Responsible
Consumption and Production, Goal 12.

achieve carbon neutrality. With diminishing global resources,
biomass shows a great potential and its enhanced use could

An increasing effort is devoted to find processes for the conver-
sion of biomass and biomass-derived products into fuels and
organic chemicals," which is in part now driven by the United
Nations Sustainable Development Goal 12 (SDG 12) for
Responsible Consumption and Production.”> A scientific and
rational approach to the utilization of biomass as a resource
for both energy and chemical production can help society to
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solve several societal needs. Advances in biotechnology, gen-
etics, process chemistry, and engineering are leading to new
manufacturing concepts for converting renewable biomass
into valuable fuels and platform chemicals. The integration of
agroenergy crops and bio-refinery manufacturing technologies
offers the potential for the development of sustainable bio-
power and biomaterials that will lead to a new manufacturing
paradigm.’

Conducting an LCA as part of a new process analysis has
become more prevalent with the availability of LCA software
and environmental databases.*® The benefits of LCA are the
identification and quantification of impacts of particular pro-
cesses or compounds to the environment allowing for adjust-
ment of the process as to be more environmentally by design.
This is a change from previous modes whereby the processes
were shown to work, scaled and then an effort was made to
mitigate against environmental impact. This has been adopted
widely, as reviewed by Kralisch et al.,® a number of case
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studies examining how LCA has, and is continuing, to generate
more environmentally friendly processes for the chemical
industry.

Life cycle thinking (LCT) is an approach, similar to life
cycle assessments (LCA), that is utilised to assess the green cre-
dentials of a process by considering various synthesis
routes.”® The aim of a LCT approach is to take into consider-
ation the process from raw materials to processing and dispo-
sal. This requires a synthesis tree to be devised for each chemi-
cal within the process to determine points where a chemical
could have an environmental impact.

In the current work we apply the LCT approach to the wet
air oxidation of lignin using bamboo as substrate.

Bamboo is an important ecological, industrial and cultural
resource, which has potential use in the bio-refinery
industry.” > Some of the main transformations of biomass
involve the use of rice husk, wood, bagasse and miscanthus,
for example, as chemical feedstocks but there are limited equi-
valent studies for bamboo. Bamboos are perennial evergreen
plants and are a viable lignocellulosic substrate for bio-ethanol
production due the high cellulose percentage >48% and high
production yields.' For instance, China is home to one of the
world’s largest bamboo growing areas with a total bamboo
forest of around 6010000 hectares.'> The conversion of
bamboo for bio-ethanol, bio-methane, flavanoids, and func-
tional  xylo-oligosaccharides production is under
development.'*"> vanillin is one of the most widely used fla-
vours, produced naturally via the vanilla pod (Vanilla plani-
foila) but this cannot meet current world demand and has
been the focus of research to improve synthetic methods.
Quantification of more environmentally friendly vanillin pro-
duction processes have been reported previously through LCA.
Isola et al.* reported a quantified method to lower environ-
mental impact of alkali lignin depolymerisation with vanillin
using MoO, Lao and CoO catalysts. Wongtanyawat et al.’
reported a quantified environmental impact of process design,
including solvent selection, for the production of vanillin
using LCSoft.

The total mass fraction of cellulose, hemicellulose and
lignin in bamboo is between 89-93%.'® The cellulose and
hemicellulose content are in the range of 63% to 85%, and
since these are both more easily degraded than lignin, there-
fore, bamboo is a potentially valuable substrate for further
conversion to valuable chemicals. Lignin is an amorphous,
three-dimensional network polymer comprising of variously
linked phenylpropane units.'”*® Previously, it has been shown
that biomass rich in lignin can be used for the production of
valuable chemicals via depolymerisation processes.'®***” Wet
air oxidation (WAO) is an effective and extensively used indus-
trial oxidation process®’ for organic and inorganic aqueous
solutions or suspensions. Typical conditions for wet air oxi-
dation to produce phenolic compounds, depending on the
source, ranges from 150-250 °C and 1-50 bar.>**>¢

In this study we have applied the life cycle thinking
approach to the production of vanillin via bamboo wet air oxi-
dation in comparison to the more traditional vanillin pro-
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duction routes from crude oil or kraft lignin. More details and
background of this process are available in the ESL

Experimental
Life cycle thinking approach

Life cycle thinking analysis was conducted via the method pro-
posed by Jessop et al.>*** The following factors were chosen
for a comparison of synthesis pathways; acidification potential
(AP), ozone depletion potential (ODP), Smog formation poten-
tial (SFP), global warming potential (GWP), human toxicity by
inhalation potential (INHTP) and human toxicity by ingestion
potential (INGTP), persistence (PER), biological accumulation
(ACCU) and abiotic depletion potential (ADP). The following
assumptions are made:

+ H,0, N,, O, and H, calculated but does not carry an
environmental impact as it naturally occurs in large volumes.

+ All unreacted starting material and by-products are
released to the environment.

+ Catalysts were assumed to be removed via filtration and
not be recycled, as a worst case scenario for all reactions.

The following synthesis methods for vanillin were chosen
for comparison with the bamboo oxidation presented

(1) Crude oil to vanillin production (crude oil - benzene —
phenol — catechol — guaiacol — vanillin); more details in the
ESLt

(2) Paper pulping residue to vanillin.>

All information unless otherwise stated was obtained from
either PubChem, National Institute for Standards and
Technology or European Chemicals Agency (ECHA). Full
details are reported in the ESL{

Materials

Bamboo powder was obtained locally to Changwon and dried
to 10% wetness prior to transport. Prior to use the bamboo
was pulverised and sieved to <0.2 mm. The lignin content of
this bamboo was determined with the Klason method*® and
was found to be 28.8 wt%. Details of the Klason method are
reported in the ESL{ Recycled lignin was obtained as a by-
product of the acid pyrolysis of cellulosics in biomass from
Miscanthus grass.”” This process produces lignin in formic
acid (6.48 g L™"). The formic acid lignin solution needed to be
neutralized with NaOH before applying the standard oxidation
process (see ESIt for further details). CuSO,, Fe,03, all solvents
and other reagents used were obtained from Sigma Aldrich,
unless otherwise stated.

WAO of bamboo lignin

5 g of untreated bamboo wood powder was mixed with 120 mL
water, catalyst and sodium hydroxide in a Parr 4560 Mini
Bench Top batch reactor. The reactor was flushed three times
with O, to expel air and then the reactor was pressurised with
O, (6 bar) and heated to 195 °C. The reaction was then main-
tained at this temperature for 90 minutes.

This journal is © The Royal Society of Chemistry 2021
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Table 1 Bio-oil yields for NaOH addition to CuSO,4 catalyst

NaOH (mol) Bio-oil yield (lignin wt%) Bio-oil yield ( bamboo wt%)
— 19.6 5.6
0.075 28.0 8.1
0.15 51.6 14.9
0.3 31.2 9.0

Table 2 Bio-oil yields for different catalyst compositions

Catalyst (mmol)

Bio-oil yield Bio-oil yield

CuSO, Fe,03 (Wt% lignin) (Wt% bamboo)
1.6 51.6 14.9
3.2 40.2 11.6

0.8 34.3 9.9

1.6 32.4 9.3

Table 3 Bio-oil yields for different mixed catalyst compositions

Catalyst (mmol)

Bio-oil yield Bio-oil yield

CuSO, Fe,03 (Wt% lignin) (Wt% bamboo)
0.8 0.8 28.1 8.1

1.6 1.6 40.3 11.6

1.1 2.1 29.5 8.5

2.1 1.1 33.5 9.6

To determine the effect of base on the WAO, the CuSO,
catalyst different concentrations of sodium hydroxide were
investigated (Table 1).

For the comparison of the catalysts, different quantities of
either CuSO, or Fe,O; were used singly (Table 2) or in combi-
nation (Table 3) with a constant quantity of NaOH (0.15 mole).

Analysis and characterisation

Analysis of the phenolic compounds from bamboo oxidation
were performed via HPLC and GC analysis.

HPLC analysis was conducted on an Agilent 1100 series
HPLC system, fitted with a C18 ULTRASPHERE 50DS column
(Apex Scientific). Details of the HPLC method are reported in
the ESL.}

Analysis of the lignin phenols were carried out on a Clarus
500 Gas Chromatograph. Details of the GC method are
reported in the ESL{

Under WAO of bamboo 8 main aromatic products were
observed as shown in Fig. 1.

The aromatic aldehydes vanillin (1), syringaldehyde (2) and
4-hydroxybenzaldehyde (3) are the three main target products
in the reaction (Fig. 1) and as such only the yields of these pro-
ducts are discussed. The ketones 4-hydroxyacetophenone (4),
acetovanillone (5), and acetosyringone (6) as well as the acids
vanillic acid (7) and syringic acid (8) are secondary products.
Other, minor organic products include higher-molecular
weight carboxylic and phenolic compounds, as well as volatile

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The products of wet air oxidation of lignin.

organic acids such as acetic acid. Substantial amounts of
several inorganic compounds including sodium sulfate,
sodium carbonate, and copper oxides (from catalysts) was also
produced.

Results and discussion
Effect of addition of base on CuSO, catalysed WAO of lignin

A number of variations of NaOH concentration were studied
and were compared to a control experiment where no base was
included. Generally, the bio-oil yields (as a percentage of start-
ing material) are much higher with alkali present than without
(see Table 1).

Increasing the NaOH to 0.075 mol increased the yield from
5.6% to 8.1%. At 0.15 mol NaOH (as reported previously'®) the
yield of bio-oil increased further (up to 14.9%). Further
increasing NaOH to 0.3 mol results in a reduction of the bio-
oil yield (9.0%). The yield increases with concentration of
NaOH, with the maximum yield occurring at 0.15 mol NaOH,
but at higher concentrations than this (i.e. 0.3 mol) there is a
reduction in the yield. A possible explanation for this is that at
the highest alkaline levels, complete mineralization of the
intermediates is taking place with the aldehydes being con-
verted into CO, and H,O when the available, more reactive
lignin substrate has been exhausted and further oxidation
becomes the dominant process. A distribution of the aldehyde
products is reported in Fig. 2.

The desirable products in this process are the aromatic
aldehydes and to a lesser extent the ketones and acids.
Predominantly, the largest yields were observed for aldehydes
(see Fig. 1), specifically 4-hydroxybenzaldehyde (4HB), vanillin

Green Chem., 2021, 23,1847-1860 | 1849
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Fig. 2 Yields of aldehydes from NaOH promoted WAO of lignin over CuSO,4 catalyst; 4-hydroxybenzaldehyde (black), vanillin (red), syringaldehyde
(blue) and combined aldehydes, acids and ketones (pink) as a wt% of bamboo.

(V) and syringaldehyde (S). The addition of NaOH has
increased the yield of all the aldehydes, with the highest com-
bined aldehyde yield (5.98 wt%) at 0.15 mol NaOH, which also
corresponds to highest observed yield of bio-oil, as reported in
Table 1. In all experiments with base added the product yields
were in the order 4HB < V < S, a similar trend is reported by
Zhou et al.”® reported a quantity of products in order of V <
4HB < S but only under catalytic conditions.

Fig. S1 in ESIt report the yields of acids and ketones, respect-
ively. A 0.15 mol concentration of NaOH gives the highest acid
yields (0.29 wt%), but the highest ketone yields (total of 1.34 wt%)
were observed at 0.3 mol. This might indicate that peak production
of both acids and aldehydes will occur in the concentration range
greater than 0.075 mol but lower than 0.3 mol.

The product distribution within the acid and ketone groups
also varied dependent on pH. From Fig. S1,T in most cases when
the base was added, vanillic acid (VA) yield was higher than syrin-
gic acid (SA). At NaOH concentration of 0.3 mol, however, this
trend is reversed and the yield of SA was approximately twice that
of VA. For the ketones (Fig. S1t), acetosyringone (AS) was always
the major product, while similar yields of acetovanillone (AV) and
acetophenone (AP) were observed at 0.15 mol NaOH. At
0.075 mol NaOH, however, AV was the second most abundant
ketone, while at 0.3 mol NaOH it was found to be AP.

Clearly, alkali is an important reagent in lignin
oxidation.'”**?° It helps to swell the wood, makes degradation
and depolymerisation of the lignin polymer process more
efficient and helps to stabilize the phenoxy aldehyde products
(vanillin and syringaldehyde) towards further oxidative degra-
dation.?' The most common degradation reactions that occurred
during the lignin oxidation involving NaOH include the cleavage
of a-aryl ether bonds.>* However, the reactivity of such linkages is
sensitive to the type of moiety (ie., free or etherified phenolic
group) present at the para position relative to the phenylpropa-
noid side chain. The o-aryl ether linkage is readily cleaved, the
reaction involving an alkali-assisted rearrangement of the phenol-
ate structure to the corresponding quinone methide structure
with elimination of the a-aryloxy substituent.

1850 | Green Chem., 2021, 23,1847-1860

Another benefit of the high pH is to give aldehydes stability,
at first the lignin oxidizes to aldehydes, then the aldehydes
oxidize to carboxylic acids.>® From the literature on the
Borregaard process it is known that the pH must be kept high
to avoid further oxidation of vanillin to vanillic acid.**

Predominately it has been observed that 0.15 mol NaOH
(pH 12.6) provides the best conditions, given that it resulted in the
highest bio-oil yield, as well as the highest yield of aldehydes. For
this reason, 0.15 mol NaOH (pH 12.6) was selected as the con-
ditions for the comparison of the different catalysts (vide infia).

Effect of different catalysts for WAO of lignin

In order to optimise further the catalytic wet oxidation of
lignin a number of other catalysts have been investigated. The
catalysts studied are reported in Table 2, along with the bio-oil
yields.

Two different masses of catalyst were studied for both cata-
lysts, and direct comparisons are made on the basis of equal
metal content; ie. 0.8 mmol of Fe,O; contains the same
amount of metal (Fe) as 1.6 mmol of CuSO, (Cu). From the
results it is clear that CuSO, gives higher yields of bio-oil. It
also interesting to note that increasing the amount of CuSO,
from 1.6 mmol to 3.2 mmol has a detrimental effect on the
bio-oil yield (decreases from 14.9% to 11.6%). Increasing the
amount of Fe,O; from 0.8 to 1.6 mmol also had a slight detri-
mental effect on the bio-oil yield.

The yields of the main aldehyde products are reported in
Fig. 3 (Fig. S2 in ESI} reports acids and ketones).

From Fig. 3, the trend in aldehyde product yields was S >V
> 4HB for all the catalyst compositions studied. Again, overall
yields of acids and ketones are relatively low compared to the
aldehydes, Fig. S2.7 For acids, increasing the amount of CuSO,
increased the yield of syringic acid, but decreased the yield of
vanillic acid. Increasing the amount of Fe,O; decreased the
yield of syringic acid while increasing the yield of vanillic acid.
For the ketones, increasing the amount of CuSO, increased
the acetosyringone yield, while increasing the amount of Fe,O;
decreased the acetosyringone yield.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Yields of aldehydes using different catalysts for WAO of lignin; 4-hydroxybenzaldehyde (black), vanillin (red), syringaldehyde (blue) and com-

bined aldehydes, acids and ketones (pink) as a wt% of bamboo.

In summary, CuSO, and Fe,O; are effective catalysts for
reasonable overall bio-oil yields and also report good selectivity
to aldehydes, particularly syringaldehyde. Consequently, a
mixed catalyst of CuSO, and Fe,O; has been further studied
for the WAO of lignin.

Mixed CuSO, and Fe,O; catalyst for WAO of lignin

The catalyst mixture compositions are reported in Table 3.
When the mixed catalyst was comprised of 1:1 of
CuSO,: Fe,0; (0.8 mmol each) the bio-oil yield was 8.1%.
When the total amount of each catalyst was doubled and the
1:1 ratio maintained (i.e. to 1.6 mmol of both CuSO4 and
Fe,03) the bio-oil yield was increased to 11.7%. Two further

15

125

=
o

Yield (wt.%)
N
wv

CuS0, (0.8):Fe,0; (0.8) Cus0, (1.6):Fe,0; (1.6)

%JJJJ

compositions of ~2: 1 ratios, with both components being the
major constituent were also investigated. Interestingly, the
compositions of 2:1 ratios (total 3.2 mmol) both had lower
yields than the 1: 1 ratio mixed catalyst (total 3.2 mmol).

The aldehyde product yields for the mixed catalyst experi-
ments are reported in Fig. 4. The trend is predominantly the
same as before (S > V > 4HB) for all the catalyst compositions
studied. The highest aldehyde yield was observed for the 1:1
ratio of CuSO,: Fe,0; (total 3.2 mmol), which corresponds to
the highest bio-oil yield. In fact, the aldehyde yield reflects the
bio-oil yield in all cases.

The yields of acids and ketones (Fig. S31) were substantially
lower than the aldehyde yields. For acids, the highest yields

CuS0, (1.1):Fe,0; (2.1) CuS0, (2.1):Fe,0; (1.1)

Fig. 4 Yields of aldehydes using different catalysts for WAO of lignin; 4-hydroxybenzaldehyde (black), vanillin (red), syringaldehyde (blue) and com-

bined aldehydes, acids and ketones (pink) as a wt% of bamboo.

This journal is © The Royal Society of Chemistry 2021
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were also observed for the 1:1 ratio of CuSO,:Fe,O; (total
3.2 mmol). Vanillic acid was the main acid product in all
cases, except for the 1:1 CuSO,: Fe,0; (total 1.6 mmol) cata-
lyst. Interestingly, no syringic acid was produced for either
catalyst with the 2:1 ratio. For the ketones, the yields (and
trends) reflect those of the corresponding aldehydes.

These results indicate that both copper and iron are
working independently on different mechanistic pathways
playing very different, but still very important roles during the
oxidation process, as was indicated previously.>>*¥7° It is clear
that an equimolar catalyst concentration is best but that the
reaction is more sensitive to a decrease in Cu®>" content than
Fe®* content.

Life cycle thinking analysis of bamboo oxidation for vanillin
production

Table 4 and Fig. 5 show the LCT Inventory and synthesis tree
of WAO of bamboo for vanillin production. The method ana-
lysed via LCT was for catalyst mixture CuSO, (1.6 mmol): Fe,0;
(1.6 mmol), as shown in Fig. 4. Scaled to produce 1 kg of vanil-
lin, scaling factor of 9494 + 5.03%, this method produces an
average of 910 g and 2044 g of 4-hydroxybenzaldehyde and syr-
ingaldehyde respectively. The reaction mixture is composed of
2437 g + 10.02% of both CuSO, and Fe,O; with 44423 g +
5.79% of bamboo and 57121 g + 10.02% NaOH. The chloro-
form required for separation is 4 244 114 g +5.03%.

The production of 1 kg vanillin has an AP = 6.34 x 10,
ODP = 5.19 x 10°, SFP = 1.81 x 10°, GWP = 9.16 x 10°, INHTP =
5.98 x 107, INGTP = 1.75 x 10” and ADP = 3.33. The largest con-
tribution to each category is attributed to the use of chloro-
form as an extractive solvent.

Mixed CuSO,/Fe,0; catalyst for oxidation of recycled lignin

Treatment of bamboo with WAO there is a significant amount
of residual material between 90-95% of starting material.
Therefore, if wet oxidation is found to be viable to further
process this “recycled” lignin, it opens the possibility of two
complementary processes generating different added-value
product streams from different parts of biomass. This recycled
lignin oxidation reaction was conducted to investigate if the
lignin by-product could also be a source of the lignin oxidation
products that have already been observed from the oxidation
of raw bamboo herein. The intention being the investigation
of the complimentary of the wet air oxidation of lignin (from
bamboo) and the acid pyrolysis of cellulosic material (from
miscanthus); i.e. can the by-products of each process become
feedstocks for the other.

Miscanthus grass is a well-studied energy crop with a
number of reviews detailing benefit to the bio-economy.**™”
The standard conditions described in the Experimental
section (0.15 mol NaOH, 6 bar O,, 195 °C) were used with the
1:1 CuSO,:Fe,0; (total 3.2 mmol) catalyst for a 15 min
reaction.

The bamboo and recycled lignin feedstocks have been com-
pared under these conditions, and the bio-oil yields are
reported in Table 5. The actual yield from the bamboo

This journal is © The Royal Society of Chemistry 2021
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Vanillin «——  Bio-oil ——» Syringaldehyde
4-Hydroxybenzaldehyde

Fig. 5 Synthesis tree for the wet air oxidation of bamboo to vanillin.

Table 5 Comparison of bio-oil yields from bamboo and recycled lignin
(catalyst (mmol); CuSQO, (1.6) : Fe,Os (1.6))

Feedstock Bio-oil yield (mg) Bio-oil yield (wt.%)

467.1
117.8

32.4
36.4

Bamboo (1.44 g lignin)
Recycled lignin (0.324 g)*

“In 50 mL formic acid solution.

(467.1 mg per 32.4 wt%) was higher than that obtained from
the recycled lignin (117.8 mg per 36.4 wt%).

The actual lignin content for bamboo was 1.44 g (based on
28.8 wt%) and 0.324 g for the recycled lignin (see ESIf for
determination); i.e. ~4.5 times more lignin was available in
bamboo. The actual bio-oil yield from bamboo is ~4 times that
from the recycled lignin, and as such there is a reasonable pro
rata comparison of the bio-oil yields. The aldehyde product

20

15

10

Yield (wt.%)

Bamboo

yields for both feedstocks are reported in Fig. 6, while the acid
and ketone yields can be found in the ESI in Fig. S4.F

The trends for bamboo are the same as those reported for
the 90 min test reported in the previous section, although the
total yields are lower due to shorter reaction time. It is evident
that the recycled lignin can be converted to useful value-added
products. As would be expected from the Miscanthus grass
lignin, only the vanillin series of products is generated.
Vanillin (2.7 wt%) occupies the largest yield of the products,
followed by 4-hydroxybenzaldehyde (2.4 wt%), acetovanillone
(2.1 wt%), acetophenone (1.9 wt%) and vanillic acid (1.0 wt%).

NaOH is playing an important role in the oxidation of raw
bamboo powder, it can accelerate the reaction by helping swell
the wood, makes degradation and depolymerisation of the
lignin polymer process more efficient and also helps to stabil-
ize the phenoxy aldehyde products (4-hydroxybenzaldehyde,
vanillin and syringaldehyde) against further oxidative
degradation.

Recycled Lignin

Fig. 6 Yields of aldehydes using mixed catalyst for WAO of bamboo and recycled lignin; 4-hydroxybenzaldehyde (black), vanillin (red), syringalde-
hyde (blue) and combined aldehydes, acids and ketones (pink) as a wt.% of bamboo.

This journal is © The Royal Society of Chemistry 2021
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Experiments with different catalysts addressed the effects of
Cu*" and Fe’” on the yields. A combination of Cu** and Fe3",
however, was far more effective in improving the yields and
selectivity toward the oxidation reactions. The best results
show that the use of both Cu®*" and Fe** in a 1:1 ratio
improves the yields of aldehydes.

Life cycle thinking comparison

In order to assess the environmental impact of the new pro-
duction method for vanillin compared to established methods
a life cycle thinking analysis was conducted. A more detailed
analysis is reported in the ESL.}

Crude oil synthesis route

A synthesis tree used for the production of vanillin from crude
oil is shown in Fig. 7, excluding side products. A life cycle
thinking analysis of the side product processes is shown in the
ESL¥

Fig. 7 shows the synthesis of vanillin from oil via:

1. Production of phenol from benzene and propene

2. Hydroxylation of phenol to catechol

3. Methylation of catechol to guaiacol

4. Synthesis of vanillin from guaiacol via Vilsmeier
formylation.

Phenol is assumed to be produced from benzene and
propene, via a reaction with oxygen then sulfuric acid,
cumene-hydroperoxide process®®

In the production of 1 kg of vanillin the reaction process as
shown in eqn 1 and 2 was used:

Guaiacol + glyoxylic acid + NaOH
— vanillylmandelic acid + HCI

(1)
(2)

Vanillylmandelic acid + HCl — vanillin + NaCl

) (o)
£
CeHs C3Hg S0, SOz m
\/ CHq
= )

Cg s0s [ H0

CoHi0;  HyS0, ql/l N
CaHeOH HsPO,
CgHa(OH),
’ (ot}

v

HNO; CHO

CHOCOOH
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For the production of guaiacol methylation of catechol was
used via a dimethyl sulfate in nitrobenzene, as shown in eqn 3:
Catechol + dimethyl sulfate + NaOH
— guaiacol + methyl sulfate (3)
Catechol is assumed to be produced from phenol, as shown
in eqn 4:

Phenol + H,0, + phosphoricacid + perchloric acid

— catechol + hydroquinone

Phenol is assumed to be produced from benzene and
propene, as shown in (eqn 5, 6 and 7):

Benzene + propene — cumene (5)

Cumene + O, — cumene hydroperoxide (6)
Cumene hydroperoxide + H,SO,4 (500 ppm)

— phenol + acetone (7)

Tables 6-9 report the synthesis of vanillin from oil starting
with benzene. Due the mature nature of the process has devel-
oped to overcome any handling issues and increase selectivity/
yield.

Crude oil to vanillin life cycle thinking

To produce 1 kg of vanillin 954 g of guaiacol is required with
an assumed 90% yield for step 1 and a 95% yield for step 2.*°
The areas of concern within this process are accumulation of
material with the environment if released, PER, and the high
ingestion toxicity to humans, INGTP, of compounds used
within this mixture. The process limits the negative effects of
this process due to the mature nature of the reaction with
selectivity and yields to limit an oversupply of potentially
unwanted environmentally negative compounds. Glyoxylic

H;0 cry ] [(ro ]
s (o) H
H i (7] (o]
50, m NH;
CH3OH
L e
(CHs),0 SOs HNO; CeHg
\/
v v
(CH30);50; CsHsNO,
CsHa(OH)(OCH;)
(o)
HCl NaOH

Vanillin

CgH3(OH)(OCH;)(COH)

Fig. 7 Synthesis tree for crude oil synthesis pathway.
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Table 6 LCT inventory table for synthesis of vanillin from guaiacol via vanillylmandelic acid
ACCU Mass used/ Mass

Compound name MW AP/g ODP/g SFP/g GWP/g INHTP/g INGTP/g PER Log Kow ADP/g madeg remaining/g
Guaiacol 124  0.00 0.00 0.00 2.8 0.00 64.70 [MIGHERSI 1.32 0 954.14 95.41
Glyoxylic acid 74 0.00 0.00 0.00 1.19 0.00 37.80 Weeks -0.07 0 569.41 56.94
Sodium hydroxide 40 0.00 0.00 0.00  0.00 0.00 Unknown n/a n/a 0 30.78
vanillylmandelic acid 198 0.00 0.00  0.00  2.00 ? ? Months 0 0 1371.19 68.56
Hydrochloric acid 36 0.00 0.00 0.00  0.00 0.16 1.74 n/a n/a 0 24.93
Vanillin 152 0.00 0.00 0.00 2.32 0.00 0.00 Weeks 0 0 1000
Sodium chloride 58 0.00 0.00 0.00 0.00 0.00 0.00 n/a n/a 0 381.58 381.58
Table 7 LCT inventory table for methylation of catechol to guaiacol using dimethyl sulfate in nitrobenzene
Compound ACCU Mass used/ Mass
Name MW AP/g ODP/g SFP/g GWP/g INHTP/g INGTP/g PER Log Kow ADP/g made g remaining/g
Catechol 110 0.00 0.00 0.00 2.40 ? 975.00 Weeks  0.88 0 1302.18
Dimethyl sulfate 126  0.00 0.00 0.00 0.70 ? ? Weeks  0.16 $=6.77x107° 1939.06 678.67
Sodium hydroxide 40  0.00 0.00 0.00  0.00 ? ? n/a n/a 0 400.12
Nitrobenzene 123 0.00 0.00 0.02 2.15 0.01 79.40 1.85 0 3494.57 3494.57
Guaiacol 124 0.00 0.00 0.00 2.48 ? 64.70 1.32 0
Methyl sulfate 112  0.00 0.00 0.00 0.39 ? ? 0 $=6.77%x10"° 861.8
Table 8 LCT inventory table for hydroxylation of phenol to catechol

ACCU Mass used/ Mass
Compound Name MW AP/g ODP/g SFP/g GWP/g INHTP/g INGTP/g PER Log Kow ADP/g made g remaining/g
Phenol 94 0.00 0.00 0.87 2.81 1.30 133.58  Weeks 1.46 0 2060.69 206.07
Hydrogen peroxide 34  0.00 0.00 0.00  0.00 0.05 3138.38 n/a n/a 0 37.27 3.73
Phosphoric acid 98 0.00 0.00 0.00 0.00 ? ? n/a n/a P=8.44x10"° 107.42 10.74
Perchloric acid 100 0.88 0.00 0.00 0.00 0.00 84.16 n/a n/a Cl=4.86x10"% 109.61 10.96
Hydroquinone 110 0.00 0.00 0.00 2.40 0.00 572.13  Weeks 0.59 0 868.18
Catechol 110 0.00 0.00 0.00 2.40 0.00 975.24 Weeks 0.88 0 1302.18

acid, while itself not a major concern within the LCT, has
several compounds of concern within its synthesis process
which would raise concern and it would be environmentally
beneficial to explore alternatives, see ESL.}

To produce 954.14 g of guaiacol 1302 g of catechol is
required at an assumed 65% yield.*® The production of guaia-
col presents an increase number of issues with ADP from
sulfur a concern along with the high INGTP of catechol. The
production of both dimethyl sulfate and nitrobenzene also
require the use of sulfuric acid which has the potential to
highly environmentally damaging to the presence of a
number of compounds, see ESLt If an alternative to both
dimethyl sulfate and nitrobenzene can be found, which don’t
have sulfuric acid in their synthesis routes, this process could
become more environmentally benign. The production of
1302.18 g of catechol requires 2060.69 g of phenol at an
assumed 90% yield. There are four values over 100 for INGTP
per g, 0.87 SFP per g, 0.88 AP per g and depletion of sulfur.
The production of H,0,, phosphoric acid and perchloric acid
each have environmental concerns associated with them, see
ESL T

This journal is © The Royal Society of Chemistry 2021

The production of 2060.69 g of phenol requires 1016.47 g
and 547.33 g of benzene and propene respectively. This
process is the one of most optimised and industrially utilised
processes in the production of vanillin from crude oil. It was
assumed the eqn (5) has a 85% yield while the other reactions
are 98% respectively.’® The AD value for this process is
assumed to be greater than 1000 due to the use of crude oil as
a starting material. The generation of benzene alone as a start-
ing material could generate a value of over 1000 as benzene is
between 3.9-7% of crude oil.*' The main areas of environ-
mental concern are SFP, AD and INGTP.

Kraft lignin to vanillin life cycle thinking

A synthesis tree for vanillin synthesis for Kraft Lignin is shown
in Fig. 8, excluding side products. A life cycle thinking analysis
of the process is shown in ESL{ The method published by
Pacek et al.*® for vanillin production from Kraft lignin was
chosen for comparison with other vanillin production
methods.

The method was scaled to produce 1 kg of vanillin by a
scaling factor of 66.6 from the published details. Assuming

Green Chem., 2021, 23,1847-1860 | 1855
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Table 9 LCT inventory table for production of phenol from crude oil
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ACCU Mass used Mass
Compound Name MW AP/g ODP/g SFP/g GWP/g INHTP/g INGTP/g PER Log Kow ADP/g (or made)/g remaining/g
0il ? 0.00 0.00 0.00 0.00 0.00 0.00 Weeks 0 0.0201
Benzene 78 0.00 0.00 0.22 3.38 1.33 0.62 [MioHERsN 2. 13 0 2094.63 314.2
Propene 42 0.00 0.00 3.67 3.14 5.48 0.00 Weeks 1.77 0 1127.88 169.18
Oxygen 32 0.00 0.00 0.00 0.00 0.00 0.00 n/a n/a 0 = =
Cumene 121 0.00 0.00 0.78 3.27 9.56 0.26 3.66 0 2761.96 55.24
Cumene hydroperoxide 152 0.00 0.00 0.00 2.61 0.01 60.31 2.16 0 3400.18 68.00
Sulfuric acid 98 1.00 0.00 0.00 0.00 0.00 187.02 n/a n/a $=6.77x10"° 170.10 3.40
Acetone 58 0.00 0.00 0.14 2.28 1.03 18.39 Weeks —0.24 0 1271.49
HZSM-5 2 0.00 0.00 0.00 0.00 0.00 0.00 n/a n/a 0 - -
Phenol 94  0.00 0.00 0.59 2.81 1.30 133.58 Weeks 1.46 0 2060.69

Na,S

)
c

3

Na,S

H,0O Ca0 Na,;C05

Dry Wood

Black

| Liquor

v

Lignosulfonate (LS)

Vanillin

Fig. 8 Synthesis tree for the Kraft lignin synthesis of vanillin.

15 ¢ L™ of vanillin is produced per 220 g ™" of lignin entering
the reaction with a lignin content in raw biomass of 27.5%.

For the production of 1 kg of vanillin it is found the
majority of the reactants do not have an environmental impact
across the majority of categories measured except copper
sulfate, chlorine, sulfuric acid and the compounds associated
with the production sulfuric acid, see ESL.{ Table 10 shows the
LCT inventory for the production of vanillin from Kraft Lignin.
Sulfuric acid is associated with 1.88% of the acidification
potential of the reaction while the production of it is 98.12%.
All of the INGTP of the reaction is associated with sulfuric acid
while the INHTP is associated with chlorine in the production
of NaOH from seawater.

1856 | Green Chem., 2021, 23,1847-1860

A comparison of the synthesis route from crude oil versus
the synthesis route from Kraft lignin and the bamboo oxi-
dation explored in this paper is shown in Table 11.

Vanillin synthesis from crude oil, as discussed previously
(Tables 6-9), shows significant environmental impacts in every
area, except for ozone depletion potential, as there are no
CFCs used in the production route analysed. The major areas
of concern are human toxicity by inhalation potential (INHTP)
and human toxicity by ingestion potential (INGTP). The large
value for accumulation, 4.37, could potentially be reduced as
this is associated with 2-ethylanthraquinone. This compound
is reused extensively in the production of hydrogen peroxide
and therefore the mass of the compound could be reduced.

This journal is © The Royal Society of Chemistry 2021
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Table 11 LCT comparison of various vanillin synthesis routes
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Process Crude Oil to vanillin ~ Kraft lignin to vanillin ~ Bamboo oxidation ~Bamboo oxidation without CHCI; &H,SO, neutralisation
AP 5.36 x 10° 787.31 6.34 x10° +9.14% 93.34 +10.61%

ODP 0.00 0.00 5.19 x 10° +5.03%  0.00

SFP 2.34 x 10° 0.00 1.81 x 10° + 5.03%  0.00

GWP 9.87 x 10* 0.00 9.16 x 10%+ 5.03%  0.00

INHTP 2.04 x 10° 1.54 x 10° 5.98 X107+ 5.11%  1.56 x 10* + 17.31%

INGTP 9.61 x 10° 2.77 x 10° 1.75 107+ 5.03%  320.95 + 9.59%

PER

ACCU Log Kow 1.97 1.97 1.35

AD >1000 5.51 3.33 £ 9.96% 2.94 +10.02%

The production of vanillin from kraft lignin, as discussed
in Table 10, has a minimal environmental impact with any
environmental impact associated with the use of sulfuric acid
(H,S0,). The process is scaled by a factor of 66.6 times to
achieve 1 kg of vanillin compared to the method by Pacek
et al.>®

The synthesis of vanillin from catalytic wet oxidation of
bamboo has a significantly higher environmental impact when
compared to the crude oil and Kraft lignin methods of pro-
duction. The impact is, in part, as a scaling factor of 9494 +
5.03% is required to produce 1 kg of vanillin from the bamboo
wet oxidation. With this increase, there is a requirement for
4244 kg + 5.03% of chloroform per kg of vanillin. If an alterna-
tive solvent and alternative acid for neutralisation is utilised in
the process, the oxidation of bamboo for vanillin improves sig-
nificantly. Therefore, a greener extraction solvent is key to this
process being sustainable. This is certainly possible and other
solvent systems are already showing some promise in this
area.19,43,44

Other areas of improvement are lowering acidification
potential from 5362 or 787 using crude oil and kraft lignin
process respectively to 93.34 using the bamboo oxidation.
Human toxicity by inhalation potential is also lowered signifi-
cantly from 2.4 million and 1.54 million respectively to 15 631
+ 17.31%. Both values remain elevated due the use of sulfuric
acid, and associated values, in the production of copper
sulfate.

Conclusions

The transition from production of synthetic vanillin from oil
to kraft lignin would be environmentally beneficial across all
assessed impact categories, particularly in ODP, SFP and GWP
were it is calculated there would be minimal impact to the
environment from processing. Production of vanillin from
bamboo via wet air oxidation still requires optimisation but a
change of solvent utilised to extract the bio-oil from chloro-
form to a green solvent could significantly improve the
environmental impact of the process.

It has also been demonstrated that this oxidative depoly-
merisation method could be applied successfully to a lignin
waste stream from another process, the acid pyrolysis of cellu-
losics in biomass. This opens the possibility of two comp-

1858 | Green Chem., 2021, 23,1847-1860

lementary processes generating different added-value product
streams from different parts of biomass, a key goal in the bio-
refinery principle.

Consequently, the life cycle thinking approach can facilitate
the success of the United Nation Sustainable Development
Goal 12 for Responsible Consumption and Production.
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