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ABSTRACT: Levulinic acid, a versatile platform chemical from renewable lignocellulose, can be used for the production of
fuels, solvents, and pharmaceuticals. The complex chemical bonds of lignocellulose necessitate reaction conditions at high acid
loading, low lignocellulose loading, and high temperature and/or pressure. These harsh reaction conditions degrade the
intermediates (5-hydroxymethylfurfural (HMF) and glucose), resulting in a low yield of levulinic acid. Here, we show that
combined lignocellulose dissolution in ionic liquids (1-ethyl-3-methylimidazolium chloride) and acid hydrolysis by HCl enables
the conversion of hemp hurds to a high yield of levulinic acid (59%) in one pot under a mild reaction condition (120 °C and
atmospheric pressure) without additional acid catalysts. The presence of HCl (Brønsted acid) catalyzed cellulose hydrolysis,
glucose dehydration, and HMF rehydration in ionic liquid. The addition of Lewis acid catalysts (CrCl3, AlCl3, ZrCl4, and SnCl4)
was not necessary. Compared with conventional processes for levulinic acid production, our approach has additional key
advantages such as high solid loading (17.5 wt %) and no need to separate intermediate products (glucose and HMF).
Furthermore, the incorporation of a lignocellulose dissolution step in ionic liquids makes this one-pot strategy customizable for
diﬀerent types of lignocellulose.

1. INTRODUCTION
CO2 accounts for ∼65% of the greenhouse gases that
contribute to global warming and climate change.1−3 Moreover, ∼76% of CO2 is generated from processing fossil fuels for
transportation (estimated in 2016).4 Production of biofuels
and bioproducts from renewable lignocellulose can potentially
reduce greenhouse gas emissions and mitigate global warming.
Most current eﬀorts in lignocellulose conversion have focused
on eﬃcient sugar release for biofuels (bioethanol) production.
Biofuels can be produced in high volume, but they have low
value. The ability to upgrade sugars to high-value bioproducts
will facilitate the commercialization of bioreﬁneries and bring
the world closer to a sustainable future.
Sugars from lignocellulose can be upgraded to useful
compounds such as 5-hydroxymethylfurfural (HMF), levulinic
acid, and γ-valerolactone.5−10 Levulinic acid has been in the
spotlight because of its versatile uses in fuels, fuel additives,
food additives, solvents, and pharmaceuticals.11,12 Levulinic
acid can be produced from cellulose by a cascade of reactions:
(1) cellulose hydrolysis to glucose; (2) glucose conversion to
HMF; and (3) HMF rehydration to levulinic acid (Figure 1).
There are two possible pathways for glucose conversion to
HMF: (path 1) direct glucose dehydration to HMF13,14 and
(path 2) isomerization of glucose to fructose, followed by the
subsequent fructose dehydration to HMF.7,15,16 These reaction
© XXXX American Chemical Society

steps appear simple, but a major challenge is the eﬃciency of
glucose release from the lignocellulose structure.
Because of the highly ordered hydrogen bonds of crystalline
cellulose and the covalent bonds between lignin and
carbohydrates, the so-called lignin−carbohydrate complex
(LCC) bonds, harsh conditions/chemicals are often used to
pretreat and/or fractionate lignocellulosic components.17,18
High temperature (i.e., 190−270 °C) and pressure (i.e., 650−
750 psi) have been applied to deconstruct the LCC bonds that
cause lignin condensation.19−21 These harsh conditions come
with high processing costs, and they also cause glucose
degradation and condensation of lignin.22−25 To shift from
fossil fuels to more sustainable and economically viable
resources, we cannot aﬀord to let any part of lignocellulose
remain unused. Thus, the ability to preserve the chemical
structure of lignin will revolutionize bioreﬁneries.
Hemp hurd is an underutilized by-product from processing
industrial hemp stalks and stems. Hemp cultivation in the US
was reported over 510 000 acres in 2019, ∼455% increase from
2018.26 This rapid growth in hemp cultivation is because of the
new discovery of hemp products and their applications. Each
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Figure 1. Reaction cascade for the formation of levulinic acid from lignocellulose. Cellulose undergoes hydrolysis to glucose (reaction 1), glucose
dehydration to HMF (reaction 2), and HMF rehydration to levulinic acid (reaction 3). BA = Brønsted acid; LA = Lewis acid.

acre of hemp cultivation generates ∼5−10 tons of (dried)
hemp hurd.27 With an increase in hemp cultivation and
discovery of hemp products, a large amount of hemp hurd will
become available. Currently, hemp hurd is used in low-value
applications, such as animal bedding, because of its good
absorbency and lightweight.28 Moreover, a large amount of
hemp hurd ends up in landﬁlls or being combusted to provide
heat. The ability to use hemp hurd for high-value applications
will bring considerable economic beneﬁts to hemp growers and
bioreﬁneries. However, important knowledge of hemp hurd
conversion pathways is lacking because industrial hemp
research is encumbered by legal issues and the misconception
that hemp and marijuana are the same plants.29
Lignocellulose dissolution in ionic liquids (ILs) (e.g., 1butyl-3-methylimidazolium chloride ([C4C1im]Cl), 1-ethyl-3methylimidazolium chloride ([C2C1im]Cl), and 1-ethyl-3methylimidazolium acetate ([C2C1im]OAc)) is an eﬀective
means to process lignocellulose. We have shown that the acid
hydrolysis of lignocellulose in ILs eﬃciently releases sugars in
one pot in a mild dissolution reaction (120−160 °C and
atmospheric pressure).30,31 However, the utility of this process
for levulinic acid formation was not well understood. The
primary objective of this study was to obtain an understanding
of how acid hydrolysis of hemp hurd in IL aﬀects glucose yield
and how the resulting glucose is further converted to levulinic
acid. In IL [C2C1im]Cl, we found that the glucose yield was
more sensitive to changes in dissolution temperature and time
compared with changes in acid hydrolysis condition. The
resulting glucose in the hydrolysate soup underwent
dehydration/rehydration, forming 47% levulinic acid yield
under a mild reaction condition (120 °C and atmospheric
pressure) in one pot without additional catalysts.

were determined by the laboratory analytical procedures (LAPs)
oﬀered by the National Renewable Energy Laboratory (NREL) as
described elsewhere.32,33 All resulting monomeric sugars were
analyzed by high-performance liquid chromatography (HPLC, Agilent
Technology, Santa Clara, CA) equipped with a refractive index
detector (RID) and diode array detector (DAD). The Aminex HPX87H column (300 × 7.8 mm2, Bio-Rad, Hercules, CA) was used to
separate monomeric sugars at 60 °C with 0.6 mL/min of 4 mmol/L
H2SO4 as a mobile phase. Monomeric sugars were calibrated against
certiﬁed standards (Absolute Standards Inc., Hamden, CT).
Concentrations of monomeric sugars were determined by the peak
area from the RID signals (HMF and furfural were determined by
DAD signals at 280 nm). We expressed the concentrations of
resulting monomeric sugars (glucose, xylose, and arabinose) to
polymeric sugars (glucan, xylan, and arabinan) using an anhydro
correction factor of 0.88 (from 132 to 150) for C-5 sugars (xylose and
arabinose) and 0.90 (from 162 to 180) for C-6 sugars (glucose).32
2.3. Acid Hydrolysis of Hemp Hurd in IL [C2C1im]Cl and
Reaction Product Determination. Hemp hurd dissolution was
performed by mixing 2 mm-hemp hurds (17.5 wt %) with IL
[C2C1im]Cl in a glass pressure tube (Ace Glass Inc.). The reaction
mixture was investigated at various dissolution temperatures (140−
200 °C) and times (1−6 h). To understand the eﬀect of dissolution
temperature on glucan conversion and glucose yield, the dissolution
time was kept constant at 2 h, unless otherwise noted. After the
dissolution of hemp hurd, the slurries were cooled to desired
temperatures and equilibrated for 15 min prior to acid hydrolysis.
Acid hydrolysis of hemp hurd slurries was performed as described
with some modiﬁcations.17,30 Figure S1 shows the acid concentration
and temperature proﬁles of the dissolution-enhanced acid hydrolysis
process. In short, the slurries were hydrolyzed by adding dilute HCl
(4 mol/L) at various temperatures (95−125 °C) and for various
times (1−6 h). We selected HCl as the acid catalyst to avoid anion
exchange with the IL [C2C1im]Cl. In all experiments, the ratio of acid
to feedstock (HCl to lignocellulose) was 0.10, g HCl/g lignocellulose.
After dissolution and 15 min equilibration, HCl was added to the
slurry to initiate acid hydrolysis of the cellulose. After 10 min,
deionized water was ﬁrst added to obtain a concentration of 1.06 g
H2O/g lignocellulose. After 15 min, a syringe pump was used to
progressively add additional water to dilute the acid concentration
during the course of 45 min (ﬁnal water concentration = 4.48 g H2O/
g lignocellulose) to minimize sugar degradation. This progressive
addition of water also slowed the formation of HMF and minimized
the formation of undesirable humin polymers.34 Water interacts with
acidic protons more strongly than it interacts with the 2-OH of
glucose, thereby slowing the formation of HMF. The formation of
humin proceeds by the condensation of HMF with glucose. With less
HMF formation from the progressive addition of water, the humin
formation is minimized. Acid hydrolysis of the slurry continued for
various times (1−6 h) and was quenched in an ice bath. The slurry
was centrifuged and ﬁltered to separate the liquid and residual solid
material. The liquid sample was analyzed by HPLC to quantify the

2. MATERIALS AND METHODS
2.1. Materials. Hemp stalks and stems were provided by Green
Remedy, Inc. (Louisville, KY). They were processed in a Vitamix
blender (Cleveland, OH). Processed hemp hurd was sieved to ∼1−2
mm (18−10 mesh), separated and used for all experiments. These
hemp hurd samples were designated as 2 mm-hemp hurd and used
throughout the study. The 1-ethyl-3-methylimidazolium chloride
([C2C1im]Cl), hydrochloric acid (HCl), sulfuric acid (H2SO4), and
Beechwood xylan were purchased from Sigma-Aldrich (St. Louis,
MO).
2.2. Compositional Analysis of Hemp Hurd and Reaction
Product Determination. Hemp hurd, a type of lignocellulosic
biomass, contains glucans (mostly cellulose), hemicelluloses, and
lignin. The compositions of untreated hemp hurd, regenerated hemp
hurd, and residual solids after dissolution-enhanced acid hydrolysis
B
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Figure 2. Eﬀect of dissolution conditions on glucan conversion and glucose yield. (A) Temperature and (B) Time. Eﬀect of acid hydrolysis
conditions on glucan conversion and glucose yield. (C) Temperature and (D) Time.
yields of glucan (glucose equivalent) and other reaction products
(e.g., 5-hydroxymethylfurfural (HMF) and levulinic acid).
The residual solid material was washed with 50 mL of deionized
water to remove soluble sugars and residual IL [C2C1im]Cl prior to
freeze-drying overnight. The composition of the residual solid
material was used to construct the mass balance. The concentrations
of reaction products were determined by HPLC equipped with RID
and DAD. The peak areas from the RID and DAD signals were used
to determine concentrations of corresponding monomeric sugars and
reaction products. All experiments and analyses were performed in
triplicate and the standard deviation was less than 15%. Glucan
conversion and product yields (% of theoretical maximum) were
calculated based on the basis of initial glucan content in hemp hurd as
follows

glucan conversion (%) =

product yield (%) =

IL [C2C1im]Cl and (2) glucose dehydration and HMF rehydration.
The mass balance was constructed on the basis of 100 kg dried hemp
hurd in all liquids and solid streams. The detailed procedure is shown
in the Supporting Information.

3. RESULTS AND DISCUSSION
In this study, we ﬁrst performed acid hydrolysis of hemp hurd
in IL [C2C1im]Cl and varied the temperature and time to
study the eﬀects of reaction conditions on glucose yield in the
hydrolysis soup. The IL [C2C1im]Cl was chosen because its Cl
anions form hydrogen bonds with hydrogen atoms of hydroxyl
groups, enhancing the cellulose dissolution.35 The resulting
glucose in the hydrolysis soup underwent dehydration and
rehydration to form levulinic acid. The amounts of resulting
glucose, HMF, levulinic acid, and lignin were used to construct
the mass balance to understand how acid hydrolysis in IL
aﬀected sugar yield, levulinic acid formation, and lignin.
3.1. Eﬀect of Temperature/Time on Sugar Release
During Acid Hydrolysis of Hemp Hurd in IL [C2C1im]Cl.
To examine the eﬀect of IL dissolution and acid hydrolysis
conditions on glucose yield, we systematically varied the
reaction temperature and time for IL dissolution and acid
hydrolysis, while maintaining 17.5 wt % solid loading of hemp
hurd.

mole of glucan converted
× 100%
mole of glucaninitial

mole of product generated
× 100%
mole of glucaninitial

2.4. Mass Balance of the Acid-Catalyzed Conversion of
Hemp Hurd to Levulinic Acid in IL [C2C1im]Cl. The optimal
condition for acid-catalyzed conversion of hemp hurd to levulinic acid
was used to construct the mass balance of this proposed process to
elucidate changes in reaction products from diﬀerent processing
streams. This process consisted of (1) acid hydrolysis of hemp hurd in
C
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3.1.1. Eﬀect of IL Dissolution. By increasing the dissolution
temperature and time, we found a maximum glucose yield at
170 °C and 1.5 h (Figure 2A,B). A further increase in the
dissolution temperature or time caused the glucose yield to
drop to 0%, indicating that glucose was degraded to undesired
humins. An increase in the dissolution temperature and/or
time promotes the interaction of the chloride anions and
[C2C1im]+ cations (in IL [C2C1im]Cl) with the inter-/
intramolecular hydrogen-bonding networks of cellulose
chains.35,36 These interactions disrupt the hydrogen-bonding
networks of cellulose, resulting in a low degree of polymerization (DP) compounds, including cellobiose, cellobiosan,
glucose, levoglucosan, and 5-hydroxymethylfurfural
(HMF).37−39 These sugar oligomers are more accessible to
acidic protons during acid hydrolysis, resulting in the cleavage
of β-1,4-glycosidic bonds and high sugar yields.40−43 However,
increasing dissolution temperature or time promoted side
reactions, resulting in over-hydrolysis of glucose oligomers to
undesired humin.40,41 These behaviors were consistent with
previous studies that showed decreased cellulose DP with
increasing dissolution time in chloride-based ILs, such as 1ethylpyridinium chloride ([C2Py]Cl), 1-butyl-3-methylpyridinium chloride, 1-butyl-3-methylimidazolium chloride
([C4C1im]Cl), and 1-ethyl-3-methylimidazolium chloride
([C2C1im]Cl).18,40,42,44−49 These ILs dissolve cellulose and
simultaneously depolymerize the dissolved cellulose to low
degree of polymerization (DP) compounds.46−49 Ohno et al.46
found that dissolving cellulose in IL [C2C1im]Cl at elevated
temperatures and/or longer dissolution times caused these
low-DP compounds to polymerize with IL. Miyata et al.49 also
found that cellulose was dissolved at 120 °C and depolymerized in [C2Py]Cl at a prolonged reaction time, but not in
[C2Py]Br and [C2Py]I. They also observed the polymerization
between IL and low-DP compounds. These results suggested
the importance of the IL with chloride anions in dissolution
and the depolymerization of dissolved cellulose.
3.1.2. Eﬀect of Acid Hydrolysis. The eﬀects of temperature
or time during acid hydrolysis were less pronounced compared
with their eﬀects during IL dissolution under our experimental
condition. We observed a maximal glucose yield of 64% at the
acid hydrolysis temperature of 105 °C. The progressive
increase in reaction temperature resulted in a 34% decrease
in glucose at 125 °C, but the HMF yield never exceeded 10%
(Figure 2C,D). These results suggested the formation of
humin at the acid hydrolysis temperature. An increase in the
acid hydrolysis time increased the glucose yield to a maximum
of 80% after 6 h. The experimental condition at 95 °C resulted
in a complete glucan conversion. The progressive increase in
glucose yield during 6 h of acid hydrolysis suggested that
dissolved cellulose was hydrolyzed to glucose oligomers during
IL dissolution. The resulting glucose oligomers were hydrolyzed to glucose during acid hydrolysis. These results suggested
that (1) glucan polymers of hemp hurd were weakly
hydrolyzed to glucose oligomers during dissolution in IL
[C2C1im]Cl and (2) the resulting glucose oligomers were
hydrolyzed to glucose during acid hydrolysis. The sugar yields
were more sensitive to changes in dissolution temperature and
time compared with changes in acid hydrolysis conditions. As
described next, the resulting glucose in the hydrolysis soup was
converted to levulinic acid.
3.2. Levulinic Acid Formation from the Resulting
Hydrolysis Soup. To produce levulinic acid, the resulting
glucose in the hydrolysis soup underwent dehydration to

HMF, and HMF was subsequently rehydrated to levulinic acid.
Typically, both Lewis and Brønsted acid sites are needed to
maximize the selectivity of levulinic acid. It is commonly
accepted that Lewis acid sites are used for glucose isomerization. Brønsted acid sites are needed for glucose dehydration
to HMF and HMF rehydration to levulinic acid.15,50,51
Previous studies have shown that the combination of Lewis
acid and Brønsted acid catalysts enables the glucose conversion
to levulinic acid in one pot. Because our hydrolysis soup
contained dilute HCl (0.25 mol/L, 0.9 wt %), we speculated
that adding Lewis acids in the hydrolysis soup would enable
eﬃcient levulinic acid formation in one pot by promoting
glucose isomerization to fructose. The resulting fructose would
undergo dehydration to HMF and rehydration to levulinic
acid.
To investigate a possible synergistic eﬀect of Brønsted and
Lewis acids for levulinic acid formation, we added selected
Lewis acid catalysts, CrCl3, AlCl3, ZrCl4, and SnCl4, to our
hydrolysis soup. The added Lewis acid catalysts were chosen
based on their high performance in glucose dehydration.51−55
The dilute HCl in the hydrolysis soup acted as a Brønsted acid
catalyst. Heating our hydrolysis soup at 120 °C for 2 h resulted
in 28% HMF and 13% levulinic acid selectivities at 44% glucan
conversion (Figure 3). We did not observe fructose as a

Figure 3. Eﬀect of Lewis and/or Brønsted acid on levulinic acid
selectivity of the hydrolysis soup. Reaction condition: 10% catalyst
loading at 120 °C for 2 h.

product. Moreover, added Lewis acid catalysts had little to no
eﬀect on glucan conversion and selectivities toward HMF and
levulinic acid. These results suggested that the HCl catalyzed
both glucose dehydration and HMF rehydration and that
Lewis acid catalysts were not necessary for levulinic acid
formation. Consistent with our observation, other investigators
have found that the presence of inorganic acid alone (i.e.,
H2SO4) at elevated temperatures (170−220 °C) in aqueous
media was suﬃcient to catalyze both glucose dehydration and
HMF rehydration.56−60 The inactivity of Lewis acid catalysts
to catalyze glucose isomerization in our hydrolysis soup may
have been due to water and inhibitors in the hydrolysate.
Previous studies achieved a high levulinic acid yield of 46% at
140 °C after 6 h.15 However, one must strike a balance
between Brønsted-to-Lewis acid sites to provide the synergistic
eﬀects between glucose isomerization, fructose dehydration,
and HMF rehydration because excess Lewis acid catalysts can
also promote undesired side reactions (e.g., humin formation).50,51
D
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Figure 4. Evolution of levulinic acid as a function of reaction time at 120 °C. The hydrolysis soup was obtained from acid hydrolysis of hemp hurd
in IL [C2C1im]Cl using the IL dissolution at 170 °C and 1.5 h and the acid hydrolysis at 95 °C for 6 h.

Figure 5. Mass balance of levulinic acid formation from hemp hurd in IL [C2C1im]Cl showed 47% levulinic acid yield. Basis: 100 kg hemp hurd.

3.3. Mass Balance of the One-Pot, Two-Step Process
to Produce Levulinic Acid from Hemp Hurd in IL
[C2C1im]Cl. Wide interest in using industrial hemp for various
applications has led to the realization of using hemp hurd as a
co-product. As a result, several processes have been developed
to release sugars from hemp hurd because resulting sugars are
building blocks for the production of biofuels and bioproducts.
To assess the economic feasibility of levulinic acid formation
from acid hydrolysis of hemp hurd in IL [C2C1im]Cl, we
constructed and calculated its mass balance based on the
optimal process condition (see Supporting Information). Acid
hydrolysis in IL [C2C1im]Cl produced ∼43.4 kg reducing
sugars (78% reducing sugar yield), corresponding to 30.3 kg
glucose (81% glucose yield), 12.7 kg xylose (72% xylose yield),
and 0.3 kg arabinose (43% arabinose yield) on the basis of 100
kg hemp hurd (stream 4, Figure 5). Moreover, the residual
solid after acid hydrolysis was lignin-rich (66 wt % lignin,
stream 3, Figure 5). The resulting hydrolysis soup underwent
dehydration/rehydration and formed 11.5 kg levulinic acid
(stream 5, Figure 5), corresponding to 47% levulinic acid yield.
Hence, we compared our results with levulinic acid formation
processes that used other feedstock types (Table 1).
The Bioﬁne process, the commercial process for levulinic
acid production, uses two-staged dilute sulfuric acid (1.5−3.0
wt %).66 This process gives a high levulinic acid yield (69%) in
short reaction time. However, the Bioﬁne process requires
costly high reaction temperature and pressure (stage 1: 210−

The humin formation is common in processing lignocellulose under acidic conditions. Humins occur from various
reaction pathways, including condensation of furan and ligninderived compounds,61,62 polymerization of furans from sugar
dehydration (HMF and furfural),63 acid-catalyzed conversion
of glucose, fructose, and furans.64 van Zandvoort et al. studied
sugar conversion to furans and levulinic acid in dilute H2SO4
(0.01−0.1 mol/L) at 140−220 °C. The structure of humins
varied, depending on the type of sugars. Consistent with our
ﬁndings, they revealed that the yields of levulinic acid and
humin were strongly dependent on the acid concentration,
reaction conditions, and type of feedstock.62 Hence, the acid
concentration and reaction conditions in our process should be
optimized to minimize the humin formation, thereby
increasing the levulinic acid yield.
Further tests of heating the hydrolysis soup over time
showed increasing glucan conversion and levulinic acid yield.
We reached a complete glucan conversion and the maximum
levulinic acid yield of 47% (59% levulinic acid yield based on
the resulting glucose after acid hydrolysis of hemp hurd in IL
[C2C1im]Cl) at 120 °C after 12 h (Figure 4). The change in
HMF yield was low (<10%). To the best of our knowledge, we
are the ﬁrst to achieve a high 47% yield of levulinic acid from
hemp hurd with a mild reaction condition (120 °C after 12 h).
Moreover, we have elucidated the advantage of IL dissolution
in the formation of levulinic acid in a mild condition.
E
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220 °C, 25 bar and stage 2: 190−200 °C, 14 bar), and it uses a
low loading of lignocellulose (∼1.5−2.0 wt %), which yields a
low titer of product.67,68 Similarly, other investigators have
reported hydrothermal conversion processes using dilute HCl
and H2SO4 and produced relatively high yields of levulinic acid
(∼46−69%) from lignocellulose. Although these processes
gave attractive yields, they used high temperatures (175−220
°C), high acid concentrations (3.5−10 wt %), and low
lignocellulose loading (6−10 wt %), contributing to the capital
expenditure (CAPEX) and operational expenditure (OPEX) of
the process. Consistent with our results (Figure 3), these
studies conﬁrmed that the addition of Lewis acid catalysts did
not improve the yield of levulinic acid.
Our one-pot, two-step levulinic acid formation system that
used acid hydrolysis of hemp hurd in IL [C2C1im]Cl gave 59%
levulinic acid yield (based on the resulting glucan content after
acid hydrolysis of hemp hurd in IL [C2C1im]Cl). This yield
should be improved to make it competitive with other
processes.65,66 However, our process has three key advantages
that already make it competitive. First, the IL dissolution step
enabled the use of a low acid concentration (0.9 wt % HCl)
and a mild reaction condition (step 1: 120−170 °C, 1.5 h,
atmospheric pressure and step 2: 120 °C, 15 h, Figure 5),
which makes our process less energy-intensive compared with
other processes. Second, we used a high lignocellulose loading
of 17.5 wt %. As indicated earlier, most levulinic acid
production processes use a low solid loading (<10 wt %) to
facilitate the rate of the reaction and increase the yield of
desired products. However, low biomass loading leads to a low
titer and high production cost of desired products (e.g.,
levulinic acid).69 High biomass loading (>15 wt %) is desired
to ensure the economic viability of the bioreﬁnery, but it
causes high viscosity during processing, requiring additional
power for mixing.70 Moreover, at a high biomass loading,
severe processing conditions (high temperature, pressure, and
longtime) are required, leading to undesired side reactions,
high processing cost, and low product yields.70 Third, we
performed acid hydrolysis in IL and dehydration/rehydration
in one pot, eliminating extra unit operations to separate
glucose and HMF intermediates. The ability of our process to
operate at high biomass loading of 17.5 wt % and with a mild
reaction condition, while maintaining the high yield of levulinic
acid, shows a great potential to reduce capital and operational
expenditures.
The levulinic acid titer is an important scaling indicator and
economic factor of the process because the high titer makes
downstream product puriﬁcation less complex.71 The levulinic
acid titer ranged from 3.6 to 24.1 g/L (Table 1) (see
Supporting Information). Although the acid-catalyzed conversion of poplar, cedar, and starch result in the high levulinic
acid titer of 17.5−24.1 g/L, the tradeoﬀ is that they use harsh
reaction conditions as shown at a high temperature (190−220
°C).57−59 The Bioﬁne process gave a low levulinic acid titer of
3.6 g/L because of a low solid loading in the process.65 Our
one-pot, two-step levulinic acid formation system gave a
relatively high titer of ∼12.1 g/L. Although our process
performed at a high solid loading of 17.5 wt %, hemp hurd had
∼34% glucan content, resulting in a slightly lower levulinic acid
titer compared with other processes.
Our process produced levulinic acid and formic acid in IL
[C2C1im]Cl. The separation of levulinic and formic acids from
the product stream and the recycle of ionic liquids should be
considered to make this process economical. Several

a
T = temperature and t = time. bCalculated from the initial glucan content in lignocellulose. cCalculated by using the ﬁnal concentration of levulinic acid (g/L) in the product stream (see Supporting
Information). dBased on the resulting glucan content (glucose equivalent) in the liquid after acid hydrolysis of hemp hurd in IL [C2C1im]Cl. eCalculated using 1.5 wt % solid loading and 69% LA yield
(see Supporting Information).

60
65
53
69−70

Wheat straw, <0.5 mm
Poplar wood
Pulverized cedar
whole kernel grain sorghum,
starch < 0.84 mm
water hyacinth, <0.5 mm
paper sludge

[H2SO4] = 10 wt %, T = 175 °C, t = 4 h, solid loading = 5.0 wt %, glucan = 18 wt %, in water
[H2SO4] = 1.5−3.0 wt %, stage 1, T = 210−220 °C, 15 bar, t = 12 s, stage 2, T = 190−200 °C, 14 bar, t = 20 min, solid loading = 1.5−2.0 wt %, glucan = 48 wt %, in water

6.8
3.6e

56
57
58
59
12.8
17.5
23.6
24.1

this study
12.1

47
(59%d)
69
60
65
46
[HCl] = 0.9 wt %, IL dissolution, T = 140−170 °C, 60−90 min, 1 atm acid hydrolysis, T = 95−105 °C, 1−6 h, 1 atm, dehydration and rehydration,
T = 120°C, 12 h, solid loading = 17.5 wt %, glucan = 34 wt %, In [C2C1im]Cl
[H2SO4] = 3.5 wt %, T = 210 °C, t = 38 min, solid loading = 6.0 wt %, glucan = 40 wt %, in water
[H2SO4] = 5 wt %, T = 190 °C, t = 50 min, solid loading = 9.1 wt %, glucan = 41 wt %, in water
[H2SO4] = 5 wt %, T = 220 °C, t = 2 h, solid loading = 10.0 wt %, glucan = 46 wt %, In [C2C2im]P
[H2SO4] = 8 wt %, T = 200 °C, t = 30 min, solid loading = 10.0 wt %, glucan = 73 wt % (from starch), in water
Hemp hurd, 1−2 mm

titer
(g/L)c
reaction conditiona

yield
(mol %)b
feedstock type

Table 1. Direct Formation of Levulinic Acid by Acid Conversion from Various Feedstocks
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technologies show potential in separating levulinic acid and
formic acid from the product stream, such as liquid−liquid
extraction,72,73 solid−liquid extraction,74 gas stripping, and
distillation.75 For example, Nhien et al. used methyl isobutyl
ketone (MIBK) to selectively extract levulinic acid from other
products in the process.72 Several techniques, such as
distillation,76,77 extraction,30,78 and membrane-based methods,79,80 show potential in recycling ionic liquids. Sathitsuksanoh et al. used octanol to purify and reused the IL
[C2C1im]OAc for biomass processing.81 Both IL [C2C1im]OAc and octanol were reused three times without a drop in
biomass processing eﬃciency. The development of the largescale recycling process, techno-economic analysis (TEA)
model, and life cycle analysis (LCA) of this process are
underway. In sum, our one-pot, two-step levulinic acid
formation system operates under a mild reaction condition
and eliminates the separation of intermediate products,
reducing the operating cost for bioreﬁneries. These reasons
make this system an attractive approach for practical
applications.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03134.

■

REFERENCES

(1) Zeke, H. State of the climate: 2018 set to be fourth warmest year
despite cooler start. https://www.carbonbrief.org/state-of-theclimate-2018-set-to-be-fourth-warmest-year-despite-cooler-start (accessed July 19, 2019).
(2) Fathead Minnow Hazardous Waste Screen Bioassay, Contract
Report No. 1219186; BC Laboratories Inc: Bekrsﬁeld, CA.
(3) Edenhofer, O. Climate change 2014: Mitigation of Climate
Change; Cambridge University Press, 2014; Vol. 3.
(4) Agency, U. S. E. P. Inventory of U.S. Greenhouse Gas Emissions
and Sinks: 1990-2015. https://www.epa.gov/ghgemissions/inventoryus-greenhouse-gas-emissions-and-sinks-1990-2015 (accessed Aug 1,
2019).
(5) Xu, H.; Hu, D.; Yi, Z.; Wu, Z.; Zhang, M.; Yan, K. Solvent
Tuning the Selective Hydrogenation of Levulinic Acid into Biofuels
over Ni-Metal Organic Framework-Derived Catalyst. ACS Appl.
Energy Mater. 2019, 2, 6979−6983.
(6) Yi, Z.; Hu, D.; Xu, H.; Wu, Z.; Zhang, M.; Yan, K. Metal
regulating the highly selective synthesis of gamma-valerolactone and
valeric biofuels from biomass-derived levulinic acid. Fuel 2020, 259,
No. 116208.
(7) Zhao, H.; Holladay, J. E.; Brown, H.; Zhang, Z. C. Metal
chlorides in ionic liquid solvents convert sugars to 5-hydroxymethylfurfural. Science 2007, 316, 1597−1600.
(8) Binder, J. B.; Cefali, A. V.; Blank, J. J.; Raines, R. T. Mechanistic
insights on the conversion of sugars into 5-hydroxymethylfurfural.
Energy Environ. Sci. 2010, 3, 765−771.
(9) Motagamwala, A. H.; Huang, K.; Maravelias, C. T.; Dumesic, J.
A. Solvent system for effective near-term production of hydroxymethylfurfural (HMF) with potential for long-term process improvement. Energy Environ. Sci. 2019, 12, 2212−2222.
(10) Kang, S.; Fu, J.; Zhou, N.; Liu, R.; Peng, Z.; Xu, Y.
Concentrated levulinic acid production from sugar cane molasses.
Energy Fuels 2018, 32, 3526−3531.
(11) Morone, A.; Apte, M.; Pandey, R. A. Levulinic acid production
from renewable waste resources: Bottlenecks, potential remedies,
advancements and applications. Renewable Sustainable Energy Rev.
2015, 51, 548−565.
(12) Bozell, J. J.; Moens, L.; Elliott, D. C.; Wang, Y.;
Neuenscwander, G. G.; Fitzpatrick, S. W.; Bilski, R. J.; Jarnefeld, J.
L. Production of levulinic acid and use as a platform chemical for
derived products. Resour., Conserv. Recycl. 2000, 28, 227−239.
(13) Li, G.; Pidko, E.; Hensen, E.; Nakajima, K. A Density
Functional Theory Study of the Mechanism of Direct Glucose
Dehydration to 5-Hydroxymethylfurfural on Anatase Titania.
ChemCatChem 2018, 10, 4084−4089.
(14) Xin, H.; Zhang, T.; Li, W.; Su, M.; Li, S.; Shao, Q.; Ma, L.
Dehydration of glucose to 5-hydroxymethylfurfural and 5-ethoxymethylfurfural by combining Lewis and Brønsted acid. RSC Adv. 2017, 7,
41546−41551.
(15) Choudhary, V.; Mushrif, S. H.; Ho, C.; Anderko, A.; Nikolakis,
V.; Marinkovic, N. S.; Frenkel, A. I.; Sandler, S. I.; Vlachos, D. G.
Insights into the interplay of Lewis and Brønsted acid catalysts in
glucose and fructose conversion to 5-(hydroxymethyl) furfural and
levulinic acid in aqueous media. J. Am. Chem. Soc. 2013, 135, 3997−
4006.

4. CONCLUSIONS
We have demonstrated a one-pot, two-step acid-catalyzed
conversion of hemp hurd to levulinic acid using dilute HCl in
ionic liquid (IL) [C2C1im]Cl. Beginning with hemp hurd, we
achieved 47% levulinic acid yield under mild conditions: 170
°C and 1.5 h for hemp hurd dissolution in IL, 95 °C and 6 h
for hydrolysis of dissolved cellulose to glucose, and 120 °C and
atmospheric pressure for glucose dehydration/rehydration to
levulinic acid. This study revealed that glucose release was
more sensitive toward changes in dissolution temperature and
time than changes in the acid hydrolysis condition. The
resulting glucose in the hydrolysis soup underwent dehydration
and rehydration in the presence of HCl, forming levulinic acid
without additional catalysts. The addition of Lewis acid
catalysts (CrCl3, AlCl3, ZrCl4, and SnCl4) was not necessary.
This one-pot approach accommodates high lignocellulose
loading, eliminates the separation of intermediate products
(glucose and HMF), and uses only a single catalyst. The use of
upstream lignocellulose dissolution in ionic liquids makes this
one-pot strategy applicable to other lignocellulosic biomasses.

■

Article

Acid concentration and temperature proﬁles used in the
acid hydrolysis of hemp hurds in IL [C2C1im]Cl (Figure
S1); mass balance construction for levulinic acid
production in acid-catalyzed hemp hurd conversion in
[C2C1im]Cl; calculation of levulinic acid titers (PDF)

AUTHOR INFORMATION

Corresponding Authors

*E-mail: gnurak@engr.tu.ac.th (N.G.).
*E-mail: n.sathitsuksanoh@louisville.edu (N.S.).
ORCID

Scott Renneckar: 0000-0002-7972-1091
Noppadon Sathitsuksanoh: 0000-0003-1521-9155
Notes

The authors declare no competing ﬁnancial interest.
G

DOI: 10.1021/acs.energyfuels.9b03134
Energy Fuels XXXX, XXX, XXX−XXX

Article

Energy & Fuels
(16) Ståhlberg, T.; Sørensen, M. G.; Riisager, A. Direct conversion
of glucose to 5-(hydroxymethyl) furfural in ionic liquids with
lanthanide catalysts. Green Chem. 2010, 12, 321−325.
(17) Binder, J. B.; Raines, R. T. Fermentable sugars by chemical
hydrolysis of biomass. Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 4516−
4521.
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(79) Schäfer, T.; Rodrigues, C. M.; Afonso, C. A. M.; Crespo, J. G.
Selective recovery of solutes from ionic liquids by pervaporationa
novel approach for purification and green processing. Chem. Commun.
2001, 17, 1622−1623.
(80) Abels, C.; Redepenning, C.; Moll, A.; Melin, T.; Wessling, M.
Simple purification of ionic liquid solvents by nanofiltration in
biorefining of lignocellulosic substrates. J. Membr. Sci. 2012, 405−406,
1−10.
(81) Sathitsuksanoh, N.; Sawant, M.; Truong, Q.; Tan, J.; Canlas, C.
G.; Sun, N.; Zhang, W.; Renneckar, S.; Prasomsri, T.; Shi, J.; Ç etinkol,
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