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A highly efficient utilisation of lactose, a widely produced side-
stream product to produce furancarboxylates in two steps, is pre-
sented. Firstly an enhanced nitric acid oxidation of lactose with
Fe(NOs); to achieve a 75% yield of mucic acid was developed.
Mucic acid was then quantitatively dehydrated to produce dibutyl-
2,5-furandicarboxylate and butyl-2-furancarboxylate (66.6% and
33.1% respectively) using phosphotungstic acid catalyst in
1-butanol as a reaction solvent. The overall process presents and
excellent carbon utilisation efficiency of 49.9 mol%.

Biorefinery as a feasible and sustainable source of fine, bulk,
and pharmaceutical chemicals is becoming increasingly attrac-
tive. The biomass-based product market is estimated to reach
50 billion euros by 2030." Aside from the economics, it also
holds a key piece in the circular economy concept, whereby
our by-products are transferred back into other useable pro-
ducts. The predominant biomass sources in research labora-
tories and pilot and full-scale plant activities are ligno-
cellulosic biomass,>® with cellulose offering crystalline
glucose post fractionation® for short-chain organic acids fol-
lowing thermo-catalytic conversion as an example.® Aside from
cellulose, there is also lignin as a source for phenolics and
many routes have been developed.®’

In the EU by 2031 milk production is expected to be around
162 million tonnes per year,® and globally the production is
continuing to grow. Processes that produce lactose include
crude extraction from milk to produce lactose-reduced milk
products, the demand for which is growing. Additionally, a
substantial amount of lactose is discarded during the cheese
fermentation process in whey. It is estimated 9-10 L of whey is
produced per 1 kg of cheese during production® and 75% of
the whey powder is estimated to be comprised of lactose.
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Intuitively, as the demand for these products continues to
grow so does the side-stream production. Beside milk pro-
ducts, other dairy product streams such as Greek yoghurt pro-
duction, which produces acidic whey as a lactose-rich side-
stream, are increasing globally."®

Lactose is a disaccharide composed of units of glucose and
galactose, both hexose C6 sugars differing only in the orien-
tation of the hydroxyl groups within their backbones. They are
held together with a f-glycosidic bond, which unlike sucrose
cannot be hydrolysed in weak organic acids; however, it is
readily cleaved in the presence of strong mineral acids."'
During this research we looked for distinctive differences in
reactivities of the two monosaccharides and found the oxi-
dation to aldaric acids provides significant deviation between
glucose and galactose. Oxidation of glucose yields glucaric
acid"® once the aldehyde and the terminal alcohol have been
oxidised to carboxylic acid groups and requires a considerably
strong and selective system.'® Galactose, upon full oxidation
yields galactaric acid, commonly known as mucic acid. It is
obtained using simpler oxidation systems such as nitric acid
oxidation'* in the protonated form, and is virtually insoluble
in all common solvents (Fig. 1). This provides many practical
advantages for purification and separation between glucaric
and mucic acid yielding the selective separation of lactose
disaccharides.

Mucic acid has gained much attention in recent advances"
and product routes to afford desirable adipic acid'®™® provid-
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Fig. 1 Comparison of current bio-based process routes to FDCA and the
process presented in this work (created with https://Biorender.com).
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ing much promise for future plant-scale application. Biomass-
derived adipic acid derivatives and renewable carboxylic acids
are highly desireable."®*' However, here we have focused on
2,5-furandicarboxylic acid (FDCA) which together with ethylene
glycol form polyethylenefuranoate (PEF). It is achievable in a
biobased process and has beneficial properties comparable to
polyethylene terephthalate (PET).>* These include a greater
oxygen and carbon dioxide barrier as well as a greater degra-
dation potential.

Current industrial applications of FDCA synthesis
from biomass sources are accelerating; this is generally
achieved through glucose dehydration into HMF and
oxidation to FDCA.**** The extraction and purification of
glucose from the raw biomass sources, although well estab-
lished, must be considered in the life-cycle assessment of the
overall process,*® whereas through fewer steps FDCA can be
obtained from alternative waste or side-streams through
aldaric acids.?”?®

Alternative sources for mucic acid have been evaluated
including orange peel, through the extraction of pectin as a
source of glucuronic acid, and this can then be oxidised to
obtain glucaric acid, following dehydration similar to FDCA.
This route has many advantages and N. Van Strien et al.>® have
demonstrated efficient sulfonic acid-based dehydrations;
however the feedstock and its global availability does not
suffice with the global demand of the polymer industry for
mass-produced PET.*° Therefore, multiple easily accessible
routes from renewable sources are needed for this conversion,
and we present one here.

In this work we report two separate systems for full lactose
valorisation. The first, using diluted nitric acid with modifi-
cations to directly hydrolyse and oxidise lactose to form mucic
acid. From the oxidation products we also present heteropolya-
cids as an efficient catalyst for the dehydration of mucic acid
to FDCA and its esters and the formation of side products
namely 2-furancarboxylic acid, paving the way for mechanistic
understanding.
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Oxidation of lactose to mucic acid and
glucose oxidation products

Nitric acid oxidation of lactose is a common test for its presence
in food products and yields insoluble mucic acid which verifies
the presence of lactose.>" Considering that lactose is comprised of
galactose which post oxidation yields muecic acid and glucose and
would yield glucaric acid under similar conditions; however it will
remain in the acid solution and require extraction from the
mixture. We aimed to improve the simple nitric acid procedure®
although already with a 35% HNO; solution stirred at 80 °C for
24 h we obtained an adequate 50.3% yield of mucic acid directly
from lactose. The procedure is very convenient as the mucic acid
precipitates out of the solution and therefore requires no further
isolation techniques. We subsequently screened more convention-
al industrial oxidation procedures for an alternative route for
mucic acid production from lactose,**** which proved to be trou-
blesome, with many poor abilities to hydrolyse and oxidize in one
system. For example, Pt/C with pressurised O, under acidic con-
ditions failed to yield mucic acid from lactose.** We appreciate
that there are drawbacks with HNO; oxidations®® and aimed to
mitigate these as much as possible during this work, which we
describe below. It has been demonstrated that lactose can be a
viable source of mucic acid for other conversions and is not
limited to furan carboxylate production.

Expanding further on the nitric acid oxidation of lactose and
utilising ESI FT-ICR for the in-depth analysis of the resulting oxi-
dation mixture (ESI3 & 47), we gained insights into the oxidation
process which helped understand the further developments of
this reaction. As depicted in Fig. 2 we propose the oxidation
based on the known oxidation routes of lactose, and from our
observations, to mucic and glucaric acid. Two feasible pathways
are proposed; the first (a) through the known oxidation pathway
of lactose to lactobionic acid, confirmed by MS, which revealed
the existence of a diacid-disaccharide from the calculated DBE
values, this could be due to an additional oxidation of lactobionic
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Fig. 2 Proposed oxidation schemes with two feasible pathways towards mucic acid and glucaric acid, (a) involving the direct oxidation of lactose to
lactobionic acid, followed by acid hydrolysis and further oxidation. (b) Hydrolysis of lactose preceded by the oxidation of terminal hydroxy and the
aldehyde group of glucose and galactose. Intermediates analysed by ESI FT-ICR.
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acid. Then acid hydrolysis and further oxidation of monosacchar-
ide units furnished the final oxidation products. The other
alternative (b) is the initial acid-catalysed hydrolysis to glucose
and galactose, followed by oxidation of the aldehyde group, the
easier oxidation compared to the preceding terminal hydroxy
group oxidation which requires a stronger oxidation potential for
this to occur. Both are feasible and yield insoluble mucic acid.
The observation of monocarboxylic acid monosaccharides
(gluconic and galactonic acid) led us also to believe that the nitric
acid system is more than adequate for the hydrolysis of lactose,
and the full oxidation to aldaric acids was not fully efficient. To
enhance this, we screened multiple additives for the system with
known oxidation loops with HNO; with varying successes such as
radical initiators like TEMPO and metal salts. Oxidation of carbo-
hydrates has been reported with TEMPO®® as well as with other
systems,”” for the production of uronic acids which were observed
in ESI FT-ICR (ESI47) but did not increase the overall conversion
to mucic acid. The most promising result is the addition of Fe
(NO3); with Fe in its +3 oxidation state, enhancing the isolated
yield of mucic acid to 74.9% with full conversion of lactose in
24 h. Na(NO,), K(NO;3) and Mn(NOj;), were studied to verify this
and it was found that Fe opposed the nitrate addition which

Table 1 Effects of nitrate additives on the yield of nitric acid oxidation
of lactose

Additive Temp/°C Time/h Yield?/mol%
— 80 24 50.3
Fe(NO5); 80 24 74.9
NaNO; 80 24 57.5
KNO; 80 24 55.6
Mn(NO;), 80 24 54.6

Reaction conditions: 14 mmol lactose monohydrate (5 g), 40 mL HNO;
(35% solution), 5 mol% of additive, stirred (600 rpm) at 80 °C for 24 h.
“Isolated yield of mucic acid.
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enhanced the yield and the results are summarised in Table 1. As
reported in monosaccharide oxidations,*® nitrates were used as
oxidation additives and Fe(NO;); played a role in this reaction.*
In addition, Fe** itself had a significant oxidation power in the
reaction. This resulted in a simple, effective and cheap oxidation
process of lactose to mucic acid utilising Fe(NOs); (5 mol%) as an
additive in dilute nitric acid (35%).

Esterification of mucic acid to mucate
esters

At a glance, the structure of mucic acid suggests it would be
adequately soluble in solution to enable further processing;
however, its solubility is poor, achieving only 3 g L. This
problem is overcome by acid esterification which significantly
increases the solubility to allow more efficient further proces-
sing. We achieved this using p-toluene sulfonic acid, achieving
yields of >94% for methyl and butyl esters (Fig. 4). Although it
represents another step in the processing, it is necessary to
achieve an overall high utilisation efficiency.

p-TSOH 20mol%

- ROH, Reflux
HO R
OH B —
o R =Me, Bu

Fig. 4 Reaction scheme for the esterification of mucic acid.

Dehydration of mucic acid and mucate
esters to FDCA

Previous studies of mucic acid dehydration have used
1-butanol as the reaction medium and esterifying alcohol and

Catalyst Loading

2 mol%

Product

g
Temperature (°C)
Temperature (°C)

dibutyl furan-2,5-dicarboxylate

25 3 38
Time (h)

4 as s

Temperature (°C)

g
2
Temperature (°C)

butyl furan-2-carboxylate

.

*1ime

12 25pa0005 4 a5 s

6 mol% 10 mol%

Yield mol%

Temperature (°C)

2 Timd 0>

Fig. 3 The effect of temperature (200—-240 °C), reaction time (1-5 h) and catalyst loading (2—-10 mol%) on the yield of dibutyl-2,5-furandicrbxoylate

modelled with the D-optimal design of experiment model.
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Fig. 5 Reaction scheme for the dehydration of mucate esters.

therefore obtained dibutyl-2,5-furandicarboxylate as the final
product. This has advantages as 1-butanol is immiscible with
water and has a higher boiling point than smaller alcohols.
We expanded the scope of alcohol to examine the sensitives of
the reaction and to aim ultimately to obtain the desirable
product dimethyl-2,5-furandicarboxylate (2b, Fig. 5) and
understand further the effect of ester/alcohol solvent selection.

Similar to HMF*>*! conversions, the dehydration of alkyl
mucates requires Brgnsted acidity. However, due to the pres-
ence of two carboxylic acid groups in proximity to an aromatic
system, the Brgnsted acidity also promotes unfavourable de-
carboxylation. This leads to 2-furancarboxylates (3b, 3c) or
2-furancarboxylic acid (3a) as a side product. Therefore, the
acidity needs to be adjusted carefully. We observed this during
the initial screening with solid acid zeolites, where the zeolites
with an Si: Al ratio of 30 performed well to give higher difuran
carboxylate yields (Table SI3}) compared to a higher Si:Al
ratio which is synonymous with the increased Bronsted acidity
which promoted decarboxylation and then gave 3b as the
major product. With zeolite beta (Si: Al 30:1) we achieved a
maximum of 55% yield for 2b and 3b at 220 °C for 3 h (30%
and 25% respectively) and concluded that even with a suitable
mix of Lewis and Brgnsted acid sites, zeolites lacked the ability
to provide high yields of 2b in methanol.

Later we employed a heteropoly acid phosphotungstic acid
(HPW) as it has strong Brensted acidity comparable to zeolites
but is also hygroscopic in nature allowing for the abstraction
of the produced water in the reaction mixture. Combined with
the immiscibility of 1-butanol with water the pairing of HPW
in 1-butanol as a reaction solvent provided efficient dehydra-
tion conditions. We observed the influence of the reaction
time and temperature on the selectivity between the di and
mono ester product; a longer reaction time allowed for more
decarboxylation and a hence greater proportion of the mono-
carboxylate was formed. However, this was also dependent on
the reaction temperature. For efficient visualisation of this, we
employed a design of experiment (DOE) d-optimal design to
evaluate the effect of temperature, time and catalytic loading
on the product distribution and the overall conversion to car-
boxylates (2¢ and 3c). A highly reproducible and descriptive
model of the dehydration of mucic acid to furancarboxylates
was obtained, represented by high R?, model validity and
reproducibility (summarised in SIX). The model can be visual-
ised in the contour plots in Fig. 3.

As can be observed from Fig. 3 and predicted plots (SI16), a
maximum yield of 62.1% of 2c¢ is predicted under the following
conditions: 240 °C, 1 h and with 10 mol% of HPW. We verified
this with subsequent trials and achieved a maximum yield of

1384 | Green Chem., 2024, 26, 1381-1386
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Table 2 Yields of dibutyl-furandicarboxylate and monobutyl-furancar-
boxylate with H,SO4 as an additive to reduce catalyst loading

HPW H,S0, Yield 2¢ ¢ Yield 3¢“
Entries (mol%) (mmol) (mol%) (mol%)
1 10 0 63.7 33.1
2 2 0.4 57.9 39.1
3 0 0.4 42.5 51.8

Reaction conditions: 0.4 mmol dibutyl mucate ester, 15 mL 1-butanol,
catalyst as described in the table, added to a sealed reactor charged
with 10 bar N,, and stirred (600 rpm) at 240 °C for 1 h. “ Analytical
yield.

63.6% for 2c with a yield of 33.1% for 3c. With an overall de-
hydration yield of 96.8% this shows excellent carbon utilis-
ation of the process. Compared with glucose conversions into
HMEF, which have been shown to produce yields of >60% (ref.
40 and 42-44) and considering only one, valuable side-product
(3¢) is formed and this conversion is appealing. Further
benefit is clear considering the further oxidation required for
FDCA from HMF.

We monitored reducing the catalytic loading of HPW.
Although it is an easily recyclable material, a higher loading is
undesirable, we achieved this by the addition of H,SO,
(0.4 mmol) to replace lost Brgnsted acid sites from the
reduction of HPW. This showed the possibility to still obtain a
high yield of 2¢ with reduced loading, although without HPW
the major product was 3¢ with increased decarboxylation of 2c,
but still quantitative conversion was achieved. This highlights
the importance of Bronsted acidity as well as Lewis acidity in
controlling the selectivity between the products (Table 2).

Conclusion

The lactose utilisation process outlined in the presented
results depicts a simple, efficient, and tunable route to high-
value platform chemicals which are potential feedstocks for
PEF polymer production. Using commercially available and
industrially appealing reagents the much-overlooked by-
product lactose can be transformed in as few as 3 steps. The
modified nitric acid oxidation of lactose provides high yields
of 74.9% of mucic acid (improved from 50.3% in diluted nitric
acid) as a solid precipitate from the solution with excellent
purity without additional purification techniques. We
attempted to mitigate the environmental impact of the process
with dilution and the inclusion of additives; however, there is
scope to improve the green potential further. We provide
insights into the dehydration of aldaric acids, namely mucic
acid and the imperative selection of reaction temperature and
time to minimise the decarboxylation of di-2,5-furandicarbox-
yilic acids and carbonates to the mono-functionalised counter-
parts. The temperature requirements of this reaction are high
but from the statistical model provided it shows a significant
drop in the yield once the temperature is decreased; however
the reaction time is short which reduces the energy demand

This journal is © The Royal Society of Chemistry 2024
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for heating to high temperatures such as these. Within an
1-hour reaction time at 240 °C we achieved a yield of 63.6%
dibutyl-2,5-furandicarboxylate with a side-stream of 33.1% of
butyl-2-furanmonocarboxylate from mucate esters, represent-
ing a near-quantitative utilisation of the starting material. In
comparison with the existing routes from cellulosic materials
which require pre-fractionation,? more reaction
steps™>?*242542 and challenges in separation, the presented
route towards lactose to furan carboxylates presents a unique
straightforward alternative approach. We hope the presented
procedures can provide an outlook for alternative side-stream
sources to be integrated to the biopolymer and biorefinery
industry.
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