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Abstract: Extraction kinetics of thorium(IV) with primary amine N1923 in sulfate

media has been investigated by a constant interfacial cell with laminar flow. Studies

of interfacial tension and effects of the stirring rate, temperature, and specific inter-

facial area on mass transfer rate show that the most probable reaction zone takes

place at the liquid-liquid interface. According to the experimental data correlated as

a function of the concentration of the relevant species involved in the extraction

reaction, the rate equation of extracting thorium has been obtained as follows:

�d[Th(IV)]ðoÞ=dt ¼ 10�3:10 � ½Th(IV)�0:89 � ½ðRNH3Þ2SO4�
0:74:

The kinetic mechanism of the extraction process is proposed taking an interfacial

chemical reaction as the rate-determining step of the overall reactions.

Keywords: Extraction kinetics, thorium, primary amine N1923, constant interfacial cell

INTRODUCTION

Resources and environments are the base of sustainable development for

human society. A clean process is always a matter of great concern because
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environment pollution is created by many industries such as textile, cosmetic,

paper, leather, pharmaceutical, and food industries (1–3). Baotou Beiyuno-

boite, mainly consisting of Bastnaesite and Monazite, is 90% of rare earth

resources in China, which contains 0.2%–0.3% thorium in addition to the

rare earths. The traditional process in hydrometallurgy of the rare earth in

industry is to remove the thorium as an impurity element from sulfate

leaching solutions by precipitation with the addition of magnesium

salt. This process has many problems such as low recovery of rare earths,

disposal of precipitate and pollution arising from the storage of radioactive

precipitate. It is known that thorium is one of the most vital elements for

nuclear energy programme (4). Its natural sources generally co-exist with

lanthanides (Ln) in Bastnaesite or Monazite, which in their own right has

diverse technological applications. Thus the methodology adopted for the sep-

aration of these metal ions from different ores has always attracted the

attention of separation scientists (5, 6).

As known, the solvent extraction is the most widely used technique for the

separation and recovery of metal ions (7). During the last few years, extraction

kinetics also has been a subject of fundamental interest in the study of solvent

extraction. The knowledge of the extraction kinetics not only provides

information useful for reactor designs, but also it is helpful to clarify the

mechanism of extraction.

Solvent extraction by primary amine N1923 (RNH2) has received con-

siderable attention because of its importance for the selective separation

between metal ions (8, 9) including various metals such as rare earth, iron,

(10, 11) etc. Studies indicate that this extractant has several advantages

including low solubility in aqueous phase, low stripping acidity, and

high separation factors between rare earth and thorium in contrast with

2-ethyhexyl phosphonic acid–mono-2-ethyhexyl ester. However, in most

papers reported, researchers concentrated their attentions on the thermodyn-

amics of the extraction. Only a few papers have ever been published on the

subject of extraction kinetics. One is the extraction kinetics of palladium

(12) with constant interfacial cell method, the other is that of lanthanum

(13) adopted by single drop rising method. So far the extraction kinetic of

thorium with primary amine N1923 has not been reported.

Based on the extraction thermodynamic studies of thorium(IV) with

primary amine N1923 (10), a new clean process has been proposed by our

lab (14) for the separation and the recovery of thorium and preventing the

pollution by thorium as hazardous industrial wastes. Although a great deal

of information is available on the thermodynamic of thorium extraction by

primary amine N1923, very little information is available on the mass-

transfer model of this system. Therefore, in order to try to elucidate the

extraction mechanism of thorium complex species by primary amine

N1923 sulfate and to localize the region where the rate determining

processes are occurring (aqueous or organic bulk or interface), the rate of

extraction of thorium(IV) from sulfate solutions by primary amine N1923
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in n-heptane diluents has been studied. A constant interfacial cell with

laminar flow, following a method previously reported in detail (15) has

been used.

EXPERIMENTAL

Reagents

Primary amine N1923, collecting from Shanghai Organic Chemistry Institute

(Chinese Academy of Sciences), was purified by distillation at 667 kPa

and 175–2058C (12). The contents of nitrogen and primary amine in the

purified mass were 4.99% and 99%, respectively. Iso-octyl alcohol

(modifier) and n-heptane (diluent) used in this study were of analytical

grade. In the experiments, iso-octyl alcohol was added into the organic

phase to prohibit the third phase formation. The amount of iso-octyl alcohol

in the organic phase was 0.7 vol. percent, otherwise stated. Primary amine

N1923 sulfate, (RNH3)2SO4, was prepared as reported in reference (16).

A stock solution of thorium(IV) sulfate was prepared by dissolving thorium

hydroxide (A.R.) in sulfuric acid solution with subsequent vaporization of

the excess acid. The test solutions were kept constant at a constant ionic

strength of 0.2 mol/l.

Analysis

The concentration of thorium(IV) in the aqueous phase was determined by

spectrophotometric method (17). The thorium(IV) in the organic phase was

stripped off with nitric acid and then analyzed. As thorium concentration

analyzed in this way was found in keeping with that determined by the

method of difference, the late method was used in this study.

Apparatus and Experimental Procedures

The apparatus used for kinetic measurements was that of Lewis cell (18)

modified by Zheng and Li (15). Kinetics experiments were carried out by

dipping the cell in a constant temperature water bath of 25+ 0.28C,
otherwise stated. Aliquot of 95 ml aqueous phase followed by same aliquot

of organic phase were added carefully to the cell chambers with the aid of a

syringe and the stirring started. The speed of stirring for both phases in

the majority of experiments was kept constant at 275 r.p.m., otherwise

stated. Samples of the aqueous phase were collected at ten minutes

intervals. The sampling volume was always 0.1 ml, therefore, no significant

change in volume. In the experiments, the concentrations of primary amine
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N1923 and thorium(IV) were 0.02 mol/l and 2.72 mmol/l, respectively, and
varied when their concentration effects being investigated. The pH value of

aqueous phase was kept at 1.9 and varied when the effect of pH was

studied. The interfacial area was 19.22 cm2 except for specific interfacial

area experiments.

The interfacial tension experiments were performed on a Du Nouy tensio-

meter (Sigma 701, Finland) and a platinum/iridium ring of 9.545 mm

diameter. Interfacial tension was measured by the Du Nouy ring method as

described in the reference (19).

Data Treatment

Experimental data were treated as described by Danesi (20). Assuming that

the mass-transfer process could be formally treated as a pseudo-first

order reversible reaction with respect to the metal cation, one can write the

following equation:

Th(IV)ðaÞ O
kao

koa
Th(IV)ðoÞ ð1Þ

The following equation can be obtained as (20):

�
d½Th(IV)]ðoÞ

d t
¼ �

Q

V
� ðkoa½Th(IV)�ðoÞ � kao � ½Th(IV)�ðaÞÞ ð2Þ

kd ¼
½Th(IV)�eðoÞ

½Th(IV)�eðaÞ
¼

kao

koa
ð3Þ

ln 1�
½Th (IV)�ðoÞ

½Th(IV)�eðoÞ

 !
¼ �

Q

V
� ðkao þ koaÞ � t ð4Þ

ln 1�
½Th(IV)�ðoÞ

½Th(IV)�eðoÞ

 !
¼ �

Q

V
� ð1þ kdÞ � koa � t ð5Þ

where, (a), (o), e, kao, (cm/s), koa (cm/s), kd, V (ml) and Q (cm2) represent

aqueous phase, organic phase, equilibrium state, forward mass transfer coeffi-

cient (or pseudo-first order rate constant), backward mass transfer coefficient,

the distribution constants for Th(IV), volume of each phase taken in the cell

and the interfacial area, respectively.

The function ln (1-[Th(IV)](o)/ [Th(IV)]e(o)) was plotted against time (t)

for each experiment. The slopes of the plots were used to evaluate koa and

kao. All plots were straight lines in this work, indicating that the above

assuming was reasonable.
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RESULTS AND DISCUSSION

Reaction Regime

Dependence of the Mass Transfer Rate on the Stirring Speed

In extraction kinetics experiments, the criterion generally used to identify the

extraction regime is the dependence of the extraction rate on the stirring speed

(21). Figure 1 shows that the extraction rate constant increases sharply with

the progressive increase of the stirring speed when the stirring speed is less

than 275 r.p.m. This is attributed to the fact that the thickness of the

stagnant interfacial films is thick at a lower stirring speed and the diffusion

limits the rate because of relatively fast chemical reactions. The interfacial

films will become thinner and the diffusion resistance smaller with an

increase of the stirring speed larger than 275 r.p.m. This means that at this

stirring value the diffusion processes in both the aqueous and the organic

films have become so fast compared to the chemical reactions that they no

longer influence the rate of extraction. Therefore, the presence of a “plateau

region” in the plot of the extraction rate constant vs. the stirring speed is an

indication that in the zone the extraction rate may be chemically controlled.

Dependence of Log kao on the Temperature

A further criterion that enables distinguishing between a diffusion-controlled

and a kinetics regime is the experimental determination of the activation

Figure 1. Effect of stirring speed on mass transfer rate. Aqueous phase: [Th(IV)] ¼

2.72 mmol/l, pH 1.5, [SO422] ¼ 0.2 mol/l, Organic phase: [N1923] ¼ 0.02 mol/l,
Q ¼ 19.22 cm2.
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energy of the extraction process. Figure 2 shows that the extraction rate

increases sharply with the temperature lower than 303 K and increases

slightly at temperature higher than 303 K. The apparent activation energy

(Ea) for the extraction was calculated from the slope of log kao vs. 1000/T
according to the Arrhenius Equation.

T , 303 K Ea ¼ 77:70 kJ/mol

T . 303 K Ea ¼ 2:12 kJ/mol

According to the theory by Yu et al. (22, 23), the obtained value of Ea

suggests a possible chemical reaction control regime in the temperature

range of 293 K to 303 K and a diffusion controlled regime in the temperature

range of 303–313 K, which indicates that the temperature conditions may

alter the mechanism (24).

Reaction Zone

Dependence of Initial Mass Transfer Rate on Specific Interfacial Area

The chemical reactions which control the rate of extraction in a kinetic

regime can occur either in the bulk phases or at the interface. The distinction

between the two types of reactions can be performed by studying how the

extraction rate varies with the specific interfacial area. In fact (21), if inter-

facial chemical reactions are the rate determining process of the mass

transfer, the rate has to be proportional to the specific interfacial area, Q/V,

Figure 2. Effect of temperature on mass transfer rate. Aqueous phase: [Th(IV)] ¼ 2.72

mmol/l, pH 1.5, [SO422] ¼ 0.2 mol/l, Organic phase: [N1923] ¼ 0.02 mol/l,
Q ¼ 19.22 cm2.

J. Liu et al.436

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



i.e. the ratio between the interfacial area, Q, and volume, V, of the phase. The

result shown in Fig. 3 indicates that a linear relationship is found between the

mass transfer rate (2d[Th(IV))(o)/dt] and specific interfacial area, which is the
characteristic of an interfacial reaction for Th(IV) extraction with primary

amine N1923. Consequently we can reasonably assume that the mass

transfer rates at 275 r.p.m. and 298 K are mainly controlled by chemical

reactions taking place at the interface on the basis of the results from

Figs. 1, 2, and 3.

Interfacial Activity of Primary Amine N1923

Further support to the hypothesis that the reactions are taking place at the

interface can be obtained by studying the interfacial tension of the biphasic

system. Interfacial tension studies are particularly important since they

can provide useful information about the interfacial concentration of the

extractant. The measurements were carried out at 298 K+ 0.2 K by using pre-

saturated phases as described in reference (24). Fig. 4 shows the results inves-

tigated under the form g (mN/m) vs. log C (analytical concentration of the

primary amine N1923 in the n-heptanes) curves on the basis of the Szysz-

kowski isotherm equations (25). That is:

g ¼ g0 1� BSZ ln
C

ASZ

þ 1

� �� �
ð6Þ

where, ASZ (mol/l) and BSZ are the adsorption coefficients; g and g0 is the

interfacial tension for a given extractant concentration C (mol/l) and C ¼ 0,

Figure 3. Effect of specific interfacial area on mass transfer rate. Aqueous phase:

[Th(IV)] ¼ 2.72 mmol/l, pH 1.9, [SO422] ¼ 0.2 mol/l, Organic phase: [N1923] ¼ 0.02

mol/l, V ¼ 95 ml.
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respectively. By using Eq. (6) and introducing the term dg/dC into the Gibbs

isotherm, Eq. (7) is obtained for the surface excess:

GSZ ¼
g0 � C � BSZ

R � T � ðC þ ASZÞ
ð7Þ

where, G(mol/m2), R (J . mol/K) and T (K) represent surface excess concen-

tration, the gas constant and absolute temperature, respectively. According to

the literature (25), ASZ and BSZ in the Szyszkowski isotherm have their own

physico-chemical meanings and can be used to determine maximum surface

excess (Gmax, mol/m2) at saturation, minimum interfacial area occupied by

a statistical molecule in the absorbed layer (AI, nm
2). The values of the

Figure 4. Effect of iso-octyl alcohol on the interfacial tension of primary amine

N1923. Aqueous phase: [Th(IV)] ¼ 2.72 mmol/l, pH 1.5, [SO422] ¼ 0.2 mol/l,
volume percent of iso-octyl alcohol in the organic phase are B, 0; D, 0.7 and F, 1.4.

equilibration time is 15 minutes.

Table 1. Effect of iso-octyl alcohol on the interfacial activity of primary amine

N1923 aqueous phase: 0.2 mol/l SO4
22, pH 2.0, T ¼ 298+ 0.2 K

Amount of

iso-octyl alcohol

in the organic

phase, % (v/v)

2log

Cmin

(mol/l)

Gmax
. 106

(mol/m2) Amin (nm
2)

ASZ

(mol/l) BSZGG
max GSZ

max AG ASZ

0 5.87 4.98 4.48 0.33 0.37 6.97E-7 0.219

0.7 5.62 4.52 4.13 0.37 0.40 8.68E-7 0.208

1.4 5.42 3.59 2.80 0.46 0.59 1.98E-7 0.153
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interfacial parameters are obtained from Fig. 4 and listed in Table 1. AI, the

apparent molecular interfacial area, was calculated from the constant slope

portion of these curves through the relationship (26):

AI ¼ �
2:303 k � T � 1016

Dg=Dðlog CÞ
ð8Þ

where, k is the Boltzman constant, The data in Table 1 show that The iso-octyl

alcohol has little influence upon the interfacial activity when the amount is

0.7% (v/v). With the increasing amount of iso-octyl alcohol, the effectiveness

of adsorption decreases in terms of values of Tmax. Both primary amine N1923

and its sulfate have surface active behavior for Cmin (the minimum bulk con-

centration of the extractant necessary to saturate the interface) lower than

1025 mol/l. A result of this strong interfacial activity is that the interfacial

concentration can be larger than that of the reagent in the organic bulk, and

this fact can strongly favor the occurrence of interfacial reactions (21).

Extraction Rate Equation

Effect of Thorium Concentration on Initial Extraction Rate

Figure 5 presents the variation of mass transfer coefficient kao with thorium(IV)

concentration. The slope of the straight line is 0.89. It is therefore conducted

that the reaction order with respect to Th(IV) concentration is 0.89.

Effect of the Extractant Concentration on Extraction Rate

Figure 6 represents the variation of kao with the variation of primary amine

N1923 concentration in the organic phase. The slope of the plot is 0.74.

It indicates that the overall reaction order with respect to primary amine

N1923 concentration is 0.74.

Figure 5. Effect of thorium concentration on the mass transfer rate. Aqueous phase:

pH 1.9, [SO422] ¼ 0.2 mol/l, Organic phase: [N1923] ¼ 0.02 mol/l, Q ¼ 19.22 cm2.
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Effect of Sulfate and Bisulfate Concentration on Extraction Rate

The effects of sulfate and bisulfate concentration on the extraction rate have

been investigated and the results are shown in Fig. 7. Within experimental

error, the zero sloped lines indicate that the extraction rate is independent

on the sulfate and bisulfate concentrations. This fact together with the

report on the Th(IV) extraction equilibrium (27) indicate that the stable

Th(IV) species in the sulfate medium is Th(SO4)2.

Effect of pH on Extraction Rate

The influence of pH on the extraction rate has been measured and the result

shown in Fig. 8 demonstrates that the extraction rate is independent on the

pH in the investigated region.

According to the experimental results, the rate equation can be written as

follows:

�
d[Th(IV)]ðoÞ

dt
¼ kf � ½Th(IV)�

0:89
� ½ðRNH3Þ2SO4�

0:74
ð9Þ

where, kf is apparent forward extraction rate constant. The reverse extraction

rate can be ignored where there is a high concentration of extractant in the

organic phase and a low metal concentration in the aqueous phase. Based

on Eq. (2) and (9), one can write the following equation:

Q

V
� kao � ½Th(IV)�

0:11
¼ kf � ½ðRNH3Þ2SO4�

0:74
ðoÞ ð10Þ

The plot of log (Q . kao . [Th(IV)]
0.11/V) vs. log ([(RNH3)2SO4)]

0.74
(o) )

gives straight line (Fig. 9) and the apparent forward extraction rate constant,

kf, can be calculated to be 1023.10 via the intercept.

Figure 6. Effect of primary amine N1923 concentration onmass transfer rate. Aqueous

phase: [Th(IV)] ¼ 2.72 mmol/l, pH 1.9, [SO422] ¼ 0.2 mol/l, Q ¼ 19.22 cm2.
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Mechanism and Kinetic Model

The composition of extractive Th(IV) complex is (RNH3)4Th(SO4)4
according to the thermodynamic of thorium(IV) extraction by primary

amine N1923 (10). From this fact together with the above discussion, the

Figure 7. Effects of sulfate concentration and bisulfate concentration on mass

transfer rate. Aqueous phase: [Th(IV)] ¼ 2.72 mmol/l, pH 1.5, Organic phase:

[N1923] ¼ 0.02 mol/l, Q ¼ 19.22 cm2.

Figure 8. Effect of pH on mass transfer rate. Aqueous phase: [Th(IV)] ¼ 2.72 mmol/l,
[SO422] ¼ 0.2 mol/l, Organic phase: [N1923] ¼ 0.02 mol/l, Q ¼ 19.22 cm2.
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extraction process can be considered by the following equations according to

the interfacial reaction model proposed by Danesi and Chiarizia (21),

ThðSO4Þ2 þ ðRNH3Þ2SO4ðiÞO
k1

k�1

ðRNH3Þ2SO4ThðSO4Þ2ðiÞ ð11Þ

ðRNH3Þ2SO4ThðSO4Þ2ðiÞ þ ðRNH3Þ2SO4ðoÞO
k2

k�2

ðRNH3Þ4ThðSO4Þ4ðiÞ ð12Þ

ðRNH3Þ4ThðSO4Þ4ðiÞ þ ðRNH3Þ2SO4ðoÞO
k3

k�3

ðRNH3Þ4ThðSO4Þ4ðoÞ

þ ðRNH3Þ2SO4ðiÞ ð13Þ

where, (i), (o), (k1, k2, k3) and (k21, k22, k23) represent the interface, organic

phase, forward reaction rate constants of Eqs. (11–13) and the backward

reaction rate constants of Eqs. (11–13), respectively. Considering equilibrium

(12) as the rate-controlling step, the forward initial rate of this extraction

process can be expressed as follows:

�d½Th(IV)�=dt ¼ k2 � ½ðRNH3Þ4ThðSO4Þ3�ðiÞ � ½ðRNH3Þ2SO4�ðoÞ ð14Þ

d½ðRNH3Þ3ThðSO4Þ3�ðiÞ

dt
¼ k1 � ½ðRNH3Þ2SO4�ðiÞ½ThðSO4Þ2� � k�1�

½ðRNH3Þ2SO4ThðSO4Þ2�ðiÞ � k2 � ½ðRNH3Þ2SO4ThðSO4Þ2�ðiÞ½ðRNH3Þ2SO4�ðoÞ

ð15Þ

According to the steady state approximation (21), Eq. (15) ¼ 0, then:

½ðRNH3Þ2SO4ThðSO4Þ2�ðiÞ ¼
k1 � ½ðRNH3Þ2SO4�ðiÞ½ThðSO4Þ2�

ðk�1 þ k2 � ½ðRNH3Þ2SO4�ðoÞÞ
ð16Þ

Figure 9. The plot of log (Q/V . kao . [Th(IV)]
0.11) vs. log (kf . [(RNH3)2SO4]

0.74
(o) ).

Aqueous phase: [Th(IV)] ¼ 2.72 mmol/l, pH 1.5, [SO422] ¼ 0.2 mol/l, Organic

phase: primary amine N1923-n-heptane.
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When Eq. (16) is substituted into Eq. (14), then:

�d½Th(IV)�=dt ¼
k1 � k2 � ½ðRNH3Þ2SO4�ðiÞ � ½ThðSO4Þ2� � ½ðRNH3Þ2SO4�ðoÞ

ðk�1 þ k2 � ½ðRNH3Þ2SO4�ðoÞÞ

ð17Þ

In the experimental conditions, the rate of Th(IV) transfer from the aqueous to

the organic phase is faster than the reverse rate, i.e. k21 � k2 . (RNH3)2SO4](o);

[(RNH3)2SO4](i) was a constant (13). Considering [Th(SO4)2] � [Th(IV)], the

extraction rate equation can be written as:

�d[Th(IV)�=dt ¼ K 0 � ½Th(IV)� � ½ðRNH3Þ2SO4�ðoÞ ð18Þ

where,

K 0 ¼
k1k2½ðRNH3Þ2SO4�ðiÞ

k�1

The rate Eq. (18) derived for chemical reaction (12) is identical to Eq. (9). The

non-integral values of reaction orders are due to the non-ideality of the phases.

CONCLUSIONS

The extraction of thorium with primary amine N1923 in n-heptane using a

constant interfacial cell with laminar flow is a chemical controlled kinetics

process with an interfacial reaction. Based on the experimental data correlated

as functions of the concentration of the relevant species involved in the extrac-

tion reaction, the rate equation is deduced as follows:

�d[Th(IV)�ðoÞ=dt ¼ 10�3:10 � ½Th(IV)�0:89 � ½ðRNH3Þ2SO4�
0:74

Interfacial tension of primary amine N1923 has been investigated by the Du

Nouy ring methods. The interfacial adsorption isotherms are processed by

matching both the Gibbs and the Szyszkowski adsorption equations. The

results demonstrate that primary amine N1923 has strong interfacial activity

and it is enriched at the interface in terms of surface excess concentration

(Gmax). The presence of iso-octyl alcohol in the organic phase exerts a

rather slight effect on the interfacial activity of N1923 when its amount

is 0.7 volume percent. It can also be concluded that the reaction of

thorium(IV) extraction by primary amine N1923 occurs at the interface.
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