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Abstract: Recovery of alcohols from diluted aqueous soltianhighly energy-intensive. In order to reduce th
costs of concentration of alcohols, membrane psa¢including membrane extraction) are used. phjger
reports the results of ethanol concentration frailntetl aqueous solutions using a hollow fiber meamer
contactor with ionic liquid. The studies were pemied using a contactor with microporous hollow fibe
membranes. The membrane creates a barrier betivedadad and extracting solvent, also providingrgdanass
transfer area. In the process, selected ionicdiquesenting different selectivity towards ethamals used as
extractant. The experiments were performed witll feencentrations of ethanol ranging from 1 to 3vand
various feed flow rates ranging from 1 to 8%m
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Introduction

Alcohol recovery from diluted aqueous solutionsighly energy-intensive; therefore,
new methods and devices are being investigateeh aft/olving innovative technologies, to
improve its efficiency. New concepts postulate gsmass exchangers providing larger
transfer areas than those of the conventionallfieghequipment. Thus, both the space
necessary for such device and energy requirementddwbe considerably reduced.
Extraction efficiency may be improved, inter alig, using more selective extracting agents.
In this paper, the hollow fiber membrane contastith application of ionic liquid as
extractant is being researched. It is expected ¢batbining unique properties of ionic
liquids with the compact contactor module could iioye the efficiency of extraction
process.

Membrane contactors (MCs) are used for mass tnamsflequid/liquid or gas/liquid
systems without dispersing one phase in the offibe key element of a contactor is
a membrane enclosed in the casing. There are mprg bf membrane contactors, which
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differ with regard to their structure and liquidf direction. Depending on the liquid flow
direction, membrane contactors are offered in aoet, cross-flow, or counter-current
configurations. Moreover, membrane contactors nitigrdegarding the type and geometry
of the membrane used. Both flat and hollow fibermbeanes are available [1]. Depending
on the process, polymeric or ceramic membranes lmeagpplied. The type of material
determines physical and chemical characteristicche@fmembrane, wettability, geometry,
pore diameter, as well as porosity. Usually, ponoesnbranes with pore diameters between
0.05 pm and 1 pm are used [2-5]. Hydrophobic popmigmeric membranes are the most
popular because of their high porosity, wide avdlity, and low cost. Table 1 lists the most
common polymers used for the production of poroesnbiranes [6]. Ceramic membranes,
which are far more thermally resistant than polymenembranes, are also frequently
utilized as contactors. They may be both hydroplaitid hydrophobic.

Table 1
Materials most often used for membrane productidn [
Material Symbol Internal/External Porosity
diameter [um] [%]
Polytetrafluoroethylene PTFE 1000 / 2000 0.50
Polytetrafluoroethylene PTFE 1000/ 1700 0.40
Polyethylene PE 482/ 706 0.82
Polypropylene PP 600 /1000 0.79
Polypropylene PP 270/ 300 0.30
Polypropylene PP 244 / 300 0.35
Polyvinylidene fluoride PVDF 300/514 0.7
Polysulfone PS 200 /400 -
Polyethersulfone PES 460 / 850 -
Table 2

Membrane contactors and the respective conventinaas exchangers [11]

Driving force in the

Conventional exchanger | New membrane modul¢ Phase process with membrane
contactor
Packed and bubble columns membrane scrubbers gas/llqllij(;clljigr liquid/ concentration gradient
Packed columns, mixer- gas /liquid or

membrane extractors

settlers, centrifugal devices liquid/liquid concentration gradient
Packed and bubble column)s, - )
; . Supported Liquid L partial pressure /
mixer-settlers, centrifugal liquid/liquid . .
. Membranes (SLM) concentration gradient
devices
T membrane and osmotid L . .
Distillation columns distillation liquid/liquid partial pressure gradien
High pressure homogenizers membrane emulsifigrs uidiliiguid pressure gradient
Chemical reactors phase transfer catalysis liggieid concentration gradient

In a membrane contactor with the hollow fiber meamiar, one liquid flows through the
hollow fiber, the other flows on the outside. Masansfer between the phases occurs
through the membrane pores. The membrane servashasrier between phases, which
ensures independent relative flow of liquid streamd prevents problems such as foaming
or entrainment (typical in conventional mass exgeaas). The use of a porous membrane
provides a high mass transfer area relative todindce volume, which means that the



Ethanol recovery from low-concentration aqueoustsmh using membrane contactors ... 567

device size is reduced and process is still effici8ince membrane contactors are built of
modules they are easy to scale up, maintain arairrfp10]. Currently, there are several
types of membrane contactors available for comrakroise, which have replaced
conventional equipment, including membrane scrufbaelistillers (used for osmotic
distillation), extractors, emulsifiers, Supportedquid Membranes (SLMs), and many
others. Table 2 shows examples of membrane contattat are being used and their
respective conventional counterparts [11].

Currently, studies are being conducted into newiegiipns of membrane contactors.
The use of ionic liquids in membrane contactos i®vel concept.

lonic liquids (ILs) are organic salts, normally itow melting points (below 100°C).
ILs with melting points below 20°C are called rotemperature ILs (RTILs) and comprise
organic cations and organic or inorganic aniongskhl and chemical properties of ILs are
influenced by their structure; hence, by changimglength of the cation chain or changing
the anion type ILs of different qualities can betadied. The available number of
cation/anion combinations is estimated at®1@hich allows the researchers to design an IL
possessing desired properties. Low vapour pregsilose to zero), thermal stability, and
ability to dissolve both organic and inorganic campds are the key properties that make
ILs perfect solvents in many membrane processes. dte generally non-flammable,
thermally stable and selective, which in most casether broadens the range of their
possible applications. They can also be quite yasitycled after regeneration, which is
most commonly done by distillation. These featunake ILs an attractive alternative to the
conventional volatile organic solvents (VOCs) [14-1

Great attention is paid to the processes wherec#irsbe used as azeotrope breakers.
Besides, the most promising applications of ILdude extractive distillation, liquid-liquid
extraction and processes exploiting SLMs (Suppdrtgdid Membranes) [15].

The aim of extractive distillation is to remove onemponent of the mixture by
addition of another component (so-called entrain@he entrainer interacts with other
components by changing their relative volatilitie€she method is commonly used in
separation of azeotropic and close-boiling mixtutast it requires vaporization of both
streams (the entrainer and component stream). Elae aoncept consists in using ionic
liquids as the entrainers. This modification allaweiding azeotropic distillation [15].

Meindersma et al [16] investigated 1-ethyl-3-methidazolium dicyanamide
([EMIM]IN(CN) ,]) in order to separate ethanol-water mixturesiyaetive distillation and
compared the results with those obtained when ustingiene glycol as the solvent. When
the ionic liquid was used (and heat integrationl@ngented) the process required 16% less
energy than when ethylene glycol was used as thaieer.

Supported Liquid Membranes (SLMs) are porous mengg@mpregnated with liquids.
They can be applied to many separation processaallyy, use of conventional SLMs is
associated with two common problems. The first Bneaporization of the liquid into the
atmosphere or its dissolution in the contactingsphd@he second one is the limited capacity
of SLMs. However, it seems that favorable properié ionic liquids can lessen these
problems. For example, ILs are non-volatile, whigdlps minimize their losses through
vaporization. SLMs containing immobilized ionic digs are also called Supported lonic
Liguid Membranes (SILMs). SILMs are being widelydied for use in many industrial
processesg removal of acid gases from the exhaust gases gededuring combustion of
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fossil fuels g coal). In a SILM, ionic liquid acts as a transmeamz medium that
facilitates selective transportation of the sepataimponents [12-15].

Initially ionic liquids in membrane contactors dealth the absorption of components
from exhaust gases. Albo et al [17] investigatedoagition of flue gases (GGand SQ)
produced as a result of coal combustion using #oWwofiber membrane contactor with
polypropylene hydrophobic hollow fiber membrane drethyl-3-methylimidazolium ethyl
sulfate ([EMIM][EtSQ]). In the experiments, gas stream flowed outsige ¢ontactor
membrane while the absorption liquig,ionic liquid, flowed inside the membrane. It was
shown that the ionic liquid could replace other \@mtional volatile solvents as the
absorption medium.

Luis et al [18] used a hydrophilic &D; ceramic membrane to compare results with
those of Albo’s [17]. The studies were conductethgi® polymeric membrane, with an
ionic liquid flowing inside the hollow fiber membra and gas flowing on the outside. The
use of [EMIM][EtSQ] was compared with the use of conventionally agplsolvent
(N,N-dimethylaniline). In this case, the results raveslightly worse for the ceramic
membrane and IL; however, it must be rememberedrédpdacing the volatile solvent with
IL helped reduce the costs due to the regeneratiotess of IL exhibiting negligible vapor
pressure.

Better results concerning G@bsorption were obtained with a polymeric membrane
due to its hydrophobic nature. Moreover, polymenembranes have been very popular as
they are readily available and cheaper than ceraraibranes [17-18].

The use of ILs in membrane contactors offers adwged also for the petrochemical
industry. The separation of propylene/propane métdue to similar physical and chemical
properties of the two substances, is complicatedrredtly, the mixture is separated
by low-temperature distillation, which is very castensive. Won et al [19] have shown
that Ag" ions may reversibly complex with olefins. For thagson, separation of the
mixture was investigated using propylene absorptidth 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIM][BR]) and Ag complexes. The studies were performed in
a membrane contactor and semi-batch stirred taadtore The influence of various process
parameters such as solvent type (IL or aqueousisolaf Ag” complexes), composition of
the feed gas, and concentration of silver salt®ve¢so researched. The positive impact of
IL and Ag" complexes on the process efficiency was confirrida: absorption was more
efficient due to a higher contact surface area. iH#search and optimization showed that
propylene absorption using ILs and the membrangactor improved the efficiency of the
process [20].

There are a growing number of processes leadirigetgroduction of biofuels or fuel
additives. One of the main problems of biofuel istiyi is the separation of close-boiling or
azeotropic mixtures. Separation by simple distdlatis usually inefficient because of high
energy consumption. Pereiro and Rodriguez [21]queréd the experiments on separation
of the heptane-ethanol mixture in an extractionuewl, packed with Raschig rings.
1-butyl-3-methylimidazolium methyl sulfate ((BMIMJeSQj]) was used as the azeotrope
breaker. The obtained results confirmed that thecibquid was able to separate azeotropic
heptane-ethanol mixtures.

In another study, Pereiro and Rodriguez [22] compdhe extraction efficiency with
results obtained when using 1,3-dimethylimidazolimethyl sulfate ((MMIM][MeSQ]) as
the solvent. Experiments were also performed iexdraction column packed with Raschig
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rings. The efficiency of [MMIM][MeS@ was better than that of [BMIM][MeS{
However, the authors indicated that both ILs webte @0 remove ethanol from the
ethanol-heptane azeotropic mixture.

Calvar et al [23] investigated isobaric ternary aajiquid equilibria in the
ethanol - water - ionic liquid system. In the studybutyl-3-methylimidazolium methyl
sulfate ([BMIM][MeSQy]) was used. The experiments were performed witffergint
amounts of the ionic liquid (solvent to feed ratat)constant pressure. The results showed
that the addition of [BMIM][MeS(] to the binary ethanol - water azeotropic mixtbedps
break the azeotrope and dehydrate ethanol.

A growing interest is observed in processing ofnags into fuels and chemicals
through bioconversion. The most attractive processe ABE (acetone - butanol - ethanol)
and ethanol fermentations. Both ethanol and n-lmlitare popular chemicals suitable for
numerous applications. They have also been widelgied as fuel additives. Table 3
compares butanol and ethanol with other fuels. @&slwe seen from the table, properties of
butanol are similar to those of gasoline [24, 25].

Table 3
Properties of fuels [26]
Combustion Heat RON MON
Fuel energy of vaporization Research Octane Motor Octane

[MJ/dm3) [MJ/kg] Number Number
Gasoline 32.0 0.36 91-99 81-89
Methanol 16.0 1.20 136 104
Ethanol 19.6 0.92 129 102
Butanol 29.2 0.43 96 78

At present, the separation of components from tB& Aermentation broth is highly
energy-intensive. Ordinary distillation is econoatig unjustified. Moreover, the
concentrations of ethanol and butanol in the brath considerably low. According to
available studies, extraction and pervaporation thee most promising techniques of
product recovery.

Traditional solvents used in extractiagy (©leyl alcohol, mixtures of oleyl alcohol and
decanol, glyceryl tributyrate), having high distrilon coefficients for ethanol and butanol,
may be classified as volatile organic compounds @80 These solvents must be
evaporated after extraction, which on one handes®es the energy demand and on the
other hand poses a threat to the environment [27].

Domanska and Krolikowski [28] analyzed the extmttiof butanol from aqueous
solutions using different ionic liquids, namely: hé&xyl-3-methylimidazolium
tetracyanoborate  ([HMIM][TCB]), trihexyltetradecylpsphonium tetracyanoborate
([DMIM][TCB]) and trihexyl(tetradecyl)phosphoniunetracyanoborate ([Rs6d[TCB]).
Selectivities of the ionic liquids, distributionti@s, solubilities of water and alkyl chain
lengths were discussed. The experiments were peefbrat the typical fermentation
temperaturel = 308.15 K. The imidazolium-based ionic liquid wass hydrophobic than
the phosphonium-based ionic liquid. The measurddcteéties and distribution ratios
showed that the extraction of butanol from aquesalations is feasible, especially when
using [R466d[TCB]. The selectivity of [DMIM][TCB] was higher ian that of
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[HMIM][TCB]. Besides, the study proved that longalkyl chains of the cation provide
higher selectivity and distribution ratio of butdno

Materials and experimental setup

In the experiments, 1-butyl-3-methylimidazolium mgtsulfate ([BMIM][MeSQy]) (of
99.7% purity) acquired from Sigma Aldrich was enygld as the extracting agent.
Chemical structure of the ionic liquid is shownHigure 1. Ethanol of 99.6% purity was
purchased from Stanlab. The porous hollow fiber brame made of polypropylene, with
internal and external diameters of 2 mm and 3 mspeaetively, was acquired from
Polymem. The membrane contactor consisted of sheélaw fiber membranes with the
total external surface area of 0.086 m

+ ,CH3 0]
/ N - I
B O-S-OCHjs
N o
k/\CH3
Fig. 1. Chemical structure of 1-butyl-3methylimidiam methyl sulfate IL

The ionic liquid was selected based on the repmtgerning ILs affinities for ethyl
alcohol.

5% aqueous ethanol
solution

l

‘ \ = = o

1 dm’/h

@ Membrane contactor t

regenerated
ionic liquid

pump
0.84 dm’/h

pressure control unit
a 50 kPa

{ batch regeneration :
of ionic liquid i == cthanol solution flow
; i ==p  jonic liquid flow

\4

| concentrated solution  vacuum distillation
i of ethanol in water p=10kPa T=50C

S - sampling
T- temperature measurement

Fig. 2. Schematic diagram of the apparatus usedefioanol concentration from aqueous solutions
including the hollow fiber membrane contactor aowi¢ liquid
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The recovery of ethanol from diluted aqueous sohgiwas studied using an apparatus
consisting of two parts. The first part was therastion sectionje membrane contactor
with hollow fibers. The second part was used fer lthregeneration (120 minutes, 50°C at
10 kPa). This stage involved evaporation of ethamol water from the solvent for reuse in
the process. The IL was regenerated using IKA R¥l&porator and IKA HB10 heating
bath. The hollow fiber membrane contactor includadexternal part - the casing with inlet
connections, and an internal part with the holldverf membrane and sealing. The casing
was made of 316L stainless steel. Schematic drawfithe apparatus for ethanol recovery
is shown in Figure 2.

The main element of the experimental setup wasntkenbrane contactor with the
polypropylene hollow fiber membrane. The experireewere carried out with various
concentrations of the feed solution (1-5 wt.%) &t flow rates (1.0, 4.0 and 8.0 H).
The initial amount of ethanol solution in each @mex was the same (500 g). 200 g of
1-butyl-3-methylimidazolium methyl sulfate IL wetsed in each extraction process. Each
experiment lasted for 1 hour.

The IL was fed to the apparatus through the skt ssing a pump at 0.84 dim, and
the alcohol solution flowed in counter-current madeugh the lumen side at the constant
volumetric flow rate at 50 kPa. The alcohol solntiwas recirculated. The IL was able to
dissolve alcohol better than water; therefore, lad¢a@oncentration was observed. At the
end of the process, the IL was regenerated in vhparator. After this stage, the IL was
ready for reuse in later experiments. To ensuregpgrameasurement accuracy, each
experiment was performed three times. The averagedlts are presented in Table 4.
Measurement errors were rated at not exceeding 3%.

Results and discussion

The extraction experiments were conducted at ted faressure of 50 kPa to ensure
a proper interfacial contact of the feed and idigjaid. Low pressure guarantees that the
membrane pores contain only vapors of the compené#rthe pressure is too high, the feed
may flow through the pores and mix with the exiragsolvent.

Another factor that influences the extraction pescis the slip velocityie the relative
movement of the feed and extractant. In the expmrisy constant volumetric flow rate of
the ionic liquid was assumed; therefore, the skfpeity essentially depended on the feed
flow rate. As is shown by Figure 3, an increasehi§ flow rate slightly improves the
efficiency of extraction. It should be understobdttthis is the effect of two simultaneous
mechanismsie although an increase in the slip velocity shortirescontact time between
the phases, it enhances the mass transfer cogfficie

The efficiency of extractionE, was determined using the coefficient defined by
equation (1), which is the ratio of molar concetitra of ethanol in the extrac®me to
molar concentration of ethanol in the fe@al:

E- Cm,

[100% 1)

mF
Higher concentrations of ethanol in the feed resulin lower efficiency of the
extraction process. Furthermore, higher efficieneiere observed when the feed flow rate
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was growing. The relation between efficiency arithadl molar concentration in the feed is

shown in Figure 3.

Table 4
Results for various ethanol flow rates in the faad various feed concentrations
Ethanol molar Ethanol molar Ethanol .
Ethanol S 7 . Extraction
concentration in concentration in| Feed flow rate | concentration in| concentration efficienc
the feed [wt.%] the feed [dm3/h] the extract in the extract (%] y
) [mol/dm?| [mol/dm?] [wt.%]
1 2.91 16.99 17.12
1 0.17 4 3.43 20.03 20.18
8 3.43 20.03 20.18
1 2.91 16.99 8.56
2 0.34 4 3.43 20.03 10.09
8 3.77 22.01 11.09
1 3.48 20.32 6.82
3 0.51 4 3.77 22.01 7.39
8 4.28 24.99 8.39
1 3.77 22.01 5.46
4 0.69 4 4.28 24.99 6.20
8 4.80 28.03 6.96
1 4.28 24.99 4.98
5 0.86 4 4.62 26.98 5.37
8 5.14 30.01 5.98
29 =
20 Al dm':/h
O 4dm’/h
184 O 8dm'h
g 16 -
& 14+
.2
Q
= 124
23}
104
8 4
64
4 T T T T

1 2 3 4 5
Ethanol concentration in the feed [wt%]

Fig. 3. Ethanol concentration in the feed vs. etioa efficiency at various feed flow rates

When the initial mass fraction of ethanol in theedewas equal to 1 wt.%,
approximately 19-fold average concentration in elxract in relation to the feed solution
was achieved; however, at higher mass fractiond#ggee of ethanol concentration was
dropping (to about 5.5-fold concentration at 5 wafethanol in the feed).
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Conclusions

The results presented in this paper may be sumethag follows:

1. The efficiency of ethanol recovery from diluted aqus solutions using hollow fiber
membrane contactor and ionic liquids can be consitisatisfactory.

2. The measured ethanol concentrations in the extaaged from 16.99 to 30.01 wt.%.

3. The results show that the membrane extraction peoassing the hollow fiber
membrane contactor and [BMIM][MeSocan be successfully used to recover ethanol
from aqueous solutions.

Symbols

IL - ionic liquid

SLM - supported liquid membrane

SILM - supported ionic liquid membrane

E - efficiency of extraction process [%]

Cme - molar concentration of ethanol in the feed [mhoff]

Cme - molar concentration of ethanol in the extracoljian’]
[EMIM][EtSO] - 1-ethyl-3-methylimidazolium ethyl sulfate
[BMIM][BF 4] - 1-butyl-3-methylimidazolium tetrafluoroborate
[BMIM][MeSO 4] - 1-butyl-3-methylimidazolium methyl sulfate
[MMIM][MeSO 4] - 1,3-dimethylimidazolium methyl sulfate
[HMIM][TCB] - 1-hexyl-3-methylimidazolium tetracyaborate
[DMIM][TCB] - trihexyltetradecylphosphonium tetraapoborate
[P14,6,6d[TCB] - trihexyl(tetradecyl)phosphonium tetracydmoate
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ODZYSKIWANIE ETANOLU Z NISKOST EZONYCH ROZTWOROW WODNYCH
Z UZYCIEM KONTAKTOROW MEMBRANOWYCH | CIECZY JONOWEJ

Wydziat Inzynierii Procesowej i Ochron§rodowiska, Politechnika £6dzka

Abstrakt: Odzyskiwanie alkoholu z rozaiezonych roztworéw wodnych jest procesem wysokogawtonnym.
W celu obnienia kosztéw do zetania rozciéczonych roztworéw alkoholi wykorzystuje esiprocesy
membranowe, ngdzy innymi ekstrakej membranow. W pracy przedstawiono wyniki bati@rocesu zgtania
rozcieiczonych wodnych roztworéw etanolu w kontaktorze meEmowym z zastosowaniem cieczy jonowej.
W przeprowadzonych eksperymentach wykorzystanoakbot membranowy z mikroporowatymi membranami
kapilarnymi stanowicymi bariee miedzy roztworem surowym a ekstrahentem i jednétizezapewniacymi
duza powierzchng wymiany masy. W procesie jako ekstrahentgta cieczy jonowej wykazaggej selektywnéc

w stosunku do etanolu. Oméwiono wyniki badarocesu zgtania roztworéw etanolu oeseniach 1 do 5%
masowych i nateniach przeplywu nadawy zmienianych w zakresie dd 8 dn¥/h.
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