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ARTICLE INFO ABSTRACT

Keywords: The integration of biocatalysis in biorefineries can lead to synergies for raw material valorization. Enzymes must
B‘f’catalym ) ) perform efficient and selective reactions when using crude effluents (to avoid costly downstream units). Herein,
M‘Cfmwlave assisted dehydration this is showcased with the synthesis of 2-furoic acid, starting from rice husk (agricultural waste), via a sequential
Furfura

organic-acid catalyzed pretreatment — to afford xylose and cellulose and lignin —, followed by the microwave-
assisted acidic xylose dehydration to furfural, in situ extraction in ethyl acetate, and the final biocatalytic se-
lective oxidation of furfural to 2-furoic acid (2-FA). To validate the concept, a xylose-rich hydrolysate (~ 15 g
xylose L’l) obtained from rice husk (RH) was used, achieving a furfural yield of 70 % in a biphasic system (water
— ethyl acetate). The obtained furfural extracted in the ethyl acetate was subsequently oxidized to 2-furoic acid
via an organic peroxide reaction mediated by Candida antarctica lipase B (CALB), with an overall yield of 90 %,
and, with a yield of 41.72 % based on the initial xylose in biomass. Notably, 20 mg/mL CALB could tolerate up to
400 mM of furfural under optimum conditions of 40 °C, 48 h. The recyclability of the biocatalyst was investi-
gated, enabling an efficient reuse of four consecutive cycles.

Furoic acid
Biomass Valorization

1. Introduction

The production of biofuels and biogenic materials from raw (waste)
biomass is a highly promising strategy to replace fossil-based resources
within the so-called biorefineries [1-3]. Herein, lignocellulose, a non-
edible, renewable, inexpensive, and abundant feedstock, may lead to a
range of useful platform chemicals through different down-/up-grading
approaches [4]. In this area, furanic compounds have found applications
in polymer and chemical industries, as well as in the manufacturing of
fuel additives and polymer resins [5-7]. In particular, furfural represents
an important platform chemical that can be directly obtained via acid-
catalysed hemicellulose dehydration (xylose) [8,9]. It is considered as
key-compound for biomass valorization, from which different valuable
building blocks can be derived [6]. The furfural versatility arises from
the fact that it can be subjected to various chemical transformations such
as selective oxidation, hydro-deoxygenation, decarbonylation, decar-
boxylation, hydrogenation, and hydrogenolysis. Among the various
achievable products from furfural, its selective oxidation to afford 2-
furoic acid has received huge interest [10], because 2-furoic acid can
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be used as plasticizer, as plastics or fuel additive, or as pharmaceutical
intermediate [5].

The chemical conversion of furfural into 2-furoic acid has been re-
ported mainly by means of heterogenous and homogenous catalysts, or
electrochemical and photochemical oxidations [5,7,10-13]. From the
sustainability perspective, however, developing metal-free processes
would result of interest, and the use of enzymes or microbial cells for the
furan valorization has been investigated as well [14]. In fact, incorpo-
rating biocatalysis to biorefineries may become an important ally to
fulfil sustainability aspects by setting-up reactions under mild condi-
tions, and with high efficiency. Recent literature illustrates the potential
that enzymatic biotransformations may provide [15-17] Needless to
say, industrial competitive conditions must be reached with the bio-
catalytic alternatives.

In this area, furfural upgrading has received special attention
[8,18-20]. Reported processes involve the use of free enzymes or whole-
cells. Wild-type microorganisms have been successfully used, yet
furfural loadings have become a hurdle, due to its inherent toxicity and
inhibitory profiles for enzymes [8]. Wang et al. [21] reported that
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recombinant Escherichia coli HMFOMUT displayed tolerance to furfural
(up to 50 mM), and to 5-hydroxymethylfurfural (HMF) (up to 150 mM).
Cheng et al. [22] investigated the inhibition and toxicity of furans and its
carboxylic derivatives on whole cells of recombinant Escherichia col-
i expressing 3-succinoylsemialdehyde-pyridine dehydrogenase
(SAPDH). The authors found that this biocatalyst exhibited the highest
tolerance toward 5-HMF, up to 200 mM, in the oxidation of furan
aldehyde, with lower tolerances toward methoxymethyl furfural (MHF)
(up to 150 mM), and to furfural, up to 75 mM. The highest toxicity of
furfural may be closely related to its greater hydrophobicity. In. another
study, Zheng et al. [23] reported selective oxidation of furfural to 2-
furoic acid using whole cells of genetically modified Pseudomonas
putida KT2440 (incorporated molybdate transporter). To evaluate
tolerance limit of P. putida KT2440 towards furfural and its bioconver-
sion ability to produce 2-FA, the authors exposed cells to a wide range of
furfural concentration from 20 mM —170 mM. The tolerant level of
P. putida KT2440 was > 175 mM under the cultivation and reaction
conditions of this study. Recently, Ma et al. [24] demonstrated a One-pot
chemoenzymatic synthesis of 2-FA using a sequential pretreatment with
a tin-based argil (Sn-argil) catalyst followed by immobilized Brevi-
bacterium lutescens whole cells. The authors exposed whole cells of Bre-
vibacterium lutescens to furfural concentrations ranging from 50 mM to
200 mM to assess their maximum substrate tolerance. The cells exhibi-
ted the highest tolerance to furfural at a concentration of up to 125 mM.

Apart from these promising prognoses observed from (recombinant)
whole-cells, free, isolated enzymes have also been employed under
different processing conditions [8,14]. As a potential advantage,
compared to whole-cells, free enzymes would enable the set-up of furan
oxidations in non-aqueous media, facilitating the integration of syn-
thetic steps within the biorefinery. Thus, whole-cells might be priori-
tized when aqueous streams from biorefineries are considered, and free
enzymes may be the choice if organic media is the option. Moreover, the
need of intensified biocatalytic processes with high furfural loadings and
conversions, for large-scale production of 2-furoic acid, has been
considered, e.g. through the lipase-mediated peracid-oxidation of
furfural in non-conventional media (non-aqueous), reaching higher
productivities for the desired 2-furoic acid [18].

Following these considerations, another important point is the need
of using crude effluents as feedstocks in biorefineries, to avoid the set-up
of intermediate, cumbersome and costly downstream units. Herein, the
need of “media-agnostic” (bio)catalysts [25], enabling efficient re-
actions in those crude media, may be of practical importance. With
respect to 2-furoic acid production, though, few studies have been
performed using either crude furfural or biomass sources, via a
sequential chemical xylose production and dehydration, followed by the
biocatalytic oxidation [26-28]. For instance, Yang et al. [28] developed
a tandem biomass pretreatment and biocatalyst approach to convert
furfural produced from bamboo shoot shells into 2-furoic acid, by using
an engineered recombinant Escherichia coli BH containing horse liver
alcohol dehydrogenase to oxidize furfural (30 mM) into 2-furoic acid.
Likewise, immobilized Candida antarctica lipase B (CALB) has been
explored for furanics valorization, being a versatile biocatalyst for se-
lective oxidations, esterifications, and aminations [2,7,18]. Overall, the
combination of chemical methods for biomass pretreatment and furfural
production with a biocatalytic valorization may become a promising
strategy [28,29] that could offer high yields, reduced energy use and
solvent consumption, with a minimized waste production (less down-
stream units). Importantly, the compatibility between the biocatalyst
and the previous or subsequent chemical steps — in particular for the
solvents, the pH levels, temperature, reagents, etc. —, must be carefully
considered [30].

Considering the importance of linking chemical steps with enzymatic
upgrading in biorefineries — by using crude effluents —, this work
showcases a bio-cascade path from lignocellulose to 2-furoic acid,
covering a pretreatment step to depolymerize hemicellulose and release
xylose, which is then dehydrated to furfural in a biphasic media (water —
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ethyl acetate), in situ extracted to the organic media, and further
oxidized via lipase-mediated peracid formation (Fig. 1). Rice husk (RH)
was considered as prototypical agricultural waste for the biorefinery,
since it is largely available worldwide (e.g. Mediterranean area, Asia,
etc.), and may thus become a good example for its valorization to bio-
based products, such as furoic acid, and to trigger the transition to-
wards a circular bioeconomy.

As observed, the process comprises three integrated steps: i) rice
husk pretreatment using a microwave-assisted organic acid-catalyzed
hemicellulose depolymerization at short reaction times and relatively
mild temperatures (1 h, 121 °C). The use of organic acids as catalysts
under those mild conditions lowers the by-product formation, enabling
the clean separation of xylose from solid lignin and cellulose pulp, which
can be subsequently valorized to other products [31-33]; ii) establish-
ment of a biphasic medium (water — ethyl acetate) for the microwave-
assisted xylose acidic dehydration to furfural, which is in situ extracted
to the organic media. These strategies hamper the degradation of
furfural, as it remains in the (more inert) organic phase. Finally, the
organic phase (ethyl acetate) containing furfural was decanted from the
media for the CALB-mediated peracid oxidation to 2-furoic acid.

2. Materials and methods.
2.1. Materials

Rice husk was chosen as the representative lignocellulosic biomass
for furfural production. RH biomass was kindly provided by the Cambra
Arrossera del Montsia, Catalonia, Spain and was dried overnight in oven
at 105 °C. For the microwave-assisted pretreatment, RH was grinded and
passed through 400 pm mesh. Oxalic acid, sulfuric acid and tert-butanol
were purchased from Fischer Scientific (Purity 99 %). Ethyl acetate was
purchased from Labkem (Purity 99.5 %). Immobilized lipase B from
Candida antarctica (Immobilized CAL-B) was a generous gift from Pur-
olite. All chemicals obtained from Sigma Aldrich and Fischer Scientific
were used without any modifications.

2.2. Production of xylose-rich biomass hydrolysates

Xylose-rich hydrolysates from RH biomass were obtained with oxalic
acid pretreatment. Exemplarily, 3.0 g of RH was suspended in distilled
water (30 mL) containing 0.4 g of oxalic acid, and the mixture was
heated in the autoclave at 121 °C for 1 h. After cooling the reaction
mixture, the xylose-rich hydrolysate (pH2.0) was separated by filtration.
Oxalic acid was removed by adding calcium chloride (CaCly) to super-
natant, stirred at room temperature and filtered. An aliquot of sample
was filtered through 0.45 pm nylon filtered and analyzed on (HPLC) (see
supporting information, Fig S1 and S2 for HPLC chromatogram of
xylose). The xylose-rich hydrolysate was used for further dehydration
reaction and the yield of xylose was calculated as shown in equation (1).
The analysis of xylose rich-liquid fraction is shown in Table 1 and
compositional analysis of RH before and after oxalic acid presented are
shown in Table 2

Xylose obtaineding , 132

Yield of xyl %)= ——————— %] 1
feld of xylose (%) Original xylaninRH 150 00 )

2.3. Synthesis of furfural from xylose rich hydrolysate via dehydration
reaction

The acid-catalyzed dehydration of the xylose-rich hydrolysate was
conducted in a microwave reactor (Milestone SynthWAVE single reac-
tion chamber (SRC)) as described by Mittal et al. [35] with some mod-
ifications. Briefly, a 20 mL glass reactor was charged with 2.50 mL of
aqueous xylose-rich hydrolysate (14.38 mg of xylose per mL) containing
HyS04 (50 mM), and 7.50 mL of ethyl acetate to form the biphasic
system (1:3 v/v). The reaction temperature and stirring were internally
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Step 1- Microwave-Assisted Chemical Dehydration
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Fig 1. Sequential chemo-enzymatic approach for the conversion of crude furfural — derived from biomass-based xylose into furfural acid through organic-acid
catalyzed biomass pretreatment, xylose dehydration, in situ extraction, and lipase-mediated peracid oxidation of biobased furfural to 2-furoic acid.

Table 1
Analysis of xylose rich-liquid fraction after oxalic acid pretreatment.

Samples Xylose Glucose Xylose Acetic acid HMF
yield g/L g/L g/L g/ L
(%)
Xylose rich 85.09 2.90 + 14.38 0.19+0.37 0.01+0.24
hydrolysate 0.32 +0.55

For HPLC chromatogram of xylose rich hydrolysate see supporting information
(Fig S1). Xylose rich hydrolysate contains acetic acid and undetected lignin
inhibitors.

Table 2
Compositional analysis of RH residue before and after oxalic acid pretreatment.
Samples Pretreated Glucan Xylan Lignin
Solid yield (%) Wt % Wt % Wt %
Raw RH * 100 34.85 +0.85 16.90 £0.21 25.30 +0.88
*Solid fraction " 57 41.37 +£1.20 3.28 £0.45 30.56 +£0.32

@ Raw RH compositional analysis was performed according NREL analysis
described by Sluiter et al., (2007) [34].

b Solid fraction obtained from oxalic acid pretreatment (see supporting in-
formation for HPLC chromatogram and details calculations Fig S2).

measured and monitored by the apparatus, with the maximum power
output set to 600 W. The glass reactors were placed in a microwave
chamber pre-filled with 250 mL of deionized water. The microwave
heating program was set to 170 °C and 30 bar pressure for 20 min. After
reaction completion, the glass reactors were removed from the micro-
wave chamber and cooled down to 60 °C. All the experiments were
carried out in duplicates. The biphasic system (ethyl acetate — water)
was then transferred to a separating funnel. Furfural was extracted into
ethyl acetate and the separated aqueous phase was analyzed using HPLC
to determine xylose conversion (HPLC program detailed in section 2.6).
The ethyl acetate phase containing furfural was analyzed with GC (GC
program detailed in section 2.6). The conversion of xylose, partition
coefficient, the yield, and selectivity of furfural were calculated using
equations (2), 3,4 and 5, respectively.

Conversion of xylose (%) =

xylose before dehydration reaction (g) — xylose after dehydration reaction (g)

Furfural in organic phase

Partition Coefficient (P) = Furfural in aquouse phase 3)
. Furfural produced (g) L. 150,
Yield (%) = * 2= +100 4
feld (%) Initial xylose in hydrolysate (g) 96 )
Selectivity — Yield o.f furfural 100 )
Conversion of xylose

2.4. General procedure for the lipase-mediated selective oxidation of
furfural to 2-furoic acid via in situ peracid formation

Experiments were conducted following the method outlined by
Krystof et al. [18] With some modifications. In brief, 5 mL of ethyl ac-
etate (EtOAc) were added to 5 mL of tert-butanol containing furfural
(concentration range: 50 mM- 600 mM). After thoroughly mixing, 200
mg of immobilized CALB (20 mg/mL) were added. Under stirring con-
ditions 30 % H30 (1.6 eq) were added at intervals of 0, 1, 2, 3, 4, 5 h.
Aliquots were taken from the reaction mixture at specified times and
analyzed on GC. The conversion of furfural, yield, and productivity were
calculated using equation (6),7 and 8, respectively.

Fo — F

Conversion of Furfural (%) = % *100 6)
t
Furoic acid inmM
Yield of 2 — furoic acid (%) = *1

feldo uroic acid (%) Initial Furfural in mM 00 @

Productivity of 2 — furoic acid (g/h/L)
_ Concerntration of furoicaciding/L ®)

Timeinh

Where Fy and F; are furfural concentrations at 0 and t h, respectively. All
experiments were carried out in duplicate.

*100 (2)

Intial xylose (g) in sample
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2.5. 2-furoic acid production from xylose rich hydrolysate via sequential
chemical dehydration and biocatalyzed reaction

In a typical experiment, 5 mL of tert-butanol were added to 5 mL of
ethyl acetate containing ca.30 mM of furfural derived from xylose rich
hydrolysate via dehydration reaction, and then 200 mg of immobilized
CALB (20 mg/mL) were added. Under stirring conditions 30 % of
hydrogen peroxide (H20,, 6*1.6 eq) were added at interval times 0, 1, 2,
3, 4, and 5 h, respectively. The reaction was performed at 40 °C for 24 h.
After completion, the reaction mixture was filtered to recover CALB,
which was washed with phosphate buffer for its reuse. The filtrate was
evaporated under reduced pressure, affording 2-furoic acid as a
yellowish oil. Its structure was confirmed by 'H NMR (Bruker Avance
400 MHz) (see supporting information for NMR spectra, Fig S3) 'H
NMR (400 MHz, D;0) &: 7.72 (d, J = 1.7 Hz, 1H), 7.29 (d, J = 4.2 Hz,
1H), 6.62 (dd, J = 3.8, 1.9 Hz, 1H).

2.6. Analytical methods.

Gas Chromatography: The furfural extracted in ethyl acetate from
biomass was identified by using gas chromatography-mass spectrometer
detector (GC-MS, Shimazu, GC 2010) and quantified by gas
chromatography-flame ionization detector (GC-FID, Agilent 6890 N).
GC programme: capillary column meta wax 30 m x 250 pm i.e., 0.25 pm,
hydrogen was used as carrier gas for both GC-FID and GC-MS, with Hy
(30 mL /min) and air for the flame for GC/FID (350 mL/ min). The
temperature of injector and detector was set 250 °C. Split ratio was 33:1.
The column oven programme: initial column temperature 50 °C,
increased 10 °C per min to 70 °C, increased 40 °C per min to 300 °C hold
3 min. The quantification of furfural and 2-furoic acid were done using
standard calibration curve. The retention time of furfural was 2.9 min
and furoic acid was 8.5 min.

HPLC Chromatography: The conversion of xylose into furfural via
dehydration reaction was quantified by HPLC (Agilent 1100 series
Model) equipped with ICSep ICE-COREGEL 87H3, PrnotoSIL (300 x 3
mm, 5 um) and refractive index (Agilent G1362A). It was eluted with 5
mM H3SO4 mobile phase with flow rate of 0.6 mL per min, at 60 °C
column temperature. The retention time of xylose was 9.8 min.

Nuclear Magnetic Resonance (NMR): The structure of 2-furoic acid
was confirmed using 'H NMR (Bruker Avance 400 MHz). After
completing the reaction, the solvents in the reaction mixture were
evaporated using a rotatory evaporator under reduced pressure,
affording a yellow oil. The NMR spectrum of the yellow oil was then
recorded in D50 solvent (see supporting information Fig S5).

3. Results and discussion

Following the protocol described by Krystof et al. [18] on the lipase-
mediated peracid furan oxidation, in the first set of experiments furfural
(commercial-grade) was converted to 2-furoic acid by stepwise adding
30 % of Hp0, at different temperatures and furfural loadings. At tem-
peratures up to 30 °C the furfural conversion remained below 80 %
(Fig. 2), while at 40 °C, 95 % conversion of furfural was achieved in 24 h.
Further temperature increase (>50 °C) did not lead to any process
improvement, and the conversion decreased significantly (less than 50
%). Similar observations were reported in literature [7].

3.1. Effect of reaction media

The effect of the reaction (organic, non-conventional) media on the
CALB-assisted selective furfural oxidation to 2-furoic acid was subse-
quently assessed. Several commonly used polar protic and aprotic
organic solvents were screened, such as 2-MeTHF, cyclopentyl methyl
ether (CPME), acetone, tert-butanol, isopropyl alcohol, ethanol, and
methanol (Table 3). As observed (Table 3), tert-butanol resulted a good
solvent for the CALB-mediated furfural oxidation, affording 95 %
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Fig. 2. Effect temperature on CALB-mediated oxidation of furfural. Reaction
conditions: 50 mM of furfural(commercial-grade), CAL-B (20 mg/mL), 30 %
H20, (6*1.6 eq). They were added stepwise at 0, 1,2, 3, 4, and 5 h, respectively.
Reaction media: ethyl acetate: tert-butanol (1:1 v/v).

Table 3
Effect of organic solvents on the CALB-mediated oxidation of furfural “.

Organic solvents Time (h) Log P b Conversion (%) Yield (%) ©
Ethyl acetate ¢ 48 0.73 15 5
Tert-butanol 24 0.35 95 91
Isopropyl alcohol 48 0.14 73.83 65
Ethanol 48 —-0.24 54.31 51
Methanol 48 —-0.36 33.84 30
2-MeTHF 24 0.89 nr n.r

CPME 24 1.59 nr nr

# Reaction conditions: 2.5 mL of solvent, 2.5 mL of ethyl acetate, 50 mM
furfural, 200 mg of immobilized CALB, mesitylene as internal standard, 40 °C,
250 rpm; n.r- no reaction.

b Log P- partition coefficient at 25 °C.

¢ Yield of furoic acid was calculated by GC analysis.

4 Reaction performed with EtOAc as acyl donor as well as solvent.

conversion in 24 h with 91 % yield of 2-furoic acid (Table 3), fully
consistent with previous literature [18].

The recent implementation of fermentative processes for isobutylene
biosynthesis from glucose, make the potential biogenic route for tert-
butanol feasible in the future [18,36]. Conversely, other potential bio-
based solvents like 2-MeTHF or CPME did not lead to any conversion,
presumably because of the interaction of these ether-containing solvents
with the formed peracids [37], which would make them not available
for the aldehyde oxidation. With respect to the other solvents (Table 3),
isopropyl alcohol led to acceptable results, while poorer results were
obtained in ethanol, ethyl acetate, and methanol.

3.2. Effect of furfural loading

To apply more sustainable biocatalytic reactions, creating intensified
processes with high(er) substrate loadings is mandatory, as water and
solvent resources are thus better used, and produced wastes are limited
[38,39]. Herein, the biocatalytic oxidation reaction was applied at
different furfural concentrations from 50 mM to 600 mM (Fig. 3).

Remarkably, a high conversion of furfural (87 %) with a 75 % yield
of 2-furoic acid, corresponding to a productivity 0.522 g/L/h of 2-furoic
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Fig 3. A) Effect of furfural loadings on calb-mediated oxidation of furfural. conditions: commercial grade furfural (50 mM-600 mM), CAL-B (20 mg/mL), H,O5 (6
*1.6 eq, 0, 1,2, 3, 4, 5 h), EtOAc: tert-BuOH (1:1v/v). The reaction time 24 h for 50 mM-200 mM, 48 h for 400 600 mM furfural loadings (6 *1.6 eq, 0, 1,2, 3,4, 5, 6, 7,
and 8 h). b) Productivity of 2-furoic acid (g/L/h) was calculated for different concentration of furfural 50 mM to 600 mM, herein concentrations of furfural are

converted from mM in g/L.

acid (Fig. 3 b), was obtained within 24 h at a furfural concentration of
200 mM. At higher substrate loadings (400 mM), the conversion
remained at 72 %, corresponding to 0.415 g/L/h after 48 h of reaction
time (Fig. 3 a,b). Previously, Ma et al. [24] reported a 2-furoic acid yield
of 50 % at 175 mM furfural loadings in the mixture of ethyl butyrate —
water by using immobilized Brevibacterium lutescens cells, and lower
yields (22 %) were achieved at 200 mM furfural loading. Likewise, Yang
et al. [28] investigated the effect of furfural loadings on the biocatalytic
activity of whole cells, reporting a 2-furoic acid yield of 99.9 % at
loadings of 30 mM, while a lower yield of 60 % was obtained at a
furfural loading of 50 mM. The results reported herein reflect the
robustness of using lipases in non-conventional media, as they reach
furfural conversions of 72 % at 400 mM loading (range of 30 g product
L™Y) and offer still room for future further improvement (improved step-
wise substrate addition, reactor design, continuous flow, etc.).

3.3. Sequential synthesis of furoic acid from xylose rich hydrolysates

As stated above, enzymes (and other catalysts) need to show
competitive performances in crude media from biorefineries [25]. Thus,
the use of real, inexpensive lignocellulosic biomass waste as feedstock is
necessary to demonstrate the usefulness of the intended process, adding
economic and environmental perspectives to the discussion [29].

Herein, the sequential reaction proposed involved the rice husk
pretreatment, the microwave-assisted dehydration of xylose to furfural,
and the CALB-mediated selective oxidation of furfural to 2-furoic acid
(Fig. 1). As stated above, the applied pretreatment led to the selective
xylose release — upon hemicellulose depolymerization —, while enabling
the recovery of (solid) lignin and cellulose pulp as future raw materials
for the biorefinery. Subsequently, xylose was dehydrated in acidic media
to render furfural. To this end, different approaches using homogenous
or heterogenous catalysts in a biphasic system reactor have been pro-
posed [7,35,40,41].

Mittal et al. [35] reported 80 % yield furfural from dehydration of
pentose rich sugars in water-methyl isobutyl ketone (MIBK) (1:2 v/v)
biphasic system containing 50 mM of H,SO4 under microwave heating
at 170 °C for 20 min. To validate the concept by linking the furfural
production and in situ extraction to an enzyme-compatible media, herein
ethyl acetate was used as the extractive phase, which could be later
directly blended with tert-butanol to create the biocatalytic media [18].

Therefore, experiments for the xylose dehydration from the xylose-
rich hydrolysate (14.38 mg of xylose per mL) were conducted in a
biphasic system (aqueous xylose rich hydrolysates: ethyl acetate 1:3 v/
v). This reaction was catalyzed by HySO4 (50 mM) under microwave
heating at 170 °C for 20 min, 30 bar pressure. Dehydration of xylose in
the presence of mineral acid resulted in a 95 % conversion of xylose and
a 70 % yield of furfural, corresponding to a 75 % selectivity and a
partition coefficient of 4.2. Our results for furfural yield and selectivity
were comparable to those reported by Mittal et al. [35]. Upon pH
adjustment of the furfural liquor to 7.0 using NaOH, furfural was
extracted into the ethyl acetate phase, which was separated from the
aqueous phase, resulting in a concentration of 62 mM furfural. The
biocatalytic oxidation of furfural was performed by integrating the
immobilized lipase with the starting crude furfural extracted in ethyl
acetate as starting material (Fig. 4A). Importantly, when extracted
furfural in ethyl acetate was combined with tert-butanol (1:1 v/v) for the
biocatalytic oxidation reaction, the furfural concentration was diluted to
30 mM. In the same reaction media (ethyl acetate — tert-butanol, 1:1 v/
v), stepwise additions of 30 % H30, were employed for lipase-assisted
selective oxidation of furfural, being in this case the ethyl acetate the
acyl donor. As observed (Fig. 4B), the conversion of bio-based furfural
and the subsequent production of 2-furoic acid was complete at 30 h,
corresponding to an overall yield of 90 % of 2-furoic acid, based on the
initial concentration of (crude) furfural (Fig. 4C). Notably, comparable
results were achieved when using commercial-grade furfural (Fig. 4D),
indicating that CALB can perform the reaction properly in “real”
biorefinery-like effluents, being a “media-agnostic” biocatalyst [25]. In
fact, our preliminary screening experiments on the effect of inhibitory
compounds on biocatalytic oxidation reactions also show that immobi-
lized lipases are not inhibited by lignin monomers such as vanillic acid
(20 mM), 4-hydroxybenzoic acid (20 mM), p-coumaric acid (20 mM)
each tested alongside commercial-grade furfural (refer to Supporting
Information, Table S1). In any case, no potential inhibitors such as acetic
acid, formic acid, or levulinic acid were detected in the ethyl acetate
fraction, indicating that these impurities remained in the aqueous phase
(refer to HPLC results in Supporting Information) because of this reason
not included in Table S1 in supporting information. After the reaction
was completed, the immobilized lipases were separated by filtration,
and the filtrate was then evaporated under reduced pressure, yielding a
yellowish oil. The chemical structure of 2-furoic acid was confirmed by
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'H NMR and GC-MS analysis (see supporting information Fig. S3 and S4
GC and GC-MS analysis, Fig S5 for NMR spectra).

An important note to be stressed here is the apparent low furfural
loading used in the process with real xylose hydrolysates (62 mM, from
which a final actual concentration of 30 mM was set). While CALB can
handle much higher aldehyde loadings (see Fig. 3A), the concentration
of real xylose must be adapted to the previous lignocellulose pretreat-
ment. Under our conditions, 3 g of biomass were suspended in 30 mL
media (that is, ~ 100 g biomass L™1). The conditions are in the range of
common pretreatments (~ 10 wt%) [28-30,42], and due to mass
transfer limitations, it appears challenging to enhance that solid-to-
liquid proportion. In any case, envisaging a pre-concentration of the
real xylose would not become problematic for CALB, given its accep-
tance furfural range (50-400 mM, Fig. 3A).

To quantify the overall use of lignocellulosic resources in the

proposed integrated process, a mass balance rice-husk-to-furoic-acid
was performed. Fig. 5 illustrates the components of the xylose-rich hy-
drolysate, as well as the concentrations of furfural and 2-furoic acid. An
oven-dried RH (3.0 g) was pretreated with oxalic acid (0.4 g) in 30 mL of
water in an autoclave at 121 °C for 60 min. In the pretreated slurry, the
solid RH fraction was mainly composed of 0.70 g of glucan and 0.51 g of
lignin, respectively. The xylose-rich hydrolysate comprised 0.4 g of
xylose as the major component, 0.09 g of glucose, 0.06 g of acetic acid,
and negligible amounts of HMF and furfural (due to the mild pretreat-
ment conditions applied). Subsequently, the microwave-assisted diluted
acid-catalyzed dehydration of xylose hydrolysates yielded 0.17 g based
on the initial biomass weight. Then, furfural derived from xylose rich
hydrolysates was converted into 2-furoic acid via enzymatic selective
oxidation reaction at 40 °C for 36 h, whereby 0.17 g of furfural were
completely converted into 0.18 g of 2-furoic acid. The yield obtained of
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furoic acid is 41.72 % based on initial xylose present in the biomass.
Therefore, the concept shows that starting from RH as lignocellulosic
agricultural waste, it is possible to valorise xylan for the synthesis of
furan-based building blocks, by means of cascade chemo-enzymatic
processes.

3.4. Recyclability of biocatalyst

Apart from showing its “media-agnostic” profile, the robustness of
CALB was further assessed by recovering and reusing the immobilized
enzyme, from where both economic and environmental positive impacts
can be generated [43]. Herein, the recycling was evaluated using crude
bio-based furfural from xylose dehydration. Notably, CALB could be
effectively recycled for four consecutive cycles (Fig. 6), with slight losses
in the yield of 2-furoic acid between reuses but keeping promising
conversions and yields after several cycles. The decreasing enzyme ac-
tivities might be due to the prolonged exposure of the enzymes to
hydrogen peroxide (H20>), as reported for similar reactions with CALB
[44]. In fact, a possible downside of the proposed approach may be the
need of adding Hy03, what can force to extra costs and deleterious ef-
fects. Herein, the development of more robust and optimized enzymes
may add even more value in this field for future biorefineries, enabling
also the set-up of continuous processes for furfural selective oxidation to
2-furoic acid.

3.5. Preliminary economic analysis

Integrated processes must show potential to be able to compete in
economic terms as well. Despite being still at the lab scale, where many
aspects can be susceptible to be improved, a preliminary economic
analysis was performed to validate the proposed integrated chemo- and
biocatalytic strategy for the production of furfural and 2-furoic acid
using RH as starting material. The approach considered the costs asso-
ciated with rice husks, oxalic acid, sulfuric acid, water, ethyl acetate,
tert-butanol, hydrogen peroxide (30 % H305), and immobilized CALB,
while costs related to capital expenses and operation costs such as labour
and taxation were excluded. The material cost data were adapted from
reports by the National Renewable Energy Laboratory (NREL), the Food
and Agriculture Organization (FAO), the chemical book website, and
various literature sources [45-48]. The cost of raw materials and utili-
ties used in this study are shown in Table 4. From the preliminary, lab-
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Table 4
Preliminary economic analysis of for production furfural and 2-furoic acid.
Category Items Consumed  Cost per Cost$
units
Raw material Rice husk 3g 0.031$/kg 0.0009
Oxalic Acid 04g 176%/kg 0.07
tert-butanol 5 mL 56.5$/L 0.263
Ethyl acetate 7.5 mL 53.3$/L 0.330
CAL B 20 mg /mL  “227$/10 g 4.54
enzyme
30 % Hy0, 0.5 mL 648%/L 0.258
(1.6 eq)
Utilities b Autoclave 5kWh “$0.086kWh 0.43
Microwave 600 W $0.086kWh 0.0172
20 min
Total cost in USD 5.90
for2-FA
Selling price of 1$ per g ¢
furfural
Selling price of 2- 7.24$ per
FA g°
Margin profit of 18.50 %
2FA

Calculation for margin profit = (S;—T) , where s- selling price in $ and T is total

costin $.

 Price of CAL B (Purolite) adapted from website of Fischer Scientific.

b Energy consumption value in Autoclave adapted from Ogugua et al. [49].

¢ Electricity price adapted from website of Global Petrol Prices.com.

4 Selling price of furfural- 26$ per 25 g (https://www.tcichemicals.com/US/e
n/p/F0073).

¢ Selling price of 2furoic acid- 36.20$ per 5 g (https://www.sigmaaldrich.
com/US/en/product/aldrich/f20505).

scaled study, a profit margin of 18.50 % (Table 4) was achieved in the
production of 2-furoic acid, what results promising given the early stage
of the research. It must be noted, though, that considerable further
optimization of process efficiency, cost reduction, process integration,
and yield improvement is needed to improve the profitability for large-
scale 2-FA production.
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Fig 6. Recyclability of immobilized CALB with bio-based furfural. Reaction conditions: 30 mM of furfural derived from biomass-based xylose, CAL-B (20 mg/mL), 30
% Hy0, (6%1.6 eq) were added stepwise at 0, 1,2, 3, 4, and 5 h, respectively. Reaction media: ethyl acetate: tert-butanol (1:1 v/v). Conversion and yield were
determined by GC-FID analysis of crude reaction sample. Enzyme was recovered by filtration and wash with phosphate buffer.
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4. Conclusions

Biocatalysis holds huge potential for biomass valorization within
biorefineries, due to the capacity of many enzymes to perform reactions
with high efficiency and selectivity in crude effluents containing im-
purities and catalyst-poisoning compounds. This eliminates the estab-
lishment of many intermediate downstream processing units and thus
may reduce costs and created wastes significantly. With these premises
in mind, this paper has explored a prototypical value chain starting from
an agricultural waste (rice husk) to the production of 2-furoic acid. To
our knowledge, this is the first time that such a value chain, from rice
biomass waste to furoic acid, using lipases and combining also chemical
steps, is established. The approach shows promising aspects related to
the possibility of integrating chemo- and enzymatic steps, to generate
value out of wastes. Furthermore, it allows the future use of the other
produced feedstocks (e.g. lignin) in further sequences, since the mild
conditions applied avoid the generation of by-product or the raw ma-
terial (significant) degradation.

The process involved first two chemical steps, namely the organic
acid pretreatment of rice husk to render xylose and a solid enriched in
cellulose and lignin, and the acidic dehydration of xylose to afford
furfural in a biphasic medium (water — ethyl acetate), enabling the in situ
extraction of the product in the organic media. Connected to that, a
lipase-mediated oxidation of furfural to 2-furoic acid was performed in
the same ethyl acetate, which was blended with tert-butanol to generate
a peracid-friendly reaction media. The microwave-assisted acid-cata-
lyzed dehydration of xylose-rich hydrolysate yielded furfural with a 70
% yield, and CALB displayed high tolerance towards furfural and rapidly
oxidized it in loadings of up to 400 M furfural. The biocatalyst was
effectively recycled for four consecutive cycles. Overall, the proposed
path shows that enzymes can be combined with chemical steps within
biorefineries, form which value can be created by valorizing side-
streams or by-products under conditions in which other chemo-
catalysts would be rapidly deactivated. The fact that enzymes can be
genetically designed and adapted to processing conditions may open
even stronger leads for future biomass upgrading systems.
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