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Abstract

In the last years, ionic liquids have emerged as a new class of compounds with negligible vapour pressure and excellent solvation proper
thus avoiding atmospheric contamination and flammable substances handling. Therefore, we can label ionic digquidsoasnts, constituting
a very reliable alternative to traditional solvents. In this work, our aim was to investigate the possibility of using a well-known ionic liquid, 1-
butyl-3-methylimidazolium trifluoromethanesulfonate ([omim][OTf]), as solvent in extraction processes for the ethanol removal from its mixture
with ETBE. Hence, the experimental determination of the liquid—liquid equilibrium (LLE) for the ternary system ETBE + ethanol + [omim][OTf]
at 298.15K was carried out. The correlation of LLE experimental data is commonly desirable as it allows the interpolation of tie-lines in th
immiscible region of the system. The NRTL equation, a classical correlation model, was verified to accurately correlate the experimental de
even though it was not originally developed for systems containing electrolytes.
© 2005 Elsevier B.V. All rights reserved.

Keywords: LLE; ETBE; lonic liquid

1. Introduction vent in industrial environments to perform liquid extraction of
alcohols from ethers is water, partially due to its relatively low
Since the prohibition in many countries of lead derivates agost.
additives for gasolines during the last decades, due to health In the recent years, the scientific community has been pay-
and environmental reasons, oxygenated compounds like, e.ong an increasing attention to a family of compounds with very
ethers are used to enhance the octane index. In a first momenmique properties: ionic liquids. They are usually defined as ionic
methylzert-butyl ether (MTBE) was prolifically used to replace substances containing an organic cation and having a melting
tetraethyl lead1]. But its replacement by ETBE is nowadays point below 100C [2]. They present a negligible vapour pres-
being promoted due to the detection of several cases of envirosure, an excellent capability for solvating organic and inorganic
mental contamination caused by MTBE. Thus, ETBE is called taacompounds, a wide liquid range in the vicinity of room temper-
become the most widely used octane booster on gasoline blendture and the possibility of tuning their anion or cation in order
ing. to modify their properties to achieve particular objectives, most
ETBE is mainly produced at an industrial scale by reac-of them (particularly the recently developed ones) being air and
tion of isobutene with an excess of ethanol. Thus, non-reacteshoisture stablg3,4]. Hence, these substances present a set of
ethanol comes alone with the ETBE. Downstream stages aigharacteristics of great interest in many different backgrounds
then required to obtain the ETBE with an acceptable level ofwhich invite us to use them as new and environmentally benign
purity. This purification is typically carried out by distillation solvents.
or liquid extraction. Liquid extraction processes present a series Up to date, several authors have explored the use of ionic
of advantages, but selection is conditioned to the existence difjuids in liquid extraction. Most works in this way report either
a suitable and accessible solvent. The most largely used sa-liquid—liquid equilibrium (LLE) for binary systems, solubil-
ity curves for ternary systems, or distribution ratios of different
solutes in mixtures of two immiscible solvents, one of them
* Corresponding author. being the ionic liquid. However, rather few works in the open
E-mail address: eqaaarce@usc.es (A. Arce). literature include LLE data for ternary systefi#s-9], despite
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their capital role as a chemical engineering tool in the design of 10,11,12,13,16
extraction equipments. Concretely, LLE diagrams developed are
mainly related to the separation of aromatic and aliphatic hydro-
carbons, or alcohols and linear hydrocarbons. Recently, our
group has published data concerning the extraction of ethanol
from a tertiary ether—theerr-amyl ethyl ethef10,11] In this 4

paper, we continue with our research obtaining similar data for

the removal of ethanol from ETBE, one of the major current . " S ,
octane boosters on gasoline blending. ] | | JJ l L_TJ“J
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1-Butyl-3-methylimidazolium  trifluoromethanesulfonate T T T T
([bmim][OTf]) was selected as the solvent because of its suit- PPm(tho0 80 70 60 50 40 30 20 10 00
able density and viscosity, the possibility of synthesizing it by &g 1. Typical NMR spectrum of a temary mixture, structure of the molecules
halide-free method and its hydrophilic natjie], in contrast  and peak assignment.
with the hydrophobicity presented by ETBE. Therefore, the
LLE for the ternary system ETBE + ethanol + [bmim] [OTf] at showed this time was enough to obtain equilibrium. Finally, a
298.15K has been studied in this work. sample of each layer was withdrawn using glass syringes with
coupled stainless steel needles.
Nuclear magnetic resonance (NMR) spectroscopy was
2. Experimental selected to determine the composition of the samples. Thus,
a drop of each sample was dissolved in ca. 0.5mL of GDCI
The main chemicals used in this work are listediable 1~ (Aldrich, 99.8 at.% D, stabilized with 0.5wt.% silver foil) and
ETBE with a purity of 99.4%, checked by gas chromatographyplaced inside NMR-tubes which were properly sealed. The spec-
was obtained from the Department of Chemical Engineeringrometer used to perform the analysis was a 11.74 T (500 MHz
of the University of Barcelona, Spain. Ethanol with a nomi- resonance fotH) and shielded magnet Bruker DRX-500.
nal purity of 99.9% was purchased from Merck, as well as the First, this technique was tested to be quantitative. Samples
ionic liquid [bmim][OTf], whose nominal purity was claimedto of known composition were prepared by mass using a Met-
be greater than 99%. In order to assess their validity, densitieter Toledo AT261 (precise to withis:10~* g). A drop of these
and refractive indices of these products were measured with aamples was dissolved in ca. 0.5 mL of CR@hd introduced
Anton Paar DMA 60-602 densimeter and an ATAGO RX-5000into the NMR-tubes. Then the analysis were performed on the
refractometer, precise ta-1 x 10 °gcem 3 and +4 x 1075, NMR spectrometer, with 32 scans and a relaxation time of 25s.
respectively. The characterization of the compounds used in thiig. 1shows a typicatH NMR spectrum of the ternary system,
work was complemented with the measurement of the water corihe structure of the molecules and the correspondence between
tent, determined by means of a Karl-Fischer titration methodhydrogen positions and peaks. Only peak 9 for ETBE and peak
carried out in a Metrohm 737 KF coulometer. All these data,15 for ethanol, both corresponding to two hydrogens, were suit-
which confirm the suitability of our chemicals to get accurateable for integration (seBig. 1). Peaks 4 (two hydrogens) and
and reliable researching results, are summarized along with pub-(three hydrogens) were integrated and the pondered average
lished value$13-15]in Table 1 value calculated for [bmim][OTf]. Peaks areas are proportional
For the tie-lines’ experimental determination, ternary mix-to hydrogen moles associated to the referred peak. Thus, divid-
tures (or binary, for the pair ETBE/[bmim][OTf]) with com- ing the peak area by the number of hydrogen atoms we obtain
positions lying on the immiscible region of the system werean area proportional to the moles of the referred component.
introduced inside glass vials, covered by open-top lids sealeBinally, the molar fraction is obtained by dividing this last area
with combined silicone/Teflon septa. These vials were placetly the summation of the areas of the three components. In this
into a thermostatic bath with a coupled magnetic multi-stirringway, calculated compositions are independent of sample size.
plate, which was used to stir the samples and to keep them atRiots of calculated compositions against real compositions (cal-
constant temperature (checked by means of a Heraeus Quat 1€@lated by weight) were done. The standard deviations of the fits,
thermometer with an accuracysf x 10-2K). Allthe mixtures  in molar fraction, were found to be 0.003 for ETBE and 0.002 for
were vigorously stirred for at least 1 h and then allowed to settlethanol and the ionic liquid, the largest overall deviation being
for no less than 4 h to ensure equilibrium state. Preliminary test8.005.

J\?aﬁfr tontent, density] and refractive indexi4p) of the pure components of the ternary system studied in this work, at 298.15 K and atmospheric pressure
Component CAS number Water content (%) pl(gcm3) np

Experimental Literature Experimental Literature
ETBE 637-92-3 0.14 0.73551 0.73B3] 1.37298 1.373[14]
Ethanol 64-17-5 0.04 0.78509 0.78493] 1.35923 1.3594[115]

[bmim][OTf] 174899-66-2 0.03 1.29868 Not found 1.43737 Not found
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3. Results and discussion 4.0

The measured compositions of the experimental tie-lines’
ends for the ternary system ETBE + ethanol + [bmim] [OTf] are
reported inTable 2 together with the corresponding values of
solute distribution ratiof) and selectivity §). These parameters
are defined as:

—8— [bmim][OT{]
—8— water (Quitain & Goto, 1998)
—a&— water (Fandary et al., 1999)

Solute distribution ratio ()
(%]
o

X 1.5
2
B= xT (1)
2 1.0
xll xg 054 m
S=5r—F (2)
X1 *2 0.0 ‘ , : ,
0.0 0.1 0.2 0.3 0.4 0.5

where x is the molar composition, subscripts 1 and 2 refer
to ETBE (inert) and ethanol (solute) and superscripts | and
Il indicate the organic-rich-phase and the solvent-rich-phaseig. 3. Solute distribution ratio for the systems ETBE + ethanol + [bmim][OTf]
respectively. (®) and ETBE + ethanol + wat¢t6,17](CJ, A) as a function of the molar frac-

A triangular diagram containing the experimental data is pregion of solute in the organic-rich-phase, at 298.15K. (Note: Splines are merely

ted irEi th idi | . lizati fthe sh indicative and have been exclusively plotted for facilitating the graph visualiza-

sented irFig. 2, thus providing a clear visualization of the shape ;-
and dimensions of the immiscibility region, as well as the slopes
of the tie-lines.

Xethanol (OTganic phase)

Behaviour of the solute distribution ratio throughout the het-
Table 2 erogeneous region of the system, as a function of the solute
able

Composition of the experimental tie-line ends, solute distribution rego ( ancentrat.lon in the orgf"‘”'c phase, Ca.'n be Observmma

and selectivity §) for the system ETBE + ethanol + [bmim] [OTf] at 298.15K, With the aim of comparing the behaviour of [omim][OTf] to
beingx1, x2 andxs the mole fractions of ETBE, ethanol and the ionic liquid, Water, which is one of the most widely used solvents for this
respectively kind of extractions in industry, two data series corresponding
to the LLE of the ternary system ETBE + ethanol + water, taken
from literature[16,17], have also been plotted. As it can be con-
cluded fromthe figure, the replacement of water by [bmim][OTf]
1.000 0.000 0.000 0.160 0.000 0.840 - - comes to a considerable increase in the solute distribution
0.958 0.042 0.000 0.161 0.144  0.695 340  20.28 ratios.

0.934 0.066 0000 0.148 0234 0.618 354 : o :
0.898 0102 0000 0.167 0315 0518 3.10 16.69 Analogogsly,Hg. 4 shows thg selectivity O.f [omim] [OTf.J
0.842 0158 0000 0179 0377 0444 238 11.1g Plotted against the molar fraction of solute in the ether-rich-
0.752 0.248 0.000 0.221 0460 0.319 1.85 6.31 phase, as well as data taken from literafd 1 7]for the system
0.676  0.322 0.002 0261 0505 0234 157 4.06 involving water as solvent. In this case, lower values of selec-
0565 0412 0023 0342 0519 0139 126 209 tjvity are reached with the [bmim][OTf]. Despite their lower

values, our selectivity data follow a consistent trend, decreasing

Organic phase lonic liquid phase B S
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Xethano! (Organic phase)
Fig. 2. Experimental tie-lines®, solid line) for the LLE of the ternary sys-
tem ETBE + ethanol + [bmim][OTf] at 298.15K. The corresponding tie-lines Fig. 4. Selectivity for the systems ETBE + ethanol + [bmim][OT®)( and
correlated by means of the NRTL equation, with 0.2 and fixing a previously ~ ETBE + ethanol + watefl16,17] (d, A) as a function of the molar fraction of
optimised value of the solute distribution ratio at infinite dilution, are also plottedsolute in the organic-rich-phase, at 298.15K. (Note: Splines are merely indica-
(O, dashed line). tive and have been exclusively plotted for facilitating the graph visualization).
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almost linearly with the increment of the ethanol concentration The goodness of the correlation fitting was evaluated by

in the organic phase. means of the residual functidghand the mean error of the solute
distribution ratio,A 8, defined as:
4. Data correlation 05
Xijk — Xijk

The experimental data were correlated by means ofthe NRTE = 100 Zm'”zz( : 6M )" (5)
equation[18], despite being a model initially developed for i
non-electrolyte solutions. Later modifications on the original 05
equation, in order to extend its applicability to systems with elec- Bk — ,Bk
trolytes, were published in literature. However, previous works Ap =100 Z( B > ©6)

k k

confirm that the original version can satisfactorily correlate LLE
data of systems involving electrolytes such as ionic liquidsTwo different ways were used to correlate the experimental data,
[6-8,10,11] For this reason, in this work the classical NRTL in a similar manner to the procedure followed by Sarensen.
equation, without any specific modification for electrolytes con-Firstly, the correlation was performed without fixing a previ-
sideration, was used for data correlation. The non-randomnesgs value forf... Later, an optimal value of this parameter,
parametet: was previously set to 0.1, 0.2 and 0.3 and the corfound by trial and error considering the minimization/op as
relation was performed for each value. the optimality criterion, was specified before carrying out the
A computer program designed by Sgrengid] was used to  correlation.
calculate the binary interaction parameters of the NRTL equa- Table 3summarizes the values of the residuBlsnd AB
tion. This program tries to minimize two objective functions. obtained from the data correlation. As it can be observed, the
A first one, F,, is a function of the activities and is used at the pest results correspond to a valuexsf 0.2 although results for
beginning as it does not require any preliminary guess for the =0.1 are considerably close. It has been widely reported in

binary parameters: literature that a notable decreaseA, at the same time that a
0N 2 slight increase itF, is found wheng is previously fixed20].
ijk ijk 2 However, just a tiny variation in the residuals is found in this
Fa= ZZZ < e+ al,k> + Q;P" (3) case, afactwhichisin good agreementwith correlation results of
J

some similar system recently reported including ionic liquids as
wherea is the activity,Q the constant and is the interaction solventd11]. The standard NRTL equation is therefore suitable
parameter; subscriptsand; indicate, respectively, the compo- to correlate the experimental data achieving a high accuracy
nents (1, 2, 3) and the phases (I, Il), wheréa®fers to the even for low values of solute concentration, which will probably
tie-lines (1,2, . ., M; beingM the total number of experimental correspond to the most interesting region from a practical point
tie-lines) and: to the parameters to be determined (1,2,6).  of view.

The results obtained from the convergence of the first objec- The binary interaction parameters for the correlation with
tive function are introduced as the initial parameters estimatior = 0.2, both fixing and without fixing a previous value &,
for a second objective functiorfy,, which eventually fits the arereported ifable 4 No significant differences are remarkable

experimental concentrations: between both parameters sets, except for the binary interaction
parameter ether—alcohol. The higher value of this parameter
Fp = ZminZZ(xijk — Xije)? when fixing 8+ leads to an interesting decrease/gf while
k i F increases very slightly.

o 2 A comparison between the experimental data and the
+ P2 4+ Ys.00 4 ones obtained frqm their correlatlon b){ the NRTL equation,

an: " <ﬂ°° I @ with «=0.2 and fixing a previously optimised value gf,
can be seen irFig. 2 It is clear from direct observation

whereQ, P, superscripts | and Il, subscripisj, k andn have  of this figure, that the NRTL equation successfully corre-
the same meaning than in the expression of the first objective

function,x is the mole fractiong the solute distribution ratios 1,10 3

the activity coefficientand “min” refers to the minimum obtained vajues of the residual functiofi and the mean error of the solute distribution
by the Nelder-Mead method; subscripts s aadrefer to the  ratio, Ag as defined in Eqg5) and (6) for the NRTL correlation model, both
solute (ethanol) and to infinite dilution, respectively; and fina||yfixing and without fixing a previous value of the solute distribution ratio at
the symbol “” on top indicates a calculated value. infinite dilution, oo

The second term on the right hand side on both objective Boo F (x1%) AB (x107)
functions is a penalty term designed to reduce the risk of mulg ~ 05894 85
tiple solutions caused by high parameters values. At the same 5.26 0.5882 85
time, the last term irF, guaranties that the final binary inter- 0.2 - 0.5838 8.4
action parameters set leads to an accurate fit of a previously 4.93 0.5879 81
user-defined value of the solute distribution ratio at infinite dilu-%-3 765 8';‘7‘?2 18'2

tion, Boo.
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Table 4 _ o ionic liquid could be an alternative solvent for ETBE purifica-
Blnar)_/ interaction parameterssxg,_-,-,A_g,:,-) for the ‘correle‘m‘on Wlth_th_e NRTL tion. A current limitation for the introduction of [bmim][OTf]
equation ¢ =0.2) at 298.15K, both fixing and without fixing a priori the value - < yh e solvent might be its relatively high price. Prices of ionic
of the solute distribution ratio at infinite solutiofi,. T "

liquids are expected to critically decrease as soon as they are

Boo Components Parameters£0.2) produced in a ton-scale.
i~ Agii (Imolt) Agji (Amol 1)
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