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Abstract: The extraction kinetics of rhenium( ) or molybdenum( ) with trialkyl amine (N235, R3;N, R=Cs—C,,) dissolved in
heptane were investigated by constant interfacial cell with laminar flow, which aimed to identify the extraction regime, reaction zone
and rate equations. The influence of stirring speed, temperature, specific interfacial area, extraction concentration and chlorine
concentration on the extraction of both metals was studied. It is concluded that the extractions of Re( ) and Mo( ) both take place
at the liquid—liquid interface, while the extraction regimes are chemically-controlled for rhenium and mixed controlled for
molybdenum, respectively. The extraction rate equations and the rate-determining step were obtained under the experimental
conditions, and the extraction rate constant of Re( ) or Mo( ) with N235 was calculated. These obtained kinetics parameters are
different between Re( ) and Mo( ), which provides better possibilities for Re( ) and Mo( ) separations at proper conditions.
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1 Introduction

Rhenium is usually recovered from molybdenite
concentrates through roasting or direct reduction of the
concentrates[1]. With the ever increasing demands of
high purity rhenium and its compounds in petrochemical
industry, national defense and aviation, high temperature
emitter and space reactor, lots of methods are used to
purify and separate these elements, such as chemical
deposition, ion exchange, capillary electrophoresis,
liquid chromatography and solvent extraction[2—6], of
which liquid—liquid extraction provides an effective and
simple separation method.

It is well known that extraction kinetics separation
is a possibility for the quantitative separation of metal
ions, which cannot be separated in the equilibrium state
[7]. Although the thermodynamics of extraction are
relatively well known, there is lack of thorough
information on the kinetics of mass transfer in biphasic
extraction systems[8—11]. Thus, the kinetics studies of
the extraction of individual elements are definitely
necessary for the development of the experimental
procedure and accumulation of data, and necessary to
understand the mechanism and mass-transfer models for

a variety of extraction systems. Moreover, the revised
Lewis cell, called the constant interfacial-area cell with
laminar flow, developed by ZHENG et al[12] was used
in our previous work[13]. The operation was carried out
under laminar flow, which keeps the interface stable as a
result of no flow between two phases.

In the present work, the extraction kinetics of Re( )
with N235 dissolved in heptane using a constant
interfacial cell with laminar flow is studied. The
extraction controlling regime is carefully evaluated, and
the reaction zone is determined by considering various
effects on the extraction process. The purpose is to
provide useful information towards developing more
efficient and economical hydrometallurgy process for
rhenium separation and purification from molybdenum.

2 Experimental

2.1 Reagent

Trialkyl amine (N235, R3N, R=Cg—C,) was kindly
supplied by Shanghai Organic Chemical Factory, China,
and was used without purification. Rhenium stock
solutions were prepared by dissolving NH4ReO,4 (99.9%)
in hydrochloric acid, and molybdenum stock solutions
were prepared by dissolving (NH4)sMo0;0,4-4H,0 in
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hydrochloric acid. All other reagents were of analytical
grade.

2.2 Procedure

The concentration of N235 in the organic phase and
pH value of aqueous phase used in all experiments were
2.5%1072 mol/L and 2.0, respectively, and varied when
studying their effects on the rate. The aqueous phases
contained 5.0>10™* mol/L rhenium ion and 1.0>=<10"?
mol/L molybdenum ion, respectively. The interfacial
area was 19.4 cm’ Both the volume of aqueous and
organic phase was 98 mL. The extraction kinetics was
investigated by using a constant interfacial area cell with
laminar described previously[12]. The interfacial tension
experiments were carried out by using JYZ-200
auto-tensiometer.

2.3 Theory

Assuming that the mass-transfer process can be
formally treated as a pseudo-order reversible reaction
with respect to the metal cation[14], one can write the
following equation:
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where k,, is the forward pseudo-first-order rate constant;
ko, 1s the reverse pseudo-first-order constant; ky is the
distribution constants of metal ion; Q is the interfacial
area, m’; V is the volume of the aqueous phase or the
organic phase, mL; (a) means aqueous phase; (0) means
organic phase; and (e) means equilibrium of extraction.

The slopes of the plots of In(1-[M]/[M]‘0) Vs ¢
were used to evaluate k,, and k,,. All plots were straight
lines in the work, indicating that the above assumption
was reasonable.

3 Results and discussion

3.1 Stoichiometry of heterogeneous complex formation
and decomposition reactions for Re( ) and
Mo( )

The stoichiometry of the complex formation
reaction between the metal ion and N235 in heptane was
evaluated by studying the dependence of Ig D on the
logarithmic N235 concentration at constant concentration
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Fig.1 Dependence of distribution coefficient on extractant
concentration(7=298 K, [C]l ]=0.1 mol/L, pH=2, [Re( )]=5><
10*mol/L, [Mo( )]=1.0><10"* mol/L)
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Fig.2 Dependence of distribution coefficient on chloride

concentration(7=298 K, [N235]=2.5 >< 10 mol/L, pH=2,

[Re( )]=5><10"*mol/L, [Mo( )]=1.0=<10" mol/L)

of chloride ion, and 1g D on the logarithmic concentration
of chloride ion at constant extractant concentration,
respectively. As shown in Figs.1 and 2, the slopes of lg D
vs 1g[N235] and IgD vs Ig[Cl] for rhenium ion are
approximately equal to 1 and —1, respectively, and for
molybdenum are also 1 and —1, respectively. Thus, the
equilibrium equation of extraction reaction for Re( )
and Mo( ) using N235 can be proposed as:

R;NHCI+ ReO,” =R ;NHReO, + CI~ (5)
R, NHCI + (NH, ) Mo,0,, =
R,NH(NH, )5 Mo,0,, +CI” (6)

where R;NHReO, and R;NH(NH)sMo,0,, are organic
complexes of two metal cations.

3.2 Extraction regime

In the extraction kinetics experiments, the criterion
generally used to identify the extraction regime is
independent of the extraction rate on the stirring speed in
constant interfacial area cell. The effect of the stirring
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speed of the two phases on k,, was studied at constant
conditions for rhenium and molybdenum, respectively.
The results obtained are shown in Fig.3. The initial linear
dependence is found when the stirring speed is less than
250 r/min. The reason is due to the fact that at low
stirring speed the thickness of the stagnant interfacial
films is so large that the process of diffusion, which
precedes the arrival of the metal species to the interface,
is the slowest one. When a slow chemical reaction starts
to become competitive with the diffusional process, the
progressive increase of the stirring speed (higher than
250 r/min) which reduces the thickness of the stationary
diffusional films will no longer cause proportional
increase in extraction rate. Therefore, the presence of a
“plateau region” in the extraction rate vs stirring speed
curve is an indication that in that zone the extraction rate
may be kinetics controlled.
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Fig.3 Effect of stirring speed on extraction rate(Q=19.4 cm?,

V=98 mL, 7=298 K, [N235]=2.5>< 1072 mol/L, [C] ]=0.1 mol/L,

pH=2, [Re( )]=5><10*mol/L, [Mo( )]=1.0>10" mol/L)

Nevertheless, a “plateau region” can be also
generated by other phenomena, and it is still possible that
in spite of the experimentally determined independence
of extraction rate on the stirring speed, the rate of
extraction is still diffusion controlled or, at least not fully
kinetics controlled. So, it is necessary to employ other
approach as to identify the extraction regime.

A further criterion that enables distinguishing
between a diffusion-controlled and a kinetics regime is
the experimental determination of the activation energy
of the extraction process. The effect of the temperature
on the rhenium or molybdenum extraction rate was
studied in the temperature range of 289-313 K. The
apparent activation energy (F,) for the extraction was
calculated from the slope of 1g k,, vs T ! as shown in
Fig.4. The E, was calculated as 27.47 and 44.23 kJ/mol
for molybdenum and rhenium, respectively.

In general, if the rate is controlled by a chemical
reaction, E, is more than 40 kJ/mol; if the rate is
controlled by a diffusion process, E, is less than 20
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Fig.4 Effect of temperature on extraction rate(Q=19.4 cm?
V=98 mL, [N235]=2.5><10"> mol/L, [Cl ]=0.1 mol/L, pH=2,
[Re( )]=5><10"* mol/L, [Mo( )]=1.0>10"2 mol/L, stirring
speed 250 r/min)

kJ/mol, and E, value between 40 and 20 kJ/mol is
expected for a mixed controlled regime. The obtained
value of E, of the extraction suggests a possible chemical
reaction control regime both for molybdenum and
rhenium extraction with N235 in the temperature range
0f 289-303 K.

All other extraction kinetics experiments were
conducted at 250 r/min and 298 K in order to maintain
the same hydrodynamic conditions.

3.3 Reaction zone

An important criterion to determine whether the
chemical reactions that control the rate of extraction in a
kinetic regime occur in the bulk phase or at the interface
is the relationship between the extraction rate and the
interfacial area. If the slow chemical reaction occurs in
the bulk phases, the initial rate will be independent of
interfacial area. On the contrary, a reaction occurring at
the interface will show a direct proportionality between
the rate and the interfacial area. The effect of the specific
areas Q/V (interfacial area/phase volume) on the
extraction rate (k,,) was studied, and a linear relationship
(shown in Fig.5) was obtained, which is the
characteristic of an interfacial reaction for Re( ) and
Mo( ) extraction with N235.

The chemical reaction occurring in interfacial zone
is also supported by the studies of interfacial tension of
extractant. Most solvent extraction reactions are
interfacially absorbed and produce a lowering of the
aqueous—organic diligent interfacial tension. Fig.6 shows
the interfacial tension and interfacial excess vs extractant
concentration plots on the basis of Gibbs and Szyszkowsi
isotherm equations[15]. The equations are as follows:

r———Lt & 7
2303RT d(IgC)
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C
y=roll- Bln(; +1)] (8)
B c
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RT C+4
I, =By,/RT (10)

where I" is the interfacial excess, mol/cm?; C is the
extractant concentration, mol/L; y is the interfacial
tension, 107> N/cm.
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Fig.5 Effect of interfacial area on extraction rate(V=98 mL,
7T=298 K, [N235]=2.5><10"% mol/L, [Cl ]=0.1 mol/L, pH=2,
[Re( )]=5><10"* mol/L, [Mo( )]=1.0=<1072 mol/L, stirring
speed 250 r/min)
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Fig.6 Effect of extractant concentration on interfacial tension
(pH=2, [CI ]=0.1 mol/L, T=298 K)

The values of I}, (maximum interfacial excess), 4;
(adsorptive molecular area in interface) and Cy,
(minimal concentration at saturation) are obtained as
follows: I',=7.67><10"" mol/cm, 4;=2.16 nm’, Cypir= 5.0
><10™* mol/L, which show high interfacial activity of
extractant. Therefore, the strong surface activity of N235
at hepane-water interfaces makes the liquid—liquid
interface the most probable local for the chemical
reactions.

3.4 Extraction rate equation for Re( ) and Mo( )
The effects of the concentration of chloride ion in
the aqueous phase and the concentration of extractant on
extraction rate are shown in Figs.7 and 8, respectively. A
linear correlation between 1gk,, and 1g[N235] indicates
that the order of extractant for Re( ) extraction is 0.91,
and 0.71 for Mo( ). A linear correlation between 1g k,,
and Ig[CI ] indicates that the order of chloride ion for Re
() extraction is —0.71, and —0.74 for Mo( ).
According to the above results, the rate equations
for Re( ) and Mo( ), respectively, of extraction with
N235 at the experimental condition can be written as:

Ry =10"% .[Re0,” ]-[RNH,CI1]*" .[C1717*"! (11)
R =107 .[Mo0,0,,° 1-[RNH;CI]>"" - [CI 17 (12)
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Fig.7 Effect of chloride concentration on extraction rate
(0=19.4 cm?, V=98 mL, T=298 K, [N235]=2.5><10"% mol/L,
pH =2, [Re( )]=5><10"*mol/L, [Mo( )]=1.0><10"> mol/L,
stirring speed 250 r/min)
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Fig.8 Effect of extractant concentration on extraction rate(Q=
194 cm?® V=98 mL, 7=298 K, [CI]=0. mol/L, pH=2,
[Re( )]=5><10"* mol/L, [Mo( )]=1.0><102 mol/L, stirring
speed 250 r/min)

The chemical reaction for the extraction of Re( )
with N235 at the liquid—liquid interface is mentioned
above. Referring to the interfacial reaction model
proposed by DANESI et al[16], the following reactions
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will be considered:

R;NHCl,, <« R;NHC, (13)
ReO; +R3NHClj <25 R;NHReO,; +CI™  (14)
R NHReO ; —— R ;NHReO, (15)

Considering Eq.(15) as the rate-controlling steps,
one can write the following equations:

d[R;NHReO, ]
K, -[ReO, ]-[R;NHCl
R NHReO, 1= K2 TROF][RNHCly |

[C17]
KK, -[ReO;]-[R;NHCl ) ]-[C17] (18)

Based on Egs.(16), (17) and (18), one can write the
initial rate of extraction:

R =kg -[ReO;]-[R;NHCI] ) -[CI™ ]! (19)

where kr = kK"K,

The above mechanism is consistent with the rate
Eq.(11) obtained from experimental results. The
predictions derived from interfacial-reaction models have
been found to be in good agreement with the rate
equations obtained from experimental data, confirming
the basic assumption that the chemical reaction is located
at the liquid—liquid interface and the extraction rate is
controlled by the step of reaction (15) interfacial
chemical reactions.

3.5 Separation of Re( ) or Mo( ) with N235

The extraction kinetics of Mo( ) with N235 was
studied under the same experimental conditions of Re( )
extraction. The values of extraction rate constant for the
extraction of Mo( ) or Re( ) are summarized in Table
I, and compared with the thermodynamic extraction
result from the values of separation and factor (5). The
data indicate that the separation of Mo( ) and Re( ) at
a proper extraction time, pH and concentration of
extractant can be easier to complete by kinetics method
than by equilibrium extraction, confirmed by the larger
value of Akr (defined as Akp=kprey/krmo=63.3) than the
value of f(Dmo/Dre=14.08).

Table 1 Extraction rate constant (kz) and separation factor (f)
for extraction of Mo( )and Re ( )

AkF(kF( Rc)/kF(Mo)) DRc
63.03

DMo ﬂ/(D MO/D Rc)
9.30 131.14 14.08

kF(Rc) kF(Mo)
101.03 10*0,77

4 Conclusions

1) The extraction of Re( ) with N235 in heptane

using a constant interfacial area cell with laminar flow is
a chemically controlled kinetics process with an
interfacial reaction. The similar result is obtained in the
case of Mo( ) extraction.

2) The data were analyzed in terms of pseudo-first
order constant. The dependence of extraction rate on
species concentration was studied and the rate equations
were deduced.

3) By comparing the results of kinetics (Aky) with
that of thermodynamic (), it provides better possibilities
and separation effect for Re () and Mo( ) at a kinetic
conditions.
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