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Abstract

This work presents the verification of the model of the membrane filtration process of natural waters for
non-stationary filtration flux J=f(t), as well as the results of tests involving the filtration process of the said
model in constant pressure conditions. Also, the characteristic time of permeate flux decay was determined,
and the mechanisms reducing the efficiency of filtration process were analyzed.
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Introduction

Due to the increasing pollution of natural waters the
supply of water to the public is becoming a serious social
problem. As specified by the regulations, potable water
should comply with specific bacteriologica standards and
should have appropriate physicochemical properties [1].
In order to meet these requirements, it is necessary to
introduce the treatment of water with disinfection being
a part of it. Treatment conditions must therefore be cor-
rected on aregular basis, depending on the quality of raw
water. It must be principally ensured that the coagulants
are batched in the right way and the pH of flocculation is
determined. The automation of the technological process
should solve that problem [2]; however, we cannot totally
eliminate the possibility that the reagents are overdosed,
and hence to ensure that quality of produced water is
always of the invariable high standard as desired [3]. Be-
fore the introduction to the distribution network the
water is subject to disinfection to obtain the desired
microbiological quality. Chlorination is the most com-
monly applied method of water disinfection.

Membrane techniques have not been so far applied
for the treatment of drinking water, except for reverse
osmosis, which was widely used for desalination of waters
[4, 5]. Due to a new approach to the problem of water
treatment for consumption, the said technologies are cur-
rently being taken into consideration as alternative pro-
cesses for water treatment [2-3, 6-10].

The main obstacle involving the application of memb-
ranes for the treatment of potable water is the reversed
and non-reversed fouling. In order to reduce it, in the
system of cross-flow filtration used with ultrafiltration or
microfiltration, different pretreatment techniques of
water have been suggested as well as frequent back-flush-
ing of membranes. Although the said techniques are ef-
fective in overal reduction of fouling in membranes, due
to the high complexity of fouling mechanisms the com-
prehensive modeling of the work of membrane system
with respect to water treatment is difficult to carry out.
The designing and functioning of large treatment plants
necessitates that the relations describing the efficiency
and selectivity of membranes in such conditions were not
only available but that they were relatively simple to ap-
ply and did not contain constants or empirical coeffi-
cients which are difficult to determine.

The basic problems involving the utilization of press-
ure membrane processes are as follows [11]:

- reduction of efficiency (flux decline) during the opera
tion of systems, even in stationary conditions,

- efficiency of the process is becoming independent of
transmembrane pressure (limiting flux), the main driv
ing force in pressure membrane techniques,

- fouling: physical, chemical and biological events lead
ing to irreversible changes of membrane properties.

Fouling and concentration polarization occur at the
same time, leading to the reduction of efficiency of mem-
brane processes.
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Fig. 1. Cyclic process of the filtration and regeneration of mem-
branes; where: J, - value of opening flux, J, - value of saturation
flux (closing one), t, - time of the process, t; - regeneration time.

The membranes and membrane modules used in the
process of water treatment should be easy to clean with
backflushing method, should be characterized by low
consumption of energy and high compactness (packing
density) [12].

In the tests carried out, the membranes from non-cel-
lulose polymers were applied, that is from polyacrylonit-
rile, polysulphone and polyethylene. Also, non-organic,
ceramic membranes having many advantages were ap-
plied[10].

With respect to the modeling process of membrane
filtration of natural waters the term fouling is usually
understood as the condition where the permeate flux has
been lowered, which was effected by processes taking
place on the surface of the membrane and in its pores.

Irreversible reduction of permeate flux, which is
a form of fouling, is caused principally by the adsorption
of natural organic substance on the surface or inside the
pores of the membrane. Such fouling may be partially
removed using chemical methods, and the standard
physical methods are not able to remove it. That type of
fouling is very unfavorable for water treatment with the
use of membranes. There are many models which de-
scribe the reasons for the reduction of permeate flux in
the ultrafiltration process. However, the great majority of
them had been elaborated for steady working conditions,
as for example traditional model of gel polarization, or
the model based on the diffusion induced by shearing
force and elaborated for the ultrafiltration of colloids.
Literature provides data involving fouling and the reduc-
tion of permeate flux (also for unsteady conditions). Yet
the described models have been elaborated for the filtra-
tion of high-molecular, organic, solved substances of the
concentration higher by several orders than the concen-
tration of natural organic substance occurring in natural
waters. Furthermore, there were investigation studies
carried out in static chambers with stirring and without
stirring under constant pressure. When applying the
ultrafiltration process for water treatment on a big scale,
it is the cross-flow ultrafiltration which is most commonly
applied [4, 11].

The utilization of filtering flowing equipment in the
cross-flow system can be carried out under constant pres-
sure or with constant permeate flux.

In the tests carried out, the effectiveness of UF and
MF of ground waters and surface waters was compared,

with the application of membranes of various configur-

ation (flat, tubular and capillary) and made from differ-

ent materials: polymeric membranes (polysulphone, poly-
acrylonicrile and polyprophylene) as well as ceramic
membranes.

Based on investigation studies of micro and ultrafil-
tration in view of the treatment and disinfection of natu-
ral waters, the following attempts have been made:

- verification of the filtration model based on the change
of volumetric flux in time, with the determination of
time constant characterizing the drop in efficiency of
filtration process,

- verification of membrane filtration model in the condi
tions of constant pressure.

Results

Cyclic process of the filtration and regeneration of
membranes can be presented graphically as in Fig. 1.

Volumetric flux J is to be defined as presented by the
equation below:

dv
s (1)

t

J=

T

where: F - membrane surface [m?],
V - filtration volume [m’].

Determination of Permeate Flux in
Non-Stationary Process

Based on the equation of mass transport balance dur-
ing the filtration process, the following equation can be
obtained:

%(I-Jm}%@-g):(} )

The solution of the above equation has the following
form:

J-I, o+ J-1, t
=e° or Inf —>|=-— (3)
JU_Jm J{l_Jw tO

where: J, - opening flux J |-y =J,
J - saturation flux J,_. = J»
to - characteristic time of decay for permeate flux

Diagrams have been made for the above equation,
which is presented below (for well waters and polymeric
membranes PAN-15 and PSF-13) and in [13], from which
the characteristic decay time of permeate flux in the pro-
cess is determined:

to=1/a 4
where: a - stands for the slope of straight line, correspon-

ding with the equation y = ax + b, which is modeling the
filtration process for the investigated membrane.
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Fig. 2. Well water. Polymeric flat membrane PAN-15.

Filtration Model in Constant
Pressure Conditions

The generalized filtration model for constant pressure
conditions was presented by Hermia in the form of a ge-
neralized equation [14]:

s uf2)
dav?  \av (%)

where:

V - volumetric efficiency of filtration

t - filtration time

k,n - coefficients characterizing the mechanisms of filtra-
tion process.

The results of the analyses [15-22] were used for the
description of filtration in constant pressure conditions.

The equation (5) is complemented with the following
conditions:

dv

V(t) l =0 - 0 and E | =0 =

Fu 'Jo (6)

or

V®©l., =0  and vl =Ve O

The value of coefficient k occurring in the equation
(5) can change depending on the exponent n, which
slightly impedes the analysis of filtration process.

In order to introduce the dimentionless value of coef-
ficient k, (from equation 5), we introduce new quantities
referring to the dimentionless volume (u) and dimention-
lesstime (T):

Bt (8)

Hence, after the transformation we obtain:

&[5 .(.‘EJ" or 7 .[Ei)” 0
dv? Vo2 ) \dvo aw?: *av) @

Equations (5) and (9) contain apparently two parame
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Fig. 3. Well water. Polymeric flat membrane PSF-13.

tersk and n or (k, and n). Transforming respectively the
conditions (6) for the equation (9) we obtain;

_ dvo| .
V(). =0 and EL:D_JO (10)

where:

1V,
'R ot
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o

J

I
|

5 ju
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g

jo - dimentionless opening flux of the filtration,
Fo - opening surface of the filtration,

Js - average filtration flux with respect to opening sur-
face,

V, - filtrate volume after time ty

Now, referring to the equation (1) we can write as fol -
dv |
"1 =0

dt
v, (11)
t(l
Then, jo has the following graphical representation
(Fig. 4):
V [
Vo

1 dVv ;
J°=(E-E}|,=D therefore j, =

lows.

t
Fig. 4. Graphical interpretation of the dimentionless flux jo

Conditions presented by the equation (7) assume the
v(1) I ==0 and U(T) I =1=1 (12)

following form:
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We determine now the solution of equation (9), satis-
fying the conditions (10) and (12), for: n = 0; 1; 3/2; 2.

For n = 0 we obtain the following solution:

20?2 141445, -1t
1:=k°20 % ooF wl) Joliu |

2[jo 1] -

ko= o1

where : -
io (14)

In the analogous way for n = 1 the solution is expressed
with the following equation;

() =kl-ln(l+jo-kl-1:)

or (15)
- J 41| _4) .
v@E)=———In(1+|e -1)7)
2Ji -
where:  k, =2|j, -1 (16)
For n = 3/2 the solution has the following form:
1 : 4
v@) =2l -5
1 —=-kyp T
Jio
or
7
0@ =2 |1
lio -1 lio-1) -7 +1
23, -1
where : ky, = o |

Jio (18)

In the same way, for n =2, the solution has the fol-
lowing form:
kT
e 2
— 9

U(t):-l{.'?--(l—e"”'t) or v(t)=
k, =2-M (20)
Jo

where :

Based on the results obtained from the experimental
tests we make the dependence graphs of dimentionless
volume as the function of dimentionless time x (Fig. 5).

Subjecting the above graphs to linear approximation
we obtain the following;

Vexp(T) = C'T (21)

where ¢ stands for average increase rate of dimention-
less volume as the function of dimentionless time.

The numerical value ¢ determined from the graph
allows us to present the curves obtained from the sol-
ution of equation (9). For a given membrane type work-
ing in the same conditions we will carry out the compara-
tive analysis of the experimental curve and model curves
for particular values of exponent n.

The calculated correlation coefficient will be the con-
formity measure of the curves. Its highest value indicates
the best conformity of the model with the experiment.

The results of the carried out experiments for well
waters and for surface waters are presented in Table 1.

The majority of membrane separation processes invol-
ve the micro- and macromolecular mixtures, except for
microfiltration and, to a certain degree, the ultrafiltration
process of colloidal suspension, which are connected with
the separation of the components of heterogenic mix-
tures. In the ultrafiltration process the character of the
mixture can change due to the change of environmental
conditions such as temperature, reaction, concentration,
etc. The formation of aggregates or their disintegration is
possible during the ultrafiltration of macrGmolecules and
is connected with the distribution of electrical charges of
the molecules. The selection of an appropriate model in
such a case is difficult.

The generalized model describing major filtration ca-
ses of suspensions in constant pressure conditions was
presented by Hermia [14], Fig. 6. The model in question
describes the change of filtration process efficiency using
a simple two-parameter equation (5), where V stands for
filtrate volume and t for filtration time. The constants in
this equation are characteristic for different mechanisms

25 .

i

Dimentionless volume, v

s

a a5 1 15 z 25
Dimentionless tine ©

*  cpoimetd reuhts  —8— model resslis for =0 ook moded results for mel
=+ model results for p=3/1 —#— model results for n=2

Fig. 5. Dependence graphs of dimentionless volume u as the
function of dimentionless time T for well water and membrane
PAN-13
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Table 1. Correlation coefficient involving the fitting of experimental curve and model curves depending on the value n for the filtration

process using different membranes.

Correlation coefficient
Membrane type i N _ 53 Value f}f
n=0 n=1 n=3/2 n=2 correlation
coefficient max.
Well waters
PAN-13 0.999078 0.996374 0.998418 0.999847 0.999847
PAN-15 0.999167 0.997983 0.998817 0.999969 0.999969
PSF-13 0.999622 0.981059 0.995442 0.996626 0.999622
PSF-15 0.998210 0.989558 0.995040 0.997200 0.998210
PAN/PSF-15 0.999706 0.999262 0.999653 0.999995 0.999995
UF 15 kD 0.996184 0.993517 0.994127 0.999103 0.999103
UF 300 kD 0.997359 0.995756 0.996382 0.999514 0.999514
MF 0.1 um 0.996405 0.993854 0.994291 0.999378 0.999378
PPeupittary 0.999907 0.997307 0.999791 0.999166 0.999907
) 0.999587 0.998210 0.999431 0.999946 0.999946
Surface waters

PAN-13 0.999782 0.997285 0.999620 0.998975 0.999782
PAN-15 0.999983 0.998284 0.999955 0.999935 0.999983
PSF-13 0.999893 0.993002 0.999723 0.999272 0.999893
PSF-15 0.999995 0.999954 0.999997 0.999981 0.999997
PAN/PSF-15 0.999704 0.994078 0.999965 0.999522 0.999965
UF 300 kD 0.999509 0.997679 0.999265 0.999899 0.999899
MF 0.1 pm 0.999584 0.999058 0.999589 0.999662 0.999662
MF 0.2 pm 0.999454 0.997426 0.999181 0.999835 0.999835
MF 0.45 pm 0.996123 0.987892 0.998386 0.846029 0.998386
PPy 0.999480 0.998652 0.999275 0.999993 0.999993
PSFsipittary 0.999992 0.999976 0.999992 0.999994 0.999994

reducing the efficiency during the constant-pressure fil-
tration. They can therefore be applied as convenient cri-
teria to identify these mechanisms after the experiment
has been carried out.

- According to the mechanism of complete blocking
of pores it is assumed that all molecules of the suspension
take part in the blocking of pores. Each molecule which
comes to a hole in the filtering surface effects its block-
ing. The molecules do not subside on each other and do
not exert any other influence on each other. When such
assumptions are made, we have proportional dependence

(o] i Q
o [+] e o a O

Fig. 6. Mechanisms of pores blocking in a microporous mem-
brane.

il

n=2 n=3/2 n=

between the filtrate volume and the blocked surface of
the membrane. It is expressed by proportion constant.
Respective constants in the general equation can be ex-
pressed in ihe following way:

n=2, k = ou,

where: uy stands for linear velocity of filtrate.

- The mechanism of standard blocking of pores
assumes that the blocking is taking place inside the pores
whose volume is getting smaller proportionally to the
filtrate volume. It is assumed that all pores have the same
diameter and length at the initial instant. The parameters
of the equation (5) have in such a case the following

form:
n=~3-, kz29 Lo
2 1 \F,

where: 1 is the length of pores, F,; is the surface of pores
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at the initial instant, J, is the permeate flux at the initial
instant and C is the volume ratio between the stopped
suspension particles and volume of permeate which
passed through the membrane during that time period.

- Transitory mechanism of pores blocking assumes
that not all particles reach the membrane pores, but
some of them subside on particles that have already
settled on the membrane. The probability that the par-
ticles will reach the pores which have not been yet
blocked is getting smaller and smaller as the surface of
these pores is getting smaller. The constants in the equa-
tion (5) can be expresses as follows:

n=1, k=—

- According to the cake mechanism of pores block-
ing, the flow of filtrate is getting smaller due to the in-
crease of resistance in the layer by the wall of the mem-
brane caused by the accumulation of the mass of compo-
nents retained on the membrane. The total resistance is
in such a case understood as the total of cake resistance
values and the resistance of the membrane itself. It is also
assumed that the resistance of cake is proportional to the
mass of the settled substance:

X a-p-¢-V(t)
R(t)=R, + P—yT-

where: a -1is the specific resistance of filtration cake,
p - filtrate density, ¢ - share of solid body in the filtrated
suspension, m - ration between the mass of humid cake
and dry cake. The values of parameters in the general
equation are as follows:
N _ a-p-¢
n=0, =
F*.R,-J,-(1-m-¢)

It should be emphasized that parameter n may as-
sume only discrete values: 2, 3/2, 1 and 0, whereas con-
stants k have different dimensions for each case, in order
to preserve the physical interpretation of the events, ac-
cording to the model.

The model can be applied as the convenient criterion
to identify these mechanisms after the experiment has
been completed, by recording the volumetric permeate
flux in time, in constant pressure conditions.

The mechanism of pores blocking in microporous me-
mbranes for the investigated cases corresponds with the
value n = 0 for the following polymeric membranes: PAN
13, PAN 15, PSF 13, PSF 15, PP,,, and the value n =2 for
ceramic membranes and the capillary membrane PSF,
since the correlation coefficient has the highest value.
However, it is difficult to assess unmistakably that the
blocking mechanism of pores is carried out with a 100%
correspondence with the assumption on complete block-
ing of pores, i.e. when n = 2, since when analyzing the
values of correlation coefficient for the other calculated
values n = 3/2,1 and 0 it was found that they do not differ
considerably from each other. We must make a supposi-
tion that the process is carried out according to the mixed
mechanism, that is, when a part of the particles effect

complete blocking and the remaining ones settle down,
and the cake blocking mechanism of permeate flow is
observed.

Conclusions

- It has been found that the mechanism of pores bloc
king in membranes is most often carried out according
to the cake blocking mechanism of pores, and in some
types of membranes it corresponds with the mechan
ism of complete blocking of pores.

- Characteristic time of filtration process decay was de
termined for particular membranes and investigated
waters. Good correlation was obtained between the ex
perimental and theoretical results following from the
averaged mass balance equation with respect to space
coordinate.
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