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Sustainable and efficient production of furoic acid
from furfural through amine assisted oxidation with
hydrogen peroxide and its implementation for the
synthesis of alkyl furoatef
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Aromatic functionality is an important feature for the design of new molecules with specific properties.
Today fossil fuel feedstocks provide aryl building blocks with well-known chemistry, which can be
implemented in different products for different applications. Furan building blocks are biobased
chemicals derived from biomass, which have the potential to be implemented in different end products
such as polymers and surfactants, substituting petrochemicals. The success in implementing furan-based
compounds is strongly dependent on an efficient chemical pathway, which can give low operating costs
and high yields. In this paper, we study the production of furoic acid starting from furfural through a base
assisted oxidation with hydrogen peroxide. Specifically, we report a strategy to efficiently produce furoic
acid and integrate this with the production of the intermediate alkyl furoate for surfactant production.
Further evaluation was done on the recovery and valorisation of the co-products (sodium sulfate and
amine oxide) showing that the economics of the process can be further improved. This approach can
provide high reaction yield (99%) and an efficient separation of the final product, providing a valuable
competitive building block for surfactant synthesis.

Currently, most commodity chemicals are strongly dependent on fossil fuels. The implementation of cost-effective and green technologies is strongly required

but face multiple challenges from lack of research and high cost. Environmental policies and regulations which force the chemical industry to adopt such
sustainable practices have resulted in the delocalization of industry towards areas where regulations are less stringent. This work introduces a new concept

combining a novel green manufacturing technology to develop a new competitive commodity chemical, promoting circular economy and self-sufficiency. This,
in turn, reduces the need for the transportation of the feedstock and final product, decreases CO, emissions and valorises waste products, thus decreasing our

reliance on fossil fuels. These concepts align with the UN SDG 12.

Background

produce linear alkyl benzene sulfonate (LAS), which finds many
applications in cleaning products.®* In the last 5 years,

The production of biobased platform chemicals for the
synthesis of new sustainable materials that can replace petro-
chemicals is a topic of much scientific interest."* Furfural and
5-HMF are viewed as the main candidates for the replacement
of aromatic building blocks, which currently are derived from
benzene, toluene and xylene.>® One of the main uses of these
aromatic building blocks is in the surfactant industry, to

“Department of Chemical Engineering, Imperial College London, South Kensington
Campus, London SW7 2AZ, UK. E-mail: a.al-ghattal6@imperial.ac.uk; j.hallett@
imperial.ac.uk

*Department of Chemical Engineering, Universidad Auténoma de Madrid, Madrid,
28049, Spain

+ Electronic  supplementary  information
https://doi.org/10.1039/d2su00102k

(ESI) available. See DOI:

© 2023 The Author(s). Published by the Royal Society of Chemistry

research has been conducted to find alternative green solutions
to LAS, which can deliver the same performance in cleaning
formulations.'*? Different studies have shown that furan-based
surfactants show similar emulsifying properties compared with
LAS and better basic properties in terms of CMC, resistance to
hard water and Krafft point.’* However, while different studies
have shown the benefits of using furan head groups in place of
aryl ones,™ a critical discussion on the source and economic
competitiveness in using furan instead of benzene still needs to
be addressed more in depth. Few studies focused on estab-
lishing a catalytic route, not focusing on the overall feasibility of
the process.>'® Indeed, extensive studies have been done in the
last 20 years on the feasible production of HMF, but despite
high yields achieved through intensive R&D in catalyst devel-
opment, separation remains an issue, which limits the
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economic viability of this molecule."”** In one of our recent
publications, we addressed this issue showing that the isolation
of HMF is viable only when fructose is used as a feedstock and
barely competitive even in a highly optimized process, strongly
hindering its application as a commodity chemical.” Therefore,
the application of HMF as a surfactant building block to replace
LAS is unlikely to succeed at present. On the other hand,
furfural, derived from the pentosan fraction of biomass, can
deliver a cheaper building block since it can be obtained directly
from biomass through acid treatment in high yield and it can be
easily purified due to its high vapour pressure, which allows
distillation.?® For this reason, furfural is readily available in the
market at a low price (<2 $ per kg) with high marginality, rep-
resenting a potential feedstock to be used in the production of
different commodity chemicals.** Several studies have reported
the successful use of furfural derivatives as building blocks for
the synthesis of new surfactants but these always pass through
intermediate steps involving the transformation of furfural into
its derivative. For example, Dauenhauer and co-workers used
furan, which involved the decarboxylation of furfural, while
Hoffman and co-workers used 5-alkoxy-2[5H]-furanones derived
from the photooxygenation of furfural."** The feasibility in
using furan based feedstock in this application is limited by the
transformation of furfural into these intermediates, which
needs to be carefully assessed. We recently reported a new
biobased surfactant, sulfonated alkyl furoate, based on the
simple esterification of furoic acid and fatty alcohol, called
SAF.”® In our study, we showed that this surfactant can be
economically competitive if the oxidation of furfural to furoic
acid is carried out efficiently. At present, traditional techniques
for aerobic aldehyde oxidation based on Ag,O in conjunction
with a base are adopted on a large scale.>* The process consists
of bubbling air in an aqueous furfural solution (between 6 and
10%) in a slurry reactor. The solution is then acidified and
furoic acid precipitates as a solid. However, this process is
limited by the low recyclability of the catalyst because furfural
undergoes decomposition under basic conditions leading to
humin byproducts, which are deleterious to catalyst activity.>>>®

Tributyl amine

View Article Online
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Moreover, furoic acid has high solubility in water (3%), which
reduces the efficiency of the separation. Different research
studies have focused on catalyst development for the oxidation
of furfural using water as solvent through the usage of different
metal active centres. The main challenge in this approach is
establishing a catalytic system which can carry out the conver-
sion at a high furfural loading to allow good separation effi-
ciency. Due the enhanced solubility of metals during the
catalytic activity under acidic conditions, the formation of the
acid at high concentration will favour leaching accompanied by
particle size agglomeration, which will result in the loss of
catalytic activity over multiple runs.”” This would require an
optimum support, which can minimize the leaching and
stabilize the noble metal particles in the support.*®* In this
matter, different catalysts which showed stability in batch
operation proved to deactivate when they are used continuously
since the catalysts are exposed to higher flow rates.*® Different
studies have reported robust catalytic systems which can carry
out this conversion efficiently through non-noble metal-based
approaches, but further considerations are needed for what
concern the initial concentration of furfural used and the
stability of the catalyst over continuous operation.*"** Poly-
oxometalates proved to be able to carry out such transformation
at a relatively high concentration of furfural (10%) but recycla-
bility was not tested for furan based substrates, which is an
important aspect since humin side products can be deleterious
to the catalytic activity.>® Noble metals suffer from this type of
deactivation, and therefore low concentration below 2% is
needed.** Homogeneous catalysis has also been investigated in
different studies, showing that it can carry out oxidation effi-
ciently especially when carbene is used as the ligand or in its
pure form, but difficulties are encountered in recovering effi-
ciently the catalyst, since the downstream process for the
purification of furoic acid requires acidification.®*?* In this
matter, an approach with a good trade-off between high yield of
reaction and separation is still lacking in the current literature.
To overcome these limitations, we have developed a new system
to produce furoic acid under concentrated conditions using the

A

Dodecanol 0

Tributyl amine oxide

Fig. 1 Reaction scheme to produce furoic acid and alkyl furoate passing through an amine assisted oxidation with hydrogen peroxide.
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stoichiometric oxidant H,O, assisted by a base (Fig. 1). Since
furfural is not stable towards strong bases such as NaOH and
KOH, we selected amines as weak bases to perform this oxida-
tion. We selected tributylamine in particular since it guarantees
a stable reaction environment, limiting side reactions. The
separation efficiency of the process has been studied, showing
that both amine and furoic acid can be efficiently separated. By
exploiting the hydrophobicity of tributyl amine, we imple-
mented a basification step where the amine is separated in
a second liquid phase and furoic acid is separated through
acidification of the aqueous layer. This approach allows the
water usage to be minimized, which represents a problem for
most aerobic oxidations since they are carried out at a low
concentration of furfural. We then studied the esterification of
the produced furoic acid with dodecanol to produce alkyl
furoate, which can be used as a surfactant intermediate for SAF.
We believe that this approach can solve the aforementioned
issues regarding the viable production of furoic acid, leading to
a cheaper and more sustainable process.

Results and discussion
Oxidation of furfural under different process parameters

The selection of the base was done by analysing the stability of
furfural. A stability test was conducted through the addition of
NaOH and amine in two different batches and the results were
analysed by HPLC. It was observed that when NaOH was added
the colour of the solution changed within 5 min to brown and to
dark black upon heating at 55 °C for 10 min. The HPLC analysis
confirmed the degradation of furfural (about 52%) accompa-
nied by the formation of furoic acid (27%) formed through the
Cannizzaro reaction. On the other hand, furfural proved to be
stable upon addition of amine and only 5% degradation was
observed upon heating. For these reasons, the usage of NaOH
was discarded.

Our initial trials (Table 1) revealed that the reaction proceeds
only when amine and furfural are mixed together with hydrogen
peroxide and no conversion is observed when furfural or amine
separately is mixed with the oxidant (1), indicating that there is
an activation mechanism which makes the oxidation possible.
The oxidation mechanism is not completely clear. The literature
mentions that peracetic acid is a better oxidant for the amine
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than hydrogen peroxide, indicating that furan carboxyperoxy
acid may be formed, leading to disproportionation with the
amine, forming amine oxide and carboxylic acid.**** Our first
study aimed to find the optimum conditions to form carboxylic
acid with minimum conversion of amine. Then we could
establish a process to isolate both products, developing an
efficient and sustainable process.

We began by analysing the effect of different hydrogen
peroxide concentrations, temperatures, amine molar ratios and
times on the yield of reaction upon slow addition of hydrogen
peroxide. It is important to mention that our screening experi-
ments were designed to avoid a temperature increase of more
than 15 °C as isothermal conditions were difficult to achieve
due to the exothermicity of reaction. It required about 2 h to
inject all of the hydrogen peroxide and the temperature increase
was minor up to 70% of the total addition. A preliminary set of
experiments was performed to analyse the effect of the base on
the reaction yield (entries 1-4 in Table 1), revealing that stoi-
chiometric amounts of amine are the optimum, with yields
close to 70%. Although this is a step toward a viable process,
these conditions prevent the separation of the final product
since furfural is unstable at either low or high pH, which is
required during the separation, leading to humin formation
which deposits on the furoic acid crystals. In the ESIT we report
two different isolations of furoic acids carried out with and
without residual furfural. Increasing the temperature to 70 °C
did not lead to any remarkable improvements in the final
results (entries 5 and 6). A further increase in the yield could be
achieved by increasing the equivalents of hydrogen peroxide (7)
or using 50% hydrogen peroxide instead of 30% (8). The fact
that higher yields are achieved with the same equivalent of H,0,
using 50% instead of 30% (entries 2 and 8) indicates an
inhibitory effect of water on the kinetics of the reaction, and
therefor it needs to be minimized to obtain high yield.

All results reported in Table 1 led to over 70% amine oxide
formation, limiting the availability of amine for recycling and
indicating that part of the hydrogen peroxide is not used for the
oxidation of the aldehyde.

Larger scale trials

In order to have better temperature control, the scale of the
reaction was increased to 20 grams, allowing the system to

Table 1 Oxidation performed on a 5 g scale of furfural at different temperatures, amine contents, hydrogen peroxide quantities and times.
Experiments were performed upon gradual addition of H,O, ensuring that the temperature remained within 15 °C of the starting temperature.
Tributylamine was used as the amine. Yields were calculated through HPLC

T Amine content H,O0, concentration H,0, equivalent Yield
Entry °C) (cq.) (%) (cq. Time (h) (%)
1 55 None 30 1 1 0.03
2 55 1 30 1 1 68.9
3 55 0.7 30 1 1 62.9
4 55 0.5 30 1 1 35
5 70 0.7 30 1 1 61.9
6 70 1 30 1 1 62.6
7 55 1 30 2 1 95.2
8 55 1 50 1 2 88.4

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Oxidation of furfural at different temperatures and hydrogen
peroxide equivalents. Amine oxide yield evaluated at the end of the
H202 addition.

absorb the heat more efficiently, limiting the temperature
overshoot which proved deleterious to the reaction. We cooled
the reaction at 5 °C and exploited the exothermicity of the
reaction to reach the desired temperature set-point. Once the
addition of hydrogen peroxide was completed, the reaction flask
was heated to the operating temperature. In Fig. 2 we report the
results using tributylamine as the base since this is less volatile
than triethylamine, minimizing amine losses through evapo-
ration during the heating. Kinetic analysis over different
temperatures revealed that most of the reaction occurs within
the first hour of the addition of hydrogen peroxide. Different
trends were observed at different temperatures. At 55 °C, the
furoic acid yield reached 64% and a further 0.4 eq. were
required to reach ayield of over 96%. At 70 °C, the oxidation was
even more efficient, reaching 75% yield under stoichiometric
conditions and 30% excess of hydrogen peroxide to enable us to
reach 98% yield. At 90 °C, there was a decrease in yield and an
increase in decomposition of hydrogen peroxide under basic
conditions, decreasing the availability of the oxidant. Moreover,
higher temperatures favour the formation of the amine oxide,
decreasing further the substrate specificity of the oxidant.

At all temperatures, full conversion of furfural was not ach-
ieved with 1 eq. of hydrogen peroxide since part of H,O, still
oxidizes the amine instead of the furfural and a small fraction
decomposes under basic conditions into water and oxygen. By
adding a further 0.3 eq. the conversion reached values over 96%
at 70 °C, while at 55 and 90 °C, 0.4 eq. were needed.

Mode of addition

According to the previous experiments, temperature is the main
parameter influencing the conversion of amine into amine
oxide and this rises over the first equivalent of hydrogen
peroxide added. A previous report on base assisted oxidation of
aldehydes has shown that a strong excess of H,O, (more than 2
eq.) is needed to achieve complete conversion of the substrate,
probably due to the instability of the peroxide in a basic

306 | RSC Sustainability, 2023, 1, 303-309
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Fig. 3 Effect of the addition mode of hydrogen peroxide on the yield
of furoic acid and amine oxide. (a) Addition of hydrogen peroxide into
a premixed mixture of furfural and amine at 55 °C, (b) addition of
hydrogen peroxide (1.3 eq.) and amine into furfural at 55 °C through 10
additions, (c) addition of hydrogen peroxide (1.3 eq.) and furfural into
amine at 55 °C through 10 additions, and (d) addition of hydrogen
peroxide into a premixed amine-furfural mixture at 55 °C (addition of
the first 0.5 eq. over 10 h).

environment.*>** In order to further understand the reaction
parameters which influence this transformation, we studied
four different peroxide addition methodologies. In order to
analyse the selectivity and determine if the effect of excess
amine and furfural over hydrogen peroxide can lead to the
oxidation of amine oxide, we performed a gradual addition of
amine and H,0, into furfural and furfural and H,O, into amine
over 10 additions. The results in Fig. 3 demonstrated that there
is not a significant difference in the final amine oxide content.

Following our observation that most of the amine oxide is
formed during the addition of the first 0.5 eq. of H,0,, we
performed a very slow addition of this amount over 10 h and the
amine oxide formation was reduced, increasing the amount of
recoverable amine to 85%. This indicates that the addition of
H,0, has a strong influence over the selectivity of the reaction,
improving the process when the addition is carried out slowly in
the initial stage of the reaction when most of the furfural is not
yet converted.

Separation of furoic acid and esterification

The purpose of the separation is to obtain furoic acid that can
be esterified successfully with a fatty alcohol and implemented
in the production of biobased furan surfactant. Our approach
for the separation involved solubilizing the furoic acid into an
aqueous phase through the addition of a strong base such as
sodium hydroxide. The concentration of sodium hydroxide had
to be carefully chosen since the water content has a dual effect.
A high water content would compromise the separation of the
furoic acid since the residual solubility is about 3%, and on the
other hand at a low water content the sodium furoate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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precipitates out of the mixture, forming a very viscous slurry.
We identified 20% NaOH as the ideal concentration to mini-
mize the loss of furoic acid and avoid the precipitation of the
salt. After the addition of NaOH, the hydrophobic amine sepa-
rated into a different phase. According to NMR, the amine
phase didn't show the presence of any degradation products
and it could be re-used in a subsequent cycle. The aqueous layer
was washed with 3 volumes of ethyl acetate to recover the amine
oxide which can then be isolated through evaporation and
finally furoic acid was precipitated through the addition of
H,SO,, which leads to furoic acid upon filtration. The isolated
yield (81%) didn't match the calculated one reported in the
previous paragraph (96%) due to the residual product left in the
water phase due to slow crystallization kinetics and saturation
limits. However, the crude acid proved unsuitable for esterifi-
cation with dodecanol, leading to conversions less than 20% in
2 h, whereas in our previous studies the furoic acid had to be
completely converted. Upon our observation that residual solids
were still present in the esterification reaction mixture, we
identified the presence of sodium sulfate that coprecipitates
with furoic acid during the acidification. In order to validate
this hypothesis, we dissolved the solid in acetonitrile and
filtered the residue. After the evaporation of the solvent, the
furoic acid was esterified successfully with the same results as
we reported in our previous publication. While this approach is
successful on a small scale, the introduction of an organic
solvent can be deleterious to the environmental and economic
credentials of the process. On a large scale, however, this
problem can be solved by dissolving the furoic acid in dodeca-
nol and performing hot filtration since Na,SO, is not soluble in
dodecanol. This approach could not be tested on a small scale
since the mixture in contact with the filter cools down rapidly,
causing reprecipitation of the furoic acid.

Techno-economic assessment

The economic and environmental viability for the proposed
process depends on the treatment of wastewater which contains
sodium sulphate derived from the basification and acidification
steps and recovery of the amine oxide from the oxidation. Since
the wastewater contains about 20% salt, it has to be pre-treated
before being treated in the wastewater treatment (WWT) to
reach a level of total salinity less than 1% (general limit for
WWT disposal). Moreover, part of the furoic acid cannot be
recovered due to the saturation limit in water and will have to be
disposed in the WWT. This will decrease the profitability of the
plant but will not represent an environmental concern since
furoic acid has been reported to be readily biodegradable. For
optimum plant operation, we decided to consider as a base case
scenario the recovery of both sodium sulfate and amine oxide
since they are both highly concentrated in the respective
stream. Indeed, treatment by reverse osmosis or ion exchange
would lead to many operational problems due to precipitation
on the membrane or bed saturation. This would lead to high
operating costs with no added value. For this reason, we inte-
grated the recovery of sodium sulfate to be valorised as a side
product of the process through a multi-effect evaporation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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process, which allows the concentration and precipitation of
the salt. We report the results as the minimum selling price
(MSP), which includes the price to have zero net profit which
includes the capital and operating costs in implementing the
units to recover the compound. As per definition, this can be
regarded as the cost to implement the section in the plant or
a representative waste treatment cost to be disposed before
treating the stream in the WWT.

Five different sections in the plant design can be identified
and process conditions were chosen according to the experi-
mental results reported in the previous section. In the oxidation
and work-up sections, furfural is transformed into furoic acid in
a batch reactor with a yield over 99% and separated through
basification and acidification with recycling of the amine. 81%
isolated yield is considered according to the saturation limit of
this compound in water and our experimental results. In the
esterification, the furoic acid is converted into dodecyl furoate
through the addition of sulfuric acid as a catalyst and water is
removed through evaporation. In amine oxide recovery, the
water phase of the furoic acid section is washed with ethyl
acetate in a ratio of 3 : 1 and the solvent is removed through a 3
stage evaporation process with working pressures of 0.4, 0.1 and
0.05 bar, which concentrates the oxides to 52% (the remaining
is ethyl acetate). 99% of ethyl acetate is recovered while 1% is
flared since final drying of amine oxide will be carried out
through continuous nitrogen assisted evaporation (CO, emis-
sions are accounted). In the production of sodium sulfate, the
stream of concentrated sodium sulfate (20%) with residual
furoic acid (3%) is treated. This section consists of a 2-stage
evaporation package at (0.6 and 0.2 bar), which removes water
until achieving 12% water content in the solid, which is over the
saturation point of sodium sulfate, allowing the sodium sulfate
to precipitate. In the final stage, a concentrated solution of
furoic acid is obtained, which can be further recovered by
simple cooling and integrated into the final product. The
process scheme with mass flow rates is reported in Fig. 4 and
detailed mass balance is reported in the ESL ¥

In Table 2 we report the contributions of each section
towards the CO, emissions and minimum selling price of each
product to compensate for the operating and annualized capital
costs. This includes operating costs for feedstocks, chemical
auxiliaries, annualized equipment cost, labour and other
annual costs (maintenance, laboratories, supervision, plant
overheads, depreciation, insurance, local tax and royalties) with
detailed values reported in the ESLf The Total CAPEX which
includes direct field cost, direct field labour cost, indirect cost
and home-office cost has been estimated to be 24 m$ (details of
the calculations in the ESIf}).

It can be deduced that the main CO, contribution derives
from the recovery of the side products due to the use of evap-
orators, which require high energy inputs, while the oxidation
and esterification sections have minimal emissions thanks to
the possibility of heat recovery and high exothermicity of the
oxidation. The process produces furoic acid and alkyl furoate at
a low cost (market price of furoic acid: 11-15 $ per kg) while
higher prices are required for sodium sulfate and amine oxide.
Indeed, Na,SO, has a market price of 0.116 $ per kg against the

RSC Sustainability, 2023, 1, 303-309 | 307
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Fig. 4 Process scheme showing different sections of the process with mass balance.

Table 2 Results on the CO, emissions and minimum selling price
(MSP) for each section of the process

MSP ($ per
CO, emissions (kg kg™~ product) kg)
Furoic acid 0 2.06
Alkyl furoate 0.06 2.44
Sodium sulphate 0.345 0.56
Amine oxide 0.505 2.19

0.56 $ per kg from our process, making its recovery non-
competitive. This can therefore be regarded as a disposal cost
for the concentrated water stream. Amine oxide also proved to
require high capital costs for its recovery, and therefore its
application needs to be found ideally in speciality chemical
processes, which can afford higher selling prices. If long alkyl
chain amines are used, the corresponding amine oxides can
find applications as amphoteric surfactants used in personal
care. For short chain amines, the amine oxide recovery section
can be removed and the stream is treated for disposal along
with sodium sulfate if no market is found. The amine oxide will
remain in the water phase and treated in the WWT due its high
reported biodegradability.

The process we present resulted in an overall environmen-
tally friendly and economically viable process for the produc-
tion of multiple valuable components. However, different
considerations need to be taken into consideration for the
environmental credentials of the process. Indeed, H,0,, even if
its cost is negligible, has an environmental impact, which can
be deleterious since its current production is heavily dependent
on the usage of toxic and cancerogenic substances such as
anthraquinone. Moreover, tributylamine and the correspond-
ing oxides remain petroleum-based, which increases remark-
ably the carbon impact of the process for the production of the
amine and the use of the oxide for a specific application. A full
life cycle analysis would give a more detailed assessment of the
sustainability of such a process.

308 | RSC Sustainability, 2023, 1, 303-309

Conclusions

We optimized a process for the production of furoic acid
starting from furfural through an oxidation approach using
a base and hydrogen peroxide as a stoichiometric oxidant with
the final aim to produce the surfactant intermediate dodecyl
furoate. The process proved to be highly efficient and selective,
oxidizing more than 96% of the initial furfural into the final
product. The process has different drawbacks due to product
separation, which results in the loss of furoic acid through
water saturation, partial loss of amine to oxidation to amine
oxide and treatment of a highly concentrated sodium sulfate
waste product. We countered these problems by studying a base
case scenario where each product is valorised, implementing
a separation technique for each of these streams. Amine oxide
was removed through organic solvent washing and sodium
sulfate through evaporation and precipitation, allowing the
reconcentration of the residual furoic acid and re-precipitation
in a separate stream. Technoeconomic analysis showed positive
preliminary data in terms of the minimum selling price and
CO, emissions, establishing this process as a promising, scal-
able, efficient technology to be integrated in a biorefinery.
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