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ABSTRACT

The application of the radiometric method with the use of radiotracers for the investigation of mem-
brane fouling was tested. The radiotracer method allows for a more complete control of membrane
modules” performance, which may contribute to a longer working time due to the reduction of a
frequency and an intensity of a periodic cleaning. The experiments were carried out with the cross-
flow membrane module equipped with flat-sheet ultrafiltration membranes made of polyether sul-
fone. A suspension of the bentonite labeled by the radioactive isotope of lanthanum - '*’La was used
as a feed solution. The influence of process parameters such as cross-flow velocity and pressure as
well as feed concentration on the rate of membrane blocking indicated by the change in the spe-
cific radioactivity of deposit formed on the membrane surface was tested. The performed studies
demonstrated that radiometric method enabled to estimate the thickness of the cake layer deposited
on the membrane during the filtration process. It was noticed that thickness of the bentonite layer
formed on the membrane surface increased with the increasing concentration of the feed solution
and decreased with the increasing flow velocity and applied pressure. Experiments also showed the
ability of applied method for in situ determination of both kinetics of the deposit formation on the

membrane as well as the permeability of the deposit layer and its resistance.
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1. Introduction

A deposit build-up on the membrane surface is a
severe problem of membrane filtration systems, especially
in pressure-driven processes. Membrane fouling is a per-
manent and often irreversible change in permeability; it
causes increase in flow resistance, and in consequence, a
decrease in filtration efficiency. These effects result from
blocking of the membrane due to deposition of particu-
lates, colloids, and other macromolecular compounds. They
occur primarily in the case of pressure-driven membrane
processes, such as microfiltration, ultrafiltration, nanofil-
tration, and reverse osmosis [1,2], but such effects can also
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be present in processes involving other driving forces, for
example, membrane distillation or electrodialysis. The
elimination of membrane fouling by all available means is
important for efficient operation of membrane apparatuses.
Understanding the nature of phenomena that cause mem-
brane fouling by using carefully selected methods of surface
analysis is equally vital.

There are many methods, which are widely used for
membrane fouling investigation [3-7]. Some of those meth-
ods can be applied in situ without process interruption.
Online monitoring techniques can play a major role in
controlling the build-up of a deposit layer on a membrane
and understanding mechanisms of fouling in membrane
filtration systems. One of those techniques is an electrical
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impedance spectroscopy, which has already been employed
to in situ monitoring of biofilm formation on the membrane
surface [5]. Tung et al. [6] have discussed the application of
an in situ optical method to monitor the growth of a foul-
ing layer using a photointerrupt sensor array. Membrane
fouling has also been studied using a novel method such as
optical coherence tomography [7]. This technique has been
explored to quantitatively interpret the formation of a cake
layer during membrane process. The performed quantitative
analysis has been based on a novel image processing method
that was able to precisely resolve the 3D structure of the cake
layer in a micrometer scale. There are also many studies on
the examination of membrane blocking phenomenon, which
demonstrate the utility of spectroscopic methods such as
attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy [8,9]. This technique provides insight
view into the chemical nature of deposits on membranes
after filtration and enables characterization of the membrane
surface, when testing the effectiveness of membrane cleaning
[8]. Furthermore, it has been demonstrated that this technique
enables fast evaluation of an average thickness of polymeric
coatings (up to several micrometers thick) applied on nano-
filtration and ultrafiltration membranes [9]. Unfortunately,
ATR technique suffers from a lack of a good contact between
the sample and the refractive ATR crystal, which can lead to
nonaccurate results.

One of the mechanism manifestations of fouling phe-
nomenon occurring in membrane processes is a filter cake
formation. The mechanisms of formation of a filter cake
are intensively explored, especially using optical methods,
for example, photointerrupt sensors [10] or He-Ne laser
beam [11]. These techniques have been applied to in situ
measure of the cake layer thickness distribution across flat
membranes during a cross-flow microfiltration process. The
analysis of the deposit characteristics have allowed for better
understanding of the mechanisms of membrane surface foul-
ing. Another method, which can be applied for in situ detec-
tion of the layer thickness is a fluid dynamic gauging (FDG)
method [12]. This technique has been used to track, in situ
and in real time, the build-up of a filter cake during micro-
filtration of a suspension of hollow glass microspheres. FDG
has been successfully applied to study deposits on surfaces
of mixed cellulose ester membranes in cross-flow systems,
at various transmembrane pressures. The simultaneous mea-
surement of a permeate flux has given good agreement with
the thickness detection by using this method.

The method of radiolabeled atoms used for testing various
technological processes and apparatuses seem to be suitable
for tracking phenomena occurring in the membrane zone. In
the paper, an approach of the application of the radiometric
method for study of cake layer formation on the membrane
surface is presented. The main goal of the research was to
identify the membrane blocking process and to assess its
intensity. A quantification of the scale of membrane block-
ing allows for the better understanding of this phenomenon,
which is of fundamental importance for reducing its impact
on filtration efficiency. The radiometric technique used in
the research described in the paper is noninvasive method,
that can be an alternative to methods for the study of pro-
cesses proceeded inside the membrane apparatus. The tracer
method is based on introducing into the system a specific

substance, and tracking the behavior of this substance, which
allows to obtain information on this system [13]. As a tracer,
radiolabeled compounds can be successfully used [14]. They
have an advantage over nonradioactive tracers because of a
very high sensitivity of detection, which gives the opportu-
nity to use a very low concentration of the tracer, as well as
for a remote detection of a radiation through layers of other
materials present in the apparatus. Radioactive compounds
can be added to the feed solution in a very small amount
and due to the specifics of gamma radiation, which simply
penetrates most of materials used for membrane module
production, the radioactivity can be easily detected by a scin-
tillation probe placed near the module. The increase in a spe-
cific radioactivity is related to the progress of formation of a
sediment layer on the membrane and can be converted to the
intensity of membrane fouling.

The literature indicates on this method as being useful,
when studied phenomena occurring inside the membrane
modules are quite scarce [15,16]. The papers are mainly
focused on the study of mass transport through the ion-ex-
change membranes. A phenomenon of membrane block-
ing investigation using radiotracers was the subject of the
paper [17], where the accumulation of radiolabeled mac-
romolecules on the membrane surface due to concentra-
tion polarization was detected as an increase in voltage by
a scintillation detector. The application of radioisotopes in
the studies of the membrane processes was also described
by Miskiewicz and Zakrzewska-Trznadel [18,19]. It was
proven, that tracer method with an application of a short-
lived radionuclides, could be a suitable tool for the study of
kinetics of the particle deposition and the layer formation on
the membrane surface, as well as hydrodynamic conditions
in membrane apparatus.

2. Materials and methods
2.1. Materials

All chemicals used in the experiments were of analytical
reagent grade. Bentonite of average particle size = 5.45 um
supplied by Sigma-Aldrich, USA (Cat. no. 285234) was used
in experiments as a model medium. Lanthanum oxide (La,O,)
used in the experiments as the carrier and the material for
production of the radiotracer by irradiation in nuclear reactor
was supplied by Fluka, Switzerland. Solutions of nitric acid
and sodium hydroxide with concentrations of 1 and 0.1 M
were used for pH adjustment. Distilled water was used for
preparation of all solutions in the experiments.

Radioisotope of lanthanum - “La (t,, = 40.3 h) was
obtained by irradiation of lanthanum oxide (70 x 10~ g) in
the neutron flux (5 x 10" neutrons/s m? for 2 min) in the
Maria Research Reactor, Swierk, Poland. Total radioactivity
of the sample after the exposure was 110 MBq. The obtained
"La, O, was dissolved in 1 M nitric acid and the solution of
"La(NO,), was used as a tracer solution of an inactive carrier.

2.2. Methods

2.2.1. Membrane installation

Experiments described in the paper were performed
using the membrane installation equipped with the flat sheet
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membrane module, the scheme of which is illustrated in
Fig. 1. The system was composed of the cylindrical membrane
module made of Plexiglas (self-made, INCT), the feed tank
with volume of 3 L, the screw pump, as well as the control
and the measuring equipment composed of manometers
and flowmeter. An effective area of the membrane used
was 2.12 x 107 m% The operating pressure difference was
stabilized at the level of 0.15 and 0.3 MPa. All membranes
used in the experiments were made of polyether sulfone with
nominal pore size of 0.03 pm and they were purchased from
GE Water & Process Technologies, USA.

2.2.2. Preparation of the feed solution

The feed solution for the membrane installation was
a bentonite suspension radiolabeled with isotope of lan-
thanum - ’La. This radionuclide was chosen due to its
characteristics, namely short half-life, high energy of emit-
ted gamma radiation (E, = 0.8 MeV, E, = 1.6 MeV), which
could be easily detected as well as due to high ability to
permanent binding to bentonite, which had been identified
in the preliminary research.

The optimal conditions for the adsorption of lanthanum
on bentonite determined experimentally in preliminary
studies were as follows: pH was in the range from 5 to 7;
the time required to reach equilibrium was 5 min.

A portion of a suspension for each filtration experiment
was prepared in the following way: the appropriate mass
of bentonite (1, 4, or 10 g) was mixed with 0.025 L of dis-
tilled water and then a few drops of the ’La solution in 1 M
HNO, were added. The pH of the sample was adjusted using
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1 M NaOH or 1 M HNO,. Such suspension was mixed for
30 min and then centrifuged (for 3 min at 12,000 rpm), then
it was filtered using syringe filters (NY, 0.2 um). Bentonite
was then separated from the solution containing unreacted
radionuclides and rinsed three times with 0.025 L of distilled
water to remove residual radionuclides. Such radiolabeled
bentonite was used to prepare a suspension, which served as
a feed solution in the ultrafiltration system (Fig. 1).

2.2.3. The experimental procedure

In order to determine a rate of membrane fouling and
to assess an influence of process parameters on this phenom-
enon, a series of experiments with different concentration
of the filtered liquid ¢ (0.5, 2, and 5 g/L), cross-flow velocity
u (0.0075, 0.012, and 0.021 m/s) as well as operating pressure
Ap (0.15 and 0.3 MPa) was conducted.

The radiolabeled suspension was introduced into
the examined unit (Fig. 1) and filtered in a closed system
(permeate and retentate streams were recirculated) for 5-7 h.
The formation of the deposit layer on the membrane sur-
face was recorded on the basis of the measurement of the
increasing radioactivity of the sediment using a scintillation
probe placed below the membrane module. The change of
the radioactivity during experiments was monitored with the
radiometer (FIR-1, INCT, Poland).

2.2.4. Calibration for thickness measurements

Thickness measurements were made by interpolating
a calibration plot of thickness of the cake layer deposited
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Fig. 1. The scheme of the installation with the flat sheet membrane module, F — feed, P — permeate, R - retentate.
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on the membrane surface (d) versus relative radioactivity
of the bentonite layer (A). The relative radioactivity was
determined according to the following relation (Eq. 1):

A
A=im 1
h M)

t

where A - specific radioactivity of the bentonite accumulated
on the membrane (imp/s), A, — total activity of the radiolabeled
bentonite used in the experiment (imp/s).

In order to determine the thickness of the deposit, it was
assumed that the sediment was distributed uniformly on
the membrane surface and formed a layer of cylinder shape;
the height of the cylinder corresponded to the thickness
of the layer (0). Therefore, a thickness of the bentonite layer
on the membrane surface (d) could be determined from the
following relation:

§=—11 @)

pXTCTZ

m

where m — mass of the radiolabeled bentonite (kg); p — density
of the bentonite (kg/m?); r, —radius of the membrane (m).

It was assumed, that density of the bentonite (p) was
2.7 x 10° kg/m?® [20]. The calibration curve developed in
the manner described earlier was used for in situ determi-
nation of the thickness during radiotracer experiments.

3. Results and discussion

3.1. Study on the influence of process parameters on
the deposit thickness

Studies on the formation of the cake layer on the
membrane during filtration of the radiolabeled bentonite
suspension depending on process parameters were per-
formed. As a result of these experiments the changes in the
specific radioactivity of bentonite layer formed on the mem-
brane surface during the progress of filtration were recorded
using a radiometer These changes were correlated with the
increase in the thickness of this deposit. An exemplary plot
of the relative radioactivity (A) versus time (f) is presented
in Fig. 2.

Next, on the basis of these results and using the developed
calibration curve, the bentonite layer thickness in situ during
radiotracer experiments was determined. The increase in the
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Fig. 2. The change in the relative radioactivity of the deposit layer
accumulated on the membrane surface during filtration of the
bentonite suspension; ¢ = 0.5 g/L, Ap = 0.15 MPa, u = 0.0075 m/s.

thickness (0) of the bentonite deposited on the membrane
surface during filtration in dependence of the concentration
(c) of the feed solution (Fig. 3), feed velocity (u) (Fig. 4), and
operating pressure difference (Ap) (Fig. 5) was analyzed.

The performed studies showed that the thickest deposit
was formed when the suspension with the highest con-
centration was filtered (Fig. 3). In this case, the rate of the
deposit formation was fast during the whole experiment and
the steady state was achieved only at the end of the experi-
ment (300 min). For the suspension of low concentration of
bentonite (0.5 g/L) the steady state was achieved relatively
quickly and the thickness of the bentonite layer on the mem-
brane surface was only 0.06 mm. In case of more concen-
trated suspension (5 g/L), the thickness of the layer was equal
to 0.2 mm.

It was also proved that the increase in cross-flow velocity
of the filtered suspension caused a decrease in the thickness
of the deposit layer on the membrane surface (Fig. 4). In case
of high cross-flow velocity (0.021 m/s), high rate of deposit
formation at the beginning of filtration process as well as fast
achievement of steady state (plateau) was observed. On the
contrary, the high and increasing rate of deposit formation
during the whole experiment was observed in case of low
cross-flow velocity (0.0075 m/s).
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Fig. 3. The change in the deposit thickness accumulated on the
membrane surface during filtration of the bentonite suspension
of different concentration; Ap = 0.15 MPa, u = 0.0075 m/s.
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Fig. 4. The change in the deposit thickness accumulated on the
membrane surface during filtration of the bentonite suspension
at different cross-flow velocities; Ap = 0.3 MPa, c =2 g/L.
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When the influence of operating pressure difference
was considered, it was found that the higher the pressure,
the thinner layer deposited on the membrane surface. This
effect occurred for both concentrations of the bentonite sus-
pension applied: 2 g/L (Fig. 5(a)) and 5 g/L (Fig. 5(b)), but in
case of the higher concentration of the feed solution the dif-
ference in deposit thickness in steady state was slightly larger
(ca. 0.08 mm) than in case of solution of the lower concentra-
tion (ca. 0.02 mm).

3.2. Kinetic model of deposit formation on the membrane surface

In order to quantitatively describe a rate of the deposit
formation on the membrane surface, two kinetic models: a pseu-
do-first-order and a pseudo-second-order, were considered.
The pseudo-first-order model can be expressed as follows:

Kt
2.303

10g(8, ., —,) =1083, ., — ©)

where b, — thickness of the deposit at steady state, deter-
mined experimentally (mm); d, — thickness of the deposit
accumulated on the membrane surface at time ¢ (mm); and
0, ., — calculated deposit thickness, mm; k, — kinetic constant

e,cal

in the model (min™).
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Fig. 5. The change in the deposit thickness accumulated on the
membrane surface during filtration of the bentonite suspension
at different operating pressures; u = 0.0075 m/s; (a) concentration
of the bentonite suspension ¢ =2 g/L and (b) ¢ = 5g/L.
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The pseudo-second-order kinetic model can be expressed
as follows:

o1, W

where h is the initial rate of the deposit accumulation on
the membrane surface, at f = 0 and it can be calculated from
the following equation:

h=k,x Bf,exp )

k, — kinetic constant in the model (mm min)~.

The change in the deposit thickness during filtration
of bentonite suspension as well as linear relations for two
proposed kinetic models are presented in Figs. 6(a)—(c).
The results were achieved at selected process conditions:
Ap=0.3MPa, c=2 g/L, u=0.021 m/s.

On the basis of experimental results, the kinetic constants
(k, and k,) as well as other model parameters (3, ,, R*) of the
process were calculated and they are listed in Table 1.

The results of the experiments showed that the rate of the
deposit formation on the membrane surface during the fil-
tration of the bentonite suspension could be approximated
by the pseudo-second-order kinetic model. In all process
conditions, the values of the layer thickness (9, ) estimated
from a pseudo-second-order model were more comparable
with the values of the layer thickness determined experi-
mentally (0, ) than those determined from the pseudo-first-
order kinetic model. This compatibility with experimental
data was expressed by high determination coefficients
(RZ=0.9974 = 0.9988), while for the pseudo-first-order kinetic
model, correlation coefficients ranged from 0.8780 to 0.9825.
For kinetic model, which better described process of deposit
formation, values of the calculated deposit thickness (d, )
were slightly higher than ones determined experimentally
(6WP) in each of the tested process conditions.

As it was found, in case of the better model, the kinetic
constant (k,) decreased as the concentration of the suspension
filtered through the membrane increased. It means that fil-
tration of more concentrated suspensions leads to the slower
achievement of steady state in comparison with the filtra-
tion of less concentrated medium. As far as the influence of
the cross-flow velocity is considered, the kinetic constant
increases with the increase in the velocity of the liquid above
the membrane surface. The increase in the cross-flow veloc-
ity promotes faster achievement of steady state of the deposit
formation on the membrane.

3.3. Calculation of permeability and resistance of the deposit
formed on the membrane surface

Based on the experiments conducted using *La as a
radiotracer, it was also possible to determine a permeability
(K) of the bentonite layer formed on the membrane surface as
a result of filtration.

Pressure-driven convective flow model, which is the basis
of the pore flow model, is most commonly used to describe
flow in porous medium. The basic equation covering this
type of transport is Darcy’s law [1], which links the permeate
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Fig. 6. The kinetic curves of the deposit formation on the mem-
brane surface during filtration of the bentonite suspension,
Ap =03 MPa, c=2 g/L, u=0.021 m/s; (a) variation of the deposit
thickness, (b) linear relation for the pseudo-first-order kinetic
model, and (c) linear relation for the pseudo-second-order
kinetic model.
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flux (J) to the operating pressure difference (Ap) according to
Eq. (6) as follows:

Ap

j=—t—
l'LXRtot

(6)

where Ap — the operating pressure difference (MPa); R, —the
total hydraulic resistance (m™); and p — the viscosity of the
permeate (Pa s).

The total resistance is the sum of two contributions, one
caused by the membrane and second caused by the cake
layer. A permeate flux through the cake layer (J), in case
of microporous membranes of resistances negligible when
compared with the cake layer resistance, can be described by
Eq. (7) as follows:

__ Ay
xRy

Js ?)

where R, is the cake layer resistance.

A permeate flux through the bentonite layer can be
also described by the relationship analogical to the equation
of filtration through the sediments as follows:

_Apr

Js puxd

®)

where K is the cake permeability (m?) and 0 is the thickness
of the cake layer (mm).

This equation can be used, when the flow of the filtrate
through the deposit is laminar, as then the permeability
equation is valid.

Knowing the permeate flux, the viscosity of the liquid
and previously determined (using radiometric method)
thickness of the layer, a cake permeability (K) can be calcu-
lated, using Eq. (8).

Then, from comparison of Egs. (7) and (8), a cake layer
resistance R can be calculated according to Eq. (9).

R,=¢ ©)

The calculated values of the layer permeability (K) and
the resistance of this layer (R,) are listed in Table 2.

The comparison of parameters of kinetic models of the deposit formation on the membrane surface obtained for different process

conditions

Experimental conditions

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

c(g/L) u (m/s) Ap (MPa) D, oyp (M) O, 1 (Hm) k, (min) R? 0, ¢y (Hm) k, (mm-min)? R}?

2.0 0.0075 0.30 217 79 0.0039 0.9786 222 0.00014 0.9988
2.0 0.0120 0.30 100 43 0.0037 0.9825 102 0.00023 0.9982
2.0 0.0210 0.30 83 28 0.0032 0.9353 83 0.00035 0.9979
0.5 0.0075 0.15 69 33 0.0035 0.9765 70 0.00028 0.9974
2.0 0.0075 0.15 157 104 0.0053 0.8780 164 0.00012 0.9976
5.0 0.0075 0.15 231 112 0.0044 0.9652 238 0.00010 0.9981

R, R? - determination coefficients for the pseudo-first-order and pseudo-second-order kinetic model, respectively.
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Table 2
A list of K values and R, values calculated on the basis of exper-
imental results

N c(g/l) u(m/s) Ap(MPa) Kx10®(m? R, x10"(m™)
1 2 0.0075 0.30 6.2 3.30
2 2 0.012  0.30 3.7 2.20
3 2 0.021 0.30 5.1 2.10
4 05 0.0075 0.15 6.1 1.02
5 2 0.0075 0.15 12.0 2.57
6 5 0.0075 0.15 7.9 4.00

Summarizing this part and the data collected in Table 2,
it can be concluded that the permeability (K) of the benton-
ite layer slightly differed depending on the feed concentration
and the flow velocity, however the relation was not unambig-
uous. Results of the calculations also revealed that the second
parameter under consideration — a resistance of the cake layer
(R,) decreased with the increasing flow velocity (1) and the
operating pressure difference (Ap), while the increasing con-
centration of the feed solution caused a decrease of the value of
the deposit resistance (R,). This parameter, according to Eq. (8),
is strongly related to the thickness of the layer, the higher the
thickness of the layer — the higher the value of its resistance.

4. Conclusions

The application of the radiometric method using radio-
tracers for the membrane fouling investigation was pre-
sented. The influence of process parameters: flow velocity,
pressure and feed concentration on the rate of membrane
blocking was tested and two kinetic models: pseudo-first-or-
der and pseudo-second-order, were considered in order to
quantitatively describe a rate of the deposit formation on
the membrane surface. Results of the studies showed that by
application of radiotracers it was possible to assess the thick-
ness of the cake layer deposited on the membrane during
the filtration process. Obtained results also revealed that the
applied method allowed to estimate the kinetics of formation
of the deposit on the membrane surface. It was proven that
the kinetics of the growth of the layer on the membrane could
be described by the pseudo-second-order kinetic model.

Additionally, it was demonstrated that based on the
experiments conducted using radiotracers it was possible to
determine a permeability of the bentonite layer formed on
the membrane surface as a result of filtration as well as its
resistance.

Overall, the obtained results revealed the great potential
of the radiometric method, which could be applied for the
identification of the cake layer formation as well as for quan-
tification of this phenomenon through measures of the thick-
ness of deposit formed on a membrane surface. Information
regarding the progress of the membrane blocking in this
method was obtained in situ during experiments, which
allowed for the prompt response toward process conditions
regulation. Therefore, the method described in the paper can
be successfully applied for controlling the performance of the
membrane processes. This novel method can be considered
as an alternative or the supplementary to other known tech-
niques of fouling phenomena investigation.

Symbols

—  Specific radioactivity of the bentonite accumu-

lated on the membrane, imp/s

Total activity of the radiolabeled bentonite used

in the experiment, imp/s

Concentration of the bentonite suspension, g/L

Thickness of the cake layer, mm

—  Thickness of the deposit at steady state, deter-

mined experimentally, mm

Thickness of the deposit accumulated on the

membrane surface at time t, mm

—  Calculated deposit thickness, mm

— Initial rate of the deposit accumulation on the
membrane surface at t = 0, mm/min

— A permeate flux, m*/m?*s

— A permeate flux through the cake layer, m*/m?s

Cake permeability, m?

—  Kinetic constant in the model, min!

—  Kinetic constant in the model, (mm-min)!

—  Mass of the radiolabeled bentonite, kg

—  Viscosity of the liquid, Pa's

Operating pressure difference, Pa

A cake layer resistance, m™

Correlation coefficients for the pseudo-first-

order and pseudo-second-order kinetic model,

respectively

—  Radius of the membrane, m

—  Density of the bentonite, kg/m?

Feed velocity, m/s
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