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Abstract-Tertiary amines were used as the extractants for reactive extraction in alcohol diluents. Equilibrium and 
hych-ation data for various alcohol diluents and tertiary amines were obtained. From these data tile effect of coe, dmcted 
water on extractability was investigated. For the measurement of the water-eitlianced solubilities of succmic acid, the 
sensitivity index was introduced. The amount of coex-tracted water into organic phase was increased With the chain 
length of alcohol diluents. However, the water-enhanced solubility of succinic acid was almost constant with the chain 
length of alcohol diluents. The sensitivity iMices were proportional to the chain length of tertiary amines; thus, tile 
water-enhanced solubilities of succinic acid were increased. 
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INTRODUCTION 

Tile recovery of succmic acid has recently been dl-awing nmch 
interest due to its use as the monomer of biodegradable polymer. 
Tertiary amines are imown to he effective ex~actants for carboxy- 
lic acids and metal salts fi-onl aqueous media [Falmn et al., 1998; 
Hong and Hong, 2000a; Hong et al., 2000]. 

Investigations on reactive extraction using tertiary amines have 
mainly focused on the selection of appropriate ex-tmctants and dil- 
uents, the development of equilibritrn models, and the spectroscopic 
analysis for tile reaction mechm~m [Tanlada et al., 1990; Tamada 
and King, 19~)a; Han and Hong, 1996; Han et al., 20(~)]. The phe- 
nomenon of water coex-tmction was reported by some researchers 
but was not investigated systematically [Tmnada and King, 1990b; 
Han and Hong, 1998]. 

As tile acid molecules transfer fi-c~n tile aqueous to tile organic 
phase during reactive ex~actiol~ they may be accompanied by the 
molecules of water. The solubilities of carboxylic acids in certain 
organic solvmt,s increase markedly as tile water content in tile 01- 
ganic phase increases. Under these circtrnstances the solubility can 
considerably exceed the solubility in either water or solvent alone. 
An example is tile case of adipic acid and metilylcyclohexanone. 
The solubilities of adipic acid are 1.6, 9.7 and 1.4wt%, in anhy- 
&-ous mettlylcyclohexanone, water-satu-ated metilylcyclohexanone, 
and water, respectively at 25 ~ [Apelblat and Manzurola, 1987; 
Start and King, 1992]. Water-enhanced solvation is a manifestation 
of a phenomenon where tile inteamolecular intcraction in a solute- 
solvent system containing water is stronger than in the water-free 
solute-solvent binary system. The implication is that the water and 
solute interact more strongly than do tile solute and solvent. In cases 
such as the adipic acid-water-methylcyclohexanone, where the so- 
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lubility of a solute is greater in a walcr-contaizmlg solvent thin1 in 
water or solvent alone, the fa~aer implication is that the solute, water, 
and solvent fonn a tenlaly solvate Or complex in which tile interac- 
tions are stronger than in the solnte-water and solute-solvent bina- 
ries. This conclusion can be genel-alized to any case where the ac- 
tivity cocltident of a solute reaches a lower value in a solve~lt-water 
mixture than in water or solvent alone [Lee et al., 1994]. 

Detelmining the amount of this coex-Cacted water is useful because 
organic-phase water potentially affects the distribution of acid into 
the solvent by interacting with the acid-amine complex. Furthermore, 
to tile extalt that file amount of watcr extracted into tile organic phase 
is higt~ the product acid will require fiuther concentratiol~ thereby 
influencing process economics [Tamada and King, 1990b]. 

For these reasons, file effect of cocxla-acted water is considered 
important in reactive extraction of carboxylic acids. Bizek et al. in- 
telpreted file reactive ex~-action using tilenncxlynamic concepts and 
predicted the concentration of water in the organic phase [Bizek et 
al., 1992]. Han and Hong considered the coex~acted water as the 
reaclion species and predicted tile equiliblimn and file hy&-ation 
curves. And they introduced the concept of sensitivity index for the 
quantitative analysis on the water-~hanced solubility of lactic acid 
[Han and Hong, 1996, 1998]. Stan- and King applied file effect of 
ceextracted water on the extraction to the stripping process of phys- 
ical exlractic~l. They found that water removal fi-onl tile organic phase 
could decrease the solubility of carboxylic acid. This phenomenon 
was applied for the stripping method of carboxylic acid by the re- 
moval of water fi-oln tile organic phase [Stan- and King, 1992]. Bizek 
et al. studied the effect of active diluent on the reactive extraction 
of carboxylic acid using amines and the coex-tmction of water, but 
they did not consider the water-enhanced solubilities of carboxTlic 
acid [Bizek et al., 1993]. 

In tiffs study, we investigated tile effect of file coextraction of 
water as tile polaiity of alcohol diluents and tile chain length of ter- 
tiary amine on the ex~action characteristics, and explained the water- 
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enhanced solubilities of succinic acid quatitatively by introducing 
of  the concept of solubility index. 

E X P E R I M E N T A L  

1. Materials  
Tripropylamine (TPA), tributylamine ( TBA 1, tripentylamine 

(TPeA) and hioctylamine (TOA) were used as the ex~-actai~. They 
were used without fL~ther purificatioit TOA, a Ca sbaight-chain 
tertiary amine, was obtained from Acros Co. TPA, TBA, and TPeA 
were purchased fi-om Aldrich Co. 

Diluents were used in reactive exla-action of suecinic acid because 
of tile high boiling poh~ the txigh viscosity, and the corrosive pro- 
perry of tertiary amines. Alcohols such as 1-butanol, 1-hexanol and 
1-octanol were used as active diluents. They can be classified as 
carbon bonded active diluents. All  reagents were GR grade. 

Tertiary amines and alcohol diluents except for 1-butanol used 
in this study are little solvable in water. Therefore, the effect of the 
solvation of these materials into aqueous phase could be negligible. 
In general, in the case of 1-b~anol, its solubility in water is about 
7 wt%. But, in the systems used in this study, no significant vol- 
ume change of  both phases was observed. 

Suecinic acid ( 99 wt% ) was obtained fi~m SIGMA. It was diluted 
to various concenb-ations m Aqueous Phase. 
2. Exper imenta l  Procedures  

Succinic acid from aqueous phase was extracted as follows. 
The 10 ml solution of succinic acid and the 10 ml organic phase 

were charged into a 30 ml vial. To maintain the vial at constant tem- 
peratu-e, the vial was mmlcrsed m a water bath for 30 min. before 
phase mixing. Phase tuning was car ied out by stimng with mag- 
netic tmr at 1,0001pm for 2hr. The operating t e r n p e ~  was 25 ~ 
For clear sepwalion of two pt~ases after each ex~-actio,~, mNed pt~ases 
were ce,mifuged at 4,1Xx) ~pm for 15 mitt The samples of each phase 
were taken out for analysis of the conce,m-atiom of water and suc- 
cmic acid. 

The concenmation of succinic acid was timated by 0.(6 N NaOH 
by using the phenolphthalein indicaloll The water concenb-ation in 

the organic phase was detennined by a CoulomeUic Karl-Fisher 
TiNmeter. 

R E S U L T S  A N D  D I S C U S S I O N  

1. The Effect of  the A m i n e  Concentration and the Polarity o f  
D i luent  

According to the following reaction in reactive extraction, the 
solubilities of succinic acid by the mixed solve~lts that are compased 
of the amine and the active diluents are divided into two classes. 
Fk-st, succinic acid is exb-acted by reaction with amines, as in Eq. 
(11. Second. as can be seen in Eq. (31, succinic acid is phys i c@ 
extracted by the characteristic groups of active diluents. 

a succinic acid +Amine +pH~O 
<--+ Succinic acid~ Amine. (H~ O)p 

Y. K. Hong et al. 

Table 1. Distribution coeffieienls in physical extraction of suecinic 
acid 

Amine + qH~ O <--+ Amine. ( H~O)e 

Succinic acid<~Succinic acid 

(1) 

(2) 

(3) 

1-Butanol 1-Hexanol 1-Octanol 1-Decanol 

D 1.4248 0.8096 0.4347 0.3873 

First of all, the reaction of succinic acid with amines does not 
have large Affluence on the total solubility of succinic acid because 
tile active diluents used in t i~  expelmlent have good solubilities 
for the complex formed by the reactiort Second. the physical ex-tmc- 
tion of succinic acid sb-oigly iiNuences the equilibria and hydra- 
don ctrves because the physical ex~-action of suecinic acid and water 
varies witi1 the type of cha-acteristic group of active dilue~lts. The 
distribution coetticients (D) as detennined by physical extraction 
are listed in Table 1. 

As seen m Table 1, the alcohol diluents have good physical sol- 
ubilities for suecinic acid water due to the hydrogen1 bonds. In the 
physical e-,lraction comple-,; the hydrogen of suecinic acid is hy- 
drogen bonded to the oxNgen of watei; and the oxygen atoln of the 
alcohol diluents is also to the hydrogen of  water. 

Fig. 1 shows the effect of the moles of bitxopylamine (TPA) on 
tile amount of exb-action m various alcohol diluei~. In TPA/1-hex- 
anol and TPA/1-octanol system, the amount of coe~tmcted water 
is ahnost constant and mdepei~tent of the concenb-ation of TPA. 
Howevm in the case of 1-butanol, the amount of coextracted watcr 
is proportional to the TPA concenlratiort It is due to the higher sol- 
ubility for water and for acid-anlme-watcr complex than t i n  of other 
diluents. 

The hy&-ation curves with the polaity of alcohol diluei~s are 
represented in Fig. 2. The amount of hy&ation increases with the 
polarity of diluent But. the amount of coex~pacted water is not large- 
ly influenced by the concei~ation of succinic acid m raffmate phase. 

The slopes shorn1 m Fig. 3 are the waler-enhanced solubilities 
of suecinic acid in reactive ex~-actioit The lower slopes mean higher 
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Fig. 1. Effect of TPA concentration on the amount of coexiracted 
water. 
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Fig. 3. Waler-enhanced solubilities of succinic acid in TPA/alcohel 
diluents. 

water-enhanced solubilities of succinic acid The sensitivity index 
was introduced as the measure of the water-enhanced solubilities 
of  each active diluent and defined as follows: 

S = 1/sl ope = A C ~ /A  C ~;~, (4) 

These values indicate the increase of the solubility of succinic 
acid by an increase of the solubility of water m the organic phase. 

As seen m Fig. 3, the slopes of each diluent are almost salne. It 
is indicated that the diluei~s having the salne characteristic group 
have a similar value of the sensitivity indices, thereby the sensitiv- 
ity indices are the characteristics due to the characteristic groups of  
active diluents. 

Fig. 4. Effect of the chain length of tertiary amines on e.~draction 
efficiency in 1-octanol. 

2. Effect of the Chain Length of Tertiary Amines 
There are various basic factors affecting the e-,lmctability for car- 

boxylic acid in reactive exl~action. The c h ~ l  length of amine is an 
important one among them. The ~<b~ctabilities of primary and se- 
condmy andnes slightly dkange with increasing of their chain lengttl 
However, the exla~ctabilities of tertiary amines increase with their 
chain length [Hong and Hong, 20(Ob]. As seen in Fig. 4, the ex- 
tractabilities of tertialy amines m active diluent are proportional to 
their chain length. It is not only due to the basicity of tertiary amine 
but also due to the water-enhanced solubility by ccextracted water. 

Fig. 5 shows the hydration data with the chain length of tertiary 
amines dissolved in 1-octanol. The amount of hydration increases 
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amines/1-octanol. 

Table 2. Solubility indices of tertiary amines in 1-octanol 

Extractant S1 op e Sensitivity index (S) 

TPA 3.08 0.32 
TBA 2.90 0.34 

TpeA 2.81 0.36 

TOA 0.24 4.15 

with rile ctmm length of tertiay amines until TPeA. But, in TOA/ 
1-octanol system, tile amount of coexWacted water is lower than 
that m TPeA and TBA. 

Fig. 6 shows the coex~-acted water m the organic phase in 0.5 
mol/kg tertiary amines/1-octanol. The slopes are slightly decreased 
as tile chain length of tertiary amine increases up to TPeA. How- 
evel; file slopes for TOA are abruptly lower than those for other ter- 
tiary amines. It means that the sensitivity index for TOA is larger 
and the water-entkqnoed solubility of TOA is higher than that of other 
amines. In the case of TOA, although the amount of coexlracted 
wa~- is lower ff~l  that of other amine, file interaction between TOA 
and succinic acid is tfigtfly enhanced by file coexWacted water be- 
came of the high basicity of TOA. 

C ONCLUSION 

Tile water-enhanced solubilities of succmic acid were explained 
by the action of the polarity of alcohol diluents and the chain length 
oftertimy amines. Tile waIer-e~lt~lced solubilities were ainost con- 
stant with tile polality of alcohol diluei~ and the conce,ltPation of 
tertiary amine. The chain length of tertiary amines has large influ- 
ence on the water-enhanced solubilities of succmic acid. 

The sensitivity index, which represents the amot r l  of succinic 
acid extracted with the variation of water content in organic phase, 
was defined as file inverse of file slope. Tile sensitivity index in- 
creased with the chain length of tertiary amines. 

Y K. Horn et al. 
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