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Abstract

Reverse osmosis (RO) is an energy-efficient technology for the production of high-quality drink-
ing water from seawater. Despite numerous advantages of reverse osmosis membrane technology,
performance and durability of spiral-wound membrane modules are often negatively affected by
biofouling. Biofouling is defined as the undesirable deposition of microorganisms that can build
complex communities called biofilms. Besides modification of the reverse osmosis membrane,
a possible strategy to postpone biofouling is chemical modification of a feed spacer surface. The
feed spacer is used to separate membrane sheets and to improve mixing. Because of its grid-like
structure, the feed spacer provides spots with a poor mass transfer, and therefore it is very sus-
ceptible to biofouling.

This work aimed at the development, characterization, and application-related testing of non-
toxic antifouling feed spacer coatings. A two-stage procedure, combining an atmospheric plasma
treatment with a subsequent wet chemical coating with zwitterionic sulfobetaine methacrylate
(SBMA), was used for the chemical conditioning of feed spacer material. The feed spacer is a
polymer blend consisting of high-density polyethylene (HDPE) and polypropylene (PP). Inves-
tigations were made on the original spacer grids as well as on foils made of HDPE, PP, and its
blend, respectively.

It was shown that the applied plasma treatment with dielectric barrier discharge (DBD) in air in-
creased surface hydrophilicity and introduced oxygen functional groups. Moreover, the generation
of low-molecular-weight oxidized material (LMWOM) on the polyolefin surfaces exposed to DBD
treatment was detected. The following wet chemical treatment with zwitterionic molecules re-
sulted in a heterogeneous distribution of the SBMA coatings on the spacer material. The coatings
were investigated using X-ray photoelectron spectroscopy (XPS) and atomic force microscopy
(AFM). Short-term batch experiments were performed to demonstrate the anti-biofouling effect.
With SBMA coatings, adhesion of Pseudomonas fluorescens bacterium was reduced by about
70%, compared to the untreated surfaces, and the production of extracellular polymeric sub-
stances postponed. At the present stage, the fouling experiments performed in a continuously
operated fouling simulation set-up did not show significant biofouling mitigation of the surface-
conditioned feed spacers, which is in contradiction to the short-time batch experiment. Further
studies on the antifouling susceptibility of the SBMA conditioned feed spacers under various
experimental conditions are suggested.



Kurzfassung

Die Umkehrosmose (RO) ist eine energieeffiziente Technologie zur Herstellung von hochwertigem
Trinkwasser aus Meerwasser. Trotz der zahlreichen Vorteile der Umkehrosmosemembrantech-
nologie (RO) werden Leistung und Haltbarkeit der spiralförmig gewickelten Membranmodule
häufig durch Biofouling negativ beeinflusst. Biofouling ist die unerwünschte Ablagerung von
Mikroorganismen, deren komplexe Gemeinschaften als Biofilme bezeichnet werden. Neben der
chemischen Modifizierung der Umkehrosmose-Membranen ist eine mögliche Strategie zur Ver-
ringerung des Biofoulings die chemische Modifikation der Oberfläche des Memranspacers. Der
Membranspacer ist der Abstandshalter im Fließkanal des Membranmoduls. Seine gitterartige
Struktur sorgt jedoch für eine inhomogene Geschwindigkeitsverteilung des fließenden Wassers
und ist damit sehr anfällig für die Biofilmbildung.

Ziel der vorliegenden Arbeit war die Entwicklung, Charakterisierung und Untersuchung einer
nicht toxischen Antifouling-Beschichtung für die Spaceroberflächen. Die chemische Kondition-
ierung der Spacermaterialien wurde in einem zweistufigen Verfahren durchgeführt. Eine at-
mosphärische Plasmabehandlung wurde mit einer anschließenden nasschemischen Beschichtung
mit zwitterionischem Sulfobetainmethacrylat (SBMA) kombiniert. Das Spacermaterial ist eine
Polymermischung aus Polyethylen hoher Dichte (HDPE) und Poylypropylen (PP). Die Unter-
suchungen wurden sowohl an dem originalen Spacermaterial als auch an Folien durchgeführt, die
aus HDPE, PP und aus Mischungen aus beiden Komponenten extrudiert wurden.

Es konnte gezeigt werden, dass mit der Atmosphärendruck-Plasmabehandlung mittels dielek-
trischer Barriereentladung (DBD) die Oberflächenhydrophilie erhöht und sauerstofffunktionelle
Gruppen an der Polymeroberfläche verankert wurden. Darüber hinaus wurde die Abscheidung
von oxidierten Polymerbruchstücken mit niedrigem Molekulargewicht (LMWOM) auf den mit-
tels DBD behandelten Polyolefinoberflächen demonstriert. Die nasschemische Behandlung in
zwitterionischer SBMA-Lösung führte zu einer heterogenen Verteilung der SBMA-Beschichtung.
Die SBMA-Beschichtung wurde mittels Photoelektronenspektroskopie (XPS) und Rasterkraft-
mikroskopie (AFM) charakterisiert. Mit Kurzzeit-Batch-Experimenten konnte nachgewiesen
werden, dass die SBMA-Beschichtung die Adhäsion des Pseudomonas fluorescens Bakteriums um
etwa 70% verringert und auch die Ablagerung von den extrazellulären polymeren Substanzen im
Vergleich zu den unbehandelten Oberflächen reduziert ist. Die Fouling-Experimente, die in einem
kontinuierlich betriebenen Fouling-Simulationsaufbau durchgeführt wurden, zeigten jedoch keine
signifikante Biofouling-Minderung der oberflächenkonditionierten Membranspacer. Daher wer-



den weitere Untersuchungen zu den Antifouling-Eigenschaften der SBMA-konditionierten Spacer
unter modifizierten Versuchsbedingungen vorgeschlagen.



1 MOTIVATION AND OBJECTIVES

1 Motivation and objectives

The depletion of available drinking water resources has been recognized as a serious global prob-
lem. Currently over 2 billion people worldwide suffer from a lack of safe drinking water at home.
According to the recent World Health Organization (WHO) report, half of the world’s population
will be affected by water scarcity by 2025 [163]. Concerning the growing demand for drinking
water, as well as decreasing available freshwater resources, an improvement of water treatment
technologies efficiency becomes a very important mission. Desalination and wastewater treat-
ment have shown a great potential to supply energy-efficient, affordable, and safe drinking water
and thus overcoming drinking water scarcity [62]. Among all available desalination technologies,
one of the most energy-efficient, easy to operate and commonly employed is reverse osmosis
(RO). The RO process consists in the reverse of a naturally occurring osmosis phenomenon. If
the pressure greater than the osmotic pressure of the saltwater is applied along a semipermeable
membrane, the water molecules can be filtered from the sea or brackish water. In the major-
ity of currently operated RO plants, desalination is carried out using spiral-wound membrane
modules, an example of such is schematically presented in Figure 1. Following main elements
can be distinguished in the RO membrane module: polyamide (PA) membrane responsible
for desalination process; feed spacer (netting, made of polypropylene (PP) or its blends with
high-density polyethylene (HDPE)), which creates the channel between the membrane sheets for
the water flow; and permeate spacer, which collects desalinated water to the central pipe.
Drinking water (permeate) and more concentrated salt water (concentrate) are produced by RO
filtration.

One of the most severe problems affecting the performance of commercial RO membrane modules
is fouling. This phenomenon is described as undesirable deposition of particles, colloids, organic
matter, salts or bacteria on the membrane or the feed spacer. Fouling has plenty of negative
consequences for the desalination process, among others reduces the permeate stream, increases
energy consumption, destroys the membrane and shortens the RO module lifetime. Especially
challenging type of fouling is microbiological fouling (biofouling), which is defined as adhesion
and accumulation of microorganisms. Biofouling is hard to control due to the ability of bacteria
to multiply and relocate. Furthermore, the remarkable resistance of microorganisms to disin-
fection agents causes the already occurred biofouling difficult to remove [68, 144]. Example of
severely fouled feed spacer and RO membrane from the full-scale desalination plant are illus-
trated in Figure 2.

1
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Figure 1: Spiral-wound reverse osmosis (RO) membrane module (adapted from [3]).

3 µm

Figure 2: RO module (left), feed spacer (middle) and polamide membrane (right) affected by microbi-
ological fouling [223, 21].

A possible strategy to mitigate biofouling in the spiral wound RO modules is the membrane
or feed spacer modification (both components depicted in Figure 3). Numerous studies on PA
membrane conditioning for biofouling reduction have been already accomplished [111]. However,
from the industrial point of view, the modification of the fragile membrane surface is complicated
due to the potential damage of the semipermeable layer. Any defects in the PA would not only
promote the bacterial adhesion but also drastically reduce desalination efficiency [5]. Moreover,
according to the current reports from the autopsies on RO membrane elements, biofouling starts
not on the membrane surface itself, but alongside the feed spacer situated between the membrane
sheets [223, 211].

The conclusion that biofouling might be a feed spacer problem has encouraged the research com-
munity to work on the improvement of the feed spacer characteristics. The following strategies to
modify the feed spacer can be distinguished: altering geometry, or changing the chemistry. RO

2



1 MOTIVATION AND OBJECTIVES

200 µm 200 µm

25 µm 500 nm

(a) PA membrane 

(b) HDPE/PP feed spacer

Figure 3: a: PA membrane (left: cross-section; right: surface), b: HDPE/PP feed spacer (bend structure
highlighted).

membrane elements with optimized feed spacer geometry are already produced on the industrial
scale (e.g. thin-thick strain design in LewabraneR○ ASD elements from Lanxess [4]). However,
none RO membrane module with antifouling feed spacer coating is currently available on the
market. A combination of optimized feed spacer geometry with functional coating could be the
most promising until now solution to suppress biofouling. This hypothesis prompts a study for
the chemical conditioning of the feed spacer. Therefore, in the presented work the potential
strategies to generate antifouling coatings of the HDPE/PP feed spacer (composition: 80wt%
HDPE; 20wt% PP) were developed and their efficiency was examined.

The proposed process for the feed spacer modification should be economically affordable and
transferable to the industrial scale. The generated antifouling coatings should be non-toxic and
ensure a long-lasting effect. Considering the requirements of the process and coating character-
istics, plasma treatment technologies in combination with wet chemical methods were applied
for the feed spacer modification. As coating agents, zwitterionic and hydrophilic molecules were
selected, well known due to their superior antifouling properties [189, 48, 94]. Chemistry, topog-
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raphy, and morphology of the created coatings were analyzed. An anti-biofouling potential was
tested discontinuously using commonly found in water microorganisms, as well as continuously
using a fouling simulator developed for this purpose. A proposed strategy for the HDPE/PP
feed spacer modification is schematically summarized in Figure 4.
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Figure 4: Plasma mediated zwitterionic coating of HDPE/PP (80/20wt%) feed spacers.

One of the challenges in the chemical modification of the feed spacer surface is the material
geometry. High irregularity and bend structure (as illustrated in Figure 3 b) impede comprehen-
sive surface characterization. To overcome this limitation and to achieve better control of the
process parameters, preliminary studies were performed on the HDPE, PP and HDPE/PP foils
manufactured from the same raw materials.

For the generation of the antifouling feed spacer coatings, their characterization and evalua-
tion of antifouling properties, the following objectives were addressed in this study:

• Characterization of the HDPE/PP blend foil and feed spacer surfaces

• Plasma treatment and wet coating of the HDPE/PP substrates

• Chemical and morphological characterization of the plasma-treated and wet coated HDPE/PP
substrates

• Discontinuous antifouling testing of the modified HDPE/PP blend foils and feed spacers

• Continuous antifouling testing of the modified feed spacers in fouling simulator

The organization of the thesis follows the given objectives.

4



2 STATE OF THE ART

2 State of the art

2.1 Reverse osmosis (RO) for water desalination

Reverse osmosis (RO) is one of the most energy-efficient methods to desalinate water [14]. It has
been currently applied among others to produce drinking water from sea/brackish water, treat
wastewater, generate high-purity water for pharmacy or ultra-pure water for microelectronics
[116]. Figure 5 schematically illustrates the principle of reverse osmosis desalination. If two
solutions with different concentrations are separated via the semipermeable membrane, a ther-
modynamically driven osmosis process leads to the transport of water molecules from the dilute
(π2) to the concentrated solution (π1). The diffusion of water takes place until the equilibrium
is reached. When a pressure greater than osmotic pressure (pf>∆π) is applied to the feed (π1),
the transport of water can be reversed into the direction of the diluted solution. Instead of two
equally concentrated solutions, as in the case of osmosis, the RO process generates concentrated
saline (concentrate) and a filtrate (permeate). The quality of obtained permeate depends among
others on applied pressure, salt concentration in the feed water and membrane type [77]. The
osmotic pressure, which has to be overcome in RO membrane separation, is proportional to
the salt concentration and temperature. If considering sodium chloride as an ionic compound,
osmotic pressure is estimated at 0.7 atm per 1 g/l salt [6]. Currently performed RO membrane
processes require 50–60 bar for seawater desalination (about 3.5wt% salt), while 10–30 bar for
brackish water desalination (0.1–0.5wt% salt) [14].

Semipermeable membrane

water flux 

Feed

(C ; p )1 f

Concentrate

(C ; p )2 c

Permeate

(C ; p )3 p

π1

π2

Δπ

Δπ- osmotic pressure p   > ΔπfC  > C  > C  2 1 3

Figure 5: Principle of reverse osmosis.

The osmotic phenomenon for water desalination has been studied since the 1850s. Pfeffer and

5



2.1 Reverse osmosis (RO) for water desalination

Traube were the first who proposed ceramic membranes for salt separation [14]. In the late
’60s, Reid and Breton discovered cellulose acetate (CA) as a potential semipermeable membrane
material, which enabled to obtain 98% salt rejection under the pressure of 65 bar [175]. Further
improvement in membrane performance (an increase of flux) was obtained via anisotropic cel-
lulose acetate membranes. They were implemented by Loeb and Sourirajan (1963) and became
commonly used until the middle of the ’70s [136]. The latest achievement in the search for a suit-
able semipermeable membrane material is attributed to the composite membranes produced via
an interfacial polymerization method [34]. In 1972 Cadotte synthesized a fully aromatic com-
posite (thin-film composite: TFC) membrane from the reaction between m-Phenylenediamine
and trimesoyl chloride [33]. The TFC membranes became a new industry standard in water
desalination and remained the most often used to this day. The commercial TFC membrane
consists of 3 layers: non-woven at the permeate side (made of polyethylene terephthalate: PET),
followed by polysulfone (PS), and semipermeable polyamide (PA) from the feed water side. The
cross-section of the TFC membrane is presented in Figure 3 a.

RO membrane non-woven with a thickness of 90–100 µm acts as structural membrane support.
Polysulfone (thickness in the range of 45–60 µm) provides a smooth and highly porous surface
giving membrane some mechanical strength and support for the PA layer. High hydrophilic-
ity of PS, its good compression resistance, and stability in acidic media are beneficial for the
application in RO membrane processes [128]. Highly cross-linked aromatic polyamide (PA) is
placed on the feed water side of the membrane. This active membrane layer with a thickness of
<100 nm does not posses any discrete pores. Water or small molecules with a high affinity to
PA diffuse through the free volume between polymer chains (solution-diffusion transport model)
[156]. The salt rejection is feasible since the effective size cutoff of the PA layer is below the
hydrated radius of sodium and chloride ions (≈0.7 nm) [158]. Pore size distribution in the PA
layer (pore understood as a PA-free volume) was shown to be pressure-dependent and affects
membrane performance parameters such as flux and salt rejection [115].

Polyamide is deposited on the supporting polysulfone by the interfacial polymerization process,
during which two agents (amine and acid chloride) react at an interface of two immiscible solvents.
Initially, an aqueous solution of an amine-rich reactant, such as m-Phenylenediamine (mPDA),
is deposited onto PS support. As next, the immersion in trimesoyl chloride (TMC) dissolved in
an organic solvent, such as hexane, is performed. The reaction of mPDA with TMC leads to the
formation of a highly crosslinked PA at the interface, while less dense and more permeable PA
below [14]. TFC PA membranes produced by interfacial polymerization have been the industrial
standard in the desalination process over the last 40 years. On the one hand, they exhibit higher
stability, durability, and better performance than the asymmetric CA membranes [18]. On the
other hand, however, higher affinity to fouling [63], and pure stability against common disinfec-
tants have to be considered [82]. Recent research on the modification of the composition of the
PA layer has been focused mainly on increasing the water permeability (incorporation of carbon
nanotubes, zeolites, or aquaporins), reduction of the susceptibility to fouling (application of the
biocides such as silver, TiO2 nanoparticles) or increasing the hydrophilicity [83, 192, 81]. Even

6



2 STATE OF THE ART

if promising results for incorporated in PA layer additives have been obtained, the transfer of
proposed technologies to the industrial scale process is still highly challenging and significantly
more expensive than the standard interfacial polymerization process [56].

RO membrane module. Membranes for industrial applications are arranged in plate-and-frame,
hollow fine-fiber, or spiral-wound configurations. Such a design leads to greater filtration area in
a reduced volume. The most common are spiral wound modules. They are produced as 40 inch
long elements with a diameter of 4, 8 or 16 inches and membrane-active area up to 150m2. The
schematic representation of the RO membrane module with its main elements is shown in Fig-
ure 1. In the spiral-wound RO module, two membrane sheets are glued as an envelope with the
PA active layer from the feed water side. Inside the envelope (non-woven side), the permeate
spacer is placed. This porous material collects permeate to the perforated central pipe. Feed
solution passes from one side of the module parallel to the membrane surface. Applied pressure
enables the part of the feed to permeate into the envelope. As next, this part is transported as
a filtrate to the collection pipe. Concentrated salt water is a RO by-product. A typical 8-inch
membrane module contains about 30 membrane envelopes. The multi-short-envelope module
design increases the active desalination area and minimizes a pressure drop [14, 189]. Membrane
envelopes are separated from each other by feed spacer, called also netting. The feed spacer is
fabricated mainly of PP or HDPE/PP blend. The presence of feed spacer creates a channel for
feed water flow, increases turbulence in the module, therefore improves mixing and reduces con-
centration polarization [86, 108]. An anti-telescoping device (ATD) is located on the ends of the
RO membrane module. ATD prevents the shifting of membrane leaves under applied pressure
and inhibits bypassing the module by the feed water [14].

2.2 Fouling in reverse osmosis (RO) membrane modules

Fouling is one of the most challenging problems affecting RO membrane modules. This phe-
nomenon can be described as an undesirable deposition of particulate matter from the feed stream
on the membrane/feed spacer surface or inside membrane pores, which reduces the membrane
performance and decreases permeate quality [68, 100]. The occurrence of fouling is determined
by several factors, such as: feed water quality, operating parameters and applied pretreatment
methods. The complexity of the fouling process results from the variety of the foulants, as well as
their influence on each other [107, 106]. The following fouling types in RO membrane filtration
can be distinguished [68, 100, 14]:

• Scaling (inorganic fouling): occurs when the solubility of salt ions in the feed water is
exceeded, which results in the precipitation on the surface. The most common scalants in
RO membrane filtration are: calcium carbonate, sulfate, fluoride and barium sulfate

• Colloidal fouling : deposition of fine suspended particles such as slit, clay, silica

• Organic fouling : deposition of organic matter e.g., proteins, lipids, humic acid, cell com-
ponents
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• Biofouling: accumulation and adhesion of microorganisms which can build biofilms

Accumulation of foulants appears mainly in the form of cake/gel formation, physical pore block-
ing or concentration polarization (an increase of salt concentration near the membrane surface
relative to the bulk feed) [178]. Among all fouling types, biofouling is especially challenging due
to the diversity of microorganisms in a water environment, as well as their ability to multiply
and relocate [68, 100].

2.2.1 Biofouling and biofilm formation

Bacteria can form complex communities called biofilms. A biofilm in filtration processes is
considered as biofouling if it occurs in an undesirable place at the wrong time and leads to un-
acceptable performance loss and operational problems [144]. Biofilm formation is determined by
the presence of the interface, water, nutrients and microorganisms [70]. Biofilms consist of bacte-
ria and their metabolism products: extracellular polymeric substances (EPSs), which are mainly
polysaccharides, proteins, lipids and nucleic acids. The EPS promotes adhesion to the surface,
cohesion in the biofilm structure and transport of nutrients within the community [71, 201].
Biofilm building allows bacteria to increase the tolerance against environmental stresses and fa-
cilitate multiplying, as well as protects the microorganisms from predators [218, 137].

The biofilm expansion is influenced by environmental factors, microbial properties, surface char-
acteristics and surface-bacteria interactions [133, 100]. However, even if the biofilm structure
differs depending on the growing conditions, the same sequence of events can be distinguished
for the development of any biofilm [27, 144]. Figure 6 schematically represents the crucial steps
in the colonization of the surface by microorganisms.

If microorganisms and substrates co-exist in a water environment, the surface becomes initially
covered by a thin layer of adsorbed organic molecules. This „conditioning film” (step I in Fig-
ure 6) was found to impact the surface properties and facilitate an attachment of bacteria cells to
the substratum. Secondly, microorganisms move in the direction of the substrate surface, which
can be driven by Brownian motion, gravitation, convection, or diffusion (step II in Figure 6). If
a microorganism reaches the surface, the primary bacteria attachment can occur, at this stage
still reversible. In the following reproduction phase, attached cells begin to co-aggregate, form
microcolonies and start producing EPS, which provides additional stability and integration to
the biofilm structure (step III in Figure 6). Subsequently, part of the cells detaches to colonize
a new area and increase the population density (step IV Figure 6).

Considering the biofilm development over time, three main phases can be distinguished: induc-
tion, logarithmical growth, and plateau [68, 144]. The Induction phase is characterized by the
initial microorganisms’ adhesion and limited by the cell density in the feed water. This primary
phase is followed by the logarithmical growth on the surface, where the biofilm expansion becomes
more significant than the adhesion of new cells. Adhesion, proliferation, and detachment of the
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Conditioning film

Microorganisms

Substrates

I II

III

EPS

IV

Sloughing

Figure 6: Schematic representation of biofilm formation on a solid surface in water environment (steps
I–IV). I: Generation of „conditioning film”; II: Initial bacterial adhesion; III: Colony establishment, pro-
duction of extracellular polymeric substances (EPSs); IV: Sloughing and colonization of other areas
(adapted from [27]).

cells reach an equilibrium over time, which is known as the plateau phase. The plateau phase
is regulated by nutrient concentration, the mechanical stability of the biofilm structure, as well
as the involved shear forces. At this stage of biofilm development, the original properties of the
affected surface are masked by microorganisms.

2.2.2 Effect of biofouling on RO performance

The biofilm on the RO membrane acts as a secondary membrane involved in the separation
process. The occurrence of biofouling on the membrane or feed spacer surface has plenty of
negative consequences on the filtration process, among others [68, 100]:

• decrease of permeate production due to the reduced available active membrane surface
(initial rapid flux decline followed by gradual decay)

• increased energy consumption resulting from the necessity to apply higher operational
pressure (higher costs)

• decrease of salt rejection

• additional costs because of used cleaning chemicals
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• higher risk of concentration polarization due to reduced turbulence near the membrane
surface

• decrease of module lifetime (in the worst case element replacement necessary)

• possible permeate contamination and potential microbial attack on the membrane elements
such as glue lines.

Since membrane fouling leads to serious operational problems in the RO plant, its control and
prevention play an important role. The probability of fouling depends greatly on the feed water
quality. Control strategies are developed individually for each desalination plant [14]. A com-
prehensive antifouling procedure for any RO filtration system should integrate appropriate pre-
treatment to minimize the probability of fouling, monitoring strategies to detect its early stage,
as well as membrane cleaning to handle the resulting fouling [69, 100, 144].

The feed water in RO processes contains plenty of contaminants such as colloidal suspensions,
biological matter, mud, sand. To prevent fouling in RO installation and thus extend the RO
membrane lifetime, various physical, mechanical, and chemical pretreatment technologies are
practiced [192]. The most suitable method or their combination is chosen based on the feed wa-
ter composition analysis. Disinfection, coagulation, as well as micro-, ultra-, and nanofiltration
are the most commonly used approaches for biofouling prevention [100, 77].

Since the fouling phenomenon is still not fully understood, there is no versatile approach to
predict the fouling in RO membrane modules [104, 111]. Nevertheless, in-situ and real-time
monitoring of the filtration process is an important practice in the early detection of fouling.
Parameters such as pressure drop, conductivity, and flux decline are the most often monitored.
However, none of them allow identifying the threat of fouling at an early stage, which is necessary
for effective prevention [100].

Membrane cleaning is another important routine in the RO plant operation [183]. Suitable
physical, chemical, biological or enzymatic methods are selected based on the membrane type,
foulant components and feed water chemistry [14, 100]. The chemical cleaning is applied if nor-
malized permeate flow decreases by 10%, pressure drop increases by 15%, or normalized salt
rejection decreases by 10% to the initial conditions [77]. A typical cleaning procedure for the
RO membrane system consists of flushing the module with a cleaning solution at high speed,
followed by soaking, and the second flush. If fouling occurs on the front part of the filtration
system, reverse flushing is employed (circulation opposite to the usual feed water flow) [7, 14].
Membrane cleaning is aimed to reduce the adhesion of foulant to the surface and cohesion forces
between foulant particles. Acidic cleaning agents (nitric acid, sulfuric acid) are usually applied
to remove scaling. Alkaline cleaners, such as sodium hydroxide, are utilized to eliminate organic
fouling and biofouling [7]. Importantly, the chemical cleaning has to be appropriately scheduled
to reduce progressing membrane degradation [14].

It has been reported that all fouling types, except biofouling, can be successfully controlled

10



2 STATE OF THE ART

employing suitable pretreatment processes. The presence of microorganisms in industrial sys-
tems such as RO desalination plant is inevitable, which makes biofouling such a troublesome
issue [68]. Even regularly applied chemical cleaning has been found insufficient to ensure com-
plete biomass removal. Moreover, used for this purpose chemicals, cause the weakening of the
PA membrane. They also might contribute to the re-growth of biofilm due to the presence of
dead bacteria, which are the potential nutrient source [53]. Since the sterile conditions in the
RO plant can not be maintained, and the presence of bacteria is unavoidable, a possible strategy
to postpone biofouling is to impede the bacteria adhesion to the surface.

2.3 Material modification and surface engineering to reduce biofouling

2.3.1 Surface properties and susceptibility to biofouling

In order to improve the anti-biofouling properties of the surface, surface-bacteria interactions
and bacterial adhesion phenomena have to be studied. Initial bacteria adhesion to the surface
has been found as a crucial step in biofilm formation [144, 100]. There are plenty of factors
affecting the adhesion of microorganism to the membrane or feed spacer surfaces, such as [100]:

• microbial properties (hydrophobicity, surface charge, structure, EPS characteristic)

• membrane and feed spacer characteristic (morphology, roughness, composition, charge,
hydrophobicity, feed spacer configuration)

• operating conditions (temperature, pH, pressure, salt concentration, cross-flow velocity,
permeate flux, feed water quality).

Most of the models which describe bacterial adhesion consider this phenomenon on two bases:
long-range non-specific macroscopic interactions, as well as short-distance specific molecular in-
teractions. Non-specific interactions occur between a microorganism and a surface and originate
from macroscopic surface properties (e.g., charge, free energy). Considering a bacterium in the
water system moving towards a solid surface, the following physicochemical forces between the
cell and the surface occur: van der Waals interactions (generally attractive); electrostatic interac-
tions (influenced by ionic strength and pH of the system); and acid-base hydrophobic interactions
(depend on the system, bacterium and surface properties). When the bacterium is sufficiently
close to the surface (<1 nm), the specific interactions become crucial. Those interactions exist
between particular molecular groups of the bacterium cell wall and the substratum surface and
enable irreversible adhesion [31, 27, 20].

The microbial structure and properties are often simplified for the studies on the adhesion phe-
nomenon. Nevertheless, microorganisms cannot be treated as “ideal particles” with simple geom-
etry and consistent composition, as used to apply to describe their behavior. The bacterium cell
wall consists of individual layers with a specific structure and chemical nature, which may also
vary depending on the environmental conditions such as pH, temperature, and access to nutrients
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[140, 31]. Moreover, bacteria cell appendages (e.g., pili, fimbriae) contribute to microorganism’s
adhesion, which is difficult to address in general adhesion models. For these reasons, any con-
siderations regarding the adhesion of microorganisms to the surface shall be taken from the
conceptual level [218]. The absolute adhesion force between microorganisms and substratum
also depends on time in contact and metabolic activity of bacteria [11]. Therefore, plenty of
contradictory findings on biofilm development can be found in the literature. Published studies
are often difficult to compare due to the variety of experimental conditions and fouling reagents.

Apart from the microorganisms characteristic, substratum property is another significant factor
affecting bacteria adhesion. Several reports are discussing the influence of surface features on
bacterial adhesion and antifouling performance [198, 242, 35, 168]. Figure 7 schematic illustrates
the commonly accepted material properties influencing microorganisms’ adhesion and biofilm
formation.
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Figure 7: Schematic illustration of surface properties influencing bacterial adhesion (adapted from
[198]).

Surface charge. Most bacteria cell walls are negatively charged, therefore negatively charged sur-
faces are believed to provide electrostatic repulsion effect and be less prone to biofouling [155].
However, charged surfaces can interact with other components in the water environment, for
instance with proteins. Such attractive interactions lead potentially to organic fouling on the
surface, and as a consequence, exaggerate bacterial adhesion. For this reason, a neutral surface
charge is more favorable in complex water systems [35].

Surface hydrophobicity. Hydrophilic surfaces are generally less prone to fouling than hydrophobic
ones. For instance, Fletcher et al. analyzed the Pseudomonas bacterium attachment to various
hydrophilic (e.g., glass, mica) and hydrophobic (e.g., Teflon, PE, PET) substrates. They reported
reduced biofouling with increasing material’s hydrophilicity [72]. The formation of a dense hydra-
tion layer on the hydrophilic surface is responsible for the weakening bacteria-surface interactions
[148]. The presence of water film requires previous dehydration (disruption of hydration layer)
and therefore results in thermodynamically unfavorable attachment [159].
Superhydrophobic surfaces are also beneficial in biofouling mitigation. For instance, the surface
of a lotus leaf exhibits superhydrophobicity. Specific micro- and nanostructure enables entrap-
ment of air between surface features, which results in low surface free energy (water contact angle
about 170◦) and a high degree of foulant retention [244].
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Roughness and topography. The contact area between substratum surface and bacterial cells
increases with an increase in surface roughness. Moreover, higher roughness creates low shear
areas. Therefore, it facilitates the microorganisms’ attachment and promotes irreversible ad-
hesion [209, 111]. As reported elsewhere, hydrophilic surface with low roughness promotes the
water layer formation and thus enhances the antifouling property [50]. However, the effect of sur-
face roughness on bacterial adhesion and biofilm formation varies depending on the bacterial cell
characteristic (size and shape) and environmental factors. For this reason, an optimal roughness
which enables to suppress bacterial adhesion can not be given [198]. A macro-roughness (around
tens of microns) can be generally neglected for the biofouling phenomenon since this magnitude
significantly overcomes a typical size of a bacterium (0.5–2µm [141]). However, micro-and nanor-
oughness (around 1 µm and below) are of great importance [159]. Not only an average amplitude
of surface peaks matter but also the distribution of peaks and valleys has a meaningful effect on
the adhesion phenomenon [198]. Furthermore, surface defects (e.g., scratches) and irregularities
promote bacterial accumulation and biofilm formation, since those are not easy to wash (so-called
dead-zones) [146, 147].

Surface stiffness. An effect of material stiffness on the susceptibility to fouling is the least
explored in the literature until now. Nevertheless, some studies regarding the effect of surface
stiffness on bacterial attachment can be found. For instance, Song et al. analyzed an early
stage of Escherichia coli and Pseudomonas aeruginosa biofilms formation on hydrophobic poly-
dimethylsiloxane (PDMS) with various degrees of cross-linking (elastic modulus (E) between
0.1MPa and 2.6MPa). They observed that lower surface stiffness facilitated the attachment
and growth of both tested bacterial species [199]. Dissimilar conclusions were drawn by Lichter
et al., who observed a positive correlation between the adhesion of Staphylococcus epidermidis
and Escherichia coli bacterial species and the stiffness of poly(allylamine hydrochloride) (PAH)
and poly(acrylic acid) (PAA) thin films (elastic modulus: 1MPa < E < 100MPa) [134]. Saha
et al. investigated the adhesion and growth of Escherichia coli and Lactococcus lactis depending
on the stiffness of layer-by-layer deposited hyaluronic acid derivative grafted with vinylbenzyl
groups (HAVB)-poly(L-lysine) (PLL) (considered elastic moduli: 30 kPa and 150 kPa). There
was no significant difference in Lactococcus lactis biofilm development for investigated surfaces.
However, Escherichia coli exhibited an enhanced growth on softer material compared to the
stiffer one [184].
It is difficult to draw an unambiguous conclusion regarding the effect of material stiffness on
antifouling property. Available literature addresses materials in different rigidity range, as well
as with different surface chemistries. Nevertheless, the influence of material stiffness on microor-
ganisms’ attachment and biofilm formation should be considered. The underlying mechanisms
are still poorly understood.

Surface chemistry. Let us consider non-toxic and non-biocide-release antifouling approaches.
There are two types of antifouling surfaces. The first inhibits microbial attachment, while the
second facilitates the removal of already adhered microorganisms [159].
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In order to promote microorganisms’ detachment, the weak adhesion strength between microor-
ganisms and surface is required. For this purpose, poly(siloxanes) and fluoropolymers are widely
used. Silicon-based materials are deprived of micro-roughness, have low critical surface energy
and low glass transition temperature. Fluorine-based materials are characterized by dense pack-
ing of functional groups and permanent cross-linking, which reduces the possibility of backbone
rotation and ensures longer-lasting antifouling effect [159].
To avoid microorganisms adhesion, the most commonly applied are hydrophilic compounds.
Steric repulsion effect of the hydrophilic coatings and their ability to form hydration layer con-
tribute to biofouling mitigation. Hydrophilic poly(ethylene glycol) (PEG)- based materials,
zwitterionic polymers, or proteins (e.g., sericin) have been extensively studied as fouling resis-
tant coatings for the application in RO membrane modules [50, 159, 243].
A new class of materials that combines anti-adhesion and fouling release strategies are am-
phiphilic copolymers. They consist of hydrophilic and hydrophobic repeating units. Such het-
erogeneity at the nanoscale results in unfavorable interactions between the surface and bacterium,
therefore, it reduces adhesion and facilitates microorganisms’ detachment. [50]. Gudipati et al.
were the first who proposed amphiphilic copolymers (hyperbranched fluoropolymer (HBFP)-
linear polyethylene glycol (PEG) networks) for the antifouling purpose [85, 84].

It is believed that complete biofouling prevention is not possible [11]. For this reason, a sur-
face design that reduces bacteria attraction postpones adhesion and facilitates biofilm removal is
an especially promising answer to the biofouling problem [168]. Detachment facilitating coatings
require additional stress, which allows removing loosely bond microorganisms. Furthermore, re-
moval of the cells should occur before the settlement becomes supported by the organic adhesives
produced by microorganisms [159]. This requires the development of new biofouling monitoring
techniques with high sensitivity. Taking into consideration amphiphilic copolymers, they showed
promising results in overcoming biofouling on a laboratory scale. However, they require precise
engineering (length and type of segments, structure), and complicated synthesis pathways [239].
For these reasons, their implementation in the industrial process is rather challenging.

Since the initial microorganisms adhesion is a prerequisite for biofilm formation [144, 69], an
antifouling strategy based on its postpone appears as particularly favorable. According to the
literature, a low-adhesion surface in the water environment should retain the following criteria:
hydrophilicity, high hydration ability, and charge neutrality [35, 164, 65]. These requirements
are fulfilled by zwitterionic polymers. Their chemistry was found as one of the most effective in
reducing bacterial attachment [212]. The antifouling characteristic of zwitterionic molecules is
described in detail in the following section.

2.3.2 Zwitterionic polymers and their antifouling characteristics

Zwitterionic polymers possess an equal number of oppositely charged moieties distributed along
a polymer chain. The overall charge neutrality results in a lack of favorable interaction with
positively- or negatively-charged molecules, which determines excellent antifouling properties
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[148, 46]. Not only overall charge neutrality, but also a favorable distance between two charged
groups in the zwitterionic polymer chain significantly contributes to the antifouling properties,
as shown in the studies on the mixed charged copolymer brushes [44]. It is widely agreed that
thin zwitterionic coatings reduce the nonspecific adsorption to the solid/liquid interfaces [189].
Moreover, a surface modification with zwitterions has been found as one of the most promising
to reduce attachment of marine organisms, adsorption of protein, or bacterial adhesion [88, 212].

The application of zwitterions for the antifouling modifications was inspired by the composi-
tion of the mammalian cell membrane. This membrane contains phospholipids with zwitterion
headgroups [189]. The most common zwitterionic building blocks contain phosphorylcholine, sul-
fobetaine, and carboxybetaine functional groups (see Figure 8) [88]. Phosphobetaine monomers
are produced usually from the reaction of 2-Chloro-2-oxo-1,3,2-dioxaphospholane and alcohol-
containing monomer, followed by the ring-opening reaction with trimethylamine. Sulfobetaines
can be synthesized via the reaction of a tertiary amine with a sultone (e.g., 1,3-Propane sultone,
1,4-Butane sultone). Carboxybetains are prepared from the reaction of tertiary amine with
haloalkyl carboxylates or haloalkyl carboxylic esters [138].

Phosphorylcholine Sulfobetaine Carboxybetaine

R O

O

O

O O

O

O

O

ON N NP R RS CCH2 CH2

n n

Figure 8: Examples of zwitterionic functional groups.

The antifouling behavior of zwitterions in the water environment is strongly related to the hy-
dration mechanism. Let us consider the zwitterionic layer containing a high amount of water. It
this case, no free energy can be obtained while replacing a protein/water interface with a pro-
tein/surface interface. Therefore, the adsorption process is entropically unfavorable (water gen-
erates an energy barrier). Detailed analyses of the zwitterions’ antifouling behavior reported
about the particular properties of water affiliated with the zwitterionic layer. First of all, there
is associated water that is directly involved in the hydration of zwitterion charged groups. Sec-
ondly, unassociated water is located outside the first hydration layer and attracted by osmotic
pressure [189]. It was estimated that about eight water molecules are associated with one sulfo-
betaine unit. Moreover, the water molecules were more tightly bound with the sulfobetaine unit
in comparison to the neutral ethylene glycol unit in PEG. This is related to different mechanisms
of hydration layer formation: hydrogen bonding for neutral PEG, while strong electrostatic in-
teractions for zwitterionic polySBMA [229]. Two main effects are responsible for the non-fouling
properties of the zwitterionic coatings: steric hindrance and hydration (see Figure 9).

The following factors are important to ensure the long-lasting antifouling effect of zwitterionic-
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coating: coating thickness, conformation, and flexibility of the chains, as well as packing density
for the brush coatings [229, 197, 49]. If a proper architecture of the zwitterionic layer is pro-
vided, the antifouling effect is stable even under high-salinity conditions [234]. There are plenty
of examples in the literature demonstrating an excellent performance of zwitterionic coatings
deposited on different polymer surfaces, among others on PA [94, 237], polystyrene (PS) [45],
PP [47, 236], poly(tetrafluoroethylene) (PTFE) [99] and poly(vinylidene fluoride) (PVDF) [40],
respectively.
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Figure 9: Schematic illustration of the fouling resistance mechanisms of zwitterionic coatings: left–steric
hindrance effect, right–hydration layer formation via electrostatic interactions (adapted from [89]).

2.3.3 Feed spacer modification for biofouling prevention

Feed channel spacers are crucial for the spiral-wound RO membrane module operation. The feed
spacer provides channels for feed water flow and enhances flow turbulence near the membrane
surface. On the other hand, the feed spacer structure results in dead zones with the hindered
mass transfer, which are more prone to biofouling [1].

Developing of feed spacers with improved antifouling characteristics is an attractive approach
for reducing fouling within the RO module. The optimization of the feed spacer design includes
a) geometrical modification (e.g., spacer thickness, internal strand angle, shape, mesh size) and
3D printing; and b) modification of the feed spacer surface via functional coating. Since this
work aims to study the chemical conditioning of the feed spacer, the presented literature review
focuses on the alteration of the feed spacer surface.

Table 1 summarizes recently reported findings on the feed spacer surface modifications. None of
the proposed until now solutions for the chemical modification of the feed spacer could completely
prevent the biofilm development. Biocidal approaches, such as zinc oxide or silver nanoparticles
[232, 180], showed a promising reduction of biofouling. However, in the case of leakage, there is
a risk of water contamination with the toxic compounds.
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Material Deposition technique Key findings Reference

Ag
nanoparticles

Chemical reduction
method

Silver-coated spacers showed slower
decrease in permeate flux than
unmodified spacers.

[232]

Chelating
ligands
charged with
Cu ions

Poly(glycidyl
methacrylate) was graft
polymerized to the PP
surface followed by
reaction with
iminodiacetic acid and
copper chelation.

Bacteria attachment rate to the
membranes with the unmodified
spacers was lower than to the
membrane with the Cu-modified
spacer.

[178]

a) Ag, Cu, Au
b) Biostatic
spacer

a) Sputter coating
b) Commercial product
containing Triclosan
(0.5wt.%)

Lower FCPD increase for the silver
and copper modified spacers, the
best performance was shown by
gold-modified sample. The biostatic
spacer did not prevent biofouling.

[8]

PDA,
PDA-g-PEG

PDA: incubation in
buffered solution.
PDA-g-PEG: immersion
in poly(ethylene glycol)
monoamine (PEG-NH2)
solution

No difference in FCPD increase
between modified and unmodified
spacers while testing in a
membrane fouling simulator.

[151]

ZnO
nanoparticles

Sonochemical deposition Normalized permeate flux of the
modified spacer-membrane was
about 50% higher than that of the
unmodified spacer-membrane. Zinc
leaching was detected.

[180]

Diglyme
monomer

Plasma polymerization Only high plasma energy density
treatment on the spacer resulted in
coating with slightly better
performance than the control.

[176]

polyHEMA-
co-PEG10MA,
polyD-
MAEMA,
polySPMA

Plasma-mediated
UV-polymerization

An exponential FCPD increase
observed for the
polyHEMA-co-PEG10MA-, and
polyDMAEMA-coated spacers,
while a linear increase for the
polySPMA-coated spacer. Coating
leaching after 30 days observed.

[226]

Graphene
nanoplates

Treatment in SDBS, dip
coating in the carbon
ink containing Graphene
Nano-Platelets and
treatment in oven

Electrically conductive spacer
enhanced the flux during
electrolysis cleaning. The efficiency
of the flux recovery deteriorated
along with a number of
fouling-cleaning intervals.

[2]

Table 1: Literature review on chemical conditioning of feed spacers. Abbreviations: FCPD–feed channel
pressure drop, PDA–polydopamine, HEMA–2-Hydroxyethyl methacrylate, PEGMA–poly(ethylene gly-
col) methacrylate, DMAEMA–2-(Dimethylamino)ethyl methacrylate, SPMA–3-Sulfopropyl methacrylate
potassium salt, SDBS–sodium dodecylbenzene sulfonate.

17



2.3 Material modification and surface engineering to reduce biofouling

The possible presence of biocide in the permeate will conflict with the water quality and health
regulations. Moreover, toxic coatings perform analogously to the chemical cleaning, where the
first layer of dead cells can be utilized as a nutrient source for the growth of the subsequent
microorganisms [226]. This encourages us to look for modification strategies that promote bio-
fouling prevention. Employed up to now approaches were based on hydrophilic polymer coatings.
The most promising results until now were obtained for the spacer modified with polySPMA.
A noticeably slower feed channel pressure drop (FCPD) development was obtained for the an-
ionic polySPMA-coated spacer compared to unmodified, neutral (polyHEMA-co-PEG10MA) and
cationic (polyDMAEMA) coated samples. It was claimed that even better performance could be
expected from the modification with zwitterionic polymers [226]. A concept for the feed spacer
modification with zwitterionic coatings is presented in the following section.

2.3.4 Concept of plasma assisted antifouling coatings of feed spacers

The commercially available feed spacers for the application in RO membrane modules are man-
ufactured mostly from polypropylene (PP) or high-density polyethylene (HDPE)-polypropylene
blends. On the one hand, both components are cost-effective, easy to process, and have good
chemical and mechanical stability. On the other hand, they are highly hydrophobic and thus
more prone to biofouling [233]. Moreover, both polymers do not possess any functional groups
which could be utilized for a subsequent reaction with an antifouling agent (e.g., grafting to
reaction). The chemical bonding of antifouling layers has an advantage over the physical depo-
sition. It enables the generation of stable and long-lasting coatings, required for the successful
biofouling mitigation.

In this work, a two-stage procedure was proposed for the chemical conditioning of the feed
spacer surface. A first modification step was aimed at increasing the surface hydrophilicity, en-
hancing adhesion properties towards coating solution, and producing oxygen functional groups.
For this purpose, well established atmospheric pressure plasma treatment with dielectric barrier
discharge (DBD) in air was selected [74]. This approach offers quick and non-polluting surface
functionalization [74, 230], favorable for scaling-up to industrial technology. A variety of oxy-
gen functional groups is generated on the exposure of polyolefins to plasma (e.g., C-OH, CHO,
COOR, COOH, and others). For instance, formed at the surface hydroperoxides, are unstable
and thus capable of initiating free-radical graft polymerization onto the surface, as reported else-
where [96, 230, 208]. The decomposition of hydroperoxides was used in a second modification
step, where the plasma pretreated samples were immediately subjected to zwitterionic sulfobe-
taine methacrylate (SBMA) monomer solution. The graft polymerization of SBMA onto the
plasma-treated HDPE/PP surface is schematically given in Figure 10.

Zwitterionic SBMA possesses quaternary ammonium cation and sulfonate anion at the same
side chain. Besides its excellent antifouling properties (as described in section 2.3.2), it has sev-
eral other advantages as a coating agent in drinking water production applications. SBMA is
known because of its ease of synthesis, low costs, good chemical stability, and non-cytotoxicity
[245, 41, 125].
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Figure 10: Suggested mechanism for the graft polymerization of SBMA ([2-
(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide) onto HDPE/PP surface
pretreated with dielectric barrier discharge (DBD) in air (hydroperoxide group highlighted).

2.4 Technologies for surface modification

2.4.1 Atmospheric pressure plasma treatment with dielectric barrier discharge in
air

Plasma is the fourth state of matter, defined as a gas in the ionized state [127]. Plasma is a highly
electrically conductive mixture of electrons, ions, molecules, atoms, energy-rich neutrals and pho-
tons. It emits high-energetic vacuum-UV irradiation (VUV), forms a magnetic field and luminous
glow due to the collisions of charged species. Plasma can be created under low, atmospheric and
high pressure [74]. For the plasma generation, energy has to be applied to the gas to ionize
it. Under atmospheric pressure, energy is transferred, from the applied electrical field, into the
acceleration of electrons in the gas plasma, and therefore into their kinetic energy. The charged
carriers collide with the neutral species. The energy transfer occurs, allowing the ionization,
excitation, and dissociation to proceed. Inelastic collisions moderately raise the kinetic energy of
neutral species, while elastic collisions can excite or ionize those neutrals. Since electrons have
low mass, they move much faster than heavy particles. They more likely to participate in the
collision and transition events, therefore their temperature (Te) exceeds by orders of magnitude
the temperature of heavy particles (Th) in a plasma [210, 169, 206]. Since neutral and ionic
species remain relatively cold, surface thermal damage is prevented. If Te>>Th, plasma is iden-
tified as non-thermal, cold, low-temperature or non-local thermodynamic equilibrium plasma
(non-LTE). Non-LTE plasmas include corona discharges, dielectric-barrier discharges (DBDs)
and glow discharges. They are frequently applied to the polyolefin surface to improve the wet-
ting and adhesion properties, for instance before printing or coating [112, 210]. The density of
charged particles in the non-LTE plasma is in the range of 106–1020 particles/m3, whose average
energy is within 0.1-10 eV [32].
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One of the most widely used atmospheric-pressure plasma systems is based on filamentary di-
electric barrier discharges (DBDs), also known as "industrial corona". DBDs were originally
used to generate ozone [195]. However, nowadays, they have found a wide range of applications,
among others, in fluorescent excimer lamps and flat plasma displays or pollution control by
the treatment of volatile organic compounds (VOCs) [112]. Non-thermal plasma generation with
DBD is also commonly employed to treat polymer materials, mostly for surface cleaning, etching,
activation, and functionalization [28]. The DBD treatment allows quick modification of the sur-
face without altering the bulk properties, does not require expensive vacuum apparatus, or use of
toxic solvents. During exposure to DBD, a polymer substrate is passing through the plasma zone
(discharge gap) created between two electrodes separated by an insulating (dielectric) material.
High voltage is required to generate a breakdown in the gas at atmospheric pressure, for most
applications, in the kHz-range [196, 28]. Sinusoidal or pulsed power sources are usually employed.
Distinct plasma filaments (microdischarges) are ignited when the breakdown field is reached, and
extinguish when the plasma conductivity is reduced via electron attachment and recombination
[112]. A discharge gap is usually in the range of 0.1–10mm, while a microdischarge has a duration
of about 10–100 nanoseconds and a diameter of tens to hundreds of micrometers [59]. The electri-
cal breakdown results in the formation of charges on the insulator’s surface. The charges created
on the dielectric surface induce an opposed electric field to the currently applied, which leads
to the discharge extinction. The dielectric layer hereby prevents the arc or spark formation [210].

Two different planar DBD configurations can be distinguished: volume DBD (VDBD), and
surface DBD (SDBD). Considering volume DBD systems, the following set-up constructions can
be found: either one or both electrodes are covered by a dielectric layer (e.g., glass, ceramics,
quartz); alternatively, the insulator is placed between two electrodes and separates the discharge
gap in two sections. In the SDBD configuration, plasma is generated at the exposed surface
electrode and distributed along the dielectric surface. The counter electrode is placed in an addi-
tional dielectric layer [196, 28]. Figure 11 schematically illustrates the plasma species in volume
DBD with double-sided dielectric configuration operating in air.

It is commonly accepted that processes involving plasma treatment are complex, and the compre-
hensive understanding of plasma-surface interactions is a scientifically challenging task. Taking
into consideration polyolefins, they cannot distribute plasma energy over the bulk. Therefore,
during exposure to plasma, energy-rich spots are formed. Those areas are characterized by in-
creased mobility of polymer chains, side-chains, or functional groups. Consequently, the following
processes on the polyolefin surface are likely to occur: functionalization, cross-linking, etching
and degradation [59, 74, 28].

The active moieties of the atmospheric plasma generated in air can be divided into: (i) re-
active species, which introduce new atoms at the surface, in humid air the following: O2, O•,
HO•, O3, HO2

•, H2O2, N•, and NOx; or (ii) nonreactive species, like photons, electrons, ions,
etc. Their energy exceeds significantly the C–H and C–C binding energies in polyolefins (4.3 eV
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Figure 11: Schematic representation of volume DBD with double-sided dielectric configuration: left–
plasma species, right–single microdischarge in a discharge gap (adapted from [74, 109]).

and 3.7 eV, respectively). Therefore, they excite the polymer or break the C–C or C–H bonds and
thus create polymer radicals. These polymer radicals react: (a) between themselves, resulting in
cross-linking or double bonds; or (b) with reactive species present in the discharge phase; or (c)
with O2 from air during the post-plasma oxidation processes [143, 204, 74]. Scheme 12 depicts
the possible radical processes at the polymer surface upon exposure to plasma in air [74].

Taking into consideration the great energy and enthalpy excess present in plasma, polyolefin
chain scission and hydrogen abstraction events occur to almost the same extend. Consequently,
non-selective reactions dominate and a broad variety of functional groups are produced. For
instance, the analyses performed on the plasma-treated poly(ethylene terephthalate) showed the
formation of at least 12 different O-functional groups [74]. The mechanism of polyolefin oxidation
in plasma is analogous to the thermal oxidation of paraffin and bases on the Engler-Bach peroxide
theory [227, 64, 10]. Firstly, the C radicals react with molecular oxygen to form peroxide radicals.
Subsequently, hydroperoxides are formed, and they decompose to a variety of oxidation products:

RH + hν → R•+H•, R• + •O −O• → R−O −O•,

R−O −O• + RH → R−O −O −H + R•,

R−O −OH + ∆T or hν → alcohols, ketones, acids and so one [126].

Scheme 13 illustrates the possible oxidation pathways during oxygen plasma treatment of poly-
olefin [75]. The reactivity of nitrogen towards the polyolefin surface is significantly smaller
compared to this of oxygen. Therefore, mainly oxygen functional groups are generated at the
polyolefin surfaces exposed to plasma in air. The type and concentration of functional groups
depend, among others, on the plasma intensity, exposure time, relative humidity, gas tempera-
ture and composition [59].
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Figure 12: Chain scission reactions on polymer surface upon exposure to a plasma (adapted from [74]).
LMWOM–low-molecular-weight oxidized material.

During plasma treatment, a saturation of plasma-generated C radical sites occurs. Steady-state
equilibrium, between new O-functional groups introduction, and their removal by continuously
proceeding oxidation to gaseous products, is established. Therefore, the oxygen introduction at
the polyolefin surface is limited to about 28%O/C [74].

The etching of polymer surface occurs through chain scissions. Initially, non-volatile low-molecular-
weight oxidized materials (LMWOMs), are formed. Proceeding oxidation of those reduced-
molecular-weight polyolefin chains causes the formation of volatile LMWOMs, such as highly
oxidized alcohols, aldehydes, ketones, and carboxylic acids (C1–C3). These become ultimately
converted to CO2 and H2O [75, 59]. It was shown that the LMWOM formation occurs already
when the oxidation level exceeds the O/C atomic ratio of ca. 0.07 (PP treated with DBD in air)
[204].

The plasma species interact only with the topmost surface molecules. Deeper oxidation is a conse-
quence of UV-induced radical formation and auto-oxidation processes. According to the literature
reports on polyolefins treatment with DBD in air, oxidation depth should be within 20–35 nm
[66, 75]. Moreover, physical aging processes should be taken into account. The functional groups
generated at the surface can diffuse into the bulk of material upon rotation around the C–C
bond or the segmental movements („hydrophobic recovery” process) [238]. The interaction of
polar groups at the polymer surface with a polar solvent leads to the hydrogen bonds’ formation
and reduces the chain mobility [74].
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Figure 13: Schematic representation of polyolefin oxidation routes in oxygen-containing plasma [75].
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2.4.2 Graft polymerization onto plasma treated polyolefin surface

The modification of polyolefin surfaces has recently gained much attention. Different chemical
and physical processes have been utilized to tune the properties of those polymers for a wide vari-
ety of applications. Polymer surface grafting is one of the most promising approaches to improve
surface properties without affecting the bulk characteristics. Contrary to the physically deposited
coatings, grafting ensures the covalent attachment of graft moieties to the surface, therefore en-
ables the long-lasting effect [105]. There are various synthetic paths to generate graft chains
onto the polymer surface. The possible strategies utilizing plasma treatment are schematically
depicted in Figure 14 (Figures 14 a and b–„grafting from”, Figures 14 c and d–„grafting to”).

O
O

(b) grafting onto peroxy-radical sites(a) grafting onto C-radicals

(d) physical grafting (adsorption)(c) grafting onto functional groups

O
O

O
O
O
O

H O

- OH

NH2 NH2 NH2 N N N

Figure 14: Possible pathways for plasma-assisted grafting onto polymer surfaces (adapted from [74]).

It is well documented that the exposure of polymer surface to plasma results in radicals’ for-
mation [15, 120, 119]. C-radicals, generated at the polyolefin surface upon exposure to plasma,
have a short lifetime (half-life of alkyl-chain radical ca. 10-10 s). Therefore, grafting onto radicals
(Figure 14 a) should be performed in a vacuum or inert gas [92, 79, 139].

In the presence of air or oxygen, C-radicals react with biradical oxygen forming peroxy rad-
icals. Those radicals give hydroperoxides. The hydroperoxides can further decay to a broad
variety of O-functional groups (see Figure 13). Moreover, the decomposition of hydroperoxides
can initiate grafting of vinyl or acrylic monomers (Figure 14 b) [208, 96]. The graft polymer-
ization starts from hydroperoxy sides, and the grafting yield depends on the concentration of
produced at the surface radicals. The radical generation differs considerably depending on the
polymer and plasma type. However, the exact relationships between plasma conditions and rad-
ical formation are still unknown [74]. Generally, it is assumed that the concentration of alkoxy
radicals (–C–O•) at the surface is relatively low. Therefore, long chains are built while grafting
onto the plasma-treated surface.

Alternatively, monomers (or polymers) can be physically deposited on the polymer surface, and
simultaneously exposed to plasma to form free radicals (Figure 14 d) [113]. This method leads
to the uncontrolled fragmentation of deposited monomer/polymer chains. Therefore, coating
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chemistry can not be well controlled.

Grafting can also be performed as a defined reaction between the introduced by plasma treatment
functional groups at the surface and those of coating agents (monomers, polymers) (Figure 14 c).
For this purpose, monosort surface functionalization is desirable. The following plasma pro-
cesses can be applied to subsequently graft onto functional groups: (i) exposure to O-containing
plasma, followed by reduction of carbonyl groups to hydroxyl groups and grafting onto OH
[117]; (ii) plasma bromination (bromine, allyl bromide plasma), followed by either grafting onto
Br-groups or conversion to NH2, OH, etc. [76]; (iii) plasma polymerization, for instance of ally-
lamine, and subsequent grafting onto –NH2 [74]. Those techniques require several modification
steps and often require toxic chemicals. For these reasons, they cannot be easily transferred to
the industrial-scale processes.

Among the plasma-assisted grafting methods (see Figure 14), the grafting onto peroxy-radical
sites does not require vacuum operation and has the potential to be transferred to the continu-
ous coating process. Free radical polymerization (FRP) is widely used to polymerize acrylates
and methacrylates. Free radicals possess unpaired electrons, they are highly energetic and en-
able rapid reactions, due to fast propagation kinetics [61]. Radicals are usually produced by
the homolytic decomposition of covalent bonds, initiated either thermally or by irradiation (UV
radiation, high-energy radiation). Labile bonds that can be broken, with a relatively moderate
amount of energy applied, are nitrogen-nitrogen and oxygen-oxygen (dissociation energy of O–O
bond is about 1.44 eV [55]). Therefore, azo compounds and peroxides are the most commonly
used radical polymerization initiators.

Taking into consideration grafting onto plasma-activated polyolefin surface, decomposition of
hydroperoxide groups (–C–O–OH) initiates radical polymerization. The overall reaction scheme
in an aqueous monomer solution can be described as follows (S–polyolefin surface, M–monomer,
HP–homopolymer, G–graft copolymer, k–rate constant) [224, 37]:

Hydroperoxide decomposition:
S −O −OH kD−−→ S −O• +• OH

The thermal decomposition of hydroperoxides is a first-order reaction. Maximum two radi-
cals can be formed during decomposition process (S–O• and •OH). However, the yield of free
radicals is often lower because of recombination processes [154].

Initiation:
•OH +M

kIH−−→ HOM•
1

S −O• +M
kIS−−→ SOM•

1

During initiation, a radical attacks a monomer, converting it into another radical (either onto
the surface: SOM1

•or in the coating solution: HOM1
•).
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Propagation:
HOM•

n +M
kPH−−−→ HOM•

n+1

SOM•
n +M

kPS−−→ SOM•
n+1

The monomer radical becomes an active species that adds subsequent monomers resulting in the
chain growth (SOMn+1

•). For the successful propagation to proceed, favorable steric, polariza-
tion and radical stabilization conditions are required. The hydroxyl radicals (•OH) formed from
the decomposition of hydroperoxides can simultaneously induce the production of homopolymers
(HOM1

•) in the solution. The growing polymer chain preserves its radical character until it does
not react with another radical (chain termination).

Chain transfer :
HOM•

n +M
kTRHH−−−−−→ HPn +HOM•

1

SOM•
n +M

kTRSH−−−−→ Gn +HOM•
1

HOM•
n + S

kTRHS−−−−→ HPn + SOM•
1

SOM•
n + S

kTRSS−−−−→ Gn + SOM•
1

A growing chain reacts with another molecule, abstracts a single atom, and as a consequence,
a new radical is formed. If the new radical is highly reactive, a new polymer chain can grow.
However, if its reactivity is low, the polymerization process is inhibited.

Termination:
HOM•

m +HOM•
n

kTHH−−−−→ HPm+n

HOM•
m +HOM•

n
kTHHD−−−−−→ HPm +HPn

SOM•
m +HOM•

n
kTSH−−−→ Gm+n

SOM•
m +HOM•

n
kTSHD−−−−→ Gm +HPn

SOM•
m + SOM•

n
kTSS−−−→ Gm+n

SOM•
m + SOM•

n
kTSSD−−−−→ Gm +Gn

In order to design the grafting onto the plasma-treated polyolefin surface in solution, several
process variables should be taken into consideration. Firstly, the nature of the substrate back-
bone, among others its chemical composition, crystallinity, and swelling ability are of great
importance. Secondly, the reactivity of the monomer (its mobility, solubility in the solvent,
steric effects, susceptibility to homopolymerization, etc.) plays a significant role. The type of
medium affects the generation of free radicals, as well as backbone swelling properties, monomer
solubility, and diffusion. For example, water is an excellent solvent for grafting, because the
occurrence of chain transfer reactions in water is reduced. The concentration of initiator also
influences the grafting efficiency. Nevertheless, optimal concentration depends on the grafting
system. Moreover, the presence of any additives which can react with a monomer can remark-
ably affect the grafting yield. The reaction temperature is another factor to consider. A higher
temperature can enhance the monomer diffusion and facilitate the decomposition of initiators
[22].
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3 Materials and methods

3.1 Substrates

The polymer foils used in this study were isotactic polypropylene (PP), high-density polyethylene
(HDPE) and HDPE/PP blend (80/20wt%). They served as model substrates for the HDPE/PP
(80/20wt%) feed spacer. The raw components for foil manufacturing (granulates) were obtained
from Conwed Global Netting Solutions. Their density, melt flow index (MFI), crystallinity and
melting temperature Tm are summarized in Table 2. The degree of crystallinity and melting
temperature values were determined by conventional differential scanning calorimetry (DSC 204
F1 Phoenix). Polymer foils with 150 µm thickness were manufactured by POLIFILM Extrusion
GmbH within a blow film line in a single-screw extruder with a diameter of 30mm and length
750mm. The extrusion speed was 70 rpm (revolutions per minute), barrel temperatures in the
range from 190◦C to 220◦C for the HDPE foil and from 190◦C to 240◦C for the PP and blend,
respectively.

Material Density
(g/cm3)

MFI
(g/10min)

Crystallinity
(%)

Tm
(◦C)

HDPE 0.928 1.39 81.6 134.1

PP 0.874 2.08 34.6 160.9

Table 2: Physical property of the HDPE and PP raw materials. MFI -melt flow index, Tm -melting
temperature.

The HDPE/PP (80/20wt%) feed spacer (also known as netting) was manufactured by Conwed
Global Netting Solutions, from the same raw materials like PP, HDPE, and HDPE/PP foils.
The feed spacer possesses an alternating thickness of the strands (average spacer thickness:
830±15µm), inner strand angle of 90◦ and average parallel strand distance of 2.95/2.63mm
[193]. The feed spacer was fabricated is a continuous extrusion process. In brief, an extruder
melts and pressurizes raw materials. As next, the melt is forced through proper tooling in a die
that contains slots for the plastic flow to create a netting profile. The extrusion process is followed
by material orientation, where the netting is reheated and stretched to obtain high-strength and
flat feed spacer [191].
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3.2 Surface modification

3.2.1 Concept

The substrates were modified in the two-stage process which combines plasma activation with
subsequent wet chemical treatment in sulfobetaine methacrylate (SBMA) solution (see Figure 4).
In order to covalently immobilize SBMA on the HDPE/PP surfaces, active sides, which can ini-
tiate free-radical grafting reactions, should be first introduced onto polyolefin materials. Atmo-
spheric pressure plasma treatment with dielectric barrier discharge (DBD) in air was proposed
as a pretreatment method and hydroperoxide groups as grafting initiators. The intensity of ap-
plied plasma was varied to optimize the amount of generated at the substrates oxygen functional
groups. The modification with SBMA was performed, through grafting onto radical sides during
dip coating of the plasma-activated substrate in the monomer solution.

The preliminary studies, on the plasma and wet chemical treatments, were performed on the
HDPE, PP, and HDPE/PP foils. Based on the obtained results, the most favorable parameters
were chosen to modify the feed spacer surface.

3.2.2 Plasma treatment with dielectric barrier discharge (DBD) in air

In order to introduce oxygen functional groups, and increase the hydrophilicity of the polyolefin
materials, treatment with dielectric barrier discharge (DBD) in air under atmospheric pressure
was performed. For this purpose, a CORLAB-AS set-up from Kalwar CIV Innoserv GmbH
equipped with four ceramic electrodes was used (schematically depicted in Figure 15). The poly-
olefin samples (ultrasonically cleaned in acetone and dried) with a size of 8×5 cm2 were fixed
with adhesive tape on the glass surface of the sliding carriage and moved towards the discharge
gap between two parallel electrodes, where the lower is covered by insulating glass. High voltage
alternating current applied between two electrodes results in partial ionization of air (plasma
generation). The distance between the upper ceramic electrodes and the counter electrode was
kept constant at 3mm. Treatment intensity was manipulated by adjusting the speed of the
sliding carriage and applied current. Table 3 summarizes studied plasma treatment parameters.
The applied plasma treatments were categorized based on the amount of energy transferred from
plasma to the treated sample as low, middle, and high intensity. The CORLAB-AS research
set-up does not allow accurate recording of current and voltage throughout discharge generation.
Therefore, given plasma energy doses are roughly estimated values.

During DBD treatment in air, polyolefin surfaces are exposed to high-energy plasma particles
and short-wavelength plasma radiation. This results, among others, in the formation of oxygen
functional groups (addressed in detail in chapter 2.4.1) and enables further functionalization.
Hydroperoxides are especially favorable for the covalent immobilization of antifouling coatings.
During their decomposition, alkoxy radicals are formed [74]. These can initiate grafting onto the
polyolefin surface, as shown elsewhere [96, 230, 208]. The incorporation of hydroperoxides at the
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plasma-treated surfaces depending on applied plasma intensity (PLA, PLB, PLC, see Table 3) was
analyzed. Selective derivatization with sulfur dioxide (SO2) was used, according to the following
reaction: R − O − O − H + SO2 → R − O − SO2 − OH [74]. In brief, the plasma-treated,
as well as untreated (controls), HDPE, PP, and HDPE/PP foils, were placed in a desiccator,
filled afterward with SO2 gas. The samples were kept for 30 minutes in the SO2 atmosphere
to enable the reaction between hydroperoxide groups and SO2 to complete. Derivatization was
evaluated by analyzing sulfur content at the surface (S at%, X-ray photoelectron spectroscopy).
One sulfur atom corresponds to one hydroperoxide group. Three replicates for each material,
and each plasma treatment condition, were studied. The aim was, as first, to evaluate whether
the hydroperoxide groups are produced. Secondly, validation if the amount of hydroperoxides
varies within applied plasma treatment parameters. Particular plasma treatment parameters
were selected for the subsequent antifouling coating.

8

9 

7

6

5
HV

Figure 15: Left: CORLAB-AS atmospheric pressure plasma set-up: 1–control unit, 2–dielectric barrier
discharge (DBD) unit, 3–high voltage generator, 4–aerosol generator. Right (above): schematic structure
of the DBD unit: 5–aerosol inlet unit, 6–ceramic electrodes, 7–sample, 8–counter electrode, 9–insulating
glass, HV–high voltage. Right (below): micro-filamentary discharges (photo). Adapted from [179].

Plasma
treatment

Current (I)–
speed (ν)

(mA-m/min)

Estimated
energy dose

(ED)* (J/cm2)

Plasma
intensity

Plasma A (PLA) 25–2.6 2.2 low

Plasma B (PLB) 25–1 5.7 middle

Plasma C (PLC) 40–1 9.2 high

*From: ED =
U × I
ν ×B

[204], where: U=8000V, B=21 cm

Table 3: Applied plasma treatment parameters (dielectric barrier discharge in air).
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3.2.3 Antifouling functionalization by wet coating

The plasma-treated samples were immediately immersed in water-based sulfobetaine methacry-
late (SBMA) monomer solution. Before use, the coating solution was purged with argon for
1 h to remove oxygen. Two different SBMA monomer concentrations were used for coating:
0.1mol and 0.5mol. These concentrations were chosen based on the literature results, obtained
for graft polymerization of another zwitterionic monomer (2-Methacryloyloxyethyl phosphoryl-
choline) onto cross-linked polyethylene [123]. Following preliminary studies and literature re-
search, dip coating was performed for 1 h at 70◦C [93, 130]. During coating, the flask, with
SBMA monomer solution and immersed specimens, was covered to minimize water evaporation.
Directly after coating, the samples were soaked in distilled water and left overnight. As next, the
SBMA coated samples were subjected to washing, to remove unreacted monomers: in sodium
chloride (NaCl) water solution (0.1mol) for 10 h at 60◦C under stirring, followed by rinsing in
distilled water (procedure adjusted from [236]). The coated samples were dried in a vacuum oven
at 40◦C for 2 h before surface composition and morphology analyses.

In order to evaluate the stability of the generated SBMA coatings in water, acidic and basic
environments, short- and long-term immersion tests were performed on the coated HDPE/PP
foils and feed spacers. As first, the SBMA coated foil with known composition was immersed in
0.1mol NaCl solution in distilled water. Fresh solution was prepared every day. The tempera-
ture was 4◦C to minimize possible bacterial growth. A sample was taken in one-week intervals,
washed thoroughly in distilled water, dried, followed by the surface composition analysis by X-
ray photoelectron spectroscopy (XPS). The test was carried out until the first change in surface
composition.

The SBMA coating stability in acidic/basic environments was tested in H2SO4 (pH=1) and
NaOH (pH=11) water solutions, respectively. SBMA coated foils with known compositions were
immersed for 24 h in the test solutions. Subsequently, they were washed in distilled water, dried,
and analyzed by XPS.

3.3 Surface characterization methods

3.3.1 Spectroscopic characterization

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectroscopy was used to evaluate
surface elemental composition, before and after each modification step.
A sample irradiated with monochromatic X-rays emits photoelectrons from the surface. The
number of emitted electrons and their kinetic energy are simultaneously measured. Electron
binding energy is calculated using the energy of X-ray source and the work function. Since the
binding energy is element-specific, peaks can be assigned to individual elements and quantified
[29]. The information depth of XPS is estimated as ca.10 nm, and the detection limit is approx-
imately 0.1 at% [29].
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In this work, XPS was performed with a Kratos UltraDLD spectrometer with a monochromated
Al Kα source (emission: 10mA, anode: 15 kV). For all survey spectra (range of binding energy
from 0 to 1200 eV; measured area: 300×700µm2), pass energy of 160 eV and charge neutraliza-
tion were applied. Measurements were performed at ultra-high vacuum (p≈10-9 Torr). Survey
spectra were taken at an electron takeoff angle of 90◦ (normal to the sample surface). The ob-
tained spectra were normalized to C 1s peak (285 eV). The Shirley-type background was used to
fit spectra [17]. Analyses were accomplished in the software CasaXPS 2.3.15. Chemical composi-
tion was investigated at three individual positions per sample, and the average values calculated
(specimen size≈5×5mm2).

Fourier-transform infrared spectroscopy (FTIR). Fourier-transform infrared spectroscopy was
used to monitor the changes in chemical composition by the identification of specific functional
groups.
The method relies on interactions between molecules and electromagnetic field in the infrared
region (IR). An attenuated total reflection (ATR) sampling approach is commonly applied for
surface analysis. In the ATR technique, a sample is brought into direct contact with a high-
refractive-index crystal (e.g., germanium, diamond). The portion of the incident beam, which
passes through the crystal, penetrates the analyzed sample.The penetration depth varies depend-
ing on the type of reflective element, the refractive index of the sample, the wavelength of light
and the angle of incident [95].
In this work, the FTIR analyses were carried out with a IFS 55 EQUINOX spectrometer. Spectra
were recorded in the single reflection mode in the attenuated total reflection (ATR) configura-
tion. The ATR unit (Specac Inc., Smyrna USA) was equipped with a diamond (refractive
index=2.4). The analyzed samples were cut to a size of approximately 2×2 cm2 and positioned
on the 2×2mm2 measuring spot. A pressure applicator with a torque knob was used to fix and
press the samples directly onto the crystal (torque of about 0.7Nm). The spectra were recorded
over the wavenumber range 4000–650 cm-1 and at a resolution of 4 cm-1(analysis software OPUS,
version 6.5, Bruker Optik GmbH). At least 20 scans were acquired and averaged for each sample.
Spectra analyses were performed after atmospheric compensation and baseline correction.

Nanoscale IR spectroscopy. Nanoscale IR spectroscopy was applied to analyze SBMA modi-
fied foils. This technique combines IR spectroscopy with an atomic force microscopy (AFM) and
enables simultaneous topography and IR analyses. A sample is exposed to rapid pulses from
a tunable IR source, which is focused near the AFM probe tip. IR absorption leads to a local
transient deformation of the surface (photothermal expansion effect). This thermal expansion
is detected by the deflection of AFM probe while scattering the sample surface. IR absorption
spectra can be acquired while measuring the AFM probe response as a function of absorbed
wavelength [57, 153].
All measurements were taken on a nanoIR2 system (Anasys Instruments, Santa Barbara, CA,
USA) equipped with an optical parametric oscillator (OPO) laser over the wavenumber range1900–
1000 cm-1. The basis of each IR measurement was the AFM investigation performed in contact
mode. Multiple AFM-IR spectra were acquired using 128 co-averages at 4 cm-1 spectral resolu-
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tion. The obtained spectra were smoothed using the Savitzky-Golay algorithm with 3 side points
[187].

3.3.2 Microscopic characterization

Scanning electron microscopy (SEM). Scanning electron microscopy was used to investigate the
morphology of untreated HDPE/PP blend materials, and to determine the HDPE and PP
domains distribution . Preceding the determination of domain distribution on the untreated
HDPE/PP materials (foil and feed spacer), the surfaces were etched for 15 minutes according
to permanganic etching technique of OLLEY and BASSETT using a mixture of potassium per-
manganate and sulfuric acid. The permanganic etching removes the amorphous polymer portion
much more easily than the dense crystalline blocks [161]. Therefore, the semicrystalline blend
morphology can be depicted. Furthermore, the PP phase is attacked and removed more severely
by etchant than the HDPE. Consequently, the PP domains can be identified as pits, holes and
trenches. The depth of permanganic etching is estimated at 10µm.
In this study, SEM was performed using a FEI Quanta FEG 650 microscope operated at an
accelerating voltage of 10 kV in the secondary electron mode. Prior investigations, the samples
were sputter-coated with a conductive platinum layer.

Transmission electron microscopy (TEM). Transmission electron microscopy was employed for
the morphological investigations of untreated HDPE/PP foil. Ultrathin foil sections (approxi-
mately 60 nm thickness) were prepared using a cryo-ultramicrotome (RMC PowerTome PT-PC
with CRX cryo-chamber (RMC, Tucson)) with a diamond knife (angle 35◦) at about 110K. The
specimen has been taken starting from the surface in the vertical direction. Prior to ultrami-
crotomy, the HDPE/PP foil was stained in ruthenium tetroxide (RuO4) for four hours en bloc
to visualize the semicrystalline morphology. Treatment with RuO4 increases the image contrast
due to oxidation of amorphous regions, while crystalline areas remain unstained. Both phases
(HDPE and PP), could be distinguished because of the different appearance of lamellae after
staining with ruthenium [185]. TEM investigations were performed using a FEI Tecnai G2 F20
TEM at an accelerating voltage of 200 kV. The thickness of the HDPE lamellae was analyzed in
CellF software (Olympus Soft Imaging Solutions GmbH).

Atomic force microscopy (AFM). Atomic force microscopy was applied to verify the surface to-
pography and morphology of untreated, plasma-treated, as well as SBMA modified materials.
AFM provides a three-dimensional surface image with atomic resolution.
Surface topography can be analyzed in contact or non-contact (tapping) mode. In tapping-mode,
a cantilever oscillates near its resonance frequency and taps a surface only periodically. During
contact with the surface, the amplitude and phase of the cantilever’s oscillation are affected. The
variations in surface topography influence the oscillation amplitude. The phase-contrast image
reflects heterogeneous mechanical properties. It originates from the phase difference between the
cantilever’s oscillations and the driving signal from a piezoelectric crystal [167].
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AFM phase and height images were generated using a AFM JPK nanowizardR○ IV device. Mea-
surements were performed in intermittent contact mode at room temperature on an area of
2.5×2.5µm2for the foils and 2×2µm2 for the feed spacer, respectively. An arrow NC cantilever
with a tip radius of 10 nm was used. The force constant calibration of used silicon cantilevers was
performed by the thermal noise method [182]. Indenter tip geometry (radii and tip´s shape) was
verified by SEM. Surface roughness (arithmetic mean deviation of the profile: Ra and ten-point
mean roughness: Rz) was determined from unprocessed height images using software Gwyddion.
For this purpose, ten profiles were extracted from each obtained image and the middle Ra and
Rz values were calculated.
Particular feed spacer samples were subjected to annealing in order to reduce surface roughness.
The following preparation procedure was developed: a spacer sample in the size of approximately
1×1 cm2 was initially heated on the AFM stage to 160◦C for 1 minute (configuration of the sin-
gle standards was not affected); secondly, the temperature was reduced to 140◦C and held for
5minutes. Next, the spacer sample was kept at 120◦C for additional 5 minutes and cooled down
to room temperature for 7 minutes.

3.3.3 Contact angle measurements

The contact angle (θ) is the angle formed by the liquid at a liquid-gas-solid interface and de-
scribes the wetting behavior. The surface free energy (tension) of the solid can be calculated
using at least two different liquids with known surface tensions to measure the contact angle on
the same surface.
Static contact angle measurements were performed to analyze the surface free energy (SFE) of
foil substrates (device G10 with DSA 100 software and a CCD camera from KRÜSS). Analy-
ses were carried out at room temperature using water (γH2O =72.7mN/m) and dioodomethane
(γCH2I2 =50.0mN/m) as test liquids [121]. The individual contact angle value was determined by
applying a tangent to the depicted profile of the liquid drop at the point of three-phase contact.
SFE values were calculated based on the OWRK (Owens, Wendt, Rabel and Kaelble) approach
using arithmetic mean values of at least five measured contact angles per test liquid. The drop
volume was 3µL each. The information depth of the method is approximated as ca. 0.5–1 nm
[205]. The SFE of the feed spacer, could not be evaluated using a standard sessile drop technique
due to the small thickness of the spacer strands.

3.3.4 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

In time-of-flight secondary ion mass spectrometry, a pulsed primary ion beam with an energy
of a few keV is applied to bombard the surface and emit chemical species from the topmost
monolayers. Ejected secondary ions are extracted, then accelerated over a very short distance.
This gives them virtually the same kinetic energy prior to entering a flight path towards detector.
The detection limit of ToF-SIMS method is in the ppm range, while the sampling depth is below
1 nm [39].
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Time-of-flight secondary ion mass spectrometry (ToF-SIMS) imaging was employed on an ION-
TOF (GmbH) TOF-SIMS5 with a 25 keV primary bismuth ion beam (Bi3+) at high-current
bunched (high mass resolution) mode. The incident angle of ion bombardment was 45◦. The
secondary ions were detected from 500×500µm2. Charge compensation on the sample was
obtained by low-energy electrons. The pressure of the analytical chamber during measurement
was approximately 3×10-9 mbar. Image processing was performed in CellF software (Olympus
Soft Imaging Solutions GmbH).

3.4 Preparation of polySBMA gel and its characterization

With the aim of a more precise analysis of the SBMA coating chemistry, SBMA polymer was
prepared in the coating solution. Several coating procedures were performed using the same
0.5mol SBMA solution (150ml). Therefore, the SBMA homopolymer could be formed in the
reaction system. The generated free radicals not only facilitate direct grafting of SBMA onto the
surface but also induce homopolymerization of SBMA as a free polymer in the solution [123].
Firstly, the SBMA solution was purged with argon for one hour. Secondly, the plasma-treated
blend foil was immersed in the solution and heated to 70◦C for one hour. As next, cooling down
to room temperature was performed, followed by setting the solution aside for at least 24 h before
the procedure was repeated. The visible gel was formed in the solution after the third treatment.

The gel sample was carefully taken, dried and analyzed by gel permeation chromatography
(GPC) to determine the number-average molecular weight (Mn) and the weight-average molec-
ular weight (Mw). The SBMA monomer used for the preparation of the gel was analyzed as
a control sample. The chromatograms were taken on a water-based GPC: PL-GPC 50 with a
differential refractive index (RI) detector, operated at 25◦C with two separating columns PSS
Suprema 300×8mm and precolumn 50×8mm. The mobile phase used for the analysis consisted
of 0.065 g/LNaN3, 16.998 g/LNaNO3 and 1.38 g/LNaH2PO4 in water (pH7) [124]. The gel was
dissolved in the eluent at a concentration of 9.34mg/ml. The flow rate of the mobile phase was
1.0mL/min, while the injection volume for the polySBMA gel solutions was 50µL. The calibra-
tion was performed using monodisperse poly(ethylene glycol) standards [124].

Apart from GPC analysis, ATR-FTIR was applied for the polySBMA gel characterization. For
this purpose, SBMA was additionally free radical polymerized in order to produce a „model” poly-
mer. IR spectrum of this „model” polymer was compared with the spectra of SBMA monomer
and dried polySBMA gel. A conventional free radical polymerization reaction was performed, as
follows: SBMA monomer (5 g ) was dissolved in 30mL dimethyl sulfoxide (DMSO); subsequently,
10mg of AIBN (2,2’-Azobis(2-methylpropionitrile)) initiator was added. The reaction proceeded
overnight at 70◦C and the white precipitate was obtained. The reaction mixture was dissolved in
hot water and precipitated in cold ethanol (20-fold volume excess). The collected solid was dried
under high vacuum and the structure was confirmed by nuclear magnetic resonance spectroscopy
(NMR, Varian Gemini 400 spectrometer).
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3.5 Evaluation of antifouling potential

3.5.1 Concept

Antifouling testing was performed, to evaluate, if proposed surface modification with SBMA
is effective to mitigate biofouling. Initially, short-term batch experiments with model bacteria
culture were conducted. The untreated and SBMA modified specimens, both foils and spacers,
were simultaneously investigated to assess whether the surface coating can delay bacterial ad-
hesion. As next, the modified feed spacers were subjected to long-term antifouling testing in
constructed for this purpose fouling simulation set-up (MeFoS). The MeFoS was designed based
on the knowledge derived from the numerous publications of J. S.Vrouwenvelder, who first estab-
lished this testing procedure [219, 222, 221]. Two parallel working cells, containing membrane
and feed spacer coupons, enable us to investigate untreated and modified feed spacer under the
same conditions. Detailed description of the set-up and testing principle is given in chapter 3.5.3.

3.5.2 Discontinuous testing

Procedure. A short-term adhesion assay is a common practice to determine the susceptibility
of a surface to biofouling [174, 129] since the initial adhesion has been recognized as a critical
step in biofilm formation [144, 100, 69]. In this work, gram-negative green fluorescent protein
(gfp)-tagged Pseudomonas fluorescens were used in the short-term adhesion tests. These microor-
ganisms were chosen based on the work from Baker and Dudley. They announced Pseudomonas
bacterium as one of the most commonly occurring on the fouled membranes and feed spacers
[13]. Moreover, Pseudomonas fluorescens bacteria build more severe biofilms than Escherichia
coli or Staphylococcus aureus. Therefore, they serve as convenient model to analyze the bacterial
deposition [236] . In order to prepare Pseudomonas fluorescens culture, a freezer stock of strain
(ARQ1, starting strain DSM 19095), preserved at -80◦C, was used. The culture was prepared in
a sterile CASO bouillon at room temperature by shaking at 120 rpm for 18 hours. The suspension
was diluted with sterile medium to adjust the optical density to 0.1 at 600 nm (approximately
108 CFU/ml). The untreated and SBMA modified samples were cut into coupons with diameter
of 1 cm, sterilized in 70% isopropanol and placed in 12-well plates. The bacteria suspension
was uniformly distributed on each investigated sample (50µl on the foils, while 100 µl on the
feed spacers). After 40 minutes of exposure, the samples were gently washed in sterile water,
transferred to the new well plates with fresh CASO medium (3ml per sample) and incubated
for 24 hours at room temperature with stirring (about 120 rpm). Next, the samples were gently
washed in distilled water and directly subjected to biofilm analyses.

Biofilm examination on the foils. The fouled foils were gently dried and the gfp-tagged Pseu-
domonas were imaged using their fluorescence. For this purpose, a fluorescence microscope BX53
(Olympus) with cellSense Dimension1.9 software equipped with a mercury vapor arc lamp (X-
Cite™ 120 PC Q) and a CCD camera (XC10) was used.
For the investigations, the 460–480 nm excitation and 495–540 nm emission filter set (ET-EGFP
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filter from Chroma Technology) was adapted. The light output intensity was kept constant
(iris opening 50%), while integration time was 5 sec. At least five independent positions per
sample were visualized (objective M-Plan N 50×/0.75) and evaluated. The examined area was
about 220×170µm2 per image. The surface coverage by microorganisms was quantified with the
software CellF version 2.6 (AnalySIS, Olympus) using the following procedure: each image was
converted to a gray 8 bits image, followed by determination of threshold values for the fluores-
cence signal. The applied binarization process resulted in a two-phase image: black–background
and white–biofilm. The phase analysis gave the percentage of surface coverage by biofilm. An
average surface coverage value was calculated from five images taken at different positions.

Biofilm examination on the feed spacers. Biofilms on the spacers were stained with safranin
O dye according to the procedure proposed by Ommen et al. [162]. In brief, dried samples
were placed in the well plates with freshly prepared 2ml of 0.5% safranin solution in each. Af-
ter 10 minutes of soaking time, the spacer samples were gently washed by immersing twice in
demineralized water for 30 seconds, and then let dry. Safranin was extracted from the biofilms
by immersion in 2ml of acetic acid (33%) for 10 minutes. The optical density of the solutions
was measured at 530 nm (OD530, spectrometer SPECORD 210 from Analytik Jena AG). The
untreated, as well as SBMA coated spacers that were not exposed to bacteria suspension, were
used as negative controls in this experiment. The relative attachment of bacteria to the SBMA
coated spacer samples was obtained by the normalization of the OD530 values for SBMA coated
spacers to the untreated samples, as proposed elsewhere [226]. The presented results are the
average values from five replicates.
To visualize the biofilm developed on the untreated and SBMA coated spacers, scanning elec-
tron microscopy (SEM) was performed (JEOL JSM-7401F microscope, an acceleration volt-
age of 3 kV). The biofilms were fixed according to the following procedure: the fouled samples
were rinsed 5 times in sterile distilled water and then incubated overnight in 2ml solution of
2.5% (v/v) glutaraldehyde in 0.1mol phosphate-buffered saline at 4◦C. Next, the samples were
washed thoroughly in distilled water and cooled in liquid nitrogen at -20◦C for 2 h. As the last
step, freeze-drying at 0.1mbar for 18 h was performed (ALPHA 2-4 LSCplus, Christ).

3.5.3 Continuous testing with membrane fouling simulation set-up

Continuous testing in fouling simulation set-up (MeFoS) was performed to verify the fouling
propensity of SBMA modified feed spacers under practical flow conditions. The MeFoS can
mimic hydrodynamic conditions in industrial membrane modules, which made it a valuable tool
to study biofouling. The test principle relies on constant monitoring of feed channel pressure
drop (FCPD), which is a difference between the inlet and outlet pressure at the test cell [221].
The pressure drop increase over time indicates the biofilm building. Several reports have already
shown that the FCPD increase in the RO membrane element is predominately caused by feed
spacer fouling [12, 216]. Therefore, monitoring of this particular parameter became a commonly
accepted practice in studying the antifouling potential of feed spacers [151, 9, 176, 193]. During
testing, the biomass is accumulated on the membrane surface and between the feed spacer fila-
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ments, which increases the hydraulic resistance in the feed channel and creates flow stagnation
zones and thus causes the FCPD increase [194].
The fouling simulation set-up (MeFoS) constructed to study the antifouling potential of the
modified feed spacers consists of:

• feed water pretreatment apparatus: cartridge filter (10µm pore-size), backflow preventer
(BA295S, Honeywell GmbH), pressure regulator (type 586, GF Piping Systems Ltd.), pres-
sure damper (WD165, Reflex Winkelmann GmbH), plate heat exchanger (EWT-B3-12x12,
EWT Handel Beratung), thermostat (RE 104 Ecoline, LAUDA DR. R. WOBSER GmbH
& CO. KG), pressure reducing valve (Type 582, GF Piping Systems Ltd.)

• two analogous fouling simulation systems (see Figure 16): two fouling simulation cells (FS1-
fouling simulation cell 1, FS2-fouling simulation cell 2; from Global Membrains BV, Nether-
lands), each of them possessed separate differential pressure transducer to monitor the
feed channel pressure drop (Deltabar S PMD75, Endress+Hauser GmbH+Co. KG), flow
controller (FC 8800, Brooks Instrument B.V), flow meter (RS 185-998, Parker Hannifin
Manufacturing Ltd.), pump for nutrient dosage (Simdos 02 diaphragm metering pump,
VWR International GmbH).

The fouling simulation cells (FS1 and FS2) were made of polyvinyl chloride (PVC) bottom
and poly(methyl methacrylate) (PMMA) top (280×85×55mm3). The viewing windows of the
cells were covered while testing to minimize the impact of light on biofilm development. The
untreated and SBMA coated spacers together with membranes (coupons size 20×4 cm2) were
tested in parallel under the same conditions. Therefore, the performance of unmodified and
coated feed spacers could be directly compared. The tested spacer samples were sterilized in
70% isopropanol before installing. The spatial orientation of the spacer in the fouling simulation
cell corresponded with the full-size RO module to ensure similar hydrodynamic conditions. The
biofilm development was indicated by feed channel pressure drop (FCPD) increase over time.
Fouling experiments were performed without filtrate collection since it has been shown that the
FCPD is independent on permeate production [223].

Drinking water from plant Wienrode/Harz (supplied by Elbaue-Ostharz GmbH; treated by floc-
culation with aluminum sulphate, sand filtration and softening) was used as feed water in the
long-term fouling experiments. Parameters such as inlet pressure, pressure drop and temper-
ature for both fouling simulation cells (FS1, FS2) were recorded by data loggers at 1-minute
intervals. Each fouling simulation cell was operated at a pressure of 1.7 bar without recircula-
tion. The feed water temperature was kept constant at 20◦C, while the flow rate adjusted to
16L×h-1, which agrees with industrial practice [220]. To accelerate biofilm growth, a nutrient
solution containing sodium acetate (0.922 g/L), nitrate (0.325 g/L) and anhydrous monobasic
sodium phosphate (0.104 g/L) in distilled water (C:N:P ratio of 100:20:10) was dosed. Bacteria
growth in the stock solution was prevented by adjusting pH to 11 with 40% NaOH. The nutrient
solution was replaced with a fresh one every fifth day.
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Figure 16: Schematic representation of two parallel-working fouling simulation systems: Fouling Sim-
ulation system 1 and Fouling Simulation system 2 (identical to system 1). BV–ball valve; BVC–check
valve.

Microbial load in tap water. The microbiological examination of drinking (tap) water used for
continuous fouling simulation tests was performed applying sterile filtration followed by the filter
incubation on an agar plate. For each experiment, 200ml of tap water was collected to a sterile,
weighted bottle. The bottle with the collected water sample was again weighed. Next, water
was sterile filtrated through a cellulose acetate membrane filter (pore size 0.2µm), followed by
incubation of this filter in a CASO-agar-filled sterile petri dish at 37◦C for 24 h. Thereafter, the
total number of colonies on each plate was counted and colony-forming unit (CFU) per 100 g
of tested water was calculated. The experiments were performed over six days. The obtained
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bacterial colonies in tap water ranged from 366 CFU/100g to 44 CFU/100g. The middle value
from 6 independent studies was 175±116 CFU/100g.

Coating stability under experimental conditions. In order to evaluate the stability of the SBMA
feed spacer coating under examination in fouling simulation set-up, three weeks of continuous
testing with tap water without nutrient dosage was performed. Two fouling simulation cells
operated in parallel, one contained the SBMA modified feed spacer and membrane, while second
included the untreated feed spacer and membrane. The surface elemental composition of each
sample was evaluated before and after testing by XPS. The specimens exposed to continuous
study were measured at three positions (inlet, middle and outlet of the fouling simulation cell),
and the average atomic concentrations were calculated.

3.6 Summary

Figure 17 schematically illustrates the structure of this thesis.
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Figure 17: Schematic proceedings of the thesis including performed modifications and applied materials.
Abbreviations: HDPE–high-density polyethylene, PP–polypropylene, HDPE/PP–high-density polyethy-
lene/polypropylene blend (80/20wt%), DBD–dielectric barrier discharge, PLA, PLB, PLC–applied DBD
treatment parameters (for detailed description see Table 3), SBMA–[2-(Methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide, FCPD–feed channel pressure drop, MeFoS–membrane fouling sim-
ulation set-up.
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3.6 Summary

The geometry and topography of the HDPE/PP feed spacer are challenging for the microscopic
or spectroscopic analyses, as already mentioned in the introduction part. Therefore, HDPE/PP
foil extruded from the same raw materials was used as a model substrate for the preliminary
studies. The most favorable DBD treatment and coating parameters were selected, based on the
surface chemistry and morphology analyses, and applied for the feed spacer modification.

The preliminary modifications were carried out not only on the HDPE/PP foils but also on
the HDPE and PP foils. It was aimed, at: i) understanding of the blend oxidation in plasma,
and ii) investigation, if there is a better coating affinity to one of the phases, either HDPE or
PP.
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4 Results and discussion

4.1 Characterization of the HDPE/PP foils and feed spacers

4.1.1 HDPE and PP domains distribution

HDPE and PP are immiscible and their blends form a complex morphology [78]. Therefore,
the domain distribution of the HDPE/PP model foil and feed spacer is an important aspect to
investigate. Moreover, the morphology, chemistry, and topography of untreated materials have
to be determined in order to discuss the effects of performed surface modifications.

200 nm

b

HDPE
PP

500 nm

c

a

200 nm

Figure 18: TEM images of the HDPE/PP (80/20 wt%) blend foil (microtomed sample stained in RuO4):
a–overview, b–enlargement on HDPE domain, c–enlargement on PP domain.
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Morphology of blend materials can vary locally. The lateral and vertical structure can be different
at different positions. Moreover, surface properties can vary from bulk characteristics [38]. For
this reason, various HDPE and PP distributions at the surface and in the bulk of the HDPE/PP
(80/20wt%) blend should be investigated and considered.

First, the investigation of the blend film morphology in higher resolution using TEM revealed the
incompatibility of the two components (see Figures 18). The HDPE and PP phases could be well-
distinguished after staining with ruthenium, mainly because of the different sizes and appearance
of lamellae [185]. In Figures 18 b and 18 c, the semi-crystalline structures of both components
are presented in higher magnification. The average thickness of the lamellae depicted in Fig-
ure 18 b is 16±2 nm, which corresponds well with literature values for crystalline HDPE [248].
In Figure 18 c, image processing, to determine lamellae thickness, was not performed because of
low phase contrast. However, thinner cross-hatched lamellae can be attributed to the PP phase
[165]. It is concluded from TEM investigations, that PP occurs as the minor phase in a bulk
of the blend, forming domains without sharp boundaries. Nevertheless, due to the method re-
quirements, the film sample was microtomed, and thus the analyzed specimen represents the
near-surface structures, not the surface itself. It is possible that during material blending one of
the phases, either PP or HDPE, migrated towards the interface, and as a consequence one phase
dominate at the surface. To reveal the shape and distribution of the domains on the blend film
and the feed spacer surfaces, surface analysis methods with low sampling depths, such as SEM
and ToF-SIMS, were applied.

Before SEM, the HDPE/PP surfaces were etched [161], aimed to reveal the semicrystalline blend
morphology. On the one hand, an amorphous phase is removed more easily by permanganic
etchant than crystalline polymer structures. On the other hand, the PP phase is attacked more
severely than the HDPE phase [161], which allows its easier identification (occurrence as pitch,
holes, etc.). Figures 19 depict the matrix-dispersed phase morphologies of the HDPE/PP foil
and feed spacer obtained by SEM.

SEM imaging on the permanganic-etched materials showed the occurrence of HDPE as a matrix,
while PP is a minor phase. This is in good agreement with material composition. Similar shape
and distribution of PP domains for both, foil (Figures 19 a1 and a2) and feed spacer (Figures 19 b1
and b2), can be observed. Smaller PP domains, partially removed by the etchant, formed holes
in the HDPE matrix (highlighted in Figure 19), while elongated PP domains appear as trenches
(marked with arrows in Figure 19).

It has to be noted that investigated by SEM surfaces were altered by permanganic preced-
ing etching, aimed to improve the contrast between the two phases. Considering the depth
of SEM analysis (about 10 nm) and the depth of etching (approximately 10µm), SEM on the
permanganic-etched HDPE/PP materials cannot be considered as thoroughly surface representa-
tion. If there was a few nm thick PP layer on the blend surface, it would be completely removed
during permanganic etching.
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Figure 19: SEM micrographs of the permanganic-etched HDPE/PP (80/20 wt%) blend foil (a1 and a2
at higher magnification) and feed spacer (b1 and b2 at higher magnification) (PP domains highlighted
and marked with arrows).

To analyze the upper nanometers of the HDPE/PP materials, ToF-SIMS with an information
depth from the topmost monolayers (1–3 nm) was used [157]. Characterization of the HDPE/PP
blend morphology utilizing ToF-SIMS imaging is much more complex than with conventional
microscopic methods. To discriminate PP and HDPE by ToF-SIMS, a particular examination
procedure was used [97]. In brief, pure polyolefin foils extruded from the same raw materials,
were initially studied, to determine the characteristic peaks for either PP or HDPE. Both poly-
mers show similar mass spectra, however, differences in the intensities of individual peaks are
noticeable [152]. The peaks which showed significantly higher intensity for HDPE were assigned
as HDPE characteristic; PP characteristic peaks were chosen analogously. Figure 20 displays
some characteristic HDPE and PP peaks, while Table 4 summarizes all peaks which showed sig-
nificantly different intensities (mass range 0–120 atomic units).

Taking into consideration only the characteristic HDPE and PP peaks (see Table 4), imaging
of the blend foil was performed. The visualization after normalization to the total intensity
and applying 4-pixel binning is presented in Figures 21. Complementary areas of characteristic
HDPE (Figure 21 a) and PP peaks (Figure 21 b) are distinguishable on the HDPE/PP blended
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Figure 20: Positive ToF-SIMS spectra of HDPE (above) and PP (below) foils normalized by total
intensity, mass range (m/z) from 25 to 75 atomic units (au).

Material Characteristic peaks

HDPE CH2
+, CH3

+, C2H2
+, C2H3

+, C2H4
+, C2H5

+, C3H2
+, C3H3

+, C3H4
+,

C3H5
+, C3H6

+, C4H2
+, C4H3

+, C4H4
+, C4H5

+, C4H6
+, C5H3

+, C5H4
+,

C5H5
+, C5H7

+, C5H8
+, C6H5

+, C6H6
+, C6H7

+, C6H8
+, C7H7

+, C7H8
+

PP C3H7
+, C3H8

+, C4H7
+, C4H9

+, C4H10
+, C4H2

+, C5H9
+, C5H10

+, C5H11
+,

C6H10
+, C6H11

+, C6H12
+, C6H13

+, C7H11
+, C7H13

+, C8H13
+, C8H15

+

Table 4: List of characteristic HDPE and PP peaks (ToF-SIMS positive spectra, mass range (m/z):
0–120 au)

foil. Owing to the limited lateral resolution, the surface morphology determined by ToF-SIMS
imaging varies from a typical matrix-dispersed phase morphology. However, a significant occur-
rence of the PP phase at the surface was demonstrated (area shown in red in Figure 21 c). The
share of HDPE on the examined blend surface (depicted in blue in Figure 21 c) is estimated at
≈35% (evaluation performed in software CellF).

The same procedure was applied to analyze the morphology of the HDPE/PP feed spacer sur-
face. The distribution of the characteristic HDPE and PP peaks is given in Figures 22. ToF-SIMS
positive imaging of the feed spacer surface showed PP as the main phase (presented in red in
Figure 22 c). This finding is in good agreement with the results obtained for the HDPE/PP foil
(Figure 21 c). However, the distribution of the HDPE phase varies between those two materials.
The HDPE domains are finely dispersed on the foil surface, while they appear as a larger clus-
ter/island on the feed spacer (blue region in Figure 22 c). This discrepancy in domains’ distribu-
tion, is possibly caused by different manufacturing processes of the foil and feed spacer materials.

ToF-SIMS positive imaging, performed on the HDPE/PP (80/20wt%) foil and feed spacer,
showed primarily the presence of PP on these surfaces, despite its lower percentage in the ma-
terial’s composition. The majority of PP can be caused by its lower density. Therefore, PP can
migrate towards the surface during blending aimed to minimize the surface energy of the blend
system [39, 181].
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Figure 21: ToF-SIMS positive imaging of the HDPE/PP blend foil surface (normalized by total
intensity, investigated area 500×500 µm2): a–sum of the intensities of characteristic HDPE peaks, b–sum
of the intensities of characteristic PP peaks, c–overlay with final materials’ allocation: HDPE (blue) and
PP (red). Color scale from black, to red to yellow depending on the characteristic peaks’ content.
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Figure 22: ToF-SIMS positive imaging of the HDPE/PP feed spacer surface (normalized by total
intensity, investigated area 500×500 µm2): a–sum of the intensities of characteristic HDPE peaks, b–sum
of the intensities of characteristic PP peaks, c–overlay with final materials’ allocation: HDPE (blue) and
PP (red). Color scale from black, to red to yellow depending on the characteristic peaks’ content.

4.1.2 Surface chemistry, morphology and topography

The HDPE/PP foils and feed spacers were manufactured from the same raw materials, however
by different companies. Therefore, they might possess some additives, be affected by photoaging
or difficult to remove contamination. To analyze the elemental compositions of the foil and feed
spacer surfaces, XPS was applied. Obtained results are summarized in Table 5, while example
spectra, with highlighted characteristic peaks, are depicted in Figure 23. Oxygen was detected, at
both surfaces, in significantly higher concentration at the feed spacer. A certain amount of oxy-
gen highly probable correlates with detected silicon, which can originate from silicon-containing
slip agents. Argon sputtering was applied in order to release surface contamination (up to 7
minutes of sputtering). Despite Si concentration, was significantly reduced over sputtering time,
oxygen content remained at about 5 at%. Therefore, besides Si-based surface contamination, the
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4.1 Characterization of the HDPE/PP foils and feed spacers

possible presence of some organic additives, containing oxygen, should be considered.

Material C (at%) O (at%) Si (at%)

HDPE/PP foil 99.8 ± 0.1 0.2 ± 0.1 x

HDPE/PP spacer 89.9 ± 4.1 7.5 ± 2.1 2.6 ± 2.6

Table 5: Surface elemental composition of the untreated HDPE/PP blend foil and feed spacer (XPS).
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Figure 23: XPS survey spectra of the untreated HDPE/PP film and feed spacer (highlighted O1s and
C1s peaks).

Furthermore, the HDPE/PP materials were analyzed by ATR-FTIR. Figure 24 illustrates an
example spectrum of the untreated blend foil. All characteristic absorption bands for HDPE and
PP polyolefins could be assigned. They are summarized in Table 6 [103, 247].

Contact angle measurements were performed to estimate the surface free energy (SFE) of the
HDPE/PP blend foil. The obtained value was 33mN/m, which is in good agreement with the
SFE values reported in the literature for PP (29mN/m) and HDPE (33mN/m) [215]. The
surface free energy of the feed spacer, could not be evaluated, using a standard sessile drop
technique, due to the small thickness of the spacer strands.

AFM phase, and height imaging, were carried out to analyze the morphology and roughness of the
HDPE/PP foil and feed spacer. The obtained morphologies are presented in Figures 25. Taking
into consideration the morphology of the HDPE/PP foil (Figure 25 a), crystalline structures are
visible, and two types of lamellae can be distinguished. Thicker lamellae (examples marked with
arrows in Figure 25 a) are attributed to the HDPE phase, while thin lamellae represent the PP
material (examples highlighted in Figure 25 a) [149, 248]. The examined by AFM untreated feed
spacer surface (Figure 25 b) showed a heterogeneous morphology. Besides crystalline structures
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Figure 24: ATR-FTIR spectrum of the untreated HDPE/PP foil.

(based on the estimated lamellae thickness, most probably HDPE [149]), unusual amorphous
regions could be assigned (examples marked with arrows in Figure 25 b). These are likely some
extrusion additives that diffused to the surface; or impurities, possibly containing silicon, as can
be concluded from the surface composition analysis (see Table 5). Inhomogeneously distributed
contaminations are likely to occur at polymer surfaces manufactured on the industrial scale. Not
only contamination from handling is possible, but also an application of slip agents or stabilizers
while processing, what is a common practice [74].

500 nm

(a) untreated HDPE/PP  foil (b) untreated HDPE/PP  feed spacer 

500 nm

Figure 25: AFM phase imaging: a–untreated HDPE/PP foil (PP lamellae highlighted, HDPE lamellae
marked with arrows), b–untreated feed spacer (unusual amorphous islands marked with arrows).

A comparison between surface morphology of the untreated blend film (Figure 25 a) and un-
treated feed spacer (Figure 25 b) is not straight forward. However, considering that different
technologies were used to manufacture both materials, various surface morphologies can be ex-
pected [135]. The feed spacer and foil investigations by AFM indicated the majority of HDPE at
both surfaces. This finding is contrary to ToF-SIMS positive imaging, which showed PP as the
main phase at the outermost blend surfaces (Figures 21 c and 22 c). Therefore, local changes in
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4.1 Characterization of the HDPE/PP foils and feed spacers

Absorption band (cm-1) Vibration modes PP HDPE

(a) 2949 C–H stretch x

(b) 2910 C–H stretch x x

(c) 2845 C–H stretch x x

(d) 1468 CH2 bend x x

(e) 1378 CH3 bend x

(f) 1166 CH bend, CH3 rock, C–C stretch x

(g) 997 CH3 rock, CH3 bend, CH bend x

(h) 973 CH3 rock, C–C stretch x

(i) 904 CH3rock x

(j) 840 CH2 rock, C–CH3 stretch x

(k) 809 CH2 rock, C–C stretch, C–CH stretch x

(l) 730 CH2 rock x

(m) 715 CH2 rock x

Table 6: List of absorption bands with their assignment for the ATR-FTIR analysis of the untreated
HDPE/PP foil and feed spacer [103, 247].

composition (the HDPE phase vs. the PP phase), have to be considered, while studying those
blend substrates.

To evaluate the surface roughness of the HDPE/PP substrates, AFM height imaging was used.
Determined Ra for the foil was 8.7±1.1 nm and for the spacer was 5.1±3.4 nm, while Rz was
41.4±5.8 nm and 28.2±18.8 nm, respectively. It cannot be assumed from those results that the
spacer surface is, significantly rougher. The reason why, significant feed spacer roughness, could
not be revealed by AFM, is to too short sampling length. AFM is one the one hand, well suited
to investigate surface topography due to its high sensitivity and resolution. However, on the
other hand, the method is not well-suited to analyze larger areas [225].

Considering the standard ISO4288:1996 [73] , which describes the rules and procedures for the
assessment of the surface texture, the evaluation length (ln) for the profiles having Ra values
between 6 nm and 20 nm, should be at least 0.4mm. Since, in this study, shorter lnwere analyzed
(2.5µm for the foil, while 2µm for the spacer), obtained using AFM roughness parameters, are
not standardized. Nevertheless, they can be used for a comparison purpose, to assess an effect
of applied modifications on the surface topography.

A contact profilometry (DektakXT contact stylus profilometer) was applied, to determine the
Ra value for the blend foil according to ISO4288:1996 [73] (evaluation length of 4mm). The
obtained Ra was 219.4±9.3 nm. The feed spacer geometry was not suitable to be analyzed by
contact profilometry.
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4.1.3 Discussion

In was shown that the distribution of the HDPE and PP domains is different for the blend
foil and feed spacer surfaces. According to the results obtained by ToF-SIMS analyses, HDPE
is more evenly distributed on the foil surface, and it generates islands on the spacer surface
(Figure 21 and Figure 22, respectively). The chemical composition analyses showed the pres-
ence of oxygen on both materials, a very low concentration at the foil surface, and considerably
higher concentration at the spacer surface. Furthermore, the feed spacer possesses significantly
more heterogeneous topography. Table 7 summarizes some key parameters determined for the
HDPE/PP foils and feed spacers.

Parameter HDPE/PP foil HDPE/PP spacer

O (at%) 0.2±0.1 7.5±2.1
SFE (mN/m) 33±1 x

Ra (nm) 8.7±1.1 5.1±3.4

Table 7: Parameters determined for the untreated HDPE/PP foils and feed spacers.

The following aspects will be discussed in more detail: first, the comparison of different methods
for surface characterization; second, the challenges of chemical modification of the spacer.

Some of the challenging properties of the investigated HDPE/PP substrates, such as surface
contamination or defects, can be generally attributed to the industrially manufactured materi-
als. Their surface characteristic can vary depending on the position on the sample. Therefore,
surface characterization, obtained by different methods with various areas of interest, might be
inconsistent. To better illustrate this objective, a schematic overview, for applied in this work
characterization methods with the fields of the examination, was prepared (see Figure 26).

For instance, let us compare the following analyses: surface free energy by contact angle mea-
surements, a chemical composition by XPS, and surface morphology by AFM. Contact angle
measurements allow investigation of relatively large surface areas with good surface sensitivity
(about 0.5–1 nm [207, 214]). Test liquid droplets are placed on the analyzed material and occupy
the specific surface area, larger for the better affinity between liquid and surface. Since an over-
all surface free energy is calculated, based on several individual contact angles (at least 10 for
both test liquids), the local changes in surface characteristics, might remain "unnoticed". The
elemental composition obtained by XPS represents about 300×700µm2 of the surface (per posi-
tion), while AFM performed on the same specimen does not depict even one-hundredth of this
field (analyzed area 2.5×2.5µm2). Consequently, an interpretation of surface analyses carried
out on the industrially manufactured materials, has to be performed, taking into consideration
the limitations of the applied characterization methods. Not only the area of the analyzed sur-
face is of great importance, but also the sampling depth, and the detection limit of the applied
technique. For example, oxygen was detected at the feed spacer surface by XPS (Table 5), while
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Contact angle
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Figure 26: Overview of the applied methods to characterize the HDPE/PP surfaces with an emphasis on
the size of the examined area. Abbreviations: ATR-FTIR: attenuated total reflection Fourier-transform
infrared spectroscopy, ToF-SIMS: time-of-flight secondary ion mass spectrometry, XPS: X-ray photoelec-
tron spectroscopy, SEM: scanning electron microscopy, TEM: transmission electron microscopy, AFM:
atomic force microscopy.

it was not revealed by ATR-FTIR (sampling depth: XPS–about 10 nm, ATR-FTIR–about 1µm
[207, 29]). This indicates, either that oxygen is accumulated more at the feed spacer surface, or
the concentration of oxygen functional groups is not high enough, to be detected by less sensitive
ATR-FTIR. Therefore, various characterization methods were employed in this work, to obtain
possibly comprehensive information about used materials, and subsequently about the effect of
performed modifications.

The chemical modification of the feed spacer surface is not bearing the risk of deterioration
of the filtration properties, as it could be for the polyamide membrane modification. However,
the feed spacers are made of PP or HDPE/PP blends. Therefore, they do not possess any func-
tional groups, which could be, used for the grafting of antifouling agents. Attempts to produce
some functional groups at the PP or HDPE surfaces, for example utilizing plasma treatment,
are often associated with material degradation via chain scission [74]. The functionalization of
the PA membrane provides much more reaction pathways, for instance, via amino or carboxylic
groups [213] .

The chemical modification of the feed spacer is highly challenging not only, because of ma-
terial composition, but also its heterogeneous topography (see Figure 3 b). Plenty of grooves,
high overall specimen roughness and waviness, are desirable for improving flow conditions. Nev-
ertheless, they are troublesome for the generation of thin functional coatings.

A further difficulty, in the feed spacer modification, is related to its 3D structure. For instance,
there is a lack of appropriate methods to detect and analyze generated coatings at material
junctions, where the initial bacterial adhesion occurs [211, 223]. The coatings’ quality control
at those problematic spots is very challenging. According to the author’s knowledge, there is no
analytical method that provides complete information about the surface chemistry for such type
of sample geometry. Proposed in this work, preliminary modifications of the model foils enabled
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using a broader spectrum of characterization methods. Nevertheless, analogously conducted on
both substrates modifications, can perform differently. The reason for this may be different to-
pographies of both materials. Moreover, the composition analysis of both HDPE/PP materials,
indicated a considerably higher amount of oxygen and silicon at the feed spacer surface, than
at the foil surface (see Table 5). Detected Si and O originate probably from the manufacturing
impurities or targeted additives. The contamination at the feed spacer surface (see Figure 25 b)
can reduce the overall surface accessibility, and influence the effect of performed processes.

4.2 Modification of the polyolefin foils

4.2.1 Plasma treatment with dielectric barrier discharge (DBD) in air

4.2.1.1 Surface chemistry Exposure of a polyolefin surface to plasma allows the incorpo-
ration of oxygen functional groups, therefore promotes adhesion and wetting [74]. In order to
better understand the chemical modification of the HDPE/PP (80/20wt%) surfaces in plasma,
PP and HDPE foils were examined simultaneously to the blend. An impact of applied plasma
intensity on the surface chemistry and morphology of the polyolefin foils was studied. Three
different plasma treatment parameters (PLA, PLB, and PLC; described in detail in Table 3) were
applied. The surface elemental compositions (O in at%) and surface free energies of the un-
treated, as well as exposed to plasma treatment foils are presented in Figures 27 a and b.

Significant incorporation of oxygen was observed for each type of material after exposure to
plasma (Figure 27 a). An increase in plasma intensity from PLA to PLC resulted in increased
oxygen content at the surfaces. No clear tendency in oxygen incorporation between the HDPE,
PP, and blend foils could be observed, within the range of tested plasma treatment parameters.
The reason is, most probably, the similar dissociation energies of the C–C and C–H bonds in both
polyolefins, which hinders the selective modification in plasma (PE backbone: 375 kJ/mol, C–H
bond: 396 kJ/mol; tertiary C–H bond in PP: 385 kJ/mol). Moreover, the energy of plasma species
exceeds by far the dissociation energies of C–H and C–C bonds. Therefore, selective oxidation
is not possible. Consequently, a similar level of functionalization is obtained for the HDPE, PP,
and their blend, exposed to plasma [74]. The surfaces treated with the highest intensity plasma
(PLC) possessed an about 0.30O/C atomic ratio (PP=20.6±1.7Oat%; HDPE=22.5±2.3Oat%,
blend=23.1±2.6Oat%).

Taking into consideration the surface free energy investigations (Figure 27 b), the values obtained
for the untreated PP (31mN/m) and HDPE (35mN/m) are in a good agreement with those
reported in the literature (PP=29mN/m; HDPE=33mN/m [215]). The contact angle measure-
ments showed a remarkable increase in the surface free energy (SFE) after plasma treatment.
There is a tendency in SFE values observed, both before and after plasma treatment: HDPE
showed the highest SFE, subsequently blend, and PP. The maximum SFE values obtained for
the investigated polyolefin foils after plasma treatment were: 60mN/m for HDPE, 53mN/m for
blend, while 52mN/m for PP.
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Figure 27: Characterization of the HDPE, PP, and HDPE/PP foils exposed to atmospheric pressure
plasma treatment (DBD in air) with different intensities: a–surface composition (O in at%, XPS), b–
surface free energy (SFE, contact angle measurements). Plasma intensity increases from PLA to PLC,
detailed parameters given in Table 3.

Contrary to increased oxygen content with higher plasma intensity, minor changes in the SFE
were observed, within applied plasma treatments (Figure 27 b). It has been reported in the
literature, that the polar part of the SFE shows a linear dependence on the amount of intro-
duced by plasma treatment oxygen, up to the maximum value (saturation effect), followed by
the material degradation, and more in-depth oxidation [74]. It can be concluded, based on this
statement, that the steady-state functionalization was possibly reached, already after applying
the mildest plasma conditions (PLA). XPS and contact angle have different sampling depths
(XPS up to 10 nm [90], contact angle about 0.5–1 nm [214, 207]). Therefore, deeper penetration
of oxygen can be detected by XPS, while more surface sensitive contact angle measurement, does
not allow recording the change in material depth. Moreover, the possible presence of the poly-
olefin degradation products (know as low-molecular-weight oxidized material: LMWOM) on the
plasma-treated surfaces can hinder the proper SFE determination. The LMWOMs are degraded
polymer fragments, commonly found on the polyolefin surfaces treated with DBD in air [203].
They arise from polymer chains’ scission by the high energy plasma species. To identify the
possible occurrence of the LMWOM on the plasma-treated surfaces, morphology analysis was
performed (see section 4.2.1.2).

ATR-FTIR, with higher analytical information depth, was used as an alternative method to
detect oxygen functional groups on the plasma-treated foils. Infrared spectroscopy is useful for
the analysis of plasma-treated polymers when the modification depth is at least 100 nm [207].
However, in this case, any absorption bands indicating oxygen functional groups could be as-
signed when analyzing the blend foil exposed to the highest intensity plasma (PLC). This result
indicates the changes in composition oriented at the surface.

The comparison of obtained compositions and surface free energies of the plasma-treated PP and
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HDPE with the literature data is not straightforward. As first, plasma processes are strongly
influenced by the plasma generation set-up and treatment parameters, rarely given in detail by
authors. Secondly, the effect of plasma exposure on the polymer surface depends among others
on material crystallinity [16], sample storage before modification [87], air humidity [59] and anal-
ysis conditions, such as the XPS take-off angle [60]. Moreover, nomenclature used in the relevant
literature is often confusing due to alternate use of terms corona and dielectric barrier discharge,
which are different processes. Nevertheless, some results, considering the atmospheric pressure
plasma treatment of PE and PP with dielectric barrier discharge (DBD) in air, are summarized
in Table 8, including the data obtained in this work. The focus in this literature review was the
threshold amount of oxygen (O/C atomic ratio) and the corresponding SFE/water contact angle
(WCA), reported by other authors.

Material O/C atomic ratio SFE (mN/m), WCA (◦) Reference

PE 0.24–0.28 45mN/m Friedrich [74]

0.68 52.5◦ Borcia et al. [25]

0.70 40◦ Iwata et al. [96]

0.39 53.3◦ Kun et al. [118]

0.37 52mN/m, 53.3◦ Ren et al. [177]

0.32 60mN/m, 45◦ this work

PP 0.24–0.28 45mN/m Friedrich [74]

0.13 45mN/m O’Hare et al. [160]

0.16 50mN/m, 64◦ Leroux et al. [132]

0.42 53.8◦ Cui et al. [54]

0.23 57◦ Strobel et al. [203]

0.28 52mN/m, 55◦ this work

Table 8: Literature review on the threshold O/C atomic ratio and the surface free energy (SFE)/water
contact angle (WCA) values for PE and PP treated in atmospheric pressure plasma with DBD in air.

The discrepancy in the literature results on the PE and PP treatment with DBD in air is clearly
seen. This is not surprising, since, as already mentioned, the characteristic of generated plasma
depends on plenty of factors (e.g., set-up construction, atmospheric conditions). However, apart
from some extreme oxidation degrees obtained by Iwata et al. and Borcia et al. for PE [96, 25],
as well as reported by Cui et al. for PP [54], both polyolefins show analogous response to the
plasma treatment. It is shown especially in the studies of Friedrich, who modified PP and PE
under the same conditions [74].

Detection of hydroperoxide groups. Hydroperoxides are found especially favorable among all
introduced via plasma treatment functional groups. They can decompose and initiate further
grafting onto the surface, as reported elsewhere [96, 230, 43, 208]. The incorporation of hy-
droperoxides, after applying different plasma treatments (PLA, PLB, PLC) was studied for all
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polyolefin foils. Both untreated and plasma-treated samples were simultaneously exposed to
SO2 gas, to derivatize hydroperoxide groups. Their presence at the plasma-treated surfaces was
confirmed, via analyzing the sulfur content (procedure given in section 3.2.2). It was concluded,
that performed plasma treatment generated hydroperoxides at the investigated surfaces. How-
ever, the amount of these functional groups did not varied significantly between tested materials
and within applied plasma treatment conditions. An about 0.6 at% of incorporated sulfur was
detected by XPS at the plasma-treated specimens, regardless of the treatment parameters. The
untreated control samples did not show any sulfur. Assuming the detected amount of sulfur
as 0.6 at%, and the total amount of oxygen directly after plasma treatment as 20 at%, it can
be estimated that approximately 6% of the entire oxygen originates from hydroperoxide groups.
Nevertheless, such mathematical estimation does not consider a variety of functional groups.
Some of them have only a single oxygen atom (for instance –C–OH, –C=O), while the others
are at higher oxidation state (e.g., –O–CO–O, –C(O)–O–OH). Moreover, hydroperoxides can
decompose and re-arrange to all kinds of O-containing groups before the derivatization with SO2

has begun [74]. Therefore, the amount of oxygen in at% cannot be directly used to calculate
the density of hydroperoxides. Furthermore, the derivatization reaction applies mainly to the
hydroperoxides located at the outermost surface. However, the amount of oxygen detected in
XPS considers at least a few nm. Therefore, the percentage of hydroperoxides at the topmost
surface can be higher than the estimated 6%.

Despite the difficulty in estimating the number of hydroperoxide groups per surface area, their
presence at the surfaces, after plasma treatment, was demonstrated. Consequently, their uti-
lization to initiate the grafting onto the surface is feasible. The obtained hydroperoxide groups’
contribution to the overall oxygen content is in good agreement with those found in the literature
for PP and PET [102, 170].

4.2.1.2 Surface morphology and topography The surface composition and free energy
analyses, performed on the plasma-treated materials, were complemented by an examination of
surface morphology and topography. AFM investigations were carried out on the HDPE/PP foil,
which served as a model substrate for the feed spacer. The surface morphological characteristics
of the blend foil, exposed to plasma with different intensities (PLA, PLB and PLC, treatment
details given in Table 3), are summarized in Figures 28 a–c.

The characteristic HDPE and PP crystalline structures, identified on the untreated foil (see Fig-
ure 25 a), became less apparent after exposure to plasma. The treatment with the lowest intensity
plasma (PLA) was already found to alter the blend surface (Figure 28 a). The increase in plasma
intensity from PLA to PLC (Figures 28 a–c) resulted in the progressive coverage of the crystalline
structures by an amorphous matter. Generated on the plasma-treated surfaces amorphous is-
lands, are most likely attributed to the low-molecular-weight oxidized material (LMWOM). The
LMWOM consists of highly oxidized polymer degradation products (O/C about 0.56 [75]) that
originate from the backbone chains’ scissions. The LMWOM was often found on the DBD/corona

54



4 RESULTS AND DISCUSSION

500 nm

(a) HDPE/PP  foil + PL  A
(b) HDPE/PP  foil + PL  B (c) HDPE/PP  foil + PL  C

Figure 28: AFM phase imaging of the HDPE/PP foils treated in atmospheric pressure plasma with
DBD in air. The intensity of applied plasma increases from PLA to PLC, detailed treatment parameters
given in Table 3.

treated polyolefins [74]. Similar morphologies are presented, in the numerous publications from
Strobel et al., who extensively studied the PP oxidation with DBD in air [204, 203]. Overnay
et al., who analyzed the LMWOM on the plasma-treated PP surface, assigned them to melted
oxidation products containing oligomers with 16 carbon atoms [166].

The LMWOM layer is highly polar and weakly bonded to the surface. It can be partially dis-
solved in water and other polar solvents [203]. The presence of the LMWOM on the analyzed
surfaces explains, previously reported, only minor SFE differences for the foils exposed to various
plasma intensities (see Figure 27 b). Since the LMWOM can dissolve in the contact angle test
liquids, the measurements performed on the LMWOM-containing surface, are affected by an
experimental error. This was shown by Strobel and coworkers [205].

To confirm, whether observed on the plasma-treated surfaces amorphous matter can be at-
tributed to the LMWOM, further investigations were performed. The PLC plasma-treated foil
(Figure 28 c), the most covered by the amorphous matter, was rinsed in water, and again ana-
lyzed by AFM. Obtained morphology after rinsing is depicted in Figure 29 a. It can be clearly
seen that the semicrystalline morphology of untreated material is "renewed" after rinsing. This
confirms that amorphous matter, presented on the plasma-treated surfaces (see Figures 28 a–c),
can be assigned to the water-soluble LMWOM. Schematic representations of the HDPE/PP sur-
face after treatment with PLC plasma, and after PLC plasma treatment and subsequent rinsing
in water, are given in Figure 29 b. More detailed considerations about the generation of the
LMWOM on the exposure to oxygen-containing plasma can be found in the current review [75].

An effect of performed plasma treatments, on the HDPE/PP surface roughness, was studied
by AFM height imaging. The Ra and Rz values for the plasma-treated (PLA, PLB, PLC), as
well as PLC plasma treated and rinsed in water (deprived of the LMWOM) blend foils, were
determined. Obtained results are summarized in Table 9.

The plasma-treated HDPE/PP surfaces (PLA, PLB, PLC, PLC+rinsing) demonstrated reduced
roughness, in comparison to the untreated foil. No significant differences in the surface rough-
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Figure 29: a–AFM phase imaging of the HDPE/PP foil exposed to PLC plasma and subsequently rinsed
in water, b–schematic representation of the HDPE/PP foil directly after treatment with PLC plasma
(above), and after treatment with PLC plasma and subsequent rinsing in water (below). LMWOM–low-
molecular-weight oxidized material. Detailed PLC plasma treatment parameters are given in Table 3.

Foil sample Ra (nm) Rz (nm)

untreated HDPE/PP 8.7±1.1 41.4±5.8
HDPE/PP + PLA 4.3±0.6 26.3±4.4
HDPE/PP + PLB 5.2±0.6 32.1±7.9
HDPE/PP + PLC 5.4±0.8 27.2±4.2

HDPE/PP + PLC+ rinsing 6.2±1.3 33.0±6.6

Table 9: Surface roughness parameters (Ra, Rz; AFM height imaging) for the untreated, plasma treated
(PLA, PLB, PLC), as well as PLC plasma treated and rinsed in water (PLC+rinsing), HDPE/PP blend
foils (plasma treatment with DBD in air, detailed parameters given in Table 3).

ness, with increasing plasma intensity from PLA to PLC, could be concluded. This is most likely
influenced by the presence of LMWOM on these surfaces, as observed in AFM phase images
(Figures 28). The oxidation by-products accumulate possibly in the material’s valleys, therefore
reduce overall surface roughness. Analyzing the roughness after the highest intensity PLC plasma
treatment, and the roughness after PLC plasma treatment and rinsing in water, a tendentious
increase in Ra and Rz values was found. This confirms that the LMWOM might accumulate in
the material’s cavities. Therefore, after removing this layer via rinsing, higher surface roughness
was shown.

Reduced surface roughness after plasma treatment suggests partial material etching or its slight
melting. Morphology of polymer surface can be affected by the temperature generated in plasma.
Owing to the low heat conductivity of HDPE and PP, the temperature of these polymer surfaces
can be easily raised while exposure to plasma [166]. During a high-frequency DBD treatment of
polymer surface, the softening temperature is, quite easily, reached. Consequently, macro-scale
deformations of the surface can occur [26]. For example, it was shown that the PP surface,
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exposed to DBD treatment, has changed its crystalline level. It was assumed that the polymer
surface slightly melts due to discharge heating, therefore became more amorphous [132] .

Influence of LMWOM on the surface free energy and composition. To verify how the presence
of the LMWOM influences the surface free energy and composition (Figures 27), the highest in-
tensity plasma treated and rinsed (PLC+rinsing) polyolefins were subjected to XPS and contact
angle analyses. Obtained results are summarized in Table 10.

For example, considering the HDPE/PP foil, the SFE was reduced, from 52mN/m after PLC

plasma treatment (Figure 27 b), to about 41mN/m after rinsing. This value is still higher than
the SFE of untreated blend foil (33mN/m, Figure 27 b). The oxygen content decreased, from
about 23.1 at% (Figure 27 a), to about 5.6 at% (O/C atomic ratio ca. 0.06). All tested surfaces
show a similar trend. Moreover, in the literature, the analogous tendency was reported [206].
Presented results confirm that, despite the LMWOM generation, the persistent surface function-
alization, is obtained.

Foil sample O (at%) SFE (mN/m)

PP + PLC+ rinsing 5.7 ± 1.2 38 ± 2

HDPE + PLC + rinsing 7.4 ± 1.1 47 ± 2

HDPE/PP + PLC + rinsing 5.6 ± 1.0 41 ± 3

Table 10: Surface composition (O at%, XPS) and surface free energy (contact angle) of the PLC plasma
treated and rinsed in water PP, HDPE, and HDPE/PP foils. Detailed plasma treatment parameters
given in Table 3.

Summary of the polyolefin foils’ treatment with DBD in air. Plasma treatment with
DBD in the air led to i) successful generation of oxygen functional groups, and ii) higher sur-
face free energy for all tested polymer foils. The presence of hydroperoxide groups, on the
plasma-treated surfaces, was demonstrated. This confirms that the proposed grafting mechanism
(Figure 10) is feasible. The surface morphology analyses of the DBD-treated blend foil showed
the generation of low-molecular-weight oxidized material (LMWOM) after exposure to plasma
(Figures 28 a–c). Nevertheless, the durability of DBD modification was confirmed (Table 10).

4.2.2 Sulfobetaine methacrylate (SBMA) coating

4.2.2.1 Surface chemistry The preliminary coating experiments were performed on the
PP, HDPE, and HDPE/PP foils. The following parameters were studied: three plasma treat-
ment conditions (PLA, PLB, PLC), two coating temperatures (40◦C and 70◦C) and three coating
durations (30 sec, 15min, 1 h) [240]. The surface free energy and composition were analyzed for
each performed modification, in order to select the most favorable coating parameters. Based on
obtained results and literature reports [93, 59, 240, 98], the following parameters for dip coating
were selected: PLC plasma treatment, dip coating time 1 h, and temperature 70◦C. Two SBMA
molar concentrations were studied: 0.1mol and 0.5mol.

57



4.2 Modification of the polyolefin foils

The presence of SBMA coating on the surface was verified, analyzing the sulfur atomic concen-
tration (SBMA monomer structure presented in Figure 10) and surface free energy. Sulfur is an
only chemical element that could not be incorporated by the preceding plasma treatment (traces
of nitrogen were detected on the samples exposed to DBD). Therefore, it was considered as a
coating indicator. The surface free energies of coated foils were confronted with the values for
untreated materials, as well as with the determined for PLC plasma treated and rinsed surfaces
(PLC +rinsing, Table 10). The aim was to avoid the dissolution of LMWOM in the test liquid
[205]. Obtained composition (sulfur content in at%, XPS) and SFE of the SBMA coated foils,
are depicted in Figures 30 a and b.
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Figure 30: Characterization of the HDPE, PP, and HDPE/PP foils treated in PLC plasma (detailed
parameters given in Table 3) and coated with 0.1mol and 0.5mol SBMA (SBMA(0.1) and SBMA(0.5),
respectively): a–surface composition (S in at%, XPS); b–surface free energy (SFE, contact angle).

Sulfur was detected on all SBMA-coated polyolefins (Figure 30 a). Higher monomer concentra-
tion used for coating, resulted in a higher amount of sulfur on the surface. Moreover, significantly
higher deviations in sulfur content were found, for the modifications performed with the 0.5mol
SBMA solution. A possible explanation is higher grafting density. With more monomers avail-
able, more grafting points can be utilized. Furthermore, probably longer chains are generated,
when the coating is conducted in the 0.5mol SBMA monomer solution. Taking into consideration
only one monomer concentration (either 0.1mol, or 0.5mol), sulfur concentration detected on
three studied foils was not significantly different. Analyzing the PLC +SBMA(0.5) modification,
the PP foil showed 1.2±0.6 at%S, HDPE 1.7±0.9 at%S, while blend: 1.9±1.1 at%S. Let us con-
sider the chemical composition of SBMA monomer (structure depicted in Figure 10). It can be
calculated that the stoichiometric amount of sulfur reaches 5.3 at%, if a surface is fully covered
by zwitterionic molecules, and the coating thickness is greater than the XPS information depth
(up to 10 nm [29]). Therefore, it is concluded that the generated SBMA coatings show a certain
inhomogeneity. This aspect was investigated using surface morphology analyses and presented
in the following section (4.2.2.2).

58



4 RESULTS AND DISCUSSION

The surface free energy (SFE) analyses of SBMA modified materials indicated the same trend
for all studied foils (Figure 30 b). The SBMA coated surfaces had higher SFE, comparing with
the untreated materials, as well as exposed to PLC plasma and rinsed samples. There is also
a tendentious increase in SFE with increased SBMA monomer concentration. For instance,
considering the HDPE/PP blend, the PLC plasma-treated surface deprived of LMWOM layer
(PLC +rinsed) had the SFE of about 41mN/m. The coating with 0.1mol SBMA monomer so-
lution led to increased SFE value to about 47mN/m, while the samples modified with 0.5mol
monomer solution had the SFE value of ca. 51mN/m. Only a tendentious difference in the
determined for the modified foil’s surface free energies can be possibly attributed to the coating
inhomogeneity .

ATR-FTIR with higher information depth was applied as a complementary method to detect
SBMA coatings. Two PLC +SBMA(0.5) modified blend foils with different sulfur concentrations
according to XPS analysis, S=3.8 at% and S=1.1 at%, were studied. The absorption bands, char-
acteristic for SBMA, were found while analyzing the sample with higher sulfur content (–C=O:
1730 cm-1, –SO3: 1176 cm-1and 1035 cm-1 [45]). However, the SBMA coating was not identified
by ATR-FTIR on the sample with S=1.1 at%.

According to the proposed coating mechanism (Figure 10), the SBMA graft polymerization
should occur onto the polyolefin surface. The following procedure was conducted to verify, if
SBMA has built polymer chains on the modified blend foil:

1. Generation of polySBMA gel in the coating solution.

2. Analysis of the prepared polySBMA gel by gel permeation chromatography (GPC) and
ATR-FTIR (detailed description of gel’s preparation and characterization in section 3.4).

3. Characterization of the SBMA monomer, generated polySBMA gel, and SBMA coated
blend foil by ToF-SIMS.

The procedure, carried out to obtain the polySBMA gel, was aimed to prepare a polymer un-
der actual coating conditions. This polymer could be used as a standard for the ToF-SIMS
investigations. According to the GPC analysis, the number-average molecular weight (Mn) of
generated polySBMA gel was 138,223 g/mol, while the weight-average molecular weight (Mw)
was 279,673 g/mol. Therefore, the polydispersity index (PDI=Mw/Mn) was 2.02, which is typical
for the polymers synthesized by non-living radical polymerization [24].

ATR-FTIR was applied as a complementary method to characterize the polySBMA gel. In
this case, to synthesize polySBMA, a conventional free radical polymerization with AIBN ini-
tiator, was performed. Next, the IR spectrum of polySBMA was compared with the spectra
of polySBMA gel, and SBMA monomer. Figure 31 summarizes obtained results. The presented
spectrum of polySBMA synthesized with AIBN initiator, agrees well with literature reports [186].
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Figure 31: ATR-FTIR spectra of SBMA (sulfobetaine methacrylate) monomer (black), polySBMA
synthesized via free radical polymerization (green), and polySBMA gel prepared in the monomer solution
(blue).
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Figure 32: Negative ToF-SIMS spectra of the SBMA monomer (above), prepared polySBMA gel (mid-
dle), and SBMA coating (PLC +SBMA(0.5), XPS: S=1.4 at%) on the blend foil (below). Spectra were
normalized by total intensity, mass range (m/z) 300–350 atomic units.

There is a strong analogy in the spectra obtained for the generated polySBMA gel and the
synthesized with AIBN polySBMA. Furthermore, the disappearance of the peak at 819 cm-1

(characteristic for monomer), was observed for both polymers. This absorption band is asso-
ciated with the C=C bond, which opens during polymerization [52]. Additionally, the peak at
1302 cm-1 could not be assigned for the polySBMA and occurred only with low intensity for the
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4 RESULTS AND DISCUSSION

polySBMA gel. This peak is attributed to the =CH2 wagging vibration [172], while its vanishing
confirms the successful polymerization.

After the characterization of generated polySBMA gel (GPC and ATR-FTIR analyses), ToF-
SIMS was performed on the SBMA monomer, polySBMA gel, and SBMA modified blend foil
(PLC +SBMA(0.5)). The analysis aimed verification, whether the coating has similar characteris-
tics to the gel or the monomer. ToF-SIMS spectra, obtained for the negative polarity secondary
ions (mass range 300–350 au), are depicted in Figure 32. Some peaks characteristic for the
polySBMA gel, are labeled in the corresponding ToF-SIMS spectrum (311, 325, and 339 au).
The SBMA coating shows a similar fingerprint to the polySBMA gel in ToF-SIMS. It is indirect
evidence that SBMA indeed exists as a polymer on the modified surface.

Morphology of the HDPE/PP blend foil modified with SBMA, was examined, to better un-
derstand the SBMA distribution on the coated surfaces.

4.2.2.2 Surface morphology and topography ToF-SIMS imaging was used to illustrate
the coating distribution on a larger area of the blend. The allocation of SO3

- ions, which are
characteristic for SBMA coating, was investigated on the PLC +SBMA(0.5) modified blend foil
(sulfur concentration of 1.3 at%, XPS). Images obtained at 3 different positions (a, b and c) are
presented in Figures 33 a–c.
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Figure 33: Distribution of SO3
-ion on the 0.5mol SBMA coated HDPE/PP foil (PLC +SBMA(0.5), XPS:

S=1.3 at%) at three different positions (a, b, c) (negative polarity ToF-SIMS surface imaging, normalized
by total intensity). Color scale from black, to red to yellow depending on the SO3

-ion content.

Inhomogenous signal distribution is clearly seen, which confirms the SBMA coating heterogeneity.
The variation in coating thickness (Figure 33 a), as well as an occurrence of pinholes (Figures 33 b
and c), were revealed. The overall signal was homogeneously distributed at investigated posi-
tions (images not shown). This indicates that the allocation of SBMA characteristic ions does
not result from topographic effects.

Alternatively to ToF-SIMS imaging, atomic force microscopy (AFM) was applied to determine
the SBMA coating distribution and morphology. The SBMA modified blend foils with various
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4.2 Modification of the polyolefin foils

sulfur concentrations (XPS) were analyzed. Acquired phase images are presented in Figures 34 a
and b.

It was observed that the surface morphology of SBMA coated foils is associated with the surface
composition determined by XPS. Considering the surface possessing 1.7 at% sulfur (Figure 34 a),
amorphous islands (examples highlighted with arrows) can be distinguished. The surface with
higher sulfur concentration appeared to be completely covered by the amorphous layer (Fig-
ure 34 b).

(a) S=1.7 at% (b) S=3.8 at% 

500 nm

Figure 34: AFM phase imaging of the SBMA coated HDPE/PP foils (PLC +SBMA(0.5)) with different
sulfur content (XPS): a–SBMA modified surface with S=1.7 at% (amorphous islands highlighted), b–
SBMA modified surface with S=3.8 at%. SBMA–sulfobetaine methacrylate.

To verify, whether the amorphous layer revealed by AFM is indeed attributed to the SBMA
coating, surface with the lower sulfur concentration (Figure 34 a) was subjected to the AFM-IR
analysis. Figures 35 a and b present the height and deflection images, respectively obtained on
the SBMA coated sample with S=1.7 at% (XPS). The coated surface shows heterogeneous topog-
raphy. An elongated and smooth region with a thickness of about 2µm, is identified (highlighted
with arrows in Figure 35 b). Despite its higher thickness, this area appears analogous to the
amorphous island depicted by AFM phase imaging (Figure 34 a).

Figure 35 c depicts IR spectra recorded from regions marked in AFM images (squares in Fig-
ures 35 a and b). Considering the smooth sample area (squares red and blue), three additional
peaks were identified (1724 cm-1, 1164 cm-1 and 1035 cm-1). These peaks did not appear in the
spectra recorded from the areas marked as black and violet. They were also not assigned for
HDPE or PP. These signals were attributed to the SBMA coating (1724 cm-1: –C=O group, 1164
and 1035 cm-1: –SO3 [45]). They were also found on the sample with higher sulfur concentration
(S=3.8 at%), which was subjected to the conventional ATR-FTIR analysis (see chapter 4.2.2.1).
This result confirms the assumption that the amorphous area (as highlighted in Figure 34 a)
signifies the SBMA coating.
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Figure 35: AFM-IR analysis of the SBMA coated HDPE/PP foil (PLC +SBMA) with S=1.7 at%
(XPS): a–AFM height image (height range about 600 nm), b–AFM deflection image (color spots indicate
the location of IR spectra, while arrows smooth material region), c–IR spectra recorded from regions
marked in AFM images (normalized to 1464 cm-1).

4.2.2.3 Coating stability To assess the durability of created SBMA coatings, different
washing procedures were performed on the SBMA modified blend foils. The SBMA coated
blends were firstly incubated in NaCl(aq) solution to remove possibly adhered homopolymers.
The presence of salt enables side-chain expansion and dissolution of physical zwitterionic hydro-
gels [239, 142]. This effect could help to extract non-covalently attached SBMA chains. The
surface composition was periodically monitored, to justify the possible deterioration of the coat-
ing quality. Testing was completed, as soon as the first change in composition was observed.
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4.2 Modification of the polyolefin foils

Furthermore, the oxidation stability at low and high pH was tested. The coated samples were
incubated in sodium hydroxide (NaOH) and sulfuric acid (H2SO4) solutions, chemicals periodi-
cally applied to soak RO membrane modules [131]. Table 11 summarizes obtained results (sulfur
concentration, normalized to the value directly after coating) depending on performed washing.

Washing
solution/duration

S concentration
(norm.,%)

0.1mol NaCl(aq)/4weeks 64±4

NaOH (pH=11)/24 h 13±3

H2SO4(pH=1)/24 h 22±3

Table 11: Sulfur concentration on the SBMA modified blend foil (PLC +SBMA(0.5)) after exposure
to different washing solutions. Values were normalized to the sulfur concentration directly after coating
(XPS analysis).

The SBMA coated surface incubated in NaCl solution showed the first reduction in sulfur con-
centration after 4weeks of testing. On the one hand, it can be deduced that about 35% of the
initially presented coating originates from strongly adhered SBMA chains. These chains can
be washed. At least two adhesion scenarios can be proposed: a) between grafted chains and
homopolymers from the solution, or b) homopolymers adhere to the plasma-activated surface.
On the other hand, the variation in sulfur concentration over the analyzed sample has to be
considered. Performed at regular intervals XPS analyses, represent always a slightly different
area of modified material. Considering the heterogenous SBMA distribution on the foils (see
section 4.2.2.2), the lower sulfur concentration in some areas is also probable.

The SBMA coatings were more severely affected by performed high and low pH washings. After
24 h exposure to the alkaline solution, sulfur concentration reduced to about 10% of its initial
value. Incubation in the H2SO4 solution was associated with a reduction of sulfur concentration
by approximately 80%. However, in this case, traces of sulfur were detected also on control
samples. This indicates that less than 20% of the SBMA coating could withstand this harsh
acidic conditions. The hydrolytic degradation of various zwitterionic polymers over a wide pH
range was studied. Under strong acidic conditions (pH=0), hydrolysis of the SBMA ester group
predominately occurs. The alkaline conditions (pH=14) lead to the accelerated hydrolysis of the
ester bonds and Hoffman elimination with the production of vinyl esters [190].

The soaking procedure recommended by the RO manufacturer is usually performed in the pH
range from 4 to 10, for a maximum of 8 hours [51]. Therefore, applied pH treatment conditions
were much more severe than in a real RO plant operation. Greater durability of the coating can
be expected under milder washing conditions. Moreover, chemicals such as NaOH or H2SO4 are
introduced to the filtration system when there is a high probability of inorganic fouling (scaling)
[131]. Therefore, under proper plant operation, the risk of scaling should be significantly reduced,
and thus the chemical treatment not required.
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Summary of the sulfobetaine methacrylate coating. The SBMA was successfully coated
on all polyolefin foils and occurs as a polymer on the surface (Figure 32). The obtained amorphous
coatings showed certain heterogeneity (Figures 33 a–c and Figures 34 a and b).

4.2.3 Discussion

Pinhole-free thin coatings can be successfully generated by low-pressure plasma deposition tech-
niques. The major efforts in the plasma-assisted coating technology are currently made to es-
tablish deposition processes at atmospheric pressure [26]. In this section, several aspects and
limitations of the modification technology proposed will be discussed.

The first modification step was the atmospheric pressure plasma treatment with dielectric barrier
discharge (DBD) in air. DBD is characterized by the filamentary operation mode, where plenty
of individual discharge filaments are distributed in a gap between two electrodes [101]. This
means that the sample is treated punctually with high energy plasma species. The degradative
oxidation in plasma dominates over selective non-degradative oxidation. The outermost layer
degradation results in generation of the low-molecular-weight oxidized material (LMWOM) [75],
which was also confirmed in this work (see Figures 28). The LMWOMs can be formed due to: a)
fragmentation, oxidation and re-arrangement of macromolecules, and b) re-deposition of volatile
oxidation products on the polyolefin surface. When considering the re-deposited layers on the
plasma-treated surfaces, it is also likely that the compounds from ambient air contribute to the
LMWOM formation.

The generation of the following oxygen functional groups requires the scission of the polymer
backbone: ester, carboxylic acid, aldehyde, primary alcohol, peroxy acid [75]. Therefore, the
occurrence of these functionalities within the LMWOM layer is highly probable. The existence
of LMWOM can, on the one hand, hinder the adhesion of the coating to the oxidized polyolefin
surface. It occurs when the low molecular weight products cannot be distributed or dissolved
in the deposited layer. In this case, they became a weak boundary layer at the surface-coating
interface. This type of behavior was observed when studied the adhesion of isoprene-styrene
block-copolymer to the DBD-treated PP [206]. On the other hand however, if the LMWOM
can be distributed in the coating solution, the polymer surface became "free" to interact with
monomers. The occurrence of LMWOM can be even beneficial for adhesion. The LMWOM
can act as a „coupling agent” between the adhering molecules and the surface. This adhesion-
promotion phenomenon was shown for the polyamide ink deposited on the plasma-treated PP
[206]. Moreover, it is also likely that the LMWOM layer contains some unsaturated hydro-
carbons, which can initiate additional reactions, e.g., cross-linking of the coating. Figures 36 a
and b schematically demonstrate the role of LMWOM in adhesion of different coatings to the
plasma-treated polyolefin surface. Consideration the SBMA coating, the second scenario is more
feasible (Figure 36 b). It was demonstrated that the LMWOMs generated on the plasma-treated
polyolefins are water-soluble (see Table 10). Therefore, they can dissolve in the SBMA coating
solution, since dip coating is performed subsequently after plasma treatment.
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Figure 36: Adhesion between coating and DBD treated HDPE/PP foil in the presence of the LM-
WOM (schematics): a–LMWOM creates a weak boundary layer (adhesion hindered), b–LMWOM is
incorporated into coating structure (good adhesion). LMWOM–low-molecular-weight oxidized material.

The oxidation of polyolefin surface with DBD treatment in air is schematically depicted in Fig-
ure 37. The LMWOM formation and its further fragmentation to the volatile products are
included. The surface while treatment means the topmost material layer containing the LM-
WOM (during treatment, or directly after exposure to plasma). The surface without LMWOM
(marked in gray) is attributed to the material deprived of the soluble degradation products, for
instance, by performed rinsing in water. Both types of surfaces are illustrated in Figure 29 b. The
presented scheme also includes the oxidation level of the particular areas according to the XPS
analysis. The O/C ratio for the isolated LMWOM is about 50% [75]. The surface covered with
the LMWOM shows about 30% O/C (Figure 27 a), while after rinsing the O/C ratio is reduced
to about 6% (O=5.6 at% for the blend foil, see Table 10).

An assessment of surface functionalization with DBD by XPS is not easy. The information
depth of XPS into polymer materials is about10 nm [29]. For this reason, determined O/C
ratio or O at% concentration is always attributed to the certain material volume. Therefore,
the amount of oxygen functional groups at the surface (surface understood as a topmost layer
without the LMWOM), which are „available” for the grafting reactions, is not known. The ion
sputtering and XPS analysis could be used to investigate the O/C gradient within the material
depth. However, the sputtering techniques generate a few artifacts and cause displacement of
atoms and groups [202], which impede to draw unambiguous conclusions about surface function-
alization.

Free radical graft polymerization onto polyolefin surfaces was proposed, for the generation of
SBMA coatings. Such radical polymerization, initiated by the decay of hydroperoxides into
alkoxy and hydroxy radicals, has several advantages. The process can be carried out under
atmospheric pressure, there is a certain freedom in determining reaction parameters and high
tolerance to impurities, beneficial for the industrial processes. Such radical polymerization, ini-
tiated by the decay of hydroperoxides into alkoxy and hydroxy radicals, has several advantages.
[145]. For this reason, coatings prepared by conventional free radical polymerization have dif-
ferent structures and distributions over the entire modified specimen, as was shown in this work
(see Figures 33 and Figures 34 a and b).
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Figure 37: Scheme of the oxidation of polyolefin on exposure to DBD in air. The elemental compositions
(O/C in %, XPS) of the particular areas of the foil/near the foil surface, are included. LMWOM–low-
molecular-weight oxidized material.

The hydroperoxide groups, able to initiate the grafting reactions, were detected at all plasma-
treated polyolefin foils (see section 4.2.1.1). Moreover, it was confirmed that SBMA occurs as
a polymer on the modified surfaces (see Figure 32). Therefore, on the one hand, the SBMA poly-
merization took place, and thus decomposition of hydroperoxides as an initiation mechanism is
feasible. However, on the other hand, the presence of polySBMA on the surface does not di-
rectly mean its covalent attachment. In the proposed modification process, the competitiveness
of favorable graft polymerization and homopolymerization in the solution has to be considered.
Decomposing surface hydroperoxide group (–ROOH) generates two radicals: –RO• and •OH.
The surface radical (–RO•) initiates grafting, while the •OH radical is involved in, among oth-
ers, homopolymerization and termination reactions. The extend of homopolymerization in the
solution diminishes the number of available monomers, increases the medium viscosity, and thus
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slower the diffusion of the monomer to the surface[188]. In this work, the monomer concentra-
tion was kept relatively low, to minimize the homopolymerization in the solution, as proposed
elsewhere [123]. However, when the SBMA monomer solution was used several times for the
coating, visible polySBMA gel was built. This indicates the homopolymerization reaction in the
solution. Therefore, it is likely that besides grafting onto the surface, there is a strong adhesion
of polySBMA chains to the surface. The partial removal of the coating from the surface was
observed after four weeks of immersion in salt water (see Table 11). This confirms the presence
of some adhered homopolymers within the coating structure.

The homopolymerization in solution means reducing the quality of the generated SBMA lay-
ers when frequently using the same coating mixture. Considering an industrial coating process,
the constant monitoring of the solution and coating parameters would be required to ensure
sufficient quality. To suppress the formation of homopolymers, an addition of ferrous ammonium
sulfate to the coating solution can be proposed [23].

4.3 Modification of the HDPE/PP feed spacer

4.3.1 Surface chemistry

The modification of the feed spacer surface was performed analogously to the polyolefin foils.
Based on the preliminary studies (section 4.2.2, [240]), the highest intensity plasma treatment
was applied (PLC), while 0.5mol SBMA solution was used for the coating preparation.

The surface composition of the HDPE/PP spacer surfaces after performed plasma treatment,
as well as after SBMA coating, is presented in Table 12. Example XPS spectra of the untreated,
high-intensity plasma-treated (PLC), and coated feed spacer (0.5mol SBMA), are shown in Fig-
ure 38. The oxygen concentration at the feed spacer surface was significantly enhanced after
exposure to DBD in air. The feed spacer surfaces treated with the highest intensity plasma
(PLC) showed about 0.18O/C atomic ratio (15.0±1.6Oat%). Considering the analogously
treated HDPE/PP foil, a greater amount of oxygen at the flat substrate was reported (HDPE/PP
foil +PLC=23.1±2.6Oat%, see Figure 27 a). This might be related, one the one hand, to the
geometry of the feed spacer specimen. The bend strand structure can impede the homogeneous
treatment with filamentary DBD discharge. Moreover, high surface irregularity is challenging for
the XPS analysis, since the emitted electron yield depends on the surface roughness magnitude
[19]. On the other hand, the presence of some extrusion additives or impurities on the spacer
surface (see Figure 25 b) could hinder the proper material functionalization in plasma. Further-
more, different crystallinity degrees of the foil and feed spacer surfaces should be considered, as
a possible reason for distinct susceptibility towards the plasma treatment [74].

The sulfur concentration detected after SBMA coating agrees well with that obtained for the
HDPE/PP foil (see Figure 30 a). Besides characteristic SBMA peaks (C 1s, O 1s, N 1s, S 2p),
Si was identified on each analyzed spacer specimen, even up to 5 at%. Silicon content can be
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possibly attributed to the manufacturing contaminants (see Figure 25 b).

Spacer sample O (at%) S (at%)

Untreated spacer 7.5±2.1 x

Spacer+PLC 15.0±1.6 x

Spacer+PLC +SBMA(0.5) 17.0±1.4 2.1±0.9

Table 12: Surface elemental composition (O and S in at%, XPS) of the untreated, plasma treated (PLC
plasma) and SBMA coated (PLC +SBMA(0.5)) spacers (plasma parameter description in Table 3).
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Figure 38: XPS survey spectra of the untreated, high intensity plasma treated (PLC) and SBMA
coated (untreated+PLC +SBMA(0.5)) spacers (characteristic peaks highlighted). SBMA–sulfobetaine
methacrylate.

The specimen with S=3.5 at% was subjected to ATR-FTIR analysis. The same characteristic
SBMA absorption bands, as assigned for the SBMA modified foil (Figure 35 c), were identified
(–C=O: 1730 cm-1, –SO3: 1176 cm-1and 1035 cm-1 [45]).

4.3.2 Surface morphology and topography

The feed spacer morphology was monitored at each modification step by AFM. Obtained phase
images after PLC plasma treatment and SBMA coating (PLC +SBMA(0.5)) are presented in Fig-
ures 39. The untreated material analyzed by AFM is depicted in Figure 25 b.

The morphology of HDPE/PP feed spacer exposed to the PLC plasma treatment (Figure 39 a)
differs significantly from the blend foil surface modified with PLC plasma (see Figure 28 c). On
the one hand, after exposure to DBD in air, the characteristic HDPE and PP crystalline struc-
tures presented on the untreated spacer (see Figure 25 b), could not be any longer revealed. On
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500 nm

(a) spacer + PL   C (b) spacer + PL + SBMA C (0.5)

Figure 39: AFM phase imaging of the HDPE/PP feed spacers: a–PLC plasma treated, b–PLC plasma
treated and 0.5mol SBMA coated (PLC +SBMA(0.5), S=1.7 at%). Example of amorphous island on the
coated material marked with arrow.

the other hand, the characteristic amorphous LMWOM layer, observed on the PLC plasma-
treated blend foil (see Figure 28 c), was not found. Rinsing in water, as carried out for the foil
surfaces to wash the LMWOM (see Figures 29), did not cause any change in the surface ap-
pearance. It is probable that depicted by AFM area represents PP with small nodular crystals.
Similar micrographs were presented in the studies on the melt crystallization of semicrystalline
isotactic polypropylene [250, 249]. The treated surface could get into closer contact with the
plasma generating electrodes, which caused melting due to thermal effect or VUV radiation and
re-crystallization on rapid cooling in air [171].

Considering the AFM phase image after plasma treatment and subsequent coating (Figure 39 b),
heterogeneous material morphology was observed. Two types of structures were distinguished:
amorphous islands (example marked) and granular features. Analyses performed on the SBMA
modified films incline towards assigning the coating as an amorphous matter (see Figures 34).
Therefore, it was concluded that the area highlighted in Figure 39 b represents the SBMA coat-
ing. Granular forms are most probably attributed to the HDPE lamellae damaged by plasma
UV. Similar images were assigned as scissions inside lamellae of ultra-high molecular weight PE
(Figure 2.58 in [149]). However, these „knobby” like structures can also represent larger nodular
PP crystals. Analogous features were shown by Zia et al. [250, 249], O’Hare et al., and Strobel
et al., who analyzed the discharge-treated PP [160, 204].

ToF-SIMS imaging was used to illustrate the coating distribution. The SO3
- ion allocation

was analyzed, as previously performed for the modified blend foils (see Figures 33). Images ob-
tained at three different positions (a, b, c) for the PLC +SBMA(0.5) modified feed spacer are
presented in Figures 40 a–c (sample with S=1.7 at%, XPS). Characteristic for the coating signals
could be detected at each analyzed position. The shape of islands with higher signal intensity
(bright yellow color) corresponds well with the coating characteristic observed by AFM (Fig-
ure 39 b). However, the overall signal distributions at investigated positions were, to a certain
extend, influenced by material topography.
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Figure 40: Distribution of SO3
-ion on the 0.5mol SBMA coated feed spacer (PLC +SBMA(0.5), XPS:

S=1.7 at%) at three different positions (a, b, c) (negative polarity ToF-SIMS surface imaging, normalized
by total intensity). Color scale from black, to red, to yellow depending on the SO3

-ion content.

The PLC plasma treated and SBMA coated (PLC +SBMA(0.5)) feed spacers showed different
morphology in comparison to the modified blend foils (see sections 4.2.1.2 and 4.2.2.2). Several
reasons may have contributed to the observed effects. On the one hand, heterogeneous morphol-
ogy of the feed spacer surface, and existing contamination/additives introduced already at the
manufacturing stage (see Table 5 and Figure 39 b), have to be considered. On the other hand, the
different appearance of crystalline structures on the foil and the spacer surfaces can contribute
to various chemical processes on exposure to the plasma treatment. To better understand the
occurred phenomena, feed spacer specimens were modified by annealing on the AFM stage (pro-
cedure given in section 3.3.2), subsequently, plasma-treated, and SBMA coated.

Surface morphology and topography of the annealed feed spacer. The feed spacer morphology
after annealing is depicted in Figure 41 a. The annealing aimed to receive a smoother spacer
surface with well revealed semicrystalline morphology. Both blend components can be identified.
Thicker lamellae are attributed to the HDPE phase (some examples marked with arrows), while
thin lamellae, situated especially in the middle part of the image, represent the PP material
(analogous to Figure 2.31 and Figure 2.117 in [149]), respectively. Influence of the PLC plasma
treatment on the annealed feed spacer surface is depicted in Figure 41 b. Analogously to the
blend foil (see Figure 28 c), after exposure to the DBD in air, the surface became covered by
the amorphous LMWOM layer. These oxidation products could be dissolved in water. After
performed rinsing, the pristine lamellae structures were again visible (see Figure 41 c). However,
there was also evidence of material’s etching.

The SBMA coating structure obtained on the annealed feed spacer is demonstrated in Figure 41 d.
It is clearly seen that the SBMA layer is more evenly distributed over the surface, than it was
observed for the untreated (reference) spacer (Figure 39 b). Depicted morphology agrees well
with determined for the SBMA modified HDPE/PP foil (see Figures 34). Nevertheless, a dis-
continuous character of the SBMA coating is noticeable. The original material structure can be
still identified in some areas of the sample (example marked with arrow in Figure 41 d). This
indicates that the coating thickness does not exceed the surface profile depth.
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(b) annealed spacer + PL  C

(c) annealed spacer + PL  + rinsing C

500 nm

PP

HDPE

HDPE

PP

(a) annealed spacer 

500 nm

250 nm

(d) annealed spacer + PL  + C

SBMA  (0.5)

250 nm250 nm

Figure 41: AFM phase imaging of the HDPE/PP feed spacers: a–annealed with marked thicker HDPE
lamellae and PP regions, b–annealed and PLc plasma treated, c–annealed, PLC plasma treated and
subsequently rinsed in water, d–PLC plasma treated and 0.5mol SBMA coated (PLC +SBMA(0.5)),
visible original material structure marked with arrow.

Spacer sample Ra (nm) Rz (nm)

untreated spacer 5.1±3.4 28.2±18.8
annealed spacer 0.6±0.1 3.3±0.7

annealed spacer + PLC 3.8±1.2 17.7±5.9
annealed spacer + PLC + rinsing 4.2±0.5 8.4±1.1

annealed spacer + PLC +SBMA(0.5) 0.9±0.2 5.6±1.2

Table 13: Surface roughness (Ra, Rz, AFM height imaging) for the untreated; annealed; annealed
and PLC plasma treated; annealed, PLC plasma treated and rinsed in water (PLC +rinsing); as well as
annealed, PLC plasma treated and 0.5mol SBMA coated (PLC +SBMA(0.5)) feed spacers.

To evaluate an effect of the plasma treatment and SBMA coating on the surface roughness,
AFM height imaging was performed on the annealed and subsequently treated spacer specimens.
Table 13 summarizes determined Raand Rz values. As expected, the applied annealing procedure
significantly reduced surface roughness. Therefore, the effect of plasma treatment on the surface
topography can be better demonstrated. There is a significant increase in surface roughness after
exposure to the PLC plasma, which is attributed to the etching of amorphous material regions,
and the presence of LMWOM on the surface [177, 160, 122]. The Ra value after rinsing the
sample in water (annealed spacer+ PLC +rinsing) remained in a similar range to the plasma-
treated containing the LMWOM (annealed spacer+PLC). Nevertheless, the Rz was reduced,
which indicates a tendentious decrease in the surface roughness.
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Figure 42: AFM height imaging with extracted surface profiles: a–annealed spacer treated with PLC
plasma and rinsed in water, left: generated profiles across the surface valleys (1–4), right: representation
of the extracted profiles (1–4) in the xz-plane, b– annealed spacer treated with PLC plasma and 0.5 mol
SBMA coated, left: generated profiles across the coated areas (1–4), right: representation of the extracted
profiles (1–4) in the xz-plane.

The SBMA coating performed on the PLC plasma-treated surface considerably reduced the
roughness. Taking into account depicted coating morphology (Figure 41 d), it can be concluded
that SBMA accumulates highly probable in the material cavities. This could explain lower surface
roughness after coating and simultaneous identification of the original material structure between
coating islands. This was used to estimate the SBMA coating thickness. For this purpose, differ-
ent surface profiles were extracted and analyzed. Firstly, the PLC plasma-treated surface after
removal of the LMWOM (annealed spacer+PLC+rinsing) was investigated. During coating, the
LMWOM dissolves in the solution and SBMA "replaces" it on the surface. Therefore, material
after plasma treatment and removal of the LMWOM is considered as the surface on which SBMA
is deposited. Secondly, the PLC plasma treated and subsequently coated sample was analyzed
(annealed spacer+PLC +SBMA(0.5)). The results are summarized in Figures 42. For the sample
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after PLC plasma and rinsing (Figure 42 a), the profiles were extracted across the deepest valleys,
while for the SBMA coated (Figure 42 b), across the coating islands. Let us discuss the profiles
presented in Figure 42 a. If assuming that the coating is situated in the material cavities in such
a way to allow detecting of the highest peaks, the thickness of the SBMA layer should not exceed
30 nm (see Profile 4). Analyzing the profiles extracted across the coating islands (Figure 42 b), it
is deduced that the coating is situated in the material valleys (about 6 nm in-depth) and does
not generate mounds above the surface pattern. Therefore, it is not expected that the thickness
of SBMA coating exceeds 25–30 nm, which is estimated maximum surface profile depth for the
PLC plasma treated material deprived of the LMWOM (rinsed in water).

The results from AFM studies on the annealed HDPE/PP feed spacer are schematically de-
picted in Figures 43 a–c. The scheme represents surface etching after PLC plasma and formation
of the LMWOM layer, including its estimated thickness (Figure 43 b). Figure 43 c illustrates the
SBMA coating accumulated in material cavities.

30 nm LMWOM 
crystalline 
structures

oxygen
groups SBMA 

(a) annealed spacer (b) annealed spacer + PL  C
(c) annealed spacer + PL  C

+ SBMA(0.5)

25 nm
surface

Figure 43: Schematic representation of the HDPE/PP feed spacer cross-section: a–annealed material, b–
annealed material treated with PLC plasma and estimated LMWOM layer thickness, c–annealed material
treated with PLC plasma and coated with 0.5mol SBMA with estimated coating thickness. Dotted lines
represents the surface directly after annealing, while continuous lines show the current surface. LMWOM–
low-molecular-weight oxidized material, SBMA–sulfobetaine methacrylate.

Summary of the HDPE/PP feed spacer modification. The feed spacer was successfully
coated with SBMA. According to the surface composition studies (XPS), the similar sulfur
concentration (characteristic for the coating) was obtained on the feed spacer (Table 12) and on
the HDPE/PP foil (Figure 30 a). However, AFM investigations showed different morphologies
of the blend materials, after plasma treatment and after coating, respectively (foil: Figure 28 c,
Figures 34, and feed spacer: Figure 39 a and Figure 39 b). The treatments performed on annealed
spacer surfaces resulted in similar morphologies as revealed for the blend foils (Figures 41 b–d).

4.3.3 Discussion

The HDPE/PP foil and feed spacer extruded from the same raw materials were analogously
treated with DBD in air. It was observed that the same treatment affected differently the mor-
phology of both specimens. The exposed to plasma foils, showed the formation of LMWOMs
(Figures 28), removed by rinsing in water (Figure 29 a). However, the morphology analysis of
plasma-treated feed spacer did not reveal this characteristic amorphous layer containing the
polyolefin oxidation products.
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To obtain reproducible results from plasma treatment, several requirements have to be fulfilled,
e.g., homogeneity of the material and its flatness [91]. Among the material properties which can
significantly influence the behavior under exposure to plasma, surface crystallinity is of great
importance. Comparing morphologies of the untreated blend foil and spacer (Figures 25 a and
b), both surfaces showed the characteristic lamellar structures. Nevertheless, the density and
thickness of those crystalline structures are considerably lower on the feed spacer surface. Taking
into consideration the manufacturing processes of those materials, lower feed spacer crystallinity
is highly probable. The HDPE/PP melt is pressurized and forced through slots in a die plate to
generate filers. The fabricated net is directly immersed in a water bath [191]. It is commonly ac-
cepted that the cooling conditions influence the crystallization of semicrystalline polymers [150].
Therefore, it is likely that the fast cooling process limits the possibility to develop the large
crystalline structures on the feed spacer surface.

Furthermore, oxidation and etching of polymer surface in plasma depends on the material super-
molecular structure, which includes crystalline, semi-crystalline, transition zones, and amorphous
regions [74]. Consequently, different supermolecular structures of the foil and spacer can result
in various responses to the plasma exposure. Assuming lower crystallinity of the feed spacer
surface, and considering the preferential oxidation of amorphous material regions in plasma [74],
stronger influence of secondary processes (amorphization of topmost layers by cross-linking and
VUV [74]), can be expected for the spacer surface.

Moreover, it is possible that different charging effects dominate when modifying feed spacer
and foil. The existence of some additives or debris (possibly remains from manufacturing pro-
cess) on the feed spacer surface (see Figure 25 a) can provoke different response to the charged
plasma species. The unusual amorphous islands, identified on the untreated feed spacer, were
not found after performed plasma treatment (Figure 39 a). They most probably became oxidized
during barrier plasma treatment and affected the processes which took place on the polyolefin
surface.

The studies performed on the annealed feed spacer material showed that the surface super-
molecular structure influences the obtained effects of plasma treatment. The spacer surface with
clearly revealed semicrystalline morphology (see Figure 41 a) behaved analogously to the blend
foil. The generation of LMWOM was also observed (foil: Figure 28 c, spacer: Figure 41 b), and
the obtained coating structures agreed (foil: Figures 34 a and b, spacer: Figure 41 d). During the
annealing process, attention was paid not to affect the spacer standards’ configuration. For this
reason, the different effects of plasma treatment, observed before and after annealing, can not
be attributed to the changed distance to the plasma generating electrodes.
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4.4 Examination of antifouling effect

4.4.1 Concept for discontinuous and continuous testing

The potential of SBMA modified blend foils and feed spacers to reduce bacteria adhesion, and
thus mitigate biofouling, was initially examined in Pseudomonas fluorescens batch culture.
A short-term adhesion assay is a common practice to determine the surface susceptibility to
biofouling [174, 129] since the initial bacterial adhesion is a prerequisite for biofilm formation
[144, 69]. Continuous antifouling studies under real conditions are quite rare in the literature,
however crucial to assess long-term coating functionality. In this work, the SBMA modified
feed spacers were subjected to continuous antifouling testing in the membrane fouling simulation
set-up (MeFoS). The MeFoS was designed to mimic the hydrodynamic conditions in the RO
membrane module and to monitor the fouling development over time.

4.4.2 Discontinuous testing with Pseudomonas fluorescens

The untreated and SBMA modified (PLC +SBMA(0.5)) HDPE/PP foils and feed spacers were
simultaneously subjected to bacterial suspension, and generated biofilms investigated. Testing
and analysis procedures are given in section 3.5.2.

The blend foils were analyzed by fluorescence microscopy in order to quantify the surface cover-
age by bacteria. To establish the comparability between performed experiments, the determined
surface coverage for each modified sample was normalized to the surface coverage determined for
untreated foil in the same experimental set. Bacterial attachment (degree of surface coverage)
obtained for the untreated surface was defined as 100%.

SEM was applied to analyze the biofilms formed on the feed spacer surface. However, due to the
three-dimensional character of the spacer, it is difficult to provide a definitive statement about
biofilm development using microscopic methods. For this reason, the commonly used biological
staining with safranin O dye was applied to semi-quantify the biofilms. The stain adsorbed in
bacteria cell walls was firstly extracted, followed by UV-Vis absorption measurements (OD530),
and the calculation of relative biofilm mass on the spacer.

Obtained results from the antifouling studies on the foils and feed spacers are summarized in
Figure 44. The Pseudomonas fluorescens biofilms on the untreated and SBMA coated foils are
depicted in Figures 45 a and b (examples). The SEM micrographs of fouled feed spacers are given
in Figures 46 a and b.

A significant reduction in bacterial attachment to both modified with SBMA materials was
demonstrated. Regardless applied analytical method (quantitative for foils, or semi-quantitative
for spacer), similar degrees of fouling were observed. The 0.5mol SBMA coated foils showed
about 70% reduced bacterial attachment compared to the untreated samples (normalized sur-
face coverage: 30±14%). Results obtained for the analogously modified feed spacer indicated the
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Figure 44: Normalized bacterial attachment to the untreated and SBMA coated (PLC +SBMA(0.5))
HDPE/PP foils and feed spacers (Pseudomonas fluorescens bacteria, discontinuous experiments).

25 µm

(a) untreated HDPE/PP foil (b) HDPE/PP foil + PL + SBMA C (0.5)

Figure 45: Fluorescence microscopy imaging of the Pseudomonas fluorescens biofilms on the HDPE/PP
foils (discontinuous experiments): a–untreated surface, b– SBMA coated surface (PLC +SBMA(0.5)).
Bacteria presented in white.

bacterial attachment of 28±4%. The comparable anti-adhesion effect regardless of the specimen
geometry suggests, either good transferability of the proposed modification technology from the
flat foil to the 3D feed spacer or steady antifouling characteristics of the generated SBMA layers
irrespective surface topography. Comparing individual experiments, there was some deviation in
biofilm development on the untreated materials. As presented in Figure 44, the surface coverage
by bacteria varied by about 30%. One of the possible explanations can be the quality of un-
treated surfaces. These are industrially manufactured materials, therefore burden with surface
defects such as scratches or grooves. Those surface irregularities are attractive for bacteria to
adhere and to build biofilms.

Considering obtained SEM images of the untreated and SBMA coated spacers (Figure 46 a1and
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(a) untreated spacer

(b) spacer + PL  + SBMAC (0.5)

100 µm 5 µm

a1 a2

100 µm

b1 b2

5 µm

Figure 46: SEM imaging of the Pseudomonas fluorescens biofilms on the HDPE/PP feed spacers
(overview of the filament (left) and enlargement on the biofilm structure (right)): a–untreated, b–PLC
plasma treated and 0.5mol SBMA coated surface (both 24 h incubation in batch).

Figure 46 b1, respectively), large biofilm agglomerates were identified on both investigated sam-
ples (examples marked with arrows). Nevertheless, the SBMA coated spacer was noticeably less
affected by biofouling. Additionally, the detailed images of the spacer surfaces (Figures 46 a2 and
b2) demonstrated reduced EPS (extracellular polymeric substance) production on the SBMA
coated samples at the early stage of biofouling. In general, EPS is created by bacteria to im-
prove adhesion to the surface, as well as cohesion in the biofilm [71, 201]. Fewer EPS indicates
weaker bacteria-surface interactions, therefore possibly easier detachment of bacteria under ap-
plied stress, e.g., turbulent flow near the surface.

In the performed short-term batch experiments, the SBMA coated substrates showed good anti-
adhesion properties. On the one hand, there are plenty of examples in the literature confirming
the antifouling effect of thin SBMA coatings [94, 42, 114]. On the other hand, coating homo-
geneity plays a crucial role in providing the desired antifouling capability, while irregular surfaces
supposed to be more prone to bacterial adhesion [146, 147, 35]. Therefore, the anti-adhesion prop-
erty of proposed SBMA coatings might be attributed only to steric hindrance and reduction of
van der Waals attractive forces between a bacterium and the substrate surface. This hypothesis
would mean that, regardless of what kind of coating is on the surface, it can generate the barrier
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for bacteria to settle. Another important point to consider is the possible contribution of plasma
treatment to the biofouling reduction on the SBMA modified surfaces. The exposure to plasma
increased the surface free energy and hydrophilicity. Therefore, the plasma-activated surfaces
might be already less prone to microorganisms adhesion than the untreated materials. There
are some reports on the improved antifouling property of plasma-treated surfaces [241, 242].
Nevertheless, some contradictory results were published as well [173].

In order to better understand the origin of reduced bacterial adhesion to the SBMA modified
HDPE/PP surfaces, a series of experiments on the blend foils were performed. Obtained results
and conclusions are presented in the following section.

4.4.3 Study of the anti-adhesion effect of SBMA coatings

The following hypotheses regarding the generated SBMA coatings were made:

• Hypothesis 1: since the generated SBMA coatings are heterogeneous (see e.g., Figure 33
and Figure 40), the reduced bacterial adhesion might be due to applied plasma treatment.
To verify this hypothesis, the surface properties such as surface free energy (SE), com-
position, and roughness were compared for the PLC plasma treated and the PLC plasma
treated and 0.5mol SBMA coated blend foils. Subsequently, batch experiments with Pseu-
domonas fluorescens were performed, to evaluate the potential anti-adhesion property of
PLC plasma treated HDPE/PP foils.

• Hypothesis 2: steric hindrance is responsible for the anti-adhesion property of SBMA
modified materials. The coating is beneficial due to an excluded volume effect (entropy
penalty), therefore prevents potential foulants from approaching the surface [189]. To
verify this statement, an alternative coating agent: 2-(Dimethylamino)ethyl methacrylate
(DMAEMA), was proposed (structure depicted in Figure 47). Firstly, DMAEMA poly-
merizes easily by free radical mechanism [200]. Secondly, it does not have a zwitterionic
structure. Therefore, the effect of surface chemistry on biofouling mitigation can be bet-
ter assessed when comparing the SBMA and DMAEMA coatings. Following the surface
properties analyses, batch experiments with Pseudomonas fluorescens were accomplished
to test the anti-adhesion potential of DMAEMA modified blend foils.

2-(Dimethylamino)ethyl methacrylate
(DMAEMA)

Figure 47: Chemical structure of 2-(Dimethylamino)ethyl methacrylate (DMAEMA).
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Study on hypothesis 1. The HDPE/PP surface exposed to the PLC plasma treatment became
covered by the water-soluble LMWOM (see Figure 28 c). This indicates that in case of heteroge-
neous distribution of the SBMA coating, non-covered areas would have similar characteristics to
the PLC plasma treated and rinsed specimen (PLC +rinsing, Figure 29 a). Therefore, there is a
necessity to analyze the PLC plasma treated and rinsed surfaces as well. The selected parameters
of the HDPE/PP surface at each stage of modification (untreated, plasma-treated, coated), as
well as the PLC plasma-treated surface without LMWOM (PLC +rinsing), are summarized in
Table 14.

Parameter HDPE/PP
foil untreated

HDPE/PP
foil +PLC

HDPE/PP foil
+PLC +rinsing

HDPE/PP foil
+PLC+SBMA(0.5)

SFE (mN/m) 33.0±1.0 52.0±1.0 41.0±3.0 51.0±5.0
O (at% ) 0.2±0.1 23.1±2.6 5.6±1.0 16.4±0.8
Ra (nm) 8.7±1.1 5.4±0.8 6.2±1.3 4.2±2.8
Bacterial

attachment
(norm., %)

100±34 x 82±28 30±14

Table 14: Surface properties of the untreated, PLC plasma treated, PLC plasma treated and rinsed
in water, as well as PLC plasma treated and 0.5mol SBMA coated HDPE/PP foils. SFE–surface free
energy (contact angle), O at %–oxygen concentrations at the surface (XPS), Ra–surface roughness (AFM
height imaging).

The effect of PLC plasma treatment on the surface characteristic was already analyzed in sec-
tion 4.2.1. Currently, the focus is placed on the following scenario: the PLC plasma-treated
surface is subjected to SBMA coating in a 0.5mol monomer solution. The LMWOM generated
after exposure to DBD dissolves in the coating solution. The SBMA coated surface is hetero-
geneous, partially covered by the coating, while some areas appear as the PLC plasma-treated
deprived of LMWOM. The question is, whether these non-coated material regions can be respon-
sible for the observed anti-adhesion effect.

The SBMA modified foil has higher surface free energy and tendentiously lower roughness than
the PLC plasma-treated and rinsed surface (Rz showed the same tendency as given Ra). Ob-
served higher SFE and roughness deviations for the SBMA coated foils comparing with other
analyzed specimens, is most probably attributed to the heterogeneous distribution of SBMA on
the surface. From the results obtained on the annealed feed spacer surface (Figures 41 and 42)
can be deduced that the coating accumulates mostly in the material cavities. This explains the
tendency of reduced surface roughness after coating.

The performed discontinuous tests with Pseudomonas fluorescens did not show significantly
reduced susceptibility to fouling of the PLC plasma treated and rinsed samples. Referring to the
first hypothesis, applied plasma treatment is not sufficient to ensure the anti-adhesion proper-
ties. Therefore, the SBMA coating is necessary in order to noticeably minimize biofouling. The
observed anti-adhesion properties of SBMA modified foils are attributed to surface chemistry
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(higher SFE) and topography (lower roughness). It is known that hydrophilic and smooth sur-
faces weaken the bacterial-surface interactions and minimize the bacterial adhesion [148, 72, 50].

Study on hypothesis 2. For the investigation it was assumed that DMAEMA coating creates
a morphology similar to the observed for the SBMA modified foils. In this case, surface chem-
istry and steric hindrance effects could be discussed.

There are several studies that compare the antifouling potential of DMAEMA and SBMA materi-
als. For instance, experiments performed on the SBMA-DMAEMA hydrogels showed more severe
biofouling with an increase of DMAEMA contribution in the hydrogel structure. These results
were consistent regardless of the applied microorganism [217]. The biofouling resistance of polyS-
BMA and polyDMAEMA brushes with the same thickness was also studied. The polySBMA
coatings showed significantly better antifouling performance against various proteins, marine bac-
terium Cobetia marina, as well as algae [231]. These reports clearly indicate enhanced biofouling
resistance of the zwitterionic surfaces in comparison to the functionalized with DMAEMA. There-
fore, if the anti-adhesion effect of generated SBMA coatings is attributed only to steric hindrance,
similar biofilm development should be demonstrated on the SBMA and DMAEMA coated blend
foils.

The characteristic of analogously prepared SBMA and DMAEMA coatings is summarized in Ta-
ble 15. Nitrogen concentration was chosen to compare the surface compositions (both monomers
contain one nitrogen atom, structures presented in Figures 47 and 10).

Parameter SBMA coated
HDPE/PP foil

DMAEMA coated
HDPP/PP foil

SFE (mN/m) 51.0±5.0 46.0±4.0
N (at%) 2.1±0.6

(N*= 5.3)
3.3±0.3
(N*=9.1)

Ra(nm)
Rz (nm)

4.2±2.8
22.8±15

6.8±1.9
32.5±10

Bacterial attachment
(norm., %)

30±14 116±40

Table 15: Surface properties of the SBMA and DMAEMA coated blend foils. SFE–surface free energy
(contact angle), N at%–nitrogen concentrations at the surface (XPS), Ra–surface roughness (AFM height
imaging). Data marked with * are calculated values for a corresponding complete surface coverage with
the coating thickness at least the XPS information depth.

The DMAEMA modified surface showed lower surface free energy comparing with the SBMA
coated, however, the difference cannot be considered as significant. Analyzing nitrogen concen-
tration, in both cases about 40% surface coverage by the coating can be estimated (considering
the stoichiometric composition, and assuming the coating thickness at least the XPS information
depth). Considering topography analysis, the DMAEMA modified blend has similar roughness
to the PLC plasma treated and rinsed foil (see Table 14). This is tendentiously higher than the
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Figure 48: AFM phase imaging of the HDPE/PP foil modified with DMAEMA at two different positions
(PLC plasma treatment with subsequent coating in 0.5mol DMAEMA monomer solution).

roughness determined for SBMA coated surface. However, performed antifouling testing indi-
cated that the DMAEMA modified foils were significantly more prone to fouling than the SBMA
coated. Moreover, the DMAEMA modification performed worst than the simultaneously studied
untreated foils (for this reason the normalized bacterial attachment >100%). This inclines to-
wards the morphology analysis of the DMAEMA coated surface. The corresponding AFM phase
images obtained at two different positions are given in Figures 48 a and b.

The analyzed by AFM surface areas appear to be completely covered by the DMAEMA coating.
However, surface morphology is significantly different from that observed for the SBMA coating
(Figures 34). While the amorphous SBMA coating tends to accumulate in the material valleys,
the DMAEMA coating exhibits high heterogeneity. This DMAEMA coating structure resulted
most probably in the high susceptibility to bacterial adhesion. Furthermore, coating thickness is
an important parameter affecting bacterial adhesion [48, 235]. For instance, a strong correlation
between film thickness and the antifouling property was shown for the poly(hydroxy-functional
methacrylates) deposited on the gold substrate (SI-ATRP method). Too thin or too thick brushes
led to high protein adsorption, while the optimum coating thickness was about 20–45 nm [246].
The DMAEMA coating is likely significantly thicker than the SBMA coating, therefore it shows
a different response to bacterial adhesion.

The second hypothesis attributed the anti-adhesion property of SBMA coatings only to the steric
hindrance effect. To verify this statement, the coatings which different chemical composition were
prepared. It was assumed that analogously performed modification with DMAEMA can lead to
comparable surface morphology. In this particular case, the effect of surface chemical compo-
sition on the anti-adhesion property could be studied. However, it was shown that the SBMA
and DMAEMA coatings have significantly different morphologies. Therefore, any unequivocal
conclusion, regarding the importance of the surface composition on the anti-adhesion property,
cannot be drawn. Nevertheless, it was demonstrated that steric hindrance does not provide any
anti-adhesion effect, and the coating structure plays a significant role.
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4.4.4 Continuous testing with fouling simulation set-up

Determination of testing conditions. The SBMA coated foils and feed spacers showed reduced
susceptibility to biofouling in the short-term batch experiments. In order to verify the antifoul-
ing potential of SBMA modified spacers under practical flow conditions, continuous testing in
a fouling simulation set-up (MeFoS) was conducted (set-up and experimental details given in
section 3.5.3). The feed channel pressure drop (FCPD) increase over time was indicating the
biofilm building. For the better comparison between individual tests, the FCPD values were nor-
malized to the initial feed channel pressure drop (day 0): FCPDt=0. There was severe biofouling
identified, once the normalized FCPD reached 300%.

Initially performed fouling simulation experiments were aimed to establish the most suitable
testing procedure. The primary studies were performed with the untreated feed spacers. With-
out additional nutrient dosage, no FCPD increase was observed within 90 days. To promote
biofouling within a reasonable laboratory test duration, the substrate solution was dosed to the
feed water. Three different substrate dosage rates were tested, to choose the most favorable nu-
trient load for the utilized tap water. The feed channel pressure drop evolution for the untreated
HDPE/PP feed spacers depending on the substrate dosage rate is presented in Figure 49.
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Figure 49: Normalized feed channel pressure drop (FCPD) over time for the untreated HDPE/PP feed
spacer in dependence on the nutrient load (low–0.015L·h-1, middle–0.03 L·h-1, high–0.045 L·h-1).

As expected, fouling evolution was dependent on the nutrient load. Looking at the experiments
performed at the high and moderate substrate dosage flow rates, a typical exponential FCPD
increase, characteristic for a log-phase of bacterial growth, was observed. In case of high nutri-
ent availability, severe biofouling was observed already after 9 days testing, while the moderate
dosage required about 12 days. Analyzing the experiment with the lowest nutrient load, a more
linear FCPD increase was reported. After 17 days of testing, the normalized FCPD reached only
about 170%. It is possible that under this nutrient condition, microorganisms were not able to
rapidly proliferate. A slight decrease in the normalized FCPD at the initial stage of experiments
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can be attributed to some variation of the inlet pressure in the system. Some time is usually
required to stabilize the system.
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Figure 50: Normalized feed channel pressure drop (FCPD) over time for two untreated HDPE/PP feed
spacers tested in parallel (nutrient load of 0.03 L·h-1). Continuous and dotted lines of the same color
represent one experiment. Three independent experiments were conducted (test 1, test 2, test 3).

To better mimic the feed water conditions in the full-size RO modules, and at the same time
ensure the reasonable testing time, the moderate nutrient load was chosen for subsequent ex-
periments. The comparable conditions were applied in other publications on the continuous
antifouling testing of the modified spacers [151, 9].

After establishing the nutrient dosage conditions, experiments were conducted to demonstrate
the set-up reliability. For this purpose, two untreated feed spacers were simultaneously tested
under the same conditions to confirm, whether a similar FCPD development is obtained for both
of them. Only in this case, the comparison between the untreated and SBMA modified feed
spacer could be made. Three independent experiments were carried out (test 1–test 3), in each
of them two untreated feed spacers were studied. The results are summarized in Figure 50.

Considering the three performed tests, in each case slightly different experimental duration was
required to observe severe biofouling. Test 1 was completed after 9 days of monitoring, while
test 3 took about 11 days to observe the normalized FCPD over 300%. This is most likely
attributed to the microbial load in tap water. The bacterial colonies in tap determined for 6
days were 175±116 CFU/100g (see chapter3.5.3). High standard deviation confirms a strong
variation of the microbial load from day to day. Nevertheless, the feed channel pressure drop
increase showed a similar trend for all performed experiments. There is also a good agreement of
the results when comparing two untreated feed spacers tested in parallel in one test. The maxi-
mum time difference necessary for severe biofouling to occur (normalized FCPD>300%) on both
tested in parallel specimens was about 15 h (test 3). Therefore, while testing the untreated and
SBMA coated spacers, longer biofouling postpone should be observed to conclude a significant

84



4 RESULTS AND DISCUSSION

improvement in the antifouling properties of the modified sample.

Coating stability under experimental conditions. The coating stability under experimental condi-
tions was evaluated before performing the long-term fouling tests. Table 16 summarizes surface
elemental compositions of the untreated and SBMA coated feed spacers and PA membranes
before testing (t=0), and after 3 weeks parallel testing in the MeFoS (t=3w). No additional
nutrient dosage was applied in this study. Therefore no FCPD increase was observed within
experiment duration.

Taking into consideration the PA membrane surface after testing (t=3w), additional chemical
elements, not presented on the reference membrane (PA membrane at t=0), were detected. The
presence of Si, Mg and Ca can indicate slight inorganic or colloidal fouling [100]. No significant
difference in the composition was observed for the PA membrane samples tested in FS1 (fouling
simulation cell 1 with the untreated spacer) and FS2 (fouling simulation cell 2 with the SBMA
coated spacer). Analyzing the changes in the composition of the untreated feed spacer speci-
men, higher amounts of O, N and Si concentrations were detected after completing the 3weeks
trial (St=3w, FS1). Higher oxygen and nitrogen contents can be attributed to the presence of
some organic substances on the surface. Moreover, Mg and Ca were found on the spacer sur-
face after completing the 3 weeks experiment with tap water. This corresponds well with the
membrane analyses and can indicate the deposition of inorganics. Considering the SBMA coated
spacer (S-SBMA), only slightly reduced sulfur content after 3 weeks of continuous testing was
reported (sulfur was chosen as SBMA indicator). Since no sulfur was detected on the untreated
spacer studied in parallel, a maximum 20% deterioration of the coating quality can be expected
while testing (S-SBMAt=0=1at%, S-SBMAt=3w=0.8 at%). Furthermore, the SBMA modified
feed spacer showed noticeably higher O, N, Na, Cl and Si concentrations, while lower C after the
study. Additionally, Mg, Ca and Al were identified, not presented on the newly coated surface.
These results incline toward the conclusion that the SBMA coating can attract inorganic com-
pounds. Calcium, aluminum, and magnesium appeared in the significantly higher concentration
on the SBMA coated spacer than on the untreated spacer tested in the same trial. Therefore,
there is a possible interaction between the SBMA modified surface and the ions in water. The
zwitterionic polymers are known from their „anti-polyelectrolyte” effect. The presence of salt in
the water-polymer solution improves solubility and influences the conformation of polyzwitteri-
onic chains. This is possible due to electrostatic interactions between the sulfonate/quaternized
ammonium groups and ions of the opposite charge [142].

The presence of calcium on the surface can indicate among others calcium carbonate or sul-
fate, which are one of the most common scalants [100]. If CaSO4 is the source of identified
calcium, the sulfur detected on SBMA modified spacer can denote not only the coating, but
also inorganic material. However, since the occurrence of Ca and Mg was especially prominent
on the SBMA coated surface, it can be assumed that the coating was present, and therefore
interacted with those ions. There was a similar stability experiment performed with distilled
water as a feed. Even if calcium was not identified on the SBMA modified surface, sulfur was
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4 RESULTS AND DISCUSSION

detected after one week of testing. Therefore, the SBMA coating can most probably withstand
the flow conditions in simulation trials.

Antifouling testing of the SBMA modified feed spacers. The SBMA modified feed spacers (PLC

+ SBMA(0.5)) were subjected to continuous testing in the MeFoS. Two fouling simulation cells
(FS1, FS2) operated in parallel under the same conditions to compare the fouling susceptibility
of untreated and SBMA modified feed spacers. Five independent experiments were performed,
two representative results are presented in Figure 51.
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Figure 51: Normalized feed channel pressure drop (FCPD) over time for the untreated and SBMA
modified (PLC +SBMA(0.5)) HDPE/PP feed spacers tested in parallel (nutrient load of 0.03 L·h-1). Lines
of the same color represent one experiment (red–test 1, black–test 2).

The fouling simulations on unmodified and SBMA modified spacers receiving nutrients, showed
similar increases in feed channel pressure drop over the 12-days study. This result was confirmed
in five independent trials. Each experiment was considered individually, without calculating the
middle values from all performed trials. The reason is the variation of tap water quality, and
thus actual testing conditions. Nevertheless, parallel analyses of the unmodified and modified
feed spacer are sufficient to compare their behavior, as shown elsewhere [193, 151, 9].

Similar conclusions about the coating behavior were drawn, for instance, by Miller et al., who
studied polydopamine and polydopamine-g-poly(ethylene glycol) feed spacer coatings under anal-
ogous, relevant to module operation, conditions [151]. Different antifouling behavior of the SBMA
modified surfaces, in the short-term batch, and in the long-term continuous studies, will be dis-
cussed in the following section.

Summary of the antifouling studies on the HDPE/PP foils and feed spacers. The
SBMA coatings on HDPE/PP substrates were able to reduce Pseudomonas fluorescens biofouling
by about 70% in 24 h batch experiments. The anti-adhesion property of generated coatings was
attributed to the chemistry and structure of the SBMA layer. The SBMA modified feed spacers
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4.4 Examination of antifouling effect

could not significantly mitigate biofouling in the long-term fouling simulation experiments.

4.4.5 Discussion

The initial bacterial adhesion was recognized as a critical step in biofilm formation[144, 69].
Therefore, short-term batch experiments are commonly used to test antifouling potential. In
this work, the SBMA coated spacers showed satisfactory anti-adhesion properties in the short-
term batch experiments. However, there was no significant biofouling postpone observed while
testing under conditions adequate for practice. A similar conclusion was already drawn by
other authors who studied the long-term antifouling resistance of the chemically conditioned feed
spacers [9, 151, 231]. Plenty of factors contribute to different results from the short-term static
and long-term dynamic examinations. The effects, most important to consider, were divided
into two categories: testing conditions and coating behavior. They are schematically depicted in
Figure 52
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Figure 52: Schematic representation of the static (batch) and dynamic (fouling simulation) antifouling
testing of SBMA modified surfaces.

Testing conditions. To begin with, tap water used in fouling simulation (dynamic) trials is a more
complex solution than the model bacterial culture in a standard broth solution. Firstly, a mixed
bacterial culture is more resistant to dynamic environmental conditions [110]. Secondly, inter-
actions between different organisms in tap water and a variety of their surface characteristics,
cannot be mimicked in batch experiments [72]. Under the shear stress conditions, the microorgan-
ism’s selection occurs. Therefore, the species able to build mechanically stable biofilms become
dominant [69]. Moreover, the presence of additional components in tap water, such as proteins,
has to be considered. They might lead to the initial organic fouling or surface conditioning [35],
which can influence bacterial adhesion. Dissolved inorganics are known to affect the microor-
ganisms’ adhesion to the surface [228, 80]. The coating stability tests with tap water showed
significant amount of Ca and Mg on the SBMA modified feed spacer (see Table 16). These
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divalent ions are possibly attracted to the zwitterionic groups. Subsequently, they can act as
a bridging agent between the microorganisms in water and the modified surface. According to
literature reports, calcium ions can promote interactions between proteins and the bacterium cell
surface. They also influence the way how bacterial cells interact with different substrata [80].
For instance, Cao et al. studied the resistance of different polysaccharide coatings to microorgan-
isms’ adhesion. The complexation of calcium ions facilitated the adhesion of hematopoietic cells.
Worse antifouling resistance was caused by changing the mechanical and entropic properties of
polysaccharide films after the binding of calcium [36]. There was a similar observation obtained
during the investigation of Pseudomonas aeruginosa biofilms on alginate films. Divalent cations
were affecting the properties of the bacterium’s cell wall and the coating characteristics [58].
Considering these results, the presence of calcium or magnesium cations in the feed water may
have changed the antifouling performance of SBMA coatings. Therefore, future antifouling stud-
ies on the SBMA coatings should include continuous experiments with deionized water as a feed,
to exclude the possible influence of dissolved ions.

Nutrient type and availability are also of great importance for the biofilm establishment and
growth. The biofilm-associated bacteria can sense the current nutrient conditions and accurately
react via adapting structure, EPS production, etc. Rapid biofilm growth dominates under high
nutrient concentration. Under low substrate availability, efficient proliferation is preferred [67].
The short-term biofouling experiments are to provide an appropriate amount of nutrients to
accelerate biofilm development within a short time. The bacteria in a log-phase growth are
commonly used for maximum attachment. On the other hand, however, due to the limited dura-
tion of the batch experiments, microorganisms are not able to proliferate to a significant extent.
Therefore, mainly the initial bacterial adhesion is analyzed in these short-term studies. Even if
the bacterial attachment is noticeably postponed, it is only a matter of time until a few adhered
microorganisms will generate a biofilm. Furthermore, during fouling simulation, a considerable
biofilm thickness is necessary to record the FCPD increase, which is a biofouling indicator. This
means that in a single fouling simulation trial the several biofilm development cycles take place:
from the initial attachment, growth, and detachment with the colonization of new areas.

Coating behavior. Another factor that plays a significant role in the long-term antifouling prop-
erty is the coating quality. Performed in this work coating stability tests under static and
dynamic conditions (section 4.2.2.3 and Table 16, respectively) showed partial leaching of the
SBMA coating over time (within 30%). Therefore, the coating’s anti-adhesion properties can
worsen while long exposure to foulants. Furthermore, the feed spacer junctions become fouled
as first [211, 223]. However, there is a lack of appropriate analytical methods to study the coat-
ing properties at these troublesome areas. Moreover, different SBMA coating structures under
static and dynamic conditions can be expected [30]. In batch experiments, the SBMA-grafted
chains might adhere to the surface and generate a physical hydrogel structure (see Figure 52).
A laminar water film is built on the top of such conformation. This water film can postpone the
initial bacterial adhesion. Under the flow conditions, however, the shear forces might overcome
the adhesion forces between the SBMA chains and the surface. Therefore, the grafted zwitteri-
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onic chains become stretched and oriented perpendicular to the surface. In this case, there is no
protecting water film and the surface becomes exposed to the microorganisms’ adhesion.

The feed channel pressure drop (FCPD) increase is the membrane performance parameter most
sensitive to fouling [223]. Consequently, the fouling simulator set-up became a commonly ac-
cepted tool to investigate membrane fouling [151, 9, 193, 222]. The apparatus is universal to
study new feed spacer geometries. In this case, the focus is placed on improved mixing in the
feed channel and reduced concentration polarization near the membrane surface. Therefore, the
feed water composition is a secondary matter. However, testing of the feed spacer coatings is
much more complex. For instance, improved fouling resistance of the feed spacer may facilitate
the microorganisms’ colonization on the membrane surface. Biofouling on the membrane would
affect the filtration parameters such as flux and rejection. This cannot be monitored by the cur-
rent fouling simulation set-up. Therefore, in order to receive comprehensive information about
the antifouling properties of coated spacers, consideration of all RO membrane performance in-
dicators (FCPD, flux, rejection) is necessary.

The SBMA coated spacers could not significantly mitigate biofouling under conditions applied
in the fouling simulation trials. Nevertheless, it does not necessarily mean that the proposed
modification will not show satisfactory performance in a different water system. Moreover, the
SBMA coating on the feed spacer may facilitate biofouling removal from the feed channel. Grater
susceptibility to cleaning would be beneficial to improve a performance recovery of the already
fouled membrane element. Follow-up experiments should include a two-phase flow cleaning on
the fouled feed spacers, for instance, by applying nitrogen gas to the system.

90



5 SUMMARY AND CONCLUSIONS

5 Summary and conclusions

The aim of this work was the development, implementation, and testing of non-toxic antifoul-
ing coatings for feed spacer materials. The particular focus was placed on the possibility to
transfer the proposed modification technology to the industrial-scale process. Feed spacers have
a grid-like structure. They are applied in the reverse osmosis (RO) membrane modules for water
desalination to separate the membrane sheets and create a channel for water flow. Therefore,
they are an essential part of the RO modules. However, they are also prone to bacterial adhesion
and biofouling.

As antifouling coating material, zwitterionic sulfobetaine methacrylate ([2-(Methacryloyloxy)ethyl]
dimethyl-(3-sulfopropyl)ammonium hydroxide), SBMA) was selected. The coatings were de-
posited onto the feed spacer materials using atmospheric pressure plasma treatment followed by
wet chemical coating. Considering difficult feed spacer structure, the modifications were per-
formed not only on the 3D HDPE/PP (80/20 wt%) spacer material, but also on the flat HDPE,
PP, and HDPE/PP (80/20 wt%) foils manufactured from the same raw materials. The created
coatings were subjected to chemical, morphological and topographical analyses. The antifouling
properties were investigated in batch, and continuously in a fouling simulator (MeFoS).

Plasma treatment and wet coating. In the proposed two-stage procedure for the chemical con-
ditioning of the feed spacer surface, the first modification step was the atmospheric pressure
plasma treatment with dielectric barrier discharge (DBD) in air. This treatment aimed to in-
crease surface hydrophilicity and introduce oxygen functional groups. There is a relationship
between applied plasma treatment parameters and the amount of oxygen at the examined sur-
faces. The hydroperoxide groups, able to initiate grafting, were identified at the surfaces exposed
to plasma. However, their concentration did not vary significantly within applied plasma treat-
ment conditions. The DBD treatment in air led to the generation of the low-molecular-weight
oxidize material (LMWOM) on the polyolefin surfaces. The LMWOM was found water-soluble,
and its occurrence did not exclude the surface functionalization with oxygen functional groups.

In the second modification step, the plasma-treated materials were subjected to wet coating in
the SBMA monomer solution. It was demonstrated that polySBMA was successfully deposited
on the modified materials. The amorphous SBMA coating was heterogeneously distributed on
the surfaces. Studies on the annealed, and thus smooth, feed spacer surface showed that the
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SBMA coating most probably accumulates in the material cavities and its thickness does not
exceed 30 nm. The coating stability tests indicated that the original coating structure contains
some loosely bonded SBMA chains. These chains were partially removed during incubation in
salt water.

The HDPE/PP foil and feed spacer subjected to the analogous plasma treatment and coat-
ing conditions demonstrated significantly different morphologies. This effect was most probably
attributed either to various supermolecular structures of both surfaces, or the feed spacer con-
tamination as a leftover from the manufacturing process.

Antifouling testing. The susceptibility of SBMA coated materials to reduce bacterial adhe-
sion was firstly studied in batch experiments with the Gram-negative Pseudomonas fluorescens.
Despite its heterogeneous distribution on the surface, the SBMA coating reduced the bacterial
adhesion more than threefold in comparison to the reference materials. The SBMA modified foils
and spacers showed analogous antifouling performance. Based on the comparative experiments
performed with 2-(Dimethylamino)ethyl methacrylate (DMAEMA), which did not reduce bio-
fouling, the anti-adhesion property of SBMA coating was attributed to its favorable morphology
and chemistry.

The SBMA modified spacers were additionally subjected to continuous antifouling testing in
the fouling simulator. The feed channel pressure drop (FCPD) increase, which is an indicator of
biofouling, was simultaneously monitored for the untreated and SBMA modified spacers. The
SBMA coating on the feed spacer could not significantly mitigate biofouling under applied ex-
perimental conditions. The coating stability tests performed without nutrient dosage showed the
occurrence of calcium and magnesium on the SBMA modified spacer. The zwitterionic coating
was assumed to attract calcium and magnesium ions, which could influence its antifouling be-
havior.

Potential for industrial application. The proposed concept for a two-stage antifouling modifica-
tion of the feed spacer surface can be transferred to an industrial roll-to-roll process. A concept
of such an industrial coating line is given in Figure 53. After surface treatment in plasma with
DBD in air (1st modification step), and coating with sulfobetaine methacrylate (2nd modification
step), the rinsing procedure can be applied to remove unreacted monomers, followed by drying
(e.g., infrared, hot air). The suggested procedure can be also used to modify other polyolefin sur-
faces, e.g., polyethylene terephthalate (PET) or polystyrene (PS). Furthermore, a wide range of
different hydrophilic monomers with antifouling properties, such as 2-Hydroxyethyl methacrylate
(HEMA) or 2-Methacryloyloxyethyl phosphorylcholine (MPC), can be used as coating agents.

The proposed modification employs the free radical polymerization reaction. Therefore, besides
SBMA grafting onto the surface, the homopolymerization in the coating solution has to be consid-
ered. In order to ensure the appropriate coating quality in continuous processing, the viscosity of
the solution should be constantly monitored. Moreover, there are homopolymerization inhibitors
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Figure 53: Modification of the feed spacer in a continuous process. DBD–dielectric barrier discharge.

recommended in the coating mixture.

Future studies. It is likely that feed water components, such as dissolved organics or ions, interact
with the SBMA coating and influence its antifouling properties. For this reason, the feed water
with different compositions should be used in the future fouling simulation experiments. For
instance, water pretreatment with ion exchange could help to remove calcium and magnesium
from the feed. In this case, the possible interactions coating-ions-bacteria would be excluded,
and the anti-biofouling properties of the coating better evaluated.

The microorganisms will be always present in the industrial membrane systems. According
to Hans-Curt Flemming, one of the well-known experts in the field of biofouling: "the basic
idea is to live with biofilms and try to avoid the threshold when the biofouling takes place" [69].
Therefore, antifouling surface modification is beneficial, not only when the bacterial adhesion is
reduced, but also if the biofilm cleaning is facilitated. It is possible that the hydrophilic SBMA
coating promotes biofilm removal. Future studies should consider two-stage testing: (1) a foul-
ing stage; where the feed channel pressure drop increase is monitored; and (2) a cleaning stage;
where the biofilm is removed, for instance by introducing pressurized air to the system. This
procedure would enable an assessment, whether the SBMA coating enhances biofilm detachment.

In the follow-up study, attempts should be made to improve coating homogeneity. For this pur-
pose, the co-polymerization of SBMA with hydrophilic poly(ethylene glycol) diacrylate (PEGDA)
can be proposed. The first experiments with SBMA/PEGDA coating mixtures have been al-
ready performed. The surface composition and morphology analyses indicated that the co-
polymerization is a promising approach to increase surface coverage by the coating.

General summary. This thesis is another step forward in the chemical conditioning of the feed
spacer surface for the antifouling purpose. The importance of continuous antifouling testing,
under conditions representative for practice, has been shown. However, the question, whether
the feed spacer coating is the most suitable antifouling strategy for the RO membrane module,
remains still open and should be further explored.
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Abbreviations

AFM atomic force microscopy

AIBN 2,2´-Azobis(2-methylpropionitrile)

ATD anti-telescoping devices

ATR attenuated total reflectance

au atomic units

BV ball valve

BVC check valve

CA cellulose acetate

CCD charge-coupled device

CFU colony-forming unit

DBD dielectric barrier discharge

DMAEMA 2-(Dimethylamino)ethyl methacrylate

DMSO dimethyl sulfoxide

DSC differential scanning calorimetry

E elastic modulus

e.g. exempli gratia, for example

EPS extracellular polymeric substance

et. al et alia, and others

FCPD feed channel pressure drop

FRP free radical polymerization

FS fouling simulation cell

FTIR Fourier-transform infrared spectroscopy

gfp green fluorescent protein

GPC gel permeation chromatography

HAVB hyaluronic acid derivative grafted with vinylbenzyl groups

HBFP hyperbranched fluoropolymer

HDPE high-density polyethylene

HEMA 2-Hydroxyethyl methacrylate

IR infrared

LMWOM low-molecular-weight oxidized material

Mn number-average molecular weight

Mw weight-average molecular weight

MeFoS membrane fouling simulator

MFI melt flow index
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MPC 2-Methacryloyloxyethyl phosphorylcholine

mPDA m-Phenylenediamine

NMR nuclear magnetic resonance

non-LTE non-local-thermodynamic equilibrium

OD optical density

PA polyamide

PAA poly(acrylic acid)

PAH poly(allylamine hydrochloride)

PDA polydopamine

PDI polydispersity index

PDMS polydimethylsiloxane

PE polyethylene

PEG poly(ethylene glycol)

PEGDA poly(ethylene glycol) diacrylate

PET polyethylene terephthalate

PL plasma treatment with dielectric barrier discharge in air; A, B, C
indicate different energy dose

PLL poly(L-lysine)

PMMA poly(methyl methacrylate)

PP polypropylene

PS polysulfone

PP polypropylene

PTFE poly(tetrafluoroethylene)

PVC polyvinyl chloride

PVDF polyvinylidene fluoride

Ra roughness average, arithmetic mean deviation of the profile over the
sampling length

Rz ten-point average roughness, average value of the five highest peaks and
the five deepest valleys over the sampling length

RI refractive index

RO reverse osmosis

SBMA sulfobetaine methacrylate,
[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide

SDBD surface dielectric barrier discharge

SDBS sodium dodecylbenzene sulfonate

SEM scanning electron microscopy

116



SFE surface free energy

SI-ATRP surface-initiated atom transfer radical polymerization

SPMA 3-Sulfopropyl methacrylate potassium salt

TEM transmission electron microscopy
TFC thin-film composite

TMC 1,3,5-Benzenetricarbonyl trichloride

ToF-SIMS time-of-flight secondary ion mass spectrometry

UV-Vis ultraviolet-visible

VDBD volume dielectric barrier discharge

VOC volatile organic compound

VUV vacuum ultraviolet

WCA water contact angle

WHO World Health Organization

XPS X-ray photoelectron spectroscopy
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List of chemicals

Plasma treatment

Chemical CAS-Nr. Supplier

acetone 67-63-0 Sigma-Aldrich Chemie GmbH

sulfur dioxide (SO2) 10114005 Air Liquide

Wet coating

Chemical CAS-Nr. Supplier

[2-(Methacryloyloxy)ethyl]
dimethyl-(3-sulfopropyl)
ammonium hydroxide

3637-26-1 Sigma-Aldrich Chemie GmbH

2-(Dimethylamino)ethyl
methacrylate

2867-47-2 Sigma-Aldrich Chemie GmbH

poly(ethylene glycol)
diacrylate (Mn=575)

26570-48-9 Sigma-Aldrich Chemie GmbH

sodium chloride (NaCl) 231-598-3 Carl Roth GmbH + Co. KG

sodium hydroxide (NaOH) 215-185-5 Carl Roth GmbH + Co. KG

sulfuric acid (H2SO4) 7664-93-9 VWR International GmbH

Biofouling tests

Chemical CAS-Nr. Supplier

isopropanol 67-63-0 VWR International GmbH

CASO 459290265 Carl Roth GmbH + Co. KG

sodium phosphate monobasic
(NaH2PO4)

7558-80-7 Sigma-Aldrich Chemie GmbH

sodium nitrate (NaNO3) 7631-99-4 Sigma-Aldrich Chemie GmbH

sodium acetate (CH3COONa) 127-09-3 Sigma-Aldrich Chemie GmbH

ethanol 64-17-5 VWR International GmbH

safranin O 477-73-6 ACROS Organics-
Thermo Fisher Scientific Inc.

glutaraldehyde 111-13-8 Carl Roth GmbH + Co. KG

phosphate-buffered saline - BioWest SAS

Others

Chemical CAS-Nr. Supplier

potassium permanganate
(KMnO4)

7722-64-7 Carl Roth GmbH + Co. KG
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ruthenium tetroxide (RuO4) 12036-10-1 ACROS Organics-
Thermo Fisher Scientific Inc.

diiodomethane (CH2I2) 75-11-6 Alfa Aesar, Thermo Fisher GmbH

dimethyl sulfoxide
((CH3)2SO)

67-68-5 Carl Roth GmbH + Co. KG

2,2´-Azobis(2-
methylpropionitrile)

78-67-1 Sigma-Aldrich Chemie GmbH

sodium azide (NaN3) 26628-22-8 Sigma-Aldrich Chemie GmbH

sodium nitrate (NaNO3) 7631-99-4 Sigma-Aldrich Chemie GmbH
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