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Aqueous biphasic systems (ABS) using ionic liquids (ILs) offer an alternative approach for
the extraction, recovery, and purification of biomolecules through their partitioning between
two aqueous liquid phases. In this work, the ability of a wide range of ILs to form ABS with
aqueous solutions of Na,COj3 was evaluated. The ABS formed by IL + water + Na,COj; were
determined at 25°C, and the respective solubility curves, tie-lines, and tie-line lengths are
reported. The studied ILs share the common chloride anion, allowing the IL cation core, the
cation isomerism, the presence of functionalized groups, and alkyl side chain length effects
to be evaluated. An increase in the cation side alkyl chain length leads to a higher ability
for liquid-liquid demixing whereas different positional isomers and the presence of an allyl
group have no major influence in the phase diagrams behavior. Quaternary phosphonium-
and ammonium-based fluids are more able to form an ABS when compared with imidazo-
lium-, pyridinium-, pyrrolidinium-, and piperidium-based ILs. Moreover, the presence of an
aromatic cation core has no major contribution to the formation of ABS when compared to
the respective nonaromatic counterparts. Finally, to appraise on the systems applicability in
downstream processing, selected systems were used for the partitioning of tetracyclines (neu-
tral and salt forms) — a class of antibiotics produced by bacteria fermentation. Single-step
extraction efficiencies for the IL-rich phase were always higher than 99% and confirm the
great potential of ILs to be applied in the biotechnological field. © 2013 American Institute
of Chemical Engineers Biotechnol. Prog., 29:645-654, 2013
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Introduction

The development of low-cost, recyclable, and biocompati-
ble aqueous biphasic systems (ABS) capable of offering few
stages in the separation and purification of added-value prod-
ucts is in high demand in the biotechnological industry.
Some of these systems are formed when two substances,
mutually incompatible though both miscible in water, are
used. Above a critical concentration of those components,
spontaneous phase separation takes place and a macroscopic
biphasic system is formed. The extraction and purification of
biomolecules using ABS was originally proposed by Alberts-
son in 1958' and, in the last decades, has been extended to
the separation of cells, membranes, viruses, proteins, nucleic
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acids, enzymes, and other added-value biomolecules.> A
recent overview of the developments in ABS? has evidenced
that various components besides the conventional polymer/
polymer and polymer/salt combinations are also capable of
forming ABS, namely ionic liquids (ILs). In fact, IL-based
ABS can be formed by the addition of aqueous solutions of
inorganic/organic salts, amino acids, carbohydrates, or poly-

1'116:1’8.4_13

ILs emerged as a valuable option in extraction processes,
and both hydrophobic and hydrophilic ionic fluids have been
used to create IL—water biphasic systems, that is, working ei-
ther with an IL that immediately forms two phases with
water or by the addition of salting-out species when dealing
with fluids miscible with water.'"* ILs are salts with melting
temperatures below 100°C, negligible volatility and flamma-
bility, high thermal and chemical stabilities, high ionic con-
ductivity, and also a strong solubilization capability for a
large variety of organic and inorganic compounds.'>™"’
These characteristics, together with the possibility of adjust-
ing many of their physicochemical properties, bestow ILs a
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Figure 1. Chemical structures of the studied ILs: (a) [C,mim]Cl; (b) [C4qmim]Cl; (c¢) [Cemim]Cl; (d) [OHC,mim]Cl; (e) [amim]Cl; (f)
[Campyr]Cl; (g) [Cqmpip]Cl; (h) [CapylClLy (i) 0-[Campy]Cl; (j) m-[Cympy]Cl; (k) p-[Cqmpy]Cl; (1) [N4444]Cl; and (m)

[P4444]CL

broad range of potential applications, and in particular make
them promising extractive fluids.'®"?

Besides the direct use of hydrophobic ILs as a second lig-
uid phase, the application of IL-based ABS represents a
cheaper, more benign, and efficient approach for extractive
purposes.zo*23 IL-based ABS were already used in product
recovery and in the separation/extraction of different sub-
stances, such as alkaloids,”"** antioxidant compounds,zs’26
amino acids,”?***’ proteins,”® enzymes,?*~° endocrine disrup-
tors,>! and drugs.3 =34

In biotechnology, to effectively use IL-based ABS, before-
hand experimental work is required to optimize the system
parameters so as to ensure a selective extraction of the prod-
ucts of biotechnological interest. Among added-value metab-
olites are pharmaceutical drugs, namely antibiotics, and of
which tetracyclines (TC) comprise a successful class.®> TC
are a family of polyketide antibiotics produced by Strepto-
myces genus of actinobacteria.®® TC was first isolated in
1948%" and differed from the existing antibiotics due to the
broad spectrum for antimicrobial activity and low toxicity.
TC are produced by fermentation and further require separa-
tion and purification steps. Diverse separation methods such
as liquid-liquid extraction (either by organic solvents or by
polymer-based ABS), ion-exchange, reverse micellar extrac-
tion, chromatography, crystallization, or the combination of
some of these methods have been used.*® Given all the bene-
fits of IL-based ABS and their applicability in biotechnologi-
cal routes, namely in downstream processing, this work aims
at characterizing novel ABS formed by a vast number of
chloride-based ILs and Na,CO;5 as novel extractive systems.
Sodium carbonate was chosen due its effectiveness in pro-
moting ABS and based on its domestically well known use
and applications as food additive; besides, carbonate is a
common species already present in the broth, as calcium car-
bonate is usually added to the fermentative media as it
proved to enhance TC production.®® To study the influence

of the cation structure of the IL in the formation of ABS, the
ternary phase diagrams were determined at 25°C for 13 chlo-
ride-based ILs. From the gathered phase diagrams, the most
representative systems were selected and screened through
their efficiencies in the partitioning of TC and TC.HCL.

Materials and Methods

Materials

The ILs used in this work were: 1-ethyl-3-methylimidazolium
chloride, [Comim]Cl; 1-butyl-3-methylimidazolium chloride,
[Cymim]Cl;  1-hexyl-3-methylimidazolium chloride, [Cemim]
Cl; 1-(2-hydroxyethyl)—3-methylimidazolium chloride, [OHC,.
mim]Cl; 1-allyl-3-methylimidazolium chloride, [amim]Cl; 1-
butyl-1-methylpyrrolidinium chloride, [C,mpyr]Cl; 1-butyl-1-
methylpiperidinium chloride, [C4mpip]CL; 1-butylpyridinium
chloride, [C4py]Cl; 1-butyl-2-methylpyridinium chloride, o-
[C4mpy]Cl; 1-butyl-3-methylpyridinium chloride, m-[C4smpy]Cl;
1-butyl-4-methylpyridinium chloride, p-[C4mpy]Cl; tetrabuty-
lammonium chloride, [Ng444]Cl, and tetrabutylphosphonium
chloride, [P4444]Cl. All the ILs’ structures are presented in
Figure 1.

The imidazolium-, pyridinium-, pyrrolidinium-, and piperi-
dinium-based ILs were purchased from Iolitec (Germany).
The tetrabutylphosphonium chloride was kindly supplied by
Cytec Industries Inc. (USA) The tetrabutylammonium chlo-
ride was from Aldrich (Germany). Individual samples of IL
were kept at constant agitation under vacuum and at a mod-
erate temperature (50°C), for a minimum of 24 h, to reduce
the volatile impurities content, particularly water, to negligi-
ble values. After this purification step, the purity of each IL
was further checked by 'H and 3C NMR spectra and found
to be >98 wt % for all samples; the water content in all
samples is<0.5 wt %. Anhydrous sodium carbonate,
Na,CO3 (>99.9 wt %) was from BDH Prolabo (UK). TC
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(>98 wt %) was acquired from Fluka (Germany) and its hy-
drochloric adduct, TC.HCI (> 95 wt %), was from Sigma-
Aldrich (Germany). The synthetic fermentation medium was
prepared using: H3C¢HsO7-H,O (100 wt %) from Fisher Sci-
entific (UK), (NH4),SO4 (> 99.0 wt %), KH,PO, (> 99.5
wt %), and CaCOj3 (>99.0 wt %) from Sigma-Aldrich (Ger-
many), and MgSO,4-7H,0 (> 98.0 wt %), MnSO4-H,O (98.0
wt %), ZnSO4-TH,O (> 99.5 wt %), and K,Cr,O; (>99.5 wt
%) from Panreac (Spain).

The buffers used in the calibration of the pH meter equip-
ment were the citric acid/sodium hydroxide/sodium chloride
solution with a pH value of 4.00 (= 0.02), and the potassium
dihydrogenphosphate/disodium hydrogenphosphate solution
with a pH value of 7.00 (% 0.02), acquired from Fluka (Ger-
many). Double distilled water, passed through a reverse os-
mosis system, and further treated with a Milli-Q plus 185
water purification equipment, was used in all experiments.

Methods

Phase Diagrams, Tie-Lines, and Tie-Line Lengths. The
phase diagrams of the systems composed of IL, water, and
sodium carbonate were determined through the cloud point
titration method at 25°C (*=1°C). The experimental proce-
dure adopted in this work follows the method already vali-
dated by us for ABS constituted by other ILs and inorganic
salts. /1213 Aqueous solutions of Na,CO3 (=20 wt %) and
aqueous solutions of each IL (=80 wt %) were prepared and
used for the determination of the corresponding solubility
curves. The aqueous salt solution was drop-wise added to
the IL aqueous solution until the detection of a cloudy solu-
tion (the biphasic region); then drop-wise addition of water
followed until the formation of a clear and limpid solution
(the monophasic region). To complete the phase diagrams,
the opposite addition of the IL aqueous solutions to the
aqueous salt solution was also carried out. The additions
were performed under constant stirring. The ternary systems’
compositions were determined by weight quantification of all
components within + 10~* g.

The experimental binodal curves were fitted by least-
squares regression, according to a method originally pro-
posed by Merchuk et al.*’ to describe polymer-based ABS,
and defined by,

IL]=A exp[(BX[Salt]M)—(CX[Salt]3>] 1)

where [IL] and [Salt] are the IL and the sodium carbonate
mass fraction percentages and the parameters A, B, and C
are fitted constants obtained by the regression of the experi-
mental data.

For the determination of each tie-line (TL), a ternary mix-
ture composed of sodium carbonate + water +IL at the
biphasic region was gravimetrically prepared (+10~* g), vig-
orously stirred, and left to equilibrate for at least 12 h at
25°C (£ 1°C), so as to obtain a complete separation of the
coexisting phases. The phases were further separated and
individually weighed within +10~* g. Each TL was then
calculated according to the method proposed by Merchuk
et al.** and previously used by us and others. > 12134144 ¢
should be noted that this mass balance approach already
shown to be applicable to the calculation of TLs in other IL-
based ABS and where analytical methods were also used to
validate the technique.**> The relationship between the
weight of the top phase (or the bottom one) and the overall
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weight, by the lever-arm rule, allows to obtain the four
unknown compositions ([IL]r [IL]g, [Salt]t, and [Salt]g) by
solving the following system of four equations (Egs. 2-5),

[IL ], =Aexp [(BX [Salt}?) - (cx [Salt]m 2)
[IL ], =Aexp [(BX [Salt]g‘s) - (CX [Salt ]]33)] 3)
= Do, @
[Salt], = [Sa:]M - 1;““ X [Salt], )

where “T”, “B”, and “M” designate the top phase, the bot-
tom phase, and the mixture, respectively, [Salt] and [IL] rep-
resent the weight fraction of inorganic salt and ionic liquid,
and o is the ratio between the mass of the top phase and the
total mass of the mixture. The system solution results in the
mass fraction percentage of the ionic liquid and inorganic
salt in the top and bottom phases and thus represents the
TLs of each system. The tie-line length (TLL) corresponds
to the distance between the point in the binodal curve at the
bottom phase composition to that at the top phase.

pH Measurements. The pH values of the IL- and
Na,COs-rich aqueous phases were measured at 25°C (£1°C)
using an HI 9321 Microprocessor pH meter (HANNA instru-
ments) with an uncertainty of = 0.02. The calibration of the
pH meter was carried out with two buffers (pH values of
4.00 and 7.00). The ternary mixtures were prepared by
weight, vigorously stirred, and further kept still in small
ampoules for phase separation for at least 12 h, and as previ-
ously described for the determination of TLs. After the care-
ful separation of the phases, the pH of each aqueous phase
was measured. The compositions at which the pH was meas-
ured correspond to the same compositions adopted for the
antibiotic partitioning studies for a fixed TLL.

Fartitioning of TC. The partitioning of TC, at 25°C (%
1°C), was evaluated in several biphasic mixtures composed
of Na,COj and the following ILs: [Cemim]Cl, [C4mim]Cl,
[Comim]Cl, [amim]Cl, [Cympyr]Cl, and [P4444]Cl. For
TC.HCI, the partitioning between the two aqueous phases
was determined in ABS formed by [Cymim]Cl, [P4444]Cl, or
[C4mpyr]Cl and Na,COs5 and at the same temperature. Some
of these systems (particularly those composed of the ILs
[C4mim]Cl, [P4444]Cl, and [C4ympyr]Cl) were further used to
study the partition of TC.HCI between the IL phase and a
complex aqueous medium whose composition mimics the
fermentation broth. This synthetic fermentation medium was
prepared according the description given by Darken et al.®
and that it is composed of: H;C¢HsO7-H,O (12.8 g L™Y; su-
crose (40.0 g L™Y); (NH,),SO, (6.0 g L™"); MgSO0,-7H,0
(025 g L™"; KH,PO, (0.15 g L™"); CaCO; (11.0 g L™ 1);
MnSO,-H,0 (0.010 g L™"); ZnSO,4-7H,0 (0.04 g L™"); and
K,Cr,O7 (1.6 X 107 g LY. Although sucrose should be
present at the initial medium composition,39 it was not used
here as the extraction stage takes place at the end of the fer-
mentation process when it is safe to admit that most of the
sugar was already consumed by the microorganism. After
the preparation of the synthetic medium, and its proper mix-
ing, it was centrifuged and the upper aqueous solution was
used as the aqueous phase which constitutes a given ABS.
The initial mixtures were prepared by the addition of the an-
tibiotic at 0.05 wt % to the required amount of each IL and
salt/complex media aqueous solutions so that the TLL is
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2. Binodal curves for ABS composed of
IL + Na,CO3 + H,O at 25°C (evaluation of the
cation core): o, [Cymim]Cl; [_], [Cympyr]Cl; A, p-
[Cympy]Cl; H, [Cympip]lCl; X, [Pyq4]Cl; O,
[N4444ICL

Figure

circa 40. The TC concentration value is similar to values usu-
ally found in fermentation broth media (0.2-2 g L™").3%

The biphasic mixture was mechanically stirred (vortex)
and left to equilibrate for 12 h to achieve a complete parti-
tioning of the molecule between the two phases. The parti-
tioning solute quantification, in both phases, was
accomplished by UV spectroscopy using a SHIMADZU UV-
1700, Pharma-Spec spectrometer, at the wavelength of 276
nm, using calibration curves previously established. Possible
interferences of the IL, the salt, and the synthetic fermenta-
tion medium in the TC quantification were taken in account,
and blank controls were used whenever necessary. The parti-
tion coefficient of TC, K, was determined as the ratio of the
concentration of TC in the IL and in the sodium carbonate
aqueous phases, according to Eq. (6):

K= [TC ]IL

= 6
[TC ]Sall ( )

where [TC]y, and [TClg,, are the concentrations of TC (or
TCHCI) in the IL and in the Na,CO;3; aqueous phases,
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Figure 3. Binodal curves for ABS composed of

IL + Na,CO3 + H,O at 25°C (evaluation of the
presence of functionalized groups and alkyl chain
length at the cation): @, [C,mim]Cl; e,
[C4mim]Cl; [ ], [Cemim]Cl; X, [amim]Cl; O,
[CapylCL; A, p-[C4mpy]CL
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respectively. At least three isolated samples of each system were
prepared to determine the average partition coefficient and the
respective standard deviation. Both phases were also weighed so
as to obtain the corresponding TLs as previously described.

The extraction efficiencies (%EE) of TC were determined
according to Eq. (7),

[TC] L X WIL

%EE =
[TCly. Xwi +[TClgy Xwsan

X100 (7)

where wy and wgy, are the weight values of the IL-rich phase
and of the carbonate-rich phase, respectively, and [TC]y, and
[TClsay are the concentrations of TC (or TC.HCI) in the IL-
rich phase and in the sodium carbonate phase, respectively.

Results and Discussion

The addition of high charge density salts to aqueous solu-
tions of ILs leads to liquid-liquid demixing due to a prefer-
ential hydration of the salt which further leads to the salting-
out (exclusion) of the IL to the IL-rich phase. In the studied
systems, the Na,COs-rich solution forms the bottom phase
whereas the IL solution is almost completely separated as
the upper phase; this is a very useful advantage considering
both the process efficiency and the IL recovery that may fol-
low thereafter.

Effect of the IL on ABS formation

In this work, 13 ILs were studied to form ABS with
Na,COs. All the studied ILs are chloride-based and allowed
the study of the influence of the cation characteristics in the
two phase’s formation. The same salt (sodium carbonate)
was used in all ABS studied and the temperature (25°C) and
pressure (1 bar) were also fixed in all experiments. Hence,
the differences among the binodal curves are imputable to
the IL cation identity alone. The influence of the cation core
([P4444]Cl, [Ngga4]Cl, [Cqmpip]Cl, [Cympy]Cl, [Cympyr]Cl,
and [C4mim]Cl), the effect of the methyl group position in
the pyridinium ring (the orto, meta, and para methylbutyl-
pyridinium chloride isomers), as well as the influence of the
length and the presence of functionalized groups at the cati-
on’s alkyl side chain were evaluated. All solubility data are
presented in Figures 2—4 and are depicted in molality units

4
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Figure 4. Binodal curves for ABS composed of

IL + Na,CO5; + H,O at 25°C (evaluation of the
positional isomerism at the cation): €, o-
[Campy]Cl; [], m-[C4-mpy]Cl; A, p-[C4-mpy]CL
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(mole of ionic liquid per kg of salt+ water vs. mole of
Na,COj; per kg of IL + water). The detailed experimental
weight fraction data are provided in the Supporting
Information.

Cation core effect

The solubility curves of the ILs combining the chloride
ion with different cation cores are shown in Figure 2. The
closer the curve is to the origin, the less IL and/or salt is
needed to induce the phase splitting and the wider is the
biphasic region.

From the comparison of the binodal curves depicted in
Figure 2, an order for the ABS forming ability of ILs can be
established:  [P4444]Cl =~  [Nygg44]Cl > [C4mpip]Cl > p-
[C4mpy]Cl =~ [Cympyr]Cl > [Cymim]Cl. These results agree
well with the ones from the first investigation on the effect
of the cation core through the formation of ABS conducted
by Bridges et al. in 2007.° The authors evaluated the phase
behavior of imidazolium-, pyridinium-, quaternary ammo-
nium-, and phosphonium-based chloride ILs salted-out by
several salts. In the presence of potassium carbonate they
concluded that the order of the ionic liquids’ ability to
undergo  liquid-liquid  demixing is as  follows:
[P4444]Cl > [N444]CI > [C4mim]Cl.5 Similar results were
obtained using potassium phosphate44 and potassium citrate’
as the salting-out agents; the phosphonium-based ILs are
more effective in promoting ABS when compared to their
imidazolium-based counterparts with similar anions. In gen-
eral, the two quaternary salts ([P4444]Cl and [Ngg44]Cl) ex-
hibit the highest ability for ABS formation: they have highly
shielded charges, located mostly on the heteroatom that is
surrounded by four alkyl chains, and hence possess a low af-
finity for water. The smaller the affinity for water and/or the
more extensive hydrophobic nature of the IL, the more prone
it is to be salted-out.

From the data depicted in Figure 2, it can be seen that the
discrepancies among the solubility curves of [Csmpip]Cl, p-
[C4mpy]Cl, and [C4mpyr]Cl are very small; also the proxim-
ity between the curves of [Csmim]Cl and [C4smpyr]Cl shows
that aromaticity does not play a significant role, as previ-
ously pointed out by us.”*® From the cations studied in this
work, imidazolium, followed by pyrrolidinium, displays the
most reduced ability for liquid-liquid demixing. In fact,
these cations have five-atom rings, whereas pyridinium and
piperidinium have six-atom rings. Therefore, as observed
before with different salts,”*® the solubility of ILs in water,
and thus the formation of their ABS, is mainly ruled by
steric and entropic contributions where the size of the cation
plays a dominant role.

Alkyl side chain length effect

To evaluate the alkyl side chain effect, the solubility
curves of ethyl, butyl, and hexyl methylimidazolium chlor-
ides with aqueous solutions of Na,CO;3 are shown in Figure
3. From those curves it is evident that molecules bearing
longer aliphatic chains require a lower salt concentration for
being salted-out and to be excluded from the salt-rich phase
to the IL-rich phase. The successive replacement of a C,
group by C4 and by Cg¢ leads to a stronger ability for ABS
formation due to the increased hydrophobic character of the
IL.**° This behavior, similar to the dissolution of n-alkanes
in water, is most likely to be driven by entropy (larger
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cations dissolution leads to greater entropy changes) as the
enthalpy of dissolution is reasonably independent of the
alkyl side chain length.”® Nevertheless, it should be pointed
out that when alkyl side chains longer than hexyl are consid-
ered more complex phenomena take place due to the ILs’
ability to self-aggregate in aqueous media.®

Figure 3 also depicts the solubility curves of [C4py]Cl and
p-[C4mpy]Cl, where an additional methyl group is added in
the former IL. Similarly to the alkyl side chain length influ-
ence, an increase or addition of an “extra” aliphatic moiety
increases the hydrophobicity of the IL, and hence, improves
its ability for liquid-liquid demixing.

Functionalized chain effect

The hydrophobicity of an IL cation is modified by the
presence of functionalized groups and/or double bonds in
the alkyl side chain, and this may affect the cation’s affin-
ity for water. To address this effect, the systems composed
of 1-allyl-3-methylimidazolium and 1-hydroxyethyl-3-
methylimidazolium chlorides were studied. However, for
the latter, instead of two coexisting liquid aqueous phases,
solid—liquid equilibrium was observed in the overall com-
position range. The solid phase was identified by 'H and
13C NMR spectra and corresponds to the IL. Due to the
salt’s higher affinity for water there is the preferential
exclusion of the IL from the aqueous solution and the for-
mation of solid—liquid equilibrium instead of liquid—liquid
equilibrium. This behavior is also a consequence of the
higher melting temperature of [OHC,mim]Cl (86°C) when
compared with the remaining ionic liquids.5] For
[amim]Cl, the liquid-liquid equilibrium was observed and
the correspondent solubility curve is depicted in Figure 3
together with the data gathered for [C,mim]CI for compari-
son purposes. As can be appreciated, the presence of a
double bond at the longer alkyl side chain of the cation
has a minor effect in the ABS ability formation, and as
also observed when using K3P0,.>? If the allyl group is
considered similar to a C3 side chain, and estimating that
the [Csmim]Cl would present a curve between those from
[Comim]Cl and [C4mim]Cl, then it may be inferred that
the presence of the double bond does not have a significant
effect in the solubility of the IL in water.

Structural isomerism effect

The influence of positional isomerism of the methyl moi-
ety in the butylpyridinium cation when forming ABS can be
inferred from the comparison of the solubility curves of o-
[C4-mpy]Cl, m-[C4-mpy]Cl, and p-[C4-mpy]Cl depicted in
Figure 4. From the inspection of the solubility curves, there
are no significant differences among the three positional iso-
mers regarding their phase separation ability. A similar result
has already been achieved by Ventura et al.*® in a study
using the same ILs but a different salt, a K;HPO,/KH,PO,
mixture to provide a buffered aqueous solution (pH = 7).

Considering the whole IL series studied in this work, size
emerges as the most meaningful characteristic related to the
ABS inducing ability. Ventura et al.*® already suggested that
for ILs composed of the same anions, the most important
characteristic ruling the salting-out phenomenon for ABS
formation is the cationic molar volume. This pattern is in
close agreement with the solubility behavior of ILs (consti-
tuted by similar anions) in water.>
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Table 1. Parameters A, B, and C Obtained from the Regression of
the Experimental Binodal Data by Eq. (1) (and Respective Standard

Deviations, ¢, and Correlation Coefficients, R? for the
IL + Na,CO3;+ H,O Systems at 25°C
IL + Na,CO;

+ H,O ABS A*oc B*o 10°(C+o) R?
[Comim]Cl 58.1+20.6 —0271+0.004 94x03 0.997
[C4mim]Cl1 674+1.1 —0372+0.007 8.1*x04 0.999
[Cemim]Cl 77605 —0.398*+0.003 1.0x0.3 0.999
[amim]Cl 65.3+05 —0.328*+0.003 7.5*0.3 0.999
[C4py]Cl 64.1 04 —0.321*+0.003 3.2x*02 0.999
o0-[Cympy]Cl  834+04 —0.456=*+0.003 6.5*0.3 0.999
m-[Cympy]Cl 62.6 0.5 —0.367*=0.003 1.0x0.2 0.999
p-[Cympy]Cl  67.6*0.5 —0.391*0.003 1.0*+0.2 0.999
[Cympyr]Cl  63.8+0.3 —0.382+0.002 9.2*0.2 0.999
[C4mpip]Cl 754+12 —0468+0.009 7.9 =*0.1 0.994
[Ny444]Cl1 65.7+03 —0.467*+0.003 2.0x04 0.999
[P4444]Cl1 1069 1.7 —0.655*+0.008 2.0=*0.1 0.999

TLs and TLLs

For the studied systems, the experimental binodal data were
further fitted by the empirical relationship described by Eg.
(1), using nonlinear least-squares regression. The regression
parameter values and corresponding standard deviations (o)
are provided in Table 1. In general, good correlation coeffi-
cients were obtained for all systems. The calculated TLs, that
is, the compositions of the coexisting phases, along with their
respective length, are reported in Table 2. An example of the
fitted data and the TLs obtained for this type of systems are
illustrated in Figure 5.

Partitioning of TC

To evaluate the potential of the studied systems for down-
stream processing, the partitioning of TC was explored as a
model antibiotic produced in fermentative media. Only the

Biotechnol. Prog., 2013, Vol. 29, No. 3

[Comim]Cl, [Cymim]Cl, [Comim]Cl, [amim]Cl, [Cympyr]Cl,
and [P4444]Cl, were chosen. Those systems allow us to infer
on the alkyl chain length and cation core effects toward the
preferential partition of the biomolecule. To gain a better
insight in the parameters that rule the partition behavior
between the aqueous phases, some of those systems,
[C4mim]Cl, [Cympyr]Cl, and [P4444]Cl, were further used to
extract the TC.HCI adduct, a more polar and water soluble
formulation of the antibiotic.

The mixture composition of each selected system was
chosen so as to correspond to a similar TLL (= 40), aiming
at ensuring equivalent differences in the composition of both
phases in the diverse systems. The initial mixture composi-
tions and pH values of each phase are presented in Table 3.
The corresponding TLs are presented in Table 2.

TC is chemically characterized by containing an octahy-
dronaphthacene ring skeleton, consisting of four fused rings
structure with a carboxyamide functional group (Figure 6).
The complex functionality of the TC molecules is reflected
in three ionization constants (pK,): 3.32, 7.78, 9.58%: the
extent of these equilibria and hence the medium pH deter-
mines the charge of TC. In liquid-liquid extraction proc-
esses, the preferential migration of a molecule is dependent
on its interaction with both liquid phases and for ion contain-
ing liquid phases the solute charge is a relevant property.
Differences between pH values of both phases should be
kept within narrow limits or else partition disturbances may
arise from differences in the charge of TC. The alkaline pH
values for both phases of all the systems investigated were
comprised within less than 1 pH unit (11.4 = 0.4), hence the
TC molecule is negatively charged.

The partition coefficients of the TC molecule, K, were
obtained according to Eq. (7), and the corresponding extrac-
tion efficiencies were also determined through Eq. 8. Their

most representative systems, namely those composed of average values and associated standard deviations are
Table 2. Calculated Phase Equilibrium Compositions for the IL + Na,CO; + Water ABS at 25°C and Respective Values of TLL
100.(Weight Fraction Composition * 2~ #)"
IL + Na,CO3 + H,O ABS [IL]r [Salt]r [ILTm [Salt]y [IL]g [Salt]g TLL
[Comim]Cl 30.35 5.45 24.11 11.18 0.43 3291 40.61
33.27 4.11 25.04 11.06 0.64 31.68 42.72
43.36 1.16 29.97 12.93 0.04 39.26 57.69
[C4mim]Cl 28.98 5.01 20.23 11.93 2.44 25.98 33.82
33.80 3.40 21.12 12.77 2.03 26.88 39.50
34.39 3.24 21.61 12.68 1.87 27.27 40.44
[Cemim]Cl 35.26 3.87 25.64 9.96 2.40 24.66 38.89
38.75 3.02 26.06 10.81 1.92 25.63 43.22
[amim]Cl 34.22 3.83 25.58 9.94 3.65 25.45 37.45
35.21 3.83 25.12 10.97 1.67 29.37 41.37
[C4pylCl 32.88 4.31 26.19 10.01 6.83 26.51 34.22
39.28 2.33 29.59 12.22 0.84 41.57 54.93
0-[C4mpy]Cl 27.48 5.79 21.94 9.97 3.92 23.57 29.72
31.15 4.61 22.27 11.08 3.06 25.10 34.62
m-[C4mpy]Cl 27.01 5.08 20.80 9.95 2.39 24.39 31.29
30.54 3.77 21.18 10.91 1.77 25.73 36.20
p-[C4mpy]Cl 26.71 543 20.32 9.87 4.65 20.74 26.85
29.55 4.37 19.92 11.19 2.94 23.20 32.59
[C4mpyr]Cl 31.87 3.27 25.87 8.18 0.97 28.60 39.95
33.19 2.90 26.13 9.09 0.42 31.59 43.56
[C4mpip]Cl 32.95 3.11 26.86 7.31 2.53 24.06 39.36
36.09 247 25.89 9.86 1.18 27.77 43.11
[Ny4aslCl 30.15 2.76 20.86 8.25 1.91 19.47 32.81
31.68 242 20.32 9.22 1.41 20.52 35.27
[P4444]Cl 30.73 3.57 25.20 6.06 3.57 15.82 29.79
35.11 2.86 25.70 7.15 2.14 17.87 36.23
42.09 2.02 25.29 8.96 1.69 18.73 43.72

*Expanded uncertainty at the 0.95 confidence level evaluated from the standard deviation and applying a coverage factor k = 2.
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Figure 5. Binodal curves for the ABS composed of
[P4444]C1 + Na,CO3 + water at 25°C: €, experi-
mental solubility data; A, TL data, —, fitting by
Eq. (1).

presented in Table 3. As the results show, the partition coef-
ficients are, in every case, much larger than unity, varying
from 34 to 105, and evidencing the TC’s higher affinity for
the IL-rich phase. Albeit TC presents higher affinity for
more hydrophilic phases (logK,. =—1.19),>° the trend here
observed is a preferential migration of the antibiotic for the
more hydrophobic IL-rich phase. This behavior, taking into
account the TC’s negative charge, suggests that the partition
process is not dominated by electrostatic interactions
between the charged antibiotic and the inorganic salt cation.
On the other hand, Na,COs, a strong salting-out agent and
ABS promoter, seems to force the migration of the antibiotic
to the IL-rich phase. Indeed, the affinity of the biomolecule
for the IL phase follows closely the two phase formation
ability.

The correspondent partition coefficients for TC.HCI are
also presented in Table 3 and show a pattern similar to TC
ones with a slight enhanced affinity for [P4444]Cl. Nonethe-
less, the partition coefficients are always greater than 70 for
all the extractions, unequivocally revealing the considerable
affinity of both TC formulations for the IL-rich phase. In
fact, both forms of the antibiotic are negatively charged at
the pH values attained in the ABS studied. In Figure 7, a
comparison of the extraction efficiency values obtained for
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both antibiotics forms is depicted. Outstandingly, the extrac-
tion of both forms of the antibiotic from the sodium carbon-
ate solution is nearly complete, with values around or above
99% for all the studied systems.

To further test these systems envisaging their use in down-
streaming processing, the partitioning of TC.HCI was studied
using a synthetic solution reproducing the fermentation
media composition at the stage of the extraction, that is,
when depleted of sucrose. The results obtained for the ILs
studied show extraction efficiency values that are identical to
those obtained using the simple model solution. As it may
be observed in Table 3, the partition coefficients are close to
45 and 70 for [Cymim]Cl and [C4mpyr]Cl, respectively, and
higher than 150 for [P4444]Cl. For all the studied systems,
regardless of the antibiotic form or the media composition,
the extraction efficiencies are above 99% and no major dif-
ferences are observed within the same system, taking into
account the standard deviations associated to the extraction
efficiency values.

Enhanced values were also previously reported for the
extraction of other antibiotics, for instance penicillin G
(maximum extraction yield of 93%) with ABS composed of
NaH,P0O,2H,0 and [C4mim]Cl;*® chloramphenicol (extrac-
tion efficiency of 90.1% under the optimal conditions) with
an ABS constituted by Na;C¢HsO; and [C,mim][BF,];>” and
acetylspiramycin (extraction efficiency of 90.14% with the
optimized conditions) with an ABS formed by [Csmim][BF,]
and NaH,PO,.”® However, these extractions required higher
amounts of inorganic salt and most of the systems used a
nonstable fluorinated ionic liquid.59 Hence, the systems now
proposed emerge as valuable alternatives to extract TC from
fermentative media and may play a significant role in down-
stream processing, taking into account that chloride ILs of
low cost and low toxicity can be properly selected. When
compared with traditional extraction techniques, using for
instance, conventional polymer—salt ABS,GO_62 reverse mi-
celle mediated extractions®® or hollow fiber renewal liquid
membranes®®, the results achieved in this work validate the
ionic liquid + Na,CO3 aqueous systems as promising media
for the extraction of antibiotics directly from the fermenta-
tion broth.

The nearly complete extraction of TC achieved with every
IL-based system studied in this work, independently of the

Table 3. Partition Coefficients (K) and Extraction Efficiencies (% EE), and Respective Standard Deviations (o), for TC and TC.HCI, Initial Com-

positions of the System, and pH Values of Both Phases at 25°C

100.(Weight Fraction

Composition =2~ 4" pH +0.02
IL + Na,CO;3 + H,O ABS ITonic Liquid Na,CO3 IL-rich Phase Na,COj3-Rich Phase K*o %EE * ¢
TC
[Comim]Cl 24.11 11.18 11.28 11.41 34+3 99.02 = 0.04
[C4mim]Cl 21.61 12.68 11.39 11.47 74+4 99.04 =0.14
[Cemim]Cl 25.64 9.96 11.16 11.46 73+3 99.28 = 0.06
[amim]Cl 25.12 10.97 11.66 11.47 53%5 99.13+0.18
[C4mpyr]Cl 25.87 8.18 11.49 10.71 105+6 99.63 = 0.07
[P4444]C1L 25.29 8.96 11.59 11.21 774 98.97 = 0.05
TC.HClI
[C4mim]Cl 21.61 12.68 11.49 11.36 73x5 99.09 = 0.62
[C4mpyr]Cl 25.87 8.18 11.03 11.77 82=+1 99.69 = 0.02
[P4444]C1L 25.29 8.96 11.41 11.30 1657 99.59 = 0.01
TC.HCI in the synthetic fermentative medium
[C4mim]Cl 70x5 99.07 = 0.60
[C4mpyr]Cl 45+2 99.41 £0.03
[P4444]C1 1527 99.53 +0.02

*Expanded uncertainty at the 0.95 confidence level evaluated from the standard deviation and applying a coverage factor k = 2.



652

NH,

(a)

Figure 6. Molecular structure of (a) TC and (b) TC.HCI

ionic liquid characteristics, that is partly a consequence of
the very high ability of the sodium carbonate salt for salting-
out the antibiotic, would allow an optimization of the down-
stream process based on the wide range of ILs that can be
tailored according to the required needs — biotechnological,
environmental, or economical ones.

Conclusion

Novel phase diagrams for ABS composed of Na,CO3 and
several chloride-based ILs constituted by different cations
(positional isomers, distinct cores and alkyl side chains, and
functionalized groups) were determined at 25°C. From the
gathered results, the ability of the different IL cations in the
two-phase formation was evaluated and discussed. The IL
cation properties have a significant role in ABS forming,
with size and hydrophobicity emerging as the dominant pa-
rameters favoring liquid—liquid splitting. Our data, obtained
using Na,COj3 as ABS promoter, together with literature data
using different salts, show that the IL ability to promote
ABS follows approximately the same order independently of
the salt, as long as this contains high charge density ions and
the media pH values are neutral or preferably alkaline.

The ABS systems were further used in the extraction of
TC, an antibiotic representative of pharmaceuticals produced
in fermentative media. The results demonstrated the very
high efficacy of IL-based ABS in the extraction of the antibi-
otic, assessing the potentiality of those systems for extracting
added-value compounds directly from the fermentation broth

100

%EE
——
|
1
|
,
|

90

Figure 7. Extraction efficiencies (%EE) in ABS composed of
IL + Na,CO;3 + H,O of TC (black) and TC.HCI
(light gray) and of TC.HCI in the synthetic ferment-
ative medium (dark gray), at 25°C.
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in a single-step procedure. For all the studied systems the
extraction efficiencies for both antibiotic forms were around
or above 99%. The fact that every IL, independently of its
properties, was able to extract the TC molecules nearly to
completion making use of a common salt, allows that other
industrially and environmentally relevant parameters, such as
cost and toxicity, may dictate the choice of the IL to be
employed in the extraction.

Antibiotics recovery with IL-based ABS can be an effec-
tive, cost-reducing, and greener alternative to the classic
extraction methods with volatile organic solvents. The results
gathered in this work are a significant contribution to expand
the knowledge of the influence of the IL characteristics in
ABS formation and emphasize their promising role in the
biotechnological field. One advantage of the use of Na,COj
in ABS envisaging downstream processes is the fact that the
IL is almost completely segregated in the upper phase which
has positive implications in the efficacy of the process and
in the IL recovery that may subsequently be accomplished.
Also the removal of carbonate whenever needed can be
achieved by adding hydrochloric acid to the aqueous phase,
releasing carbon dioxide and leaving sodium chloride in so-
lution. The high efficacy, versatility, and amenability to
regeneration and recovery of the proposed systems represent
a further input to the prerequisites of greener and sustainable
technological processes.
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