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SUMMARY

The production of fuels from lignocellulosic biomass is key to reduce
our reliance on petroleum and to promote a sustainable bio-
economy. Butyric acid (BA) is a promising chemical precursor for
the production of renewable diesel and jet fuels. BA can be biolog-
ically produced from lignocellulosic sugars. However, challenges
associated with product selectivity and recovery must be overcome
to achieve industrially relevant metrics. Here, we evaluate various
fermentation configurations and demonstrate near-homo-butyrate
production by using the biocatalyst Clostridium tyrobutyricum. We
also develop an advanced in situ product recovery process based
on hybrid extraction-distillation (HED-ISPR) and conduct techno-
economic analyses and life cycle assessments. We demonstrate
that the HED-ISPR process lowers the overall capital and operating
expenses and environmental impact compared to other traditional
fermentation processes. Overall, BA minimum product selling price
from biomass is 55% of the current BA selling price from petroleum,
a significant decrease toward viable renewable fuel production.
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INTRODUCTION

The production of biofuels from lignocellulosic resources is key to the realization of a bio-

economy.1,2 However, the development of technologies for efficient lignocellulose con-

version and the search for new molecules with adequate combustion and/or perfor-

mance-advantaged properties are still required to compete with petroleum-based

fuels.3,4 Recently, butyric acid (BA) has been realized as a promising fuel precursor for

the productionof renewablediesel and aviation fuels.5–9 Currently, BA is producedmainly

from the oxidation of butyraldehyde obtained from the oxo synthesis of petroleum-

derived propylene and used for the production of thermoplastic cellulose acetate buty-

rate,withaglobalmarketof�80,000 tons/year at apriceof�$1.8/kg.10 Therefore, finding

sustainable processes for BA production is also a promising path for chemical markets.

Short-chain fatty acids, among them BA, can be produced via anaerobic fermentation

from lignocellulose.11 BA is produced by a large variety of bacteria,10,12 but very few

have been studied for industrial applications. Among them, Clostridium tyrobutyricum

and C. butyricum have received increased attention.10,13 These bacteria are able to

ferment the two primary lignocellulosic sugars, glucose and xylose, and generate buty-

rate, acetate, CO2, and H2 asmajor products.14 However, knowledge surrounding these
Cell Reports Physical Science 2, 100587, October 20, 2021 ª 2021 The Authors.
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Figure 1. Simplifiedmetabolicmap forBAproduction inC.butyricum (Cb) andC. tyrobutyricum (Ct)

The map highlights genes for the production of BA in the different Clostridia strains and potential

by-products (blue squares). Gene abbreviations: ack, acetate kinase; buk, butyrate kinase; cat1,

acetoacetyl-CoA transferase; pta, phosphotransacetylase; ptb, phosphotransbutyrylase.

Metabolite abbreviations: 3HBC, (S)-3-hydroxybutanoyl-CoA; AAC, acetoacetyl-CoA; ACC, acetyl-

CoA; ACTP, acetyl phosphate; B2C, crotonyl-CoA; BTC, butyryl-CoA; BUTPI, butyryl phosphate;

DHAP, bdhydroxyacetone phosphate; FDP, D-fructose 1,6-bisphosphate; G3P, glyceraldehyde 3-

phosphate; PYR, pyruvate; XU5P, D-xylulose 5-phosphate.
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microbes’ glucose and xylose co-utilization capabilities and the production of minor

products (i.e., formate and lactate8,14,15) is scarce. From a metabolic point of view,

C. tyrobutyricumhasbeen recently reported toproduceBAonlyviaa transferase reaction

(which converts butyryl-coenzyme A [CoA] to BA through acetate reassimilation),15 and

not via ptb/buk genes (which convert butyryl-CoA to butyryl-phosphate and BA10), as

previously assumed,16–18 and as reported forC. butyricum13 (Figure 1). Thesemetabolic

disparities may lead to substantially different product selectivity results, which warrant

further analyses in industrially relevant cultivation conditions.

Similar to other acidogenic bacteria, C. tyrobutyricum and C. butyricum are strongly in-

hibited by their acidic products. BA toxicity involves cell membrane damage, disruption

of the transmembrane pH gradient, and reduction of ATP levels, which are exacerbated

at lower pHs.19 Continuous fermentation configurations can alleviate this toxicity by

constantly flowing cultivation media through the bioreactors.20,21 However, this fermen-

tation strategy typically leads to low product titers and requires acid neutralization in the

bioreactor, which increases process costs.22 An alternative route to decrease product

toxicity is via in situ product recovery (ISPR) processes. Liquid-liquid extraction (LLE) is

commonly used in ISPR processes to extract short-chain fatty acids from bioreactors

into organic solvents, which reduces their concentration in the bioreactor and effectively

preventsproduct inhibition.23–26Theacidproduct is then recovered fromtheorganic sol-

vent via back-stripping into a base (e.g., NaOH).26 This process is not practical on the in-

dustrial scale because the LLE-ISPR processes have a significant base cost and a large

associated environmental impact.22,27 Therefore, advanced ISPR processes that do not

require significant base loads are sought. To that end, a hybrid extraction-distillation

(HED)-ISPRprocesswas recentlyproposed for the recoveryof carboxylic acids fromsimu-

lated fermentation broth,22 which differs from traditional LLE-ISPR processes by selec-

tively recovering purified BA from the organic extract with distillation rather than back-
2 Cell Reports Physical Science 2, 100587, October 20, 2021
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stripping into alkaline solutions. HED-ISPRprocesses have also been successfully utilized

forotherapplicationssuchas the recoveryofethyl esters frommockmixtures.28However,

to our knowledge,HED-ISPRprocesses have not yet been integratedwith biological sys-

tems, which is needed to validate the process and identify potential bacterial and sepa-

ration performance issues.

ISPR processes for the production of biofuel precursors face challenges that include (1)

minimizing the energy consumption to less than the product’s higher heating value

(HHV)29 to achieve sustainable processing and (2) maintaining system sterility by sepa-

rating cellular debris from the fermentation broth before molecular separation units.30

Our previous work22 highlighted that lowering the bioreactor pH and selecting an effec-

tive extractant are two key process design components that may lead to a HED-ISPR en-

ergy demand below �20% of the BA HHV. An example of a strong extractant is phos-

phine oxide-based extractant, which efficiently extracts free (protonated) BA at pHs %

522 by forming an acid-base pair with the acidic proton on BA. To address maintaining

sterility and to prevent long-term fouling of the HED-ISPR equipment, a rotating ceramic

disk (RCD) microfiltrationmodule may be coupled to an external fermentation loop. Dy-

namic filtration systems, such as the RCD, are robust cell- and debris-retention devices

because they allow long system uptimes before a cleaning cycle is needed, and require

low pumping energy compared to traditional cross-flow systems.30–32

In this work, we compare the performance of C. tyrobutyricum and C. butyricum side

by side at diverse pHs in batch fermentation mode. C. tyrobutyricum achieved

considerably higher BA selectivities from mixed sugars than C. butyricum. Thus,

C. tyrobutyricumwas selected for furthermetabolic analyses andprocess development

at lowpHs (pH�5) in different fermentation setups (i.e., batch, fed-batch [FB], LLE-ISPR,

and HED-ISPR coupled to a RCD) with corn stover hydrolysate. Based on the fermenta-

tion data and BA downstream recovery from this study, techno-ecomomic analysis

(TEA) and life cycle assessments (LCA) were conducted and revealed that BA produc-

tion via the HED-ISPR process results in dramatically favorable economics and reduced

environmental effects (i.e., greenhouse gas [GHG] emissions and fossil energy demand

[FED]) compared to other fermentations setups. Overall, HED-ISPR performance, TEA,

andLCAshowapromisingpath for lignocellulose conversion toBA for use as a chemical

intermediate for the production of renewable fuels.
RESULTS

BA selectivity is significantly higher in C. tyrobutyricum than C. butyricum

Fermentation and LLE-ISPR performance are both typically highly sensitive to small

changes in pH. While C. tyrobutyricum and C. butyricum grow better at near-neutral

pHs,10,24,33 low pH operation is critical for efficient extraction of BA in a LLE-ISPR

setting.22 Therefore, we compared the performance of these bacteria at pH 5, 5.5,

6, and 7 while fermentingmock corn stover hydrolysate in batchmode. Themock hy-

drolysate mimics the sugar concentration ratios in corn stover hydrolysate (30 g/L

glucose, 15 g/L xylose, 5 g/L arabinose, and 2 g/L galactose) (Table S1). To facilitate

the visualization of Figure 2, the bacterial performance at pH 7 only is shown in Fig-

ures S1–S3.C. butyricum co- utilized both sugars at all the pHs tested (Figures 2A and

S1A–S1D). At pH 5, neither glucose nor xylose were fully consumed, which can be

attributed to the higher toxicity of the pool of acid products at the lower pHs.19 In

contrast, C. tyrobutyricum showed a diauxic behavior in which xylose was utilized

only after glucose was depleted from the media (Figure 2B). We observed this

behavior at pH 6 and pH 7 since xylose utilization was negligible at pH 5.5 and pH

5 (Figures 2B and S1I–S1L). Glucose was fully utilized by C. tyrobutyricum at pH 5
Cell Reports Physical Science 2, 100587, October 20, 2021 3



Figure 2. Metabolic and process parameters from batch fermentations conducted with wild-type C. butyricum and C. tyrobutyricum on mock corn

stover hydrolysate at an initial sugar concentration of 50 g/L

(A and B) Glucose (Glu) and xylose (Xyl) utilization (%) at pH 5, 5.5, and 6 in (A) C. butyricum and (B) C. tyrobutyricum. A value of 100% corresponds to the

initial glucose (�30 g/L) or xylose (�15 g/L) concentration.

(C and D) Metabolic yields for BA, acetate, lactate, and formate at pH 5 in (C) C. butyricum and (D) C. tyrobutyricum.

(E) BA selectivity at pH 5, 5.5, and 6 in C. butyricum (Cb) and C. tyrobutyricum (Ct).

(F–K) Process parameters. (F and I) BA titers, (G and J) BA process yields, and (H and K) BA productivities in (F)–(H) C. butyricum and (I)–(K).

C. tyrobutyricum at pH 5, 5.5, and 6.

Results show the average of biological duplicates. Error bars show the absolute difference between biological duplicates.

Additional fermentation profiles are shown in Figures S1, S2, and S3.
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and showed a higher maximum instantaneous utilization rate (2.0 g/L/h) than that

observed forC. butyricum at the same pH. Regardingminor sugars,C. butyricum uti-

lized galactose at every pH, while arabinose was utilized only at pH 7 (Figures S1A–

S1D). In contrast, galactose and arabinose utilization was not appreciable in any

case in C. tyrobutyricum (Figures S1I–S1L). These results show that C. butyricum is,

in general, a more efficient bacterium than C. tyrobutyricum for sugar co-utilization.

Metabolic yields for BAandother by-productswere strain andpHdependent (seeNote

S1, Figures 2C,2D, S3D–S3F, andS4)but, ingeneral, BAmetabolic yieldswerehigher in

C. tyrobutyricum than in C. butyricum. BA selectivity (calculated as BA [g/L] divided by

total acids [g/L], including BA, acetate, lactate, and formate) was also considerably

higher in C. tyrobutyricum than in C. butyricum at pH 5, as well as BA titers, process

yields, and overall productivities (Figures 2E–2K). Despite these results, we sought to

engineer C. butyricum, due to its greater efficiency co-using sugars, to increase flux

to BA (seeFigure S5–S7; Table S2; Note S2). However, BA metabolic yields still re-

mained lower than those observed in C. tyrobutyricum. Therefore, we selected

C. tyrobutyricum for further process development and metabolic studies.
4 Cell Reports Physical Science 2, 100587, October 20, 2021



Figure 3. Performance of C. tyrobutyricum in batch fermentations containing glucose and xylose

as the sole carbon sources at pH 5 and pH 6

(A) Bacterial growth (OD 600).

(B) Glucose and xylose utilization at pH 5 and pH 6.

(C and D) Acid metabolic yields in glucose containing fermentations at pH 5 and pH 6.

(E and F) Acid metabolic yields in xylose containing fermentations at pH 5 and pH 6.

Results show the average of biological duplicates. Error bars show the absolute difference between

biological duplicates.
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Xylose is catabolized at pH 5 by C. tyrobutyricum

The conversion of xylose is necessary for the economical valorization of lignocellulose. As

shown above (Figure 2B), xylose utilization byC. tyrobutyricumwas negligible at pH 5 and

pH 5.5 in mock hydrolysates. Therefore, we sought to understand whether inefficient

xylose utilization was solely the result of low pH or catabolite repression due to the pres-

ence of glucose. For this purpose, we evaluated the performance of C. tyrobutyricum in

medium containing either xylose (50 g/L) or glucose (50 g/L) as the sole carbon sources

at pH 5 and 6 (Figures 3A, 3B, and S8) and compared it with the previous results in

mock hydrolysate. C. tyrobutyricum grew in all cases; however, the initial growth lags
Cell Reports Physical Science 2, 100587, October 20, 2021 5
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were considerably longer on xylose thanglucose (Figures 3AandS8). Themaximumsugar

utilization rates also decreased at the lower pHs from5.2 to 2.4 g (glucose)/L/h and from4

to 1.3 g (xylose)/L/h at pH 6 and 5, respectively. These results validate that xylose can be

utilized byC. tyrobutyricum at pH 5 as the sole carbon source (Figure 3B) (which is consis-

tent with previous literature18) and that the presence of glucose (Figure 2B) is responsible

for the inefficient xylose utilization at pH 5. Interestingly, regardingmetabolic yields, there

were importantdifferences,dependingon thecarbonsource (Figures3C–3E). Specifically,

acetate yields were relatively constant in glucose but decreased down to zero in xylose at

pH 5 (time at which lactate was also produced). Because these fermentations suffer from

product toxicity, especially those conducted at pH 5, ISPR will be an important process

to help fully understand metabolic differences and trends among different media.

Sugar co-utilization was promoted in FB fermentations on corn stover

hydrolysate by C. tyrobutyricum

Considering that xylose can be utilized at pH 5 by C. tyrobutyricum, we aimed to

enhance glucose and xylose co-utilization capabilities. For that purpose, we developed

a seed culture containing C. tyrobutyricum actively utilizing xylose (hereafter, induced

seed) (see Figures S9–S11; Note S3) and compared sugar co-utilization from both

induced andnon-induced seeds inmore relevant process conditions (on corn stover hy-

drolysate [Table S1] at pH 5, at an initial xylose concentration of 25 g/L, and in FBmode

[Figure 4A]).C. tyrobutyricum utilized a final xylose concentration of 5 and 2.3 g/L when

inoculated from induced and non-induced seeds, respectively (Figures 4A and S12).

However, because sugar utilization terminated early (<40 h, mainly due to toxicity to

products), we cannot prove considerable co-utilization improvements based on seed

origin. Thus, before shifting to LLE-ISPRprocesses,we conducted the sameexperiment

at pH 6. In addition, we also included (1) batch fermentations from both induced and

non-induced seeds (Figures 4B and S13) and (2) batch and FB fermentations at an initial

sugar concentration of 50 g/L from both induced and non-induced seeds (Figures 4C

and S14). To test reproducibility, we also conducted two independent experiments

(each with biological duplicates), for the FB cultivation cases from induced seed cul-

tures. Xylose utilization was improved in batch fermentations when using the induced

seed culture at an initial sugar concentration of 25 and 50 g/L (Figures 4B and 4C).

However, in FB mode, the effect of the induction was less evident, and sugars were

co-utilized in all cases (Figures 4B and 4C). In cultivations containing an initial sugar

concentrationof 50g/L from induced seedcultures, xyloseutilization rateswere consid-

erably improved in FB mode compared to batch mode. Overall, these observations

suggest that although induced seed cultures may promote an initial higher xylose utili-

zation rate, a FB fermentation strategy (Figures S13 and S14) is more critical to enhance

xyloseutilization inC. tyrobutyricumunder the conditions investigatedhere (Figure4C).

Concerning BA titers, yields, and productivities (Figures 4D–4F), the FB strategy at an

initial sugar concentrationof 50g/L showed thebest results compared to the other con-

ditions due to the lower generation of by-products (specifically lactate, see Note S4)

and higher BA metabolic yields (Figure S15).

C. tyrobutyricum fermentations in LLE-ISPR processes with acids recovery in

NaOH enhances BA production and provides metabolic insights

To better understand C. tyrobutyricum metabolism at low pHs (%5), and in an

attempt to generate industrially relevant BA titers, yields, and productivities,34

we employed an LLE-ISPR process. Based on BA inhibition levels and BA produc-

tivity results at pHs %5 (Figures S16 and S17), we selected pH 5 to conduct these

fermentations (see Note S5). Note that C. tyrobutyricum is only able to produce a

maximum BA concentration of �15 g/L at pH 5 in the standard FB configuration

(Figures 4D, 5A, and S8). The LLE-ISPR process (Figure 5B) included 3 external
6 Cell Reports Physical Science 2, 100587, October 20, 2021



Figure 4. Performance of C. tyrobutyricum in batch and fed-batch fermentations containing corn

stover hydrolysate

(A) Fed-batch (FB) fermentations from induced (I) and non-induced (NI) seed cultures at pH 5 and at

an initial sugar concentration of 25 g/L (25).

(B) Batch (B) and FB fermentations from I and NI seed cultures at pH 6 and at an initial sugar

concentration of 25.

(C) B and FB fermentations from I and NI seed cultures at pH 6 and at an initial sugar concentration

of 50 g/L (50).

(D) BA titers.

(E) BA process yields.

(F) BA productivities.

Results show the average of biological duplicates. Error bars show the absolute difference between

biological duplicates. (1) and (2) represent 2 individual experiments in the same conditions, each

including biological duplicates.

Note that all of the fermentations were conducted with Hydrolysate 1, excluding 50-I-FB, which was

conducted with Hydrolysate 2 (see Table S1).

ll
OPEN ACCESSArticle
process streams: (1) an external fermentation loop directed to an LLE membrane

contactor unit; (2) a solvent loop containing 20% of the extractant, trioctylphos-

phine oxide (TOPO), with 40% 2-undecanone and 40% mineral oil (this mixture

was chosen because it was found to be non-toxic and close to the TOPO solubility,
Cell Reports Physical Science 2, 100587, October 20, 2021 7



Figure 5. Performance of C. tyrobutyricum at pH 5 in various fermentation setups

(A) Diagram of a FB fermentation without acids extraction.

(B) Diagram of an LLE-ISPR process that includes acids recovery in NaOH.

(C) Diagram of an HED-ISPR process that includes cell recycling via a rotary ceramic disk (RCD) and acids recovery in organic solvent and BA recovery via

distillation.

(D–K) Fermentation parameters from different setups (FB, LLE-ISPR, HED-ISPR) and carbon sources (corn stover hydrolysate [Hyd], glucose, and mock

corn stover hydrolysate [mock]). The parameters depicted are (D) bacterial growth (OD 600), (E) total glucose utilized normalized by the reactor volume

(g/L), (F) total xylose utilized normalized by the reactor volume (g/L), (G) total BA in the system normalized by the reactor volume (g/L), (H) total BA

produced (g/L), (I) BA yield (g/g), (J) acetate yield (g/g), and (K) overall BA productivity (g/L/h).

For comparison purposes, the results from Hyd (FB) are shown and correspond to the fermentations depicted in Figures 4 and S12A at pH 5 from seeds

with induced cells.
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thereby promoting extraction); and (3) a back extraction loop, which recirculates a

NaOH solution (Figure 5B).

The bioreactors contained three different carbon sources: (1) pure glucose, (2) mock

corn stover hydrolysate, or (3) corn stover hydrolysate (hereafter referred to as glucose,

mock, and hydrolysate media, respectively) (Figures S18 and 19) and were inoculated

with induced cells. The feeding with concentrated sugar solutions was initiated at 12

h. Fermentations were concluded when sugar utilization rates were negligible, or

when the bioreactor reachedmaximumworking volumes (the latter case only occurred

in glucosemedia).C. tyrobutyricum reachedanoptical density at 600 nm (OD600) of 50

in glucose and mock media and 65 in hydrolysate (Figure 5D). Glucose utilization pro-

fileswere similar in thedifferentmedia, andxylosewas co-utilized inall cases (Figures5E

and 5F). Arabinose (aminor sugar in corn stover hydrolysate; Table S1) accumulated up

to 10 g/L in the bioreactor (Figures S19 and S20). Concerning acid levels inside the
8 Cell Reports Physical Science 2, 100587, October 20, 2021
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bioreactor, BA accumulated to amaximum concentration of 6–7 g/L. Acetate, formate,

and lactate remained relatively constant in glucose medium at concentrations lower

than 4 g/L. In contrast, acetate and formate were almost fully depleted in mock and hy-

drolysatemedia at the end of the cultivations (Figure S19). The low BA levels in the bio-

reactors validate the efficiency of the LLE-ISPR process. BA extraction was >92% from

the total BA produced in each fermentation (Figure S21). In the case of acetate, 64%

was extracted from fermentations onglucosemediumand>75% frommock andhydro-

lysate media. Remarkably, the absolute amount of acetate in the whole system (g)

decreased almost 2-fold (from its maximum peak at 30–40 h) in mock and hydrolysate

media (Figure S21), demonstrating the reassimilation of acetate toward BA (Figure 1).

The extraction efficiency can be also demonstrated by examining the pH and base

added in the bioreactor. Base (4 N NH4OH) was only added during the first �30 h of

fermentation to maintain the pH at 5 (Figures S19 and S22).

The amount of BA produced in glucose, mock, and hydrolysate media was 266, 242,

and 221 g (Figure S21), respectively (which corresponds to a titer of 102, 83, and 78

g/L, normalized by the final volume in the bioreactor; Figures 5G and 5H). Most

important, acetate production was 8.9, 3.4, and 1.9 g/L, respectively, which repre-

sents a near-homo-butyrate fermentation. Concerning BA process yields, the high-

est values were observed in mock and corn stover hydrolysate media, with a

concomitant acetate yield of 0.01–0.02 g/g (Figures 5I and 5J). Overall BA produc-

tivities were between 0.55 and 0.61 g/L/h (Figure 5K), although productivities as

high as 1.1 and 0.8 g/L/h were observed at �30 h of fermentation in media contain-

ing mixed sugars and glucose, respectively (Figure S23). Final C-mol balances were

65%, 55%, and 54% in glucose, mock, and hydrolysate media, respectively (Fig-

ure S4) (C-mol balances do not account for cell biomass and CO2 production; carbon

from CO2 is estimated to be 33% per molecule of glucose10).

To understandwhether there is any relationshipbetween the terminationof the fermen-

tations in the LLE-ISPR processes and C. tyrobutyricum metabolism, we analyzed acid

metabolic yields over time as well as instantaneous sugar utilization rates (mol/h) be-

tween consecutive time points (Figure 6). BA metabolic yields were relatively constant

in mock and hydrolysatemedia (between 75% and 85%) (Figure 6). In glucosemedium,

BA yields were 65%–75% and increased up to 100% after 75 h (Figure 6), the time at

which the cells had already reached the stationary phase (Figure 5D). The flux to other

by-products changed significantly over time, especially inmock andhydrolysatemedia.

Specifically, initial acetate and formate metabolic yields were �20%–30%, but the

yields dropped continuously over the fermentation course (close to zero), whereas in

glucose medium, acetate yield was maintained at 10% and formate was not detected

(Figure6). The lactatemetabolic yield inglucosemediumwas lowbut constantbetween

0.5 and 1.5% after the cells reached the stationary phase. Conversely, lactate was only

produced when formate and acetate were near depletion (between 75 and 100 h of

cultivation) in mock and hydrolysate media (Figure 6). Interestingly, examining the

instantaneous sugar utilization rates, although glucose is preferentially utilized at the

beginning of the cultivations in mixed sugars cultivations, the rate decreased and

equaled xylose utilization rates at�100 h (Figure 6). These results suggest the presence

of a metabolic shift when xylose is part of the media composition, potentially due to

redox or energetic imbalances, which prematurely terminates the fermentations rela-

tive to glucose-only-containing cultivations.

Fermentation performance metrics achieved in HED-ISPR processes

We further evaluated BA production by C. tyrobutyricum using a HED-ISPR process.

There are three main differences in the HED-ISPR process (Figures 5C and S24)
Cell Reports Physical Science 2, 100587, October 20, 2021 9



Figure 6. Scheme of C. tyrobutyricum central metabolism

The map highlights metabolic yields for the different acid products and instantaneous glucose and xylose utilization rates in different LLE-ISPR setups at

pH 5. Metabolic yields (mol acid/mol sugars utilized) are depicted for BA, acetate, formate, and lactate while fermenting (1) glucose in the fermentation

setup shown in Figure 5B), (2) mock hydrolysate in the fermentation setup shown in Figure 5B, (3) corn stover hydrolysate in the fermentation setup

shown in Figure 5B, and (4) corn stover hydrolysate in the fermentation setup shown in Figure 5C. Discontinuous lines correspond to hypothesized

metabolic steps in C. tyrobutyricum (non-experimentally confirmed). Metabolite abbreviations: 13DPG, 3-phospho-D-glyceroyl phosphate; 2PG, D-

glycerate 2-phosphate; 3HBC, (S)-3-hydroxybutanoyl-CoA; 3PG, 3-phospho-D-glycerate; 10FTHF, 10-formyltetrahydrofolate; AAC, acetoacetyl-CoA;

ACC, acetyl-CoA; ACTP, acetyl phosphate; AKG, 2-oxoglutarate; ARA, D-arabinose; B2C, crotonyl-CoA; BTC, butyryl-CoA; BUTPI, butyryl phosphate;

CIT, citrate; DHAP, dihydroxyacetone phosphate; FDP, D-fructose 1,6-bisphosphate; F6P, D-fructose 6-phosphate; FUM, fumarate; G1P, D-glucose

1-phosphate; G3P, glyceraldehyde 3-phosphate; G6P, D-glucose 6-phosphate; GAL, D-galactose; GAL1P, alpha-D-Galactose 1-phosphate; ICIT,

isocitrate; MAL, malate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PYR, pyruvate; RBL, D-ribulose; RU5P, D-ribulose 5-phosphate; THF,

tetrahydrofolate; XU5P, D-xylulose 5-phosphate; XYLU, D-xylulose.
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compared to the traditional LLE-ISPR process (Figure 5B). First, RCDmicrofiltration is

used to remove cells before extraction. Second, the extractant used was 70%Cyanex

923 (a commercially available phosphine oxide extractant) in mineral oil rather than

the 20% TOPO + 40% undecanone + 40%mineral oil extractant used in the LLE-ISPR
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process. The 70% Cyanex 923 was used because it allows a greater concentration of

BA in the organic extract, which is important for distillation feasibility (it lowers the

volume of loaded extractant sent to the flash column and thus lowers the process en-

ergy consumption). Third, the BA is recovered from the organic extract via distilla-

tion rather than by back extraction into an NaOH solution. Thus, the BA is recovered

as a concentrated free acid, rather than a dilute carboxylate.

Fermentation was conducted in a 2.5-L bioreactor at an initial sugar concentration of

50 g/L from corn stover hydrolysate and the feeding phase was initiated at 12 h (Fig-

ures S18 and S19). The growth rate (during the first �24 h) was slightly lower in this

process (HED-ISPR) compared to the LLE-ISPR process (m = 0.10 and 0.13/h, respec-

tively) (Figure 5D), and there was no evident cell debris in the external RCD loop (Fig-

ure S25). Total glucose and xylose utilization at the end of the fermentation was 78

and 25 g/L, respectively (normalized by the reactor volume) (Figures 5E and 5F). The

total BA produced was 107 g (or 46 g/L) (Figures 5G and 5H) and the BA yield was

higher than that observed in the other fermentations (0.59 g/g) (Figure 5I). The acetic

acid (AA) yield was low (0.04 g/g) and the overall BA productivity was 0.45 g/L/h (Fig-

ures 5J and 5K), with a maximumproductivity peak of 0.71 at 35 h (Figure S23). At the

end of the cultivation, 88% of the BA produced was extracted, while 12% remained in

the bioreactor loop (<6 g/L) (Figures S19 and S21). In the case of acetate, 43% was

extracted, but only 1.6 g/L remained in the bioreactor. The final C-mol balance was

62% (Figure S4) (C-mol balance does not account for cell biomass and CO2 produc-

tion). The base addition profile was similar to that in the previous LLE-ISPR processes

(up to 30 mL/L, 4 N NH4O) to maintain the pH at 5, but then the pH was stable from

�40 h to the end of the fermentation without additional base (Figure S22).

At the metabolic level, acids profiles were very similar to those observed in hydroly-

sate in the LLE-ISPR setup. Acetate and formate yields reduced over time, poten-

tially due to reassimilation. However, in this case, since the fermentations ended

earlier (�100 h instead of 150 h; Figure 5), these metabolites were not fully depleted

and therefore there was no lactate production. We hypothesized that the fermenta-

tions ended earlier in this setup because of a potential toxicity effect of Cyanex 923

in the organic loop. To verify this hypothesis, we evaluated the toxicity of (1) 20%

TOPO + 40% undecanone + 40% mineral oil and (2) Cyanex 923. Whereas

C. tyrobutyricum was able to grow in defined media without solvent and with an

overlay of the TOPO-based solvent at a v:v ratio of 100:20, Cyanex 923 containing

media at a v:v ratio of 100:0.006 did not allow any growth. Even though the RCD

unit prevents cells in the extraction loop, Cyanex 923 has a small solubility in water

and likely leads to growth inhibition.

Neat BA recovery

The downstream chemical conversion of BA to renewable fuels and chemicals re-

quires the separation of neat BA from the fermentation broth and the use of the

free acid.8,35 Here, we demonstrate the separation of neat BA from the NaOH

loop of the traditional LLE-ISPR process (Figure 5B). We then fully implement the

HED-ISPR process using flash and multi-stage distillation to recover neat BA

directly from the organic extract (Figure 5C). These separations (see Figures S26–

S31; Note S6) were used to guide a comparative TEA and LCA, as detailed in

the next section.

TEA and LCA favors the HED-ISPR process

To show the economic differences of the ISPR processes, compared to the conven-

tional FB mode, a comparative TEA was completed for a nth-biorefinery operating in
Cell Reports Physical Science 2, 100587, October 20, 2021 11
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either FB or ISPRmode. The boundary of the TEA within the biorefinery was confined

to the fermentation process (FB or ISPR) and the required downstream processing

(DSP) to isolate neat BA at the production capacity of �150 KT/year from 2,000

dry metric tons of biomass per day.36 The selected production capacity of a nth-bio-

refinery was previously optimized through economies of scale and transportation

cost analysis.36 Fermentation and DSP capital and operational costs were deter-

mined for the three different hydrolysate conversion and separation processes (Fig-

ures 5A–5C) to elucidate the cost drivers of BA production in the nth-biorefinery.

Specifically, four conversion processes were modeled: (1) FB fermentation operating

at pH 5 with post-fermentation DSP (Figure 5A), (2) FB fermentation at pH 6 with

post-fermentation DSP (Figure 5A), (3) a LLE-ISPR process operating at pH 5 (Fig-

ure 5B), and (4) a HED-ISPR process operating at pH 5 (Figure 5C). Fermentation pa-

rameters for each process were modeled by using the experimental data provided

above for hydrolysate fermentations for FB (Figure 4) and for ISPR processes (Figures

5H, 5I, and 5K). All of the processes were assumed to operate via a homo-BA

fermentation.

The fermentation and DSP capital cost estimates are described below, with the goal

to compare equipment costs among the process options. The capital expenditures

(CAPEX) was determined assuming that the major equipment have a lifetime equal

to the plant lifetime of 30 years. Specific equipment associated with fermentation

and DSP is listed in Tables S3–S5. Figure S32 shows the total capital cost as the sum-

mation of the major unit operations within each process. Most of the cost of the FB,

pH 6 process are associated with the fermentation equipment (54% of total capital)

and evaporation equipment (29% of total capital) used in the post-fermentation

DSP. For the LLE-ISPR process, the extraction equipment makes up the largest pro-

portion of the capital (50%), followed by the fermentation equipment (39%). The

HED-ISPR has a slightly higher capital cost compared to the LLE-ISPR process,

partially due to the addition of the dynamic filtration. The dynamic filtration system

in the HED-ISPR comprises 28% of the capital cost, following the fermentation

equipment capital cost (39%). The total capital cost for each process was then

normalized to the total amount of BA produced by the plant to allow comparison

of the processes’ capital costs in terms of $/BA. The fermentation and DSP capital

cost associated with the FB (pH 5), FB (pH 6), LLE-ISPR, and HED-ISPR process is

$0.011, $0.007, $0.013, and $0.014/kg BA, respectively (Figure S32).

Fermentation and DSP operating expenses (OPEX) were determined accounting for

the raw material cost (Table S6), and utilities cost (Table S7) for each process (addi-

tional TEA information for each unit operation is provided in Tables S8–S14). The

operating costs associated with fermentation included the nutrient, neutralization

source (NH4OH, to maintain pH), and electricity utility costs. The total fermentation

operating cost is shown in Figure S33A. All 4 cases have the same nutrient cost

because the ratio between nutrients and feedstock capacity (2,000 dry metric ton

of biomass per day) is a constant across the cases. However, the cost of the

NH4OH varies across cases due to differences in the operating pH, fermentation pro-

ductivity, and mode (FB or ISPR). NH4OH costs dominate fermentation OPEX: 80%,

89%, 46%, and 57% for the FB (pH 5), FB (pH 6), LLE-ISPR, and HED-ISPR, respec-

tively. The driver of difference between the NH4OH costs is a result of the differences

in pH and productivity. In both ISPR cases, NH4OH is added to the fermenter in

similar amounts during start-up; however, the LLE-ISPR process has a higher produc-

tivity than the HED-ISPR process (Figure 5K), and thus more BA is produced per mole

of NH4OH added to the system. The electricity requirement for each process is the

energy needed to maintain the pumps and impellers in the fermentation unit.
12 Cell Reports Physical Science 2, 100587, October 20, 2021



Figure 7. TEA and LCA

(A) Total expense of FB and ISPR processes in terms of $/kg of BA produced from the nth-biorefinery. The summation of the OPEX, which is split between

the fermentation (Ferm) and DSP expense and CAPEX is shown as the total expense. These costs do not include sugar production from lignocellulosic

sugars. The total expense accounting for sugar production is $1.23, $1.14, $1.35, and $0.84/kg for the FB (pH 5), FB (pH 6), LLE-ISPR, and HED-ISPR,

respectively.

(B) Greenhouse gas (GHG) emissions per kilogram of BA produced from the nth-biorefinery. The combined fermentation and DSP GHG emissions is

shown for the FB process at pH 5 and pH 6 and for the 2 ISPR processes.

(C) Fossil energy demand (FED) per kilogram of BA produced from the nth-biorefinery. The combined fermentation and DSP FED is shown for the FB

process at pH 5 and pH 6 and for the 2 ISPR processes. The heat of combustion of BA is indicated on the graph (24.8 MJ/kg) to highlight that the FB cases

are both unsustainable from an energy perspective (more energy is required to generate BA than produced by the product BA if the BA is burned

directly as a fuel).

ll
OPEN ACCESSArticle
Specific DSP costs (Figure S33B) are associated with either electricity, acidification,

or neutralizing chemicals (H2SO4 and NaCl or NaOH), separation materials (mem-

branes used in the ISPR processes or resins used in the FB DSP), and heating (for

distillation or evaporation). The major unit operations for the FB, LLE-ISPR, and

HED-ISPR are shown in Figures S34, S26, and S28, respectively. In all cases, there

is a small electricity cost associated with pumps and motors in the process. The

acid cost is due to its addition during DSP to acidify sodium butyrate produced dur-

ing the process. In the FB cases, sodium butyrate in the broth is acidified using a

cation exchange resin regenerated with 10 wt% H2SO4. The cation exchange resin

was assumed to have a lifetime of 2 years, leading to the material cost shown in Fig-

ure S33B. In the LLE-ISPR process, sodium butyrate collected in the base loop is

acidified with the direct addition of H2SO4 in a simple mixing vessel. However, for

the HED-ISPR process, these large acidification expenses are circumvented. The

cost of base, used for neutralization of the BA, is the highest OPEX expense for

both the FB process (56% for the FB, pH 5 process) and for the LLE-ISPR process

(75%). However, the NaOH cost is eliminated in the HED-ISPR process. This is

because the DSP process for the HED-ISPR process does not convert BA to a carbox-

ylate salt, as occurs in the other processes. The reduction of acidification and neutral-

izing chemicals is the primary reason why the DSP OPEX of the HED-ISPR process is

lower than all of the other processes (2.93 lower than the FB at pH 6 process).

Because the HED-ISPR uses distillation, a heating cost is added to the process, asso-

ciated with the reboiler duties in the flash drum and polishing column. In addition,

both ISPR processes have a material cost associated with the membrane contactors

(assumed to have a lifetime of 5 years).37 Finally, the total expense shown in Fig-

ure 7A is the summation of the CAPEX and OPEX expenses across the fermentation

and DSP areas. The total process expense is $0.42, $0.31, $0.58, and $0.12/kg for

the FB (pH 5), FB (pH 6), LLE-ISPR, and HED-ISPR, respectively. Lastly, the sugar
Cell Reports Physical Science 2, 100587, October 20, 2021 13
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feedstock production cost (Table S6), which accounts for the CAPEX and OPEX of

raw material (corn stover) handling, pretreatment, and enzymatic hydrolysis, was

added to the processing cost to show the cost increase associated with using a ligno-

cellulosic biomass feedstock. The total expense accounting for sugar production is

then $1.23, $1.14, $1.29, and $0.84/kg for the FB (pH 5), FB (pH 6), LLE-ISPR, and

HED-ISPR, respectively. Finally, if variable OPEX and taxes are incorporated into

the TEA, then the minimum product selling price (MPSP) is $1.32, $1.21, $1.39,

and $0.99/kg for the FB (pH 5), FB (pH 6), LLE-ISPR, and HED-ISPR, respectively. A

sensitivity analyses was also conducted to show the impact of extractant losses

from the system (Figure S35; Note S7).

The GHG emissions and FED were estimated to show comparatively how effectively

the HED-ISPR process lowers the environmental impact of BA production compared

to the FB and LLE-ISPR case. The GHG emissions and FED of the fermentation and

DSP operations were derived from the energy and material flows of each process

(Table S15) (see Materials and methods). The results from the LCA are shown in Fig-

ures 7B and 7C. GHG emissions were calculated using a 100-year GHG emission fac-

tor and is calculated with units of grams of carbon dioxide equivalent (CO2e).
38 FED

is the energy associated with the production of raw materials or the energy used

within the process (e.g., the heating FED is associated with the distillation energy

requirement). In both categories of GHG emissions and FED, the NH4OH and

NaOH are the primary contributors. Ultimately, HED-ISPR shows GHG emissions

and FED that are �50% of the metrics at FB, pH 6 case. This result is mainly due

to the elimination of NaOH from the HED-ISPR process and the minimum depen-

dence on NH4OH needed in the fermenter for pH control.
DISCUSSION

The production of fuels from biomass is critical to diminish our reliance on petroleum

and build a sustainable bioeconomy.8 Synthetic biology is a powerful approach for

de novo production of a myriad of fuel and chemical precursors in a variety of organ-

isms.39,40 However, the strategy undertaken in this study was to evaluate ‘‘nature’s

best’’ microbes that are already able to produce BA from monomeric sugars, while

simultaneously linkingmicrobial performance with conditions needed for DSP devel-

opment. BA is a major product in both C. butyricum and C. tyrobutyricum, but their

metabolic capacities are very different (Figure 2C). These results are likely due to

their intrinsic metabolic pathways; acetate is a ‘‘dead-end’’ carbon product in

C. butyricum, whereas acetate is reassimilated to produce BA in C. tyrobutyricum

(Figure 1).15 Chain elongation of carboxylic acids via acetate reassimilation has

been previously reported in other BA-producing organisms (i.e., Clostridium kluy-

veri); however, these microbes typically require ethanol as an electron donor41

and have not been reported to use sugars as an energy source. Therefore,

C. tyrobutyricum is an excellent microbial chassis to produce BA from lignocellulosic

sugars and pursue homo-butyrate fermentations, especially at pHs %5 that are

required for effective operation of the HED-ISPR process. Furthermore, tolerance

to the end product is another important variable to select adequate biocatalysts;

this study has also shown that C. tyrobutyricum is more tolerant to BA than

C. butyricum (see Note S8).

Glucose and xylose co-utilization is a desired microbial feature to develop bio-

processes from lignocellulosic hydrolysates regardless of DSP operations.42,43 Car-

bon catabolite repression, with preferential glucose utilization, was observed in

C. tyrobutyricum while fermenting mixed sugars (Figure 1B).44 Here, we have
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been able to cope with this diauxie via bioprocess development (Figures 5E and 5F).

In contrast, arabinose accumulated in the bioreactor in ISPR setups. Arabinose utili-

zation by C. tyrobutyricum has been reported to be poor, with growth lags >72 h

when utilized as the sole carbon source.45 Similarly, galactose is not efficiently uti-

lized by C. tyrobutyricum either.46 Genetic engineering has been successfully

applied to this bacterial strain to enhance the utilization of these minor sugars45,46

and will be further considered to improve the bacterial performance.

Redox and energy balances are essential for the viability of biological systems. In

general, C. tyrobutyricum increases carbon flux toward acetate to generate higher

ATP concentrations during the growth phase12 (Figure 6). Then, BA12 and H2 (via fer-

redoxins)47 are produced to cope with the excess of NADH and regenerate NAD+.

Apart from these general metabolic effects when fermenting sugars, here, we

show that the catabolism of different sugars (glucose or xylose) greatly affects the

overall bacterial performance (Figures 5 and 6), which is likely due to redox and/or

energy imbalances. Xylose-containing fermentations led to acetate and formate

metabolic yield decreases (close to zero), which resulted in further lactate accumu-

lation and cells becoming inactive in their core metabolism (Figure 6). In contrast,

glucose-only containing fermentations showed constant acetate and lactate meta-

bolic yields and negligible formate formation. Acetate (mol) production per mol of

xylose is lower than that per mol of glucose (1.66 and 2, respectively).48 However,

stoichiometry alone cannot explain the lower metabolic flux toward acetate in

xylose-containing media compared to glucose-only-containing media over time.

Overall, if acetate generation decreases, then ATP levels would also be reduced

(Figure 6), which may eventually generate an energetic deficiency. It is also worth

considering that pH 5 is likely not an optimal pH for C. tyrobutyricum, which may

require additional ATP to pump protons extracellularly.49 In addition, if acetate pro-

duction ceases and it is fully reassimilated to BA, then the flux toward butyryl-CoA,

which involves the utilization of 2 molecules of NADH (Figure 6), may also decrease.

Therefore, lactate would be produced to regenerate NAD+ and maintain redox bal-

ance instead. Lactate production, as a result of acetate depletion, has been previ-

ously observed when adding benzyl viologen in cultivations to increase NADH

levels.44 Thus, all of these results suggest that lactate is produced because of an

excess of NADH. Ultimately, these energetic and redox events may lead to cell death

and the termination of the fermentation.

Metabolic shifts have been previously reported for C. tyrobutyricum in xylose-contain-

ingmedia compared toglucosemediawhen lowering thepH from6 to5.18,50Neverthe-

less, the results differed compared to the ones obtained in this study—acetate

accumulated instead of being depleted from the media. The utilization of xylose and

glucose potentially generates the same redox state in the cell if xylose is metabolized

via the pentose phosphate pathway (Figure 6). Thus, a hypothetical cause for these dif-

ferences would be the presence of a phosphoketolase pathway (from xylulose-5-phos-

phate to glyceraldehyde-3-phosphate and acetyl phosphate; Figure 6), which would

generate a different redox state if xylose is used as a substrate.51 The phosphoketolase

pathway has not been described inC. tyrobutyricum yet; however, its genome encodes

aputativephosphoketolasewithhighhomology to that reported inC. acetobutylicum52

(Figure S36). The presence of this pathway, which would enhance carbon conservation

from xylose to acetyl phosphate and ultimately to acetate and butyrate, may be the

cause of higher yields than those reported to be maximum theoretical yields from

glucose (0.49 g/g53). Metabolic flux analysis has been conducted in C. tyrobutyricum,

but only utilizingglucose as a substrate.47,54,55 Therefore, furthermetabolic flux analysis

with 13C-xylose will be required to understand the basis of these metabolic differences.
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C. tyrobutyricum has been exhaustively evaluated in batch and FB cultivation modes

in pure sugars (i.e., glucose and less frequently xylose) and lignocellulosic substrates

(e.g., corn fiber, corncob, corn husk, cane molasses, sugar cane bagasse, wheat

straw).10,14,56,57 Maximum titers and yields reported in the literature are, in general,

close to 60 g/L and 0.45 g/g, similar to what we report from corn stover hydrolysate

(Figure 4). In contrast, information relative to the performance of C. tyrobutyricum

coupled to ISPR processes is very limited. A maximum BA titer of 300 g/L was re-

ported in 2003 in an ISPR-based process in which BA was extracted in an organic

solvent and further stripped in NaOH.24 However, the carbon source in this fermen-

tation was pure glucose. As far as we know, here, we report the highest BA titer from

lignocellulosic substrates in an ISPR process to date (78 g/L). The titer obtained in

the HED-ISPR setup from biomass hydrolysate was lower (46 g/L). Future work will

focus on testing solvents with lower toxicity but with equivalent properties as those

found for Cyanex 923 to increase BA production.

In regard to the economics of BA production, the HED-ISPR process has the lowest

overall cost. In comparison to the FB, pH 6 case, HED-ISPR reduces the combined

OPEX and CAPEX by 2.7-fold. Furthermore, when compared to the widely used

state-of-the-art LLE-ISPR process (Figure 5B), HED-ISPR has a 53 lower total cost

(Figure 7A). The higher cost of LLE-ISPR results from the chemical consumption of

NaOH in the base loop (at least a 1:1 molar amount of NaOH to BA is needed in

the base loop for effective back extraction of BA from the organic phase). During

back extraction, the NaOH reacts with the BA to form sodium butyrate in an aqueous

solution. As a result, acidification is then needed downstream to convert sodium

butyrate to BA. Ultimately, the total expense is dramatically reduced in the HED-

ISPR case because of the minimization of acid and base materials required for acid-

ification and neutralization. The importance of removing chemical consumption

from fermentation and DSP to reduce OPEX has been highlighted for other bio-

based carboxylic acid production, including succinic acid production, in which

90% of OPEX was due to acid and base consumption.27 The total HED-ISPR process

cost ($0.12/kg) is only 6.7% of the total current market price of BA ($1.8/kg). Howev-

er, when the cost of second-generation sugar production, variable expenses, and

taxes are added to the HED-ISPR process cost, the MPSP is $0.99/kg BA. Thus,

the HED-ISPR ($0.12/kg BA) expense is 12% relative to the MPSP. Typically, DSP ac-

counts for 20%–40% of the product cost of commodity bio-based products such as

ethanol and citric acid.58 Accordingly, the HED-ISPR process for BA production from

corn stover is within the industrially relevant range for commodity bio-based DSP

processes. It is also worth noting that the current TEA has been conducted for a sub-

optimal HED-ISPR process. For instance, we anticipate that using less-toxic organic

solvents with similar properties, which would expand the fermentation length, would

further improve the economics of the process. Lastly, our TEA analysis also shows

that the HED-ISPR process is competitive with other developed ISPR approaches

that were recently published, and information is detailed in Note S9.

In terms of the environmental impacts of BA production, the HED-ISPR process re-

duces both the GHG emissions and FED compared to the traditional FB process

and LLE-ISPR process. GHG emissions are reduced by �50% compared to FB and

LLE-ISPR processes (Figure 7B). The reduction in GHG and FED for HED-ISPR is

mostly due to the minimization of caustic chemical production. In a similar vein,

recent life-cycle analysis (LCA) of the microbial production of caproic acid has

pointed to a high global warming potential, acidification potential, and eutrophica-

tion potential associated with NaOH use in the DSP of that process.59 However, the

elimination of caustics is offset partially by additional heating requirements for the
16 Cell Reports Physical Science 2, 100587, October 20, 2021
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HED-ISPR process compared to the traditional processes. The extra heating demand

does not add a substantial energy penalty, as the total FED of HED-ISPR is less than

the other processes (Figure 7C) and is only 60% of the heat of combustion of BA

(24.8 MJ/kg), if the BA was used directly as a fuel. Energy efficiency within the

biorefinery is known to correlate linearly to the biorefinery OPEX, and thereforemini-

mizing energy consumption is critical to achieve industrial viability and sustainabil-

ity.60 Accordingly, a mathematical model of the HED-ISPR process has shown that

the energy consumption of the HED-ISPR process can be minimized to <20% of

the product heating value by loading the organic phase to higher concentrations

of BA. Higher loading of BA in the organic phase results in less mass of the extractant

fed to the flash distillation column, and this lowers the energy consumption. In this

study, the BA concentration in the organic phase was�4 wt%, resulting in a total en-

ergy consumption of 60% of the BA HHV. However, if the BA organic phase concen-

tration increases to 10 wt% BA, then the distillation energy demand is reduced to

20% of the BA HHV (Figure S37). To achieve 10 wt% BA in a Cyanex 923 saturated

organic phase, BA titers in the fermenter need to increase to �30 g/L at pH 5.22

Higher BA loading in the organic phase can be achieved by using stronger extrac-

tants that are non-toxic to the microorganisms, operating at a lower pH to

generate more free BA in the fermenter, and/or increasing the tolerance to product.

This increases the driving force for extraction and loads the extractant with a

greater concentration of BA. Overall, here, we show a promising strategy to effi-

ciently produce BA from lignocellulosic sugars and highlight future research areas

to improve the biocatalyst and the HED-ISPR process toward the production of

renewable fuels and chemicals via industrially relevant and environmentally friendly

processes.
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Sànchez Nogué, V., Almeida, J.R.M., Larsson,
Cell Reports Ph
C.U., Bengtsson, O., Bettiga, M., Hahn-
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