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pipeline through integrated reductive catalytic
fractionation and microbial funneling
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The growing significance of lignin-first biorefineries, which focus on upgrading the aromatics resulting

from lignin depolymerization, presents opportunities for bioproduct synthesis using microbial strains

capable of funneling a diverse array of phenolics into a single commodity chemical. In this study, we eval-

uated a biomass-to-bioproduct pipeline involving the reductive catalytic fractionation (RCF) of poplar

biomass followed by biological funneling with a Novosphingobium aromaticivorans strain that produces

2-pyrone-4,6-dicarboxylic acid (PDC), a potential bioplastic precursor. Considering the impact of solvent

on RCF reactor operating pressure, and the potential inhibitory effects of solvent on downstream

microbial funneling, we performed an analysis of six pure solvents, namely methanol, ethanol, isopro-

panol, isobutanol, 1,4-dioxane and ethylene glycol, and different variations of their aqueous mixtures

comprising 5 to 50 vol% water. For each pure solvent and solvent/water system, we measured phenolic

monomer yields in the RCF process and PDC yields from the phenolic monomers. We then developed

correlation models that relate phenolic monomer yields from RCF-derived samples to Hansen solubility

parameters to determine solvent descriptors that contribute to high yields. Furthermore, we developed an

integrated biorefinery system to estimate the minimum selling price (MSP) of PDC and the associated

carbon footprint to identify solvent systems with better costs and sustainability metrics. These analyses

resulted in the 50 vol% methanol/water system being identified as optimal because it reduces RCF reactor

pressure and is compatible with microbial funneling with N. aromaticivorans. This solvent system pro-

duced 63 g PDC per kg biomass (264 g PDC per kg lignin) from 85 g phenolic monomers per kg biomass

at a reduced reactor pressure of 48 bar (reduced by 26% compared to our previous poplar-to-PDC pipe-

line). The MSP for this system is $13.98 per kg of purified PDC (carbon footprint of 1.47 kg CO2e per kg),

which is about 24% lower than a previously described poplar-to-PDC pipeline and 46% lower than a

lignin-to-PDC pipeline that used pure methanol as the solvent. The results from this study illustrate

improvements that can be made in lignocellulosic biorefineries that are compatible with the hybrid

chemical and biological processes needed to gain value from lignin.
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Green foundation
1. This study combines experimental and modeling approaches to identify green and sustainable solvent systems for the reductive catalytic fractionation
(RCF) of poplar biomass, with the goal of maximizing the lignin phenolic monomer yields at lower reactor pressures, while minimizing the process econ-
omics of the RCF-based biomass-to-bioproduct pipeline.
2. We identified the 50 vol% methanol/water system as optimal because it reduces RCF reactor pressure and is compatible with microbial funneling of the
RCF-derived monomers to the bioproduct PDC by N. aromaticivorans. The PDC’s minimum selling price for the 50 vol% methanol/water system is 24% lower
than a pure methanol-based poplar-to-PDC pipeline and has a 28% lower carbon impact score.
3. Future research will focus on expanding the diversity of phenolic monomers that N. aromaticivorans funnels into a single bioproduct. The most impactful
additions would be the propyl and ethyl side chain products that represent 20–30% of the produced phenolic monomers.

Introduction

The concerns surrounding the excessive dependence on fossil
fuels to fulfill societal needs for fuels, chemicals and materials
have propelled a shift towards carbon-neutral technologies.1,2

Lignocellulosic biomass has emerged as a renewable and cost-
effective feedstock to produce value-added fuels, chemicals
and materials for industrial applications.3 Over the last few
decades, lignocellulosic biorefining has primarily focused on
carbohydrate valorization to produce cellulosic pulp, paper, and
biofuels.4,5 The need to improve the sustainability and econ-
omics of lignocellulosic biorefineries has generated an interest
in upgrading the lignin fraction of biomass into bioproducts
and biofuels.6 This interest in lignin valorization has led to the
emergence of ‘lignin-first’ biorefineries, which focus on prevent-
ing lignin condensation during fractionation of the biomass,
often through catalytic depolymerization of the lignin to more
stable products. The goal of ‘lignin-first’ biorefinery designs is
to derive greater value (vs. burning it as a fuel) from the lignin,
while still maintaining efficient valorization of the
carbohydrates.7,8 This strategy enables the use of lignocellulosic

biomass and avoids lignin degradation while enhancing its con-
version to biochemicals in downstream processes.9 In the pres-
ence of a metal catalyst and a reductive environment, this
process is known as reductive catalytic fractionation (RCF).4

RCF is a two-step process that involves initial solvolysis or
fractionation of lignin from cellulose and hemicellulose in
lignocellulosic biomass at a high temperature (200–250 °C)
and pressure (60–100 bar) in an organic solvent,10 usually a
short-chain alcohol like methanol (MeOH) (Fig. S1). The lignin
then adsorbs onto the heterogenous catalytic surface and is
depolymerized through catalytic hydrogenolysis. Although RCF
has largely been performed in MeOH owing to its high deligni-
fication efficiency, techno-economic analyses10–14 have identi-
fied the capital cost associated with MeOH’s high operating
pressure as a significant economic burden on an RCF-based
biorefinery. The addition of water as a co-solvent to pure sol-
vents such as MeOH can be advantageous in enhancing the
extraction efficiency of lignin from whole biomass and redu-
cing the operating pressure and economic cost.15 Alcohol/
water mixtures have been reported to exhibit higher RCF
monomer yields compared to pure solvents (Table 1).16–18 Due

Table 1 Current RCF landscape with different solvents under different reaction conditions

Feedstock Solvent system Catalyst

Initial
pressure
H2 (bar) Reaction conditions

RCF yield
(wt% lignin) Ref.

NM6 poplar (lignin) 30 mL MeOH 0.4 g 5% Pd/C 30 750 mg lignin, lignin/catalyst = 2, T = 200 °C, t = 3 h 19.9 11
Poplar sawdust 40 mL MeOH 0.2 g Pd/C 20 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 28.2 17
Birch sawdust 40 mL MeOH 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 28.1 32
Poplar 30 mL MeOH 0.4 g 5% Ru/C 30 2 g biomass, biomass/catalyst = 5, T = 230 °C, t = 4 h 32.6 16
Poplar sawdust 40 mL EtOH 0.2 g Pd/C 20 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 19.4 17
Poplar 30 mL EtOH 0.4 g 5% Ru/C 30 2 g biomass, biomass/catalyst = 5, T = 230 °C, t = 4 h 27.0 16
Birch sawdust 40 mL EtOH 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 17.4 32
Birch sawdust 40 mL IPA 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 12.2 32
Birch sawdust 40 mL 1-BuOH 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 10.8 32
Birch sawdust 40 mL Diox 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 5.1 32
Birch sawdust 40 mL EG 0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 26.9 32
Poplar 20 mL EG 0.1 g Pd/C 30 1 g biomass, biomass/catalyst = 10, T = 225 °C, t = 3 h 20.6 34
Poplar sawdust 40 mL MeOH/

water (70/30 v/v)
0.2 g Pd/C 20 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 44 17

Poplar 30 mL MeOH/
water (50/50 v/v)

0.4 g 5% Ru/C 30 2 g biomass, biomass/catalyst = 5, T = 230 °C, t = 4 h 33.4 16

Poplar sawdust 40 mL EtOH/
water (50/50 v/v)

0.2 g Pd/C 20 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 3 h 43 17

Poplar 30 mL EtOH/
water (50/50 v/v)

0.4 g 5% Ru/C 30 2 g biomass, biomass/catalyst = 5, T = 230 °C, t = 4 h 32.6 16

Eucalyptus sawdust 40 mL nBuOH/
water (50/50 v/v)

0.2 g 5% Pd/C 30 2 g biomass, biomass/catalyst = 10, T = 200 °C, t = 2 h 50 45

Birch sawdust 40 mL Diox/
water (50/50 v/v)

0.2 g 5% Pt/C 40 2 g biomass,1 vol% H3PO4, biomass/catalyst = 10,
T = 200 °C, t = 4 h

41.7 18
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to the large number of organic solvents available, solvent
screening through experiments alone is physically and econ-
omically challenging. This challenge has motivated the use of
computational tools to investigate the effect of solvent selec-
tion on lignin solubility,19–22 delignification,23–27 and biomass
conversion,28 suggesting that similar approaches can be
extended to better understand solvent effects in the RCF
process. As a result, we are interested in finding alternative
solvent systems that reduce the RCF operating pressure while
maintaining high monomer yields. Furthermore, in an inte-
grated lignocellulosic biorefinery, the products of chemical
transformations need to be compatible with downstream bio-
logical processes. In the case of RCF, any solvent remaining
after most of it is recovered for reuse has the potential to affect
downstream microbial transformations.11 Therefore, further
extending solvent selection considerations to include the
microbial conversion into products is necessary to capture
solvent compatibility in an integrated biorefinery.

In a previous study, we developed an integrated approach to
produce 2-pyrone-4,6-dicarboxylic acid (PDC) from bioenergy
crops through chemical depolymerization of lignin into a
mixture of phenolic compounds using hydrogenolysis, with
MeOH as the solvent, followed by microbial funneling of the
phenolic hydrogenolysis products to PDC using an engineered
strain of Novosphingobium aromaticivorans.11 The catalyst, Pd/
C, was chosen to ensure compatibility of the produced pheno-
lics with microbial transformation to PDC.11 Non-noble tran-
sition metal catalysts (e.g., Ni, Mo, and Co) display higher
selectivity for monomers with propyl side chains over those
with propanol side chains and using such a catalyst would
produce a larger fraction of monomers that would not be
microbially converted to PDC.10,29

Lignin isolated from poplar biomass gave the highest
hydrogenolysis monomer yield (20 wt%, lignin basis) and PDC
yield (139.1 g PDC per kg lignin which was 7.52 g PDC per kg
biomass).11 A technoeconomic analysis (TEA) of the integrated
poplar-to-PDC biorefinery indicated a PDC minimum selling
price (MSP) of $19.70 per kg (2019$, which is equivalent to
$25.90 per kg in 2024$) with MeOH as the solvent.11 Replacing
the serial lignin isolation and hydrogenolysis steps with RCF
increased the monomer yield (24 wt%, lignin basis) and PDC
yield (58.5 g PDC per kg biomass). The TEA of the RCF-to-PDC
biorefinery in that study30 indicated a reduced PDC MSP of
$18.39 per kg (2024$), with thick reactor walls to accommodate
the 65 bar operating pressure.

In this study, we investigated solvent selection for RCF
using an integrated approach that included RCF and microbial
funneling experiments to determine yields, computational
modeling to assess predictors of phenolic monomer yields for
solvent systems, TEA to assess the cost of an integrated poplar-
to-PDC biorefinery, and life cycle assessment (LCA) to assess
the carbon footprint of the integrated system. We investigated
different solvent systems including MeOH, ethanol (EtOH),
isopropanol (IPA), isobutanol (IBA), 1,4-dioxane (Diox) and
ethylene glycol (EG), and their aqueous mixtures (5–50 vol%
water), for a total of 30 solvent systems. We specifically sought

to identify solvent systems that operate under lower pressures,
are compatible with microbial funneling by N. aromaticivorans,
and maximize the RCF monomer and PDC yields. Microbial
funneling assays were performed to assess the conversion of
the phenolics present in the produced RCF oil with the
different solvent systems to PDC with N. aromaticivorans. To
complement the experimental screening, we developed a com-
putational model to correlate experimentally determined RCF
monomer yields and PDC yields with the Hansen solubility
parameters (HSPs) of the solvents. We then modeled the oper-
ation of an integrated poplar-to-PDC biorefinery for twelve
solvent systems (six pure solvents and their respective 50 vol%
solvent/water), providing comprehensive TEA and LCA insights
into solvent selection and its impact on the integrated lignin-
first biorefinery. A schematic depiction of our integrated
experimental-modeling approach to optimize solvent selection
for the biomass-to-PDC pipeline is presented in Fig. 1.

Results and discussion
Effect of solvent on RCF

RCF has been investigated with different solvents including
EtOH,16 IPA,31 n-butanol (nBuOH),32 Diox,33 and tetrahydro-
furan (TFA).32 In addition, high-boiling point polyols such as
EG and glycerol are also gaining significance as RCF solvents34

(Table 1).
To specifically investigate reaction pressure and phenolic

yields as a function of solvent, we performed RCF of poplar
biomass with polar protic solvents such as low-boiling MeOH
and EtOH, medium-boiling IPA and IBA, high boiling EG, and
the polar aprotic medium-boiling Diox (Fig. 2). With the vola-
tile alcohols (MeOH, EtOH, IPA, and IBA), the reaction
pressure ranged between 46–60 bar, whereas Diox allowed
operation at a slightly lower pressure of 30 bar and EG had the
lowest reaction pressure of 7 bar, corresponding to an 88%
pressure reduction compared to pure MeOH (P = 60 bar)
(Fig. 2a). The high boiling point (197 °C) and low vapor
pressure (P = 1 bar at T = 200 °C) of EG compared to the other
solvents used in this study enabled the lower operating
pressure (Table S1), in agreement with previous studies that
have used EG for RCF of lignocellulosic biomass at low/atmos-
pheric pressure.34,35

The yields of phenolic monomers obtained with the
different solvents were also evaluated (Fig. 2b). With EG, we
obtained the maximum observed RCF phenolic monomer
yield of 5.1 wt% on a biomass basis (biomass dry weight)
which is equivalent to 21.4 wt% on a lignin basis, using
24 wt% as the lignin content of the poplar biomass, which has
been measured for the specific poplar sample that we uti-
lized11 (Fig. 2b and Table S2, Fig. S2). MeOH and EtOH dis-
played a similar and slightly lower monomer yield of 4.9 wt%
on a biomass basis (20–21 wt% on a lignin basis, Fig. S2 and
Table S2). A decrease in yield was observed with an increase in
C-atoms in the alkyl chain of the alcohol solvents, with IPA
and IBA displaying lower phenolic monomer yields
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(2.7–2.8 wt% on a biomass basis; 11–12 wt% on a lignin basis)
possibly due to reported low lignin dissolution capacity of
these alcohols.36 Diox, a cyclic diether and polar aprotic

solvent that displays high solubility of lignin and lignin-
derived phenolics,37,38 resulted in the lowest observed
monomer yield (1.6 wt% on a biomass basis; 6.7 wt% on a
lignin basis) compared to the other solvents investigated. This
low yield could be due to the solvent competitively adsorbing
onto the active sites of the catalyst, limiting access to lignin/phe-
nolic monomers.39,40 Thus, from a yield perspective, EG, MeOH,
and EtOH would be preferred solvents, although EG is the only
one of these solvents that allows a reduction in operating
pressure (Fig. 2). Since lignin displays both polar (hydroxyl, alde-
hyde and carbonyl) and non-polar (aromatic rings, ether linkages
and methoxy) functional groups,41 higher lignin solubility and
consequently higher RCF yields are expected when using solvents
with higher polarity (EG, MeOH, EtOH). These results are also in
agreement with reports of EG being a high boiling point solvent
that offers high lignin solubility and comparable monomer
yields to volatile alcohols such as MeOH and EtOH (Table 1).42

Facas et al., 2023 reported a yield of 21 wt%, on a lignin basis in
the RCF of poplar with EG (225 °C, 3 h, 30 bar H2, Pd/C,
biomass/catalyst: 10).34 Schutyser et al., 2015 reported a slightly
higher yield of approximately 27 wt% (200 °C, 3 h, 30 bar H2, Pd/
C, biomass/catalyst: 10).32

Since higher RCF yields of phenolic monomers were
observed when poplar was treated with EG, MeOH or EtOH, we
further investigated the effect of pressure on yield with these
solvents. We found that using MeOH and EtOH did not
display much variation in monomer yield with pressure. There
was a slight increase in phenolic monomer yield (8.5–9.3%) on
increasing the pressure from 46 to 70 bar with MeOH, and
from 42 to 54 bar with EtOH (Fig. S3). However, we found a
43% increase in monomer yield with EG on increasing the

Fig. 1 Schematic representation of the integrated experimental-modeling approach to optimize solvent selection for the biomass-to-PDC pipeline.

Fig. 2 (a) Reaction pressure (bar) and (b) RCF monomer yield (wt%
biomass) for NM6 poplar with pure solvents of ethylene glycol (EG),
methanol (MeOH), ethanol (EtOH), isopropanol (IPA), isobutanol (IBA)
and 1,4-dioxane (Diox). Reaction conditions: T = 200 °C, initial pressure
= 30 bar (except EG = 5 bar and Diox = 20 bar), t = 2 h, 30 mL solvent,
biomass/catalyst = 18. Standard error in panel b was determined from n
= 2 technical replicates.
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pressure from 7 to 28 bar. This result indicates that although
EG can have a very low operating pressure of 5 bar, the
monomer yield is greatly increased when the operating
pressure is closer to that of the more volatile organic solvents.
This highlights the relationship that reaction pressure has on
the amount of dissolved H2, and the critical role that H2 plays
in enhancing lignin depolymerization and subsequently the
phenolic monomer yield.31,43

Effect of solvent/water mixtures on RCF

The addition of 30–70 vol% water to solvents such as MeOH
and EtOH in RCF has been found to confer a synergistic effect,
enhancing solvent polarity and thereby improving the extrac-
tion of lignin from the biomass, consequently increasing the
phenolic monomer yields.17 However, excess water (>50 vol%
with MeOH and >70 vol% with EtOH) has been linked to a
reduced degree of delignification and lower monomer yields.17

To investigate the impact of adding water as a co-solvent on
phenolic monomer yields and reaction pressures, we per-
formed RCF reactions in aqueous mixtures of MeOH, EtOH,
IPA, IBA, EG, and Diox. Taking into consideration the impact
of excess water on monomer yields, as well as issues related to
monomer solubility, we investigated RCF with aqueous mix-
tures of these solvents comprising 5–50 vol% water. Aqueous
mixtures of the low and medium boiling alcohols (MeOH,
EtOH, and IPA with boiling points of 65, 79, and 82 °C,
respectively) resulted in a decrease in the operating pressure
by approximately 13–22% compared to the pure solvents when
increasing the water content from 5 to 50 vol% in the reaction
mixture (Fig. 3a). The addition of water as a co-solvent to these
alcohols favors the formation of hydrogen bonds between the
solvent and water molecules, enhancing the intermolecular
forces between the molecules. These intermolecular forces, as
well as the favorable entropy associated with mixing two misci-
ble solvent components, result in an elevation in boiling point
and consequent lowering of vapor pressure. Furthermore, the
higher the water concentration, the greater the increase in

boiling point (closer to that of water), and the lower the vapor
pressure, thereby reducing the reactor operating pressure.44 In
contrast, the measured pressure with the IBA and Diox mix-
tures remained relatively constant. Aqueous mixtures of EG
were operated at 21 bar in the reactor to maintain water in the
liquid phase at the reaction temperature (the vapor pressure of
water at 200 °C is 15 bar) (Fig. 3a). The reaction pressure with
EG/water mixtures (P = 21 bar) was significantly lower (about
65%) compared to pure MeOH (P = 60 bar).

With all solvents, we noted an increase in RCF phenolic
monomer yield upon increasing the water content from 5 to 50
vol% (Fig. 3b). The highest RCF phenolic monomer yields were
observed with the solvent mixtures comprising 50 vol% water
(Table S2, Fig. 3b and Fig. S2). Among the alcohol–water mix-
tures with 50 vol% water, IPA/water and IBA/water displayed
the highest RCF phenolic monomer yield of 9.3–9.4 wt% on a
biomass basis, which corresponds to 39 wt% on a lignin basis
(Fig. S2). MeOH/water-50 vol% and EtOH/water-50 vol% gave
phenolic monomer yields of 8.5 wt% and 8.0 wt%, respectively
(35.5 wt% and 33.4 wt% on a lignin basis). Jang and coworkers
observed similar RCF monomer yields of 33.4 wt% and
32.6 wt% on a lignin basis with aqueous mixtures of MeOH
and EtOH comprising 50 vol% water content.16 Despite the
slightly lower monomer yield of 6.6 wt% with EG/water-50
vol%, the reaction pressure was considerably reduced by about
65% compared to pure MeOH. Upon increasing the water
content in the IBA/water mixtures from 5–50 vol% water, phase
separation was observed in the reaction mixture and product
samples, particularly in the 25 and 50 vol% water mixtures.
While studying the RCF of eucalyptus sawdust using a 50 vol%
nBuOH/water mixture (200 °C, 2 h, 30 bar H2, Ru/C, biomass/
catalyst: 10), on cooling the liquor, Renders and co-workers
also noted phase-separation.45

Effect of solvent on monomer distribution in RCF oil

RCF of biomass results in an oil containing a mixture of aro-
matic compounds with different sidechains. The side chain

Fig. 3 (a) Reaction pressure (bar) and (b) RCF monomer yields (wt% biomass) for NM6 poplar with pure solvents and aqueous mixtures (5–50 vol%
water). Reaction conditions: T = 200 °C, initial pressure = 30 bar (except EG = 5–15 bar and Diox = 20 bar), t = 2 h, 30 mL solvent, biomass/catalyst
= 18. Standard error in panel b was determined from n = 2 technical replicates.
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composition of the products depends greatly on the reaction
conditions (catalyst and loading, solvent, reaction temperature,
residence time and pressure).11,46 Previous reports using birch
and poplar wood with Pd/C as the catalyst showed a high
selectivity for propanol side chains 4-(3-hydroxypropyl)-2,6-
dimethoxyphenol (S-PrOH) and 4-(3-hydroxypropyl)-2-methoxy-
phenol (G-PrOH) as the main RCF phenolic products over
propane side chains 4-propyl-2,6-dimethoxyphenol (S-Pr) and
4-propyl-2-methoxyphenol (G-Pr).11,47 Side chain composition
is also of importance to achieve compatibility between lignin
depolymerization and the downstream biological process that
would be used for microbial funneling. Specifically, we have
demonstrated that the engineered N. aromaticivorans strain
used in this study can produce PDC from aromatics compris-
ing propanol, methyl and methyl ester side chains but not
from aromatics comprising a propyl, ethyl, or phenol side
chain.11 Furthermore, RCF phenolic products leading to PDC
production were identified as S-PrOH, G-PrOH, methyl
p-hydroxybenzoate (Me-pHB), methyl 3-(4-hydroxy-3-methoxy-
phenyl)propionate (Me-DHFA), methyl 3-(4-hydroxyphenyl)pro-
pionate (Me-DHpCA), 4-methylsyringol (S-Me), and 4-methyl-
guaiacol (G-Me).11 Using a Pd/C catalyst, we also demonstrated
that with MeOH as the RCF solvent, we could maximize PDC
yields by creating a monomer distribution that favored those
monomers that the N. aromaticivorans strain could transform
into PDC.11

Thus, we evaluated the monomer distribution and found
that changing the solvent system alters this distribution
(Fig. 4a and b). The pure solvents displayed high relative levels
of S-PrOH and G-PrOH compared to S-Pr and G-Pr. EG dis-
played the highest proportion of phenolic monomers with pro-
panol side chains (88.3% of the quantified monomers) com-
pared to the 69–80% present for other solvents (MeOH, EtOH,
IPA, IBA, and Diox). The other predominant monomers
observed in the RCF phenolic mixture contained propane and
ester side chains. Most solvents generated phenolics with
propane side chain levels ranging from 9–11%, except for
Diox, which displayed products with 18% propane side chains.

The volatile alcohols (MeOH, EtOH, IPA and IBA) displayed
ester levels ranging from 13–20%, with the fraction of esters
increasing with the number of C atoms in the alkyl chain of the
alcohol. The primary ester observed was the p-hydroxybenzoate
ester of γ-acylated S-PrOH (S-PrO-pHB) at concentrations ranging
from 13–18 μmol g−1 biomass. With MeOH as the RCF solvent,
monomers with Me-pHB side chains were also observed (11 μmol
g−1 biomass). In poplar biomass, lignin-bound p-hydroxybenzo-
ate is released by transesterification to form p-hydroxybenzoate
esters as one of the major RCF products.11 EtOH exhibited a
similar monomer distribution to MeOH with a low concentration
(4 μmol g−1 biomass) of ethyl p-hydroxybenzoate (Et-pHB).
Monomers with ester side chains were not detected with EG and
Diox, suggesting the possibility of formation of products that
were not accounted for in our analysis.

The aqueous mixtures of the solvents displayed varying
monomer distribution trends (Fig. 5 and Table S3). Increasing
the water content from 5–50 vol% resulted in a decrease in pro-
panol proportions with MeOH, EtOH and EG, with this trend
more evident in EG. With MeOH and EtOH, increasing the
water content in the RCF reaction resulted in a slight decrease
in the proportion of phenolic monomers with propanol and
ester side chains with a corresponding increase in the pro-
panes. With EG, a decrease in the proportion of propanols
with a corresponding increase in propanes and esters was
observed. However, IPA and IBA displayed different monomer
distribution trends than the other solvent water mixtures, with
a slight increase in the proportion of propanols and propanes,
and with a corresponding decrease in esters. With aqueous
mixtures of MeOH, there was an observed increase in the con-
centration of the propanol monomers on increasing the water
content from 5–50 vol%. In addition, an increase was noted in
the concentration of the S-Pr, S-PrO-pHB and Me-pHB esters.
Similar trends were observed with aqueous mixtures of EtOH,
IPA, IBA, Diox and EG (Fig. S4 and Table S4). Overall, an
increase in the yield of phenolic monomers with propanol,
propane, and ester side chains with increase in water content
was observed.

Fig. 4 Monomer (a) distribution (wt%) and (b) concentration (μmol g−1 biomass) for NM6 poplar with pure solvents. Reaction conditions: T =
200 °C, initial pressure = 30 bar (except EG = 5–15 bar and Diox = 20 bar), t = 2 h, 30 mL solvent, biomass/catalyst = 18. Numerical values of the
monomer concentrations shown in panel b have been tabulated in Table S4. Standard error in panel a was determined from n = 2 technical
replicates.
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Correlation between experimental RCF yield and Hansen
solubility parameters

To investigate the observed changes in the phenolic monomer
yields across various solvent systems, we examined the correlation
between the monomer yields and the Hansen solubility para-
meters (HSPs)23,48 of the solvents used in the RCF experiments.
We first computed relative energy difference (RED) values
(detailed in the SI), which quantify whether lignin should be
soluble in each solvent system and have been shown in previous
studies to correlate with delignification yields.23,27,49,50 However,
our analysis found that RED values are weakly correlated with
RCF monomer yields (Fig. S6), suggesting that the yields are not
solely due to increased delignification. We next sought to deter-
mine if HSPs can still be suitable descriptors to determine the
properties of solvent systems that lead to high RCF yields by para-
meterizing a multiple linear regression model that relates the
three HSPs (δD, δP and δH) to experimental monomer yields. The
best-fit linear regression model is shown in eqn (1), while Fig. S7
shows a parity plot comparing predicted and experimentally
determined yields:

Yield ðwt%Þ ¼ 2:46� 1:59ðδDÞ � 4:07ðδPÞ þ 10:6ðδHÞ ð1Þ

Predictions from this linear model achieve an R2 value of
0.84 and RMSE of 0.77 when compared to experimental yields,
indicating reasonable model accuracy. Comparison of the
regression coefficients shows that δH (the strength of hydrogen
bonding interactions) has the largest weight in the linear cor-
relation model, suggesting that solvent systems that maximize
this parameter should lead to the highest yields.

To improve the model’s accuracy and better represent the
complex relationship between the monomer yield and HSPs,
we next fitted a quadratic regression model to relate HSPs to
experimental monomer yields. The best-fit model is presented
in eqn (2) and includes interaction terms consisting of pair-
wise products of the individual HSPs:

Yield ðwt%Þ ¼ 14:0ðδHÞ þ 1:6ðδD2Þ � 3:9ðδP2Þ � 6:6ðδD � δHÞ
ð2Þ

Fig. 6 compares the experimental RCF monomer yield (wt%
biomass) and the yield calculated using the quadratic
regression model. The optimal model has only four para-
meters and achieves an R2 value of 0.92 and RMSE of 0.56,
underscoring the ability of solvent HSPs alone to accurately
predict phenolic monomer yields. Comparison of regression
coefficients indicates that δH has the largest weight, in agree-
ment with the linear model. This analysis indicates that the
solvent systems with higher δH values (50 vol% solvent–water
mixtures, as shown in Fig. 3b and Table S2) substantially
increase the phenolic monomer yield, which is consistent with
the experimental observation that increasing the water content
to increase the solvent mixture polarity (higher δH value)

Fig. 5 Monomer distribution (wt%) for NM6 poplar with pure solvents and aqueous mixtures (5–50 vol% water). Reaction conditions: T = 200 °C,
initial pressure = 30 bar (except EG = 5–15 bar and Diox = 20 bar), t = 2 h, 30 mL solvent, biomass/catalyst = 18. Standard error was determined
from n = 2 technical replicates.

Fig. 6 Predicted RCF monomer yield (wt% biomass) calculated using a
quadratic regression model with interaction terms plotted against the
experimental RCF monomer yield (wt% biomass) for pure solvents and
their aqueous mixtures (5–50 vol% water) listed in Table S2. The opti-
mized equation for the quadratic regression model with interaction
terms (eqn (2)) is also displayed in the figure.
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enhances the depolymerization of the lignin oligomers into its
monomers,51 providing a simple design guideline for RCF
process improvement.

PDC yields with different RCF solvents

Microbial funneling experiments with RCF phenolic mixtures
were performed to study the impact of RCF solvent selection
on RCF monomer to PDC conversion. These experiments
diluted (50×) the RCF solvent containing the monomers in
defined growth media (SMB) supplemented with glucose (2 g
L−1). This effectively creates a growth medium that contained 2
vol% of the solvent, simulating that solvent recovery after the
RCF process would not be 100% efficient, and therefore, that
the microbial funneling process will be exposed to the remain-
ing solvent, albeit with a diluted concentration of the RCF phe-
nolic monomers.11 This medium was inoculated with the
engineered PDC-producing N. aromaticivorans strain11 to evalu-
ate PDC yields. An abiotic control, without inoculation, served
to evaluate the potential for non-biological transformation of
the phenolic monomers, whereas a positive control containing
1 mM p-hydroxybenzoic acid (pHBA) was used to evaluate the
expected growth and PDC production of the strain when fed a
pure aromatic substrate.52 We found that the engineered
N. aromaticivorans grew in medium comprising 2 vol% RCF oil
derived from five of the pure solvents (EG, MeOH, EtOH, IPA,
and Diox) but did not grow in media containing 2 vol% IBA,
indicating that IBA was inhibitory at this solvent concen-
tration. To evaluate the inhibitory effect of IBA, we performed
growth experiments of N. aromaticivorans in the range of 1 to 2
vol% RCF oil in SMB supplemented with glucose (Fig. S9).
Since the strain grew in the 1 vol% IBA, this concentration was
chosen for subsequent IBA experiments, thus allowing us to
evaluate PDC yields without the effect of solvent toxicity
(Fig. 7).

A summary of the RCF and PDC yields obtained with the
pure solvents is presented in Table 2. Note that we report PDC
yields on a biomass basis, which is a comprehensive metric
that combines the efficiencies of lignin extraction and depoly-
merization during RCF with the efficiencies on microbial con-
version. With pure solvents (bars denoted with 0 in Fig. 7), the
highest PDC yield was 4.6 wt% on a biomass basis (19 wt% on
a lignin basis) when MeOH was used as the solvent, followed
by 3.5 wt% on a biomass basis (14.8 wt% lignin basis) with EG
as the solvent (Fig. 7b and S10). The PDC yields observed with
MeOH and EG are correlated with the high RCF phenolic
monomer yields (4.9–5.1 wt% biomass basis) obtained with
these solvents (Fig. 2b). However, despite showing a similar
RCF monomer yield to MeOH and EG, the PDC yield was lower
when EtOH was used (2.8 wt% on a biomass basis; 11.8 wt%
on a lignin basis). With the other solvents, the observed PDC
yield was lower, ranging between 1.4–2.4 wt% on a biomass
basis (5.7–10.2 wt% on a lignin basis).

Microbial growth and PDC production by N. aromaticivorans
were also investigated with RCF oil derived using the solvent/
water mixtures (Fig. 7 and Table S2). N. aromaticivorans growth
was relatively constant across the different mixtures tested,

with the caveat that the experiments with IBA were prepared
using a 50% dilution of the RCF oil to eliminate the observed
inhibitory effects of IBA (Fig. 7a). For all solvent systems
tested, an increase in PDC yield was noted with increased
water content in the solvent mixtures, with 50 vol% solvent/
water mixtures displaying the highest PDC yields for each
solvent. Using 50 vol% solvent/water mixtures with MeOH and
IPA gave the highest PDC yields of 6.3–6.4 wt% on a
biomass basis (26–27 wt% lignin basis), Table 3. With lignin
oils derived from 50 vol% solvent/water mixtures of EG, EtOH
and Diox, PDC yields of 4.9–5.9 wt% biomass basis
(20.6–24.7 wt% lignin basis) were observed. IBA–water mixture
displayed a much lower PDC yield, with the 50 vol% mixture
resulting in a PDC yield of 2.3 wt% on a biomass basis
(9.7 wt% on a lignin basis). The PDC yields increasing with the
increased water content in the MeOH and IPA solvent mixtures
is consistent with the high yield of RCF phenolic aromatics
found in the lignin oils derived from these solvent mixtures
(8.5–9.3 wt% biomass basis; 35.5–38.8 wt% lignin basis)
(Fig. 3b).

In addition, to evaluate the efficiency of the microbial trans-
formation as a single process that converts the phenolics
derived from the RCF process, PDC yields can also be calcu-
lated on a molar basis from the quantified aromatics (Fig. 7c,
with propanol, propane, ester, methyl, ethyl and phenol side
chains shown in Tables S3 and S4) as well as from the aro-
matics that N. aromaticivorans is known to funnel to PDC
(S-PrOH, G-PrOH, S-PrO-pHB, Me-pHB, Me-DHpCA, Me-DHFA,
S-Me, G-Me). With EG, there was an increase in PDC yield from
the quantified aromatics with increasing water content in the
solvent mixture, corresponding to the increase in total RCF
monomer yields found in the RCF oils (Fig. 7c). PDC yields
(wt% biomass) using lignin oils derived from MeOH-, EtOH-
or IPA-treated biomass increased as the water content
increased to 5 and 15 vol%, and then decreased with
additional increasing water content (25 and 50 vol%). This
decrease in PDC yield occurred despite the aromatic concen-
tration continuing to increase with higher water content in the
solvent mixture. The decrease in PDC yield with these alcohol/
water mixtures could be due to the decrease in propanol to
propane ratio with increase in water content, as observed in
the RCF monomer distribution trends (Fig. 5). Use of RCF oil
from IBA-treated biomass also displayed a similar decrease in
PDC yield from the monomers on the addition of water to the
solvent mixture. Use of RCF oil from Diox-treated biomass
resulted in relatively constant PDC yields from the quantified
aromatics across the mixtures, although the concentrations of
phenolic aromatics increased with the addition of water.

Higher PDC yields from the quantified phenolic monomers
in RCF oil were observed with MeOH, IPA and Diox as solvents
compared to those prepared with the other solvents (Fig. 7c). A
PDC molar yield greater than 100% indicates the presence of
unidentified compounds that are metabolized by
N. aromaticivorans that contribute to PDC production. These
compounds could be esters, phenolic dimers and other oligo-
mers, as has been proposed before.11
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Correlation between experimental PDC yield and HSPs

Following our analysis of the relationship between solvent
HSPs and RCF monomer phenolic yields, we explored whether
similar correlations exist between solvent HSPs and the experi-
mental PDC yield obtained from RCF-derived streams. To
evaluate this, we developed a quadratic regression model with
interaction terms to relate HSPs to experimental PDC yields.
The best-fit model is provided in eqn (3) and it includes inter-

action terms consisting of pairwise products of the individual
HSPs.

Yield ðwt%Þ ¼ 14:3ðδHÞ þ 2:0ðδD2Þ � 6:3ðδD � δPÞ
� 6:6ðδP � δHÞ

ð3Þ

Since the experiments involving IBA were conducted using
1 vol% RCF oil, in contrast to the 2 vol% used for all other

Fig. 7 (a) Growth, (b) PDC yield (wt% biomass) and (c) PDC yield from quantified monomers (mol%) obtained with N. aromaticivorans strain PDC from
the RCF aromatics on a biomass basis from pure solvents and aqueous mixtures (5–50 vol%). Culture conditions: SMB media supplemented with glucose
(2 g L−1) and 2 vol% RCF oil in solvent (1 vol% for IBA), 24 h, 30 °C, 200 rpm. Standard error was determined from n = 3 technical replicates.
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solvent systems due to the observed microbial inhibition at
higher concentrations, the IBA data point was excluded from
the model for consistency and to avoid bias associated with
solvent loading. Fig. 8 compares the experimental PDC yield
(wt% biomass) and the yield predicted by the quadratic
regression model (eqn (3)). The optimized model, which
includes only four parameters, achieves an R2 value of 0.92
and an RMSE of 0.32, highlighting the ability of solvent HSPs
to describe solvent systems that lead to high PDC yields. A sep-
arate model that includes IBA is presented in Fig. S11. This
model exhibits reduced accuracy, with an R2 value of 0.89 and
RMSE of 0.52 and seven fitted parameters. Comparison of the
regression coefficients in eqn (3) again indicates that δH has
the largest weight, consistent with the trend observed in the
RCF monomer yield model. This suggests that solvent systems
with higher δH values, such as 50 vol% solvent–water mixtures

(Fig. 7b), are associated with increased PDC yields obtained
from RCF-derived streams. Since the RCF-derived streams
includes both monomers and additional PDC precursors (e.g.,
oligomers), this model reflects both trends in RCF yields and
microbial conversion efficiency without explicitly separating
the contributions of these two processes to PDC yields.
Consequently, solvents with higher δH values are preferred not
only for optimizing the RCF process to achieve higher
monomer yield, but also for maximizing PDC production.

Technoeconomic and life cycle analyses

We also used the results of RCF and microbial funneling
experiments to perform a comparative TEA and LCA for
systems with pure solvents as well as 50 vol% solvent/water
systems. We present the MSP for each system here; the simu-
lated process configurations are shown in Fig. S12–23 and a

Table 2 Summary of RCF and PDC yields obtained with pure solvents ethylene glycol (EG), methanol (MeOH), ethanol (EtOH), isopropanol (IPA),
isobutanol (IBA) and 1,4-dioxane (Diox)

EG MeOH EtOH IPA IBA Diox

RCF yield
g aromatics per kg biomass 51.5 ± 0.7 49.4 ± 2.0 48.8 ± 2.9 27.2 ± 0.2 27.7 ± 1.5 16.0 ± 2.7
g aromatics per kg lignin 214.4 ± 2.8 205.9 ± 8.3 203.2 ± 12.1 113.3 ± 0.7 115.4 ± 6.2 66.8 ± 11.3
wt% aromatics from biomass 5.15 ± 0.07 4.94 ± 0.20 4.88 ± 0.29 2.72 ± 0.02 2.77 ± 0.15 1.60 ± 0.27
wt% aromatics from lignin 21.4 ± 0.3 20.6 ± 0.8 20.3 ± 1.2 11.3 ± 0.1 11.5 ± 0.6 6.7 ± 1.1
Total initial monomers for microbial funneling (mM) 0.24 ± 0.00 0.23 ± 0.01 0.21 ± 0.04 0.13 ± 0.00 0.13 ± 0.01 0.08 ± 0.01
Convertible initial monomers for microbial funneling
(mM)

0.21 ± 0.00 0.21 ± 0.01 0.19 ± 0.04 0.11 ± 0.00 0.11 ± 0.01 0.06 ± 0.01

PDC yield
mM 0.18 ± 0.02 0.23 ± 0.00 0.14 ± 0.01 0.12 ± 0.02 0.07 ± 0.01 0.09 ± 0.01
g PDC per kg biomass 35.5 ± 3.0 45.5 ± 0.0 28.3 ± 1.0 24.4 ± 4.6 13.6 ± 1.1 18.9 ± 1.3
g PDC per kg lignin 147.8 ± 12.6 189.6 ± 0.0 118.0 ± 4.2 101.6 ± 19.2 56.8 ± 4.4 78.8 ± 5.4
wt% PDC from biomass 3.55 ± 0.30 4.55 ± 0.00 2.83 ± 0.10 2.44 ± 0.46 1.36 ± 0.11 1.89 ± 0.13
wt% PDC from lignin 14.8 ± 1.3 19.0 ± 0.0 11.8 ± 0.4 10.2 ± 1.9 5.7 ± 0.4 7.9 ± 0.5
mol% PDC from quantified aromatics 74.3 ± 6.3 98.3 ± 0.0 68.1 ± 2.4 96.5 ± 18.2 52.9 ± 4.1 125.7 ± 8.6
mol% PDC from convertible aromatics 84.4 ± 7.2 109.7 ± 0.0 76.4 ± 2.7 109.5 ± 20.7 59.6 ± 4.6 158.1 ± 10.8

Table 3 Summary of RCF and PDC yields obtained with aqueous mixtures (50 vol% water) of the solvents ethylene glycol (EG), methanol (MeOH),
ethanol (EtOH), isopropanol (IPA), isobutanol (IBA) and 1,4-dioxane (Diox)

EG/water 50
vol%

MeOH/water 50
vol%

EtOH/water 50
vol%

IPA/water 50
vol%

IBA/water 50
vol%

Diox/water 50
vol%

RCF yield
g aromatics per kg biomass 66.2 ± 2.0 85.2 ± 4.8 80.2 ± 4.3 93.2 ± 2.7 94.0 ± 1.7 55.4 ± 5.9
g aromatics per kg lignin 276.0 ± 8.3 355.0 ± 19.9 334.1 ± 18.0 388.1 ± 11.3 391.6 ± 7.0 230.8 ± 24.5
wt% aromatics from biomass 6.62 ± 0.20 8.52 ± 0.48 8.02 ± 0.43 9.32 ± 0.27 9.40 ± 0.17 5.54 ± 0.59
wt% aromatics from lignin 27.6 ± 0.8 35.5 ± 2.0 33.4 ± 1.8 38.8 ± 1.1 39.2 ± 0.7 23.1 ± 2.4
Total initial monomers for
microbial funneling (mM)

0.30 ± 0.01 0.39 ± 0.02 0.37 ± 0.02 0.43 ± 0.01 0.43 ± 0.01 0.26 ± 0.03

Convertible initial monomers for
microbial funneling (mM)

0.21 ± 0.02 0.33 ± 0.02 0.31 ± 0.02 0.36 ± 0.01 0.36 ± 0.01 0.20 ± 0.02

PDC yield
mM 0.28 ± 0.01 0.32 ± 0.03 0.25 ± 0.00 0.32 ± 0.00 0.12 ± 0.01 0.30 ± 0.04
g PDC per kg biomass 56.5 ± 1.5 63.5 ± 6.4 49.4 ± 0.9 63.8 ± 0.5 23.3 ± 1.1 59.4 ± 8.3
g PDC per kg lignin 235.2 ± 6.4 264.5 ± 26.7 206.0 ± 3.9 265.7 ± 2.2 97.0 ± 4.4 247.5 ± 34.4
wt% PDC from biomass 5.65 ± 0.15 6.35 ± 0.64 4.94 ± 0.09 6.38 ± 0.05 2.33 ± 0.11 5.94 ± 0.83
wt% PDC from lignin 23.5 ± 0.6 26.4 ± 2.7 20.6 ± 0.4 26.6 ± 0.2 9.7 ± 0.4 24.7 ± 3.4
mol% PDC from quantified
aromatics

92.4 ± 2.5 80.6 ± 8.1 66.8 ± 1.3 74.2 ± 0.6 26.8 ± 1.2 115.7 ± 16.1

mol% PDC from convertible
aromatics

131.6 ± 3.6 96.7 ± 9.8 80.8 ± 1.5 88.7 ± 0.7 32.1 ± 1.5 146.7 ± 20.4
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detailed breakdown across each block for each system is given
in Fig. S24. For the LCA which is based on the carbon footprint
(CF) metric, we present the mass allocation results, with that
of economic allocation given in Fig. S25. Finally, we perform

sensitivity analysis for the most promising systems to identify
opportunities for improving both the MSP and CF.

Fig. 9a shows the MSP, RCF block capital expenses
(CAPEX), and the PDC yield for all twelve systems. We observe
that systems that have higher PDC yields have lower MSP—
MeOH/water ($13.98 per kg), IPA/water ($16.32 per kg), and
Diox/water ($14.07 per kg). Furthermore, the solvent/water
systems achieve a relatively lower MSP compared to their pure
solvent counterparts because in addition to improved PDC
yields, they operate at a reduced reactor pressure (except for
the EG–EG/water), leading to decreased reactor capital costs.
For example, the MeOH system, operating at 60 bar reactor
pressure, results in $313 million total reactor costs, while the
MeOH/water system at 48 bar achieves a 29% reactor costs
reduction.

We observe that the capital recovery charge, which rep-
resents the total system CAPEX, is the largest contributor to
the MSP, followed by material and fixed costs, respectively;
revenue from biofuel and electricity (in some systems) partially
offsets these costs. In most systems, the CAPEX contributes
between 60–70% to the MSP. In both the EtOH and Diox
systems ($58.16 and $90.09 per kg, respectively), we observe
substantial material costs mainly due to make-up solvent
expenses. Although solvent losses in the Diox system (2.3%)
are lower than those in the EtOH system (3.4%), the higher
purchase price of dioxane ($2.47 per kg) compared to ethanol
($0.87 per kg) results in considerable expenses. Furthermore,
given the high solvent amount in all systems, even small per-
centage losses translate into significant make-up expenses.
The higher material expenditure observed in the IBA/water
system stems primarily from the normalization to 1 kg PDC,

Fig. 8 Predicted PDC yield (wt% biomass) calculated using a quadratic
regression model with interaction terms model plotted against the
experimental PDC yield (wt% biomass) for pure solvents and their
aqueous mixtures (5–50 vol% water) listed in Table S2. The optimized
equation for the quadratic regression model with interaction terms (eqn
(3)) is also displayed in the figure. Note that the IBA data points are
excluded from the model.

Fig. 9 MSP (a) and CF (b) of pure solvent and 50 vol% solvent/water systems. Abbreviation: FH: farm handling, TR: transportation, ILUC: induced
land use change, SOC: soil organic carbon sequestration, CHP: combined heat and power.
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where the lower PDC yield leads to apparent high growth
media cost, even though its absolute consumption is compar-
able to that of the other systems. Additional contribution is
due to natural gas purchase to meet heating requirements.

In addition to the higher PDC yields, the systems with
lower MSP (MeOH/water, IPA/water, and Diox/water), have
other operational advantages. For example, the MeOH/water
and IPA/water systems have comparatively lower make-up
solvent costs ($0.07 and $0.08 per kg, respectively), and
reduced heating and electricity requirements which translate
into surplus electricity production, and thereby additional
revenue from electricity sales ($0.79 and $0.47 per kg,
respectively).

Due to the substantial amount of solvents required for
effective biomass fractionation (∼21.8 L per kg dry biomass),
implementing heat integration strategies within the RCF and
monomer purification (MNP) blocks can significantly mini-
mize heat demand. Accordingly, we implement, in all systems,
improvements such as (1) flash separation in series, (2)
vacuum distillation, and (3) preheating the recovered solvent
with the vapor streams from the flash units to reduce heat
demand. Without these improvements, all analyzed systems
would require natural gas to supplement the heat demand,
resulting in a substantial increase in MSP and CF.

Fig. 9b illustrates the CF for all the systems. While material-
related emissions emerge as the largest contributor to CF, sig-
nificant variations are observed. Most emissions are attributed

to (1) impacts associated with glucose for PDC growth media
production, (2) make-up solvent, (3) natural gas combustion
for heat, and (4) grid electricity usage. For example, about 91%
(12.3 kg CO2e per kg) of the material impacts for the IBA/water
system is attributed to PDC growth media production.
However, we observe that the pure solvent systems generally
have a higher net CF compared to the solvent–water systems
(except for the IBA–IBA/water system). Biomass handling
(farming and harvesting) and transportation (ranging between
0.3–0.5 kg CO2e per kg across systems), and induced land-use
change (0.2–0.3 kg CO2e per kg) contribute moderately to CF.
Biomass soil organic carbon sequestration further offsets
some emissions (−0.5 to −0.8 kg CO2e per kg). Systems with
surplus electricity generation also benefit from electricity
offsets (0.08–1 kg CO2e per kg).

Sensitivity analyses

To identify opportunities for economic and environmental
impact improvements, we performed a single-point sensitivity
analysis. Fig. 10 shows the results for the three most promising
systems: MeOH/water (Fig. 10a and d), IPA/water (Fig. 10b and
e), and Diox/water (Fig. 10c and f). The analysis suggests that
fixed capital investment is the major economic driver, with a
50% reduction leading to a 38–40% reduction in MSP across
the systems (Fig. 10a–c). Substantial reductions can also be
achieved (21% for MeOH/water, 18% for IPA/water, 22% for
Diox/water) with reductions in the RCF block CAPEX. Similar

Fig. 10 Sensitivity analysis for the most promising systems. (a) and (d) MeOH/water system, (b) and (e) IPA/water system, and (c) and (f ) Diox/water
system.
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reductions can also be achieved through a decrease in the
CHP block CAPEX. Changes in the biomass feedstock and
biofuel prices, PDC growth media amount, and glucose con-
centration have moderate impacts on the MSP. Furthermore,
reductions in RCF and MNP block heat requirements have
higher impact on the Diox/water system relative to the other
two, due to the switch from electricity purchase to selling
surplus electricity to the grid. From a sustainability perspective
(Fig. 10d–f ), it is observed that a reduction in the PDC growth
media requirement has the highest impact on the CF for both
the MeOH/water (93%) and Diox/water (75%) systems. In the
Diox/water system, heat reduction in the RCF and MNP blocks
has a higher impact due to offset emissions from surplus
electricity.

Solvent selection for the biomass-to-PDC pipeline

The main goal of this research was to identify solvent systems
that could operate at low RCF reactor pressures, display com-
patibility with N. aromaticivorans, and generate high monomer
and PDC yields at a lower cost and carbon footprint of an inte-
grated biorefinery system than those in a previous MeOH-
based biorefinery design.30 While MeOH has been extensively
investigated as an RCF solvent owing to its high polarity and
lignin extraction efficiency, high reactor pressure necessitating
the use of thick-walled reactors limit its commercial viability.10

From an RCF standpoint, 50 vol% solvent/water systems of the
alcohols (MeOH, EtOH, IPA, and IBA) achieved higher
monomer yields ranging from 8–9.4 wt% (biomass basis) at a
reduced reactor pressure of 20–23% compared to pure MeOH.

The 50 vol% IBA/water system generated the highest
monomer yield of 9.4 wt% on a biomass basis. This system
formed a biphasic reactor product mixture comprising the aro-
matics in the organic phase when cooled to room temperature.
Thus, mixtures of IBA and water as solvents for biomass frac-
tionation could serve as an effective option for the downstream
separation of phenolic monomers.45 Bugli and co-workers per-
formed RCF of poplar sawdust in a 50 vol% of 1-butanol
(1-BuOH) and water at an operated reactor pressure of 24 bar,
indicating the potential to further lower the reaction pressure
for the IBA/water mixture used in this study.53

Despite high lignin solubility in aqueous mixtures of Diox
(complete lignin dissolution in Diox occurs at a volume frac-
tion of 0.6),54 the 50 vol% Diox/water system achieved a lower
monomer yield, possibly due to the lower δH value compared
to the other solvent systems. Moreover, concerns surrounding
the formation of peroxides, carcinogenicity and negative
environmental impacts likely limit the large-scale industrial
applications of Diox as an RCF solvent.37

The 50 vol% EG/water system displayed a considerably high
RCF monomer yield of 6.6 wt% on a biomass basis (27.6 wt%
lignin basis). We observed that the addition of water as a co-
solvent in the EG/water system increased the reactor pressure
to 21 bar relative to the 7 bar of the pure EG system. However,
despite the pressure rise, the EG/water system still operated at
a reactor pressure 65% lower than that of the pure MeOH
system.

Microbial funneling of the RCF aromatics in the different
solvent mixtures also gave higher PDC yields with the 50 vol%
solvent/water mixtures than with pure solvents.
Equivolumetric aqueous mixtures of MeOH and IPA gave
higher PDC yields of 6.3–6.4 wt% on a biomass basis. The RCF
reactor pressure with these solvent systems was lowered by
20–22% compared to the pure solvents (46–48 bar). Despite
the high monomer yield with an equivolumetric aqueous
mixture of IBA, microbial funneling of the RCF aromatics in
this solvent mixture with N. aromaticivorans resulted in a low
PDC yield of 2.3 wt% on a biomass basis. Although a 50 vol%
IBA/water mixture is an effective solvent for generating high
RCF monomer yields from NM6 poplar, with potential for
further reducing the reaction pressure, phase separation,
affecting the consumption of aromatics by N. aromaticivorans,
limits its applications for the biomass to PDC pipeline. 50
vol% aqueous mixtures of Diox and EG also generated high
PDC yields (5.6–5.9 wt% on a biomass basis).

Computational correlations between HSPs and the experi-
mental RCF monomer and PDC yields indicate that the 50
vol% solvent/water systems generated higher monomer and
PDC yields due to increased hydrogen bonding interactions
(associated with higher δH values) that enhance the depolymer-
ization of the lignin oligomers into its monomers.51 From the
TEA and CF perspectives, the 50 vol% MeOH/water ($13.98 per
kg), Diox/water ($14.07 per kg), and IPA/water ($16.32 per kg)
systems have the lowest MSP, with a corresponding CF of
1.47 kg CO2e per kg, 1.85 kg CO2e per kg, and 2.11 kg CO2e
per kg, respectively.

While the TEA and LCA models identify 50 vol% MeOH/
water as one potential optimized solvent system for the
biomass-to-PDC pipeline, numerous other solvent options, not
evaluated in this study, may also be suitable. The proposed
workflow for identifying useful solvent systems begins with
HSP-based solvent selection, followed by experimental confir-
mation of the RCF and PDC yields, and concluding with the
TEA and LCA modeling. To demonstrate that the regression
model developed in this study (eqn (2)) can be used to screen
and prioritize promising solvent systems for RCF based on
their HSPs, prior to experiments, we performed leave-one-
solvent-out cross-validation (detailed in the SI), in which the
model was fitted by excluding data for one of the solvents and
its aqueous mixtures (i.e., leaving that solvent out during
model training), and this was then used to predict yields for
the left-out solvent (and its aqueous mixtures). Table S24 sum-
marizes R2 and RMSE values obtained when leaving out each
of the solvents while Fig. S26 shows an example parity plot
obtained when using EtOH as the left-out solvent. R2 and
RMSE values varied from 0.82–0.98 and 0.52–0.89 respectively
for all solvents except for EG, thereby achieving comparable
model accuracy to the best-fit quadratic regression model. The
lower accuracy for EG is because of its high δH value compared
to other solvents, which leads to extrapolation during cross-
validation that decreases prediction accuracy. A similar
approach for the model for PDC yield led to comparable
results (Table S25 and Fig. S27).
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Overall, these results suggest that the models developed in
this study could be used for rapidly screening ranking poten-
tial solvent systems for RCF and PDC yields, which can guide
experimental validation and solvent optimization. We note
that the HSP-based regression models are currently limited to
a small set of operating conditions, all at the same tempera-
ture. Additional experiments under alternative reaction con-
ditions would be needed to further generalize the models such
that trends are transferable across varied reaction conditions.
The weaker performance of the models for extrapolation also
suggests that the models could be further improved through
active learning approaches in which solvent systems are ration-
ally selected for experimental study based on expected model
improvement (e.g., by selecting systems that require extrapol-
ation).55 The TEA model developed in this study can also be
integrated with the regression model to further screen poten-
tial RCF solvents by considering key economic factors includ-
ing RCF operating pressure/reactor capital expenses, monomer
and PDC yields, energy for solvent recovery, and thereby the
MSP of the solvents. This combined strategy has the potential
to reduce the number of required experiments. Furthermore,
although the models were developed for the production of
PDC in this study, they can be adapted for other biomass-to-
bioproduct pipelines.

Conclusions

This study presents both experimental data and a model of a
biomass-to-bioproduct pipeline to produce PDC, a bioplastic
precursor, through integrated chemical depolymerization and
biological funneling. We investigated the use of RCF as a
biomass pretreatment method with various pure solvents and
their solvent/water systems, aiming to identify systems that
could operate at lower reactor pressures, while improving RCF
monomer yields. We find that the reactor pressure at 200 °C
could be lowered to 21 bar with an EG/water system; however,
the lower RCF monomer yield produced under those con-
ditions and the more costly solvent recovery result in a higher
MSP. 50 vol% solvent/water systems of IBA, IPA and MeOH
generate higher RCF monomer yields. We further carry out
microbial PDC production studies to determine the impact of
various solvents on PDC production by N. aromaticivorans.
Despite a high monomer yield with IBA/water 50 vol%, this
solvent system is not compatible with N. aromaticivorans, and
50 vol% solvent systems of IPA and MeOH produce higher
PDC yields. Next, we develop a regression model to relate
experimental RCF monomer and PDC yields to Hansen solubi-
lity parameters, which quantify dispersive interactions, dipole–
dipole interactions, and hydrogen bonding interactions (δH).
We find that solvent systems with higher δH values signifi-
cantly increase RCF monomer and PDC yields. Finally, we
perform TEA and LCA analyses of twelve systems using an inte-
grated biomass-to-PDC biorefinery approach. We identify 50
vol% MeOH/water as the most economically viable (MSP of
$13.98 per kg) system. This system also achieves the lowest CF

(1.47 kg CO2e per kg) and could operate at a lower pressure (48
bar) relative to pure MeOH (60 bar). The outcomes of this
study provide a better understanding of the significance of
solvent selection for biomass conversion to bioproducts
through integrated chemical and biological processes.
Furthermore, the regression model can be used as a screening
tool for ranking and prioritizing promising solvent systems for
RCF and PDC yields. When coupled with experimental vali-
dation and TEA and LCA analyses, this approach can expedite
solvent screening for biomass-to-PDC pipelines. Future work
will focus on extending the current solvent screening frame-
work by incorporating reaction kinetics at multiple tempera-
tures and mechanistic studies such as DFT calculations and
spectroscopic monitoring to provide insight into why higher
δH values improve monomer and PDC yields. In addition, the
development of descriptors that can explicitly capture catalyst–
solvent interactions will be further explored to improve the
scope of the current screening framework.

Methods
Chemicals and materials

The catalyst, Pd/C, and all the solvents used in this study
(MeOH, EtOH, EG, IPA, IBA and Diox) were procured from
Sigma-Aldrich. NM6 hybrid poplar (Populus maximowiczii ×
nigra) was used for all the experiments and has been described
previously. The NM6 hybrid poplar was debarked, chipped,
dried, and fractionated to pass through a 5 mm round hole on
a shaker table. The poplar biomass was further milled for 30
Hz for 3 min in a shaker mill to obtain a fine powder.11 PDC
was produced by culturing N. aromaticivorans
12444ΔligIΔdesCD in SISnc-V0 media supplemented with
3 mM pHBA and 0.5 g L−1 (2.8 mM) glucose, and purified fol-
lowing a simplified version of the published methods,56

obtaining a >97% pure chemical standard for GC-MS and
LC-MS quantification.

Reductive catalytic fractionation (RCF)

RCF reactions with different solvents (MeOH, EtOH, IPA, IBA,
Diox, EG), and their aqueous mixtures (5–50 vol% water) were
performed in a 50 mL Hastelloy Parr reactor equipped with a
heating mantle and mechanical stirrer (Fig. S28). We did not
exceed a water fraction of 50 vol% in the solvent/water mix-
tures to avoid issues with the solubility of lignin monomers in
the solvent. The reaction mix comprised 1377 mg biomass,
77 mg Pd/C (biomass-to-catalyst: 18 : 1 w/w), 30 mL solvent,
and 0.21 mg mL−1 1,2-dimethoxybenzene as internal standard
for determining the monomer yields. The reactor was sealed
and purged with argon (3×) and subsequently purged (3×) and
pressurized with hydrogen gas to 30 bar for the volatile alco-
hols MeOH, EtOH, IPA and IBA, 20 bar for Diox and its
aqueous mixtures, 5 bar for EG and 15 bar for its aqueous mix-
tures. The batch vessel was heated to 200 °C at a ramp rate of
6 °C min−1 and held there for 2 h (T = 200 °C, P = 7–60 bar).
Post reaction, the heating mantle was removed, and the reactor
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was rapidly cooled to room temperature by quenching in a
chilled water bath. Once the reactor reached room tempera-
ture, it was slowly depressurized (to minimize the loss of vola-
tile product). The catalyst and residual solids were separated
from the mixture using a 1 μm PTFE filter. The product
mixture (lignin oil in solvent) was stored at 4 °C for further
use. RCF oil in solvent obtained from reactions with aqueous
mixtures with 75 vol% and 50 vol% IBA were biphasic at room
temperature. The mixtures were converted into monophasic
solvent mixtures by the addition of MeOH (1 : 3–1 : 6
MeOH : RCF oil/solvent), creating a ternary solvent mixture.

Microbial strains, growth media and culture conditions

PDC production experiments were carried out with a strain of
N. aromaticivorans DSM12444 with deletion of the ligI and
desCD genes (strain 12444ΔligIΔdesCD).57,58 Cultures were pre-
grown at 30 °C and shaking at 200 rpm in SMB media, which
contains 20 mM Na2HPO4, 20 mM KH2PO4, 7.5 mM
(NH4)2SO4, 0.167 mM ZnSO4, 0.125 mM FeSO4, 0.028 mM
MnSO4, 0.006 mM CuSO4, 0.009 mM Co(NO3)2, 0.016 mM
Na2B4O7, 24.319 mM MgSO4, 1.667 mM CaCl2, and 0.013 mM
(NH4)6Mo7O24. For routine microbial culture and storage, the
SMB media was supplemented with glucose at 2 g L−1 concen-
tration. After overnight incubation, to obtain a microbial pellet
for inoculation of the testing material, 1 mL culture was centri-
fuged at 5000 rpm for 5 min; the supernatant was removed
and discarded. For testing PDC production, 9.8 mL aliquots of
SMB solution were mixed with 200 μL aromatic-containing
solvent and inoculated with the microbial pellet. These cul-
tures were incubated for 24 h in an environmental growth
chamber at 30 °C with shaking at 200 rpm. After a 24 h incu-
bation period, 1 mL samples were collected and centrifuged at
5000 rpm for 5 min, the supernatant was recovered and fil-
tered, and the samples were stored at −18 °C until further ana-
lysis. To determine the growth of N. aromaticivorans in the
mentioned solution, cell density was assessed with a Klett–
Summerson Photoelectric Colorimeter at the time of inocu-
lation and after the 24 h incubation (Fig. S29).

Analysis of RCF phenolic monomers and PDC

Quantitative analysis of the aromatic monomers was per-
formed on a Shimadzu GCMS-TQ8030 equipped with an
AOC-20i autosampler and an Rxi-5Sil MS column (15 m ×
0.25 mm × 0.5 μm), with the helium gas mobile phase held at
a constant linear velocity of 45 cm s−1, and the injection port
was set to 250 °C with a split ratio of 20 : 1. The temperature
program was as follows: 50 °C for 1 min, then ramped to
300 °C at 20 °C min−1, and held at 305 °C for 16.5 min.
Calibration curves for the quantified monomers were deter-
mined by a ten point calibration curve relative to DMB.46

Quantitative analysis of PDC was performed on LC-MS.
Quantitative analysis of PDC was accomplished by using a
Shimadzu triple-quadrupole liquid chromatography-mass
spectrometer. The mobile phase was a binary gradient that
consisted of a mixture of water containing 0.1% formic acid
and MeOH. The stationary phase was a Kinetex F5 column

(Phenomenex, 2.6 μm pore size, 2.1 mm ID, 150 mm length,
P/N: 00F-4723-AN). PDC was detected by multiple-reaction-
monitoring (MRM), quantified by use of a standard curve
measuring the strongest MRM transition.11

Regression of experimental yields against solubility
parameters

We developed a regression model to quantitatively correlate
experimentally measured RCF yields with Hansen solubility
parameters (HSPs) as descriptors of solvent mixtures. The
three HSPs quantify the strength of dispersion interactions
(δD), dipole–dipole interactions (δP), and hydrogen bonding
interactions (δH). HSPs for a wide range of pure solvents have
been tabulated based on empirical measurements,48 whereas
the HSPs for solvent mixtures can be calculated using the
volume-fraction-weighted average of individual solvent para-
meters. HSPs for all pure solvents and their aqueous mixtures
used in the RCF experiments are provided in Table S5. We
used these three HSPs as descriptors in our regression models
for all solvent systems with all values normalized between 0
and 1 for model training purposes based on the maximum
and minimum value of each HSP (detailed in the SI).

We performed polynomial regression to correlate descrip-
tors against the experimental RCF monomer yields by using
the Automated Learning of Algebraic Models (ALAMO)
approach.59–61 ALAMO automatically evaluates possible alge-
braic models and is suitable for identifying optimal models
for simple regression problems.61 In our study, we used
ALAMO to fit a polynomial regression model that includes
parameters corresponding to interaction terms between
descriptors (i.e., products of descriptors) as described by the
following eqn (4):

Yieldðwt%Þ ¼ β0 þ β1δD þ β2δP þ β3δH þ β4δD
2

þ β5δP
2 þ β6δH

2 þ β7ðδD � δPÞ
þ β8ðδP � δHÞ þ β9ðδD � δHÞ

ð4Þ

where β0–β9 are the regression coefficients. ALAMO selects the
best model based on minimizing the corrected Mallow’s Cp,61

which includes eliminating parameters by setting their corres-
ponding coefficients to zero to optimize the tradeoff between
model simplicity (i.e., fewer parameters) and accuracy.62–64

Model accuracy was assessed by computing the root-mean-
square-error (RMSE) and R2 for model-predicted yields com-
pared to experimentally determined RCF yields. For compari-
son with the best model identified from ALAMO, the accuracy
of a simple linear regression model was determined by para-
meterizing the model with the coefficients β4–β9 set to zero.
We also performed leave-one-solvent-out cross-validation to
assess the ability of the model to predict yields for previously
unseen solvents, as further described in the SI.

Process synthesis and description

Based on experimental results, an integrated biomass-to-PDC
process employing RCF for biomass pretreatment was devel-
oped to evaluate the techno-economic performance of twelve
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systems: (1) six pure solvents, and (2) 50% v/v solvent/water
systems. While we experimentally tested many solvent/water
variations, we chose to analyze the 50% v/v mixtures because
these systems yielded the highest monomer and PDC pro-
duction (Fig. 11). We assume an nth-plant design with a basis
of 2000 dry metric ton per day biomass feedstock rate.

Fig. 12 illustrates the general biorefinery block flow
diagram, comprising nine blocks: (1) reductive catalytic frac-
tionation (RCF), (2) monomer purification (MNP), (3) PDC pro-
duction (PDCP), (4) PDC product isolation (PDCI), (5) hydro-
lysis of carbohydrate-pulp (HYD), (6) fermentation of sugars to
ethanol (FERM), (7) ethanol separation and recovery (SEP), (8)
wastewater treatment (WWT), and (9) combined heat and
power generation (CHP).

Biomass, solvent, and hydrogen (streams 1–3) are intro-
duced into RCF reactors (2-hour residence time) in the pres-
ence of a 5 wt% Pd/C catalyst (assumed to be enclosed in a
catalyst basket)8 in the RCF block for monomer production
(see Table S8 for the biomass composition). Solvent and hydro-
gen from the reactor effluent are recovered and recycled to

reduce fresh input requirements. The reactor effluent is sent to
a solid–liquid separation, isolating the carbohydrate-rich pulp
from the lignin-derived fraction. The carbohydrate-pulp
(stream 4) is routed to the HYD and FERM blocks for enzy-
matic hydrolysis and fermentation to ethanol, respectively,
with ethanol recovered in the SEP block (stream 11), following
a process consistent with that used by Humbird et al., 2011.65

Stream 6 is routed to the MNP block where the monomer is
separated. Residual solvent (stream 14) is recycled back to the
RCF block, while the monomer (stream 15) is sent downstream
to the PDCP block for microbial funneling to PDC, with the
oligomer stream (stream 16) sent for heat and power gene-
ration. Stream 17 containing nutrient growth media is intro-
duced to support microbial funneling. The resulting fermenta-
tion broth containing PDC (stream 18) is then sent to the PDCI
block, where PDC is isolated using sodium chloride (stream
19), and recovered as final product (stream 21), while the
process wastewater (stream 20) is sent for wastewater treat-
ment. In the solvent/water systems, partial recovery of water is
allowed since water is part of the solvent mixture fed to the
RCF reactors. The RCF and MNP blocks were modeled and
simulated using Aspen Plus (V14). A comprehensive process
description and the operating conditions for each system and
the key process data are provided in Table S9 and Fig. S12–23.

Technoeconomic analysis

The economic analysis is performed using the net present value
(NPV) approach to calculate the minimum selling price (MSP) of
Na(PDC)2 salt required to support the sale of biofuel (ethanol) at
$2.50 per gasoline gallon equivalent (GGE). First, the total capital
investment, comprising direct and indirect costs, and working
capital, is estimated based on equipment costs. Annual fixed
operating costs (labor, supervision, overhead) and variable oper-
ating costs (biomass feedstock, make-up solvent and hydrogen,
catalysts, etc.) are then calculated. The MSP, which is the break-
even price, is calculated using a discounted cash flow at a fixed
after-tax internal rate of return over a 30-year plant lifetime, with
NPV set to a value of zero. The economic data and assumptions
are provided in Table S10.10,65–67

Fig. 11 Solvent selection for the biomass-to-PDC pipeline based on
RCF monomer and PDC yields, operating pressure, δH values, and MSP
obtained with aqueous mixtures (50 vol%).

Fig. 12 Block flow diagram of biorefinery. Stream numbers are in parentheses (adapted and modified from Sener et al., 2026).30
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Life cycle analysis

The functional unit for the attributional life cycle analysis
(LCA) is 1 kg of Na(PDC)2-salt. The system boundary is the
farm-to-product gate entailing biomass (poplar) cultivation,
indirect land use changes, transportation, and materials and
energy inputs at the biorefinery (see Table S11 for emission
factors).68,69 Biogenic CO2 emission is assumed to be carbon
neutral. We consider offset emissions associated with surplus
electricity by assuming it displaces U.S. grid electricity. Mass
and economic allocation methods are then applied to calculate
the life cycle impact of the Na(PDC)2-salt. Specifically, the
impacts from the MNP, PDCP, and PDCI blocks are directly
allocated to the Na(PDC)2-salt, while that of the HYD, FERM,
and SEP blocks are allotted to the biofuel; all other blocks are
allocated based on their respective allocation factors detailed
in Tables S12–S23 for each system.
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