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Abstract

Mass transfer efficiency study in extractive distillation with ionic liquids for the mixtures
water-ethanol and toluene-methylcyclohexane has been carried out in this work. Ionic
liquids for the separation of these mixtures overcome the performance of the common
volatile organic solvents. However, these also showed higher viscosities. A rated-based
analysis was performed in order to quantify the effect of the solvent viscosity and relative
volatility on mass transfer efficiency. In addition to this, an experimental analysis of the
mass transfer efficiency was carried out experimentally in an extractive distillation pilot
plant. The results indicated that, high liquid viscosities of ionic liquids should not affect
the mass transfer efficiency negatively if the produced relative volatilities are sufficiently
higher than those produced by organic solvents. However, when the ionic liquid showed
very high viscosities or this solvent was present in large concentrations inside the col-
umn, the mass transfer efficiency decreases no matter how high the relative volatility is.

Keywords: extractive distillation, ionic liquids, rate-based model, mass transfer
efficiency

1. Introduction

Azeotropic and close boiling point mixtures cannot be separated by normal fractional distil-
lation. Extractive distillation (ED) is an energy efficient technology that enables the separa-
tion of these complex mixtures by using a high boiling point solvent added at the top of the
column. With this, the activity coefficients at the liquid phase are modified improving the
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relative volatiles. As a result, high purity products are obtained at the top of the distillation
column with low energy demand. Figure 1 depicts a common extractive distillation process
including the solvent recovery column.

An important parameter in the ED process is the solvent-to-feed ratio which is defined by the
ratio of the solvent added to the column and the feed stream added to the column on mass
basis:

S/F = solvent feed stream/feed stream (1)

The common solvents used in industry are normally of organic nature such as ethyleneg-
lycol for separating water and ethanol [1-3], phthalic anhydride [4], N-methyl-pyrrolidone
(NMP) and sulfolane [5-7] for the separation of aromatic from aliphatic and 1,3 butadiene
from C, hydrocarbons, 1,2 propanediol [8, 9], 1,4 butanediol [10] or dimethyl sulfoxide [11] for
the dehydration of tetrahydrofuran among other separations. These organic solvents show
several drawbacks. Since the solvent is added at the top of the column and the organic sol-
vents are volatile, they reduce the product purity. Besides this, large amounts of solvent are
required to achieve certain separation. Lately, a new class of solvents called ionic liquids have
been proposed as a novel solvent for ED due to their properties such us negligible vapor pres-
sure and high selectivity in separation processes. Therefore, a non-volatile solvent is added
to the column producing free solvent products in the condenser. Lately, many works have
been published regarding the separation of azeotropes and close boiling point mixtures using
ionic liquids as solvent, most of them are related to vapor-liquid equilibrium evaluation of
ionic liquids for improving relative volatilities [12-22]. Here, it has been demonstrated that,
in general, ionic liquids can produce better relative volatilities than organic solvents [22-25].
This advantage results in less solvent needed to perform the separation which brings less
operational cost, or an ED column with less separation stages or a decrease in capital cost with
regard a conventional ED column operating with organic solvents [26].
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Figure 1. Scheme of a conventional extractive distillation unit and the solvent recovery step.
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However, ionic liquids also show high viscosities. For example, one of the less viscous ionic
liquids, 1-ethyl-3-metylimidazolium dicyanamide ([emim][DCA]), shows viscosities around
15 mPas at 298.15 K [27-30]. Nevertheless, ionic liquids containing halides as anion, such
as chloride [I] or bromide [Br], exhibit much larger viscosities than the previous anion. For
instance, the ionic liquid 1-octyl-3-methylimidazolium bromide ([omim][Br]) displays a vis-
cosity of around 5000 mPa-s at 298.15 K [31] while 1-octyl-3-methylimidazolium chloride
([omim][Cl]) a value of 20.000 mPa-s at 298.15 K [32, 33]. These viscosity values could bring a
decrease in mass transfer efficiency when using ionic liquids in extractive distillation.

Because of this, an ED column with more separation stages due to the mass transfer lim-
itations will be required masking the above gained advantages provided by ionic liquids.
However, a good point is that, the viscosity of ionic liquids drastically decreases with increas-
ing the temperature [27] and since ED is a thermal separation process, the real mass transfer
effects of ionic liquid on the separation need to be evaluated.

Therefore, the main aim of this work is to evaluate the decrease in mass transfer throughout
the mass transfer efficiency concept when using ionic liquids in the extractive distillation of
two important cases: separation of water ethanol and methylcyclohexane-toluene mixtures.
The first represents the industrial case of dehydration of ethanol and the second the separa-
tion of aromatics from aliphatic in the petrochemical industry. On the other hand, the mass
transfer efficiency will be evaluated using rate-based modeling or non-equilibrium stage
modeling [34] since, on contrary of the equilibrium model, this one considers a real separa-
tion stage which is limited by the mass transfer. Therefore, the effect of the viscosity of ionic
liquids of mass transfer efficiency would be quantified by this model. Finally, an experimen-
tal evaluation of the decrease in mass transfer efficiency is performed in an ED pilot plant
equipped with structured packing.

2. Ionic selection for water: ethanol and toluene: methylcyclohenene
separation

As it was mentioned above, ionic liquids show better performance than organic solvents in
terms of vapor-liquid equilibrium. Therefore, the selection of the ionic liquids for a certain
case study is based on the increase in relative volatility. The work of Ge et al. [23] shows
an experimental selection of ionic liquids for water-ethanol separation. On the other hand,
Gutierrez-Hernandez et al. [25] carried out a selection of ionic liquids for methylcyclohex-
ane-toluene separation based on liquid-liquid extraction experiments. Nevertheless, the high
viscosities of ionic liquids could limit the mass transfer in the ED column. Table 1 contains
experimentally determined relative volatilities and viscosities for both case studies.

It can be observed in Table 1 that the selected ionic liquids for the separation of the water-
ethanol mixture, 1-ethyl-3-methylimidazolium chloride ([emim][Cl) and 1-ethyl-3-methy-
limidazolium acetate ([emim][OAc]) showed higher produced relative volatilities than the
conventional organic solvent ethylene glycol (EG). For the second case, the ionic liquid
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o n/mPas
Solvent S/F=1 Ref. T=29815K Ref.
Water-ethanol separation [35]
[emim][C]] 2.62 [23] 2597.69° [36]
[emim][OAc] 2.24 [23] 132.9 [27]
[emim][DCA] 1.89 [23] 14.9 [27]
EG 1.83 Aspen® 16.6 [37]
Methylcyclohexane-toluene separation [38]

a n/ mPa s

S/F=5 Ref T=298.15K Ref.
[hmim][TCB] 9.4 [25] 47.8 [38]
NMP 2.8 Aspen® 1.9 Aspen®

sextrapolated value from experimental data.

Table 1. Relative volatilities at a solvent-to-feed (S/F) ratio (mass basis) for different solvents and pure solvent viscosities
(n) at T'=298.15 for both case studies.

1-hexyl-3-methylimidazolium tetracyanoborate ([hmim][TCB]) produced much higher rela-
tive volatilities than organic solvent. This is an indication that, a column with less separation
stages or a less usage of solvent is expected to achieve a good separation. However, ionic lig-
uids also show higher viscosity values than traditional solvents. Therefore, the mass transfer
efficiency is expected to decrease.

3. Rate-based mass transfer efficiency analysis

To evaluate the effect of viscosity on mass transfer in the extractive distillation process with
ionic liquids, it is necessary to use the concept of mass transfer efficiency. The most used
mass transfer efficiency model is the Murphree Tray Efficiency [39]. However, this calculation
requires the vapor composition per tray and this would not reflect the decrease in mass trans-
fer due to viscosity in the liquid phase. The concept of efficiency that represents the changes
in liquid phase viscosity is the tray efficiency defined from the point efficiency assuming that
there is no concentration gradient in the axial direction [34, 40], this is:

EOV =1- exp(_Nov) )

where E_, is the tray efficiency and N, is the overall number of transfer units which is calcu-
lated from the number of transfer units in the vapor phase (N, ) and in the liquid phase (N) as
follows:

1 _ 1
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where A is the stripping factor calculated from an activity coefficient model [23]. When using
packing as internal in an ED column the mass transfer efficiency can be determined using the
concept of height equivalent to a theoretical plate:

In(A)
A1 (4)

HETP = H,,,

where H_ is overall height of transfer units calculated from transfer height id the vapor phase
(H,) and in the liquid phase (H,) as follows:

H,, = H,+AH, 5)

Equations (2)—(5) describe the changes in efficiency with physical properties, vapor-liquid
equilibrium and the column internals. These equations are used to compare the mass transfer
efficiency performance of the different solvents studied in this work. The number of trans-
fer units and the height of transfer units are calculated using the mass transfer correlations
depending on the column internal. This work is focused on two internals to evaluate the
changes in mass transfer efficiency with viscosity: sieve trays and structured packing. For the
case of sieve trays, AIChE mass transfer correlation calculates the number of transfer units in
the liquid phase [41]:

N, = 19700 (D,)*5(0.4 F,+0.17) ¢, (6)

where ¢ is the liquid phase residence time, F, the superficial factor, and D, the Fick diffusion
coefficient. This last transport property accounts for the decrease in mass transfer efficiency due
to the high liquid phase viscosity and it is calculated using the Wilke-Chang correlation [42]:

q)M O.ST
D, = 7.4x 10-12% @)
mYi

where M,, is the molecular weight if the solvent, @ is the association factor, T is the tempera-
ture, v is the molar volume of the solute at its normal boiling point and 5, is the viscosity of
the solvent. To use this diffusion coefficient in the above correlation, a mixing rule has to be
previously applied for concentrated solutions [34]. For the case of structured packings, Rocha
mass transfer correlation describes well the height of transfer units in the liquid phase [43]:

H =D—] ®)

L Le
2a [nscE

where u _is the superficial liquid phase velocity, a is the interfacial area per volume, «_is the
effective liquid phase velocity, S is the side dimension of corrugation and C_ is a constant for
surface renewal.
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4. Simulation setup

ASPEN Plus® radfrac with the Rate-Sep package enables the use of the rate-based model
to evaluate the effect of the solvent on the mass transfer efficiency in the ED process. This
model needs physical and transport properties of both pure component and ternary mixture
which were taken elsewhere [27, 37, 44]. Column internals are other parameters that have to
be defined. Sieve trays and Mellapak® 250Y are the selected internals for this study. Table 2
summarized the features of these internals. These internals will be used to analyze the separa-
tion of water-ethanol.

It is worth to mention that, vapor flow regimes inside the ED column could also affect mass
transfer efficiency. However, to avoid this effect, these flow regimes were set constant at a
value of flooding of 70%.

Sieve Tray

Parameter Value
Number of stages (real stages including reboiler and condenser) 22
Feed tray 12
Solvent feed 2

Mellapak® 205Y structured packing

Parameter Value
Packing height (m) 6

Feed point (m) 3

Packing material Stainless steel

Table 2. Used column internal characteristics in the simulations for 100 kg/h of mixture and 50% wt ethanol as a base
flow and feeding concentration respectively [35].

5. Experiments with an extractive distillation pilot plant

In this work, the analysis of mass transfer efficiency will be carried out also experimentally
for the mixture toluene-methylcyclohexane to corroborate the results obtained from Aspen
Plus®. For this purpose, a pilot-scale ED pilot plant was constructed at Eindhoven University
of Technology, The Netherlands equipped with Mellapack® 750Y structured packing and
that operates in continuous mode. The column diameter is 0.049 m and the packing mate-
rial is stainless steel. Finally, the packing height is 3.12 m. To validate the rate-based model
with experimental data from the pilot plant, collector basins and thermocouples were placed
within packing segments to collect liquid samples a measure the concentration of all the
component in the column at defined height of the column. Figure 2, shows a scheme of the
constructed ED pilot plant. The experimental operating conditions are described in Table 3.
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Figure 2. Scheme of the extractive distillation pilot plant at Eindhoven University of Technology [38].

Variable Value

Feed flow rate [kg h™] 2

Toluene concentration at feed [wt%] 70

Feed temperature [°C] 90

Solvent temperature [°C] 100

Solvent-to-feed ratio (mass) 5
Solvent Reboiler duty [kW]* Distillate rate

(kg h7']

NMP 50% 0.3
[emim][TCB] 50% 0.3

2100% = 2.04 [KW].

Table 3. Operating conditions [38].
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6. Results and discussion

6.1. Mass transfer efficiency in sieve tray column

Figure 3 shows the generated relative volatility profile along the ED column that accounts for
how good the separation is.

Before analysis these results, it has to be clarified that, the concentration of the solvent, either
the organic solvent or the ionic liquids, is higher in the rectifying section than in the stripping
section. It means from stage 2 to 12 in our ED column. This is because the solvent feed is at
the top of the column and below the solvent is diluted by the feed stream at stage 12. Having
mentioned this, it can be observed in Figure 3 that the relative volatility profiles, in general,
follow the same trend as Table 1 where the ionic liquid [emim][Cl] showed the best values
being the most promising solvent for water-ethanol, separation. In spite of these results, this
ionic liquid would not be used in a real ED column due that it is a corrosive fluid [45] and the
melting point is 87°C [46]. Anyhow, this ionic liquid will be kept for the analysis. Therefore,
[emim][OAc] becomes the most promising ionic liquid which exhibits the second best relative
volatilities. On the other hand, EG produces the lowest relative volatility values as indicated
in Table 1.

Next, Figure 4, shows the viscosity profile at the liquid phase when using the different sol-
vent. It is clearly seen that the increase in the liquid phase viscosity inside the ED column is
directly influenced by the solvent viscosity. This explains why when using [emim][C]] as the
solvent the highest viscosity values are observed inside the column and the rest of the solvent
follow the trend in Table 1. Therefore, the trend observed in this figure is as follows: [emim]
[Cl] > [emim][OAc] > [emim][DCA] > EG. In the stripping section the liquid viscosity drops
for all four solvents as the solvent concentration is reduced by dilution with the feed stream.

As a summary, ionic liquids produced higher relative volatilities that the organic solvent,
but higher viscosities as well. Figure 5 shows the mass transfer efficiency profiles along the
column for all solvents.

Figure 5 shows the tray efficiency profiles over the ED column calculated using Eq. (2).
The rectifying section shows lower mass transfer efficiencies than the stripping section due
to the effect of solvent viscosity. At S/F = 1, the mass transfer efficiency order is [emim]
[OAc] > [emim][DCA] > EG > [emim][Cl]. This order does not follow exactly the expected
trend from Figure 4. Therefore, the viscosity is not the only important effect in calculating
the mass transfer efficiency as observed in Eq. (2). Hence, the relative volatility values should
play an important role as well. Ionic liquids are able to outperform the relative volatilities
of the common organic solvents as it has previously mentioned. In Table 1 it is observed
that very good relative volatilities are produced by [emim][OAc]. This property enhances
the mass transfer efficiency even though having relatively high viscosity. However, for then
case of [emim][Cl], this ionic liquid shows the highest relative volatility and also it exhib-
its high viscosities. Here, due to the high viscosities this property is more important than
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Figure 3. Relative volatility profiles along the extractive distillation column for S/F =1.
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Figure 4. Viscosity profiles along the column for S/F =1 formed when the different solvents are added to the column and

D/F = 0.4 (mass basis) [35].
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Figure 5. Tray efficiency profiles along the column for S/F = 1 calculated when the different solvents are added to the
column and D/F = 0.4 (mass basis). The column is numbered from the top to the bottom [35].

relative volatility and becomes the limiting factor in mass transfer efficiency. Therefore,
moderately high viscosities of ionic liquids in ED would not limit the mass transfer when
combined with high values of relative volatility. However, the relative volatility does not
enhance mass transfer efficiency sufficiently in the presence of a very viscous ionic liquid.

6.2. Mass transfer efficiency in Mellapack® 250Y structured packing

Figure 6 shows the generated Height Equivalent to a Theoretical Plate (HETP) profiles along
the column for the same operating conditions as the sieve tray column.

For the structured packing, the values of mass transfer efficiency are represented the HETP,
and here the lowest value means the most efficient case. The mass transfer efficiency order
is [emim][OAc] > [emim][DCA] = [emim][Cl] > EG in the rectifying section. The observa-
tion of these profiles does not produce different conclusions from sieve trays. However,
two important points are observed here. Firstly, in contrast to sieve trays, more notorious
difference in efficiency is shown here. This is explained by the fact that in packed columns
the liquid and vapor flow are in countercurrent and the packing surface allows an intimate
vapor-liquid contact. As a result, the packed distillation column operates closer to equilib-
rium than sieve trays, and thereby the effect of the relative volatility predominates over the
increase in liquid phase viscosity. This is the reason why [emim][CI] produces now better
mass transfer efficiencies than EG on contrary to the case of the sieve tray column and this
latter solvent presents the lowest mass transfer efficiency (highest HETP). It worth to men-
tion that, the results obtained here were previously validated in a pilot plant where that
developed rate-based model predicts the performance of the pilot plant within 10% error.
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Figure 6. HETP profiles along the column for S/F =1 (mass basis) calculated when the different solvents are added to the
column and D/F = 0.4 (mass basis). The column is measured from the bottom (0 m) to the top (6 m) [35].

6.3. Experimental study of mass transfer efficiency in the system
toluene-methylcyclohexane

The extractive distillation of toluene-methylcyclohexane is an interesting case because the
ionic liquid [hmim]TCB] overcome by far the relative volatility of the conventional organic
solvent NMP (see Table 1). In addition to this, the viscosity of the ionic liquid is not as high
as [emim][OAc] for example. Therefore, one would not expect a decrease in mass transfer
efficiency as it was concluded before. However, since this is a very nonpolar mixture and the
ionic liquid is a solvent of a polar nature, phase split is expected when mixing. Nevertheless,
the phase splitting can be solved by increasing the S/F ration at high values [25]. Due to this
fact, there could be a decrease in mass transfer efficiency. Figure 7 shows the ternary map
indicating the one-phase region to operate.

As it can be observed in Figure 7, to reach the one-phase region, two conditions should be set:
first, high concentration of [hmim][TCB] inside the column and high methylcyclohaxene dis-
tillate rates (or low reflux ratios) to keep its concentration as low as possible inside the column
to avoid phase split. Figure 8 shows the experimentally obtained liquid phase concentration
profiles when NMP (Figure 8a) and [hmim][TCB] (Figure 8b) where the solvent, respectively.

It can be observed that, due to the high S/F ratios, high solvent concentration was devel-
oped inside the ED column for both cases NMP and [hmim][TCB]. However, when using
the organic solvent, a little lower liquid phase solvent concentration is observed due to this
solvent is volatile. High concentration will lead to high liquid phase viscosities. Figure 9
shows the viscosity profiles inside the column and the Height Equivalent to a Theoretical
Plate (HETP).
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In Figure 9a it can be clearly observed the influence of the viscosity of [hmim][TCB] due to
the high S/F ratios. While the separation of the toluene-methylcyclohexane mixture with NMP
show low viscosities, [hmim][TCB] exhibit high values reaching the 4 [cP] in the rectifying
section leading to a decrease in mass transfer efficiency as observed in Figure 9b. The impact
of the liquid phase resistance on the mass transfer efficiency is significant even though the use
of the first solvent produces much higher relative volatilities. The conclusions made in this
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Figure 8. Concentration profiles (mass fractions) for the ED of toluene-MCH using (a) NMP and (b) [hmim][TCB] as

solvents. For cases 1 and 2 [38].
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Figure 9. Liquid phase viscosity inside the ED column and HETP for the system toluene-methylcyclohexane using both
solvent NMP and [hmim][TCB] [38].

work should be used in the selection of the ionic liquids for extractive distillation processes
along with the studies on relative volatility.

7. Conclusions

In this study, the mass transfer efficiency of the extractive distillation with ionic liquids has
been analyzed for the water ethanol mixtures using a developed rate-based model and in a
pilot plant scale extractive distillation column.

The results from the rate-based indicated that the use of ionic liquids as solvents in ED is ben-
eficial due to the increase in relative volatilities when compared to organic solvents.

The high viscosities of ionic liquids were reflected in the increase of que liquid phase viscosity
inside the ED column. However, this viscosity did not decrease the mass transfer efficiency of
the ED whereas the relative volatilities are high. On the other hand, when very high viscosi-
ties or high solvent to feed ratios are applied to the ED column, a decrease in mass transfer
efficiency was observed even though having high relative volatilities.
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