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Appendix 5A. Discussion of scientific achievement

Removal of radionuclides and heavy metals from liquid waste by methods
based on membrane processes

1. The purpose of the research

The purpose of my research, which formed the basis of the presented scientific achievement,
was to remove radionuclides and heavy metals from liquid wastes that pose a threat to humans
and the environment by using methods based on membrane processes. As part of my research, |
tested and evaluated both pressure-based membrane techniques (ultrafiltration, (UF) and
microfiltration, (MF) (H01-HO4), reverse osmosis, (RO) (HO5)) and current-based techniques
(electrodialysis, ED) (H06). In order to achieve high efficiency of radionuclide separation from
solutions of model liquid radioactive waste and real waste, hybrid processes were used, in which
a membrane process (MF or UF) was combined with an adsorption process using low-cost,
readily available sorbents obtained from waste materials, such as. waste (sludge) from the
fertilizer industry, (clay-salt slime, CSS) (HO01), or fly ash (H02), and biosorbents such as alginic
acid and its derivatives (HO3). Another material supporting sorption in the hybrid process
analyzed during the study was metal-organic framework (MOF) matrices. MOF-type substances
have been used to remove Hg2+ ions from aqueous solutions by the MF/sorption process [HO04].
Hybrid processes, sorption-assisted filtration, for each of the systems analyzed, were preceded by
studies to evaluate the sorbent used and determine the optimal sorption conditions.

Another type of hazardous waste for which a preliminary concept for treatment and
concentration using membrane processes was developed was hydraulic fracturing fluids from gas
shale (HO5). These wastewaters are characterized by high salinity and content of heavy metals,
including rare earth metals, radioactive elements and various types of organic compounds. For
this type of wastewater, the development of a multi-stage process using various physicochemical
methods was required. Membrane processes were an important part of the entire technological
scheme for the treatment of post-fracking fluids in the developed concept for the pretreatment of
fluids after hydraulic fracturing.

Membrane processes using a tubular module with a metallic membrane, have also been

used as an alternative method for leaching uranium from uranium ores [HO7]. In the study

9
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conducted, a microfiltration membrane was used as a membrane contactor to separate the liquid
phase, containing uranium ions, from the solid phase, which is the ore residue after leaching, For
this hybrid-leaching/microfiltration process, the membrane module was used both as a phase
contactor in the leaching process and also as an apparatus for processing the liquid waste
remaining after leaching uranium ore.

Membrane processes, however, in addition to their unquestionable advantages, have
limitations that to some extent hinder their use on an industrial scale. The main limitation to the
widespread use of membrane techniques on an industrial scale, is the occurrence of fouling, or
membrane blockage, which causes a decrease in process performance over time and implies the
need for periodic membrane cleaning. Getting to know the mechanisms of fouling and the factors
that influence this phenomenon is important for achieving a more complete control of the
performance of membrane modules and extending their operating time, as a result of reducing the
frequency and duration of periodic cleaning. Thus, in order to gain a better understanding of the
phenomena that lead to membrane blockage, which would further reduce their impact and
maximize the efficiency of membrane modules used in liquid waste treatment processes, | have
attempted to study fouling occurring with the membranes | use. The work on the study of fouling
is the subject of 3 papers of the series that make up the scientific achievement [HO08], [HO09],
[H10]. To explore this phenomenon, | proposed the use of radio-marker techniques, whose
potential for use in the study of membrane processes | confirmed during the preparation of my
doctoral dissertation.

Thus, the work comprising my scientific achievement presents a broad analysis of the
feasibility of using membrane processes to remove radionuclides and heavy metals from liquid
wastes. The proposed membrane processes were optimized by me in terms of the efficiency of
separation of hazardous components of these wastes, both at the stage of the process supporting
microfiltration and ultrafiltration (sorption stage), and during the establishment of the conditions
of the entire hybrid process. In addition, in order to minimize the occurrence of membrane
blockage and its adverse effects, which allows for the intensification of the membrane processes
used, | analyzed the parameters affecting this phenomenon and attempted to describe it,

depending on the test system used.
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2. Introduction
The development of materials engineering has made the availability of membranes and the
variety of materials from which they are made, contributing to the expansion of application areas
[1, 2]. Membrane processes are used both in environmental protection and in many industrial
fields. Among the main applications of membrane techniques are desalination of seawater and
brackish water (mainly by reverse osmosis, RO), softening and treatment of drinking water,
concentration of mine water and landfill leachate, concentration of whey, juices or clarification of
wine (UF, MF).
The main advantages of membrane processes include:

e mild process conditions,

e variety of membrane materials allowing a wide range of applications,

e ease of scale-up,

e the possibility of combining them with other methods into a process that runs in a single

apparatus (so-called hybrid systems).

These aforementioned advantages of membrane processes and the possibility of using
increasingly modern membrane materials, caused that these processes have been selected for use
in the treatment of liquid radioactive waste and other hazardous industrial wastewater.
Many nuclear power generation activities generate radioactive waste, and such waste is also
generated by the medical or industrial use of radioactive isotopes. The classification of
radioactive waste according to various criteria, including the criterion related to the source of its

generation, is shown in the diagram below (Figure 1).
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Fig. 1: Classification of radioactive waste.

Both liquid radioactive waste and other industrial effluents must be properly treated and
then stored in such a way that they do not pose a threat to humans and the environment. The
scheme for handling radioactive waste is shown in the figure (Fig. 2).
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Pakowanie

Transport i
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Fig. 2: Diagram of radioactive waste management.
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Low-level liquid radioactive waste (LLW) is a large part of liquid radioactive waste, and
although the radionuclide content is not high in it, it is an important problem due to its large
volume. The first step in the treatment of radioactive wastewater is the separation of sludge and
organic contaminants. As a result of pre-treatment, waste sent to further processing stages
contains: radionuclides, inactive salts, detergents and organic compounds that have not been
removed.

Further processing consists of effluent concentration and recovery of some water. This
stage is important for minimizing the volume of waste for disposal. The choice of the appropriate
method of concentrating liquid waste depends mainly on the characteristics and class of waste, its
volume, the assumed degree of decontamination and the cost of the chosen process. In the case of
liquid radioactive waste, it is also necessary to solidify the concentrated wastewater, since only
solid waste can be disposed of in radioactive waste repositories.

In order to minimize the amount of waste sent to the landfill, it is necessary to separate
the radionuclides, or concentrate them in the smallest possible volume. The next step in the
handling of liquid radioactive waste is to solidify it into a permanent form. It should be
mentioned here that some waste components (e.g., organic compounds) adversely affect the
solidification process, as their presence in the solidified waste can cause radionuclides to leach
from the matrices more easily [3]. Separation of radioactive components from other waste
components is therefore also necessary to ensure the durability of radionuclide binding in the
matrix, which is the so-called first engineering barrier. This is of paramount importance to ensure
the safe storage of waste by isolating it from the environment.

At present, the following methods are used to separate radioactive components in the treatment of
liquid radioactive waste [4, 5]:

e precipitation,

e evaporation,

e jon exchange,

e extraction,

e membrane techniques,

e biological processes,

e electrochemical processes

13
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However, the high dilution of liquid radioactive waste makes the use of certain methods
for the separation of radionuclides (precipitation, evaporation, extraction) unprofitable from an
economic and ecological point of view. Membrane techniques can be used to purify and
concentrate liquid waste with both very low and very high concentrations of the separated
components. Applications of membrane processes such as micro-, ultra- and nanofiltration,
reverse osmosis, dialysis and electrodialysis in nuclear technologies are well known [6-8]. Some
of these methods not only concentrate radionuclides in a small volume, but can also be used to
separate them for recycling. The physicochemical basis of pressure processes such as
ultrafiltration and microfiltration, which, next to reverse osmosis, are the most frequently used
membrane methods in industry, unfortunately result in low selectivity in the separation of metal
ions (including radionuclides and heavy metals). In order to improve their separation properties,
most membrane processes can be carried out in multiple stages or can be used in combination

with other methods (hybrid systems).

3. New sorbents for radionuclides and heavy metals in hybrid systems: sorption

combined with membrane process

3.1. Hybrid methods based on membrane techniques

Hybrid methods are encountered when two or more processes are combined, often carried out
in a single apparatus. Hybrid systems are more flexible than single processes, and can be more
easily optimized to achieve the desired effect. Because of these advantages, membrane-based
hybrid processes can be used in the treatment of liquid radioactive waste as well as other
industrial wastewater.

The solution of combining a membrane process (MF, UF) with the complexation of ions
present in these streams is of great interest in the treatment of various types of wastewater and
contaminated water streams [9]. For this purpose, for example, soluble macromolecular
compounds are used, thus obtaining an enlargement of the molecular weight of the separated
complexes, which hinders their passage through the pores of the membrane causing separation.
An example of the application of Complexation-Assisted UltraFiltration (CAUF) is, for example,

the removal of boric acid from water or the reduction of the volume of radioactive wastewater
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from decommissioning and decontamination of nuclear installations [10, 11]. An interesting
alternative to the CAUF method is the use of solid particles or adsorbents suspended in an
aqueous solution, the so-called Sorption-Assisted UltraFiltration (SAUF) method.

Hybrid processes combining ultrafiltration and microfiltration with complexation by
macromolecular substances or with sorption have been used by the INCT Membrane Processes
Laboratory team for many years [12-17]. A schematic of the hybrid process of MF or UF
combined with sorption is shown in the figure (Fig. 3).

Zdyspergowany

o = 485 [
g e Mikrofiltracja/
. Ultrafiltracja —
:
Rozwoér o on )

oczyszczany a,

Permeat

Fig. 3: Schematic diagram of the hybrid process of MF or UF combined with sorption.

Studies carried out in our Laboratory have shown the possibility of increasing the
Decontamination Factor (DF) of liquid radioactive waste through the membrane process by using
macromolecular ligands that bind radioactive ions. By selecting a suitable ligand, it was possible
to achieve an increase in the decontamination factor by up to several hundred times. It was found
that when using soluble polymers, one should take into account not only their chemical form, but
also their degree of cross-linking and particle size. The choice of polymer concentration and
process conditions (e.g., solution pH) are equally important [12, 13].

The experience gained has allowed the development of these methods toward
optimization, both through the use of new, more efficient radionuclide-binding materials [14, 15]
and through proper control of process conditions [16, 17].

The selection of a radionuclide or metal ion-binding substance that is suitable for a given type
of liquid waste and is guaranteed to increase retention in a hybrid process is a key point in such a

process. A good binding material (chelator, sorbent) should be characterized by:
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e sufficiently high molecular weight (chelator) or adequate particle size distribution
(sorbent) in relation to the pore size of the membrane used,
e ability to selectively bind to ions and molecules,
e stability of the bond: metal-binding substance,
e non-toxicity,
e low price and easy availability.
In addition, it is important to determine the optimal conditions for the complexation or sorption

reaction to proceed with maximum efficiency (pH, reaction time, reactant ratio).

3.2. Removal of radionuclides and heavy metals from liquid waste by using hybrid

methods: sorption combined with a membrane process.

3.2.1. Use of inorganic waste materials

As part of my research on the removal of radionuclides and heavy metals from liquid wastes
through hybrid methods, | have analyzed the possibility of using waste materials such as clay salt
slime (CSS) and fly ash (FA) from potash fertilizer production in combination with micro- and
ultrafiltration [HO1, HO2]. CSS sorbent has been previously tested in sorption processes carried
out under static conditions [18, 19]. Analyses of the composition of this waste material showed
that its main components are illite (42.2-51.1% by weight) and dolomite (19.6-24.8% by weight).
Due to its favorable structure (aluminosilicates) and because of its availability (cheap and
available in big quantities), this material was investigated by me as an intervening alternative to
other radionuclide-binding agents that can be used in hybrid processes [HO1]. Experiments to
determine the feasibility of using this sorbent in a hybrid process in combination with a
membrane process, | conducted, (similar to the studies with fly ash), in an Amicon filter cell
(type 8400, Millipore) with a capacity of 350 mL, placed on a magnetic stirrer. (Figure 4).
Pressure, providing the flow of the purified solution, was provided by the nitrogen stream from
the cylinder.
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Fig. 4: Schematic of the system for conducting the sorption-assisted UF process [H02].

In order to obtain satisfactory results of radionuclide separation, it was necessary to
optimize the proposed method, from the selection of a suitable membrane (the material of which
it is made and the size of the pores) through the selection of sorption parameters (pH, ratio of
reactants, reaction time) and the conditions of the membrane process (pressure determining the
permeate flow rate). The membrane that met the requirements for obtaining adequate process
efficiency (permeate flux size) and separation efficiency, in the case of this sorbent, was a
membrane made of polyethersulfone (PES) with a Molecular Weight Cut-Off (MWCO) point of
10 kDa.

The result of the research was the development of an effective method for separating
radionuclides present in liquid radioactive waste model solutions. Using the proposed method of
combining ultrafiltration with sorption using CSS sorbent, all radionuclides Cs, Co and Am
present in solution were removed from aqueous solution with close to 100% efficiency (>99%).
An additional advantage of the tested hybrid method is the possibility to carry out two processes
(radionuclide sorption and phase separation) in one apparatus, which reduces the cost of the
entire operation.

The second material | used as a cheap and readily available sorbent was fly ash [HO2]. |
also conducted experiments with fly ash using an Amicon filter chamber. A series of trial
experiments showed that a membrane made of polyethersulfone (PES) with an average pore size
of 0.22 um was most beneficial. The result of the experiments carried out in this way was a high

radionuclide removal efficiency (100%) for **'Cs, 2**Am and *°Co solution.
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The efficiency of radionuclide removal from liquid waste using a hybrid process
(microfiltration/sorption) was compared with that of the stationary adsorption method, carried out
in a stirred reactor. The result of this comparison indicates that both methods are equally
effective, but it should be noted that the hybrid process requires much less sorbent (4 times less)

to achieve the same radionuclide separation effect.

(T 1)

Main achievement:

Demonstration of the feasibility of using industrial waste materials as an
adsorbent for radionuclides and using them in a hybrid MF/sorption or
UF/sorption process.

\& J

3.2.2. Use of biosorbents

Other materials that can be used as a sorbent to remove radionuclides from aqueous solutions
and liquid radioactive wastes in the hybrid ultrafiltration/sorption process I tested include alginic
acid and sodium alginate [HO3]. These compounds, which belong to the group of biopolymers,
are widely studied for their use in wastewater treatment, including metal ion removal, as they are
a cheap, renewable and abundant biological raw material [20, 21]. The sorption capacity of
biosorbents depends on the chemical composition of their cell wall and the presence of
macromolecules with different functional groups that interact with metal ions. Studies show that
alginate-based biosorbents can effectively remove metals found in industrial wastewater, and in
dispersed form can support the ultrafiltration process [22]. The chemical structure and, in
particular, the presence of carboxyl groups and oxygen atoms having free electron pairs (Fig. 5)

allows the formation of bonds with metal ions, including radionuclides, present in liquid waste.
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Fig. 5: B-D-mannuric and a-L- guluronic acids, forming the structure of alginic acid.

The processes of metal ion binding by biosorbents can be generally divided into non-
specific and specific. Specific binding of metal cations occurs through interactions with
appropriate functional groups. The types of these groups and their number depend on the type of
biosorbent. In the case of biosorbents based on alginic acid and its derivatives, the most important
role in the binding of metal ions is attributed to carboxyl groups [23]; however, hydroxyl groups

can also be involved in the binding of metal ions (Fig. 6).

Fig. 6: Proposed mechanism of metal ion binding by sodium alginate.

The efficiency of metal ion removal by biosorbents depends largely on the reaction
conditions, i.e. the pH of the solution, the contact time of the reactants and the mass ratio of the
reactants. | conducted such a study by evaluating the removal efficiency of cations present in
liquid radioactive waste, such as Co?*, Sr** and Cs* using alginic acid and sodium alginate [HO3].
As a result of this research, | determined the optimal conditions for sorption of the
aforementioned cations on the studied biosorbents. In addition, | proposed a description of the
sorption process with a kinetic model, considering a pseudo-first-order model and a pseudo-

double-order model of the sorption reaction of selected cations on the studied biosorbents.
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Calculations showed that the sorption process of all studied cations, namely Co?*, Sr** and Cs*
can be described by the pseudo-second-order model, while the sorption capacity of both
biosorbents at equilibrium (ge) was similar. The highest ge values (90-97 mg/g) were obtained for
Co?* and Sr**, while for Cs* the adsorption capacity of both biosorbents was about 72 mg/g.
Significantly higher values of reaction rate constants (k) were also obtained for Co** and Sr**
ions than those obtained for Cs” ions.

With the optimal sorption conditions established, the UF/sorption process experiment was
then carried out in a continuously operating system (Fig. 7). The membrane system was equipped
with a tubular ceramic membrane (length - 0.25 m, outer diameter - 0.01 m) with a molecular

weight cutoff of MWCO=10 kDa.
o
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Fig. 7: Schematic of the test facility used for the sorption-assisted UF process using alginic acid

and sodium alginate [HO3].

The research was conducted using aqueous solutions containing the radionuclides ®Co and ®Sr,
and sodium alginate as a sorbent. The proposed hybrid UF/sorption process allowed for efficient

removal of radionuclides, and thus a high decontamination factor (DF) of the purified solution.

Achievement:

(a) description by mathematical model of the sorption kinetics of Co*", St**

and Cs" ions on alginic acid and sodium alginate;

(b) decontamination of model solutions of liquid radioactive waste by a
hybrid UF/sorption process
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3.2.3. Use of MOF-type substances

In addition to waste materials, or other low-cost materials of natural origin, work is underway
on modern materials that could efficiently and selectively remove metal ions from liquid waste.
One such material that has been attracting ever-increasing interest in recent times is metal-
organic-framework (MOF). The reason why there is so much interest in these materials is due to
their unique properties, the multitude of possible structures and the relatively simple method of
synthesizing them.

MOF structures are built from small metallic or oxy-metallic groups connected to each other
by coordination bonds through organic ligands with at least two functional groups, mainly
carboxyl groups. The possibility of independent shaping of the form of the organic and inorganic
parts makes it possible to obtain a theoretically unlimited number of structures differing in
porosity parameters: pore geometry, size of specific surface area of pores and physicochemical
properties.

Due to the promising properties of MOF-type substances, they were investigated by me for
their applicability in the MF/sorption hybrid process for the removal of Hg®* ions from aqueous
solutions [HO4]. As part of the research, a method was developed to synthesize two MOF-type
sorbents UiO-66modified with thioglycolic acid and a composite of UiO-66 with cellulose. The
chemical structure of UiO-66 is described by the formula: Zr604(OH)4(BDC)s, where BDC
stands for the anion of doubly ionized terephthalic acid. The octahedral walls of the cluster in the
structure of this compound are surrounded alternately by four oxygen anions and four hydroxyl
groups. The role of the linker in the primary structure is played by the anion of the commonly
available terephthalic acid (Fig. 8).

+ ZrCl, —»

Fig. 8: Image of structural building units and crystal structure of UiO-66 MOF, showing
octahedral pores [H04].
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After confirming that the expected sorbent was obtained, for which the following
techniques were used: high-resolution scanning electron microscopy (SEM), X-ray diffraction
(XRD) and X-ray fluorescence spectrometry (XRF), the two synthesized sorbents were used to
remove mercury ions by sorption-assisted microfiltration. The influence of hydrodynamic
conditions prevailing in the membrane module on the stability of the sorbent during the
experiment proved to be a key parameter determining the ability to successfully remove Hg®*
ions from aqueous solutions.

Summarizing the research on hybrid processes based on membrane techniques, it should be
emphasized that they are an excellent alternative to other methods of removing radionuclides and
heavy metals from liquid wastes. The use of low-cost, readily available materials as binding
agents for metal ions and radionuclides in hybrid processes makes the whole process even more

attractive, also from the point of view of its economics, as well as environmental protection.

4. Other new applications of membrane processes for treating radioactive solutions

Often, liquid radioactive waste in its composition contains a number of other substances that
make it difficult or even impossible to obtain a suitable form of waste that can be transferred for
disposal. Nevertheless, the use of membrane processes in the purification of radioactive
solutions, is not limited only to the removal of radionuclides or metal ions. Membrane methods
can also be used to purify radioactive solutions of more complex composition. These include, for
example, liquid organic wastes, or after-treatment fluids from hydraulic fracturing in shale gas

extraction.

4.1. After-treatment fluids from hydraulic fracturing of gas-bearing shale.

Post-treatment fluids after hydraulic fracturing of gas-bearing shale are an example of
solutions that, in addition to radionuclides, contain a number of other substances. Shale gas
extraction generates huge amounts of these toxic fluids, creating a serious problem for the
environment. The extraction fluids are characterized by high salinity and contain heavy metals,
including rare earth metals, radioactive elements and organic compounds [24]. These fluids must

therefore be purified before further use or discharge into the environment. A scheme for treating
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fluids after hydraulic fracturing proposed the use of membrane techniques [HO5]. The fluid
subjected to purification was characterized by a high concentration of solutes, in particular a very
high concentration of chlorides. Analysis of samples by alpha spectrometry and gamma
spectroscopy showed that radioisotopes of uranium (**®*U and #*U) and **Ra, 2*Ph, 2“Bi, ?*?Pb,
29871 and “°K were present in the tailings fluid. A multi-step process was developed to treat these
wastes, consisting of mechanical removal of suspended solids, removal of organic compounds,
heavy metal separation and water recovery. Membrane methods: nanofiltration (NF) and reverse
osmosis (RO) were used for the final step of post-treatment fluid purification. The reverse
osmosis (RO) process was particularly effective and was proposed as the final purification step.
As a result of this process, not only macromolecular substances were removed, but also most of
the ions present in the fluid [HO5].

4.2. Radioactive solutions containing organic compounds

The composition of low-level liquid waste from the use of radioisotopes in scientific research,
medicine and industry is often complex. In Poland, this type of waste is sent to the Radioactive
Waste Disposal Facility (ZUOP) in Swierk, where it is treated using conventional methods such
as evaporation or chemical precipitation. However, this type of waste, in addition to high
concentrations of inorganic salts, usually contains organic compounds from, for example,
decontamination of laboratories or equipment. The presence of organic substances adversely
affects the later stages of radioactive waste processing and the safety of its final storage.
Therefore, it is advisable to separate such compounds before the next stages of handling. As part
of our work on the removal of organic compounds from agqueous solutions, we use processes such
as ozonation, Fenton reaction and electro-oxidation, among others, in the Separation Methods
Laboratory [25, 26]. Another interesting solution to the problem of the content of organic
compounds in liquid waste can be the use of one of the membrane techniques - electrodialysis
(ED) [HO6]. Electrodialysis is the process of selective release of ions and charged molecules
through an ion-exchange membrane, under the influence of an applied voltage. The
electrodialysis module consists of alternating cation- and anion-exchange membranes separated
by spacers, and the membrane stack is placed between two electrodes (Fig. 9). The advantages of

electrodialysis include: greater tolerance of the membranes to changes in solution pH and high
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chloride content, the ability to operate at temperatures as high as 50°C, elimination of the use of
additional reactants, reduction of product losses and minimization of the volume of
environmentally harmful waste.

Electrodialysis was used by me to concentrate radionuclides from model liquid waste
solutions and to separate organic compounds contained in these solutions [H06]. The conditions
of the electrodialysis process, i.e. the current intensity and voltage, the ratio of diluate (purified
stream) and concentrate (concentrated stream) flow velocities, were tested to determine the
optimal parameters for efficient separation of radionuclides and organic compounds. The results
of the tests showed that electrodialysis is a favorable method for the disposal of liquid radioactive

waste, as it enables both a high degree of solution desalination and radionuclide removal.
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Figure 9: Schematic diagram of the ion-exchange membrane configuration in the membrane

module used in the electrodialysis process [H06].

In addition, in the event that the organics that make up the additional fouling of the solution
are non-ionic compounds (e.g., Triton-X used in radiochemical decontamination), then using ED
it is possible to simply separate them from the radionuclides, concentrated along with other
inorganic components of the wastewater (e.g., salts) in the concentrate stream. In this way, the

problem of solidifying liquid waste contaminated with organic compounds can be solved. In
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addition, it is possible to recover the organic components for reuse if, for example, for economic
or other reasons, it makes sense to do so. If the organic compounds present in radioactive
solutions are ionic compounds, then the ED process can also be used to separate them, but proper
control of the process conditions or the use of monoanionoselective membranes is necessary [27,
28].

4.3. Uranium ore leaching

In addition to their separation function, membrane modules can also serve as contactors for
various chemical processes and reactions [29-31]. Membrane contactors are systems that use
porous membranes to transfer mass between phases, but the membrane does not act as a selective
barrier It is instead used as a non-selective septum with a developed surface area; placed between
two phases, it increases their contact area, and its function is to keep the two phases separate and
in contact simultaneously.

As part of my ongoing work on the broader use of processes and membrane modules, |
conducted research on the use of one of the membrane modules we use, as a membrane contactor.
A helicoidal flow membrane module equipped with a tubular metallic membrane was used for
this purpose [32]. This module served as a contactor in an alternative method for leaching
uranium from uranium ore [HO7]. In the conducted experiments, | investigated the influence of
such process parameters as the feed flow rate and the rotation frequency of the inner cylinder
located in the membrane module on the leaching efficiency. Analyses of the obtained results
showed that the use of a membrane contactor makes it possible to achieve high leaching
efficiency of uranium and its associated metals (La, Th, V) from crushed uranium ore. By
conducting the process in a membrane apparatus at room temperature, a similar degree of
leaching was obtained to that which can be obtained by leaching uranium in a stationary stirred
reactor, which requires a temperature of 80°C [33].

An additional advantage of using a membrane contactor in this process was that two
processes (leaching and phase separation) were carried out in a single apparatus. Here, the
microfiltration membrane was also used to separate the liquid phase, containing uranium ions,

from the solid phase, which is the ore residue after leaching in the membrane contactor.
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Achievement:

(a) Use of the membrane module both as a contactor in the uranium leaching
process and also for the treatment of liquid waste remaining after uranium ore

leaching (hybrid process - leaching/microfiltration).

(b) Obtaining European Patent No. 2604713

5. Reduction of adverse phenomena occurring in membrane filtration equipment used

in nuclear technologies; minimization of membrane fouling.

Membrane processes are among the effective and economical separation methods, however,
adverse phenomena accompanying the filtration process that occur in the membrane layer lead to
a decrease in process efficiency over time and often membrane fouling and are the cause of
limitations in the widespread use of membrane techniques.

Membrane blockage phenomena can be partially reduced by:

e pretreatment solution preparation;

e membrane cleaning and washing;

e modifying the surface properties of the membrane by introducing a low-density solvent

stream,

e appropriate shaping of hydrodynamic conditions in membrane modules, including:

o increasing turbulence in areas adjacent to the membrane surface by intense mixing
of the liquid over the membrane surface or high linear velocities of the liquid;
o using turbulence promoters, such as moving parts, rotating filter baffles;

o conducting filtration in a cross-flow regime, so-called "cross-flow."

All measures carried out to reduce membrane blockage are extremely important, as they
contribute to prolonging the service life of the membrane and increase the efficiency of the
membrane process, and thus reduce the cost of using the process.

In order to develop methods that enable proper operation, full utilization of membrane
apparatuses and the assumed intensity of the physical and chemical processes that take place in
them, it is necessary to fully understand and diagnose the phenomena that limit them (membrane

fouling).
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5.1. Study of membrane fouling using radioactive tracers and photoacoustic methods

Despite many ongoing works and a number of references on membrane blocking (fouling),
the basic mechanisms governing this phenomenon are still not fully understood [34-35]. In my
doctoral dissertation entitled: "New radioactive tracers of the liquid and solid phases for
applications in the study of membrane processes,"” | attempted to apply the radio-marker method
to the study of membrane processes and phenomena occurring in membrane filtration apparatus. |
developed this research in my further work.

Tracer techniques are a non-invasive method of learning about the dynamics of media flow in
apparatuses, so they are an alternative to other ways of learning about the phenomena occurring
inside these devices. The use of radioactive tracers allows the use of very small amounts of tracer
due to the very high sensitivity of detection of ionizing radiation. Measurements using
radionuclides as tracers are non-contact measurements, since radiation detection can take place
remotely through layers of other materials.

The results of the research carried out within the framework of the doctoral dissertation
showed that a lot of valuable information about the fouling phenomenon can be obtained using
the radio-tag method [36-39]. Therefore, the method of studying membrane fouling using radio
markers was the basic method | decided to use to analyze this phenomenon in membrane modules
(tubular and flat), which I used to remove radionuclides and metal ions from liquid waste. The
ongoing work was a continuation and development of the methods developed in my doctoral
thesis.

The first work focused on the study of fouling occurring in a cross-flow flat module during
filtration of bentonite suspension, as a material used in sorption-assisted filtration processes
[HO8]. The stage of selecting a radioactive tracer and preparing the labeled phase is extremely
important for obtaining meaningful and reliable experimental results. The radiolabel should meet
several basic requirements, which include, first of all, a sufficiently short half-life; a sufficiently
high specific activity of the radioisotope used; and the type and energy of radiation emitted by the
isotope, which can be recorded during the experiment.

For the labeling of the solid phase - bentonite - **°La was chosen because of its relatively short
half-life (ty,= 40.3 h), the high energy of the emitted gamma radiation (E; = 0.8 MeV, E; = 1.6
MeV), easy detection, as well as the appropriate durability of binding to bentonite. The optimal
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conditions for adsorption of lanthanum on bentonite determined experimentally in preliminary
studies were as follows: pH in the range of 5 - 7; the time required to reach equilibrium was 5
min. The labeled suspension was the feed solution to the membrane module, shown schematically
in Figure 10. | carried out filtration in a closed system, i.e. the permeate and retentate streams
were returned to the pig iron tank. Meanwhile, the formation of a precipitate layer on the
membrane surface was recorded by measuring the specific activity of the precipitate thanks to a

scintillation probe placed under the membrane module and connected to a radiometer.
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Fig. 10: Schematic of the test installation with a flat module [H08].

The results of the experiments showed the possibility of the proposed method to
determine, in situ, both the kinetics of sludge formation on the membrane, the determination of
its thickness and permeability, depending on the conditions of the process. Example results are

shown in Figure 11.

28



Appendix No 5

a) b)
*selt B2elt L0l 00.0075 m/s 0.012m/s 00.021 m/s
0,25 014
0,12 °
0.2 Tt este e e _ 0o onooooooo°oo°°° o0
. ettt g 01 5609090 o
g 015 Lgereele E 03 woﬂo o eaesasats
5 o nnnnunnnnﬂnnnnunnnnﬂnnnﬂﬂnn © o6 |90 asdet 8aofabds000000000,0%0000
“ 0l 1w oo . —giﬁaal
. oo P
o 0,04 -
0,05 A AAAAALMAA QAhAha
' aaasadEEEEEES 0,02
T
0 ¥ T T ; . . : 0 . . . : : .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t, min. & min

Fig. 11: Change in the thickness of the bentonite deposit on the flat membrane as a function of: a)
bentonite concentration, (Ap = 0.15 MPa, u = 0.0075 m/s); b) liquid flow velocity over the
membrane (Ap = 0.3 MPa, c =2 g/L).

Thanks to the use of the radio-marker method, information on the progress of membrane
blockage was obtained in situ, during the experiments. Such a tool allows rapid operator response
and adjustment of process conditions to minimize the adverse effects of fouling. Therefore, this
novel method can be successfully applied to control the course of membrane processes. In
addition, it can be considered as an alternative or complement to other known techniques for

studying membrane fouling.

Achievement:

Quantifying the blocking phenomenon of a flat membrane by

determining the thickness of the deposit formed on the membrane

surface.

Photoacoustic spectroscopy (FT-IR/PAS) [H09] was another technique | used, in addition to the
radioimmunoassay method, to study the fouling of flat membranes. Using the FT-IF/PAS (Fig.
12), technique, optically opaque, infrared scattering, irregularly shaped samples with different
morphologies can be studied [40]. Like tracer techniques, it is non-destructive, does not require
lengthy preparation of the material to be analyzed, and can be used in the analysis of layered

materials.
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Fig. 12: Principle of photoacoustic spectroscopy.

Analyses of the surface of flat membranes made of PES carried out using photoacoustic
spectroscopy (FT-IR/PAS) have demonstrated the effectiveness of this method for studying the
fouling kinetics of such membranes [H09]. This method is sensitive enough that even small
changes in the thickness of the membrane's accumulated film can be recorded with it. The model
liquids in the study were solutions of water-soluble poly(acrylic acid) (PAA) of different
molecular weights and a suspension of red clay. PAA and red clay were chosen as model
substances frequently used in our Laboratory in hybrid ultra- or microfiltration processes assisted
by complexation or sorption, and whose presence in filtered fluids contributes to membrane
blockage and a decrease in process product flux. The conducted research concerned the
possibility of in situ tracking of the degree of membrane fouling during filtration of these two
types of media, as well as the study of the effect of the size of the molecular weight of the
separated particles on the intensity of membrane blocking. The results of the experiments showed
that the course of the fouling phenomenon, which differs for the two types of filtered media and
depends on the molecular weight of PAA, can be easily recorded by photoacoustic spectroscopy.
The results obtained were confirmed by two other methods: radioimmunoassay technique (Fig.
13) and scanning electron microscopy (SEM).

In addition, it has been shown that the FT-IR/PAS method can be used during the
selection of membrane cleaning methods, as well as to analyze the effectiveness of these

methods.
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Fig. 13: Analysis of the effect of PAA particle size on the fouling of a flat membrane made of
PES, MWCO=10 kDa; (a) results obtained using photoacoustic spectroscopy; (b) result obtained
using the radio-marker method [HO9].

The criterion for the application of this technique is the ability to extract a suitable band on the
absorption spectrum coming from the substance deposited on the membrane, which will not
overlap with the bands coming from the membrane material. It is for this reason that the FT-
IR/PAS technique proved to be unusable for the analysis of membranes made of regenerated
cellulose used for filtration of polyacrylic acid - there were no bands on the absorption spectrum
originating from PAA that did not overlap with bands originating from RC.

Achievement:

(a) Development of a method to study membrane fouling based on photoacoustic

spectroscopy,

b) Confirmation of the obtained results using other methods (radiotracer and SEM).

While fouling, which occurs in the case of flat membranes, such as those made of
polymers, can be studied relatively easily using various methods (optical, photoacoustic), it is
somewhat more difficult in the case of tubular membranes. Metallic or ceramic membranes pose
a particular challenge, as sampling such materials for analysis, when using invasive methods, is
difficult. Membranes made of these materials are often stashed for the purification of liquid
radioactive waste or other industrial wastewater, due to their durability and resistance to ionizing
radiation and aggressive substances. During purification of these solutions using tubular
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membrane modules, macromolecular substances used to complex metal ions or radionuclides
present in the solutions cause blocking of the membrane surface and pores, and the distribution of
the membrane elongation layer can be non-uniform. The rate of membrane blocking and the
distribution of the deposit layer will depend on the hydrodynamic conditions in the module and
the type of filter medium. These parameters, affecting the fouling of tubular membranes, were
investigated by us using a radio-labeling method [H10] with a model compound, often used in
hybrid processes as a metal ion and radionuclide binding agent - polyacrylic acid. The isotope
149 3 was proposed for labeling this compound. This isotope was obtained by irradiating a
La(NO3); sample in a neutron flux of 5 x 10" s™m™ at the Maria Reactor (Spruce). As a result of
earlier experiments, the reaction conditions of **°La with PAA (pH, contact time, reactant ratio)
were determined, and by performing leaching tests of the radionuclide, it was shown that the
binding of the radionuclide **°La by polyacrylic acid was stable. The diagram below shows how
La®* is bound by polyacrylic acid molecules (Figure 14). One PAA chain provides multiple

carboxyl groups, which are among the most suitable ligands for lanthanum cations [41].
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Fig. 14: Scheme of La ion binding by polyacrylic acid.

Polyacrylic acid labeled with **La (**°La-PAA), selected on the basis of the experiments
described above, was used to determine the fouling of a ceramic tubular membrane, which is a
component of one of the membrane installations used in the Laboratory to study the removal of
radionuclides from aqueous solutions or model liquid radioactive waste (Fig. 15).

In order to accurately determine the amount of PAA accumulated at specific points on the
membrane during filtration of the PAA solution, 4 scintillation probes (7-10) were placed along
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the membrane module (1). With this arrangement, it was possible to track "in-situ™ fouling of the

membrane in individual parts of the membrane.

L

Fig. 15: Membrane system with ceramic tube module. 1 - membrane module, 2 - feed tank, 3 -
pump, 4 - pressure gauge 5, 6 - flow meters, 7-10 - scintillation probes, 11 - radiometer, 12-

computer. [H10].

In addition, we showed that depending on the size of the complexing agent molecules (30,
100 and 250 kDa), there are different kinetics of the fouling phenomenon and a different
distribution of molecules along the membrane module. To describe the kinetics of fouling, | used
two kinetic models: pseudo-first-order and pseudo-double-order, with calculations showing that
the latter better describes the blocking of the membrane under study. This model can be
expressed in the form of the equation:

dA,
dt

= k: [:AEI - ‘qrjz

where:

A\ - specific activity at time t,

A. - specific activity at equilibrium,

k, the pseudo-drug reaction rate constant of PAA deposition on the membrane (1/min).

Polyacrylic acid with the lowest MW (i.e., 30 kDa) blocked the membrane the fastest, causing the
greatest decrease in permeate flux, as indicated by the decrease in the reaction rate constant - k
(Fig. 16). However, the amount of precipitate formed on the membrane (illustrated by the
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magnitude of the measured specific activity of the precipitate layer, A¢) is the smallest in this

case.
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Fig. 16: Comparison of kinetic parameters (a) reaction rate constant and (b) A at equilibrium,
obtained in different membrane sectors (I - 1) for PAA with different MW [H10].

This indicates the existence of different mechanisms of membrane blockage, which depend on
the size of the particles contained in the filtered medium.

The results of the studies described in this work have allowed a more complete understanding
of the unfavorable phenomenon of tubular membrane fouling and appropriate control of the

process to increase its efficiency.

Achievement:

Development of a method for testing the fouling of tubular

membranes using radio tracers.

5.2. Reduction of fouling through the use of dynamic filtration

Studies on the phenomenon of fouling, carried out by various methods, described in Section
5.1, have made it possible to gain a better understanding of this unfavorable phenomenon and, at
the same time, have indicated the possibility of reducing it. Minimization of fouling is possible,
among other things, thanks to appropriate shaping of hydrodynamic conditions in membrane

modules, for example, by using dynamic filtration. In my research on the removal of metal ions
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and radionuclides, which is part of the described scientific achievement [H04], [H07], as well as
in earlier works [16, 17, 32], | used a membrane module that met the conditions of a dynamic
filtration apparatus. It is a tubular module in which a rotor is placed, the rotation of which

generates Couette-Taylor flow, the so-called helicoidal flow.

Retentate

T Feed Permeate

Fig. 17: Schematic of the helicoidal flow module. 1-membrane, 2-rotor, 3-space with Couette-

Taylor flow.

The use of this solution, for example, in the process of leaching uranium from ores [HO07], has
revealed many of its advantages, including a reduction in the thickness of the layer of precipitate
formed on the membrane during filtration, and thus a smaller decrease in permeate flux over

time, thus increasing the efficiency of the membrane process (Fig. 18a).
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Fig. 18. Comparison of: a) permeate flux versus rotor rotation frequency (Q2); Qs=0.67 I/min, b)

elemental leaching capacity versus feed solution flow rate (Qs) [HO7].
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In addition, in a helicoidal flow module, it is possible to achieve efficient mixing of the reactants
and, consequently, high mass transfer coefficients, as indicated by the satisfactory values of the
uranium leaching rate (Fig. 18b) obtained in such a process without the need for elevated
temperatures. Similar uranium leaching values can be obtained by conducting the process in a

stirred reactor, however, in this case it is necessary to raise the temperature to 80°C.

Achievement:

Reduction of fouling in a tubular membrane module through dynamic

filtration.

6. Summary

The work that makes up my scientific achievement is a wide-ranging analysis of the
feasibility of using membrane processes to remove radionuclides and heavy metals from liquid
wastes. The proposed membrane processes were optimized by me in terms of efficiency of
separation of hazardous components of these wastes. In addition, in order to minimize the
occurrence of membrane blockage and its adverse effects, which would enable the intensification
of the processes used, | analyzed the parameters affecting this phenomenon and attempted to
describe and reduce it, depending on the test system used.

The main achievements in the use of new sorbents for the removal of radionuclides and heavy
metals from liquid wastes by using membrane hybrid techniques include:

e demonstration of the feasibility of using industrial waste materials as an adsorbent for

radionuclides and using them in a hybrid MF/sorption or UF/sorption process;

e optimization of a hybrid MF/sorption process using fly ash (FA) allowing efficient
removal of radionuclides from aqueous solutions and reducing the amount of sorbent
relative to the amount of sorbent that needs to be used in a sorption process conducted
under stationary conditions;

e description with a mathematical model of the kinetics of sorption of Co?*, Sr** and Cs"

ions on alginic acid and sodium alginate;
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decontamination of model liquid waste solutions by a hybrid UF/sorption process using

sodium alginate.

Seeking other opportunities to apply membrane techniques to the purification of radioactive

solutions, | conducted a number of studies, the most important achievements of which were:

development of a method for pretreatment of fluids after hydraulic fracturing, in which
membrane techniques were an important part of the overall process;

development of a method for effective removal of radionuclides and other inorganic
compounds from radioactive solutions by electrodialysis;

determination of conditions for separation of organic compounds present in radioactive
solutions, e.g., in subcontamination fluids, using ED;

use of a membrane module in the uranium leaching process simultaneously as a contactor
and also for the treatment of liquid waste remaining after uranium ore leaching (hybrid

process - leaching/MF).

In order to intensify the membrane processes used to remove radionuclides and heavy metals

from liquid waste, | attempted to investigate the unfavorable phenomenon of membrane blocking.

When analyzing fouling, | used the radiotracer technique, as well as photoacoustic spectroscopy

(FT-IR/PAS) and scanning electron microscopy (SEM). Achievements in this part of the work

include:

quantifying the phenomenon of flat membrane fouling by determining the thickness of the
deposit formed on the membrane surface;

development of a method for studying membrane fouling based on photoacoustic
spectroscopy and also confirmation of the results obtained using other methods
(radioimmunoassay and SEM);

development of a method for testing the fouling of tubular membranes using radio-
markers;

more complete understanding of the phenomenon of fouling of tubular membranes,
enabling appropriate control of the filtration process to increase its efficiency;

reducing fouling in tubular membrane module by using dynamic filtration.
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The results of the work that is the subject of my scientific achievement entitle me to conclude
that the removal of radionuclides and heavy metals from liquid wastes through the use of
methods based on membrane processes is a favorable solution and can be an alternative to other
methods used for this purpose. Hybrid processes based on membrane techniques and using low-
cost, readily available materials as binding agents for metal ions and radionuclides improve the
economics of the overall process and reduce the environmental impact.

| have also shown that the unfavorable phenomenon of a decline in membrane process
performance due to membrane fouling can, after proper diagnosis of its causes and identification
of mechanisms, be reduced. | believe that the scientific achievement | have described can be a
step towards eliminating the obstacles standing in the way of even wider application of

membrane techniques in various industries and environmental protection.
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8. Description of the publication series

The described scientific achievement entitled. "Removal of radionuclides and heavy metals from
liquid wastes by using methods based on membrane processes" is based on a series of 10
scientific publications of which I am a co-author (JHO01]-[H10]), which were published in
international peer-reviewed journals (total IF, according to the year of publication, is 34.793), and
which are on the ministerial list of scientific journals in 2023 (total number of points of the
Ministry of Science and Higher Education is 910). All publications were written after | received
my PhD. In 9 papers of the series, | am a correspondence author and in 7 of them, | am also the
first author. These are:

e [HO1] L. Fuks, A. Miskiewicz, G. Zakrzewska-Koltuniewicz, Sorption-Assisted
Ultrafiltration Hybrid Method for Treatment of the Radioactive Aqueous Solutions,
Chemistry, 2022, 4, 1076-1091.DOI: 10.3390/chemistry4030073

IF (in 2022):- IF (in 2023): 2.1
MNIiSW points: - Citations: 3/1

In this work, the possibility of using a low-cost waste material, i.e. waste (sludge) from the
fertilizer industry, (clay-salt slime, CSS), as an adsorbent, in the treatment of liquid radioactive
fallout by a hybrid method - ultrafiltration/sorption, is presented. In order to obtain optimal
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results of radionuclide removal, | proposed, on the basis of experiments, the use of appropriate
process conditions and membrane type, which were then tested.

My contribution to this article was the developing the research concept, planning the sorption-
assisted filtration experiments, analyzing and interpreting the obtained results, and participating
in the preparation and submission of the manuscript. | also prepared responses to the reviewers'

comments.

e [HO2] L. Fuks’, A. Miskiewicz , |. Herdzik-Koniecko, G. Zakrzewska-Kottuniewicz. Fly
Ash as a Potential Adsorbent for Removing Radionuclides from Aqueous Solutions in an
Adsorption-Membrane Assisted Process Compared to Batch Adsorption. Membranes
2023, 13, 572, DOI: 10.3390/membranes13060572

IF: 4.106 IF (in 2023): 4,106

MNIiSW poins: 100 Citations: -new publication

This publication presents the possibility of using a waste material, such as fly ash, in a sorption-
assisted microfiltration process for the treatment of liquid radioactive waste. In this paper, we
compared the removal efficiency of radionuclides present in liquid waste, obtained using a hybrid
MF-adsorption process and a stationary adsorption method, carried out in a stirred reactor. The
results of the research presented in this work showed that by using the hybrid method, it is
possible to achieve comparable radionuclide removal efficiency to that achieved by using the

conventional method, while reducing the sorbent mass used.

My contribution to this article was the planning the assisted filtration experiments, analyzing and
interpreting the results obtained, and participating in the preparation and submission of the

manuscript. | also prepared responses to the reviewers' comments.

e [HO3] A. Miskiewicz, G. Zakrzewska-Kottuniewicz, Application of biosorbents in
hybrid ultrafiltration/sorption processes to remove radionuclides from low-level
radioactive waste, Desalination and Water Treatment, 2021, 242, 47-55, DOI:
10.5004/dwt.2021.27870
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IF (in 2021):1.254 IF (in 2023):1.273
MNIiSW points: 100 Citations: 2/-

In this work, | attempted to evaluate the feasibility of using the biosorbents alginic acid and
sodium alginate to remove selected radionuclides from aqueous solutions and liquid radioactive
waste using a hybrid ultrafiltration/sorption process. | carried out a series of studies, as a result of
which | determined the optimal adsorption conditions for model cations found in liquid
radioactive waste such as Co?*, Sr** and Cs* on the above-mentioned biosorbents. | also proposed
to describe the sorption process with a kinetic model, with calculations showing that the pseudo-
drug model describes well the sorption process of selected cations on selected biosorbents. With
established sorption conditions (pH, reactant ratio, reaction time), | carried out the UF/sorption
process with solutions containing the radionuclides ®Co and ®Sr, obtaining high
decontamination factors (DF).

My contribution to this article was the developing the research concept, planning and performing
the assisted filtration experiments, analyzing and interpreting the obtained results, and preparing

and sending the manuscript. | also prepared responses to the reviewers' comments.

e [HO4] A. Miskiewicz , W. Starosta, R. Walczak and G. Zakrzewska-Koltuniewicz, MOF-
Based Sorbents Used for the Removal of Hg®* from Aqueous Solutions via a Sorption-
Assisted Microfiltration, Membranes, 2022, 12, 1280, DOI:
10.3390/membranes12121280

IF (in 2022): 4.106 IF (in 2023):4.2

MNIiSW points: 100 Citations: -

In this work, we have shown that the hybrid method, based on the membrane process applied to
the treatment of liquid waste, can also use modern materials of the MOF (Metal Organic
Framework) type. In the first stage of the work, methods were developed for the synthesis of two
types of metal-organic sorbents, a thioglycolic acid-modified UiO-66 type and a composite of
UiO-66 with cellulose. After confirming that the expected sorbent was obtained, for which
techniques such as high-resolution scanning electron microscopy (SEM), X-ray diffraction

(XRD) and X-ray fluorescence spectrometry (XRF) were used, tests were carried out using the
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obtained sorbent to remove mercury ions from aqueous solutions by sorption-assisted
microfiltration (SAMF). The influence of hydrodynamic conditions, prevailing in the membrane
module, on the stability of the sorbent during the experiment proved to be a key parameter
determining the possibility of effective removal of Hg** ions from aqueous solutions.

My contribution to this article was the preparing the research concept, planning the sorption-
assisted filtration experiments, analyzing and interpreting the obtained results, preparing and

sending the manuscript. | also prepared responses to the reviewers' comments.

e [HO5] A. Abramowska, D. K. Gajda, K. Kiegiel, A. Miskiewicz, P. Drzewicz, G.
Zakrzewska-Kottuniewicz, Purification of flowback fluids after hydraulic fracturing of
Polish gas shales by hybrid methods, Separation Science and Technology, 2018, 53 (8),
1207-1217, DOI: 10.1080/01496395.2017.1344710

IF (in 2018): 1.37 IF (in 2023):2.799

MNISW points: 25 Citations: 7/7

In this work, we have shown that membrane methods are also effective in the treatment of
industrial liquid wastes of complex composition, which can include post-treatment fluids after
hydraulic fracturing of gas-bearing shales. The reverse osmosis (RO) process, which was used in
the final stage of fluid purification, proved particularly effective. As a result of this process, not
only the macromolecular substances were removed, but also most of the ions present in the fluid.

My contribution to this article was the planning and carrying out experiments using membrane
processes, analyzing and interpreting the results obtained, describing a section of the study on the
application of membrane processes in the purification of fluids after hydraulic fracturing of shale,

and contributing to the preparation of responses to reviewers' comments.

e [HO6] A. Miskiewicz, A. Nowak, J. Palka, G. Zakrzewska-Kottuniewicz, Liquid Low-
Level Radioactive Waste Treatment Using an Electrodialysis Process, Membranes, 2021
11, 324 p. 1-12, doi.org/10.3390/membranes11050324

IF (in 2021): 4.106 IF (in 2023):4.2

MNIiSW points: 100 Citations: 7/5
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This paper presents the possibility of using one of the electromembrane techniques -
electrodialysis (ED) for the concentration of radionuclides from model liquid waste solutions and
for the separation of organic compounds. Testing the purification process conditions proposed by
me (current intensity and voltage, ratio of diluate and concentrate flow rates) led to the
determination of the optimal electrodialysis parameters. The use of these parameters led to the
effective separation of radionuclides and the tested model organic compounds.

My contribution to this article was the developing the research concept, planning experiments
using the electrodialysis process, performing research as part of the engineering works carried out
under my supervision by students: the Faculty of Chemical and Process Engineering of the
Warsaw University of Technology (Jedrzej Patka) and the Faculty of Chemistry of the Warsaw
University of Technology (Agnieszka Nowak), analyzing and interpretation of the obtained
results as well as the preparation and submission of the manuscript. | also prepared responses to

the reviewers' comments.

e [HO7] A. Miskiewicz , G. Zakrzewska-Kottuniewicz, E. Dluska, P. F. Walo, Application
of membrane contactor with helical flow for processing uranium ores, Hydrometallurgy,
2016, 163, 108-114, DOI: 10.1016/j.hydromet.2016.03.017

IF (in 2016): 1.933 IF (in 2023):4.217

MNISW points: 45 Citations: 3/3

This publication presents the possibility of uranium ore leaching in a membrane contactor. The
selection of appropriate process conditions made it possible to obtain the degree of uranium
leaching in the process carried out at room temperature in a membrane apparatus, comparable to
that which can be obtained in a stirred stationary reactor at 80°C, which makes the hybrid process
less energy-intensive. An additional advantage of using a membrane contactor was conducting
two processes (leaching and phase separation) in one apparatus.

My contribution to this article was the developing the research concept, planning experiments
with the use of a membrane contactor in the uranium ore leaching process, performing research
as part of the master's thesis of a student of the Faculty of Chemical and Process Engineering of

the Warsaw University of Technology (Pawel Walo) under my supervision, analyzing and
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interpreting the results obtained and preparation and submission of the manuscript. | also

prepared responses to the reviewers' comments.

o [HO8] A. Miskiewicz , G. Zakrzewska-Kottuniewicz, The application of the radiotracer

method for the investigation of the cake layer formation on the membrane surface in the

cross-flow flat-sheet membrane module, Desalination and Water Treatment, 2018, 128,

228-235, DOI: 10.5004/dwt.2018.22866

IF (in 2018): 1.234

IF (in 2023):1.273

MNISW points: 100

Citations: 2/-

In this article, we describe the results of research on the blocking of flat membranes during the

filtration of bentonite suspension, as a material used in sorption-assisted filtration. The tests were

carried out using a radiotracer selected appropriately for the labeled phase. The experiments

showed the possibility of using the proposed method to determine in situ, both the kinetics of

sediment formation on the membrane, and the permeability of the sediment layer and its

resistance.

My contribution to the work consisted in developing the research concept, planning experiments

using the radiotracer method of selected membrane modules, analyzing and elaborating the

results, and preparing and sending the manuscript. | also prepared responses to the reviewers'

comments.

e [HO9] A. Miskiewicz, G. Zakrzewska-Kottuniewicz,

S. Pasieczna-Patkowska,

Photoacoustic spectroscopy as a potential method for studying fouling of flat-sheet

ultrafiltration membranes, Journal of Membrane Science, 2019, 583, 59-69, DOI:

10.1016/j.memsci.2019.04.048

IF (in 2019): 7.183

IF (in 2023):9.5

MNISW points: 140

Citations: 5/5

This article is also a description of the fouling study of membranes used to treat liquid waste. In

this work, | proposed the use of another method of fouling research - photoacoustic spectroscopy
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(PAS) and comparison of the obtained results with the results of research conducted with the use
of radiolabels and electron spectroscopy (SEM).

My contribution to the work consisted in developing the research concept, planning experiments
using the radiotracer and photoacoustic methods of selected membrane modules, analyzing and
elaborating the results, and preparing and sending the manuscript. | also prepared responses to the

reviewers' comments.

e [H10] A. Miskiewicz, G. Zakrzewska-Kottuniewicz Application of the radiotracer
method to study the fouling of tubular microfiltration membranes, Desalination, 2022,
534,115795, DOI: 10.1016/j.desal.2022.115795

IF (in 2022): 9.501 IF (in 2023):9.9

MNIiSW points: 200 LiczbCitations: -

In this work, we showed that the phenomenon of fouling, causing a decrease in the filtration
efficiency of tubular ceramic membranes often used for the treatment of liquid radioactive waste,
can also be studied using radiotracers. As model substances causing blocking of the membrane,
we used polyacrylic acid with different molecular weight, used in hybrid UF/complexation or
MF/complexation processes, and we showed that depending on the size of the complexant
molecules, there is a different fouling kinetics and a different distribution of molecules along the
membrane module. The results of the research described in this paper allowed for a more
complete understanding of the unfavorable phenomenon of fouling and the appropriate control of
the process in order to increase its effectiveness.

My contribution to the work consisted in developing the research concept, planning radiotracer
experiments for selected membrane processes, analyzing and elaborating the obtained results, as
well as preparing and sending the manuscript. | also prepared responses to the reviewers'

comments.

In addition to the above-mentioned 10 works included in the achievement, the author's 14
additional publications should be mentioned, which constitute a supplement (auxiliary material).
The list below applies only to the author's publications that were quoted in this study when
describing her scientific achievement. These are:
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A. Miskiewicz, G. Zakrzewska-Kottuniewicz, W. Starosta, Chapter 4 "MOF assisted
membrane process for removal of radionuclides and other hazardous elements from aqueous
solutions” in UJ Monograph ,,Waste PET-MOF-Cleanwater: Waste PET-Derived Metal-
Organic Framework (MOFs) as Cost-effective Adsorbents for Removal of Hazardous
Elements from Polluted Water, (Eds: J. Ren, P. Nosizo Nomngongo, Tien-Chien Jen), 2022,
DOI: https://doi.org/10.36615/9781776419463-04
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