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Abstract

The extraction of sulfuric acid has been investigated by tri-
n-dodecylamine (T DA) in kerosene in the presence of octanol-
1 as modifier. The effect of octanol-1 has been studied on the
equilibrium constant of (TDAH),SO4 and TDAHHSO4 forma-
tion in the concentration range from 5 to 25% v/v and within
the temperature range from 25 to 50 °C. The equilibrium con-
stants (Ky and K, at 25 °C), the enthalpy (AH{, AH;) and the
entropy (AS}, AS3) changes were calculated for two extraction
reactions of sulfuric acid by tri-n-dodecylamine containing 10%
octanol-1 and they were found to be 10°%*%  1*/mol*, 107089
lmol, -99.11, -22.17 kJ/mol, -0.149, -0.063 kJ/mol.K, respec-
tively. The two reactions are:

- Ky
2TDA +2HY + 503 = (TDAH),S04

and
— Ky
(TDAH),SO4H" + HSO, = 2TDAHHSOs.
Keywords
Liquid-liquid - extraction - sulfuric acid - tri-n-dodecyl-
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1 Introduction

Tertiary amines dissolved in aliphatic diluents such as
kerosene have been widely and satisfactorily used in the ex-
traction of numerous metal ions such as uranium(VI), molyb-
denum(VI), tungsten(VI), chromium(III, VI), and vanadium(V)
from sulfate and sulfuric acid solutions, due to their reasonable
cost, and high yield, as a result of solubility or degradation prop-
erties [1-6]. In this process the partition of sulfuric acid between
water and tertiary amine is very important because the extrac-
tion procedure of metal ions is usually started by reacting the
free amine with sulfuric acid to form an amine salt, as described
in the two following equations [[7,[3]]:

2R3N + H,SO4 2 (R3NH),SO4 and

R3N + H;SO4 & R3NHHSOy4,

6]
2
where the superscript bar refers to the organic phase. In the

second step the amine salt extracts the metal sulfate complexes
in an adduct or anion-exchange reaction as follows [[1-3L[7]]:

(R3NH),SO4 + MSO4 = (R3NH)>M(SO,),, (3)

(R3NH)2S04 + M(S04)3~ = (R3NH)2M(SO,)2 4 SO3™. (4)

Unfortunately, mixing tertiary amine/aliphatic diluent with sul-
furic acid gives a third phase, which is not tolerated in solvent
extraction processes, but the addition of a small amount of long-
chain alcohols to the tertiary amines will prevent third-phase for-
mation without affecting much the metal ion extraction or phase
disengagement [[7,8]].

In the present paper we report the partition of sulfuric acid
between water and tri-n-dodecylamine containing octanol-1
in kerosene and the effect of octanol-1 and temperature on
the extraction constant of sulfuric acid with tri-n-dodecyl
amine/kerosene.

2 Experimental

Tri-n-dodecylamine (TDA) used as an extractant was ob-
tained from MERCK (95% purity). The diluent used was the
kerosene PEMCO SOLV 110 from PEMCO Chemicals com-
pany having a density of 800-810 kg/m? at 15 °C, a boiling point

Liquid-liquid extraction of sulfuric acid

2008 52 1 23



http://www.pp.bme.hu/ch

range 200-250 °C, a flash point > 70 °C, and aromatic content
of max 0.5% (v/v). Octanol-1 used as a modifier was obtained
from MERCK (96% purity).

Sodium hydroxide ampule from BDH containing a concen-
trated solution of NaOH (2N) was used for the preparation of
0.1 N NaOH by dilution the content of the ampule to 1 L with
double distilled water.

The aqueous solutions of sulfuric acid were prepared by di-
luting concentrated sulfuric acid (from FLUKA, 95-97%) with
double distilled water.

The extraction was carried out by stirring equal volumes (25
mL) of aqueous and organic phases in a thermostated water bath;
the mixtures were separated after 30 min of decantation.

The distribution coefficient (Ky), was calculated as the ratio:

K, =

Total concentration of H» SOy in the organic phase at the equilibrium (M)
Total concentration of H»SOy4 in the aqueous phase at the equilibrium (M) —

[H2SO4]

[H2SO4];

The concentration of sulfuric acid in the aqueous and or-
ganic phase solutions was measured using an automatic poten-
tiometric titrator (AT-420N-WIN) from KYOTO ELECTRON-
ICS, Japan. The potentiometric measurements were carried out
in a thermostated jacketed cell at 25 °C. A known volume of
the aqueous phase ranging from (0.5 to 1 mL) was diluted with
deionized water, magnetically stirred, then a small amount of
0.1N of sodium hydroxide was added using a motorized pis-
ton burette to achieve reproducible and accurate titration. KEM
combined glass electrode C-172 was used for the pH measure-
ments during the titration. A graphical plot of the pH versus
titrant volume is automatically done, and also the endpoint is
given. A known volume of the organic phase is transferred after
the extraction to the titration cell, then 50 mL of 80% absolute
ethanol in water was added and magnetically stirred to obtain a
homogeneous phase, finally the titration was done by 0.IN of
sodium hydroxide in the same way as described above.

3 Results and Discussion

3.1 Mixing time effect

Equal volumes (25 mL) of 0.1 M TDA/kerosene containing
10% octanol-1 and 0.41 M sulfuric acid were mixed together
at 25 °C for various time lengths. Fig. [1| shows the variation
of the distribution coefficient of sulfuric acid against time. It is
clear that 5 minutes is the minimum time required to reach the
equilibrium.

3.2 Isotherm of sulfuric acid extraction

The extraction of sulfuric acid was examined in the concentra-
tion range of (0.02-4 M) by 0.1 M tri-n-dodecylamine /kerosene
containing 10% octanol-1 as modifier at an organic to aqueous
phase ratio (Vore/Vaq = 1), and at 25 °C. The results are shown in
Fig.[2] The concentration of sulfuric acid in the organic phase in-
creases with increasing the concentration of sulfuric acid in the
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Fig. 1. Effect of time on sulfuric acid extraction. [TDA]; = 0.1 M/kerosene
+ 10 v/v% octanol-1 , [HySO4]); = 0.41 M. Vprg/Vag =1,t=25°C.

aqueous phase until 2.5 M, after this concentration no changes
of sulfuric acid concentration in the organic phase have been ob-
served and the ratio M/mi ~ 1 was determined. This
means that one mole of TDA reacts with one mole of HySO4
and TDAHSOy is the only species present in the organic phase
when the concentration of sulfuric acid in the aqueous phase >
25 M.
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Fig. 2. Variation of sulfuric acid concentration in the organic phase vs. sul-

furic acid concentration in the aqueous phase. [TDA]; = 0.1 M/kerosene + 10
v/v% octanol-1,[HpSO4]; = varies from 0.02-4 M. Vorg/Vag =1, t=25"C.

3.3 Effect of tri-n-dodecylamine on sulfuric acid extraction.
The extraction of 0.49 M sulfuric acid by various concen-
trations of tridodecylamine/kerosene containing 10 % octanol-1
was studied at 25 °C and at an organic to aqueous phase ratio
(Vorg/Vag=1). Fig. E] shows the variation of LogK, against Log

[TDA]; which gives a straight line with a correlation coefficient
(r) and a slope equal to 0.999 and 1.39, respectively.
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Fig. 3. Variation of Log K; vs. Log[TDA];. [TDA]; =(0.025-0.35M)
/kerosene + 10% octanol-1. [HpSO4]; =0.49M, Vorg/Vaq=1, t=25 °C.
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Fig. 4. Variation of the K; vs. octanol-1 percentage in the organic phase.
[TDA]; = 0.1 M/kerosene, octanol-1 = varies from 5 to 25 v/v %, [HySO4]
=0.041 M. Vorg/Vag = 1,t=25°C.

3.4 Extraction of low sulfuric acid concentration

3.4.1 Determination of equilibrium constant of

(TDAH),SOy4 formation (K;)

The extraction of 0.041 M sulfuric acid by 0.1 M tridode-
cylamine/kerosene containing 5, 10, 15, 20, 25 % octanol-1
was studied at 25 °C and at an organic to aqueous phase ratio
(Vorg/Vag=1). The low concentration of H,SO4 was chosen to
ensure that all species of sulfuric acid in the organic phase will
be in the form of m.

Fig. ] shows the variation of the distribution coefficient of
H;SO4 against octanol-1 percentage in the organic phase, which
gave a straight line with a good correlation coeflicient and slope
equal to 0.998 and 3, respectively.

The following equation describes the formation of

(TDAH),S0O4:
_ P S [
2TDA + 2H* 4+ SO;~ = (TDAH),SO4. 3)
The equilibrium constant of Eq. [5]can be written as:
[(TDAH)2SO4]
Ky = ) ©)

[H+12[TDAJ2[SO; "]

From the mass balance of tri-n-dodecylamine the following ex-
pression can be written:

[TDA] = [TDA]; — 2[(TDAH),SO4 = [TDA]; — [HT]. (7)

Since,

[(TDAH),SO4] = [H2SO4], = 1/2[H*], )

the concentration of amine sulfate can easily be determined ex-
perimentally by simple titration of sulfuric acid extracted into
the organic phase.

In consequence Eq. [§|becomes:

[H2504]

K| = — .
[H+12[TDA2[SO; ]

&)

In the aqueous solution, sulfuric acid ionizes in two steps:

Kal
H,SO;, = H' + HSOj,

Kq1 = [HT][HSO; 1/[H2SO4]= 1950mol/L and (10)

Ka2 2
HSO; = H* +5S0;7,

Kp = [H+][SOi_]/[HSOZ] = 0.0126 mol/L. (11)
Thus,
Ka1.Ka2 = [HT]2.[SO;™1/[H2S04]. (12)
From the mass balance of sulfate we can write:
A = [HSO} ]+ [H2S04] + [SO3 ™, (13)

where A is sulfuric acid concentration in the aqueous phase.

Ton balance imposes that:
[H*] = [HSO; ]+ 2[SO; 1. (14)

From Egs. and the concentration of SOﬁ_ and HSO, can
be written as:

15)
(16)

[SOF™] = Kq1.K42.[H2SO4]1/[H'*  and
[HSO, ] = K,1.[H2S04]/[HT].

Replacing Eq.[T5]and Eq.[I6into Eq. [I4] gives:

[H*] = Ka1.[H2S041/[H*] + 2K 1. Ko2.[H2S04]1/[H* 2.
(17)
Rearranging Eq. [T7]leads to:

[H2SO4] = [HTT/(Ka1 [H'] + 2K41.Ka2).  (18)

Finally, replacing Eq. [T8]into Eq. [I5] and [T then introduc-
ing it into Eq. [[3] the following equation can be obtained after
rearrangement:

[H™P + K1 .[H? + (Ka1.Ka2 — A K1) [H -

—2K,1.Kp0.A =0. (19)

Thus, knowing the concentration of sulfuric acid in the aque-
ous phase at the equilibrium (which is done by simple titration)
will lead to the possibility of calculation of [H'] by solving
the third degree Eq. then the concentration of undissociated
sulfuric acid [H2SO4] may be derived from Eq. @] and finally
[SOi_] from Eq.

The equilibrium constant K; was calculated from Eq. 0
Fig. 5a. shows that Log K; increases with the increasing of
octanol-1 percentage in the organic phase which is due to the
increase of the polarity of the organic phase and dielectric con-
stant. The plot of Log K; against the inverse of the dielectric
constant of our diluent (1/¢) gave a straight line with a correla-
tion coefficient and a slope equal to 0.99 and -15.1, respectively
(Fig. 5b).
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Fig. 5.a. Variation of the extraction constant K vs octanol-1 percentage in
the organic phase. [TDA]; = 0.1 M/kerosene, octanol-1 = varies from 5 to 25
VIV %, [HySO4] = 0.041 M. Vorg/Vaqg = 1,t=25°C.
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Fig. 5.b. Variation of the extraction constant K; vs 1/e. [TDA]; = 0.1
M/kerosene, octanol-1 = varies from 5 to 25 v/v %, [HpSO4] = 0.041 M.
Vorg/Vag=1,t=25"C.

3.4.2 Effect of temperature

The effect of temperature on sulfuric acid extraction has been
studied by mixing equal volumes of aqueous phase ([H2SO4];
= 0.04 M) and organic phase (0.1M TDA/kerosene contain-
ing 10% octanol-1) in a thermostatic bath and the mixture was
stirred for 15 minutes at different temperatures ranging from 25
to 50°C. The low sulfuric acid concentration was chosen in or-
der to ensure that all sulfuric acid species extracted will be in
the form of m.

It is known that the free-energy change, AG®, for the extrac-
tion equilibrium is calculated as follows:

AG° = —RT InK,,, (20)

where K, is the extraction constant.

The free-energy change AGF® is related to the enthalpy and
entropy changes, AH° and AS°, by the following Gibbs-
Helmbholts equation:

AG®° = AH®° — TAS® 1)

10
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Fig. 6. Variation of the extraction constant K{ vs. (1/T). [TDA]; = 0.1

M/kerosene + 10 v/v% octanol-1, [HpSO4]; = 0.041 M. Vorg/Vaq = 1, t = varies
from 25 to 50 °C.
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Fig. 7. Variation of K; vs. octanol-1 percentage in the organic phase.
[TDA]; = 0.1 M/kerosene , octanol-1 = varies from 5 to 25 v/v %, [HySO4]=
1.06 M. Vorg/Vaq =1, t=25 °C.

The results are presented in Fig. [f]in the form of Log K; =
f(1/T). A straight line has been obtained with a correlation co-
efficient equal to 0.994. From the slope and the intercept A Hy
and AS} for (TDAH),SOy4 formation have been calculated and
were found to be at -99.11 kJ/mol and —0.149 kJ/mol . K, respec-
tively.

3.5 Extraction of high sulfuric acid concentration

3.5.1 Determination of equilibrium constant of TDAHSO4

formation (K»)

The extraction of 1.06 M sulfuric acid by 0.1 M tridode-
cylamine/kerosene containing 5, 10, 15, 20, 25 % octanol-1
was studied at 25 °C and at an organic to aqueous phase ratio
(Vorg/ Vaq =1).

Fig [7] shows the variation of the distribution coefficient of
H>S04 against octanol-1 percentage. It is obvious that Ky in-
creases with increasing octanol-1 percentage.

The following equation describes the formation of
TDAHSOq:

K
From Egs. @and@ the following equation can be derived: (TDAH)»SO4 + HT + HSO; <:>2 2TDAHSOq. (23)
InK,x = —AH°/RT + AS°/R = The equilibrium constant of Eq. 23|can be written as:
LogK.,. = —AH°/2.303RT + AS°/2.303R, 22 —
gKex / / (22) . TDAHSO.T s
)= —.
where R is the gas constant (8.314 JK~!. mol™") and T is the [(TDAH),SO4][H+][HSO, ]
temperature in Kelvin.
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From the mass balance of tri-n-dodecylamine the following ex-
pression can be written:

[TDA]; = [TDA] + 2[(TDAH)2SO4] + [TDAHSO4].  (25)

Thus,

[H*] = 2[(TDAH)»S04] + 2[TDAHSO4] (26)

The concentration of (TDAH),SO4 can be calculated from

Eq.[&

(TDAH),S0; = K [TDA] [HTX[SO2"].  (27)

The concentration of TDAHSOg4can be calculated from

Eq.[26}

[TDAHSO4] = [H*]/2 — [(TDAH),S0O4] (28)

Replacing the value of (TDAH),SO4 and TDAHSO4 from
Eq.[27)and 28] into Eq.[23] gives:
[TDA]; = [TDA] + 2K, [TDA] [H**[SO2 1+
[H+]1/2 — K\ [TDAR[HT1[SO; "]

]2

(29)

Rearranging Eq.[29] gives:

K1[H+]2[SOi_][TDA]2 + [TDA] + [H+]/2 — [TDA]; = 0.
(30)
Thus, knowing the initial concentration of TDA and the
concentration of HySO4 in the aqueous and organic phases,
the equilibrium concentration of TDA, (TDAH),SO4 and
TDAHSO4can be calculated from equations 30, 27 and 28, re-
spectively, and finally the equilibrium constant K, may be ob-
tained from Eq.[24] The plot of Log K> against octanol-1 per-
centage in the organic phase gives a curve showing that the equi-

librium constant K, increases with increasing octanol-1 percent-
age in the organic phase (Fig. 8a). The plot of Log K against 1/¢
gives a curve, the straight part of which has a correlation coeffi-
cient and a slope equal to -0.96 and -0.91, respectively (Fig. 8b).
From Figs. 8a and 8b we can conclude that the increase of the
dielectric constant of the diluent has a more expressed positive
effect on sulfuric acid extraction then on the equilibrium con-
stant K.
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Fig. 8.a. Variation of the extraction constant K, vs octanol-1 percentage in

the organic phase. [TDA]; = 0.1 M/kerosene , octanol-1 = varies from 5 to 25
VIV %, [HySO4] = 1.06 M. Vorg/Vag = 1,1 =25°C.
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Fig. 8.b. Variation of the extraction constant K, vs 1/¢. [TDA]; = 0.1
M/kerosene, octanol-1 = varies from 5 to 25 v/v %, [HySO4]= 1.06 M. Vorg/Vaq
=1,t=25°C.
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Fig. 9. Variation of the extraction constant K vs. (1/T). [TDA]; = 0.1

M/kerosene + 10 v/v% octanol-1, [HySO4]; = 2.61 M. Vorg/Vaq = 1, t = varies
from 25 to 50 °C.

3.5.2 Effect of temperature

The effect of temperature on sulfuric acid extraction has been
studied by mixing equal volumes of aqueous phase ([H2SO4];
=2.61 M) and organic phase (0.IM TDA/kerosene containing
10% octanol-1) in a thermostatic bath and the mixture was
stirred for 15 minutes at different temperatures ranging from 25
to 50°C. The high sulfuric acid concentration was chosen to en-
sure that all sulfuric acid extracted species will be in the form of
TDAHSO;.

The results are presented in Fig. [9]in the form of Log K, =
f(1/T). A straight line has been obtained with a correlation coef-
ficient equal to 0.93. From the slope and the intercept AH3 and
AS; for TDAHSO, formation have been calculated and were
found to be -22.17 kJ/mol and -0.063 kJ/mol.K, respectively.

4 Conclusion

The extraction of sulfuric acid by TDA/kerosene is influ-
enced by the presence of octanol-1 as modifier in the organic
phase, and the value of equilibrium constant of (TDAH)>SO4
and TDAHSO. (K; and Ko, respectively) formation increases
with increasing octanol-1 percentage in the organic phase. It
means that, the increase of dielectric constant of our diluent has
a positive effect on sulfuric acid extraction.

The equilibrium constant of (TDAH),SO4 and TDAHSO4
formation has been calculated for 10% v/v octanol-1 at 25 °C
and found to be 10%4*21*/mol* and 1073 [/mol, respectively.

The temperature has a negative effect on the extraction of sul-
furic acid by tri-n-dodecylamine, the AH} and AH, for the
formation of (TDAH),;SO4 and TDAHSO,4 were found to be
-99.11, -22.17, kJ/mol respectively.
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Tab. 1. Nomenclature

References

M
[H2SO4];
[H2S041;
[HyS04];
[H2S04]
[H*]
HH
(503”1
[HSO; ]
[TDAJ;

[TDA]

[(TDAH),S04]

[TDAHHSO4]
Ka
Ki
Kz

Superscript bar refers to the organic phase.

Concentration in mol/L.

Initial sulfuric acid concentration in the aqueous phase (M).

Total concentration of sulfuric acid in the organic phase at the equilibrium (M)
Total concentration of sulfuric acid in the agueous phase at the equilibrium (M).
Equilibrium concentration of undissociated sulfuric acid in the aqueous phase (M).
Equilibrium concentration of H¥ in the aqueous phase (M).

Equilibrium concentration of H+ in the organic phase (M).

Equilibrium concentration of SOZ‘ in the aqueous phase (M).

Equilibrium concentration of HSO,” in the aqueous phase (M).

Initial tri-n-dodecyl amine concentration in the organic phase (M).

Equilibrium concentration of tri-n-dodecylamine in the organic phase (M).
Equilibrium concentration of (TDAH),SOy in the organic phase (M).
Equilibrium concentration of TDAHHSO4in the organic phase (M).
Distribution coefficient of sulfuric acid = %.

Equilibrium constant of equation (5) (L*/mol*).

Equilibrium constant of equation (23) (L/mol).

Enthalpy of the extraction reaction (J/mol).

Entropy of the extraction reaction (J/mol.K).

Thermodynamic temperature (K).T

Initial and final thermodynamic temperatures (K).

Volume of the organic phase.

Volume of the aqueous phase.

Dielectric constant.
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