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The extraction of citric acid (H 3 A) f rom the isomolar aqueous solutions of lM-(Na, H) 3 A and 
(0-01 —4)M solutions of pure citric acid by the toluene solutions of trilaurylamine (TLA) has 
been studied. The complexes of the general composition of ( H 3 A ) p ( T L A ) q ( H 2 0 ) r , where q = 
= p + 1, are extracted. The extraction isotherms in the system with lM-(Na,H)3A in the aque-
ous phase correspond best to the formation of complexes with the following values of (p , q) : (1, 2), 
(2, 3), and (5, 6). For the extraction systems with (0-01 —4)M H 3 A in the aqueous phase the com-
position of the hydrated complexes can be expressed by the following values of (p, q, r): the best 
set of complexes corresponds to (1, 2, 1), (2, 3, 2), and (p,p+ 1, p — 1 < r < p, where p is ~ 5), 
and also to one higher complex (p , p, 0-65p, where p > 10). The dissociation constants of citric 
acid in 1M-(H, Na) 3 A have been determined, too. 

Tertiary aliphatic amines (B) with long carbon chains are — due to their high basi-
city — good extraction agents for acids. However, the extraction equilibria and the 
composition of the ammonium salts produced depend substantially on the type 
of the acid (HnA). 

During the extraction of strong monobasic acids the anhydrous complexes of the 
composition Bq(HA)p are formed1. The region of the formation of the neutral 
salt (p = q) extends usually into the region of high equilibrium concentrations 
of the acid in the aqueous phase. The deviations of the organic phase from the ideal 
behaviour are explained by the high association of ammonium salt molecules2. 
Numerous similar extraction systems were thoroughly studied3. 

On the other hand, organic monobasic acids form non-associated complexes 
of the type B(HA)p, where p might be a rather high number {e.g. up to 4 in the case 
of acetic acid). The hydration degree is determined mainly by the value of p and 
reaches up to one water molecule per one acid molecule. From these types of systems 
the extractions of the acetic acid4 '5, trichloroacetic acid6, and nitro aromatic acids7 

have been studied. 

Dibasic acids, e.g. the sulphuric acid8 '9, form during the extraction in the first 
step the normal salt, e.g. (B2S04)n which, during the subsequent extraction at higher 
aqueous acidities, is transformed into the hydrogen salt. Both the sulphate and the 
hydrogen sulphate are hydrated and both are associated, namely the hydrogen sul-

Collect ion Czechoslov. Chem. Commun. [Vol. 41] [1976] 



2858 Vanura , Kuca : 

phate. Similar behaviour has been observed with organic dibasic acids but the exis-
tence of the normal salt (e.g. in the oxalic acid10) is somewhat dubious. 

Pyatnitskii and coworkers11 derived from the equilibrium data for the extraction 
of citric acid (H3A) by trioctylamine that in the organic phase a complex with the 
citric acid: amine ratio 1 : 2 is formed, i.e. the ammonium salt has the total com-
position B2(H3A). 

In this paper the stoichiometry of the citric acid extraction by trilaurylamine 
has been studied over a rather wide concentration range. The results of this study 
are supposed to be applicable to the discussion of the extraction equilibria of metal 
ions in the system citric acid-TLA. 

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

Reagents 

Tri laurylamine (Rhone-Poulenc) (TLA), citric acid ( H 3 A ) , sod ium citrate ( N a 3 A ) , and toluene 
(all supplied by Lachema, analytical grade purity), were used without fu r ther purification. 

The content of the tertiary amine in T L A was determined (after the acetylation of the pr imary 
and secondary amines by the acetanhydride according to Wagner and coworke r s 1 2 ) by the t i tra-
tion by the perchloric acid in acetic acid using the crystal violet as an indicator . 

T L A solutions of the concentrat ions of 1, 2, 5, 10, and 20 vol.% were prepared by the precise 
weighing of T L A and by dilution by toluene to the given volume. 

The citric acid content in stock solutions (2m and 4m) was determined by t i t rat ion by the de-
carbonated sodium hydroxide using phenolphthalein as indicator. The sodium citrate content 
in the stock solution (1m) was determined by t i t rat ion of a dried sample by the perchloric acid 
in acetic acid using the crystal violet as ind ica to r 1 3 . The solutions used in the extraction experi-
ments were prepared f r o m these stock solutions by dilution. 

Procedure 

The samples were extracted by shaking identical volumes of initial solutions in extraction vessels 
at 25 ± 0-25°C in a thermosta t ted shaker. The time required for the thermal equil ibrium establish-
ment (2 hours) was found to be sufficient also for the establishment of the extraction equil ibrium. 
After shaking the solutions were centrifugated. In the case tha t the organic phase was still turbid 
the solution was once more centrifuged af ter the separat ion of phases. Citric acid in the aqueous 
phase was t i trated by the N a O H solution on phenolphthalein (similarly as in the stock solution), 
in the organic phase it was determined by the potent iometr ic two-phase t i t rat ion by the decarbo-
nated N a O H and in several cases also by t i tration by 0-1m sod ium methoxide in pyridine using 
the azoviolet as an indicator. 

In the series of measurements with T L A the content of water in the organic phase was 
determined by the Fischer me thod* 4 . The amoun t of water extracted by pure toluene f r o m 
solutions tha t did not contain sodium citrate was calculated using the known activity of water 
in the aqueous phase and the distr ibution constant of water for the extraction by toluene 
(KD = 0-026) determined by H o g f e l d t 1 5 . The use of this constant is justified also by the 
fact tha t it was measured by the same method (i.e. by t i t rat ion by the Karl Fischer reagent) as tha t 
used in this work. The dependence of the equilibrium concentra t ion of water in toluene on the so-
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dium citrate concentration in the aqueous phase (formed by the isomolar series of 1M-(H, Na)3A) 
was determined experimentally (Fig. 1). The dissociation constants of citric acid in the system 
1M-(H, Na)3A were determined from the potentiometric titration curve measured using the glass 
electrode (Metrohm EA-107 UX) and the silver chloride reference electrode connected with 
the measured solution by the bridge with 1M solution of Na3A saturated with AgCl. Compensator 
E 388 (Metrohm, Switzerland) was used as the potentiometer. The pH scale was calibrated 
by the 1M solution of citric acid, the dissociation constants of citric acid necessary for the cal-
culation of pH values being taken from the paper by Levien18 where they were determined 
by conductometry. The titration curves consist of two parts: the first one was obtained by the 
titration of 1M-H3A by pure Na3A solution and the second one by the inverse procedure, i.e. 
by the titration of lM-Na3A solution by 1M-H3A. Two curves were measured by each procedure, 
the agreement between them was better than 0-01 pH over the whole measured range. 

The dissociation constants of citric acid were determined f rom the ti tration curve 
for the system 1M-(H, Na) 3 A plotted in the fo rm of n = / ( l o g h), where h = 10" p H , 
i.e. it means the concentration of hydrogen ions in the solution, n = (H — h) Atoli 

H = the analytical concentration of dissociable hydrogens in the. solution, and Atot = 
= the total concentration of citrate ions ( = 1). 

The results are presented in Table I and in Fig. 2 as average values f r o m two 
measurements. 

R E S U L T S 

3 

i 

0 0-5 1-0 log h cNa.A 

FIG. 1 FIG. 2 

The Titration Curve of Citric Acid in the The Dependence of the Extraction of Water 
by Toluene from 1M-(H, Na)3A on the Con-
centration of Na3A in the Aqueous Phase 

Concentration expressed in m o l l - 1 . 

1M-(H, Na)3A System at 25°C 
The full curve is calculated for log ^ = 
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The extraction of citric acid was studied both in systems with a constant total 
concentration (1 mol/1) of citrates in the aqueous phase (Table II, Fig. 3), and in the 
citric acid solution of the concentration of 0-01—4 mol/1 (Table III, Fig. 4). The ex-
perimental values are presented in the form of the function Z = /(log a)B. In the 
series with ^5% TLA, in which the extraction of water has also been measured, 
the values of ZHl0 = /(log a)B are also given, where B = the total concentration 

TABLE I 

Values of log h and n Measured by the Titration of Citric Acid in the 1M-(H, Na)3A System 

- 5 - 6 9 5 , 0 - 2 7 4 
- 4 - 4 2 0 , 1 - 2 3 7 
- 3 - 7 8 6 , 1 - 7 6 4 
- 2 - 8 7 8 , 2 - 3 9 8 
- 2 - 0 4 6 , 2 - 8 2 0 

— 5-310 , 0 - 5 0 0 
- 4 - 3 1 0 , 1 - 3 3 5 
- 3 - 6 4 8 , 1 - 8 7 4 
- 2 - 7 2 4 , 2 -497 
- 1 - 8 8 2 , 2 - 8 7 2 

- 5 - 0 7 0 , 0 -693 
- 4 - 2 1 0 , 1 -423 
- 3 - 4 7 6 , 1 - 9 9 9 
- 2 - 5 7 7 , 2 -583 
- 1 - 6 9 9 , 2 -992 

- 4 - 8 6 0 , 0 - 8 5 9 
- 4 - 1 2 2 , 1 - 4 9 9 
- 3 - 2 7 2 , 2 -141 
- 2 - 4 0 3 , 2 - 6 7 3 
- 1 - 5 0 8 , 2 - 9 6 9 

- 4 - 6 9 0 , 1 - 0 0 2 
- 4 - 0 3 0 , 1 - 5 7 8 
- 3 - 0 2 7 , 2 - 3 0 5 
- 2 - 3 0 0 , 2 -721 

- 4 - 5 4 7 , 1 -127 
- 3 - 9 2 0 , 1 -666 
- 2 - 9 2 0 , 2 -378 
- 2 - 1 8 3 , 2 - 7 7 0 

TABLE I I 

Equilibrium Values of log a and Z f o r the Citric Acid Extraction in the 1M-(H, Na)3A-TLA-Tolu-
ene System 

0 - 0 1 5 5 M - T L A 

— 1 - 1 5 3 , 0 - 0 2 4 9 ; - 0 - 9 1 6 2 , 0 0 4 2 7 ; - 0 - 6 9 5 4 , 0 0 6 3 1 ; - 0 - 5 1 9 4 , 0 -106 ; - 0 - 3 7 3 6 , 0 -145 ; - 0 - 2 4 7 4 , 
0 -201; - 0 - 1 5 3 8 , 0 - 2 4 1 ; - 0 - 0 7 4 7 , 0 -311 ; - 0 - 0 1 1 4 , 0 - 3 3 4 ; 

0 0305M-TLA 

- 1 - 4 0 7 , 0 - 0 2 5 8 ; - 1 - 1 5 3 , 0 -0441 ; - 0 - 9 0 2 , 0 -0847 ; - 0 - 6 9 4 , 0 136; - 0 - 5 1 4 , 0 1 8 8 ; - 0 - 3 6 4 , 0 -260 ; 
- 0 - 2 4 8 , 0 - 3 2 3 ; - 0 - 1 6 1 , 0 -387 ; - 0 0 8 0 , 0 -440 ; - 0 0 1 4 , 0 -467 ; 

0 077lM-TLAa 

- 2 - 2 5 5 , 0 - 0 1 0 4 , - ; - 1 - 9 3 9 , 0 - 0 2 1 0 , - ; - 1 - 6 4 7 , 0 - 0 3 5 7 , 0 0 7 6 5 ; - 1 - 4 1 5 , 0 - 0 7 1 5 , 0 - 0 3 5 1 ; - 1 - 1 7 2 , 
0 - 1 4 5 , 0 - 1 4 0 ; - 0 - 9 9 4 , 0 - 1 6 0 , 0 - 1 5 7 ; - 0 - 8 2 6 , 0 -204 , 0 -170 ; - 0 - 6 7 6 , 0 - 2 7 2 , 0 - 2 5 0 ; - 0 - 5 1 4 , 0 - 3 7 0 , 
0 -362 ; - 0 - 3 6 1 , 0 - 4 5 9 , 0 -384 ; - 0 2 5 6 , 0 - 4 9 7 , 0 -499 ; - 0 - 1 4 5 , 0 551 , 0 - 5 1 6 ; - 0 - 0 7 1 , 0 - 5 9 3 , 0 -522 ; 
- 0 - 0 0 7 , 0 - 6 1 8 , 0 - 5 5 1 ; 

0-306M-TLAa 

- 2 - 9 1 5 , 0 - 0 0 5 6 , - ; - 2 - 2 5 5 , 0 0 2 2 9 , 0 0 3 1 7 ; - 1 - 8 5 9 , 0 0 6 9 6 , 0 0715 ; - 1 - 6 2 6 , 0 - 1 2 6 , 0 119; 
- 1 - 3 5 3 , 0 - 2 5 8 , 0 - 3 2 7 ; - M 0 4 , 0 - 4 0 8 , 0 -425 ; - 0 888 , 0 - 4 9 6 , 0 - 5 1 0 ; - 0 - 6 7 6 , 0 - 5 9 3 , 0 - 5 8 5 ; - 0 - 5 1 4 , 
0 -637 , 0 -617 ; - 0 - 3 9 6 , 0 - 6 7 6 , 0 -630 ; - 0 - 2 6 5 , 0 - 7 1 5 , 0 -670 ; - 0 - 1 5 4 , 0 -740 , 0 -714 ; - 0 - 0 7 5 , 0 - 7 6 1 , 
0 -698 ; - 0 027 , 0 - 7 6 8 , 0 -720 ; 

a The values of log a, Z, and ZHz0 are listed. 
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T a b l e I I I 

Equilibrium Values of log aH 3 A aq, logaH2o,aq' anc^ -^h^o f° r 0 01 —4m Citric Acid and 
for the Toluene Solution of TLA 

0 0 3 0 4 5 M - T L A A 

- 1 0 3 7 , - 0 - 0 0 1 , 0 - 0 6 0 4 ; - 0 - 7 1 9 , - 0 - 0 0 2 , 0 - 1 2 1 ; - 0 5 3 8 , - 0 0 0 2 , 0 - 1 8 1 ; - 0 - 2 8 3 , - 0 - 0 0 4 , 0 2 8 6 ; 

- 0 0 8 2 , - 0 - 0 0 7 , 0 - 3 9 3 ; 0 - 0 8 3 , - 0 - 0 1 0 , 0 - 4 6 7 ; 0 - 5 3 6 , - 0 0 2 4 , 0 - 6 7 3 ; 1 - 1 1 9 , - 0 - 0 6 8 , 0 - 8 6 7 ; 1 - 5 2 8 , 

- 0 113 , 0 - 9 6 5 ; 

0 0 7 7 1 5 M - T L A 

- 1 0 6 4 , - 0 0 0 1 , 0 - 1 1 9 , 0 113 ; - 0 - 8 7 2 , - 0 - 0 0 1 , 0 - 1 7 4 , 0 - 2 2 4 ; - 0 - 7 4 5 , - 0 - 0 0 2 , 0 - 2 2 2 , 0 - 2 2 4 ; 

- 0 - 6 3 6 , - 0 - 0 0 2 , 0 - 2 7 7 , 0 - 2 8 6 ; - 0 - 4 1 0 , - 0 0 0 3 , 0 - 3 8 6 , 0 - 3 2 7 ; - 0 - 3 0 2 , - 0 - 0 0 4 , 0 - 4 5 0 , 0 3 6 0 ; 

- 0 - 0 6 2 , - 0 - 0 0 7 , 0 - 5 4 6 , 0 - 4 6 9 ; 0 - 0 6 7 , - 0 - 0 0 9 , 0 - 6 0 4 , 0 - 4 8 9 ; 0 - 0 9 8 , - 0 - 0 1 0 , 0 - 6 1 8 , 0 - 5 5 1 ; 0 - 3 2 3 , 

- 0 - 0 1 6 , 0 - 6 8 8 , 0 - 5 4 8 ; 0 - 5 3 1 , - 0 0 2 4 , 0 - 7 5 7 , 0 5 9 2 ; 0 - 7 0 8 , - 0 - 0 3 3 , 0 - 8 0 3 , 0 - 6 0 8 ; 0 - 9 3 9 , - 0 - 0 5 3 , 

0 - 8 5 4 , 0 - 6 1 9 ; 1 - 1 3 0 , - 0 - 0 6 9 , 0 - 9 0 1 , 0 - 6 1 3 ; 1 - 4 1 1 , - 0 - 1 0 4 , 0 - 9 7 6 , 0 - 5 8 5 ; 1 - 4 6 6 , - 0 1 1 3 , 0 - 9 7 9 , 0 - 5 7 2 ; 

0 1 5 2 0 M - T L A 

- 1 - 6 0 6 , 0 - 0 0 0 , 0 - 0 6 8 9 , 0 0 6 5 9 ; - 1 - 2 0 8 , - 0 0 0 1 , 0 - 1 9 3 , 0 176 ; - 0 - 8 6 0 , - 0 0 0 1 , 0 - 3 5 2 , 0 - 3 5 6 ; 

- 0 - 6 4 0 , - 0 - 0 0 2 , 0 - 4 4 8 , 0 - 4 3 3 ; - 0 - 3 6 4 , - 0 - 0 0 4 , 0 - 5 5 6 , 0 - 5 3 4 ; - 0 - 1 3 6 , - 0 - 0 0 6 , 0 - 6 3 9 , 0 - 6 1 4 ; 

0 0 9 2 , - 0 - 0 1 0 , 0 - 7 0 6 , 0 - 6 2 9 ; 0 - 5 0 2 , - 0 - 0 2 3 , 0 - 8 0 8 , 0 - 6 7 3 ; 0 - 6 1 0 , - 0 0 2 8 , 0 - 8 3 5 , 0 - 6 8 8 ; 1 - 0 7 8 , 

0 - 0 6 3 , 0 - 9 3 6 , 0 - 6 6 1 ; 1 - 4 9 6 , - 0 - 1 1 5 , 1 0 0 6 , 0 - 6 5 1 ; 

0 - 3 0 6 2 M - T L A 

- 2 1 3 1 , 0 - 0 0 , 0 0 3 3 5 , 0 0 4 9 0 ; - 1 - 7 3 3 , 0 0 0 , 0 0 9 5 2 , 0 - 1 2 1 ; - 1 - 4 5 6 , 0 0 0 , 0 - 2 0 5 , 0 - 2 3 5 ; — 1 - 2 8 9 , 

0 - 0 0 0 , 0 - 3 1 1 , 0 - 3 5 3 ; - 1 - 1 3 6 , - 0 - 0 0 1 , 0 - 4 0 7 , 0 - 4 3 5 ; - 0 - 9 8 6 , - 0 - 0 0 1 , 0 - 4 7 3 , 0- '500; - 0 - 8 8 3 , - 0 - 0 0 1 , 

0 - 5 3 7 , 0 - 5 4 9 ; - 0 - 5 0 6 , - 0 - 0 0 3 , 0 - 6 4 1 , 0 - 6 1 8 ; - 0 0 3 6 , - 0 0 0 7 , 0 - 7 5 4 , 0 - 6 6 4 ; 0 - 1 1 2 , - 0 0 1 0 , 0 - 7 5 5 , 

0 - 7 1 4 ; 0 - 2 4 1 , - 0 - 0 1 3 , 0 - 7 9 8 , 0 - 6 8 8 ; 0 - 4 5 8 , - 0 - 0 2 1 , 0 - 8 3 3 , 0 - 7 0 9 ; 0 - 6 4 7 , - 0 - 0 3 0 , 0 - 8 8 1 , 0 - 7 0 1 ; 

0 - 8 5 6 , - 0 - 0 4 4 , 0 - 9 1 7 , 0 - 6 9 4 ; 1 - 0 7 2 , - 0 0 6 2 , 0 - 9 5 9 , 0 - 6 8 7 ; 1 - 3 4 3 , - 0 - 0 9 5 , 0 - 9 9 3 , 0 - 6 7 6 ; 

a The value Z H 0 was not determined for the system with 0-03045m-TLA. 

F i g . 3 

The Extraction of Citric Acid and Water 
by the Solution of TLA in Toluene from 
1m-(H, N a ) 3 A 

The dependence of Z (o, 9 , ©) and 
Z H 2 0 ( © . ° n « H 3 A ( = l o 8 t H 3 A ] a q ) -

The organic phase: 0 0 1 5 5 m - T L A — C; 

0 - 0 3 0 5 M - T L A - ® ; 0 - 0 7 7 1 m - T L A - 9 , © 

and 0 - 3 0 6 M - T L A — 9 , 3 . The full curves 
were calculated for log /?1>2

 = log j32,3 
= 3-06, and log 05 6 = 8-94, the dashed cur-
ve ( Z H 2 0 ) f o r [ ( H 3 A ) 5 ( T L A ) 6 ( H 2 Q ) 4 ] / 

/ [ ( H 3 A ) 5 ( T L A ) 6 ( H 2 0 ) 5 ] = 0 - 4 2 6 . T h e b a r 

over the formula means the organic phase. 
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of the amine in the organic phase, a = the citric acid activity in the aqueous phase 
(in the systems with 1M-(H, Na)3A in the aqueous phase the value of a was taken 
to be equal to [H 3 A]), Z = (the total concentration of citrates in the organic phase)/B, 
ZH 2 0 = (the concentration of water in the organic phase — the concentration of water 
extracted by toluene)/!?. 

The activities of citric acid and water in aqueous solutions at 25°C. T h e activities 
of non-dissociated citric acid (i.e., of the H 3 A species) in the aqueous phase are taken 
from the paper by Levien16 in which the values of activities and densities of the H 3 A 
solutions of ^ 1 mol/1 were published. However, the experimental isopiestic data 
in this paper1 6 cover the entire concentration range up to the saturation («4-3 
mol/1). In the calculation of the osmotic and activity coefficients from the isopiestic 
data Levien16 took also into the consideration the effect of ions formed by the dis-
sociation of citric acid using the values of the dissociation degree, a — [H 2 A~]/c = 
= [H + ] / c , determined from the measurements of conductivity, where c is the total 
concentration of citric acid. The results of the conductivity measurements are given 
also only for solutions in which the concentration of citric acid ^ 1M. 

The citric acid activities in solutions >1M-H3A were calculated from the experi-
mental data of Levien16 assuming on the base of the citric acid activity values at 
5S1M-H3A that: a) the first dissociation constant does not change in the region 

The Extraction of Citric Acid and Water by the Solution of TLA in Toluene from 0-01 —4M 
Solutions of Citric Acid in Water 

The dependence of Z H j A (4a) and ZH2Q (4b) on logaH : j A in the aqueous phase is plotted. 
© 2% TLA; © 5% TLA; © 10% TLA; « 20% TLA; The full curves are calculated for log 2 t = 
- 1*17; log /?2,3,2 ~ 3T7; log Ps,6A ~ 8 '39; log 5 - 8-49 and log 0 1 3 j l 3 > 8 = 19-14.' ' 

a b 

F I G . 4 
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1 — 4 - 3 M - H 3 A and the dissociation to the secfnd step is negligible, and b) the dis-
sociation degree in this region is approximately given by the relation a = const. c~1,2. 

•The highest value of a in this region is 0-03 in 1 M - H 3 A SO that the error introduced 
by these two assumptions is small if compared with the accuracy of the experimental 
extraction data to the interpretation of which the activities are used. 

The values of activity coefficients have been recalculated from the molality to the 
molarity scale using the experimentally determined densities of citric acid (Table IV) 
and also several other data from the published literature16 '17. Table V presents the 
calculated values of the activity coefficients of the non-dissociated citric acid. 

The activity of water in the citric acid solutions (Table VI) was determined from the 
activities of water in corresponding isopiestic solutions using the data of Levien16 

on the composition of the corresponding NaCl solutions and those of Robinson 
and Stokes18 on the activity of water in NaCl solutions. 

TABLE I V 

The Dependence of the Citric Acid Solution Densities at 25°C on the Concentration 

c, mol/1 Q, g /cm 3 c, mol/1 Q, g /cm 3 

0-5046 1-0362 2-487 1-1837 
1-014 1-0744 2-977 1-2196 
1-261 1-0931 3-413 1-2493 
1-521 1-1122 3-650 1-2665 
1-745 1-1287 4-259 1-3058 
2-015 1-1498 

TABLE V 

Activity Coefficients of the Non-Dissociated Citric Acid (yc) in the Aqueous Solutions at 25°Ca 

CH3A> MO1/'1 Y c 
CH3A. M O L /L CH3A> M O L /L ?c 

0-974 1-233 2-714 2-466 3-6*61 4-404 
1-274 1-353 2-935 2-787 3-815 4-918 
1-618 1-517 3-136 3-143 3-958 5-446 
1-931 1-711 3-323 3-540 4-092 6-010 
2-215 1-931 3-498 3-953 4-210 6-647 
2-475 2-182 

" Calculated f rom the data of Levien1 6 . 
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Dissociation of citric acid in the f M - ( H , N a ) 3 A system. T h e va lues o f t h e t o t a l 
p r o t o n i z a t i o n c o n s t a n t s o f c i t r ic ac id we re c a l c u l a t e d b y a g r a p h i c a l m e t h o d ac -
c o r d i n g t o L e d e n a n d F r o n a e u s 1 9 f r o m t h e e x p e r i m e n t a l d a t a f o r n = / ( l o g h) (c f . 
T a b l e I ) a s s u m i n g t h a t t h e ac t iv i ty coef f i c ien t s o f h y d r o g e n i ons a n d of t h e c i t r ic 
ac id a n i o n s a r e c o n s t a n t . 

T h e va lues o f t h e c o n s t a n t s we re r e f i n e d u s i n g t h e c o m p u t e r p r o g r a m 
L E T A G R O P V R I D wr i t t en b y Sillen a n d I n g r i 2 0 . 

TABLE V I 

Activity of Water in the Citric Acid Solutions at 25°Ca 

CH3A» m o l / l °H2O CH3A> m o l / I aH2o CH3A> M O L / L AH20 

0-2037 0-99596 1-413 0-96645 3-423 0-8590 
0-2035 0-99596 1-450 0-96524 3-498 0-8534 
0-2045 0-99592 1-845 0-9517 3-729 0-8319 
0-2960 0-99413 2-020 0-9447 3-802 0-8251 
0-3736 0-99256 2-031 0-9445 3-990 0-8052 
0-5062 0-98975 2-060 0-9432 4-105 0-7926 
0-5094 0-98972 2-298 0-9325 4-153 0-7867 
0-6014 0-98770 2-648 0-9143 4-210 0-7794 
0-7134 0-98520 2-929 0-8970 4-228 0-7771 
0-7922 0-98337 3-198 0-8776 
0-9316 0-97996 3-295 0-8701 
1-0718 0-97636 3-334 0-8668 

"Calculated f rom the isopiestic data of Levien1 6 for the H 3 A - N a C l pair and f rom the data 
of Robinson and Stokes 1 8 for the activity of water in NaCl. 

TABLE V I I 

Protonization Constants of Citric Acid at 25°C 

Medium log Kl log K2 log AT3 Ref. 

2M-NaC104 5 18 ± 0-03 4-16 ± 0-05 2-90 ± 0-07 (22) 
3M-(NaC104) 4-88 3-83 2-40 (23) 
0 1 M - K N 0 3 5-65 4-30 2-79 (24) 
1 m - K N 0 3 5-34 4 11 2-63 (24) 
2M-KN0 3 5-49 4-39 3-08 (21) 
1M-(H, N a ) 3 A 5-25s 4-14 2-76 this work (graphical method) 
1M-(H, N a ) 3 A 5-23 ± 0-03 4-16 ± 0-03 2-76 ± 0-03 this work (LETAGROPVRID) 
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From Table VII it is evident that these constants agree quite well with those 
measured at higher concentrations of background electrolytes and that the assumption 
on the constancy of the activity coefficients of individual components in 1M-(H, Na)3 A 
can be taken as justified. Migal and Sychev21, in contrast to Bottari and Vicedomini22, 
assume also the dissociation of the alcoholic group. The eventual existence of the 
H _ i A species relates only to the region outside the scope of our measurements and 
therefore it has not been considered in our computations. 

The treatment of the experimental data on the citric acid extraction. The inter-
pretation of the citric acid extraction by a tertiary amine in a non-polar solvent 
is based on the generally accepted assumption that the extracted components are 
the electroneutral ion pairs. 

The citric acid extraction can therefore be described e.g., by a set of equations 
of the type 

Using this notation the dissociation constants of citric acid need not be known, 
only the activities of the H 3 A species. 

Assuming that the activity coefficients of all components in the organic phase 
are unity, the equilibrium constant for equation [A) is given by the expression 

The values in brackets are the stoichiometric concentrations, those in braces are 
the activities. The concentrations of the species in the organic phase are denoted 
by bars; {H 2 0} might be considered constant (within ±3%) in the whole series 
of 1M-(H, N a ) 3 A a n d in t h e series (0-01 —4)M-H3 A f o r CHSA ^ 1M. 

In the first step the type of the extracted complexes has been derived, then their 
composition has been determined and the values of extraction constants have been 
calculated by a graphical method and finally these values were refined by a computer 
calculation23 ,24 . The possibility to interpret the experimental data by a larger set 
of complexes, that cannot be treated by a graphical method, has been tested also 
by a computer calculation. 

The type of extracted complexes was determined from the form of the function 
q = f(p), where q and p are the average values of the indexes p and q of the complex 
(cf. equation (/!)). The method, worked out by Sillen25 and adapted in the form 
of the computer program MESAK 2 6 , has been used for the evaluation of p and q. 
According to this method the auxiliary functions 

p H 3 A + q TLA + r H 2 0 ^ (H3A)p (TLA)q ( H 2 0 ) r . 

j»p.q.r = [(H3A)p (TLA)q (H 2 0) r ] /{H 3 A} p [TLA]q { H 2 0 } ' . ( l ) 

(B = const.) (2) 
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and 

In a 0 = In b — In B = const. - j [ Z + (dZ/d In B)J d In a (B = const.) (3) 

are computed in the first step and then 

p = Zl(R - a0) 

q = (1 - a0)/(K - a0) . (4) 

The concentration of free amine in the organic phase (b) is computed simultaneously 
by the Eq. (3). 

The dependence of q on p, i.e. the average composition of the complexes in the 
individual experimental points, is presented in Figs 5 and 6 for both systems under 
study. The lowest complex corresponds to the formula ( T L A ) 2 ( H 3 A ) followed 
by a series of complexes of the type (TLA) q (H 3 A) p with q = p + 1. 

The equilibrium constants ( / ) of extracted complexes were calculated f rom the 
equation 

BZ = PU2ab2 + 2p 2 < 3 a 2 b 3 + 3 P i A a z b * + . . . , (5) 

FIG. 5 

The Dependence of q onp for 1M-(H, Na)3A 
-TLA-Toluene 

o 1% TLA; © 2% TLA; © 5% TLA; 
« 20% TLA. 

FIG. 6 

The Dependence of q on p for 0-01-4m 
H3 A-TLA-Toluene 

©2% TLA; © 5% TLA; © 10% TLA; • 
20% TLA. 
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which can be rewritten in the fo rm (u = ab) 

BZjab2 = PU2 + 20 2 t 3 u + >4u2 + . . . , (6) 

where B, Z, and a are the experimental values and b can be obtained by the program 
M E S A K . The computat ion has been performed graphically by fitting a normalized 
curve to the experimental function. 

The system 1M-(H, Na ) 3 A-TLA - t o luene . The dependence of log BZjab2 on log u 
is given in Fig. 7. The shape of this curve demonstrates that the complex ( l , 2) pre-
dominates at low values of u while higher complexes are formed with the increase 
of u. The horizontal asymptote to this curve gives log 2 on the j-axis and the verti-
cal asymptote determines log K's on the x-axis (cf. below). For u ^ 0 - 0 0 7 the value 
of BZjab2 depends linearly on u (Fig. 8 ) . This line has a slope of 2 / ? 2 3 and the cor-
responding ordinate on the y-axis is ^ 2 . F rom this graph the value of log /?1>2

 = 

= 1-32 + 0-25 has been determined. The error corresponds to the two limiting 
positions of the normalized curves ( c f . the dotted lines) that still fit the experimental 
points. 

6 0 
y 

4 0 

20 

3 log u 2 

F I G . 7 

The Dependence of y = log (BZjab)2 on 
log u for 1M-(H, Na)3A-TLA-Toluene 

O 1%TLA; © 2% TLA; © 5% TLA; © 20% 
TLA. The values of asymptotes correspond 
to the values of log 2 = 1-32 and log ATS' = 
= —1-81 (cf. Eq. (2)). The dashed curve 
is calculated for log 2 — 1-26; log f}2 3 = 
= 3-22, and log jS5>6 = 8-95. 

0 2 4 u.10« 6 

F I G . 8 

The Dependence of y = BZjab2 on u for 
1 M - ( H , N a ) 3 A 

o 1% TLA; © 2% TLA; © 5% TLA; © 20% 
TLA. The full curve corresponds to the 
values of ^ 2 = 20-9 (log j912 = 1-32) and 
P2,3 = 1 320, the dashed curve to log ^ 2 — 
= 1-32 ± 0-25. 
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The composition of the subsequent complex has been determined by fitting the 
dependence log y = log ((BZjab2 — ^> 2 ) /«) on log u to a series of normalized 
curves of the type log (l + x1) us log x for i — 1 ,2,3. If we assume that along 
with the (1, 2) and (2, 3) complexes there exists (within certain limits of u) still one 
other complex of the type q = p + 1, then the expression suitable for the graphical 
computation can be obtained by rearranging Eq. (6) into the form 

y = {BZjab2 - pU2)ju = 2/?2,3 + (i + 2) /?i + 2>i + 3 . u1 . (7) 

Substituting 

» = ((*• +2) /? i + 2>i+3)/2/?2)3 and x = v^u (8) 

we finally get 

y = 2^,3(1 + x1) . (9) 

The last equation was used in the logarithmic form 

log y = log (2^2,3) + log (1 + xl). {10) 

The value of log(2/?2;3) is given by the vertical shift of the normalized curve log . 
. (l + x l) vs log x with respect to the experimental curve log y vs log u. For the 
value of log ft-, + 2>i + 3 we have 

log A+ 2,1 + 3 = i(Alogx) + log p2,3 + log 2 - log (i + 2) , (11) 

where A log x = log x — log u represents the horizontal shift of both functions. 
Fig. 9 presents the graphical calculation for the (2, 3) and (5, 6) complexes. The 

full curve in the graph corresponds to the calculated constants. The error of the 
evaluation of constants was again determined from the limiting positions of the 
normalized curves (the dash-and-dot curves). The graphical fitting of the experi-
mental function to the normalized curve for the (2, 3), (5, 6) system is better than 
for the other systems, e.g. (2, 3), (4, 5). 

The value of log /?2 3, obtained from the horizontal shift of the normalized curve, 
is 3-14 ± 0-24. The corresponding value of log /?5>6 is 8-77 + o'.32-

It follows from Figs 5 and 6 that p and q attain relatively high values. The values 
of p, q for 20% TLA are not presented for the whole concentration range studied 
because two points with the same value of Z for various B's are requested as mini-
mum for the computation of the derivative in Eqs (2) — (4). 

However, the composition of higher complexes cannot be determined due to the 
high scatter of experimental values in this region. Therefore, as an alternative, the 
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Hogfeldt's treatment2 7 has been used, according to which all higher complexes are 
expressed as one symbolic complex with p « q oo, the equilibrium constant 
of which is given by 

Kt, = [(TLA.H3A) a g g r] 

{H3A} [TLA] 

The value of this constant, together with the value of /?, >2, was determined from the 
asymptotes to the curve in Fig. 7. 

The individual models were then compared from the aspect of their statistical 
probability and the values of equilibrium constants were determined more precisely 
using the computational program L E T A G R O P 2 8 - 3 0 . By this program the minimum 
of the function 

v = nm)Y el) 
is sought using the variation of the values of /?p q r. The difference AZ between the 
experimental value of Z(Zexp) and the value of Z calculated for .the given set of j8p,q>r 

was accepted as the function / (AZ). The weight of individual points was assumed 
to be proportional to (Ze x p)1 / 2 . 

This type of weighing was chosen as a compromise between the use of the absolute 
error / ( A Z ) = AZ, when the effect of points with the lowest value of Z is practically 
neglected, and the use of the relative error / (AZ) = AZ/Z, when a too high weight 
is ascribed to points with relatively lower precision, i.e. to points with a low value 
of Z. 

The comparison of the individual models is given in Table VIII. The values of /?, U, 
and the standard deviation a are quoted for the individual models. The errors of con-
stants have been calculated from the standard deviation of the constant k (hence-
forth denoted s(k)) as + 3 s ( k ) . If k < 5s(k), only the maximum value of k, equal 
to k + 3s(/c), is given. From this table it is evident that f rom all models with 3 com-
plexes the combination of ( l , 2), (2, 3), and (5, 6) complexes yields the lowest value 
of U = 2-97 . 1 0 - 2 . However, the complex (5, 6) must be considered only as a re-
presentative of higher complexes because, e.g., the (6, 7) complex yields nearly 
the same value of U = 3-01 . 10~2. 

Combinations of four complexes have been taken into the consideration, too, 
but it has been found that any substitution of the (5, 6) complex by two other com-
plexes does not substantially decrease the value of U. The best combination of 4 com-
plexes, i.e. (1,2), (2, 3), (3, 4), and (6, 7), gives U = 2-877 . 10" 2 . 

The computational treatment of 5-complex models reduces finally to a model 
with 4 complexes as the minimum of the function (15) was found for one equilibrium 
constant equal to zero. 
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On the other hand, the interpretation of the experimental data with the combina-
tion of the (1, 2) complex with a single other complex, e.g. (4, 5) or (5, 6), is evidently 
not realistic as the values of U for these models are 3-541 . 1 0 - 2 and 4-224 . 1 0 - 2 , 
respectively. 

The agreement between the theoretical isotherm and the experimental points 
can be substantially improved assuming that a certain part of the extracted acid 
exists in the form of (p, p)-type complexes. The program LETAGROP presents 
the average value of p « 3. The corresponding value of U — 0-0166 and the systematic 
deviation for log a. 0 for 1 and 2% TLA is suppressed (Fig. 3). However, it is im-
possible to decide whether this deviation is really caused by the presence of (3, 3) 
complexes or by the change of the activity coefficients in the organic phase at various 
concentrations of the citrate amine. 

System (0-01-4)M-H3A-TLA-toluene. The extraction from (0-01 -4 )M -H 3 A is 
interpreted similarly as the extraction from 1M-(H, Na)3A. Fig. 10 presents the de-

TABLE V I I I 

Comparison of the Models for the Interpretation of the Citric Acid Extraction f rom 1M-(H, Na) 3 A 
by the Toluene Solution of TLA 

Model Logarithms of the constants U a 

(1,2), (2, 3), (5, 6), 1-32 ± 0-25; 3-14 ± 0-24; 8*77 ± 0-32; graphical method 
(CO, OO ) , log K's = - 1 - 8 1 

(1,2), (2, 3), (5,6), 1-26 ± 0-25; 3-22, max 3-43; 8-95 ± 0-20 0-02971 002598 

(1,2), (2, 3), (4, 5), 1-41 ± 011 ; 1-83, max 3-31; 7-28 ± 0-11 0-03538 0 02804 

(1,2), (2, 3), (6, 7), 1-14, max 1-37; 3-39 ± 0-16; 10-66 ± 0-22 0 03010 002615 

(1,2), (2, 3), (3,4), 1-30, max 1-57; 2-91, max 3-65; 5-08, max 5-58; 0-02877 0-02587 
(6, 7), 10-56, max 10-81 

(1,2), (2, 3), (4, 5), 1-25, max 1-49; 3-21, max 3-56; 6-78, max 7-29; 0-02896 0 02595 
(6, 7), 10-50, max 10-83 

(1,2), (2, 3), (5, 6), 1-22, max 1-46; 3-29, max 3-54; 8-71, max 9-27; 002922 0-02607 
(6, 7) 10-28, max 10-95 
(1,2), (2, 3), (3,4), 
(5, 6), reduces to (1-2), (2-3), (5-6) 

(1,2), (2,3), (5, 6), 1-30 ± 0-23; 3-05 ± 0-16; 8-66 ± 0-21 001656 0 01924 
(3, 3), 3-05 ± 0-19; 

(1,2), (4, 5), 1-42 ± 0-10; 7-28 ± 0-10 0-03541 0-02805 

(1,2), (5,6) , 1-51 ± 0-09; 9-15 ± 0-14 0-04224 003063 
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FIG. 9 
The D e p e n d e n c e of y = log ( ( B Z l a b 2 — 
— Pl 2)/u) on log u for 1M-(H, N a ) 3 A and 
Z < 0-62 

O 1% T L A ; CD 2% T L A ; © 5% T L A ; 0 
20% T L A . T h e full curve is calculated fo r the 
values of cons tan t s log / ? 2 3 = 3-14 ± 0-24 
and log /?5 6 = 8 - 7 7 l o ! i 3 - T h e precision of 
cons tan t s is indicated by dashed curves. 

FIG. 10 

T h e D e p e n d e n c e of y = log ( B Z j a b 2 ) on 
log u for 0 01— 1-5M-H3A 

© 2 % T L A ; © 5% T L A ; © 10% T L A ; O 
20% T L A . The asympto tes co r re spond to the 
values of log 2 = 1*25 a n d log K^ = 
= —1-70. T h e dashed curve is calculated 
for log /?j 2 - M 7 ; l o g y 9 2 > 3 = 3-17; log JS5 6 

= 8-74. 
logu 

FIG. 1 1 

The Dependence of y — (BZjab2) on u fo r 
u < 0 009 in 0 01 —4M-H3A 

CD 2% T L A ; © 5% T L A ; © 10% T L A ; Q 
20% T L A . T h e s t ra ight lines on the g r a p h 
cor respond to log 2 = 1 - 2 5 ± ° ' 1 8 > l o g • 
• /?2,3 = 2-84. T h e precision of the cons tan t 
/?] 2 ' s indicated by dashed s t ra ight lines. 
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pendence of log BZlab2 on log u. The asymptotes to the curve correspond to the 
constants log/? J > 2 = 1*25 and logiCs' = —1-7. It is evident f rom Fig. 11 that the 
(1, 2) complex changes into (2, 3) similarly as in the previous system. The corres-
ponding value of log/?! 2 is 1-25 ± 0-18. The values of the constants log/?2 > 3 = 
= 2-84 + 0-16 and log/?5>6 = 8-82 ± 0-32 have been determined by the method 
of the normalized curve (Fig. 12). The data treatment by the program L E T A G R O P 
takes into account also the coextraction of water and it is explained by the as-
sumption of the format ion of hydrated complexes. 

Coextraction of Water. Because the amount of extracted water increases with 
the increasing extraction of H 3 A , it can be assumed that the complexes of citric 
acid with the amine are hydrated. The composit ion of hydrated complexes has been 
determined using the results obtained for the extraction of citric acid by 5 — 20% 
amine (Table III). 

For the solutions of pure citric acid of the concentration 0-2 mol/1 and for the 
H 3 A concentration ^ 0 - 7 mol/1 in the system 1M-(H, Na ) 3 A (a FS 0-18) it can be 
assumed that approximately ZH2Q = Z (cf. Tables II and III) so that the composition 
of the lowest two complexes is ( H 3 A ) ( T L A ) 2 H 2 0 and ( H 3 A ) 2 ( T L A ) 3 ( H 2 0 ) 2 . 

F I G . 1 2 

The Dependence of y — log ((BZjab2 — 
— P12)jab) on log u for 0 01 — 4M-H3A and 
for log u < —1-8 

© 2% TLA; 0 5% TLA; © 10% TLA; d 
20% TLA. The curves in the figure correspond 
to log /?2,3 = 2-84 ± 0-16 and \ogp5>6 = 
= 8-82 ± 0-32. 

F I G . 13 
The Determination of the Distribution Con-
stant K^ for the Distribution of Water bet-
ween the Aqueous Phase and , the 
(TLA H3A)aggr Phase for Z ^ 0-835 

The dependence of y = cHi 0 org on x = 
= c H 3 A , o r g • c H 2 0 , a q -
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In the region of the highest equilibrium concentrations of H3 A in the aqueous phase 
ZH2Q < Z. In this region H3A is present in the organic phase in the form of highly 
polymerized complexes, i.e. in the form of the aggregate phase (TLA H3A)aggr. 
The extraction of water can be described as its distribution between the aqueous 
phase and the (TLA H3A)aggr phase. This assumption is evidently valid for Z ^ 0-835 
because in this region the corresponding equilibrium constant KD has a constant 
value (Fig. 13): 

KD = [H20]org/aH20>aq[TLA H3A]aggr « [H20]org/aH20 ,aq . [H3A]org = 0-843 . 
(14) 

The average number of water molecules contained in the (5, 6) complex can be 
determined (neglecting the higher complexes, i.e. for the H3A concentrations <1-5 
mol/1 in the aqueous phase) from Eq. (15) derived from the mass balance of H3A 
and H 2 0 in the organic phase: 

f = 5((BZH20lab2) - pi>2 - V2^u)\((BZ\ab2) - /?1>2 - fi2tiu) . (15) 

The average value r = 4-36 has been obtained (the program LETAGROP yields 
r = 4-43 for 1m-(H, Na)3A). 

The composition of the organic phase can therefore be formally described by a set 
of complexes of the type (TLA)p (H3A)q (H20) r where the indexes (p, q, r) are (l, 2, l), 
(2, 3, 2), (5, 6, 5), and (5, 6, 4), respectively. However, as the complex (5, 6) was 
assumed to be more a representative of higher complexes rather than the only real 
species in this size range, the system of hydrated complexes can be better described 
as (l, 2, l), (2, 3, 2), and (p, p + 1, (p — 1) < r < p), where p is ~5.The final treat-
ment has been done by the computer program LETAGROP. The minimum of the 
weighted sum of relative errors has been sought, i.e. the minimum of the expression 

f(AZ) = ((Zcalc - Zexp)/Zca,c)H3A + w((Zcalc - Zexp)/Zcalc)Hl0 , (16) 

where w is the weight, the value of which has been chosen to be 0-5 to express the 
lower precision of the determination of water in comparison with the acid determina-
tion precision. These calculations have been done over the whole concentration 
range. High polymers existing at the aqueous citric acid concentrations >1-5m 
have been included into one symbolic complex (H3A)p (TLA)q (H20)yp . 

The average values of p and y have been calculated by the program LETAGROP 
assuming two models (q = p + 1 and q = p) together with the corresponding 
values of the equilibrium constants of (l, 2, l), (2, 3, 2), (5, 6, 4), (5, 6, 5), and 
(p, q, yp) complexes. In the first case q = p + 1 = 90 has been obtained while 
in the second one we have got q = p « 13. The value of y is in both cases «0-65 
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which agrees with the ratio ZH ,Q /ZH 3 A in the given concentration range. Because 
the agreement for the model q = p is somewhat better than that for the model 
q = p + 1 (U = 0-610 and 0-648, respectively), the most probable stoichiometric 
composition of the remaining complex is (13, 13, 8). The corresponding values 
of the equilibrium constants are as follows: log /?x 2 ; 1 = 117 ± 0-22, log /?2,3,2 = 
= 3-17, max. 3-38, log p 5 6 A = 8-39 ± 0-05, log ^ 5 6 5 = 8-49, max. 8-77, and log . 
•/*i3.i3.8 = 19-14 ± 0-013.' 

The curves ZH;)A = / ( l o g aH3A) and ZHl0 — / ( l o g aH 3 A) calculated for this set of 
complexes are presented in Fig. 4. 

It is evident that the acid extraction is well described by the given model while 
for the extraction of water there are deviations f rom the experimental values, namely 
at 5 and 20% of TLA. However, we cannot be sure whether these differences are 
caused by the presence of other complexes or, e.g., by the change of water solubility 
in the solvent, by the changes of the activity coefficients due to the increase of the 
organic phase polarity, etc., so that any attempt to try other, more complex models 
seems pointless. Generally it can be concluded that the (1 ,2 , 1) and (2, 3, 2) com-
plexes are t ransformed into higher complexes of the (p, p + 1, p — x) type, where 
0 < X < 1. At the acid concentration in the aqueous phase >1M a mixture of 
(p, p + x, yp) complexes is formed, where 0 x 1, and y is ~0-65. 

DISCUSSION 

The extraction of citric acid by trilaurylamine has been studied in the course of a wider 
program of the studies of metal ion extraction by amines f rom the solutions of citrates. 
As the mineral acids form stronger complexes with amines than the citric acid, ex-
traction systems containing no mineral acids had to be chosen otherwise the mineral 
acid would be extracted preferentially and the equilibria under study would be more 
complicated. 

However, this made the control of the activity coefficients of the solution com-
ponents more difficult as this is usually done by using a constant ionic medium 
maintained by an inert (mineral) salt. The least effective type of the activity coefficient 
control, i.e. the isomolar system 1M-(H, Na ) 3 A had to be chosen as a compromise. 
However, this medium cannot be taken for a medium of a constant ionic strength 
due to the dissociation of citric acid in several steps. Moreover, it cannot even be 
supposed to be a medium with neutral background electrolyte (according to Bjerrum) 
due to the hydrogen ion concentration range used. 

However, a rather good agreement has been found between the values of the 
equilibrium constants of the citric acid dissociation determined in the solution 
of pure citric acid with t h e ' k n o w n activities of H 3 A and in the isomolar system 
1M-(H, N a ) 3 A with the assumed constant activity coefficients of components . This 
agreement corroborates the assumption of the approximate constant values of the 
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activity coefficients in the i somola r system a n d justif ies its use bo th in the citric 
acid ex t rac t ion studies a n d in the meta l i on ext rac t ion f r o m the citric acid m e d i u m . 
D u r i n g the ex t rac t ion of citric acid by the so lu t ion of t r i l aury lamine in to luene 
a series of ( H 3 A ) p ( T L A ) q complexes is f o r m e d in the organic phase . In the lower 
complexes q — p + 1 while in the higher ones q — p. T h e ext rac t ion d a t a cou ld be 
best explained by the two lowest complexes ( l , 2) a n d (2, 3), by one complex of a me-
d i u m molecu la r weight, represented by the (5, 6) complex , a n d by one higher (13, 13) 
complex . T h e f r ac t i on of the to ta l citric acid concen t r a t i on in the o rgan ic phase 
present in the first three complexes , which play a role in the i somola r series of 1M-
- (H , N a ) 3 A is given in Fig. 14. T h e p roposed set of complexes may be considered , 
similarly as in systems with s t rong minera l acids, as a simplified set subs t i tu t ing 
a con t inuous series of complexes be tween the simplest (1, 2) complex a n d a col loidal 
micelle. Howeve r , the in t e rp re t a t ion of the exper imenta l d a t a by a c o n t i n u o u s series 
of complexes would be very difficult with the c o m p u t a t i o n a l facilities t ha t were 
available. 

The statistically " b e s t " set of complexes shows tha t the colloidal micelles a re 
f o r m e d f r o m the lowest complex by the associa t ion of species. T h e type of extracted 
a m m o n i u m salts is di f ferent f r o m those descr ibed in the l i terature, i.e. ( B H + A ~ ) n , 
where n ^ 1 fo r s t rong minera l acids, a n d B ( H A ) p , where p ^ I f o r m o n o b a s i c 
carboxyl ic o rgan ic acids. 

The first complex ( H 3 A ) ( T L A ) 2 is similar to the complex f o u n d by Pyatni tski i 
and M a k a r c h u k 1 1 in the system citric a c id - t r i oc ty l amine - to luene as fo l lows f r o m the 
ra t io [ H 3 A ] / [ T O A ] in the equ i l ib r ium organic phase . T h e neut ra l complex ( H 3 A ) . 
. ( T L A ) 3 has no t been observed even at the lowest citric acid concen t ra t ions . 

T h e m e c h a n i s m of the aggrega te f o r m a t i o n is di f ferent f r o m the m e c h a n i s m of the 
f o r m a t i o n of the a l k y l a m m o n i u m salts f r o m minera l acids in which the ion pai r 

FIG. 14 

The Participation of Individual Complexes 
on the Total Concentration of Citric Acid 
in the Organic Phase in 1M-(H, N a ) 3 A for 
5% TLA 

The dependence of y = /?[(H3A)pTLAq] / 
I 2>[(H 3 A) p TLA q ] on log a for p = l , 2, 5. 
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dipoles of the basic complex (BH + A " ) are being aggregated. In the case of the alkyl-
ammonium salts of citric acid the species ( H 3 A ) ( T L A ) , the independent existence 
of which has not been confirmed, are attached, at least formally, to the basic species 
(H 3 A) (TLA) 2 . The alkylammonium salts of citric acid differ by a high degree 
of association f rom weak organic carboxylic acids (acetic ac id 4 ' 5 ) or even f rom the 
medium strong acids (trichloroacetic acid6). Free carboxylic and hydroxyl groups 
in (H 3 A) (TLA)2 and (H 3 A) (TLA) contribute to the high value of the dipole mo-
mentum of these species which causes the gradual increase of aggregation. 

Because a continuous series of complexes (H 3 A) p (TLA)q with q = p + 1 is evi-
dently formed, it seems improbable that the gradual growth of the a lkylammonium 
salt aggregates could be explained only by cycles or chains connected by hydrogen 
bridges. The nature of the bond in the aggregates cannot be elucidated without 
additional information, e.g. f rom the molecular spectra. 

A comparison can be made with the results of Lipovskii and Kuzina 3 1 on the extrac-
tion of the oxalic acid by trioctylamine. They have found from the infrared spectra 
and f rom the cryoscopic measurements in nitrobenzene that the dimers of the am-
monium salt [ (H 2 A) (TOA)] 2 exist in the anhydrous organic phase and that the 
addition of water causes dissociation to monomers. The basic complex type, i.e. 
the hydrogen salt, is similar in both systems (in the oxalic and citric acids, respectively). 

The description of both systems differs in the conclusion about the size of the 
aggregate particles which can be explained either by the decomposition of aggregates 
in the polar nitrobenzene or by the fact that the size of alkylammonium salt aggregates 
determined by cryoscopy is usually smaller than the size determined by osmometry 
or by the analysis of equilibrium distribution data. 

The average hydration degree of complexes decreases with the increase of their 
size. The (1, 2) and (2, 3) complexes contain one water molecule per one molecule 
of the acid while in the highest aggregates that exist in the organic phase in the 
equilibrium with the aqueous phase containing >1-5M-H3A only 0-67 of water 
molecule is present per one molecule of the acid. 

The authors would like to express their gratitude to the staff of the Computational Center, 
Nuclear Research Institute, and namely to Dr J. Straka for their help in the adaptations of programs 
and for the practical hints for computations. 
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