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Abstract: The development of a bio-based economy has its foundations in the development of
efficient processes to optimize biomass potential. In this context there are a multitude of molecules
that can be either synthetized or recovered from biomass, among those the so-called 12 building-
blocks reported by the US Department of Energy. Even if their identification and importance is clearly
defined, research efforts concerning the purification or separation of these platform molecules are
limited. To fill this gap, different configurations for the purification of levulinic acid recovered from
lignocellulosic biomass are examined and compared in this work. In particular, hybrid configurations
obtained by the combination of liquid-liquid extraction and distillation have been considered. It was
demonstrated how a deep understanding of the subspace including all extraction-assisted simple
column distillation configurations represents a fundamental step in the synthesis of different process
alternatives. From a separation efficiency and economic standpoint, the proposed intensified liquid-
liquid thermally equivalent configuration (LL-TE) and liquid-liquid side stream column configuration
(LL-SSC) are promising solutions. Nonetheless, their performances are deeply interrelated to the
purity target defined by the designer.

Keywords: process synthesis; process intensification; levulinic acid; separation and purification

1. Introduction

The increase of carbon dioxide emissions and fossil raw materials depletion are
considered major threats to humanity. The development of modern societies was initially
based on the usage of coal, followed by oil and gas. Their conversion to derived-fossil
products can be seen everywhere in daily life (cars, textiles, chemicals . . . ), and is a result
of intense research and development of efficient processes. The high-energy content of
non-renewable sources, however, renders their complete substitution challenging or nearly
impossible. For years, our societies extracted fossilized-carbon leading to significant and
unbalanced carbon emissions. To mitigate this effect, efforts worldwide are now focused
on valorizing biomass [1–4], which was the first raw material used by mankind.

Nevertheless, the food crisis in the 2000s demonstrated in full the limits of using
first-generation biomass, i.e., food-related biomass [5]. As a result, the focus was set
to substantiating new generations of biomass and unlocking its potential. One of the
most appealing second-generation biomasses is lignocellulosic wastes and at present their
valorization is considered as a new hope for our societies because it avoids the ethical
dilemma of food versus fuel. Lignocellulosic biomass is a complex chemical structure
comprising three main elements: cellulose, hemicellulose and lignin. The composition
of these three elements varies from one species to another and depends on many factors,
among which the most important are the plant age, land, and season. The number of
chemicals, fuels and materials that can be obtained as a result of the valorization of
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these raw materials is huge, which makes the design of the complete process particularly
challenging and requires specific attention to the possible bottlenecks within the pre-
treatment, fermentation and separation steps.

Several platform molecules can be produced from lignin, cellulose or hemicellulose [6].
Among those, levulinic acid (LA) is already manufactured on an industrial scale, e.g.,
the Biofine process [7–11]. LA is a multifunctional compound that combines in the same
molecule a keto and an acid group giving unique properties as a building-block chemi-
cal. LA boasts a vast portfolio of applications including food, agriculture polymer and
pharmaceutical [12,13]. In particular, it can be used to produce different fuel additives
such as γ-valerolactone, 2-methyltetrahydrofuran, and ethyl levulinate. The molecule γ-
valerolactone is also considered as a platform molecule. These compounds can be blended
with petroleum-derived fuels without requiring engine modification [14]. Furthermore, LA
was classified by the US Department of Energy as one of the 12 most promising building-
block molecules in nature. This versatility is certified by the LA market forecast. According
to P&S Intelligence, a market intelligence and consulting firm, the global LA market size
was quantified in 27.2 million $ in 2019 with an expected annual growth rate of 8% in the
forecast period 2020–2030 [15].

As discussed by Kumar et al. [16], LA can be produced by synthesis, biological, and
extraction routes. The synthesis path includes the use of biomass and follows a step process
that includes feedstock pretreatment, hydrolysis of polysaccharides into monosaccharides
and acid catalyzed conversion of monosaccharides to LA. Independent of which generation
biomass is used—first, second or third—the process includes the same main steps [17,18].
The step process reached the industrial implementation with GF Biochemicals leading the
way [19].

The bio route is intended for the LA production by fermentation. However, this
process is less documented, and it is claimed to be non-effective due to the release of toxic
waste materials [20]. Extraction routes are widely explored in the literature since extraction
is a very well-established unit operation in the process industry. Different solvents are
considered for LA recovery, including traditional chemicals like benzene, i-octanol and
natural oils as sunflower oil and groundnut oil [20,21].

The principal route for LA production is based on multistep hydrolysis of cellulose or
hemicellulose.

The interest in developing efficient ways to produce and separate LA and its deriva-
tives is directly connected to research studies in the field of biotechnology and chemical
engineering. These research efforts can be sorted according to the following principal areas:

1. Biomass selection. For processes where biomass is used as a feedstock, its selection is
an important issue in the global process economy. Lignocellulosic material [22], oil
palm mesocarp fiber [23], and waste fractions from the papermaking process [24] are
just a few examples reported in the literature.

2. Development of new catalysts. The acid hydrolysis process is usually used to produce LA
with H2SO4 being the most common acid catalyst [25]. Heterogeneous catalysts are
emerging as an alternative to overcome the limitations imposed by the homogeneous
counterpart like corrosion and challenge in recovering the catalyst [26–28].

3. Solvent selection for LA extraction. LA extraction from aqueous solutions is the common
method for LA production. The definition of the optimal solvent can dictate the eco-
nomic feasibility of the process. 2-methyltetrahydrofuran [29], phosphine oxide [30],
MIBK [30] are a few examples of solvents tested.

4. Analysis of physicochemical and thermodynamic properties of LA and derivatives. This
part represents a fundamental step in the definition of properties to be used in the
modeling and simulation of the process, particularly because uncertainties in proper-
ties values can have a considerable effect on the performance of the thermodynamic
models applied to predict and calculate the phase equilibria of the complex systems in-
vestigated. Among the different contributions, recently Nikitin et al. [31] reported the
experimental values of the critical temperatures, pressures, heat capacities, and ther-
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mal diffusivities of levulinic acid and four n-alkyl levulinates, while Ariba et al. [32]
measured and advocated simple relations to express the variation of viscosity, density,
refractive index and specific heat capacity for LA and derivatives as a function of
temperature.

5. Process simulation and optimization. By using the results achieved in the previous points,
process simulation acquires the potential to reduce the gap between research and
implementation. It has the benefit to explore different scenarios and optimize the
production and separation scheme based on specific objective function(s) [33,34].

There are, however, fewer contributions in the literature devoted to the process of
separation for LA production than catalyst or biomass investigation. One such example
is the work of Nhien et al. [35]. They proposed a hybrid purification process combining
liquid-liquid extraction and distillation for recovery of levulinic acid, furfural (F), and
formic acid (FA) from the aqueous mixture obtained in the acidic hydrolysis process of
lignocellulosic biomass. The study was recently reconsidered by Alcocer-Garcia et al. [36]
in order to include more intensified alternatives and introduce an environmental index
together with the economic evaluation. Both studies present important results for the LA
separation optimization; still, there is an aspect that has not been considered, namely a
complete characterization of the subspace of process alternatives that includes liquid-liquid
extraction and ordinary distillation. It is known that different sequences of simple column
sequences can be generated depending on the component separation order. To these
sequences is associated a different design that leads to a different energy consumption
and in general to an economic advantage or disadvantage. This aspect is of paramount
importance since it is expected that the optimal simple column sequence generates optimal
intensified sequences.

In view of this, the main aim of this work is to investigate the subspace of hybrid liquid-
liquid extraction combined with ordinary distillation and derive a connection with some
intensified alternatives not considered by Nhien et al. [35] and Alcocer-Garcia et al. [36].

Furthermore, the importance of using a proper synthesis methodology in the genera-
tion of alternatives screened, and how that impacts the final selection will also be analyzed.
The design of all separation sequences was performed by means of the process simulator
Aspen Plus V11.

2. Synthesis Methodology and Generation of the Separation Alternatives

The combination of liquid-liquid extraction followed by ordinary distillation is an
option considered for the separation of different mixtures of bio-alcohols obtained from
biomass fermentation. In particular, this solution offers different advantages in dealing
with azeotropic mixtures [37,38]. Based on this, Nhien et al. [35], Alcocer-Garcia et al. [36]
and Seibert [39] developed a diverse hybrid flowsheet of liquid-liquid extraction and
distillation proving the economically convenience of the solution.

In this study, ordinary distillation is intended as a unit operation performed in columns
with a single feed and equipped with a condenser and a reboiler associated with the
distillate and the residue, respectively. For multicomponent mixtures separated by ordinary
distillation, different simple column sequences are possible depending on the component
separation order. It is known that simple column sequences are the preferred unit operation
used at industrial level [38]. For this reason it is of paramount importance to compare
a process alternative proposed with the simple column sequence performing the same
separation task. In other words, the subspace that includes all possible simple column
sequences is the first to be examined before proceeding with the generation of any other
alternative [40].

Before proceeding with the definition of the synthesis procedure to generate process
alternatives, it is necessary to examine the mixture properties. It is known that LA does not
form an azeotrope with water, FA and F. Still two azeotropes—a minimum heterogeneous
azeotrope between water-furfural with a composition of 64.5 wt.% furfural at 97.8 ◦C, and
a maximum-boiling homogeneous azeotrope between formic acid and water at 106.8 ◦C



Processes 2021, 9, 490 4 of 11

are formed. This has an impact on the maximum purity achievable and the way F can
be recovered. According to the formula reported by Thompson and King [41] (Equation
(1)), for a 4-component mixture, three simple columns are required arranged in 5 possible
sequences, as reported in Figure 1.

NSC =
[2(N − 1)]!
N!(N − 1)!

(1)

where NSC is the number of possible configurations and N is the number of components.

Figure 1. Liquid-liquid (LL) assisted ordinary distillation, (a) LL-assisted direct distillation sequence (LL-D), (b) LL-assisted
direct-indirect sequence (LL-DI), (c) LL-assisted indirect sequence (LL-I), (d) LL-assisted indirect-direct sequence (LL-ID),
(e) LL-assisted symmetrical sequence (LL-S).

The configurations are named based on the separation order of the products. In the
direct configuration (Figure 1a) the products are removed as distillates from the lighter
to the heavier. In the indirect configuration (Figure 1c) instead, the components are
recovered as bottom streams starting from the heaviest. Mixed configurations like the direct-
indirect (Figure 1b) and the indirect-direct (Figure 1d) are also possible. The symmetrical
configuration shown on Figure 1e, in contrast with the previous ones, performs a first
separation between the middle components in the first column followed by two columns
for the separation of the 4 products.

As shown in Figure 1, the distillation column associated with the separation of the
water stream is equipped with a decanter. Its function is to take advantage of the heteroge-
neous azeotrope between furfural and water and recover a water-rich phase as distillate
and recycle the F rich phase in order to increase its recovery.
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The LL-ID configuration, Figure 1d, was initially considered by Nhien et al. [35], then
the configuration LL-D, Figure 1a, was preferred. The authors were motivated in their
choice based on the known heuristic rule stating that the direct configuration should be
favored [42]. However, following a single heuristic rule does not suffice as it might lead
to generating solutions that are not corresponding to the global optimum. For example,
if just the heuristic that suggests removing the most plentiful component first is taken
into account, then the LL-I configuration of Figure 1c should be preferred. Among all the
alternatives Alcocer-Garcia et al. [36] used the LL-ID sequence without decanter as initially
proposed by Seibert [39].

The selection of the optimal simple column configuration appears as a fundamental
step in the possibility of generating intensified sequences since optimal simple column
configuration(s) will generate optimal intensified configurations(s) [43,44].

Starting from a simple column sequence, it is possible to generate thermally cou-
pled configurations by substitution of condenser(s) and/or reboiler(s) associated with
non-product streams by a bidirectional stream of liquid and vapor. Thermally coupled
configurations can be used to generate thermodynamically equivalent structures by section
recombination and then thermodynamically equivalent configurations can generate inten-
sified configurations by eliminating single column sections or implementing single column
sections in a divided wall arrangement [44,45]. It is easy to imagine how the number of
thermally coupled, thermodynamically equivalent and intensified configurations grows
if it is necessary to consider all possible alternatives obtainable from each simple column
configuration. Hence, screening the subspace of simple column sequences, identifying the
optimal one and considering only the alternatives generated from that specific sequence
can guide the designer in ascertaining promising solutions without investing computa-
tional time in the analysis of all possible configurations [46]. Following this principle, the
intensified alternatives are presented after the analysis of the alternatives in Figure 1.

3. Design Objective and Simulation Settings

In this study, a model feed with the composition and characteristics reported by Nhien
et al. [35] and shown in Table 1 is considered.

Table 1. Feed characterization.

Component Mass Fraction [%]

LA 7
F 4

FA 3
Water 86

Flowrate [kg h−1] 90,000
Pressure [atm] 2

Temperature [K] 298.15

Furfural (F) was chosen as an extracting agent to take advantage of its presence in the
initial feed mixture.

The final purity required for LA was fixed at 99% wt. F was recovered 99.9% wt pure
in order to be recycled to the extractor. The distillation train was designed to achieve a
recovery of F higher than 99.5% wt. FA purity was set at 85% wt according to the most
common market request [47] and the purity of water was never lower than 90% wt.

Taking into consideration the very strong non-ideality of the system, the NRTL-HOC
(non-random two-liquid–Hayden–O’Connell) fluid package was selected to model the
liquid-liquid-vapor phase equilibria. The NRTL-HOC is an asymmetric model in which
the vapor phase properties are modeled by the Hayden–O’Connell equation of state (HOC
EoS), and those of the liquid phase by NRTL.

The application of HOC EoS requires values for the thermophysical parameters of the
four compounds comprising the mixture LA, F, FA and water, e.g., critical parameters, etc.
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In this work the values supplied by the pure compounds library of Aspen Properties were
used and a selection of those is reported in Table 2.

Table 2. Pure component parameters retrieved from the Aspen database.

Component

Property LA FA F
Critical temperature [◦C] 464.85 314.85 397.00

Critical pressure [bar] 40.02 58.10 56.60
Critical volume [cm3 mol−1] 343.00 125.00 252.00

Acentric factor [-] 0.755749 0.312521 0.367784
Standard enthalpy of formation [cal mol−1] −144,979 −90,427.10 −36,065.70

Enthalpy of fusion at melting point [cal mol−1] 2202.16 3033.34 3439.38

The binary interaction parameters for the NRTL-HOC model are reported in Table 3.
The interaction parameters for LA-FA, LA-Water, and LA-F were estimated with the
UNIFAC method.

Table 3. Binary interaction parameters (A, B, C) for the feed components.

Component i Component j Aij Aji Bij Bji Cij

FA Water 4.5156 −2.5864 −1432.08 725.017 0.3
FA F 0 0 46.1655 289.216 0.3

Water F 4.2362 −4.7563 −262.241 1911.42 0.3
LA FA 0 0 −337.828 569.597 0.3
LA Water 0 0 −261.319 1030.13 0.3
LA F 0 0 −336.725 859.563 0.3

The rigorous counter current model “Extract” was used to model the liquid-liquid
extraction unit, while “RadFrac” was used for the distillation columns. All columns were
optimized with respect to the number of stages, feed location and reflux ratio. The pressure
was chosen as the minimum one equal or above the atmospheric value to assure the use of
cooling water in the overhead condensers. Pressure drop was neglected, and ideal stages
were considered. The temperature of the decanter was optimized to maximize the recovery
of F to be used as a reflux. The distillation columns were considered equipped with total
condensers and kettle reboilers.

The different configurations were compared with respect to the operative cost (OC)
and the annualized capital costs (ACC). The OC were calculated according to Equation (2).

OC =
n

∑
i=1

Ci, ut (2)

where Ci,ut is the cost associated to the external utility. The evaluation of the operative costs
was implemented directly in the simulation associating each heat exchanger with a proper
utility taking into account a minimum temperature difference of 10 ◦C between utility and
process stream.

Cooling water available at 20 ◦C, medium pressure steam at 174 ◦C and hot oil at 280
◦C were used. The energy price for water was 2.12×10−7 $ kJ−1, for the medium pressure
steam 2.2 × 10−6 $ kJ−1, and 3.5 × 10−6 $ kJ−1 for the hot oil. Moreover, 8760 hr yr−1 were
assumed [48].

The annualized capital costs were evaluated according to Guthrier’s method [49],
annualized considering a payback period of 10 years and actualized to August 2020
considering the Chemical Engineering Plant Cost Index [50]. For each column an extra
height of 3 m for vapor disengagement and to keep a sufficient liquid level on the bottom
was considered. Both indexes are regarded as representative of the economy of the process.
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4. Simulation Results and Novel Intensified Configurations

In the simulation of the hybrid liquid-liquid extraction assisted ordinary distillation
of Figure 1 the recovery of LA in the extractor was fixed at 99% on mass basis and it was
achieved with a solvent to feed ratio of 1.2. Nhien et al. [35] and Alcocer-Garcia et al. [36]
considered a purity of LA 98% wt. while in this study this value was increased to 99% wt.
This increase of purity causes the temperature of the LA stream to reach 253 ◦C requiring
the use of hot oil as reboiler utility. For this reason, the operative costs of this study are
higher than those reported by Nhien et al. [35] and Alcocer-Garcia et al. [36].

For LL-I and LL-S configurations was not possible to reach the purity specification
for FA under the limitation of using only cooling water as cold utility. In fact, in order to
recover FA in the decanter it would be necessary to decrease the temperature below 40 ◦C.
These configurations are not reported in the results. The OC and ACC are summarized in
Figure 2.

Figure 2. Operative and annualized capital costs for the configurations of Figure 1 reaching the
purity targets.

As shown, the best separation alternative in terms of both OC and ACC is the LL-DI.
Its operative cost is 6% lower than that of LL-D considered by Nhien et al. [35].

The design parameters for this configuration are reported in Table 4.

Table 4. Design parameters and operative variables for the configuration LL-DI.

Extractor Column 1 Column 2 Column 3

Number of stages 35 20 22 28
Feed stage - 11 13 12

Reflux ratio [mass] - 0.5 - 48.80
Diameter [m] - 2.68 3.27 1.76

Extract flowrate [kg h−1] 114,069 - - -
Residue stream [kg h−1] - 6270 104,330 104,010

Distillate temperature [K] - 316.15 333.15 379.29
Residue temperature [K] - 530.72 432.75 434.47

Condenser duty [kW] - 2452.31 14,729.6 3419.68
Reboiler duty [kW] - 9358.43 15,005.3 3487.82

Generation of the Intensified Alternatives

Intensified alternatives are intended as configurations with reduced equipment of-
fering the same performance as the traditional configuration but at a reduced energy
consumption and capital investment.

Different alternatives can be generated from the LL-DI selected in the previous section
as the best performing. It is possible to consider thermally coupled, thermodynamically
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equivalent or sequences with a reduced number of columns. A complete overview was
given by Errico et al. [40]. In this work only the configurations in Figure 3 are considered
as a possible example.

Figure 3. Intensified configurations. (Left): liquid-liquid-thermally equivalent configuration (LL-TE). (Right): liquid-liquid
side stream column configuration (LL-SSC).

Starting from the LL-DI configuration, the LL-TE (Figure 3 left) was obtained removing
the condenser of the second column and moving the section associated to the FA separation.
In this way F is separated in the rectifying section. The LL-TE configuration can be further
intensified by removing the rectifying section and recovering F as a side stream. The
configuration obtained, called LL-SSC (Figure 3 right) has reduced equipment compared to
the LL-TE and to the LL-DI from which it is derived.

The configuration parameters and the energy consumption of the two intensified
alternatives are summarized in Table 5. The extractor and the first column were not
reported since these results are identical to those reported in Table 4.

Table 5. Design parameters and operative variables for the configurations LL-TE and LL-SSC.

LL-TE LL-SSC
Column 2 Column 3 Column 2

Number of stages 33 15 35
Feed stage 28 - 28

Side stream stage - - 19
Reflux ratio [mass] 247 - 303

Diameter [m] 3.52 1.38 3.83
Residue stream [kg

h−1] 6270 104,000 6300

Distillate temperature
[K] 106.15 - 106.16

Residue temperature
[K] 253.64 161.32 252.56

Condenser duty [kW] 17,064.0 - 19,726.2
Reboiler duty [kW] 15,633.5 1773.97 20,062.2

The LL-TE configuration was optimized defining the minimum liquid flowrate, con-
necting the second and the third column that assures the achievement of the purity targets.
Also, the position of the vapor and liquid connecting streams were optimized to match the
stream and column composition. In the LL-SSC, the side stream is in liquid phase located
in the column section above the feed. The LL-TE configuration operates with lower duties
allowing the configuration to achieve a 2% savings in the OC. On the other side the OC of
the LL-SSC the configuration is 11% higher than that of the LL-DI. This penalty is a result of
the fact that the separation of the three components is realized in the same column. Hence,
all the heat necessary for the separation is provided at the highest temperature requiring
the use of hot oil as a utility. Moreover, this configuration is further penalized by a higher
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capital cost due to the highest diameter of the column that performs the separation of FA, F
and LA.

5. Conclusions

In the present study the separation of LA from a model solution obtained from acid
hydrolysis of lignocellulosic biomass is considered. Hybrid flowsheets achieved by a
combination of liquid-liquid extraction and distillation have been considered to obtain
pure LA and recover a commercial grade FA stream. Furfural that is also part of the
feed mixture has been chosen as extracting agent for the extraction step. The analysis of
the hybrid alternatives including simple distillation columns was proved to be the first
step in developing a synthesis method to predict intensified alternatives. In particular,
it was determined that the liquid-liquid direct-indirect (LL-DI) alternative was the best
option among the simple column alternatives. In this configuration the water stream was
recovered in the first column followed by LA, FA and F. Two intensified alternatives were
generated from the LL-DI. The former included a thermal coupling between the second
and the third column, while the latter had one column less and F was removed through a
side stream.

With regard to all the alternatives considered, the configuration with a thermal cou-
pling has a slightly better performance in terms of operative and capitals costs but further
studies are required. In particular, more configurations should be considered and other
indexes than the economics should be included.

Finally, this study provides a systematic method to generate process alternatives that
are expected to be competitive with respect to the benchmark case used as a reference.
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