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Transport of copper(ll) ions through bulk liquid membranes is studied in various experimental conditions.
The results obtained are analyzed by using the concepts and methods of chemical kinetics. This approach
allowed kinetic equations to be established which are sufficiently general to account for a large variety of
transport kinetics (steady or nonsteady state, first or zeroth order, diffusion or reaction controlled, reversible
or irreversible), to identify clearly the rate-determining steps, and to propose a detailed mechanism at the
molecular level. The important role played by the interfaces is also demonstrated.

Introduction techniques:!! Therefore, it appears interesting to examine
whether the conclusions obtained are also valid for the transport
systems taken as a whole in conditions closer to the actual
industrial procedure.

The large number of publications concerning liquid mem-
branes shows their importance in separation scignt&heir
optimal application requires detailed knowledge of their mech-
anism of action. Therefore, it is not surprising that a great
number of kinetic studies were carried out to determine the
mechanism of transport through liquid membranes. Essentially It was shown previously that the coupled transport of Cu (1)
three types of approaches were used for this purpose. ions through various liquid membranes obeys formally the

The irreversible thermodynamic approach is basically phe- kinetic laws of consecutive irreversible first-order re-
nomenological, and although it shows explicitly the coupling actionst’~19
effects, it is not suitable for obtaining information at the K «
molecular level. Furthermore, in its linear form, it is applicable CU.. —CU,. . —=C (1)

ks e . Ya) Ym) Ya)
only to systems close to equilibrium which is certainly not the
case when the whole transport process is considérddwever, where Cyy) and Cy, are hydrated copper ions in the aqueous
the intervention of multistep chemical events may render this donor and aqueous acceptor phases, respectively, whilg Cu
condition less stringerft. is the copper-carrier complex in the liquid membrane (organic

The diffusion-reaction method also shows clearly the phase)kyq is the apparent first-order membrane entrance rate
coupling effects and yields useful information about diffusion constant, whilek,, represents the corresponding apparent first-
constants and global chemical events in the steady-state ap-order membrane exit rate constant.
proximation?:8 The basic idea in the present treatment is that the metal ions

The chemical kinetic approach is the most suitable for present in the different phases are considered as different
establishing the transport mechanism at the molecular level. chemical species obeying the laws of chemical kinetics.

In a great many cases, the mechanism of extraction was According to eq 1, the rate of change of the different copper
established, which is in fact the first part of the whole transport ion species may be expressed by the following differential
proces$ 11 In general, kinetic analyses were realized in the equations:
steady-state approximation, which is perfectly suitable for

Theory

supported (SLM¥ or emulsion (ELM3® liguid membranes. %_ k. 2
However, in the case of bulk liquid membranes (BLM) dt =~ ldvd (2)
nonsteady-state kinetic regimes appear also frequently and a

more general kinetic analysis is necessdry? Since relatively dc,

few studies were realized for divalent metals, the purpose of dt 16Ca ~ Kool 3)
this work is to provide a general chemical kinetic approach to

the mechanism of coupled transport of Cu(ll) ions through bulk dcC,

liquid membranes containing Acorga P-50 as carrier. This o elm (4)

compound, and in general oximes, are excellent ligands for
copper extraction. The mechanism of copper extraction and re-whereCy, Cy, andC, are the copper ion concentrations (in M
extraction was studied in detail using sophisticated experimental units) in the donor, membrane, and acceptor phases, respectively.
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SCHEME 1 interfaces and those coming from the bulk. It was also supposed
—— - that no leakage of carrier or of its complex with copper from
rld ia f
membrane into aqueous phases could take place.
@ E] According to Scheme 1, the monobasic carrier Acorga P-50
Kez . ker present in the bulk membrane (m), HLdiffuses to the interface
. y Him — . » HL id and gives the adsorbed form HL
2 ” 1 "’ 8
4 4 HL <2 HL 8
Cug"™" Cud” Cua” Cu,™ m ‘a id ( )
ks | | Kz ke || Kos wherek; designates the rate constant of transformation of species
. . . / . i into specieg.
Ha cuLt Ha Ha culet Ha HLiq undergoes a chemical reaction with a copper ion coming
* “ from the bulk donor phase (d), ¢u and a proton K is
3 7 released simultaneously to the donor phase.
ML ‘\A\ /* ML ML _\1\ /’ MLy
Koz
Kaa Kz Krs \ksﬂ\ HLid + Cud++ TT; CULid+ + Hd+ (9)
\\ ? 3
H' ‘/v H' Ha* */w Ha' . . o .
Kes ! The intermediate complex Cwl® reacts in its turn with a free
o P —— e T P —— T D carrier molecule Hl, coming from the bulk membrane to form
4 ks 5 keo 6 the neutral complex Culg. In this step, a second protonyH

is released into the bulk donor phase.

Integration of these equations leads to the classical time

evolution expressions of the different copper spé€ies CuLid+ 4 HLmT:* Cul,y + Hd+ (10)
Cq = CgoeXp(=ky ) (5) 3 4

Kk The complex Cukig then leaves the interface id by diffusion
Chn=Cu ﬁ[exp(—kldt) —expk )] (6) and penetrates into the bulk membrane to become,&uL
2a~ fd

Kys

1 Cul,q = Cul,, (11)

o= Cof 1= Ly b — kgexpt e 5%
2a 1d

() This species is quickly transported to the acceptor side by fast

Cuo is the initial copper concentration in the donor phase, and _stlrrlng where it diffuses into the membrane-acceptor phase

Cmo = Cao = 0. It can be seen that the donor phase copper interface ia to give Cuk.

concentration has a monoexponential evolution while the ke
membrane and acceptor phase species show biexponential CuLme Cul,;, (12)
behavior. 5 * 6

This formal kinetic treatment allowed the interpretation of
all the various results obtainé@:1° Also, calculations based  The neutral complex Cula gives rise subsequently to the
on reversible membrane entrance and exit steps did not allowfollowing elementary steps leading eventually to the release of
the establishment beyond experimental errors of the interventioncopper into the acceptor phase.
of backward reactions. Furthermore, the complete monoexpo-
nentiality of the membrane entrance step maintained till the end Culy, + H," S CuL,*+HL,, (13)
of the transport (reversibility would lead to a biexponential 6 kze 7"”‘
kinetic curve) favors also strongly the irreversible kinetic scheme

(eq 1). Therefore, this latter is adopted for the subsequent . 4 kg it
analysis in agreement with literature d&tahe virtual irrevers- Cul,” +Hy - Cu " +HL, (14)
ibility of the first step is quite likely due to the high extraction 7 8

constant observed for copper in the presence of Acorga P-50 ) ) ) .
used as carrié®110n the other hand, the irreversibility of the F|nally, the free carrier present at the interface iajHiliffuses
membrane exit step is strongly increased by the high proton Pack into the bulk membrane.
gradient imposed by the acidity of the acceptor phase. K
Clearly, k;q andky, are only apparent rate constants and their HL,, T_l- HL,, (15)
exact form has to be established in order to account for the g ® 1
kinetic responses to the variation of different physicochemical
factors. Therefore, a more detailed and more realistic chemicaland the whole cycle of elementary steps may start again. Since

scheme is proposed for this purpose (Scheme 1). the carrier is chemically stable and does not leak out from the
In establishing this scheme, it was supposed that all the membrane, its turnover is virtually infinite.
metal-carrier reactions take place at the waterembrane Membrane Entrance Step Kiq). Supposing that steady-state

interfaces (donor phasenembrane interface, id; acceptor approximation may apply for the interface spediase can
phase-membrane interface, ia) between species present at thewrite, according to Scheme 1,
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diCu™], d[CuL)] 2 BTk
g T q  kdCuldg — kedCuld, (16) ‘ R

In this equation, the concentration of Gil.can be known at
any moment from material balance if the interface species are
neglected, while the concentration of Gylis given by the
steady-state condition

Rg Ru__ th)
10 20

edCULTlHU  + bsdCuldly

[CuLy]y = -
Kyl H 14 + Kys ]
with obvious notations. The concentration of other interface
species (Cul™ and HLg) can be obtained in a similar way.

Substituting these concentrations into eq 16, we obtain the
final general form of the membrane entrance rate

d[Cu]4 AH"]£ICuL,],, — B[HL] ,J[Cu™ ], "
dt H".2+ D[H'],+ (E+ F[Cu ] ML, _ o _ )
(18) Figure 1. Kinetic curves obtained for coupled transport of copper at
different ratios of initial copper, &, and carrier, G, concentrations.
— — — _ Cud/Cac =8 (a), 0.8 (b), 0.047 (c)Donor phase C4—=0.01 M, =1.3,
\IZTELAS E Elﬁi@ﬁ: Snd Fklikzksféjzf keikezksa, D pH.»,=4.6 (sodium acetate buffelylembrane phaseAcorga P-50 in

) . n-octane. Acceptor phase 2M H,SO;. T=25 £ 0.1 °C (for the
Membrane Exit Step (kza). For the membrane exit step  iheoretical cur\?es Sge text). S0 (

characterized by the apparent rate conskanteq 1), we can

write similarly to eq 16 a more detailed kinetic analysis to be realized. For this purpose,

a series of experiments has been carried out in different

d[CquJr]a d[CuL)],, experimental conditions, and the results obtained permitted the
G~ a " KedCulalm —kedCulalia (19)  kinetic equations to be simplified considerably.

Figure 1 shows that transport experiments realized at different
Proceeding as for the establishment of eq 18 in the steady-stateatios of initial copper,Cqo, and carrier,Cac, concentrations,
approximation of interfacial species concentration, we can obtain Cy4o/Cac, give different types of kinetic curves, where dimen-
the required rate equation. A less tedious way can be followed sionless reduced concentrations are used for practical reasons:
by noting that the bulk membrane is chemically symmetrical, Ry = C4/Cgo, Rn = C/Cqo, and Ry = C4/Cyo. The theoretical
i.e., it involves at its interfaces id and ia the same type of curves were also calculated with these modifications using eqs
chemical species even if at different concentrations. Therefore, 5—7.
each rate constant and concentration factor of eq 18 can be If Cyf/Cacis in the range of 1.50.17, the kinetic curves obey
replaced by the corresponding quantity belonging to the acceptoreqs 5-7 till the end of the transport process (Figure 1b). This

side, i.e.,k;> may be replaced biys, ks by kg7, Hg™ by Ha™, means that the membrane entrance step is characterized by first-
CulLig™ by Culiy*, etc., and we obtain finally the general form  order kinetics with respect to copper (monoexponential curve)
of the membrane exit rate and can be considered as virtually irreversible (see above). This
, 5 might be a direct consequence of the irreversibility of the
d[Cu™], B AlH™Z[CuL,],, — B[HL],ACu*"], copper-carrier complex formation steps at the interface id, i.e.,
dt = 2 T T ks = ks =~ 0. With this irreversibility assumption, eq 18
C[H'], + D[H"],+ (E+ F[Cu "] [HL] , becomes
(20)
++ ++
whereA = Ksekerkzeka1, B = Keskreksrkis, C = Kerkzgkar, D = _diCu 1y = Ko HLT m[CU” T (21)
Keskzgks1, E = Keskzeka1, F = Keskzeksz. It can be seen that eqs dt Kyy + k23[Cu++] J

18 and 20 have similar mathematical structures. However,

different symbols are used to designate the same elementaryThis equation can account for the saturation behavior of copper
steps but occurring at different interfaces (ekgs andkis, etc.). fluxes as a function of copper concentratidnit is completely

This is because each elementary step involves at least oneanalogous to the Michaetidvienten kinetic law?® It shows also
interface species the free energy of which varies with the quality that the membrane entrance rate should be independent of the
of the interface. This latter is in turn influenced by the different donor phase acidity (see below). On the other hand, the observed
composition of the two bulk aqueous pha3t3herefore, the first order with respect to copper suggests that

chemically symmetrical bulk liquid membrane (see above) has

a certain physicochemical asymmetry due to the different quality Kyy > ko CUPT] (22)

of the interfaces.

which leads to
Results and Discussion

Equations 18 and 20 show that both the membrane entrance d[Cu""] _
and exit rates depend on various chemical factors (copper and dt
carrier concentrations, donor and acceptor phase acidity) in a
rather complex way. However, variation of these factors allows Obviously, the apparent rate constant for the membrane entrance

k
— ok dHU Oy (23)
21
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step can be defined as
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Copper(ll) lons through Bulk Liquid Membranes @

TABLE 1: Kinetic Parameters of Coupled Transport of

Ky

) kinetic
k19 = k—21k23[HL] m (24) number Cyo/Cac kg (W72 koa (h™9) regime
1 8 (3.87+£0.04) 102 (3.624+0.02) 102 s
It can be seen that the rate-limiting step of membrane entrance 2 3.2 (7.2£0.1)10%  (7.5£0.1)10% s
is the chemical reaction between &t and HLg (ko3), preceded i 8'2 8'13%3006205 g'cl)i 8'8% 22
by the diffusional kinetic equilibrium of adsorption of free 5 016 0.41% 0.02 0.101% 0.002 ns
carrier to the interfacek{z/kp1). This is in agreement with the 6 0.086 044+ 001 ' ' ns, om
same rate-limiting step obtained from extraction stuét€$:22 7 0.047  0.422+ 0.005 ns, om
. If we _61dm|tN|rreverS|b|||ty also for the membrane exit step, aDonor phase: initial copper sulfate concentratiGq, = 0.01 M,
I.e., kze = ke7 ~ 0, eq 20 becomes PH., = 4.6,1 = 1.3; membrane phase: Acorga P-50niuctane;

acceptor phas@® M H,SOy, T= 25+ 0.1°C. s, steady-state kinetics;

d[Cu++]a_ ksksIH 1. ] ki = koa andkza = kos NS, NONsteady-state kinetics; om, over-loaded

[CuL (25) membrane.
T
Ak[h-‘]
Therefore, the apparent rate constant for the membrane exit step :
can be defined as 04 K ki
_ kededH L, o3
= (26) 02t
k65+ k67[H ]a ’ ko
showing a complex dependence on the acceptor phase acidity 0tr- #
(see below). | . . LR
Further increase of carrier concentration in the membrane 1 2 3

(Cud/Cac = 0.16-0.03) leads to kinetic curves which can be Figure 2. Influence of donor phase ionic strength (I) on the membrane
analyzed by eqs-57 only partially (Figure 1c). The decrease entrancekiq) and exit k25 rate constantonor phase C4,=0.01 M,

of copper concentration in the donor phase is still monoexpo- PH«»,=4.6 (sodium acetate buffeiMembrane phaseAcorga P-50 in
nential (eq 5) but the curves corresponding to the membranen-octane, G.=0.012 M. Acceptor phase 2M H,SO.
and acceptor phases do not obey eg3 6They suggest rather .

that the membrane exit step becomes reversible due to heavy k [h'] Kig
overloading of the membrane with respect to carrier molecules. 04 e

On the other hand, upon decreasing the carrier concentration 03l
in the membrane Gu/Cac = 15—3) the kinetic regime is '
completely changed. The kinetic curves for all three phases are 02+
in fact straight lines (Figure 1a), meaning that the time evolution Koa
of the copper concentrations in the donor and acceptor phases 010
follows a zeroth-order kinetic law. For the membrane entrance //'/ﬁ__CLSOJM]
rate the opposite of eq 22 is valid in this case and eq 21 yields ! "1 . é - »

d[Cu++]d Figure 3. Dependence of membyane entranbﬁ)(and exit ko) rate
— ————— =k JHL] , =k, (27) constants on acceptor phase acidity (same experimental conditions as
dt 2t m for Figure 1b).

wherekg represents the zeroth-order rate constant. Equation 271.3 where bothkyq and kza are insensitive to donor phase
shows that the rate-limiting step is the diffusion of uncomplexed composition.
carrier molecules into the id interface. In this case, the copper According to eq 24k 4 should be independent of donor phase
concentration in the membrane is small and remains constantacid concentration [Hg. This is confirmed fairly well by
throughout the kinetic rur.In other words, copper is following ~ experiment. The negligibly small acid dependence (#ay
steady-state kinetics. As a consequence, the membrane exit ratgH = 0.09) is probably due to the use of different buffers which
is equal to the membrane entrance rate and we have may affect differently the id interface. Obviously, acceptor phase
acidity has no influence either daq (Figure 3).
d[Cu", d[Cu™], Equation 26 shows that donor phase acidity cannot influence
- ot =+ ot =k, the membrane exit rate constagst On the other hand, acceptor
phase acidity has a rather complex influence. Both these
as can be seen from Table 1, entries 1 and 2. Detailed analysi’redictions were confirmed by experimekia is found to be
of this steady-state kinetics will be published later. completely insensitive to [Hq, while its dependence on
All the experiments represented in Figure 1 have been realized@cceptor phase acidity follows a parabolic saturation curve in
at an ionic strength of = 1.3 in the donor phase. As a matter full agreement with the mathematical structure of eq 26 (Figure
of fact, kyq is quite sensitive to ionic strength of the donor phase 3)- Atlow acid concentrations, we hake > ko7 [H*]a leading
while kz; is independent of it (Figure 2). This demonstrates to
clearly the physicochemical asymmetry of the bulk membrane,
i.e., the two interfaces, id and ia, have different quality. For
this reason, all the kinetics experiments were realized -at

(28)

Ksg
Koa=

keAH Ta (29)

5
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This means that the rate-limiting step of membrane exit is the Recalling thatk;oko; = [HL]io/[HL]m (from eq 8), eq 24

splitting off of one carrier ligand from the complex Cil(Ks7), becomes

preceded by an equilibrium adsorption step of this copper

carrier complex to the ia interfac&sf/kss). On the other hand, Kig = kogHL] g (35)
at high acidity we havégs < k7 [H™]4 and the new expression i . .

for kg is With [HL] 4 calculated from eq 34 this expression leads to

Koa = ksg (30) g = P 0 — 2 (36)
1d 23" id l+ Ka(IHL]m
It can be seen that now the membrane exit rate is limited only
by the diffusion of the coppercarrier complex to the ia It should be noted that this equation is in full agreement with
interface. At intermediate acidity, the rate-limiting step cannot the well-known results of surface adsorption kinééand can
be clearly defined. In the full acidity range, eq 26 can be be applied at any degree of interface saturationstfkl,{HL] m,
linearized in a double reciprocal form a very simple expression can be obtainedKgy

1_1 s _1 (32) kig = KogPd’ @37)

k_za Ksg " KseKs7 [H+]a

Proton activity must be taken into account since high acidity
was applied in the acceptor phase. Therefore, Hantmetlues
are used in eq 31 instead of proton concentradidmearization

of the experimental curve represented by Figure 3 gives

which shows complete independence of carrier concentration,
in full agreement with experiment. On the other hand, #1
KadHL] m, €q 36 gives eq 24 witki» = ki Pid°. It is interesting
to note that if the interface saturation is considered from the
very beginning in the derivation of eq 18, the general character
of this latter is lost since eq 37 is obtained directly without the
1/k,, = (7.45+ 0.23)+ (4.50+ 0.07) (1/[H]) (32) possibility of including the case of zeroth-order kinefiés.
It appears that in all nonsteady-state experiments presented
r=0.9998: ¢=0.35 here the id interface is saturated with respect to the carrier. This
observation is strongly supported by previous findihgs;
From the intercept, we obtaikss = 0.13 It in excellent surface saturation occurs at [HLP 0.01 M.
agreement with the directly measured value 20M H,SOy, The situation is completely different for zeroth-order steady-
0.12 b1, state kinetics (Table 1). Here, relatively low carrier concentra-
This analysis of the influence of donor and acceptor phase tions were used (higiCq4/Cac) Which were not sufficient to
acidity on rate constants shows that the quality of interfaces saturate the interface. Accordingly, the rate conskarseems
involved may also play an important role in the transport to show a roughly first order dependence on carrier concentra-
process. This view is confirmed further by the study of carrier tion, in agreement with eq 27 (Table 1). The confirmation of
concentration effect. Both egs 24 and 27 suggest that the freethis observation would require more detailed kinetic analysis
carrier concentration in the membrane, [RlLEhould remain (see above).
constant throughout the kinetic runs. This may well be the case The above results show clearly that the study of carrier
for the zeroth order steady-state kinetics (Figure 1a), but it is concentration effects is complicated by interface phenomena.
certainly not true for the nonsteady-state ones for which [HL] Further complications may arise when using too high a carrier
should vary roughly inversely with [Culy, (Figure 1b). concentration; membrane viscosity may change considerably and
Accordingly, kig should not be constant and this would also the membrane exit step may become reversible (Figure 1c).
contradict all experimental observations. Furthermore, eqs 240n the contrary, if the carrier concentration is too low, the
and 27 predict a first order dependence of rate constants onreaction order is changed with respect to copper ions. Therefore,
carrier concentration in full contradiction with experiment. As one must be careful when comparing results obtained in different
a matter of fact, botk;q andkz, are completely independent of  experimental conditions.
carrier concentration (zeroth order dependence) in the concen- It can be seen from the kinetic curves (Figure 1a,b) that at
tration range studied (Table 1). This observation is expected the end of the kinetic runs the copper ions underwent a virtually
for kog according to eq 26, but it cannot be accounted for by eq complete translocation from the donor to the acceptor phase.
24. It is quite likely that the independence kify of carrier This transport against the concentration gradient was possible
concentration is brought about by the saturation of the id since the copper ion transport is coupled with the transport of
interface with respect to carrier molecules. Therefore, the protons in the opposite direction, having a much greater
interface structure also must be included explicitly in the kinetic concentration gradient. At the end of the kinetic run, the
analysis. For this purpose, IBjy° be the total concentration of ~membrane entrance and exit rates are equal to zero. Therefore,
id interface sites available for occupation by the carrier eqs 18 and 20 allow the expression for the overall equilibrium

molecules. If the corresponding equilibrium valueRg, the constant to be obtained,
adsorption equilibrium of the carrier to the interface may be s
written as _ Ky KoK KysKseKa ke _ [CU++]a[H l4 (38)
Ky Ka1KaoKyKsKeskrekerkes  [Cu™*] [H'],.2
HL,, + Py e HL 4 (33)
from which one can establish the coupling relationship between
characterized by the adsorption equilibrium constégt the copper and proton fluxes,
k,  [HL], HL], cu™ H*1.2
Kadzﬁ_ [ ]|d _ [ ]|d (34) [ ]a_ [ ]a (39)

k21 B [HL] mPid - [HL] m(PidO - [HL] id) [CU++]d - [H+]d2
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This equation means that in order to realize efficient copper = 0.4 M, | = 1.3; (pH.» = 3.5) sodium formate/formic acid
removal (i.e., [C&™],> [Cu?t]y), a significantly higher proton  buffer, CsafCacia = 0.13 M/0.13 M,Csogiumsuttate= 0.4 M, | =
gradient must be applied across the membrane in the oppositel.3; (pH,, = 2.5) sodium formate/formic acid buffeGsay
direction (i.e., [H]a> [HT]q). Let us note that if the membrane  Cgyejg = 0.05 M/0.45 M;Csodiumsulfate= 0.4 M, 1 = 1.1. All the
is physicochemically symmetrical (a general assumption used chosen ionic strength values are situated in the intéread.5—
frequently in the literature), the rate constants of the corre- 1.5 in which the kinetics is not sensitive to phase composition
sponding elementary steps involved on both sides of the (see Figure 2).
membrane are equadi, = Kig, Koz = Kg7, kas = kzg, €tc. In this Membrane Phase.Acorga P-50 (94% in kerosene) was
case,K = 1 and the corresponding coupling relationship dissolved inn-octane. The carrier concentrations used fall in
becomes identical with that obtained previously by using Fick’s the range ofCac = 1073-0.2 M (see Table 1). Control tests

first law for the analysis of the transport procégs. have shown that the presence of 6% kerosene has no effect at
all on the kinetics.
Conclusions Acceptor Phase.The acceptor phase was made up of an

The present work shows that an approach based on chemicaPdueous solution of sulfuric aciaeia = 0.1-2 M.
P bp All three phases were stirred magneticdfySamples were

kinetics can be applied successfully to the quantitative analysis ) .
PP y d y taken from both agueous phases at regular time intervals and

of transport kinetics if interface phenomena are appropriately o ) ) A
taken into account. The obtained rate equations in nonsteady-inzaoxzed by EDTA titration using murexide as indicator (error
0).

state situation are quite general and remain valid for a large . o
9 9 g Concentration variations caused by the volume changes due

variety of kinetic regimes. The parabolic dependence of i ted using the followi tions:
membrane entrance rate on copper concentration in the donof® S&8MPling were corrected using the following equations:

phase appears explicitly (eq 21), leading to first-order kinetics

with respect to copper at low copper concentration and to zeroth- R =Ry + AR,
order kinetics at high copper concentrations. This latter case
corresponds also to a steady-state kinetic regime. This saturation Ri* =Ry + ARy

behavior is completely analogous to the Michaelgenten

kinetic law valid for enzyme catalyzed reactions. However, the j=i-1

equation presented here is not limited to initial rates but it is v[S C,—(i—1)0C,]
valid in the whole kinetic run within the irreversibility hypoth- P JZ a a
esis. It appears that initial rates cannot be used to characterizeAR,; = ;

the whole transport proce3%.The different sensitivity to CaoVao

aqueous phase acidity of the membrane entrance and exit rate j=i-1

constants could be also explained using the same equations and vl Z Cq expl—K(t; — )] — (i — 1)Cq}
by taking into account the physicochemical quality of the =

aqueous-phase/membrane interfaces. ARy = CaVao

Apart from carrier saturation by copper at the id interface
(zeroth-order kinetics), the occurrence of another type of

saturation, namely, the interface saturation by the carrier . i oh £ (d q i 6
molecules (first-order kinetics), could be used to explain that COpper lons In phase (donor, d, or acceptor,a) at ur(er
j).respectively;y, is the volume of the samples (Entaken

carrier concentration has no kinetic effect in the investigated during the Kineti ts the initial vol én
concentration range. The proposed kinetic equations can also uring the kinetic runsyy, represents the initial volume (

explain quite naturally the change of molecular mechanism and of the donor phase.
that of rate-limiting steps with experimental conditions. It should
be noted finally that the main conclusions of this study devoted
to copper transport through bulk liquid membranes are in
complete agreement with those obtained from copper extraction
and re-extraction studies using different technigitles.

where: Ri andCy are the reduced and actual concentrations of
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