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EX TRACTIOI 0? MI RERAL ACIDS 81 ALIPHATI C AMIW E S

Yu. G. Frolov , V . V. Ssrgi~.vekiy

Extr action by high—molecular aliphatic amines is widely used in

the analytical and technological practice of a nu mber of elements. As

a rule the extractants of setal salts are not the a.ines, rather

their salts, and the use of amines as extractants is preceded by

saturation of the organic phase by the acid. It is for this reason

that extraction of mineral acids by solutions of mim es in organic

solvents has been the subject of a great number of studies (1—Is).

It should be mentioned that it is primar ily the extraction of

acids by tert iary amine. which has been studied. Discussed in the

present article are the laws of extracting various mineral acids by

tertiary and secondary sines. .

-
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In this work we used “chemically pure “ sulfur ic and nitric

acids. Perchioric acid of “analytical grade” was purified by

distillation. ifydrochioric, nydrobromic. and hydriodide acids vet.

prepared directly prior to use by dissolving gaseous Nd , EDt, and NJ

obtained by the standard method in distilled wa ter.

The solvents were purified by simple distillation. Extraction

was conducted in equal phase volumes. Agitation time was 1 h,

tempe rature - 20 ~~. 2°C .

The equilibrium concentrat ion of acids in the aqueous phase was

det er mined by titration using a stand ar d alkali solution with a

•ethy l red indicator . Concentration of acid in the orga nic phase was

determined by titrat ion with an aqueous solution of alkali in the

presence of phenol phtha l.ia.

In calculating the equ ilibrium con stants the value s of the

ac tivity coefficients of the acids introduced in ( 5 )  were ussd.

Di scussion of Results

Eztractioon of acids by tr i—n-octylaai ne . Analysis of the

— - - - - - - - - - - ~~~~~ -:--—--.&---~ _______ -.&~~~~
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results of various researchers L 1—~) ~~ovs that during extraction of
monobasic acids by solutions of tri—n—octylamine (TOA) an improv...nt

is ob served in extraction of acids in the series: NP < Nd < HEr 4
DO1 ( NJ 4 NC1O,. Our results on extraction of acids by TOA (Table

1) confirmed this pattern. Since the equilibrium concentrations of

acids in the aqueous phase does not exceed 0.05 0 and the diff.r .nc•

in activity coefficients for similar concentrations (5), then we can

assume that the aqueous phase is not responsible for the difference

in extractability of the acids observed here.

To explain the difference in extraction of acids the following

factors were considered.

Since during the process of acid-base interaction the acid

proton converts to a baa. molecule, then basically the different

extractability of the acids can be explained by the energetic

exchanges which occur during formation the cation. The formation

energy of the cation (AE~) in the first c~pproximation is equal to the

difference in the af f in i ty  of the ami ne to the prot on and the

aff in it y of the anion to the proton, i.e.,

(1)

In th. case of extract ion by one amine fl...’ con t , differences in the

- - - - — - - - - - ~~~-_ — ---  -— -—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— - 
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formation energies of the cation are also caused by the chang. in the

proton aff ini ty of the ion, vnere, the greater the vallue f li ,  the

lover is the extraction of acids. A comparison of fl~ (6): ClO, — 285

kcal/g.ion, J — 307 kcal/g.ion, 8r — 315 kcal/g.ion, 1O~ — 320

kcal/g.ion, C1 - 325 kcal/g.ion, 2 — 363 kcal/g.ion with an

experimentally obser ved acid extraction ser ies show ed that the

extractability of acids does indeed grow when their proton-donor

properties are strengthened.

A differential in extraction of acids can also be anticipated as

a result of the difference in association of salts, since, as we

know, for TOA salts association intensifies in the series TOANC 1 (

TOAIBr < TOARC1O4, i.e., as the dipole moment of the salt increases

(7) .

Our attention is drawn to the slight difference in the

extraction behavior of NdiO, and iJ, as veil as that of NBr and INO~,

despite the differentiating eff ect of the noted factors.

Conse quently, some process es anU the energy changes which correspond

to th e. act in the opposite direction. On. of these is the formation

of an intramolecular hydrogen noad between the cation and ion of the

salt, whose existence in amine salts is established by means of

various research met hods: Nuclear magnetic re sona nce spectra (2, 8],

Il—sp ectra (~, 10], conductometry (11 ), etc. We know that for salts

~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~
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of TOl the imtsuificstios La the hydrogen bond occ urs in the series:

> CI >N 0 1) B r> J C1O4, as one might assume on the basis of the

proten—aceeptor properties of the ani ons. It is obvious that

intensification of the hydrogen bond , just as the change in energy of

the electrostatic interaction dur ing replacement of the anion (4],

shoul d lead to a leveling in the extractability of the acids.

Extraction of acids by asines of different classes during

formation of normal salts. The results of Table 1 show that during

the formation of sulfates of TOA and di—n—no uylam in e (DNA) the

extraction of sulfuric acid increases from TOl to DNA. The same thing

occurs in the case of nitric acid. This is apparent from the

constants established by measuring the pH, which for T0A equals 6.4,

for DNA in benzene — 11.6.

- - - - - - - . - — ~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - s-~ 
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?abl~ 1. Stability constants of normal amin, salts.

~ Coa~ SIgK .iuIxjIor.icaI. I Ig K i s.. u6~uoae

TOAIICIO4 6.42 - 617 -
TOAHJ 5.98 • - 

- 6.14
TOAH& - 3.16 4.00
TOAHNO5 - 4.07 - 4.04
TOAHCI 2.76 - - 3.98
(TOAtfl $04 6.40 - 6.04
(AHAIfI,sO. - so lo 13.24 -

, 

-

Key: t) Salt; 2) ig K in cyclohezane ; 3) ig K in diethylbeuzene.

It is obvious that the difference in the equilibrium constants

during extraction by TOA and DNA of 5—7 orders cannot be caused by

the influence of any one factor. We can assume that replacement of

the a mine is to the greatest degree ref lected in the formation energy

of the cation , in the force of the intra molec ular bon d , and in the

inter molecular association.

Since the value of a f f in i ty  to the proton for TOA and DN A is

un known at the present time , to coapare the for mation energy of the

cation we use values of 210.8 kcal/mole and 213.8 kca]/moie for

trimethylasine and di.ethylamine, respectively (12].

Differences in the for mation energy of the cat ion of 3 and 6

kcal/mole correspond to an increase in the equilibrium constant for

the secondary amine relative to tne tertiary by 2 and 4 orders for

mono- and dibasic acid., respectively.
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In studying the energy of the intramolecular bond in salts it

should be noted that the energy of the electrostatic interaction

probably changes only slightly as a result of small dif feren ces in

the dimension s of the amines. In explaining the results on solvation

of amine salts it was earlier assumed that  the pres ence in the

nitrogen atom of various anines of the unreplaced proton intensifies

the intramolecular hydrogen bond (13) .  Increasing the energy of the

hydrogen bond by 2-Is kcal/mole should lead to an increase in the

equilibrium constant by 2—3 orders.

It has been experimentally established that another factor which

changes greatly during the transition from salts of tertiary to salts

of secondary amines is their intermolecular association. Studies by

Allen on the scatter of Light by solutions of amine sal ts sho wed that

the mean number of particles in associates of di— n—decy lamine sulfate

(analog of the DNA sulfate) equals 140, while the TOA sulfate is

virtually a monomer (14] . Based on these results and assuming that

the number of particles in the associat e of the DNA sulfate was

constant, the activity coefficient was calculated. For 0.1 m of

solut ion it proved to be equal to 0.056. Consequently , the increase

in association of salts of secondary a.ines can explain an increase

of only 10-20 times in the extractio n constant.

~ 

—— ~~~ --~-. ~~~~~~~~~~~~~~
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From the above it is apparent that the increase in extraction of

acids during the transition from tertiary to secondary anines is

satisfactorily explained by the increased infinity of the amine to

the proton and by the intensification of the intramolecular hydrogen

bond and association of salts.

Extraction of second acid molecu le by amines. We know that when

the concentration of the acid in the aqueous phase is increased, the

amount of aci d which converts to tue organic phase exceeds that

necessary for formation of the norami salts of amines. It was assumed

that the nonequivalent acid is distributed by the physical

distribution mechanism (14] as a result of the attachment of the

second acid molecule to tue alkyl ammonium ion (153 or as the result

of the formation of a hydrogen bond with anions of alkyl ammonium

salts (10).

Since we demonstrated earlier (13], that molecules of protogenic

solutions attach themselves to the ions of amine salts, the shift in

extra ction of nonequivalent acid in the range of more concentrated

solutions of acids when such diluents are  use d is evidence in favor

of this last proposal. Fron studies of various researchers (3, 4) it

appears t hat the increase in extraction of the second molecule of

- - — - ~— - — — — - — — ~~~~~ — - —-— ---~~~——— --- - —~~~ — - — - ~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~n~~_-
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acid occurs in a series which is the reverse of that observed in

extraction of the  first molecule: ~F > Ed > HBr > HC 1O ,. In this

sequence the proton-acceptor properties of the anions decrease. This

is ev idence of the attachment of the second molecule by means of the

hydrogen bond to the anion of the ami ne salt. Moreover , anions of the

IHI~ type represent standar d and stable forma tions in various

nonaqueous solutions (16 ].

The results on extraction of hydrochloric acid by solutions of

TOA and DNA in benzene (table 2) and on extraction of nitric acid by

solutions of di— n—octylaiine [17] and TOA ( 18] indica te that the

stability con stants of compounds of amine salts with the second acid

molecule decrease from tertiary to the secondary amines. Extraction

of the second nitric acid molec ule by solutions of amines of

d i f ferent  classes also decr eases from tertiary to primary amine s

( 191, i.e., we observe a pattern vuich is the opposite of the

extraction of the first mol ecule of acid. 

-----~~~~~~~~~~~~~~~~~~~~ --—----- - ------ - ---— rn----— —-~~~~ - --~~----——- ----— ”
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?sble 2.
0.I M T O A  j -  0.I M ThA 

_ _ _ _

• Pmo..c.u xucaoi’- Paiuo.ecuu
uoc~~, N - aocn~ NIgIC IgK

J) B BOJ~HO* . Top riii ~ . B I0UO6 B Opr *HR~~.$13e 
- 

4)13e
3.90 0.121 2.36 3.90 0.1085 2.814.80 0.126 2.75 - 4,85 0.110 3.28 -

5.85 0.135 3.07 - 5.90 - 0.115 
- - 3.56

6.86 0.146 3.37 6.90 0.118 4.057.80 0.160 - 3.63 7.85 0.122 44 5
LI0 0.154 3.55 5.85 0.530 4.659.15 0.194 3.49 9.70 0,539 

- 490

Key: 1) Equilibrium acid , N ; 2) in aqueous phase; 3) in organic

phase.

It is obvious that, just as in the case of attenuation of

solvation by spirits of anions of amine salts in the series —

tertiary, secondary, and below, the increase in the nonequivalent

acid by salts of secondary amines is explained by intensification in

the. of the intramolecular hydrogen bond. aased on the donor—acceptor

mechanis. of the hydrogen bond we can assume that the formation of

the intramolecular hydrogen bond in amine salt lead s to a significant

chang e in the d istribution of the electron de ns ity of the anion .

Intensification of the hydrogen bond in salts of secondary amines

should lead to greater delocalization, as a result of which there

develops a decrease in the electron—don or properties of the anion s in

re lat ion to the conjugate hydrogen or donor-acceptor bond. Moreover ,

the pr esence of the unrep laced hy drogen atom in secondary and primary

L . . ~~~~~ .: _____
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amines greatly strengthens the association of their salts, apparently

because of the formation of intermolecular hydrogen bonds. This also

reduces the ability of amine salts to extract nonequivalent acids.

It should be mentioned that an analogous explanation can be

given for the dependence of the extractability of metal salts by

amine salts of different classes, which interact to form complexes in

the organic phase. We observe the greatest possible drop in the

symmetry of anions in the infrared spectra (20], which indicates

their active participation in the complex—formation process. This - 
-

confirms the belief of various researchers (21] that the anion

complex of the metal is found within the internal sphere of the

forme d complex, while the alkyl amsoniu m cations are fo und on the

outer coordination sphere, i.e., taere is a donor—acceptor bond

between the anion of the amine salt and the cation of the metal.

Since in the transition from salts of quaternary am.onium to salts of

primary amine s we observe am intensification in the hydrogen bond, we

can assume that the electron—donor properties in this same s.qu•nce

decrease, Thus, a decrease in extractability should be observed in

this series. An examination of many experimental data reveals that it

is this dependence which we observe in the extraction of all salts of

metals from nitric acid (22] and hydrochloric acid (23] med ia as well

as most salts of metals from sulfuric acid media (24).

- - - - £ _ ~•_._~~ ~~~~~~~~~~~ 
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Effect of diluent on extraction of acids by tri—n—octylamine. To

a great extent extraction equilibrium is determined by the nature of

the diluent which is used, It nas been established that the effect of

the diluent is the result of the interaction of its molecules with

both the molecules of the extractant and the molecules of the

extracted complex (25] and that consideration of this interaction

makes it possible to determine the nature of the dependence of the

equilibrium constants on certain physic ochemica l characteristics of

the diluents (26).

We know that the relationship between the equilibrium constant

K~, expressed in terms of absolute activities (standard state — pure

components) and the equilibrium constant K , expressed in ter.s of

concentration activities (standard state — hypothetical solution with

properties of infinitely diluted solution) :

This equation is analogous to

V — Th.

where y is the absolut e coeffic ient of acti vi ty ; y — concentrat ion

coefficient of activity, and y~ — zero coefficient of activity (or

absol ut e coefficient of activit y of component whe n its concentration

________ —.-.~~~~~~~~~--------- __ ~~~~~~~~~~~__a______ - - —~~~~~~~~-~~~~~—----~~ — ~~~~~~~~~~~~~~~~~~~~~ ~~ -
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moves toward zero).

Quantity 11T° repr esents the relationship between the zero

— 

activity coefficients of the components , and thus depends only on the

medium. In the case of extraction it depends on the diluents which

determine the phase.

Since the diluents which are used even partially dilute the

water and are themselves diluted in it, then the value of constant

is determined by the relationship of zero activity coefficients

of all reaction components both in the organic and aqueous phases.

Thus, equation (2) represents the most general equation which

determines the effect of the organic diluent on extraction

equilibrium. Only the assumption that the substances which determine

the phase (water and diluent) are absolutely insoluble in one another

makes it possible to determine the effect of the diluent by the

relationship of zero activity coefficients of the components in the

organic phase alone. Sometimes (26 ] it is erroneo usly assumed , for

example, for the extraction reaction

(3)

wh ich is the general thermodynamic equation which consi ders the

effect of the organic dileent , not the equation

_ ± ~~~~~~ _~~~ :~~~Y j
~~.à fl~~~S -  - - -cr .
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(4)

but the equation

K. - * ‘~: ~~K. ~ K. - (5)

Quite frequently the fact of intersolubility is not considered

in determining the activity coefficients of the substances by the

distribution method. This sometimes leads (frequently for

electrolytes) to great deviations from reality. This has been pointed

out, for exam ple, by the authors of (22].

Yet the assumption of the mutual insolubility of the phases

simplifies determination of laws, particularly where solubility of

the phases does not play a significan t role.

Based on equation ) (5) , using in the estimate quantities ~~ •~~

~; the formulas from the theory of regular solutions for determining

the activity coefficients in binary solutions, Ydovenko, Kovaleva~ 

—--~~-~~~~ —-—~~ — -- -~~~ ---~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - -- 
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and R yazanov (26 ] obtained a re lationship which binds the extraction

constant 1C~ with certain physicochemical peculiarities of the

dilue ate:

In K.—~~Jc+ I~~T~ In ~~ —In K!. — (n— 1)Rfliv 4-—
— 2(mv~ $~ — vASSAl)5, +( v~ — VA3~

$2 (6)

where lu K’ does not depend on the nature of the diluent and equals

InKs 
~ 1nK1+ RTh .!~ +(n—I) RT + ~~ 

— vASs~S; (7)

V~, Vpj. V~ I~~ the molar volumes of the co.ponents in the solution ;

$~— their solubility parameters.

The latter are determined by equation

- (8)

whets £11~ is the molar h.at of evapo r at ion of the i-th component at

temprotere T;
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v1—M,/d,,

where N is the molecular weight; d - density.

Prom equaton (6) it appears that within the framework of the

theory of regular solutions the effect of the dilue nt is determined

entir ely by the values of the solubility parameters and the molar

volumes of the d ilnents which are used.

We decided to test this equation on the findin gs by the

influence of the diluent on the extraction of hydrochloric and

sulfuric acids by solutions of tr i—n— octyla mine.

For a num ber of diluents with an approximately equal molar

vol e (v 1.i óos~ t) ; for the amine—acid solution system (consequently,

~$‘ ~A$ $~ and — constant) eq uation (6) acquires the form of:

(10)

i.e., there should exist a parabolic dependence between the loqarithm

of the equilibriu, constant and the solubility parameter of the

dilnent.

We know that for TOl v~~— 433 cii , while for TOARCI cm’ 

_ _ ~~~~~~~~~~~~~
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(27], i.e., in this case •A~~ av~ ~~VAS >0, and the parabola should

hav• a minimum at

-
. .n’s— _!As_ ~~~

for d ibasic acids the parabola should be steeper than for monobasic.

As ws learn from Pigs. 1 and 2, the shapes of the curves for

extraction of hydrochloric and sulfuric acids by TOA correspond

theoretically to thos. found, and , consequently, the effect of

aprotonic diluents on the extraction of acids by amines can be

described within the framework of the theory of regular solutions

with the interaction of both amine molecules and the molecules of

amine salts considered .

Conclusion

1. It has been confirmed that extraction of monobasic acids by

tri—n—octylamines during formation of normal salts increases in the

series: Ed C hEr 4 HlO~ C SW d( Edo,.

It has been shown that differences in the proton affinity of

--

~

-—

~
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anion s and the association of seits in the organic phase has a

differentiating effect on the extractability of acids, while the

formation of the intramolecular hydrogen bond has a leveling effect.

It has also been established that under these conditions secondary

amines are more effective extractauts because of the strengthening of

the intramolecular hydrogen bond, the association of the salts, and

the aff ini ty to the pr oton of the ami nes.

2. It has been established that during extraction of the second

acid molecule salts of tertiary amines are more effective extractants

than the corresponding salts of the secondary. This is explained by

the decreased electron—donor properties of the anions as a result of

the strengthening of the intramolecular hydrogen bond and their

association.

3. Demonstrated here is the applicability of the equation

introduced in (26 ] on the basis ot the theory of regular solutions

for descr iption of the effect of a protonic diluents during

extraction of acids by amines.
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viq . 1. Depsmdeac. of extraction constant of hydrockictic (a) and

salfuric (b) acids by tri—n-oct ylamine on solubilit y ~~ra.eters of

diluents: 1 — isooct ane; 2 — hexane; 3 — octane ; 1$ — tridecane; S —
cyclohexa ne ; 6 — n—but yl  beazene; 7 - carbon tetrachl oride; 8 -
i— propyl b•nzene ; 9 — n—xylol ; 10 — ethyl benzene ; 11 — toluene ; 12 —
o—xyl.l; 13 — kess.a.; 1* — cklorobeszeae; 15 — 1~ 2—dickloretkaae;

16 — mLtr~~~~ ases.
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