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ABSTRACT

Butanol, a potential fuel produced by Acetone-Butanol-Ethanol (ABE) fermentation has
a low conversion. The bacteria Clostridium acetobutylicum and Clostridium beijerinckii
convert the substrate into acetone-butanol-ethanol with proportion of 3:6:1 under
anaerobic conditions. The butanol concentration in product stream higher than 10
g/L retards the growth of microbes resulting in a low yield. This necessitated the
use of Liquid Liquid Extraction for the removal of butanol from ABE streams. Thus
the extraction of butanol by hydrophobic Ionic Liquids (ILs) have been proposed
in the present work. In order to evaluate the potential of ILs, three Hydrophobic
ILs, trihexyl(tetradecyl) phosphonium bis(2,4,4-trimethylpentyl)phosphinate
(|[TDTHP|[Phosph]), trihexyl(tetradecyl) phosphonium dicyanamide (|[TDTHP|DCA])
and trihexyl(tetradecyl) phosphonium decanoate ([TDTHP|[DEC]) were chosen for
experimental studies. The choice of ILs were made due to the fact that they are
lighter than water and thus have been considered as solvents for butanol extraction
from aqueous solution. As density plays a major role in piping and vessel design, the
density of the phosphonium ILs along with imidazolium ILs have been measured at
298.15-328.15 K. These experimental densities were then correlated with nine different
models. Among these models, two equation of state based cohesion factor models
gave Absolute Average Deviation (%AAD) within the range 0.20%-0.45%. Molecular
Dynamics (MD) strategy was also used to predict the density of ILs and the deviation

was around 5% from experimental values.

The butanol distribution coefficient for all three ternary systems containing

TH-1387_126107008



[TDTHP|[Phosph|,|[TDTHP|[DCA| and [TDTHP||DEC| have been found within 19-59,
25-95 and 17-173 respectively. [TDTHP|[Phosph| and [TDTHP|[DCA] have been also
used as solvent for simultaneous removal of ethanol and butanol from aqueous solution.
Both ILs have shown more affinity towards butanol than ethanol, as butanol is more
non polar than ethanol. The highest butanol selectivity (3709) and ethanol selectivity
(2584) were found for 0.268 molar ratio of ethanol to butanol (identical with ABE
outlet concentration) and 72.65 molar ratio of water to [TDTHP]|[Phosph|. The butanol
distribution coefficient (4-123) was higher than ethanol distribution coefficient (3-20) for
quaternary system containing |[TDTHP|[Phosph|. Similarly the butanol and ethanol
distribution coefficient for the quaternary system containing [TDTHP|[DCA| were
obtained within 5-44 and 3-13 respectively. The ternary and quaternary experimental
tie line data were then corrleated with the Gibb’s Free Energy models namely
Non Random Two Liquids (NRTL), UNIversal QUAsiChemical (UNIQUAC) and the
quantum chemical based COnductor like Screening MOdel- Segment Activity Coefficient
(COSMO-SAC) model. NRTL and UNIQUAC models gave deviation less than unity
for all systems indicating an excellent fit. COSMO-SAC gave deviation within 10-20%

which is reasonably accurate considering the method to be priori.

The binary interaction parameters for both quaternary systems generated by NRTL
model were then used for optimization of multistage extractor. Particle Swarm
Optimization (PSO) with the Isothermal Sum Rate (ISR) method was used for the cost
function minimization for two systems namely [TDTHP|[DCA]-ethanol-1-butanol-water
and [TDTHP| [Phosph|-ethanol-1-butanol-water at 7=298.15 K and p=1 atm. PSO

parameters such as Global Local best Inertia Weight (GLbestIW) gave a less Average
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number of iterations (42) and satisfactory Success rate (64%) as compared to conventional
Linear Decreasing Inertia Weight (LDIW). For the system containing [TDTHP|[DCA],
the optimum solution was 1.1253-10!! INR /year with 3 stages and 3.9891 kmol /hr solvent
flow rate. The cheaper IL [TDTHP|[Phosph| gave lesser cost (4.526 - 10° INR /year)
as compared to [TDTHP|[DCA]. Further [TDTHP]||[Phosph]| loss in raffinate phase was
found to be half as compared to [TDTHP][DCA]. Ethanol efficiency was found to increase
by an order of magnitude with a (1/100)*" reduction in [TDTHP][Phosph] cost. Similarly
a cost reduction of [TDTHP|[DCA] by 100 times resulted in a 100% extraction efficiency

for both alcohols.
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Introduction

S INCE the last few decades, there is an imbalance between energy supply and demand
due to the rapid population growth and limited fossil fuel availability. Scientists
and engineers are trying to diminish this gap by exploring alternative energy sources
like biomass, wind and solar energy. During 1910-1920, fermentation processes
were developed to produce bio-fuels which were later scaled commercially. These
biotechnologies became obsolete due to costly raw material, low product yield and strong
competition with petrochemical industries which started supplying cheaper products

in 1960s. Instability in crude supply and prices from middle-east countries motivated

1
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other countries to reintroduce bio-fuels as alternative energy fuels in 1970-1980. With
economic consideration, many upstream and downstream processes have been developed
to overcome past challenges like low product concentration and high product recovery
cost. Thus in this regard, fermentation processes have been developed to provide energy
fuels like ethanol and butanol. Though the alcohols are conventionally used as blending
components with gasoline, butanol has more calorific value, more hydrophobicity and
lesser flammability than ethanol. Therefore in the current work, the research interest is

towards the enhancement of butanol than that of ethanol.

1.1 ABE Fermentation

Weizmann [1] developed the famous ABE fermentation process to produce acetone that
could be used for the production of cordite (smokeless propellant) during World War I [1].
ABE fermentation had been implemented at industrial scale till it became obsolete due to
the growth of petroleum industry. Considering alcohols as biofuels, this process became
viable recently which produces acetone-butanol-ethanol with proportion of 3:6:1. The
bacteria Clostridium acetobutylicum and Clostridium beijerinckii convert the substrate
into products under anaerobic conditions. The major challenge in this process is the
cell growth inhibition if butanol concentration is higher than 1.5 wt%, resulting in low
product yield. In ABE process, the research findings can be categorized as; (a) to find
the best biomass waste (substrate) for fermentation, (b) to increase the tolerance limit
(alcohols concentration) for bacteria by genetic modification and (c) to remove butanol

from the fermentation broth simultaneously during fermentation (in-situ separation).
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Biomass containing higher sugar and starch content provides a better raw material for
butanol production [2|. Clostridium acetobutylicum and Clostridium beijerinckii had
recently been modified to increase the product yield [3, 4]. The tolerance level for bacteria
has been improved up to 3 wt% butanol and 16 wt% ethanol in ABE product stream |[5, 6].
Different separation techniques like distillation, extraction, gas stripping, adsorption and
pervaporation had been earlier used for butanol extraction and enhancement from ABE

product stream |2, 7, 8|. Distillation is a more energy-intensive step as the product
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FIGURE 1.1: Energy Requirements for Butanol Removal by Various Separation
Techniques [9]

stream contains large amount of water (higher volatile than butanol). Qureshi et al.
[9] have compared the energy requirement per unit mass of butanol removal by different

separation techniques (Figure 1.1). It is observed that the energy efficient techniques are
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liquid liquid extraction and adsorption. The adsorption process requires energy of the
order of 2000 kcal per 1 kg butanol production. Further the capacity of the adsorbent was
found to be very low, hence adsorption for butanol removal was not used at an industrial
scale [2]. Clogging or fouling are the main drawbacks in case of membrane separation
[3]. Keeping the limitations in mind, extraction has been considered as an appropriate
technique for butanol removal in the present work. Different organic solvents like oleyl
alcohol [10], glyceryl tributyrate [11] and mesitylene [12] have been earlier used for
bio-butanol extraction. However the major issue in using organic solvent is its toxicity to
microorganism and evaporation to environment. Considering the environmental impact,
we therefore propose Ionic Liquid (IL) as a solvent for the extraction of butanol from

aqueous streams.

1.2 Tonic Liquids

Tonic liquids are salts those consist of organic cations and inorganic/organic anions.
Room Temperature Ionic Liquids (RTIL) are liquid at room temperature. They are
known as designer solvents due to the possibility of large number of ILs (cation and anion
combinations) which impart specific properties. These solvents are more attractive due
to desirable special properties, such as wider liquid range, negligible vapor pressure at
room temperature, tunable viscosity, low flammability, high heat capacity and favorable
solvation properties for polar and nonpolar compounds [13-19]. These solvents are more
stable at high temperature and/or in presence of chemicals and are suitable for the

extraction of inorganic and organic compounds [5, 18, 20-25].
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FIGURE 1.2: Some commercial IL cations
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The physical properties of these solvents can be tuned by suitable combination
of cation and anion. Different types of room temperature ILs are based on
cations such as alkylammonium, tetraalkylammonium, tetraalkylphosphonium, 1,3-
dialkylimidazolium, and N-alkylpyridinium. Cations such as 1l-alkylpiperidinium and
1,3-dialkylimidazolium salts are formed with anions possessing low nucleophilicity
such as Dbis(trifluoromethylsulfonyl)imide, hexafluorophosphate, tetrafluoroborate,
perfluoroalkylsulfonate, thiocynate, nitrate, acetate, ethyl sulphate and methane
sulfonate. Some commercially available cations and anions are shown in Figs. 1.2-1.3.
The applications of ILs covers many research domains like catalysis [26-34],
nanotechnology [35], azeotropic separation [36], liquid-liquid extraction [37-39|, metal
extraction [40], aromatic-aliphatic separation [41, 42|, membrane science [43, 44| and gas

absorption [45-47].

1.3 Butanol Enhancement using Ionic Liquids

The Liquid Liquid Extraction process can be adopted via two approches namely
(a) hydrophilic ILs [25] and (b) hydrophobic ILs [5, 21-24]. Hu et al
[25] have selected the former approach to separate water from I1-butanol using
1-(2-hydroxyethyl)-3-methylimidozoliumtetrafluoroborate. When compared to second
approach, the first approach is not appropriate as IL rich phase contains large amount
of water thereby becoming an energy intensive step [5, 23]. Hydrophilic ILs work in
instances where there is concentrated feed mixture of 1-butanol and water. However in

many situations, separation from dilute feed stream becomes challenging.
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Ha et al. [21] have tested selectivity and distribution coefficient of butanol in
water using different imidazolium based hydrophobic ILs.  Garcia-Chavez et al.
[5] have reported the potential of different nonflourinated ILs for the extraction
of 1-butanol from water and validated their results with oleyl alcohol as solvent.
In their work, they have compared selectivity values for 1-butanol in water using
different ammonium based, phosphonium based and immidazolium based ILs. Pereiro
and Rodriguez [48] have studied the extraction of ethanol from hexane/heptane by
1-ethyl-3-methylimidazolium ethyl sulfate ([EMIM|[EtSO4|). Simoni et al. [22] have
shown that less number of stages are required in the extraction of 1-butanol from aqueous
solution using 1-hexyl-3-methylimidazolium tris(pentafluoroethyl) trifluorophosphate
([HMIM|[eFAP])  as  compared to  1-(6-hydroxyhexyl)-3-methylimidazolium
bis-(trifluoromethylsulfonyl)imide ([HOhMIM]|Tf2N]). In another work, Chapeaux
et al. [23] used 1-hexyl-3-methylimidazoliumbis(trifluoromethylsulfonyl) imide to
separate 1-butanol and ethanol from water. Domanska and Krolikowski [24] have
shown the effect of alkyl chain length on selectivity and distribution coefficient of
1-butanol in water with tetracyanoborate based ILs. Nann et al. [49] have used four ILs
containing ions such as 1-decyl-3-methylimidazolium, 4-decyl-4-methylmorpholinium,
bis(trifluoromethylsulfonyl)imide and tetracyanoborate for the extraction of 1-butanol
from aqueous solution at 308.15 K and 323.15 K. They found the selectivity of 1-butanol
over water ranging from 53 to 144. Davis and Morton III [50] investigated the ternary
LLE data for water-1-butanol-1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)

imide or 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide at 298.15 K.
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Kubiczek and Kaminski [51] have extracted all three components, namely acetone,
butanol and ethanol from water using 1-hexyl-3-methylimidazolium hexafluorophosphate
([HMIM]|PF¢]) and 1-butyl-3- methylimidazolium bis(trifluoromethylsulfonyl)imide
(IBMIM] [Tf2N]). They found the distribution coefficients for butanol (~1.4) and acetone
(=1.1) are higher than ethanol (=0.2) for a [HMIM][PFg|/water mass ratio of 0.625 [51].
[BMIM||TfaN] also showed a similar trend for separation [51]. Kubiczek and Kaminski
[51] have also replicated the same experiment at higher temperature (323.15 K). However,
the temperature for ABE fermentation process is maintained at 308.15-310.15 K as it
represents favorable environment for microorganism growth [52]. The ILs studied for
butanol extraction till date are heavier than water. It should be noted that density
plays an important role during design as it relates to the fluid handling cost. Some
phosphonium based ILs are lighter than water and they have been used for extraction
of organic components from aqueous solution [53-55]. Chowdhury et al. [53] have
reported the highest selectivity (~9) for ethanol extraction by the IL, trihexyl(tetradecyl)
phosphonium bis(2,4,4-trimethylpentyl)phosphinate ([TDTHP|[Phosph]) for 0.3 ethanol
mole fraction in feed. Keeping this in mind we will focus our attention on the

phosphonium based cation, as they are less dense than water.

1.4 Objectives

From the detailed literature study, the following objectives for the thesis have been

defined:
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Objective 1: Measurement of pure property (density) of Ionic Liquids at different
temperatures and Modelling by Cubic Equation Of State (CEOS) approach and Molecular

Dynamics (MD) approach.

There is an absence of experimental data on the thermodynamic properties of
Phosphonium ILs.  Considering the fact, prediction or even correlation of their
thermophysical properties is essential and useful for engineering applications. The
density of any IL is an important property as it is useful in piping, vessel designing and
phase equilibrium calculations. Thus an attempt has been made to predict the density
using the CEOS approach and then validate the same using experimentally measured
liquid densities. The second strategy namely MD calculations were also used to validate

the experiments.

Objective 2: Measurement of Liquid Liquid FEquilibrium (LLE) data for

IL-Butanol-Water

As discussed earlier, hydrophilic ILs are usually used for concentrated feed mixture of
1-butanol and water. Separation from dilute feed stream becomes challenging hence
hydrophobic ILs are preferred. In this work, phosphonium based ILs are chosen as they
are lighter than water and more thermally stable even at high temperature as compared

to ammonium, imidazolium and pyridinium based ILs.

Objective 3: Measurement of Liquid Liquid FEquilibrium (LLE) data for

IL-Ethanol-Butanol- Water

Acetone in ABE product stream is more volatile as compared to ethanol and butanol,

hence it can be vaporized in distillation. Thus the hydrophobic phosphonium based ILs
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can be used for the preferential extraction of ethanol and butanol. The selectivity and
distribution coefficient for each alcohol have been measured in the LLE process with

phosphonium based ILs as solvents.

Objective 4: Modelling of FExperimental LLE data with NRTL, UNIQUAC and

COSMO-SAC model.

The experimental equilibrium data obtained in Objective 3 can be correlated with
Gibb’s Free energy models such as Non-Random Two-Liquid (NRTL) and UNIlversal
QUAsiChemical (UNIQUAC). Further the quantum chemical based COSMO-SAC model
was also attempted to predict the extract (IL rich phase) and raffinate (Water rich phase)
composition. The binary interaction parameters generated in the modelling was then
used in the process optimization flowsheet. Thus an attempt was made to transform

laboratory data into process design at industrial scale.

Objective 5: Optimization of Multistage Extractor from NRTL binary interaction

parameters.

A multistage extractor containing more than two components requires detailed design
like temperature, pressure, flow rate and composition on each stage. In this thesis, the
traditional Isothermal Sum Rate (ISR) method has been considered for the stagewise
calculation. We have optimized the number of stages and solvent flow rate by minimizing
the multistage extractor cost for extraction of butanol and ethanol from aqueous solution
using phosphonium based ILs. In such a process, Particle Swarm Optimization (PSO)

was used as an optimization algorithm.
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1.5 Organization

The thesis is organized into the following chapters.

Chapter 2 describes the experimental density measurement and the
prediction of Ionic Liquid densities wusing a cohesion based CEOS. The
temperature dependency of the cohesion factor in the cubic equation
of state is wused to predict the densities of seven commercial ILs
namely, 1-Ethyl-3-methylimidazolium ~ methane  sulfonate  [EMIM|[MeSOs],
1-Ethyl-3-methylimidazolium acetate [EMIM]|[Ac|,1-Ethyl-3-methylimidazolium
Thiocynate [EMIM][SCN], 1-Ethyl-3-methylimidazolium ethyl sulphate [EMIM]|[EtSO4],
Tris(2-hydroxyethyl)-methylammonium methyl sulphate [TEMA]|MeSOy4],
Trihexyl(tetradecyl) phosphonium bis(2,4,4-trimethylpentyl) phosphinate
(|TDTHP||Phosph]|) and Trihexyl(tetradecyl) phosphonium dicyanamide
(|ITDTHP||DCA]). The density of two ILs, [TDTHP| [DCA| and Trihexyl(tetradecyl)

phosphonium decanoate ([TDTHP|[DEC]) have further been predicted by MD approach.

Chapter 3 presents the experimental Liquid Liquid Equilibrium data for the ternary
systems containing different phosphonium based ILs with water and butanol. The
hydrophobic ILs namely [TDTHP| [Phosph|, [TDTHP| [DCA| and [TDTHP| [DEC]|
having density lower than water has been specially chosen to recover butanol from
water. The selectivity and distribution coefficient were also discussed for the extraction
1-butanol from water. The equilibrium data were then correlated with NRTL, UNIQUAC

and COSMO-SAC model.
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Chapter 4 presents the experimental Liquid Liquid Equilibrium data for the
quaternary systems namely, [TDTHP| [Phosph|-ethanol-butanol-water and [TDTHP]
[DCAJ-ethanol-butanol-water. The effect of ethanol/butanol and water/IL molar ratio
on selectivity and distribution coefficient were also studied in detail. The feed points
are chosen such that the concentration of feed points are identical with ABE product
concentration. The equilibrium data were then correlated with NRTL, UNIQUAC and

COSMO-SAC model.

Chapter 5 describes the optimization of multistage extractor from the binary interaction
parameters which were generated by NRTL model using experimental LLE data as
obtained in Chapter 4. Particle Swarm Optimization along with Isothermal Sum Rate
algorithms have been used to obtain the optimized solvent to feed flow rate and the

number of theoretical stages for a multistage extractor.
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2.1 Introduction

There is an absence of experimental data on various thermodynamic properties of
ILs. Considering the fact, prediction or even correlation of their thermophysical
properties is essential and useful for engineering applications. The density of any
IL is an important property because it is useful in phase equilibrium calculations,
piping and vessel designing. In case of unavailability of experiment data, there are
models available in literature [56-58] for density predictions. However most of the
correlations, available in the literature, were derived for organic substances [58]. The
experimental densities of seven commercial ILs, namely, 1-Ethyl-3-methylimidazolium
methane sulfonate [EMIM|[MeSOs|, 1-Ethyl-3-methylimidazolium acetate [EMIM]||Ac],
1-Ethyl-3-methylimidazolium Thiocynate [EMIM|[SCN], 1-Ethyl-3-methylimidazolium
ethyl sulphate [EMIM|[EtSOy4|, Tris(2-hydroxyethyl)-methylammonium methyl sulphate
[TEMA|[MeSOy4],  Trihexyl(tetradecyl)  phosphonium  bis(2,4,4-trimethylpentyl)
phosphinate  [TDTHP]|[Phosph] and  Trihexyl  (tetradecyl)  phosphonium
bis(2,4,4-trimethylpentyl) dicyanamide [TDTHP|[DCA] (Fig. 2.1) were measured
and predicted by different models in this chapter. Out of these models, two models
based on cohesion factor of cubic equation of state were chosen from literature [59, 60]
along with one newly derived cohesion factor expression [61]. The deviation between
measured and predicted density was checked and the best model with minimum deviation
was selected. In the subsequent section, IL density was predicted using cohesion factor
based equation of state. The concluding section predicts and compares the density of
ILs, namely, Trihexyl(tetradecyl) phosphonium bis(2,4,4-trimethylpentyl) dicyanamide

[TDTHP|[DCA| and Trihexyl(tetradecyl) phosphonium bis(2,4,4-trimethylpentyl)
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FIGURE 2.1: Seven ILs used for density measurement and prediction
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decanoate [TDTHP||DEC| at T=298.15 K by classical Molecular Dynamics simulation

(Section 2.3.2).

2.2 Experimental Methodology

All seven ILs were provided by Sigma Aldrich, Germany. The purities of ILs were more
than 95% and were used as received from the supplier. To remove volatile compounds
from all the ILs, 0.1 Pa vacuum was applied for at least 48 hours as a pretreatment
operation. Digital densitometer (Anton Paar DMA-4500M model) with vibrating tube
was used for the measurement of density. U-shaped tube (made of borosilicate glass) with
sample was excited to vibrate at its characteristic frequency relating to the density of
sample. Densitometer converts this frequency into density. The densitometer considers
the viscosity correction factor, compensates ambient air pressure, and detects bubble in
sample injection automatically. The instrument was calibrated using air and ultra-pure
water in the temperature range of 293.15-328.15 K and further compared with the values
reported in Anton Paar densitometer reference manual [62]. The uncertainty in density
measurement was +1 x 107%¢g - em™> and the accuracy was 5 x 107°¢ - em™3. The
temperature was automatically controlled by densitometer with a resolution of 0.01 K
and an accuracy of 0.03 K. The densities of all seven ionic liquids were measured within

293.15-328.15 K with 5 K interval.
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2.3 Computational Details

The computational details are divided into two sections namely, density prediction and

modelling (Section 2.3.1) and molecular dynamics simulation (Section 2.3.2).

2.3.1 Density Prediction and Modelling

Several authors [56-60| have suggested different models for density predictions [56-60].
Correlations with adjustable parameters are available which are specific to compounds.
Some models are based on principle of corresponding states and others are based on
group contribution methods. Most of the models require critical properties of ILs.
Critical properties can be estimated using several group contribution methods [63-66].
In this work, modified Lydersen-Joback-Reid method [63-66] was used to predict critical
properties of ILs (Eqgs. 2.1-2.4). Acentric factor was calculated using the calculated
critical pressure, critical temperature and normal boiling point by Rudkin’s model
[63-67] (Eq. 2.5). The groups along with the critical properties calculated via modified

Lydersen-Joback-Reid method are given in Table 2.1.

Ty, =198.2+ > nAT, (2.1)

Ty

T, =
[A + BY nAT, — (3 nATC)Q]

(2.2)

P. = MW (2.3)
[C + Y nAP)?

Vo=D+> nAV, (2.4)
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TaBLE 2.1: Group considered in Modified Lydersen-Joback-Reid method [66]
Groups MW, =| AT, = | AP.=| AV.,= | AT, =

-CHj 15.035 0.027 0.303 | 66.810 | 23.580

-CHp- 14.027 0.016 0.216 | 57.110 | 22.880

>CH- 13.019 | 0.2E-03 | 0.114 | 45.700 | 21.740

>C< 12.011 | -0.021 | 0.054 | 21.780 18.25

-OH 17.008 0.072 0.134 | 30.400 | 92.880

Without Rings -O- 16.000 0.005 0.130 | 15.610 | 22.420
>C=0 28.011 0.025 0.234 | 69.760 | 94.970
=0 (other) | 16.000 0.027 0.204 | 44.030 | -10.500

>N- 14.007 | -0.003 | 0.030 | 26.700 | 11.740
-CN 26.018 0.051 0.369 | 89.320 | 125.660
-p 30.974 | -0.008 | 0.178 | 67.010 | 34.860
-S- 32.066 0.001 0.690 | 184.670 | 117.520
-SO2 64.065 | -0.056 | -0.061 | 112.190 | 147.240
With Rings

=CH- 13.019 0.011 0.169 | 42.550 | 26.730

>N- 14.007 0.006 0.054 | 25.170 | 68.160

- S i ) <o s [a) s[A] e

where A-D are constants [63-66] (A=0.5703, B=1.0121, C=0.2573, D=6.75). T}, T, P,
P. and V, represent, boiling point (K), critical temperature (K), atmospheric pressure
(bar), critical pressure (bar) and critical volume (cm3/mol) respectively. Here n is the

number of functional group present in the structure, MW, molecular weight, and w,

TH-1387_126107008



Chapter2: Pure lonic Liquid Properties

22

acentric factor. A sign indicates the contribution of the respective group to the critical

properties and normal boiling point of compound. Due to the lack of experimental

TABLE 2.2: Estimated critical properties of ILs"

Property [EMIM]| [EMIM] [EMIM] [TEMA|| [EMIM]|| [TDTHP]| [TDTHP]
[MeSO3) [Ac] [SCN] | [MeSOy4|| [EtSOy4|| [Phosph] | [DCA]

MW 206.27 | 170.21 | 169.25 | 275.33 | 236.29 | 773.29 549.91

T, (K) 667.38 | 615.11 | 717.32 | 865.10 | 712.68 | 1374.80 | 1231.08

T. (K) 1026.03 | 864.11 | 1013.63| 1092.14 | 1067.49 | 1879.92 1527.01

V. (em?®/mol) | 587.06 | 544.63 | 666.44 | 744.34 | 659.78 | 2964.61 | 2145.42

P, (bar) 48.13 30.44 22.26 35.24 40.46 5.51 7.65

w 0.33 0.57 0.39 1.53 0.37 -0.14 0.57

" calculated by Eqs. 2.1- 2.5

critical properties, authors [63-66] have tested the accuracy and consistency of these

values by determining the density of ILs, for which experimental data are available. They

could show that the method proposed by Reid (modified Lydersen-Joback-Reid method

[63—66]) was appropriate for the prediction of critical properties. Predicted values of

critical properties, normal boiling point and acentric factor for seven ILs used in this

work are shown in Table 2.2. Nine different models were chosen for the prediction

of density as shown in Table 2.3. The first seven models (Table 2.3) are based on

correlations namely; Reid et al. [58] (RR)(Model 1), Mchaweh et al. [58] (MH)(Model

2), Yen & Woods [58] (YW) (Model 3), Racket [58] (RA) (Model 4), Yamada & Gunn [58]

(YG) (Model 5), Hankinson & Thomson [58] (HT) (Model 6), and Linear Generalized

Model [58] (LGM)(Model 7).
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According to literature [58|, these seven models show minimum deviation from the
experimental values of density and proved to be better alternative for the estimation of
density. Further Nasrifar and Moshfeghian [59] proposed a model for the estimation of
density of refrigerant fluids in conjunction with Predictive-Soave-Redlich-Kwong (PSRK)
[59-61]. Recently Valderrama and Forero [66] have shown that PRNSM1 cohesion factor
model can predict the vapour pressure of IL’s accurately. In the present study, Nasrifar’s
density model (NM) was used in conjunction with PRNSM1 and original SRK cohesion

factor expressions. NM model [59] is represented by Eqs. 2.6-2.7.

where ps, po, pe are respectively, saturated density, predicted or reference density and
critical density; T, (T'/T,) the reduced temperature and dy, dg, ds, ds: global constants
[59] independent of compounds (dq=1.1688, do=1.8177, d3= -2.6581, d4=2.1613). The

term «(T,) is the cohesion factor expression.

The expressions for PRNSM1 and SRK cohesion factor are given by Eqs 2.8 2.9

respectively.

PRNSM1 cohesion factor |61]:

a(Ty) = [1 + (1.3676w + 0.4132)(1 — T9)]* (2.8)
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TABLE 2.3: Density prediction models [58-61, 66|

Sr.

Model Name

Model Equation

Reid et al. (RR)

p=pe [1 +0.85(1 — T}) + (1.6916 + 0.984w)(1 — T})3

—

Mchaweh et al. (MH)

T

o(T) = pe (1 4 1.16975 + 1.81875 — 2.6587 + 2.1673), e W m = 0.480 +
1+m(1— 7

1.574w — 0.176w?

Yen and Woods (YW)

4 i ‘
p = pc [1 + 3 ki(1 —T,) /3| where ky = 17.4425 — 214.578Z¢ + 989.62572 — 1522.06Z%,
i=1

ko = —3.28257+13.6377Z¢+107.48442% —384.211 23, (if Z<0.26), ko = 60.2091—402.063Z¢ +

50122 + 64123, (if Zc>0.26), k3=0, k4=0.93-ky

so1349dou pinbi owor aung :guaa3doyy)

Racket (RA)

-8 Zg(””%

Yamada and Gunn (YG)

2
/
p = pc(0.29056 — 0.08775w) 1T 7

Hankinson and Thomson (HT)

1

P = Foq vy “hee VO = 1 — 15281(1-T,) B +
2 4

14390(1=17;) 3 —  08144(1-T,) +  0.19045(1—T,) /3, v _

(—0.296123 + 0.3869147T;. — 0.0427258T7 — 0.048064577) / (T, — 1.00001)
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7 Linear  Generalized Model | p = (%) + (%) {A h‘B} 77,; 7;5)), A=a+b- % B = (V% + %) V2 where a=0.3411, b=2.0443,

(LGM) c¢=0.5386, d=0.0393 and 6=1.0476

W=

+d2( (T)>§+d3< (T,.))+

) + (1.3676w + 0.4132)(1 — TP.E))] 2

8 | Predictive-Soave-Redlich-Kwong| ps = pope [1 +(a(T,) —1)3 ] po=1+4dl ( o ))

Ik

(PSRK) Equation of State (
with NSM1 alpha function

(NMPRNSM1)

wln

1
9 Predictive-Soave-Redlich-Kwong| ps = pope [1 +(a(T) — 1)%], po=1+dl (1 — %) P d2 (1 — %) +d3 (1 — aE‘Fﬁ)> +

4
(PSRK) Equation of State with | d4 (1 - L ) P o(T) = [1+m(1 — TO)]?, m = 0.480 + 1574w — 0.176?

Original derived alpha function

(NMSRK)

so1349dou pinbi owor aung :guaazdoyy)
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SRK cohesion factor:

a(T,) = [1+m(1 —T*5))* (2.9)

where

m = 0.480 + 1.574w — 0.176w> (2.10)

0 is the adjustable parameter specific to the compound under consideration. We
now focus our attention to the computational details involving MD simulation in the

subsequent section.

2.3.2 Molecular Dynamics Simulation

The structures of the phosphonium-based ILs namely, [TDTHP|[DCA| and
[TDTHP||DEC| were drawn using the molecule editing software Avogadro [68] (Fig. 2.2).
Thereafter their molecular geometries were optimized using Gaussian 03 package at
B3LYP/SDD level. The partial atomic charges were derived from this geometry
according to the CHELPG procedure [69]. Cubic boxes each containing 150 molecules of
IL were built for both [TDTHP|[DCA| and [TDTHP||DEC]| using Packmol freeware [70].
All MD simulations were performed using parallel NAMD package [71] in the OPLS-All

Atom force field, where the potential function used has the general form:

bonds o 9 angles Ko.iin )
U= > =3(rij —roi)” + 2 =57 (0ijk — Oo.ije)
) ijk
dihedrals 4 Vo ikl "
+ 2 2 A4 (1) cos (meijr)] (2.11)
igkl  m=1
Tij 12 Tij 6 1 495
i i g is i
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o g

(a) Dicyanamide anion

(c) Trihexyl tetradecyl phosphonium cation

FIGURE 2.2: Three-dimensional structures of phosphonium-based ionic liquids under
MD study
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where the individual terms correspond to the bonding interactions such as bonds, angles,
dihedrals (the first three terms) and the non-bonded interactions like van der Waal and
electrostatics (the fourth and fifth term). The effective values of o and ¢ are calculated
using geometric mean. All simulations were performed with a time step of 1 fs. Periodic
Boundary Conditions (PBC) were employed in three dimensions. The temperature and
pressure were controlled by a Langevin thermostat and Berendsen barostat respectively.
An atom-based cutoff of 15 A was employed to calculate nonbonded interactions. A
switching function was used till 13.5 A to bring both the coulombic and van der Waal
interactions smoothly to zero at the cutoff distance. The subsequent pair list is updated
once every 10 steps where a distance of 16.5 A was necessary to be included in the pair list.
The 1-4 electrostatic interactions were scaled by a factor of 0.5 [72]. The calculations
of nonbonded and electrostatic interactions were performed once every 1 and 2 steps
respectively. The NAMD configuration file, PDB file, PSF file and Force field parameter

file for both ILs are shown in APPENDIX A.

2.4 Results and Discussion

2.4.1 Experimental Liquid Densities

Initially the experimental values of density for [EMIM|[SCN]| were compared with the
experimental values from literature [73|. As shown in Figure 2.3, data points agree
remarkably well with %Absolute Average Deviation (%AAD) equal to 0.055. The density
values were found to depend on the nature of anion; i.e, the ethyl sulphate anion has less

density (1.2367 gm/cc) compared to the less bulky methane sulphonate anion (1.2443
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FIGURE 2.3: Comparison of experimental density of [EMIM]|[SCN]| with literature
values [73]

gm/cc) with 1-ethyl-3-methylimidazolium cation. The densities of seven ionic liquids
were measured within 293.15-328.15 K with 5 K interval. To further benchmark our
experimental studies, the experimental densities for seven ILs at 7" = 298.15 K and p=1
atm. are compared with reported data [42, 73-91] in Table 2.7. The results shows

excellent agreement with literature values.

2.4.2 Correlative Liquid Density Prediction

Using the nine models listed in Table 2.3, the densities were predicted. NM model was
described in section 2.3.1. This model requires a § value for the density prediction. §

values for all the IL’s were regressed from experimental data by minimizing the objective
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TABLE 2.4: Comparison of Experimental densities with literature values at T=298.15
K and p= 1 atm. for seven ILs

Tonic liquid Experimental Literature densities(g - cm™3)
Density (g-em™3)

[EMIM]|[MeSO3| | 1.2409 1.2424(74], 1.241(75], 1.2399[76], 1.2438[77],
1.2345[42]

[EMIM][Ac] 1.0983 1.0993[74], 1.0996[78], 1.102[79], 1.097880],
1.097781]

[EMIM][SCN] 1.1161 1.1166(73], 1.117[74], 1.1159]77], 1.118|87]

[TEMA|[MeSO4| | 1.3443 1.3441[88]

[EMIM|[EtSO4| | 1.2332 1.2375(82], 1.237[83], 1.2378[84], 1.2373(85],
1.2398(86]

[TDTHP|[Phosph]| | 0.8908 0.8853[16], 0.8864[89, 90|

[TDTHP|[DCA] | 0.9003 0.899[16], 0.898[91]

function (Eq. 2.12) for both the cohesion factor expressions (Egs. 2.8- 2.9)

f(0) = zn: [M] (2.12)

p Pi,exp

where n is no. of data points, p; crsp and p; .q are experimental density and calculated
saturated density respectively. Optimized values of § for all seven ILs are shown in Table
2.5 for the derived NMPRNSM1 model and NMSRK Model. Further the accuracy of
all models was checked by %Average Absolute Deviation (%AAD). The deviations were

measured as:

100 —
AAD = ==
% —>

=1

Pexp — Pmodel (213)

Pexp i
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TABLE 2.5: Optimized value of § for ILs with NMPRNSM1 and NMSRK models

Ionic liquid Optimized adjustable parameter® (9)
NMPRNSM1 | NMSRK
[EMIM][MeSO3] | 0.0962 0.0751
[EMIM][Ac| 0.0882 0.0561
[EMIM|[SCN] 0.3531 0.3166
[TEMA|[MeSO4] | 0.0451 0.0444
[EMIM][EtSO4] | 0.1919 0.1702
[TDTHP|[Phosph] | 0.0591 0.1261
ITDTHP|[DCA] | 0.0328 0.0399

* calculated by Eq. 2.12

where pezp and ppeder are the experimental and predicted density values respectively.
Densities predicted by all the nine models for all ILs were compared with the experimental
values of density (Table 2.6 and Figs. 2.4- 2.10). It can be observed that the density
deviations predicted by correlative models are higher in magnitude as compared to the
CEOS based cohesion models with %AAD of 0.1975% and 0.4499% for model 8 and
9 respectively. On closer inspection, Model 7 (5.008%) proved better as compared to
other correlative models since authors [58| have considered wide variety of ILs during

the development of this model.
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FIGURE 2.4: Densities at different temperatures for [EMIM|[MeSO3] at p=1 atm.

1.16 -
X
X
1.14 - N X X
- = K ” . B .
X
X
1.12 -
— 1.1 A 5 s a @ Experimental
(8]
< ¢ - 2 e g o mRR
€ 108 - (] i a
- = A MH
g X YW
£ 1.06 -
c x < X RA
@ X x
O 104 - X X ®YG
X X
+HT
1.02 -
A N -LGM
1 4 “ A A A NMPRNSM1
A A
& NMSRK
0.98 . : : .
290 300 310 320 330
Temperature (K)

FIGURE 2.5: Densities at different temperatures for [EMIM]|[Ac] at p=1 atm.
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FIGURE 2.6: Densities at different temperatures for [EMIM][SCN] at p=1 atm.
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FIGURE 2.7: Densities at different temperatures for [TEMA|[MeSOy4| at p=1 atm.
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FIGURE 2.8: Densities at different temperatures for [EMIM|[EtSO4] at p=1 atm.
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FIGURE 2.9: Densities at different temperatures for [TDTHP][Phosph]| at p=1 atm.
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FIGURE 2.10: Densities at different temperatures for [TDTHP][DCA] at p=1 atm.
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TABLE 2.6: Experimental and predicted densities for seven ILs*

[EMIM][MeSOs]
Temp (K) | Experimental | Model 1 | Model 2 | Model 3 | Model 4 | Model 5 | Model 6 | Model 7 | Model 8 | Model 9
293.15 1.2444 1.1982 1.1408 0.7426 0.9586 1.1880 1.1900 1.2478 1.2420 1.2359
298.15 1.2409 1.1953 1.1388 0.7450 0.9567 1.1852 1.1870 1.2472 1.2393 1.2352
303.15 1.2374 1.1924 1.1368 0.7474 | 0.9548 1.1824 1.1841 1.2466 1.2366 1.2346
308.15 1.2339 1.1895 1.1348 0.7497 0.9529 1.1795 1.1811 1.2460 1.2339 1.2339
313.15 1.2305 1.1865 1.1328 0.7520 0.9510 1.1767 1.1781 1.2454 1.2312 1.2332
318.15 1.2270 1.1836 1.1308 0.7542 0.9491 1.1738 1.1751 1.2448 1.2284 1.2325
323.15 1.2237 1.1807 1.1287 | 0.7565 0.9472 1.1710 1.1721 1.2442 1.2256 1.2319
328.15 1.2203 1.1777 1.1266 0.7586 0.9453 1.1681 1.1691 1.2435 1.2229 1.2312
%AAD** 3.5907 7.9892 39.0691 | 22.7438 | 4.3950 4.2736 1.0931 0.1147 0.4491
[EMIM][Ac]|
293.15 1.1015 1.1002 1.0110 1.0541 1.1500 1.1069 1.1031 1.1370 1.1004 1.0940
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298.15 1.0983 1.0969 | 1.0089 | 1.0512 | 1.1462 | 1.1034 | 1.0995 | 1.1363 | 1.0976 | 1.0934
303.15 1.0951 1.0936 | 1.0069 | 1.0484 | 1.1424 | 1.0999 | 1.0958 | 1.1356 | 1.0948 | 1.0927
308.15 1.0920 1.0902 | 1.0048 | 1.0455 | 1.1387 | 1.0963 | 1.0921 | 1.1349 | 1.0920 | 1.0920
313.15 1.0889 1.0869 | 1.0027 | 1.0426 | 1.1349 | 1.0928 | 1.0885 | 1.1342 |1.0892 | 1.0913
318.15 1.0858 1.0835 | 1.0006 | 1.0397 |1.1311 | 1.0892 | 1.0848 | 1.1336 | 1.0863 | 1.0907
323.15 1.0828 1.0801 | 0.9984 | 1.0368 | 1.1273 | 1.0857 | 1.0811 | 1.1329 | 1.0834 | 1.0900
328.15 1.0797 1.0767 | 0.9963 | 1.0339 |1.1234 | 1.0821 | 1.0774 | 1.1322 |[1.0805 | 1.0893
%AAD* 0.1835 | 7.9592 | 4.2643 | 4.2371 | 0.3675 | 0.1066 | 4.0441 | 0.0479 | 0.4472
[EMIM][SCN]
293.15 1.1192 0.8785 | 0.8270 | 0.8804 | 1.2277 | 0.8739 | 0.8745 | 0.9316 | 1.1194 | 1.1142
298.15 1.1161 0.8763 | 0.8256 | 0.8781 | 1.2238 | 0.8717 | 0.8723 |0.9314 | 1.1163 | 1.1128
303.15 1.1130 0.8742 | 0.8242 | 0.8759 | 1.2200 | 0.8696 | 0.8700 | 0.9311 | 1.1131 | 1.1113
308.15 1.1099 0.8720 | 0.8228 | 0.8736 | 1.2161 | 0.8674 | 0.8677 |0.9309 | 1.1099 | 1.1099
313.15 1.1069 0.8698 | 0.8213 | 0.8714 | 12123 |0.8652 | 0.8655 |0.9306 | 1.1067 | 1.1085
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318.15 1.1038 0.8676 | 0.8199 | 0.8691 | 1.2084 | 0.8631 | 0.8632 | 0.9304 | 1.1035 | 1.1071
323.15 1.1008 0.8655 | 0.8184 | 0.8669 | 1.2045 | 0.8609 | 0.8609 | 0.9301 | 1.1003 | 1.1057
328.15 1.0978 0.8633 | 0.8169 | 0.8646 | 1.2007 | 0.8587 | 0.8587 | 0.9299 | 1.0971 | 1.1043
%AAD* 21.4303 | 25.8398 | 21.2843 | 9.5412 | 21.8429 | 21.8175 | 16.0267 | 0.0226 | 0.2976
[TEMA|[MeSOy4]
293.15 1.3472 1.6669 | 1.2535 | 1.1208 | 1.1517 | 2.0240 | 1.9575 | 1.3530 | 1.3429 | 1.3406
298.15 1.3443 1.6632 | 1.2525 | 1.1190 | 1.1493 | 2.0179 | 1.9506 | 1.3520 | 1.3414 | 1.3399
303.15 1.3414 1.6596 | 1.2515 | 1.1172 | 1.1470 | 2.0117 |1.9437 | 1.3510 | 1.3400 | 1.3392
308.15 1.3385 1.6559 | 1.2504 | 1.1154 | 1.1446 | 2.0055 |1.9369 | 1.3501 | 1.3385 | 1.3385
313.15 1.3357 1.6522 | 1.2494 | 1.1136 | 1.1423 | 1.9993 | 1.9300 | 1.3491 |[1.3370 | 1.3378
318.15 1.3329 16485 | 1.2483 | 1.1117 |[1.1399 |1.9932 |1.9232 |1.3481 | 1.3355 | 1.3372
323.15 1.3302 1.6448 | 1.2472 | 1.1099 |1.1375 | 1.9870 | 1.9163 | 1.3472 | 1.3340 | 1.3365
328.15 1.3274 1.6410 | 1.2461 | 1.1080 | 1.1351 | 1.9807 | 1.9095 | 1.3462 |1.3325 | 1.3358
%AAD* 23.6929 | 6.5301 | 16.6569 | 14.4903 | 49.7468 | 44.5884 | 0.9281 | 0.2011 | 0.3223
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[EMIM][EtSO.]
293.15 1.2367 1.1008 1.0376 0.5775 0.8510 1.0938 1.0953 1.1269 1.2348 1.2295
298.15 1.2332 1.0983 1.0360 0.5808 0.8494 1.0913 1.0927 1.1264 1.2320 1.2284
303.15 1.2298 1.0957 1.0343 0.5840 0.8479 1.0888 1.0901 1.1260 1.2292 1.2274
308.15 1.2263 1.0932 1.0327 0.5872 0.8463 1.0863 1.0874 1.1256 1.2263 1.2263
313.15 1.2229 1.0906 1.0310 0.5904 0.8448 1.0838 1.0848 1.1252 1.2235 1.2253
318.15 1.2195 1.0881 1.0293 0.5936 0.8432 1.0813 1.0821 1.1247 1.2206 1.2243
323.15 1.2162 1.0855 1.0276 0.5967 0.8416 1.0787 1.0795 1.1243 1.2178 1.2233
328.15 1.2128 1.0829 1.0259 0.5998 0.8400 1.0762 1.0768 1.1239 1.2149 1.2222
o AAD** 10.8427 | 15.7477 | 51.9215 | 30.9584 | 11.4026 | 11.3173 | 8.1051 0.0939 0.3899
[TDTHP]|[Phosph]
293.15 0.8940 0.8308 0.8551 1.4353 2.2435 0.8138 0.8211 0.8626 0.8861 0.8823
298.15 0.8908 0.8298 0.8541 1.4330 2.2392 0.8129 0.8202 0.8626 0.8850 0.8821
303.15 0.8877 0.8288 0.8531 1.4307 2.2348 0.8121 0.8193 0.8626 0.8838 0.8819
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308.15 0.8846 0.8278 | 0.8520 | 1.4284 | 22305 | 0.8113 | 0.8184 | 0.8626 | 0.8827 | 0.8817
313.15 0.8815 0.8268 | 0.8510 | 1.4262 | 22261 | 0.8104 | 0.8175 | 0.8626 | 0.8815 | 0.8815
318.15 0.8784 0.8258 | 0.8500 | 1.4239 | 22218 | 0.8096 | 0.8166 | 0.8627 | 0.8804 | 0.8813
323.15 0.8753 0.8248 | 0.8490 | 1.4216 | 22174 | 0.8088 | 0.8157 | 0.8627 | 0.8792 | 0.8812
328.15 0.8723 08238 | 0.8479 | 1.4193 |22130 | 0.8079 | 0.8148 | 0.8627 | 0.8781 | 0.8810
%AAD** 6.3130 | 3.5687 | 61.6327 | 152.3368 | 8.1751 | 7.3755 | 2.3102 | 0.4397 | 0.6586
[TDTHP|[DCA]
293.15 0.9033 0.8308 | 0.8164 | 1.1256 | 1.7573 | 0.9808 | 0.9819 | 0.8626 | 0.8861 | 0.8823
298.15 0.9003 0.8298 | 0.8159 | 1.1234 | 1.7534 | 0.9793 | 0.9803 | 0.8626 | 0.8850 | 0.8821
303.15 0.8974 0.8288 | 0.8155 | 1.1212 | 1.7495 | 0.9778 | 0.9786 | 0.8626 | 0.8838 | 0.8819
308.15 0.8945 08278 | 0.8150 | 1.1191 | 1.7456 | 0.9762 | 0.9770 | 0.8626 | 0.8827 | 0.8817
313.15 0.8916 0.8268 | 0.8146 | 1.1169 | 1.7416 | 0.9747 | 0.9753 | 0.8626 | 0.8815 | 0.8815
318.15 0.8887 0.8258 | 0.8141 | 1.1148 | 1.7377 | 0.9732 | 0.9737 | 0.8627 | 0.8804 | 0.8813
323.15 0.8858 0.8248 | 0.8137 | 1.1126 | 1.7338 | 0.9716 | 0.9720 | 0.8627 | 0.8792 | 0.8812
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328.15 0.8829 0.8238 0.8132 1.1105 1.7298 0.9701 0.9704 0.8627 0.8781 0.8810
SAAD** 8.1674 3.3794 25.1948 | 95.2447 | 9.2339 9.3091 2.5489 0.4629 0.5848
Global %AAD 10.6029 | 10.1449 | 31.4319 | 47.0789 | 15.0234 | 14.1126 | 5.0080 0.1975 0.4499

* Model number indicates Sr. No. of Table 2.3

** BAAD = 10 37
i=1
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Among all these models, Model 8 (NMPRNSM1) and Model 9 (NMSRK) fare reasonably
well as compared to other models with minimum %AAD values of 0.1147 and 0.4491 for
[EMIM]|[MeSOs] respectively. It should be noted that Models 8 and 9 are based on alpha
function of PSRK equation. Both models are specific to compounds, so experimental
values of density are required for regression of adjustable compound specific parameter
0 (Table 2.5). Model 8 gave smooth variation of density with temperature as compared
to model 9 (Figs. 2.4- 2.10). Thus selection of alpha function (Egs. 2.8- 2.9) plays an
important role in the equation of state calculation. However it is evident that irrespective
of nature of IL, the improvement in prediction for modified cohesive factor (Eq. 2.8 and
NMPRNSM1) is around 2.5 times better than the original cohesive factor expression
(Eq. 2.9 and NMSRK). The %AAD for all models with different ILs is tabulated in
Table 2.6. It shows good agreement of experimental densities with predicted densities

for all seven ILs.

2.4.3 MD simulation results

A brief minimization of 10000 steps was performed to make the system ready for dynamic
simulations. Upon successful minimization, the system was equilibrated for 1 ns in a
NPT ensemble at 300 K and 1 atm. The volume of the system was monitored during this
stage and at the end of 1 ns dynamics, the volume was found to be fully equilibrated
(Fig. 2.11).  The Radial Distribution Function (RDF), g¢(r) plots of phosphonium
cation (central atom P) in dicyanamide (central atom N) and decanoate (central atom C,
O=C<) anion systems are shown in Fig. 2.12. From the value of g(r), the first solvation

shell was observed at 5 A, and second solvation shell at 10 A for dicyanamide anion
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FIGURE 2.11: Volume as a function of simulation time during Equilibriation for (A)
[TDTHP|[DCA| and (B) [TDTHP|[DEC]
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FIGURE 2.12: Radial distribution function for both ILs (P: central phosphorous atom
in [TDTHP] cation; N: central nitrogen atom in [DCA] anion; C: carbon
atom, O=C< in [DEC] anion)

system, while the first solvation shell for decanoate system was observed at 6 A. The
two systems being pure phosphonium ILs had comparable density values of 857.47 and
830.96 kg/m? [92] respectively, the RDF peak positions and heights are relatively close
in their magnitude. The physical similarity of the two pure IL systems ([TDTHP|[DCA]
and [TDTHP||DEC]) continues in terms of Coordination Number (CN) of anions for
the first solvation shell around the phosphonium cation, as the CN of anions are 2.20

and 2.00 respectively. The system temperature was found oscillating (+1%) around the

TABLE 2.7: Measured and predicted densities of Phosphonium Ionic Liquids under

study
Tonic liquid Measured Density | Predicted Density | Deviation(%)
192](kg/m?) (kg/m?)
[TDTHP|[DCA] | 898.00 857.47 1.51
[TDTHP|[DEC]| | 883.00 830.96 5.89
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target value of 298.15 K. At time—=2 ns, both the systems became stable and the box
volume were then measured to estimate the density. The measured density at 7=298.15
K are compared with the reported values in literature [92] in Table 2.7. For both ILs,

the density deviation were around 5% from the literature value [92].
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3.1 Introduction

Environment regulations motivate scientists and researchers to develop clean technologies
for sustainable development. Researchers amplify their efforts to convert separation
processes like extraction and distillation into clean technologies. The knowledge of
thermodynamic properties like equilibrium data and activity coefficient at infinite
dilution are required for adequate separation. Liquid Liquid Equilibrium (LLE) data
helps in the selection of solvent for the selective separation of solute component. In
addition to this economic aspect, clean technology also considers ecological aspect. Since
last few decades, eco-friendly solvents like ILs had been considered as better replacement
for conventional volatile solvents |20, 93|. Various hydrophobic ILs [5, 22| have shown
better selectivity for butanol separation from aqueous solution and are more economical
when compared to hydrophilic ILs [25] for extraction of water. As discussed earlier, the
ILs considered in literature [5, 21-24, 49, 50| for butanol extraction are heavier than
water. Considering fluid handling cost and economic aspect, we have chosen such ILs
namely |[TDTHP|[Phosph|, [TDTHP|[DCA| and [TDTHP||DEC] as solvents since they
are lighter than water. The physiochemical properties of these ILs are already discussed

in Chapter 2 extensively.

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
[42, 94-96]. '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 effect the amount
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of radiated energy. Hydrogen in aromatic functional group gives a chemical shift peak
at more than 7 ppm while aliphatic hydrogen gives a peak less than 7 ppm. In the case
of butanol separation by phosphonium ILs, there is an absence of aromatic hydrogen
in all systems. If the system contains aromatic and aliphatic components, 'H NMR
characterization is thus easier. So we have performed a benchmarking system namely,
aliphatic-aromatic separation by ammonium and phosphonium ILs. The ILs namely Tris
(2-hydroxyethyl) methylammonium methylsulfate [TEMA|[MeSO4| and Tributyl methyl
phosphonium methyl sulphate [P4441|[MeSOy4| (Fig. 3.1) were chosen for the purpose. We
have measured three different ternary systems, namely, (a) [TEMA|[MeSOy4] (1)-Benzene
(2)-Hexane (3); (b) [TEMA][MeSOy4] (1)-Toluene (2)-Heptane (3) and (¢) [Pa41|[MeSO4]
(1)-Thiophene (2)-Cyclohexene (3) at 7=298.15 K and p—1 atm. In addition to
aromatic-aliphatic separation, we have considered the separation of lower alcohol such
as 1-propanol from aqueous solution using [TDTHP|[Phosph| as solvent. After gaining
sufficient confidence in NMR spectroscopy characterization, we have concentrated on the
extraction of butanol by three different ILs, namely [TDTHP]|[Phosph|, [TDTHP][DCA]|
and |[TDHP||DEC] (Figs. 2.1- 2.2). The LLE process was again carried out at 7'=298.15

K and p=1 atm.

3.2 Chemicals and Materials

Benzene (S R L chemicals, India), hexane (Sigma Aldrich, Germany), toluene (Sigma
Aldrich, Germany), heptane (Rankem, India), thiophene (Sigma Aldrich, Germany),
cyclohexene (Sigma Aldrich, Germany), 1l-propanol (Sigma Aldrich, Germany) and

1-butanol (Sigma Aldrich, Germany) were supplied at 99% purity. In order to test
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/\/N+ OH

Tributyl methyl phosphonium methyl sulfate

FIGURE 3.1: Structure of ILs used in benchmarking aromatic-aliphatic separation

the purity of benzene, hexane, toluene, heptane, thiophene, cyclohexene, 1-propanol
and 1-butanol, the densities of the pure components were measured at atmospheric
pressure with Anton Par DMA-4500 digital vibrating U-tube densitometer. The obtained
densities were within £1% of the reported values. The ILs namely [Pg441][MeSOy4],
[TEMA|[MeSOy4|, [TDTHP|[Phosph|, [TDTHP|[DCA] and [TDTHP|DEC]| (> 95%
purity) were supplied by Sigma Aldrich, Germany. For the removal of impurities, the
ILs were introduced in an oil bath for 24 h at 353 K. This is further attached to a
high vacuum line, so that the impurities in small amounts were removed. Thereafter 'H
NMR was performed so as to validate the purity of the ILs. Dimethyl sulfone oxide-Dg
(DMSO-Dg) and chloroform-D (CDCl3) were used as NMR solvent and were supplied
by Merck, Germany. All chemicals with their purity, purification method and analysis

method are reported in Table 3.1.
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TABLE 3.1: Chemicals Purity and Purification Methods

Chemical Name Source Purification | Purity (Mole | Analysis
Method fraction) Method

Benzene S R L Chemicals, | - 0.99 Density method
India

Hexane Sigma  Aldrich, | - 0.99 Density method
Germany

Toluene Sigma  Aldrich, | - 0.99 Density method
Germany

Heptane Rankem, India - 0.99 Density method

Thiophene Sigma  Aldrich, | - 0.99 Density method
Germany

Cyclohexene Sigma  Aldrich, | - 0.99 Density method
Germany

1-propanol Sigma  Aldrich, | - 0.99 Density method
Germany

1-butanol Sigma  Aldrich, | - 0.99 Density method
Germany

[TEMA][MeSO4| | Sigma  Aldrich, | Vacuum 0.99 'H NMR
Germany drying

[Paaa1][MeSO4] Sigma  Aldrich, | Vacuum 0.99 'H NMR
Germany Drying

[TDTHP|[Phosph]| | Sigma  Aldrich, | Vacuum 0.99 'H NMR
Germany drying

[TDTHP|[DCA] Sigma  Aldrich, | Vacuum 0.99 'H NMR
Germany drying

[TDTHP|[DEC] Sigma  Aldrich, | Vacuum 0.99 'H NMR
Germany Drying

CDCls Merck, Germany - 0.998 'H NMR

DMSO-Dg Merck, Germany - 0.998 'H NMR
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3.3 Aromatic-Aliphatic Separation by ILs

3.3.1 Experimental Procedure and Analysis

The samples were prepared using the tie line information provided by Matuszek et al.
[31], where a similar system was studied. In this process, the average mole fraction of the
component(s) in both the phases was considered as the feed composition. This implies
that knowing the average mole fraction of the reported data, the feed concentration of
the current experiment can be taken as an initial input. This helped us in preparing
different mixture points with solute composition ranging from 0.05 mole fraction to 0.9
mole fraction. It also covers the entire area in the ternary diagram. There after individual
volumes were found from mole fraction, molecular weight and density values. The total
volume was kept at 5 ml and was then inserted into 15 ml cuvette after covering with
parafilm so as to prevent loss of compounds to atmosphere. The cuvettes were kept on
shaking for 6 h at 100 rpm with temperature set to 298.15 K. Equilibrium time of 12
h was provided after which two layers were separated with the help of 2 ml syringes.
Mixture points exhibiting two phases after equilibrium have been analyzed to obtain
the extract and raffinate compositions. Feed compositions which are homogenous after
equilibrium have been rejected as its location is outside the binodal curve. The layers

were then transferred to 5 ml cuvettes.

'H NMR spectra is a convenient tool for measuring the tie lines compositions at
equilibrium [95-100]. Initially the phases were separated by 2 ml syringes for all the data
points. A fixed amount of sample (0.1 ml) was then removed from both the phases using

a micropipette. Here a fixed volume of the CDCl3 (0.3 ml) was then taken and mixed
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with the sample (0.1 ml) in NMR tubes (thrift Grade). The NMR tube corresponding
to each tie line and phase were then inserted in a NMR spectrometer of 11.74 Tesla (400
MHz response of 1H). In case of ammonium based IL, from the 'H NMR shifts, the peak
areas of the hydrogen atom of each component (i.e IL, aromatic and aliphatic) can be

divided into three zones (Figs. 3.2- 3.3).

In the first zone, the aliphatic compound had peaks in the range of 0.5 ppm to 1.5 ppm.
For second zone, the IL; [TEMA|[MeSOy4| having -CHg peak of the anion along with
the N-CHy group and the O-CHs hydrogen atoms of the cation lies between 3-5 ppm.
Thus the second zone consisted of 17 hydrogen atoms. The third zone was between
7 ppm to 8.5 ppm and is mainly due to the aromatic hydrogen atoms of benzene or
toluene. The raffinate phase is free from any ionic liquid because of the absence of peaks
between 3-6 ppm (Fig. 3.2). This agrees well with our previous work [41] on aromatic
extraction. Separate equations are formed by adding the respective areas of hydrogen
in each zone which are then solved simultaneously. In case of [Py441|[MeSOy4| containing
system, cyclohexene was easily identified because of its double bond, which was detected
at the 5.6 ppm. Aromatics are usually detected between 6.5 ppm to 8.5 ppm. Thiophene
is an aromatic sulphur component which was detected at 7 ppm (Figs. 3.4- 3.5). For
[P4441][MeSOy], the anion methyl sulfate peak was detected at 3.85 ppm, so all three

types of protons have been taken for quantitative analysis.

Thereafter composition calculation for all compounds via NMR spectrum was done using

this formula:

(3.1)
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FIGURE 3.3: Extract phase 'H NMR spectra for the system: [TEMA][MeSOy] (1) -

Benzene (2) - Hexane (3) at 7=298.15 K and p=1 atm.
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Here z; the mole fraction of samples and H; is the single hydrogen peak area for
component. For checking the accuracy we prepared known mixtures of both IL-solute
and water-solute in the homogenous region and then obtained the 'H NMR by CDClj.
The results obtained by the peak integration were found to be in fairly good agreement
with the known composition. The results gave a standard deviations of <0.007 for each
compound. The maximum absolute deviation was found to be 0.010 in mole fraction in
CDCI3. In this work uncertainty in mole fraction composition obtained was £0.001 for

both the phases.

3.3.2 Results and Discussions

LLE experimental data for the systems: [TEMA|[MeSOy4| (1)- benzene (2)- hexane (3),
[TEMA]|[MeSOy4] (1)-toluene (2)- heptane(3); and [Paq41][MeSOy| (1) - thiophene(2) -
cyclohexene(3) were performed at 7= 298.15 K and p=1 atm.. The experimental tie

lines for all systems are reported in Tables 3.2- 3.4.

The experimental tie lines are plotted in Figs. 3.6-3.8. It can be seen that the
hexane composition in extract phase (Table 3.2) is negligible as compared to the
corresponding heptane composition (Table 3.3). The hexane composition being
almost equal to zero combined with absence of IL in raffinate phase points out
to very low cross contamination in the single stage extraction process. This
agrees well with the reported work of Matuszek et al. [31] on the separation
of thiophene and heptane using [TEMA|[MeSO4| IL. The tie line slope of IL
(1)-Benzene (2)-Hexane (3) (Fig. 3.6) resembles the reported ternary systems of

hexane-benzene- 1-butyl-3-methylimidazolium methylsulfate ([BMIM]|[MeSOy4|) [101]
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FIGURE 3.6: Experimental tie lines for the system:[TEMA][MeSO4]| (1) - Benzene (2)
- Hexane (3) at 7=298.15 K and p=1 atm.
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FIGURE 3.7: Experimental tie lines for the system:[TEMA][MeSO4] (1) - Toluene (2)
- Heptane (3) at 7=298.15 K and p=1 atm.
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TABLE 3.2: Experimental tie-line data for [TEMA][MeSOy4] (1) -Benzene (2) - Hexane
(3) at 298.15 K and 1 atm.

Sr. Extract Phase Raffinate Phase Distribution | Selectivity
No.| "z The The L The whe | cocfficient (53) (5)

1 0.997 | 0.002 | 0.001 | 0.000 | 0.040 | 0.960 0.050 48.000

2 0.957 | 0.042 | 0.001 | 0.000 | 0.191 | 0.809 0.220 177.895
3 0.947 | 0.052 | 0.001 | 0.000 | 0.248 | 0.752 0.210 157.677
4 0.916 | 0.083 | 0.001 | 0.000 | 0.469 | 0.531 0.177 93.972

) 0.856 | 0.143 | 0.001 | 0.000 | 0.531 | 0.469 0.269 126.303
6 0.853 | 0.146 | 0.001 | 0.000 | 0.628 | 0.372 0.232 86.484
7 0.808 | 0.191 | 0.001 | 0.000 | 0.663 | 0.337 0.288 97.084
8 0.797 1 0.202 | 0.001 | 0.000 | 0.694 | 0.306 0.291 89.066

and (Cg-Cg)-benzene- 1-ethyl-3-methylimidazolium methylsulfate ([EMIM][MeSO4])
[102]. The [Ps441][MeSOy4| based ternary system studied in this work (Table 3.4)
contains negligible IL concentration of 0.006 mole fraction in the raffinate phase. As
obvious from Figs. 3.6- 3.7, the ternary plots for [TEMA|[MeSOy4|-benzene-hexane and
[TEMA|[MeSO4]-toluene-heptane system indicates negative sloping of all the tie lines.
This implies that the distribution coefficients are low which is evident in Tables 3.2- 3.3.
However, the selectivities obtained for both the systems are higher as compared to the
thiophene-heptane separation [31]. On closer inspection, the values of distribution ratios
are lower than one and are less than the values reported in the separation of thiophene

and heptane using the same IL [31]. This implies that the solvent requirement or the
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TABLE 3.3: Experimental tie-line data for [TEMA][MeSOy4] (1) -Toluene (2) - Heptane
(3) at 298.15 K and 1 atm.

Sr. Extract Phase Raffinate Phase Distribution | Selectivity
No.|" z;p Tto Thi L Tpo | coefficient (5) (5)

1 | 0.958 | 0.018 | 0.024 | 0.000 | 0.062 | 0.938 0.290 11.347
2 0.930 | 0.040 | 0.030 | 0.000 | 0.121 | 0.879 0.331 9.686

3 | 0.877 | 0.083 | 0.040 | 0.000 | 0.173 | 0.827 0.480 9.919

4 0.819 | 0.157 | 0.024 | 0.000 | 0.252 | 0.748 0.623 19.417
5 1 0.777 | 0.173 | 0.050 | 0.000 | 0.291 | 0.709 0.595 8.430

6 0.760 | 0.230 | 0.010 | 0.000 | 0.346 | 0.654 0.665 43.474
7 0.750 | 0.240 | 0.010 | 0.000 | 0.467 | 0.533 0.514 27.392

8 | 0.740 | 0.250 | 0.010 | 0.000 | 0.578 | 0.422 0.433 18.253

solvent to feed (S/F) ratio will be higher [103]. The selectivity is defined as:

5= (el (oo ) =Gl (el = W) () 32

he

where S, is the selectivity. pe, T and zy, are the mole fraction of benzene, toluene
and thiophene respectively. ., xp; and .y are the mole fraction of hexane, heptane
and cyclohexene respectively. The superscripts E and R represent extract and raffinate
phase respectively. The distribution coefficient is defined as the ratio of mole fraction of
the solute in the extract phase (IL rich phase) to the mole fraction of the solute in the

raffinate phase (hydrocarbon rich phase) and is given by

E E E
— T Y Y
B =Toe/yl, =Tiofy R, = th/mgl (3.3)

TH-1387_126107008



Chapter3: Ilonic Liquids as an Extraction Media in Ternary Systems 61

TABLE 3.4: Experimental tie-line data for [P441][MeSO4] (1) - Thiophene (2) -
Cyclohexene (3) at 298.15 K and 1 atm.

Sr. Extract Phase Raffinate Phase Distribution | Selectivity
No.| p T Tey o Ty, Tey coefficient (3) (S)
1 0.709 | 0.043 | 0.248 | 0.000 | 0.031 | 0.969 1.377 5.378
2 0.652 | 0.122 | 0.226 | 0.000 | 0.103 | 0.897 1.182 4.685
3 | 0.538 | 0.213 | 0.249 | 0.000 | 0.199 | 0.801 1.068 3.436
4 0.468 | 0.312 | 0.220 | 0.000 | 0.364 | 0.636 0.857 2.478
5 10.291 | 0.471 | 0.239 | 0.006 | 0.493 | 0.501 0.954 2.003
6 0.251 | 0.519 | 0.230 | 0.006 | 0.566 | 0.428 0.917 1.708
7 0.223 | 0.548 | 0.229 | 0.000 | 0.615 | 0.385 0.890 1.496

The distribution coefficient (Table 3.2) were found to increase from 0.05 to 0.29
with increasing benzene mole fraction in raffinate phase for [TEMA|[MeSOy]
(1)-benzene (2)-hexane (3) system. This is consistent with the earlier reported
work of benzene-hexane separation with the IL: 1-butyl-3-methylimidazolium
methylsulfate ([BMIM|[MeSOy4]) [101] and 1-ethyl-3-methylimidazolium methylsulfate
(JEMIM][MeSOy4]) [102] respectively. However for [TEMA]MeSOy4|(1)-toluene
(2)-heptane (3) system (Table 3.3) the distribution coefficient values did not have
any specific trend. The selectivities obtained in this work for benzene-hexane
(Table 3.2) separation decreases with the increase in aromatic concentration
in raffinate phase.  However the values (48-178) are better than the reported
work wusing the IL: I1-ethyl-3-methylimidazolium octyl sulfate ([EMIM|[OcSOy4])
[104], 1-methyl-3-octylimidazolium diethylene-glycol monomethyl ether sulfate

(IMOCcIM||IMDEGSOy4]) [105] and 1-octyl-3-methylimidazolium chloride (J[OMIM][CI|)
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FIGURE 3.8: Experimental tie lines for the system:[P4441][MeSOy4] (1) - Thiophene (2)-
Cyclohexene (3) at T=298.15 K and p=1 atm.

[106]. The IL’s gave selectivity values in the range of 1.3-2.7, 0.6-1.8 and 0.9-6.0
respectively for benzene-heptane separation [104-106]. It should also be noted
that the selectivity values are higher than the ones reported by the pyridinium
based ionic liquid 1-ethyl-3-methylpyridinium ethylsulfate for benzene [107]| and
ethylbenzene [102] separation. Thus after confirming our experimental methodology
with IL-Aromatic-Aliphatic system, we now proceed with the LLE measurements of

[L-butanol-water system.
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3.4 Butanol Extraction by Phosphonium based ILs

3.4.1 Experimental Procedure and Analysis

Initially, different ternary mixtures (IL, 1-propanol/1-butanol and water) of 5 ml were
prepared in 15 ml cuvettes. Similar experimental procedure and sample preparation
for '"H NMR were carried out as done earlier for aromatic-aliphatic separation. Here
we have provided more time for mixing (8 hrs) and settling (20 hrs) for checking the
turbidity of the mixture. Water in CDCl3 solvent shows a peak at 1.6-1.9 ppm instead of
1.58 ppm due to the shift in peak of a mixture containing non-polar solvent [108|. The
extract phase of [TDTHP|[Phosph| based system shows a presence of water (Fig. 3.9).
Extract phase 'H NMR spectra (Figs. 3.10- 3.11) confirmed the absence of water peak in
case of systems containing [TDTHP|[DCA| and [TDTHP|[DEC]. Karl Fischer titration
(Metrohm Make, 787 KF Titrino Model) was also performed to verify the absence of
water in extract phase. In raffinate phase, water showing peak at ~ 3.8 ppm [109] was
utilized for the characterization and quantification of water molecule (Figs. 3.12-3.14).
1-butanol and 1-propanol were characterized by methylene group (-CHg) attached to

hydroxyl group (-OH) for a peak at ~ 3.4-3.6 ppm.

From the raffinate phase 'H NMR spectra (Figs. 3.12-3.14), it is clear that the
concentration of each IL is zero. It should be noted that as per earlier work [15],
102 hydrogen atoms of [TDTHP|[Phosph| shows peaks between 0.79 and 2.33 ppm.
Here the quantification of [TDTHP]|[Phosph| was carried out by subtracting peak area
corresponding to all H atoms of propanol/butanol and water from total area for extract

phase. 'H NMR (400MHz, &/ppm; CDCl3) for [TDTHP][DCA] and [TDTHP][DEC]
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FIGURE 3.11: Extract phase 'H NMR spectra for the system: [TDTHP|[DEC] (1) -
1-Butanol (2) - Water (3) at 7=298.15 K and p=1 atm.
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FIGURE 3.13: Raffinate phase 'H NMR spectra for the system: [TDTHP][DCA] (1) -
1-Butanol (2) - Water (3) at 7=298.15 K and p=1 atm.
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FIGURE 3.14: Raffinate phase 'H NMR spectra for the system: [TDTHP|[DEC] (1) -
1-Butanol (2) - Water (3) at 7=298.15 K and p=1 atm.
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were labelled [110] as 0.79-0.85 (m, 12 H), 1.2-1.3 (m, 32 H), 1.4-1.5 (m, 16 H); and 2-2.3
(m, 8 H), 0.79-0.96 (m, 15 H), 1.2-1.3 (m, 46 H), 1.4-1.5 (m, 16 H) and 2-2.3 (m, 10 H)
ppm respectively (Figs. 3.10-3.11, 3.13-3.14). Thus for the estimation of mole fraction,
48 hydrogen atoms of [TDTHP|[DCA| and 62 hydrogen atoms of [TDTHP|[DEC]| all
lying in the range of 1.2-1.5 ppm were taken as reference peaks. The uncertainty of
the mole fraction measurements has been conducted in a similar manner as performed
for aliphatic-aromatic separation. For both phases, the uncertainty obtained in mole

fraction composition was +0.001.

3.4.2 Results and Discussions

Experimental ternary data for four systems namely [TDTHP]|[Phosph]| (1)- 1-propanol
(2) - water (3), [TDTHP][Phosph]| (1)- 1-butanol (2) - water (3), [TDTHP|[DCA] (1)-
1-butanol (2) - water (3) and [TDTHP||DEC] (1)- 1-butanol (2) - water (3) were measured
at 298.15 K and 1 atm (Tables 3.5-3.8 and Figs. 3.15-3.18). The extraction effectiveness
are represented by distribution coefficient (/3) and Selectivity (S) for equilibrium biphasic

systems. Eqs. 3.2-3.3 can be rewritten as,

(/)

g = (%)q (33)

Here, z;, and z, are the molefraction of butanol and water, respectively.

g (/) s

Large value of distribution coefficient is desirable since it indicates lesser solvent

requirement for particular degree of separation. |TDTHP]||Phosph| shows higher
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TABLE 3.5: Experimental tie line data for the system [TDTHP][Phosph] (1) -
1-Propanol (2) - Water (3) at 7=298.15 K and p=1 atm.

Sr. Extract Phase Raffinate Phase Distribution | Selectivity
No.| a7 z, Ly 2y z, Ly coefficient (/) (9)

1 10.353 | 0.448 | 0.199 | 0.000 | 0.028 | 0.972 16.000 78.151

2 | 0.418 | 0.388 | 0.194 | 0.000 | 0.014 | 0.986 27.714 140.857
3 10.189 | 0.63 | 0.181 | 0.000 | 0.038 | 0.962 16.579 88.116
4 1 0.063 | 0.744 | 0.193 | 0.000 | 0.067 | 0.933 11.104 53.681

5 10.275 | 0.531 | 0.194 | 0.000 | 0.03 | 0.97 17.700 88.500
6 | 0.517 | 0.297 | 0.186 | 0.000 | 0.009 | 0.991 33.000 175.823
7 0.65 | 0.179 | 0.171 | 0.000 | 0.008 | 0.992 22.375 129.801
8 | 0.685 | 0.144 | 0.172 | 0.000 | 0.003 | 0.997 48.000 278.233

TABLE 3.6: Experimental tie line data for the system [TDTHP]|[Phosph] (1) -
1-Butanol (2) - Water (3) at 7=298.15 K and p=1 atm.

Sr. Extract Phase Raffinate Phase Distribution Selectivity
No.| a7 l"b Lo T 7 z, | coefficient (3) (9)

1 0.672 | 0.151 | 0.177 | 0.000 | 0.000 | 1.000 - -

2 0.568 | 0.276 | 0.156 | 0.000 | 0.007 | 0.993 39.429 250.978
3 0.403 | 0.415 | 0.182 | 0.000 | 0.007 | 0.993 59.286 323.465
4 0.341 | 0.456 | 0.203 | 0.000 | 0.008 | 0.992 57.000 278.542
) 0.289 | 0.503 | 0.208 | 0.000 | 0.011 | 0.989 45.727 217.424
6 0.251 | 0.541 | 0.208 | 0.000 | 0.026 | 0.974 20.808 97.436
7 0.16 | 0.612 | 0.228 | 0.000 | 0.032 | 0.968 19.125 81.197
8 0.092 | 0.724 | 0.184 | 0.000 | 0.038 | 0.962 19.053 99.612
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TABLE 3.7: Experimental tie line data for [TDTHP|[DCA] (1) - 1-Butanol (2) - Water
(3) at 7=298.15 K and p=1 atm.

Sr. Extract Phase Raffinate Phase Distribution

No.| z;p, T T Zrr x Ty coefficient (/)

1 0.631 | 0.369 | 0.000 | 0.000 | 0.000 | 1.000 | -

2 0.250 | 0.750 | 0.000 | 0.000 | 0.011 | 0.989 | 68.182

3 | 0.167 | 0.833 | 0.000 | 0.000 | 0.013 | 0.987 | 64.077

4 1 0.055 | 0.945 | 0.000 | 0.000 | 0.017 | 0.983 | 55.588

5 | 0.093 | 0.907 | 0.000 | 0.001 | 0.037 | 0.962 | 24.514

6 | 0.731 | 0.269 | 0.000 | 0.000 | 0.000 | 1.000 | -

7 1 0.523 | 0.477 | 0.000 | 0.000 | 0.005 | 0.995 | 95.400

8 ] 0.355 | 0.645 | 0.000 | 0.000 | 0.009 | 0.991 | 71.667

TABLE 3.8: Experimental tie line data for [TDTHP|[DEC] (1) - 1-Butanol (2) - Water
(3) at T=298.15 K and p=1 atm.

Sr. Extract Phase Raffinate Phase Distribution

No.| gz, % | T | wrL z z, | coefficient ()

1 0.524 | 0.476 | 0 | 0.000 | 0.003 | 0.997 | 158.667

2 10249 | 0751 | 0 | 0.001 | 0.007 | 0.992 | 107.286

3 0.104 | 0.896 | 0 | 0.001 | 0.045 | 0.954 | 19.911

4 10.065 0935 | 0 | 0.001 | 0.054 | 0.945 | 17.315

) 0.69 | 0.31 | 0 | 0.001 | 0.002 | 0.997 | 155.000

6 | 0376|0624 | 0 | 0.001 | 0.006 | 0.993 | 104.000

7 10296 | 0.704 | 0 | 0.000 | 0.007 | 0.993 | 100.571

8 0.827 | 0.173 | 0 | 0.000 | 0.001 | 0.999 | 173.000
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FIGURE 3.15: Experimental tie lines for the system: [TDTHP]|[Phosph| (1) -
1-Propanol (2) - Water (3) at 7=298.15 K and p=1 atm.

distribution coefficient for butanol extraction (19-59) than propanol recovery (11-48)
(Tables 3.5-3.6). This is due to the higher polarity of propanol as compared to
butanol resulting in more solubility in water. The distribution coefficient varied
in the range of 25-95 and 17-173 for ternary systems namely [TDTHP|DCA]
and |[TDTHP|[DEC] respectively (Tables 3.7-3.8). These values are much higher
than 0.7-2.2 as obtained by Ha et al. [21] for different imidazolium based ILs
containing tetrafluoroborate, trifluoromethanesulfonate, hexafluorophosphate, and
bis(trifluoromethylsulfonyl)imide anions.  Further the positive sloping of the tie
lines indicate butanol favorably partitions into the IL phase (Figs. 3.16-3.18).
The distribution coefficient for [TDTHP|[DCA] is twice as compared to the ILs

reported by Nann et al. [49] that is, 1-decyl-3-methylimidazolium, tetracyanoborate
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FIGURE 3.16: Experimental tie lines for the system: [TDTHP|[Phosph] (1) - 1-Butanol
(2) - Water (3) at 7=298.15 K and p=1 atm.

([Im10.1]|TCB]), 4-decyl-4-methylmorpholinium tetracyanoborate ([Mol0.1||TCB]),
1-decyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)  ([Im10.1][Tf2N]),  and
4-decyl-4-methylmorpholinium  bis-(trifluoromethylsulfonyl)imide  ([Mo10.1|[Tf2N]).
Further it was also observed that the distribution coefficients for |[TDTHP]|[Phosph]|
and [TDTHP||DEC]| are twelve and seven times respectively higher as compared to the
same IL’s [49]. Thus we can conclude that [TDTHP|[Phosph| and [TDTHP]|[DEC]| more
favorably extract butanol from aqueous streams. The distribution coefficient for the

present three systems are compared with literature data [49] in Fig. 3.19.

It should be noted that the ternary diagram is wider than that obtained in case of
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide by Chapeaux et al. [23].

It is an indication of better separation with wide range of feed concentration. In addition,
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FIGURE 3.17: Experimental tie lines for the system: [TDTHP|[DCA] (1) - 1-Butanol
(2) - Water (3) at T=298.15 K and p=1 atm.

the solvent requirement or the solvent-feed ratio will be less as compared to imidazolium

based ILs for a particular degree of separation.

Selectivity is the ability to separate 1-butanol from water. Higher values of selectivity
indicate better selective separation of 1-butanol. For ternary system containing
[TDTHP|[Phosph]|, the mole fraction of butanol in raffinate phase is very low resulting
in higher selectivity (Table 3.6). For the other two systems, the molefraction of water
in extract phase is nearly zero, hence selectivity approaches infinity as per Eq. 3.2. Also
Tables 3.7-3.8 and Figs. 3.17-3.18 represent negligible concentration of IL. and water in
either phase. It implies [TDTHP|[DCA] and [TDTHP|[DEC]| are completely immiscible
with water in ternary system. This confirms the findings of Cascon and Choudhary

[111] for the IL: [TDTHP||DCA| where SILM-based pervaporation of 1-butanol indicated
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FIGURE 3.18: Experimental tie lines for the system: [TDTHP|[DEC] (1) - 1-Butanol
(2) - Water (3) at 7=298.15 K and p—1 atm.

high affinity for the alcohol. This is due to the strong hydrogen bonding between the
dicyanamide anion and 1-butanol. Hydrogen bond energy [112] between dicyanamide
ion with butanol (60.8 kJ/mole) is more as compared to that with water (53.9 kJ/mole).
This is contrary to the measurements by Freire et al. [17] where [TDTHP|[DCA] and
[TDTHP||DEC| were found to be more miscible with water. However hydrogen bond
between the anions and butanol alters the miscibility of the ILs with butanol and water.
It can be seen from Figs. 3.16-3.18 that the amount of water content in [TDTHP|[Phosph]|
is more as compared to [TDTHP|[DCA] and [TDTHP|[DEC]. This is attributed to
the more electronegative atoms (1 Phosphorous and 2 Oxygen atoms) in [Phosph]
anion thereby forming a strong bond with water [112|. In the subsequent section, the

experimental LLE data were modelled with NRTL, UNIQUAC and the quantum chemical
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F1GURrE 3.19: Comparison of Distribution Coefficient with imidazolium based cations
at ambient conditions

based COSMO-SAC model.

3.5 LLE Modeling

3.5.1 Gibb’s Free energy Models

Gibb’s free energy models namely Non-Random Two-Liquid (NRTL) [113]| and UNIversal
QUAsiChemical (UNIQUAC) [114] were used to correlate experimental tie line data.
Both models equations are described in Table 3.9. Polarizable Continuum Model (PCM)
[115] with GEPOL algorithm was used to predict volume parameter (r) and surface

area parameter (¢q) of ILs in UNIQUAC model. For the estimation of r and ¢ of the

TH-1387_126107008



Chapter3: Ionic Liquids as an Eztraction Media in Ternary Systems 75

phosphonium based ILs, Egs. 3.4 and 3.5 [115]| has been used as:

(VPEMin3) (1 x 10™8¢m) Ny,
Tpred = V.
ws

(APCMin2)(1 x 10~8cm)2 Ny,
Qpred = Aws

Here Ny, is the Avagrado’s number. The standard segment volume V;,5(15.17 em?3 /mol)
and area A,4(2.5 x 10%cm?/mol) are discussed in our previous work [115]. The output
file of PCM contains the overall surface (A”“Y) and the overall volume (VFEM) of the
phosphonium ILs under consideration. The parameters values are reported in Table 3.10.
For both NRTL and UNIQUAC models (Table 3.9), modelling procedure is described in

the following algorithm as per our earlier work [116].
Algorithm for NRTL/UNIQUAC model
Step 1: Start

Step 2: Compute feed concentration of component 4 (z) from experimental

concentration of component ¢ in both phases.

PO (3.6)

Here x! and 2! are the mole fraction of component i in phases I (Extract) and II

(Raffinate), respectively.

Step 3: Predict activity coefficient of component i (v;) in both phases by

NRTL/UNIQUAC model (Equations in Table 3.9) with the help of the objective function
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in GA(Eq. 3.14).

va =] (3.7)

where ﬁ;ZI and aEZI I are the mole fraction of component i in phases I and II predicted by

NRTL/UNIQUAC, respectively.

Step 4: Compute distribution coefficient of component i (K;) from activity coefficient

of component i.

1 17
Kj=—t=1 (3.8)
el A

subject to,
Fz; = Elzl + RUgH (3.10)
and
v =F/F (3.11)

where F, B, R are flow rate of feed, extract and raffinate phase respectively. If step
5 is converged then go to step 6, otherwise go to step 3 and invoke GA toolbox for
new set of binary interaction parameters (7;;/7j; or A;;/Aj; as reported in Table 3.11).

Thereafter repeat steps 4 and 5.
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Step 6: Calculate the mole fractions in both phases

Step 7: End

(3.12)

(3.13)

TABLE 3.9: NRTL and UNIQUAC models

Model Equations
zc: 751 Gji%; c G 3 TijGiji
NRTL[113] Iny, = 50— + Y | UH Tij — e ,
> Grimk j=1| X Grjzk > Grjwk
k=1 k=1 k=1
Gji = exp(—a;iT;i)
UNIQUAC[114] Iny; = 1n(%') + %qiln(e—i) +Lo- Byl +

3
- 0, Tij
-y L
j:l ekaj
1

gi | 1—1In chl O - B AT“,
j=
0; = L, qr = zk:;kzxk, ®, = SE, rp = Zk:Tkxka
=% —aq)+1—rmk
TABLE 3.10: UNIQUAC Volume and Surface area structural parameters for
components
Sr. No. Compound Volume parameter (r) | Surface area parameter (q)
1 [TDTHP][Phosph] " 9.83 6.26
2 [TDTHP][DCA]" 8.37 5.81
3 [TDTHP|[DEC]" 8.77 5.96
4 1-propanol 2.25 3.13
5 1-butanol 3.92 3.67
6 Water 0.92 1.4

* calculated from Banerjee et al. [115]
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These predicted concentration are incorporated with GA [116] to minimize objective
function (Eq. 3.14). The difference between experimental mole fractions and those
predicted by either NRTL or UNIQUAC is the objective function (Obj) which is
non-linear in nature. Here the objective function Obj is minimized. However GA always

deals with the maximization, therefore Obj on right side of Eq. 3.14 is preceded by a

minus sign.
m Il ¢ 9
Maximize : Obj = — E w! (xl- - ) 3.14
J withrespecttoA;; ' ik \ Vik ik ( )
wherei,j=1,2,3 k=1 1=I i=1
andj#i

Here m and ¢, refer to the number of tie lines and the number of components (viz. 3 for
the present systems) respectively. xﬁk and i’ﬁk are the experimental and predicted mole
fraction for component i in the k™ tie line of phase I, respectively. w represents weight

factor.

The maximization would occur with respect to six binary interaction parameters (7;;
and A;; for NRTL and UNIQUAC model respectively). The number of generation and
the number of population (possible random solutions) in GA were specified at 200 and
100 as per our earlier work by a Singh et al. [116]. Each solution represents a set of six
parameters i.e Ayo/T12, A13/T13, A21/T21, A2s/Ta3, A31/731 and Asge/T32. GA operators
(crossover and mutation) usually alter the random solution after each iteration till the
termination criteria is satisfied. The optimization results corresponding to the lowest

Obj are reported in Table 3.11. The Root Mean Square Deviation (RMSD) represents
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deviation from experimental tie line data as shown in Eq. 3.15:
m ¢ Il (a:l —jjl )2 1/2
RMSD(in%) = tk__"ik x 100 (3.15)
, 2me
k=1 i=1 I=I

For all ternary systems, RMSD values are less than unity (Table 3.11). This implies that

tie lines predicted by both models overlap experimental tie lines (Figs. 3.20-3.27).

TABLE 3.11: NRTL and UNIQUAC interaction parameters for ternary systems at
T=298.15 K and p=1 atm.

NRTL Model Parameters UNIQUAC Model Parameters
o T 0b;* %RMSD ™™ | A;/K | Aji/K Obs " %RMSD ™"
[TDTHP|[Phosph] (1)- 1-Propanol (2)- Water (3)
1-2 | -0.11 | -0.61 -314.85 | -384.76
1-3 | 16.72 | 8.73 | -1.10 x10~* 0.15 578.04 | -171.19 | -4.50 x10~* 0.31
2-3 | 16.19 | 2.95 675.00 | -40.32
[TDTHP|[Phosph] (1)- 1-Butanol (2)- Water (3)
1-2 | 15.89 | -9.04 -75.89 | -55.06
1-3 | 14.49 | 847 | -3.8x10°~* 0.28 569.69 | -166.37 | -1.48 x103 0.56
2-3 | 16.91 | 3.22 395.36 | -27.33
[TDTHP|[DCA] (1)- 1-Butanol (2)- Water (3)
1-2 | -1.93 | 10.45 -0.21 | -155.56
1-3 | 15.71 | 10.47 | -7.24 x107° 0.12 1000 -51.98 | -1.12 x107? 0.48
2-3 | 20 4.56 1000 | -15.75
[TDTHP|[DEC] (1)- 1-Butanol (2)- Water (3)
1-2 | -4.77 | 17.99 -232.11 | 382
1-3 | 17.24 | 545 | -8.75x107° 0.14 1000 | -87.58 | -1.46x107° 0.55
2-3 | 20 3.28 1000 | -58.53

" Calculated by Eq. 3.14

** Calculated by Eq. 3.15
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F1GURE 3.20: Experimental and NRTL correlated tie lines for the system:
[TDTHP]|[Phosph] (1) - 1-Propanol (2) - Water (3) at 7=298.15 K and

p=1 atm.
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FIGURE 3.21: Experimental and NRTL correlated tie lines for the system:
[TDTHP|[Phosph] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and

p=1 atm.
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FIGURE 3.22: Experimental and NRTL correlated tie lines for the system:
[TDTHP|[DCA] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and
p=1 atm.
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FIGURE 3.23: Experimental and NRTL correlated tie lines for the system:
[TDTHP|[DEC]| (1) - 1-Butanol (2) - Water (3) at T=298.15 K and
p=1 atm.
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F1GURE 3.24: Experimental and UNIQUAC correlated tie lines for the system:
[TDTHP]|[Phosph] (1) - 1-Propanol (2) - Water (3) at 7=298.15 K and

p=1 atm.
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FIGURE 3.25: Experimental and UNIQUAC correlated tie lines for the system:
[TDTHP]|[Phosph] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and

p=1 atm.
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F1GURE 3.26: Experimental and UNIQUAC correlated tie lines for the system:
[TDTHP|[DCA] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and
p=1 atm.
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FIGURE 3.27: Experimental and UNIQUAC correlated tie lines for the system:
[TDTHP|[DEC]| (1) - 1-Butanol (2) - Water (3) at T=298.15 K and
p=1 atm.
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3.5.2 COSMO-SAC Model (COnductor like Screening MOdel-

Segment Activity Coefficient)

In the original COSMO-SAC [117] model, the activity coefficient ;5 of solute 7 in the

solution s is derived from

A >f<7"€8 -, A >4|<’I“'65
_ T=/s =i/ e

Where AG*™“ is the restoring solvation free energy, superscript SG denotes

Staverman-Guggenheim [94, 117| combinatorial term which is,

<o bz 0, &;

In~70 = In x_: T 5% In gi +1li— x_: zj:wjlj (3.17)

where §; = f ;Ziqj, oi = Zx ;:;J and l; = 5 (r; — ¢;)— (r; — 1). Here, 2; is the mole fraction
7 7

of component 4, r; and ¢; are the normalized volume and surface parameters for 7; z is
the coordination number, usually taken to be 10. The summation is over the species of
the mixture. The restoring solvation free energy accounts for nonideality due to the
difference in molecular interactions, which are calculated from the interaction between the
surface screening charges when the molecules are in close contact. The screening charges
are obtained from the first principle solvation calculation of the molecule in a perfect
conductor known as COSMO calculation. In the COSMO calculation, the surface of the
molecule is dissected in small segments and screening charges are determined for each
segment such that the net potential everywhere at the surface is zero (perfect screening).
These charges are averaged so as to obtain apparent screening charges to be used in

COSMO-SAC model. Initially the quantum chemistry package Gaussian [118] was used
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F1GURE 3.28: Experimental and COSMO-SAC predicted tie lines for the system:
[TDTHP|[DCA] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and
p=1 atm.

for geometry optimization of all species. The geometries were optimized at B3LYP level
of theory [119] and 6-31G™ basis set. Using the optimized geometry, COSMO calculation
was done at P BVP86 level of density functional theory [120]. The triple zeta valence
potential (TZVP) [121] basis set in combination with the density fitting basis set DGA1
[122] was used for the COSMO calculation. The resulting geometries, energies and surface
screening charges densities of the individual molecules are then stored in a COSMO file.
In the case of IL, the COSMO file was generated separately for the cation and anion.
Based on the COSMO file, the sigma profiles for the molecules have been calculated as

explained in the original reference [123]. The averaging algorithm is given by

r2+r€ff

i eff d%m
exp
; Atrlss < Y >

TATers daun
Z Ony zy EfeXp 2

(3.18)
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F1GURE 3.29: Experimental and COSMO-SAC predicted tie lines for the system:
[TDTHP|[DEC] (1) - 1-Butanol (2) - Water (3) at 7=298.15 K and
p=1 atm.

where repr = y/aess/m, is the radius of the standard surface segment, r,, = \/a,/m,

is the radius of the segment n and d,,, is the distance between segment m and n. o*
and ¢* are charge density after and before charge averaging process; o, = qy/a, is
charge density of segments. The three dimensional screening charge density distribution
is quantified using histogram known as o-profile p(o) , which is the probability of finding
a surface segment with screening charge density o i.e. p(o) = A;(0)/A; where A;(0)
is the surface area with a charge density of value o and a; is the total surface area of
species i. For a mixture, the o-profile is determined from the area weighted average of
contributions from all its components, i.e.

>_iAipi (0)

i

S (3.19)

ps (o) =
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The exchange energy contains contributions from electrostatic interactions, which is
referred as misfit energy E,,r, and is calculated by electrostatic interactions between a
pair of segments and hydrogen bonding energy Ejp, which occurs when an electropositive
atom (hydrogen) forms additional bonds with an electronegative atom like oxygen,

nitrogen or fluorine. The expressions of these two terms are given by Egs. 3.20- 3.21.

Emf = (o//2) (0m + 0,)° (3.20)
Eny, = cppmin [0, max (0, 0gee — opp) min (0, 0gon + onp)) (3.21)
AW (O'm, O'n) = Emf + Enp (3.22)

where o is a constant for the misfit energy that is calculated from the surface area of a

standard segment (a.fp=6.32 A2%) [124].

3/2

0.64 x 0.3 x a
= 2k (3.23)

€0

(0%

Here g9 = 2.395 x 10~* (e2mol)/(kealA) and cp,—75006 (kcalA*)/(mole?) [124] is a
constant for the hydrogen bonding interaction. ¢;,,—=0.0084 e/A2 [124] is cutoff value for
hydrogen bonding interactions; o4 and og4,, are the larger and smaller values of o,
and o,; max and min indicate that the larger and smaller values of their arguments are

used, respectively. The segment activity coefficient I'(0) is defined as;

InT (¢) = ~In {Zps (0T (o) exp | - S ) } (3.24)
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This equation is solved iteratively. Finally, we obtain the restoring free energy of molecule

in solvent or mixture as

e

RT

=n; Zpi (om) InT (04m) (3.25)

Om

The activity coefficient is then calculated by :

In~v;/g = n; Zpi (o) InTs (01) — InT; (o)] + lnfyiS/g (3.26)

Om

This equation is referred as the COSMO-SAC model. Once the activity coefficient is
known, then the prediction of tie lines or mole fractions in either phase involving LLE can
be predicted using the Eqgs. 3.6-3.13 . The COSMO-SAC predicted tie line compositions
gave RMSD deviation of 18.67% for the system containing [TDTHP|[DCA| (Fig. 3.28).

Similarly RMSD for the system containing [TDTHP|[DEC| was 16.21% (Fig. 3.29).
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4.1 Introduction

As discussed earlier, acetone is highly volatile, it can be removed by simple distillation
followed by alcohol extraction. Therefore in the present chapter, we have attempted to
extract ethanol and butanol from water using [TDTHP|[Phosph| and [TDTHP|[DCA].
ILs have been found to be a better solvent for extraction of both alcohols [53, 125-127].
We have generated Quaternary LLE equilibrium data for two quaternary systems namely,
[TDTHP|[Phosph](1)- Ethanol(2)- 1-butanol(3)- Water(4) and |[TDTHP|[DCA](1)-
Ethanol(2)- 1-butanol(3)- Water(4). The experimental data were then correlated with

NRTL, UNIQUAC and COSMO-SAC models.

4.2 Experimental Procedure

4.2.1 Chemicals and Materials

Ethanol (Sigma Aldrich, Germany) was supplied at 99% purity. Ethanol purity was
verified by measuring its density at atmospheric pressure with Anton Par DMA-4500
digital vibrating U-tube densitometer. The obtained densities was within £1% of the
reported values. The purity and purification methods for other chemicals are described

in Table 3.1.

4.2.2 Process Analysis

The sample preparation and experimental procedure are described in Chapter 3.

Considering the ABE product concentration, three feed points were also prepared with
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same ethanol to butanol molar ratio (0.268) but different water to IL molar ratio (9",
10" and 11*" tie line of Table 4.1). For both quaternary systems, the methylene group
(-CHa) attached to hydroxyl group (-OH) in both alcohols show separate peaks at ~3.65
ppm (Figs. 4.1-4.4) in both phases hence these peaks were used to characterize both
alcohols. The peaks were distinguished as a triplet peak for butanol and quartet peak

for ethanol as per n+1 rule conjunction with Pascal’s triangle [128] (Fig. 4.5).

The characterization of water and ILs have already been described in Chapter 3. For
the measurement of single hydrogen representing IL, the total area represented by IL (by
subtracting total area of all components - total area represented by all hydrogens of other
three components except IL) was divided by total number of hydrogen in respective IL
as shown in Figs. 4.1-4.4. The concentration of each compound in individual phase was
calculated by using the single hydrogen peak area of each component i (H;) as given in

Eq. 4.1.

(4.1)

where x; is the mole fraction of individual component.

4.2.3 Results and Discussions

Liquid Liquid Equilibrium (LLE) data were measured at 298.15 K and 1 atm for both
quaternary systems namely [TDTHP]|[Phosph| (1)- ethanol (2)- 1-butanol (3) - water
(4) (Fig. 4.6) and [TDTHP||DCA] (1)- ethanol (2)- 1-butanol (3) - water (4) (Fig. 4.7).
From both figures, It can be seen that few tie lines are pointing towards ethanol apex

representing more extraction of ethanol as compared to butanol. The extraction efficiency
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2 = [TDTHP][Phosph]+Butanol+Ethanol
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FIGURE 4.1: Extract phase '"H NMR spectra for the system: [TDTHP]|[Phosph]| (1)
Ethanol (2) - 1-Butanol (3) - Water (4) at 7=298.15 K and p=1 atm.

|
1 |
| |
| i
|
CH;-CH,-OH “
: l\'
i
9 8 7 6 5 - 3 2 1 ppm

FULSE SEQUENCE

OBZERVE H1, 399.8509602
Relax. delay 1.000 sec

DATA PROCESSING

E-DON-2
Pulse 45.0 degrees ik Kol :
. Total time 1 minutes
Acq. time 2.561 sec %
Slvent: ede1?
SLih £305.0 e Temp. 25.0 C / 298.1 K
}2 repetitions

Operator: chem
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FIGURE 4.2: Extract phase 'H NMR spectra for the system: [TDTHP][DCA] (1) -
Ethanol (2) - 1-Butanol (3) - Water (4) at T7=298.15 K and p=1 atm.
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R4

Sample Name:
R4

Data Collected on:
1ITG-NMR-mercuryd00

Archive directory:
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Pulse Sequence: PROTON (s2pul)

Solvent: dmso
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Temp. 25.0 C / 298.1 K

Operator: chem :

Relax. delay 1.000 sec | [TDTHP][Phosph]+Butanol+Ethanol
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Width 6398.0 Hz
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FIGURE 4.3: Raffinate phase 'H NMR spectra for the system: [TDTHP]||Phosph] (1)
- Ethanol (2) - 1-Butanol (3) - Water (4) at 7=298.15 K and p=1 atm.
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H0 ‘| CHs-CH,-OH [TDTHP][DCA]+Butanol+Ethanol

\ / C;H,-CH,-OH

Mq.

8 7 6 5 4 3 2 1 ppm
PULSE SEQUENCE OBSERVE H1, 399.8528501 DATA PROCESSING QR-DCN-2
Relax, delay 1.000 sec FT size 32768
Pulse 45.0 degrees Total time 1 minutes Solvent: dmsc
Acq. time 2.561 sec Temp. 25.0 C / 298.1 K
Width 6398.0 Hz Operator: chem
32 repetitions

Mercury-400 *IITG-NMR™

FIGURE 4.4: Raffinate phase '"H NMR spectra for the system: [TDTHP|[DCA] (1) -
Ethanol (2) - 1-Butanol (3) - Water (4) at T7=298.15 K and p=1 atm.
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FIGURE 4.5: Alcohol peaks on 'H NMR spectra expansion at 7—=298.15 K and p—1
atm.

for both alcohols were measured for different feed mole ratio of alcohols. The separation
efficiency is represented by Distribution coefficient (8) and selectivity (S;) for both

alcohols (Egs. 3.2-3.3 in Chapter 3).

For a specific degree of separation, the amount of solvent required is less in case of larger
distribution coefficient. The butanol distribution coefficient (8p) varied in the range
of 3.55-122.5 and 5.37-43.84 for [TDTHP|[Phosph| and [TDTHP|[DCA] respectively.
The ethanol distribution coefficient (8g) varied within 3.31-20.36 and 3.09-12.86 for
[TDTHP|[Phosph] and [TDTHP|[DCA] respectively (Table 4.1). Selectivity signifies the
solvent ability for solute extraction. Higher selectivity indicates more solute diffusion
from raffinate to extract phase resulting in better separation. For |[TDTHP||Phosph|
containing system, the butanol selectivity varied within 41.27-3708.99 which is higher

than ethanol selectivity i.e 38.50-2583.93.
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TABLE 4.1: Experimental tie lines and feed ratio of IL (1)- Ethanol (2)- 1-butanol (3)- Water (4) at 7=298.15 K and p=1 atm.

Extract Phase composition Raffinate Phase composition Feed Mole Ratio
Sr. No. BB BE SB Se

xrL xB TE Tw I B TE Tw E/B W/IL

[TDTHP|[Phosph] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)
1 0.109 0.469 0.359 0.063 0 0.012 0.065 0.923 39.08 5.52 572.60 80.92 1.569 36.324
2 0.042 0.497 0.423 0.038 0 0.022 0.056 0.922 22.59 7.55 548.13 183.27 0.785 36.324
3 0.221 0.245 0.398 0.137 0 0.002 0.039 0.958 122,50 | 10.21 856.61 71.36 2.615 19.373
4 0.051 0.649 0.273 0.027 0 0.016 0.042 0.943 40.56 6.50 1416.68 227.02 0.549 26.907
5 0.110 0.259 0.566 0.065 0 0.073 0.171 0.756 3.55 3.31 41.27 38.50 4.969 55.883
6 0.006 0.424 0.538 0.033 0 0.024 0.144 0.832 17.67 3.74 445.41 94.20 3.138 36.324
7 0.042 0.361 0.550 0.047 0 0.041 0.101 0.858 8.80 5.45 160.74 99.41 1.569 48.432
8 0.023 0.244 0.696 0.037 0 0.034 0.191 0.775 7.18 3.64 150.32 76.33 3.661 72.648
9 0.015 0.456 0.509 0.02 0 0.016 0.025 0.959 28.50 20.36 1366.58 976.26 0.268 36.324
10 0.004 0.516 0.473 0.007 0 0.019 0.025 0.956 27.16 18.92 3708.99 2583.93 0.268 72.648
11 0.009 0.672 0.296 0.023 0 0.014 0.021 0.965 48.00 14.10 2013.91 591.39 0.268 60.540
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)

1 0.157 0.464 0.379 0 0 0.027 0.075 0.898 17.19 5.05 - - 1.569 25.458
2 0.107 0.614 0.28 0 0 0.025 0.061 0.914 24.56 4.59 - - 0.785 25.458
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3 0.367 0.267 0.366 0 0.007 0.057 0.935 38.14 6.42 2.615 13.578
4 0.096 0.653 0.251 0 0.023 0.05 0.927 28.39 5.02 0.549 18.858
5 0.068 0.773 0.159 0.008 0.144 0.046 0.802 5.37 3.46 0.330 23.761
6 0.142 0.289 0.568 0.001 0.044 0.159 0.797 6.57 3.57 3.138 25.458
7 0.103 0.458 0.439 0 0.051 0.126 0.824 8.98 3.48 1.569 33.944
8 0.151 0.276 0.572 0 0.029 0.185 0.786 9.52 3.09 4.969 39.167
9 0.042 0.833 0.125 0 0.019 0.021 0.96 43.84 5.95 0.268 36.369
10 0.053 0.793 0.154 0 0.02 0.034 0.946 39.65 4.53 0.268 72.738
11 0.018 0.712 0.27 0 0.018 0.021 0.961 39.56 12.86 0.268 60.615

where xw, xB, rr and x represent mole fraction of water, 1-butanol, ethanol and IL respectively.

E/B and W/IL stand for feed molar ratio of ethanol to 1-butanol and water to IL respectively.

Uncertainty, « (mole fraction) =410"?

TH-1387_126107008

L6 UoyN)og snoanby utoLf jouning puv JoUDYIH [0 U0PIDLITI SN0dUDYNUWAG :T4a3dDY)



Chaptery: Simultaneous Extraction of Ethanol and Butanol from Aqueous Solution 98

1-butanol

Ethanol

FIGURE 4.6: Experimental tie lines for the system: [TDTHP]|[Phosph| (1) - Ethanol
(2) - 1-Butanol (3) - Water (4) at 7=298.15 K and p=1 atm.
In the case of system containing [TDTHP|[DCA|, the water in extract phase was
negligible i.e., within uncertainty values thereby resulting in infinite selectivity. Hence
the results are not included in Table 4.1. For system containing [TDTHP|[Phosph],
the largest Sp (122.50) was found for 2.615 ethanol/butanol molar ratio and 19.373
water/[TDTHP|[Phosph| molar ratio. The highest value of Sp was obtained at
0.268 ethanol/butanol molar ratio and 36.324 water/[TDTHP]|[Phosph| molar ratio.
Water/[TDTHP|[Phosph| molar ratio of 72.648 gave a higher Sp (3708.99) and Sg
(2583.93) for ethanol to butanol molar ratio of 0.268. There was not much improvement
in Bp (39.56-43.84) with varying water to [TDTHP|[DCA| molar ratio when the
ethanol/butanol molar ratio was kept constant at 0.268. On similar lines, Sg gave the

largest value (12.86) for ethanol /butanol molar ratio of 0.268 and water/[TDTHP|[DCA]
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1-butanol

Ethanol

FIGURE 4.7: Experimental tie lines for the system: [TDTHP|[DCA] (1) - Ethanol (2)
- 1-butanol (3) - Water (4) at 7=298.15 K and p=1 atm.

molar ratio of 60.615. It can be observed that fp is always higher than gg for both
systems(Table. 4.1). It indicates both ILs are more selective for butanol separation
than ethanol. This is primarily due to the lesser polarity index of butanol (4) than
ethanol (5.2) hence dissolving easily in non polar ILs. S was found to be twelve times
higher than fg for lowest mole ratio (19.4) of water/[TDTHP|[Phosph|. For lowest
mole ratio (13.6) of water/[TDTHP|[DCA|, fp was six times higher than Sg. In both
cases, ethanol to butanol feed mole ratio was maintained at 2.6. For constant value of
water /[TDTHP]|[Phosph| molar ratio of 36.32, S was found to increase with decreasing
ethanol to butanol feed ratio. However Sp did not follow any specific trend. It was
noted that Sp was seven times higher than Sg for ethanol to butanol feed molar ratio

of 1.57. Similarly for water to [TDTHP|[DCA| molar ratio of 25.46, Sp increased with
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TABLE 4.2: NRTL and UNIQUAC interaction parameters for quaternary systems at
T7=298.15 K and p=1 atm.

NRTL Model Parameters UNIQUAC Model Parameters

i

Tij Tji Ob] %RMSD** AU/K AJ»L/K Ob]

*

%RMSD "

[TDTHP][Phosph] (1)- Ethanol (2)- 1-Butanol (3)- Water (4)

1-2 | 19.85 | 17.20 812.47 | -621.74
1-3 | 19.98 | 1.76 769.88 | -603.32
1-4 | 8.41 6.83 1493.6 | -610.46
-1.42 x1073 0.47 -4.12 x1073 0.80
23| 6.97 2.07 -83.66 | 960.18
2-4 | 14.15 | 5.07 894.60 | -17.90
3-4 | 11.11 | 3.47 754.54 77.52

[TDTHP|[DCA] (1)- Ethanol (2)- 1-Butanol (3)- Water (4)

1-2 | 27.02 | -27.60 -276.38 | 252.26
1-3 | 4.14 | -12.17 -613.00 | 409.74
1-4 | 9.97 | -17.40 1495.30 | -6.67
-3.5 x107* 0.23 -3.68 x1073 0.76
23| 1.21 3.22 -570.56 | 732.36
2-4 | 11.33 | 3.49 1249.40 | -86.93
3-4 | 10.36 | 3.76 1114.40 | -448.59

* Calculated by Eq. 3.14

** Calculated by Eq. 3.15

decreasing ethanol to butanol feed molar ratio. Sp was 5.4 times higher than Sg at
ethanol to butanol molar ratio of 0.78. These values are much higher than obtained by
Kubiczek and Kaminski [51] for 1-hexyl-3-methylimidazolium hexafluorophosphate and

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ILs.

For NRTL, UNIQUAC and COSMO-SAC models, modelling procedure is described in

Chapter 3. For ethanol, UNIQUAC parameters, volume parameter (r) and surface
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area parameter (q) were taken as 2.11 and 1.97 respectively. Here the maximization
would occur with respect to 12 binary interaction parameters (7;; and A;; for NRTL and
UNIQUAC model respectively). The number of generation and the number of population
(possible random solutions) in GA were specified at 200 and 100 [116]. Each solution
represents the set of twelve parameters (Aja/T12, A13/713, A14/T14, A21/7T21, A23/T23,

A4/ Toa, As1/T31, A3/ T30, Aza/T3a, Aar/Tar, Aaz/Tas, Auz/Ts3).

—O6— Experimental tie lines
Water —©&— NRTL tie lines

1-butanol

Ethanol

FIGURE 4.9: Experimental and NRTL predicted tie lines for the system:
[TDTHP|[Phosph| (1) - Ethanol (2) - 1-Butanol (3) - Water (4) at
T7=298.15 K and p=1 atm.

GA operators (crossover and mutation) alter the random solution after each iteration
till the termination criteria is satisfied. The optimization results corresponding to the
lowest Obj are reported in Table 4.2. For both quaternary systems, the tie lines predicted
by NTRL and UNIQUAC are plotted with experimental tie lines in Figs. 4.9- 4.12.
For system containing [TDTHP|[Phosph], NRTL and UNIQUAC models gave RMSD

values of 0.47% and 0.80% respectively. Similarly, NRTL and UNIQUAC models were
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—O©— Experimental tie lines
Water —©— NRTL tie lines

Ethanol

FIGURE 4.10: Experimental and NRTL predicted tie lines for the system:
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) at
T7=298.15 K and p=1 atm.

correlated for [TDTHP|[DCA]| containing system with RMSD values at 0.23% and 0.76%
respectively (Table 4.2). The COSMO-SAC deviation found for system containing
[TDTHP|[DCA| was 10.45% (Fig. 4.13). From the comparative study in Fig. 4.13, it can
be seen that the deviation is mainly due to the extract phase composition. The raffinate
phase compositions agrees reasonably well with COSMO-SAC model. It should be noted
that we have not altered the COSMO-SAC parameters i.e effective area of a segment,
misfit constant, cut off for hydrogen bonding and the hydrogen bonding constants for

predicting the quaternary systems [94, 123, 129].
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—©O— Experimental tie lines
Water —6— UNIQUAC tie lines

1-butanol

Ethanol

FI1GURE 4.11: Experimental and UNIQUAC predicted tie lines for the system:
[TDTHP]|[Phosph] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) at
T=298.15 K and p=1 atm.

—6&— Experimental tie lines
—©o— UNIQUAC tie lines

Ethanol

FIGURE 4.12: Experimental and UNIQUAC predicted tie lines for the system:
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) at
T7=298.15 K and p=1 atm.
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——©6— Experimental tie lines
—=o— COSMO-SAC predicted tie lines

1-butanol

Ethanol

FI1GURE 4.13: Experimental and COSMO-RS predicted tie lines for the system:
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) at
T7=298.15 K and p=1 atm.
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5.1 Introduction

Low volatile Phosphonium ILs have proved to be better solvents as compared to volatile
organic solvents from our LLE experiments in Chapters 3 and 4. However the experiments
were carried out in laboratory scale. The separation has not been implemented on an
industrial scale till date. For transforming laboratory data into industrial application,
process optimization study is necessary. In past, many popular stochastic algorithms
such as Genetic Algorithm (GA) [130], Simulated Annealing (SA) [131], Particle Swarm
Optimization (PSO) [132, 133|, Ant Colony Optimization (ACO) [134, 135|, Differential
Evolution (DE) [136, 137] and Self-Organising Migrating Algorithm (SOMA) [138| have

been investigated for optimization in science and engineering.

PSO is an evolutionary algorithm based on social behavior of birds in swarm. Initial
position and velocity of each particle are initiated randomly. During simulation, each
particle in swarm (population) updates its position and velocity based on its experience
as well as neighbors’ experience within the search space. PSO is robust as it evaluates
fewer function values during simulation as compared to GA [139, 140|. Ethni et al. [141]
have shown that PSO shows more success rate to reach the target optimum value as
compared to SA. PSO is also more preferable than ACO due to high success rate and
solution quality [142]. Keeping the shortcoming of other methodology in mind, we have
chosen PSO technique for optimizing the flow rate and number of stages in a multistage

extractor.

A multistage extractor containing more than two components requires detailed design

like temperature, pressure, flow rate and composition on each stage. These are achieved
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by solving material balance equations (M), phase equilibrium relation (£), mole fraction
summation for each stage (5) and energy balance equations (H ) better known as MESH
Equations. In this work, the traditional Isothermal Sum Rate (ISR) method [143] has
been considered for the stagewise calculation. We have tried to obtain the optimum
number of stages and solvent flow rate by minimizing the multistage extractor cost for
extraction of butanol and ethanol from aqueous solution using ILs; [TDTHP|[DCA] and

[TDTHP|[Phosph]|.

5.2 Computational details

5.2.1 Isothermal Sum Rate (ISR) algorithm

A hypothetical column (Fig. 5.1) is considered in the model to formulate the optimization
problem. The solvent enters at the bottom and feed enters at the top of the tray. The
raffinate and extract compositions leaving each tray are assumed to be in equilibrium.
Figure 5.2 shows the algorithm for Tsuboka-Katayama ISR method [143, 144|. The
extractor model is considered isothermal as stream temperature is uniform and heat of
mixing is negligible.  The number of stages (N ) and solvent (IL) flow rate (Sol) are
input variables for ISR algorithm that are decided by PSO algorithm described in the
next section. The feed (water and solutes) flow rate was taken as 100 kmol /hr. The feed
compositions are 0.99767 mole fraction water, 0.002 mole fraction butanol and 0.00033
mole fraction ethanol which are identical with output composition of ABE fermentation
process. Initially the feed, extract and raffinate flow rates; and compositions on each

tray were derived based on linear interpolation with assumption of complete separation.
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Extract, E1

=t
Feed TEE R1l 1% tray

I.l.l

T Ej RHl
" tray

T Ei+ Rji

T En F{N-“Il
IL- N tray

Raffinate, Ru

FIGURE 5.1: Hypothetical multistage Liquid-Liquid Extractor

The solvent was also assumed to be completely immiscible with water. The activity
coefficients for each component (i) in both phases over every stage were then obtained
from NRTL model. Binary Interaction Parameters (BIP) were derived from NRTL model
and were directly regressed from our previous experimental work. BIP parameters for
both quaternary systems are shown in Table 4.2 (Chapter 4). The distribution coefficients

were then obtained by Eq. 5.1.
_ i

Kij="F%
Vi

(5.1)

Here superscripts £ and R indicate the extract (Solvent rich) and raffinate (Water rich)

phases, respectively. ~; ; is the activity coefficient of component ¢ in respective phase
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Initialize the number of stages

I

Initialize feed flow rate on each tray and solvent flow rate

/

Assume raffinate and extract phase compositions by perfect separation

Y

Assume raffinate phase flow rates by linear interpolation and perfect separation

:

Calculate activity coefficients in both phases by using our previous NRTL parameters (Eqs. 5.2-5.3)

'

Calculate distribution coefficient using activity coefficients in both phases (Eq. 5.1)

| sartmr

One component at a time k=k+1
-

> Calculate x;; by tridiagonal matrix (Eq. 5.9) <

[=l+1

Calculate Vi,jE and K;;

*

Compute y;;, normalize y;;

s 1< 0.00INC? pomlzess

Set new E; and R; for

Calculate 7;* and K;;

B A

tridiagonal matrix

A

‘ Calculate E; from sum rate relation for tray 1 through tray j (Eq. 5.12) ‘
Y

¥
No // ‘\‘\
~ Isu<0.00IN?
\LYCS/

‘ Print the converged solution ‘

¥

‘ Calculate R; from overall material balance for tray 1 through tray j (Eq. 5.13) ‘ )

‘ Calculate y;; from x;; and Kj; (Eq. 5.5) ‘ *)
One

> equation

atatime

F1GURE 5.2: Tsuboka-Katayama ISR algorithm for liquid-liquid extraction
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over j* tray. Here 7i,;'s are obtained from the BIP values i.e.

and
Hpar
Yij f(Tm,yz',j,T) (5.3)

where T'=298.15 K. @; ; and y; ; represent the compositions of component ¢ in raffinate
and extract phases, respectively from stage j. 7;, is BIP for pair of components ¢ and a.

The overall material balance for component i over j** tray is then given by

Rj12ij-1 + Ej1yij + Fizij — Bjwig — Ejyi; =0 (5.4)

where subscript ¢ and j represent the component and the tray respectively. E and R
represent the extract and raffinate flow rate in kmol/hr from a specific tray. F stands for
feed flow rate in kmol/hr over a specific tray. The equilibrium relation for component i
over j is given by

Yij = Kijui (5.5)

From Egs. 5.4 and 5.5, we have,

Rjawij — (Bj + EjlK j)vij + Ejpi Ki i g = —Fjzi (5.6)
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For the top (j=1) and bottom (j=N) stages, the raffinate (Ry) and extract(Eny;) flow

rates are zeros, respectively. So the simplified equations can be written as:

— (R1 + E©rK;1)xig + EoKiowio = —Fizi1 (5.7)

Ry 1zin—1 — (RN + ENK;N)xin = —Fnzin (5.8)

Eqgs. 5.6- 5.8 can be arranged in the form of tridiagonal matrix,

Bl Cl 0 0 0 0 Ti1 D1

A2 Bg Cg 0 0 0 l’i,2 D2
0 0 A B Cj 0 z; |=| D; (5.9)
0 0 0 An—1 By-1 Cna i N—1 Dyn_1
0 0 0 0 AN Bn TN Dy

where Aj:Rj_l, Bj:—(Rj +EjKi7j), Cj:Ej+1Ki7j+1 , Dj:—FjZiJ' for 7=1 to N tray and
component ¢. The tridiagonal matrix for each component was solved by direct method for
sparse linear system in MATLAB. The new values of ; ; were compared with assumed

values as per inner loop termination criteria (Eqgs. 5.10- 5.11).

gD gk (5.10)
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where N and C' represent total number of trays and total number of components,

respectively. k£ is the inner loop index.
71 < 0.001NC (5.11)

The new x;; values were normalized and were then used to compute the activity
coefficient in raffinate phase ('yZRJ) by Eq. 5.2 . Thereafter K; ; and y; ; were computed as
per Eq. 5.1 and Eq. 5.5 respectively. The new y; ; values were again normalized and then
used to compute 'yZE] (Eq. 5.3) and K j (Eq. 5.1). The tridiagonal matrix was then solved
with these new K; ; values till the termination criterion is satisfied (Egs. 5.10- 5.11). After
the convergence of inner loop, z; ; values were utilized to calculate y; ; (Eq. 5.5) using
the new values of activity coefficients. New FE; values were then calculated from sum

rate relation,

C
+1
EMD =B Ny (5.12)
=1

where [ is the outer loop index. The outer loop termination criteria was considered as

N B\
— E J

=1 J

For diverging solution, corresponding R; values were obtained as:
J
Rj=Ej1—Ei+) F (5.14)
1

The tridiagonal matrix with new extract and raffinate flow rates were now solved till the

outer loop gets converged. The converged solution then consists of traywise composition
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and flow rates of extract and raffinate leaving a particular tray. The solutes and solvent

amount in final raffinate stream were then used as variables in cost (objective) function.

5.2.2 Particle Swarm Optimization (PSO) algorithm

The Particle swarm optimization is a stochastic optimization method based on swarm
intelligence. It was first proposed by Kennedy [132, 133| recognizing the flocking behavior
of birds as principle for optimization. Each particle in population (swarm) is represented
by two vectors namely position and velocity. These vectors are updated by the past
experience of particles and their neighbors. Inertial, cognitive and social components
that play a major role in effectiveness and performance of PSO, update the vectors
iteratively. In literature, there are many modified versions of PSO applied to various

domains. The PSO algorithm is explained in Fig. 5.3

Each variable 7 is represented by nop (number of population) dimensional position and
velocity vectors. Both vectors are initialized randomly within the search space. The
corresponding objective function to each population is then calculated. The best position
of variable ¢ through the generation cycle is known as the individual best position (ppest,i)
while the position of the best variable in its entire population is termed as global best
position (gpest). The best positions are usually decided based on the minimum objective
function values. The position (X;) and velocity (V;) of particle i at iteration k-+1 are

updated by,

‘/;k+1 = wk‘/zk +ciry (plljest,i - sz) + car2 (gfest - sz) (515)
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( Start )

Formulate the Objective function, Decide number of variables and number
of population, Maximum Iteration

v

Initialize position and velocity for each particle randomly

y

Calculate Penalty parameter for each particle of integer variable (Eq. 5.32)

A 4

Initialize penalty parameter: Siqjia=MmMin{s;,52,53,....,Sagent} (EQs. 5.34-5.35)

A 4

Calculate augmented objective function for each particle (Eq. 5.33) <

v /E/};'\\ N k

— es -3.36 is T ° —

<—\\ ol s sxexp(1(p, ) |
- |

v

Update inertia term and update position and velocity for each particle,
Increase Iteration Counter as A=k+1 (Eqgs. 5.15-5.21)

- T No
/\Termination criteria (Eq. 5.22) is satisfied?

— ——
.
il

Print the results

Cna

n

FIGURE 5.3: Particle Swarm Optimization Algorithm

X = xF + v} (5.16)

where ¢; and ¢o are learning factors representing stochastic acceleration term weighting.
Generally ¢;=co=2 and 71 and ro are random numbers generated separately from 0 to 1.
pfest’i represents the best position of variable i till the k" iteration, while g{fest is the best
global position in swarm till the k" iteration. w is the inertia weight term providing

balance between global and local exploration ability. Among the various inertia term
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mechanisms proposed by different authors, a simple mechanism with a Linear Decreasing

Inertia Weight (LDIW) is proposed below:

w — Wi
WP = Wy — —22X 0O g (5.17)
1termax

where Wper=0.9, Wpin=0.4. iter,ee is maximum number of iterations decided by
the user. Arumugam and Rao [145] have proposed another strategy which is the
inertia weight and acceleration coefficient based on global and local best values. The

Global-average Local best Inertia Weight (GLbestIW) for variable i is,
w; = (1.1 - L) (5.18)
(prStvi)average
and the Global-Local best Acceleration Coefficient (GLbestAC) is,

GLbestAC = <1 + M) (5.19)
(pbest,z')

Here (ppest,i)average 15 the average of all the personal best values in specific generation.

The velocity (V;) of particle 7 is updated by,
VA = wfVE 4 GLbestAC 1 Dy + bt — 2XTF) (5.20)

where r is random number generated from 0 to 1. The updated velocity from Eq. 5.20

is then used to calculate the new position of particle.

X = XF v (5.16)
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The position and velocity bounds were applied to the updated vectors to keep the
particles within search space. Position bounds were then decided from the problem
variable bounds. The velocity is therefore clamped within [~ Viaz,Vinaz|, where Vs is
given by,

Vinax = (Xus — X1B) /2 (5.21)

where Xyp and Xy p represent the upper and lower limit for variable X respectively.
Velocity bounds can be varied based on the necessity of the problem. Objective functions
were then evaluated at updated positions and compared with past function values. The
best values ( p]ge st and gl]fest ) are improved upon continuously with each iteration. The
optimization continues till the termination criteria is met. The termination criteria can

be of maximum number of iterations. Generally the termination criteria is given by,

no,

S|

k+1 _ yk)?
u <107* (5.22)

(]

nop

3
I
—

where n is number of variables and nop is number of population.

5.2.3 Problem Formulation

The current work emphasizes on the cost optimization for multistage liquid liquid
extractor with the implementation of PSO and ISR algorithms. The annualized
cost (Crotq) was considered as an objective function that contains three parameters

namely, (1) solvent lost in final raffinate (Cgoent), (2) solute/solutes lost in final
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raffinate(Cgopute) and (3) column capital cost(Ccapitat)-
Crotat = Csotvent + Csotute + Capital (5.23)
The cost for solvent and solute loss are defined as,
Csotvent = Ryxpn(kmol/hr) x (24 x 325)(hrs/year) x MWpg x Pg(INR/kg) (5.24)

Csotute = Rnzon(kmol/hr) x (24 x 325)(hrs/year) x MWe x Pa(INR/kg) (5.25)

where Ry, zpy and xon are the raffinate flow rate, the solvent (B) and solute (C)
composition in raffinate phase from Stage N, respectively. MW stands for Molecular
weight. P stand for the price of component. Here ethanol and 1-butanol have been
considered as solutes in the present work. The capital cost contains two components,
packing cost (Cpger) and column cost (Cry). They are given as below:

Chpact = <%D2) x N x HETS x C0y, (5.26)

where D,N, HETS and C’Sack are column diameter (m), total number of stages, Height
Equivalent to Theoretical Stage (m) and packing cost per unit volume (INR/m?)

respectively. The column cost is given by
Coop=14xmxDxXxNx HETS xTg x ps x Cg (5.27)

Here, Ts,ps and Cg are column thickness (m), steel (column material) density (kg/m?)

and steel cost per unit mass (INR /kg). Table 5.1 shows the values of different parameters
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in cost equations.

™ Taken from Sigma Aldrich Online price catalogue as on 7" August 2014

TABLE 5.1: Cost function Parameters Values

Parameters Value Unit
Feed flow rate (F') 100 kmol/hr
Column diamater (D) | 17 m
HETS Iy m
Packing cost (C9, ) | 11636.43"° | INR/m?
Column thickness (Ts) | 0.006" m

Steel density (pg) 8000~ kg/m3
Steel cost (C') 296.39 " INR /kg
[TDTHP|[Phosph| cost | 136172.40°" | INR /kg
[TDTHP||[DCA] cost | 237480"" INR /kg
Butanol cost 744.76"" INR /kg
Ethanol cost 2210.39"" | INR/kg

" Taken from Ubaidullah et al. [146]

With consideration of additional costs due to depreciation, interest and maintenance,

35% excess amount in terms of capital cost has been set to the final capital cost.

CCapz'tal =1.35 x (Cpack + Ccol)

(5.28)

It was found that the objective function is highly non-linear in nature. The number of

stages and solvent flow rate have been considered as decision variables. The Optimization
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problem is then defined as,

Ob]C’ - OTotal (529)

with bounds
2< N <10 (5.30)
1 < Sol < 40 (5.31)

where N and Sol are the number of stages and solvent flow rate in kmol/hr. The bounds
limit has been decided based on our known experimental data of Chapter 4. Here,
variable N is an integer variable while Sol is a continuous variable. So, the overall

problem formulation is a Mixed Integer Non Linear Programming (MINLP).

Since one variable (N) is integer, penalty function for integer variable has been used in
the optimization problem. For discrete variable, penalty functions in the form of sine
and elliptic are widely used. Shin et al. [147] have shown that elliptic type functions
are unstable as compared to sine type penalty functions. So, In this chapter, we have

implemented sine type function [147] for single integer variable N.

1 21 {28, — 1 (dj11 + 3d;
L g 2o — 1 (i +3d)} (5.32)
2 djy1—d;

where z7, is the continuous design variable between discrete variables, d; and d;.
Thus implementing penalty approach in optimization, the augmented objective function
is defined as,

F(z) = Objc + s¢(x) (5.33)
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Optimization __, PSO Algorithm (Figure 5.3) —— Optimum
Parameters (nop, IW) Solution (£,N,Sol)

Variables, N and S Total cost

Cost Function (Eq. 5.33)

A
Solvent/solute loss in

Variables, N and S raffinate

ISR Algorithm (Figure 5.2)

Tray wise

. Activity coefficients
composition

\ 4

NRTL function (Eqgs. 5.2-5.3)

FIGURE 5.4: Optimization Strategy with Input/Output Variables

where s is penalty parameter. The initial values of s has been considered as,

Sinitial = min{sl, 89, 5 Snop} (534)

where nop is total number of populations and s is defined as,

si =1+ ¢(x;) wherei=1,2,------ , nop (5.35)
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The penalty parameter through generation is updated based on tolerance (¢), where € is

a small positive number (=1). The termination criteria then is defined as,

‘F (ggfest) _ Ob]c (gg)gest)‘ <e

F (9 : (536)

If Eq. 5.36 is satisfied, s would be the same as old value. Otherwise it is updated as

per Eq. 5.37 [148]

S =5 X exp (1 + ¢ (g;fest)) (5.37)

The optimization problem can then be rewritten in the following form,

min — F(N, Sol) (5.38)
2<N<10 (5.30)
1 < Sol < 40 (5.31)

The PSO algorithm with penalty function is shown in Fig. 5.3. The whole optimization
strategy was coded in MATLAB (Fig. 5.4 and APPENDIX B). The decision variables
N and Sol were particles in swarm (Population). PSO algorithm then invokes the
cost function (Eq. 5.33). Cost function thereafter calculates the capital cost using
particle values. For solvent and solute loss cost, the ISR algorithm was used. The ISR
algorithm then calculated the stagewise composition and flow rates with the help of
activity coefficients generated by NRTL model (Egs. 5.2- 5.3). For the NRTL model, we
have used our own BIP (Table 4.2) measured in our previous experimental work. The

PSO algorithm then execute and minimizes the augmented cost function (Eq. 5.33) till
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the minimum sum of square error for all particles is achieved.

5.3 Results and Discussions

5.3.1 Tuning of PSO Parameters

Since PSO is a stochastic algorithm, its efficiency is tuned by different parameters like
population size and inertia weight (Eqgs. 5.17- 5.19, 5.32- 5.33). Initially the effect of
these parameters on PSO efficiency was checked (Figure 5.3). The efficiency was
analyzed by the evolution of different parameters like best solution, Success Rate
(SR), Average number of ITerations (AIT), mean of the best solutions (mean) and
Standard Deviation (SD). We have considered 50 individual runs of optimization
for |[TDTHP||DCA]-ethanol-1-butanol-water system in order to tune the parameters.
The SR is defined as percentage of runs giving the best solution. AIT is defined
as the mean of total iterations to achieve the best solution. mean and SD were
calculated from the solutions across all 50 runs. The number of population (nop)
considered for the study ranged from 10 to 100 with an increment of 10. Two inertia
weight approaches (Eqs. 5.17-5.19) were studied for the optimization. Table 5.2 shows
the SR and AIT for both inertia weight approaches with different population for
[TDTHP|[DCA]-ethanol-1-butanol-water system. LDIW shows high success rate
as compared to GLbestIW. LDIW was found to decrease linearly independent of gpest
and ppest,; values (Eq. 5.17), thereby giving solution after higher number of generations.
From Figs. 5.5-5.9, it can be seen that few local minima were evaluated far away from

global minima at higher number of generations. It indicates higher number of generations
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Weight for [TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (2) - Water (4)
system at 7=298.15 K and p=1 atm. (A) nop=10, (B)nop=20
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Weight for [TDTHP|[DCA] (1) - Ethanol (2) -1-Butanol (3) - Water (4)
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TABLE 5.2: Parameter tuning and Efficiency analysis for [TDTHP][DCA] (1) - Ethanol
(2) - 1-Butanol (3) - Water (4) system at T=298.15 K and p=1 atm.

GLbestIW LDIW
Population Size

AIT | SR (%) | AIT | SR (%)
10 44 34 100 70
20 41 48 100 82
30 42 64 99 86
40 39 64 100 90
50 41 82 100 94
60 40 74 100 92
70 43 70 100 94
80 37 78 100 96
90 40 80 100 98
100 40 76 100 98

is required to achieve the termination criteria (Eq.

local minima at the initial generations (Figs. 5.10-5.14).

5.22). GLbestIW shows very few

Thus both GLbestIW and

GLbestAC depend on gpest and ppest; values (Egs. 5.18- 5.19) that converges faster. AIT

for LDIW was approximately 2.5 times higher than GLbestIW. Thus GLbestIW was

chosen for further study considering lesser function evaluations. Population containing

10 and 20 particles show SR less than 50% with GLbestIW. While population of 30 and

40 particles have similar SR and AIT. Higher nop (>50) did not improve upon the SR

and AIT significantly. So we have chosen a population of 30 particles for optimization

as less number of function evaluations are needed.

TH-1387_126107008



Chapters: Optimization of Multistage Extractor 132

5.3.2 Cost Optimization results

The objective function (Eq. 5.33) was optimized for two
systems, namely, [TDTHP||DCA]-ethanol-1-butanol-water and
[TDTHP|[Phosph]|-ethanol-1-butanol-water. PSO converged at various best solutions

with success rate as shown in Fig. 5.15. The minimum objective function was found to

m 11253.07
W 11253.95
m 11254.07
m 11254.15
W 11254.26
m 11255.70
m 11256.65
m11257.14

11257.80
= 11264.02

W 4526.04
W 4526.06
W 4526.33
W 4527.45

(B)
FIGURE 5.15: Optimized cost values (Eq. 5.33) in crore INR /year with success rate
(%) for system: (a) [TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) -

Water (4) and (b) [TDTHP][Phosph] (1) - Ethanol (2) - 1-Butanol (3)
- Water (4) at 7=298.15 K and p=1 atm.

be 1.1253 - 101t INR /year with SR of 64% for [TDTHP|[DCA]-ethanol-1-butanol-water
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system.  Nine local minimum solutions were also found with SR 36%.  For
[TDTHP][Phosph]-ethanol-1-butanol-water system, the best solution was at 4.526 - 10*°
INR /year with SR 80%. There were other three local solutions with a low SR of
20%. The optimized parameters corresponding to best solution are shown in Table 5.3.
For system containing [TDTHP|[DCA|, optimum number of stages and solvent flow
rate were 3 and 3.9891 kmol/hr respectively. The optimum objective function value
was found at 23" generation and the convergence criteria was fully satisfied at 48"
generation. (Fig. 5.16). The AIT over the 50 runs to achieve this solution was 42.
Similarly for [TDTHP|[Phosph| containing system, optimum solution was found with
10 stages and 36.285 kmol/hr solvent flow rate. It was achieved in 15 generations with
AIT equal to 13 (Table 5.3 and Fig. 5.17). The stagewise compositions and flow rates
with respective to optimum solution for both systems are shown in Table 5.4. The

[TDTHP|[Phosph] containing system converged at an upper bound of N(=10).

From Table 5.4, it can be seen that the compositions are uniform for more than
6 stages. The butanol concentration decreases continuously with number of stages
resulting in minimization of total cost. The revised upper bound (N=20-40) shows
no improvement to get the solution within the bound regions. Therefore considering
four decimal places as significant and physics of the problem, the present solution was
considered as the optimum solution. The butanol concentration was reduced from 0.002
mole fraction in feed to 0.0012 mole fraction and 0.0004 mole fraction in raffinate phase

for [TDTHP||[DCA| and [TDTHP|[Phosph| systems respectively (Table 5.4).
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FIGURE 5.16: Optimized objective function (Eq. 5.33) with iterations for
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)
system at 7=298.15 K and p=1 atm.
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FIGURE 5.17: Optimized objective function (Eq. 5.33) with iterations for
[TDTHP|[Phosph] (1) - Ethanol (2) -1-Butanol (3) - Water (4)
system at T=298.15 K and p=1 atm.
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TABLE 5.3: Optimization results for multistage extractor at 7=298.15 K and p=1 atm.

Total Losses in raffinate Optimization Evaluation Parameters
N Sol
Cost IL loss Butanol loss Ethanol loss AIT | SR Mean SD
(INR/year) (kmol/hr) | (kmol/hr) | (kmol/hr) (kmol /hr) (%) | (INR/year) (INR/year)
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)
1.1253E+11 | 3 3.9891 0.1102 0.1183 0.0001 42 64 | 1.1254E+11 1.8330E+07
[TDTHP|[Phosph] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)

4.5260E+10 | 10 | 36.2850 0.0551 0.0375 0.0321 13 82 | 4.5261E+10 3.3884E+06
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TABLE 5.4: Stagewise optimized compositions and flow rates at 7=298.15 K and p=1

atm.
Compositions”
Stage (5) Flow rate (kmol/hr)
zw/yw | zB/YyB | *E/YE | TIL/YIL
[TDTHP][DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)
Extract Phase
1 0.0020 0.0204 | 0.0082 0.9694 4.0014
2 0.0020 0.0179 | 0.0010 0.9791 4.0750
3 0.0020 0.0125 | 0.0001 0.9854 4.0489
Raffinate Phase
1 0.9970 0.0019 | 0.0000 0.0011 100.0737
2 0.9972 0.0017 | 0.0000 0.0011 100.0476
3 0.9977 0.0012 | 0.0000 0.0011 99.9878
[TDTHP|[Phosph] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)
Extract Phase
1 0.0002 0.0045 | 0.0000 0.9953 36.4008
2 0.0002 0.0023 | 0.0000 0.9975 36.3792
3 0.0002 0.0012 | 0.0000 0.9986 36.3400
4 0.0003 | 0.0006 | 0.0000 | 0.9991 36.3195
5 0.0003 | 0.0003 | 0.0000 | 0.9994 36.3087
6 0.0003 | 0.0001 | 0.0000 | 0.9996 36.3031
7 0.0003 | 0.0000 | 0.0000 | 0.9996 36.3006
8 0.0003 | 0.0000 | 0.0000 | 0.9996 36.2992
9 0.0003 | 0.0000 | 0.0000 | 0.9997 36.2974
10 0.0002 | 0.0000 | 0.0000 | 0.9998 36.2936
Raffinate Phase
1 0.9979 | 0.0012 | 0.0003 | 0.0006 99.9785
2 0.9983 | 0.0008 | 0.0003 | 0.0006 99.9392
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3 0.9985 0.0006 | 0.0003 0.0006 99.9188
4 0.9986 0.0005 | 0.0003 0.0006 99.9079
5 0.9987 0.0004 | 0.0003 0.0006 99.9024
6 0.9987 0.0004 | 0.0003 0.0006 99.8998
7 0.9987 0.0004 | 0.0003 0.0006 99.8985
8 0.9987 0.0004 | 0.0003 0.0006 99.8966
9 0.9987 0.0004 | 0.0003 0.0006 99.8929
10 0.9987 0.0004 | 0.0003 0.0006 99.8842

* z and y refer to the raffinate (water rich) and extract (IL rich) phase composition

respectively.

The extraction efficiency for solute is given by,

Solute in extract, kmol/hr
Solutein feed, kmol /hr

Ef ficiency(%) = x 100 (5.39)

[TDTHP|[Phosph| gave butanol efficiency at 81.25% which was double than 40.85%
as achieved by [TDTHP|[DCA]. But [TDTHP|[DCA| proved to be a better solvent
for ethanol extraction (99.70% efficiency) as compared to [TDTHP|[Phosph| (2.7%
efficiency). It indicates that [TDTHP|[Phosph| is more selective to butanol than ethanol.
In summary [TDTHP|[DCA| is a better solvent for simultaneous extraction of butanol
and ethanol from aqueous solution. [TDTHP|[Phosph| loss (0.0551 kmol/hr) in raffinate
phase is half than that of [TDTHP|[DCA] loss (0.1102 kmol/hr), as [TDTHP||Phosph]|
is more hydrophobic than [TDTHP|[DCA] in water rich phase. It results in lesser total

cost in extraction by [TDTHP|[Phosph| even though possessing higher number of stages.
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5.3.3 Effect of IL Cost on Optimization

An attempt has been made to study the impact of IL cost on cost function values
as compared to other components. This is in keeping the mind that newer production
technologies will reduce the IL cost in the future. Fifty optimization runs were performed

with reduction in IL cost ranging through factors 1/1 to 1/10000 of the present cost. For

100000 - ri
@ Total cost Vs IL cost reduction
@ Butanol loss in raffinate Vs IL cost reduction
10000 - : £
— . N 6
0.1
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2 <
: . :
; 1000 -+ g
8 :
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FIGURE 5.18: The effect of IL cost on total cost and butanol loss in raffinate for
[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) system
at T=298.15 K and p=1 atm.

both systems, the optimized results are shown in Table 5.5 and Figs. 5.18- 5.19. It is
observed that the total cost gradually decreases with IL cost reduction. [TDTHP][DCA]
gave 100% butanol efficiency when IL cost was reduced by 100 times. The corresponding
number of stages and solvent flow rate were 9 and 20.3997 kmol /hr respectively. Further
reduction in IL cost (by 1000 and 10000 times) reduced the total cost with same butanol

efficiency. The optimized number of stages was then 5 and solvent flow rate was 40
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FIGURE 5.19: The effect of IL cost on total cost and butanol loss in raffinate for
[TDTHP][Phosph] (1) - Ethanol (2) - 1-Butanol (3) - Water (4) system
at T=298.15 K and p=1 atm.

kmol/hr. Similarly for [TDTHP|[Phosph]|, 100 times reduction in IL cost show butanol
efficiency of 98%. It also indicated a further improvement in ethanol efficiency from 2.7%
to 24%. For [TDTHP|[Phosph], the optimized flow rate was 11.9839 kmol/hr with ten

stages.
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TaBLE 5.5: The effect of IL price on Optimization Results and Total cost (Eq. 5.33)

IL  cost | Total Cost | N Sol IL loss in | Butanol Ethanol
reduction | (Crore (kmol/hr)| raffinate loss in | loss in
INR /year) (kmol/hr) | raffinate raffinate

(kmol/hr) | (kmol/hr)

[TDTHP|[DCA] (1) - Ethanol (2) - 1-Butanol (3) - Water (4)

1/1 11253.1 3 3.9891 0.1102 0.1183 0.0001
1/10 1129.8 2 4.6987 0.1102 0.1138 0.0003
1/100 113.7 9 20.3997 | 0.1114 0.0001 0.0000
1/1000 11.4 5 40.0000 | 0.1114 0.0001 0.0000
1/10000 | 1.2 ) 40.0000 | 0.1114 0.0001 0.0000

[TDTHP|[Phosph

—_—

(1) - Ethanol (2) - 1-Butanol (3) - Water (4)

1/1 4526.0 10 | 36.2850 | 0.0551 0.0375 0.0321
1/10 455.8 10 | 30.5992 | 0.0551 0.0207 0.0316
1/100 47.8 10 | 11.9839 | 0.0555 0.0040 0.0251
1/1000 6.8 10 | 9.5960 0.0556 0.0056 0.0233
1/10000 | 2.6 10 | 9.4108 0.0556 0.0059 0.0232
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6.1 Research Conclusion

Due to the large number of ILs, it is impractical to measure the densities of all ILs
experimentally. The NMPRNSM1 and NMSRK models, corresponding to predictive
Soave-Redlich-Kwong (PSRK) equation of state with the PRNSM1 alpha function and
the original SRK alpha function respectively can be used for the prediction of density
of ILs. However it is evident that, irrespective of nature of IL, the improvement in
prediction for the modified PSRK cohesion factor is around four times better than the

original PSRK cohesion factor expression.

Improved mass transfer rates coupled with high separation efficiency was observed
with [TDTHP|[Phosph| for the separation of butanol-water mixtures. Larger values
of butanol selectivity (81-323) indicate easier separation of butanol from water.
The larger values of butanol distribution coefficient (19-59, 25-95 and 17-173 for
[TDTHP|[Phosph|,[TDTHP||[DCA| and [TDTHP||DEC] respectively) indicated a lesser
solvent requirement for butanol-water separation. Higher butanol and ethanol selectivity
indicated better separation of both alcohols from feed in quaternary systems too. Butanol
was found to be more soluble in ILs as it contains longer carbon chain (non polar) than
ethanol. As the concentration of butanol is almost six times higher than ethanol in ABE
fermentation broth, the results can be used for 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.

Furthermore, the raffinate phase was found to comprise mainly water with mole
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composition as high as 99% for all systems. The slopes of the tie lines and the spread of
two-phase region indicated greater separation. The NRTL and UNIQUAC models gave
RMSD values less than unity for all systems indicating a better fit. Thus, phosphonium
based ILs have performed as better solvents for extraction of butanol and ethanol from
the aqueous solution. COSMO-SAC also predicted acceptable equilibrium data with

deviation within 10%-20% for ternary and quaternary systems.

The combined strategy of PSO and ISR algorithm was adopted for the optimization of
multistage extractor. GLbestIW gave less AIT (42) and satisfactory SR (64) as compared
to conventional LDIW for nop=30. For system containing [TDTHP|[DCA], the optimum
solution was 1.1253 - 10! INR /year with 3 stages and 3.9891 kmol/hr solvent flow rate.
[TDTHP|[Phosph| gave lesser cost as it is economical than [TDTHP|[DCA]. Furthermore
IL loss in raffinate phase was less in case of [TDTHP]||[Phosph|. Ethanol efficiency was
found to increase by nine times when [TDTHP|[Phosph]| cost reduces by 100 times. Thus
[TDTHP|[DCA] is proposed as a solvent for simultaneous extraction for both alcohols.
Further a cost reduction of 100 times for [TDTHP|[DCA| shows a complete extraction

(almost 100%) for both alcohols.

6.2 Future Scope

MD Strategy was used to predict the density of pure ILs in the present work. Further,
it can be implemented for the IL-water interface study for the prediction of solubility
of IL and water in either phase. Thereafter, the butanol diffusivity in both phases

can be predicted by mixing butanol as third component in IL-water binary mixtures.
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The simulation can be repeated for different feed mixture of experiments carried out in
the current research. Thus tie line data can be generated for ternary mixture by MD
and can be compared with experimental tie line data. Further MD approach can be
implemented for quaternary systems containing ethanol and butanol. On other side, the
multistage extractor optimization can be studied with detailed design. The cost function
can be optimized by the combination of the mutistage extractor with acetone distillation
unit and solvent recovery unit. The results of PSO can also be compared with process

simulator such as CHEMCAD.
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Appendix A

NAMD Configuration File

T A R T I T F R R R T T
## JOB DESCRIPTION ##
T A R T T I T F R R R R T T

# 150 molecules of [ TDTHR] DEGQ or [TDTHR[ DCA IL
AR G G M N G S L M A L M H LY LA

## ADJUSTABLE PARAMETERS #it
BHHHH AR R BHHHHRHHH

structure ../ commorl TDDEC150 psf #or / TDDCA150 psf

coordinates ../02 _Heating / TDDEC150_heat. coor #or / TDDCA150_heat. coor
extendedSystem ../02 _Heating / TDDEC150_heat. xsc #or / TDDCA150_heat. xsc
set temperature 300

set outputname TDDEC150 _eq #or TDDCA150_eq

set restart 0

# Continuing a job from the restart files
if {$restart } {

set inputname myinput

Coordinates $inputname . restart . coor
Velocities $inputname . restart . vel ;
extendedSystem $inputname . xsc

}

firsttimestep 0

BHHHH AR R BHHHHRHHHH
## SIMULATION PARAMETERS ##
T S A R T I T F R R R T T

# Input

paraTypeCharmm on

parameters ../ commorl TDTHR DEC params #or /[ TDTHR DCA params
if {$restart -1} {

temperature $temperature

}

# Force - Field Parameters

exclude scaledl -4
1-4 scaling 0.5

cutoff 15.0
switching on

switchdist 13.5
pairlistdist 16.5

# Integrator Parameters
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timestep 1.0 # 1 fs/step
nonbondedFreq 1
vdwGeometricSigma  yes
fullElectFrequency 2
stepspercycle 20
pairlistsperCycle 2

# Periodic Boundary Conditions

if {0} {

cellBasisVectorl 74.2 0. 0.0
cellBasisVector2 0.0 732 0.0
cellBasisVector3 0.0 0 126.1
cellOrigin 00 00 259
# PME (for full - system periodic electrostatics )
PME yes
PMEGridSpacing 1.0

#manual grid definition

#PMEGridSizeX 74.2
#PMEGridSizeY 73.2
#PMEGridSizeZ 126.1

}

wrapAll on

# Constant Temperature Control

it {1} {

langevin on ;# do langevin dynamics

langevinDamping 1 ;# damping coefficient (gammg of 1/ ps
langevinTemp $temperature

langevinHydrogen off i# don't couple langevin bath to hydrogens

}

# Constant Pressure Control (variable volume )
it {1} {

useGroupPressure yes # needed for rigidBonds
useFlexibleCell no

useConstantArea no

langevinPiston on

langevinPistonTarget 1.01325 ;# in bar -> 1 atm
langevinPistonPeriod 100.0

langevinPistonDecay 50.0

langevinPistonTemp $temperature

}

# Fixed Atoms Constraint (set PDB beta -column to 1)

it {0} {

fixedAtoms on

#fixedAtomsForces on #1ls it necessary ?

fixedAtomsFile .[..102 _Heating /1L20 - Mixed_heat . coor
fixedAtomsCol B

}

# IMD Settings (can view sim in VMD )
it {0} {

IMDon on
IMDport 3000 # port number (enter it in VMD )
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IMDfreq 1 # send every 1 frame

IMDwait no # wait for VMD to connect before running ?
}

# Output

outputName $outputname

restartfreq 500 # 500 steps = every 1ps

dcdfreq 250

outputEnergies 100

outputPressure 100

binaryoutput no

binaryrestart no

AR G G A g L G B H L L H L G LA Y AL

## EXTRA PARAMETERS L
HHHH R T W
HHIHH A R W

## EXECUTION SCRIPT #t
AR G G A G L L S B H A L H LY AR

# Equilibration

seed 1010

numsteps 2000000 # Number of integration steps
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[TDTHP|[DCA] Parameter File

BONDS

!

1'V(bond )= Kb( b- b0) *+ 2

1 Kb: kcal / mole

I'bo: A

!

I atom type Kb b0
!

I TDTHP

P3 CT 424.2352 1.810 !
CT HC 339.9857 1.090 !
CT CT 267.9254 1.529 !

I DCA
N3 CZ 502.6291 1.310 !
CZ NZ 925.6692 1.157 !

I TIP3P WATER
OW HT 450.0000 0.9572 !

ANGLES
1

I'V(angle )= Ktheta ( Theta - ThetaO ) ** 2
1

I Ktheta : Kcal / mole

I ThetaO : degrees
1

I atom types Ktheta Theta0
! TDTHP

CT P3 CT 72.634 109.500 !
HC CT P3 46.594 110.100 !
CT CT P3 60.839 115.200 !
CT CT CT 58.353 112.700 !
CT CT HC 37.500 110.700 !
HC CT HC 32.995 107.800 !
1 DCA

CZ N3 CZ 43.260 118.500 !
N3 CZ NZ 50.789 175.200 !
I TIP3P Water

HT OwW HT 55.0000 104.52 !

DIHEDRALS
1

iV(dihedraI )= Kchi (1+ cos (n(chi )- delta ))
|

! Kchi : Kcal / mol
' n: multiplicity

! delta : degrees
!

I atom types Kchi n delta
! TDTHP
CT P3 CT HC  0.0000 1 0!

CT P3 CT HC 0.0000 2 180!
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CT
CT
CT
CT
P3
P3
P3
P3
P3
P3
HC
HC
HC
CT
CT
CT
CT
CT
CT

P3
P3
P3
P3
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

I DCA

NZ
NZ
NZ

Ccz
Ccz
Cz

CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

N3
N3
N3

NONBONDED

1'V(Lennard - Jones )=Eps,i,j[( Rmin,i,j/ri ,j)* 12-2( Rmin,i,j/ri ,j)** 6]

I'epsilon : Kcal / mol, Eps, i,j=sqrt (eps,ix*eps,j)

' Rmin/2: A, Rmin, i, j=Rmin/2, i + Rmin/2, j
!

! atom ignored epsilon Rmin 12
! TDTHP

P3 0.000000 -0.2000 2.0990 !

CT 0.000000 -0.0660 1.9643 !

HC 0.000000 -0.0300 1.4031 !

I DCA

N3 0.000000 -0.1700 1.8240 !

cz 0.000000 -0.0660 1.8521 !

NZ 0.000000 -0.1700 1.7959 !

I TIP3P Water

HT 0.000000 -0.046000 0.224500 !
ow 0.000000 -0.152100 1.768200 !
END

HC
CT
CT
CT
HC
HC
HC
CT
CT
CT
HC
HC
HC
HC
HC
HC
CT
CT
CT

(o¥4
Ccz
cz

0.1108
0.0000
0.0000
0.1354
0.0000
0.0000
0.0556
-0.3881
0.1181
-0.0854
0.0000
0.0000
0.1590
0.0000
0.0000
0.1830
0.8700
-0.0785
0.1395

0.4876
0.0000
0.0000

WON RPN RONMRPOVPRPONRON R ®
o

1 0!
2 180 !
3 0!
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[TDTHP|[DCA] PDB File

HEADER

TITLE Built with Packmol

REMARK Packmol generated pdb file

REMARK HomdPage: http :// wwwime. unicamp . br/ ~martinez / packmol

REMARK

ATOM 1 Ci1 TDT A 1 2.160 10.815 19.567 1 0 TD1 C
ATOM 2 P1 TDT A 1  3.257 10.666 18.096 1 0 D1 P
ATOM 3 C2 TDT A 1 4304 12.167 18.054 1 0 TD1 C
ATOM 4 C3 TDT A 1 3.650 13526 18.349 1 0 TD1 C
ATOM 5 C4 TDT A 1 4.707 14643 18.382 1 0 TD1 C
ATOM 6 C5 TDT A 1 4.203 15972 18.966 1 0 TD1 C
ATOM 7 C6 TDT A 1 3.104 16.703 18.179 1 0 TD1 C
ATOM 8 Cr TDT A 1 3539 17.200 16.796 1 0 TD1 C
ATOM 9 C8 TDT A 1 2.461 17.987 16.032 1 0 TD1 C
ATOM 10 C9 TDT A 1 2.016 19.339 16.621 1 0 TD1 C
ATOM 11 C10 TbT A 1  3.107 20429 16.692 1 0 TD1 C
ATOM 12 C11 TDT A 1  3.845 20.534 18.033 1 0 TD1 C
ATOM 13 Ci12 TDT A 1 40918 21.629 18.051 1 0 TD1 C
ATOM 14 C13 TDT A 1 5.638 21.764 19.397 1 0 TD1 C
ATOM 15 Ci14 TDT A 1 6.715 22.854 19413 1 0 TD1 C
ATOM 16 Ci15 TDT A 1 7.428 22.983 20.761 1 0 TD1 C
ATOM 17 Cl16 TDT A 1 1336  9.581 19.995 1 0 TD1 C
ATOM 18 Ci17 TDT A 1 2.014 8.718 21.066 1 0 TD1 C
ATOM 19 Ci18 TDT A 1 1.179 7.497 21466 1 0 TD1 C
ATOM 20 C19 TDT A 1 1.825 6.646 22564 1 0 TD1 C
ATOM 21 C20 TDT A 1 0.984 5428 22953 1 0 TD1 C
ATOM 22 C21 TDT A 1  4.433 9.266 18.212 1 0 TD1 C
ATOM 23 C22 TDT A 1  3.898 7.860 17.886 1 0 TD1 C
ATOM 24 C23 TDT A 1 5.014 6.810 17.966 1 0 TD1 C
ATOM 25 C24 TDT A 1 4526 5404 17.604 1 0 TD1 C
ATOM 26 C25 TDT A 1 5635 4.347 17.643 1 0 TD1 C
ATOM 27 C26 TDT A 1 5.142 2.946 17278 1 0 TD1 C
ATOM 28 C27 TDT A 1 2.193 10.404 16.633 1 0 TD1 C
ATOM 29 C28 TDT A 1 1.311 11.576 16.146 1 0 TD1 C
ATOM 30 C29 TDT A 1 1.920 12.334 14959 1 0 TD1 C
ATOM 31 C30 TDT A 1 1.025 13.473 14459 1 0 TD1 C
ATOM 32 C31 TDT A 1 1.470 14.085 13.122 1 0 TD1 C
ATOM 33 C32 TDT A 1 2.852 14746 13.150 1 0 TD1 C
ATOM 34 N1 DCA A 1 5.720 10.994 15421 1 0 TD1 N
ATOM 35 C33DCAA 1 5.417 10.135 14679 1 0 TD1 C
ATOM 36 N2 DCA A 1 5120 9.197 13829 1 0 TD1 N
ATOM 37 C34 DCA A 1 4111  8.405 14.100 1 0 TD1 C
ATOM 38 N3 DCA A 1 3217 7.680 14311 1 0 TD1 N
ATOM 39 H1I TDT A 1 1.495 11.650 19.325 1 0 TD1 H
ATOM 40 H2 TDT A 1 2.785 11.165 20.395 1 0 TD1 H
ATOM 41 H3 TDT A 1 1.076  8.965 19.128 1 0 TD1 H
ATOM 42 H4 TDT A 1 0.380 9.938 20.390 1 0 TD1 H
ATOM 43 H5 TDT A 1 2.202 9.337 21954 1 0 TD1 H
ATOM 44 H6 TDT A 1 2.999  8.386 20.719 1 0 TD1 H
ATOM 45 H7 TDT A 1 0.188 7.830 21.801 1 0 TD1 H
ATOM 46 H8 TDT A 1 1.001 6.873 20581 1 0 TD1 H
ATOM 47 H9 TDT A 1 1.998 7.268 23451 1 0 TD1 H
ATOM 48 H10 TDT A 1 2.816 6.314 22231 1 0 TD1 H
ATOM 49 H11 TDT A 1 0.000 5.726 23328 1 0 TD1 H
ATOM 50 H12 TDT A 1 1470 4.840 23.735 1 0 TD1 H
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ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
END

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38
H39
H40
H41
H42
H43
H44
H45
H46
H47
H48
H49
H50
H51
H52
H53
H54
H55
H56
H57
H58
H59
H60
H61
H62
H63
He64
H65
H66
H67
H68

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT

>>rr>>2>2>2>2>2>2>>2>2>>2>>>>>>>>>>>>>>>>>>>>>>2>2>>2>>>>>>>>>>>>>>>>D>

PR RPRRPRRPRRPRRPRRPRRPRRPRPRPRPRPRPREPRPRPRPRPRPRPRRPRPRRPRRPRRPRRPRPRPRPRPRPRPREPRPREPREPREPRPREPREPREPRPRRPRRPRPRREPRPRLPRERERR

0.822
4.869
5.228
3.481
3.090
5.449
5.823
4.080
3.720
6.089
6.436
4.366
5.956
4.716
1.579
2.846
1.071
0.350
2.913
2.087
0.970
0.000
0.722
1.455
2.901
3.080
3.648
4.815
5.084
3.136
2.889
5.113
5.552
5.062
3.846
2771
2.220
3.831
4.447
1.574
2.821
1.576
1.195
2.648
3.833
4.309
3.113
4.459
5.656
4.901
6.095
6.260
7.453
6.725
8.191
7.924

4.765

9.305

9.539

7.843

7.583

6.804

7.099

5.430

5.107

4.329

4.642

2.602

2.215

2.925

9.536

10.055
12.271
11.157
12.712
11.619
14.262
13.096
14.826
13.305
15.530
15.213
14.027
12.140
11.966
13.501
13.753
14.788
14.305
16.646
15.789
17.553
16.060
16.345
17.808
17.349
18.164
19.195
19.702
21.404
20.272
19.575
20.733
22.591
21.427
21.972
20.801
23.816
22.645
23.233
23.766
22.048

22.097
19.218
17.511
16.876
18.571
18.976
17.286
16.603
18.290
18.642
16.953
17.970
17.307
16.270
16.893
15.830
16.959
15.836
15.224
14.145
15.222
14.344
12.814
12.351
13.913
12.187
13.357
17.084
18.799
19.316
17.598
17.376
18.993
19.072
19.988
18.785
18.073
16.175
16.895
15.924
15.011
17.615
15.994
16.484
15.883
18.289
18.827
17.788
17.264
20.185
19.663
19.147
18.628
21.562
20.738
21.042

PR RPRRPRRPRRPRRPRRPRRPRRPRPRPRPRPRPRPREPRPRPRPRPRRPRPRRPRRPRRPRRPRPRPRPRPRPRPREPRPREPREPREPREPREPREPPPRPRPRPRPRPRPREPREPRPREPREERPR

eNeoNeoolNololNoNoNololNeololNololoNeololloNoNoololNololoNeololNolNolololNolNoNolNololoNeoNoNooNoNoNoNoNoNoNoNoNoNoNoNoNoNeNe]

TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1

I rr rr r rr rr rIrIrIrIrIrIrIrIrIrI I I I I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT
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[TDTHP]|[DCA] PSF File

PSF

1 I NTITLE
REMARKS VMDenerated NAMD / X- Plor PSF structure file

106 ! NATOM

O~NO O WNPREP

(o]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
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TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1

PRRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPRPRRPRRRPRPRRPRRPRPRPRPRPRPRPRPREPREPREPREPRRPRRPRRPRRPRRPRPRPRERLRERRE

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
DCA
DCA
DCA
DCA
DCA
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT

N1
C1
N2
Cc2
N3
P1
C3
C4
C5
H1
H2
C6
H3
H4
C7
H5
H6
Cc8
H7
H8
C9
H9
H10
H11
H12
H13
C10
H14
H15
Cl
H16
H17
C12
H18
H19
C13
H20
H21
C14
H22
H23
H24
H25
H26
C15
C16
H27
H28
C17

NZ
cz
N3

Ccz
NZ
P3

CT
CT
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
HC
HC
HC
CT

HC
HC
CT

HC
HC
CT

HC
HC
CT
HC
HC
CT

HC
HC
HC
HC
HC
CT

CT

HC
HC
CT

-0.813247
0.698705
-0.770851
0.698722
-0.813330
0.331869
-0.130331
-0.150988
0.091967
0.066084
0.083769
-0.071679
-0.005087
0.017687
-0.014130
0.023218
0.023417
0.202206
0.006699
0.001089
-0.215989
-0.034771
-0.035219
0.049570
0.062070
0.047274
0.101576
0.090929
0.070089
-0.081811
0.015496
-0.005966
0.001161
0.023665
0.025861
0.196030
-0.002341
0.003619
-0.229728
-0.031933
-0.033511
0.051142
0.066091
0.052938
-0.109953
0.075905
0.081818
0.060757
-0.070587

14.0067
12.0107
14.0067
12.0107
14.0067
30.9738
12.0107
12.0107
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
1.0079
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
1.0079
1.0079
1.0079
12.0107
12.0107
1.0079
1.0079
12.0107
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
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TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1
TD1

PR RPRRPRRPRPRRPRPRPRPRPRPRPRPRPRPRPREPRPRPRRPRRPRRPRRPRRPRPRPRPRPRPRPRPREPREPREPREPREPREPRPRRPRRRPRPRRPRPRPRPRPRPREPREPRERERRERR

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT

H29
H30
C18
H31
H32
C19
H33
H34
C20
H35
H36
H37
H38
H39
Cc21
Cc22
H40
H41
C23
H42
H43
C24
H44
H45
C25
H46
H47
C26
H48
H49
Cc27
H50
H51
C28
H52
H53
C29
H54
H55
C30
H56
H57
C31
H58
H59
C32
H60
H61
C33
H62
H63
C34
H64
H65
H66
H67
H68

HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
HC
HC
HC
CT
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
CT
HC
HC
HC
HC
HC

0.020059
-0.002961
0.000894
0.020536
0.023393
0.206693
-0.003791
0.003212
-0.210557
-0.037667
-0.038131
0.045039
0.060586
0.046587
-0.119791
0.033587
0.064650
0.082792
-0.002938
0.005400
0.026053
0.030553
0.009754
0.008310
0.054550
-0.006781
-0.015793
0.036790
-0.017428
-0.016810
0.041215
-0.016473
-0.013731
0.029418
-0.018035
-0.016811
0.040228
-0.016835
-0.018100
0.103152
-0.019364
-0.018513
-0.023374
-0.033092
-0.033266
0.028799
-0.011218
-0.010813
0.204438
-0.015355
-0.015325
-0.210951
-0.045893
-0.045687
0.039558
0.049349
0.039914

1.0079
1.0079
12.0107

1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
1.0079
1.0079
1.0079
12.0107
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
12.0107
1.0079
1.0079
1.0079
1.0079
1.0079

D0OOPOLPOO0COCO0p0O0L00EC0PCCPCCOPCPP0n0000P000P000PPPoPoo0o0o0Po
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104 ! NBOND bonds

1

6

7

8

9
15
18
21
30
33
36
45
46
49
55
58
64
68
71
74
80
83
86
92
95
98

2
7
10
29
14
20
22
26
35
37
41
a7
50
54
58
62
66
71
74
79
83
86
91
95
98
103

101

201 ! NTHETA angles

45
10

27
12

15
12
18
15
21
18
24

27
34
30
36
33
39
36
42
46
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3
45
64
11
11
27
29
12
13
15
16
20
20
21
22
24
25
32
30
35
35
36
37
39
40
42
44
47
46

45
11
28
15
18
23
32
34
38
42
46
51
55
59
63
70
72
45
82
84
87
94
96
99
104

= [ N
GQONN~NOOO®©ONN

S AW WWWWWN WNE NP PP
ODOONODODOWOOW~NomOPoOERL OION

©C O 0o ~N~NOO W

AR WWWWWWWWRNRNRNNRERR PP 5
NN O0OO0OOOWWOOY~NRFRP®OAAaN N

64

12
16
19
24
30
33
39
44
48
53
56
60
65
68
73
77
80
85
89
92
97
101
105

64
45
10
11
29
28
13
14
16
17
18
20
22
23
25
26
32
31
34
35
37
38
40
41
44
43
47
48

[EEN
Noowo s

18
21
27
33
36
39
46
49
52
58
64
65
71
74
7
83
86
89
95
98
101

= N
OCWNWoo 00N wW

AR WAWWWWNWWNENERR PR
ONWOOWNOWNAOR UION U oN O

27
13
17
21
25
31
36
40
43
49
52
57
61
67
69
76
78
81
88
90
93
100
102
106

© OP®o~N~NOO N

BPAWWWWWWWWNNNNEREPRR R
O OOOOOWWOOJNPF PP O0OOUINN

64
10

28
29
14
14
17
17
19
19
23
23
26
26
32
31
33
34
38
38
41
41
43
44
48
48
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1

2

TH-1387_126107008

45
45
52
52
49
55
52
58
55
61

6
65
68
64
71
72
68
68
71
71
80
80
7
83
86
80
89
90
86
86
89
89
98
98
95
01
98
98

90
1
45
45
64
8
8
7
64
64
8
7

01 01 N 00 00 U1

P

46
46
49
49
52
52
55
55
58
58
64
64
65
65
68
68
71
71
74
74
7
1
80
80
83
83
86
86
89
89
92
92
95
95
98
98
101
101

I'NPHI:

DO DO N

49
50
53
54
55
56
58
59
61
62
65
67
70
68
72
73
76
74
7
78
82
81
83
84
88
86
90
91
94
92
95
96
100
99
101
102
104
105

dihedrals

49
45
53
46
49
55
52
58
55
61

65
64
68
71
65
74
68
7
71
81
74
7
83
80
86
89
83
92
86
95
89
99
92
95
101
104
98

10

11
10

46
47
48
46
65
66
67
65
66
29
27
28

46
46
49
49
52
52
55
55
58
58
64
64
65
65
68
68
71
71
74
74
7
7
80
80
83
83
86
86
89
89
92
92
95
95
98
98
101
101

oo b
NSO N

o]

NN
RO N~ O~N0od oo

(2B

50
51
54
52
56
57
59
60
62
63
67
66
70
69
73
72
76
75
78
79
82
80
84
85
88
87
91
90
94
93
96
97
100
98
102
103
105
106

DI DDOODOODOODOODDOOo o OO O w

49
50
46
46
49
56
52
59
55
62

66
69
64
65
65
75
74
7
78
74
74
7
84
87
80
83
83
93
92
95
96
92
92
95
102
104
105

46
46
49
49
52
52
55
55
58
58
64
64
65
65
68
68
71
71
74
74
77
77
80
80
83
83
86
86
89
89
92
92
95
95
98
98
101
101

11
10

11
a7
48
46
a7
48
67
65
66
67
27
28
29
27

51
51
53
54
57
57
60
60
63
63
66
67
70
69
71
73
76
75
79
79
82
81
85
85
88
87
89
91
94
93
97
97
100
99
103
103
106
106
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64 6 8 29 64 6 8 28
10 7 9 12 10 7 9 13
10 7 9 14 11 7 9 12
11 7 9 13 11 7 9 14

6 7 9 12 6 7 9 13
6 7 9 14 6 8 27 32
6 8 27 30 6 8 27 31
29 8 27 32 29 8 27 30
29 8 27 31 28 8 27 32
28 8 27 30 28 8 27 31
7 9 12 15 7 9 12 16
7 9 12 17 13 9 12 15
13 9 12 16 13 9 12 17
14 9 12 15 14 9 12 16
14 9 12, 17 9 12 15 20
9 12 15 18 9 12 15 19
16 12 15 20 16 12 15 18
16 12 15 19 17 12 15 20
17 12 15 18 17 12 15 19
12 15 18 21 12 15 18 22
12 15 18 23 20 15 18 21
20 15 18 22 20 15 18 23
19 15 18 21 19 15 18 22
19 15 18 23 15 18 21 24
15 18 21 25 15 18 21 26
22 18 21 24 22 18 21 25
22 18 21 26 23 18 21 24
23 18 21 25 23 18 21 26
32 27 30 35 32 27 30 34
32 27 30 33 8 27 30 35
8 27 30 34 8 27 30 33
31 27 30 &5 31 27 30 34
31 27 30 83/ 27 30 53 36
27 30 33 37 27 30 33 38
35 30 €8 36 55! 30 88 37
35 30 33 38 34 30 8 36
34 30 33 37 34 30 33 38
30 33 36 39 30 33 36 40
30 33 36 41 37 33 36 39
37 33 36 40 37 33 36 41
38 33 36 39 38 33 36 40
38 33 36 41 33 36 39 42
33 36 39 44 33 36 39 43
40 36 39 42 40 36 39 44
40 36 39 43 41 36 39 42
41 36 39 44 41 36 39 43
47 45 46 49 47 45 46 50
47 45 46 51 6 45 46 49
6 45 46 50 6 45 46 51
48 45 46 49 48 45 46 50
48 45 46 51 45 46 49 53
45 46 49 52 45 46 49 54
50 46 49 53 50 46 49 52
50 46 49 54 51 46 49 53
51 46 49 52 51 46 49 54
53 49 52 55 53 49 52 56
53 49 52 57 54 49 52 55
54 49 52 56 54 49 52 57
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46
46
49
56
56
57
52
52
59
60
60

6
67
67
66
70
70
64
69
69
72
73
73
65
76
76
68
75
75
71
78
78
79
82
82
81
74
74
77
84
84
85
88
88
80
87
87
90
91
91
83
94
94
86
93
93
89
96

49
49
52
52
52
52
55
55
55
55
55
64
64
64
64
65
65
65
65
65
68
68
68
68
71
71
71
71
71
74
74
74
74
7
7
77
7
7
80
80
80
80
83
83
83
83
83
86
86
86
86
89
89
89
89
89
92
92

52
52
55
55
55
55
58
58
58
58
58
65
65
65
65
68
68
68
68
68
71
71
71
71
74
74
74
74
74
77
77
77
77
80
80
80
80
80
83
83
83
83
86
86
86
86
86
89
89
89
89
92
92
92
92
92
95
95

55
57
59
58
60
59
61
63
62
61
63
68
70
69
68
71
73
72
71
73
74
76
75
74
77
79
78
7
79
80
82
81
80
83
85
84
83
85
86
88
87
86
89
91
90
89
91
92
94
93
92
95
97
96
95
97
98
100

46
49
49
56
57
57
52
59
59
60

67
66
66
70
64
64
69
72
72
73
65
65
76
68
68
75
71
71
78
79
79
82
81
81
74
77
77
84
85
85
88
80
80
87
90
90
91
83
83
94
86
86
93
89
89
96

49
52
52
52
52
52
55
55
55
55
64
64
64
64
64
65
65
65
65
68
68
68
68
68
71
71
71
71
74
74
74
74
74
7
77
e
7
80
80
80
80
80
83
83
83
83
86
86
86
86
86
89
89
89
89
92
92
92

52
55
55
55
55
55
58
58
58
58
65
65
65
65
65
68
68
68
68
71
71
71
71
71
74
74
74
74
7
77
7
77
7
80
80
80
80
83
83
83
83
83
86
86
86
86
89
89
89
89
89
92
92
92
92
95
95
95

56
58
60
59
58
60
62
61
63
62
70
69
68
70
69
72
71
73
72
76
75
74
76
75
78
7
79
78
82
81
80
82
81
84
83
85
84
88
87
86
88
87
90
89
91
90
94
93
92
94
93
96
95
97
96
100
99
98
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96 92 95 99 97 92 95 100
97 92 95 98 97 92 95 99
100 95 98 101 100 95 98 102
100 95 98 103 99 95 98 101
99 95 98 102 99 95 98 103
92 95 98 101 92 95 98 102
92 95 98 103 95 98 101 104
95 98 101 105 95 98 101 106
102 98 101 104 102 98 101 105
102 98 101 106 103 98 101 104
103 98 101 105 103 98 101 106

0 ! NIMPHI: impropers

0 ! NDON donors

0 ! NACC acceptors

0 ! NNB

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0

1 0 ! NGRP

0 0 0
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[TDTHP|[DEC] Parameter File

BONDS

!

1'V(bond )= Kb( b- b0) *+ 2

1 Kb: kcal / mole

I'bo: A

!

I atom type Kb b0
!

! TDTHP

P3 CT 424.2352 1.810 !
CT HC 339.9857 1.090 !
CT CT 267.9254 1.529 !

! DEC
C CT 167.5000 1522 !
C 02 328.0000 1.250 !

I TIP3P WATER
OW HT 450.0000 0.9572 !

ANGLES
!

I'V(angle )= Ktheta ( Theta - ThetaO ) ** 2
|

I Ktheta : Kcal / mole

I ThetaO : degrees
!

I atom types Ktheta ThetaO
I TDTHP

CT P3 CT 72.634 109.500 !
HC CT P3 46.594 110.100 !
CT CT P3 60.839 115.200 !
CT CT CT 58.353 112.700 !
CT CT HC 37.500 110.700 !
HC CT HC 32.995 107.800 !
| DEC

C CT CT 31500 111.100 !
C CT HC 17.500 109.500 !
CT C 02 35.000 117.000 !
02 C 02 40.000 126.000 !
I TIP3P Water

HT OwW HT 55.0000 104.52 !

DIHEDRALS
1

iV(dihedraI )= Kchi (1+ cos (n(chi )- delta ))
|

! Kchi : Kcal / mol
' n: multiplicity

! delta : degrees
|

I atom types Kchi n delta

TH-1387_126107008
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' TDTHP

CT
CT
CT
CT
CT
CT
P3
P3
P3
P3
P3
P3
HC
HC
HC
CT
CT
CT
CT
CT
CT

P3 CT
P3 CT
P3 CT
P3 CT
P3 CT
P3 CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT
CT CT

! DEC

HC
CT
CT
HC

CT CT
CT CT
CT C
CT C

IMPROPER

HC
HC
HC
CT
CT
CT
HC
HC
HC
CT
CT
CT
HC
HC
HC
HC
HC
HC
CT
CT
CT

02
02

0.0000
0.0000
0.1108
0.0000
0.0000
0.1354
0.0000
0.0000
0.0556
-0.3881
0.1181
-0.0854
0.0000
0.0000
0.1590
0.0000
0.0000
0.1830
0.8700
-0.0785
0.1395

0.6500
0.6500
0.0000
0.0000

NN WW

WOV PR wNRONMNRPOVRPONRONRE ON R
H
©
o

o O oo

I'V(improper ) = Kpsi (psi - psi0 ) 2
1

1 Kpsi :

I psi0 : degrees

kcal / mole/ rad ** 2

I note that the second column of numbers

!
I atom types
02 02 CT C

cC 02 02 CT

02 CT 02 C

NONBONDED
!

I'V(Lennard -Jones )=Eps,i,j[( Rmin,i,j/ri ,j)* 12-2( Rmin,i,j/ri ,]j)** 6]

I'epsilon :Kcal / mol, Eps,i,j=sqrt (eps,ix*eps,j)

'Rmin/2: A, Rmin, i, j=Rmin/2, i + Rmin/2, j
!

! atom ignored epsilon Rmin

! TDTHP

P3 0.000000 -0.2000 2.0990 !
CT 0.000000 -0.0660 1.9643 !
HC 0.000000 -0.0300 14031 !

! DEC

C 0.000000 -0.1200 0.9250 !
02 0.000000 -0.2000 0.8000 !

TH-1387_126107008
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I TIP3P Water

HT 0.000000 -0.046000 0.224500 !
ow 0.000000 -0.152100 1.768200 !
END
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[TDTHP]|[DEC] PDB File

HEADER

TITLE Built with Packmol

REMARK Packmol generated pdb file

REMARK HomdPage: http :// wwwime. unicamp . br/ ~martinez / packmol

REMARK

ATOM 1 Ci1 TDT A 1 5.139 12500 50.071 1 0 TDE C
ATOM 2 C2 TDT A 1 5.041 11.454 48.940 1 0 TDE C
ATOM 3 C3 TDT A 1 6.090 10.339 49.016 1 0 TDE C
ATOM 4 C4 TDT A 1 5.846 9.244 47973 1 0 TDE C
ATOM 5 C5 TDT A 1 6.893  8.127 48.014 1 0 TDE C
ATOM 6 C6 TDT A 1 6.644 7.033 46.972 1 0 TDE C
ATOM 7 P1 TDT A 1 6.274 13.926 49.864 1 0 TDE P
ATOM 8 Cr TDT A 1 6.362 14.768 51503 1 0 TDE C
ATOM 9 C8 TDT A 1 5.058 14950 52.297 1 0 TDE C
ATOM 10 C9 TDT A 1 5.307 15.687 53.620 1 0 TDE C
ATOM 11 Cl10 TDT A 1 4.073 15.791 54531 1 0 TDE C
ATOM 12 C11 TDT A 1 2.874 16.574 53.972 1 0 TDE C
ATOM 13 C12 TDbT A 1  3.163 18.046 53.658 1 0 TDE C
ATOM 14 C13 TDT A 1 1.940 18.848 53.181 1 0 TDE C
ATOM 15 Ci14 TDT A 1 0.795 19.061 54.189 1 0 TDE C
ATOM 16 Ci15 TDT A 1 1.153 19.878 55.449 1 0 TDE C
ATOM 17 Cl16 TDT A 1 1.561 19.049 56.675 1 0 TDE C
ATOM 18 C17 TDT A 1 1.903 19.904 57.900 1 0 TDE C
ATOM 19 C18 TDT A 1 2.284 19.081 59.135 1 0 TDE C
ATOM 20 C19 TDT A 1 2.631 19.934 60.361 1 0 TDE C
ATOM 21 C20 TDT A 1 3.011 19.104 61589 1 0 TDE C
ATOM 22 C21 TDT A 1  8.012 13.425 49533 1 0 TDE C
ATOM 23 C22 TDT A 1  8.426 13.320 48.056 1 0 TDE C
ATOM 24 C23 TDT A 1 9.822 12.706 47.907 1 0 TDE C
ATOM 25 C24 TDT A 1 10.281 12.645 46.446 1 0 TDE C
ATOM 26 C25 TDT A 1 11.644 11.970 46.264 1 0 TDE C
ATOM 27 C26 TDT A 1 12.103 11.926 44.804 1 0 TDE C
ATOM 28 C27 TDT A 1 5.706 15.044 48553 1 0 TDE C
ATOM 29 C28 TDT A 1 4.320 15.685 48.730 1 0 TDE C
ATOM 30 C29 TDT A 1 3.944 16.513 47.492 1 0 TDE C
ATOM 31 C30 TDT A 1 2.549 17137 47.604 1 0 TDE C
ATOM 32 C31 TDT A 1 2.093 17904 46.353 1 0 TDE C
ATOM 33 C32 TDT A 1 28921, 19.152 46.033 1 0 TDE C
ATOM 34 H1I TDT A 1 4.163 12.961 50.244 1 0 TDE H
ATOM 35 H2 TDT A 1 5.420 12.024 51.019 1 0 TDE H
ATOM 36 H3 TDT A 1 5.094 11926 47.956 1 0 TDE H
ATOM 37 H4 TDT A 1 4.044 11.006 49.019 1 0 TDE H
ATOM 38 H5 TDT A 1 6.093 9.899 50.025 1 0 TDE H
ATOM 39 H6 TDT A 1 7.089 10.754 48.850 1 0 TDE H
ATOM 40 H7 TDT A 1 4848 8.810 48128 1 0 TDE H
ATOM 41 H8 TDT A 1 5.843 9.712 46.984 1 0 TDE H
ATOM 42 H9 TDT A 1 6.918 7.677 49.017 1 0 TDE H
ATOM 43 H10 TDT A 1 7.887 8561 47852 1 0 TDE H
ATOM 44 H11 TDT A 1 5.674 6.550 47.127 1 0 TDE H
ATOM 45 H12 TDT A 1 7.411 6.253 47.015 1 0 TDE H
ATOM 46 H13 TDT A 1 6.647 7.446 45959 1 0 TDE H
ATOM 47 H14 TDT A 1 8.161 12.474 50.054 1 0 TDE H
ATOM 48 H15 TDT A 1 8.637 14.159 50.057 1 0 TDE H
ATOM 49 H16 TDT A 1  8.422 14.323 47614 1 0 TDE H
ATOM 50 H17 TDT A 1 7.703 12.736 47.476 1 0 TDE H
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ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM
ATOM

TH-1387_126107008

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38
H39
H40
H41
H42
H43
H44
H45
H46
H47
H48
H49
H50
H51
H52
H53
H54
H55
H56
H57
H58
H59
H60
H61
H62
H63
He4
H65
H66
H67
H68
o1

C33
C34
C35
C36
c37
C38

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
DEC
DEC
DEC
DEC
DEC
DEC
DEC

>>>>>>pP>P>>>>>>>>>>>>>>>>>>>>>>>>>PPP>PDPD>PDBBPB>D>BDB>DD>> DD

PRRPRRPRRPRPRPRRPRPRPRPRPRPRPREPRPRPRPRRPRPRRPRPRRPRRPRPRPRPRPRPRPREPRPREPRPREPREPRPRPREPRPRPRRPRRPRPRRPREPRPRPREPREPRPREPREPREPRERRERR

9.816
10.554
10.323
9.521
11.598
12.397
11.388
13.073
12.201
5.700
6.482
4.287
3.565
4.697
4.001
2.512
1.822
1.045
2.109
2.939
2.505
3.958
6.835
7.078
4.614
4.325
5.705
6.099
4.386
3.743
2.066
2.486
3.927
3.609
1.529
2.286
0.366
-0.007
0.289
1.951
2418
0.740
1.047
2.726
1.459
3.139
1.777
3.455
2.195
3.251
3.887
5.111
0.956
0.953
2.082
2.094
3.223
3.247

11.692
13.274
13.664
12.117
10.949
12.494
11.381
11.431
12.933
14.454
15.813
16.324
14.904
17.298
15.862
17.812
16.342
18.197
17.224
19.845
19.691
18.906
15.739
14.192
13.971
15.495
16.687
15.165
16.252
14.777
16.508
16.081
18.109
18.530
18.361
19.835
18.097
19.577
20.492
20.592
18.409
18.366
20.548
20.586
18.403
18.435
20.578
20.612
18.439
19.741
18.477
13.739
14.864
15.049
14.290
14.473
13.710
13.899

48.325
48.500
46.038
45.858
46.661
46.868
44.180
44.703
44.387
47.614
48.453
49.621
48.869
47.350
46.613
48.472
47.807
46.486
45.492
46.880
45.178
45.786
51.317
52.098
52.510
51.699
53.408
54.172
55.477
54.792
54.707
53.072
52.873
54.536
52.288
52.845
54.486
53.649
55.731
55.206
56.435
56.930
58.143
57.649
59.389
58.893
60.607
60.109
61.891
62.446
61.391
45.929
35.016
36.536
37.241
38.762
39.465
40.986

PR RPRRRPRPRRRPRPRRPRPEPRRREPREPRRRPRPRrpRpRrRrRRRPRPRPRPRREPRPRPRPRPREPRPRRPRREPRPRPRREPREPRRERREPRERRRERERRPRPRPRPRPERRR

OO0 0000000000000 0000000000000000D0D0DO0D0D0DO0000O0O0O0O0O0O0O0O0OO0O

TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
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ATOM 109 C39 DEC A 1 4371 13.128 41683 1 O TDE C
ATOM 110 C40 DEC A 1  4.415 13.333 43201 1 O TDE C
ATOM 111 C41 DEC A 1 5532 12540 43880 1 O TDE C
ATOM 112 C42 DEC A 1 5.686 12745 45402 1 O TDE C
ATOM 113 02 DEC A 1 6.403 11.906 46.008 1 O TDE O
ATOM 114 H69 DEC A 1 6.501 12799 43431 1 O TDE H
ATOM 115 H70 DEC A 1 5413 11466 43701 1 O TDE H
ATOM 116 H71 DEC A 1  4.539 14395 43434 1 O TDE H
ATOM 117 H72 DEC A 1  3.450 13.047 43640 1 O TDE H
ATOM 118 H73 DEC A 1  5.337 13.427 41250 1 O TDE H
ATOM 119 H74 DEC A 1  4.266 12.057 41460 1 O TDE H
ATOM 120 H75 DEC A 1  3.343 14969 41216 1 O TDE H
ATOM 121 H76 DEC A 1  2.280 13591 41405 1 O TDE H
ATOM 122 H77 DEC A 1 4.188 14.025 39.046 1 O TDE H
ATOM 123 H78 DEC A 1  3.132 12640 39234 1 O TDE H
ATOM 124 H79 DEC A 1 2178 15543 38998 1 O TDE H
ATOM 125 H80 DEC A 1 1.128 14152 39.174 1 O TDE H
ATOM 126 H81 DEC A 1 2001 13.221 37.005 1 O TDE H
ATOM 127 H82 DEC A 1  3.047 14614 36829 1 O TDE H
ATOM 128 H83 DEC A 1 -0.012 14722 36941 1 O TDE H
ATOM 129 H84 DEC A 1 1.032 16.118 36.773 1 O TDE H
ATOM 130 H85 DEC A 1  0.139 15417 34542 1 O TDE H
ATOM 131 H86 DEC A 1 1.892 15216 34573 1 O TDE H
ATOM 132 H87 DEC A 1 0.841 13.809 34743 1 O TDE H

END
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[TDTHP]|[DEC] PSF File

PSF

132 | NATOM

TH-1387_126107008

1 I NTITLE
REMARKS VMDenerated NAMD / X- Plor PSF structure file

O~NO O WNPE

(o]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE

PRRPRPRRPRPRPRRPRPRPRPRPRPRPRPRPRPRRPRRRPRPRRPRRPRPRPRPRPRPREPRPREPREPREPREPRRPRRPRPRRPRREPRPRPRERLERR

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT

C1
C2
C3
C4
C5
C6
P1
C7
C8
Cc9
C10
Cl1
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
Cc22
C23
C24
C25
C26
Cc27
C28
C29
C30
C31
C32
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16

CT
CT
CT
CT
CT
CT
P3

CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC

0.412622
-0.160857
0.067578
0.077664
0.092139
-0.112108
0.004618
0.032418
-0.066094
0.044427
0.043813
0.161565
0.034358
0.027226
-0.325644
-0.010805
-0.010259
0.082769
0.091444
0.079587
-0.215389
0.072670
0.113522
0.089968
-0.135600
0.033428
0.012310
-0.047418
0.048002
0.051805
0.166524
0.023986
0.028339
-0.336547
-0.010879
-0.013125
0.082469
0.094164
0.084197
-0.162446
0.049240
0.097037
0.076549
-0.123036
0.037839
0.013022
-0.060732
0.046534
0.049782

12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
30.9738
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
12.0107
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE
TDE

TH-1387_126107008

PRRPRPRRPRRPRPRRPRPRPRPRPRPRPRPRPRPRRPRRPRRPRRPRRPRPRRPRPRPRPRPREPRPRPREPREPRPREPRPREPRPRRPRRPRRPRRPRPRPRPRPREPREPREPREPREPREPRERERR

TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
TDT
DEC
DEC
DEC
DEC
DEC
DEC

H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38
H39
H40
H41
H42
H43
H44
H45
H46
HA47
H48
H49
H50
H51
H52
H53
H54
H55
H56
H57
H58
H59
H60
H61
H62
H63
H64
H65
H66
H67
H68
o1

C33
C34
C35
C36
C37

HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
HC
02
CT
CT
CT
CT
CT

0.172761
0.026141
0.032349
-0.325652
-0.013945
-0.014912
0.078899
0.091104
0.081429
-0.199927
0.026446
0.084356
0.107514
-0.038627
0.016645
0.036614
-0.050405
0.032293
0.031386
-0.008774
0.025136
0.019259
0.005586
0.011485
0.012717
-0.005820
0.004375
0.006167
-0.024010
0.004788
0.005026
-0.011750
0.008423
0.006772
0.051624
0.007567
0.008228
-0.091129
-0.006734
-0.006197
-0.016476
0.018635
0.018647
0.157744
0.012367
0.010222
-0.315532
-0.018418
-0.020456
0.072135
0.078837
0.072413
0.899565
-0.294283
0.196195
0.033905
0.033910
-0.126221

1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
1.0079
15.9994
12.0107
12.0107
12.0107
12.0107
12.0107
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Appendiz A 183
108 TDE 1 DEC C38 CT -0.024843 12.0107 0
109 TDE 1 DEC C39 CT -0.024846 12.0107 0
110 TDE 1 DEC C40 CT -0.014504 12.0107 0
111 TDE 1 DEC C41 CT 0.013826 12.0107 0
112 TDE 1 DEC C42 C 0.013825 12.0107 0
113 TDE 1 DEC 02 02 0.110847 15.9994 0
114 TDE 1 DEC H69 HC -0.001316 1.0079 0
115 TDE 1 DEC H70 HC -0.001315 1.0079 0
116 TDE 1 DEC H71 HC -0.110639 1.0079 0
117 TDE 1 DEC H72 HC -0.025811 1.0079 0
118 TDE 1 DEC H73 HC -0.025811 1.0079 0
119 TDE 1 DEC H74 HC -0.020249 1.0079 0
120 TDE 1 DEC H75 HC 0.017304 1.0079 0
121 TDE 1 DEC H76 HC 0.017304 1.0079 0
122 TDE 1 DEC H77 HC 0.189114 1.0079 0
123 TDE 1 DEC H78 HC 0.006293 1.0079 0
124 TDE 1 DEC H79 HC 0.006293 1.0079 0
125 TDE 1 DEC H80 HC -0.334184 1.0079 0
126 TDE 1 DEC H81 HC -0.029194 1.0079 0
127 TDE 1 DEC H82 HC -0.029193 1.0079 0
128 TDE 1 DEC H83 HC 0.071925 1.0079 0
129 TDE 1 DEC H84 HC 0.071000 1.0079 0
130 TDE 1 DEC H85 HC 0.071925 1.0079 0
131 TDE 1 DEC H86 HC -0.849340 1.0079 0
132 TDE 1 DEC H87 HC -0.841479 1.0079 0
130 ! NBOND bonds

1 2 1 7 1 34 1 35

2 3 2 37 2 36 3 4

3 38 3 39 4 41 4 5

4 40 5 43 5 6 5 42

6 46 6 44 6 45 7 8

7 22 7 28 8 74 8 73

8 9 9 76 9 10 9 75
10 7 10 11 10 78 11 12
11 79 11 80 12 13 12 81
12 82 13 84 13 83 13 14
14 86 14 15 14 85 15 16
15 88 15 87 16 90 16 89
16 17 17 18 17 91 17 92
18 94 18 19 18 98 19 20
19 95 19 96 20 98 20 21
20 97 21 99 21 100 21 101
22 48 22 23 22 47 23 49
23 50 23 24 24 52 24 25
24 51 25 53 25 26 25 54
26 27 26 55 26 56 27 57
27 58 27 59 28 60 28 61
28 29 29 30 29 62 29 63
30 64 30 65 30 31 31 32
31 66 31 67 32 33 32 68
32 69 33 70 33 71 33 72
102 112 103 131 103 104 103 130
103 132 104 105 104 128 104 129
105 127 105 106 105 126 106 124
106 125 106 107 107 122 107 108
107 123 108 109 108 120 108 121
109 118 109 110 109 119 110 116
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110 117 110 111 111 114 111 112
111 115 112 113
255 | NTHETA angles
2 1 7 2 1 34 2 1 35
7 1 34 7 1 35 34 1 35
1 2 3 1 2 37 1 2 36
3 2 37 3 2 36 36 2 37
2 3 4 2 3 38 2 3 39
4 3 38 4 3 39 38 3 39
3 4 41 3 4 5 3 4 40
5 4 41 40 4 41 5 4 40
4 5 43 4 5 6 4 5 42
6 5 43 42 5 43 6 5 42
5 6 46 5 6 44 5 6 45
44 6 46 45 6 46 44 6 45
8 7 22 8 7 28 1 7 8
22 7 28 1 7 22 1 7 28
73 8 74 7 8 74 9 8 74
7 8 73 9 8 73 7 8 9
8 9 76 8 9 10 8 9 75
10 9 76 75 9 76 10 9 75
9 10 77 11 10 7 77 10 78
9 10 11 9 10 78 11 10 78
12 11 79 10 il 12 12 11 80
10 11 79 79 11 80 10 11 80
13 12 81 13 12 82 11 12 13
81 12 82 11 12 81 11 12 82
83 13 84 12 13 84 14 13 84
12 13 83 14 13 83 12 13 14
15 14 86 13 14 86 85 14 86
13 14 15 15 14 85 13 14 85
16 18 88 16 15 87 14 15 16
87 15 88 14 15 88 14 115 87
15 16 90 89 16 90 17 16 90
15 16 89 15 16 17 17 16 89
16 17 18 16 17 91 16 17 92
18 17 91 18 17 92 91 17 92
19 18 94 93 18 94 17 18 94
19 18 93 17 18 19 17 18 93
20 19 95 20 19 96 18 19 20
95 19 96 18 19 95 18 19 96
19 20 98 21 20 98 97 20 98
19 20 21 19 20 97 21 20 97
20 21 99 20 21 100 20 21 101
99 21 100 99 21 101 100 21 101
23 22 48 7 22 48 47 22 48
7 22 23 23 22 47 7 22 47
22 23 49 22 23 50 22 23 24
49 23 50 24 23 49 24 23 50
23 24 52 23 24 25 23 24 51
25 24 52 51 24 52 25 24 51
24 25 53 26 25 53 53 25 54
24 25 26 24 25 54 26 25 54
25 26 27 25 26 55 25 26 56
27 26 55 27 26 56 55 26 56
26 27 57 26 27 58 26 27 59
57 27 58 57 27 59 58 27 59
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60 28 61 7 28 60 29 28 60
7 28 61 29 28 61 7 28 29
30 29 62 28 29 30 30 29 63
28 29 62 62 29 63 28 29 63
64 30 65 29 30 64 31 30 64
29 30 65 31 30 65 29 30 31
30 31 32 32 31 66 32 31 67
30 31 66 30 31 67 66 31 67
33 32 68 33 32 69 31 32 33
68 32 69 31 32 68 31 32 69
32 33 70 32 33 71 32 33 72
70 33 71 70 33 72 71 33 72
104 103 131 130 103 131 131 103 132
104 103 130 104 103 132 130 103 132
103 104 105 103 104 128 103 104 129
105 104 128 105 104 129 128 104 129
106 105 127 104 105 127 126 105 127
104 105 106 106 105 126 104 105 126
124 106 125 105 106 124 107 106 124
105 106 125 107 106 125 105 106 107
106 107 122 108 107 122 122 107 123
106 107 108 106 107 123 108 107 123
107 108 109 107 108 120 107 108 121
109 108 120 109 108 121 120 108 121
108 109 118 110 109 118 118 109 119
108 109 110 108 109 119 110 109 119
116 110 117 109 110 116 111 110 116
109 110 117 111 110 117 109 110 111
110 111 114 112 111 114 114 111 115
110 111 112 110 111 115 112 111 115
102 112 113 102 112 111 111 112 113
366 ! NPHI: dihedrals
7 1 2 8 7 1 2 37
7 1 2 36 34 1 2 3
34 1 2 37 34 1 2 36
35 1 2 3 35 1 2 37
35 1 2 36 2 1 7 8
2 1 7 22 2 1 7 28
34 1 7 8 34 1 7 22
34 il 7 28 35 1 7 8
35 ¥ 7 22 35 1 7 28
1 2 3 4 1 2 3 38
1 2 3 39 37 2 3 4
37 2 3 38 37 2 3 39
36 2 3 4 36 2 3 38
36 2 3 39 2 3 4 41
2 3 4 5 2 3 4 40
38 3 4 41 38 3 4 5
38 3 4 40 39 3 4 41
39 3 4 5 39 3 4 40
3 4 5 43 3 4 5 6
3 4 5 42 41 4 5 43
41 4 5 6 41 4 5 42
40 4 5 43 40 4 5 6
40 4 5 42 4 5 6 46
4 5 6 44 4 5 6 45
43 5 6 46 43 5 6 44
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43
42
22
22
28

1

1

8
28
28

1

8

8
22

1

1
74
73
73

7

8

8
76
75
75
7

9

9
78
79
79
10
80
80
81
82
82
11
84
84
83
12
12
86
13
13
85
88
88
87
14
14
90
15
15
89
16
16

TH-1387_126107008

©WOWWO©OWWOWMMOONNNNNNNNN~N~NNN~NOO
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00 0 00 0w oo,

45
44
74

73
74

23
48
a7
23
60
29
61
60
29
10
76
75
10
7
78
11
77
78
79
12
80
79
13
82
81
13
82
83
84
14
83
86
85
15
86
85
88
16
87
88
90
17
89
90
17
91
18
92
91
94
93

42
42
22
28
28

N N
NoOoRr P ook

22

74
74
/3

76
76
75
77A
7

78
78
79
10
10
80
81
81
82
11
11
84
83
83
12
86
86
13
85
85
88
87
87
14
90
90
15
89
89
16
91

© O© O©OWWOMWOWOMWOOUNNNYINNANNgYgNN NN O

46
45
73
74

73
48
a7
23

48
a7
61
60
29

61
76
75
10
76
)
11
77
78

11

12
80

79

12
80
81

13
82

81

84

14

83

84

14

15

86

85

15

16

87

88

16

87

89

90

17

89

18

92

91

18

92

19

94
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91
92
92
94
93
93
17
95
95
96
18
18
98
19
19
97
48
48

7
47
47
22
49
49
50
23
23
52
51
51
53
24
24
54
25
25
55
56
56
60
61
61

7
62
62
28
63
63
64
65
65
29
30
30
66
67
67
68

17
17
17
18
18
18
18
19
19
19
19
19
20
20
20
20
22
22
22
22
22
23
23
23
23
24
24
24
24
24
25
25
25
25
26
26
26
26
26
28
28
28
28
29
29
29
29
29
30
30
30
30
31
31
31
31
31
32

18
18
18
19
19
19
19
20
20
20
20
20
21
21
21
21
23
23
23
23
23
24
24
24
24
25
25
25
25
25
26
26
26
26
27
274
27
27
27
29
29
29
29
30
30
30
30
30
31
31
31
31
32
32
32
32
32
33

19
94
93
95
20
96
95
98
97
21
98
97
100
99
101
100
49
24
50
49
24
25
52
51
25
5%}
54
26
58
54
515
27
56
55
57
59
58
57
59
62
30
63
62
64
31
65
64
31
66
32
67
66
33
69
68
33
69
71

91
92
94
94
93
17
17
95
96
96
18
98
98
19
97
97
48

a7
22
22
49
50
50
23
52
52
51
53
53
24
54
54
25
55
55
56
60
60
61

62
28
28
63
64
64
65
29
29
30
66
66
67
68
68

17
17
18
18
18
18
18
19
19
19
19
20
20
20
20
20
22
22
22
22
23
23
23
23
23
24
24
24
24
25
25
25
25
25
26
26
26
26
28
28
28
28
28
29
29
29
29
30
30
30
30
30
31
31
31
31
32
32

18
18
19
19
19
19
19
20
20
20
20
21
21
21
21
21
23
23
23
23
24
24
24
24
24
25
25
25
25
26
26
26
26
26
27
27
27
27
29
29
29
29
29
30
30
30
30
31
31
31
31
31
32
32
32
32
33
33

93
19
20
96
95
20
96
21
98
97
21
99
101
100
99
101
50
49
24
50
52
51
25
52
Sl
26
53
54
26
27
56
55
27
56
58
57
59
58
30
63
62
30
63
65
64
31
65
32
67
66
32
67
68
33
69
68
70
72
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69

69

31
131
131
130
132
132
103
128
128
129
127
127
104
126
126
124
125
125
105
122
122
106
123
123
107
120
120
121
118
118
108
119
119
116
117
117
109
114
110
115

3
112
113

o

32

32

32
103
103
103
103
103
104
104
104
104
105
105
105
105
105
106
106
106
106
107
107
107
107
107
108
108
108
108
109
109
109
109
109
110
110
110
110
111
111
111

! NIMPHI:

102
102

33

33

33
104
104
104
104
104
105
105
105
105
106
106
106
106
106
107
107
107
107
108
108
108
108
108
109
109
109
109
110
110
110
110
110
111
111
111
111
112
112
112

impropers
113
111

I NDON donors

I NACC acceptors

I NNB

o

TH-1387_126107008

o

70

72

71
105
129
128
105
129
106
127
126
106
124
107
125
124
107
108
122
123
108
109
121
120
109
121
110
118
119
110
116
111
117
116
111
112
114
115
112
102
102
102

111
112

o o

69

31

31
131
130
130
132
103
103
128
129
129
127
104
104
126
124
124
125
105
105
122
106
106
123
107
107
120
121
121
118
108
108
119
116
116
117
109
109
114
110
115

102

o

32

32

32
103
103
103
103
104
104
104
104
104
105
105
105
105
106
106
106
106
106
107
107
107
107
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Appendix B

Master File

function main
% Copyright with Dr. Tamal Banerjee at IIT Guwahati (India).

filelD = fopen ('expl.txt' s W),
global xbc % Raffinate loss
% Fifty run for optimization strategy
for i =1:50
sol =pso (i );
outp =[ sol xbc J;
fprintf  (filelD , '%f\t" , outp );
fprintf  (filelD ,"\n' );
end
fclose (filelD );
end
PSO function
function [ solution ]=pso(cnt)

format short

% Optimization Parameters Initialization

popsize = 30; % Size of the swarm
npar = 2; % Dimension of the problem
maxit = 100; % Maximum number of iterations

% Variable Bounds

stage_low =2; % Lower bound for number of stages (N)
stage_high =10; % Upper bound for number of stages (N)
flow_low =1; % Lower bound for solvent flow rate (S)
flow_high =10; % Upper bound for solvent flow rate (S)
% Linear Decreasing Interia weight limit

wmin=0.4;

wmax=0.9;

% Velocity limits
vmax(1)=(( stage_high
vmax(2)=(( flow_high

- stage_low ) *0.5);
- flow_low ) *0.5);

% Particles Position and Velocity Initialization

par (:,1)=( stage_high -stage low ). *rand ( popsize ,1) + stage_low ;
par (:,2)=( flow_high -flow_low ). *rand (popsize ,1) + flow_low ; % Solvent flow rate
vel = zeros (popsize , npar) ;

% Penalty Parameter

dj =floor (par (:,1));

dj1 =ceil (par (:,1));

ph=zeros ( popsize ,1);

count =1;

for i =1: popsize

if dj (i)~=djl (i)

ph(i)=( sin ((2 *pi *(par (i,1)-(0.25
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sd=1+ph(i);

sd_array (count )=sd;
count =count +1;

end

end

smin =min ( sd_array );

% Initial cost value evaluation
costl =testl (par);

% Initial Augmented Cost evaluation

cost =costl +smin *ph;

minc (1)= min(cost ); % min cost

meanc(1l)= mean(cost ); % mean cost

globalmin =minc (1); % initialize global minimum
% Initialize local minimum for each particle

localpar = par; % location of local minima
localcost = cost ; % cost of local minima
% Finding best particle in initial population

[ globalcost ,indx ] = min(cost );

indx ;

globalpar =par (indx ,:);
epsi =1; % Termination criteria for Penalty parameter update

iter = 0; % counter
s=smin ;

while iter < maxit
iter = iter + 1;

xxold =par (:,1);
yyold =par (:,2);

%Penalty parameter update
penalty_cost =abs(globalcost -costl (indx ));
if abs (globalcost )<= epsi

terminal =penalty_cost ;

else
terminal =penalty_cost / abs(globalcost );
end
if terminal <=epsi
s=s;
else
s=s*exp (1+ ph(indx ));
end

% Global Local Best Inertia Weight (GLBestIW) calculation
pbest_avg (1)= mean( globalpar (:,1));

pbest_avg (2)= mean( globalpar (:,2));

pbest (:,1)= localpar (:,1);

pbest (:,2)= localpar (;,2);

w(1)=(1.1-( globalpar (1)/ pbest_avg (1)));

wW(2)=(1.1-( globalpar (2)/ pbest_avg (2)));

cl=(1+( globalpar (1)./ pbest (:,1)));

c2=(1+( globalpar (1)./ pbest (;,2)));

% Linear Decreasing Inertia Weight (LDIW) calculation
w(iter )=( wmax((( wmax wmin)/ maxit ) xiter ));

% Velocity Update for variable N
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% GLBestlW
vel (;,1)= wl) *vel (;,1)+ rand (1,1) =*cl.=*(pbest (:;,1)+ globalpar (1)-(2. =*par (;,1)));
% LDIW
%vel(:;,1) = w(iter) xvel(:,1) + 2 *rand(1,1). *(localpar(;,1)-par(;,1)) +
% 2rand(1,1). *(ones(popsize,l) * globalpar(:,1)-par(;,1));

% Velocity Bounds for variable N

vel_over (:,1)= vel (;,1)<= vmax(1);

vel_under (:;,1)= vel (:,1)>=(-  vmax(1));

vel (;,1)= wvel (;,1). =*vel_over (;,1)+( not (vel_over (;,1)) =*vmax(1));

vel (;,1)= wvel (:,1). =*vel_under (;,1)+( not (vel_under (:,1)) =*(- vmax(1)));

% Velocity Update for variable S

%GLBestIW

vel (1,2)= wW2) *vel (:,2)+ rand (1,1) =*c2.x(pbest (:,2)+ globalpar (2)-(2. =*par (:,2)));
% LDIW

% vel(:,2) = w(iter) +xvel(:;2) + 2  =xrand(1,1). =*(localpar(:,2)-par(:,2)) +

% 2rand(1,1). (ones(popsize,l) * globalpar(:,2)-par(:,2));

% Velocity Bounds for variable S

vel_over (:,2)= vel (;,2)<= vmax(2);

vel_under (:;,2)= vel (:,2)>=(-  vmax(2));

vel (:,2)= vel (;,2). =*vel over (;,2)+( not (vel over (;,2)) *vmax(2));

vel (;,2)= vel (;,2). =vel_under (;,2)+( not (vel_under (:,2)) (- vmax(2)));

par = par + vel ; % updates particle position

% Particel Position Bounds

overlimit ~ (:,1)= par (:,1)<= stage_high ;

underlimit  (:,1)= par (:,1)>= stage_low ;

overlimit  (:,2)= par (:,2)<= flow_high

underlimit ~ (:,2)= par (:,2)>= flow_low ;

par (:,1)= par (:,1). =*overlimit (:,1)+( not (overlimit (:,1)) =*stage_high );
par (:,1)= par (:,1). *underlimit (:,1)+( not (underlimit (;,1)) =*stage_low );
par (:,2)= par (:,2). =*overlimit (:,2)+( not (overlimit (:,2)) =*flow_high );
par (:,2)= par (:,2). *underlimit (:,2)+( not (underlimit (:,2)) *flow_low );

% Penalty function for variable N

dj =floor (par (:,1));

dj1 =ceil (par (:,1));

ph=zeros ( popsize ,1);

for i =1: popsize

if dj (i)~=dj1 (i)

ph(i)=( sin (2 *pi *(par (i,1)-(0.25  *(djil (i)+@ *dj (I)))/(  diLl (i)- dj (i)N+1)/2;
end

end

% Cost update

costl =testl (par);

cost =costl +s. *ph;

% Updating the best local position for each particle

bettercost = cost < localcost ;
localcost = localcost . =*not (bettercost ) + cost . *bettercost
localpar (find (bettercost ),:) = par (find (bettercost ),:);

% Updating index g
[temp, t] = min(localcost );

% Best global value update
if temp <globalcost
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globalpar =par (t,:); indx =t; globalcost =temp;

end

costl =testl (localpar )

solution  =[ iter globalpar globalcost ] % print output each;

xx =par (:,1);

yy =par (:,2);

zz =cost ;

% PSO termination criteria

termxx =( xx-xxold ). 2;

termyy =(yy-yyold )."2;

it ((( sum(termxx )/ popsize )<=0.0001)&(( sum(termyy )/ popsize )<=0.0001))
break ;

end

minc (iter +1)= min(cost ); % min for this

globalmin (iter +1)= globalcost ; % best min so far

meanc(iter +1)= mean(cost ); % avg. cost for

end

% Augmented objective function plot for each run
figure (cnt)

iters =0: length (minc)-1;

plot (iters , minc, 'bo' ,iters , globalmin ,'g-" );

legend ('Local minimum' , 'Global minimum' )
xlabel ('Generations' ); ylabel ('Augmented Objective Function' );
end

Cost function

function f =testl (Xx)
[ m n]=size (x);
f =zeros (ml);
Dc=1; % Diameter of the column (m)
HETS=1; % Height Equivalent to Theoritical Stages (m)
Costpack =11636.43; % Cost of the packing (INR/m3)
Ct=0.006; % Thickness of the Column (m)
raws =8000; % Density of column material steel (kg/m3)
Csteel =296.39; % Cost of column material steel (INR/kg)
fori =1:m
y=lle (x(i,)); % ISR Function calling
% Cost of [TDTHP][Phosph] loss in raffinate
% Cl=(y(1) *24+325*773.27 *136172.4);
Cl=(y(1) *24+325*550.91 *237480); % Cost of [TDTHP][DCA] loss in raffinate
% Cost of butanol and ethanol loss in raffinate
C2=(y(2) *24%325+74.12 = 744.76)+( y(3) *24x325*46.07 *2210.3929);
Cpack=((( pi/4) *Dc"2) *x(i,1) *HETS Costpack ); % Cost of the packing
Ccol =(3.14 *1.4 «Dcxx(i,1) »Ctxraws *Csteel ); % Column Cost
% Column cost with 35% excess amount(depreciation, interes t & Maintanance)
C3=(1.35 *(Cpack+Ccol));
f(i)=( C)+C2+(C3); % Total Cost
end
end

ISR function
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function [xbc]=1lle (varl )% clear all;

global xbc

format long ;

z=0; % Inner Loop index for termination

w=0; % Outer Loop index for termination
N=round (varl (1)); % Rounding of Variable N

NOG4; % Number of components

C=0.2; % Ethanol flow rate in feed (kmol/hr)
D=0.033; % Butanol flow rate in feed (kmol/hr)
A=100- C- D, % Water flow rate in feed (kmol/hr)
B=varl (2); % Solvent flow rate

%Variables Initialization

F=zeros (N,1); % Feed Flow rate stagewise (kmol/hr)

E=zeros (N1); % Extract Flow rate stagewise (kmol/hr)

R=zeros (N,1); % Raffinate Flow rate stagewise (kmol/hr)

K=zeros (N, NOG; % Stagewise Distribution Constant

xij =zeros (N, NOG; % Stagewise Raffinate Phase Composition

yij =zeros (N, NOG; % Stagewise Extract Phase Composition

xf =zeros (N, NOG; % Feed Composition stagewise for all components

E_new=zeros (N1);

G1=C N, % Butanol removal in each stage (kmol/hr)
G2=D/N; % Ethanol removal in each stage (kmol/hr)

F(1)= A+C+D; % Feed flow rate to stage 1 (kmol/hr)

F(N=B; % Feed flow rate to stage N (kmal/hr)

xf (1,))=[ A( A+C+D) C/( A+C+D) D/( A+C+D) 0]; % Feed composition on stage 1
xf (N;:)=[0 0 0 1]; % Feed composition on stage N

k=N;

% Stagewise composition and flow rate (kmol/hr) assuming pe rfect separation
for i =1: N

xij (i,1)= A(( A+CtD)-( i *GD-( i*G2);
Xij (i,2)=( CG(i*GY)(( A+C+tD-( i*GD-( i*G2);
xij (1,3)=( D(i*GPN( A+C+D)-( i*GD-( i*G2);
yij (i,2)=( kxGD/( B+(k*GD+( kxG2);
yij (1,3)=( kxG2)/( B+(k*GD+( kxG2);
yij (i,4)= Bl( B+(k*GD+( kxG2);
E(i )= B+(k*GD+( kxG2);
k=k-1;
end
for i =1: N1
R(i)=E(i +1)- EQ)+ sum(F(1: i));
end
R(N=A;
Kl=nrtl (xij , N, NOQ./ nrtl (vyij , N, NOGQ, % NRTL function calling
oldx =xij
Tau_2=N;

while (Tau_2>(0.00001 *N))
K=K1,;

Tau_1=N«NOC

tempx =oldx ;

while (Tau_1>(0.001 *NtNOGQ)
xij_old =tempx;
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[ xij ]= tridiagonal (E, R K, NOCN, xf , F); % Tridiagonal function calling

tempx = Xxij
Kold =K;
row_sumx =sum( xij ,2);
for i =1: N
xij (i,)= xij (i) row_sumx(i);
end
K=nrtl (xij , N, NOGQ./ nrtl (yij , N, NOG;
yij =K. *xij ;
row_sumy =sum(yij ,2);
for i =1: N
yij (i,)= vyij (i) row_sumy(i);
end
K=nrtl (xij , N, NOGQ./ nrtl (yij , N, NOG;
Tau_1=0;
for i =1. N
for j =1. NOC

Tau_1=Tau_l+(abs(xij_old (i,])- tempx(i,j)));

end

end

z=z+1

if z >10000
break

end

end

yij =Kold . »tempx ;

for i =1: N
E_new(i)=E(i)*sum(yij (i,));

end

for i =1: N-1
R(i)=E_new(i +1)- E_new(1)+ sum( F(1: i));
end

R(N)=- E_new(1)+ sum( F(1: N));

Tau_2=0;
for i =1: N
Tau_2=Tau_2+((( E_new(i)- E(i))/ E_new(i))"2);
end
E=E_new;
w=w+ L
if w >10000
break
end
end
xbec (1)= R(N) xtempx (N4); % Solvent loss in last stage raffinate
xbc (2)= R(N) xtempx (N,2); % Butanol loss in last stage raffinate
xbc (3)= R(N) *tempx (N,3); % Ethanol loss in last stage raffinate
end

NRTL function

function gamma =nrtl (x, N, NOQ
gammazeros (N, NOG;
temp_x =x;
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for j =1: N

x=temp_x (] ,2);

alpha =0.3;
% Binary Interaction parameters from Experiments
% Water Butanol Ethanol [TDTHP][Phosph]

%a=[0 3.47 5.07 6.83;11.11 0 2.07 1.76;14.15 6.97 0 17.20;8. 41 19.98 19.85 0];
% Water Butanol Ethanol [TDTHP][DCA]

a=[0 3.33 -29.54 5.59;13.5 0 -29.56 3.61;4.24 37.85 0 -2.16;3 .97 39.99 33.7 0];
tau =a;

G=exp (- alpha *tau );
sum_Gx=x* G,
sum_Gtaux =x* ( G *tau );
for i =1:length (x)
s(i,)=( x.*@i,)] sum_GX. *(tau (i,)- sum_Gtaux. sum_GX);
end
gammdj ,;)= exp(sum_Gtaux ./ sum_Gx+(sum(s,2)));
end

Tridiagonal Matrix function

function [ x]= tridiagonal (E, R K, NOCN, xf , F)
tridg =zeros (N);
x=zeros (N, NOG;

for i =1: NOC
D=zeros (N,1);
%Tridiagonal matrix starts
for j =1: N
tridg  (j.j)=C R(j)-(C E(j)*K(j,i)))
D(j)= F(j)*xt(j.i);

end

for j =2: N
tridg  (j,j-1)= R(j-1);
tridg (j-1, j)=E(j)*K(j, i)
end
%Tridiagonal matrix ends
x(:, i)=tridg \D;
end
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