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HIGHLIGHTS GRAPHICAL ABSTRACT

e Fouling of membranes used for LRW
treatment was studied by the radiotracer
method.

e The polyacrylic acid (PAA) with
different MWs was used as a model
fouling agent.

e The effect of MW of PAA on particles
distribution along the membrane was
examined.

e The PAA molecules with the lowest MW
blocked the membrane surface the
fastest.

e Different mechanisms of fouling can
occur depending on the MW of PAA.

ARTICLE INFO ABSTRACT
Keywords: This paper presents a study on the fouling of ceramic microfiltration (MF) membrane. Such membranes are
Microfiltration often used in the treatment of liquid radioactive waste. In the investigation of the phenomenon of fouling,

Liquid radioactive waste
Membrane fouling
Radiotracers

a radiotracer method with a short-lived lanthanum isotope (}4°La) is applied. The effect of the molecular
weight (MW) of the complexing agent, used to bind the radionuclides in the MF-enhanced process, was
studied in radiotracer experiments. Poly(acrylic acid) with a MW of 30 kDa, 100 kDa and 250 kDa is used
as the complexing agent. The distribution of particles with different MWs at various positions along the
membrane module is examined. The test results show that the particles with the lowest MW (i.e. 30 kDa)
blocks the membranes the quickest, causing the greatest decrease in the permeate flux. However, the
amount of deposit formed on the membrane, which is reflected by the level of radioactivity measured, is

Abbreviations: A, Absolute radioactivity (—); A;, Radioactivity at a given time (cps - counts per second); Ay, Initial radioactivity (cps - counts per second); Ap,
Radioactivity of the permeate (cps - counts per second); Ay, Radioactivity of the feed (cps - counts per second); A,, Absolute radioactivity in the equilibrium state (-);
Ej, Eo, E3, Energies of gamma rays (keV); ED, Electrodialysis; h, Initial rate of the PAA deposition (min™Y); Jv, Permeate flux (1 m2 h™Y); J,,, Flux of water (1 m~2 h™Y);
k;, Pseudo-first order rate constant (min~'); ks, Pseudo-second order rate constant (min~'); LLW, Low-level radioactive waste; MD, Membrane distillation; MF,
Microfiltration; MW, Molecular weight (g mol 1); PAA, Polyacrylic acid; PAUF, Polymer-assisted ultrafiltration; PEI, Polyethyleneimine; R, Retention coefficient (%);
R?, Correlation coefficients (%); RO, Reverse osmosis; TOC, Total organic carbon content (mg/1).
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the lowest in this case. This indicates the existence of different membrane blocking mechanisms, which
depend on the size of the particles contained in the filtered medium.

1. Introduction

Low-level radioactive waste (LLW) is generated by the use of
radioactive substances in medicine, industry and science. The operation
of nuclear installations also has a large share in the generation of
radioactive waste [1]. Regardless of the reactor type liquid LLW is al-
ways produced during its operation, its conservation works or its
decommissioning. Since liquid, low-level waste is usually very diluted,
the risk to the environment is lower. However, it is still necessary to
manage such waste by concentrating the radioactive components into a
small volume and then, after the appropriate conditioning, to store them
safely in a radioactive waste repository. However, recovered water can
be reused or discharged into the environment. Among the methods that
can be used to treat LLW, one should mention the membrane techniques
[2-4]. Such methods have already been applied to liquid low-level
radioactive waste processing, with new solutions under continuous
research [5-11]. These include, above all, reverse osmosis (RO) [5,6]
and other pressure methods [7-12], but also electrodialysis (ED) [13]
and membrane distillation (MD) [14,15] processes are possible.
Compared to other separation methods, membrane techniques have
many advantages that make them attractive; these include a high
decontamination factor, a relatively low energy consumption and a
compatibility with existing systems. Despite these advantages, these
methods do have some weaknesses and limitations. A major one is
membrane fouling, which as a result limits the widespread use of
membrane processes in industry. To minimize this unfavorable phe-
nomenon, a variety of countermeasures are made. These methods
include the initial purification of the feed, the appropriate design of
membrane modules (e.g. the use of moving parts in the so-called dy-
namic filtration) [16,17] and the proper regulation of the process pa-
rameters (such as the critical flux or the use of a strong transverse flow)
[18].

To more effectively counteract this fouling phenomenon, it is
necessary to thoroughly understand its nature and its consequences via
systematic scientific research. It has been reported in many papers that
membrane fouling is determined by many factors, among others:

membrane properties (pore size, hydrophobicity, charge); foulant
characteristics (molecule weight (MW), charge, hydrophobicity and
composition) as well as hydrodynamic conditions (transmembrane
pressure, cross-flow velocity) [19,20]. Studies on the particle size dis-
tribution showed that colloids and dissolved organic substances, which
blocked membrane pores, formed a cake layer on the membrane surface,
seriously reducing membrane permeability and contributing more to the
fouling than particulates [21]. However, there are not many reports in
the literature on the study of the distribution of particles of different
sizes along tubular membrane modules.

Many methods have been tested and proposed for the analysis of
membrane fouling over the years [22-27]. Each of these methods un-
doubtedly have its advantages and limitations. Hence, in practice, the
appropriate method is selected for a specific application, which accounts
for the membrane type, the module configuration, the properties of the
filtered medium, etc. An interesting approach involves the study of
fouling by use of radiotracers, i.e. radioactive substances in very low
concentrations. The presence of these substances, and their movement
inside membrane apparatuses, can be tracked by detecting the radiation
that they emit. Radiotracer techniques are non-invasive and non-
destructive methods that do not require the use of sophisticated equip-
ment. They are well-developed methods that have been adopted for the
study of many apparatuses operating in the chemical industry [28].
Therefore, these methods can act as an excellent tool for a study of the
processes that occur within the membrane apparatus. The use of
radiotracer methods for concentration polarization [29], as well as
membrane fouling investigations [30,31], has been described in several
previous works. These studies showed that it is a very promising method
for a qualitative and qualitative description of the fouling phenomenon.

This paper presents, using a radiotracer method, an analysis on the
fouling of a tubular ceramic microfiltration (MF) membrane. Ceramic
membranes are resistant to harmful influences, including ionizing ra-
diation, and can be used, for example, at the preliminary treatment stage
of liquid radioactive waste. This preliminary stage is necessary to
minimize the fouling of the membranes used in further stages that
involve the processing of waste (e.g. RO membranes) and to extend their
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Fig. 1. Experimental set-up, in which 1 - membrane module, 2 - feed tank, 3 - pump, 4 - manometer, 5, 6 - flowmeters, 7-10 - scintillation probes, 11 - radiometer, 12
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lifetime. However, if the membranes are used in a pretreatment step,
they may be exposed to blockage since liquid radioactive waste often
contains some solid materials as well as soluble macromolecular com-
pounds that may deposit on the surface of the membranes and/or
penetrate into their pores. One of the macromolecular compounds,
which can be used for complexation of radionuclides during the pro-
cessing of radioactive waste, are chelating water-soluble polymers such
as polyacrylic acid (PAA) and its soluble salts or polyethyleneimine
(PEI). These macromolecular compounds are used in polymer-assisted
PAUF for liquid radioactive waste treatment and can be present in
wastewater [32]. The PAA has been selected as a model substance that
causes membrane fouling in the experiments described in this work. In
particular, this paper presents studies on the effect of the molecular
weight of poly(acrylic acid) on the deposit formation on the tubular
membrane as well as the distribution of this deposit along the mem-
brane. A radiotracer method, using one of the lanthanum isotopes 1*’La,
was applied. This radionuclide was chosen due to its short half-life (77,2
= 1.678 days) as well and high energy of gamma rays it emits (E; =
487.0, E; = 815.77 and E3 = 1596.21 keV), moreover, due to the
effective attachment of its cationic form (14°La®") to PAA molecules.

2. Materials and methods
2.1. Chemicals

All the chemicals used in this work were of analytical grade purity.
Poly(acrylic acid) with a molecular weight of 100 and 250 kDa (Sigma
Aldrich) and 30 kDa (Plyscience Inc.) were employed. Lanthanum ni-
trate (La(NO3)3-6H20) was purchased from BDH Chemicals. Sodium
hydroxide and citric acid were obtained from CHEMPUR, Poland, and
the nitric acid was from POCH, Poland. Distilled water was used in all
experiments.

2.2. Experimental set-up

An installation, equipped with a membrane module, operating in a
cross-flow regime was used; the representative diagram of which is
shown in Fig. 1. A ceramic tubular membrane, 0.1 pm pore size (1), most
often used at INCT for the treatment of the institutional radioactive
wastewater, were selected for the research. The membrane was made of
Al;03 and it was provided by Atech Innovations, GmbH. The filtration
area of the membrane was 0.05 m?, internal diameter - 16 mm and a
length - 1 m.

The experiment was set-up as follows: the feed solution (F) was taken
from the feed tank (2) by means of a screw pump (3) (type AFJ 20.1 B,
JOHSTADT), and it was then directed to the membrane module. The
retentate (R) and permeate (P) streams were returned to the feed tank
(2), so that the installation operated in a closed circuit. The system was
also equipped with control and measurement devices, such as a
manometer (4) (type EN 837-1, Aplisens) and two flow meters: one
measures the feed flow (5) (type UMF2-B11FOBHO, Heinrichs) and the
other the permeate flow (6) (type DPM - 1507G2C334P, KOBOLD).
There were also three valves; two valves were used to adjust the flow
rate of the feed solution and third one was a reducing valve that regu-
lates the pressure in the system. Four scintillation probes in the lead
collimators (6-10) were positioned along the membrane module (1).
The probes were connected to the industrial FIR-1 (INCT, Poland)
radiometer (11). The arrangement of probes along the membrane
module is shown in Fig. 2.

The arrangement of scintillation probes, along the membrane mod-
ule, was chosen in a way that enabled a division of the module into 4
sectors (I - IV). Readings from probe No. 1, in particular the increase in
recorded radioactivity, measured the development of a PAA layer in the
inlet part of the membrane module (sector I). Probes No. 2 and No. 3
recorded the PAA behavior in the middle part of the module; namely in
sectors II and III, respectively. The last probe, No. 4, was located closest
to the permeate outlet and it was responsible for recording the radio-
activity in sector IV of the membrane.
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Table 1
Testing the durability of radiotracer binding.
Polymer Initial radioactivity 1st cycle of washing 2nd cycle 3rd cycle
[eps] of washing of washing
A % of leaching A % of leaching A % of leaching
[eps] [cps] [cps]
PAA 30 kDa 24.00 0.80 3.33 0.35 1.47 0.18 0.76
PAA 100 kDa 18.56 0.00 0.00 0.00 0.00 0.00 0.00
PAA 250 kDa 19.33 0.00 0.00 0.00 0.00 0.00 0.00
Table 2 (Merck-Millipore) to separate the phases, i.e. the radiolabeled PAA
able

Retention coefficient of PAA determined by two method: by measuring the
radioactivity and TOC of the samples.

Polymer R (by measuring TOC R (by measuring
radioactivity) [mg/1] TOC)
% %
%] Feed Permeate %l
PAA 30 84.34 £ 5% 61.29 5.86 90.44 £ 1.6%
kDa
PAA 100 100.00 + 5% 60.42  4.78 92.09 + 1.2%
kDa
PAA 250 100.00 + 5% 52.72 2.13 95.97 + 0.4%
kDa

3. Experimental
3.1. Preparation of the radiotracer

To prepare the solution that feeds through the membrane installa-
tion, poly(acrylic acid) radiolabeled with radioactive *°La, which was
initially a sample of nonradioactive La(NO3)3 with a mass of 60 mg, was
exposed to a neutron stream at 5 x 10'2 neutrons s~ m~2 in the Maria
reactor (National Center for Nuclear Research, Swierk, Poland). The
sample was irradiated for 1 h and then cooled for 12 h. The radiotracer
had an initial activity of approximately 5 MBq. Next, 1*°La(NO3); was
dissolved in 1 cm® of 1 M HNO3. The resulting solution was used as the
radiolabeling material. Then, 3 dm® of 0.1 g dm ™2 polyacrylic acid so-
lution was prepared, to which 0.9 g of La(NO3)3e6H,0 was added as the
non-active carrier for the radiotracer. Subsequently, around 20-250 x
107% dm® of the radiotracer was added dropwise to the polyacrylic acid
solution. After mixing the reagents, the pH of the solution was adjusted
to a value of 5 by adding the appropriate amounts of HCl and NaOH,
both with a concentration of 1 M. To allow the radiotracer to react with
the polyacrylic acid (PAA), the solution was stirred using a magnetic
stirrer for 2 h. Three separate solutions were prepared: PAA with mo-
lecular mass 30 kDa, 100 kDa and 250 kDa. Each solution, in separate
experiments, would then act as the feed for the membrane installation
(Fig. 1).

3.2. Radiotracer stability testing

Before starting the studies of the tubular ceramic membrane with the
use of 1*°La as a radiotracer, as usual, the stability of its binding to PAA
molecules was checked. For this purpose, for each PAA with a molecular
weight of 30, 100 and 250 kDa the following experiment was performed:

To the lanthanum nitrate (non-active carrier for the radiotracer) with
the concentration of La(IIl) equal to 0.1 g/L the polyacrylic acid solution
was added. Subsequently, small portion of radiotracer was added
dropwise to the solution. After the reagents are mixed, the pH of the
solution was adjusted to a value of 5 by adding the appropriate amounts
of HCl and NaOH, both with a concentration of 1 M. To allow the
radiotracer to react with the polyacrylic acid, the solution was stirred
using a magnetic stirrer for 2 h. After this time, the reaction mixture was
filtered using flat-sheet membrane made of PES with MW cut-off of 5
kDa (Merck-Millipore) in an Amicon 8400 stirred membrane cell

molecules, from the solution containing any unbound radiotracers ions.
Then the residue in the membrane cell was washed with 3 portions of
water and filtered using the same membrane as before (PES, 5 kDa).
During the washing, the radioactivity of the washing solution was
measured. In the case of PAA with MW 100 and 250 kDa, zero activity of
the solution was recorded (Table 1), which indicates a complete lack of
elution of the radiotracer from the labeled phase, which means that it is
permanently bound. In the case of PAA with MW of 30 kDa, a slight
leaching of the radiotracer was observed, ranging from 0.8-3.3%.

In the case of this MW (30 kDa), an incomplete retention of the
polymer-'*°La complex on the membrane was also observed, as evi-
denced by about 80% retention of 14013 (Table 2). This was confirmed
by the determination of the PAA concentration in the feed as well as in
the permeate streams by measuring the Total Organic Carbon (TOC)
content (using TOC analyzer Multi C/N 3100, Analityk Jena) of samples
collected from those streams Therefore, probably the radioactivity of the
washing solution observed during stability studies may result from the
further passage of the labeled polymer through the membrane, and does
not mean that the radiotracer is bound unstably.

3.3. Filtration of PAA solutions labeled with *’La

The initial stage, before the start of each experiment, involved
cleaning the membrane system and then measuring the flux of the
distilled water, J,. The water flux, determined before each experiment,
was 192 £ 5 dm® m 2 h™!. Afterwards the feed tank was filled with the
feed solution, which was a PAA solution with a specific MW (i.e. 30, 100
or 250 kDa) labeled with radioactive lanthanum (prepared as described
in Section 3.1). Filtration was performed under a constant pressure of
10° Pa and a constant flow rate of 200 dm® h™? for the feed solution.
During the experiments, both the permeate flux, J,, and the level of its
radioactivity, Ap, were examined. The permeate flux was determined by
means of a measuring cylinder, while the level of radioactivity of the
permeate samples was measured using a gamma counter (LG-1b type,
INCT, Poland). At the beginning of the experiments, permeate samples
were collected every 15 min and then, after one hour, every 30 min.
During the filtration of the radiolabeled PAA solution, the radioactivity
of the deposit that accumulated on the membrane surface (or inside its
pores) was continuously measured. This measurement was made via the
four scintillation probes that are arranged along the membrane module,
as shown in Fig. 2. After the experiment was completed, the system was
first rinsed with citric acid or sodium hydroxide solutions of 1% con-
centration. Then, in order to wash out the acid and base residues, the
installation was rinsed with distilled water until the feed solution con-
ductivity was equal to that of pure water.

4. Results and discussion

The lanthanum radiotracer enabled the ability to track the changes in
the amount of PAA deposited onto the tubular membrane, in each of its
individual sectors, during the filtration of the PAA solution. The results
of the study of the deposit distribution for PAA with different MWs (i.e.
30, 100 and 250 kDa) are presented below. The kinetics of the blocking
of the membrane in each of the sectors, which are found to depend on
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Fig. 6. Absolute radioactivity versus time for the four scintillation probes (membrane sectors).

the MW of the PAA, are also analyzed.

4.1. Distribution of the deposit dependent on the molecular weight of the
PAA

The experiments consisted of the measurement of the radioactivity of
the radiolabeled PAA, which accumulated on the membrane module in
its four sectors (I-IV). An increase in the radioactivity indicates a gradual
build-up of the PAA layer on the membrane surface, as well as its
accumulation in the membrane pores. To accurately present the results
of the measurements, an absolute radioactivity value, A, is used. Abso-
lute radioactivity is defined as the ratio of the radioactivity at a given
time, A;, recorded by the scintillation probe (in cps, counts per seconds)
to the initial radioactivity, Ay, of the stock solution, which is also
determined by scintillation probe, i.e.:

A;
A= i @
The time dependence of the absolute radioactivity for PAA with
different molecular weights (i.e. 30, 100 and 250 kDa), which is accu-
mulated in the individual membrane sectors during the filtration pro-
cess, are shown in Figs. 3-5.

The increase in the absolute radioactivity, as shown in Fig. 3, proves
that the deposit layer grows during the filtration. Differences in the
absolute radioactivity, for individual scintillating probes positioned in
different sectors of the membrane module, indicate a non-uniform
accumulation of the deposit along the length of the tubular mem-
brane. The largest increase in radioactivity recorded from the precipi-
tate, thus also - as can be expected - the greatest layer thickness, was
recorded for probes No. 2 and No. 3. These are located in the middle of
the module (sectors II and III, respectively) and their absolute radioac-
tivity values are comparable. In contrast, smaller values were obtained

for probes No. 1 (sector I) and No. 4 (sector IV). The low A value for
probe No. 1 results from the increased flow turbulence at the inlet of the
membrane, which is caused by inlet mixing effects that reduce deposit
formation. Downstream of the membrane module, the flow was estab-
lished, the turbulence was reduced and, therefore, the fouling was
increased. The lowest absolute radioactivity value was recorded at the
exit of the system — namely, for probe No. 4 located in sector IV, which is
positioned downstream of the permeate outlet port. Here, a direction
change of the solution flow and a mixing zone with increased turbulence
were created, which meant that the molecules had difficultly settling on
the surface of the membrane or accumulating in the pores of the mem-
brane. Previous studies on the hydrodynamics of the flow in the tested
module (Fig. 1) showed the existence of a different types of flow along
this module [31]. These earlier radiotracer investigations have revealed
that, in the first zone of the module, the turbulent flow is generated
because of the feed stream entering the module. In the other zones of the
module, the flow stabilizes and a flow close to the plug flow is formed.

Additionally, current research has shown that the value of the ab-
solute radioactivity stabilizes quite quickly during the filtration process
using PAA with MW of 30 kDa, and an equilibrium state is achieved after
approximately 1 h. The same stabilization occurs in all the sectors of the
membrane module (Fig. 3).

Analyzing the graph that depicts the change in the absolute radio-
activity during filtration of PAA with a MW of 100 kDa (Fig. 4), a quite
fast increase in the absolute radioactivity during the process can be
observed. Thus, we can conclude that the deposit layer increases on the
surface of the membrane. The lowest value of A was obtained for the
scintillation probe located at the inlet of the module (sector I). This can
be explained in a similar manner to the 30 kDa PAA filtration case, in
that the turbulence increase in the inlet zone reduces the fouling. The
flow stabilizes and the turbulence decreases along the membrane, which
makes it easier for the sediment to accumulate on the membrane surface;
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Table 3
Absolute radioactivity of the deposit accumulated in the different sectors of the
membrane module, which are obtained for PAA with different molecular sizes.

MW of PAA A[-]
Sector I Sector II Sector III Sector IV
30 kDa 3.75 4.52 4.56 3.61
100 kDa 4.93 6.56 8.18 6.87
250 kDa 5.34 7.31 8.69 7.55

this is reflected by the measurements from probes No. 2 and No. 3
(sectors II and III, respectively). The highest absolute radioactivity
values were obtained from probe No. 3 measurements. This probe was
positioned farther away from the inlet of the membrane module
compared to probe No. 2, for which the flow is less turbulent and, thus,
there is a more intense accumulation of PAA molecules on the surface of
the membrane than anywhere else. The values of A obtained in sector IV
confirms the effects of the permeate outlet on diminishing the fouling in
this sector. As in the case of filtration of PAA with 30 kDa (Fig. 3), the
absolute radioactivity decreases close to the outlet of the module, due to
the increased turbulence for the flow that is caused, in turn, by the
change in the direction of the solution flow. However, the decrease in
the A value in sector IV for PAA with 100 kDa was unable to achieve the
same A values obtained in sector I (which was the case when PAA with
30 kDa was filtrated, see Fig. 3). Moreover, in the case of PAA with 100
kDa, a visible increase in the value of A in sector III compared to sector I
was observed. Such relationships were not observed for PAA with 30
kDa, for which A values for these two sectors (i.e. II and III) were almost
identical. When comparing PAA with the two molecular masses 30 and
100 kDa, the difference in behavior can be explained by the smaller
susceptibility of the higher mass to changes in the flow structure and the
greater ability to deposit on the membrane.

Results obtained for PAA with 250 kDa (Fig. 5) are similar to those
obtained for PAA with 100 kDa. In these cases, the lowest values of the
absolute radioactivity are observed in sector I and the highest arise in
sector III of the membrane module.

Graphs showing the accumulation of PAA (with different molecular
weights) on the membrane in the individual module sectors are pre-
sented in Fig. 6. Moreover, for a clearer comparison of the obtained
results, the values of the absolute radioactivity, A, in individual sectors
for different MW of PAA, which are obtained at the end of the process,
were compared and presented in Table 3.

Based on Fig. 6 and Table 3, it can be concluded that the smallest
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difference in the absolute radioactivity, depending on the MW of the
filtered particles, is visible in sector I. A greater difference appears in
sector II, but the greatest variation can be observed in sectors III and IV.
In the case of particles with a MW of 100 and 250 kDa, the A values are
similar in each of the sectors; although a slightly higher value of A is
obtained for 250 kDa. In contrast, the absolute radioactivity obtained for
PAA with 30 kDa significantly differs to the others, namely it is signif-
icantly lower than the value of A obtained during the filtration of par-
ticles with higher molecular weights (i.e. 100 and 250 kDa). This
relationship is visible for each of the four sectors of the membrane
module.

These dependences can be explained by analyzing the changes in the
retention of PAA over time for all the considered MWs. To determine the
efficiency of the separation of the polymer particles, measurements of
the radioactivity of the collected permeate samples were performed.
Assuming that *°La is permanently bound to the PAA molecule, we can
conclude that by measuring the radioactivity of the permeate, P, and the
feed solution, F, an actual measure of the radioactivity of the radio-
labeled PAA particles present in these streams is obtained. Therefore, the
retention coefficient, R, of PAA can be calculated from the following
expression:

R=1-— (2

where Ap and Ap represent the radioactivity deriving from the radio-
labeled particles of PAA in the permeate and the feed, respectively, in
units of cps.

The change in the retention coefficient over time for the three
different masses of PAA is presented in Fig. 7.

Particles with the smallest MW (i.e. 30 kDa) largely pass through the
membrane, which is proven by the significant decrease in R from 78% to
41%. Hence, this may result in the lowest radioactivity of the deposit
recorded in radiometric tests for PAA molecules of this mass compared
to the radioactivity obtained in studies with larger PAA particles (Fig. 6
and Table 1). Some of the particles that accumulate on the membrane
may also enter its pores, thus blocking them and reducing the permeate
flux. This possibility was confirmed by the measurements of J,, the re-
sults of which are presented in Fig. 8. For the larger MWs of PAA (i.e.
100 and 250 kDa), the decrease in R was not that significant, which
indicates that the larger particles were better retained by the membrane.
For both these MWs, after the initial decrease in R, its gradual increase
was observed over the duration of the filtration. This may indicate the
creation of a so-called “secondary membrane”, which is formed by the

A 30kDa

80 100 120 140 160

Fig. 7. The change in the retention coefficient, R, during the filtration of PAA with different MWs.
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Fig. 8. The change in the permeate flux, J,, during the filtration of PAA with different MWs.

i

Fig. 9. A simplified diagram of the differences in the deposit layer structure depending on the particle size, assuming the sphericality of the foulant particles.

deposited layer, that enhances the separation capacity of the membrane.
Additionally, it should be noted, as seen in Fig. 7, that the largest R
factors were obtained for 100 kDa. This indicates a more complicated
nature of the separation with the hybrid method and confirms the large
influence of membrane fouling on the separation effect. In contrast to
the permeate flux, which declines with formation of the polymer layer,
the retention factor may improve due to the formation of the secondary
membrane. The secondary membrane may have different properties
depending on the molecular size of the complexing agent. It can be
denser for smaller particles and more, loose for larger complexes
(Fig. 9).

A dense membrane increases retention rates more than a porous one.
This is the case with the experiment with 100 kDa and 250 kDa poly-
mers, which is indicated by an increase in R coefficients after a tempo-
rary decrease related to the stabilization of the process conditions.
Moreover, the R factors for the membrane-PAA 250 kDa system are not
evidently the highest. It seems that the effect of the denser secondary
membrane formed by the 100 kD PAA is greater and decisive than that of
the more loose secondary membrane formed by the 250 kD PAA.

When 30 kDa PAA is used, retention is mainly influenced by the
membrane, the pores of which are too large to trap small complexes, and
the secondary membrane, as shown in tracer studies, is very thin.

By analyzing the variation of J, over time, a rapid decline in the
permeate flux for all the studied PAAs can be observed at the beginning
of the process (Fig. 8). It then stabilizes with the highest J, value that can
be achieved being observed for PAA with 250 kDa. Particles with higher
MW, such as 250 kDa, probably create a more porous cake on the
membrane surface compared to particles with lower MW (i.e. 100 or 30
kDa), which allows a greater sized permeate flux. The experiments with
the smallest PAA particles (i.e. 30 kDa), showed the lowest value of J, as
well as the greatest decrease for this parameter during the filtration

process. Due to their small size, the particles can penetrate deeper into
the pores of the membrane, accumulate there and effectively block
them.

It should be noted that the above observations and discussion on
membrane blocking mechanism concern the specific case of the mem-
brane we use, i.e. the membrane with pore size relatively larger than the
size of the foulant particles.

4.2. Kinetic studies

Pseudo-first-order and pseudo-second-order models were employed
to investigate the kinetics of the deposition of the PAA with different
molecular weights. During the attempt to describe the fouling of the
tested membrane, other kinetic models were also taken into account.
However, it was assumed that a model describing the obtained results,
on the one hand, should precisely describe them, but on the other hand it
should be as simple as possible. Typically to describe the rate of the
adsorption of particles on the membrane surface these two models are
considered [33-35].

The equation representing the pseudo-first-order model is given by:

——=ki(A.—A) 3)

which can be rearranged to provide a linearized data plot, alongside an
integration over the boundary conditionst =0tot=tand A;=0to A; =
Ay, so that:

log(A, —A,) = logA. — k x /2.303 &)

where A, is the absolute radioactivity at time t (in minutes), A, is the
absolute radioactivity in the equilibrium state and k; is the pseudo-first-
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Table 4
Constants relevant to the applied kinetic models for the deposition rate of PAA.

Membrane sector I I 1L v
Pseudo-first-order

30 kDa Ac exp [-] 3.7 4.5 4.6 3.7
k; [1/min] 0.7402 0.9129 0.9048 0.7920
Ae, cal [-] 21.1 29.7 31.5 18.8
R? [-1 0.8882 0.8090 0.7789 0.8052

100 kDa Ae, exp [-] 5.1 6.7 8.1 6.8
ky [1/min] 0.7957 0.9670 1.2192 1.1202
A, cal [-] 28.3 49.3 75.1 49.4
R2[-] 0.3491 0.3793 0.3824 0.3343

250 kDa Ae, exp [-] 5.2 7.4 8.5 7.5
kq [1/min] 1.8507 2.2171 2.4442 2.2042
Ae, car [-] 35.2 73.7 96.9 69.5
RZ[-] 0.8795 0.8715 0.8412 0.7942
Pseudo-second-order

30 kDa A exp [-] 3.7 45 4.6 3.7
ko [1/min] 0.3828 0.1644 0.1198 0.1291
Ae, cal [-] 3.7 4.5 4.6 3.7
R? [-] 0.9975 0.9986 0.9983 0.9984

100 kDa Ae, exp [-] 5.1 6.7 8.1 6.8
ko[1/min] 0.0246 0.0095 0.0063 0.0074
Ae, ca [-] 5.3 7.0 8.9 7.5
R2[-] 0.9932 0.9916 0.9886 0.989

250 kDa Ae, exp [—] 5.2 7.4 8.5 7.5
ko[1/min] 0.0225 0.0137 0.0094 0.0105
Ae, cal [-] 5.5 7.8 9.3 8.1
R2[-] 0.9955 0.9958 0.995 0.9946

order rate constant of the PAA deposition on the membrane (in units of
inverse minutes).
The pseudo-second-order model is expressed by:

dA, 2
= (A, - A 5
= la(A —4) 5)
Separating the variables of which gives:
dA
= kodt (6)
(Ae - A/)

By integrating this expression, with the boundary conditions and a
rearrangement, we obtain:

ro 1

! :%H/Ae @)
t

h = kA2 (8)

where h is the initial rate of the PAA deposition (at t = 0), and k3 is the
pseudo-second-order rate constant of the PAA deposition on the mem-
brane (1/mins).

a)

0.45
0.4 C T 1T 11T =1\
035
03

L 025
0.2
0.15
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0.05

30 kDa

100 kDa 250 kDa
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To evaluate how consistent the experimental data is with the kinetic
models, the correlation coefficients Rz, kinetic rate constants, and the
experimental and calculated values of the absolute radioactivity were
analyzed (Table 4).

The correlation coefficients for the linear plots, from the pseudo-
second-order rate model, are greater than 0.995 in all the membrane
sectors (with exception of PAA with 100 kDa, in which R?is about 0.99).
This suggests that the PAA deposition on the membrane is consistent
with the pseudo-second order model. The comparison of the two pa-
rameters, i.e. ko and A,, .3, obtained from the kinetic calculations for
this model (in which PAA has different MWs) and the four membrane
sectors is shown in Fig. 10(a) and (b), respectively. When considering
the PAA deposition rate, represented by the constant ko, it can be
observed that the highest values of this parameter were obtained for
PAA with 30 kDa (Fig. 10(a)). This rather fast deposition for 30 kDa PAA
in all the membrane sectors and the obtained equilibrium of the depo-
sition are shown in Fig. 3. This can be explained by the decrease seen in
the retention coefficient of the 30 kDa particles (Fig. 7) and, thus, the
decrease in the amount of particles in the feed solution. As shown in
Fig. 10(b), the lowest values of A, for all the membrane sectors were
achieved for these particles. However, this does not modify the fact that
these small sized PAA molecules (compared to the other particles under
consideration) contributed to the greatest decrease in the permeate flux
(Fig. 8). This proves that a different pattern arises for membrane
blocking by particles with 30 kDa compared to larger massed particles,
as was discussed earlier (Section 4.1).

Additionally, a much higher rate for the deposition on the membrane
is seen in the first zone of the membrane (sector I) when compared to
other sectors, which is noticeable for PAA with all the considered MWs.
In the first sector of the membrane module, i.e. at the inlet of the system,
the flow is quite turbulent due to the insertion of the feeding solution.
Therefore, in this enhanced mixing zone, the fast-flowing particles are
not able to settle so readily, and the first layer that is formed does not
grow as quickly over the duration of the filtration process.

5. Conclusion

This paper described a fouling analysis for a tubular ceramic MF
membrane, which included the application of the radiotracer method.
The suitability of the latter, which requires relatively simple equipment,
was confirmed for the non-invasive and non-destructive testing of
membrane fouling. The research included studies on the effects of
different molecular weights of poly(acrylic acid) on the deposit forma-
tion, as well as the distribution of this deposit at various positions along
the membrane module under examination. Based on the presented re-
sults, it was concluded that the PAA molecules were not evenly
distributed along the membrane module, which was due to flow

b)

10

W 3 min sV _

30 kDa

100 kDa 250 kDa

Fig. 10. Comparison of the kinetic parameters (a) k, and (b) A,, which are obtained in different sectors of the membrane for PAA with different MWs.
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disturbances in certain areas of the membrane (i.e. the inlet and outlet
stream effects in sectors I and IV). Moreover, such a distribution is
dependent on the molecular weight of the PAA. In addition, the con-
ducted tests showed that the lowest mass PAA (at 30 kDa) blocks the
membrane differently when compared to larger mass PAA, possibly due
to its insertion into the pores of the membrane, which causes a signifi-
cant decrease in the permeate flux. It should be emphasized that the
above findings resulting from the conducted research concern the case of
fouling of microfiltration tubular membranes with a pore size larger
than the size of the substance causing this phenomenon.

Analysis of the kinetics of the PAA deposition on the tested mem-
brane showed that it closely aligns with the pseudo-second-order model,
which is indicated by the high correlation coefficients. The highest
values of the rate constants, ky, were obtained for PAA molecules with
the lowest molecular weight. Additionally, the rate constants are
determined to be greatest in the first sector of the membrane module. It
is hoped that the obtained results may contribute to an improved un-
derstanding of the phenomenon of fouling, which will be especially
important for the nuclear industry, and thus it could aid the develop-
ment of methods designed to reduce it.
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