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The research of magnetic separation starts from magnetic solid particles to nanoparticles, and in the research progress,
particles become smaller gradually with the development of application of magnetic separation technology. Nevertheless,
little experimental study of magnetic separation of molecules and ions under continuous flowing conditions has been re-
ported. In this work, we designed a magnetic device and a “layered” flow channel to study the magnetic separation at the
ionic level in continuous flowing solution. A segregation model was built to discuss the segregation behavior as well as the
factors that may affect the separation. The magnetic force was proved to be the driving force which plays an indispensable
role leading to the segregation and separation. The flow velocity has an effect on the segregation behavior of magnetic ions,
which determines the separation result. On the other hand, the optimum flow velocity which makes maximum separation

is related to the initial concentration of solution.
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1. Introduction

Magnetic separation technology has been a hot area of
research with its advantages of low cost, low energy con-
sumption, high efficiency, ease of use, and so on.['? In re-
cent years, magnetic separation has made great progress and
has a broad application prospect in many fields. It can be
used to separate target samples mixed with magnetic nanopar-
ticles, as the pretreatment of many analytes such as biological
macromolecules, cells, antibodies, organic compounds, and so
on.3-%1 The high gradient magnetic separation technology is
proved to be useful in the removal of magnetic particles and
lubricant pollution in sticky oil.[”! Magnetic separation tech-
nology can be applied to the environment when using mag-
netic nanoparticles as carriers to remove heavy metal ions or

[8-101 Besides, by studying

organic dyes in aqueous solutions.
the feasibility of removing algae in fish ponds and the sepa-
ration of binary mixtures of sorbitol and sucrose, it is proved
that magnetic separation also has applications in ecology and
food processing.[!112]

In recent years, the research starts from the magnetic

131 to the magnetic nanoparticles,!'*'8 and

solid particles!
in the research progress, particles become smaller gradually
with the improvement of research and applications. Never-
theless, few experimental studies of magnetic separation of
molecules and ions under continuous flowing conditions have
been reported. !> Currently, the research objects of mag-

netic separation are mainly superparamagnetic nanoparticles

DOI: 10.1088/1674-1056/25/7/074704

represented by FezO4. These magnetic particles usually have
large magnetic susceptibility and size, which makes the mag-
netic force large enough under the gradient magnetic field of
thousands of Gausses (G). Compared with magnetic particles,
the magnetic moment of molecules and ions is much smaller
(for example, the magnetic susceptibility of a ferric chloride
molecule is about 12 orders of magnitude smaller than that of a
Fe3 Q4 particle). Thus, the magnetic force of molecules or ions
is very weak under the same conditions. Besides, molecules or
ions are very different from nanoparticles, and there are many
obstacles such as a variety of interactions in the separation pro-
cess. It is very difficult to achieve the magnetic separation of
molecules and ions by common methods.

The separation of molecules or ions is needed in many
potential applications with the development of science and
technology. In the rectification column, for example, mag-
netic separation technology can be used as an assistant for the
separation of liquid oxygen and liquid nitrogen. In the applica-
tions of industry, how to improve the recovery rate and reduce
the energy consumption of the rectification column has been a
common concern. As the temperature and pressure of the rec-
tification column are difficult to control, complete separation
is impossible. The residual liquid flowing from the bottom of
the rectification column often leads to a waste of energy. How-
ever, the target liquid in the residual liquid can be further sep-
arated and enriched by using magnetic separation technology.
When putting the residual liquid into the rectification column
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for cyclic utilization, the recovery rate will be improved. Cor-
respondingly, the waste of energy is avoided. Moreover, flow
behavior is always the key point in the research of magnetic
separation technology. Therefore, it is a challenging and im-
portant scientific issue to research the magnetic separation of
molecules and ions.

In this work, the ferric chloride (FeCl3) solution was used
to study the possibility of magnetic separation at the ionic
level in a homogeneous mixed solution. FeCl3 molecules
(251 is ym =
13450 x 1079 cm?-mol~'. FeClz molecules mainly exist in the
form of Fe3*, C1~, and hydrated ions like [Fe(H,0)s]** in an

aqueous solution. ?®! The magnetic susceptibility of molecules

are paramagnetic, and the magnetic susceptibility

or ions is much smaller than that of magnetic nanoparticles,
thus the magnetic force is very weak in a normal strength gra-
dient magnetic field. Besides, many hindering factors such as
diffusion exist in the separation, and the movement and diffu-
sion of ions are greatly influenced by the flow state. Therefore,
it is hard to confirm whether the magnetic separation of FeCl;
solution can be achieved. In this research, a magnetic field de-
vice with large magnetic field gradient and a “layered” flow
channel that can easily achieve laminar flow were designed to
study the possibility of the magnetic separation of FeCl3 solu-
tion. This study also built a segregation model to discuss the
segregation behavior as well as the factors that may affect the
magnetic separation, which could provide theoretical and ex-
perimental basis for magnetic separation at the molecular and
ionic level in homogeneous mixed solution.

2. Experiments
2.1. Experimental setup

The magnetic field device is shown in Fig. 1(a), and it
is composed of a permanent magnet array and a magnetic
yoke. The magnetic flux density of ordinary magnets is only
a few thousands of Gausses (G), thus the magnetic force is
very weak when acting on molecules or ions which have tiny
magnetic moment. In order to improve the magnetic force, the
permanent magnet array and the magnetic yoke are stacked,
which increases the magnetic flux density several times, as
shown in Fig. 1(b). In the center of the maximum magnetic
flux density, the magnetic field can be divided into two equal
areas for placing the flow channel. The two areas are com-
pletely symmetrical, and the change of magnetic field gradient
in the two areas is just the opposite. The magnetic flux density
and magnetic field gradient increase gradually from right to
left in the flow channel when it is located in area I, and they are
larger on the side of outlet 1, with the maximum magnetic flux
density about 1.7 T and the maximum magnetic field gradient
about 100 T/m. On the contrary, the magnetic flux density and
magnetic field gradient are larger on the side of outlet 2 when

the flow channel is located in area II.
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Fig. 1. Schematic diagram of (a) magnetic field device structure and
(b) magnetic field distribution. 1: iron plates. 2: permanent magnet
array. 3: magnetic yoke. 4: flow channel. X: width of magnetic field.
B: magnetic flux density. The magnetic field can be divided into two
equal areas for placing the flow channel respectively. The magnetic flux
density and magnetic field gradient in the channel are opposite when
the channel is placed respectively in areas I and II.

The structure of the flow channel is shown in Fig. 2. The
overall space is “layered”, and a separate plate is placed at
the end of the channel. The “layered” flow channel structure
is designed to ensure that the fluid flows in a stable laminar
flow. As for the movement, the diffusion and the convection
between different components are greatly influenced by the
flow state. The height of the channel is about 1 mm. When
the magnetic field gradient is different on the two sides of the
channel, paramagnetic particles move and become enriched at
the side that has larger magnetic field gradient under the effect
of magnetic force. As a result, the concentration increases. In
this case, the separate plate plays a diversion role, not only
to prevent the fluid from being mixed at the exit position, but
also to guide the fluid with different concentration flowing into
different outlets, which can achieve the separation.

gradient magnetic field

®— paramagnetic particles
separate plate
y =500 mm

=1 mm

inlet

=50 mm

magnetic force

Fig. 2. (color online) Schematic diagram of flow channel structure and
magnetic separation. x : channel width, y: channel length, /: channel
height.
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Besides the magnetic device and the flow channel, a
DHL-A constant flow pump with a steady flow device is used
to provide power to the flow of the fluid, and a WGD-8A grat-
ing spectrometer is used to measure the concentration of the
solution.

2.2. Experimental analysis

When FeClj solution is flowing in a gradient magnetic
field, magnetic force, Lorentz force, Coulomb force, and vari-
ous kinds of fluid resistance will have an effect, of which mag-
netic force only acts on Fe(III) ions (to facilitate the presenta-
tion, Fe(I1) is used as the representative of paramagnetic ions
such as Fe’" and its hydrated ions). It has been shown that
a large group composed of metal ions and water molecules

moves in a magnetic field by magnetic force.?”-?8! The mag-
. A,
netic force can be expressed 29.30] 5 Frgg = %VBZ. Para-

magnetic ions move in the direction of larger magnetic field
gradient under the effect of magnetic force. However, when
FeCls solution is flowing continuously in a gradient magnetic
field, Lorentz force may also have an effect on the directional
movement of ions. Therefore, experimental research will be
used to verify whether magnetic force is the major driving
force in the magnetic separation of FeCl; solution.

The flow behavior of the magnetic separation of FeClj3
solution is described in the form of the convection—diffusion
equation under the effect of magnetic field

%—f n % (“VC+CF)+Co| +r=0. (1)
The first term on the left is the change of concentration versus
time, the second term is the convection and the diffusion under
the effect of magnetic field, and the third term is the change of
the chemical reaction. D is the diffusion coefficient, R is the
universal gas constant, 7' is the thermodynamic temperature,
F}, is the molar magnetic force, and vector v is the flow veloc-
ity. There is no chemical reaction in the magnetic separation
of FeCls solution, and if only the steady state is discussed, the
first and the third terms are both zero. Then the equation can
be written as

D
A\ ﬁ(—VC—I—CFm)‘FC'U =0. )

It is not hard to see that the magnetic force, the flow ve-
locity and the concentration are the factors that influence the
magnetic separation of FeCl; solution. The influence of the
magnetic force is obvious, the greater the magnetic force is,
the better the separation will be. But it is difficult to read di-
rectly from the equation how the flow velocity and concentra-
tion affects the separation, therefore, experimental research is
needed.

2.3. Experimental methods

It is difficult to observe and measure the movement of
Fe(Ill) ions directly in the magnetic separation at the ionic
level. Therefore, the concentration and concentration differ-
ence were measured as a breach to study the separation.

The FeCl; solutions with mass fraction about 13% were
used, and the inlet flow rate was 2 ml/min. Then the concen-
trations in the two outlets were measured and compared with
each other when the flow channel was placed in area I and area
IL, respectively. This was used to verify whether the magnetic
force is the major driving force in the magnetic separation of
FeCl; solution. When the flow channel is located in area I
and area II, respectively, the directions of the magnetic force
of Fe(Ill) ions are just the opposite, but the directions of the
Lorentz force are the same. Therefore, if the magnetic force is
the major driving force, the results of the concentration in the
two outlets are certainly the opposite when the flow channel is
located in area I and area II, respectively.

Then the flow channel was placed in area I, and FeCl;3 so-
lutions of 15%, 17%, and 20% (mass fraction) were used, re-
spectively. The concentration difference between the two out-
lets was measured when the flow rate was 1 ml/min, 2 ml/min,
3 ml/min, 4 ml/min, 6 ml/min, and 8 ml/min, respectively (the
corresponding flow velocity is about 0.33 mm/s, 0.67 mm/s,
1.0 mm/s, 1.3 mm/s, 2.0 mm/s, and 2.7 mm/s, respectively).
The influence of the flow velocity and the concentration on
the magnetic separation of FeCl; solution were studied by the
change of the outlet concentration difference versus the flow
velocity and the concentration.

3. Results and discussion

The concentrations in the two outlets when the flow chan-
nel is located in area I and area II respectively are shown in
Fig. 3. The initial concentrations of FeCls solutions are about
13% and the flow rate is 2 ml/min (the flow velocity is about
0.67 mm/s). When the channel is located in area II where the
magnetic field gradient is larger on the side of outlet 2, the
concentrations in outlet 1 are less than that in outlet 2. When
the channel is located in area I where the magnetic field gra-
dient is larger on the side of outlet 1, the concentrations in
outlet 1 are greater than that in outlet 2. It can be seen that the
concentration is greater in the area with larger magnetic field
gradient, which indicates that the direction of the movement
and enrichment of Fe(III) ions is consistent with that of the
magnetic force. The results of the concentrations in the two
outlets are just the opposite when the flow channel is located
in area I and area II, respectively. However, the concentration
difference is almost the same. The opposite results of concen-
tration and the same concentration difference indicate that the
action of the Lorentz force can be ignored, the magnetic force
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is the major driving force in the magnetic separation of FeCl;
solution.
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Fig. 3. (color online) The concentrations in the two outlets when the
flow channel is located in different areas, with the initial concentration
of the solution of (a) 12.6% and (b) 13.2%.

The results of the concentration difference between the
two outlets versus different flow velocity when the flow chan-
nel is located in area I are shown in Fig. 4, where the mass
fraction of FeCl3 solution is respectively 15%, 17%, 20%. It
can be found that the concentration difference between the two
outlets increases first and then decreases with the increase of
the flow velocity. The concentration difference is the result of
Fe(III) ions’ movement and enrichment to the area with larger
magnetic field gradient under the effect of the magnetic force,
as shown in Fig. 5. The flow channel can be divided into two
equal parts, area 1 and area 2. Assume that the number of
Fe(III) ions in each of the two equal areas at the initial state is
Ny, and the number of Fe(IIl) ions which can be enriched in
the solution is N. Then Ng+ N and Ny — N is respectively the
number of Fe(IIl) ions in area 1 and area 2 at the steady state.
Assuming that 7 is the time which is needed for achieving the
maximum enrichment (when Fe(III) ions move from one side
to another side of the channel, 7y is maximum), fy does not
change with the flow velocity because there is no transverse
flow in the solution and the magnetic force of the Fe(IIl) ions
is independent of the flow velocity. Thus, there is a critical
flow velocity vo. When v < vy, all the Fe(IIl) ions that can be

enriched will move and accumulate in area 1, and in this case
N = Npax is unchanged. When the flow velocity is greater than
v, there is not enough time for some Fe(III) ions to move to
area 1. Therefore, N will be decreased with the increase in the
flow velocity.
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Fig. 4. (color online) The separation effect with different inlet flow ve-
locities. (a) 15%, (b) 17%, (c) 20%.
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Fig. 5. (color online) Segregation of Fe(IIl) ions in the flow channel.
Fe(II) ions move from area 2 to area 1 under the effect of magnetic
force. There is a critical flow velocity vo. When v < vy, all the Fe(III)
ions that can be enriched will move and accumulate in area 1. When
v > v, the number of segregated Fe(III) ions will decrease.

The enrichment of Fe(IIl) ions leads to the increase

of the chemical potential. The chemical potential can be
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expressed>!! as u = 9C, which is the change of Gibbs free en-

ergy when the change of the amount of components is 1 mol.
Since each of the components in the solution is Fe(II) ions,
the chemical potential can be written as

y_u _9dG
W= = o 3)

where N is the Avogadro constant and N is the number of the
Fe(III) ions that can be enriched. In this case, the chemical
potential means the average free energy of each Fe(Ill) ions
because of the enrichment. Then the total chemical potential
of the enrichment area can be expressed as

u* =Nu'. 4)

Due to the change of the chemical potential, Fe(IIl) ions are
driven by the chemical potential driving force from the high
chemical potential area to the low one. The chemical poten-
tial driving force is opposite to the magnetic force. Therefore,
Fe(III) ions are bound to be balanced by the chemical poten-
tial and magnetic force at the steady state. Regardless of the
susceptibility of Fe(Ill) ions, the magnetic force is determined
by the gradient magnetic field. The gradient magnetic field is
unchanged, thus the maximum magnetic force of the Fe(III)
ions in the enrichment area will not change. Correspondingly,
the maximum change of the chemical potential in the enrich-
ment area will be constant. According to Eq. (4), Nmax, the
maximum value of N, is constant.

The magnetic field gradient is far greater at the exit po-
sition than that in the channel because of the sudden disap-
pearance of the magnetic field at the exit of the channel. The
Fe(IIl) ions are intercepted by greater magnetic force at the
exit position, and only a few Fe(III) ions can flow out. There-
fore, a certain accumulation of Fe(III) ions is formed (accu-
mulation area in Fig. 5), which makes the concentration distri-
bution very different from that in the channel.

The volume of the two equal areas in the flow channel is
expressed by Vj, then the concentration of Fe(II) ions in area
1 and area 2 can be expressed respectively as

. No+N

No—N
C = , -
NaVy

NaVo

®)

Assuming that the number of the accumulated Fe(II) ions in
the accumulation area is AN (the intercepted magnetic force
in outlet 1 is far greater than that in outlet 2, in order to dis-
cuss conveniently, the intercepted magnetic force in outlet 2 is
not considered), then the concentration of Fe(IIl) ions in the
accumulation area at the exit position can be expressed as

No+N AN
Cp = 6
A= N +NAVA’ (6)

where V4 is the volume of the accumulation area, and it is also
a constant. Thus, the concentration difference between the two

outlets can be expressed as

2N AN

AC = — .
NaVo  NaVa

(N

According to Eq. (2), we have the following relationship
between the concentration of Fe(III) ions in accumulation area
and the flow velocity (detailed derivation process is shown in
Appendix A):

CAcxv*'. ®)

Obviously, the concentration of Fe(Ill) ions in accumulation
area at the exit position decreases with the increase of the
flow velocity. It is shown that the number of the accumulated
Fe(III) ions in the accumulation area, AN, decreases when in-
creasing the flow velocity. Therefore, there must be a flow
velocity va which makes AN = 0.

When Fe(IIl) ions are accumulated in the accumulation
area, the viscous resistance pointing to the outlet will have
an effect. The accumulation of Fe(III) ions also leads to the
change of the chemical potential, which causes Fe(III) ions to
be affected by the chemical potential driving force pointing to
the outlet. At the steady state, the accumulated Fe(III) ions
are balanced by the intercepted magnetic force, the chemical
potential driving force and the viscous resistance at the exit
position

F=F+f, ©))

where F is the intercepted magnetic force, F; is the chemical
potential driving force, and f is the viscous resistance. The
intercepted magnetic force F' is constant without the change
of the gradient magnetic field and the susceptibility of Fe(III)
ions. The chemical potential driving force F, is dependent on
the number of the accumulated Fe(IIl) ions AN. The viscous
resistance can be simply expressed as f = Av, where A is a
constant related to the viscosity coefficient, etc. In this case, v
is the flow velocity of the solution.

According to Eq. (9), the chemical potential driving force
can be written as

Fy=F —Av. (10)

It is also shown that the number of the accumulated Fe(III)
ions in the accumulation area, AN, decreases when increasing
the flow velocity, because both F' and A are positive constants.
At the critical state in which all the accumulated Fe(III) ions
can flow out of the channel (AN = 0 and v = v, ), the chemi-
cal potential driving force F, = 0. Thus there is the following
relationship:

F = Ava. (11)

It indicates that the flow velocity which can make all the accu-
mulated Fe(III) ions flow out of the channel, v,, is constant.
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According to Eq. (7), the concentration difference be-
tween the two outlets is determined by N and AN, which are
respectively the number of Fe(IIl) ions that can be enriched in
the solution and the number of the accumulated Fe(III) ions in
the accumulation area. The change of N and AN versus the
flow velocity is shown in Fig. 6. When v < vy, N = Npax 1
unchanged, and AN is decreased when increasing the flow ve-
locity. Thus the concentration difference between the two out-
lets is increased with the increase of the flow velocity. When
v > va, N is decreased when increasing the flow velocity and
AN = 0, thus the concentration difference decreases. When
vo < v < va, there must be a flow velocity which makes the
concentration difference maximum. As a consequence, the
concentration difference between the two outlets increases first
and then decreases with the increase of flow velocity, and there
is an optimum flow velocity which makes the maximum sepa-
ration.

It has been shown that the flow velocity vao which makes
AN = 0 is constant, and the change of AN with the flow ve-
locity v is determined by the constants F and A. Therefore,
the optimum flow velocity which makes the maximum separa-
tion be dependent on the critical flow velocity vy, according to
Fig. 6.
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Fig. 6. (color online) The change of N and AN versus the flow velocity.
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Fig. 7. The optimum flow velocity of different concentration of the solution.

The optimum flow velocity of 15%, 17%, and 20% FeCl;3
solution are shown in Fig. 7. It can be found that the opti-
mum flow velocity is increased with the increase of the initial
concentration of the solution. When the initial concentration

of the solution is increased, the initial number of Fe(III) ions
increases. Correspondingly, there are more Fe(IIl) ions sur-
rounding the enrichment area. These Fe(IIl) ions always have
greater magnetic force compared with the Fe(IIl) ions farther
away from the enrichment area. Therefore, the Fe(Ill) ions
surrounding the enrichment area will move and accumulate
to the enrichment area faster. However, Nyax, the maximum
number of Fe(IIl) ions that can be enriched is unchanged. As a
result, the enrichment area can reach saturation more quickly.
It indicates that when increasing the initial concentration of the
solution, the time which is needed for achieving the maximum
enrichment, 7y, is decreased. Correspondingly, the critical flow
velocity v, which can achieve the maximum enrichment in the
channel, is increased.

It has been shown that the optimum flow velocity is de-
pendent on the critical flow velocity vo. When increasing the
initial concentration of the solution, vy is increased. Therefore,
the optimum flow velocity is also increased.

4. Conclusion

The magnetic separation of magnetic ions has been
achieved by the magnetic field device with larger magnetic
field and gradient as well as the flow channel that can easily
achieve laminar flow. The magnetic force is the major driv-
ing force, which plays an indispensable role, leading to the
segregation of magnetic ions. The maximum number of the
segregated ions is determined by the joint action of the chem-
ical potential and magnetic force. The flow velocity also has
an effect on the segregation behavior. When the flow veloc-
ity increases to a certain degree, the number of the segregated
ions in the channel will start to reduce. As a consequence of
the interception at the exit position of the channel, segregated
ions accumulate. The number of the accumulated ions will be
decreased when the flow velocity increases. As a result, the
separation effect increases first and then decreases with the in-
crease of the flow velocity. There is an optimum flow velocity
which makes maximum separation. In this experiment, the
optimum flow velocity is related to the initial concentration of
solution, the higher the concentration, the larger the optimum
flow velocity.

This study has some guiding significance for the magnetic
separation of liquid oxygen and liquid nitrogen. It indicates
that magnetic force plays a decisive role in the maximum sep-
aration effect when the flow velocity is optimum. Improving
the performance of the magnetic device, such as using super-
conducting magnets, can greatly improve the magnetic force.
Therefore, the separation effect will be improved to a certain
extent. When using magnetic separation technology as an as-
sistant for the separation of liquid oxygen and liquid nitrogen
in the rectification column, the liquid oxygen in the residual
liquid will be enriched greatly. As a consequence, the recovery
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rate will be improved when putting the residual liquid into the
rectification column for cyclic utilization. Correspondingly,
the energy is also saved. Besides, the equipment of magnetic
separation technology is reusable, and no more energy con-
sumption exists. Therefore, magnetic separation technology
has great potential application in the separation of liquid oxy-

gen and liquid nitrogen in the rectification column.

Appendix A

The convection—diffusion equation in the steady state

D
V|- (-~VC+CF,)+Cv| =0

RT (A1)

is studied. It can be written in the form of components, and
the vertical direction is not considered, then

D ,dC D ,IC D 9F D IF
RT “0x RT *dy 'RT dx RT dy
L,9C ., ac v v
ox Ty T ax Ty
2’C 9d*C
<8x2 T dy? > (A2)

At the exit position, the concentration distribution in the ac-
cumulation area is very different from that in the flow chan-
nel because of the accumulation of the magnetic ions. In this
case, the intercepted magnetic force and the flow velocity in
y direction are the main effects. The influence of diffusion is
very weak, thus the diffusion term can be ignored. Assum-
ing that the concentration is unchanged in x direction in the
accumulation area, the equation can be simplified as

D, IC D IF D IF
RT "9y RT dx RT dy
8C 8vx vy

The magnetic forces for driving in x direction and for in-
tercepting in y direction are both unchanged when the area for
study is certain. Then equation (A3) can be written as

RFa—C+£CK+DC
RT ° 9y VT RT
dve  IC v,
— Ad
—I—Ca+)a +Cay 0, (A4)

where dF,/dx = Ki, dF,/dy = K», K, and K> are both con-
stants.

The flow velocity will be increased suddenly when the
solution flows into the outlet, because the size of the outlet is
much smaller than that of the flow channel. Both the sizes of
the channel and outlet are constant, therefore, the ratio of the
change of flow velocity at the exit position is also constant.
Then the gradient of flow velocity in y direction can be writ-
ten as dV,,/dy = Avy /Ay = Kv,, where K is a constant related

to the size of the channel and the outlet. Compared with the
sudden increase of the flow velocity in the y direction, the in-
fluence of convection in the x direction can be almost ignored.
Then equation (A4) can be written as

D _JdC D
K -|-

—CK
RT 9y 1+

D aC
o CKat vyt Kv,C=0. (A5)

The relationship between the concentration and the posi-
tion can be converted into that between the concentration and
the flow velocity,

p_oc . oc
dy dv, dy Vyavy’

then equation (A5) can be written as

D aC D
Kvy(RTF —|—vy>a [RT(Kl-I—Kz)—I—KV) Cc=0.

The order of magnitude of diffusion coefficient D is about

(A6)

107, while the order of magnitude of the flow velocity is
about 10~*. Compared with the flow velocity, D is very small
and can be ignored. Thus equation (A6) can be written as

C
vy=—+C=0. (A7)
Y vy
The solution of equation (A7) is
c=v;'. (A8)

y

Considering the actual situation, equation (A8) can be ex-
pressed as

Cpocv (A9)

where Cy is the concentration of the accumulated Fe(III) ions
in the accumulation area, and v is the flow velocity in y direc-
tion.

Obviously, the concentration is decreased with the in-
crease of the flow velocity in the accumulation area at the exit
position where the Fe(IIl) ions are accumulated.
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