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ABSTRACT

Ion exchange between the sodium ions from zeolite A and calcium ions from solution was studied
as a part of planned water cleaning and softening process which combines zeolite ion exchange
with constant flux membrane microfiltration. In the process the membrane provides a positive
barrier to high concentrations of both natural solids and zeolite, while the added zeolite simulta-
neously assists in the removal of dissolved compounds such calcium divalent ions. Both the
kinetics and the equilibrium were determined by measuring concentrations of Ca”" ions in the
liquid phase during the exchange process. The capacity of the zeolite studied (synthetic zeolite
ZP-4A (SILKEM, Kidri¢evo, Slovenia)) was around 100 mg/g as Ca>". The ion exchange process
was rapid and non-linear. The equilibrium was well described by UNILAN model and the kinetics
by Ho-McKey’s model. The specific resistance of zeolite filtration cake which was created on the
membrane surface decreased significantly from 5.5 x 10'°m/kg to 1 x 10'® m/kg with the increas-
ing amount of calcium ions loaded inside the zeolite particles. Measurements of (-potential and the
size of zeolite particles have been carried out to examine the reason for the decrease of specific
filtration cake resistance. {-potential of zeolite particles increased from -60 pV for fresh sodium
loaded zeolite to nearly zero for fully calcium loaded particles. The decrease of the particles surface
charge resulted in agglomeration into large clusters. The size of the original zeolite particles was in
interval from 2 pm to 10 pm while agglomerates were larger than 100 pm. Filtration cake formed
from these agglomerates was more permeable and the specific filtration cake resistance decreased.
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1. Introduction

Water hardness removal is a necessity in many
industrial applications, like reverse osmosis, boilers
or cooling towers. Scaling of dissolved ions inside the
reverse osmosis module greatly reduces the produc-
tion of pure water. Hard water cannot be used for boi-
lers and cooling towers due to formation of lime scale;
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the layer of precipitated solids with high thermal con-
duction resistance. Feed water has to be treated prior to
these processes. Tons causing water hardness (Ca”",
Mg*", Ba>", Sr*") can be lime precipitated, exchanged
by sodium ions in zeolites or synthetic resins as well
as scale inhibitors could be added [1,2]. Nanofiltration
softening process is also alternative to lime or zeolite soft-
ening technologies. Nanofiltration membranes exhibit
high rejection of divalent ions and are also capable of
removing solids, bacteria, viruses, and color. Since
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nanofiltration operates at lower pressures than does for
example reverse osmosis, the energy costs of nanofiltra-
tion softening are still very high.

The use of low-pressure membrane processes such
as ultrafiltration and microfiltration have generally
received greater attention lately in water treatment.
Recent advances have led to the reduction in the cost
of separation membranes and high energy cost cross-
flow systems were replaced by hollow fiber cartridges
operated in dead-end mode. This membrane config-
uration has also the advantage of high membrane sur-
face area to footprint ratio. Although the process can
help to meet stricter requirements for turbidity and
microorganisms by size exclusion rejection, it does not
remove dissolved compounds. Thus, the recent trend is
to combine this low pressure membrane processes with
some adsorption or ion exchange process to form a
hybrid membrane system.

In this study we are focused on individual parts of
the zeolite ion exchange softening process which is com-
bined with constant flux membrane microfiltration. In
this vacuum/suction driven process, hollow fiber
microfiltration membranes are directly immersed in the
raw water with dispersed zeolite. The membranes pro-
vide a positive barrier to biological impurities as well
as high concentrations of both natural solids and zeolite,
while the added zeolite simultaneously assists in the
removal of dissolved compounds such calcium and
magnesium divalent ions. Constant flux membrane
operation may generate a substantial initial zeolite
deposit, but its effect on subsequent deposition of water
impurities may be beneficial in some circumstances by
serving as a secondary membrane for particulate species
which may otherwise infiltrate more deeply into the
membrane pores. Once the cake is formed on the
membrane surface, the cake layer offers an additional
resistance for filtration and periodical membrane back-
flushing is necessary in this system in order to remove
solids accumulated on the membrane.

Modeling of this process consists of flow model in
the hollow fiber with the growth of the filtration cake
and the ion exchange in the feed zeolite dispersion and
the zeolite filtration cake. The specific resistance of the
cake layer can be generally affected by particle charac-
teristics, electrostatic interactions and hydrodynamics
conditions of the separation process. Zeolite, with
the characteristic of a rigid structure, may enhance the
incompressibility of the cake layer and to reduce the
specific cake resistance as well as this cake deposit may
be more irreversible. Simultaneously the specific cake
resistance may be affected by the level of saturation
of zeolite particles by dissolved ions causing water
hardness. Thus this article deals with the study of the
dependence of specific filtration cake resistance on

the amount of calcium exchanged. Calcium chloride
solution was used for the hard water simulation.
The description of equilibrium and kinetics of ion
exchange between calcium ions from the calcium chlor-
ide sample solution and sodium ions present in zeolite
particles is also needed and presented.

2. Theory
2.1. Ion exchange equilibrium

Ion exchange isotherms are the most important
information for analyzing and designing an ion
exchange process. The ion exchange capacity of zeolite
depends on the properties of both water to be treated
and zeolite used. Ion exchange equilibrium is usually
determined experimentally and described by adsorp-
tion isotherms. Langmuir [3], Freundlich [3], Sips [4],
To6th [5], Radke-Prausnitz [6], Redlich-Peterson [7],
UNILAN [8] and Branauer-Emmet-Teller [9] adsorp-
tion isotherms can be used for the fitting of experimen-
tal data. Preliminary experiments show that UNILAN
equation in the form is the best choice for the synthetic
zeolite used in this work.
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Here n. is the amount of calcium inside the zeolite
particle in equilibrium with calcium concentration in
the solution ¢, 1y, is the maximal amount of calcium
in fully saturated zeolite, kU and mU are UNILAN
model parameters. Langmuir kinetics was also used for
comparison.
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2.2. Ion exchange kinetics

The kinetics of hardness removal from water by
zeolite involves bulk solution transport, diffusion
through the hydrodynamic boundary layer of fluid
adjacent to the surface of the zeolite particle, internal
particle diffusion, and ion exchange “reactions”
between the ions. Each of these steps can be considered
to be the rate limiting in the removal process. Thus ion
exchange kinetics can be described by many different
models. The first group of models contains equations
derived by formal definition of reaction rate on the ion
exchange surface. This way leads to the ion exchange
rate which is the function of the driving force, i.e. the
difference between actual and the equilibrium or the
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maximum exchangeable amount. First-order kinetics
[10], second-order kinetics [10], first-order Bhatta-
charya kinetics [11], Lagergren pseudo-first-order
kinetics [12], Ho-McKay pseudo-second-order kinetics
[13], Langmuir first-order kinetics [14] and Elovich
kinetics [15] can be used to fit experimental data.
For the evaluation of our experimental data we used
Ho-McKay pseudo-second-order kinetics in the form

dn B 2
a - kHO(nmax I’Z) (3)

where 7 is the amount of calcium inside the zeolite par-
ticle, ¢ is time and kyo is kinetic parameter.

The second group of models is based on diffusion in
homogeneous particle or diffusion in surface layer of
liquid as a limiting step. Diffusion control by liquid
film is rare in mixed vessels, ion exchange is usually
controlled by the particle diffusion [16]. Considering
zeolite particle as a homogeneous sphere, Fick’s law
[17,18] can be applied on a particle with the radius r.
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where t is time and D is diffusivity constant. This par-
tial differential equation can be solved numerically or
analytically in some special cases.

Analytical solution of this equation have been
shown [17] for batch tests in stirred vessel and the
assumption of a linear adsorption isotherm. There is
also non linear driving force diffusion kinetic model
presented by Georgiou [19]. Here we use the simplified
solution [17] for the case in which equilibrium between
adsorbed amount of calcium on zeolite and calcium
amount left in solution is not linear. Separation factor,
K, which should be constant in original model [17], is
varied according to chosen isotherm and the factor
thus depends on actual concentration (8). The model
can be expressed as

1€z Vpp
K=——""%= 8
4 ®)
where g; are roots of Eq. (6) for given B, V,, is stirred

volume per one particle of radius r and V}, volume of
this particle and c, is zeolite concentration.

2.3. Filtration cake formation

Microfiltration is held in constant pressure or con-
stant rate dead-end mode. Concentration of solids is
low, difference between feed and permeate flow rates
is negligible. Filtration cake forms on the flat mem-
brane or outer side of the hollow fiber membrane wall.
Viscous flow through porous layer of the membrane
and the filtration cake is described by Darcy’s law.
Form of this equation depends on coordinate system.
For the flow through the flat porous filtration cake and
membrane layer can be described as [20].

Im L
Ap =up (E + k_c) 9)

where Ap is pressure driving force needed to reach
flow velocity (flux) u, p is permeate viscosity, ky, is
membrane permeability [,, is membrane thickness, k.
is filtration cake permeability and [ is cake thickness.
The cake permeability can be expressed [20] as

1 owe
oL (10)

where o, is specific cake resistance, and w. is weight of
the cake deposited per unit membrane area [20], which
can be calculated from passed volume of feed
dispersion or from filtration cake volume balance

c,V
We = 2 :ps(l

—e)le (11)

Here ¢, is zeolite concentration, V is volume of the
dispersion, A is membrane surface area, ps is solid cake
particles density and e. is cake porosity. Solving
Egs. (10) and (11) for k., conversion function between
two cake descriptors (k. and o) appears

LS (12)

ke
In the case of the usage for hollow fibers, Darcy’s
law can be written in cylindrical coordinates as

Ap = uur<kilnr—f’+llnr—c)

i ke 1o (13)
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where r; and r, are inner and outer membrane diameter
and r. is cake diameter. Cake diameter can be derived
from mass balance of filtration cake
¢,V =n(r2 —r2)lur(1 — &c)ps (14)

Here Ilir is the length of hollow fiber. All para-
meters of the model of hollow fiber filtration cake for-

mation are available by independent measurements on
flat sheet membrane.

3. Experimental
3.1. General

The experiments were carried out using aqueous
dispersions of synthetic zeolite ZP-4A (SILKEM, Kidri-
Cevo, Slovenia). It is a zeolite of type A with 4 A pore
diameter having the oxide chemical composition
NayO-Al,05325i0,-4H,0 and particle size in range
between 1 and 10 pm (4 pm average). Density of zeolite
solids was determined to p, = 2,265 kg/m® using den-
sity bottle. Concentration of zeolite in dispersions stu-
died was 5 g/L, 10 g/L or 15 g/L. Model wastewater
solutions of appropriate hardness were prepared by
dissolution of CaCl, in demineralized water. Concen-
tration of calcium was determined by complexometric
titration with EDTA.

3.2. Ion exchange measurements

Equilibrium and kinetic data batch experiments
were conducted by adding defined quantity of zeolite
into the Erlenmeyer flask containing defined volume
of calcium solution of known initial concentration. Dis-
persion was mixed by magnetic stirrer at constant tem-
perature of 25°C for 8 h while doing equilibrium
experiments, samples were taken from the flask and fil-
tered through 0.1 pm membrane filter and the solution
was analyzed for calcium concentration. The proce-
dure was repeated until no change of calcium concen-
tration was observed. Kinetic experiments were
conducted in similar way. To obtain concentration as
a function of time samples were taken at timed inter-
vals, filtered, and analyzed for calcium.

3.3. Particle behavior

Filtration process dominantly depends on particle
surface potential indirectly measured by zeta potential
(¢, and the size of particles. Both the size and (-poten-
tial of zeolite particles under different pH and the level
of exchanged amount of calcium were determined
using Mastersizer S (Malvern Instruments, UK).

Specific resistance of zeolite filtration cake was
evaluated from the measurements in a filtration cell
with flat microfiltration membrane. Low concentra-
tions needed for particle size measurement were pre-
pared by dilution of the concentrated dispersion in
the same solution obtained by suspension filtration.
Samples were measured using Mastersizer S (Malvern
Instruments Ltd, UK), where particle size is deter-
mined by scattering of the laser ray.

Particle size was also measured by analyzing photo-
graphs obtained by optical microscope.

3.4. Specific filtration cake resistance

Specific resistance o, of the zeolite filtration cake has
been evaluated from the experimental measurements
carried out in two types of apparatus. First, the per-
meation resistance of settled layer of zeolite particles
was measured and secondly the resistance of filtration
cake formed by filtration in standard stirred filtration
cell was determined.

3.4.1. Permeation through the settled zeolite layer

Dispersion of zeolite loaded with defined amount of
calcium was left to settle down on the membrane
placed at the bottom of the cell (Fig. 1) to form a sedi-
ment layer. Then the layer was permeated under con-
stant pressure by clarified mother liquid. Permeate
flow, concentration of calcium and pH values were
measured.

3.4.2. Filtration

Dispersion of zeolite and calcium chloride was
poured into the upper vessel (Fig. 2) and stirred to
reach the ion exchange equilibrium and to prevent
sedimentation. Valve between the vessels was opened
and filtration under constant pressure started. Filtra-
tion cake was formed on the membrane surface at the
bottom of the lower vessel. Permeate flow was moni-
tored during the experiment by collection into
cylinder.

3.4.3. Ion exchange in already formed filtration cake

In order to study behavior of the zeolite filtration
process more thoroughly the set of experiments was
carried out where in the first step, the filtration cake
layer of calcium free zeolite was formed on flat mem-
brane surface by constant pressure filtration. Permeate
was collected in cylinder and used for the second step.
In the second step into the cylinder the calcium
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Fig. 1. Scheme of the permeation cell.

chloride was added and solution was permeated
through the previously created filtration cake under
the same constant pressure difference.

4. Results and discussion
4.1. Ion exchange equilibrium

Fig. 3 shows ion exchange isotherm in model cal-
cium solution for concentration of zeolite 5 g/1. Some
of the equilibrium data were obtained also from the
kinetic measurements reaching equilibrium region.
First, using a Langmuir equation fit of the experimental
data, the values of the isotherm parameters, 1. =
91.96 mg/g, k. = 1.896 g/mg were obtained. Further
the values of the UNILAN parameters #y,x =
97.97 mg/g, ky = 1.224 g/mg, and my = 5.017 were
determined. It can be seen, that the three parameter
UNILAN model fits the experimental data better, dom-
inantly at lower calcium concentrations which likely
occur in the demineralization process considered.

< AR

Fig. 2. Scheme of the stirred filtration cell.

Equilibrium is strongly nonlinear. No calcium was
found when solution with low initial concentration is
in contact time with zeolite dispersion long enough.
In the range of equilibrium concentrations higher than
200 mg/1 there is only small increase in adsorbed
amount of calcium. Calcium loading in the saturated
zeolite is approximately 100 mg Ca®" per 1 g of zeolite.
It is the typical value for the type A synthetic zeolite.

4.2. Ion exchange kinetics in stirred vessel

Removal of calcium dependence on contact time
with zeolite for different initial concentrations of both
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Fig. 3. Ton exchange isotherm of Ca®" ions for system with
Zeolite A exchanger.

zeolite and calcium chloride was also studied. One
example of results of kinetic measurements is shown
in Fig. 4.

Ion exchange is very quick in the beginning, when
relatively concentrated calcium solution and the fresh
zeolite are in contact, but proceeds slowly for long time
after initial rapid stage. One half of calcium is
exchanged in the first 30 s but exchange still continues
very slowly far after 30 min. To reach the equilibrium
region at least half an hour was necessary. The effect
of agitation on the kinetics was also examined for sev-
eral calcium concentrations. No changes in the kinetics
were observed when changing revolution from the
lowest rate possible to keep dispersion homogeneous
up to the highest rate possible on the magnetic stirrer.
Thus it can be concluded that the surface liquid film do
not add a resistance to mass transport in the systems
studied and diffusion in homogeneous particle or ion
exchange reaction is the mass transfer controlling
mechanism. Kinetic models (Eq. (3), (4) and (5)—(8))
have been used to fit experimental data. Usually, ion
exchange kinetics on zeolites is described by diffusion
model, but Ho-McKay kinetics seems to fit our experi-
mental data better. Also, diffusion model is more diffi-
cult to solve, and Ho-McKay kinetics provides solution
simplicity. Parameter of McKay kinetics found for the
system studied is kg, = 3.83-107* g/mg.s.

4.3. Particle properties
4.3.1. Particle (-potential

The results of (-potential measurements are
depicted in Fig. 5. It can be seen that unsaturated zeo-
lite has a highly negative (-potential. During the ion
exchange process, (-potential decreases reaching

X experiment

—Ho-McKay
------- Diffusion, numerical solution

- - Diffusion, analytical solution

0 2000 4000 8] 6000 8000 10000
s

Fig. 4. Typical dependence of calcium uptake on contact time.

minimal value at 50-60 mg of calcium per gram of zeo-
lite. With more calcium exchanged, (-potential
increases toward isoelectric point. This dependence
may explain aggregation of zeolite particles by addi-
tion of calcium chloride as shown in Fig. 6, where par-
ticle size increases after saturation exceeds the level of
60 mg/g.

The pH value of system containing calcium chloride
solution in which zeolite A is dispersed is affected
dominantly by zeolite concentration and the amount
of calcium already exchanged from the solution.
Dispersion of unsaturated zeolite in water is alkaline
having pH around 11-11.5 at zeolite concentration
5 g/l. The pH value decreases with amount of
calcium exchanged. Isoelectric point is around pH
8-8.5 reached by addition of very concentrated calcium
chloride (about 1 g of calcium for 5 g of zeolite in 1 L).

20

X
X
n [mg/g]
0 - x|
20 40 60 80 ) 120 140
X
20 X
X
2 40 x
o
X
X
-60 b
x X x
X X
-80 X ox
X

-100

Fig. 5. (-potential dependence on the amount n of calcium
exchanged.
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Fig. 6. Volumetric distribution of particles with size d in
dependence on exchanged amount of calcium 7.

4.3.2. Particle size

The size of zeolite particles changes significantly
with the amount of calcium exchanged. The results of
this dependence are shown in Fig. 6. Particle size is
almost constant (average around 7 pm) at low amounts
of calcium exchanged, but increases after calcium
amount reaches 50-60 mg/g due to aggregation into
large clusters. This might be caused by increasing
(-potential up to isoelectric point on the same range
of calcium saturation level. As have been said before,
there is almost no calcium left in the solution if the level
of exchanged calcium is below 60 mg/g (Fig. 3). Free
calcium ions in the solution probably act as aggrega-
tion agent for zeolite particles decreasing their surface
charge, original sodium ion seems not to have this
ability.

There are mostly separated particles in dispersion of
unsaturated zeolite in demineralized water (Fig. 7) and
aggregates in dispersion of zeolite fully saturated by

Wy 7,

Fig. 7. Photo of unsaturated zeolite particles.

Fig. 8. Photo of saturated zeolite particles.

calcium (Fig. 8). Sizes of separated zeolite particles
obtained by optical microscopy are close to the sizes
obtained by laser scattering. The size of aggregates seem
to be larger than 100 um. Difference between sizes of
aggregates obtained by laser scattering method and opti-
cal microscope can be explained by presence of the stirrer
breaking the biggest aggregates in Mastersizer device.

4.4. Specific filtration cake resistance
4.4.1. Permeation through the settled zeolite layer

The experiments on filtration cell show that the spe-
cific resistance of the sediment layer is not dependent
on pressure difference used for permeation. Thus the
cake layer behaves as incompressible in the range of
pressures used. Dependence of a. on the initial zeolite
concentration is quite small. In contrast the relation-
ship of a. on exchanged amount of calcium is substan-
tial. SIpecifiC resistance of the layer decreases from
5.5:10" m/kg to 10'® m/kg during the ion exchanges
of sodium by calcium in zeolite. Logistic function in the
form of fits well to the measured data. Here a. g, k1, k2,
ng are fitting parameters, o, o and ratio of k; /k; are con-
stants for all concentrations. Parameters obtained are
summarized in Table 1.

(15)

4.4.2. Filtration

Darcy’s law based model (Egs. (9)-(11)) was used to
fit the resulting dependence of flux versus time. The
membrane resistance determined from pure water
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Table 1
Logistic function parameters

deo [m/kg] ki [-] ky [-] 1o [mg/gl
5g/L 1.198:10"° 1.395-10° 3.128-10* 6.339
10 g/L 1.198-10" 0.270-10° 0.606-10* 6.267
15g/L 1.198:10" 0.164-10° 0.367-10* 5.776

flow measurements was used as a parameter and
specific cake resistance o, was evaluated. Filtration
cake porosity was determined from the cake height at
the end of an experiment using vernier caliper.
Average porosity of the zeolite filtration cake was
o, = 0.532 + 0.055. No dependence of the porosity
on filtration pressure difference or exchanged amount
of calcium in zeolite or zeolite initial concentration was
observed.

There is a difference in the course of curves
determined from experiments in filtration and sedi-
mentation modes (Figs. 9 and 10). The values of the
specific cake resistances are in both cases comparable
in order of magnitude and decrease with increasing
amount of calcium exchanged. But the shapes of the
curves differ significantly. The difference may be
caused by different cake layer structure. The nature
of sedimentation process causes a gradient of particle
sizes inside the settled layer. The largest particles forms
a cake near the membrane and the smallest ones settle
on the top the cake while in the filtration mode the cake
is much more homogeneous.

Dependence of specific resistance of both the
filtration cake and the settled layer correspond with
(-potential data and particle size data. (-potential
increases from minimum value to zero between 60 and
100 mg/g. Particle aggregation takes place in the same

7E+10 4 o permeation 5g/I
A permeation 10g/I
6E+10 o permeation 15g/I
¢ :] —permeation 5g/! fit
5E+10 9 g N o — -permeation 10g/! it
: ----permeation 15g/l fit
o \
— 4E+10 %N
E \
& BE+10 -
2E+10 A
1E+10 1 R
E o
0E+00 T T T T )
0 20 40 60 80 100
n [mg/g]

Fig. 9. Specific resistance o, of a layer of zeolite sediment in
dependence on exchanged amount of calcium n for various
initial zeolite concentrations (determined from sedimenta-
tion tests).

range. Larger particles form more permeable cake, thus
reducing specific resistance of the layer.

4.4.3. Ion exchange in already formed filtration cake

No change in the filtration cake resistance was
observed during experiments done by permeation of
calcium solution through fresh zeolite cake layer. The
results show that ion exchange in previously created
filtration cake does not affect specific resistance of the
filtration cake.

5. Conclusion

Ion exchange between the sodium ions from zeolite
A and calcium ions from solution was studied as a part
of planned water cleaning and softening process which
combines zeolite ion exchange with constant flux mem-
brane microfiltration.

The load of calcium in saturated zeolite is around
100 mg/g, which is a usual value for type A zeolite.
This value gives good base for combined demineraliza-
tion process considered above. Ion exchange equili-
brium is highly non-linear and can be well described
by UNILAN equation. Exchange process between the
sodium ions from zeolite A and calcium ions from
solutions is very quick at the beginning; one half of

7E+10
o filtration 5g/I
6E+10

5E+10

4E+10 -

a, [mikg]

3E+10 q

2E+10 A

1E+10 -

OE+00
0 10 20 30 40 50 60 70 80 90 100
n [mg/g]
Fig. 10. The specific resistance of zeolite filtration cake o in
dependence on exchanged amount of calcium # (calculated
from filtration tests).
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calcium is exchanged in first 30 s, but proceeds slowly
for quite a long time. Analyses have shown that the
exchange processes behavior can be described by
Ho-McKay’s pseudo-second order kinetic model.

The specific resistance of the cake layer created on
the membrane surface by Zeolite A particles is affected
dominantly by particle size and electrostatic interac-
tions. Rigid structure of zeolite enhances the incom-
pressibility of the cake layer and reduces the specific
cake resistance. Filtration of zeolite saturated by cal-
cium is much easier then filtration of unsaturated one.
Specific cake resistance decreases with amount of
exchanged calcium from 5.5 x 10" m/kg for fresh zeo-
lite filtration cake to 1 x 10'° m/kg for saturated zeolite
filtration cake due to aggregation of fine zeolite parti-
cles into clusters which can be larger than 100 pum. Mea-
surements of particle sizes and (-potential correspond
with the increase of cake permeability to the large
extent. Once cake is deposited no change occurs in spe-
cific cake resistance with further calcium exchange.

Symbols

concentration of calcium [kg.m*S]
diameter [m]

permeability [m ]

various constants in models of adsorption
equilibrium and kinetics

parameters of Eq. (15)

thickness, length [m]

exchanged amount of calcium [-]
pressure [Pa]

radius [m]

flow resistance [m 2]

roots of Eq. (6) [-]

velocity [m.s™']

time [s]

volume [m?]

deposited mass per unit area [kg.m ]
specific resistance [m.kgfl]

parameter in Eq. (7) [-]

viscosity [Pa.s]

(-potential [V]

QU O

&> =
3

kq,kzmq

NMTEZRICTERR I I —

Subscripts

c cake
equilibrium
Ho Ho-McKay’s kinetics
inner surface
m membrane

[

max maximal

o outer surface

p particle

pp per particle

8) UNILAN equilibrium
V4 zeolite
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