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In this study, the appeals of stirring speed on coupled transport of nitrite ions
through liquid membranes has been investigated at various stirring speeds in the
range of 100-250 rpm. Coupled transport of nitrite ions through liquid membranes (¢
= 85 % hexane + ¢ = 15 % trichlorometane) containing tetraoctyl ammonium chloride
(TOAC) as a carrier, was examined. For the diffusion of the nitrite ion-carrier complex
at various stirring speeds through the narrow boundary layers at the interface of the
membrane, the variable membrane entrance (k,,) and exit rates (k, and &, ) are the
rate determining steps. The activation energies of membrane entrance and exit perme-
ate rates for nitrite ions are £, = 1.58 and E,, = 1.583 kJ mol!, respectively. From
these experimental results, it was concluded that the reaction was diffusion controlled.
The membrane was stable during the transport experiments (no leakage of carrier and
carrier-nitrite ion complexes to both aqueous phases and also there was no supplemen-
tary water penetration into the membrane was observed). This favours the interfacial
character of nitrite ion-carrier complexion reaction.
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Introduction

In recent years, new and interesting develop-
ments have been developed for the separation of
ions and molecules from wastewater. Membranes
processes have been often used in usual separa-
tion processes. Usual separating operations in the
area of separation sciences are solvent extraction,
ion exchange etc. Beside of these conventional
separating operations, ultrafiltration, hiperfiltra-
tion, microfiltration, reverse osmosis, dialyse,
electrodialyse and liquid membranes are used as
important separation techniques as well (Winston
Ho and Sirkar, 1992).1

It is well known, that polymeric and liquid
membranes are often used in molecule and ion
transportation processes. However, some proper-
ties of polymeric membranes such as higher en-
ergy costs, lower permeation rate and selectivity
limit the use of these types of membranes. The
high selectivities permeation and separating effi-
ciencies of liquid membranes are very important
from the point of technological practice. Liquid
membranes have broad application areas such as;
gas treatment and purification, removal of toxic
components, separation of fermentation products

and wastewater treatment (Noble and Way, 1989;
Mulder, 1990).23

In spite of many examples in the literature on
cation separation, only few investigations on an-
ion separation are known (Molnar, et al., 1978;
Sugiura and Yamaguchi,1983).4% High nitrite ion
concentrations are present in industrial wastes of
iron, steel, explosive production in municipal
wastewater, as well as in agriculture wastes. The
maximum permissible limit of nitrite for drinking
water is about 0.1 mg 1! in EEC countries. These
ions are removed from waste water by chemical
precipitation, ion exchange, reverse osmosis, elec-
tro dialysis, biological denitrification, and ultra-
filtration processes (Dahab, 1992; Patterson, 1985;

Francis and Callahan, 1975; Ildiz, et al.,
1996).6:7:8

Besides these techniques, it has been thought
that nitrite removal by liquid membranes is an in-
teresting method. In this study, the removal of ni-
trite ions from aqueous streams with liquid mem-
brane technique, has been investigated. Among
the other quantities (temperature, pH, acceptor
phase type and medium concentration), the stir-
ring speed was chosen as process parameter. From
the experimental results, it has been determined
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that the reaction was diffusion controlled. The
transport efficiency of nitrite ions increased with
increasing stirring speed. The membrane entrance
and exit rate constants (k,4, ko, and k,,, respec-
tively) were linearly dependent on the stirring
speeds of 100 to 250 rpm.

Experimental
Material

Tetraoctyl ammonium chloride(TOAC]) was
used as a carrier in coupled transport of nitrite
ions with the carrier concentration of 103 mol 1-1.
The carrier was dissolved in hexane (Merck,
>99%) and thrichloromethane (Merck, >99%). In
donor phase NaNO,, (Merck, >99%), and in accep-
tor phase, the concentrated CaCl, (Merck, > 99%)
was used.

Kinetic Procedure

The experiments of coupled transport of ni-
trite ions experiments were conducted in a reactor
shown in Fig. 1. The three phases, the donor(d),
the membrane (m) and the acceptor (a) phases,
were applied in the reactor. 75 ml CaCl, (2 mol I'})
solution was put into the inner and 75 ml ni-
trite(cy, = 3.09.1 x 1073 mol I'!) solution was put
into the outer reactor, and to the surface of these,
200 ml organic (membrane) phase with a carrier
concentration of 102 mol 1'1. The organic (mem-
brane) phase contains 85% hexane and 15%
thrichloromethane and has a density less than 1
o < 1.

The coupled transport experiments were car-
ried out at 25 + 0.2 _C with a thermostat (Techne
Mark, Model TE-8D). Organic membrane phase
was stirred by a digital mechanical stirrer (IKA
Werk Mark, Model RE-166), and the donor and
acceptor phases were stirred by a digital magnetic
stirrer (Heidolph Mark, Model MR 3003 SD).
Mixing speeds of donor and acceptor phases were

synchronous motor

sampling

|

Fig. 1 — The experimental set up for coupled trans-
port with liquid membranes

150 and 200 rpm, respectively. But, the mixing
speeds of organic membrane phase (w,,) were var-
ied in the range of 50-250 rpm. The interface sur-
faces amounted; Sy, cpp, = 36.37 cm?, S, =
17.32 cm? . The samples (about 0.5 ml) were taken
from both aqueous phases(d and a) in 30 minutes
time intervals and the nitrite analysis were car-
ried out by an UV 160 A, Shimadzu model
spectrophotometer.

Coupled transport kinetic of nitrite ions
with liquid membranes

For modelling and design of transport pro-
cesses, the determination of the rate controlling
step is very important. It is generally accepted
that the following particular steps are involved in
a transport process through a stirred liquid mem-
brane system (Fig.2). It is assumed that transport
across the liquid membrane consists of the follow-
ing steps:

Donor phase membrane phase  acceptor phase
€ Q{m Cm m/a Ca
NO; oC! ol
—_— : : ]
cl ) QNO, < NO,
44— : = et
rd Pmd Pma' rn

Fig. 2 — A schematic view of coupled transport of ni-
trite ions with liquid membrane system

a) The diffusion of carrier molecules from the
donor phase to the membrane-donor interface
(cy/cy)-

b) The diffusion of molecules from membrane
phase to membrane-donor interface (c,/c,).

¢) The adsorption of the membrane donor in-
terface (c,/c;) molecules at interface (c,/cy).

d) The complex formation(QNO,) of carrier
molecules with nitrite ions at donor-membrane in-
terface (cy/c,,) and release of cations.

e) The movement of QNO,, complex from the
donor-membrane interface (cy/c,) to the mem-
brane interface.

f) The diffusion of QNO, complex to mem-
brane phase over §,,, distance.

g) The convective transport of QNO, complex
across the membrane phase.
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h) The diffusion of QNO, complex to 9,,, dis-
tance to the c,/c, interface.

i) The adsorption of QNO, complex at the
c,/c, interface.

j) Decomposition of QNO, complex at the in-
terface ¢ /c,.

k) Desorption of carrier molecules from the
c,/c, interface.

1) The back diffusion of carrier molecules at
membrane phase into membrane, from J,,, along
0, into the acceptor phase.

m) The transport of NO, ion to acceptor
phase from ¢, distance.

According to these steps, at coupled trans-
port, the (a), (b), (f), (h), (i) and (m) steps have not
any effect on transport kinetics. The different dif-
fusion steps of (b), (f), (h) and (e), and the diffu-
sion of QNO,, complex steps in membrane are very
slow. But, the complex forming and the decompo-
sition reactions in steps, (c), (e), (i) and (k) are
very fast (Demircio[Jlu, 1996). To minimise the
diffusion effect, the stirrer speed was increased.
However, at high stirrer speeds the interface sta-
bility and the area of the interface were changed.
Therefore the interfacial area was determined at
300 rpm.

In coupled transport, the carrier agent cou-
ples the flow of two or more species, e.g. nitrite
ion and chloride ions. In this case, the carrier
must contain, of course, chloride-ionizable groups.
In this coupling, nitrite ion can be transported
against its concentration gradient provided the
concentration gradient of clorides is sufficiently
large. The mechanism of coupled transport of ni-
trite ion is given in Fig. 2.

QCl represents the cloride carrier complex. At
the interface d/m, nitrite ion reacts with one chlo-
ride carrier molecule QCI, liberating one chloride
ions. Then the complex, QNO,, diffuses through
the membrane. At the interface c_/c,, the carrier
molecules are protonated and the nitrite ions are
liberated into the receiving phase. Finally, the
neutral carrier diffuses back across the mem-
brane. Thus, the nitrite ions move from left to
right and electrical neutrality is maintained by
the movement of chloride ions in the opposite di-
rection.

A simple theoretical approach can be used to
obtain flux equation for coupled-transport sys-
tems (Kobya, 1996);!° we must consider the equi-
librium existing at the two interfaces (mem-
brane-water phases):

QCl(aq) + Nog(aq) hd QNOZ(aq) + Cl(_a\q) (1)

The equilibrium constant of this reaction can
be written as:

_[avo, [[er]

It should be noted that only [QNO,] and
[QCI] are measurable in the organic phase (phase
m) and [Cl7] and [NOj], in the aqueous phases (d
and a). Taking into account Fick's law at steady
state, the flux of the nitrite complex across the lig-
uid membrane is given by:

D
QNO
Jano, =4

([QNo,], -[aNO,] ) @)

where Dgyo, is the mean diffusion coefficient of
the complex in the water-membrane interface of
thickness 6. The coupling effects can be demon-
strated by taking into account the mass-balance
expression for the carrier molecule:

[@NO, ] +[QCl]=¢ 4)

where c is the total concentration of the pure car-
rier QCL. By combining Eqgs. (2)-(4), we obtain the
final flux equation:

]
I= - [1:1—] I [101—] |
| k[Noz]) |7 K[NO;] )

It can be seen that active transport will exist
as long as we have

(el ) fer] )

LK[QCl][NO;] Jd ) LK[QCl][NO;] ) ©

i.e.

[No;]d [cr]d
[vos] [er].

The maximum separation is attained when
the flux stops, i.e. when

[Nog]d [Cl‘]d
[Nog]a B [cr]a

The variation of nitrite ion concentration
with time was directly measured in both donor (c4
in mol I"!) and acceptor (c, in mol I'}) aqueous
phases, while the corresponding time dependence
in the membrane phase (¢, in mol I'}) was calcu-
lated from the material balance.

(7

®)

Numerical analysis of kinetic parameters

At time, ¢, the nitrite ion concentrations in
donor, membrane and acceptor phases are named
¢y €, and c,, respectively, and the concentration
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was given as ¢y, in donor phase for ¢ = 0. Since the
concentration changes are very small, it was
thought that writing in R notation is more practi-
cal so, which has also dimensionless unit.

In this case the reduced concentrations can be
written as follows;

c c c
Rd=—d, R, =%, R,=-2 (9)
Cdo Cao0 1)

During the experiments, the samples were
taken from donor and aqueous acceptor phases at
regular time intervals and the changes in nitrite
ion concentration were observed. The variation in
membrane phase was seenas B; + R, + B, = 1.
In all cases, R, decreases mono-exponentially with
time, R, follows a monotonically increasing sig-
moid-type curve, while the time evolution of R
presents a maximum. This means that nitrite ion
transport obeys the two consecutive irreversible
first order reaction according to the kinetic
scheme as given below:

cq B Cm ko Cqa (10)

Where cg, ¢, and c, represent the nitrite ion
(NOj3) concentration in donor, membrane and ac-
ceptor phases, respectively. The irreversibility is
suggested by the fact that in favorable cases, R,
and R are approaching zero while R, reaches the
limiting value of 1 at the end of the transport ex-
periments (450 min, also see below). In other
words, the transport from the donor phase to the
acceptor phase is virtually complete without any
back leakage due to kinetic reversibility. This fact
could be further confirmed by the chloride mate-
rial balance. As a matter of fact, the final chloride
ion concentration value in the donor phase corre-
sponded exactly to the amount of transported ni-
trite ions. Since these latter ions are complexed by
two carrier molecules (Kobya, 1996)1°, the com-
plete transport of a given number of ion-grams
of nitrite was accompained by twice greater a
number of counter-transported ion-grams of chlo-
ride. The kinetic irreversibility of the whole trans-
port process is imposed by the important chlo-
ride gradient across the membrane, since we have
[CI],/[CI]y, = 5 x 105 at ¢ = 0. The resulting
chloride flux is coupled to the nitrite ion flux
through the ionizable carrier molecules. It was
shown Eq. (7) that, for steady state situation,
coupled transport is maintained. It is clear from
the experimental conditions that this relation-
ship is verified in the present case, even at the
transport yield of 99.99 %. Obviously, we can
write

[voz ] -[Noz] ( [crr], +[Noz]
Nos]

with [NO5]do = 1.09 x 103 mol I, [cr]d0=

1 x 10 mol I', [CI"] = 4 mol I'" and [NO; |
a0 a
= 09966 [NOE]dO, from which we obtain 1 x 1073

> 2.22 x107%, i.e.the transport of nitrite ion from
the donor phase still continues. It can be ex-
pressed in Eq. (8) that the nitrite ion flux stops. In
this case, this will occur when we have 99.96 % <
transport yield (%) < 99.996 %. Therefore, it can
be safeley concluded that, for all practical pur-
poses, the transport is complete and irreversible.

The k, and k, are membrane entrance and
exit rate constants. The below kinetic equations
can be written on the basis of above kinetic analy-
sis;

dR
Ttd =-k R, (12)
dR,,
—4 = 'aRa ~ ksRo, (13)
dR
a 14
o = haP (14)

If the differential equations (12), (13) and
(14) are integrated, as a result of that, the below
equations are obtained.

Ry =exp(—kt) (15)
k
R, =—"—[exp(-kt) — exp(-kyt)]  (16)
ky =k
R,=1- ! [kz exp(—kt) — k; eXp(—kzt)]17)
k2 - kl

where &, (k4) and &, (R, , ky,) are the apparent
membrane entrance and exit rate constants, re-
spectively.

It is apparent that R, decreases mono-expo-
nentially with time, R, follows a monotonically in-
creasing sigmoid-type curve, while the time varia-

tion of R presents a maximum. The maximum
value of R (when dR_/dt = 0),

by )—k2 U —Fy)

by (18)

Rmax=(

If the logaritm of Eq.(18) is taken and the re-
sult is rearranged, the following equation will be

obtained:
1 ky
¢ = In|— 19
e (kl—kz) n(kz) (19

The actual numerical analysis was carried out
by non-linear curve fitting using a BASIC itera-
tion programme. The first rate constant, k,, was
obtained from Eq. (15) using the donor-phase data
(k14), while the membrane exit-rate constant, k.,
may be obtained either directly from the accep-
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Table 1 - Kinetic parameters for coupled transport of
nitrite ions through liquidmembranes at
different stirring speeds.

] kld - 103 k2m - 103 kZa - 103 tmax
Rm,max

k1a/kom
(rpm) (dak) | (dak?) | (dak1) (dak)

50 3.3737 3.1058 3.1950 0.3832 308.84 1.0862
100 5.9509 3.9852 4.0433 0.4436 203.97 1.4933
150 8.0217 4.8895 4.9071 0.4617 158.06 1.6406

200 9.9104 5.2777 5.4105 0.5143 136.01 1.8778

tor-phase kinetic data (k,,) using Eq. (17) or indi-

rectly from the membrane-phase data calculated

on the basis of Eq. (16) (k,,). In both cases, the

k,,4 value obtained from Eq. (15) was used in cal-

culations. The obtained kinetic parameters values,

kia> Bom > Bogs tax » Bonax » R1a/Rom are given in Ta-
e 1.

Results and discussions

All of the experimental determinations of or-
ganic membrane phase have been made at similar
experimental conditions, except the mixing velo-
city. Typical kinetic curves for donor, membrane
and acceptor phases are given in Fig. 3. As can be
seen in this figure, the theoretical and experimen-
tal values are in good agreement (within 15 %, ap-
proximately). Figs. 3 and 6 show that nitrite ion
accumulates in the membrane phase during the
transport process. As a consequence, the nitrite
ion concentration gradient varies permanently
and, therefore, non-steady-state kinetics will gov-
ern the whole transport process. Such kinetic be-
havior may be observed whenever the amounts of
carrier and that of nitrite ion are comparable
(Fyles, et al., 1981; Szpakowska and Nagy,
1991).12

The time dependence of reduced nitrite ion
concentration with time in donor, membrane and
acceptor phases was shown in Figs. 3, 4, 5 and 6,
respectively. Coupled transport of nitrite ion ex-
periments was executed at stirring speeds 50, 100,
150, 200 rpm. R, decreases with time increasing
the stirring speeds; at the other stirring speeds ex-
cept for 50 rpm, it was realised that a large
amount of nitrite ion has penetrated into the
membrane phase at ~ 200 min.

The determined rate coefficients, (&, ks,
and k,,) at various stirring speeds are shown in
Figures 7 to 9, respectively. As shown in Figures 7
to 9 the rate coefficients, (kyy, kg, and k)
changed linearly with stirring speeds. The experi-
ments had been carried out in stirring speeds
range of 50-250 rpm (Demircioglu, 1996).13 As
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Fig. 3 - Time dependence of reduced concentration of

nitrite ions, Ry@), R, M), R, (O) phases in

coupled transport through liquid mem-

branes (T =298 + 0.1 K). Theoretical curves

are calculated from eqns. (15), (16) and (17),
respectively
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Fig. 4 — Time variation of reduced concentration of
nitrite ions in the donor phase (Ry) during
coupled transport through liquid membra-
nes at different stirring speeds: 50 rpm(0J),
100 rpm(+), 150 rpm (M), 200 rpm(O). Theo-
retical curves are calculated from Eq.(15)

can be seen from Figs. 7-9, stirring speed has a
linear affect on the transport rate coefficients.

Danesi and Chiarizia (1980)'* examined simi-
larly two phases limited conditions within
diffusional and kinetical area in a two phases ex-
traction process. In the first situation, when hy-
drodynamic behaviour of apparatus is well lim-
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namic instabilities prevailed. At higher stirring
speeds (above 350 rpm), the phases are dispersed
and the interfaces between donor and acceptor
phases are increased. In experiments carried out
with appropriate stirring speeds, the thickness of
boundary layer between donor and acceptor
phases are reduced and an increase of transport
efficiency of nitrite ions has been found. At vari-
ous stirring speeds of donor, membrane and ac-
ceptor phases, the nitrite ion concentrations ver-
sus time are shown in Figs. 3 to 6. As can be seen
from these figures, the experimental data and the-
oretical curves are in a good agreement.

At high stirrer speed not only the hydrody-
namic instabilities at the membrane-water inter-
face arose, but a part of the carrier was lost. This
carrier penetration confer adverse effect on trans-
port efficiency. Before and after the transport ex-
periments, a mixture of samples of donor, mem-
brane and acceptor phases was analysed to control
this phenomenon.

The rate determining step is the diffusion of
the carrier nitrite complex (QNO,) across the thin
0q to 0., film layers. The thickness of these lay-
ers is decreased with increasing stirring speeds.
Transport rate can be controlled by maintaining
an appropriate thickness of these layers. At higher
stirring speeds (w = 350 rpm), the phases are
mixed with each other and the laminar boundary
layers disappear. This case has been discussed
also in some other papers (Fyles, 1981; Albery and
Chouder, 1988; Szpakowska, 1994).11:15.16 The in-
terfaces are ripped up in coupled transport system
at higher stirring speeds (w = 350 rpm). There-
fore, higher stirring speeds are not appropriate in
such transport systems (Demircioglu, 1996).13

UV spectrum of hexane ¢ = 85 % + thrichlo-
romethane ¢ = 15 % suspension which was con-
tained in the carrier, (TOAC]) is shown in Fig. 10.
According to this figure, maximum wavelength (1)
is 235 nm and extinction coefficient (¢) is 2.2 X
103. In the membrane phase the carrier (TOACI),
was completely complexed. Its UV spectrum was
shown in Fig. 10 with a wave length of 225 nm
and ¢ = 1.6 x 10* . When transport of nitrite ions
was completed in donor phase, the samples were
taken from donor and acceptor aqueous phases
and analysed by the UV spectrophotometer (see
Fig. 10 the spectrum c and d). For acceptor phase,
nitrite ion and CaCl, concentrations were pre-
pared from suitable KNO, suspension and ana-
lysed (see Fig. 10, spectrum e). As can be seen in
Fig.10, the spectrums c and e, are exactly similar.
This case has proved the absence of carrier and
QNO, complexes at the end of the experiments.
This observation is similar, also, for donor phase.
In addition to this, non-existence of carrier mole-
cules in donor and acceptor phases has shown,
that complex reactions (formed between nitrite ion
and carrier molecules) have not formed and gener-
ally, the ractions between carrier molecules oc-
curred in water phase (Akiba and Freiser, 1982).17

2.5

2.0

1.5 4

0.0 +—— — 7

Fig.

200 250 300 350 400

A/nm

10 — UV spectrum of phases in transport phenomena
of nitrite ions: TOACI in 15 % CHCl3 + 85 %
CeH14 Coarrier = 1 X 1073 mol I"1; (b) QNOy com-
plex in 15 % CHClg + 85 % CgHyy (liquid mem-
brane). Nitrite concentration, Cnos = 1.09 x 103
mol I1; (¢) Acceptor phase at the énd of transport

process, ¢, = 4.79 x 10* mol I}, 2 mol I!
_mol I\, pH 1.25 aqueous NaNO,,

CaCly; (@) ¢,

solution in 2 ol I} CaCl,, CNo- mol I}

Conclusions

As a result of the this experimental study and
according to the obtained values of kinetical param-
eters, it was proved that stirring speed has a linear
effect on coupled transport of nitrite ions. In such
transport systems, the rate limiting steps are the
diffusion of nitrite carrier complex (QNO,) into d, 4
and 0, film layers. In coupled transport system,
the interfaces between phases are deformed and de-
composed at higher stirring speeds greater than 350
rpm. So, the high stirring speeds are not appropri-
ate for removal of nitrite ions from aqueous water
solutions in these kind of transport systems.

When figure 10 is examined, it can be seen that,
in acceptor phase, neither carrier nor carrier nitrite
complex were existent at the end of the experi-
ments. This observation holds true also for donor
phase. The absence of TOACI carrier in both aque-
ous phases indicates that TOACI is well kept or-
ganic phase, and does not dissolve in the aqueous
phase. As a result of this observation, we can state,
that the transport reaction of nitrite ion is occurred
between aqueous phase and membrane interface.

Nomenclature

¢ — the total concentration of the pure carrier QCI,
mol 1~

c, - nitrite ion concentration in acceptor phase, mol It

cq — nitrite ion concentration in donor phase, mol It

¢, — nitrite ion concentration in organic(membrane)

phase, mol 1™

cqo — initial nitrite ion concentration in donor phase,
mol 17
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. . -1
Cearrier— Carrier concentration, mol 1

Dgno,— mean diff. coeffic. of the complex in the memb.
of thickness 9, m? s

. . 1
E, - activation energy, kJ mol

— the flux of the nitrite complex across the liq-
uid membrane, min~

K - equilibrium constant, dimensionless

k, — membrane entrance rate constant, min~
1

J qo,

1

ky — membrane exit rate constant, min~
kiq — membrane entrance rate constant, min~
kg, — membrane exit rate constant, min~!

kg, — membrane exit rate constant, min!

R, — reduced nitrite ion concentration in acceptor
phase, dimensionless

R4 - reduced nitrite concentration in donor phase, di-

1

mensionless
R_ - reduced nitrite concen. in organic (memb.) phase,
dimensionless
R - reduced nitrite ion concentration, dimensionless
R max — Max. reduced nitrite ion concen. in mem-

brane phase, dimensionless
Sdp/mem — interface surface of donor phase over per unit
of membrane, cm
interface surface of acceptor phase over per

S

apfmem unit of membrane, cm?
t — time, (min)
tmax — time which nitrite ions concentration becoming
maximum, min
T - temperature, K
TOACI - tetraoctyl ammonium chloride
0, - distance between phases, cm
A — wave length of UV spectrum, nm
p - density, g dm™
¢ — extinction coefficient of UV spectrum
¢ — volume fraction, %
o - stirring speed, rpm
w, - stirring speed of acceptor phase, rpm
w4 — stirring speed of donor phase, rpm
o, — stirring speed of organic (membrane) phase, rpm
Subscripts

acceptor phase

— donor phase

initial ion concentration of nitrite
— membrane phase

EOD-Q-QD
|
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