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ABSTRACT: A hybrid puriﬁcation process combining extraction and distillation for the production of levulinic acid (LA),
furfural, and formic acid (FA) from lignocellulosic biomass was studied. The eﬀective process depends on the choice of
appropriate extraction solvent. A comprehensive procedure of solvent selection for the LA production process was developed. A
range of solvents were ﬁrst evaluated by solvent screening, and processes using the three most promising solvents, including
methyl isobutyl ketone (MIBK); furfural and octanol were then designed and optimized using an Aspen Plus simulator. These
processes were evaluated in terms of the energy consumption, total annual cost, and environmental impact. As a result, MIBK
showed the most favorable equilibrium for the extraction of LA but was unfavorable for FA extraction. Octanol showed not only
the most favorable result in the extraction of FA, but was also favorable for the extraction of furfural and LA. Interestingly, furfural
could extract more LA than octanol and extract more FA than MIBK. The design results show that the furfural solvent process
can reduce energy consumption by up to 25.2% and 21.4%, the TAC by up to 30.6% and 25.9%, and CO2 emissions by up to
27.0% and 25.5% compared to processes using octanol and MIBK as solvents, respectively.

1. INTRODUCTION
Global warming is the current major environmental issue that
modern society is facing due to the world’s overdependence on
the use of mineral resources as raw materials. Therefore,
extensive studies of renewable resources as feedstock to
substitute fossils have been carried out. Lignocellulosic biomass,
which is the most abundant renewable resource in the world, is
now a ready feedstock for industrial production. As one valueadded chemical from biomass, levulinic acid (LA), which is a
platform chemical with a range of potential uses, was listed as
one of the top-12 potential candidates by the National
Renewable Energy Laboratory (NREL) and Paciﬁc Northwest
National Laboratory (PNNL) based on the potential markets,
derivatives, and the complexity of the synthetic pathways.1
On the other hand, LA production on an industrial scale is
limited due to the expensive feedstock, low synthetic yield2, and
lack of detailed process design. Several promising processes for
producing LA from inexpensive raw materials, such as
lignocellulosic biomass, have been investigated, such as the
bioﬁne process,3 wheat straw-to-LA process,4 fugal-to-LA
process,5 and biomass-to-LA processes.2,6−13 In particular, the
bioﬁne process3 uses acid hydrolysis to convert biomass to LA.
A process using furfural to extract LA and formic acid (FA)
from the acidic hydrolysis reaction of biomass has been
proposed.2 The advantage of this process is that one of the
products, furfural, can be used as an extraction solvent.
Reunanen et al. examined several solvents to recover FA
together with LA and furfural from aqueous mixtures.7 The
common feature of these technologies is the use of a
combination of extraction and distillation to produce LA and
useful chemicals from an acidic hydrolysis process. An aqueous
© XXXX American Chemical Society

mixture obtained from the hydrolysis was introduced to an
extractor and a series of distillation columns to achieve the
conversion of biomass to LA and valuable chemicals.
A suitable solvent for liquid−liquid extraction is required to
maximize the recovery of compounds from an aqueous acidic
hydrolysis mixture. The selection of a suitable solvent is
challenging because of the diﬀerent chemical natures of the
species. The solvent must satisfy the following: selectivity,
density, boiling point temperature, viscosity, toxicity, cost, and
ease of regeneration. Several methodologies for solvent
selection have been proposed.14−17 The ﬁrst approach uses
traditional laboratory synthesis and test methodology to ﬁnd
promising solvents.18 Even though this method may be limited
by cost, safety, and time, the results achieved from this are
accurate and reliable. The other approaches, based on screening
the property database and computer-aided molecular design
(CAMD), can be used for the eﬃcient and reliable design of
candidate solvents from their fundamental building blocks. The
heuristic numeration strategies,19 mixed integer nonlinear
programming model, 20 were applied to solve CAMD
techniques. Obviously, this approach seems to be complicated
to implement.
A selection of suitable solvents for LA extraction has been
proposed,6,21 but these approaches focused either on solvent
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are identiﬁed either by previous studies or heuristic rules. Next,
the solvents selected are screened carefully on the basis of their
selectivity of extracted components over water, and their
extraction ability, by conducting experimental simulations with
a commercial simulator. The liquid−liquid equilibrium curve
plays a major role in designing an extraction process.22 The use
of the equilibrium distribution coeﬃcients for screening
solvents was proven as an eﬃcient and economical method.23
Therefore, the coeﬃcients are used as the main criteria for
screening the solvents. In this paper, the distribution coeﬃcient
of the extracted component (KD) is the ratio of the weight
percentage (wt %) of the extracted component (i.e., LA, FA, or
furfural) in the solvent phase to the weight percentage of the
extracted component in the aqueous phase:24

selection by conducting experiments or developing a simple
process scheme on a laboratory scale; the detailed process
design, economic performance, and environmental impact were
not assessed. An azeotrope mixture, which is formed when
adding solvent into the feed mixture, was not investigated and
assessed. Thus, complete processes should be designed to
evaluate the economic performance and environmental impact.
These issues make a solvent selection for LA production a
challenging task.
This paper proposes a systematic procedure of solvent
selection for the LA production process from lignocellulosic
biomass. Initially, a range of solvents was assessed on the basis
of a literature survey, equilibrium distribution, and a separation
feasibility study. Of these, the three best solvents for extracting
LA, furfural, and FA from lignocellulosic biomass were chosen
for detailed design and optimization on an industrial scale and
compared in terms of the energy requirement, total annual cost
(TAC), and total annual CO2 emission (TAE).

KD = [extracted component]solvent
/[extracted component]aqueous

(1)

In the third step, the separation feasibility for each solvent is
examined quickly by investigating azeotropes and the ease of
solvent regeneration. The processes of selecting candidates are
detailed in the next step. Note that the design step does not
concern further heat integration or process intensiﬁcation, only
nonheat integrated distillation columns are considered. The
total energy consumption, annual cost, and amount of CO2
emissions of each process are then calculated. Finally, the
potential solvents are proposed on the basis of the overall
performance. Through these steps, the potential solvents, the
optimal column designs, and the operating conditions can be
investigated.
2.2. Separation Sequence Design. All processes were
performed using the simulator, Aspen Plus V8.6. The NRTL−
HOC ﬂuid package that uses the Hayden−O’Connell equation
of state as the vapor phase model and NRTL for the liquid
phase was used for the prediction of not only the vapor−liquid
equilibrium of these simulations but also the vapor−liquid−
liquid equilibrium. The Hayden−O’Connell equation reliably
predicts the solvation of polar compounds and dimerization in
the vapor phase, which occurs with mixtures containing
carboxylic acids.25 The binary pairs of interaction parameters
for the LA and other components were estimated using a
UNIFAC model.
All distillation columns were designed with a load of
approximately 85% of the load at the ﬂooding point to prevent
ﬂooding in the columns. Some preliminary simulations were
conducted to determine the initial structures for the extractor
and all distillation columns. A rigorous simulation was then
conducted to identify the optimal design in terms of
minimizing the TAC. The capital cost, total annual operating
cost (TOC), and TAC were calculated based on Guthrie’s
modular method.26 For extractor optimization, a LA recovery of
95 wt % was assumed to determine the amount of solvent
required and total number of trays of the extractor. Once the
structure of extractor was ﬁxed, the distillation sequence was
optimized based on the total TAC. First, the total number of
trays and feed location of the ﬁrst column C1 were adjusted to
minimize the TACs of all columns while maintaining the
product recoveries and purities. Next, the total number of trays
and feed location of the second column C2 were also adjusted
to minimize the TACs of all subsequent columns while the
optimized design parameters of C1 were ﬁxed. Similarly, the
structure of C3 was optimized since the structures of C1, C2
were ﬁxed. Figure 2 illustrates how to optimize each distillation

2. METHODOLOGY
2.1. Systematic Framework for Solvent Selection.
Solvent selection for extraction and the entire process is critical
for process design and minimizing the production cost.
Normally, there are some requirements of the solvent, such
as high equilibrium distribution, speciﬁc selectivity, high
solubility for target solute, diﬀerent density from diluents for
easy layering, low cost, azeotrope formation, etc. An important
criterion of solvent selection is the cost of the entire process,
which includes extraction and the distillation sequence for
puriﬁcation as well as solvent regeneration. This makes the
problem more complicated and requires a new, simple, and
eﬃcient method to select a suitable solvent not only for
zeotrope mixtures but also for azeotrope mixtures.
Figure 1 shows a proposed systematic framework of solvent
selection for the LA production process. This ﬂowchart
essentially has six steps. In the ﬁrst step, the potential solvents

Figure 1. Systematic procedure of solvent selection for production of
LA from lignocellulosic biomass.
B
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favorable performance of furfural.2 In addition, solvents
consisting of C8−C12 fatty alcohols, alkyl urea derivatives,
tertiary amines, or long chain aliphatic hydrocarbons are also
suitable for the LA process.7 The experiments using octanol
showed favorable results in terms of selectivity of extracted
components over water.7 Furthermore, the general principles of
solvent selection were proposed in the Handbook of Solvent
Extraction14 and the Solvent Recovery Handbook.29 On the
basis of this data, some preliminary simulation runs were
carried out to eliminate solvent candidates with a very low
selectivity of the extracted components over water, such as noctyl acetate, n-octane, and isobutylamine. Six promising
solvents, MIBK, furfural, n-heptylamine (HTA), isopropyl
acetate (IPA), decanol, and octanol, were selected for further
study.
3.2. Solvent Screening. In this step, the aqueous feed and
selected solvents were introduced to the extractor, and the
simulations were then run in Aspen Plus. The ﬂow rate of the
feeds was kept the same in all processes while the ﬂow rate of
solvents was changed to analyze the eﬃciency of each solvent.
Four diﬀerent mass ratios of feed and solvent, that is, 1:1,
1:1.25, 1:1.5, and 1:1.75, were used to analyze the equilibrium
curves of the extracted components for diﬀerent solvents.
Figure 3 shows the equilibrium curves of LA for the diﬀerent
solvents tested. MIBK, furfural, octanol, and HTA showed

Figure 2. Optimization procedure for a distillation column.

column in the optimization procedure above. Through the
proposed optimization procedure, the optimal structure and
operating conditions of extractor and distillation columns were
found. The procedure is illustrated in detail in the previous
study.13 The minimized TAC performs the optimal trade-oﬀ
between the investment cost of the equipment and the energy
consumption.

3. RESULTS AND DISCUSSION
This study considered the feed mixture produced from the
acidic hydrolysis reaction of biomass. The feed mixture was an
aqueous mixture containing LA (3−8 wt %), furfural (1−5 wt
%), FA (1−5 wt %), and the balance being water.7 Table 1 lists
Table 1. Feed Mixture Condition and Product Speciﬁcations
component

mass fraction (wt %)

product purity (wt %)

water
FA
furfural
LA
temperature (°C)
pressure (atm)
mass ﬂow rate (kg/h)

86
3
4
7

85
98
98
25
2
20 000

Figure 3. Equilibrium curves of LA using diﬀerent solvents at 25 °C.

favorable equilibrium with LA the most contained in the
solvent-rich phases. Among of these four solvents, MIBK
showed the best performance and the three remaining solvents
had similar curves. On the other hand, decanol and IPA
produced unfavorable results because a large amount of LA
remained in the aqueous phase. Therefore, decanol and IPA
were deemed unsuitable for extracting LA in terms of selectivity
compared to other solvents.
As shown in Figure 4, octanol showed the most favorable
result for FA extraction compared to the other solvents but the
concentration of FA in the raﬃnate phase was still high.
Nevertheless, the remaining solvents showed low performance
in extracting FA. Note that in the LA production process, FA
was considered to be a valuable byproduct; therefore, the FA
selectivity of these solvent may have a lower impact than the
LA selectivity.
Figure 5 presents the equilibrium curves of furfural for all
solvents at 25 °C. Interestingly, all solvents showed favorable

the feed condition and product speciﬁcations. All desired
products met the requirements of the industry standards of 85
wt % FA,27 98 wt % LA,3 and 98 wt % furfural.28 The solvents
in all the processes were kept at 99.9 wt % purity to allow their
reuse as extractants. The feed and the solvent were ﬁrst input to
an extractor to produce an aqueous phase and an organic or
solvent-rich phase for recovering LA, furfural, and FA. A
solvent-rich stream was then introduced to a series of
distillation columns to achieve desired products and regenerate
the solvent. In the following sections, diﬀerent solvents are
discussed and evaluated using the systematic procedure shown
in Figure 1.
3.1. Generating Solvent Alternatives. To extract LA, FA,
and furfural from an aqueous mixture obtained from the
hydrolysis of biomass, several solvent candidates can be found
in the literature. In early studies of the LA process, methyl
isobutyl ketone (MIBK) was recommended as an eﬃcient
solvent,21 whereas Seibert conducted experiments to show the
C
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Table S1 (see the Supporting Information) lists the
equilibrium distribution coeﬃcient calculated for all solvents.
Decanol and IPA with low coeﬃcients of LA extraction were
deemed unsuitable compared to the other solvents and were
eliminated from further analysis. Overall, MIBK, furfural, HTA,
and octanol were selected for further consideration. The range
of KD for extracted components for a feed mixture for several
feed/solvent ratios at 25 °C can be suggested from these
results. In particular, for LA extraction, the solvent with KD
more than 10 turned out to be desirable, for which MIBK,
furfural, octanol, and n-heptylamine were satisﬁed.
3.3. Separation Feasibility. After eliminating some
solvents with a low equilibrium distribution coeﬃcient for LA
extraction, the remaining solvents were evaluated in terms of
the separation feasibility. In each solvent case, the azeotropes,
boiling point temperatures, and component properties were
investigated in detail by an Azeotrope Search in Aspen Plus.
Table S2 (shown in the Supporting Information) lists the
boiling temperature and the azeotropes were formed by MIBK
and the feed components at 1 atm. At atmospheric pressure,
ﬁve azeotropes formed using MIBK solvent: three heterogeneous azeotropes (water, MIBK), (water, FA, MIBK), and
(water, furfural), and two homogeneous azeotropes (FA,
MIBK) and (water, FA). Therefore, the addition of MIBK
results in the formation of more than three azeotropes in this
system. From a process design point of view, more distillation
columns will be needed to separate the azeotropes, resulting in
higher cost of the puriﬁcation steps. Figure 6 presents the
ternary diagrams and the residue curve maps (RCM) for the
ternary mixtures, water−FA−MIBK and water−furfural−
MIBK. In general, heterogeneous azeotrope mixtures can be
separated naturally using a decanter at the top of the column
without an energy requirement. Furthermore, the liquid−liquid
envelopes in both cases are near the pure MIBK and water
points. Therefore, if a simple decanter is used, the
heterogeneous azeotropes will split naturally into two liquid
phases lying on the envelope with almost pure compositions of
each liquid.
Table S3 (shown in the Supporting Information) lists the
results of the azeotrope investigation of the octanol solvent and
feed components at 1 atm. Similar to the MIBK case, ﬁve
azeotropes were formed with three heterogeneous azeotropes

Figure 4. Equilibrium curves of formic acid for diﬀerent solvents at 25
°C.

Figure 5. Equilibrium curves of furfural for diﬀerent solvents at 25 °C.

results with very low furfural concentrations in the aqueous
phase. Although decanol and octanol were less favorable than
other solvents, their equilibrium curves are still promising for
furfural extraction.

Figure 6. Ternary diagrams (mass basis) and residue curve maps of the ternary mixtures: (a) water−FA−MIBK; (b) water−furfural−MIBK.
D
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Figure 7. Ternary diagrams (mass basis) and residue curve maps of the ternary mixtures: (a) water−FA−octanol; (b) water−furfural−octanol.

Figure 8. Ternary diagrams (mass basis) and residue curve maps of the ternary mixtures: (a) water−FA−furfural; (b) water−LA−furfural.

Figure 9. Ternary diagrams (mass basis) and residue curve maps of the ternary mixtures: (a) water−FA−HTA; (b) water−furfural−HTA.

almost pure liquid phases based on density. Note that the
boiling temperature of octanol (194 °C) is higher than that of
MIBK (116 °C), which may be a disadvantage of using octanol
as a solvent.
Table S4 (shown in the Supporting Information) lists the
boiling temperature and the azeotropes formed by the furfural
solvent and feed components at 1 atm. The use of one of the

(water, furfural, octanol), (water, furfural), and (water,
octanol), and two homogeneous binary azeotropes (water,
FA) and (furfural, octanol). Figure 7 presents the detailed
RCMs and ternary diagrams of the ternary mixtures, water −
FA − octanol and water−furfural−octanol. The envelopes of
these two large liquid−liquid regions may provide a promising
chance to apply a decanter that separates naturally into two
E
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Figure 10. Schematic diagram of the sequence using MIBK as the extracting solvent.

Figure 11. Schematic diagram of the sequence using octanol as the extracting solvent.

products as the extracting solvent is a strong advantage of the
furfural solvent process. Apart from the two original azeotropes,
that is, the heterogeneous binary azeotrope (water, furfural)
and homogeneous binary azeotrope (water, FA), no additional
azeotrope was found. Figure 8 shows the ternary diagrams and
the RCMs for the ternary mixtures water−FA−furfural and
water−LA−furfural. The liquid−liquid region has the potential
to be split naturally into two almost pure liquid phases using a
decanter.
Table S5 (shown in Supporting Information) lists the results
of the azeotrope investigation for the HTA solvent and feed
components at 1 atm. The system with the HTA solvent has a
total of seven azeotropes, which has more than two azeotropes
compared to MIBK and octanol. As shown in Figure 9, the
ternary diagrams and RCMs for the ternary mixtures, water−
FA−HTA and water−furfural−HTA appear extremely complicated with many distillation boundaries. In general, a system
with more distillation boundaries will result in more complex
conﬁgurations and expensive separation to achieve the desired
products. Therefore, the HTA solvent process would involve
very diﬃcult and economically unfeasible separation and
puriﬁcation steps. Accordingly, HTA was eliminated, and
three solvents, MIBK, furfural, and octanol, were selected for
further process design step.
3.4. Process Design. In the following sections, the
processes of the three promising solvents selected (i.e., furfural,
MIBK, and octanol) were designed, optimized, and evaluated in
detail. The solvent and an aqueous feed mixture obtained from
the acidic hydrolysis reaction of biomass were ﬁrst introduced
to an extractor to produce a solvent-rich phase containing LA,
FA, and furfural. This stream was then input into a series of
distillation columns to purify LA, FA, furfural, and regenerate

the solvent. The discussion and conclusion focus on comparing
the solvent selectivity, total energy requirement, TAC, and
TAE. For a reasonable comparison, the extraction solvent/feed
ratios in all processes were adjusted to achieve 95 wt %
recovery of LA in the extractor. This means that all processes
produce the same ﬂow rate of the main product, LA. In
addition, the overall recovery of LA and solvents in the
distillation sequence were kept at 98 wt % and at least 96 wt %,
respectively. Note that in this study, the design of the
distillation processes comprised only nonintegrated conventional columns. All processes were optimized in terms of the
minimal TAC with several optimization variables used, such as
the total number of trays and feed tray location using the
optimization procedure, as shown in Figure 2 while maintaining
the product recoveries and desired purities.
3.4.1. MIBK Solvent Process. Figure 10 shows the key design
and process parameters of the optimized process using the
MIBK solvent. The feed and MIBK were input into the
extractor (M-EX) to generate a water-rich phase at the bottom
and an MIBK phase comprising LA, FA, and furfural at the top.
The MIBK-rich stream was then introduced to the ﬁrst
distillation column (M-C1) to produce a heterogeneous
azeotrope between MIBK and water as the overhead. The
overhead was then separated naturally into two liquid phases
using a decanter. The lighter phase, MIBK, was recycled as a
reﬂux stream, whereas the heavy water phase was delivered as
the top stream. The bottom of M-C1 was fed to the second
distillation column (M-C2) to produce MIBK and FA as the
top stream, and furfural and LA as the bottom stream. Note
that MIBK showed an unfavorable equilibrium in the extraction
of FA. Thus, only 39 kg/h FA contained in the MIBK phase of
the top of M-EX resulted in a small amount of FA (i.e., 38 kg/
F

DOI: 10.1021/acs.iecr.5b04519
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

Article

Industrial & Engineering Chemistry Research

Figure 12. Schematic diagram of the sequence using furfural as the extracting solvent.

not only the most favorable equilibrium for FA extraction but
was also favorable for extracting furfural and LA, the process
using this solvent requires 4.9% more energy than the MIBK
solvent process.
3.4.3. Furfural Solvent Process. Interestingly, in this process,
furfural, which is one of the products, was used as the extraction
solvent. Figure 12 shows a simpliﬁed ﬂow sheet and the design
parameters of the furfural solvent process. The LA extraction
ability of furfural was lower than that of MIBK and octanol, as
shown in Table S1 in Supporting Information. This resulted in
a 22.1% and 7.7% higher amount of furfural required (i.e.,
21 000 kg/h) than the amount required for MIBK and octanol,
respectively, in the previous processes. With the same principle
of the MIBK and octanol processes, the feed mixture and the
furfural solvent were introduced to the extractor (F-EX) to
generate a water-rich phase as the top stream and a solvent-rich
phase containing mainly furfural, LA, and FA as the bottom
stream. The solvent-rich phase was then fed to the F-C1 to
deliver a light boiling azeotrope of furfural and water as the
overhead, whereas the bottom stream contains FA, furfural, and
LA. The overhead of the F-C1 was condensed and split
naturally into two liquid phases, aqueous and furfural, using a
decanter without energy. The furfural phase was recycled back
to the F-C1, whereas the water phase was removed from the
column. The bottom of F-C1 was then introduced into the FC2 to collect FA as the distillate and the bottom stream
comprising furfural and LA, which was fed to the F-C3. The
function of F-C3 is to separate LA as the bottom product and
furfural as the top product. The formation of only two
azeotropes means the furfural system is less complicated than
the octanol and MIBK processes. Nevertheless, the low
performance of furfural on the selection of FA over water
results in a small amount of FA produced (70 kg/h) compared
to the octanol process (327 kg/h). The rigorous simulation
results indicated that the energy consumption of F-C1, F-C2,
and F-C3 was 1832 kW, 1626 kW, and 2730 kW, respectively.
Note that F-C3 was the only column that used HPS while the
F-C1 and F-C2 used LPS and MPS, respectively.
Sensitivity analysis was carried out to investigate how the
feed composition inﬂuences the required energy of diﬀerent
solvent processes. The mass fractions of LA, furfural, and FA in
the feed mixture were changed in the three scenarios such as
7−4−3 wt %, 7−3−4 wt %, and 5−5−4 wt %, respectively,
whereas the water fraction was kept the same at 86 wt %. All
solvent processes were then designed while maintaining the
required product purities and recoveries. Figure 13 presents the

h) in the top stream of M-C2. In addition, the homogeneous
azeotrope between FA and MIBK in the top of M-C2 results in
economic infeasibility for the further separation of FA and
MIBK, which is a disadvantage of this process. On the other
hand, the top of M-C2 comprising 0.22 wt % FA (38 kg/h) and
99.69 wt % (16 822 kg/h) MIBK also meets the requirements
for recycling the extracting solvent. The MIBK ﬂow rate used
(17 200 kg/h), however, was lower than the octanol ﬂow rate
(19 500 kg/h) and the furfural ﬂow rate (21 000 kg/h) because
this solvent has the most favorable equilibrium for LA
extraction. The bottom of M-C2 was then introduced to the
third column (M-C3). The functions of M-C3 are to separate
LA as the bottom product and furfural as the top product. Note
that low-pressure steam (LPS) was used in the M-C1, whereas
high-pressure steam (HPS) was used in the M-C2 and M-C3.
This will have a large impact on the cost of the MIBK process.
The simulation results showed that M-C2 required the most
energy (i.e., 6132 kW), whereas the required energy of M-C1
and M-C3 was 1567 kW and 171 kW, respectively.
3.4.2. Octanol Solvent Process. Figure 11 shows a simpliﬁed
ﬂow sheet and the process parameters of the optimized process
using the octanol as the extraction solvent. To recover 95 wt %
LA by the extractor, 19 500 kg/h of octanol was required,
13.4% higher than the MIBK ﬂow rate used. The feed and the
octanol solvent were introduced to the extractor (O-EX) to
produce an octanol-rich phase containing LA, FA, and furfural
as the top stream. The top stream of O-EX was fed to the ﬁrst
distillation column (O-C1), which comprised the liquid−liquid
azeotrope between octanol and water in the top. This azeotrope
was then separated naturally into octanol light phase and water
heavy phase using a decanter. Most of the octanol was recycled
to the O-C1 as reﬂux stream and delivered to the next column
(O-C2). FA was produced as the top product of O-C2 while
LA was delivered at the bottom of the third distillation column
(O-C3). Note that the top of O-C3 contains a homogeneous
binary azeotrope between furfural and octanol that could not be
separated using a single column. A pressure-swing distillation
system can be applied because there is a change of an azeotrope
composition as the pressure was increased from 81.3 wt %
furfural−18.7 wt % octanol at 1 atm to 71.7 wt % furfural−28.3
wt % octanol at 5 atm. The function of O-C4 operating at 1
atm is to produce 99.9 wt % octanol as the bottom stream while
98 wt % furfural is delivered as the bottom product of the OC5. In this process, the reboiler of the O-C1 used medium
pressure steam (MPS), whereas the O-C2, O-C3, O-C4, and OC4 used HPS in reboilers. Even though the octanol presented
G
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Table 3. Comparison of the Processes Using Diﬀerent
Solvents for Producing LA from Biomass
furfural
solvent
process
condenser duty (kW)
reboiler duty (KW)
energy requirement saving
in reboiler (%)
LA product rate (kg/h)
furfural product rate (kg/h)
FA product rate (kg/h)
investment cost (US $)
investment cost saving (%)
annual operating cost
(US $)
annual operating cost
saving (%)
total annual cost (US $)
total annual cost saving (%)
total annual CO2 emission
(kg/yr)
total annual CO2 reduction

Figure 13. Eﬀect of the feed composition on the reboiler duties of
diﬀerent solvent processes.

eﬀects of diﬀerent scenarios of feed composition on the energy
requirement of the three solvent processes. The total reboiler
duties show slight changes with diﬀerent feed compositions.
However, the furfural solvent process always performs lowest
energy requirement compared to the MIBK and octanol
processes. Therefore, for the aqueous feed mixture containing
LA (3−8 wt %), furfural (1−5 wt %), and FA (1−5 wt %), the
furfural solvent is expected to be the most promising solvent for
the LA recovery process in terms of total energy requirement.
3.5. Evaluation. 3.5.1. Economic Evaluation. The LA
production process studied produces LA as a main product and
furfural and FA as byproducts. In the three processes examined,
the LA production rate of 1330 kg/h was commonly applied
and further treatment of waste streams was not considered. The
TACs which involve the cost of total energy requirements and
purchased equipment were used to evaluate the economic
performance of these processes. The total investment cost
(TIC) and total annual operating cost (TOC) were calculated
based on Guthrie’s modular method.26 A plant lifetime of 10
years was considered for the TAC calculations. The maximal
ﬂooding was designed at near 85% of the load at the ﬂooding
point to prevent ﬂooding in the columns. On the basis of the
maximal ﬂooding, the column diameter was calculated using a
tray sizing function in Aspen Plus. All distillation columns use a
valve tray with 0.61 m tray spacing. The investment cost for the
distillation column consists of the cost of the column, reboiler,
condenser, and decanter. The Chemical Engineering Plant Cost
Index of 575.7 in 2014 was used to estimate the depreciation.
Table 2 lists the utility cost used in this study.30 Table 3
presents the results of energy and economic performance,
including total condenser duty, reboiler duty as well as the TIC,
TOC, and TAC of the three solvent processes studied. The
furfural and MIBK processes can save the energy requirement
in the reboiler by 25.2% and 4.9%, respectively, compared to
the octanol process. Note that in the case of the MIBK process,

price ($/GJ)

cooling water
low-pressure steam
medium-pressure steam
high-pressure steam

0.35
13.28
14.19
17.70

octanol
solvent
process

4749
6188
25.2%

6693
7870
4.9%

5187
8273

1330

1330
785

1330
285
327
3,671,808

70
2,543,797
30.7%
2,032,799

2,715,280
26.1%
2,850,982

30.6%

2.7%

2,411,900
30.6%
14 372 232

3,255,638
6.4%
19 278 716

27.0%

2.1%

2,930,209

3,477,417
19 689 338

FA was not separated as a product but it still requires more
energy than the furfural process.
Remarkably, the furfural process can reduce the TIC, TOC,
and TAC by up to 30.7%, 30.6%, and 30.6%, respectively,
compared to the octanol process. In addition, the furfural
process can also save up to 6.3%, 28.7%, and 25.9% in terms of
TIC, TOC, and TAC, respectively, as compared to the MIBK
process.
3.5.2. Environmental Impact. The environmental impact is
a key factor that should be evaluated in any process. CO2 can
be generated from a steam reboiler and electric equipment. In
this study, the CO2 emissions were calculated using the
Gadalla’s modular method.31
⎛ Q ⎞⎛ C % ⎞
⎟α
[CO2 ]emiss = ⎜ fuel ⎟⎜
⎝ NHV ⎠⎝ 100 ⎠

(2)

where NHV is the net heating value of fuel and C% stands for
the carbon content. For natural gas, NHV is 48 900 kJ/kg and
C% is 0.41 kg/kg. The molar mass ratio of CO2 and C is α =
3.67. In addition, Qfuel denotes the amount of fuel used, which
is calculated as follows:
⎛ Q proc ⎞
⎛ T − T0 ⎞
⎟⎟(hproc − 419)⎜ FTB
Q fuel = ⎜⎜
⎟
⎝ TFTB − Tstack ⎠
⎝ λproc ⎠

(3)

where Qproc is the heat duty needed of the system, and λproc (kJ/
kg) and hproc (kJ/kg) are the latent heat and enthalpy of the
steam, respectively. The ﬂame and stack temperature and
ambient temperature are TFTB (1800 °C), Tstack (160 °C), and
T0 (25 °C), respectively.
Table 3 also lists the results of CO2 emissions calculated for
all processes studied. As the energy requirements are closely
linked to CO2 emissions, the furfural solvent process is the
most environmentally friendly, allowing a 27.0% and 25.5%
reduced carbon footprint than the octanol and MIBK solvent
processes, respectively.
3.5.3. Eﬀect of Heat Integration. Although, in this study,
economic evaluation was restricted to the conventional column
conﬁgurations, all nonintegrated distillation processes, in

Table 2. Utility Cost Data30
utility

MIBK
solvent
process

H
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principle, could be explored for heat integration and
intensiﬁcation opportunities. The appropriate integrated/
intensiﬁed process can bring a signiﬁcant reduction in energy
requirement and total cost as well. For example, although the
conventional furfural process can save up to 30.6% of the total
annual cost compared to the conventional octanol process, the
high overhead temperature of several columns in the octanol
process might provide more chance to apply simple heat
integration. As shown in Figure S2 (in the Supporting
Information), the top streams of O-C3 (185 °C) and O-C5
(225 °C) can be utilized to provide the reboiling energy for OC1. The overhead stream of O-C4 also can be used for the
reboiling energy for O-C1 by increasing the column pressure
up slightly. In addition, the top of O-C1 (106 °C) can be used
to preheat the feed of O-C1 (25 °C). Through this simple heat
integration, the total reboiler duty can be signiﬁcantly reduced
to 4802 KW. The MIBK process can reduce the total reboiler
duty by 6336 KW through heat integration shown in Figure S1
(see Supporting Information). The furfural process can also
improve energy eﬃciency drastically through heat integration
(shown in Figure S3): the total energy requirement in reboilers
can be reduced 3639 KW, which is the lowest among the three
heat integrated processes. Table S6 summarizes the results of
energy eﬃciency improvement including total condenser and
reboiler duty for the three solvent processes after heat
integration. Note that the furfural process still showed the
best energy eﬃciency even after applying heat integration.
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