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Abstract 

Background: 2,3‑Butanediol (2,3‑BDO) is a synthetic chemical compound that also can be produced by biomass 
fermentation, which is gaining share in the global market as an intermediate product for numerous applications, i.e. 
as liquid fuel or fuel additive. Several metabolic engineering fermentation strategies to enhance the production of 2,3‑
BDO were developed. However, the recovery of 2,3‑BDO from its fermentation broth remains a challenge due to its 
low concentration and its solubility in water and other components. Thus, a cost‑effective recovery process is required 
to deliver the required purity of 2,3‑BDO. This paper presents a new process development and techno‑economic 
analysis for 2,3‑BDO purification from a fermentation broth.

Results: Conventional distillation and hybrid extraction‑distillation (HED) processes are proposed in this study with 
detailed optimization and economic analysis. Particularly, a systematic solvent selection method was successfully 
implemented to determine a good solvent for the proposed HED configuration based on numerous experimental 
data obtained with each solvent candidate. NRTL and UNIQUAC property methods were evaluated to obtain binary 
interaction parameters of 2,3‑BDO through rigorous Aspen Plus regression and validated using experimental data. 
Total annual cost (TAC)‑based optimization was performed for each proposed configuration. Even though the HED 
configuration required 9.5% higher capital cost than conventional distillation, placing an extraction column before 
the distillation column was effective in removing water from the fermentation broth and significantly improved the 
overall process economics.

Conclusions: Oleyl alcohol was found to be the most suitable solvent for the HED of 2,3‑BDO due to its high distribu‑
tion coefficient and high selectivity. The proposed HED drastically reduced reboiler duty consumption and TAC by 
up to 54.8 and 25.8%, respectively. The proposed design is expected to be used for the commercial scale of 2,3‑BDO 
production from fermentation process.

Keywords: 2,3‑Butanediol purification, Commercial biofuel process, Bio‑refinery process, Extraction solvent selection, 
Hybrid extraction‑distillation, Oleyl alcohol, Techno‑economic analysis
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Background
Due to the depletion of conventional crude oil resources, 
great attention is directed towards renewable resources. 
Biomass conversion produces many valuable liquid 

products such as bioethanol, biodiesel, 1,3-propylene 
glycol, and 2,3-butanediol (2,3-BDO), depending on 
selective enzymatic action [1]. However, process imple-
mentation for the massive production of biochemicals 
is not well developed due to limitations and challenges 
such as the development of new processes, replacement 
of old processes needing huge capital, low concentration 
of product, and recovery of product accounting for high 
cost due to low concentration [2].
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Owing to the wide industrial application [3] as a plat-
form and fuel biochemical [4], 2,3-BDO needs special 
consideration. One of the important dehydration prod-
ucts of 2,3-BDO—methyl ethyl ketone—is used as an 
industrial solvent, fuel additive, and in printing inks [5]. 
In addition, 2,3 BDO could also be ketalized with acetone 
yields acetone-2,3-BDO-ketal, which can be used as an 
octane booster, food additive, and in polymer formation, 
cosmetics, and drugs [6]. An improved process for the 
transformation of 2,3-BDO to acetoin is also desirable 
[7]. As reported earlier, the key downstream products of 
2,3-BDO have a prospective global market of  ~  32 mil-
lion tons per year, valued at around $43 billion [8].

An early study of the production of 2,3-BDO using 
microbes was performed by Harden, Norris, and Walpole 
[9]. Bacillus polymyxa was used by Ledingham and Neish 
on a pilot scale [10]. Conversion of lignocellulosic waste 
to 2,3-BDO was introduced by Flickinger [11]. To date, 
Klebsiella pneumoniae, Serratia marcescens, Enterobacter 
aerogenes, Paenibacillus polymyxa, and Saccharomyces 
cerevisae have shown potential to produce 2,3-BDO [12, 
13], but the Klebsiella family has a higher capability than 
the others [14, 15]. Lee and Maddox [16] used whey per-
meate K. pneumoniae immobilized in calcium alginate to 
produce 2,3-BDO with the productivity of 2–3 g/L/ h−1. 
Garg and Jain [17] presented the fermentation of cellu-
lose and hemicellulose to produce 2,3-BDO by K. pneu-
moniae for improved process economics.

A detailed study has been carried out regarding the 
production and route of fermentation leading to 2,3-
BDO as a possible source of fuel and other valuable prod-
ucts [18]. However, after fermentation the broth contains 
a low concentration of 2,3-BDO; the remainder contains 
solids and soluble contents with excess water. Final out-
put depends on raw materials and organisms used in a 
process. The boiling point of 2,3-BDO is about 180 °C at 
atmospheric pressure and it does not form an azeotrope 
with water. It shows easy separation from water using a 
conventional distillation process, although it might be 
not profitable due to the low concentration of 2,3-BDO 
in the fermentation broth.

Therefore, a key challenge is to recover the low con-
centration of 2,3-BDO from the fermentation broth 
with commercial viability. Up to now, the only promis-
ing commercial technique is the simulated moving bed 
(SMB), which is proposed to be implemented in a Lan-
zaTech fermentation plant to produce anhydrous ethanol 
and 2,3-BDO [19, 20]. However, the drawbacks of SMB 
are the existence of strong non-linear behavior during 
design and optimization [21] and alternating loads of the 
pumps causing reduced lifetime and higher fault prob-
ability during operation [22]. The expensive equipment 
(material) used in SMB due to the need for a considerable 

amount of stationary phase material is also significant 
[23]. Therefore, several experimental techniques that 
are simpler and more economic than SMB such as per-
vaporation [24], solvent extraction [25], steam stripping 
[26], reactive extraction [27], and salting-out extraction 
[28] have been described. Although much experimental 
research was done at the lab scale, every technology has 
issues and limitations [29].

In the case of membrane separation through the 
pervaporation process, the activity of the membrane 
decreases over time as the membrane faces severe prob-
lems due to the complexity of the fermentation broth. 
Few studies regarding membrane separation are found in 
the literature. Polydimethylsiloxane (PDMS) and ZSM-5 
zeolite particles in PDMS were used as membranes inte-
grated with solvent extraction [30, 31]. A synthetic broth 
was used in these studies because actual fermentation 
broth seriously disturbs the functionality of the mem-
brane. Membrane swelling is a major issue encountered 
during separation [29–31]. Reactive extraction is also an 
impressive methodology for 2,3-BDO; although it takes 
less solvent for reaction and extraction, the strongly 
acidic environment causes corrosion. Anti-corrosion 
devices need to be implemented to avoid the corrosive 
effect. This technique is not mature enough to be imple-
mented on a large scale due to processing problems and 
has only been tested at the lab scale [27, 32].

Liquid–liquid extraction is one of the leading method-
ologies discussed for 2,3-BDO as a number of solvents 
have been used to test the extraction rate of 2,3-BDO 
[25]. The liquid extraction (also called solvent extraction) 
technique offers benefits once the recovery and recy-
cling of solvent are made reliable to make this method 
economical. Several reports have explained the salt 
effect using the concept of solvent extraction. Salting out 
increases extraction efficiency and decreases the quantity 
of solvent needed for extraction. Selectivity and distribu-
tion coefficient are higher than liquid extraction only [28, 
33–35]. In these studies, salt acts positively on extrac-
tion but it may adversely affect the distillation operation 
during the recovery of solvent. Recycling may have some 
solid particles, which can cause scaling or blockage; salt 
also appears in the raffinate phase, which means solvent 
and salt recovery will be performed separately and will 
account for additional cost [36]. Therefore, the reliable 
option for commercializing solvent extraction is to use a 
solvent (without salt addition) with high selectivity and 
distribution coefficient for 2,3-BDO.

Numerous solvents have been tested to ensure separa-
tion capability. Selection of appropriate solvent is a major 
goal in any solvent extraction process. The solvent selec-
tion has been done in this work and will be discussed 
in further sections. However, solvent extraction or any 
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process mentioned earlier alone is not able to approach 
the required product purity. Hence, a process needs to 
be repeated two or three times or integrated with other 
methods to fulfill the requirements of separation [37]. 
A combination of solvent extraction with distillation, 
usually called hybrid extraction-distillation (HED), is 
expected to fully ensure the separation of 2,3-BDO with 
recovery and recycling of solvent. In solvent extraction, 
2,3-BDO is extracted in an extractor by forming the 
organic phase, which is then separated from the water-
rich phase. The organic phase is then inserted into a dis-
tillation column where the solvent is recycled back to the 
extractor and 2,3-BDO is recovered from the top. HED 
has been effectively proven and widely used for the sepa-
ration of liquid mixtures [38], particularly for the recov-
ery of products such as butanol [39], bioethanol [40], 
furfural [41], pyridine [42], acetic acid [43, 44], n-pro-
panol [45], and ester [43].

Evaluation of 2,3-BDO purification or recovery through 
process design study is necessary for the commerciali-
zation of 2,3-BDO from biomass fermentation. For this 
reason, this work aims to propose a comprehensive pro-
cess development for 2,3-BDO purification from a real 
fermentation broth, defining the separation with reliable 
analysis, simulation, optimization, and cost assessment. 
Herein, we focused on HED configuration and further 
compared with a conventional distillation process. This 
design will enable a clearer understanding of the ther-
modynamic correlations and the evaluation, solvent 
selection method, process simulation and optimization, 
and economic evaluation of the conventional distillation 
design and the proposed hybrid extraction-distillation 
process.

Methods
Figure 1 provides an outline of the design approach used 
in this study to accomplish the objective. Binary param-
eters of the thermodynamic model candidates were first 
obtained for the main components, i.e. 2,3-BDO and 
water through rigorous regression and validation steps. 
Considering the selected thermodynamic model, sev-
eral process configurations were observed using a rigor-
ous process simulator (i.e. Aspen Plus). A cost-effective 
hybrid extraction distillation was proposed to purify 2,3-
BDO from the fermentation broth.

Thermodynamic model
Aspen  Plus®V9 was used to simulate the process con-
figurations considered. In this study, 2,3-BDO and water 
vapor–liquid-equilibrium (VLE) binary parameters were 
reproduced by employing open literature VLE data in the 
Aspen Plus regression function. Liquid–liquid equilib-
rium (LLE) data for ternary 2,3-BDO + water + selected 

solvent systems were also used in this study to obtain 
LLE binary parameters for the extractor unit in the 
hybrid extraction distillation configuration. The Aspen 
Plus physical parameter regression system provides a 
powerful tool for regressing and correlating experimen-
tal data to obtain binary coefficient values. The universal 
quasi-chemical (UNIQUAC) [46] and non-random two 
liquid (NRTL) [47] equations were evaluated as thermo-
dynamic models for VLE and LLE behaviors. The adjusta-
ble parameters of the NRTL and UNIQUAC equation are 
described in Additional file 1. The binary parameters in 
the NRTL and UNIQUAC models were obtained by the 
generalized least-squares method to minimize the follow-
ing maximum likelihood objective function (Q) [48, 49]:

where NDG, NP, and NC are the number of data groups 
in the regression case, the number of points in data group 
n, and the number of components present in the data 
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Design and optimization of conventional 
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extraction-distillation sequence

Enhanced optimal configurations 
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Economic analysis for all 
process configurations

End

Fig. 1 Design approach used in this study
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group, respectively. wn is the weight of data group n; e is 
the estimated value and m is the measured value; i is the 
data for data point i; j is the fraction data for component 
j; and σ is the standard deviation of the indicated data. T, 
P, x, and y are the temperature, pressure, and liquid and 
vapor mole fractions, respectively.

To evaluate the accuracy of each thermodynamic 
model with the experimental data, the average absolute 
deviation (AAD) values were calculated for each binary 
pair to quantitatively validate the regression result.

where n is the number of data points. xcali and x
exp
i  refer 

to the calculated mole fraction and experimental mole 
fraction of component i, respectively.

Process simulation
The selected thermodynamic model was used to evalu-
ate the proposed design for 2,3-BDO purification. Avail-
able Aspen Plus binary parameters were used for binary 
components of other constituents in the system. The 
UNIFAC group contribution method of estimation was 
used for the missing binary parameters. The feasibilities 
of process candidates for 2,3-BDO purification (Fig.  2), 
were examined by rigorous simulation and optimization 
in Aspen Plus. The feed composition and temperature 
were considered for the real fermentation broth, as in 
the previous study [50]. Table 1 lists the feed, operating 
conditions, and product requirements, which were based 
on the requirements of our industrial partner. In addi-
tion, the pressure drop for each stage in the distillation 
columns was set to 0.006 atm. With all proposed process 
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configurations, the design specification function in 
Aspen Plus was used to achieve the qualities of product 
streams in the distillation column (99 wt% 2,3-BDO) by 
manipulating the reflux ratio. This function was also used 
to eliminate water in the distillate stream of the conven-
tional distillation column (DC) and purification column 
(DC-2) using the boil-up ratio as the manipulating vari-
able. The solvent recycle flow rate of the hybrid extrac-
tion-distillation configuration was calculated with the 
requirement of 90 wt% recovery of 2,3-BDO in the prod-
uct stream and could be performed using the flowsheet 
design specification function in Aspen Plus.

Sensitivity analysis and process optimization
Sensitivity analysis was conducted on the extraction 
process to identify the effect of a number of extraction 
stages to the mass recovery of 2,3-BDO and the required 
solvent flow rate. All configurations studied in this work 
were optimized with the help of a process optimization 
tool based on a sequential quadratic programming (SQP) 

Fig. 2 Proposed configurations for purification of 2,3‑butanediol: a conventional distillation (base case); and b hybrid extraction‑distillation con‑
figuration

Table 1 Feed mixture conditions and product require-
ments

Variable Value

Feed flow rate 20,000 kg/h

Feed component and composition 
(wt%)

Water (87.5); 2,3‑BDO (9.3); formic 
acid (0.027); acetic acid (0.89); 
lactic acid (0.0712); succinic acid 
(0.2026); ethanol (1.05); acetoin 
(0.934)

Feed and column pressure 1 atm

Feed and extractor temperature 25 °C

Product requirement 1691.28 kg/h of 2,3‑BDO ≥ 99 wt%
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algorithm [49, 51] in Aspen Plus. The SQP method is an 
efficient method for solving nonlinearly constrained opti-
mization problems and it has been successfully employed 
in several previous studies [43, 52–56]. According to the 
sensitivity analysis which will be discussed later, the sol-
vent rate is one of the most important variables in dis-
tillation column design and operation. In this work, the 
solvent rate was chosen as a manipulating variable to ful-
fill the output target that mentioned earlier in the previ-
ous section (product purity and recovery). The objective 
function is the minimum total annual cost (TAC) of the 
proposed configuration. The TAC, which involves the 
cost of the total energy and make-up solvent require-
ments (operating cost) and equipment purchase (capital 
cost), was used to evaluate the economic performances 
of the proposed configurations. The detailed calculation 
method is provided in the additional file 1. A sequential 
iterative optimization approach was used on both config-
urations in this work. For conventional distillation, TAC 
was minimized by increasing the number of stages until 
the optimal number of stages was obtained. Once the 
number of stages of a distillation column was changed, 

the feed location and side stream location were also 
adjusted to obtain the minimum reboiler duty. Moreover, 
hybrid extraction-distillation has more variables to opti-
mize. Figure  3 shows the sequential iterative optimiza-
tion procedure used for HED optimization together with 
the solvent selection method.

Procedure for solvent selection
Selection of appropriate solvent is important because 
the solvent plays a central role in the separation process; 
a solvent with high extraction power has high feasibil-
ity. The main criteria for screening solvents are the dis-
tribution coefficient (KD) and selectivity (α) along with 
essential solvent characteristics such as density, volatility, 
viscosity, flammability, and polarity.

The distribution coefficient and selectivity are defined 
as

where KD1 and KD2 are the distribution coefficients of 
2,3-BDO and water, respectively, xa

1 and xa
2 are the mole 
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Literature survey on solvents 
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Evaluate the distribution coefficient, selectivity, 
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solvent recovery, process design feasibility
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Start

Classify the solvents due to the solvent type 
and its data availability

Select a column DC-2 total stages (N2), 
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Optimal Design

Select an extractor stages (EXT)
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required number of extraction stages
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Fig. 3 Procedure for solvent selection and its hybrid extraction distillation optimization through a sequential iterative optimization approach
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fractions of 2,3-BDO and water in the aqueous phase, 
respectively, xo

1 and xo
2 are the mole fractions of 2,3-BDO 

and water in the organic phase, respectively, and α is the 
selectivity of 2,3-BDO from water.

The solvent should be cheap, easily available, immis-
cible with an aqueous phase, environmentally friendly, 
non-toxic, biologically compatible, easily recoverable 
from the organic phase, and have low viscosity, high KD, 
and high α, [57]. All the solvent candidates are described 
based on their experimented temperatures, partition 
coefficients, densities, selectivities, product separation 
from solvent, and ease of solvent recovery. Comparison 
of these parameters provides the most suitable solvent 
among those selected from experimental data [58].

Figure 3 describes a detailed procedure of solvent selec-
tion. In general, a systematic approach to selecting the 
suitable solvent for a certain component is to first deter-
mine the solvent type and the availability of data. It is the 
scope of this work to focus on the available sufficient LLE 
data and to avoid the use of a mixed solvent due to the 
reason mentioned in “Background”. Further, the physi-
cal properties of the target component such as density, 
boiling point, azeotrope formation with any component 
present in the mixture, distribution coefficient, and selec-
tivity determine the next step, which includes a ther-
mal operating range. This range will decide the stability 
of the product and range of boiling point of a solvent. 
Thermal range determines the recovery of the product 
either downstream or upstream depending on the boil-
ing temperature of the solvent being used. A further 
step is to select suitable solvents already studied or pre-
sented in the literature with high KD and α. Comparison 
based on mole fraction is necessary to calculate the KD 
and α to evaluate all available solvents in the literature. 
The immiscibility area is usually used to check the capa-
bility or potential of solvent for the extraction process. 
Evaluation of shortlisted solvents needs special attention 
because the final design should consider the solvent hav-
ing a higher capacity to extract solute and then being eas-
ily recoverable. Once solvent screening was performed 

using the literature, the Aspen Plus regression tool was 
used to obtain the binary parameters.

Results and discussion
Selection of solvent
To enable simulations, LLE data is necessary for pro-
cess design. Thus, considering sufficient LLE data of 2,3-
BDO  +  water  +  solvent, several solvents were tested 
earlier. The comprehensive summary of LLE data for the 
extraction of 2,3-BDO is shown in Table 2. Considering 
the advantages of a single solvent and the drawbacks of 
salt raised in “Background”, this work only considers sin-
gle solvents for extracting 2,3-BDO from the fermenta-
tion broth. Thus, the LLE data of mixed solvents with 
salt [39, 40] or other components [42, 65] were excluded. 
Table 2 compares several solvents that have LLE data at 
approximately 25 °C (the real fermentation broth temper-
ature that will be used in the design).

The density differences between solvents and the fer-
mentation broth (1 g/mL) are significant. Further, on the 
basis of selectivity, all solvents show potential but sev-
eral solvents each have a certain amount in the raffinate 
phase, as can be seen in high  KD  H2O, which limits their 
large-scale application. According to Chen et  al. [42], 
high distribution coefficient means the solvent requires 
a lower flow rate for separation and a smaller column 
diameter. A liquid–liquid envelope with tie lines provides 
details of the distribution coefficient of the solvent and 
whether it is good or bad for extraction. Figure 4 shows 
the separation behavior in terms of liquid–liquid tie 
lines. A solvent with KD  <  1 has tie lines tilted towards 
the solvent-rich corner while a good solvent has KD > 1 
with the tie lines converging towards the aqueous-rich 
corner in the ternary diagram [42]. As seen in Fig. 4, the 
KD of ethyl acetate (Fig. 4a) and butyl acetate (Fig. 4b) are 
less than 1 and much smaller than those of the others. 
Ethyl acetate and butyl acetate are not suitable since their 
tie-lines are unfavorably tilted (low distribution coef-
ficient), although they have sufficient selectivities. Thus, 
these two solvents can be eliminated at this step. As seen 

Table 2 Summary of selection criteria for available LLE data for 2,3-butanediol + water + solvent

Solvent Texpt (°C) KD  H2O KD 2,3-BDO Selectivity (α) Density (g/mL) Boiling Temp. (°C) Refs.

Ethyl acetate 25 0.17–0.28 0.22–0.63 1.3–2.8 0.897 77.1 [59]

Butyl acetate 25 0.13–0.27 0.56–0.62 2.31–4.26 0.882 126 [60]

1‑Butanol 25 0.55–0.82 1.23–1.62 1.51–2.95 0.81 117.7 [61]

Isobutanol 25 0.51–0.66 1.45–1.55 2.27–2.92 0.802 108 [62]

2‑Ethyl‑1‑hexanol 27 0.08–0.52 1.26–1.81 2.41–20.73 0.831 184.6 [63]

Oleyl alcohol 27 0.01–0.37 2.66–6.52 7.24–421.9 0.855 348.02 [64]
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Fig. 4 Experimental LLE tie‑line data for the water + 2,3‑butanediol + solvent systems: a ethyl acetate, b butyl acetate, c 1‑butanol, d isobutanol,  
e 2‑ethyl‑1‑hexanol, f oleyl alcohol
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from Fig.  4, all alcohol solvent candidates have good 
abilities to separate 2,3-BDO as they have liquid–liquid 
tie lines tilted in the right direction from the upper-left 
to lower-right, which showed that higher 2,3-BDO can 
be obtained in the organic phase. However, 1-butanol, 
isobutanol, and 2-ethyl-1-hexanol form azeotropes with 
water, which increases the difficulty of recovering solvent 
from water in a subsequent distillation column. During 
the recovery process, this will bring water in the solvent 
recycle stream to the extractor along with other compo-
nents. In fact, the use of either 1-butanol or isobutanol 
as an extraction solvent can be screened out in this work 
due to their relatively small LLE envelopes, although their 
tie-lines are favorably tilted, as shown in Fig. 4c, d.

The aforementioned solvents have limitations that 
retard their implementation in the extraction process. 
Figure  4 indicates that oleyl alcohol and 2-ethyl-1-hex-
anol have leading capabilities to extract 2,3-BDO from 
water due to their high immiscibility areas. The con-
centrations of these organic solvents that remain in the 
aqueous phase are low. However, 2-ethyl-1-hexanol has 
a similar boiling temperature (184.6  °C) to 2,3-BDO 
(180.7 °C), which eventually causes difficulties in solvent 
recovery. At this step, oleyl alcohol then appears as the 
best option for the extraction process. The characteris-
tics of oleyl alcohol are: (1) higher distribution coefficient 
than other solvents, (2) highly selective for 2,3-BDO, (3) 
very low aqueous solubility, and (4) density difference is 
enough to separate. The other advantages of using oleyl 
alcohol as solvent are that it [66, 67]: (1) is non-toxic, (2) 
has small affection to forming emulsions, (3) is thermally 
and chemically stable, (4) is non-hazardous, (5) is easily 
available in excess, and (6) has large interfacial tension. 
The high price of oleyl alcohol and its high viscosity are 
the main drawbacks of this solvent [68–70].

In addition, it was found that 2,3-BDO is perfectly 
soluble in oleyl alcohol during the extractive fermen-
tation process or in  situ recovery process [71, 72]. As 
mentioned earlier, oleyl alcohol provides a compromise 
between high partition coefficient and lack of toxicity. 
For this reason, oleyl alcohol has been used more fre-
quently than other organic solvents for acetone-butanol-
ethanol extractive fermentations [73]. Oleyl alcohol has 
already been applied to the recovery of desired products 
from fermentation broths such as the recovery of butanol 
from a fermenter [74] and the extraction of ethanol [45]. 
Qureshi and Maddox [26] also reported that oleyl alcohol 
is a powerful candidate for the extraction of butanol.

Thermodynamic evaluation
Vapor–liquid equilibrium of water and 2,3‑BDO
Vapor–liquid equilibrium (VLE) experiments were 
performed earlier on the main constituents in the 

fermentation broth: 2,3-BDO and water. Blom et  al. 
[75] examined the VLE behaviors of 2,3-BDO and water 
at 1  bar. Othmer et  al. [76] studied the VLE of 2,3-
BDO + water mixtures at 200, 350, 500, and 760 mmHg. 
In this study, experimental data for the VLE of the 2,3-
BDO  +  water system were correlated using the NRTL 
and UNIQUAC models for process design purposes. 
Table 3 lists the VLE binary parameters of 2,3-BDO and 
water for the NRTL and UNIQUAC thermodynamic 
models. The binary VLE was validated using literature 
data [75, 76] for the T-xy equilibrium phase diagrams, 
as shown in Fig.  5. As shown in the figure, both NRTL 
and UNIQUAC matched the experimental data closely, 
mainly at the low concentration of 2,3-BDO that is 
typically obtained from the fermentation broth. NRTL 
matches the experimental result more closely than the 
UNIQUAC result, as seen from its AAD value (Table  4 
and Fig.  5). Therefore, the NRTL model was chosen for 
simulation of the distillation column in this study.

Liquid–liquid equilibrium of water, 2,3‑BDO, and oleyl 
alcohol
As discussed in “Thermodynamic model”, the NRTL 
model has non-randomness parameters, which usually 
need to be fixed during data regression. As per recom-
mendation by Khayati et  al. [64], αij = 0.2 was chosen 
as the value that led to the lowest residual values. Since 
the dij value was 0, cij is equal to αij in this data regres-
sion, and this value was used prior to regression. The r 
and q values of each component are necessary for the 
UNIQUAC model, as shown in Eqs. 7–13 in Additional 
file  1. However, the r and q values of oleyl alcohol are 
not available in the Aspen Plus databank. Therefore, 
this study used Aspen Plus to estimate the r and q val-
ues of oleyl alcohol, given its structure. The r and q val-
ues of oleyl alcohol were obtained as 12.6632 and 10.396, 
respectively.

Liquid-liquid equilibrium data from the literature at 
different temperatures [64] were used for data regres-
sion. Table  4 compares the regressed binary interaction 

Table 3 VLE binary interaction parameters of the NRTL 
and UNIQUAC models for 2,3-butanediol (i) and water (j)

Parameter Thermodynamic model

NRTL UNIQUAC

aij 2.43182 0.623312

aji − 2.00197 0.0692492

bij (K) 35.5157 − 123.719

bji (K) 409.421 − 183.929

cij 0.3 –

AAD 0.0047 0.0049
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parameters of LLE and AAD values for both NRTL and 
UNIQUAC models. Figure 6 shows the LLE ternary dia-
gram for both models in comparison with experimen-
tal data at 27  °C. A low AAD value indicates that both 

models closely correlate the experimental tie-line data 
and exhibit acceptable agreement. However, the correla-
tion of the NRTL model was slightly superior to that of 
the UNIQUAC model. This might be due to the r and q 
values predicted by Aspen Plus for oleyl alcohol. There-
fore, the NRTL thermodynamic model was employed to 
determine the liquid–liquid behavior of the mixture in 
the extraction column.

Design and optimization of conventional distillation
Distillation is a well-known separation process in the 
industry. Thus, this work first proposed conventional 
distillation as a base process configuration to purify 2,3-
BDO from its fermentation broth. Based on the relative 
volatilities of feed component mixtures, 2,3-BDO was 
obtained in the side stream as the product. Meanwhile, 
water was completely removed from the distillate along 
with the other constituents. The remaining 2,3-BDO was 
withdrawn from the bottom stream together with the 
heavy components. In the proposed conventional distil-
lation configuration, a large amount of energy is expected 
to be required in the reboiler since the feed from the fer-
mentation broth is in a subcooled condition (25  °C). A 
high outlet stream temperature in this configuration can 

Fig. 5 2,3‑butanediol + water VLE phase diagram compared with literature values: a at 1 atm, b at 1 bar

Table 4 LLE binary interaction parameters of the NRTL and UNIQUAC models for 2,3-butanediol (2,3-BDO), water, 
and oleyl alcohol (OA)

System NRTL UNIQUAC

aij aji bij (K) bji (K) cij aij aji bij (K) bji (K)

2,3‑BDO/Water − 0.5863 0.567324 − 107.067 899.029 0.2 7.06203 − 34.0042 − 2388.66 10,000

2,3‑BDO/OA − 31.1741 20.1625 9998.51 − 6329.68 0.2 − 1.16437 − 17.0389 2.92684 4985.16

Water‑OA − 11.9258 − 28.0351 5808.59 9999.42 0.2 0.967516 − 22.3601 − 225.248 − 7369.56

AAD 0.0186 0.0211

Fig. 6 Water + 2,3‑butanediol + oleyl alcohol LLE phase diagram 
compared with literature values at 27 °C
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be used as an energy (heat) source to reduce the energy 
required in the reboiler by placing a heat exchanger as a 
feed pre-heater. The utilization of three product streams 
could provide significant energy savings compared to 
conventional distillation without heat integration. The 
minimum approach temperature (hot outlet–cold inlet) 
of each heat exchanger was designed to be 10 °C.

Figure  7 shows TAC plots of the conventional distil-
lation process at the different total stages. In each sim-
ulation run, the 2,3-BDO product specification was 
achieved by varying the reflux ratio of the distillation col-
umn. Once the number of stages was increased, the feed 
location and side stream location were also adjusted to 
minimize reboiler duty. The optimal feed and side stream 
locations were found based on the maximum allowable 
temperature (244 °C) in the bottom stream of DC to ful-
fill the constraints of using a steam reboiler and satisfying 
the internal flow hydraulics during hydraulic evaluation 
in the Aspen Plus sizing and rating function.

It was found that the optimal total stages, feed stage, 
and product stage are 19, 2, and 17, respectively. The 
optimal configuration of conventional distillation can be 
seen in Fig. 8. As depicted in Fig. 8, the energy consump-
tion of the optimal conventional distillation structure can 
be reduced from 13,139 to 11,663 kW by utilizing prod-
uct streams for preheating. The high energy consumption 
in the distillation process is mainly due to the excessive 
amount of water in the feed, i.e. 87.5  wt%. With higher 
volatility than 2,3-BDO, all the water should be vapor-
ized in the distillation column and taken as the distillate 
product. Moreover, a fermentation broth contains other 
dissolved components that retard and bind the 2,3-BDO 
from vaporizing. Therefore, before applying a distillation 
process, 2,3-BDO should be pre-concentrated and other 
components must be removed from the broth. With the 
future high demand of 2,3-BDO, a cost-effective tech-
nique should be considered for purifying 2,3-BDO from 
its fermentation broth.

Design and optimization of hybrid extraction‑distillation
Hybrid extraction-distillation appears as the prospective 
technique to be developed due to the necessity for the 
commercial production of 2,3-BDO. As shown earlier in 
Fig. 2, the main unit in this proposed design is the extrac-
tion column. The fermentation broth and solvent are, 
respectively, fed from the top and bottom because the 
solvent has a lower density than the fermentation broth. 
Thus, the raffinate phase contains most of the water with 
other constituents whereas the extract phase includes 
most of the solvent, 2,3-BDO, and traces of other con-
stituents (depending on the solubility of each compo-
nent in the solvent). As discussed earlier, oleyl alcohol is 
expected to be a good solvent with its high distribution 
coefficient and selectivity to separate 2,3-BDO with most 
of the water and to minimize the loss of solvent in the 
raffinate stream.

Since the ratio of extraction solvent to the feed flow 
rate (S/F) is an essential design variable in the HED 
process, its effect on the HED process was evaluated in 
several previous works [42, 43, 45]. As shown in Fig.  9, 
higher mass recovery can be obtained at fixed mass ratio 
S/F once the number of extraction stages is increased. 
Therefore, as can be seen in Fig.  9, a small number of 
extraction stages requires higher S/F at fixed recovery. 
However, higher S/F results in larger energy require-
ment in the subsequent distillation column since the sol-
vent must be recycled from the recovery column (DC-1). 
Because the overall energy efficiency is totally based on 
the sum of the reboiler duties of subsequent columns, the 
extraction stages should be optimized along with other 
variables in the distillation process through the proposed 
optimization procedure.

Similar to the conventional distillation configuration, 
the extract stream from the extractor remains at low 
temperature (27  °C). Therefore, utilization of the out-
let stream of the distillation column became advanta-
geous as the heat source for feed pre-heating. Moreover, 
this heat integration provides additional benefits in the 
hybrid extraction distillation configuration. In the HED 
configuration, since the boiling point of oleyl alcohol 
solvent is significantly higher than that of 2,3-BDO, the 
solvent will be taken as the bottom stream of DC-1 and 
sent back to the extraction column. Therefore, the bot-
tom temperature of DC-1 is significantly high due to the 
high boiling point of oleyl alcohol. In addition, it is nec-
essary to cool the bottom stream of DC-1 prior to send-
ing it back to the extraction column as recycled solvent. 
By considering this as a heat source for feed pre-heating, 
the feed temperature of the distillation column increased 
significantly to the saturated temperature of the extract 
stream. Thus, the reboiler duty of recovery column 
(DC-1) was drastically reduced. Moreover, the required Fig. 7 TAC plot of the conventional distillation configuration
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condenser duty to cool the recycle solvent could also be 
decreased significantly. To further reduce the required 
condenser duty, the raffinate stream from the extractor 
could be used as the cold source since it has a low tem-
perature (35 °C).

The boiling point of oleyl alcohol at 1  atm is 348  °C, 
which produces bottom stream at approximately that 
temperature. Instead of using the heat exchanger as a 
reboiler, it is necessary to utilize a furnace in the bot-
tom sections of DC-1 and DC-2. Therefore, to minimize 
the significant problem due to the decomposition of 2,3-
BDO at very high temperature, vacuum distillation was 
considered in the HED configuration. Similar to the con-
ventional distillation configuration, restriction on using 
a heat exchanger as reboiler in this work are aimed at 
avoiding the potential for coking and fouling in the fur-
nace. Besides, lower reboiler duty of the distillation col-
umn was also attained by lowering of the components’ 
boiling point under vacuum. Therefore, the pressures of 
DC-1 and DC-2 were designed to be the minimum pres-
sure for the minimum allowable temperature in the con-
denser to utilize cooling water as the cooling medium 
(≥  39  °C) and the maximum allowable bottom tem-
perature to utilize high-pressure steam as the heating 
medium (244 °C).

Based on the sequential iterative optimization pro-
cedure shown earlier (see Fig.  3), Fig.  10a summarizes 
the TAC plots at fixed number of extraction stages (17). 

Feed
20000 kg/hr
Mass fraction
Water                0.875
2,3-BDO            0.093
Formic Acid     0.00027
Acetic Acid      0.0089
Lactic Acid       0.000712
Succinic Acid   0.002026
Ethanol             0.0105
Acetoin             0.00934

Water
18263.7 kg/hr
Mass fraction
Water                0.9584
2,3-BDO            0.0099
Formic Acid     0.0003
Acetic Acid      0.0097
Ethanol             0.0115
Acetoin             0.0102

2,3 BDO
1691.28 kg/hr
Mass fraction
2,3-BDO            0.99
Lactic Acid       0.0081
Succinic Acid   0.0011
Acetoin 0.0008

DC

19

2

1

QR = 11663 KW
T = 242 °C
P = 1.1 atm 

QC = 11413 KW
T = 99 °C
P = 1 atm 

Bottom
45.02 kg/hr
Mass fraction
2,3-BDO            0.118
Lactic Acid       0.0099
Succinic Acid   0.8721

T = 90 °C

12

T = 86 °CT = 25 °C T = 91 °C

Fig. 8 Optimal design of conventional distillation process

Fig. 9 Effect of number of extraction stages on the mass ratio of 
solvent to feed, and mass recovery of 2,3‑BDO from the extraction 
process
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Similar to the conventional distillation configuration, the 
optimal feed and product stages of DC-1 and DC-2 were 
also found while satisfying the internal hydraulic flow 
inside a distillation column. The optimal total stages for 
DC-1 and DC-2 were 6 and 14, respectively. By summa-
rizing the minimized TAC at each number of distillation 
stages (shown in Fig. 10b), the optimal extraction stages 
was found to be 17, which required S/F = 1.91 to recover 
high purity 2,3 BDO in the side stream of DC-2. This S/F 
ratio can be derived from the minimum solvent neces-
sary to achieve the product specification in the product 
stream with the lowest TAC. The optimal design for the 
proposed HED is shown in Fig.  11. It is found that sig-
nificant reduction (54.8%) was obtained in reboiler duty, 
compared to the conventional distillation configuration. 
Much less water needs to be vaporized in the distillation 
column since most water is withdrawn from the extrac-
tion column as the raffinate stream.

Techno‑economic analysis of proposed process configuration
From the designs described, the proposed HED con-
figuration requires more columns than the conventional 

distillation configuration. In addition, a heat exchanger 
is mandatory to re-cool the recycle solvent back to the 
extraction column, particularly when the utilization of 
product streams as heat sources of feed pre-heat were 
considered for both proposed configurations. Therefore, 
further discussions and conclusions require compari-
son of the performance of each configuration in terms of 
total capital cost, operating cost, and TAC. The detailed 
formula to evaluate the total capital cost, operating cost, 
and TAC can be found in the supplementary materials. 
Figure 12 compares capital costs of the different process 
configurations studied. Although the HED configuration 
requires a larger diameter of distillation column (par-
ticularly for DC-1) due to the larger amount of solvent, 
the required capital costs of two distillation columns in 
HED is lower than of the conventional single distilla-
tion configuration. It was observed that the capital cost 
of the heat exchanger required in reboiler and condenser 
duty of the distillation column is much higher than in 
the HED configuration. Although lower capital cost and 
lower reboiler duty of distillation column were attained 
using the HED configuration, it required higher capi-
tal cost (9.5% higher) than conventional distillation due 
to the requirement of the extraction column and heat 
exchangers.

Figure  13 compares the TACs of the two proposed 
configurations. Although HED has higher capital cost, 
the significantly lower reboiler and condenser duty in 
the distillation column result in 25.8% TAC saving rela-
tive to the conventional distillation process. Thus, it can 
be concluded that HED using oleyl alcohol solvent can be 
applied to the commercial purification of 2,3-BDO from 
its fermentation broth. However, in comparison with the 
reduction of reboiler duty that reached 54.8% (seen from 
Fig. 13), low TAC saving of HED is due to the high sol-
vent operating cost. The high operating cost of solvent 
is due to the high price of oleyl alcohol that should be 
made-up during operation to compensate for the loss of 
oleyl alcohol. The raffinate from the extractor which will 
be sent back to the fermentation unit exhibited an exces-
sive amount of solvent loss due to the solubility of solvent 
in water. Nevertheless, once the design considered that 
the feed stream from fermentation broth contains oleyl 
alcohol, greater TAC saving could be obtained since the 
solvent is sent back to the purification unit (HED).

Conclusions
2,3-BDO capability towards many applications focuses 
attention on its production from biomass through the 
fermentation process. Fermenter output needs further 
processing to separate it from water and other solu-
ble and insoluble contents. Several processes have been 
demonstrated to recover 2,3-BDO from fermentation 

Fig. 10 Summary of TAC plots for the hybrid extraction distillation: a 
at fixed number of extraction stages = 17, and b at fixed number of 
subsequent distillation column stages
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broth but they still face challenges for commercial scale 
up. Therefore, this work proposes several process config-
urations to develop a cost-effective process for 2,3-BDO 
purification. To generate the proper thermodynamic 
models for the proposed design, binary parameters of 

the NRTL and UNIQUAC models for the main compo-
nent and solvent mixture were obtained through rigorous 
regression and validation. The systematic solvent selec-
tion has been successfully implemented to determine a 
good solvent for the proposed HED configuration, and 
oleyl alcohol was selected for extraction of 2,3-BDO. The 
HED configuration successfully appeared as a promising 

Feed
20000 kg/hr
Mass fraction
Water                0.875
2,3-BDO            0.093
Formic Acid     0.00027
Acetic Acid      0.0089
Lactic Acid       0.000712
Succinic Acid   0.002026
Ethanol             0.0105
Acetoin             0.00934

Water
18012.51 kg/hr
Mass fraction
Water                0.9696
2,3-BDO            0.0101
Oleyl Alcohol  0.0028
Formic Acid     0.0002
Acetic Acid      0.0045
Lactic Acid       0.0004
Succinic Acid   0.0022
Ethanol             0.0016
Acetoin             0.0086

2,3 BDO
1691.28 kg/hr
Mass fraction
2,3-BDO            0.99
Oleyl Alcohol  0.0042
Lactic Acid       0.0024
Acetoin 0.0034

Make-up 
Solvent
56.8 kg/hr 
Oleyl 
Alcohol 

EXT

DC-1

DC-2

Extract

Distillate 
DC-1

6

2

1 1

14

17

QR = 521 KW
T = 222 °C
P = 0.2 atm 

QR = 4749 KW
T = 240 °C
P = 0.06 atm 

QC = 493 KW
T = 42 °C
P = 0.03 atm 

QC = 412 KW
T = 39 °C
P = 0.13 atm 

2

12

T = 25 °C
P = 1 atm 

Distillate DC-2
344.62 kg/hr
Mass fraction
Water                0.0944
2,3-BDO            0.0151
Formic Acid     0.0037
Acetic Acid      0.2828
Ethanol 0.5277
Acetoin 0.0763

Bottom
8.39 kg/hr
Mass fraction
2,3-BDO            0.0166
Oleyl Alcohol  0.9824
Lactic Acid       0.0006
Succinic Acid   0.0004

QC = 235 KW
P = 1 atm 

Organic
38202.7 kg/hr
Mass fraction
Oleyl Alcohol  0.9994
Succinic Acid   0.0006

T = 84 °C

T = 27 °C

T = 35 °C

T = 85 °CT = 45 °C

Fig. 11 Optimal design of hybrid extraction distillation for the purification of 2,3‑BDO

Fig. 12 Comparison of capital costs for different process configura‑
tions

Fig. 13 Comparison of TACs for different process configurations
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technique when compared with the conventional distil-
lation process since it reduced the required energy and 
TAC of the process. The proposed HED showed prom-
ise, particularly by including the benefits of using the 
heat exchangers for feed preheating and solvent cooling 
to obtain lower reboiler duty of the solvent recovery col-
umn and lower condenser duty for the recycle solvent. 
As a result, the proposed HED configuration drastically 
reduced the reboiler duty consumption and TAC by up to 
54.8 and 25.8%, respectively.
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