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Lignin-first biorefining enables conversion of both lignin and carbohydrates to

renewable fuels and chemicals, overcoming the limitations of traditional

biorefineries that typically focus solely on polysaccharide valorization. However, a

key challenge to enabling lignin-first biorefining at scale is high solvent usage. To

that end, we introduce the concept of multi-pass flow-through lignin-first

biorefining to minimize solvent usage without a detrimental effect on biorefining

performance, with the aim to maximize the economic and environmental benefits

of the process.
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CONTEXT & SCALE

Lignocellulosic biomass is a

promising renewable carbon

feedstock for fuels and chemicals.

Although lignin is a major biomass

component (15–30 wt %) and the

largest source of renewable

aromatics, traditional

biorefineries have primarily

focused on the conversion of

polysaccharides. Recent advances

in lignin-first biorefining can now

enable simultaneous valorization

of lignin and carbohydrates to

valuable products, but solvent

usage in lignin-first biorefining is a
SUMMARY

Reductive catalytic fractionation (RCF) is a promising lignin-first bio-
refining strategy that selectively extracts and depolymerizes lignin
from whole biomass. Flow-through (FT)-RCF enables physical sepa-
ration of the biomass and catalyst, but this process configuration
typically operates at high solvent-to-biomass ratios. Here, we
demonstrate multi-pass FT-RCF, wherein the lignin-enriched solvent
obtained after an initial FT-RCF step is recycled and used in subse-
quent FT-RCF without intermediate lignin recovery. Multi-pass
FT-RCF reduces the solvent-to-biomass ratio from 48 to 1.9 L/kg,
which is a lower solvent loading than is accessible in batch reactors,
without negative impacts on delignification andmonomer yield with
up to 12 wt % lignin in the solvent. Overall, this work demonstrates
that solvent demand in RCF processes, which is a key cost and en-
ergy driver to enable this process at scale, can be reduced by recy-
cling lignin oil between RCF reactions.
key parameter for biorefinery

economics and sustainability.

Here, we demonstrate the

concept of multi-pass flow-

through reductive catalytic

fractionation, which significantly

reduces overall solvent usage for

lignin-first biorefining while

maintaining effective biomass

fractionation and lignin oil quality.
INTRODUCTION

Reductive catalytic fractionation (RCF) is a prevalent lignin-first biorefining technique

wherein lignin is extracted from native biomass with a polar protic solvent, and ether

and ester bonds are cleaved in the presence of a metal catalyst and a hydrogen

source to generate stable aromatic monomers and C–C linked oligomers.1–10 RCF

processes in batch reactors can produce lignin oil with near-theoretical maximum

yields of lignin-derived monomers, based on the C–O–C inter-unit bond content

of the substrate and a carbohydrate-rich pulp with high polysaccharide reten-

tion.11–26 However, batch reactions commonly mix the catalyst and biomass physi-

cally, thus complicating studies of solvolysis and catalysis as well as catalyst recovery

from the pulp.27 Recently, several groups demonstrated flow-through (FT)-RCF pro-

cesses wherein the biomass and catalyst are packed into separate beds, and a protic

solvent is flowedover thebiomassbed to extract lignin and send the solubilized lignin

fragments to a catalyst bed for reductive stabilization. FT-RCF resolves the catalyst

and pulp separation problem and enables intrinsic kinetic studies while achieving

comparable lignin monomer yields and carbohydrate retention as batch RCF.28–34

For any RCF process configuration at scale, a key challenge is high solvent usage,

which for FT-RCF has ranged between 90 and 360 L solvent/kg biomass. These values

are drastically higher compared with those traditionally obtained in batch reactors,

which range between 4 and 50 L solvent/kg biomass (Figure 1; Table S1).10,27 High

solvent usage substantially increases the energy demand, capital costs, and oper-

ating costs of the process.35 In batch RCF, the impact of reduced solvent loadings
Joule 6, 1–17, August 17, 2022 ª 2022 Elsevier Inc. 1



Figure 1. Delignification extent as a function of solvent usage on a biomass basis in batch and FT-

RCF in previous studies and this work

The reported delignification varied with feedstocks, solvents, and reaction conditions. ROH

denotes RCF reactions with alcohol solvents and ROH/H2O are RCF reactions in alcohol-water

mixtures. The superscripts are reference numbers. Table S1 contains the quantitative information

for this figure.
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have been examined by Sels et al., wherein they varied the solvent-to-biomass ratio

from 4 to 20 L/kg for batch RCF of birch in methanol and confirmed similar delignifi-

cation andmonomer yields regardless of the tested solvent loadings.15 Additionally,

Samec et al. recirculated the product and solvent mixture multiple times to reduce

solvent usage for solubilization of birch bark in a batch system.36 Three consecutive

recycles of the solubilized bark and solvent reduced the solvent-to-biomass ratio

from 10 to 3.3 L/kg, which did not affect the solubilization efficiency of new portions

of bark. Recent processmodeling and life cycle assessment fromour groupestimated

that reducing solvent loading from 9 to 4 L/kg would reduce the overall energy de-

mand for the RCF process by 15% and the minimum selling price of RCF oil by

20%.35 Additionally, this extent of solvent loading reduction would result in a net

negative greenhouse gas (GHG) process wherein the potential for GHG uptake in

growing biomass is greater than GHG emissions within the biorefinery life cycle.35

However, the high solids content (26%) at a solvent loadingof 4 L/kg in a batch system

approaches the intrinsic limit of lignin extraction due to mass transfer limitations.35

Here,we investigate the conceptofmulti-pass FT as ameans to study ligninoil recycling

and solvent reduction in RCF processes. Reuse of FT-RCF effluent without additional

separations, other than recovery of the gases including H2, CO, and CO2, could lead

to a net solvent reduction on a per mass of biomass basis. Specifically, if effective,

each pass through the FT-RCF systemwithout lignin-solvent separation would increase

the effective concentration of RCF-derived lignin oil in the solvent, thus decreasing the

solvent-to-biomass ratio. Compared with reducing solvent loads in batch RCF, we hy-

pothesized that multi-pass FT-RCF would enable reaching a solvent-to-biomass ratio

below 4 L/kg without the process challenges associated with slurries. Furthermore,

this multi-pass concept could be extended to other RCF process configurations

including batch reactions with a catalyst basket and truly continuous reactions.

RESULTS

To evaluate the ability to recycle lignin oil using the multi-pass FT-RCF concept, we

first prepared seven feed solutions of varying lignin oil concentrations from 0 to 12

wt %, conducted tandem solvolysis and catalysis reactions with the feed solutions in
2 Joule 6, 1–17, August 17, 2022
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Figure 2. The experimental scheme of poplar FT-RCF with methanol or Lig-MeOH (0.5, 1, 2, 4, 8,

and 12 wt % lignin oil) and analyses of liquid and solid streams
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a FT reactor, and characterized the lignin oil and pulp from each FT-RCF reaction

(Figures 2, S1, and S2). For all flow reactions in this work, we used a custom-built

flow reactor consisting of two biomass beds (5/800 ID) and one catalyst bed (9/3200

ID).28,33 For each experiment, we packed 5 g of hybrid poplar (26% lignin) and

0.9–1.2 g of 15 wt %Ni/C in the biomass and catalyst beds, respectively. The tandem

solvolysis and catalysis reactions were conducted at 225�C in flowing methanol or a

lignin oil-containing methanol solution (denoted hereafter as ‘‘Lig-MeOH’’) as a sol-

vent. All experiments and analyses were conducted in duplicate, and the error bars

in figures are the range of duplicates, unless stated otherwise. The materials and

methods are detailed in the supplemental information.

Thermal stability of lignin oil

In a multi-pass FT-RCF process, the lignin oil obtained from a typical RCF experi-

ment, including monomers, dimers, and oligomers as well as solvent, and any

extracted carbohydrates extracted from the biomass and stabilized in the metal

catalyst are recycled without further modifications and contacted with a new

biomass bed in a subsequent cycle. Thus, first understanding the stability of the

lignin components in the RCF effluent at the reaction temperature (here, 225�C) is
critical to ensure that no deleterious reactions can impart yield losses. To examine

this, we first prepared stabilized lignin oil in methanol via FT-RCF of poplar and heat-

ed the lignin-rich solution to 225�C in a pressurized batch reactor. Gel permeation

chromatography (GPC) traces were collected as a function of time at 225�C. In the

first hour, modifications were observed in the molecular weight (MW) range of

600–1,500 Da, with an increasing trimer peak (470 Da) and higher MW oligomers

(1,500–4,000 Da). Then, the GPC traces were mostly invariant until 6 h (Figure S3),
Joule 6, 1–17, August 17, 2022 3



Figure 3. FT-RCF reaction of poplar with various feed concentrations (methanol and 0.5, 1, 2, 4, 8, and 12 wt % Lig-MeOH)

(A) Lignin oil concentration in each sample and calculated cumulative delignification.

(B) Monomer concentration and calculated incremental monomer mass fraction. Each experiment with different feed concentrations is separated by a

dashed line. For each FT-RCF experiment, pooled samples were collected at 0 (after a 1 h bed heating ramp), 0.5, and 1 h. The secondary x axis labels

(below the time points) indicate the lignin oil concentration in the feed and the catalyst loading for each experiment. The light patterned bars show the

lignin oil or monomer concentration in the feed, and dark solid bars represent the additional concentration of lignin oil or monomers that were added

over that time. Feed-solution preparation methods are described in the supplemental information (Figures S1 and S2). Reaction conditions: 2 mL/min

feed solution, 5 g poplar, 0.9 or 1.2 g 15 wt % Ni/C (diluted with 2.1 or 2.8 g of fused silica), 1,600 psig, 200 sccm H2, 225
�C, and 1 h heating ramp and 1 h

run. Table S2 contains the quantitative information for the data shown here.
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and slight changes in the low MW peaks were apparent only after 18 h. The reactor

operating conditions here resulted in a residence time of 30 min, such that the lignin

components in RCF solution will be stable across multiple passes in the FT reactor.

Single-pass FT-RCF with methanol

As a first step, we conducted single-pass FT-RCF with methanol (denoted ‘‘1st pass

FT-RCF’’), which selectively extracted lignin from the biomass and exhibited an

expected time profile of cumulative monomer production and delignification (ex-

periments with MeOH in Figure 3).28,33 With a fixed amount of biomass, lignin

extraction rates and the resulting lignin oil concentration in the effluent decreased

as the reaction time increased (Figure S4). Thus, to prepare a more concentrated

lignin oil solution for the purposes of testing the multi-pass FT-RCF concept, we

stopped the reaction at 1 h. We note that the 1 h time for delignification was chosen

for experimental convenience, and as described below, we also ran several

additional experiments with higher delignification extents.

Pooled samples were collected at the 0 (sampled when the beds reached reaction

temperature after a 1-h heating ramp), 0.5, and 1 h time points and were subjected
4 Joule 6, 1–17, August 17, 2022
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to solvent removal and liquid-liquid extraction to isolate lignin oil from methanol

and any extracted carbohydrates. Based on the mass of the collected sample

and the isolated lignin oil, the lignin oil concentration of each sample was

calculated and is shown in Figure 3A. The higher lignin oil concentration of the

0.5 h sample (0.65 G 0.02 wt %), compared with those of the 0 and 1 h samples

(0.28G 0.01 and 0.29G 0.01 wt %, respectively), indicates a higher lignin extraction

rate in the first half-hour at 225�C (Figure 3A; Table S2). The cumulative delignifica-

tion, which is equivalent to lignin oil yield, during the 1 h heating ramp and the 1 h

run reached 54.0% G 0.9%. The average lignin oil concentration of the collected

samples was 0.38 wt %. We note that while a 3 h reaction reached 63% cumulative

delignification, the average lignin oil concentration decreased to 0.22 wt %

(Figure S4).

The monomer concentration of the samples was analyzed by gas chromatography

with flame ionization detection (GC-FID) and is shown in Figure 3B. Here, to track

the monomers, we use a metric of ‘‘incremental monomer mass fraction,’’ defined

as the mass of monomers added by each experiment per total mass of product so-

lution. In the case of FT-RCF with Lig-MeOH, monomers could be generated from

the lignin oil solubilized in feed solution as well as from the fresh biomass.

Thus, the metric of incremental monomer mass fraction reflects both monomers

from the feed solution and from fresh biomass. We note that the commonly reported

metric of monomer yield represents only monomers from fresh biomass. The incre-

mental monomer mass fraction during the 1st pass FT-RCF was 0.147% G 0.011%.

This value corresponds to a 22% monomer yield.

FT-RCF with 0.5 and 1 wt % feed solutions

To test the multi-pass FT-RCF concept, we produced 1.1 L Lig-MeOH at a 0.47 wt %

lignin oil concentration (0.13 wt % of monomers) by combining five consecutive 1st

pass FT-RCF runs, switching biomass beds and maintaining the same catalyst bed

(denoted as ‘‘0.5 wt % Lig-MeOH,’’ detailed in Figure S1). We used this product as

a solvent in the FT-RCF reactor with fresh poplar and fresh catalyst for a second

pass (denoted as the ‘‘2nd pass FT-RCF’’). Compared with the lignin oil concentration

from a single run of the 1st pass FT-RCF (i.e., 0.38 wt %), consecutive runs resulted in

a higher lignin oil concentration because the remainder of Lig-MeOH in the reactor

system between runs was collected in the subsequent run. It is worth noting that the

0.5 wt % Lig-MeOH did not undergo separation, thus it included lignin monomers

and oligomers, soluble sugars, acetate, water, and extractives from biomass during

the 1st pass.

The concentration values of the 0.5 wt % Lig-MeOH, 0.47 wt % of lignin oil, and

0.13 wt % of monomers were used as feed concentrations of the 2nd pass exper-

iments (light patterned bars of experiments with the 0.5 wt % feed in Figures 3A

and 3B, respectively). During the 2nd pass with the prepared 0.5 wt % Lig-MeOH

feed, additional lignin oil was extracted from fresh poplar and depolymerized,

leading to increased lignin oil and monomer concentrations. The increased lignin

oil concentration from the feed concentration was used to estimate the cumulative

delignification in this pass (51.8% G 4.3%). Importantly, the similar delignification

extent in the 1st and 2nd passes are indicative of an equivalent solvolysis ability of

the recycled methanol in 0.5 wt % Lig-MeOH relative to pure methanol. In addi-

tion, a similar temporal profile of the incremental monomer mass fraction suggests

the same rate of depolymerization of the extracted lignin in methanol and 0.5 wt %

Lig-MeOH. The incremental monomer mass fraction in the 2nd pass FT-RCF was

0.151% G 0.012%.
Joule 6, 1–17, August 17, 2022 5
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Similarly, we conducted the 3rd pass FT-RCF with the 1 wt % Lig-MeOH feed,

including 1 wt % lignin oil and 0.27 wt % monomers, which was obtained from two

consecutive runs of the 2nd pass FT-RCF. The 3rd pass FT-RCF achieved 57.3% G

0.8% cumulative delignification and 0.137% G 0.014% incremental monomer

mass fraction with similar time profiles observed in the 1st and 2nd passes. By using

three consecutive passes, total solvent usage was reduced from 48 to 16 L solvent/

kg biomass (Table S2).

FT-RCF with 2, 4, 8, and 12 wt % feed solutions

Inspired by the promising results of the three consecutive FT-RCF passes, we subse-

quently conducted FT-RCF with more concentrated feed solutions. Namely, 2, 4, 8,

and 12 wt % Lig-MeOH feed solutions were prepared by diluting or concentrating

2.7 wt % Lig-MeOH that was collected from 3 L batch RCF reactions (Figure S2).

Interestingly, FT-RCF reactions with the prepared 2 and 4 wt % solutions extracted

lignin to a similar extent (56.0% G 1.1% and 51.5% G 5.1%, respectively), and reac-

tions with 8 and 12 wt % solutions exhibited slightly higher delignification (62.8% G

3.5% and 67.9%G 2.8%, respectively). We posited that the improved delignification

with higher feed concentrations could be due to accumulated components in

the feed solutions, including carboxylic acids, extractives, and water, which may

promote improved lignin extraction. Acetic acid extracted from hemicellulose was

converted to methyl acetate in these conditions, and during the workup, we

confirmed that methyl acetate dissolved in the 2.7 wt % Lig-MeOH was evaporated

when the solution was concentrated to the 8 and 12 wt % Lig-MeOH (Figure S7).

Therefore, the increased delignification values at 8 and 12 wt % lignin in the feed

solutions are likely not due to the presence of acetic acid and methyl acetate.

Higher lignin concentrations of the feed resulted in slightly different time profiles (or-

ange circles in Figure 3A). Namely, when the concentration of the feed increased,

delignification during the heating ramp (0 h sample) decreased. This effect might

be due to the physical attachment of lignin components in the feed solution onto

the biomass at low temperature. The attached lignin components could potentially

then be released at reaction temperature, resulting in the sharp increase of lignin oil

concentration in the 0.5 and 1 h samples and a similar cumulative delignification

across the reaction duration.

In terms of the incremental monomer mass fraction, the FT-RCF reaction with 2 wt %

Lig-MeOH exhibited a value of 0.145% G 0.001%, similar to those observed in FT-

RCF reactions with 0–1 wt % Lig-MeOH (orange squares in Figure 3B). However, a

lower incremental monomer mass fraction (0.112% G 0.012%) was observed with

a 4 wt % feed solution while the delignification extent did not significantly change.

We hypothesized that the reduced incremental monomer mass fraction was because

the lignin oil in the feed solution competed for adsorption sites on the catalyst

surface with lignin extracted from the biomass, thus inhibiting catalysis with the

extracted lignin.

Overcoming catalyst-limited conditions in multi-pass FT-RCF

To avoid these catalyst-limited conditions, we increased the catalyst loading from

0.9 to 1.2 g and repeated the FT-RCF reaction with the 4 wt % Lig-MeOH feed.

The incremental monomer mass fraction reached 0.151%G 0.015%, demonstrating

that a higher amount of catalyst is necessary to achieve a similar monomer produc-

tion when using a higher concentration feed. Similarly, the 8 and 12 wt % lignin

oil feeds resulted in only 0.083% G 0.014% and 0.096% G 0.049% incremental
6 Joule 6, 1–17, August 17, 2022



Figure 4. Distribution of monophenolics of feeds and post-RCF samples

The secondary x axis labels indicate the catalyst loading and the feed preparation method for each

experiment. Table S3 contains the quantitative information for this figure.
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monomer mass fractions, even with 1.2 g of catalyst. Due to physical limitations of

our custom flow reactor system, catalyst loadings over 1.2 g could not be tested.

Instead, the samples from FT-RCF with the 8 wt % feed were combined and flowed

through two additional catalyst beds to test whether the incremental monomer mass

fraction increased. After the first additional catalysis step, the monomer concentra-

tion in the combined solution post FT-RCF increased from 2.38 to 2.65 G 0.08 wt %

(Figure S8A). Compared with 2.29 wt % monomer concentration of the 8 wt % feed,

the estimated incremental monomer mass fraction was 0.356% G 0.08%. The sec-

ond additional catalysis step slightly further increased the monomer concentration

to 2.71 G 0.01 wt % and the estimated incremental monomer mass fraction to

0.422% G 0.012%. A similar value (0.457% G 0.044%) was observed when the

FT-RCF samples underwent additional catalysis in a batch setup (Figure S9).

The high estimated incremental monomer mass fraction values after additional

catalysis might be attributed to the cleavage of b-O-4 bonds that were in the 8 wt

% feed. The b-O-4 peaks in the 8 wt % feed, which also remained after FT-RCF,

were significantly reduced after two additional catalysis steps (Figure S15). Note

that a hydrogenolysis reaction of the 8 wt % feed with fresh Ni/C in a batch setup

exhibited 0.347% G 0.058% incremental monomer mass fraction (Figure S9), indi-

cating a significant amount of b-O-4 bonds in the 8 wt % feed. Thus, the cleavage

of ether linkages in the feed, as well as depolymerization of lignin from fresh

biomass, resulted in the high incremental monomer mass fraction values. This result

indicates that higher catalyst loadings will be able to cleave C–O bonds both in the

lignin extracted from the biomass and in the lignin oil solubilized in the feed solution.

Product distribution of monomers produced frommulti-pass FT-RCF reactions

Lignin monomers produced via the 1st pass FT-RCF with pure methanol consist

mostly of propanol-substituted syringol and guaiacol, followed by propyl-

substituted monomers and propenylguaiacol (MeOH RCF in Figure 4). The 0.5 wt

% Lig-MeOH solution—prepared via five consecutive 1st pass FT-RCF runs with
Joule 6, 1–17, August 17, 2022 7
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five biomass beds and one catalyst bed—includes more propenylguaiacol, likely

because of catalyst deactivation as previously observed in FT-RCF reactions.28

Over the consecutive FT-RCF reactions with six fresh biomass beds and methanol,

the catalyst was deactivated, evident from (1) the increase in propenyl chain mono-

mers and (2) the decrease in the monomer mass fraction (Figure S10).28 When 0.5 wt

% Lig-MeOH was used as a solvent, slightly more rapid catalyst deactivation was

observed in the presence of lignin oil in the feed. The fraction of the unsaturated

monomers in the 0.5 and 1 wt % feed was reduced after FT-RCF with fresh catalyst.

This observation suggests that the catalyst reacts with lignin components in the feed

as well as in the extracted lignin from fresh biomass. Except for the changes

observed in propenylguaiacol, other monomers did not change significantly after

the FT-RCF reaction at 0–1 wt % concentration.

Compared with 0.5 and 1 wt % Lig-MeOH obtained via the FT-RCF setup, the feed

solutions (2–12 wt %) from the batch reaction exhibited more propyl-substituted

monomers and less propanol-substituted monomers (Figure 4). In addition, phenol-

and ethyl-substituted monomers were also detected. At the higher feed concentra-

tions (2–12 wt %), the distribution of monophenolic compounds remained similar

after FT-RCF.

Stability of lignin monomers over multiple catalysis steps

In multi-pass FT-RCF, lignin monomers would be recycled, thus flowing over the

catalyst beds multiple times. Therefore, changes in the monomer distribution

over multiple catalysis steps are also worthwhile to investigate. We prepared

and combined the 1st pass FT-RCF samples and flowed the combined solution

over catalyst beds 8 times; specifically, after four catalysis steps, the spent catalyst

was removed, and fresh catalyst was packed and used for an additional four catal-

ysis steps. After each catalysis step, a sample was collected and the monomer dis-

tribution in each sample was analyzed. Even after eight additional catalysis steps,

the distribution of monophenolics remained invariant (Figure S11). This indicates

that the monomers stabilized during FT-RCF were not affected in the subsequent

passes and remained stable over multi-pass FT-RCF. Consistently, the monomer

distribution in the 8 wt % feed did not change when comparing compositions after

the RCF reaction with those after two additional catalysis steps (Figure S8B), sug-

gesting the stability of lignin monomers in Lig-MeOH over multiple passes. The

monomer stability seems dependent on the reaction conditions and catalysts. Pre-

viously, more prolonged reactions led to partial changes of propyl monomers to

ethyl monomers.19

Characterization of lignin oil

To characterize the lignin oil in the prepared Lig-MeOH feed solutions and

post-FT-RCF samples, we isolated lignin oil from each sample through solvent

removal and liquid-liquid extraction and analyzed the samples with GPC and

2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy. The

GPC trace of the isolated lignin oil from the 1st pass (MeOH RCF in Figure 5)

showed three narrow peaks and two broad peaks. Peaks at 200 and 250 Da repre-

sent monomers including propanol- and propyl-substituted syringol and guaiacol,

which were also detected in the NMR spectra (Figure S12). Three oligomer peaks

at 310, 470, and 700 were assigned to dimers, trimers, and tetramers,

respectively.7,17,21,28,33

Lignin oil in the 0.5 wt % feed showed not only monomers and low MW oligomers,

but also high MW oligomer fragments up to 4,000 Da. The high MW values might
8 Joule 6, 1–17, August 17, 2022



Figure 5. GPC traces of the isolated lignin oil of feeds and post-RCF samples

The right y axis labels indicate the feed preparation method for each experiment.
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arise because the catalyst was deactivated throughout the five consecutive 1st pass

FT-RCF runs.28 This agrees with the higher b-O-4 peak intensity in the NMR spectrum

of the isolated lignin oil from the 0.5 wt % feed (Figure S13) relative to lignin oil from

a single run of the first pass FT-RCF (Figure S12). After the 2nd pass FT-RCF with the

0.5 wt % Lig-MeOH, fresh biomass, and fresh catalyst, the produced lignin oil ex-

hibited reduced high MW oligomer fragments in the GPC chromatogram and a

decreased b-O-4 peak intensity (Figure S13). These data suggest that in the 2nd

pass, the fresh catalyst contributed to depolymerization of not only the extracted

lignin from fresh biomass but also the high MW oligomers in the 0.5 wt % feed. It

is noteworthy that the b-O-4 peaks in the 0.5 and 1 wt % feed exhibited much lower

intensities than monomer product peaks (Figures S13 and S14), indicating a lower

content of intact b-O-4 bonds in the feed solutions. This also suggests that the

monomer addition during the 2nd and 3rd pass FT-RCF resulted primarily from depo-

lymerization of the lignin extracted from fresh biomass and not from the cleavage of

b-O-4 bonds in the lignin-enriched solvent.

Compared with the 0.5 and 1 wt % feeds, the 2–12 wt % feed solutions, prepared

in batch reactions, showed slightly different chromatograms: a larger trimer peak

at 470 Da than the tetramer peak at 700 Da (Figure 5). The similar overall GPC

traces between the lignin oil in the feed and in the post-RCF sample suggest

that the lignin oil in the feed is stable in the FT reactor and that a similar quality

lignin oil could be extracted from fresh biomass added to the feed during FT-RCF.

This excludes the possibility that the accumulated components in the high-concen-

tration feeds promote the repolymerization of lignin oil. NMR spectra of lignin oil

from each pass showed efficient removal of the aryl-ether linkage in poplar

and production of monomers after FT-RCF or additional catalysis steps,

suggesting that hydrogenolysis of the b-O-4 linkage of the extracted lignin was

not affected by lignin oil concentration in feed solution under excess catalyst

conditions.
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Figure 6. Composition and delignification extent over the FT-RCF reactions

(A) Compositional analysis of parent and post-RCF poplar in the different feed solutions.

(B) The calculated delignification and glucan/xylan retention using Equations S10–S12. Table S4

contains the quantitative information for the data shown here. Figures S5 and S6 present a general

overview of the mass flow of the main lignocellulose components.
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Characterization of carbohydrate pulp

Compositional analysis of the isolated residual pulp samples was also conducted

to investigate the effect of the feed concentration on polysaccharide retention

(Figure 6; Table S4). Compared with native biomass (hybrid poplar), the composi-

tion of the pulp residue after FT-RCF with methanol clearly showed a high

selectivity for lignin removal with high retention of carbohydrates. The calculated

delignification and glucan and xylan retentions were 56.4% G 0.4%, 92.6% G

0.2%, and 92.6% G 0.4%, respectively. The small differences in the delignification

values calculated based on the liquid sample and the solid residue likely

arose because the liquid stream analysis did not include delignification by meth-

anol remaining between the biomass bed and the sample collector. The use of

0.5–4 wt % Lig-MeOH solutions for FT-RCF instead of methanol resulted in similar

delignification between 54.5% G 0.1% and 58.4% G 0.3%. With the 8 and 12 wt %

feeds, FT-RCF reactions increased delignification values to 66.5% G 4.7% and

70.6% G 0.6%, respectively. This agrees with the higher delignification values

from FT-RCF with the 8 and 12 wt % Lig-MeOH observed in the liquid stream

analysis.

Glucan and xylan retentions were not significantly affected by the feed concentra-

tion of lignin. The glucan retention varied only from 91.4% G 0.5% to 97.5% G

0.3%, and xylan retention remained between 88.1% G 0.1% and 95.0% G 0.2%

(Figure 6B). This solid stream analysis, combined with the liquid stream analysis,

highlights the effectiveness of multi-pass FT-RCF.
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Multi-pass FT control experiments without stabilization

In addition to the multi-pass FT-RCF tests that reuse the Lig-MeOH solutions and un-

dergo both solvolysis and catalysis, we conducted a control experiment to examine

the multi-pass configuration in a solvolysis step only. Three consecutive solvolysis

runs produced the 1st, 2nd, and 3rd solvolysis liquors (Figure S16). We previously re-

ported that single-pass solvolysis produces native-like lignin with intact aryl–ether

bonds.33 Here, due to the considerably longer residence times than our previous

work, the native-like lignin from the 1st solvolysis pass was repolymerized in the 2nd

and 3rd solvolysis passes, evident from the increase in oligomer fragments (400–1,100

Da) and the decrease in the dimer peak (310 Da) in the GPC traces (Figure S17). Unca-

talyzed ligninwas likely recondensedwith additional solvolysis time at 225�Cduring the

2nd and 3rd passes.22 The prepared solvolysis liquors underwent a FT hydrogenolysis

reaction separately, and the recondensation that occurred during multi-pass solvolysis

resulted in the decrease of incremental monomer mass fraction from 0.123% to 0.09%

(Figure S18). This control experiment indicates the importance of the catalytic stabiliza-

tion in multi-pass FT-RCF to avoid repolymerization and reduced monomer yield.
Multi-pass FT-RCF at a higher delignification extent using methanol-water

solvent mixtures

Methanol is a common solvent for RCF processes. The resulting delignification

extent is in the 50%–70% range from FT-RCF with methanol or Lig-MeOH are close

to the limit of methanol RCF that has been previously reported in batch and FT

reactions (Figure 1).21,28,30 To further examine the effect of recycling lignin oil,

we were interested in studying the effect of higher levels of delignification. Thus,

we additionally conducted FT-RCF with an equivalent 1:1 v/v methanol-water

mixture (denoted as ‘‘MeOH/H2O’’) and 2 and 8 wt % lignin oil-containing meth-

anol-water solutions (denoted as ‘‘Lig-MeOH/H2O’’). Previously, RCF of poplar

with an alcohol-water mixture has been reported to achieve delignification extents

between 70% and 90% (Figure 1).14,21

FT-RCF with MeOH/H2O extracted both lignin and hemicellulose with a delignifica-

tion extent of 92.9% G 0.4% and a xylan retention of 20.0% G 0.5% (Figure 7).

Conversely, glucan was not appreciably extracted from poplar, exhibiting 93.4% G

0.6% retention. The 2 and 8 wt % Lig-MeOH/H2O feeds were prepared by batch

RCF of poplar with MeOH/H2O. Thus, the feeds include not only lignin components

but also a more enriched hemicellulose content. After a 1 h heat ramp and a 1 h RCF

reaction with the prepared 2 and 8 wt % solutions, similar extents of lignin extraction

(92.6%G0.1% and92.6%G0.6%, respectively) andglucan retention (91.9%G0.6%

and 90.9%G 0.2%, respectively) were achieved. This demonstrates that the recycled

methanol-water mixture, with both enriched lignin and hemicellulose content in the

feeds, could extract lignin and maintain glucan retention to a similar extent,

compared with MeOH/H2O. Xylan extraction was slightly different in the 2 and 8 wt

% feeds, exhibiting xylan retention of 22.7%G0.2%and 27.9%G0.2%, respectively.

Concerning the incremental monomer mass fraction (Figures 7C and S19), to

minimize the effect of catalyst-limited conditions, we reduced the biomass-to-cata-

lyst ratio from 5 g biomass/1.2 g catalyst to 3 g biomass/1.2 g catalyst. The incre-

mental monomer mass fraction value obtained via FT-RCF with MeOH/H2O

(0.071% G 0.001%), which corresponds to a 19% monomer yield, was maintained

in the reaction with the 2 wt % feed (0.080%G 0.022%). A slightly higher incremental

monomer mass fraction (0.108% G 0.054%) from the reaction with the 8 wt % feed

might result from the cleavage of C–O bonds both in the lignin extracted from the

biomass and in the lignin oil solubilized in the feed solution.
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Figure 7. FT-RCF reactions with a methanol-water solvent system

(A) Compositional analysis of parent and post-RCF poplar in the different feed solutions.

(B) The delignification and glucan/xylan retention were calculated using Equations S10–S12.

(C) Monomer concentration and calculated incremental monomer mass fraction. For each FT-RCF

experiment, samples were collected at 0, 0.5, and 1 h. The secondary x axis labels (below the time

points) indicate the lignin oil concentration in the feed. The light patterned bars show the monomer

concentration in the feed, and dark solid bars represent the additional concentration of monomers

that were added over that time. Reaction conditions: 2 mL/min feed solution, 3 g poplar, 1.2 g 5 wt

% Ru/C (diluted with 2.8 g of fused silica), 1,600 psig, 200 sccm H2, 225
�C, and 1 h heating ramp and

1 h run. Tables S5 and S6 contain the quantitative information for the data shown here.
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DISCUSSION

As shown in this work, FT-RCF with 0.5–12 wt % Lig-MeOH feed solutions exhibited

similar or higher lignin extraction and carbohydrate retention efficiency, compared

with FT-RCF with pure methanol. FT-RCF with the 12 wt % feed solution resulted in

the solvent-to-biomass ratio of 1.9 L/kg (Figure 1; Table S2), which is lower than
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the previously reported ratios in batch reactions (4–50 L/kg).14–17,19–22,24,25,30,37 In

batch RCF reactions, further reducing the batch solvent loading would likely

encounter severe mass transport limitations in lignin solvolysis due to the high solid

fraction.35 By contrast, in multi-pass FT-RCF, the extracted lignin oil is solubilized,

which avoids the use of high solid fractions and the resulting mass transfer issues.

Because solvent usage linearly impacts energy demand, GHG emissions of RCF

processes, and the minimum selling price of RCF oil, the multi-pass FT-RCF with

solvent usage down to 1.9 L/kg is economically and environmentally more beneficial

than single-pass batch or FT-RCF.35

The ultimate solvent-to-biomass ratio using themulti-pass concept could potentially

be reduced further, but the 1.9 L/kg value reported shows the promise of this

approach; however, it was not practical to continue carrying out more consecutive

runs with our current FT reactor systems. Nonetheless, this initial study motivates

additional efforts for further solvent reduction using multi-pass RCF configurations.

When recycling the solvent with concentrated RCF oil, it will be critical to understand

the effect of the accumulated components therein, such as acetate, water, extrac-

tives, and sugar-derived compounds. Compositional analysis (Figure 6A) revealed

that acetate and extractives were extracted during FT-RCF and included in RCF

oil. For example, a high concentration of acetic acid, hydrolyzed from hemicellulose

side chains, could potentially promote the repolymerization of unstable lignin-

derived intermediates.5

In addition to FT-RCF, the multi-pass concept can be extended to other reactor con-

figurations to enhance industrial relevance. Similarly to multi-pass FT-RCF, a batch

system with internal solvent recycles could also be considered. To this end, Samec

et al. recently reported use of a high-pressure Soxhlet extractor wherein biomass

is physically separated from a solvent and the solvent is refluxed, extracting lignin

from biomass and washing the delignified biomass.38 By adding a catalyst to the

system, the extracted lignin could be depolymerized and stabilized. This system

achieved 97% delignification in the presence of CO2 with a solvent-to-biomass ratio

of 6.6 L/kg. Additionally, traditional batch RCF processes, including via use of a cata-

lyst basket,22 could directly use the multi-pass concept, recirculating the RCF oil and

solvent multiple times to reduce solvent usage.

Perhaps the most industrially favorable configuration would ultimately be a contin-

uous RCF reactor configuration wherein biomass and solvent are continuously fed

into and removed from the reactor. As a multi-pass approach, the RCF effluent

from a continuous process, after solid-liquid separation, could be re-injected to

the reactor to delignify fresh biomass, thus reducing net solvent usage. However,

successful continuous RCF processes have not yet been reported to our knowledge.

In addition to the data presented here for themulti-pass FT-RCF concept, challenges

common to most RCF processes reported in the open literature remain to be ad-

dressed in parallel.10,27 Namely, catalyst deactivation during RCF has been

observed in both batch and FT configurations.22,28 However, there is still a lack of

a comprehensive understanding of deactivation mechanisms like poisoning, fouling,

leaching, or sintering during RCF. Besides, to maximize the value of RCF processes,

the major cost and environmental contributors such as operating pressure and utili-

zation of an entire slate of products in the RCF oil, including monomers, dimers, and

oligomers, need to be further explored.39,40 Breakthroughs to these ends could be

simultaneously employed in multi-pass RCF reactor configurations to reduce overall

solvent usage as well.
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Conclusions

In summary, we demonstrated that multi-pass FT-RCF could reuse RCF effluent

without additional separation steps and extract lignin from biomass multiple times

to a similar or higher extent (52%–68%). The incremental monomer mass fraction re-

mained around 0.15% through multi-pass FT-RCF with feeds up to 4 wt % when the

catalyst loading was adjusted for total lignin content. With the catalyst loading suit-

able for %4, 8, and 12 wt % feed solutions reduced the incremental monomer mass

fraction to a range of 0.083%–0.096%, resulting from operating in catalyst-limited

conditions. Additional catalysis steps cleaved C–O linkages both in lignin extracted

from biomass and in lignin oil solubilized in the feed, increasing the monomer mass

fraction to 0.422%. The extracted lignin oil from each pass exhibited similar mono-

mer selectivity, GPC traces, and NMR spectra. These results suggest the reusability

of the lignin oil-containing solution without a detrimental effect on RCF perfor-

mance, including solvolysis, depolymerization, and stabilization, under excess cata-

lyst conditions. A reduction in overall solvent usage to 1.9 L/kg, as achieved by the

multi-pass FT-RCF concept, would reduce the energy demand and operating costs

for solvent recovery as well as the net GHG emissions in the RCF process,35 sugges-

tive of the industrial potential for multi-pass RCF concepts.
EXPERIMENTAL PROCEDURES
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Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Gregg T. Beckham (gregg.beckham@nrel.

gov).

Material availability

This study did not generate new unique materials.

Data and code availability

The datasets in this article are provided in full in the supplemental information.
Methods

Methods for catalyst synthesis, feed-solution preparation, the FT reaction proced-

ure, and characterization of liquid and solid streams are described throughout the

main text and in detail in the supplemental information. Briefly, 5 g of poplar was

packed in a biomass bed and 0.9 or 1.2 g of 15 wt % Ni/C catalyst, diluted with

2.1 or 2.8 g of fused SiO2, was packed in a catalyst bed. The biomass bed was filled

with the prepared feed solution to a pressure of 1,600 psig and the remainder of the

reactor was filled with H2 gas to 1,600 psig and heated to 225�C. Once the temper-

ature of the catalyst bed reached 225�C, the reaction started by heating the biomass

bed to 225�C and flowing the feed solution and H2 gas with a flow rate of 2 mL/min

and 200 sccm, respectively. The first sample was collected at the end of the 1 h heat-

ing ramp (denoted as 0 h) and samples at the reaction temperature of 225�C were

collected at 0.5 and 1 h. The isolated lignin oil in each sample was characterized

by GC-FID, GPC, and 2D HSQC NMR spectroscopy and the composition of the

carbohydrate pulp residue was analyzed. The metrics used in this study including

lignin oil and monomer concentration, delignification, incremental monomer mass

fraction, and monomer selectivity are defined as the following equations.

Lignin oil concentration ð%Þ =
masslignin oil

masssolution
3 100 (Equation 1)
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Delignification ð%Þ =

�
masslignin oil in each sample �masslignin oil in feed

masstotal lignin in fresh biomass

�
3100

(Equation 2)
Monomer concentration ð%Þ =
massmonomer

masssolution
3 100 (Equation 3)
feed
�
3 100
Incremental monomer mass fraction ð%Þ =

�
massmonomer in each sample � massmonomer in

masstotal solution of 0; 0:5; and 1 h samples

(Equation 4)
Monomer selectivity ð%Þ =
massdesired monomer

masstotal monomers
3 100 (Equation 5)
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