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Liquid —Liquid Equilibria in Binary Mixtures of 1,3-Propanediol + lonic Liquids
[bmim][PF ¢], [bmim][BF 4], and [emim][BF 4]

Mark B. Shiflett* -t and A. Yokozeki

DuPont Central Research and Development, Experimental Station, Wilmington, Delaware 19880, and DuPont Fluoroproducts
Laboratory, Chestnut Run Plaza 711, Wilmington, Delaware 19880

Binary liquid—liquid equilibria (LLE) in mixtures of 1,3-propanediol and three ionic liquids have been measured
using the volumetric and cloud-point methods. The room-temperature ionic liquids studied are 1-butyl-3-
methylimidazolium hexafluorophosphate [bmim]gpFL-butyl-3-methylimidazolium tetrafluoroborate [bmim]-
[BF4], and 1-ethyl-3-methylimidazolium tetrafluoroborate [emim]{BFAIl three binary systems show upper critical
solution temperatures (UCSTSs), with about 299 K for [omim}[BBbout 310 K for [emim][BE], and about 360

K for [bmim][PFg]. The limited solubility behaviors with UCSTSs are similar to the cases of various monoalcohols
with ionic liquids reported in the literature. Observed LLE are well correlated by use of the nonrandom two
liquid (NRTL) solution model.

Introduction 5), [bmim][BF,] (assay= 97 %, GHisF4N2B, lot and filling
code 1142017 31205158, CAS no. 174501-65-6), and [emim]-
[BF4] (assay= 97 %, GH11F4N2B, lot and filling code 1167450
50705116, CAS no. 143314-16-3) were purchased from Fluka
(Buchs, Switzerland). The 1,3-propanediol (99.6 % purity,
C3HgO,, product and batch no. 533734-1KG-A 11528TO, CAS
no. 504-63-2) was obtained from Sigma-Aldrich, Inc. (St. Louis,
MO). Methyl alcohol (99.93 % purity, Sigma-Aldrich, 27,047-
4, lot no. DS 00462CS, CAS no. 67-56-1) was used as a
reference fluid for volumetric calibration of the experimental

The present report is a part of our continuing studies on the
phase behavior of room-temperature ionic liquids (RTILs) with
various chemicals such as hydrofluorocarbons (HFCs), carbon
dioxide, and ammonia. Although there are many solubility
studies of monoalcohat RTIL mixturesl—13 no detailed studies
on 1,3-propanediol (PDO} RTIL systems have been reported
in the literature, except for a “screening experiment” for an
approximate liquig-liquid critical point temperaturét 1,3-
Propanediol is an important industrial compound in the synthesis

: ! T apparatus.
of polyesters and other new polymers, refrigeration applications, B i i
paints, and plastic¥ 17 Particularly, due to the recent intense | "€ ionic liquid samples were dried and degassed by first
interest in environmental protection and sustainable develop-Plcing the samples in borosilicate glass tubes and pulling a
ment, bio-based 1,3-propanediol production by fermentation of COarse vacuum on the samples with a diaphragm pump (Pfeiffer,

corn is preferable and more environmentally beneficial than the Mede!l MVP055-3, Nashua, NH) for about 3 h. Next, the samples
petrochemical ethylene oxide pathwidy. were fully evacuated using a turbopump (Pfeiffer, model TSH-
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can be carried out by ordinary distillation technigd@RTILs, 348 K?or 48 1o 96?1 The massqfractions of wgter remaining in
which are often called “green solvents” (environmentally ' 9

. . the dried samples were measured by Karl Fischer titration
friendly solvents), may be useful for such separation processes. .
Therefore, understanding the solubility behavior of 1,3-pro- (AquaStar C3000, solutions AquaStar Coulomat C and A) and

panediol+ RTIL mixtures is important in many applications. we(;e 36.3’ 2;2’ and ZOZ. p[?m for [omim][gFfomim][BF.],
In this report, we have studied liquidiquid equilibria (LLE) and [emim][BF], respectively.

of binary mixtures of 1,3-propanedie! ionic liquids: 1-butyl- Experimental Method A detailed description of the experi-
3-methylimidazolium hexafluorophosphate [omim]gpF-bu- mer_1ta| equipment, p_rocedure, and principle of the methoq are
tyl-3-methylimidazolium tetrafluoroborate [bmim][BF and available in our previous report&2° Therefore, only the basic

1-ethyl-3-methylimidazolium tetrafluoroborate [emim][BF experimental technique and experimental uncertainties are given
LLE experiments have been performed using the volumetric here.

and cloud-point method$:2! Solubility data and data correla- Low-pressure sample containers were fabricated from boro-
tion with the nonrandom two liquid (NRTL) solution moédel silicate glass tubing with an outside diameter of 12.69 mm, an
are presented. inside diameter of 7.94 mm, and an overall length of 15.5 cm.
The glass tubing was sealed with a torch on one end and open
Experimental Procedures on the other. The borosilicate glass tubes were cleaned in an

ultrasonic bath filled with acetone if@ h and dried overnight

in a vacuum oven at 348.15 K. The volume of each liquid layer
was obtained by measuring the liquid height from the bottom
* Corresponding author. E-mail: mark.b.shiflett@usa.dupont.com. of the glass .tublng, as de;crlbed In our previous Wéﬁvl%%usmg

t DuPont Central Research and Development. an electronic caliper (Mitutoyo Corp., model no. CD-6S,

* DuPont Fluoroproducts Laboratory. code no. 500-196) with an accuracyf0.01 mm. The volume,

Materials. The [bmim][PFK] (assay= 96 %, GHisFsN2P,
lot and filling code 1242554 15005226, CAS no. 174501-64-
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Table 1. 1,3-Propanediol (1)+ [bmim][PF¢] (2) Systent

T \ \ \E VE

K 100x'1 100x, cm*-molt cm®-mol~t cm-mol~t cm*-molt
286.6+ 0.2 10.9+1.7 99.4+ 0.1 1845+ 2.2 71.5+0.2 —7.1+22 —1.3+0.2
287.84+0.2 11.4+ 2.3 99.4+ 0.1 184.2+ 3.0 71.6+0.1 —6.9+3.0 -1.2+0.1
288.2+ 0.2 11.8+1.6 99.4+ 0.1 183.4+- 2.1 71.8+£0.2 —7.2+£21 —1.1+0.2
291.9+0.2 13.3+1.9 99.1+ 0.1 182.6+2.4 72.3+0.1 —6.5+24 —1.0+0.1
298.3+ 0.2 15.0+2.4 99.0+ 0.1 181.1+3.1 72.6+0.1 —6.4+3.1 —1.2+0.1
303.3+0.2 155+ 15 98.8+ 0.1 180.9+ 2.0 73.0£0.2 —6.4+20 —-1.3+£0.2
313.5+£0.2 19.0+1.9 98.5+ 0.1 176.8+-2.4 74.1+ 0.1 —7.0+24 —1.0+0.1
323.4+0.2 243+ 15 97.8+ 0.1 171.2+1.9 75.5+ 0.1 —6.3+1.9 —1.1+0.1

aV/, observed molar volume lower phasg;observed molar volume upper phas€; excess molar volume lower phas&;, excess molar volume upper
phase.

Table 2. 1,3-Propanediol (1)+ [bmim][BF 4] (2) Systen®

T V \Y \a VE

K 100Xy 100x; cm-mol~1 cm-mol~t cm3mol~t cm-mol~1
286.7+ 0.2 36.84+ 0.2 95.84+ 0.8 144.0+ 0.2 75.2+ 0.2 —0.5+0.2 -1.6+0.2
287.94+ 0.2 38.4+ 0.4 95.2+ 0.2 141.8+0.4 75.7£ 0.2 —-1.0+04 —-1.84+0.2
289.14+ 0.2 39.7+ 0.4 94,94+ 0.2 140.7+ 0.5 76.0+ 0.3 —0.6+ 0.5 —-1.8+0.3
291.94+0.2 47.0+ 0.5 93.1+ 0.1 131.6+ 0.5 78.9+ 0.1 —1.6+0.5 -1.2+0.1

aV/, observed molar volume lower phadg;observed molar volume upper phas€; excess molar volume lower phas&;, excess molar volume upper
phase.

v, vs the heighth, was calibrated experimentally using methyl model 1560 with SPRT module 2560). The Blackstack instru-
alcohol, and a linear relation was obtained. The uncertainty in ment and SPRT were also a NIST certified secondary temper-
the volume is estimated to he 0.25 %. ature standard. The water bath temperature uncertainties were
The sample containers were initially weighed to determine + 0.2 K.
the tare mass. The samples were then prepared in a nitrogen-
purged drybox to minimize water contact with the hygroscopic
ionic liquids. A glass pipet was used to add the required amounts
of ionic liquid and 1,3-propanediol. Two samples containing
mole fractions of about (70 and 90) % 1,3-propanediol with . - .
[bmim][PFs] were prepared. Similar mole fractions were also measuring the “ql_"d he_|ght from the boFto_m of the glass tube
prepared using the ionic liquids ([bmim][BFand [emim][BF]). usmg'the electronic callpe.r. The mos.t.dlf.flcult problem of .tr.le
The uncertainty in the mole fraction was estimated ta-t201 experiments was to establish the equilibrium state. The mixing
% (i.e., 104). A Swagelok stainless steel (SS316) cap and plug anpl measurement procedure_ was r-epeatepl each day, and the
with Teflon ferrules was used to seal the open end of the g|asshe|ghts were plotted as a function of time until no further change
tubing before removing it from the drybox. Care is required in the heights was detected. Using this procedure required 5
when tightening the cap so that the ferrules seal against thedays to reach equilibrium at 287 K. These experiments were
glass tubing, but overtightening can crack the glass. The massegepeated at various temperatures up to about 323 K.
remained constant within the accuracy 0.0001 g) of the
balance (Mettler Toledo, model AG204) even after several Results
weeks. . L .
Initially, the samples were mixed at room temperature (293.2  Measurement Results and Uncertainty Estimatiorhe final
K) by vigorously shaking the sample containers. In this system, eqw”bnurn results for the molar compositions a.nq.volumes are
the upper liquid phaseV() was 1,3-propanediol-rich and the prowded_ in Tables 1 to 3. The_vapor pr_]a_se was initially assumed
lower liquid phase \¢') was ionic liquid-rich: liquid density ~ to contain only 1,3-propanediol (negligible vapor pressure for

The water bath temperature was initially set at about 287 K.
Before height measurements were taken, the sample holder was
positioned upright below the water level of the tank for (6 to
12) h. The volume of each liquid layer was obtained by

data were obtained for [bmim][RFand [bmim][BF,] from ref ionic liquids). The uncertainty estimation for neglecting the
23; data for 1,3-propanediol were obtained from ref 24; and moles of nitrogen in the vapor space during the filling process
data for [emim][BR] were obtained from the present studig- was calculated using an EOS progrénThe vapor correction
cm3 = 1.5134— 7.829710* T/K. resulted in a negligible change in the liquid compositioxis (

To establish thermodynamic equilibrium, sufficient time and = 0.03 % andk; = 0.0001 %) and molar volumeay = 0.05
mixing were required. A custom-made mixing apparatus, which cm®mol~! and AV' = 0.001 cni-mol~?1); therefore, our as-
can hold 14 sample containers, was designed for rocking thesumption to neglect the nitrogen in the sample container was
tubes back and forth inside a water-filled Plexiglas tank, and justified. Excess molar volumes in Tables 1, 2, and 3 were
the temperature was controlled with an external temperature bathcalculated from the liquid volumes and molar volumes of the
(PolyScience, model 1190S, Niles, IL) which circulated water pure compoundd2!
through a copper coil inside the tank. The water bath was stirred
with an agitator (Arrow Engineering Co., Inc., model 1750,
Hillside, NJ), and the temperature was measured with a
thermocouple (Fluke Corporation, model 521l thermometer, (d%te = «/(3XRE2+6XSEZ) were estimated by calculating both
Everett, WA). The Fluke thermometer was calibrated using a the overall randomdxre) and systematic uncertaintiedxge).
standard platinum resistance thermometer (SPRT model 5699,The overall random uncertainties were estimated using the
Hart Scientific, range 73 to 933 K) and readout (Blackstack following error propagation method

Total uncertainties in the final composition and molar volume
determination are provided in Tables 1 to 3. Total uncertainties
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Table 3. 1,3-Propanediol (1)+ [emim][BF4] (2) Systent
T Vv \% s VE
K 100x'1 100x, cm*-molt cm®-mol~t cm-mol~t cm*-molt
286.6+ 0.2 23.8+0.5 97.0+£0.2 129.5£ 0.4 725+ 0.2 —4.7+£0.4 —-1.9+0.2
287.8+0.2 245+ 0.5 97.0+ 0.2 129.2+0.4 72.7+0.2 —45+04 —1.84+0.2
288.2+ 0.2 24.9+0.4 96.8+ 0.2 128.9£ 0.4 72.9+£0.2 —4.4+0.4 —1.7+0.2
291.9+0.2 30.9+0.4 95.8+£ 0.2 123.9£ 0.3 74.7£0.2 —4.94+0.3 —1.0+0.2
298.3+ 0.2 35.8+ 0.4 94.5+ 0.2 120.8£ 0.3 76.0+£ 1.2 —4.44+0.3 —09+12
303.3£ 0.2 43.5£ 0.3 92.2+ 0.1 114.6+ 0.2 77.5+0.1 —4.6+0.2 —1.6+0.1

ay', observed molar volume lower phadg;observed molar volume upper phas€, excess molar volume lower phas&;, excess molar volume upper

phase.

@)

where 0xre is the mole fraction or molar volume random
uncertainty of the liquid compositiondx/op; is the partial
derivative ofx with respect to théth experimental parameter
pi, which is calculated from the sensitivity analysis of each
parameter; andp; is the estimated uncertainty of the experi-
mental parametep;. The following experimental parameters
were considered to have an effect on the random uncertainty:

sample container calibration constants, mass of 1,3-propanediol

and ionic liquid, height of lower and upper phases. The heights
had the largest overall effect. The systematic uncertainies)(
include properly correcting for the area expansion, meniscus,
and vapor-phase moles. For additional details on estimation of
total uncertainties, see refs 20 and 21.

To prove the existence of an upper critical solution temper-
ature (UCST) on the LLE curve, cloud-point measurements have
also been made. Starting at a high temperature of about 343 K,
where only one liquid phase existed, the temperature was slowly
lowered (1 kh™1) until a second liquid phase began to appear.
The observed cloud points for 1,3-propanediol (1) and [bmim]-
[PFe] (2) werex; = 50.1 % 1,3-propanediol at (3532 2) K,

x; = 70.1 % 1,3-propanediol at (3572 2) K, andx; = 90.4
% 1,3-propanediol at (3532 2) K. The observed cloud points
for 1,3-propanediol (1) and [emim][BF(2) werex; = 70.1 %
1,3-propanediol at (308.2= 2) K and x; = 90.3 % 1,3-
propanediol at (304.2t 2) K. The observed cloud point for
1,3-propanediol (1) and [bmim][Bf(2) wasx; = 70.1 % 1,3-
propanediol at (298.Z 2) K.

Model Comparisons of LLE ResultsResults with the
volumetric method are given in Tables 1, 2, and 3 with estimated
uncertainties. LLE data including the cloud-point measurements
are shown in Figures 1, 2, and 3 with the following model
correlation. Observed LLE data have been modeled with the
NRTL (nonrandom two liquids) solution mod&.The binary
activity coefficients of the NRTL model are given by

G 2 7,6
G 2 75,G
sl i) Y] ©
where
G,, = exp(—ar,,) andG,; = exp(—ar,,) 4
T EA—gland‘L' EA—gzi
2= RTTT AT RT

(adjustable binary interaction parameters) (5)
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Figure 1. Temperature.composition LLE diagram of 1,3-propanediol (1)
+ [bmim][PFg] (2): solid line, the NRTL model calculation; broken lines,
experimental LLE tie lines. Symbols#l, experimental data by the
volumetric method®, experimental data by the cloud-point method.
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Figure 2. Temperature.composition LLE diagram of 1,3-propanediol (1)
+ [bmim][BF4] (2): solid line, the NRTL model calculation; broken lines,
experimental LLE tie lines. Symbols#, experimental data by the
volumetric method®, experimental data by the cloud-point method.
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wherea = 0.2 (assumed to be a constant of 0.2 in this work)
andx; = mole fraction of thdth species.

The temperature-dependent binary interaction paramger (
is modeled here by a two-term empirical equation

(0)

73, = 19 + #UT/K and,, = 7% + $)/TIK (6)

The binary LLE (L1 for liquid 1 and L2 for liquid 2) are
mathematically described by the following equilibrium condition

L2, L2

Xt =? (i=1,2) 7)

Then, the two unknown adjustable parametgpsandr,; at a
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Figure 3. Temperature-composition LLE diagram of 1,3-propanediol (1)
+ [emim][BF4] (2): solid line, the NRTL model calculation; broken lines,
experimental LLE tie lines. Symbols#l, experimental data by the
volumetric method®, experimental data by the cloud-point method.
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Table 4. Binary Interaction Parameters in Equation 6

system (1)/(2) 79 7K 7 7SIK
PDO/bmim][PR]  —2.8628  2130.56 —4.8828  1598.35
PDO/bmim][BF]  —4.1484  2250.00 -10.394  2906.25
PDO/lemim][BR]  —3.0630  1908.25 —8.1996  2397.28

given T can be determined from one set of LLE experimental
(volumetric method) data, using eq 7 (two nonlinearly coupled

solutions in HFGH ionic liquid system£2-21 The excess molar
volumes of the present two binary systems (1,3-propaneiol
[bmim][PFs] and 1,3-propanediot [emim](BF,]) are signifi-
cantly larger than those of ordinary organic solutions but are
less than those in HF& ionic liquid systems. It is interesting
to see that the excess molar volume in the 1,3-propanediol
[bmim][BF4] system is small and of the order of ordinary
mixtures, indicating a liquid structure different from the other
1,3-propanediol binary systems.

Conclusions

Solubilities in binary mixtures of 1,3-propanedi¢! RTILS
([omim][PFg], [bmim][BF,4], and [emim][BFR]) have been
studied with the volumetric and cloud-point methods. All three
binary systems show partial immiscibilities with UCSTs. The
UCST increases in the order [omim][lR299 K) < [emim]-
[BF4] (310 K) < [bmim][PFs] (360 K). This behavior of the
UCST is similar to the cases of monoalcoHoRTIL mixtures
in the literature, as for the dependence on the alkyl chain length
of the cation as well as the type of anion. LLE data are well
correlated with the nonelectrolyte NRTL model. The excess
molar volume of the ionic-liquid-rich side solutions increases
in the order [bmim][BR] < [emim][BF,] < [bmim][PFg].
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equations). We have several sets of such LLE data and can

obtainzi, and 7,1 as a function off. Thus, the empirical four

parameters in eq 6 have been determined and are shown in Table

4. Lines in Figures 1, 2, and 3 are calculated with the present
NRTL model using these parameters. On the basis of these
calculations, the UCST for 1,3-propanediol (1) in [omim]§RF
[emim][BF4], and [bmim][BF] was estimated to be (368 2)
Katx; = (74+ 2) %, (310+ 2) K atx; = (74 £+ 2) %, and
(299 + 2) K atx; = (77 &+ 2) %, respectively.

Discussion

All binary systems of the present study have shown partial
immiscibilities with UCSTs, being similar to the cases of
monoalcohok- ionic liquid mixtures!~11 The behaviors of the
present UCSTs are also consistent with the reported trends in
the literature: by increasing the alkyl chain length on the cation,
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