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ABSTRACT

The biological routes have been a competitive alternative for organic compounds especially the organic acids.
However, the main factor restrained the application of biological routes in large scale is the cost of organic acids
separation. lonic liquids have been claimed to have the potential to achieve the separation of organic acids. In this
paper, the interphase distribution of three organic acids in systems involving five different imidazolium-based ionic
liquids had been analyzed. Results showed that hydrophobicity and concentration of organic acid, alkyl chain on the
cation and anion of the ionic liquids, the pH of the extraction system all could affect the extraction efficiency.
Additionally, the back extraction of organic acids from ionic liquids into distilled water could be up to 81%. The
results indicated ionic liquids are potentially useful in the recovery of organic acids from diluted broths, and they
also provided useful information for designing special ionic liquids for extraction.
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INTRODUCTION

Organic chemicals are normally derived from foéséidstock via chemical routes. However, the shertafgfossil
resources and the demand for sustainable develdpimerease the cost of organic chemicals [1]. Ae th
development of bio-technology, the biological reuter organic chemicals have been a competitiverradtive [2].
Among the numerous organic chemicals, organic ammdstitute an important part. Since last centurgny organic
acids (such as lactic acid (LA), citric acid, swmiciacid, and glutamic acid) have been producedgugtnewable
biomass as the main feedstock [3, 4]. As repottteel estimate market size of succinic acid is ug 6,000 tons
annually [5]. And the citric acid is over 1.4 mill tons per year [6].

Although many organic acids have been producedjusinewable biomass as the main feedstock sintcedatury,
the main factor restrained the use of biologicates in large scale is the separation cost of el@sicids from the
diluted fermentation broth, which constitutes 6008480f the overall cost [7, 8]. The traditional reeoy methods
of organic acids include precipitation, ion-exchangsin, solvent extraction, membrane separatichO]8 etc.
However, precipitation will bring valueless by-ptmtis. The organic solvents used in solvent extvactause some
associated problems such as toxicity, volatilitgsBles, the price of these volatile organic comgsyivOCs) and
their safe engineering increase the cost of sdparathe membrane fouling and high cost of membiang the
widespread use of membrane separation [11]. Thexefoore effective extraction processes are dedivede
established for the development of biological reuwieorganic chemicals.

In recent decades, ionic liquids (ILs), a groupafanic salts, have attracted more and more aiteitMost of ILs
is composed of an organic cation and either annécga inorganic anion. Compared to many other wigaolvents,
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ILs possesses a practically zero vapor pressugbehidensity, low solubility in water, and envirosmbally benign
feature. Therefore, they are treated as poterti@en solvents”[12]. Besides, the unique ionic absar of ILs and
their “structure and organization” can lead to $ipeeffects and make them different from molecusaivents.
Nowadays, there is an increasing interest in thpliegition of ILs for separating organic compoundeni
fermentation broth[13]. Chen et al. adopted imidiamo-based ILs instead of toxic organic solventsetdract
caprolacctam from aqueous solutions and higheriloigton ratios for caprolactam into ILs were obid than into
benzene or toluene[14].Solvent extraction of lae@d by phosphonium ILs (CyphoslL-104) was studisd
Schlosser et al. and the results showed that H-booddination could explain the increased distidutoefficient
of lactic acid by CyphoslL-104[15].Khachatryanet studied the extraction of phenols from aqueoustism by
1-butyl-3-methylimidazolium hexafluorophosphatepét <pka and nearly quantitative extraction of phenols were
observed. However, the recovery of phenols fromwas not ideal[16]. Wang et al. investigated theovery of
several amino acids from fermentation broth by smmlium-based ILs and they found the extractioncieficy
could be greatly influenced by the pH, the alkylaich length on the cation, and the anion nature hef t
ILs[17].Oliveira et al. applied hydrophobic ILs fextraction of L-lactic, L-malic, and succinic adidm aqueous
solutions with partition coefficients from 1.1 t6.2[18].Though many progress have been made oextinaction of
organic chemicals with ILs, all the recovery pracegere either not considered back extraction ofiig acids
from ionic liquids or with a poor result.

Imidazolium-based ILs is one group of the most camriLs, which is nonvolatile, inexpensive, chemistdble
and easy to operate. Besides, liquid state andopihdibic character are also outstanding featuresfil@le present
study, a series ofimidazolium-based ILs(see Tapleete applied in the recovery of three short claaganic acids
(see Table 2) from aqueous solutions. Three diffea@ions of ILs, with different anions and alkylain length on
the cations, were selected to research the fatiiatsaffect the extraction degree of organic adidsn aqueous
solution (see Table 1). The organic acids listethenTable 2 with different chemical structures avehosen due to
the difference of their hydrophobicity. In additiothey all have great potential in chemical raw erats. The
objectives of this work were to find the rules fektraction of organic acids from fermentation brdif
imidazolium-based ILs and explore green extractimthods for the green biological synthetic methbdrganic
acids.

EXPERIMENTAL SECTION

MATERIALS

Aqueous lactic acid (LA, CAS 79-33-4, 98%), anddsaitric acid (CA, CAS 77-92-9) were supplied byn&pharm
Chemical Reagent Co., Ltd. Mevalonic acid were ymitisesized using engineerdgtscherichia coli with basic
purification (Table 1). Deionized water was used foeparation of acid solutions. Sodium hydroxided a
hydrochloric were applied to adjust the pH of aguseesolutions.

Table 1L ist of organic acids used, and their propertiesat 298.15 K

Compounds CAS Ifa Structure Solubility (g/L)
[9)
Lactic acid 50-21-5 391 H 776
HO OH
Q (o]
J
Citric acid 77-92-9 293 4 OH 999

OH

o

Ho
Mevalonic acid ~ 150-97-0  4.33 Ho/\)</U\OH 366
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Table 2Structure of the ILsand other details

Compound Formula CAS Structure

1-octyl-3-methylimidazolium hexafluorophosphategf@m][PFs]) CiH2PRN,  304680-36-2 /N\6>/N\/\/\/\/
PRy

1-octyl-3-methylimidazolium tetrafluoroborate g@im][BF,]) CioHoBFN,  244193-52-0 /N\GD/N\/\/\/\/
BF,

1-butyl-3-methylimidazolium hexafluorophosphate (f@m][PF]) CeHisPRN;  174501-64-5 _N ® N\/\/

PRy
1-hexyl-3-methylimidazolium tetrafluoroborate ¢@im][BF,]) CioHi1BFN,  244193-50-8 /N\G'D/N\/\/\/
BF,

1-hexyl-3-methyl imidazole perchlorate g@im][HCIO,]) CioH1CIN,O,  648424-43-5 /N\G)/N\/\/\/

HClO,
1-octyl-3-methylimidazolium hexafluorophosphate £am]|[PF], CAS 304680-36-2),

1-octyl-3-methylimidazolium tetrafluoroborate @@im][BF,, CAS 244193-52-0), 1-butyl-3-methylimidazolium
hexafluorophosphate ([@im][PFs], CAS 174501-64-5), 1-hexyl-3-methylimidazolium trefluoroborate
([Cemim][BF4], CAS 244193-50-8), and 1-hexyl-3-methyl imidazoferchlorate ([@mim][HCIO,, CAS
648424-43-5) were provided by Shanghai ChengJientfag Co. LTD. The purity of all ILs was more th@8%,
and no further purification was carried out.

EXPERIMENTAL PROCEDURES

Aqueous solutions, containing (5-80.0) x bl L™ of organic acids, were prepared for the extractirdies at
room temperature (20 %1). All the solutions presented pH values were adplisvith hydrochloric acid and sodium
hydroxide solution. A pH meter with a combinatidd plectrode was used to measure the pH of the agygtase.
A known amount of different organic acids were digsd in distilled water. 1.0 ml of pure IL was ¢acted with
the same volume of organic acids’ solution. 50 est tubes were used to conduct the experimenthandystem
was vigorously stirred to attain equilibrium. Thehe mixture was centrifuged to ensure clean séiparéor the
phases. Two-step extraction was also performetdmnsaime ratio (v/v=1) as the single-step extractioth carried
out at the same conditions[17].

DETECTION METHODS

The acid present in both phases were quantifiedguai Water 1525 HPLC, with an UV light detectoraat
wavelength of 211 nm. HPLC system is consisted Bk487H (2503 mm) separation column and pump. The
mobile phase was 0.1 mmol*H,SOsin column, the column temperature was kept as 3@k the flow was
constant at 0.1 mimih External standard was used to build the calibnatby analyzing the samples with known
amount. Three calibration curves were establisloedhe three different acids. The concentratiorr@éh acid in
both aqueous and IL phases was calculated usisg ttadibration curves.

CALCULATION MEHODS
When the IL and aqueous solution was at the sareng) the partition coefficients of organic aciggveen the IL

and aqueous solution (lgy)were defined by Eq. (1). The efficiency of theragtion of different ILs (EE%) were
determined according to Eq. (2).

Kiuw= (G-C)/IC (2)
EE(%)=(G-Cy)/Ci(2)

Where Qrefers to the initial concentration of organic aqigantified in aqueous liquid, in g of acid/ml afion,
and Gis the finial concentration of organic acid in aque phase.

RESULTSAND DISCUSSION

EFFECT OF CHEMICAL STRUTURE OF ILs
The chemical structures of the ILs have been prdedok important on the effect of partition coaffitts and the
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extraction efficiencies of organic acids.Table 8v&aled the data forall five ILs at four differemtncentrations of
organic acids. As can be seen from Table 3-5, tmartcoefficients of organic acids into @im][BF,] are higher
than others under the same conditions. For exartipdek, wvalue of lactic acid into [gnim][BF,] is nearly 30
times than that into [§nim][PFs] at pH=0.9 and &1.2 M.

Anions predominate in the partition coefficientsttoé organic acids from broth. Partition coeffi¢genf the organic
acids into [@mim][BF,] are much higher than those intosf@m][PFs] under the same conditions. For example, the
partition coefficient of lactic acid into gghim][BF,] is almost 3 times higher than that intgfi@m][PFs] at 0.2 M.
The similar phenomenon can also be drawn betwegnif@J[BF,] and [Gmim][HCIO,]. As reported,the effective
negative charge in RBr HCIO anion is much weaker than that in £&ion. Therefore, electrostatic interactions
between the cationic form of the organic acids tn@dBF, anion should be stronger. A higher extraction degds
expected by Bfbased ILs[14, 17].

Table 3 Effect of the concentration of citric acid on the partition coefficient(K,_ w) at 293.15 K

IL Concentration (M) (% CiL C Kiww  EE(%)

0.05 95 005 945 00l 05

. 0.1 208 01 207 001 05
[Comim][PFg] 0.2 384 17.0 214 080 443
1.2 2197 12.4 207.3 0.06 56

0.05 95 16 79 021 169

. 0.1 208 36 172 021 173
[Cemim][BF.] 0.2 384 168 216 078 439
1.2 2197 575 1622 0.36 26.2

0.05 95 01 94 001 11

0.1 208 08 20 004 39

[Camim][PF] 0.2 384 372 347 011 9.7
1.2 2197 156 1911 008 7.1

0.05 95 20 75 027 212

. 0.1 208 51 157 033 245
[Cemim][BF] 0.2 384 136 248 055 354
1.2 2197 69.3 1504 0.46 316

0.05 95 08 87 009 84

. 0.1 208 19 189 010 9.1
[Cemim][HCIO,] 0.2 384 165 219 075 430
1.2 219.7 39.8 180.0 022 182

Table 4 Effect of the concentration of lactic acid on the partition coefficient(K . w) at 293.15 K

IL Concentration (M) (% CiL C Kiww  EE(%)

0.05 35 01 34 003 34

. 0.1 83 017 813 002 21
[Cemim][PF] 0.2 22 92 128 072 420
1.2 1025 17.6 849 021 173

0.05 35 10 25 040 286

0.1 83 23 60 038 27.7

[Camim][BF4] 0.2 22 153 67 231 698
1.2 1025 444 581 092 433

0.05 35 02 33 006 57

0.1 83 026 804 003 32

[Camim][PF] 0.2 22 150 7.0 214 682
1.2 1025 197 828 024 193

0.05 35 11 24 046 314

. 0.1 83 25 58 043 303
[Cemim][BF.] 0.2 22 109 11.1 102 496
1.2 1025 51.8 507 111 554

0.05 35 08 27 030 229

. 0.1 83 19 63 030 233
[Cemim][HCIO,] 02 22 99 121 082 450
1.2 1025 412 613 067 40.4

From the analysis of Table 3-5, it is interestiagobint that the phase preference for the orgacitsadecreased as
the length of alkyl chain on the cation decreasednfG to C.It was similar to the studies by Chenet #hey
observed the order of extractability for caprolactdy ILs as follows: [@nim][PF] < [Cemim][PFs] <
[Cimim][PFs] < [Cemim][BF4][14]. In this studies, the partition coefficientf eanevalonic acid is 1.0 into
[Csmim][BF4] and 1.21 into [@nim][BF,] in pH=0.9and =0.2 M, respectively. Similar results were obserired
[C4smim][PFs] and [Gmim][PFs]at the same conditions, which was also found eektraction of amino acids with
imidazolium-ILs. One sound explanation is that therine of the anion in [@nim][PF], [Cemim][BF,], and
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[Csmim][BF4] can form a stronger hydrogen bond associatiottis thie H2 of the imidazolium ring[20, 21]. As the
alkyl chain on the imidazolium ring gets longer tscreening effect or steric hindrance effect fier ¢lectrostatic
attractive interactions of the cationic form of anic acids with the anion of the ILs may be strofig§.Kumaret al
also found the aggregation behavior of ILs, whiclyrbe affected by alkyl chain length and differanions. And
this aggregation behavior may have an importamt irothe extraction of organic acids from aqueaist®on [22].

Table 5 Effect of the concentration of mevalonic acid on the partition coefficient(K, w) at 293.15K

IL Concentration (M) (% Ci Ci Kiww  EE(%)

0.05 66 11 55 020 168

0.1 192 59 133 045 307

[Camim][PFy] 0.2 314 56 258 020 17.8
1.2 189.1 927 964 096 49.1

0.05 6.6 247 413 060 37.4

0.1 192 80 112 071 416

[Camim][BF4] 0.2 314 170 171 101 541
1.2 189.1 1232 659 187 652

0.05 6.6 168 492 034 255

. 0.1 192 65 127 055 339
[Camim][PF] 0.2 314 81 260 031 258
1.2 189.1 102.4 867 120 542

0.05 6.6 299 361 083 453

. 0.1 192 82 110 076 427
[Cemim][BF.] 0.2 314 180 134 134 57.3
1.2 189.1 127.8 613 209 676

0.05 6.6 323 34 096 489

. 0.1 192 80 112 064 402
[Cemim][HCIO,] 0.2 314 130 211 062 420
1.2 189.1 130.1 59.0 221 687

These extremely astonishing differences reflected tL anions and the alkyl chain length on thdorabf ILs
played an important part in partition coefficieatslextraction efficiencies.

EFFECT OF HYDROPHOBICITY OF ORGANIC ACIDS

Chemical structure of organic acids in Table 2 aévehat mevalonic acid has an additional —OH graamp
additional —CH group, an additional —C group and two addition@H, group compared with lactic acid, while
citric acid has one —OH group and three —COOH grding solubility of mevalonic acid in water at'@5is 366 g

L™, while the lactic acid and citric acid are 776 §dnd 999 g [}, respectively. The solubility shows some features
for the hydrophobicity of these three organic adidwater at a given condition: mevalonic acid cti@acid > citric
acid.

Some interesting features for the partition cogdfits of the organic acids into a particular ILsreveevealed
according to the data in Tables 3-5 at pH=0.9eé#inss that the extractability of the organic acidlby/increase in
the order: citric acid < lactic acid <mevalonicdadror instance, the partition coefficient valueneévalonic acid is
2.09 when it was extracted byd@im][BF,] at 1.2 M, while the lactic acid was 1.11 andiciticid was 0.46. The
partition coefficient values of mevalonic acid,tlacacid, citric acid were 0.69, 0.38, 0.21, respety, when they
were extracted by [§nim][BF,] at 0.1 M Mevalonic acid is at the form of mevalonlactonepb=0.9, which is
more hydrophobicity. These trends suggested thbehigydrophobicity of organic acid is, the lowefirafy of
organic acid will be to the aqueous phase thaiottie liquid phase.

EFFECT OF pH ON THE PARTITION COEFFICIENTS

The effect of the pH on the partition coefficienforganic acids were shown in Fig.1. It is cleatywn that, in the
range of pH <ga, K w values of the organic acids decrease sharplyamtnease of pH. Similar results can be
found in others’ investigations. As reported, thd pf aqueous solutions has a great effect on thergeld
characteristics of organic acids.The hydrophilioups of organic acids can be ionized, leading tifergint
equilibrium forms at different pH of the aqueousgé: cationic form, zwitterionic form, and aniofacm. Belovaet
al. analyzed the solvent extraction of weak organidsat binary extractants and concluded that acédictions
were most effective for the extraction of acids[28lang and Pletnevet.also came to the similar conclusion[16,
17].In the range of pH <, the cationic form is predominant in aqueous elaw the percentage of the cationic
form decreases with the increasing pH of the agaigdase[17]. It seems that the decreased parttefficients
are related to the decreased percentage of thenmaform of organic acids. The effect of the pHtbe partition
coefficients of mevalonic acids are more efficigriian other acids (Fig. 1). It is because mevalawgid can form
mevalonlactone at low pH, which has a lower affiriit the aqueous phase. According to this phenomeibds
suggested that the extraction process has an iamartlationship with the electrostatic interactidretween the
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cationic form of the organic acids and the anionhef ILs. And the stronger electrostatic interattis, the higher
partition coefficient of the organic acids will be.

Partition coefficient
-

054 ¢ '-,“. ) \\%

0.0 e

pH

Fig.1: Effect of pH on the partition coefficients (K, w) at 293.15 K with [Cemim][BF,]. (e ) citricacid, (l ) lactic acid, ( A ) mevalonic
acid

EFFECT OF CONCENTRATION

For the studied acids, it is clear that both theitian coefficient and extraction efficiency oftGc acid increased
with the increase of acid concentration, while plaetition coefficient and extraction efficiency laictic acid and
mevalonic acid increased in the range of 0.05 M.2oM and decreased between 0.2 M and 1.2 M.

The concentration seems to have some effects orhytleophobicity of organic acids. Almost three tanef
partition coefficient may be enhanced by the changethe concentration of organic acids. For examplhen
mevalonic acid was extracted bygfim][BF, from 0.1 M, 0.2 M, 1.2 M fermentation broth, thartition
coefficient of mevalonic acid were 0.69, 1.0, 1.8dspectively. The low concentration of organicdamiake it
ionized to cationic form more easily, which is hartb be extracted from aqueous phase to ioniddigbase[18].In
the case of mevalonic acid, the partition coeffitseare increased between 0.2 M and 1.2 M, which different
from citric acid and lactic acid. The IL is onetbé special surfactants and performs associatemrelyte behavior
at high concentration[24]. And the hydrophobicifyneevalonic acid is stronger than two other orgaatis. The
interaction between water and mevalonic acid magredese with the increase of acid concentration wihen
concentration of IL is high. This may explain whyetpartition coefficient increased with the inceeas acid
concentration whenmevalonic acid was extracted.

TWO-STEPEXTRACTION

The partition coefficients of single-step extrantiwere almost less than 1 and the extraction effiies were
almost less than 50%. For the three studied orgacids, about 50% of the acid was remained in thgeaus

solution. To improve the partition coefficients agxtraction efficiencies of acids from aqueous sons, two-step

extraction was conducted at 293.15 K for all thee¢hacids at 0.2 M and 1.2 M. Thesi@m][BF,] was chosen as
extractant due to its higher efficiency.

IS
1

Partition coefficient

o
7/ )
7
. 7 7 Z
(b)

Partition coefficient

T

Citric acid Lactic acid Mevalonic acid

Fig. 2 Partition coefficients, K w, for theone stﬂ ) and two step ( ) extractions of the studied organic acids, at 293.15 k with
[Cemim][BF,].(a) For concentration of 0.2 M, (b) For concentration of 1.2 M

379



Haibo Zhangand Mo Xian et al J. Chem. Pharm. Res., 2014, 6(5):374-381

Fig.2showed the partition coefficients of two-s&eqraction at 0.2 M and 1.2 M. From the analysiglafa, it is
obvious that the partition coefficients of two-stefiraction were much higher than that of the sirgiep extraction.
For the citric acid, the partition coefficient dfet two-step extraction increased nearly three tirlreshe case of
lactic acid and mevalonic acid, both of the partitcoefficients could reach to 1.7 at 0.2 M. Theifian coefficient
of the mevalonic acid can reach to 5.13 and theaetion efficiency was 83.3% after the second exiva at 1.2 M.

Compared to 0.2 M, it suggested that the concéatratf organic acids do have an important rolelentiehave of
IL.

RECOVERY PROCEDURE

The previous studies showed that ILs have thetgldiextract the organic acids from aqueous sohstiefficiently.
Nevertheless, it is necessary to recover the doids the IL phase. Low-pressure distillation and yadiation had
once been used by Oliveira etfal the stripping of organic acids from IL phaset these two methods were not
efficient enough. The amount of distillate was et@m small to be quantified by low-pressure diatitin, and only

a small amount of acid could be recovery from I[B5s[118].The recovery of phenolic compounds from
Imidazolium-based ILs was also researched by Khagdmget al and it was incomplete. Matsumoto et al.
investigated the separation of several short-cloaganic acids (acetic, lactic, pyruvic, butyric gcfrom water

using 1-alkyl-3-methylimidazoliumhexafluorophospt The extraction behaviors of ILs were not quigdl and
no recovery process was conducted[25].

e
(e}
L

60 -

Extraction efficiency( %)
N
<)

Citric acid Latic acid Mevalonic acid

Fig.3 The extraction efficienc back extraction for concentration of 0.2 M at the given pH (pH = 0.9), 293.15 k. For the extraction with
[Csmim][PFg] ), [Cemim][BF4] (&, [Camim][PFe] (Ji]); [Cemim][BF4] ([ ]), [Csmim][HCIO,] ( §Z

In this study, the back extraction of organic adisan ILs was investigated at room temperature. ©hginal
concentration of organic acids was 0.2 M at pH= B89shown in Fig. 3, the mevalonic acid was masilg back
extracted into distilled water and the extractidficeency could be up to 81%. The citric acid aladtic acid had a
lower partition coefficients of back extraction,tbihey were also could reach to 56%. The difficutty back
extraction was citric acid > lactic acid >mevalomicid. It seems likely that there is a correlatimetween the
partition coefficients of back extraction and the pf distilled water. As demonstrated above, theiddorm is
predominant in aqueous phase and the mevalonidsanit in the form of mevalonlactone in the ran§eH >Ka,
thus making organic acids have higher affinityite aqueous phase and be back extracted from ILs easily.

From the ILs investigated in this work, it is aisweresting to find that the partition coefficienit back extraction
followed the trend: [gnim][BF,] > [Csmim][HCIO4] > [Cymim][PFs] > [Cgmim][BF4] > [Csmim][PFg]. This back
extraction trend is similar to the extraction ofj@nic acids from aqueous solution to ILs, and tlstreffective ILs
of back extraction was also {@im][BF,]. It is evident from the above results that thermsger effective negative
charge in the anion will be more efficient for teraction, such as BF which can be combined with the shorter
alkyl chain on the imidazolium ring to reach a h@glextraction efficiency and back extraction effisty of organic
acids from fermentation broth. In this way, it pidas data for the design of ILs for the extractidiorganic acids.

CONCLUSION
The stability of ILs in a wide temperature rangel aimeir negligible vapor pressure are two outstaggiroperties
distinguished from conventional organic solventsthis study, we examined weather imidazolium-bd&sd:ould

be used as extractants instead of organic solfenthe extractive separation of organic acids fragueous media
and they exhibited good performance. The hydroptitybéffect and concentration of the organic acgdems to be
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driving forces for the extraction of organic acfdsm aqueous solution into ILs. The ILs with a siger negative
charge and shorter alkyl chain on the imidazoliimg are more effective in the range of pHKkep The extraction
efficiency of [Gmim][BF,]for mevalonic acid can be up to 67.6%, and theagkion efficiency of two-step was
83.3%. Anther outstanding point of this researcts wee recovery of organic acids from ILs. Compat@ather
researches, the mevalonic acid was easily backagtt into distilled water and the extraction éficy could be
up to 81%.The researches herein illustrated thenpiel separation of organic acids from fermentatiooth using
imidazolium-based ILs, which showed excellent pemiance. The structure of ILs can be designed basdtese
results for better extraction. Further studies fafius on the design of ILs with high selectivity Epecific organic
acid in order to meet the need of industrial extoacof organic acids.
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