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SYNOPSIS

1. Introduction

The demand for energy is increasing proportionally together with the current
population. In such a scenario, energy generation is the key to sustain such a fast pace
development. Currently fossil fuel replenish nearly 80% of the energy demand globally.
Hence there is a dire need to explore alternate energy sources in order to lessen the
dependency upon the non-renewable fossil fuel which are very limited to cater future needs
[1-3]. Lower alcohols are considered as potential replacement for conventional fuels. Lower
alcohols such as ethanol, propanol and butanol are vital and very likely be preferred as
renewable energy sources. Table 1 explores this fact that 1-butanol has a higher calorific
value, higher hydrophobicity and lesser flammability than other alcohol fuels [4]. Qureshi et
al. [3] described that butanol with a lower vapor pressure and higher flash point is also less
corrosive. Biobutanol like butanol has also shown promising properties similar to gasoline.
Thus lower alcohol such as primarily 1-butanol can hence be used as a renewable bio-fuel
with little or no modification to the engine. One of the source of butanol is the Acetone-
Butanol-Ethanol (ABE) fermentation where alcohol such as butanol exists as an azeotrope

with the water rich phase.

In the chemical process, industrial separation of azeotropic mixtures is of great
importance. Methods such as extraction, adsorption, pervaporation, gas striping and
membrane separation have been used conventionally for separation of lower alcohols from
the fermentation broth. Membrane separation and pervaporation are expensive due to low
mass transfer rates and requirement of low pressure [3, 5-7]. Typically, butanol removal from
fermentation broth by adsorption from the liquid phase can only be used in laboratory scale
due to the small-capacity of adsorbents. The other option of 1-butanol removal is to use
methods such as membrane reactors where the immobilization of microorganisms occurs in
the membrane. On industrial scale, cell immobilized technique gives more disadvantages due

to poor mechanical strength and an increase in mass transfer resistance.

One normally switches to liquid-liquid extraction when component separation (from a
mixture of many components) cannot be achieved economically by other mass transfer
operations such as distillation, evaporation and crystallization. Azeotropic distillation,

extractive distillation and liquid—liquid extraction, which are three of the most important

TH-1885_126107014



SYNOPSIS

industrial separation techniques for azeotrope breaking, involve the use of an extracting
agent. In such a scenario, solvent extraction is a suitable operation particularly when the
solvents possess simultaneously high affinity for alcohol and low solubility with water. An
important aspect with these hydrobhobic solvents is their lower density than water, making
separation easier. This prompted researchers to use these conventional solvents such as
mesitylene and oleyl alcohol for the extraction of 1-butanol in particular and generate the
thermodynamic phase equilibria data. However the conventional solvents even effective have
lower efficiency and have issues with reusability. Further these solvents are volatile,
flammable, non-biodegradable and hazardous for health as well as for the environment. Thus
the extraction of lower alcohols by alternative hydrophobic solvents has been proposed and

explored in the present thesis.

In the literature, two approaches to separate alcohol-water azeotrope mixture with
alternative green solvents such as lonic Liquids are reported. They are namely (a) hydrophilic
ILs and (b) hydrophobic ILs. Hydrophilic ILs works in instances where there is concentrated
feed mixture of 1-butanol and water [7-10]. However in many situations, separation from
dilute feed stream becomes challenging. Also due to its high cost and nature of toxicity,
cheaper and sustainable solvents are now desired. It is in these context that the synthesis of
low cost hydrobhobic solvent is desired. Deep Eutectic Solvents (DESs) were introduced as
analogues and alternative green solvents to the conventional ILs, with the advantage of easy
preparation with high purities and low cost. By definition, DESs result from the
establishment of specific interactions, mainly hydrogen bonds, between two compounds
namely a Hydrogen Bond Donor (HBD) and a Hydrogen Bond Acceptor (HBA). This renders
a new chemical entity with a melting point lower than that of the initial compounds.

Most of the DESs proposed so far in the open literature have a hydrophilic character and
thus are unstable in water, leading to the separation of both components. In such a scenario,
the choice of HBA and HBD is crucial . With respect to the hydrophobicity of the DES, DL-
menthol is chosen as the common HBA. This is then varied with increasing chain number of
organic acids or HBD namely Decanoic acid, Lauric acid, Myristic Acid and Plamitic Acid
[11-12] (Figure 1). It should be noted that their toxicity are yet too documented, hence at this
point we shall merely refer them as second generation IL’s [11, 12]. The entire thesis is

summarized as given in Figure S-1.

Vi
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Figure S-1: Schematic of the Entire Thesis
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The ensuing chapters within the thesis initially discusses the synthesis procedure and its
physiochemical properties which includes thermal and water stability. Thereafter LLE
measurement initially with conventional solvents (mesitylene and oleyl alcohol) and then
later DES were performed. Here the feed points are chosen such that the concentrations of
feed points are identical with ABE product concentration. The following sections summarizes

the key objective of this thesis:

(@]
OH
8

Capric acid: Decanoic acid

o]
OH
10

Lauric acid: Decanoic acid

(0]
OH
12

Myristric acid or Tetradecanoic acid

(@]
OH
14

Palmitic acid or Hexadecanoic acid

CHs
HsC
CHs OH

DL-Menthol

Figure 1: Structures of HBD (organic acids) and HBA (DL-menthol) used for DES synthesis
2. Evaluation of Mesitylene and Oleyl Alcohol as Conventional Solvents

Before proceeding for Deep Eutectic Solvents, the thesis first explores conventional
solvents such as mesitylene and oleyl alcohol. The extraction of 1-butanol is reported from
aqueous streams using low density solvents namely, mesitylene (p=0.864 gm/cm®) and oleyl
alcohol (p=0.849 gm/cm®). The ternary Liquid-Liquid Equilibrium (LLE) studies for
mesitylene (1) + 1-butanol (2) + water (3) and oleyl alcohol (1) + 1-butanol (2) + water (3)

viii
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were conducted to explain the effectiveness of the two solvents. A type-I phase behavior with
a large immiscible region was observed at T = 298.15 K and p = 0.1 MPa. High values of
selectivity ranging from 400-2500 for mesitylene and 750-6500 oleyl alcohol were observed.
Distribution coefficient values higher than unity indicated an easier diffusion of 1-butanol
from aqueous phase to extract phase. It also confirmed a lower solvent to feed ratio for
separation of 1-butanol from water. *H NMR spectra indicated an aqueous rich phase free of
solvent, while the contrary was observed in the solvent rich phase. Non-random two liquid
(NRTL) and UNIversal QUAsichemical (UNIQUAC) models gave root mean square
deviation (RMSD) in the range of 0.1-0.5% for both the systems. Further the predictions of
the tie lines were also confirmed though the quantum chemical based COnductor like
Screening MOdel Segment Activity Coefficients (COSMO-SAC) which gave RMSD in the
range of 5%. Based on the selectivity values of 1-butanol at lower concentration, mesitylene
was chosen as the recommended solvent for extraction. Thereafter a hybrid extraction process
using Aspen Plus V/8.8® was designed to carry out an optimized flowsheet concerning the

recovery and recycle of 1-butanol and mesitylene respectively.
3. Synthesis of Menthol Based Deep Eutectic Solvents

The synthesis of hydrophobic DESs based on inorganic compound DL-Menthol and different
organic acid (Figure 1) is reported [12-14]. As an example, one of the DES is synthesized by
the addition of DL-menthol and Lauric acid (Dodecanoic Acid) with a molar ratios of 2:1
(Figure 2). In a similar manner, DL-menthol (HBA) and decanoic acid (HBA) are added in
the molar ratio 1:1 for making decanoic acid based DES. Further DL-menthol (HBA) and
Myristic acid (HBA) are added in the molar ratio 6:1 for making Myristic acid based DES.
The chain length of the organic acid was further increased when DL-menthol (HBA) and
Palmitic acid (HBA) are added in the molar ratio 12:1. Figure 3 shows the visual observation
all the prepared DES along with the different molar ratio for synthesizing DES. In order to
confirm the purity of the DES, the '"H NMR spectra for all the DES was measured and
validated to confirm the molar ratio of HBD to HBA. This further have ensured that the
moiety indeed stays as a single component with a constant molar ratio. Physiochemical
properties such as density, viscosity and thermo gravimetric (TG) studies were also made to

evaluate the chemical and thermal stability.
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All the DESs as synthesized have shown favorable solvation properties for both polar
and nonpolar compounds [11, 15]. These are more stable at high temperature and/or in
presence of chemicals and were found suitable for the extraction of inorganic and organic

compounds [16-19].

4. Evaluation of Menthol based DES as Potential Solvents

After the successful synthesis, the current work then focusses on the synthesis and application
of menthol (HBA) based hydrophobic deep eutectic solvent (DES) for the removal of lower
alcohols from its aqueous solution. LLE (Liquid-Liquid Equilibria) experiments are then
performed to evaluate the performance of the synthesized DES for the extraction of lower
alcohols such as ethanol, 1-propanol and 1-butanol. LLE corresponding to the ternary
systems of lower alcohols (1-butanol, Ethanol, Propanol) + hydrophobic DES + water are
measured at T=298.15 K and p=1 bar [10]. The composition of the tie lines were evaluated
using *H NMR analysis for both extract and raffinate phases. Thereafter the extraction
efficiency of the DES is analyzed by determining the solute distribution coefficients and the
selectivity values, and then comparing the same with existing solvents. Finally, the
experimental LLE data for the systems were regressed using the excess Gibb’s free energy
thermodynamic model, Non Random Two Liquid (NRTL) model. Further the predictions of
the tie lines were also confirmed though COnductor like Screening MOdel Segment Activity
Coefficients (COSMO-SAC) model. The average root-mean-square deviations (RMSD)
obtained were 1% and ~7% for NRTL and COSMO-SAC across all the systems.

5. Process Flow sheeting using ASPEN

The concluding section reports the scale up study that has been carried in ASPEN
Plus. Here the hybrid Extraction-Distillation (Figure 4) process flow sheet for the
comprehensive extraction of lower alcohols using both conventional solvent and DES were
proposed [20-22]. In the hybrid extraction, extraction column operates at ambient
temperature and pressure which implies that there is no requirement of additional energy. It
hence provides significant savings in the operating cost as well as the total annual cost when
compared to explicit extractive distillation. In the present case, feed is highly aqueous as
butanol is less than 5 mole% (0.8 water and 0.2 butanol w/w). Extractive distillation will be
not economical in these cases, as it will require a huge amount of steam to vaporize the water

portion due to the fact that butanol has a higher boiling point. Hence hybrid

Xi
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extraction—distillation system has been proposed in this work. In such a scenario, the entire
water gets extracted from the raffinate phase of the extractor unit due to the LLE operation.
This also reduces the energy consumption in the subsequent distillation column.An economic
consideration with respect to Total Annual Cost (TAC) was also attempted and compared
between the best DES and conventional solvent i.e. [DES: Menthol + Lauric Acid, Menthol +
Decanoic Acid and Mesitylene] respectively. In our work the cost factor has been kept to a

minimum by performing the simulation at 298.15 K and 1 atm pressure.

J
- RadFrac-T ——>
&
Pump Feed n
RadFrac I
o—| Feed Extract 04
=
|
S
~— Raffinate o>
Mixer RadFrac-B
Cooler
Solvent —— Mix-In —@(—
+ Makeup <

Figure 4: Hybrid Extraction-Distillation Process flow sheet for the separation of lower
alcohols

A novel hybrid downstream process is hence proposed for the production of 1-
butanol at the rate 5000 kg/hr (4.38x10* ton/yr). In the feed stream it is assumed that the feed
is a mixture of 1-butanol and water has a flow rate 25000 kg/hr containing 0.2 w/w 1-butanol.
NRTL thermodynamic model has been used for the simulation and the missing binary
interaction parameters were regressed by UNIFAC or RPCES (Regression through Property
Correlation and EStimation) model within ASPEN [20, 22].

In our work we have optimized the extractor (Ext) followed by the distillation
column (RadFrac). Initially the sensitivity analysis was used in optimizing the extraction cost
via optimization of number of stages in the extractor column [23] on the basis of f.0.b.
purchase cost (Freight on board cost) using mesitylene/DES as solvent. Thereafter with
optimized flowrate as in extractor, the optimization of the distillation column was performed

xii
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using two DESIGN SPEC namely: (a) fixing the mass fraction of 1-butanol in the distillate

stream at 0.975; and (b) fixing the mass fraction of 1-butanol as 0.01 in the bottom stream.

Thereafter the distillate rate followed by reflux ratio was varied as per established procedure.

Taking into account the basis of economics and equipment sizing equations; the total annual

cost, operating cost and capital cost have been calculated by varying the total number of

stages in the distillation column.
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Chapter 1

1.1. Introduction

The demand for energy is increasing proportionally with the current population. In
such a scenario, energy generation is the key to sustain such a fast pace development.
Currently fossil fuels replenish nearly 80% of the energy demand globally. Hence there is a
dire need to explore alternate energy sources in order to lessen the dependency upon the non-
renewable fossil fuels which are very limited to cater future needs [1-4]. Among them lower
alcohols are considered as potential replacement for conventional fuels. Lower alcohols such
as ethanol, propanol and 1-butanol are vital and are likely preferred as renewable energy
sources. For e.g. 1-butanol has a higher calorific value, higher hydrophobicity and lesser
flammability than other alcohol fuels [5]. Qureshi et al. [4, 6] described that 1-butanol with a
lower vapor pressure and higher flash point is also less corrosive. Lower alcohols have also
shown properties similar to gasoline. This implies that they can be used as a renewable bio-
fuel with little or no modification to the engine. Table 1.1 shows the calorific values of lower
alcohols compare to the gasoline and diesel. It has been observed lower alcohols have good
calorific value, higher hydrophobicity and lesser flammability and can be used as an alternate

source of energy [2, 7].

One of the sources of the lower alcohol i.e. primarily 1-butanol is the Acetone-
Butanol-Ethanol (ABE) fermentation where alcohol such as 1-butanol exists as an azeotrope
with the water rich phase. Hence its extraction from aqueous phase is essential. As a fuel,
lower alcohols have shown promising properties which is similar on the line of gasoline [4,
8]. Available literature shows that alcohols have been conventionally used as blending
components with gasoline. It should be noted that with increasing chain length of alcohols,
the volatility, polarity and octane rating increases, while on the other hand it lessens the

3
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corrosivene index. Thus it can be used as a substitute for gasoline without having to replace
the existing technology [8, 9]. Higher heat of vaporization of these alcohols are another
feature that facilitates the engine to start in cold weather. Therefore in the current work, the
research work focuses on the enhancement of lower alcohols such as ethanol, butanol and

propanol from its agqueous mixtures.

Table 1.1: A Comparison of Energy Content

Fuel name Calorific value (Btu/gal)
Gasoline 114,800
Diesel 140,000
Menthol 55,600
Ethanol 76,100
Butanol 110,000

1.2. Separation of Lower Alcohols

In the chemical process, industrial separation of azeotropic mixtures is of great
importance. Methods such as extraction, adsorption, pervaporation, gas striping and
membrane separation have been used conventionally for separation of lower alcohols from
the fermentation broth. Membrane separation and pervaporation are expensive due to low
mass transfer rates and requirement of low pressure [1, 10-13].Typically, removal of lower
alcohols from fermentation broth by adsorption from the liquid phase can only be used in
laboratory scale due to the small-capacity of adsorbents [14]. The other option for removal of
lower alcohols can be used such as membrane reactors where the immobilization of
microorganisms occurs in the membrane. On industrial scale, cell immobilized technique
gives more disadvantages due to poor mechanical strength and an increase in mass transfer

resistance [2].
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One normally switches to liquid-liquid extraction when component separation (from a
mixture of many components) cannot be achieved economically by other mass transfer
operations such as distillation, evaporation and crystallization. Azeotropic distillation,
extractive distillation and liquid—liquid extraction, which are three of the most important
industrial separation techniques for azeotrope breaking, involves the use of an extracting
agent. In such a scenario, solvent extraction is a suitable operation particularly when the
solvents possess simultaneously high affinity for alcohol and low solubility with water. An
important aspect with these hydrobhobic solvents is its comparable density difference when
compared to water, making separation easier. Further solvent extraction is a suitable
operation particularly when the solvents possess simultaneously high affinity for butanol and
low solubility with water .This prompted researchers to use different solvents such as organic

and green hydrobhobic solvents, [2, 15, 16] for the extraction of lower alcohols.

From past literature, hydrobhopic Ionic Liquids (IL’s) have been known to be perform
better for the extraction of lower alcohols [17, 18]. On the other hand, hydrophilic ILs works
in instances where there is a concentrated feed mixture of 1-butanol and water [10, 19-21].
However in many situations, separation from dilute feed stream becomes challenging. It is in
these context that the synthesis of low cost hydrobhobic solvent is desired. Due to the high
cost and nature of toxicity, cheaper and sustainable solvents are now been explored. At
present there are two commercial bio-butanol plants operational: one in China while other

bio-butanol plant is operational in Brazil.

1.3. Deep Eutectic Solvents (DESSs)
Other than lonic Liquids and conventional solvents, not much literature has been cited
with respect to the newly developed novel green solvents namely Deep Eutectic Solvents

(DESSs) which are currently known to cheaper, sustainable and also easy to synthesis. DES

5
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were introduced as analogues and alternative green solvents to the conventional ILs, with the
advantage of easy preparation with high purities and low cost. Figure 1.1 shows the different
properties of DES as green solvent. Examples of applications of DESs include such as
solvents for green processing, purification processes, heat transfer fluids and storage media
[22, 23]. Due to the interesting properties of DES, primarily their low ecological foot print
and their attractive price, research on these solvents has been exponentially growing in the
last few years [24-26]. The present thesis thereby attempted to adopt these solvents for the
extraction of lower alcohols. Figure 1.2 shows that DES can be widely used for various

applications in diverse areas [27].

Good .
Recyclabilit
Performance 4 y

Good Stability

1

1

$ i
1

1

Nonflammable

Biodegradable

Figure 1.1: Physicochemical properties of Deep Eutectic Solvents (DESs) as green solvent
(HBD: Hydrogen Bond Donor, HBA: Hydrogen Bond Acceptor)
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Figure 1.2: Applications of Deep Eutectic Solvents (DESS)

By definition, DESs result from the establishment of specific interactions, mainly
hydrogen bonds, between two compounds namely a Hydrogen Bond Donor (HBD) and a
Hydrogen Bond Acceptor (HBA). This renders a new chemical entity with a melting point
lower than that of the initial compounds. Most of the DESs proposed so far in the open
literature have a hydrophilic character and thus are unstable in water, leading to the
separation of both components. In such a scenario, the choice of HBA and HBD is crucial
[28-31]. It should be noted that their toxicity are yet to be too documented, hence at this point

we shall merely refer them as a potential substitute for IL’s [25, 27] .

Figure 1.3 shows the schematic for the synthesis of DES. It clearly shows that DES is
mixture of two compounds in a certain molar ratio such that it remains in liquid phase at
ambient temperature [22, 32]. Eutectic point occurs where the freezing point is found to be
minimum. The reason behind the significant depression of freezing point is because of the
hydrogen bond formation and the lowering of the Gibb’s Free Energy between the two
compounds A and B [32, 33]. In the present study, which is also detailed in chapter 2, DL-

menthol (compound A) is the inorganic salt and is used as a Hydrogen Bond Acceptor
7
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(HBA). On the other hand organic acids compounds (B) such as Decanoic, Lauric, Myristic

and Palmitic acids are used as H-bond donor (HBDs) [22, 34].

In brief, Figure 1.4 shows the synthesis of a menthol-based hydrophobic deep eutectic
solvent (DES) for the removal of lower alcohols from its aqueous solutions. The DES is

synthesized by the addition of the Hydrogen bond acceptor (HBA: DL-menthol) combined

with hydrogen bond donor [HBD: organic acid (Lauric acid)] with a molar ratio of 2:1 [34].

Once the choice of DES or the combination of HBA and HBD is made, we then initiate its
effectiveness by measuring the Liquid—Liquid Equilibria experiments for the separation of

lower alcohol (ethanol, propanol and butanol) and water. The LLE measurements have been

described in chapter 3.

N
M.P. (A)
_____________________________ M.P. (B)
"""""""" i e
AT
e |
E - |
g A+ liquid . B + liquid

Q i
g |
: |
Solid A+ Solid B

A Mole fraction of B B

Decanoic, Lauric, Myristic or Palmitic acids DL-menthol
Organic acids [HBD] [HBA]

Figure 1.3: Schematic for the eutectic point representation on a two component phase

diagram (MP: Melting Point)
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Synthesis
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Figure 1.4: Typical structures of the DL-Menthol and Dodecanoic acid used for syntheses

1.4. Scale-up using Hybrid Extraction—Distillation

Once the Liquid—Liquid Equilbria results are available, a need of scale-up for the

separation of lower alcohols needs to be adopted. Commercial software such as ASPEN Plus

V8.8. helps us in understanding the process economics of separation of lower alcohols for the

optimal design. Figure 1.5 shows the Hybrid Extraction-Distillation Process flow sheet for

one such separation of lower alcohols from aqueous mixture. This is inline with an earlier

work [35] where the hybrid separation processes is found to be an effective tool for reducing

the energy intensive step of distillation. Hybrid separation processes can be effective for

reducing the demand of energy [35], as previous authors [19, 36] have concluded that the

solvent mesitylene can be used efficiently for the separation of 1-butanol from ABE

fermentation products. This further needs to be compared with a conventional solvent [19].
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ASPEN Plus V8.8® professional simulator (Bedford, Massachusetts) has been used
for optimizing the whole flow sheet (Figure 1.5). Feed stream (FEED) is assumed as a
mixture of 1-butanol and water. Initially this has been used on traditional solvent such as
mesitylene. Thereafter excess Gibb’s Free Energy such as NRTL has been used for the
simulation and regression of missing binary interaction parameters through UNIFAC model
or R_PCES (Regression Property Correlation and EStimation) [37, 38]. In brief, the overall
flow sheet consists of a liquid—liquid extractor (Extractor, EXT-COL) and a component
separator (Distillation, DST-COL). A total condenser has been used in the distillation
column. The distillate, DIST from the distillation column contains higher proportion of
butanol and solvent. Hence as solvent is lost here, some makeup solvent (MAKE-UP) is
added in the mixture for recycle. This is added to the bottom (BOT) stream which is cooled
from the distillation column and added with the makeup solvent. Thereafter the entire solvent

is again fed back to the extractor (EXT-COL).

The operating conditions for the process design should be selected in order to lessen
cost while respecting the requirement of an elevated purity of the raffinate (RAFFINATE)
and an increasing yield for the alcohol in the extract phase (EXTRACT). All the flowsheets

have been described and explained in chapter 4.

10
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SOLVENT RECOVERY UNIT

Solvent
+

Butanol

RadFrac-T

SOLVENT +BUTANOL
(Butanol Main Product)

Pump Feed
RadFrac

—

Water
+

Butanol i i
— Raffinate |———> Mainly Water

Mixer RadFrac-B

Cooler

I Solvent ——— Mix-In —@(—

RECYCLE UNIT

+ Makeup

SOLVENT MAKE UP

Figure 1.5: Hybrid Extraction-Distillation Process flow sheet for the separation of lower
alcohols from aqueous mixture

1.5. Thesis Objectives

Following are the key objectives in the current thesis:

(a) Synthesis and Characterization of novel DES using DL-menthol as Hydrogen Bond
Acceptor (HBA) and Organic acids such as Capric, Lauric, Myristic and Palmitic

acids as Hydrogen Bond Donor (HBD)

(b) Measurement and validation of Liquid—Liquid Equilibria (LLE) with conventional
solvents such as mesitylene and oleyl alcohol and compare their efficiency with the

synthesized hydrophobic DESs as per (a).

(c) Initiate a Hybrid Extraction-Distillation Process Flow sheet for the Comprehensive
Extraction of Lower alcohols from aqueous phase in ASPEN Plus using a

combination of Extractor, Distillation Column and a Solvent Recovery Unit.

11
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1.6. Structure of the thesis

This thesis initially describes the investigation of conventional solvents and also
reports the synthesis of new class of solvents namely DESs. Thereafter it reports the ternary
LLE of DES (1) + Alcohol (2) + Water (3) systems. Finally a hybrid Extraction-Distillation
via ASPEN Plus is proposed for the scale up of such solvents. The entire thesis is divided into

following chapters as follows:

Chapter 2 reports the synthesis of hydrophobic DESs based on organic salt such as DL-
Menthol and organic acids with increasing chain length. This also includes the measurements
of physical properties such as density and viscosity. Further the hydrophobicity of DES is

also confirmed with deionized water.

Chapter 3 describes and compares the LLE performance using both conventional solvents
(mesitylene, oleyl alcohol) and hydrophobic DESs based on DL-Menthol. Here the feed
mixture is taken as mixture of lower alcohols (ethanol, propanol and butanol) and water. In
these experiments the DES were prepared by mixing DL-menthol with each of the organic
acid. The organic acids with increasing chain length namely, lauric acid, decanoic acid,
palmitic acid and myristic acid were used in this thesis. Here the feed points are chosen such
that the concentrations of feed points are identical with ABE product concentration.
Liquid—Liquid Equilibrium data for the ternary systems contain, solvent (Mesitylene/oleyl
alcohol/DESs) (1) + water (2) + lower alcohols (ethanol/propanol/butanol) (3) are measured
and reported by ternary tie line plots. The experimental equilibrium data was correlated with
the Gibb’s Free energy models such as Non-Random Two-Liquid (NRTL) and UNIversal
QUASsI Chemical (UNIQUAC). Further the quantum chemical based COSMO-SAC model
was also adopted to predict the extract (DES rich phase) and raffinate (Water rich phase)
composition. The regressed binary interaction parameters generated in the modeling was then

used in the process optimization flowsheet such as ASPEN in the next chapter. Thus an

12
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attempt was made in this chapter to transform laboratory data into process design at industrial

scale.

Chapter 4 reports the scale up study that has been carried out using commercial software,
ASPEN Plus V8.8, Here the hybrid Extraction-Distillation Process Flow sheet for the
comprehensive extraction of lower alcohols using both conventional solvent and DESs were
proposed. This consists of an extractor column and a distillation column for the solvent
recovery analysis. It gives information regarding temperature, pressure and composition of
the mixtures with respect to both VLE and LLE. An economic consideration with respect to
Total Annual Cost (TAC) was also attempted and compared between the best DES and

conventional solvent i.e. [DES: DL-menthol + Organic acid] and Mesitylene respectively.

Chapter 5 concludes the discussion on these novel hydrobhopic solvents and initiates the

way forward which includes future corrections.
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Chapter 2

2.1. Introduction

The concept of DES was first introduced by Abbott et al., [1]. It was introduced as
analogues and alternative green solvents to the conventional ILs, with the advantage of easy
preparation with high purities and low cost. DESs have low melting point and low lattice
energy due to its large, nonsymmetrical ions [2, 3]. DES have recently received a great
interest in diverse fields including liquid-liquid extraction due to their unique solvation
properties. Recently DESs have been used as azeotrope breakers for the liquid-liquid
extraction of lower alcohols [4]. Most of the DESs proposed so far in the open literature have
a hydrophilic character and thus are unstable in water. In such a scenario, the choice of HBA

and HBD is crucial.

With respect to the hydrophobicity of the DES, in the current work, DL-menthol and
organic acids have been chosen as HBA and HBD respectively [5-11]. In the present study
organic acids and DL-menthol based DESs have been proposed for the extraction of lower
alcohols such as ethanol, 1-propanol and 1-butanol. These DESs are known to have favorable
solvation properties for polar and nonpolar compounds [2, 3, 5]. They are more stable at high
temperature and/or in presence of chemicals and are suitable for the extraction of inorganic
and organic compounds [6-9] . It is a well-known fact that chloride-ion based DESs produce
a higher charge density resulting in a higher fraction of active site for initiating hydrogen
bonding. It should also be noted that the chloride ion is responsible for the corrosion of
reactor vessels when heated at high temperatures. This is due to the fact that at high
temperature it can underdo hydrolysis thereby corroding the vessel surface. Thus DESs
consisting of halogen or halogen containing anions such as [AICl4], [PFe], [BF4], [CF3SO3]
and [(CF3S0,)2N] do indeed limit their ‘greenness’. Overall the presence of halogen atoms is
known to cause serious concerns if the hydrolysis stability of the anion is poor or if a thermal
processing and recycle is desired [10] . In both the cases additional operations are required to
avoid the liberation of toxic and corrosive HF or HCI into the environment. Thus from an
industrial point of view halogen containing DES are generally not recommended even though
they have higher selectivity as well as distribution coefficient. Further it is also reported that
the anionic part or the HBD of DES generally plays an important role in the thermal stability.
For e.g. in the case of lonic Liquid (IL), organic anions have higher thermal stability than

those based on inorganic anions [11] . Figure 2.1 shows the molecular structures of different
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compounds as used for synthesizing DES. Here organic acids are used as hydrogen bond

donors (HBD) and DL-menthol as the inorganic salt which acts as a hydrogen bond acceptor

(HBA)

H3C

(0]
8 OH

Capric acid: Decanoic acid

o]
OH
10

Lauric acid; Decanoic acid

o}
OH
12

Mpyristric acid or Tetradecanoic acid

O
14 Ol

Palmitic acid or Hexadecanoic acid

CHsj

CH; OH

DL-Menthol

Figure 2.1:Structures of the HBA (DL-menthol), and HBD (Organic acids) used for DES
syntheses along with their boiling points

The present study discusses the synthesis of four types of DESs abbreviated as DES-1 to

DES-4 respectively .These are given below:

1.

2.

DES based on DL-menthol and Capric acid (Decanoic acid)

DES based on DL-menthol and Lauric acid (Dodecanoic acid)
DES based on DL-menthol and Myristic acid (Tetradecanoic acid)
DES based on DL-menthol and Palmitic acid (Hexadecanoic acid)

All the above synthesized DESs (namely: DES-1 to DES-4) will be used to measure

the LLE with lower alcohols from their aqueous phase. Before we start the synthesis

procedure, a need is felt geometrically optimize these structures [12, 13]. This will help us in

selecting the molar ratio of HBD and HBA .1t should be noted that not all ratio will give us a

19

TH-1885_126107014



Chapter 2

eutectic point or a liquid phase. It is those points or in other words the lowest temperature
which needs to be computed in such a manner that a liquid phase of DES co-exist. This can
be initiated through quantum chemical calculations and adopting a statistical based approach.
Hence the COSMO-SAC (Conductor like Screening Model Segment Activity Coefficient
model) is adopted. The detailed methodology of COSMO and COSMO-SAC was already
available in the earlier work by Lin et al. [14] and Klamt et al. [15], hence this is not
discussed here. The applications of COSMO-SAC is well known and is documented in areas
especially distillation, extraction and absorption [14-21]. Once the optimum ratio is known
we shall then proceed for the experiments. The discussion herewith starts with the geometry
optimization followed by COSMO-SAC predictions.

In order to confirm the effect of ratio of HBD to HBA preliminary attempts have been
devised to predict the same through COSMO-SAC model. This is essentially a solid-liquid
equilibrium (SLE) problem where the simplified form is given by Eq. 2.1 as below [22-24].

|n(XL}/L)— _ AfusHs fl_Ts,fus\
s Vs RT. L T J 2.1)

Where Ag,sHs and Tsgys are the heat of fusion and melting temperature of the pure solute

respectively. T (K) is the equilibrium temperature, R the ideal gas constant, xSL is the mole

fraction of solute (decanoic/lauric/ myristic /palmitic) in liquid phase i.e. DL-menthol. Here

DL-menthol is considered as the liquid phase as it has the lowest boiling point (Figure 2.2).
y. is the activity coefficient of the solute (decanoic / lauric / myristic / palmitic) in the liquid

phase i.e. DL-menthol. The right hand side of Eg. 2.1 requires the pure components
parameters of the solid solute (decanoic / lauric / myristic / palmitic) only. The pure
component parameters (melting point and heat of fusion) are obtained as per the literature

given in Table 2.1.
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Table 2.1: Melting properties of compounds for COSMO-SAC based eutectic point

calculations
Name of the Comp. Tm (K) | AH; (kJ/mole) Reference
Menthol 308.8 11000 Corvis et al.[25]
Decanoic Acid 304.75 | 27500 Pontes et al.[26], Matos et al.[27, 28]
Lauric acid 317.48 | 37830 Pontes et al.[26], Matos et al.[27, 28]
Myristic Acid 327.03 | 41290 Pontes et al. [26], Matos et al.[27, 28]
Palmitic Acid 336.84 | 51020 Pontes et al.[26]

In order to benchmark the COMSO-SAC predictions, eutectic point for the system
Choline Chloride and 1-ethyl-3-methylimidazolium chloride [Comim]Cl as available earlier
by Fernandez et al. [29] was chosen. As seen from Figure 2.2 the COMSO-SAC prediction
correctly reproduced the experimental data. Using the same methodology we shall now
proceed with DES.

550

®  Experimental

COSMO-SAC

500

=

7]

=]
1

Temperature (K)
oS
=
1

[7%]

7]

(=]
1

300

*=0.433; Teutecric

=2914K

0.0 0.2 0.4 0.6 0.8 1.0
*[Ch)Cl

Figure 2.2: COSMO-SAC Prediction of Eutectic Point and Temperature for Choline Chloride
and [Comim]Clbenchmarking System [29]

The eutectic point of the DES-1 is predicted at x=0.5, where x corresponds to the mole

fraction of Decanoic acid (Figure 2.3). This essentially implies a molar ratio of 0.5/0.5
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(HBA:HBD) or 1 which is the same as adopted in the experimental synthesis. This ratio

therefore corresponds to the working liquid temperature of the DES.

305

-\ /

-\ /
SV

x=044; T, =283.15°K

-
.

Temperature (°K)

280 o ey
0.0 0.2 0.4 0.6 0.8 1.0

*decanoic acid

Figure 2.3: COSMO-SAC Prediction of Eutectic Point and Temperature for DES-1 (DL-
menhol and Decanoic acid)

Table 2.2 shows the COSMO-SAC predication and experimental validation for the

eutectic compositions and corresponding temperatures for the DL-menthol and Decanoic acid

based DES.
Table 2.2: Coordinates of the Eutectic points as predicted and validated with COSMO-SAC
model
Experimental COSMO-SAC
System
XichicuoL-menthol T/ K XichcuoL-mennol - T/ K
[Ch]CI + [Emim]CI 0.430° 295.0 0.433 291.40
DL-menthol + Decanoic acid 0.500" 284.7 0.660 283.15

“Fernandez et al.[29];**refers to the current work

Thus based on the COSMO-SAC predictions of the eutectic point, the appropriate
mole ratio of HBA:HBD is chosen. This corresponds to a mole ratio of 1 for DL-

menthol:Decanoic acid. With the obtained ratio we shall now discuss the synthesis procedure
in the ensuing section.
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2.2. Experimental Details

2.2.1. Synthesis of Deep Eutectic Solvents

The DESs selected here are mixture of DL-menthol and organic acids in such a

manner that it remains as a stable liquid at the room temperature [30, 31].

2.2.2. Materials

Table 2.3 shows the compound name, solubility, purity and source of the
chemicals used in the present study. Purities of ethanol, propanol, 1-butanol, lauric
acid and DL-menthol were confirmed by *H NMR spectroscopy. The analysis of
their'H NMR peaks indicated negligible impurities. The NMR solvent, Dimethyl
sulfoxide-d6 (DMSO-d6 > 99.8%) supplied by Merck, Germany was used as
received. All chemicals were of analytical grade and were used without further

purification.

Table 2.3: Compound name, solubility, purities and source of the chemicals used in the work

Solubility in M.P. B.P. | Density*

1h*
SI. No.| Compound Name water (g/lit) °C) °C) (g/cc) Purity Source
1. | DL-menthol 0.420 34-36 | 2146 0890 | 050, | lomaAldrich,
Germany
g | CapHicOr 0.062 20-32 | 268.7| 0893 | o0 | 'Ookvo Chemical
Decanoic acid Industry, Japan

3, | Lauric acid or- 0.059 4345 | 298.9| 1.007 | >99% | Merck, Germany
Dodecanoic acid

Myristic acid or
4, | Tetradecanoic 0.022 54-57 | 326.0| 0.862 >99%
acid

Tokyo Chemical
Industry, Japan

Palmitic acid or
5. | Hexadecanoic 0.00004 62-66 | 352.0/ 0.853 >97%
acid
*This work; **as per Manufacturer

Tokyo Chemical
Industry, Japan

2.3.  Synthesis of Menthol based DES

2.3.1. DES-1 or DL-menthol and Decanoic acid

DL-menthol (HBA) and decanoic acid (HBA) are added in the molar ratio of 1:1 in a
flat-bottom flask which is fitted with a reflux condenser for 1 h at 50 °C with magnetic
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stirring until a clear liquid is formed. After keeping it undisturbed for 6 hrs the unreacted
phase was separated. Vacuum was then applied to the DES phase so as to remove the other
impurities including the starting reactants. For reducing the water content and volatile
compounds of DES to negligible values, a vacuum was applied at T = 60 °C for at least 48 h.
This was also performed on DES samples prior to the LLE measurements. Thereafter the

synthesized DES was evaluated for its purity using *H NMR spectra.

AB00 MHz NMR spectrometer (Make: Bruker) was used for the *H NMR of DES
samples to measure the peak areas of the distinct types of hydrogen nuclei. Based on the
theory of NMR, the area under the curve is proportional to the number of hydrogen for the
referred component. Figure 2.4 reports the ‘H NMR spectra of the synthesized DESs (DL-
menthol: organic acids) along with the peak assignment. The reference peak for the NMR
solvent namely DMSO-D6 has been recorded at 2.5 ppm. The concentration of other
components are calculated by Eg. 2.2 given as :[24]

H.
L — (2.2)

S H,

i=1

Here H; denotes the peak area of single hydrogen of component ‘i’ and x; the mole fraction of

component ‘i’
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Figure 2.4: *H NMR spectra of synthesized DL-menthol and organic acid based DESs

As observed from *H NMR spectra of synthesized pure DES (Figure 2.5), the molar
ratio of -OH group in DL-menthol (peak number 15) is equal to the -OH group (peak number
14) of decanoic acid. In another conformation, -CH group of DES (peak number 9) has an
area of unity, while peak 12 resembling 12-H atoms of Decanoic acid has an area of 12. So an
effective contribution of a single hydrogen atom of Decanoic acid is 1 (i.e 12/12). Hence the

ratios of DL-menthol (1.0) and Decanoic acid (0.5) are in the molar ratio of 1:1.
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Figure 2.5: *H NMR spectra of synthesized DL-menthol and decanoic acid based DES

Additionally we have also attempted to synthesize molar ratios of 0.5:1, 1.5:1 and 2:1
for the synthesis of DL-menthol + Decanoic acid as shown in the visual conservation (Figure
2.6). It is clearly seen that for all the ratios, a clear transparent liquid formed. This also agrees
with the reported literature and also our own COSMO-SAC predictions where the
composition (1:1) have been used for synthesizing the similar DES [30, 31].

Ratio of DL-menthol to Decanoic Acid

0.5:1 1:1 1.5:1

Es- Decod DES- pey I&’ 9((’ OES w
08| Jsd

— & -

o =¥ - e =2 S

Figure 2.6: Formation of DES with different molar ratio of DL-menthol to Decanoic acid.
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As the DES are essentially needs to be used in the aqueous rich phase, it stability with
water is tested by mixing it with equal volume of water. The NMR spectra for pure DES and
water rich phase are shown in the Figures 2.7 - 2.8. For analyzing the hydrophobic nature of
DES-1, two parts water and one part of DES by weight were added in 15 mL size bottle.
Shaking was performed with a magnetic stirrer for 30 min. Thereafter the mixture was kept
for 12 h for equilibrium. The samples were drawn from both the water rich (lower phase) and
the DES rich (upper phase) for 'H NMR. Figure 2.7 represents the *H NMR spectra of upper
phase (solvent rich-phase) which clearly shows an absence of water.Figure 2.8 shows the 'H
NMR of the washed sample repeatedly after four times. The spectra clearly reflects an
absence of DES in the bottom phase (aqueous rich-phase) even after repeated washing. It

implies that the synthesized DES-1 is close to be termed hydrophobic in nature.
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Figure 2.7: 'H NMR analysis of DES-rich phase in water
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Figure 2.8: 'H NMR analysis of water rich phase

2.3.2. DES-2 or DL-menthol and Lauric acid

7 0.014

T
12 10

- 0.01+

0.3

Lauric acid is another organic acid having longer carbon chain as compared to

decanoic acid. The COSMO-SAC predicted was found to be at x=0.311 where x corresponds

to the mole fraction of lauric acid. This essentially implies a molar ratio of 0.689/0.311 ~2

(HBA:HBD). Hence this has been adopted in the experimental evaluation. Further as can be

seen from Figure 2.9, the eutectic point is obtained at T = 283.15 K by COSMO-SAC

predictions. This also agrees with the reported literature, where the ratio of 2:1 have been

used for synthesizing the decanoic and lauric acid based DES respectively [30, 31]. This

corresponds to a mole ratio of 2 (0.667/0.333) for DL-menthol:Lauric acid. The eutectic

composition for DES-2 is given in Table 2.4. DL-menthol is combined with Lauric acid with a

molar ratio of 2:1 and synthesized in a similar manner as discussed for DES-1.

28
TH-1885_126107014



Experimental and Computations Details

315

o
-
]\ /
o
.

285

Temperature (K)

*x=0311; T, =283.15°K

280 - .
0.0 0.2 0.4 0.6 0.8 1.0
Xauric acid

Figure 2.9: COSMO-SAC Prediction of Eutectic Point and Temperature for DES-2 (DL-
menhol and Lauric acid)
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Table 2.4: Coordinates of the Eutectic points as predicted and validated with COSMO-SAC

model
Experimental COSMO-SAC
System
XDL-menthol T/ K XDL-menthol T/ K
- + i
DL-menthol + Lauric  ; o’ 288.19 0.689 283.15

acid

Figure 2.10 shows the H NMR of pure synthetized hydrophobic DES-2. The
concentration of other components in each phase is again calculated by Eq. 2.2 [24] as
discussed in section 2.3.1. As observed from *H NMR spectra of synthesized pure DES, the
molar ratio of -OH group in DL-menthol (peak number 15) is twice than that of the
corresponding -OH group (peak number 14) of Lauric acid. In another conformation, -CH
group of DES (peak number 9) has an area of unity, while peak 12 resembling 16-H atoms of
Lauric acid has an area of 8. So an effective contribution of a single hydrogen atom of Lauric
acid is 0.5 (i.e. 8/16). Hence the ratios of DL-menthol (1.0) and Lauric acid (0.5) are in the
molar ratio of 2:1.
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Figure 2.10: *H NMR spectra of synthesized DL-menthol and lauric acid based DES-2
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In order to confirm the COSMO-SAC predictions, we have also attempted to
synthesize molar ratios of 0.5:1, 1:1, 1.5:1 and 2.5:1 for the synthesis of DL-menthol +
Lauric acid as shown in the visual observation (Figure 2.11). It is clearly seen that the ratio’s
below 1:1 posses crystal formation. This diminishes as the mole ratio increases or we go
towards the left of Figure 2.11.

Ratio of DL-menthol to Lauric Acid

05:F _ 41 ~k511 J271 2.5:1

Figure 2.11: Formation of DES-2 with different molar ratio of DL-menthol to Lauric acid.

For the water stability, the NMR spectrum of washed DES is shown in Figure 2.12
and Figure 2.13. The NMR spectra clearly shows an absence of water in the upper phase
(solvent rich-phase). NMR spectra of bottom part (aqueous rich-phase) again clearly reflects
an absence of DES even after repeated washing. It implies that the synthesized DES-2 is also
hydrophobic in nature.
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Figure 2.12: *H NMR analysis of DES-2 rich phase in water
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Figure 2.13:'H NMR analysis of water rich phase
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2.3.3. DES-3 or DL-menthol and Myristic acid

In a similar manner, DL-menthol and myristic acid based hydrobhobic DES was
synthesized in the present study. From the prediction, the eutectic point (Figure 2.14 and
Table 2.5) corresponds to a mole ratio of four for DL-menthol + Myristic acid (0.802/0.198).
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Figure 2.14: COSMO-SAC Prediction of Eutectic Point and Temperature for DES-3 (DL-
menthol and Myristic acid)

Table 2.5: Coordinates of the Eutectic points as predicted and validated with COSMO-SAC

model
Experimental COSMO-SAC
System
XDL-menthol T/ K XDL-menthol T/ K
;)C'i‘c;me”tho' * Myristic. 5 g0p 292.4 0.802 293.15

Figure 2.15 depicts the 'H NMR of pure synthesized myristic based DES. As
observed from *H NMR spectra of synthesized pure DES (Figure 2.15), the molar ratio of -

OH group in DL-menthol (peak number 15) is four times than that of the corresponding -OH
group (peak number 14) of myristic acid.
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Figure 2.15: *H NMR Spectra of synthesized DL-menthol and myristic acid based DES

As before the water stability was checked by mixing equal volume of DES and water
and washed repeatedly for four cycles. Figures 2.16 - 2.17 show *H NMR spectra of washed
DES-3, to check the hydrophobicity of DES-3. The NMR spectra clearly shows an absence of
water in the upper phase (solvent rich-phase, Figure 2.16). Further NMR spectra of bottom
part (aqueous rich-phase, Figure 2.17) clearly reflects an absence of DES even after repeated

washing. It implies that the new synthesized DES-3 is also hydrophobic in nature.
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Figure 2.16: "H NMR analysis of DES-3 rich phase in water
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Figure 2.17: *H NMR analysis of water rich phase
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We have also attempted to synthesize molar ratios of 2:1, 3:1, 4:1, 6:1 and 8:1 for the
synthesis of DL-menthol + Myristic acid as shown in the visual observation (Figure 2.18).
This was to validate further the COSMO-SAC predictions. It is clearly seen that the ratio’s
below 3:1 shall have crystal formation on account of higher Gibb’s free energy. This

diminishes as the mole ratio increases or we go towards the left side of Figure 2.18.

Ratio of DL-menthol to Myristic acid

2:1 3:1 4:1 6:1 8:1
& sAit ’ ~» o
st s e U
,.;L_f? a.a{ E E\‘
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Figure 2.18: Formation of DES-3 with different molar ratio of DL-menthol to Myristic acid.

2.3.4. DES-4 on DL-menthol and Palmitic acid

The DES namely DL-menthol and Palmitic acid corresponds to a mole ratio of 12
(0.923/0.081). A higher ratio may be primarily due to the enhanced and longer chain of the
organic acid leading to higher steric hindrance. Here both DL-menthol (HBA), and Palmitic
acid (HBD) were again mixed in a similar manner as discussed in section 2.3.1, until a clear
liquid was formed (Figure 2.19 and Table 2.6). The temperature was again maintained 50 °C
for first 15 min and then after 80 °C for 1 h. In this case synthesis temperature is maintained
at 80 °C because the melting point of Palmitic acid is around 62-66 °C (Table 2.3).
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Figure 2.19: COSMO-SAC Prediction of Eutectic Point and Temperature for DES-1 (DL-
menhol and Palmitic acid)

Table 2.6: Coordinates of the Eutectic points as predicted and validated with COSMO-SAC

model
Experimental COSMO-SAC
System
XDL-menthol T/ K XDL-menthol T/ K
DL-menthol + Palmitic 5 5 5 296.31 0.887 288.16

acid

Figure 2.20 shows the 'H NMR spectra of synthetized DES. The reference peak for
the NMR solvent namely DMSO-D6 has been recorded at 2.5 ppm. The concentration of
other components in each phase was then calculated by Eqg. 2 [24], as described in section
2.3.1. As observed from *H NMR spectra of synthesized pure DES, the molar ratio of -OH
group in DL-menthol (peak number 15) is twelve times than that of the corresponding -OH
group (peak number 14) of palmitic acid.
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Figure 2.20: *H NMR Spectra of Synthesized DL-menthol and palmitic acid based DES-4

For water stability analysis, Figure 2.21 and Figure 2.22 depicts the *H NMR of the
washed sample repeatedly after four times so as to check their hydrophobicity. The NMR
spectra clearly reflects an absence of DES in the bottom phase (aqueous rich-phase, Figure
2.22) even after repeated washing. It implies that the new synthesized DES-4 is also

hydrophobic in nature.
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Figure 2.21: *H NMR analysis of DES-4 rich phase in water
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We have also attempted to synthesize molar ratios of 8:1, 10:1, 12:1 and 14:1 for the
synthesis of DL-menthol + Palmitic acid as shown in the visual observation (Figure 2.23). It
is clearly seen that the ratio’s below 8:1 shall have crystal formation, while 10:1 is not found
to be stable for a long period of time. However ratio’s greater than 10:1 increases this

stability and gives a clear solution. For economical reason, ratio’s higher than 12:1 has been

avoided.
Ratio of DL-menthol to palmitic acid
8:1 10:1 12:1 14:1
" i 5 @armikt €S alon]
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Figure 2.23: Formation of DES-4 with different molar ratio of DL-menthol to Palmitic acid.

2.4. Physicochemical Properties of DES

The next step relates to the measurement of the physicochemical properties of DESs
[31] Economically, physicochemical properties play a very important role in designing the

process equipment, piping and pumping.

2.4.1. Density and Viscosity

The density and viscosity were measured in the temperature range 293.15 - 353.15 K.
Table 2.7 shows the physicochemical properties namely density and viscosity at different
temperature of DES-1. These are also compared with experimental densities [19-20]. The
density of all the solvents and DES were measured by a DMA 4500 M densitometer (Anton
Paar Make) with a relative expanded uncertainty of 0.003. The viscosity of DESs were
measured by an interfacial rheometer (Model: Physica MCR301, Anton-Paar Make) with a

relative expanded uncertainty of 0.033.Figure 2.24 shows the density of the all synthesized
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DESs in the temperature range 293.15-353.15 K. As observed, the density of the DES
decreases as the chain of carbon atom increases. The order of the density is found to follow

the order given below:

DES-1 (DL-menthol + Decanoic acid) > DES-2 (DL-menthol + Lauric acid) > DES-3 (DL-
menthol + Myristic acid) > DES-4 (DL-menthol + Palmitic acid)

Table 2.7: The Experimental Density and Viscosity Data of Pure DL-menthol and Lauric acid
based DES at p = 1 atm and Different Temperatures®

Temperature Density (g cm™)° Viscosity (mPa)®

(K) Presentwork  Lit'%% Presentwork  Lit'%%
293.15 0.8971 0.9002 21.810 29.689
303.15 0.8898 0.8930 12.500 16.957
313.15 0.8826 0.8857 7.657 10.527
323.15 0.8753 0.8780 5.112 7.057
333.15 0.8678 0.8703 3.623 4.872
343.15 0.8603 0.8631 2.670 3.599
353.15 0.8526 0.8549 2.088 2.650
AAD 0.003 2.84

*The standard uncertainty u are u (T) = 0.1 K, u (p) = 1 kPa;"the relative expanded uncertainty U are U,(p) =

cal exp

0.003, and Uy() =0.033; AAD = 3 w, ~w, |
n

i=n
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Figure 2.24: Density of DL-menthol based DESs at different temperatures

The density values of the studied DESs were fitted as a function of temperature by a

linear relationship as follows:

p = a+bT (2.3)

Where p is the density, T is temperature, a and b are the fitting parameters for the DES molar
ratio under consideration. An interesting observation is that the density of all the DES is less
than that of water implying easier separation with aqueous systems.

Figure 2.25 shows the viscosity of all DESs from T= 293.15-363.15 K. The viscosities of
DESs have been found to be contrary to the density pattern as per the following order:

DES-1 (DL-menthol + Decanoic acid) < DES-2 (DL-menthol + Lauric acid) < DES-3 (DL-
menthol + Myristic acid) < DES-4 (DL-menthol + Palmitic acid)
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Figure 2.25: Viscosity of DL-menthol based DESs at different temperatures.

Table 2.8 shows the density and viscosity of DESs at T = 298.15 K and p = 1 atm. It
clearly shows that density and viscosity show an opposite trend for the DESs especially with
increasing length of carbon chain in organic acid [31]. This implies that decanoic acid based
DES may be adopted as the suitable DES when used in a hybrid extraction system, as the
aqueous rich phase being the heavier phase may be easy to separate This has been discussed

separately in chapter 4. Thus lower the viscosity of decanoic acid based DES, higher the mass

transfer of lower alcohol into the solvent phase.

Table 2.8: Properties of DL-menthol and organic acid based synthesized hydrophobic DESs at

T=298.15Kand p =1 atm

T
350

T I T
360

370

Molecular Compound Density (g/cm®) Viscosity (Pa.s)
DES-1 (Decanoic acid:DL-menthol) 0.8964 0.0163
DES-2 (Lauric acid:DL-menthol) 0.8935 0.0172
DES-3 (Myristic acid:DL-menthol) 0.8930 0.0327
DES-4 (Palmitic acid:DL-menthol) 0.8907 0.0403
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2.4.2. Thermal Analysis

Thermal properties via DSC (Model: TGA/DSC1 Star System, Make: Mettler Toledo,
Switzerland) and TGA (Model: TG 209 F1 Libra, Make: NETZSCH instrument, Germany)
[27, 28] are conducted on the synthesized DES.

2.4.2.1 Differential Scanning Calorimetry (DSC)

The solid-liquid phase transition was measured from 243.15 K to 323.15 K with a
heating and cooling rate of 5 K/min. The condensation in the furnace was avoided with the
use of dry nitrogen as purge gas. The flow rate of the purge gas was kept at 60 ml/min.
Indium with a melting point of 429.75 K was used as a standard for calibration. Samples of
DES and DL-menthol ranging from 5-10 mg were then transferred to aluminium DSC pan
and hermetically sealed so as to prevent its vaporization. The uncertainty in the melting point
temperature obtained by calculation of the standard deviation of three consecutive
measurements for the same sample was found to be better than 1 K.

Figure 2.26 shows the DSC plots of the DES based on DL-menthol and Lauric acid or
DES-2 and the starting compounds. DES-2 possesed a melting point (15 °C), which is lower
than that of DL-menthol (35.30 °C), and lauric acid (46.28 °C). It is to be noted that DL-
menthol presents two melting point namely 28.31 °C and 35.3 °C. This is primarily due to its
polymorphs a and B. This closely agrees with the results of both Florindo et al. [30] and

Rebiero et al. [31] where the corresponding value of 27 °C and 34 °C were obtained.

Figure 2.27: shows the DSC plots for DES-1 to DES-4. The melting point of the
DESs are found to be in the increasing order as given by: DES-1 (DL-menthol + Decanoic
acid) < DES-2 (DL-menthol + Lauric acid) < DES-3 (DL-menthol + Myristic acid) < DES-4
(DL-menthol + Palmitic acid). Overall the melting point tends to increase with the length of

organic acids.
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2.4.2.2 Thermogravimetric Analysis (TGA)

Once the melting point is established, the thermal stability also needs to be elucidated.
Overall the TGA has been used to measure the respective eutectic mixture decomposition
temperature (Tgec). TGA analysis was performed on a NETZSCH make, TGA instrument (TG
209 F1 Libra®, Germany)under an inert atmosphere by continuously purging with N, gas at a
flowrate of 40 ml/min. ~10 mg of sample was loaded with the heating rate of 10 K/min over
the temperature range 303.15-673.15 K. Figure 2.28 and Table 2.9 shows the TGA for all the
DESs. It has been observed that decanoic acid based DES shows good thermal stability as
compared to other DESs. By looking at the TGA of the starting material namely DL-menthol
and lauric acid, it can be said the stability of the DES-2 lies in between them.
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Figure 2.28: ThermoGravimetric Analysis (TGA) for menthol based DESs.

Table 2.9: Thermal properties of studied eutectic mixtures: Decomposition temperature (Tgec)
and normal melting temperature (Tp,).

Compound Name Tm (K) Teg (K)

Pure compounds

DL-menthol 307.15-309.15 309.15

Capric acid or Decanoic acid o 8 805.15

Lauric acid or Dodecanoic acid 316.15488.15 318.15

Myristic acid or Tetradecanoic acid peT.15-380,13 330.15

Palmitic acid or Hexadecanoic acid 339.15-339.15 339.15

Eutectic Mixture

DES1 (DL-menthol:Decanoic acid) 284.19 498.15

DES2 (DL-menthol:Lauric acid) 288.19 504.15

DES3 (DL-menthol:Myristic acid) 4:1 292.32 518.15

DES4 (DL-menthol:Palmitic acid) 12:1 296.49 541.15
47
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2.5. Quantum Calculations

After a thorough analysis of its physiochemical properties, a need it felt to evaluate
the effectiveness of both HBA and HBD through quantum chemical method such as
COSMO-SAC.One way is to evaluate the sigma profile of the HBA and HBD and then
analyze its donor and acceptor groups. In the COSMO system, sigma profile describes the
local polarity of molecular surface and determines the interaction energies of the molecular
surface. A cut-off region for hydrogen bond donor (o1e<—0.0082 ¢/A?) and hydrogen bond
acceptor (ops>+0.0082 e/A%) is adopted for hydrogen bond donors and acceptors
respectively. This means that the profile lying in the left side of ong Will have the ability to
donate its hydrogen atom for hydrogen bonding while profile lying in the right side of ong

will have the ability to accept the incoming hydrogen atom or entity for hydrogen bonding.

2.5.1. Geometry Optimization of HBD and HBA

The initial structures of DL-menthol and organic acids were drawn using the molecule

visualizer Gauss View 5.0.

HBD DL-menthol

HBA Decanoic acid

Lauric acid

Myristric acid

Palmitic acid

e aanREE,
R G

RN AR A

Figure 2.29: COSMO surfaces of Organic acids (HBD) and DL-menthol (HBA) molecules
used for DES syntheses.
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The geometry optimization was carried out using the DFT theory B3LYP along optimized
structure with 6-31G* basis set. The COSMO file was generated by BVP86/TZVP/density
functional theory (DFT) level of theory [32]. Gaussian 09 was used to generate the above
procedure or also termed as COSMO file initiation. Figure 2.29 shows COSMO surfaces for
DL-menthol (HBA), decanoic acid, lauric acid, myristic acid and palmitic acid as HBD
molecules. Surfaces color indicates screening charge density with its respective
magnitude.The middle column of Figure 2.29 shows the segmented regions. While the blue
regions have negative screening charge values, green regions indicates neutral and red region
positive values. For e.g. the oxygen in both menthol and organic acid shows a red region
which implies that the charges developed are positive in nature. This is true as the COSMO
induced screening charges are opposite in nature to its inherent charge. Using the same
analogy, the green regions consists of the hydrogens while the blue region is due to the

presence of hydrogen atoms.

2.5.2. Sigma Profile of HBA and HBD

Sigma profile for the hydrogen bond donor (HBD) and acceptor (HBA) regions are
shown in Figure 2.31. DL-menthol does not have any appreciable acceptors in the left side of
the profile which indicates that it is the HBD or the organic acid which is responsible for the
bonding with the incoming molecules. This is evident as a small hump lies in the right side of
opp cut off. This is primarily due to the oxygen atoms of the organic acid which is negatively
charged. Overall a similar trend is also seen when combining the HBD and HBA profile i.e
the DES profile (Figure 2.32). For the COSMO file the global adjustable parameter used here
were surface area of the segment (aerf =6.32 A%), misfit energy interaction constant [0/ = 8419
kcal A*(mol e?)], the cutoff for hydrogen-bonding interaction (cng =0.0084 e/A?), and
hydrogen-bonding interaction constant [cxg= 75,006 kcal A%/(mol e?)].
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Figure 2.32: COSMO segmented surface for the Menthol based DES

After a thoroughly evaluation of the pure component properties, we shell now move towards

its evaluation as solvent in the form of LLE measurement in the next chapter.
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Liquid-Liquid Extraction of Lower
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Chapter 3

3.1. Introduction

As mentioned earlier distillation is not considered economical as the difference of
boiling point of ethanol (78.37 °C), 1-propanol (97 °C) and 1-butanol (117.7 °C) are almost
similar to that of water (100 °C) [1]. Azeotropic distillation, extractive distillation and
liquid—liquid extraction, which are three of the most important industrial separation
techniques for azeotrope breaking involve the use of an extracting agent. One normally
switches to liquid-liquid extraction when component separation (from a mixture of many
components) cannot be achieved economically by other mass transfer operations such as
distillation, evaporation and crystallization. Solvent extraction is a suitable operation
particularly when the solvents possess simultaneously high affinity for alcohol and low
solubility with water. A good solvent is required in our case to extract the lower alcohol into
extract stream and reject the water in the raffinate outlet stream. Measurement and validation
of Liquid—Liquid Equilibria (LLE) is thus a necessary step for evaluating these solvents. In
this chapter we shall first obtain the LLE with conventional solvents such as mesitylene and
oleyl alcohol and then compare their efficiency with the synthesized hydrophobic DESs.

In the present chapter the extraction of 1-butanol from aqueous stream using low
density conventional solvents namely, mesitylene (0.864 gm/cm?®) and oleyl alcohol (0.849
gm/cm®) is discussed. Thereafter DL-menthol based low density hydrophobic DESs as
synthesized in chapter 2 are used for the extraction of lower alcohols (ethanol/1-propanol/1-
butanol). In the subsequent sections we have reported the ternary systems, namely, (a)
mesitylene (1) + 1-butanol (2) + water (3); (b) oleyl alcohol (1) + 1-butanol (2) + water (3)
and (c) DES-1/DES-2/DES-3/DES-4 (1) + ethanol/1-propanol/1-butanol (2) + water (3) at T
=298.15-303.15 K and p=1 atm.

3.2. Chemicals and Materials

Table 3.1 shows the chemicals used for the LLE in the present study along with their
purities. Purities of mesitylene, oleyl alcohol, ethanol, 1-propanol and 1-butanol were
confirmed by 'H NMR spectroscopy where the analysis of peaks indicated negligible
impurities. The NMR solvent, Dimethyl sulfoxide-d6 (DMSO-d6 >99.8%) supplied by
Merck, Germany was used as received. All chemicals were of analytical grade and were used

without further purification. In order to check its purity, the densities were measured by
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Anton Paar Density Meter (DMA 4500 M) so as to compare the manufacturer specification.
Further the viscosities were also measured by a viscometer (Anton Paar Phsica MCR301).
The water content of mesitylene, oleyl alcohol and synthesized DESs were measured by Karl
Fischer Titrator (870 KF Titrino plus). As discussed in chapter 2, the measured densities of

all the chemicals were within £1% of their literature values.

Table 3.1: Compound name, solubility, purities and source of the chemicals used for LLE in
the present study.

; ubili . Bp Chemical
sl No. Compoun Solu ||ty' in T Purity Sources
Name water (g/lit.) (°C)
(vol. %)
) i Aldrich,
1.1 Mesitylene 0.420 2146 3990 ~ lgmaAldric
Germany
Otto  Chemie
2. >
Oleyl alcohol 0.059 298.9 >99.0 PVt Ltd
3. Ethanol infinite 7824 99.9v,  Merck
Germany
4. 1-Propanol infinite 98 >99% Merck, India
5. 1-Butanol 75 117.7 >99% Merck, India
6. Chloroform-d NA >99.8 Merck, India
1. Dlmet_hyl NA >09.8 Merck, India
sulfoxide-dg

NA: Not Available

Figure 3.1 shows the structure of conventional solvents such as mesitylene, oleyl
alcohol used for the LLE of lower alcohols in the present study. Mesitylene and oleyl alcohol
are nowadays commercially used for extraction of alcohols [2]. Mesitylene is a derivative of
benzene which is produced from coal tar and thus is easily available. However on the other
side it is known as a pollutant or VOC when combusted. The extraction experiments if
considered at ambient conditions, can reduce the harmful effects of mesitylene, thereby
approving their use as potential solvents. On the contrary the other solvent, oleyl alcohol is
eco-friendly in nature and also occurs naturally in fish oils. It is known to be completely
hydrophobic in nature. Looking at the hydrophobic nature of both the solvents, a need is thus
felt to evaluate the effectiveness for extraction by measuring the LLE data with 1-butanol and

water.
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CHj;
Q o
(b)

(a)
Figure 3.1: Structures of organic compounds such as, (a) Mesitylene and (b) Oleyl alcohol

3.3. Separation using Mesitylene and Oleyl Alcohol

3.3.1. Experimental Procedure and Composition Analysis

For each experiment known quantities of components were added in 15-30 ml size
glass vial. Feed compositions were prepared in such a way that the mixtures of solvent, lower
alcohols (ethanol/1-propanol/1-butanol) and water formed heterogeneous regions. The
sample bottles were kept inside the incubator shaker (Daihan Lab Tech, China), with the set
temperature of 298.15-303.15 K (uncertainty of + 0.01 K) at 200 rpm for 6 h. After the
shaking, the mixture was kept for 24 h so as to ensure equilibrium of the two phases. The
composition of the tie lines were evaluated using *H NMR analysis for both extract (solvent

rich) and raffinate (water rich) phases.

For a mixture containing more than two components, the composition analysis by
calibration methods like density and refractive index are difficult. The composition analysis
can be carried out by Nuclear Magnetic Resonance (NMR) spectroscopy [3]. *H NMR
spectroscopy is a characterization technique that is based on magnetic properties of the
proton (*H). *H nuclei in magnetic field absorb and re-emit electromagnetic radiation. The
magnetic properties of hydrogen atom affect the amount of radiated energy. ‘H NMR
characterization is thus easier for the mixture of multiple compounds. The reliability of the
NMR method was checked using known compositions of binary (alcohol + solvent) and
ternary mixtures which gave an uncertainty range of +£0.001. For experimental uncertainty,
we have also triplicated few experiments. The measured results were found to be in good
agreement with the actual compositions with an uncertainty level of £0.001.Hence in the

present study *H NMR has been used to calculate the mole fraction of LLE compounds.

'H NMR spectroscopy were performed on two clear transparent phases namely
solvent rich phase (upper layer) and water rich phase (lower layer).Para film has been used on
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the cap of NMR tube to avoid any evaporation losses. For *H NMR analysis, samples were
collected from each phase using syringe for composition analysis. The experiments were
performed with a help of Hamilton Syringes of 0.1 mL. Sample of 0.1 ml from each phase
was mixed with 0.5 ml of NMR solvent DMSO-dg or CDCl3 in a NMR tube (thrift grade,
Sigma Aldrich). Reference peak for each *H NMR solvent, namely DMSO-dg (2.5 ppm) and
CDCl; (7.27 ppm) were recorded. Peaks from each *H NMR sheet were then used for the
calculation of mole fraction of each component in respective phase. Due to short time
response, the syringes, even though they had to cross the upper phase contamination were not
observed. This has been further checked with known binary mixtures by subsequently
recording their *H NMR. Equilibrium was confirmed when two successive sample

concentrations gave the same molar concentration at the desired temperature.

3.3.2. Measurement of Liquid—Liquid Equilibria

Peaks from each *H NMR sheet were then used for the calculation of mole fraction of
each component in respective phase. In extract phase (Figure 3.2), three independent
hydrogen atoms (>CH-) at ~6.95 ppm was considered to quantify mesitylene. Similarly, in
case of oleyl alcohol (Figure3.4), two independent hydrogen atoms at ~5.34 ppm quantified
oleyl alcohol. The methyl group (-CH»-) having a peak at ~3.75 ppm was considered as the
corresponding peak for 1-butanol. Due to the shifting of the peak in the mixture [4], water
shows a peak at ~5.0 ppm in CDCI; solvent. In raffinate phase (Figure 3.3), three
independent hydrogen displayed peak at ~6.79 ppm, which was considered to quantify
mesitylene. Similarly, in case of oleyl alcohol two independent hydrogen atoms at ~4.77 ppm
was considered to quantify oleyl alcohol (Figure 3.5). Methyl group (-CH,-) having a peak at
~3.40 ppm was again considered as the reference for computing the concentration of 1-
butanol. As before water shows a peak at ~3.97 ppm [5] in DMSO-ds. The concentrations of

each individual component [6, 7] were then calculated by Eq. (3.1) as given below

x = 3.1)

i~ n
> H
i=1

Where, H; = the peak area of a single hydrogen for sample (s) and x, = the mole fraction of

component in the mixture. Since used solvents are hydrophobic in nature, mole fraction of
solvent in aqueous phase was limited to 0.001 - 0.002. The corresponding mole fraction of

water in solvent rich phase or extract phase was also found to be 0.089 - 0.066. In all the
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systems, type | LLE behavior has been observed. NMR spectra for raffinate phase is found to
be almost free of solvent but predominantly water (Figure 3.3 and Figure 3.5). From this it
can be confirmed that the points of raffinate phase lie in the extreme corner of the binary axis
of water and 1-butanol. The LLE experimental data for the systems, mesitylene (1) + 1-

butanol (2) + water (3) and oleyl alcohol (1) + 1-butanol (2) + water (3) are reported in Table
3.2 and Table 3.3 respectively.

(c)
e}
(b (b) e N A

(a) (a) WATER BUTANOL R RN ]

a 3 2 1 ppm

ol
an

Figure 3.2:'H NMR spectra for extract phase of mesitylene (1) + 1-butanol (2) + water (3)
system.

(a)

(b) O (b)
(a) (a) " "
WATER

MESITYLENE

0.06 =<

Figure 3.3:'H NMR spectra for raffinate phase of mesitylene (1) + 1-butanol (2) + water (3)
system.
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Figure 3.4:'"H NMR spectra for extract phase of oleyl alcohol (1) + 1-butanol (2) + water (3)

b
=
-
%?
3
5
Water
NMR Solvent
1-butanol (DMSO)
Oleyl alcohol /
I~
\& 5 % 3 g
- had ol bt Jl
T A A .
7.5 7.0 6.5 6.0 8.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5

4.0
1 (ppm)

Figure 3.5:'H NMR spectra for raffinate phase of oleyl alcohol (1) + 1-butanol (2) + water (3)
system.
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3.3.3. Measurement of distribution coefficient (#) and selectivity (S)

The distribution coefficient (5) and selectivity (S) of 1-butanol [8] are calculated using
Egs. (3.2) and (3.3) as follows:

DES
X

lBaIc = ﬁ (32)

alc

s = Paci (3.3)

water

Here xac and x,, are the mole fractions of alcohol and water respectively. The superscripts
DES and water represents the extract (E) and raffinate (R) phase, respectively. Higher values
of selectivity indicate a better ability for the extraction of 1-butanol from water. The
distribution coefficient refers to the amount of solvent (mesitylene and oleyl alcohol) used to
effect the separation. Table 3.2 and Table 3.3 also shows the comparison of distribution
coefficient () and selectivity (S) for the extraction of 1-butanol at lower concentrations using
mesitylene and oleyl alcohol as an extraction solvent respectively. It reports a value close to
infinity and ~6367 for mesitylene and oleyl alcohol respectively.

Table 3.2: Experimental tie line data [7] for Mesitylene (1) + 1-Butanol (2) + Water (3) at T
=298.15 Kand p =1 atm.

Extract phase Raffinate phase

X mesitylene  X1-butanol Xwater X mesitylene  X1-butanol ~ Xwater

0.927 0.073 0.000  0.000 0.012 0.988 6.2 -
0.823 0.177 0.000  0.000 0.011 0989 16.7 -

0.738 0.254 0.008 0.001 0.012 0988 21.3 2591.2
0.645 0.330 0.025 0.000 0.011 0989 289 1126.6
0.576 0.397 0.026 0.000 0.008 0.992 50.6 1913.6
0.496 0.446 0.059 0.000 0.014 0986 325 542.6
0.427 0.497 0.077 0.001 0.013 0986 37.6 481.7
0.373 0.529 0.098 0.000 0.013 0987 395 398.9

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001
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Table 3.3: Experimental tie line data [7] for Oleyl alcohol (1) + 1-Butanol (2) + Water (3) at
T=298.15 K and p = 1 atm.

Extract phase Raffinate phase
Broutanol  Selectivity (S)

X0oA X1-butanol Xwater X oA X1-butanol  Xwater

0.656  0.317 0.027 0.001  0.003 0.996 105.7 3780.7
0.662  0.297 0.041 0.002 0.002 0.996 1485 3226.7
0.694  0.256 0.050 0.001 0.003 0.997 853 1891.8
0.628  0.339 0.033 0.001  0.002 0.997 169.5 6367.7
0.747  0.218 0.035 0.002 0.001 0.997 2180 6932.6
0.751  0.196 0.053 0.001 0.001 0.998 196.0 2956.4
0.816  0.118 0.066 0.000 0.002 0.997 59.0 777.1

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

We shall now focus the effectiveness of the menthol based DES which has been described in
chapter 2.

3.4. Separation of Lower Alcohols (LLE) using Hydrophobic DESs

Extraction of lower alcohols was also carried out by synthesized hydrophobic DESs
as per details given in chapter 2. The LLE was also conducted in a similar manner as
discussed in section 3.3.1 (for conventional solvents). Initially we have compared our
estimated uncertainty with similar experimental work such as those of LLE measurements
with ionic liquid [9] and other DES [10] and have found them to be reliable. Common to all
the experiments, for equilibrium, samples were withdrawn at different time intervals to check
their uniformity. Subsequently their concentrations in both the phases were determined by *H
NMR. All the LLE for the ternary systems namely, DES (1) + lower alcohol (2) + water (3),

were measured at T =303.15 K and atmospheric pressure.
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3.4.1. Extraction of Lower alcohols by DL-menthol and Decanoic acid based
hydrophobic DES

The LLE for the ternary systems namely, DES-1 (1) + 1-ethanol (2) + water (3), DES-
1 (1) + 1-propanol (2) + water (3) and DES-1 (1) + 1-butanol (2) + 1-water (3) were
measured at T =303.15 K and atmospheric pressure. The experimental tie line data are
reported in Tables 3.6-3.8 for ethanol, 1-propanol and 1-butanol respectively in terms of mole
fraction in the extract and raffinate phase. The compositions have been obtained after the *H
NMR analysis as discussed in section 3.3.2. Figure 3.6 shows the *H NMR spectra of the
extract phase for the system: DES-1 (1) + 1-propanol (2) + water (3). The peaks referred in
the composition analysis for DES in extract phase was the >CH- grouping from DL-menthol
at 3.15 ppm. In the extract phase the spectra of water gets merged with the -CH,- attachment
of 1-butanol which is at ~3.4 ppm. In such a scenario suitable equations were formed to
evaluate the water and alcohol composition separately by using peak information from the -
CH,-OH peak of alcohols at ~1.4 ppm. In order to ensure correct water content in the extract
phase, the compositions were confirmed through a Karl Fisher Titrator (MetroOhm 787 KF
Titino). The uncertainty of the method for water determination was 0.01 wt %. Water
exhibited a dominant peak at 4 ppm (Figure 3.7) in the raffinate rich phase. Considering
triplicate runs performed in each point, it was determined that the uncertainty in the water
content was always lower than 0.03 % w/w. Tables 3.4-3.5 show algebraic procedure for
computing mole fraction in extract and raffinate phase from *H NMR data respectively.
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Figure 3.7: Typical *H NMR Spectra of aqueous rich phase
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Table 3.4: Algebraic procedure for computing mole fraction in extract phase from *H NMR

data
Comoound Peak Area due to Mole
P Corresponding peak Position  Corresponding Area single atom .
name Fraction
(PPM) of H
DES >CH- of DES 3.14 1 1 0.438
-CHz- of 1- 256
H,0 propanol (attached =5 5y ' 0.565 0.248
with —OH group of ( four Hydrogen atoms)
1- propanol) + H,O
- - - 1.43
1-propanol  -CHz-0f 1 1.40 0.715 0.314
propanol ( two hydrogen atoms)
Sum 2.28 1

“As per Figure 3.6

Table 3.5: Algebraic procedure for computing mole fraction in raffinate phase from

'H NMR data
Compound Corresponding P.ea}k x Corresponding Area . Mole
name chosen peak Position Area single atom Fraction
(PPM) of H
DES >CH- of DES 3.14 1 0.00017 0
H,0 2H of H,0 3.85 11471.38 5735.69 0.976
1-propanol  -CH,- of 1-propanol 3.31 282.73 141.365 0.024
Sum 5878.055 1
“As per Figure 3.7

Tables 3.6-3.8 reports the distribution ratio, which is the ratio of the concentration of alcohols
in the DES phase to the concentration in the aqueous phase. Another important descriptor
namely the distribution coefficient (5) and selectivity (S) are calculated using equations as
given in section 3.3.3. Large value of distribution coefficient is desirable since it indicates

lesser solvent require for particular degree of separation [11].

Among the alcohols high values of selectivity were reported for 1-butanol (Table 3.8).
This indicates that the DES-1 has a preferential ability to extract 1-butanol when compared to
ethanol and propanol. In general, the separation factor decreases as the concentration of
alcohol in the feed increases. This is primarily due to the reduction of the two-phase region
when the concentration of alcohol increases. This indicates the fact that the separation
capacity of the solvent is reduced. A similar pattern is also seen for the distribution
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coefficient which refers to the amount of solvent required for the desired separation. As the

DES is hydrophobic in nature, the mole fraction is limited to negligible in the raffinate phase.

Table 3.6: Experimental LLE Data for the ternary system, DES-1 (1) + Ethanol (2) + Water
(3)atT=303.15Kand p =1 atm

Extract phase

Raffinate phase

oS Petnanol  Selectivity (S)
[DL-menthol+ Decanoic acid]  Xethanol Xwater ~ XDES Xethanol ~ Xwater

(1:1)

0.604 0.177 0.219 0.000 0.042 0.958 4.214 18.435
0.525 0.241 0.234 0.002 0.059 0.939 4.085 16.391
0.379 0.347 0.274 0.002 0.084 0.914 4131 13.780
0.291 0416 0.293 0.001 0.13 0.869 3.200 9.491
0.176 05 0324 0.004 0.175 0.821 2.857 7.240

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

Table 3.7: Experimental LLE Data for the ternary system, DES-1 (1) + 1-Propanol (2) +

Water (3) at T =303.15 K and p = 1 atm

Extract phase

Raffinate phase

XDES

Poropanal - Selectivity (S)
[DL-menthol+ Decanoic acid]  Xi-propanol  Xwater ~ XDES ~ Xi-propanol  Xwater

(1:1)

0.503 0228 0269 O 0.012 0.988 19.000 69.784
0.386 0323 0291 O 0.025 0.975 12.920 43.289
0.29 0414 029% O 0.036 0.964 11.500 37.453
0.212 0.485 0.303 0 0.046 0.954 10.543 33.196
0.107 0.551 0.342 0.001 0.064 0.935 8.609 23.537

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001
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Table 3.8: Experimental LLE Data for the ternary System, DES-1 (1) + 1-Butanol (2) +
Water (3) at T =303.15 Kand p =1 atm

Extract phase Raffinate phase

XDES ..
Bibutanol  Selectivity (S)

[DL-menthol+ Decanoic acid]  Xibytanol ~ Xw  XDES  Xi-butanol ~ Xw

(1:1)

0.669 0.144 0.187 0.001 0.002 0.997 72.000 383.872
0.577 0.236  0.187 0 0.007 0.993 33.714 179.028
0.471 0.288 0.241 0 0.005 0.995 57.600 237.809
0.29 0391 0319 O 0.007 0.993 55.857 173.875
0.21 046 033 0.001 0.008 0.991 57.500 172.674
0.149 0528 0.323 0.001 0.012 0.987 44.000 134.452
0.113 0.582 0.305 0.002 0.015 0.983 38.800 125.050

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

3.4.2. Extraction of Lower alcohols by DL-menthol and Lauric acid based hydrophobic
DES

The LLE for the ternary systems namely, DES-2 (1) + 1-ethanol (2) + water (3), DES-
2 (1) + 1-propanol (2) + water (3) and DES-2 (1) + 1-butanol (2) + water (3) were measured
at T =303.15 K and p=1 atm. The experimental tie line data are reported in Tables 3.9-3.11,
for ethanol, 1-propanol and 1-butanol respectively in terms of mole fraction for the extract
and raffinate phase. The compositions have been obtained by *H NMR analysis as discussed
in the previous section for decanoic based DES or DES1. Tables 3.9-3.11 give information
about the distribution ratio and selectivity as discussed in section 3.3.3. Among the alcohols
high values of selectivity and distribution ratio were reported for 1-butanol(Table 3.11). This
indicates that the DES-2 has a preferential ability to extract 1-butanol when compared to

ethanol and 1-propanol.
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Table 3.9: Experimental LLE Data for the ternary system, DES-2 (1) + Ethanol (2) + Water
(3)at T=303.15Kand p =1atm

Extract phase Raffinate phase
7PES Petanol Selectivity (S)
[DL-menthol+Lauric acid]  Xethanol Xwater ~ XDES  Xethanol Xwater
(2:1)
0.702 0.080 0.218 0.000 0.044 0.956 1.818 7.973
0.639 0.130 0.231 0.002 0.043 0.955 3.023 12.499
0.478 0.275 0.247 0.003 0.082 0.915 3.354 12.423
0.388 0.302 0.310 0.002 0.101 0.897 2.990 8.652
0.336 0.334 0.330 0.001 0.117 0.882 2.855 7.630
0.236 0.406 0.358 0.001 0.159 0.840 2.553 5.991

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

Table 3.10: Experimental LLE Data for the ternary system, DES-2 (1) + 1-Propanol (2) +
Water (3) at T =303.15 Kand p =1 atm

Extract phase Raffinate phase

XDES o
. . ,Bpropanol SeleCUVlty (S)
[DL-menthol+Lauric acid] Xi-propanol  Xwater  XDES ~ Xi-propanol  Xwater

(2:1)

0.671 0.128 0.201 0.002 0.006 0.992 21.333 105.287
0.581 0.186 0.233 0.003 0.014 0.983 13.286 56.051
0.491 0.276 0.233 0.001 0.025 0.974 11.040 46.150
0.439 0.313 0.248 0.000 0.024 0.976 13.042 51.325
0.267 0.430 0.303 0.004 0.038 0.958 11.316 35.777
0.330 0.381 0.289 0.002 0.034 0.964 11.206 37.379

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001
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Table 3.11: Experimental LLE Data for the ternary System, DES-2 (1) + 1-Butanol (2) +
Water (3) at T = 303.15 Kand p = 1 atm

Extract phase

Raffinate phase

XDES

[DL-menthol+Lauric acid]  Xi-putanol  Xw XDES  Xi-butanol Xw Proerat - Selectivity (9

(2:1)

0.651 0.150 0.199 0.022 0.007 00971 2143 104.56
0.517 0.269 0.214 0.001 0.012 0.987 2241 103.39
0.434 0.310 0.256 0.000 0.006 0.994 51.66 200.61
0.330 0.381 0.289 0.003 0.012 0.985 31.75 108.21
0.260 0.480 0.260 0.001 0.014 0.985 34.28 129.89
0.184 0.508 0.308 0.009 0.039 0.952 13.02 40.26

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

3.4.3. Extraction of Lower alcohols by DL-menthol

hydrophobic DES

and Myristic acid based

The LLE for the ternary systems namely DES-3 (1) + 1-ethanol (2) + water (3), DES-
3 (1) + 1-propanol (2) + water (3) and DES-3 (1) + 1-butanol (2) + water (3) were measured

at T =303.15 K and atmospheric pressure. The experimental tie line data are reported in

Tables 3.12-3.14, for ethanol, 1-propanol and 1-butanol respectively in terms of mole fraction

for the extract and raffinate phase. The compositions have been obtained after the *H NMR

analysis as discussed in the previous section. Tables 3.12-3.14 give information about the

distribution ratio and selectivity as discussed in section 3.3.3. Among the alcohols high

values of selectivity were again reported for 1-butanol (Table 3.14). This indicates that the

DES-3 has a preferential ability to extract 1-butanol when compared to ethanol and 1-

propanol.
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Table 3.12: Experimental LLE Data for the ternary system, DES-3 (1) + Ethanol (2) + Water
(3)at T=303.15Kand p =1atm

Extract phase

Raffinate phase

wE Betranor Selectivity (S)
[DL-menthol+ Myristic acid] = Xethanol  Xwater ~ XDES Xethanol ~ Xwater

(4:1)

0.609 0.08 0.311 0.002 0.021 0.977 3.810 11.968
0.542 0.142 0.316 0.000 0.042 0.958 3.381 10.250
0.418 0.264 0.318 0.002 0.083 0.915 3.181 9.152
0.307 0.338 0.355 0.003 0.127 0.87 2.661 6.522
0.225 0.373 0.402 0.002 0.16 0.838 2.331 4.860

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

Table 3.13: Experimental LLE Data for the ternary system, DES-3 (1) + 1-Propanol (2) +

Water (3) at T =303.15 K and p = 1 atm

Extract phase

Raffinate phase

XDES

_— . ﬂpropanol SeleCtiVity (S)
[DL-menthol+ Myristic acid] = Xi-propanol  Xwater ~ XDES ~ Xi-propanol  Xwater

(4:1)

0.662 0.1 0.238 0.003 0.005 0.992 20.000 83.361
0.576 0.187 0.237 0.002 0.013 0.985 14.385 59.784
0.437 0.332 0.231 0.001 0.027 0.972 12.296 51.740
0.319 0.42 0.261 0.001 0.056 0.943 7.500 27.098
0.234 0.467 0.299 0.001 0.085 0914 5.494 16.795

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001
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Table 3.14: Experimental LLE Data for the ternary System, DES-3 (1) + 1-Butanol (2) +

Water (3) at T =303.15 Kand p =1 atm

Extract phase

Raffinate phase

XDES

.. R Bl-butano| Se|ECtIVIty (S)
[DL-menthol+ Myristic acid]  Xibutanol  Xwater ~ XDES X1-butanol  Xwater

(4:1)

0.63 0.149 0.221 0.003 0.003 0.994 49.667 223.388
0.537 0.227 0.236 0.003 0.005 0.992 45.400 190.834
0.395 0.345 0.26 0.003 0.009 0.988 38.333 145.667
0.305 0.414 0.281 0.003 0.012 0.985 34.500 120.934
0.232 0.463 0.305 0.0038 0.0152 0.981 30.461 97.973
0.197 0.482 0.321 0.001 0.012 0.987 40.167 123.503

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

3.4.4. Extraction of Lower alcohols by DL-menthol and Palmitic acid based

hydrophobic DES

The LLE for the ternary systems namely, DES-4 (1) + ethanol (2) + water (3), DES-4
(1) + 1-propanol (2) + water (3) and DES-4 (1) + 1-butanol (2) + water (3) were measured at

T =303.15 K and atmospheric pressure. The experimental tie line data are reported in Tables

5-7, for ethanol, propanol and 1-butanol respectively in terms of mole fraction for the extract

and raffinate phase. The compositions have been obtained after the *H NMR analysis as

discussed in the previous section. Tables 3.15-3.17 give information about the distribution

ratio and selectivity as discussed in section 3.3.3.

selectivity were again reported for 1-butanol (Table 3.17).
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Table 3.15: Experimental LLE Data for the ternary system, DES-4 (1) + Ethanol (2) + Water
(3)at T =303.15 Kand p =1 atm

Extract phase Raffinate phase

oee Pethanol  Selectivity (S)

[DL'menth0|+ Palmitic aCid] Xethanol Xwater XDES Xethanol ~ Xwater

(12:1)

0.652 0.074 0.274 0.007 0.015 0.978 4.933 17.609
0.575 0.135 0.29 0.002 0.043 0.955 3.140 10.339
0.45 0.259 0.291 0.003 0.084 0.913 3.083 9.674
0.359 0.338 0.303 0 0.152 0.848 2.224 6.223
0.305 0.379 0316 0.0038 0.205 0.792 1.849 4.634

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

Table 3.16: Experimental LLE Data for the ternary system, DES-4 (1) + 1-Propanol (2) +
Water (3) at T = 303.15 Kand p = 1 atm

Extract phase Raffinate phase

XDES ﬁpropancﬂ SE'GCtiVity (S)

[DL'menth0|+ PalmitiC aCid] Xpropano| Xwater XDES Xpropan0| Xwater

(12:1)

0.653 0.115 0.232 0.004 0.015 0.981 7.667 32.418
0.576 0.187 0.237 0.001 0.028 0.971 6.679 27.362
0.459 0.316 0.225 0.002 0.043 0.955 7.349 31.192
0.348 0.377 0.275 0.001 0.055 0.944 6.855 23.530
0.243 0.453 0.304 0.001 0.065 0.934 6.969 21.412

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001
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Table 3.17: Experimental LLE Data for the ternary System, DES-4 (1) + 1-Butanol (2) +
Water (3) at T = 303.15 Kand p = 1 atm

Extract phase

Raffinate phase

XDES

el . Bl-butanol SeIeC“Vlty (S)

(12:1)

0.61 0.115 0.275 0.002 0.006 0.992 19.167 69.139
0.558 0.179 0.263 0.0024 0.0106 0.987 16.887 63.374
0.457 0.291 0.252 0.001 0.014 0.985 20.786 81.246
0.329 0.394 0.277 0.0015 0.021 0.9775 18.762 66.209
0.261 0453 0.286 0.001 0.026 0.973 17.423 59.275
0.203 0.494 0.303 0.001 0.034 0.965 14.529 46.274

Standard uncertainties are u(T) = 0.01 K, u(x) = 0.001

Overall the results indicates that DES-1 has a preferential ability to extract 1-butanol
when compared to ethanol and 1-propanol among all the DESs studied. This implies that the
extraction is favoured with a lower chain of organic acid. However one does not go for DES
less than organic acid chain length of 10 (or decanoic acid: CioH200,) as the DES itself
becomes unstable in water. Let us now have a look at the ternary diagrams and also relate the

experiments with the NRTL and UNIQUAC predictions in the ensuing sections.

3.5.  Thermodynamic Modelling

3.5.1. Prediction of Tie lines by NRTL and UNIQUAC model

Once the LLE data are available, we can then use these data to regress the binary
interaction parameters in NRTL and UNIQUAC models. There are two ways used for
predicting the NRTL and UNIQUAC model in this thesis. For mesitylene and oleyl alcohol
we have used NRTL and UNIQUAC interaction parameters as available in the ASPEN-LLE
database [12, 13]. On the contrary for the DES based systems we have used our in house
regression using Genetic Algorithm [14-16] as it requires the addition of both HBA and HBD

in required proportion as against mesitylene or oleyl alcohol which are single molecules.
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Both the methods can be used interchangbly. The binary parameters a;;, bjj, cj, dij and ej; are
unsymmetrical. The ASPEN physical property system has a large number of built-in binary
parameters for the UNIQUAC model. These binary parameters have been regressed using
VLE or LLE ASPEN data bank. ASPEN built in model parameters, ASPEN-LLE database
[12, 13] have been used for the binary pairs where it is available. In case of missing
parameters, the NRTL model parameters were estimated via UNIFAC group contribution
method in ASPEN Plus itself [13] using “R-PCES”, which means utilizing Property Constant
EStimation (PCES) regression. PCES provides the Bondi method for estimating the R and Q
parameters for UNIFAC functional groups. The ASPEN Plus physical property system then
uses these parameters in the UNIFAC, Dortmund UNIFAC, and Lyngby UNIFAC model.
The Bondi method here requires the molecular structure as an input. It should be noted that
the binary NRTL interaction parameters for mesitylene-butanol has been carried out by R-
PCES regression (Table 3.18). In a similar manner binary UNIQUAC interaction parameters

were predicted for mesitylene-butanol pairs (Table 3.19) [12, 13, 17].

The binary interaction model parameters used in the current work given in Table 3.18 and
3.19[12, 13].
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NRTL Model: In ASPEN Plus simulation software the following equation has been defined
to calculate the activity coefficient and binary interaction parameters

n n
> x.t. .G |
-1 jogiji n XjGij z_lxmtijmj
Iny. = + X [r -T= ] (3.4)
I n j=1 n 1] n
x G N x G X
2 X% DR Kj X Kj
k=1 k=1 k =1
bi'
Where G =exp(-a, 1t )it =a. + (—J)+e__ InT
i ij ij ij T ij
o, =¢C..
1] 1
1. =0
i
G.=0

i
Here a, b, ¢, d and e are the binary interaction parameters as listed in ASPEN.

UNIQUAC Model: The model is given as [17]:

(o ) (e.) ., . . c o7 Lo 35
Inyi=In| I|+;qiln|q)—'|—qilnti—qi > +Ii+qi— : > lej ()
= ) L @ i=1 T “ii=1

Where
Q. x g =240 q.x "o
9|7 11 T " k k gl_ |'| qT—zquk
qT a k
r X, r. =3r x z
o =1L T kK | =—(r.-q)+1-r
i i o i i
T
. c ( b, | g e, ) z2=10
t = 7] T, =expla;+—+c,;InT +d,;, T + —|
i z kai i L i T j i 2
k=1
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Table 3.18: NRTL binary interaction model parameters used in the current work”™

Component i mesitylene mesitylene water
Component | water 1-butanol 1-butanol
Source ASPEN-LLE UNIFAC ASPEN-LLE
aj -3.73 0 90.53

aji 10.25 0 204.24
bij 2542.78 488.69 -4983.16
bji -66.04 87.21 -9291.70
Cij 0.2 0.30 0.2

dij 0 0 0

i 0 0 -12.06

&ji 0 0 -30.58

*ASPEN Plus — NRTL model

Table 3.19: UNIQUAC binary interaction model parameters used in this work”

Component i mesitylene mesitylene  Water
Component j water 1-butanol 1-butanol
Source ASPEN-LLE UNIFAC ASPEN-LLE
ajj 2.89 0 6.63

Qi -1.37 0 -70.97
bij -1881.48 -307.46 -16.49

bji 67.88 106.57 3132.83
Ci 0 0 -1.32

Gji 0 0 10.63

dij 0 0 0

dji 0 0 0

&jj 0 0 0

& 0 0 0

*ASPEN Plus — UNIQUAC model

With respect to the NRTL and UNIQUAC predicted tie lines as evident from Figures
3.8-3.12, all of them exhibits a type-1 LLE behavior. Further from the NMR spectra the
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raffinate phase of all the systems are almost free of solvent and mostly contain water. It
should be noted that the due to the baseline correction of the NMR spectra, concentration
lower than 0.001 are very difficult to obtain. This usually signifies the uncertainty levels of
the NMR spectra. In all the alcohols, the raffinate phase lies on the extreme corner of binary
axis of water-1-butanol and water—propanol. Further a negligible amount of alcohol is present
in the raffinate phase after extraction. From Figure 3.8, it can be observed that the points are
nearer to 100%, i.e. water which indicates that the entire 1-butanol is transferred to extract
phase. It also confirms a higher distribution coefficient due to a large difference of 1-butanol

concentration in both the phases.

1-Butanol 1-Butanol

0.0 1.0 0.0 1.0

0.1

—e— Experimental

-0+ NRTL

00 01 02 03 04 05 06 07

1-Butanol
0.0

1.0

0.8 09 1.0
Mesitylene

—e— Experimental
-0+ UNIQUAC

04 05

0.6 0.7

0.8 09 1.0

0.1

—— Experimental
¢ NRTL

00 01 02 03 04 05 06

Water

1-Butanol
0.0

1.0

08 09 1.0
Oleyl alcohol

—— Experimental
g UNIQUAC

0.1

00 01 02 03

04 05 06

0.0
08 09 1.0

Water Mesitylene Water

Oleyl alcohol

Figure 3.8: Experimental and NRTL/UNIQUAC predicted tie lines for the ternary system
using ASPEN Plus: mesitylene/oleyl alcohol (1) + 1-butanol (2) + water (3) system at T =
298.15 Kand p =1 atm.
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3.5.2. Prediction of Tie lines by NRTL and UNIQUAC model for DESs

The reliability of experimental data of DESs was checked via NRTL [18] and
UNIQUAC [15, 16] model both with our in-house implementation and ASPEN Plus [12, 13,
17] prediction. Let us first discuss the implementation of NRTL and UNIQUAC model as per
our earlier work [14, 15, 19].

3.5.3. Algorithm for Prediction of LLE through NRTL/UNIQUAC model

Initially we compute the feed concentration of component i (z;) from experimental
concentration of component i in both phases.

T i (3.6)

Here x, and x' are the mole fraction of component i in phases | (Extract) and Il (Raffinate),

respectively. Thereafter we predict the activity coefficient of component i (y;) in both phases
by NRTL/UNIQUAC model (Egs. 3.4-3.5) with the help of the objective function in GA (Eq.
3.14). Overall the LLE equation is represented as:

glyl = glhy, ! (3.7)

Where % and %' are the mole fraction of component i in phases | and Il predicted by

NRTL/UNIQUAC, respectively.

We then compute the distribution coefficient of component i (K;) from activity coefficient of

component i.

g

MRS (3.8)
TR

S

Thereafter we solve the Isothermal flash algorithm for extract to feed (%) ratio.

z.(1-K))
f(¥)=y ——~—=0 (3.9)
1+‘I’(Ki -1)
subject to,
o I
in = lei + L2xi (3.10)
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and ¥ = L1/ F (3.11)

Here F, Ly and L, represent the flow rate of the feed, extract and raffinate phases respectively.
If Eg. 3.9 is converged then we go ahead else we go back to Eqg. 3.8, and invoke GA toolbox
for new set of binary interaction parameters (t;j/tji or Ajj/A;iy. Finally we calculate the mole
fractions in both phases as:

| i

= 3.12
i L+ (K. ~1) (3.12)

XiII = KiX; (3.13)

A suitable minimization process using GA as per our earlier work [14, 15] is carried out with
the objective function given in Eq. 3.14. The obtained binary interaction parameters are
given in Tables 3.8-3.11. A detailed methodology is given in our earlier work [6, 18, 20, 21]
and is not discussed here.

Maximize: F =-> W.'k(xi'k—i.' ) , w,, =1 (3.14)

‘(With respect to Ay

B
|
| where i,j=1,2,3 |
(and j=i J

The goodness of the fit was predicted by the root mean square deviation (RMSD) which is

defined as per the following equation [22]:

( F

b, T (3.15)
RMSD L 2ch

[
i
\
Where, m refers to the number of tie lines and c refers to the number of components (viz. 3

for the present system). Here Xilk and %, are the experimental and predicted values of

composition (mole fraction) for component i in the k™ tie line for phase I, respectively. It
should be noted that the parameters z;; from Eq. 3.5 are merely regressed parameters for

NRTL model. It has no physical interpretation.

From the previous work of Singh et al. [14] and Sahoo et al. [19] for aqueous systems
it was observed that the objective function remains asymptotically flat when population size
and generation greater than 100 and 200 respectively is chosen, Therefore population size of
100 and number of generations as 200 is adopted in this current work. GA was required as
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the objective function is highly convex in nature with the result that traditional optimization

algorithms fail.

Figures 3.9-3.12 reports and compares the NRTL and UNIQUAC predictions for all
the DES namely DES1 (Figure 3.9), DES2 (Figure 3.10), DES3 (Figure 3.11) and DES4
(Figure 3.12). From all the figures it can be observed that the points are nearer to 100%, i.e.
water which indicates that the entire 1-butanol is transferred to extract phase as compared to
ethanol and 1-propanol. It also confirms a higher distribution coefficient due to a large
difference of 1-butanol concentration in both the phases. The binary interaction parameters
(Ay;) are also given in Tables 3.20-3.23.
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Figure 3.9: Experimental and NRTL/UNIQUAC predicted tie lines for the ternary system
DES-1 (1) + Ethanol/1-propanol/1-butanol (2) + water (3) systemat T=303.15 Kandp=1

atm.
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Figure 3.10: Experimental and NRTL/UNIQUAC predicted tie lines for the ternary system
DES-2 (1) + Ethanol/1-propanol/1-butanol (2) + water (3) systemat T =303.15 Kandp =1
atm.

83
TH-1885_126107014



Chapter 3

Ethanol
0.0

—e— Hxperimental
o+ NRTL

0.0

00 01 02 03 04 05 06 07 08 09 10

DES Water
DL-menthol+Myristic acid

1-Propanol

0.0 10

—— [xperimental
weetres NRTL

0.0
00 01 02 03 04 05 06 07 08 05 10

DES Water
DL-menthol+Myristic acid

1-Butanol
0.0

0.1 —e— Experimental
-0 NRTL

00 01 02 03 04 05 06 07 08 09 10

L Water
DL-menthol+Myristic acid

Ethanol

00, 1o

00 01 02 03 04 05 06 07 08 09 10

DES Water
DL-menthol+Myristic acid

1-Propanol

040 10

—+— Experimental
0.8 s UNIQUAC

09 e
1.0 o
00 01 02 03 04 05 06 07 08 09 10
DES Water
DL-menthol+ Myristic acid
1-Butanol
8010
01 —e— Experimental
09 |0 UNIQUAC
0.1
1.0 0
00 01 02 03 04 05 06 07 08 09 10
DES Water

DL-menthol+Myristic acid

Figure 3.11: Experimental and NRTL/UNIQUAC predicted tie lines for the ternary system
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Figure 3.12: Experimental and NRTL/UNIQUAC predicted tie lines for the ternary system
DES-4 (1) + Ethanol/1-propanol/1-butanol (2) + water (3) systemat T =303.15 Kandp =1
atm.
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Table 3.20: NRTL and UNIQUAC interaction parameters for ternary systems at T=303.15 K

and p=1 atm.
N NRTL Model Parameters UNIQUAC Model Parameters
K Tj T F %RMSD®  AyK  AiK F %RMSD"
DES-1 (1) + Ethanol (2) + Water (3)
1-2 19.00 12.83 370.23 155.04
1-3 253 0.38 -2.1x10™ 0.26 383.05 28.753 -6.4x10™ 0.463
2-3 114 657 693.6  250.82
DES-1 (1) + 1-Propanol (2) + Water (3)
1-2 277 6.94 213.16  215.89
1-3 1576 -152 -0.9x10™ 0.17 533.8 344.31 -1.4x10™ 0.219
2-3 1722 2.62 525.02 -174.43
DES-1 (1) + 1-Butanol (2) + Water (3)
1-2 394 3.91 325.15 111.01
1-3 -082 381 -1.1x10™ 0.29 595.65 427.73 -3.4x10™ 0.55
2-3 090 -6.54 826.97 -117.76

*Calculated by Eq. 3.14; "Calculated by Eq. 3.15
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Table 3.21: NRTL and UNIQUAC interaction parameters for ternary systems at T=303.15 K

and p=1 atm.
o NRTL Model Parameters UNIQUAC Model Parameters
E Tj T F %RMSD®  AyK  Ai/K F %RMSD"
DES-2 (1) + Ethanol (2) + Water (3)
1-2 576 13.53 615.09  205.37
1-3 -0.06 6.64 -1.0x10" 0.44 36357 82259 -7.1x10™ 0.52
2-3 1234 17.97 67151 427.11
DES-2 (1) + 1-Propanol (2) -Water (3)
1-2 500 -545 284.29  311.34
1-3 475 8.79 -15x10™ 0.24 344.1 101.7  -2.1x10™ 0.65
2-3 1180 19.21 622.97 44.661
DES-2 (1)-1-Butanol (2)-Water (3)
1-2 327 19.68 189.75  146.09
1-3 -466 1558 -1.1x10% 039 73331 533.39 -57x10* 055
2-3 369 299 776.37  -273.94

“Calculated by Eq. 3.14; "Calculated by Eq. 3.15
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Table 3.22: NRTL and UNIQUAC interaction parameters for ternary systems at T=303.15 K

and p=1 atm.
~ NRTL Model Parameters UNIQUAC Model Parameters
E Tj T F %RMSD®  Aj/K AjilK F %RMSD"
DES-3 (1) + Ethanol (2) + Water (3)
1-2 1.62  19.63 -22.355  266.2
1-3 1392 186  -2.1x10" 0.26 297.97 397.92 -3.8x10* 0.35
3 823 -111 466.02  -301.54
DES-3 (1) + 1-Propanol (2) + Water (3)
1-2 156  11.44 -211.95 303.21
1-3 1210 -260 -1.3x10* 0.21 490.04 85252 -5.0x10" 0.41
2-3 1209 18.79 525.38  -515.47
DES-3 (1) + 1-Butanol (2) + Water (3)
1-2 1434 973 314.73  569.69
1-3 1348 323  -1.2x10"* 0.19 314.98 698.01 -1.8x10* 0.71
2-3 1746 227 45359  -246.86

*Calculated by Eq. 3.14; "Calculated by Eq. 3.15
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Table 3.23: NRTL and UNIQUAC interaction parameters for ternary systems at T=303.15 K

and p=1atm.
N NRTL Model Parameters UNIQUAC Model Parameters
K Tj T F %RMSD®  AyK  Ai/K F %RMSD"
DES-4 (1) + Ethanol (2) + Water (3)
1-2 226 11.06 326.25  433.69

1- 2000 218 -1.71x10™ 0.29 505.94  998.96 -3.2x10™ 0.75
2-3 1718 -0.27 399.3 -86.571

DES-4 (1)-1 + 1-Propanol (2) + Water (3)

1-2  19.97 20.00 232.48 317
1-3  3.02 1.04 -2.7x10" 0.30 463.98 169.59 -9.87x10™ 0.57
2-3 248 6.50 517.71  13.666

DES-4 (1)-1 + 1-Butanol (2) + Water (3)

1-2 293 8.17 152.85  395.49
1-3 -013 -269 -4.51x10™ 0.35 377.82 58647 -4.7x10™ 0.39

2-3 19.01 14.02 39497  76.301

*Calculated by Eq. 3.14; "Calculated by Eq. 3.15

3.5.4. LLE Predictions using COSMO-SAC Model

Quantum-chemical based solvation models such as COSMO-SAC [15, 23] is another
pathway which provides an alternative mean of predicting activity coefficients and other
thermodynamic properties using a statistical mechanical framework. This is based on the
COSMO (COnductor like Screening MOdel) continuum model and its variants or statistical
mechanical framework such as COSMO-SAC (COnductor like Screening Model- Segment
Activity Coefficient) as proposed by Lin and Sandler [24]. These determine liquid phase
nonideality using molecular interactions derived from quantum chemical solvation calculation.

An advantage of COSMO based models over UNIFAC is that it can distinguish between isomers
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because molecules are drawn with respect to their specific conformal structures before
performing optimization. This is followed by COSMO calculations in quantum chemistry
optimization packages such as Gaussian 09 [25]. It is a known fact that quantum chemical
information in different conformers influences the activity coefficient calculations. The
methodology and equations are already available in our published literature [16, 26] and hence is

not discussed here.

The COSMO files once generated are then used to generate the sigma profile [16, 24, 27,
28] of the molecules. This is then used in the statistical framework namely SAC or Segment
Activity Coefficient (SAC) [16] in order to obtain the activity coefficient. The activity
coefficients predicted with the modified Rashford Rice Algorithm (section 3.5.3) to generate the
tie lines. This solves the isofugactiy problem. Assuming the process to occur isothermally, the
compositions of the extract and raffinate phases are calculated using a flash algorithm as
described by the modified Rashford-Rice Algorithm section. The details of the calculation is
similar to the one given in Section 3.5.3 (Algorithm for prediction of LLE through
NRTL/UNIQUAC model) and also described in our earlier work [16, 26].The COSMO-SAC
predicted ternary tie lines are then compared with experimental tie lines for all the systems using
COSMO-SAC (Figure 3.13-3.17) model. In our case we have obtained similar results with both
our in-house COSMO-SAC and the one implemented in ASPEN Plus V8.8.We shall refer the
COSMO-SAC predictions in ASPEN as “COSMO-ASPEN” in the future text. We have followed
our model in the case of ternary systems representing lauric acid based DES (DES-2), while the
remaining have been predicted by ASPEN Plus. We shall initially discuss lauric acid based
ternary system using our own model and also compare the same with ASPEN. Thereafter we

shall discuss conventional and other DES solvents with prediction from ASPEN.

3.5.5. COSMO-SAC Predictions for DES-2 (Lauric Acid Based System)

The first step for a COSMO based scheme is to obtain an accurate geometry optimized
structure of the molecules (water, alcohol, DL-menthol, Lauric Acid) in gas phase. The geometry
optimization was carried out at B3LYP using 6-31G* basis set with Gaussian 09, from at least
three initial geometries of each complex systems. The geometries were drawn by Gauss View 5.0
[29] visualization package. Further details including COSMO file generation is as per section

2.5. For DL-menthol which has equal contribution from both dextro and levo stereoisomer, the
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geometries for each stereoisomer were obtained by the modreduntant option in Gaussian09 [25].
Frequency analysis was carried out of each complex at the same level of theory. Absence of
imaginary vibrational frequencies determines the true energy minimum structures. For the
COSMO-SAC calculation, BVP86 functional with SVP basis set and density fitting basis set
DGAL are used. While calculating the Coulomb interaction, the density fitting basis set expands
the density in a set of atom-centred functions. Thus for a medium sized system, a performance
gain in terms of accuracy in molecular structure and relative energies are achieved. The COSMO
files once generated were then used to generate the sigma profile of the molecules, which were
then used in the statistical framework namely Segment Activity Coefficient (SAC) to obtain the
activity coefficient. The activity coefficients were then used with the modified Rashford Rice
Algorithm to generate the tie lines as per section 3.5.3. Table 3.24 shows the universal COSMO-
SAC parameters used namely effective area, cut-off value for hydrogen bonding interaction and

constant for hydrogen bonding interaction [27].

Table 3.24: COSMO-SAC parameters used for DES2 (Lauric Acid) based prediction

Name Value Unit
effective area (acf) 7.5 A?
cutoff value for hydrogen bonding interaction (onp) 0.0084 e/A?
constant for hydrogen bonding interaction (Chp) 85580 (Kcal/mol)(A%/e?)

For the sigma profile calculation of DES, a molar ratio was used for DL-menthol (HBA) and
lauric acid (HBD) molecule respectively. The sigma profile of DL-menthol was taken as the

average of dextro and levo isomers ( p,,,, (o) ). The charge distribution for such a DES will then

be the algebraic sum of the sigma profiles calculated separately [30]. It takes the form:

(6)="f, . p (o) (3.16)

HBA (0)+ f P

Poes (O)= Pugal@)+ Pupp HBA HBD "HBD

PLga(@) =Py 1pp @)+ Py (o) (3.17)

Here p,.(c) and p,,, (o) are the sigma profile of the components of DES, namely the HBD

and HBA. ., and f,,, are the mole ratio’s that have been adopted in the experimental work
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(chapter 2). The sigma profile of DES is then normalized so that it would appear as the sigma
profile of a single molecule. Using both the NRTL and COSMO-SAC models, the average Root
Mean Square Deviation (RMSD) values obtained were 1% and 7% respectively. NRTL model is
expected to agree with a higher accuracy when compared to COSMO-SAC model owing to its
regression from experimental data. The COSMO-SAC model is predictive in nature where the
only input required is the optimized molecular structure and the temperature. The ternary tie
lines for DES2 have been depicted for both COSMO-ASPEN (Figure 3.13(a)) and our in-house
COSMO-SAC code (Figure 3.13(b)).
:5‘3“"0' 1-P::)pa'nol

—— Experimental
01 9 | o COSMO-ASPEN

—— Experimental
et COSMO-ASPEN

~ & 0.1

0.0 00 01 02 03 04 05 06 07 08 03 10
00 01 02 03 04 05 06 07 08 09 10 DES Water
DES Water DL-menthol+Lauric acid

DL-menthol+Lauric acid

1-Butanol

0.0 L0

0.1 —e— Cxperimental

09 |..0m COSMO-ASPEN

0.8

b 0.1

1.0 3
00 01 02 03 04 05 06 07 08 09 10

DES Water
DIL-menthol+Lauric acid

0.0

Figure 3.13 (a): Experimental and COSMO-ASPEN predicted tie lines for the ternary system:
DES-2 (1)-alcohol (2)-water (3) at 303.15 K and 1 atm.
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Figure 3.13 (b): Experimental and COSMO-SAC predicted tie lines for the ternary system:
DES-2 (1)-alcohol (2)-water (3) at 303.15 K and 1 atm.

It can be seen that the average RMSD % for predictions using COSMO-ASPEN and our
in-house COSMO-SAC model are 3.64, 2.51, 2.21 and 8.75, 7.71, 5.83 for ethanol, 1-propanol
and 1-butanol, respectively. Due to the lower RMSD in COSMO-ASPEN, the same have been
used for the remaining systems. Thereafter the remaining systems are predicted using COSMO-
ASPEN and depicted for mesitylene and oleyl alcohol (Figure 3.14), while for DES: DES-1
(Figure 3.15), DES-3 (Figure 3.16) and DES-4 (Figure 3.17).In all the systems the tie lines are
having positive slope with DES1 giving the highest slope. Hence DES-1 may be recommended

as potential solvent. The goodness of fit is usually measured by Root Mean Square Deviation
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(RMSD) as discussed in section 3.5.3. Table 3.25 show the RMSD obtained via COSMO-SAC
model using COSMO-ASPEN for all the solvents used in the present study.

1-Butanol 1-Butanol

0.0
0.0 L0 1.0

—e— Experimental 0.1 —— Experimental
0.9 0 COSMO SAC ' 09 o COSMO SAC

1 g y 0.0 104 a 0.0
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
Water Mesitylene Water Oleyl alcohol

Figure 3.14: Experimental and COSMO-SAC predicted tie lines for the ternary system:
mesitylene/Oleyl alcohol (1) + 1-butanol (2) + water (3) system at T = 303.15 K and p = 1 atm
(Experimental results from [7]).
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3.5.6. Prediction for DES-1, DL-menthol and Decanoic acid based DES

Ethanol 1-Propanol
0.0 0.0
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—e— Experimental
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1-Butanol
e 1.0

0.9 —e— Experimental
’ <0 COSMO-ASPEN

0.0
00 01 02 03 04 05 06 07 08 09 10

DES Water
DL-menthol+Decanoic acid

Figure 3.15: Experimental and COSMO-SAC predicted tie lines for the ternary system: DES-1
(1)-alcohol (2)-water (3) at 303.15 K and 1 atm.

95
TH-1885_126107014



Chapter 3

Ethanol

0.0 10

—e— Experimental
co COSMO-ASPEN

L0 R g
00 01 02 03 04 035 06 07 08 09 10
DES Water

DL-menthol+Myristic acid

1-Propanol

0.0 10

02

—+— Experimental
ot COSMO-ASPEN

00 01 02 03
DES
DL-menthol+Myristic acid

04 05 06 07

1-Butanol
0.0

—e— Experimental
08 |0 COSMO-ASPEN

0.0

00 01 02 03 04 05 06 07 08 09 10

DES
DI.-menthol+Myristic acid

Figure 3.16: Experimental and COSMO-SAC predicted tie lines for the ternary system

(1)-alcohol (2)-water (3) at 303.15 K and 1 atm.
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Figure 3.17: Experimental and COSMO-SAC predicted tie lines for the ternary system: DES-4
(1)-alcohol (2)-water (3) at 303.15 K and 1 atm.
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Table 3.25: RMSD obtained via COSMO-SAC model using COSMO-ASPEN

DES-1 DES-2 DES-3 DES-4 Mesitylene  Oleyl alcohol

Ethanol 0.053 0.036 0.05 0.052 - -
1-propanol 0.01 0.025 0.01 0.016 - -
1-butanol 0.008 0.022 0.008 0.021 0.014 0.0083

Overall the NRTL, UNIQUAC and COSMO-SAC models gave Root Mean Square
Deviation (RMSD) values as (0.21%, 0.34% and 1.34%); and (0.16%, 0.21% and 0.83%) for the
systems mesitylene (1) + 1-butanol (2) + water (3) and oleyl alcohol (1) + 1-butanol (2) + water
(3) respectively. Overall RMSD of DES-1 to DES-4 for NRTL, UNIQUAC and COSMO-SAC
are reported in Tables 3.20-3.23 and Table 3.25 respectively. It has been observed that among
the NRTL, UNIQUAC and COSMO-SAC models, the average root mean square deviation
(RMSD) values obtained were lesser than unity for NRTL and UNIQUAC models. This is
expected as in NRTL [18] the interaction parameters have been regressed using the experimental
data, while for COSMO-SAC [15, 18] this is predicted using a statistical mechanical framework.

Figure 3.18 and Figure 3.19 show the distribution coefficient and selectivity of the solvents used
in the present study for the extraction of 1-butanol. It has been observed that decanoic acid based
DES gave the highest selectivity as well as distribution coefficient among all DES. However it is
worth mentioning that the distribution coefficient and selectivity for both oleyl alcohol and
mesitylene are greater than either DES. Hence the choice may or can be directed towards DES if
the economics namely amount of solvent flow and the capital cost is less. This is exactly been

attempted in chapter 4.
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Figure 3.18: Distribution coefficient of the solvents for 1-butanol extraction.
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Figure 3.19: Selectivity of solvents for 1-butanol extraction.
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3.6. Comparison of Selectivity and Distribution Ratios

In order to further explore the role of the hydrophobic character of the extractant, a
comparison has been conducted with both reported DES and the lonic Liquids in Tables 3.26-
3.28, for ethanol, propanol and 1-butanol respectively. It is clear that the selectivities for choline
chloride and tetramethylammonium chloride as Hydrogen Bond Acceptor [31] are comparable to
our DES which is based on DL-menthol. A comparison with lonic Liquids also points out to a
similar fact in term of ethanol extraction as measured by Neves et al. [32] with trihexyl
tetradecyl based phosphonium cations. On the contrary both the selectivities and distribution
coefficient are larger for DES when compared to [BMIM][Tf,N] for the case of propanol (Table
3.27) or 1-butanol (Table 3.28). In 1-butanol both the selectivities and distribution coefficient are
larger than imidazolium[8], phosphonium[8] or morpholium based ionic liquids [33]. Looking at
the distribution coefficients, it implies that the current DES will be beneficial as its will require a
lower solvent to feed ratio for the same performance. In order to propose a technique for
recovery of alcohols, the thermal stability of the DES mixtures needs to be ascertained so that
distillation can be proposed to recover the alcohols. Table 3.28 reports a value close to infinity
and ~6367 for mesitylene and oleyl alcohol respectively. This is higher than the previous
reported work with ionic liquids such as 1-(2-hydroxyethyl)-2,3-dimethylimidozolium tetra
fluoroborate (S=30) [34]. This is also higher than that reported for hydrophilic or hydrophobic
ILs [35] and DES.
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Table 3.26: Comparison of distribution coefficients and selectivities for ethanol extraction in
aqueous media using conventional solvents, lonic Liquids and DESs

System gés(:#?;gr?tn Selectivity References

DES-1 (DL-menthol/decanoic acid) 0.703 16.3 Present study
DES-2 (DL-menthol/lauric acid) 0.505 12.5 Present study
DES-3 (DL-menthol/myristic acid) 0.543 9.1 Present study
DES-4 (DL-menthol/palmitic acid) 0.52 9.6 Present study

DES [glycerol/choline chloride with 0.811 21.9 Rodriguez et al.[31]
molar ratios (4:1)]

DES [glycerol/choline chloride with | 0.618 15.2 Rodriguez et al.[31]
molar ratios (2:1)]

DES [glycerol/tetramethylammonium | 0.643 13.3 Rodriguez et al.[31]
chloride with molar ratios (4:1)]

DES [glycerol/tetramethylammonium | 0.725 14.7 Rodriguez et al.[31]
chloride with molar ratios (2:1)]

[TDTHP][Phosph]” 0.83 51 Neves et al.[32]
[TDTHP][Deca] 0.82 4.9 Neves et al.[32]
[TDTHP]CI® 0.88 6.6 Neves et al.[32]
[TDTHP][CH,SO03]" 0.82 4.6 Neves et al.[32]
[TDTHP]Br 0.70 8.4 Neves et al.[32]
[TDTHP][N(CN),]” 0.51 6.8 Neves et al.[32]
[TDTHP][TfN] 0.31 2.0 Neves et al.[32]
[BMIM][TFN] 0.15 75 Chafer et al.[36]

*Where Abbreviations:

[TDTHP][Phosph]: Tetradecyltrihexylphosphonium bis(2,4,4-trimethylpentyl) phosphinate
[TDTHP][Deca]: Tetradecyltrihexylphosphonium decanoate

[TDTHP]CI: Tetradecyltrihexylphosphonium chloride

[TDTHP][CH3SOs]: Tetradecyltrihexylphosphonium methane sulfonate

[TDTHP]Br: Tetradecyltrihexylphosphonium bromide

[TDTHP][N(CN),]: Tetradecyltrihexylphosphonium dicyanimide

[BMIM][Tf,N]: 1-butyl-1-methylpyrrolidinium bis(trifluoromethyl sulfonyl) imide
[TDTHP][Tf,;N]: Tetradecyltrihexylphosphonium bis(trifluoromethyl sulfonyl) imide
[Bmim][Tf,N]: 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
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Table 3.27: Comparison of distribution coefficients and selectivities for propanol extraction in
aqueous media using conventional solvents, lonic Liquids and DESs

System [éls;ﬁ;t;ﬁ? Selectivity References
DES-1 35 6978 Present study
DES-2 1.95 56.05 Present study
DES-3 1.9 51.7 Present study
DES-4 29 31.19 Present study
[BMP][Tf,N]" 0.37 19.8 Chafer et al.[37]
[TDTHP][Phosph]’ 1.37 88.5 Bharti et al.[16]
*Where Abbreviations:

[Bmim][Tf,N]: 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

[TDTHP][Phosph]: Tetradecyltrihexylphosphonium bis(2,4,4-trimethylpentyl)phosphinate

Table 3.28: Comparison of distribution coefficients and selectivities for 1-butanol extraction in
aqueous media using conventional solvents, lonic Liquids and DESs

System (Ij:ésf;[;liibcl;gr?tn Selectivity References
Mesitylene 9.40 1913.6 Present study
Oleyl alcohol 19.88 6319.6 Present study
DES-1 10.6 237.8 Present study
DES-2 8.9 200.6 Present study
DES-3 5.94 145.67 Present study
DES-4 3.41 81.25 Present study
[Imy4][TCB]” 3.2 100 Heitmann et al.[8]
[Pess14][TCB]™ 2.0 500 Heitmann et al.[8]
[Img1][FAP]” 0.8 420 Heitmann et al.[8]
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[Im10,1][ TRLN]™ 5.7 90 Nann et al.[33]
[M010,1][TCB] " 4.8 70 Nann et al.[33]
[M010,1][Tf.N]™ 2.1 99.7 Nann et al.[33]
[Bmim][Pfs] " 0.74 21.0 Ha et al. [35]
[Hmim][Pfs] ™ 0.97 375 Ha et al. [35]
[Omim][Pfe] 1.11 49.2 Ha et al. [35]
[Bmim][Tf,N]~  1.03 39.1 Ha et al. [35]
[Hmim][Tf.N]™  1.25 66.1 Ha et al. [35]
[Omim][Tf,N]™  1.37 78.9 Ha et al. [35]
[Hmim][TfO] " 0.90 2.6 Ha et al. [35]
[Omim][TfO]" 1.03 35 Ha et al. [35]
[Pmim][TfO]~ 1.05 4.9 Ha et al. [35]
[HMIM]BF,]” 0.90 3.9 Ha et al. [35]
[OMIM][BF,]~  2.18 12.2 Ha et al. [35]
[Hmim][T,N]~  1.11 120.0 Garcia et al. [38]
Cyphos 104" 9.21 55.0 Garcia et al. [38]
[MTOAOCt] 11.29 49.0 Garcia et al. [38]
[TDAMCH]” 8.49 130.0 Garcia et al. [38]
[TOAMNaph]™  21.00 274.0 Garcia et al. [38]
*Where Abbreviations:

[Imyo1][TCB]: (1-decyl-3-methyl-imidazolium tetracyanoborate)

[Pe6.6.14][TCB]: (Trihexyltetradecylphosphonium tetracyanoborate)

[Img][FAP]: (1-decyl 3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate)
[Imyo ][TF,N]: (1-decyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide)
[Mo441][TCB]: (4-decyl-4-methyl-morpholinium tetracyanoborate)
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[Mo40 1]1[TT,N]: (4-decyl-4-methyl-morpholinium bis(trifluoromethylsulfonyl)imide)
[Bmim][Tf,N]: (1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
[Hmim][Tf,N]: Tetradecyltrihexylphosphonium bis(trifluoromethylsulfonyl)imide
[Omim][Tf,N]: (1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide)
[Hmim][TfO]: 1-hexyl-3- methylimidazoliu trifluoromethanesulfonate
[Omim][TfO]: 1-methyl-3-octylimidazolium trifluoromethanesulfonate
[Pmim][TfO]: 1- phenylpropyl-3-methylimidazolium trifluoromethanesulfonate
[HMIM]BF,]: 1-hexyl-3- methylimidazoliu tetrafluoroborate

[OMIM][BF,]: 1-methyl-3-octylimidazolium tetrafluoroborate

[Hmim][Tf,N]: 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
Cyphos 104: Tetradecyl(trihexyl) phosphonium bis-2,4,4-trimethylpentyl-phosphinate
[MTOAOCct]: Methyltrioctylammonium octanoate

[TDAMCH]: Ttetrakis(decyl) ammonium 1-methyl-1-cyclohexanoate
[TOAMNaph]: Tetraoctylammonium 2-methyl-1-naphthoate

After successful thermodynamics modelling we shall now initiate a flowsheet to scale-up the
laboratory scale data to an industrially feasible unit using Aspen Plus V8.8%. This will include
optimization of the extractor and distillation unit and then coupling it to get the final TAC or the
Total Annual Cost. This is exactly been discussed in chapter 4.

3.7. Summary

Improved mass transfer rates coupled with high separation efficiency was observed with
mesitylene and oleyl alcohol for the separation of 1-butanol - water mixtures. Larger values of
selectivity (399-2591) for both the conventional solvents indicate easier separation of 1-butanol
from water. The raffinate phase from the experiment and simulation was found to comprise
mainly water with mass composition as high as 99.9% w/w. Further the application of a
hydrophobic deep eutectic and low-transition temperature mixture for the lower alcohol
extraction has been investigated for the first time. Extraction of ethanol i.e. (5-40 mole%),
propanol (5-30 mole%) and 1-butanol (10-50 mole%) from the aqueous solution was measured

with the synthesized DESs and conventional solvents. The distribution coefficient and selectivity
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were found to be much higher for 1-butanol as compared to ethanol and propanol. The *H NMR
analysis depicted an absence of DES in the raffinate phase. This indicates that the DES does not
contaminate the water phase, thereby enabling the ease of solvent recycling. The NRTL,
UNIQUAC and COSMO-SAC model gave RMSD value for DES-1 to DES-4 in the range of
0.0026-0.0029, 0.0046-0.0075 and 0.036-0.053 respectively in case of ethanol; for DES-1 to
DES-4: 0.0017-0.003, 0.0022-0.0065 and 0.01-0.025 respectively in case of 1-propanol; for
DES-1 to DES-4: 0.0019-0.0035, 0.0039-0.0055 and 0.008-0.022 respectively in case of 1-
butanol. It implies that NRTL model gave an excellent match with the experimental data and
good prediction. Also, conventional solvents mesitylene and oleyl alcohol have been used for the
separation of 1-butanol from their aqueous solution. Overall the slopes of the tie lines and the
spread of two-phase region indicated higher separation as it covered a large part of the ternary

plot.
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Chapter 4

4.1. Introduction

Once the Liquid—Liquid Equilbria results are available, a need of scale-up for the
separation of lower alcohols needs to be adopted. Commercial software such as ASPEN Plus
V8.8 is conventionally used for understanding the process economics of any separation process.
The separation of lower alcohols through a hybrid extraction system is already well known [1].
This is also inline with an earlier work [2] where the hybrid separation processes is found to be
an effective tool for reducing the energy intensive step of distillation. In the hybrid extraction,
extraction column operates at ambient temperature and pressure; which implies that there is no
requirement of additional energy within the extractor column. It provides significant savings in
the operating cost as well as the total annual cost when compared to explicit extractive
distillation. Previous authors have assessed options for the selective 1-butanol recovery from
aqueous solution making the separation economical and efficient [3, 4]. Technologies for butanol
recovery integrated with fermentations [5, 6] are well explored. In another work,reduction in
butanol inhibition by perstraction i.e utilization of concentrated lactose/whey permeate by
Clostridium acetobutylicum was undertaken to enhance butanol fermentation economics. Further
PDMS/ceramic composite membrane was also used for pervaporation separation of acetone—
butanol-ethanol (ABE) aqueous solutions with an intensification step for the ABE fermentation

process [7].

As discussed in previous chapters, the separation of lower chain alcohols from their
aqueous phase is considered difficult because of azeotrope formation [8-10]. In our case, the feed
is highly aqueous as 1-butanol is less than 5 mole% (0.8 water and 0.2 1-butanol w/w). From
chapter 3, distillation is not considered an effective and economical step for such cases [3] as it
will require a huge amount of steam to vaporize the water portion. This leads to a higher energy
demand as 1-butanol has a higher boiling point. In such a scenario, the entire water gets extracted
in the raffinate phase of the extractor. A similar strategy has been used by previous authors
where the design and control of a Hybrid Extraction—Distillation system for the separation of
pyridine and water was proposed and demonstrated [11, 12]. The flowsheet given below explains
the entire sequential process optimization as per Figure 4.1 and Figure 4.2. This procedure shall

remain the same for both conventional solvent such as mesitylene and new solvents i.e. DES. In
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the present study the cost factor has been kept to a minimum by performing the simulation at
298.15-303.15 K and 1 atm pressure. For performing the solvent extraction process, a
minimization of the production cost is necessary in order to recover the extracting solvent.
Further this needs to be reused and recycled in the extraction flowsheet [12-14]. These aspects

have been explained in the subsequent sections.
4.2. Simulation Details

Feed-aqueous phase 1-Butanol

~
7

Extract

—>
(LLE) Separation via Distillation
Y,

Liquid-Liquid Extraction Solvent Recovery and 1-butanol

Solvent recycled

Figure 4.1: Sequential flow chart for optimization [3, 6]

Figure 4.2 shows the solution strategy for the extraction of 1-butanol using ASPEN Plus.
The operating conditions for the extractor column will be used as p =1 atm. and T = 25 °C. The
fresh feed composition in terms of mass fraction namely: water 0.8 (w/w) and 1-butanol 0.2
(w/w) is used in all the simulations. This is the same as per the reported LLE experiments and
results in chapter 3. Non-random two-liquid model (NRTL) and COSMO-ASPEN
thermodynamic model have been used in both conventional and DES solvent respectively. The
missing binary interaction parameters were then evaluated with the R-PCES or UNIFAC tool of

ASPEN. This has been earlier explained in chapter 3.

Initially the extractor column is designed for a recovery of 99.99% 1-butanol by keeping
solvent flow rate as the manipulated variable. Optimization of number of stages in the extractor
column is then selected on the basis of f.0.b. purchase cost (Freight on board cost). In the
extractor, both Design Spec as well as Sensitivity Analysis tools of ASPEN have been used to
optimize the solvent flow rate for a 99.9 w/w% recovery of 1-butanol. Within the extractor
column, for a particular number of stages (i.e. 5, 6, 7, 8 etc.) the solvent flow rate is varied by
applying Design Spec with 99.9% w/w. Thereafter for every stage, the f.0.b. purchase cost
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(Freight on board cost) is computed and plotted. The stage number corresponding to the lowest
f.0.b was then chosen as the number of stages for extractor. Once the number of stages is fixed,
we adopt the Sensitivity Analysis tool to obtain the variation of solvent flow rate with butanol
flow rate in the extract stream. With this we get an optimized flowrate of solvent (mesityene or
DES).

In the distillation column, the same extract feed rate from extractor is used as a feed
stream by increasing its pressure through a pump. In this column, the manipulated variables used
are reflux ratio and distillate rate. Design Spec is then invoked by keeping a maximum purity of
butanol in the distillate stream. Here both the reflux ratio and the butanol flow rate in distillate
stream is varied from (0.01 to 100) and (1000 kg/hr to 6000 kg/hr) respectively while applying
the Design Spec. The simulation is made to converge by varying the feed stage or the pump
pressure. On similar lines the TAC of distillation column, which includes both capital (shell and
heat exchange cost) and energy cost are also calculated by varying the number of stages in the
distillation column. Optimum solutions obtained when the overall TAC (combined TAC of

extractor and distillation column) is minimum.
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Effect of f.0.b. cost with respect to number of stages in
extractor (Np)

N

Distillation column: Design SPEC: Desired Recovery
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Figure 4.2: Solution Strategy for 1-butanol Extraction (EXT: Extractor; Ny=Number of stages)
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4.3. Liquid-Liquid Extraction

Figure 4.3 shows the schematic of simple extractor used for liquid-liquid extraction
(LLE). It shows the Extract and Raffinate phase as obtained from a LLE process. Separation
efficiency of LLE mainly depends on solvent distribution coefficient, selectivity and
recyclability [15]. The solvents which are considered are polar affects the extraction process by
solvating the extracted complex in the extract phase. This tends to depend on the dielectric
constant, dipole moment and hydrogen -bonding ability. We have not considered all these factors

explicitly while simulating the same in ASPENone.

Extract _E>

Solvent Rich Phase
(DES + Butanol)

E> Feed

Water and Butanol

E>— Solvent

Raffinate —E>

Aqueous or Residual Rich Phase

Figure 4.3: Extractor used for the Liquid-Liquid Extraction (LLE)

4.4. Hybrid Extraction-Distillation Unit

As discussed earlier, a hybrid downstream process (Figure 4.4) has also been proposed
for the production of 1-butanol. Initially this has been used on traditional solvent such as
mesitylene, thereafter it will be extended to all the four DES namely DES1, DES2, DES3 and
DES4. Within ASPEN, the excess Gibb’s Free Energy such as NRTL has been used for the
simulation, while the regression of missing binary interaction parameters have been obtained by
UNIFAC model or R-PCES (Regression Property Correlation and EStimation) [12, 16]. For
defining the DES, the PSEUDOCOMPONENT mode using the sigma profile of the organic acid
and DL-menthol have been used. The details and step wise procedure are explained in Appendix
4.1.
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Feed stream (FEED) is assumed as a mixture of 1-butanol and water. The overall flow
sheet consists of a liquid-liquid extractor EXT and a component separator (Distillation,
RadFrac). A total condenser has been used in the distillation column. The distillate, RadFrac -T
from the distillation column contains higher proportion of butanol and solvent. Hence as solvent
is lost here, some makeup solvent (MAKE-UP) is added in the mixture for recycle. This is added
to the bottom, RadFrac -B stream which is cooled from the distillation column and added with
the makeup solvent. Thereafter the entire solvent is again fed back to the extractor (MIX-IN).
The operating conditions for the process design should be selected in order to lessen cost while
respecting the requirement of an elevated purity of the raffinate (RAFFINATE) and an
increasing yield for the alcohol in the extract phase (EXTRACT).

>

Y RadFrac-T

—

Pump Feed

RadFrac
|:|'>— Feed |— — Extract

~— Raffinate |———

Mixer RadFrac-B

Mix-In —@(—
t Makeup <

Figure 4.4: Hybrid Extraction-Distillation Process flow sheet for the separation of lower
alcohols

RadFrac

Ext

_

Solvent

4.4.1. 1-Butanol Production using Mesitylene

The overall flow sheet (Figure 4.7) thereby consists of a liquid-liquid extractor
(Extractor) and a component separator (Distillation). Together the whole flow sheet was
optimized where the operating conditions similar to the feed composition (0.2 w/w fraction 1-
butanol) corresponding to the first tie line of the LLE data (Table 3.2, chapter 3) was used in this
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study. The whole flowsheet has been proposed for the production of 1-butanol at the rate 5000
kg/hr (4.38x10* ton/yr). In the feed stream it is assumed that the feed which is the mixture of 1-

butanol and water has a flow rate 25000 kg/hr containing 0.2 w/w 1-butanol.

4.4.2. Thermodynamic Modeling using NRTL and UNIQUAC model

ASPEN built in NRTL and UNIQUAC model parameters as available in ASPEN-LLE
database [12, 16] have been used for the binary pairs.The missing binary pairs are regressed
within ASPEN plus by UNIFAC or R-PCES model .The binary interaction parameters are
available in chapter 3 and Tables 3.18-3.19.

4.4.3. Economics and equipment sizing

Table 4.1 shows the basis of economics and equipment sizing equations used for the
present cost estimation. This shall be common to DES as well. The optimum diameter of
distillation column is based on vapor velocity [1, 12]. For calculating the heat exchanger area,
reboiler heat input, condenser heat removal (in MW), overall heat transfer coefficient and AT (i.e
temperature difference of first and second stage for condenser; and last and second last stage for
reboiler) are required. Reboiler and condenser heat duties mainly depends on the reflux ratio, as
a higher reflux ratio requires a higher reboiler duty. The payback period here has been assumed
to be three years for both mesitylene and DES. We shall now discuss the optimization of the
extractor followed by the distillation column in case of mesitylene. The same shall be adopted

for DES. This is again as per procedure discussed in Figure 4.1 and 4.2 (section 4.2).
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Table 4.1: Economics and equipment sizing [1, 12, 13, 17, 18].

Parameter | Value

For Distillation Column

Condenser
U = 0.852 kW/(K m?)
AT =8.953 K
Capital cost = 7296x (Acongenser in M?)
Qcondenser = (UXAXAT) condenser

0.65

Reboiler
U = 0.568 kW/(K m?)
AT =22.197 K

Capital cost = 7296 x (Arepoiler in M?)*%
Qreboiter = (UXAXAT) repoilerr

TAC (Total Annual Cost) capital cost/payback period + energy cost

Column vessel capital cost 17,640 x [diameter (D) in meters]*®®
[length (L) in meters]®5%

Energy Cost 4.7 $/GJ

For Extractor Tower

Height (H) N+ trays with 4 ft HETP plus additional 3 ft
at the top and bottom separately
Diameter (D) Calculations as per Seider et al. [13] with

maximum liquid throughput = 120 ft*/h-ft?
and safety factor f = 0.6

Size factor (S) = Hactual xD?

For Extractor: Qiotal = Qteed + Qsolvent

Actual of Extractor = (Qta/120) % (1/0.6)

— 05
Dextractor = (Aactual/ 713)

f.0.b. purchase cost, cost-iron = 250 x (S)***

f.0.b. purchase cost, stainless-steel = f.0.b. cast-iron x 2 x (410/394)

Miscellaneous cost

Pump capital cost = Cp x (1.8 + 1.5 x F, x 2.4)
log(Cp) = 3.5793 + 0.3208 x log(P) + 0.0285 x log(P)?
Fp=0.1682 + 0.3466 x log(Q) + 0.4841 x log(Q)?
Here: outlet pressure (P) in bar, duty (Q) in kW

Cooling water Cost | 0.16 $/GJ
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4.4.4. Optimization of Extractor

Figure 4.5 depicts the sensitivity analysis, which eventually helps in optimizing the
extraction cost. This is performed by optimizating the number of stages in the extractor column
on the basis of f.0.b. purchase cost (Freight on board cost). The feed stream contains water 0.8
(w/w) and 1-butanol 0.2 (w/w) with a mass flow rate 25,000 kg/hr. The operating conditions for
the extractor column used was p = 1 atm and T = 25 °C. The Design Spec (DS-1) configuration
in Aspen Plus V8.8° has been invoked so as to achieve a recovery of 100% 1-butanol. This is
performed by keeping the solvent flow rate as variable. Total number of stages has then been
varied from 5 to 20 (Figure 4.5b) while at the same time computing f.0.b. Figure 4.5 depicts the

f.0.b cost for each stage.

It has been observed that the f.0.b cost is minimum were the total number of stages is
seven (Figure 4.5b). After the optimization of solvent flow rate for extractor, selectivity analysis
tool has been used to optimize the solvent flow rate keeping the total number of stages as seven
in the extractor. The solvent flow rate is then varied via Design Spec configuration (DS-1) and
the subsequent f.0.b cost is calculated as per Table 4.1. Overall the sensitivity analysis shall
provide us information with respect to 1-butanol recovery and solvent (mesitylene) flow rate for
a fixed total number of stages in extractor. Figure 4.5¢ shows the sensitivity result i.e. 1-butanol
recovery with solvent flow rate in the extract stream. Figure 4.5c also predicts the change in
yield of butanol with solvent feed rate. It has been observed that a 76,000 kg/hr mesitylene flow
rate is required for a full recovery i.e. 100% w/w of 1-butanol. In order to lessen the cost of

solvent, the optimal solvent rate was kept at ~30000 kg/hr for a recovery of 0.99 w/w 1-butanol.
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Figure 4.5: Optimal design flow-sheet for (a) liquid-liquid extraction of 1-butanol; (b) design
spec (DS-1) for extractor; (c) sensitivity analysis for mesitylene flow rate

4.45. Optimization of Distillation Column

Once extraction is over, thereafter distillation column (RadFrac) has been used for the
recovery of solvent (mesitylene) from 1-butanol in the extract stream, Here the feed input is the

optimized extract flowrate as obtained in case of extraction (section 4.4.4).For optimizing the
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distillation column, DESIGN SPEC have been used by ensuring the mass fraction of 1-butanol in
the distillate stream to be 0.975, while at the same time and maintaining a mass fraction of 1-
butanol as 0.01 in the bottom stream. The solvent recovered by distillation is then fed back to the
extractor after cooling it to 25 °C. Thereafter the distillate rate followed by reflux ratio is varied
as per Figure 4.2.

The total height of distillation column has been kept 20% more than the actual height,
while the spacing between the two plates is 0.61 meter. Eq. 4.1 shows the height of the vessel
required in case of the distillation column [1].

H =1.2x0.61x (N_-2) (4.1)

Where N — 2 represent total number of stages minus one stage for condenser and one for
reboiler. Figure 4.6 reports the TAC which includes both capital and energy cost. Here capital
cost includes the shell and heat exchanger cost. It is found that lesser the number of stages,
higher the reboiler heat duty which in turn increases the column diameter and heat exchanger
areas. The basis of economics and equipment sizing equations used for the present cost
estimation is already available in Table 4.1. The total annual cost, operating cost and capital cost
have been calculated by varying the number of stages from 25 to 65 (Figure 4.6b and 4.6c). A
minimum number of 42 stages have been obtained for this case with a reflux ratio of 2.19 at a
TAC of 1.24x10° $/yr.

We shall invoke the approach of Luyben et al., [1, 19] where on the basis of TAC the
optimum number of stages is selected. As observed, operating cost is continuously decreasing
with increasing number of stages. Now, in the present simulation, reflux ratio (RR) is used to
optimize the distillation column, hence the number of stages is considered optimum when the
reflux ratio value is the least [20]. An increase in reflux ratio results in a decrease in column
height, but on the other hand it leads to an increase of column diameter. This is due to the fact
that a large quantity of liquid needs to recycled which necessitates a larger condenser, reboiler
and reflux pump [1, 20]. This is the very reason that the fixed cost falls through a minimum and
then again rises to infinity at total reflux ratio. At the minimum reflux ratio as per definition, an
infinite number of stages are required. It implies fixed cost will be infinite but operating cost will
be least in this case. Overall the heating and cooling requirement is found to increase directly

with the reflux ratio, as evident in Figure 4.6b. Hence from Figure 4.6b, the number stage in the
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distillation column is fixed at 48. This will also help us in obtaining an itemized equipment

sizing and its related cost in the next section.

RadFrac
RadFrac-T—> 5091 kg/hr
Xmesitylenezo’
— X,ater =0.0204
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Figure 4.6: Optimal design flow-sheet for (a) Distillation ofl-butanol and mesitylene; (b)
Estimated cost (per year) vs total number of stage; (c) Estimated cost (per year) vs Reflux ratio

4.4.6. Recycle Solvent Stream
In the concluding part of mesitylene, the optimized flow rates from both extractor and

distillation column has been connected as per Figure 4.7. The extraction column contains seven
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equilibrium stages (section 4.4.4) and the distillation column posses forty eight stages (section
4.4.5). Mesitylene has been added as a make-up solvent for the material balance (Figure 4.7).
More than 99% w/w of 1-butanol was extracted using mesitylene as a solvent with a weight
fraction ~0.98 w/w. 1-butanol is recovered as a distillate product from the distillation column
after the separation of the solvent by distillation. As before a total condenser has been used in the
distillation column. The separated solvent from the distillation is recycled back to the extractor
after cooling it to 25 °C. The final purity of 1-butanol from the distillate has been obtained as
~0.98 w/w, when using a fixed distillate and feed rate. It can be seen that the raffinate phase (in
extractor) is dominated by water which is inline with our experimental results (Table 3.2 chapter
3), while the extract phase after solvent separation (via Distillation) consists mainly 1-butanol.
Distillation of the extract stream gave a recovery of ~99% solvent which was then recycled back

to the extractor column after cooling it to 25 °C.

34212 kg/hr (
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______ Xmesitylene:O-BSy

X =0 RadFrac-T
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Figure 4.7: Hybrid Extraction-Distillation Process flow sheet for the separation of 1-butanol
from agqueous mixture

Table 4.2 shows the mass as well as energy balance for the complete process flow sheet.
It shows the extraction as well as solvent recovery section for the production of 1-butanol at

5000 kg/h using mesitylene as a solvent. Presently ~98% of 1-butanol recovery is possible from
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the distillation column, while at the same time 99.97% 1-butanol is recovered from the extractor
by using an optimum amount of solvent. Overall the total number of stages is kept as seven in
the extractor and forty eight in the distillation column. A reflux ratio 2.458 is obtained via
individual optimization of extractor (section 4.4.4) and distillation column (section 4.4.5). While
a reflux ratio at 2.460 is obtained in case of entire hybrid extraction distillation system together

with recycle Solvent Stream
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Table 4.2: Stream Report for the entire Hybrid Extraction System using Mesitylene as Solvent

Raffinate | Feed- RADFRAC- | RADFRAC- | Make-

Stream Name* Feed Solvent Extract RADFRAC | T B Up Mix-In

NExtractor: 71 NDistillaltion 3 481 RR=2.46 DDistiIIation = 2.05 meter
From Mixer EXT EXT Pump RADFRAC RADFRAC Cooler
To EXT EXT Pump RADFRAC Cooler Mixer | Mixer
Phase: Liquid | Liquid Liquid Liquid Liquid Liquid Liquid Liquid | Liquid
Component Mass Flow (kg/h)
Mesitylene 0 28970.11 | 28969.06 | 1.05 28969.06 14.71 28954.35 15.84 | 28954.35
WATER 20000 | 0.01 109.44 19890.57 | 109.44 109.43 0.01 0.00 0.01
1-Butanol 5000 292.47 5133.96 158.50 5133.96 4841.50 292.47 0.00 292.47
Component Mass Fraction
Mesitylene 0 0.99 0.85 0.00 0.85 0.00 0.99 1.00 0.99
Water 0.8 0.00 0.00 0.99 0.00 0.02 0.00 0.00 0.00
1-Butanol 0.2 0.01 0.15 0.01 0.15 0.98 0.01 0.00 0.01
Volume Flow (Ipm) 435.24 | 566.02 668.69 337.05 668.75 113.41 667.29 0.31 565.72
T (°C) 25.00 | 25.00 27.02 26.00 27.12 107.39 168.04 25.00 | 25.00
P (bar) 1.01 1.01 1.01 1.01 2.00 1.01 1.34 1.01 1.01
Molar Enthalpy (cal/mol) -68755 | -16126 -29736 -68259 -29731 -73194 -7973 -15122 | -16127
Molar Entropy (cal/mol-k) -43.99 | -133.82 -130.56 -39.06 -130.54 -112.08 -111.83 134.00 | -133.82
Mass Density (gm/cc) 0.96 0.86 0.85 0.99 0.85 0.73 0.73 0.86 0.86

* Stream Name as per Figure 4.7; Neractor aNd Npisiiniation: R€Ters to number of stages in the extractor and distillation column respectively;

RR = Reflux Ratio; Dpjsination = Diameter of Distillation Column

TH-1885_126107014
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Figure 4.8 shows the overall total annual cost with total number of stages of
distillation column. In this case, number of stages of the distillation column is varied by
keeping the number of stages of extractor and feed rate constant. The overall cost is then
calculated using the empirical relationships and design parameters as given in Table 4.1. The
results are shown in Table 4.3. It has been observed that for an overall optimum cost (i.e for a
complete process), the optimum number of stages in extractor is eight while the number of
stages of the distillation column is 50. This reason is due to the fact that initially we have
optimized the extractor cost on the basis of 100% recovery of 1-butanol which shall require a
very high solvent mass flow rate (~60,000 kg/hr as per Figure 4.5b). In order to compromise
on the yield but save on the huge solvent cost, we have adopted an optimum amount of
solvent flow rate (~30,000 kg/hr) from the sensitivity analysis (Figure 4.5c).This corresponds
to a yield of 97.5% 1-butanol. With this we have conducted the overall TAC as given in
Figure 4.8 for a complete process setup. Table 4.3 reports the itemized equipment sizing and
its related costs. Here the number of stages in the extractor has been varied while keeping the

total number of stages in the distillation column as 48 (Figure 4.6b and Figure 4.6c).

Table 4.3: Itemized Equipment Sizing and Costs (Nt:No of stages in extractor)

Nt Extractor column 6 7 8
Distillation Column D (m) 2.176 2.134 2.121
Distillation Column H (m) 33.672 33.672 33.672
Condenser duty Qc (MW) 2.840 2.994 3.163
Reboiler duty Qr (MW) 5.705 5.528 5.480
Reflux Ratio RR 2.351 2.481 2.638
Condenser area A (M) 440.391 449.890 461.139
Reboiler area A, (m?) 472.057 447.172 433.482
Shell cost (x10° $) 0.678 0.664 0.660
HX cost (x10° $) 0.781 0.772 0.771
Energy (x10%yr) 0.846 0.819 0.812
Make up cost (x10° $/yr) 20.599 16.478 12.525
Extraction capital cost (x10° $/yr) 40.070 42.264 44.723
Pump capital cost (x10° $/yr)" 13.500 13.500 13.500
Pump energy cost,( x10° $/yr) 0.264 0.264 0.264
Cooling water cost: (x10° $/yr) 11.715 11.715 11.715
Overall TAC (x10° $/yr) 14.180 13.824 13.718
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Figure 4.8: Effect of Extractor and Distillation stages with overall TAC

4.5. Hybrid Extraction-Distillation Unit for DES

As discussed in our earlier section 4.1, separation of lower chain alcohols is
considered difficult because of azeotrope formation which is the reason that a hybrid
extraction-distillation (distillation column coupled with liquid-liquid extraction) was adopted.
In order to evaluate the economic feasibility of these DES, an economic analysis needs to be
performed. In our earlier chapter 3, we have already measured the LLE of DES with lower
alcohols and water. The encouraging results have prompted us to now measure its practical
effectiveness. From the LLE results the hydrophobic organic solvents or DES have shown to

possess high affinity for 1-butanol and low solubility with water.

In the ASPEN Plus simulation, DES here is defined with PSEUDOCOMPONENT as per
ASPENone definition [21]. DES will here act as a solvent for the separation of Butnaol +
Water system in the extractor column. As explained in Appendix 4.1, the sigma profile
obtained by COSMO-SAC is used for the simulation. Similar to mesitylene, ASPEN
simulation shall include optimization of the extractor and distillation unit and then coupling it

to get the solvent recovery by recycling the DES to extractor [12, 22, 23].
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4.5.1. Use of Sigma Profile in COSMO-ASPEN model

As discussed in Chapter 2 (Section 2.5) for generation of sigma profile, COSMO files
are necessary. The first step therefore refers to geometry optimization with Gaussian 09 [24]
at B3LYP/6-31G* from at least three initial geometries of component. The geometries were
drawn by Gauss View 5.0 [25] visualization package. Frequency analysis was carried out on
each complex at the same level of theory. An absence of imaginary vibrational frequencies

determined the true energy minimum structures.

Thereafter COSMO file generation was performed using BVP86 [26] level of Density
Functional Theory (DFT). Here the SVP [27] basis set is used in combination with density
fitting basis set DGA1[28].The COSMO files once generated, were then used to generate the
sigma profile [29-32] of the molecules, which shall now be used as input for ASPEN
particularly for DES. The information contained inside the cosmo file is converted to a
probabilistic form histograms. The entire number of segments in the cosmo file is thus
reduced to 60 histograms ranging from -0.03 e/ A% to +0.03 e/ A. This form of histogram is
already given in Figure 2.30 or 2.31 and are known as sigma profile. For DES, the sigma
profile of HBA and HBD are multiplied with their respective mole fraction (Eg. 3.16 of
chapter 3) to get the sigma profile of DES, The sigma profile divides the entire screening
charge in 60 histograms ranging from -0.03 e/ A2 to +0.03 e/ A? with each histogram having
width of 0.001 e/ A% The 60 histograms are then divided into five sets of 12 histograms and
then inserted in the ASPEN database as user input. Once this is done ASPEN performs the

simulation using DES as a single component (Appendix 4.1).

4.6. Hybrid Extraction-Distillation with DES-1

Figure 4.9 shows the hybrid downstream process for the production of 1-butanol at
the rate 5000 kg/h (4.38x10* ton/yr.). Feed stream containing 0.2 w/w 1-butanol with a flow
rate of 25000 kg/hr is used for the flowsheet. In the hybrid system, the optimized flow rates
from both extractor and distillation column has been connected as per flow diagram
explained in Figure 4.2. The results for the sequential optimization scheme is done in a
similar manner as per mesitylene (Figures 4.5-4.7 or Table 4.2) and sections (4.4.3-
4.4.5).This has been done so as to compare the performance and economic efficiency for
conventional and DES solvents. The extraction column here contains seven equilibrium
stages while the distillation column had 44 stages. DES has been added as a make-up solvent
for the material balance. As discussed earlier COSMO-SAC thermodynamic model has been
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used in the ASPEN Plus V8.8 professional simulator (Bedford, Massachusetts) using the
PSEUDOCOMPONENT input so as to define the DES. Further COSMO-ASPEN model has
also been used to predict the tie lines as discussed in chapter 3.

Figure 4.10 shows the sensitivity result i.e. 1-butanol recovery with solvent flow rate
in the extract stream. It has been observed that for a 100 % recovery of 1-butanol, around
3000 kg/h flow rate of DES-1 is required. To save the solvent rate, the optimal solvent (DES)
was used as 2,500 kg/h for a recovery of 0.999 wt/wt 1-butanol (Figure 4.10). This is as per
the necessary requirement i.e. without compromising on the yield of butanol significantly (i.e.
1.0 vs 0.999)

As discussed earlier in section 4.3.4, lesser the number of stages, higher the reboiler
heat duty which in turn increases the column diameter and heat exchanger area. For DES
also, DESIGN SPEC has been used by fixing the mass fraction of 1-butanol in the distillate at
0.862 as this was the maximum possible recovery of 1-butanol after convergence in case of
DES-1. Thereafter the distillate rate and reflux ratio was varied as per established procedure
for optimizing the distillation column. A minimum number of stages (Npistiliation) Of 44 have
been obtained for this case with a reflux ratio of 2.01 after optimization of distillation

column. The diameter of the column obtained (Dpistiiiation) Was 1.68 meter.

8453.63 kg/hr
Xps=0.61, X =0.09
, W X,=0.6
T= 27.46°C
B Extract 5704.06 kg/hr
Xpgs=0, Xgr=0.14
25000 kg/hr = Xzij]‘s L
X=0.8, X;=0.2 o 26 T= 94.36 °C
P=1.01 bar F WA, 3 Tme 5 P=1.01 bar
T=25°C e £
e
7 A
19299.88 kg/hr
— Xpes=0, —>
X, =0.995
X5=0.004 P=1.5 bar,
T=27.69 °C T=127.51°C
DES-Solvent % < 7‘ 25
2753.51 kg/hr \ € I=30°C 2749.56 kg/hr
Xpes=0.907, P=1.01 bar Xpes=0.907, Xy=0
Xy =0 - X,,=0.09
= akeup T= 197.36°C
X5=0.092 .
P=1.01 bar 3.8 kg/hr P=1.23 bar
T=25°C Xpps=1
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Figure 4.9: Hybrid Extraction-Distillation Process flow sheet for the separation of 1-butanol
from aqueous mixture using DES-1 as a solvent
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Figure 4.10: LLE of 1-butanol using sensitivity analysis for obtaining the optimum DES-1
(solvent) flow rate

Table 4.4 shows 1-butanol recovery results for the different streams as obtained from
the ASPEN process sheet (Figure 4.9). It can be seen that the raffinate phase (in extractor) is
dominated by water which is in line with our experimental results (Figure 3.9, Table 3.8
Chapter 3), while the extract phase after solvent separation (via Distillation) consists mainly

1-butanol.
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Table 4.4: Stream Results as obtained using DES-1 as solvent

Stream Name® Feed Slz:i;t Extract Raffinate D B Make-Up
Component Mass Flow (Kg/h)
DES 0.00 2498.92 2494.98 3.94 0.00 2494.98 3.80
1-Butanol 5000.00 254.59 5171.49 83.10 4916.91 254.59 0.00
Water 20000.00 0.00 787.16 19212.84 787.16 0.00 0.00
Component Mass Fraction

DES 0.000 0.908 0.295 0.000 0.000 0.907 1.000
1-Butanol 0.200 0.092 0.612 0.004 0.862 0.093 0.000
Water 0.800 0.000 0.093 0.995 0.138 0.000 0.000
Mass flow (kg/h) 25000.00 2753.51 8453.63 19299.88 5704.07 2749.57 3.80
Volume flow (Ipm) | 435.24 55.25 180.53 324.79 123.26 65.46 0.07
T (°C) 25.00 25.00 27.46 27.69 94.36 197.36 25.00
P (bar) 1.01 1.01 1.01 1.01 1.01 1.23 1.01
Molar Enthalpy -68782.20 -54806.00 -71397.80 -68222.90 -71453.60 | -40922.10 -49312.80
(cal/mol)
Molar Entropy -44.13 -205.94 -110.06 -38.90 -86.34 -170.34 -223.41
(cal/mol-K)

Optimal Results:

Extractor Column: P = 1 atm, T = 25 °C, Nextractor= 7,
Distillation Column: Npistiiation=44, Nteeq=26, Distillate rate: 5704.07 kg/h, Reflux ratio: 2.01, Dpistillation: 1.68 meter
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4.7. Hybrid Extraction-Distillation with DES-2

Figure 4.11 depicts the hybrid downstream process for the production of 1-butanol at the
rate 5000 kg/h (4.38x10* ton/yr). The entire process is similar as discussed in section 4.6. As per
the optimization scheme outlined in the previous section, the extraction column here contains
seven equilibrium stages and the distillation column possess fifty four stages. DES-2 has been
added as a make-up solvent for the material balance which is on the similar lines as per section
4.6. The total number of stage in extractor has been taken as seven (section 4.4.4) while the
operating conditions for the extractor column used was p=1 atm. and T=30 °C. As defined
earlier, the sensitivity analysis shall provide us information with respect to 1-butanol recovery
and solvent (DES) flow rate for a fixed total number of stages in extractor. Figure 4.12 shows the
sensitivity result i.e. 1-butanol recovery with solvent flow rate in the extract stream. It has been
observed that for a 100 % recovery of 1-butanol, an amount of 6,850 kg/h of DES-2 is required.
Further the optimal solvent (DES) found was 2,500 kg/h for the recovery of 0.999 wt/wt 1-

butanol from extractor (Figure 4.12).

In this case also DESIGN SPEC has been used for maintaining the mass fraction of 1-
butanol in the distillate at 0.86. This is a similar procedure as followed in section 4.4.5. A
minimum number of stages (Npistination 54) have been obtained for a reflux ratio of 2.26 after the
rigorous optimization of distillation column. The diameter of the column obtained is (Dpistiitation)

is found to be 1.7 meter.
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Figure 4.11: Hybrid Extraction-Distillation Process flow sheet for the separation of 1-butanol

from aqueous mixture using DES-2 as a solvent
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Figure 4.12: Extraction of 1-butanol using sensitivity analysis for optimum DES flow rate
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Table 4.5 shows the 1-butanol recovery results for the different streams. More than
99.99% wi/w 1-butanol was extracted using DES-2 as a solvent from extractor along with a
weight fraction at ~0.86 w/w from distillation column. 1-butanol is recovered as a distillate
product from the distillation column after the separation of the solvent by distillation. A total
condenser as before has been used in the distillation column. The separated solvent from the
distillation is recycled back to the extractor after cooling it to 25 °C. The final purity after
convergence for 1-butanol from the distillate has been obtained as ~0.86 w/w, when using a
fixed distillate and feed rate. As observed (Table 4.5), with DES1, the raffinate phase (in
extractor) is again dominated by water which is in line with our experimental results while the

extract phase after solvent separation (via Distillation), consists mainly 1-butanol.
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Table 4.5: Stream Results for 1-butanol recovery using DES-2 as a solvent

Stream* Name Feed SDS\S/;M Extract Raffinate D B Make-Up
Component Mass Flow (Kg/h)

DES 0.00 2509.73 2501.87 7.85 0.00 2501.87 7.85

1-Butanol 5000.00 206.52 5124.86 81.65 4918.35 206.52 0.00

Water 20000.00 0.00 834.11 19165.90 834.11 0.00 0.00

Component Mass Fraction

DES 0.000 0.924 0.296 0.000 0.000 0.924 1.00

1-Butanol 0.200 0.076 0.606 0.004 0.855 0.076 0.00

Water 0.800 0.000 0.099 0.995 0.145 0.000 0.00

Mass flow (kg/h) 25000.0 2716.2 8460.8 19255.4 5752.4 2708.3 7.8

Volume flow (Ipm) | 437.61 53.83 178.17 325.64 124.05 63.67 0.15

T (°C) 30.0 30.0 324 32.5 94.1 202.1 30.0

P (bar) 1.01 1.01 1.01 1.01 1.01 1.38 1.01

Molar Enthalpy

(cal/mol) -68681.9 -55259.5 -71357.5 -68135.1 -71352.7 -40841.3 -50866.1

Molar Entropy

(cal/mol-K) -43.80 -214.03 -108.24 -38.61 -85.16 -177.92 -230.59

Optimal Results:

Extractor Column: P =1 atm, T = 30 °C, Nextractor= 7,

Distillation Column: Npistiation=54, Nteeg=23, Distillate rate: 5752.46 kg/h, Reflux ratio: 2.26, Dpistiliation: 1.7 meter

TH-1885_126107014

135



Hybrid Extraction-Distillation Process Flow sheet for Extraction of Lower alcohols with Deep Eutectic solvent

4.8. Hybrid Extraction-Distillation with DES-3

Figure 4.13 here depicts the hybrid downstream process for the production of 1-
butanol at the rate at 5000 kg/h (4.38x10* ton/yr) which is similar as discussed in the section
4.7. As before after optimization, the extraction column contains seven equilibrium stages
while the distillation column possess 55 stages. DES has been added as a make-up solvent for
the material balance similar to section 4.7. Figure 4.14 shows the sensitivity result i.e. 1-
butanol recovery with solvent flow rate in the extract stream. It has been observed for a 100
% recovery of 1-butanol, 5000 kg/h flow rate of DES-3 is required. The optimal solvent
(DES) rate was chosen to be 3,500 kg/h for a recovery of 0.999 wt/wt 1-butanol from
extractor (Figure 4.14).

After the application of DESIGN SPEC the minimum number of stages (Npistiiation) Was 55
corresponding to a reflux ratio of 7.24. The diameter of the column obtained (Dpisiiiiation) Was
found to be 1.68 meter.
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S Xp=0.57
B
T=27.4°C
___1___ Extract 5583.68 kg/hr
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X =0.8, Xp=0.2 g 57 T= 94.11°C
P=1.01 bar - Y S g P=1.01 bar
T=25°C = £
>F-y= z
7 a
19419.31 kg/hr 3
N—— Xpes=0,
Xo=0.988 ——
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Figure 4.13: Hybrid Extraction-Distillation Process flow sheet for the separation of 1-butanol
using DES-3 as a solvent
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Figure 4.14: Optimized DES-3 flow rate using 1-butanol yield as per Sensitivity Analysis

Table 4.6 shows the 1-butanol recovery results of the different streams. Around
99.99% w/w 1-butanol was extracted using DES-3 as a solvent with a weight fraction at
~0.855 w/w from the distillation column. 1-butanol is recovered as a distillate product from
the distillation column after the separation of the solvent by distillation. It can be seen that the
raffinate phase (in extractor) is dominated by water which is in line with our experimental
results (Table 4.6), while the extract phase after solvent separation (via Distillation), consists

mainly 1-butanol.
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Table 4.6: Stream Results as obtained using DES-3 as a solvent

DES-

Stream Name* Feed Solvent Extract Raffinate D B Make-Up
Component Mass Flow (Kg/h)
DES 0.00 3500.00 3496.98 3.02 0.00 3496.98 3.02
1-Butanol 5000.00 865.19 5639.27 225.92 4774.05 865.23 0.00
Water 20000.00 0.00 809.63 19190.37 809.63 0.00 0.00
Component Mass Fraction
DES 0.000 0.802 0.352 0.000 0.000 0.802 1.000
1-Butanol 0.200 0.198 0.567 0.012 0.855 0.198 0.000
Water 0.800 0.000 0.081 0.988 0.145 0.000 0.000
Mass flow (kg/h) 25000.00 4365.20 9945.89 19419.31 5583.68 4362.21 3.02
435.24 89.74 208.75 327.08 120.41 102.03 0.06
Volume flow (Ipm)
T () 25.00 25.00 27.40 27.15 94.11 157.29 25.00
1.01 1.01 1.01 1.01 1.01 1.28 1.01
P (bar)
Molar Enthalpy -68782.21 -60382.88 -70904.08 -68248.24 -71352.67 | -50572.44 | -50078.41
(cal/mol)
-44.13 -193.15 -115.33 -39.08 -85.16 -167.10 -229.32

Molar Entropy
(cal/mol-K)

Optimal Results:

EXtraCtor Column P = 1 a.tm, T = 25 OC, NExtractorz 7,
Distillation Column: Npisiation=55, Nteeg=27, Distillate rate: 5583.68 kg/h, Reflux ratio: 7.24, Dpistiation: 1.68 meter, Reboiler heat duty 11773.68

KW
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4.9. Hybrid Extraction-Distillation with DES-4

Figure 4.15 shows the corresponding flowsheet for the production of 1-butanol at the
rate 5000 kg/h (4.38x10% ton/yr) using DES-4. After the sequential optimization, the
extraction column contains seven equilibrium stages while the distillation column possess 60
stages. Figure 4.16 shows the sensitivity result i.e. 1-butanol recovery with solvent flow rate
in the extract stream. It has been observed for a 100 % recovery of 1-butanol, 8000 kg/h flow
rate of DES-3 is required. The optimal solvent (DES) rate was chosen 6000 kg/h for a
recovery of 0.999 wt/wt 1-butanol from extractor (Figure 4.16).

In this case also, DESIGN SPEC has been used by keeping the mass fraction of 1-butanol in
the distillate as 0.852. This is due to the strict convergence criteria adopted in the extractor
design. A minimum number of stages (Npistiiation) Of 60 along with a reflux ratio of 7.97 was
obtained after the rigorous optimization of distillation column. The diameter of the column

(2.93 m) obtained here is much larger when compared to other DES.
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Figure 4.15: Hybrid Extraction-Distillation Process flow sheet for the separation of 1-butanol
using DES-4 as a solvent.
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Figure 4.16: Optimal DES-4 solvent flowrate using 1-butanol via Sensitivity Analysis

Table 4.7 shows 1-butanol recovery results for different streams. More than 99.99%
w/w 1-butanol was extracted using DES-4 as a solvent with a weight fraction at ~0.852 w/w.
Similar to other DES, it can be seen (Table 4.7) that the raffinate phase (in extractor) is
dominated by water which is in line with our experimental results while the extract phase

after solvent separation (via Distillation), consists mainly 1-butanol.
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Table 4.7: Stream Results for 1-Butanol Recovery using DES-4 as a solvent

DES-

Stream Name* Feed Solvent Extract Raffinate D B Make-Up
Component Mass Flow (Kg/h)
DES 0.00 5999.96 5999.95 0.00 0.00 5999.95 0.00
1-Butanol 5000.00 1892.49 6443.81 44868 455148 | 189233 0.00
Water 20000.00 0.00 790.63 19209.37 790.63 0.00 0.00
Component Mass Fraction

DES 0.000 0.760 0.453 0.000 0.000 0.760 1.000
1-Butanol 0.200 0.240 0.487 0.023 0.852 0.240 0.000
Water 0.800 0.000 0.060 0.977 0.148 0.000 0.000
Mass flow (kg/h) 2500000 | 789245 | 13234.39 19658.05 | 5342.12 | 7892.28 0.00
Volume flow (Ipm) | 435.24 161.85 276.63 331.62 115.10 181.20 0.00
T (°C) 25.00 25.00 27.38 26.64 94.02 139.44 25.00
P (bar) 1.01 1.01 1.01 1.01 1.01 131 1.01
'(\é';'/?;(i;“ha'py 6878221 | -58142.78 | -68038.05 | -68282.04 | -71310.05 | -50167.95 | -43900.69
Molar Entropy 4413 -180.03 112457 -39.35 -84.66 115809 | -214.16

(cal/mol-K)

Optimal Results:

Extractor Column: P = 1 atm, T = 25 °C, Nextractor= 7,
Distillation Column: Npistiation=60, Nreeg=23, Distillate rate: 5342.11 kg/h, Reflux ratio:

=12488.44 KW

TH-1885_126107014
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4.10. Comparison of DES and Conventional solvent

Table 4.8 shows the comparison of all the solvent (DES1, DES2, DES3 and DES4) for
the same feed 25000 kg/hr [Water= 0.8, BtOH=0.2 w/w] and the same number of extractor
stages 7. It has been observed that DES-1 is the most effective in terms of solvent requirement. It
only required a flow of 2499 kg/h with a reflux ratio at 2.01 and a reboiler duty of 4733.21 KW.
This is almost one tenth than required for mesitylene. Further the number of stages in the
distillation column is also the least at 44. Hence economically DES-1 or Menthol with a lower
organic acid chain length (decanoic acid) is the preferred solvent for the extraction of the lower
alcohols. In terms of TAC also it can be termed as the most efficient as the cost is lower than

both the remaining DES and mesitylene.
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Table 4.8: Overall Comparison of DESs as well as Mesitylene for the extraction of 1-butanol

Solvent Name Mesitylene | DES-1 DES-2 DES-3 DES-4
Feed Flow 25000 25000 25000 25000 25000
[kg/hr]

[W= 0.8, Bt=0.2

wiw]

Solvent Required 30,000 2499 2500 3500 6000
[kg/hr]

RR 2.46 2.01 2.26 7.24 7.97
Nt extractor 7 7 7 7 7

Nt Dist. Col. 48 44 54 55 60
N Dist. Col. 47 26 23 27 23
D(m) Dist. Col. 2.05 1.68 1.7 1.68 2.93
Recovered 4866.0 4916.9 4918.35 4774.05 4551.48
BUOH pig

col.[Kg/hr]

Solventpist co. 14.71 0 0 0 0
[ka/hr]

Reboiler duty 5673.23 4733.21 5135.79 11773.68 12488.44
(kw)

Energy 760.25 634.28 688.23 1577.75 1673.53
(10° $/year)

Capital (10° 1380.56 987.57 1115.90 1756.65 2206.29
$/year)

TACbpist.col 1.220 0.963 1.0600 2.163 2.408
(10° $/year)

TACexcol 13.746 8.768 8.752 9.286 9.925
(10° $/year)

Pump capital 8.585 9.577 8.585 8.306 7.803
cost

(10° $/year)

Pump energy 2.692 0.525 1.008 0.909 0.678
cost

(10° $/year)

Cooling water 11.715 1.518 1.475 1.853 2.907
cost

(10° $/year)

TAC 1.257 0.984 1.080 2.184 2.430
overall " (10°

$/year)

FFEFF

Based on the methodology given by "Luyben [1]; ~ Seider et al. [13]; ~ Pathak et al. [18]; ~ Chen et al. [12]
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4.11. Summary

The current chapter reports the scale up study that has been carried out using ASPEN
Plus v8.8 with various solvents. A Hybrid extraction-distillation system was proposed so as to
effectively separate 1-butanol from agueous stream. An economic consideration with respect to
Total Annual Cost (TAC) was also attempted. An optimized 1-butanol recovery of ~ 98% w/w
was obtained for a solvent/feed ratio of 1.16 using mesitylene as a solvent. Once the
conventional solvents were predicted, the DESs as solvents were also attempted in the flowsheet.
Overall the raffinate phase from the experiment and simulation was found to comprise mainly
water with mass composition as high as 99.99% w/w. For DES-1 an optimized 1-butanol
recovery of ~ 86.2% w/w was obtained for a solvent/feed ratio of 0.1. Among all the DES, it
required the least solvent flow rate of 2499 kg/h with a reflux ratio of 2.01. Thus DES-1 was
found to be the best for the extraction of the lower alcohols among DES and mesitylene. Thus
the current work provided a perfect example of experimental data generated in laboratory scale
to process scale-up along with the Total Annual Cost (TAC).

References

1. W.L. Luyben: Distillation design and control using Aspen simulation, John Wiley &
Sons (2013)

2. R.B. Eldridge, A.F. Seibert, S. Robinson, J. Rogers: Hybrid separations/distillation
technology. Research opportunities for energy and emissions reduction, Univ. of Texas,
Austin, TX (United States) (2005)

3. S. Ishii, M. Taya, T. Kobayashi: Production of butanol by Clostridium acetobutylicum in
extractive fermentation system. Journal of chemical engineering of Japan 18 (1985) 125-
130

4. A. Oudshoorn, L.A. van der Wielen, A.J. Straathof: Assessment of options for selective
1-butanol recovery from aqueous solution. Ind. Eng. Chem. Res. 48 (2009) 7325-7336

5. W. Groot, R. Van der Lans, K.C.A. Luyben: Technologies for butanol recovery
integrated with fermentations. Process Biochemistry 27 (1992) 61-75

144
TH-1885_126107014



Chapter 4

10.

11.

12.

13.

14.

15.

16.

17.

N. Qureshi, I. Maddox: Reduction in butanol inhibition by perstraction: utilization of
concentrated lactose/whey permeate by Clostridium acetobutylicum to enhance butanol
fermentation economics. Food Bioprod. Process. 83 (2005) 43-52

G. Liu, L. Gan, S. Liu, H. Zhou, W. Wei, W. Jin: PDMS/ceramic composite membrane
for pervaporation separation of acetone—butanol—ethanol (ABE) aqueous solutions and its
application in intensification of ABE fermentation process. Chem. Eng. Process. 86
(2014) 162-172

W.M. Haynes: CRC handbook of chemistry and physics, CRC press (2014)

A. Pereiro, J. Araujo, J. Esperanca, I. Marrucho, L. Rebelo: lonic liquids in separations of
azeotropic systems—A review. J. Chem. Thermodyn. 46 (2012) 2-28

D. Rabari, T. Banerjee: Biobutanol and n-propanol recovery using a low density
phosphonium based ionic liquid at T= 298.15 K and p= latm. Fluid Phase Equilib. 355
(2013) 26-33

S. Pierucci, G.B. Ferraris: 20 European Symposium on Computer Aided Process
Engineering. Comput.-Aided Chem. Eng. 28 (2010) 1-1342

Y.C. Chen, K.L. Li, C.L. Chen, I.L. Chien: Design and Control of a Hybrid Extraction—
Distillation System for the Separation of Pyridine and Water. Ind. Eng. Chem. Res. 54
(2015) 7715-7727

W.D. Seider, J. Seader, D.R. Lewin, S. Widagdo: Product and Process Design Principles:
Synthesis, Analysis and Evaluation, Wiley (2010)

I. Diaz, J. Palomar, M. Rodriguez, J. de Riva, V. Ferro, E.J. Gonzalez: lonic liquids as
entrainers for the separation of aromatic—aliphatic hydrocarbon mixtures by extractive
distillation. Chem. Eng. Res. Des. 115 (2016) 382-393

F.M.F. Vallana, L.A. Holland, K.R. Seddon: A New Technique for Studying Vapour—
liquid Equilibria of Multi-Component Systems. Aust. J. Chem. 69 (2016) 1240-1246

K.l. Al-Malah: Aspen Plus: Chemical Engineering Applications, John Wiley & Sons
(2016)

R. Turton, R.C. Bailie, W.B. Whiting, J.A. Shaeiwitz: Analysis, synthesis and design of

chemical processes, Pearson Education (2008)

145

TH-1885_126107014



Hybrid Extraction-Distillation Process Flow sheet for Extraction of Lower alcohols with Deep Eutectic solvent

18.

19.

20.
21.

22.

23.

24,

A.S. Pathak, S. Agarwal, V. Gera, N. Kaistha: Design and control of a vapor-phase
conventional process and reactive distillation process for cumene production. Ind. Eng.
Chem. Res. 50 (2011) 3312-3326

W.L. Luyben, I.-L. Chien: Design and control of distillation systems for separating
azeotropes, John Wiley & Sons (2011)

R.E. Treybal: Mass transfer operations. McGraw-Hill (1980)

J. De Riva, V. Ferro, D. Moreno, I. Diaz, J. Palomar: Aspen Plus supported conceptual
design of the aromatic—aliphatic separation from low aromatic content naphtha using 4-
methyl-N-butylpyridinium tetrafluoroborate ionic liquid. Fuel Process. Technol. 146
(2016) 29-38

S. Nandi, Y. Badhe, J. Lonari, U. Sridevi, B. Rao, S.S. Tambe, B.D. Kulkarni: Hybrid
process modeling and optimization strategies integrating neural networks/support vector
regression and genetic algorithms: study of benzene isopropylation on Hbeta catalyst.
Chem. Eng. J. 97 (2004) 115-129

V. Ferro, J. De Riva, D. Sanchez, E. Ruiz, J. Palomar: Conceptual design of unit
operations to separate aromatic hydrocarbons from naphtha using ionic liquids. COSMO-
based process simulations with multi-component “real” mixture feed. Chem. Eng. Res.
Des. 94 (2015) 632-647

M. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, Robb M. A., J.R. Cheeseman, G.
Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X. LI,
H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M.T. Vreven, JJ. A, J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E.
Brothers, K.N. Kudin, V.N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J.C. Burant, S.S. lyengar, J. Tomasi, M. Cossi, N. Rega, J.M.
Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, JW.
Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J.
Dannenberg, S. Dapprich, A.D. Daniels, O. Farkas, J.B. Foresman, J.V. Ortiz, J.
Cioslowski, D.J. Fox Gaussian 09 Revision B. 01, Gaussian, Inc, Wallingford, CT, DOI.
(2010)

146

TH-1885_126107014



Chapter 4

25.

26.

27.

28.

29.

30.

31.

32.

R. Dennington, T. Keith, J. Millam: GaussView, version 5. Semichem Inc., Shawnee
Mission, KS (2009)

R. Biswas, A. Malviya, T. Banerjee, P. Ghosh, S.M. Ali: Alkali Metal lon Partitioning
with Calix [4] arene-benzo-crown-6 lonophore in Acidic Medium: Insights from
Experiments, Statistical Mechanical Framework, and Molecular Dynamics Simulations.
J. Phys. Chem. B 122 (2018) 2102-2112

A. Schéafer, H. Horn, R. Ahlrichs: Fully optimized contracted Gaussian basis sets for
atoms Li to Kr. The Journal of Chemical Physics 97 (1992) 2571-2577

C. Sosa, J. Andzelm, B.C. Elkin, E. Wimmer, K.D. Dobbs, D.A. Dixon: A local density
functional study of the structure and vibrational frequencies of molecular transition-metal
compounds. J. Phys. Chem. 96 (1992) 6630-6636

D. Kundu, T. Banerjee: Multicomponent vapor—liquid—liquid equilibrium prediction
using an a priori segment based model. Ind. Eng. Chem. Res. 50 (2011) 14090-14096

A. Bharti, D. Kundu, D. Rabari, T. Banerjee: Phase Equilibria in lonic Liquid Facilitated
Liquid-Liquid Extractions, CRC Press (2017)

A. Klamt: Conductor-like Screening Model for Real Solvents: A New Approach to the
Quantitative Calculation of Solvation Phenomena. J. Phys. Chem. 99 (1995) 2224-2235
S.-T. Lin, S.I. Sandler: A priori phase equilibrium prediction from a segment contribution
solvation model. Ind. Eng. Chem. Res. 41 (2002) 899-913

147

TH-1885_126107014



Chapter 5

Conclusions and Future Directions

TH-1885_126107014



TH-1885_126107014



34

35

36
37
38
39
40
41
42
43
44
45
46
47
48

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Chapter 5

5.1. Conclusions

Dwindling supply of fossil fuel have spurred efforts towards enhancing the production of
lower alcohols from bio-resources. The main aim of this thesis was to explore new solvent (DES)
for the economical and effective extraction of lower alcohols so that it can be scaled to an
industrial level. The experiments started with the search for hydrophobic DESs which remained
as liquid at room temperature. In the present study four hydrophobic DESs (DL-menthol and
organic acids) as well as conventional solvents (mesitylene and oleyl alcohol) have been used as
an azeotrope breaker for lower alcohol and water. Initially the COSMO-SAC model has then
been used to predict the eutectic points for the mixture of HBA and HBD at an appropriate molar
ratio. Thereafter once the ratio are known, the synthesis was carried out. Here DL-menthol has
been used as HBA and organic acids such as decanoic, lauric, myristric, palmitic as HBD. All the
synthesized DESs were found to be hydrophobic and lighter in density as compared to water.
They remained as liquid in room temperature. *H NMR was used to check the hydrophobicity of

DES:s after washing multiple times with water.

Initially the LLE measurement were reported and compared with conventional solvents
namely: water (1) + 1-butanol (2) + mesitylene (3) and water (1) + butanol (2) + oleyl alcohol
(3). Overall the NRTL, UNIQUAC and COSMO-ASPEN models gave %RMSD values as (0.21,
0.34 and 1.34); and (0.16, 0.21 and 0.83) using mesitylene and oleyl alcohol respectively.
Further once the DES were synthesized, the LLE for the ternary systems (water (1) + ethanol/1-
propanol/1-butanol (2) + DES (3)) were measured and ternary plots were obtained. They were
also correlated by NRTL, UNIQUAC and COSMO-SAC models. The NRTL and UNIQUAC
models gave RMSD values less than unity for all systems indicating an excellent fit. The average
RMSD for predictions using COSMO-ASPEN were as follows: DES-1: 0.053, 0.01, 0.008; DES-
2: 0.036, 0.025, 0.022; DES-3: 0.05, 0.01, 0.008; DES-4: 0.005, 0.016, 0.021 for ethanol, 1-
propanol and 1-butanol, respectively. Improved mass transfer rates coupled with high separation
efficiency was observed with DES-1 for the separation of 1-butanol-water mixtures. Larger
values of selectivity indicated easier separation of 1-butanol from water. The raffinate phase
from the experiment and simulation for all the DES were found to comprise mainly water with

mole composition as high as 99%. The slopes of the tie lines and the spread of two-phase region
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Conclusions and Future Directions

indicated greater separation. A butanol recovery of ~ 99% was found for all DES. Larger values
of 1-butanol distribution coefficient for all the DES indicated a lesser solvent requirement for
butanol-water separation. It should be noted that the overall concentration of 1-butanol is found
to be almost six times higher than ethanol in ABE fermentation broth, hence the results can be
used for the selective extraction of butanol using optimized hybrid fermentation-extraction
process. Acetone is highly volatile and can be evaporated easily from fermentation products,
hence it has not been considered for extraction. Thus, DL-menthol and organic acid based DESs
are proposed as solvents for extraction of 1-butanol and ethanol from the aqueous solution.

The final chapter includes the scale-up for the commercial level production of 1-butanol
using ASPEN Plus V8.8. A Hybrid extraction-distillation system was proposed so as to
effectively separate 1-butanol from aqueous stream. An economic consideration with respect to
Total Annual Cost (TAC) was also attempted. An optimized 1-butanol recovery of ~ 98% w/w
was obtained for a solvent/feed ratio of 1.16 using mesitylene as a solvent. Once the overall
performance of the conventional solvents were predicted, the DESs as solvents were also
attempted in the flowsheet. Overall the raffinate phase from the experiment and simulation was
found to comprise mainly water with mass composition as high as 99.99% w/w. For DES-1, an
optimized 1-butanol recovery of ~ 86.2% w/w was obtained for a solvent/feed ratio of
0.1.Among all the DES, it required the least solvent flow rate of 2499 kg/h along with a reflux
ratio of 2.01. Thus DES-1 was found to be the best for the extraction of the lower alcohols
among all used DES and mesitylene.Overall menthol based Deep Eutectic Solvent having a

shorter organic acid chain length is recommended for lower alcohol extraction.

5.2.  Future Directions
The following are the probable future work which holds good using DES as solvents.

a. A Pilot plant study can be envisaged with DES-1 (i.e. decanoic acid based acid) as
solvent due to its superior performance in terms of selectivity and solute distribution
ratio. Further ASPEN plus simulation has also provided encouraging results as DES1 had
the least TAC among all the solvents.
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92 b. Molecular Dynamic and Quantum Chemical Calculations can also provide insight or
93 explain the higher effectiveness of lower chain acid as compared to longer chain organic
94 acids.

95 c. Liquid-Liquid Equilibria can be measured for multicomponent mixtures such as ethanol +
96 1-butanol + 1-propanol + water or acetone + 1-butanol + ethanol + water (ABE
97 fermentation product) along with DES. This will give us selective extraction criteria of
98 the DES for a particular lower alcohol.

99 d. The optimization of the cost function can be formulated by combining the multistage
100 extractor with acetone distillation unit and solvent (DES) recovery unit.
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Appendix 4.1

1. Method to Define DES as a Pseudo Component in Aspen Plus:

For defining an unknown compound such as DES in ASPEN we shall be requiring the
following properties: average molecular weight, density, normal boiling point, COSMO
volume and sigma profile. While the first three are pure component properties obtained from
literature, the latter two are derived from our inhouse COSMO-SAC model. Let us discuss

them briefly.
1.1.  Average Molecular weight of DESs

Eqg. 4A.1 shows the method to calculate the average molecular weight of the DES which is
the mixture of hydrogen bond donor (HBD) and the hydrogen bond acceptor (HBA) in
different molar ratio.

Avg.MoI.WtDES = fHBAMOI'WtHBA + fHBDMOI'WtHBD (4A.1)

Here fysa and fugp are the mole ratio’s, namely the HBD and HBA that have been adopted in
the experimental work as per chapter 2 Table 4A.1 shows the average molecular weight of all
the DES used in the present study as calculated using Eq. 4A.1.

Table 4A.1: Average Molecular weight of the synthesized DES-1 to DES-4

Name of DES  Average Molecular weight

(gm/mol)
DES-1 164.27
DES-2 170.95
DES-3 170.69
DES-4 163.97

1.2 Density and Viscosity of DES-2

Table 4A.2 shows the density and viscosity of synthesized DESs in the temperature
range 20-85°C.The density of the all the solvents is measured by a DMA 4500M

densitometer (Anton Paar Make).The viscosity of DES was measured by an interfacial
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rheometer (Model: Physica MCR301, Anton-Paar Make) with a relative expanded
uncertainty of 0.033.

Table 4A.2: The Experimental Density and Viscosity Data of Pure DES at Atmospheric
Pressure (p = 1 atm.) and Different Temperatures®

Density (g cm™)° Viscosity (mPa)®
Temperature
Present ) Present ]
(K) Literature[1] Literature[1]

work work
293.15 0.8971 0.9002 21.810 29.689
303.15 0.8898 0.8930 12.500 16.957
313.15 0.8826 0.8857 7.657 10.527
323.15 0.8753 0.8780 5.112 7.057
333.15 0.8678 0.8703 3.623 4.872
343.15 0.8603 0.8631 2.670 3.599
353.15 0.8526 0.8549 2.088 2.650

*The standard uncertainty u are u (T) = 0.1 K, u (p) = 1 kPa, ° the relative expanded
uncertainty U are U,(p) = 0.003, and U,(;) = 0.033

1.3.  Sigma Profiles

For the sigma profile calculation of DES, a molar ratio was used for DL-menthol (HBA) and
organic Acid (HBD) molecule respectively. The screening charge distribution for such a DES
will then be the algebraic sum of the sigma profiles calculated separately [2]. It takes the
form:

PpEs ()= Pga (@) + Ppp (@)= TgaPrpa( @)+ Tygp Pgp (@) (4A2)

Here pga(o) and p.gp (o) are the sigma profile of the components of DES, namely the

HBA and HBD respectively. fyga and fugp are the mole ratio’s that have been adopted in the
experimental work as per chapter 2. The sigma profiles for all the components as obtained
through our inhouse COSMO-SAC code are given in Table 4A.3.

153
TH-1885_126107014



Appendix 4.1

Table 4A.3: Sigma Profile of Lower Alcohols and Synthesized DES

Screening Sigma profile p* (o)
charge
density, 6 Ethanol Propanol butanol DES-1 DES-2 DES-3 DES-4
(el A%
-0.03 0 0 0 0 0 0 0
-0.029 0 0 0 0 0 0 0
-0.028 0 0 0 0 0 0 0
-0.027 0 0 0 0 0 0 0
-0.026 0 0 0 0 0 0 0
-0.025 0 0 0 0 0 0 0
-0.024 0 0 0 0 0 0 0
-0.023 0 0 0 0 0 0 0
-0.022 0 0 0 0 0 0 0
-0.021 0 0 0 0 0 0 0
-0.02 0 0 0 0 0.948 0 0
-0.019 0 0 0 0 0.705 0 0
-0.018 0 0 0 0.948 1.626 0 0
-0.017 0 0 0 0.579 1.641 0.637 0.948
-0.016 0 1.586 1.654 1.435 2.164 2.594 4.343
-0.015 1.102 0.934 0.579 2.751 3.878 11.318 21.439
-0.014 1.172 1.493 1.793 1.428 3.035 7.487 14.592
-0.013 1.108 1.091 1.016 1.501 2.308 5.758 10.756
-0.012 0.557 0.801 0.562 1.549 2.494 8.623 14.679
-0.011 1.091 0.186 0.437 1.818 1.833 4.407 9.220
-0.01 0.424 0.528 1.079 1.928 2.837 6.845 11.583
-0.009 0.513 0.916 0.837 0.417 1.389 3.506 5.595
-0.008 0.520 1.175 0.318 1.055 3.130 6.928 12.638
-0.007 1.894 0.589 0.493 1.979 3.343 4.709 8.410
-0.006 1.320 0.206 0.769 4.176 8.504 13.029 18.750
-0.005 0.333 0.025 0.356 5.757 3.687 10.354 11.978
-0.004 1.835 2.663 1.594 7.928 12.946 24.455 41.090
-0.003 11.655 16.096 17.986 30.161 61.631 126.074 238.826
-0.002 11.682 18.586 22.086 73.963 113.504 260.949 483.138
-0.001 13.556 10.640 17.766 96.388 145.360 346.324 633.353
0 10.646 13.160 14.874 73.668 88.154 222.167 392.263
0.001 7.338 10.173 13.751 60.335 85.922 198.126 352.076
0.002 4.649 11.960 10.162 50.257 77.636 172.763 316.469
0.003 1.286 1.276 6.444 20.799 56.694 116.763 232.580
0.004 0.980 0.689 1.277 4.808 5.675 14.011 26.075
0.005 0.966 1.390 1.301 4.787 4.807 13.228 24.343
0.006 1.899 0.284 0.905 2.822 4.465 8.160 14.633
0.007 1.137 1.094 0.243 3.328 4.353 12.435 22.020
0.008 0.956 1.033 1.935 5.130 6.175 8.908 16.808
0.009 1.323 1.137 0.578 3.005 2.186 5.756 8.131
0.01 1.709 0.690 1.190 6.030 8.786 11.387 20.065
0.011 0.590 1.558 0.667 4.431 10.600 17.988 29.145
0.012 1.649 0.432 1.291 6.095 5.277 10.234 13.878
0.013 0.822 1.557 1.146 2.117 5.908 11.823 19.084
0.014 2.344 1.065 1.513 0.975 3.598 6.295 12.633
0.015 1.829 2.085 1.033 1.045 2.538 6.272 12.544
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14

Normal Boiling Temperature

The boiling point of the DES can be calculated by the method given by

Lydersen—Joback—Reid (LJR) [3]. The equations proposed for calculating the normal boiling

point is given as:

T, =198.2+ XN,

Tomi

(4A.3)

Here Ty, is the normal boiling temperature (K), niis the frequency of appearance of the i

group of atoms in the molecule and ATpy; IS their contribution to the normal boiling

temperature (K).

Table 4A.4: Estimated normal boiling temperature of synthesized DES-1 to DES-4 [3, 4]

TH-1885_126107014

Name of DES  Normal boiling point (K)

DES-1

DES-2

DES-3

DES-4

561.56

566.44

561.20

545.80
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15 COSMO Volume

Table 4A.5 shows COSMO file details of the molecules used in the present study as
generated by Gaussian09. The COSMO file of the molecule gives information about the
number of segments (‘nps’) with their corresponding cavity areas (A%), volume (A% and
screening charges. The area and volume refers within the conductor which has an infinite

dielectric constant. One such abridged form of COSMO file of DL-menthol is given in Table

4A.6
Table 4A.5: COSMO File Details
Molecule Number of Cavity Area within Cavity Volume
segments(nps) conductor* Within conductor*
) &)

DL-menthol 1737 797.91 1436.24
Decanoic acid 2318 947.55 1594.8
Lauric acid 2714 1093.09 1861.49
Myristic acid 3132 1247.72 2145.18
Palmitic acid 3532 1400.76 2421.21

*The cavity surface area and volume are output of our inhouse generated COSMO File
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Table 4A.6: Abridged COSMO file for DL-menthol (red portion as input)

Gaussian COSMO output
$cosmo_data;fepsi =1;

nps= 1737,
area =797.91;
volume=1436.24
#atom X y z element radius area COSMO sigma
1 4.395 -0.428 -0.529 6.000 [A] 3.431 charge 0.001
2.949 -2.667 0.606 6.000 2.000 8.605 0.002 0.002
3 0.183 -2.739 -0.253 6.000 2.000 7.000 0.015 0.001
4 0.112 -3.090 -2.299 1.000 2.000 6.520 0.010 -0.001
5 -0.755 -4.349 0.634 1.000 1.300 5.421 -0.009 -0.002
6 -1.279 -0.289 0.363 6.000 1.300 2.202 -0.012 0.001
7 0.184 1.938 -0.805 6.000 2.000 3.844 0.003 0.000
8 0.127 1.707 -2.875 1.000 2.000 6.568 -0.001 -0.002
9 2.951 2.019 0.048 6.000 1.300 7.506 -0.012 0.001
10 2.994 2.397 2.087 1.000 2.000 6.507 0.007 -0.002
11 3.894 3.627 -0.867 1.000 1.300 6.525 -0.010 -0.003
12 3.885 -4.446 0.102 1.000 1.300 6.491 -0.017 -0.002
13 3.024 -2.540 2.678 1.000 1.300 6.523 -0.013 -0.001
14 4.431 -0.680 -2.593 1.000 1.300 6.538 -0.009 -0.002
15 -1.238 -0.038 2.426 1.000 1.300 6.293 -0.010 -0.001
16 7.131 -0.304 0.401 6.000 1.300 16.984 -0.008 0.002
17 8.160 -2.041 -0.051 1.000 2.000 6.467 0.037 -0.002
18 7.210 -0.051 2.454 1.000 1.300 6.480 -0.014 -0.002
19 8.157 1.272 -0.461 1.000 1.300 6.469 -0.012 -0.002
20 -4.107 -0.349 -0.483 6.000 1.300 3.050 -0.015 0.002
21 -4.170 0.329 -2.445 1.000 2.000 6.267 0.006 -0.001
22 -5.295 -3.001 -0.456 6.000 1.300 14.870 -0.008 0.002
23 -4.375 -4.316 -1.755 1.000 2.000 5.822 0.036 -0.002
24 -7.283 -2.883 -1.012 1.000 1.300 6.445 -0.013 -0.002
25 -5.244 -3.840 1.436 1.000 1.300 6.485 -0.013 -0.002
26 -5.755 1.423 1.125 6.000 1.300 16.015 -0.011 0.003
27 -5.029 3.346 1.130 1.000 2.000 4.341 0.052 0.000
28 -5.832 0.760 3.087 1.000 1.300 6.493 0.002 -0.001
29 -7.698 1.456 0.413 1.000 1.300 6.474 -0.008 -0.002
30 -1.053 4.264 -0.164 8.000 1.300 12.630 -0.010 0.012
31 -0.096 5.646 -0.873 1.000 1.720 8.172 0.146 -0.013
1.300 -0.109
$coord_car;!BIOSYM archive 3;PBC=0FF;coordinates from GAUSSIAN/COSMO calculation
C1 2.326 -0.226 -0.280 GAUS 1 C C 0
c2 1.560 -1.411 0.321 GAUS 1 C C 0
C3 0.097 -1.449 -0.134 GAUS 1 Cc Cc 0
H4 0.060 -1.635 -1.216 GAUS 1 H H 0
H5 -0.399 -2.302 0.335 GAUS 1 H H 0
C6 -0.677 -0.153 0.192 GAUS 1 Cc Cc 0
c7 0.097 1.026 -0.426 GAUS 1 C C 0
H8 0.067 0.903 -1.521 GAUS 1 H H 0
Cc9 1.562 1.068 0.025 GAUS 1 c C 0
H10 1.584 1.269 1.104 GAUS 1 H H 0
H11 2.061 1.920 -0.459 GAUS 1 H H 0
H12 2.056 -2.353 0.054 GAUS 1 H H 0
H13 1.600 -1.344 1.417 GAUS 1 H H 0
H14 2.345 -0.360 -1.372 GAUS 1 H H 0
H15 -0.655 -0.020 1.284 GAUS 1 H H 0
C16 3.774 -0.161 0.212 GAUS 1 C C 0
H17 4.318 -1.080 -0.027 GAUS 1 H H 0
H18 3.816 -0.027 1.299 GAUS 1 H H 0
H19 4.316 0.673 -0.244 GAUS 1 H H 0
Cc20 -2.173 -0.185 -0.256 GAUS 1 C C 0
H21 -2.207 0.174 -1.294 GAUS 1 H H 0
Cc22 -2.802 -1.588 -0.242 GAUS 1 C C 0
H23 -2.315 -2.284 -0.929 GAUS 1 H H 0
H24 -3.854 -1.526 -0.536 GAUS 1 H H 0
H25 -2.775 -2.032 0.760 GAUS 1 H H 0
C26 -3.046 0.753 0.595 GAUS 1 C C 0
H27 -2.661 1.771 0.598 GAUS 1 H H 0
H28 -3.086 0.402 1.633 GAUS 1 H H 0
H29 -4.074 0.771 0.219 GAUS 1 H H 0
030 -0.557 2.257 -0.087 GAUS 1 0o 0o 0
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H31 -0.051 2.988 -0.462 GAUS 1 H H 0
end
$screening_charge; cosmo=-0.03418; correction=0.034181; total=0; $cosmo_energy; Total energy corrected [a.u.] = -468.082
Dielectric energy corr. [a.u.] = -0.00785; $segment_information; #n-segmentnumber; #atom-atom associated with segment n
# position — segment coordinates [a.u.]; # charge — segment charge (corrected); # area — segment area [A**2]
# potential - solute potential on segment (A length scale)
# nps atom position X Y Z) charge area charge/area
1 27 -6.143 5.054 2.500 0.000 0.060 0.000 -0.045
2 27 -5.336 4.743 3.128 0.000 0.051 0.000 -0.051
3 27 -5.498 5.517 2.181 0.000 0.168 -0.002 -0.045
4 27 -4.229 4.164 3.304 0.000 0.008 -0.001 -0.064
5 27 -4.400 5.026 2.809 0.000 0.258 -0.001 -0.060
1736 1 6.567 0.528 -3.471 0.000 0.093 0.000 0.012
1737 1 6.540 1.193 -3.185 0.000 0.051 0.002 0.011

Now using the information of sigma profile (Table 4A.3) and cavity volume (Table 4A.6) we
are in a position to complete the PSEUDOCOMPONENT definition.

1.6 Method for Insertion using PSEUDOCOMPONENT Tool

Step 1: Specify DES as a PSEUDOCOMPONENT in ASPEN Plus

Allems

C4H100-1
W20

Pseudocomponent

" Properties
Simdation
L) Sotety Anaysis

69 Energy Anatysis

Results Avalable | Check Status
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Step 2: Insert the properties of the PSEUDOCOMPONENT such as density (Table
4A.1),average molecular weight (Table 4A.2) and normal boiling point (Table 4A.4)
e R ——————————————— R e  ———————————————————
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A Methods  GiPropSets  Structure @3 Retrieve Parameters |2 Regression eport | 1), Mature () PT Envelope
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Step 4: Insert the Viscosity and Temperature of PSEUDOCOMPONENT

Figure 4A.1 shows the variation of experimental viscosity with inverse of temperature (As
per data of Table 4A.2). The coefficients A and B are obtained from an exponential fit. A and
B values are then used as input in the next step within ASPEN.

25

4046.5x

; y =2x10%exp

A = 2x10 and B= 4046

T T T T . T J
0.00250 0.00275 0.00300 0.00325 0.00350

T (K

Figure: 4A.1: Variation of viscosity vs. inverse of temperature

0 H Ne T I4E Final paper Final newvgd DESLauric1-COSMO-SAC Extrator.apz - Aspen Plus V8.8 - 2spenONE o @ =
Seorch aspenONE Exchange Bo o =
METCBAR -| [ Setu

143 Copy = 9 Unit Sets.
4 Paste
Clipboard U
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et o otss Coefficients as Obtained

2% Polymers
4 [ Methods
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from Figure 4A.1
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, Properties
{ Simulation
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Results Available | Check Status
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Step 5: Insert the COSMO Cavity Volume as per Table 4A.6.

e < Pure Components - PUREL -~ +
AllRems -] @npt [information

Pure compenent scalar parameters
Parameters Unts Ostaset | Component  Component  Component  Component

N-BUT-01 - DES - WATR -
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COSMO -Volume

Z)PUREL

G1sGPRALL
3] saPRR2-L
3] sGPRF3-1

Ja) satety Anaiysis

69 Energy Ansiysis

Results Available | Check Status 100%_© @

Step.6 Insertion of Sigma Profile:

Step: 6-a: Divide the entire 60 histograms in five equal division each having 12 segments.
These are termed in ASPEN from SGPRF1-1 to SGPRF5-1. Kindly note we have to paste the

actual histogram (or sigma profile) and not the normalized profile.
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Once all the sigma profile i.e SGPRF1-1 to SGPRF1-5 are inserted, we are now ready for any

process simulation.
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The current work reports the extraction of 1-butanol from aqueous streams using low density solvents namely,
mesitylene (p = 0.864 g/cm?) and oleyl alcohol (p = 0.849 g/cm®). The ternary Liquid-Liquid Equilibrium (LLE)
studies for mesitylene (1) + 1-butanol (2) + water (3) and oleyl alcohol (1) + 1-butanol (2) + water (3) were
conducted to explain the effectiveness of the two solvents. A type-I phase behavior with a large immiscible region
was observed at T = 298.15 K and p = 0.1 MPa. High values of selectivity ranging from 400 to 2500 for
mesitylene and 750-6500 oleyl alcohol were observed. Distribution coefficient values higher than unity indicated

Keywords:
Mey:;;’,.ene an easier diffusion of 1-butanol from aqueous phase to extract phase. It also confirmed a lower solvent to feed
Oleyl alcohol ratio for separation of 1-butanol from water. 'H NMR spectra indicated an aqueous rich phase free of solvent

NRTL and while the contrary was observed in the solvent rich phase. Non-random two liquid (NRTL) and UNIversal

UNIQUAC QUAsichemical (UNIQUAC) models gave root mean square deviation (RMSD) in the range of 0.1-0.5% for both
COSMO-SAC the systems. Further the predictions of the tie lines were also confirmed though the quantum chemical based
1-butanol COnductor like Screening MOdel Segment Activity Coefficients (COSMO-SAC) which gave RMSD in the range
Aspen Plus of 5%. Based on the selectivity values of 1-butanol at lower concentration, mesitylene was chosen as the recom-
mended solvent for extraction. Thereafter a hybrid extraction process using Aspen Plus V8.8® was designed to

carry out an optimized flowsheet concerning the recovery and recycle of butanol and mesitylene respectively.
© 2018 Elsevier B.V. All rights reserved.
1. Introduction like 1-butanol have similar properties as 1-butanol obtained from pe-

The increasing demand of energy in the developing countries has led
to the depletion of fossil fuels at a high rate. The primary energy con-
sumption has increased worldwide by 1% in 2016 following a growth
of 0.9% in 2015 as well as 1% in 2014 [1]. In the present scenario fossil
fuels such as oil, natural gas and coal are the world's leading energy
sources. The excess consumption of these fossil fuels further creates
greenhouse gas emission and poses threat to human life. Thus it be-
comes a challenge for governments, engineers, scientists and econo-
mists so as to mitigate the ill effects of these gases. To overcome these
challenges lower alcohols such as 1-butanol as an alternative fuel is
gaining importance [2].

Butanol is conventionally produced through the ABE (Acetone-Buta-
nol-Ethanol) fermentation where bacteria like clostridium
acetobutylicum and clostridium bjerinkci ferment biomass under an-
aerobic conditions thereby producing acetone, butanol, and ethanol
with a proportion of 3:6:1 [3-5]. Bio-butanol obtained by ABE fermen-
tation process is now considered as a potential biofuel. Bio-butanol
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troleum products. It has a higher calorific value (29.2 MJ/dm?) as com-
pared to ethanol (19.6 MJ/dm?) and has a lesser flammability and
lower hydrophilicity values. The RON and MON numbers of butanol
are also close to petrol while at the same time less corrosive than etha-
nol. All these features make 1-butanol as a useful additive to gasoline
and as biofuels [3, 5-7]. However the separation of lower chain alcohols
such as 1-butanol is difficult as it forms azeotropic mixtures with water
[8-10]. Hence it becomes essential to separate 1-butanol from water, so
as to lessen the effect of azeotrope formation.

It should be noted that a high concentration of 1-butanol inhibits the
growth of microbes and bacterial cell in the fermentation broth. Hence a
systematic removal of this compound is essential [3, 11]. Methods such
as extraction, adsorption, pervaporation, gas striping and membrane
separation have been conventionally used for the separation of 1-buta-
nol during fermentation broth [3, 12-18]. Membrane separation and
pervaporation are expensive due to its low mass transfer rates and re-
quirement of low pressure. Adsorbents for butanol have low capacity
which discourages its use in industrial or semi-industrial plant. On the
other hand membrane reactors immobilizes the microorganisms, but
in industrial scale the cell immobilized technique possess more disad-
vantages due to poor mechanical strength and an increase in mass
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ABSTRACT: The lower alcohols tend to form azeotropic
solution with water which makes the separation challenging.
The current work primarily focuses on the synthesis and
application of a menthol-based hydrophobic deep eutectic
solvent (DES) for the removal of lower alcohols from its
aqueous solutions. The DES is synthesized by the addition of
DL-menthol and lauric acid (dodecanoic acid) with a molar
ratio of 2:1. Liquid—liquid equilibria (LLE) experiments are
then performed to evaluate the performance of the synthesized
DES for the extraction of lower alcohols such as ethanol, 1-
propanol, and 1-butanol. LLE corresponding to the pseudo
ternary systems of lower alcohols (1-butanol, ethanol, and 1-
propanol) + hydrophobic DES + water are measured at T =
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303.15 K and p = 1 atm. The composition of the tie lines were evaluated using 'H NMR analysis for both extract and raffinate
phases. Thereafter, the extraction efficiency of the DES is analyzed and compared by determining the solute distribution
coefficients and the selectivity values. Finally, the experimental LLE data for the systems were regressed using the excess Gibbs
free energy model, namely the Non Random Two Liquid (NRTL). Further the predictions of the tie lines were also confirmed
through the COnductor like Screening MOdel Segment Activity Coefficients (COSMO-SAC) model. The average root-mean-
square deviations (RMSD) obtained were 0.01 and 0.07 for NRTL and COSMO-SAC model, respectively.

B INTRODUCTION

The demand for energy is increasing proportionally with the
current population. In such a scenario, energy generation is the
key to sustain such a fast pace development. Currently fossil
fuel replenishes nearly 80% of the energy demand globally.
Hence, there is a dire need to explore alternate energy sources
in order to lessen the dependency on the nonrenewable fossil
fuel which are limited.' * Lower alcohols are considered a
potential replacement for conventional fuels. Lower alcohols
such as ethanol, 1-propanol, and 1-butanol are vital and are
potential renewable energy sources. 1-Butanol has higher
calorific value, higher hydrophobicity, and lesser flammability
than other alcohol fuels.’ Qureshi et al.*® described that 1-
butanol with a lower vapor pressure and higher flash point is
less corrosive. Lower alcohols have also shown properties
similar to gasoline. Lower alcohols hence can be used as a
renewable biofuel with little or no modification to the engine.
One of the sources of lower alcohols is the acetone-butanol-
ethanol (ABE) fermentation where alcohols exist as an
azeotrope having a water-rich phase. Hence its extraction
from aqueous phase is essential.

In the chemical process, industrial separation of azeotropic
mixtures is of great importance. Methods such as extraction,
adsorption, pervaporation, gas stripping, and membrane
separation have been used conventionally for separation of
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lower alcohols from the fermentation broth. Membrane
separation and pervaporation are expensive due to low mass
transfer rates and requirement of low pressure.”” ™" Typically,
removal of lower alcohols from fermentation broth by
adsorption from the liquid phase can only be used in laboratory
scale due to the small-capacity of adsorbents. The other option
for removal of lower alcohols can be used, such as membrane
reactors where the immobilization of microorganisms occurs in
the membrane. On industrial scale, cell immobilized technique
gives more disadvantages due to poor mechanical strength and
an increase in mass transfer resistance.”

One normally switches to liquid—liquid extraction when
component separation (from a mixture of many components)
cannot be achieved economically by other mass transfer
operations such as distillation, evaporation, and crystallization.
Azeotropic distillation, extractive distillation, and liquid—liquid
extraction, which are three of the most important industrial
separation techniques for azeotrope breaking, involve the use of
an extracting agent. In such a scenario, solvent extraction is a
suitable operation particularly when the solvents possess
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ABSTRACT

In this work conventional organic solvents (ethyl acetate, n-propyl acetate, n-butyl acetate, chloroform)
as well as ionic liquids, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][Tfz2N])
and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][Tf;N]), were investigated
for the extraction of hydroxyacetone from aqueous solution. The liquid—liquid equilibrium (LLE) data for
the ternary systems were experimentally determined at T=298.15 K and atmospheric pressure. In terms
of the distribution coefficient and selectivity, [EMIM][Tf;N] and [BMIM][Tf,N] were found to be the most
effective solvents for the extraction of hydroxyacetone from aqueous solution, and the composition of
ionic liquids in the raffinate phase was found to be negligible. The experimental results were correlated
with the NRTL and UNIQUAC models. The root mean square deviations (RMSD) obtained between the
NRTL and UNIQUAC correlations for all the systems were in the range of 0.19—5.18%. COSMO-SAC was
then used to make a first principles prediction of the phase equilibria of the systems studied. For the
organic solvent-based systems, the deviations between predicted and experimental values were in the
range of 3.49—-8.00% (% RMSD) whereas for the ionic liquid systems, the deviations were in the range of

16.81-18.53%.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The changing global climate and the depletion of fossil resources
are major issues for the current generation. Consequently, the
development of alternative renewable energy resources has been
intensely promoted. Compared to other renewable energy sources,
biomass has the potential to replace a large fraction of fossil fuels as
feedstocks and thus capable of meeting the energy, chemicals and
materials requirement of mankind. Biorefineries are manufacturing
facilities that produce biofuels and biochemicals from various
biomass feedstocks. Conceptually, this is analogous to current pe-
troleum refinery that produces fuels and chemicals from crude oil
[1-8].

In order to convert biomass into valuable products within a
biorefinery, several processes are needed. These can be divided into
four groups: physical, biochemical, thermo-chemical and chemical
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processes. Among them, fast pyrolysis is a thermo-chemical process
for the production of liquid fuel and chemicals from biomass. Bio-
oil is the main product of fast pyrolysis and depending on the
biomass source, the oxygen content will be in the range of
35—40 wt% due to several oxygen-containing components (acetic
acid: 0.5—-12 wt%, glycolaldehyde: 0.9—13 wt%, hydroxyacetone:
0.7-74 wt %, and furfural alcohol:0.1-5.2 wt %). A higher oxygen
content is responsible for a lower heating value of bio-oil. However,
the high concentration of oxygen-containing compounds makes
bio-oil a good raw material for the production of various chemicals
[3,9-16].

The first step in the recovery of chemicals from bio-oil usually
involves fractionation using water that results in two fractions-an
aqueous top phase enriched in carbohydrate-derived chemicals
(acetic acid, glycolaldehyde, hydroxyacetone) and an organic bot-
tom phase containing lignin-containing fractions. Both phases can
be processed separately to extract the valuable chemicals. Several
studies have been reported for the extraction of bio-oil chemicals
including acetic acid [17,18], levoglucosan [19], sugar/sugar



