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to prevent double counting from corn. Full evaporation of
wastewater is used to provide process water and steam supplies, considering the weak infrastructure for wastewater treatment
and the freshwater supply in agricultural regions. The rigorous calculations show that producing one metric ton of purified L-lactic
acid consumes 2.87 ton of corn stover as carbohydrate feedstock, 219.3 kWh of electricity, and 2.98 ton of fresh water for process use
with the generation of 1.24 ton of wastewater. No external heat energy input is needed, because the lignin residue combustion
provides sufficient heat energy for process use. Based on the detailed data, the calculated GHG emissions for producing one kg L-
lactic acid by dry biorefining of corn stover is 0.618 kg CO, equiv which is only 18% of that produced by dry milling of corn. This

study provides an important sustainability basis and decision-making support for biobased plastic implementation.
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Bl INTRODUCTION

Polylactic acid (PLA) plays a significant role as a promising
alternative to petroleum-derived polymers, and in reducing
greenhouse gas emissions and minimizing their ecological
impact."”” As of 2024, the global production capacity of PLA is
approximately 9,16,000 t,” with 90% derived from grain starch
and 10% from other biomass sources such as sugar cane and
sugar beet.”” Currently, there is no commercial production of
lactic acid from nongrain biomass such as corn stover, wheat
straw, and rice straw. The use of nongrain lignocellulose
biomass as carbohydrate feedstocks for production of lactic
acid and polylactic acid (PLA) is an inevitable choice due to
the limited capacity of starch and sucrose production.”®
Therefore, the rigorous assessment of greenhouse gas emission
reductions and the minimization of ecological impacts by using
nongrain lignocellulosic biomass feedstock in PLA production
are crucial. Within the PLA production chain, the chiral lactic
acid production step is particularly significant in terms of
greenhouse gas emissions. Crop cultivation requires fertilizers,
pesticides, and electricity; therefore, the production of corn,
wheat, or rice grains is generally not regarded as GHG
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emission neutral or negative. However, this GHG generation
generally is not attributed to crop residues such as corn stover,
wheat straw, and rice straw as these are considered as
agricultural wastes, as well as to avoid double counting of
GHG emission from crops.”'’ Consequently, high-purity lactic
acid monomer and PLA produced from lignocellulosic biomass
could result in significantly lower or even carbon-neutral GHG
emissions compared to those produced from corn.

GHG emission evaluation of chiral lactic acid production
from lignocellulose should be based on advanced biorefinery
technology, as per the lessons learnt from cellulosic ethanol
demonstration facilities. Conventional biorefining technologies
are plagued by several critical limitations, including the
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generation of large volumes of toxic wastewater, excessive
energy demands, significant sugar losses, and suboptimal
conversion yields in commercial-scale operations.'' Particularly
in the context of producing chiral lactic acid monomers for
PLA synthesis, lactic acid derived from lignocellulosic
feedstocks frequently falls short of the stringent purity
specifications required for effective PLA polymerization.'”” "
In contrast, the dry biorefinery process, which streamlines
production by eliminating water-intensive steps, remains
underexplored in terms of its greenhouse gas (GHG)
emissions profile and broader sustainability implications. To
address this knowledge gap, the present study focuses on dry
biorefinery technology as the primary processing platform,
employing process simulations to quantify the GHG emissions
associated with L-lactic acid production from corn stover. This
approach is particularly noteworthy as its key performance
indicators (KPIs) of conversion yield, water consumption,
effluent discharge, and energy consumption are comparable to
those of dry milling of corn.””™"” In the dry biorefinery of corn
stover, dry acid pretreatment achieves high-density dry solids
with low energy consumption, zero wastewater production,
minimal catalyst usage, and low corrosion.”’"** The
biodetoxification process enables rapid and complete biode-
gradation of high-concentration inhibitors with nearly zero
sugar consumption.””** Simultaneous saccharification and
cofermentation (SSCF) ensures complete and coordinated
utilization of fermentable sugars. This process achieves high-
purity (99.6%) L-lactic acid production at a high solid loading
by utilizing engineered lactic acid bacteria. The L-lactic acid
broth is then purified to polymerization-grade L-lactic acid
(optical purity more than 99%) using molecular distillation,”*’
alongside two other methods with commercial yotential:
membrane separation”®~** and solvent extraction.””~"' Finally,
high-purity L-lactide is synthesized using the L-lactic acid
obtained from the dry biorefining of corn stover.'”**

Rigorous process simulations and greenhouse gas emission
evaluation could provide detailed information regarding the
technical, ecological, and policy-making supports for the PLA
industry. This study starts from a typical lignocellulosic
biomass, corn stover, as a feedstock of dry biorefinery
processing for production of high-purity r-lactic acid. An
Aspen Plus simulation model was established based on dry
biorefining design and experimental data with multiple
purification options. The energy consumption, freshwater
consumption, and wastewater discharge for high-purity L-lactic
acid production were analyzed, and the GHG emissions were
evaluated by using a life-cycle assessment model under various
scenarios. This study provides an important sustainability basis
and decision support for industrial implementation for high-
purity L-lactic acid production and polylactic acid from
lignocellulosic feedstock.

B EXPERIMENTAL SECTION

Dry Biorefinery Process for L-lactic Acid Production from
Corn Stover or Corn Grain. The process object of this study was
the production of purified r-lactic acid by dry biorefinery technology
from wheat straw and corn stover."*'>'77'%2*333% 1y this study, corn
stover was used as lignocellulosic feedstock with a moisture content of
20% and a composition consisting of 35.74% of cellulose, 22.52% of
xylan, 17.45% of lignin, and 8.59% of ash.

The annual 3,00,000 t of corn stover processing capacity is the
acceptable output for one county, the basic administrative unit in
China.*® The biorefinery plant in this study is modeled as an nth full-
scale facility with an annual processing capacity of 300,000 t of dry
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corn stover or dry corn, equivalent to 37.5 t of dry corn stover or corn
per hour with an annual operating time of 8000 h (Supporting
Information, Figure S1). The dry biorefinery process of corn stover
includes five steps: prehandling, dry acid pretreatment, high solid
loading saccharification, submerged liquid biodetoxification, and
simultaneous saccharification and cofermentation (SSCF). The corn
stover packages are released, the stones, metals, and ash are screened,
and then milled to the particle size of ~1.0 cm in average before
pretreatment. The prehandled corn stover is dry acid pretreated with
a minimal amount of dilute sulfuric acid solution (with the solid to
liquid ratio of 2:1, w/w) and the acid dosage (~3.5% w/w, based on
dry corn stover weight, equal to 35 kg of sulfuric acid per metric ton
of dry corn stover). The corn stover and acid solution are cocurrently
fed into the pretreatment reactor without any presoaking operation.
The saturated water steam (1.6 MPa, 201 °C) is jetted on the corn
stover to 175 °C and maintained for S min under mild mixing of a
helical ribbon stirrer. Then, the pretreated corn stover is c%uickly
discharged without any free aqueous liquid generation.'”* The
pretreated corn stover is in a dry solid particle form. Then, the solids
are enzymatically liquefied into a hydrolysate slurry at a high solid
content (30%, w/w) and 50 °C using cellulase enzyme at a dose of 4
mg of total proteins/g of dry corn stover matter (DM).">** After the
enzymatic hydrolysis, the hydrolysate slurry is pumped into the
bioreactor for submerged liquid detoxification by inoculating P.
variotii FN89 fungus seed to completely degrade the inhibitors such as
furfural, S-hydroxymethylfurfural (HMF), and acetic acid at a very low
sugar consumption (~2—3%).”>** After the biodetoxification, the 1-
lactic acid fermentation strain P. acidilactici ZY271 is inoculated to
start the simultaneous saccharification and cofermentation (SSCF) at
45 °C and pH 5.5. The fermentable sugars including glucose, xylose,
arabinose, mannose, and galactose in the hydrolysate were fully and
coordinately converted into L-lactic acid. After the fermentation, the L-
lactic acid broth contains 129.4 g/L of L-lactic acid with high optical
purity (99.6%, w/w), which exceeds the requirement of chirality of L-
lactic acid monomer for production of chiral lactide."®

Dry milled corn is used as control with corn grain at a moisture
content of 15% and the composition of 74% of starch, 8.5% of
cellulose, 2% of xylan, 9.5% of protein, 4.5% of oil, and 1.5% of ash.>
Corn grains are milled and liquefied by adding 0.025% (w/w) a-
amylase and 0.056% (w/w) §7lucoamylase at 25% (w/w) of solid
loading at 85 °C and pH 5.0,”’ then fermented into L-lactic acid by
Lactobacillus amylophilus strain.*®

L-lactic Acid Purification. v-lactic acid purification includes
solid—liquid separation, decolorization, acidification, and final
refining. The lignin residue solids in the fermentation broth are
removed by solid—liquid separation to obtain the clear broth and then
decolorized by activated carbon; sulfuric acid is added to form
insoluble calcium sulfate and release the free L-lactic acid. Three
purification methods are introduced, including the available
commercial method of molecular distillation and two methods with
commercial potentials of membrane separation and solvent extraction
to remove soluble impurities such as residual sugars, proteins, and
metal ions to obtain high-purity L-lactic acid. Molecular distillation is
carried out at 94 °C and —24.5 Pa vacuum conditions to obtain 92.4%
(w/w) of L-lactic acid with the recovery yield of 74.1%>" (Supporting
Information, Figure S2). Membrane separation is performed using
microfiltration and nanofiltration, followed by ion exchange and
vacuum evaporation to obtain 99.5% of L-lactic acid with the recovery
of 76%° (Supporting Information, Figure S3). Solvent extraction is
carried out using n-butanol and denatured ammonium sulfate to
obtain 93% of r-lactic acid with the recovery of 86%>" (Supporting
Information, Figure S4).

The purification step of corn dry milling is carried out by molecular
distillation with the same parameters as in the dry biorefinery
process.””

Full Evaporation of Wastewater (FEW) and Steam Systems.
The moisture content of the lignin residue obtained in the solid—
liquid separation step was about 55% and it was further dried to a
suitable moisture content (~10%) before being sent to a boiler for
combustion. The boiler efficiency for lignin residue combustion was
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Table 1. Technical Parameters and Mass Flow of the Dry Biorefinery Process of Corn Stover and the Dry Milling Process of
Corn for r-lactic Acid Production

pubs.acs.org/journal/ascecg

feedstocks corn (control) corn stover corn stover corn stover

biorefining methods dry milling*® dry biorefining"® dry biorefining"® dry biorefining'®

purification methods molecular molecular membrane solvent
distillation®” distillation®” separation”® extraction®’

experimental L-lactic acid titer in fermentation (g/L) 165.3 129.4 129.4 129.4

calculated r-lactic acid titer in fermentation (g/L) 157.2 131.6 131.6 131.6

experimental purification yield from crude L-lactic acid to purified r- 74.1% 74.1% 76.0% 86.0%
lactic acid (%)

calculated purification yield from crude vL-lactic acid to purified L-lactic ~ 74.0% 73.5% 77.8% 84.5%
acid (%)

calculated purification yield from fermentation broth to purified r-lactic  68.1% 66.6% 70.6% 76.6%
acid (%)

experimental L-lactic acid purity (%) 92.4% 92.4% 99.5% 93%

calculated L-lactic acid purity (%) 92.4% 92.4% 99.0% 92.8%

calculated product flow rate (tons/h) 19.423 14.184 14.009 16.222

(i) Universal Refining ——> Biomass & products flow

—> Water and steam flow
—> Lignin residue flow
’ ----> Heat flow
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Figure 1. Technical diagram of the dry biorefining process for L-lactic acid production from corn stover. The three areas included are (i) universal
refining area including prehandling, dry acid pretreatment, high solid saccharification, biodetoxification, and simultaneous saccharification&
cofermentation (SSCF); (ii) purification area including the three options of molecular distillation (Case 1), membrane separation (Case 2), and
solvent extraction (Case 3); and (iii) full evaporation of wastewater area by burning the lignin residue to evaporate wastewater and generate hot
steam and freshwater for process use.

809,334 Using lignin residue as a fuel first meets the heat (steam)
requirements of the full evaporation of wastewater (FEW) and dry
biorefinery processes, compensating for the evaporation process by
recovering the heat value through heat-integrated vapor condensation,
and then surplus steam is hypothetically directed into a turbine and
generator system to produce electricity for use in the plant or for sale
to the grid.41 Steam from the full evaporation of wastewater (FEW) is
passed through a condenser to form a clean condensate, which is
recycled to the biorefinery steps of pretreatment, saccharification,
biodetoxification, fermentation, and purification sections, as an
alternative to fresh process water input.””~** A small amount of
unevaporated concentrated solution is discharged after vapor—liquid
separation to conventional wastewater treatment.

Simulation and Technical Settings. The flowsheet simulation
model for L-lactic acid production from corn stover or corn grain were
developed on Aspen Plus (AspenTech Co, Cambridge, MA) platform
with the details shown in Supporting Information. The fundamental
data in the flowsheet simulation model was based on the available
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experimental data from our previous publications, as shown in Table
1. The technical assumptions for the flowsheet simulation model
relevant modeling include the following:

(i) The pretreatment step primarily generates inhibitors through
the degradation of xylan to furfural, cellulose to HMF, and
acetyl groups in hemicellulose to acetic acid. Other inhibitor-
forming reactions were not considered.

(ii) Flowsheet simulation of cellulase production was cited from
the NREL model for cellulosic ethanol production.*” The
inventory analysis for cellulase was created using the data from
Humbird et al.*’

(ili) Water consumption during equipment maintenance (washing
and other operations) was not taken into consideration in this
study.

Life-Cycle Analysis and Scenario Studies. This study utilized
OpenLCA software (version 2.0.2) and the Ecoinvent 3.9.1 Life Cycle
Database to conduct a life-cycle assessment (LCA) of high-purity L-
lactic acid (LA) production via a dry biorefinery platform. The

https://doi.org/10.1021/acssuschemeng.4c10527
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(a) Dry biorefining of corn stover

Seed broth: 1.108 t
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Ca(OH),: 8.091 t 21.098 t (Case 2)
H,O (recycled): 32.365 t 40.564 t (Case 3)

l | |
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Cellulase : 3.086 t 24.250 t (Case 1)
Steam (recycled): Ca(OH),:0.992 t

7.897t H,O (fresh): 14.741 t

Corn l Jr
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Combustion
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Lignin: 6.546 t Acetic acid: 2.602 t Acetic acid: 2.602 t Acetic acid: 0.292 t Sugars: 0.134 t Lignin residue:
Others: 9.108 t HMF: 0.742 t HMF: 0.742 t Lignin: 6.445 t Lignin: 6.445 t 46.207 t
H,0:9.375t Furfural: 0.449 t Furfural: 0.449 t Others: 12.222 t Others: 14.615 t Solids: 20.793 t .
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Others: 7.661 t Others: 10.025 t Exhaust gas : 5.249 t Exhaust gas : 0.358 t 2885t Cond d Water
H,0:21.225 t H,0: 90.608 t H,0 (recycled): recycling:
Exhaust gas: 5.894 t Exhaust gas: 5.894 t H.O led): 16.314 t (Case 1) 133.288 t (Case 1)
H,0 (recycled): H,0 (recycled): H,0 (recycled): 638é'f°y° ed): 19.466 t (Case 2) 136.440 t (Case 2)
9.947t 52.449 t 7.928t i 00t (Case3) 116.974 t (Case 3)
i Seed broth: 1.141 t
(b) Dry milling of corn Ni;g‘::s"”":e: 2203 ¢ 92.4% Lactic acid: 19.423 t
a-Amylase & glucoamylase: 0.609 t Inorganic Salts: 0.209 t o T
Steam (recycled): 12.040 t Ca(OH),:8.205t
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ng.:eog?tt 15% H;0 (recycled): H,0 (recycled): H,0 (recycled): Condensed Water
.0 6.6181(15%) 47.570 t 6.513t 36.735t recycling : 148.864 t

Figure 2. Mass flow rate and water balance of dry biorefining of corn stover (a) and dry milling of corn (b) and for L-lactic acid production. Note:
Blue lines, fresh water or condensed water from full evaporation of wastewater; Purification Case 1, molecular distillation; Case 2, membrane
separation; Case 3, solvent extraction. The detailed medium composition is shown in Supporting Information Table S2.

ReCiPe Midpoint (H) method was employed to evaluate greenhouse
gas (GHG) emissions with 1 kg of L-lactic acid (1-LA) production
defined as the functional unit. The system boundary was set at the
biorefinery level, starting from the factory gate and ending with the
sale of the purified L-lactic acid product at the outlet gate, as shown in
Figure 1. The study primarily focused on comparing the environ-
mental impacts of various isolation and purification pathways,
specifically quantifying GHG emissions associated with the
production of high-purity L-lactic acid. To concentrate on the
biorefinery scale,"*® upstream processes such as land-use change
emissions,”’ soil organic carbon (SOC) changes,48 and activities
related to the harvesting, collection, and transportation of corn
stover”” were excluded from the analysis. GHG emissions during corn
growth were attributed to corn grain rather than corn stover, as the
latter is categorized as agricultural waste in the Ecoinvent database.
This allocation approach avoids double counting, with GHG
emissions associated with corn stover growth considered negligible.*’

This study analyzed greenhouse gas (GHG) emissions under three
distinct scenarios for lactic acid production. In Scenario 1 (the base
case), all heat (steam) required for the process is supplied by external
energy sources, which consist of a mixture of fossil fuels and carbon.
Scenario 2 introduces an internal energy source where heat for the dry
biorefinery process is generated by combusting lignin residues derived
from corn stover as solid fuel. Scenario 3 builds upon Scenario 2 by
incorporating additional byproducts: electricity and fertilizers.
Specifically, the process recovers phosphorus and potash fertilizers,
with one metric ton of dry corn stover corresponding to the recovery
of 2.872 kg P,0; and 2.874 kg K,O fertilizers to the farmland based
on the data of 1.6% phosphorus (P) and 3.1% potassium (K)
contained in the lignin residue combustion ash (77 kg/ton DM;
hereafter, all references to “ton” refer to metric tons).”’ Additionally,
the corn dry milling process generates distillers” dried grains with
soluble (DDGS) as a byproduct, further contributing to the resource
efficiency of the system.
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Bl RESULTS AND DISCUSSION

Mass Balance of High-Purity L-lactic Acid Production
by Dry Biorefining of Corn Stover. The dry biorefinery
process starts from the gate of the biorefinery factory and ends
with the selling of free L-lactic acid product at the outlet gate,
as shown in Figure 1. The mass balance of Aspen Plus
modeling for dry biorefining of corn stover and dry milling of
corn is shown in Figure 2. In the biorefining section, corn
stover undergoes prehandling (size reduction, and dust and
solids removal), dry acid pretreatment, high solid loading
saccharification, submerged liquid biodetoxification, simulta-
neous saccharification, and cofermentation (SSCF) to obtain
an L-lactic acid fermentation broth with the optical purity of
99.6% (w/w) in the form of calcium salt. No aqueous water
phase is generated, and no solid materials are lost in the overall
processing chain. In the purification section, the lignin residue
solid is removed from fermentation broth by solid—liquid
separation; then, the supernatant broth is purified by molecular
distillation, membrane separation, or solvent extraction, and
the lignin residue is used as solid fuel for combustion to
generate heat energy.

The flowsheet simulation modeling for dry biorefining of
corn stover is based on an nth-plant factory with the capacity
of 3,00,000 t of dry corn stover annually. In the control case,
the dry milling of corn is designed with the same feedstock
processing capacity of 3,00,000 t of dry corn annually. The
Aspen Plus model is built up based on the experimental data as
shown in Supporting Information. The experimental and
calculated results are shown in Table 1.

The mass balance of Aspen Plus modeling for dry
biorefining of corn stover is shown in Figure 2a. In the dry
acid pretreatment step, 37.5 tons/h of dry corn stover is mixed
with sulfuric acid (1.367 tons/h) and hot steam (7.897 tons/h)

https://doi.org/10.1021/acssuschemeng.4c10527
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Figure 3. Electricity and steam consumption of dry biorefining of corn stover for production of high-purity L-lactic acid under different purification
options. Control, dry milling of corn with molecular distillation purification (a); dry biorefining of corn stover with molecular distillation
purification (b), membrane purification (c), and solvent extraction purification (d). The detailed information for the calculations is listed below.

to elevate to 175 °C and maintained for 5 min, of which 85%
hemicellulose is degraded to xylose and 20% cellulose is
degraded to glucose. In the saccharification step, the pretreated
corn stover (60.192 tons/h) is enzymatically hydrolyzed in a

viscous liquid hydrolysate slurry (131.461 tons/h, including
11.615 tons/h of glucose, 7.125 tons/h of xylose, 1.397 tons/h
of arabinose, 0.179 tons/h of galactose, 0.273 tons/h of

mannose, and 1.611 tons/h of unhydrolyzed cellulose) under
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Table 2. Detailed Calculations of Electricity and Heat Consumptions

electricity consumptions

prehandling pulverization: ~16.8 kWh/ton; transfer conveyor, conveyor belt, and dust collection system: ~10.3 Aden et al;>* Humbird et
kWh/ton al*?
pretreatment transfer conveyor, pin drum feeder, and plug screw feeder calculated based on Humbird et al;*°  Humbird et al;* Liu et
Mixing system in pretreatment reactor referred to Liu et al."® and Hou et al.:**> ~7 kWh/ton; al;*' Hou et al.**
bioconversion stirring calculated based on the mechanical stirring power formula Hou et al;** Zhang et al.>®
(saccharification,

detoxification, and SSCF)

equipment operations
based on power consumption data

purification equipment
m?)*

dry milling of corn

pumps, conveyors, pin drum feeders, plug screw feeders, dischargers, and frame-filter compressor

crystallizer (0.229 kWh/m?),*® decolorization (0.375 kWh/m?),"” and centrifuge (1.125 kWh/
calculated based on equipment manufacturer’s data

hammer milling; liquefaction and fermentation

Humbird et al.*°

(Supporting Information,
Table S1)

Humbird et al.*’
(Supporting Information,
Table S1)

McAloon et al;*® Liu et al.*'

heat consumptions (calculated based on the Aspen Plus model)

feedstocks corn (control)

biorefining methods dry milling

purification methods

pretreatment (GJ/ton of L-lactic acid) 0.00
heater (GJ/ton of L-lactic acid) 3.24
concentrating (GJ/ton of r-lactic acid) 15.85
molecular distillation (GJ/ton of L-lactic acid) 9.83
drying (GJ/ton of L-lactic acid) 1.86
wastewater evaporation (GJ/ton of L-lactic acid) 7.39
total heat consumption (GJ/ton of L-lactic acid) 38.17
heat recovery (GJ/ton of L-lactic acid) —16.35

molecular distillation

corn stover corn stover corn stover

dry biorefining dry biorefining dry biorefining

molecular distillation membrane separation solvent extraction

1.67 1.58 1.46
2.15 2.03 1.81
20.59 23.45 28.14
9.82 0.00 0.00
122 115 1.31
7.39 2.61 3.06
42.84 30.83 35.77
—19.79 —15.15 —18.63

high solid loading (30%, w/w). All inhibitory compounds
(0.449 tons/h of furfural, 0.742 tons/h of hydroxymethylfur-
fural (HMF), and 2.602 tons/h of acetic acid) are accumulated
in the corn stover slurry since no aqueous water stream or solid
stream is generated. In the biodetoxification step, 100% of
furfural and HMF, as well as more than 80% of organic acids,
are completely biodegraded by the biodetoxification fungus
strain with very low sugar loss (less than 2%) to obtain an
inhibitor-free fermentable sugar hydrolysate (144.446 tons/h).
In the simultaneous saccharification and cofermentation step
(SSCF), the fermentable sugars are completely and coordin-
ately fermented into high-chirality L-lactic acid (99.5%) by
engineered lactic acid bacterium strain (194.341 tons/h of
broth, including 23.807 tons/h of L-lactic acid in the form of
calcium lactate and residual sugar less than 1 g/L). In the
purification step, the crude vr-lactic acid solution (173.382
tons/h) after solid—liquid separation is pumped to molecular
distillation to obtain 14.184 tons/h of purified L-lactic acid
with a chemical purity of 92.4% (w/w) and a purification yield
of 66.6%. The lignin solids (20.793 dry tons/h) are combusted
to fully evaporate wastewater into hot steam and condensed
water for process use. If molecular distillation is replaced by
the other two purification methods, the yield of membrane
separation is elevated to 70.6%, but membrane fouling and
complexity (microfiltration, nanofiltration, ion exchange, and
concentration) in commercial scale should be verified; the
yield of solvent extraction is 76.6%, but again, the efficiency
and solvent recovery should be verified in commercial scale.
The mass balance for the control case of dry milling of corn
is shown in Figure 2b, wherein corn is liquefied and
enzymatically hydrolyzed with a solid loading of 25% (w/w)
and a starch conversion rate of 95% to obtain the hydrolysate
slurry (150.452 tons/h of slurry, and 27.827 tons/h of
glucose).” In the fermentation step, the sugar is converted
to 31.901 tons/h of r-lactic acid in the form of calcium
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lactate.’® The fermentation broth (214.620 tons/h) is
separated into solids and liquids to obtain crude r-lactic acid
broth (199.908 tons/h) and distiller’s dried grains with
solubles (DDGS) (14.243 dry tons/h) as animal feed. The
crude broth is purified to obtain 19.423 tons/h of purified L-
lactic acid with a chemical purity of 92.4% by molecular
distillation.

The overall water balance shows that the total water
consumption for producing 1 ton of L-lactic acid by dry
biorefining of corn stover is 13.15 t, of which 2.98 t comes
from fresh water and the rest (77.4% of the total) from the
condensation of full evaporation of wastewater (Figure 2a). In
the control case of dry milling of corn, the total water
consumption is 10.87 t per ton of L-lactic acid, of which 2.57 t
comes from freshwater consumption and the rest comes from
the full condensation of full evaporation of wastewater. Full
evaporation of wastewater is used to provide water supply and
hot steam to biorefining operations, considering the weak
infrastructure for wastewater treatment and freshwater supply
in nearby biomass-producing agricultural regions. The heat
energy for full evaporation of wastewater comes from the lignin
residue combustion in dry biorefinery of corn stover, while the
heat in dry milling of corn only comes from the external fossil
fuels combustion because the only byproduct from dry milling
of corn is DDGS as animal feed. After the full evaporation of
wastewater, the final wastewater discharge from dry biorefinery
of corn stover is significantly reduced to 1.24 t per ton of L-
lactic acid, close to that from dry milling of corn (1.15 t per ton
of L-lactic acid).

The total amount of fermentable sugars of dry biorefining
(20.590 tons/h, including $6.4% of glucose, 34.6% of xylose,
and 9% of arabinose, galactose, and mannose) is smaller than
that of dry milling of corn (27.827 tons/h) due to the lower
sugar contents in corn stover. This study cited a case of an
engineered strain Pediococcus acidilactici ZY271 with complete
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and coordinated conversion of all of the monosaccharides to L-
lactic acid (0.636 t of L-lactic acid per ton sugar, or 0.349 t of L-
lactic acid per ton of dry corn stover) with the close conversion
yield in dry milling of corn (0.645 t of L-lactic acid per ton of
glucose, or 0.478 t of L-lactic acid per ton of dry corn grain).
Overall, the dry biorefinery of corn stover achieves key
performance indicators (KPIs) for conversion comparable to
those of dry milling of corn while maintaining low water
consumption and minimal wastewater discharge.

Energy Consumption of High-Purity L-lactic Acid
Production by Dry Biorefining of Corn Stover. Electricity
and steam consumption for L-lactic acid production from the
dry milling of corn and the dry biorefining of corn stover are
calculated, as shown in Figure 3 and Table 2, based on mass
and heat balance, as well as the Mechanical Equipment List in
the NREL technical reports.*”*> Molecular distillation is used
as an L-lactic acid purification method for both dry milling of
corn and dry biorefining of corn stover. For dry milling of corn,
producing one metric ton of high-purity L-lactic acid consumes
49.5 kWh of electricity and 21.8 GJ of steam (Figure 3a), of
which the milling step of corn grain accounts for 25% and the
molecular distillation step accounts for 43% of the total
electricity consumption. The heat for generating hot steam
comes from fossil fuel combustion, of which 80% is used for
molecular distillation.

For dry biorefining of corn stover, producing 1 metric ton of
purified r-lactic acid consumes 219.3 kWh of electricity and
23.05 GJ of steam (Figure 3b), of which the prehandling and
pretreatment steps account for 35.4 and 43.6% of the total
electricity consumption, respectively. The electricity consump-
tion of dry biorefining of corn stover in the bioconversion steps
(saccharification and fermentation) is close to that of dry
milling of corn, but the overall electricity consumption for dry
biorefining of corn stover is more than four times greater than
that of dry milling of corn, primarily due to the high electricity
demands of prehandling and pretreatment processes. The
overall steam consumption for dry biorefining of corn stover is
comparable to that of corn by dry milling, but the heat energy
for dry biorefining of corn stover is exclusively generated from
the combustion of lignin solids. When membrane separation or
solvent extraction techniques are commercially verified, the
total electricity consumption could be further reduced by 3 and
12%, and the steam consumption reduced by 23.9 and 25.6%,
respectively, compared to molecular distillation (Figure 3c,d).

The heat balance for producing 1 ton of high-purity L-lactic
acid by dry milling of corn and dry biorefining of corn stover is
shown in Figure 4. Since the primary byproduct DDGS of corn
dry milling provides no energy surplus, the heat consumption
for molecular distillation (38.167 GJ per ton of L-lactic acid)
necessitates an additional 21.815 GJ of heat from external fossil
fuels, in addition to heat recovery of 16.351 GJ. In contrast, the
total heat consumption of 42.841 GJ per ton of L-lactic acid in
molecular distillation of dry biorefining of corn stover is
supplied by heat recovery (19.796 GJ) and lignin residue
combustion (23.125 GJ), yielding a heat surplus of 0.079 GJ
after meeting all heating requirements. If less energy-intensive
membrane separation or solvent extraction is used, the total
heat consumption is reduced by 28.0 and 16.5%, respectively,
compared to molecular distillation. The heat surplus of 6.169
and 2.985 GJ, respectively, is converted into 1162 and 562
kWh of electricity for sale to the grid. The results demonstrate
that the efficiency of dry biorefinery of corn stover is
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Figure 4. Energy balance of dry milling of corn and dry biorefining of
corn stover for production of 1 metric ton of purified L-lactic acid
under different purification options. The heat value of lignin residue
from corn stover is determined by Liu et al.>*> (~18.878 GJ/ton of dry
lignin residue). The heat consumption and heat recovery for overall
processing are calculated based on ASPEN as detailed in Table 2.

significantly superior to that of corn dry milling in terms of
heat (steam) consumption.

GHG Emission Analysis for High-Purity -lactic Acid
Production by Dry Biorefining of Corn Stover. GHG
emissions by dry milling of corn and dry biorefinery of corn
stover for producing 1 kg of high-purity r-lactic acid are
evaluated using life-cycle analysis under different scenarios
(Figure 5).

For the control case of dry milling of corn, GHG emissions
are 4.055 kg of CO, equivalent per kg of purified r-lactic acid
produced, of which corn cultivation accounts for 37.8% and
heat consumption (steam) contributes 55.8% to the total GHG
emissions (Figure Sa, Scenario 1). Utilization of byproduct
DDGS reduces GHG emissions to 3.408 kg CO, equiv for
production of 1 kg of high-purity r-lactic acid (Figure Sa,
Scenario 3).

For dry biorefining of corn stover, producing 1 kg of purified
L-lactic acid generates significantly lower CO,, 3.039 kg CO,
equiv (Figure Sb, Scenario 1), mainly from steam heat
consumption (78.7% of the total), electricity consumption
(7.6%), and cellulase production (6.5%). Utilizing lignin
residues as a solid fuel for steam generation (Figure Sb,
Scenario 2) results in the sharp reduction of CO, emissions to
0.648 kg CO, equivalent per kg of high-purity L-lactic acid,
indicating that energy consumption control (heat and
electricity) is the crucial factor on GHG emissions. Utilizing
heat surplus (0.079 GJ/ton of L-lactic acid) for electricity
generation and returning phosphorus/potassium from lignin
combustion ash to the field (Figure Sb, Scenario 3) further
reduce the CO, emission to 0.618 kg CO, equiv, accounting
for only 18% of the GHG emission from dry milling of corn.

The significant CO, reduction by dry biorefining of corn
stover can be attributed to two main factors: (i) zero CO,
generation for corn stover due to its classification as
agricultural wastes and prevention of double CO, counting.
The CO, generation associated with seed culture, fertilizers,
pesticides (herbicides and insecticides), electricity, and fuels is
reallocated to corn grain.”'® (i) Heat energy is generated by
lignin residue combustion; thus, fossil fuel use is avoided. If
less energy-intensive membrane separation or solvent extrac-
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(a) Dry milling of corn with molecular distillation

(b) Dry biorefining of corn stover with molecular distillation
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Figure 5. GHG emissions from producing 1 kg of purified L-lactic acid using corn and corn stover; (a) dry milling of corn with molecular
distillation; (b) dry biorefining of corn stover with molecular distillation, (c) with membrane separation, and (d) with solvent extraction. Scenario
1, the heat (steam) is supplied by external fossil fuels; Scenario 2, the heat is supplied by combustion of lignin residues from corn stover; Scenario 3,
considering electricity generation from lignin residue combustion, and phosphorus and potash fertilizers from lignin combustion ash®' for Cases 2,
3, and 4 and DDGS generation Case 1. Seed#B refers to detoxification seed culture, Seed#F refers to fermentation seed culture, Others refer to

wastewater and gypsum treatment.

tion is used in the purification step, further reduction of GHG
emission could lead to the net GHG emissions of —0.626 and
0.095 kg CO, equiv, respectively (Figure Sc,d, Scenario 3).

B DISCUSSION

Energy consumption and the yield of L-lactic acid recovery are
the key factors influencing GHG emissions in production of
high-purity L-lactic acid by dry biorefinery processing of corn
stover, particularly because lactic acid purification significantly
affects the yield and quality of the lactic acid product, energy
consumption, and GHG emissions in downstream polylactic
acid synthesis.”” The traditional crystalline precipitation
purification method is difficult to directly achieve the purity
standard of polymerization-grade lactic acid products.'>*’
Although esterification distillation techniques create methyl®'
and butyl lactate,*>*’ large-scale ester }?rdrolysis for lactic acid
monomers remains under-validated.”®> Alternative methods
like electrodialysis,éé’67 adsorption,68’69 ion exchange,m’71 and
nanofiltration””’* have limited industrial validation. This study
suggests that low-energy membrane separation and solvent
extraction methods could offer advantages in reducing GHG
emissions if applied to industrial operations.

The carbon emissions obtained are compared with those
reported in the previous publications for L-lactic acid monomer
production. When corn is used as feedstock, Vink et al.”®
reported that the GHG emissions by dry milling of corn are
2.26 kg CO, equiv for producing 1 kg of high-purity L-lactic
acid,®" compared with 3.408 kg of CO, in this study. The key
difference is in the estimates of GHG emissions from corn
planting: this study uses 1.53 kg CO, equiv based on the
inventory of Life Cycle Database (Ecoinvent 3.9.1), while Vink
et al.”® uses 0.37 kg CO, equiv by considering the GHG
fixation during corn growth. If the Vink et al.”* data of 0.37 kg
CO, equiv is used, the estimated GHG emissions in this study
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are 2.24 kg CO, equiv, closely aligning with Vink et al.’s”

reported value of 2.26 kg CO, equiv. When lignocellulosic
biomass is used as feedstock for high-purity Lr-lactic acid
production, Adom et al.”* reported a net GHG emission of
0.65 kg CO, equiv per kg of L-lactic acid by using corn stover
feedstock. Although the value is close to this study (0.618 kg
CO, equiv), a negative GHG emission for corn stover is
adopted in Adom et al,”* while this study considers the GHG
emission of corn stover is only set to zero. Munagala et al.”®
reported that the GHG emissions from sugar cane bagasse to L-
lactic acid is 4.62 kg CO, equiv per kg of high-purity L-lactic
acid. This value is significantly higher than the current
calculation (0.618 kg CO, equiv), largely due to the different
biorefinery technologies employed: the dry biorefinery process
used in this study versus the alkaline pretreatment method
used in Munagala et al.”® Pachon-Rubio et al.” reported that
the GHG emissions using grapevine twigs feedstock is 3.26 kg
CO, equiv, with the differences mainly come from the low
efficient dilute acid pretreatment and conversion yield, as well
as fossil fuels derived electricity, fuel, and the sulfuric acid use.
Daful et al.®® reported that the GHG emissions using sugar
cane bagasse and leaves feedstock by is 0.41 kg CO, equiv by
steam explosion. The low GHG emission mainly contributes to
the major CO, relocation to the target products of sugar,
molasses, and electricity, while the lactic acid byproduct only
shared a small percentage of GHG emissions.

The accurate GHG emission evaluation of chiral lactic acid
production from lignocellulose should be based on advanced
biorefinery technology because the regular technologies used
in cellulosic ethanol demonstrations in the past decade are at a
low efficiency and certainly will lead to high GHG generations.
Li et al.”” reported a lactic acid production case from corn
stover based on the dilute acid pretreatment method*® with
esterification distillation as the purification method and mixed
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natural gas/lignin residue as the combustion fuel. The process
performance by Li et al.* is an average or optimal value of
many cited cases, instead of a clearly fixed practical process.
The calculated GHG emission is 2.79 kg CO, equiv, which is
several folds greater than the value of 0.618 kg CO, equiv in
this study. The main reasons for the GHG emission difference
between Li et al.*’ and this study come from the different
biorefinery technologies used: (i) the conventional dilute acid
pretreatment is used by Li et al.* under a relatively low solid
loading, which generates a higher amount of wastewater and,
consequently, a higher heat energy is required; (ii) the
inhibitor removal method is not defined and an average value
from multiple cited cases is used, which generally requires a
high input of fresh water and heat energy; (iii) a rough average
of lactic acid production (97.5 g/L) from multiple
fermentation cases is used, which is approximately 30%
lower than the value (130.3 g/L) in this study; (iv) a rarely
used and energy-intensive esterification method is selected for
production of free lactic acid; (v) the heat energy is generated
by using natural gas (75% of the total fuel), instead of lignin
residue byproduct. All of these properties of the process by Li
et al.*’ lead to the higher GHG generation than the value in
this study.

The analysis above demonstrates that the choice of
biorefinery technology and purification process significantly
affects the environmental footprint of L-lactic acid production
from lignocellulosic biomass. Dry biorefinery technology, when
operated with low acid catalyst usage, low energy consumption,
and minimal wastewater discharge, can achieve emission levels
comparable to those of corn dry processing technology.
Moreover, efficient energy integration has led to substantial
low-carbon benefits, indicating promising potential for the
industrial application of this biorefinery technology.

B CONCLUSIONS

This study fills the technical gaps of the detailed energy
consumption, water and wastewater balance, and GHG
emissions in chiral lactic acid monomer production from
nongrain feedstock using a dry biorefinery technology with
narrowed performance compared to dry milling of corn. The
GHG emissions for producing 1 kg of L-lactic acid by dry
biorefining of corn stover using molecular distillation
purification is 0.618 kg CO, equiv, which is only 18% by dry
milling of corn (3.408 kg CO, equiv). Using less energy-
intensive methods such as membrane separation or solvent
extraction for purification could further reduce GHG
emissions. This study provides essential technical and
sustainability support for the carbon-neutral production of
biodegradable polymers from lignocellulosic biomass as
alternatives to petroleum-based materials.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c10527.

Aspen process simulation of the dry biorefinery
(including separation process and equipment), details
of electricity and heat consumption calculations (PDF)

6194

B AUTHOR INFORMATION

Corresponding Author
Jie Bao — School of Chemistry and Chemical Engineering,
Shihezi University, Shihezi, Xinjiang 832000, China; State
Key Laboratory of Bioreactor Engineering, East China
University of Science and Technology, Shanghai 200237,
China; ® orcid.org/0000-0001-6521-3099; Phone: + 86
21 64251799; Email: jbao@ecust.edu.cn

Authors

Ya Wang — School of Chemistry and Chemical Engineering,
Shihezi University, Shihezi, Xinjiang 832000, China; State
Key Laboratory of Bioreactor Engineering, East China
University of Science and Technology, Shanghai 200237,
China

Bin Zhang — State Key Laboratory of Bioreactor Engineering,
East China University of Science and Technology, Shanghai
200237, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.4c10527

Author Contributions

Y.W.: Conceptualization, Modeling, Validation, Data curation,
Investigation, Writing — original draft. B.Z.: Supervision,
Visualization, Data curation, Writing — review and editing. ].B.:
review and editing. All authors contributed to the revisions of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the National Key R&D
Program of China (2023YFA0914400) and the National
Natural Science Foundation of China (32301269).

B REFERENCES

(1) Posen, 1. D.; Jaramillo, P.; Landis, A. E.; Griffin, W. M.
Greenhouse gas mitigation for U.S. plastics production: energy first,
feedstocks later. Environ. Res. Lett. 2017, 12 (3), No. 034024.

(2) Cubas-Cano, E.; Gonzalez-Fernindez, C.; Ballesteros, M.;
Tomis-Pejo, E. Biotechnological advances in lactic acid production
by lactic acid bacteria: lignocellulose as novel substrate. Biofuels,
Bioprod. Biorefin. 2018, 12 (2), 290—303.

(3) European Bioplastics. 2024 https://www.european-bioplastics.
org/bioplastics-market-development-update-2024 (accessed Feb 1S,
2025).

(4) Sun, C; Wei, S; Tan, H,; Huang, Y.,; Zhang, Y. Progress in
upcycling polylactic acid waste as an alternative carbon source: A
review. Chem. Eng. J. 2022, 446, No. 136881.

(5) Chen, G. Q; Patel, M. K. Plastics derived from biological
sources: present and future: a technical and environmental review.
Chem. Rev. 2012, 112 (4), 2082—2099.

(6) Jayasekara, T.; Wickrama Surendra, Y.; Rathnayake, M.
Polylactic Acid Pellets Production from Corn and Sugarcane
Molasses: Process Simulation for Scaled-Up Processing and
Comparative Life Cycle Analysis. J. Polym. Environ. 2022, 30 (11),
4590—4604.

(7) Yu, J.; Xu, S.; Liu, B; Wang, H.; Qiao, F.; Ren, X.; Wei, Q. PLA
Bioplastic production: From monomer to the polymer. Eur. Polym. ].
2023, 193, No. 112076.

(8) Wyman, C. E; Dale, B. E. Producing Biofuels via the Sugar
Platform. Chem. Eng. Prog. 2015, 111 (3), 45—57.

(9) Groot, W. J.; Borén, T. Life cycle assessment of the manufacture
of lactide and PLA biopolymers from sugarcane in Thailand. Int. J. Life
Cycle Assess. 2010, 1S (9), 970—984.

https://doi.org/10.1021/acssuschemeng.4c10527
ACS Sustainable Chem. Eng. 2025, 13, 6186—6196


https://pubs.acs.org/doi/10.1021/acssuschemeng.4c10527?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c10527/suppl_file/sc4c10527_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Bao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6521-3099
mailto:jbao@ecust.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c10527?ref=pdf
https://doi.org/10.1088/1748-9326/aa60a7
https://doi.org/10.1088/1748-9326/aa60a7
https://doi.org/10.1002/bbb.1852
https://doi.org/10.1002/bbb.1852
https://www.european-bioplastics.org/bioplastics-market-development-update-2024
https://www.european-bioplastics.org/bioplastics-market-development-update-2024
https://doi.org/10.1016/j.cej.2022.136881
https://doi.org/10.1016/j.cej.2022.136881
https://doi.org/10.1016/j.cej.2022.136881
https://doi.org/10.1021/cr200162d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200162d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10924-022-02535-w
https://doi.org/10.1007/s10924-022-02535-w
https://doi.org/10.1007/s10924-022-02535-w
https://doi.org/10.1016/j.eurpolymj.2023.112076
https://doi.org/10.1016/j.eurpolymj.2023.112076
https://doi.org/10.1007/s11367-010-0225-y
https://doi.org/10.1007/s11367-010-0225-y
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c10527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(10) Vera, 1; Hoefnagels, R; van der Kooij, A; Moretti, C.;
Junginger, M. A carbon footprint assessment of multi-output
biorefineries with international biomass supply: a case study for the
Netherlands. Biofuels, Bioprod. Biorefin. 2020, 14 (2), 198—224.

(11) Zhang, B.; Liu, X; Bao, J. High solids loading pretreatment:
The core of lignocellulose biorefinery as an industrial technology - An
overview. Bioresour. Technol. 2023, 369, No. 128334.

(12) Joglekar, H. G.; Rahman, L; Babuy, S.; Kulkarni, B. D.; Joshi, A.
Comparative assessment of downstream processing options for lactic
acid. Sep. Purif. Technol. 2006, 52 (1), 1—17.

(13) Inkinen, S.; Hakkarainen, M.; Albertsson, A. C.; Sodergard, A.
From lactic acid to poly(lactic acid) (PLA): characterization and
analysis of PLA and its precursors. Biomacromolecules 2011, 12 (3),
523-32.

(14) Guo, X; Li, Z; He, N; Zhang, B; Liu, X; Bao, J. Detection
and elimination of trace d-lactic acid in lignocellulose biorefining
chain: Generation, flow, and impact on chiral lactide synthesis.
Biotechnol. Bioeng. 2024, 121, 670—682.

(15) He, N,; Jia, J; Qiu, Z.; Fang, C.; Liden, G.; Liu, X;; Bao, J.
Cyclic Ilactide synthesis from lignocellulose biomass by biorefining
with complete inhibitor removal and highly simultaneous sugars
assimilation. Biotechnol. Bioeng. 2022, 119 (7), 1903—1915.

(16) Qiu, Z.; Gao, Q.; Bao, J. Engineering Pediococcus acidilactici
with xylose assimilation pathway for high titer cellulosic I-lactic acid
fermentation. Bioresour. Technol. 2018, 249, 9—13.

(17) Wei, C;; Liu, G.; Zhang, J.; Bao, J. Elevating fermentation yield
of cellulosic lactic acid in calcium lactate form from corn stover
feedstock. Ind. Crops Prod. 2018, 126, 415—420.

(18) Liu, G.; Sun, J.; Zhang, J.; Tu, Y.; Bao, J. High titer L-lactic acid
production from corn stover with minimum wastewater generation
and techno-economic evaluation based on Aspen plus modeling.
Bioresour. Technol. 2015, 198, 803—10.

(19) Zhang, B.; Khushik, F. A.; Zhan, B.; Bao, J. Transformation of
lignocellulose to starch-like carbohydrates by organic acid-catalyzed
pretreatment and biological detoxification. Biotechnol. Bioeng. 2021,
118 (10), 4105—4118.

(20) He, Y.; Zhang, J.; Bao, J. Dry dilute acid pretreatment by co-
currently feeding of corn stover feedstock and dilute acid solution
without impregnation. Bioresour. Technol. 2014, 158, 360—364.

(21) Liu, G.; Bao, J. Maximizing cellulosic ethanol potentials by
minimizing wastewater generation and energy consumption: Com-
peting with corn ethanol. Bioresour. Technol. 2017, 245 (Pt A), 18—
26.

(22) Han, T.; Zhang, B; Li, H,; Zhang, H; Yang, Y.; Hu, L.; Ren, X;
Wang, S.; Zheng, L.; Han, X; Liu, G.; Zhang, J; Fei, Q; Tang, Y,;
Yang, S.; Bao, X,; Bao, J. Year-round storage operation of three major
agricultural crop residue biomasses by performing dry acid pretreat-
ment at regional collection depots. ACS Sustainable Chem. Eng. 2021,
9 (13), 4722—4734.

(23) Yi, X;; Gao, Q.; Zhang, L.; Wang, X.; He, Y.; Hu, F.; Zhang, J;
Zou, G.; Yang, S.; Zhou, Z.; Bao, J. Heterozygous diploid structure of
Amorphotheca resinae ZN1 contributes efficient biodetoxification on
solid pretreated corn stover. Biotechnol. Biofuels 2019, 12, No. 126.

(24) Han, T.; Zhang, B.; Yang, H.; Liu, X.; Bao, J. Changes in pH
Values Allow for a Visible Detection of the End Point in Submerged
Liquid Biodetoxification during Biorefinery Processing. ACS Sustain-
able Chem. Eng. 2023, 11 (46), 16608—16617.

(25) Oliveira, R. A. d.; Komesu, A.; Vaz Rossell, C. E.; Wolf Maciel,
M. R,; Maciel Filho, R. A study of the residual fermentation sugars
influence on an alternative downstream process for first and second-
generation lactic acid. Sustainable Chem. Pharm. 2020, 1S5,
No. 100206.

(26) Lee, H. D.; Lee, M. Y.; Hwang, Y. S.; Cho, Y. H.; Kim, H. W,
Park, H. B. Separation and Purification of Lactic Acid from
Fermentation Broth Using Membrane-Integrated Separation Pro-
cesses. Ind. Eng. Chem. Res. 2017, 56 (29), 8301—8310.

(27) Oonkhanond, B.; Jonglertjunya, W.; Srimarut, N.; Bunpachart,
P.; Tantinukul, S.; Nasongkla, N.; Sakdaronnarong, C. Lactic acid
production from sugarcane bagasse by an integrated system of

6195

lignocellulose fractionation, saccharification, fermentation, and ex-situ
nanofiltration. J. Environ. Chem. Eng. 2017, S (3), 2533—2541.

(28) Alexandri, M.; Schneider, R.; Venus, J. Membrane Tech-
nologies for Lactic Acid Separation from Fermentation Broths
Derived from Renewable Resources. Membranes 2018, 8 (4), No. 94.

(29) Yankov, D.; Molinier, J.; Albet, J.; Malmary, G.; Kyuchoukov,
G. Lactic acid extraction from aqueous solutions with tri-n-octylamine
dissolved in decanol and dodecane. Biochem. Eng. J. 2004, 21 (1), 63—
71.

(30) Udachan, L S.; Sahoo, A. K. A study of parameters affecting the
solvent extraction of lactic acid from fermentation broth. Braz. J.
Chem. Eng. 2014, 31 (3), 821—827.

(31) Kumar, S; Yadav, N,; Nain, L; Khare, S. K. A simple
downstream processing protocol for the recovery of lactic acid from
the fermentation broth. Bioresour. Technol. 2020, 318, No. 124260.

(32) He, N; Chen, M.; Qiu, Z.; Fang, C.; Liden, G; Liu, X;; Zhang,
B.; Bao, J. Simultaneous and rate-coordinated conversion of
lignocellulose derived glucose, xylose, arabinose, mannose, and
galactose into D-lactic acid production facilitates D-lactide synthesis.
Bioresour. Technol. 2023, 377, No. 128950.

(33) Liu, G.; Bao, J. Evaluation of electricity generation from lignin
residue and biogas in cellulosic ethanol production. Bioresour. Technol.
2017, 243, 1232—1236.

(34) Wang, Y,; Yang, H; Zhang, B; Liu, X;; Bao, J. Continuous
enzymatic saccharification and its rheology profiling under high solids
loading of lignocellulose biomass. Biochem. Eng. J. 2022, 186,
No. 108543.

(35) Announcement of the National Bureau of Statistiecs on 2023
grain production data, https://www.stats.gov.cn/ (accessed March 01,
2025).

(36) McAloon, A.; Taylor, F.; Yee, W, Ibsen, K; Wooley,
R.Determining the Cost of Producing Ethanol from Corn Starch
and Lignocellulosic Feedstocks. Energy Conservation Consumption &
Utilization 2000 DOI: 10.2172/766198.

(37) Wang, Z.; Sharma, V.; Dien, B. S.; Singh, V. High-conversion
hydrolysates and corn sweetener production in dry-grind corn
process. Cereal Chem. 2018, 95 (2), 302—311.

(38) Cheng, P.; Mueller, R. E; Jaeger, S.; Bajpai, R.; Iannotti, E. L.
Lactic acid production from enzyme-thinned corn starch using
Lactobacillus amylovorus. J. Ind. Microbiol. 1991, 7 (1), 27—34.

(39) Yu, J; Zeng, A; Yuan, X; Zhang, X; Ju, J. Optimizing and
scale-up strategy of molecular distillation for the purification of lactic
acid from fermentation broth. Sep. Sci. Technol. 2018, 50 (16), 2518—
2524.

(40) Humbird, D.; Davis, R;; Tao, L.; Kinchin, C.; Hsu, D.; Aden,
A.; Schoen, P,; Lukas, J.; Olthof, B.; Worley, M.Process Design and
Economics for Biochemical Conversion of Lignocellulosic Biomass to
Ethanol: Dilute-Acid Pretreatment and Enzymatic Hydrolysis of Corn
Stover Basic Biologicalences 2011 DOI: 10.2172/1013269.

(41) Wang, Y,; Zhang, B.; Liu, X.; Bao, J. Balanced water and heat
energy recycling by full evaporation of wastewater (FEW) in dry
biorefining processes of lignocellulose biomass. Waste Manag. 2028,
193, 307-316.

(42) Alkasrawi, M.; Abu Jrai, A.; Al-Muhtaseb, A. a. H. Simultaneous
saccharification and fermentation process for ethanol production from
steam-pretreated softwood: Recirculation of condensate streams.
Chem. Eng. ]. 2013, 225, 574—579.

(43) Zheng, L.; Han, X.; Han, T.; Liu, G.; Bao, J. Formulating a fully
converged biorefining chain with zero wastewater generation by
recycling stillage liquid to dry acid pretreatment operation. Bioresour.
Technol. 2020, 318, No. 124077.

(44) Shao, S.; Zhang, B.; Wang, Y.; Han, T.; Bao, J. Dry biorefinery
conversion of cadmium-contaminated rice grain and straw to ethanol
with complete collection and recycling of cadmium. Ind. Crops Prod.
2023, 197, No. 116550.

(4S) Brunklaus, B,; Rex, E.; Carlsson, E.; Berlin, J. The future of
Swedish food waste: An environmental assessment of existing and
prospective valorization techniques. J. Cleaner Prod. 2018, 202, 1—10.

https://doi.org/10.1021/acssuschemeng.4c10527
ACS Sustainable Chem. Eng. 2025, 13, 6186—6196


https://doi.org/10.1002/bbb.2052
https://doi.org/10.1002/bbb.2052
https://doi.org/10.1002/bbb.2052
https://doi.org/10.1016/j.biortech.2022.128334
https://doi.org/10.1016/j.biortech.2022.128334
https://doi.org/10.1016/j.biortech.2022.128334
https://doi.org/10.1016/j.seppur.2006.03.015
https://doi.org/10.1016/j.seppur.2006.03.015
https://doi.org/10.1021/bm101302t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm101302t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.28583
https://doi.org/10.1002/bit.28583
https://doi.org/10.1002/bit.28583
https://doi.org/10.1002/bit.28082
https://doi.org/10.1002/bit.28082
https://doi.org/10.1002/bit.28082
https://doi.org/10.1016/j.biortech.2017.09.117
https://doi.org/10.1016/j.biortech.2017.09.117
https://doi.org/10.1016/j.biortech.2017.09.117
https://doi.org/10.1016/j.indcrop.2018.10.041
https://doi.org/10.1016/j.indcrop.2018.10.041
https://doi.org/10.1016/j.indcrop.2018.10.041
https://doi.org/10.1016/j.biortech.2015.09.098
https://doi.org/10.1016/j.biortech.2015.09.098
https://doi.org/10.1016/j.biortech.2015.09.098
https://doi.org/10.1002/bit.27887
https://doi.org/10.1002/bit.27887
https://doi.org/10.1002/bit.27887
https://doi.org/10.1016/j.biortech.2014.02.074
https://doi.org/10.1016/j.biortech.2014.02.074
https://doi.org/10.1016/j.biortech.2014.02.074
https://doi.org/10.1016/j.biortech.2017.08.070
https://doi.org/10.1016/j.biortech.2017.08.070
https://doi.org/10.1016/j.biortech.2017.08.070
https://doi.org/10.1021/acssuschemeng.0c08739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c08739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c08739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s13068-019-1466-z
https://doi.org/10.1186/s13068-019-1466-z
https://doi.org/10.1186/s13068-019-1466-z
https://doi.org/10.1021/acssuschemeng.3c04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.3c04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scp.2019.100206
https://doi.org/10.1016/j.scp.2019.100206
https://doi.org/10.1016/j.scp.2019.100206
https://doi.org/10.1021/acs.iecr.7b02011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b02011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b02011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jece.2017.05.004
https://doi.org/10.1016/j.jece.2017.05.004
https://doi.org/10.1016/j.jece.2017.05.004
https://doi.org/10.1016/j.jece.2017.05.004
https://doi.org/10.3390/membranes8040094
https://doi.org/10.3390/membranes8040094
https://doi.org/10.3390/membranes8040094
https://doi.org/10.1016/j.bej.2004.03.006
https://doi.org/10.1016/j.bej.2004.03.006
https://doi.org/10.1590/0104-6632.20140313s00002495
https://doi.org/10.1590/0104-6632.20140313s00002495
https://doi.org/10.1016/j.biortech.2020.124260
https://doi.org/10.1016/j.biortech.2020.124260
https://doi.org/10.1016/j.biortech.2020.124260
https://doi.org/10.1016/j.biortech.2023.128950
https://doi.org/10.1016/j.biortech.2023.128950
https://doi.org/10.1016/j.biortech.2023.128950
https://doi.org/10.1016/j.biortech.2017.07.022
https://doi.org/10.1016/j.biortech.2017.07.022
https://doi.org/10.1016/j.bej.2022.108543
https://doi.org/10.1016/j.bej.2022.108543
https://doi.org/10.1016/j.bej.2022.108543
https://www.stats.gov.cn/
https://doi.org/10.2172/766198
https://doi.org/10.2172/766198
https://doi.org/10.2172/766198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cche.10030
https://doi.org/10.1002/cche.10030
https://doi.org/10.1002/cche.10030
https://doi.org/10.1007/BF01575599
https://doi.org/10.1007/BF01575599
https://doi.org/10.1080/01496395.2015.1056363
https://doi.org/10.1080/01496395.2015.1056363
https://doi.org/10.1080/01496395.2015.1056363
https://doi.org/10.2172/1013269
https://doi.org/10.2172/1013269
https://doi.org/10.2172/1013269
https://doi.org/10.2172/1013269
https://doi.org/10.2172/1013269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.wasman.2024.12.018
https://doi.org/10.1016/j.wasman.2024.12.018
https://doi.org/10.1016/j.wasman.2024.12.018
https://doi.org/10.1016/j.cej.2013.04.014
https://doi.org/10.1016/j.cej.2013.04.014
https://doi.org/10.1016/j.cej.2013.04.014
https://doi.org/10.1016/j.biortech.2020.124077
https://doi.org/10.1016/j.biortech.2020.124077
https://doi.org/10.1016/j.biortech.2020.124077
https://doi.org/10.1016/j.indcrop.2023.116550
https://doi.org/10.1016/j.indcrop.2023.116550
https://doi.org/10.1016/j.indcrop.2023.116550
https://doi.org/10.1016/j.jclepro.2018.07.240
https://doi.org/10.1016/j.jclepro.2018.07.240
https://doi.org/10.1016/j.jclepro.2018.07.240
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c10527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(46) Vanapalli, K. R;; Bhar, R;; Maity, S. K.; Dubey, B. K,; Kumar, S.;
Kumar, V. Life cycle assessment of fermentative production of lactic
acid from bread waste based on process modelling using pinch
technology. Sci. Total Environ. 2023, 905, No. 167051.

(47) Dunn, J. B; Mueller, S.; Ho-young, K. Land-use change and
greenhouse gas emissions from corn and cellulosic ethanol. Biotechnol.
Biofuels 2013, 6, No. 51, DOI: 10.1186/1754-6834-6-51.

(48) Vink, E. T. H; Davies, S. Life Cycle Inventory and Impact
Assessment Data for 2014 Ingeo Polylactide Production. Ind.
Biotechnol. 2015, 11 (3), 167—180.

(49) Li, Y.; Bhagwat, S. S.; Cortés-Pefia, Y. R;; Ki, D.; Rao, C. V.; Jin,
Y.-S.; Guest, J. S. Sustainable Lactic Acid Production from
Lignocellulosic Biomass. ACS Sustainable Chem. Eng. 2021, 9 (3),
1341-13S1.

(50) Greenhouse Gas (GHG) Emissions and Removals, https://
www.epa.gov/ghgemissions/ (accessed April 04, 2024).

(51) Liu, G; Bao, J. Maximizing phosphorus and potassium
recycling by supplementation of lignin combustion ash from dry
biorefining of lignocellulose. Biochem. Eng. J. 2019, 144, 104—109.

(52) Aden, A.; Ruth, M.; Ibsen, K.; Jechura, J.; Neeves, K.; Sheehan,
J.Lignocellulosic Biomass to Ethanol Process Design and Economics
Utilizing Co-Current Dilute Acid Prehydrolysis and Enzymatic
Hydrolysis for Corn Stover. 2002 DOI: 10.2172/15001119.

(53) Hou, W.; Zhang, L.; Zhang, J.; Bao, J. Rheology evolution and
CFED modeling of lignocellulose biomass during extremely high solids
content pretreatment. Biochem. Eng. J. 2016, 105, 412—419.

(54) Hou, W,; An, R; Zhang, J.; Bao, J. On-site measurement and
modeling of rheological property of corn stover hydrolysate at high
solids content. Biochem. Eng. J. 2016, 107, 61—65.

(55) Zhang, B.; Yang, H.; Wang, Y.; Bao, J. Improving the dissolved
oxygen level in high solids loading cellulosic sugar acids fermentation
by restructuring the biorefinery chain. Biochem. Eng. J. 2023, 200,
No. 109111.

(56) Zhengzhou Siwei Equipment Page, https://www.swoils.cn/
shebei/70.html (accessed Oct 10, 2023).

(57) CN Daemon Products Page, http://www.cndaemon.cn/
Products-806239.html (accessed Oct 10, 2023).

(58) Liaoyang Tianxing Pharmaceutical Machinery Factory Product
Page, https://www.txzyjx.com/pro/936202471359455232.html (ac-
cessed Oct 10, 2023).

(59) Lépez-Garzén, C. S.; Straathof, A. J. J. Recovery of carboxylic
acids produced by fermentation. Biotechnol. Adv. 2014, 32 (5), 873—
904.

(60) Li, C.; Gao, M.; Zhu, W.; Wang, N.; Ma, X.; Wu, C.; Wang, Q.
Recent advances in the separation and purification of lactic acid from
fermentation broth. Process Biochem. 2021, 104, 142—151.

(61) Kumar, R;; Nanavati, H.; Noronha, S. B;; Mahajani, S. M. A
continuous process for the recovery of lactic acid by reactive
distillation. J. Chem. Technol. Biotechnol. 2006, 81 (11), 1767—1777.

(62) Zhao, W.; Sun, X,; Wang, Q.; Ma, H; Teng, Y. Lactic acid
recovery from fermentation broth of kitchen garbage by esterification
and hydrolysis method. Biomass Bioenergy 2009, 33 (1), 21-25.

(63) Su, C-Y,; Yu, C.-C; Chien, L. L; Ward, J. D. Plant-Wide
Economic Comparison of Lactic Acid Recovery Processes by Reactive
Distillation with Different Alcohols. Ind. Eng. Chem. Res. 2013, 52
(32), 11070—11083.

(64) Barve, Pp.; Rahman; Kulkarni, Bd. Pilot Plant Study of
Recovery of Lactic Acid from Ethyl Lactate. Org. Process Res. Dev
2009, 13 (3), 573—575.

(65) Daful, A. G.; Haigh, K; Vaskan, P.; Gorgens, J. F.
Environmental impact assessment of lignocellulosic lactic acid
production: Integrated with existing sugar mills. Food Bioprod. Process.
2016, 99, 58—70.

(66) Wang, Q.; Cheng, G.; Sun, X.; Jin, B. Recovery of lactic acid
from kitchen garbage fermentation broth by four-compartment
configuration electrodialyzer. Process Biochem. 2006, 41 (1), 152—158.

(67) Neu, A.-K; Pleissner, D.; Mehlmann, K.; Schneider, R.; Puerta-
Quintero, G. L; Venus, J. Fermentative utilization of coffee mucilage
using Bacillus coagulans and investigation of down-stream processing

6196

of fermentation broth for optically pure 1(+)-lactic acid production.
Bioresour. Technol. 2016, 211, 398—405.

(68) Aljundi, I. H.; Belovich, J. M.; Talu, O. Adsorption of lactic acid
from fermentation broth and aqueous solutions on Zeolite molecular
sieves. Chem. Eng. Sci. 2008, 60 (18), 5004—5009.

(69) Bayazit, S. a. S.; Indi, Is.; Usly, H. Adsorption of Lactic Acid
from Model Fermentation Broth onto Activated Carbon and
Amberlite IRA-67. J. Chem. Eng. Data 2011, 56 (5), 1751—1754.

(70) Gonzélez, M. L; 4lvarez, S.; Riera, F. A.; dlvarez, R. Purification
of Lactic Acid from Fermentation Broths by Ion-Exchange Resins.
Ind. Eng. Chem. Res. 2006, 45 (9), 3243—3247.

(71) Garrett, B. G.; Srinivas, K; Ahring, B. K. Performance and
stability of Amberlite IRA-67 ion exchange resin for product
extraction and pH control during homolactic fermentation of corn
stover sugars. Biochem. Eng. J. 2015, 94, 1-8.

(72) Bouchoux, A.; Roux-de Balmann, H.; Lutin, F. Investigation of
nanofiltration as a purification step for lactic acid production
processes based on conventional and bipolar electrodialysis
operations. Sep. Purif. Technol. 2006, 52 (2), 266—273.

(73) Vink, E. T. H.; Davies, S.; Kolstad, J. J. The eco-profile for
current Ingeo polylactide production. Ind. Biotechnol. 2010, 6 (4),
212-224.

(74) Adom, F. K; Dunn, J. B. Life cycle analysis of corn-stover-
derived polymer-grade l-lactic acid and ethyl lactate: greenhouse gas
emissions and fossil energy consumption. Biofuels, Bioprod. Biorefin.
2017, 11 (2), 258—268.

(75) Munagala, M.; Shastri, Y.; Nalawade, K.; Konde, K; Patil, S.
Life cycle and economic assessment of sugarcane bagasse valorization
to lactic acid. Waste Manage. 2021, 126, 52—64.

(76) Prado-Rubio, O. A.; Gasca-Gonzdlez, R; Fontalvo, J.; Gémez-
Castro, F. L; Pérez-Cisneros, E. S.; Morales-Rodriguez, R. Design and
evaluation of intensified downstream technologies towards feasible
lactic acid bioproduction. Chem. Eng. Process. Process Intensif. 2020,
158, No. 108.

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/acssuschemeng.4c10527
ACS Sustainable Chem. Eng. 2025, 13, 6186—6196


https://doi.org/10.1016/j.scitotenv.2023.167051
https://doi.org/10.1016/j.scitotenv.2023.167051
https://doi.org/10.1016/j.scitotenv.2023.167051
https://doi.org/10.1186/1754-6834-6-51
https://doi.org/10.1186/1754-6834-6-51
https://doi.org/10.1186/1754-6834-6-51?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1089/ind.2015.0003
https://doi.org/10.1089/ind.2015.0003
https://doi.org/10.1021/acssuschemeng.0c08055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c08055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.epa.gov/ghgemissions/
https://www.epa.gov/ghgemissions/
https://doi.org/10.1016/j.bej.2019.01.011
https://doi.org/10.1016/j.bej.2019.01.011
https://doi.org/10.1016/j.bej.2019.01.011
https://doi.org/10.2172/15001119
https://doi.org/10.2172/15001119
https://doi.org/10.2172/15001119
https://doi.org/10.2172/15001119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bej.2015.10.021
https://doi.org/10.1016/j.bej.2015.10.021
https://doi.org/10.1016/j.bej.2015.10.021
https://doi.org/10.1016/j.bej.2015.12.004
https://doi.org/10.1016/j.bej.2015.12.004
https://doi.org/10.1016/j.bej.2015.12.004
https://doi.org/10.1016/j.bej.2023.109111
https://doi.org/10.1016/j.bej.2023.109111
https://doi.org/10.1016/j.bej.2023.109111
https://www.swoils.cn/shebei/70.html
https://www.swoils.cn/shebei/70.html
http://www.cndaemon.cn/Products-806239.html
http://www.cndaemon.cn/Products-806239.html
https://www.txzyjx.com/pro/936202471359455232.html
https://doi.org/10.1016/j.biotechadv.2014.04.002
https://doi.org/10.1016/j.biotechadv.2014.04.002
https://doi.org/10.1016/j.procbio.2021.03.011
https://doi.org/10.1016/j.procbio.2021.03.011
https://doi.org/10.1002/jctb.1603
https://doi.org/10.1002/jctb.1603
https://doi.org/10.1002/jctb.1603
https://doi.org/10.1016/j.biombioe.2008.04.010
https://doi.org/10.1016/j.biombioe.2008.04.010
https://doi.org/10.1016/j.biombioe.2008.04.010
https://doi.org/10.1021/ie303192x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie303192x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie303192x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op800312k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op800312k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fbp.2016.04.005
https://doi.org/10.1016/j.fbp.2016.04.005
https://doi.org/10.1016/j.procbio.2005.06.015
https://doi.org/10.1016/j.procbio.2005.06.015
https://doi.org/10.1016/j.procbio.2005.06.015
https://doi.org/10.1016/j.biortech.2016.03.122
https://doi.org/10.1016/j.biortech.2016.03.122
https://doi.org/10.1016/j.biortech.2016.03.122
https://doi.org/10.1016/j.ces.2005.04.034
https://doi.org/10.1016/j.ces.2005.04.034
https://doi.org/10.1016/j.ces.2005.04.034
https://doi.org/10.1021/je1006345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je1006345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je1006345?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie051263a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie051263a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bej.2014.11.004
https://doi.org/10.1016/j.bej.2014.11.004
https://doi.org/10.1016/j.bej.2014.11.004
https://doi.org/10.1016/j.bej.2014.11.004
https://doi.org/10.1016/j.seppur.2006.05.011
https://doi.org/10.1016/j.seppur.2006.05.011
https://doi.org/10.1016/j.seppur.2006.05.011
https://doi.org/10.1016/j.seppur.2006.05.011
https://doi.org/10.1089/ind.2010.6.212
https://doi.org/10.1089/ind.2010.6.212
https://doi.org/10.1002/bbb.1734
https://doi.org/10.1002/bbb.1734
https://doi.org/10.1002/bbb.1734
https://doi.org/10.1016/j.wasman.2021.02.052
https://doi.org/10.1016/j.wasman.2021.02.052
https://doi.org/10.1016/j.cep.2020.108174
https://doi.org/10.1016/j.cep.2020.108174
https://doi.org/10.1016/j.cep.2020.108174
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c10527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

