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Integrated production of furfural and levulinic acid
from corncob in a one-pot batch reaction
incorporating distillation using step temperature
profilingt

Hairui Ji,2 J. Y. Zhu @ *® and Roland Gleisner®

Furfural and levulinic acid (LA) are potential major renewable platform chemicals for producing
biochemicals and biofuels. In this study, integrated conversion of corncob to furfural and LA was carried
out in a one-pot system using p-toluenesulfonic acid (p-TsOH) and step temperature profiling. A batch
reaction incorporating distillation (BRD) resulted in a good furfural production yield of 61.6% based on
the corncob xylan content for the hydrolysis conditions tested. Distillation not only reduced furfural loss
due to side reactions to humins, but also resulted in a fairly pure and concentrated furfural solution. At
the end of the first distillation step, the reaction temperature was increased to convert hexoses into LA
with a maximal production yield of 61.3 &+ 7.8% based on corncob glucan content. LA was extracted with
good yield as LA-ester using low-cost alcohols and then phase separated to recycle alcohols and p-
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Introduction

Lignocellulosic biomass as a renewable feedstock has received
considerable attention for sustainable production of fuels and
chemicals.! Furfural and levulinic acid (LA) are two attractive
sugar-based building blocks that can be obtained from ligno-
cellulosic biomass. These two molecules have versatile path-
ways for producing a variety of value-added chemicals and
biofuels.””® For example, they can be used to produce relatively
high energy density and high octane number drop-in biofuels
such as gasoline, diesel or jet fuel.*® High-yield production of
furfural and LA from lignocelluloses and efficient separation of
these two chemicals are the keys to achieve commercial
success.

Several methods for improving furfural and LA yield from
pentosan-containing materials have been developed in recent
years. Conventional batch production of furfural is always
accompanied by the side degradation reactions such as
condensation with itself and intermediates (glucose, xylose, 5-
hydroxyl methylfurfural (HMF)) to form black, resinous prod-
ucts called humins,* and therefore is not ideal for large scale
applications. Various approaches were applied to address this
problem. For example, a biphasic system was employed to
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TsOH. Good recyclability and reusability of p-TsOH and alcohols were demonstrated.

reduce humins formation by transferring furfural into the
organic phase.' Using a large amount of organic solution is of
course not suitable for commercial furfural production. Two-
stage processes were also employed.'”** These processes
hydrolyze pentosans to monomeric pentoses, with subsequent
acid-catalyzed dehydration into furfural. The additional stage
will inevitably increase furfural production cost. The second
stage can be eliminated when using batch production together
with immediate separation of furfural after formation. Furfural
yield in excess of 85% theoretical was achieved by condensing
the vapor fraction from the reactor.”® This approach not only
improved furfural yield by protecting furfural from degradation,
but also facilitated furfural recovery by avoiding costly distilla-
tion from a dilute solution to obtain a highly concentrated
furfural condensate.

Many researchers have used one-pot catalytic conversion of
cellulose and lignocellulosic biomass to LA."*"” Catalysts can
improve LA yield from lignocellulosic biomass. However, the
one-pot processes cannot avoid parasitic pathway reactions
from furfural, glucose, and HMF to humins,*® in addition to the
inefficient utilization of hemicelluloses. Two-stage acid-
catalyzed conversion of lignocelluloses into LA was developed
to address this problem."'® Pentose was extracted in the first
stage prior to LA production, which may improve LA yield.
However, the additional stage increases the cost of LA produc-
tion. Another study reported the production of furfural along
with HMF in the first stage using a plug-flow reactor followed by
continued degradation of glucose and intermediates to produce

This journal is © The Royal Society of Chemistry 2017
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LA in the second stage using a stirred-tank reactor.”*** This
process used two reactors, which increases the capital cost.

Separation of LA through distillation is difficult due to its
high boiling point of 245 °C, which hinders the commerciali-
zation of LA production from lignocelluloses. Gurbuz et al.
developed a biphasic reactor with alkylphenol solvents to
selectively partition LA from acidic aqueous solutions.”* Li et al.
reported that high yields of LA ester can be obtained directly
from aqueous hydrolysis mixtures by using toluene and water as
co-solvents with the addition of isopropanol.”® The high cost
and toxicity of these solvents were challenges for commercial
applications.

Here we report integrated production of furfural and LA
through acid catalytic conversion of corncob in a one-pot
system using a two-step temperature profile as shown in
Fig. 1. Furfural was separated with high concentration and
purity through steam stripping during the low temperature
step. LA was produced during the high temperature step and
separated as LA-ester from acidic aqueous solutions by a novel
extraction method, using low-cost and non-toxic solvents,
which has not been reported in literature. The solvents and acid
solution can be reused. Therefore, this study has practical
significance to conversion of lignocellulosic biomass to plat-
form chemicals and biofuels.

Results and discussion

Effect of furfural on LA production from a glucose solution

As described above, the effects of furfural and HMF on LA
production were first evaluated using a glucose solution spiked
with furfural and HMF in batch reactions. Glucose degradation
was enhanced with the application of furfural (Fig. 2A). The
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terminal glucose concentration was 5.75 g L~ ' with the appli-
cation of furfural compared with 6.80 g L™" without furfural at
60 min. Formic acid (FA) formation was reduced with the
application of furfural (Fig. 2A). Furfural degradation was
substantial as shown in Fig. 2B. HMF concentration in the
liquor increased initially due to formation from glucose and
then decreased with reaction time as a result of degradation to
LA (Fig. 2C). The application of furfural reduced HMF concen-
tration. The maximal HMF concentration was 0.58 g L " and
occurred at 20 min into the reaction without the application of
furfural compared with 0.53 g L' with furfural. This decrease
can be attributed to the side reaction between furfural and
intermediates.**** The application of furfural reduced terminal
LA production from 8.76 to 7.27 g L' at 120 min. Simultaneous
production of furfural and LA was accompanied by parasitic
pathway reactions between furfural and either glucose, furfural
or HMF, forming black resinous polymeric products, or
humins.*®*¢ The formation of humins was due to degradation of
furfural and HMF through aldol addition followed by conden-
sation or polymerization with itself or other reaction interme-
diates.>** Therefore, separating furfural from the process
stream, such as using distillation in this study, can improve the
LA production.

Batch reaction temperature on furfural and LA yield from
corncob

To study the effect of reaction temperature on furfural and LA
production, batch experiments without steam stripping were
conducted in a temperature range between 110 and 190 °C.
Furfural production was improved when the reaction tempera-
ture was increased from 100 °C to 130 °C and decreased with
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Fig. 1 Schematic diagrams showing the productions of furfural and LA using two step temperature profile and separations. (A) Dehydration
experimental apparatus; (B) two-step temperature profiles; (C) LA separation process flow schematics.
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Fig. 2 Effect of furfural and HMF on time-dependent LA production
from a glucose solution of 25 g L™ spiked with furfural of 10 g L™t and
HMF of 0.5 g L~ using p-TsOH of 1.1 mol L ! at 150 °C. Solid symbols:
with furfural and HMF; open symbols: without furfural and HMF as
control.

further increases in temperature as shown in Fig. 3. A similar
trend was also observed for LA but with peak yield at 180 °C.
HMF is the main conversion intermediate from glucose to LA
and can be rapidly converted to LA using acid. This can be seen
from the low HMF concentration in the reaction mixture
(Fig. 3). The results shown in Fig. 3 clearly indicate that furfural
and LA yields are highly dependent on reaction temperature.
The fact that maximal furfural yield was obtained at a relatively
lower T of 130 °C while the maximal yield of LA was achieved at
a higher T of 180 °C, suggests a two-step temperature profile
scheme can be employed to achieve production of furfural and
LA in a one-pot system, as will be discussed below.

Furfural and LA production from corncob via steam stripping
experiments

In a previous study,”” we reported the optimization of furfural
production from corncob through steam stripping experiments

46210 | RSC Adv., 2017, 7, 46208-46214
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Fig. 3 Effect of reaction temperature on yield of furfural and LA in
batch experiments with reaction time of 70 min and catalyst p-TsOH
concentration of = 1.1 mol L%

using a reaction kinetics based severity, namely the combined
hydrolysis factor (CHF).”® Optimal furfural yield can be achieved
in a CHF range of 830-1850. Here we extended the previous
study to include efficient hexose conversion to LA for a corncob
biorefinery operation. A CHF of 2200 was chosen in designing
the first-step furfural production in the present study, which is
higher than the upper range of CHF of 1850 for optimal furfural
production. This is in consideration of our previous study” that
indicated a higher severity can increase HMF production for
maximizing LA yield. The elevated CHF did reduce furfural
yields approximately 10% compared with the optimal 70%
theoretical furfural yields reported previously at a CHF of
approximately 1600 using the same p-TsOH concentration and
similar temperatures but with longer reaction times. In the
present study, four schemes for first-step furfural production
were used as listed in Table 1 followed by the variation of
reaction temperature in the second-step to maximize LA yield.

In Scheme A, glucose yield from cellulose reached 39.7%
theoretical yield at the end of step 1 (or ¢, = 60 min) as shown
Fig. 4A. The reaction was continued in step 2 where T, was
ramped to a constant value ranging between 165 and 190 °C. A
total of four different runs were carried out. 7, had a significant
effect on LA production. The LA yield improved with increasing
T, and time in the range studied. Peak LA yield was occurred at
T, = 190 °C in approximately 120 min (or ¢, = 60 min) into the
reaction. This suggests a high T, of 190 °C may be necessary to
overcome the activation energy of the reaction® to maximize LA
production. Similarly, using Scheme B for step 1, peak LA yield
was achieved at T, = 190 °C in ¢, = 60 min in step 2, as shown
Fig. 4B. A higher LA peak yield of 64.6% was achieved compared
to 61.0% using Scheme A. An even higher LA peak yield of 67.2%
was achieved using Scheme C at T, = 180 °C for ¢, = 40 min. The
highest LA peak yield of 71.8% was achieved using Scheme D at
T, =170 °C for t, = 40 min among all four schemes evaluated
for step 1.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Furfural yield at similar CHF of approximately 2220
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p-TsOH Time (t;) CHF Residual Glucose yield ~ Furfural concentration  Furfural production
Scheme (molL™") T;(°C) (min) (min mol L") xylose (%) (%) (gL™ yield (%)
A 0.28 165 60 2287 2.52 39.67 20.45 55.06
B 0.57 160 40 2189 3.19 36.31 22.15 59.63
C 0.87 155 40 2337 1.70 38.73 19.74 53.13
D 1.18 150 40 2198 0.26 36.06 22.88 61.60

Several observations can be made from the results shown in
Fig. 4A-D: (1) for all the schemes for step 1, the production yield
of furfural almost reached a maximum value; (2) the maximal
LA yield from each scheme was the peak yield obtained at the
highest T, for step 2; (3) the maximal LA yield of 71.8%, from all
the 16 runs and among all schemes, was achieved at the highest
T, (170 °C) under Scheme D that had the highest p-TsOH
catalyst concentration. These observations indicate a high T,
may be necessary to overcome activation energy for the reaction
to form LA. A longer reaction time may also help to improve LA
yield. The activation energy for the conversion of intermediates,
such as glucose and furan to humins, is reported to be the
highest among all the kinetics of conversion;'®**** LA degra-
dation to humins, therefore, becomes important only after LA
reached maximum. Future studies using higher temperature 7,
or longer t, are needed to verify this argument. It appears that
a high catalyst concentration and low temperature such as
Scheme D may be beneficial to improve LA yield. A lower
severity, i.e., CHF < 1600, in step 1 can be used to improve
furfural yield as furfural yield was decreased at higher CHF as
listed in Table 1.

Table 2 shows the comparison of furfural and LA yield
between the conventional dehydration process carried out in
two steps without steam stripping in a batch reactor (BR) and
the two-step process in batch reactor with distillation (BRD)
under the exact same reaction conditions, ie., at p-TsOH
1.18 mol L™ and 150 °C for 40 min for the step 1 and at 170 °C
for 40 min for the step 2 (Scheme D at T, = 170 °C). LA yield
using BRD was 61.3 £ 7.8%, greater than that using BR of
52.4%. Distillation in BRD substantially improved furfural yield
to 67.1 + 4.3% from 2.6% using BR without distillation.
Furthermore, BRD recovered most furfural through distillation,
i.e., distillation efficiency of 74.2% (Table 3, fresh run), or a total
recovered furfural yield of approximately 50% without optimi-
zation. Batch distillation also resulted in a relatively pure
furfural as well as pure LA solution as shown from chromato-
graphic analysis (Fig. S1 and S2,} respectively).

Extraction of LA and reusability of p-TsOH

LA extraction efficiency from the spent liquor, obtained from
Scheme D at T, = 170 °C, were compared using different alco-
hols such as isobutanol, 1-pentanol, 1-octanol. The benefits of
LA extraction using these alcohols are high extraction efficiency
and the recyclability of acid and alcohols. As described in
Fig. 1C, the spent liquor was mixed with an alcohol. The LA in
the liquor was then transferred to an alcohol phase as a soluble

This journal is © The Royal Society of Chemistry 2017

LA-ester (upper tank). The results in Table 3 (labelled as fresh)
indicated that isobutanol produced the highest LA extraction
efficiency of 78.2% (based on the amount of LA produced),
followed by 1-pentanol at 77.8 + 4.2%, while 1-octanol resulted
in the lowest extraction efficiency of 75.5 &+ 1.9%.

The water soluble p-TsOH was phase separated from the
alcohol-ester solution and subsequently reused for three times
to evaluate its efficacy for LA production. The results using 1-
pentanol and 1-octanol as extraction solvents are listed in Table
3. Efficiencies of furfural distillation (60.4%) and LA extraction
(56.2%) decreased substantially for the third reuse of p-TsOH
and pentanol-ester solution, perhaps due to the slight solubility
of 1-pentanol in water. Using 1-octanol, a water-insoluble
solvent, eliminated the problem associated with low furfural
recovery. Distillation efficiency of furfural was maintained near
80%, while both LA production yield and LA extraction effi-
ciency remained lower in the recycling runs than those from
using fresh chemicals. Higher concentration of p-TsOH
contributed to higher LA production yield with same reaction
severity (Fig. 4D) as discussed early. The slight loss of p-TsOH
may have contributed into LA production loss. Saturation in
alcohol extraction of LA may resulted in efficiency loss in
extraction.

The advantages of the present process is that esterification
and separation of the ester from the aqueous reaction mixture
are combined in a single reactive extraction step without the
need for additional solvents. The water-immiscible alcohol that
acts as an esterifying agent also serves as the solvent for the
extraction of LA ester. Since most of the furfural has been
distilled off in the step 1, the formation of undesired, tar-like
furfural by-products is minimized in the acid reaction
mixture. Therefore, the aqueous mixture does not need to be
treated before recycling. Furthermore, the reactive extraction
strategy can be carried out directly for the aqueous reaction
mixture from acid hydrolysis of biomass without the need to
remove the acid catalyst. The same acid catalyst used in acid
hydrolysis for the production of LA can be used for esterification
between LA and C4-C8 alcohol in the reactive extraction
process. The aqueous phase in bottom of the tank (Fig. 2C) can
be recycled for reuse.

Conclusions

Integrated conversion of corncob to furfural and LA in a one-pot
system was developed using a batch reactor with distillation
and a two-step temperature profile. The vapor fraction from the

RSC Adv., 2017, 7, 46208-46214 | 46211
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Fig.4 Effect of step 2 temperature on LA production under four step 1
furfural production conditions of similar CHF approximately 2200 as
listed in Table 1.

46212 | RSC Adv., 2017, 7, 46208-46214

View Article Online

Paper

Table2 Comparisons of furfuraland LA production yields between BR
and BRD. Reaction condition: p-TsOH = 1.18 mol L™* at 150 °C for
40 min in the first step, and at 170 °C for 40 min in the second step

Furfural (%) LA (%)
BR 2.6 52.4
BRD 67.1 £4.3 61.3 £ 7.8

Table 3 Comparisons of recovery yields of furfural and LA using iso-
butanol, 1-pentanol, 1-octanol extraction and evaluation of the reus-
ability and efficacy of p-TsOH and the three alcohols for furfural and
LA production and recovery

Furfural Furfural

production distillation LA production LA extraction
Run no. yield (%) efficiency (%) yield (%) efficiency (%)
1-Pentanol (CsH;,0H)
Fresh 67.1+43 742 %13 61.3 + 7.8 77.8 £ 4.2
1 63.4 74.8 43.4 67.8
2 48.1 67.4 38.4 62.6
3 45.2 60.4 43.3 56.2
Isobutanol (C,HgOH)
Fresh 67.1+43 742+13 61.3 £ 7.8 78.2
1-Octanol (CgH,;60H)
Fresh 67.1 + 4.3 74.2 + 1.3 61.3 + 7.8 75.5 + 1.9
1 64.0 77.3 47.2 66.1
2 66.1 77.0 46.6 64.0
3 62.1 78.2 52.2 50.0

reactor was condensed to produce furfural with a production
yield of 61.6% of the theoretical yield based on total xylan in the
system at the start of the reaction. The distillation of furfural
also substantially improved LA production yield as compared to
processing without distillation under the same conditions. The
maximum LA yield (61.3 £+ 7.8%) was obtained. Furthermore,
phase separation of LA using organic solvent was effective in
terms of production yield and recyclability.

Materials and methods
Materials

Corncob used in this study was kindly provided by Dr Xuejun
Pan of University of Wisconsin-Madison. Corncob was Wiley-
milled into particles of 20-40 mesh (model no. 2, Arthur
Thomas Co, Philadelphia, PA, USA). p-Toluenesulfonic acid (p-
TsOH), LA, HMF and calcium carbonate were ACS reagent grade
and purchased from Sigma-Aldrich (St. Louis, MO, USA).

Batch experiments using glucose solutions

To study the effects of HMF and furfural on LA production,
50 mL aqueous glucose solution at 25 g L™ spiked with HMF at
0.5 g L' and furfural at 10 g L' was dehydrated at 150 °C in
a 100 mL stainless steel reactor using p-TsOH as catalyst at
1.1 mol L%

This journal is © The Royal Society of Chemistry 2017
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Batch hydrolysis and dehydration of corncob

Ground corncob of 6 g in oven dry (OD) weight was mixed with
50 mL p-TsOH solution of 1.1 mol L™ " in a 100 mL stainless steel
reactor. Batch reactions, without steam stripping of furfural,
were conducted in a temperature range 110-190 °C with a 10 °C
increment to investigate the effect of reaction temperature on
furfural and LA production from corncob.

One-pot furfural and LA production and separation

Reaction experiments with steam stripping of furfural were
conducted in a laboratory apparatus designed to simulate
conditions in a batch reactive distillation process as described
previously.”” A 100 mL stainless steel reactor was fitted with
a valve that can be opened to continuously remove a portion of
vapor from the reactor headspace as schematically shown in
Fig. 1A. Copper tubing was immersed in an ice bath to condense
the vapor extracted from the reactor headspace. The reactor was
filled with 80 mL of p-TsOH solution at a given concentration
(0.28, 0.57, 0.87, 1.18 mol L™ ") and 6 g in oven dry (OD) weight
ground corncob. The reactor was heated to a specified
temperature using a sand bath (Techne F932D, Techne Inc.,
USA). The reactions in the first step for furfural production were
performed at 150 °C for ¢; = 60 min, or at 155, 160 and 165 °C
for ¢; = 40 min (Fig. 1B). The vapor extraction valve was slightly
open after the reactor reached the desired temperature. Heat
was continuously supplied to the reactor to offset the cooling
effect due to vapor loss to maintain a nearly constant temper-
ature throughout the reaction. For each experiment, a total of
30 mL of furfural solution was extracted from the reactor into
a beaker resulted in a concentrated p-TsOH solution of
approximately 0.45, 0.93, 1.44, 1.98 mol L ™" for step 1 Scheme A
to D, respectively. When the reaction time reached the preset 40
or 60 min, temperature was raised to 150, 155, 160, 170, 180, or
190 °C in less than 5 min and maintained for ¢, = 60 min in the
second step reaction for LA production (Fig. 1B). At the end of
each reaction, the reactor was cooled down using tap water
before opening. Water insoluble solids (WIS) and freely drain-
able spent liquor were separated with a Biichner funnel using
filter paper (15 cm, slow, Fisher Scientific Inc., Pittsburgh, PA,
USA). The collected spent liquor and distilled furfural solution
were analyzed by HPLC.

An organic solvent (either C4, C5, or C8 alcohol), having the
same volume as the collected spent liquor from filtration, was
added into the spent liquor. The mixture was then heated to
90 °C for 3 h to form LA-esters which is soluble in the alcohol
used. Hence, LA was then separated as LA-ester from the
aqueous p-TsOH solution using a phase separation funnel. The
remaining acid solution was reused again. The C4-8 alcohol can
then be separated using a rotary evaporator or CO, extraction.

Analytical methods

All solid samples were hydrolyzed using sulfuric acid in two
steps for carbohydrate analyses by the Analytical Chemistry and
Microscopy Lab (ACML) at the Forest Products Lab as described
previously.** Monosaccharides, LA, furfural, HMF, acetic acid,

This journal is © The Royal Society of Chemistry 2017
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formic acid in the pretreatment spent liquors, and distilled
furfural solutions were determined using a Dionex HPLC
system (Ultimate 3000, Thermo Scientific) equipped with an RI
(RI-101) detector and a UV detector (VWD-3400RS), as described
previously.*

Determining furfural and LA production yields and recovery
efficiencies

Furfural production yields were determined from the distillate
at the end of each step 1 reaction and from the spent liquor at
the end of the step 2 reaction. The steam stripping efficiency of
furfural was the percentage of furfural distillated as the total
amount of furfural measured for the run. LA production yields
were calculated using the LA measured from the spent liquor at
the end of each step 2 reaction. LA extraction efficiency was
define as the ratio of reduced and total LA in spent liquor. The
reported yields of furfural and LA were all in percent of theo-
retical based on xylan and glucan content in the corncob.
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