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Each year millions of end-of-life (EoL) RO membranes are discarded to landfills or
incinerated due to deterioration of the membrane’s functionality. EoL membranes can be
regenerated with oxidation and regenerated membranes separation capabilities can be
altered with LbL deposition. The aim of this master’s thesis is to regenerate EoL
membranes that can be utilized for wastewater treatment, and which perform better than
commercial membranes.

In this work EoLL membrane that were originally used for desalination were washed and
oxidized with NaOCl to remove part of membrane’s top polyamide layer. Oxidized
membranes were coated with layer-by-layer (LbL) assembly to improve membranes
separation properties. Membranes wastewater filtration capabilities were assessed by their
COD, nitrogen and phosphorus separation capabilities. Membranes were compared to
commercial membranes with similar flux and molecular weight cut-off.

At the best the oxidized membranes were able to remove more contaminants than
commercial UF membranes while having a larger flux during filtration. Oxidized
membranes permeate samples water quality didn’t reach environmental standards. Coated
membranes had significantly higher fluxes than commercial NF membranes used in the
tests with similar retention capabilities. Permeate water quality for coated membranes was
mostly suitable for released wastewater in the beginning of the 24-hour filtration but
retention decreased due to long filtration time, caused some parameters to be over the limit



toward the end. One 13120 ppmh oxidized membrane with three bilayers had permeate
concentrations under the limit given for released wastewater for entire 24- hour filtration.
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Joka vuosi miljoonia kdytdstd poistettuja kiddnteisosmoosikalvoja poltetaan tai hdvitetddn
kaatopaikoille. Kaytostd poistetut kalvot voidaan regeneroida hapettamalla jonka jdlkeen
kalvojen erotuskykyd voidaan edelleen muokata LbL-pddllystyksen avulla. Tamén
diplomity6n tavoitteena on regeneroida kiytostd poistettuja kalvoja jateveden puhdistukseen
sopiviksi ja kaupallisia verrokkikalvoja tehokkaammiksi.

Ty0ssa kédytetyt membraanit olivat perdisin suolanpoistoprosessista. Kalvot puhdistettiin ja
hapetettiin NaOCl:lla kalvon paidllimmaisen polyamidikerroksen osittaiseksi poistamiseksi.
Hapetetut kalvot pééllystettiin  LbL-pééllystyksen avulla kalvojen erotuskyvyn
parantamiseksi. Kalvojen jateveden suodatuskykyd arvioitiin niiden COD:n, typen ja
fosforin erotuskykyjen avulla. Kalvoja verrattiin kaupallisiin kalvoihin, joilla oli
samanlainen vuo ja leikkauskokoarvo.

Hapetetut kalvot poistivat enemmin epdpuhtauksia kokeissa kéytettyihin kaupallisiin UF-
kalvoihin verrattuna, tuottaen permeaattia myds suuremmalla kapasiteetilla. Hapetetuilla
kalvoilla suodatettu jdtevesi ei kuitenkaan yltinyt jatevedelle annettuihin raja-arvoihin
kaikkien suureiden suhteen. Péillystettyjen kalvojen vuo oli suurempi kuin kaupallisten NF
kalvojen, joilla oli sama erotuskyky. Paillystettyjen kalvojen lidpéisseen jiteveden laatu oli
riittdvd monen 24 tunnin suodatuksen alkuvaiheessa, mutta retention heikkeneminen
suodatuksen aikana nosti usein konsentraation liian suureksi. Yksi 13120 ppmh hapetettu ja
kolmella  polyelektrolyytti  kaksoiskerroksella  pédllystetty kalvo alitti  kaikki
konsentraatiorajat koko suodatuksen ajan.
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Roman characters

m mass

t time

A filtration area
C conductivity
R retention
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p density [g/dm?]
Subscripts

f feed

p permeate

r retentate

Abbreviations

CP Concentration polarization
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DMF Direct membrane filtration
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MF Microfiltration

NOM Natural organic matter

NF Nanofiltration

PWP Pure water permeance
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SWP

TFC

TOC

UF

Reverse osmosis

Salt water permeance
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Total organic carbon
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1 Introduction

Membrane technology has been gaining interest in recent decades. Reverse osmosis
membranes are commonly used for desalination where their lifespan is only around 5-8
years. (Pontié et al., 2017) Currently end-of-life membranes, that have fouled to the point
that they cannot be used anymore are classified as solid waste and they are disposed in
landfills or by incineration. The number of end-of-life RO membranes could be around 2
million in 2021 and rising each year. (Senan-Salinas et al., 2021). Rising need for reverse
osmosis membranes and short lifespan leading into need to replace membranes often lead to

massive amount of waste.

Membrane technology in wastewater treatment has gained interest in recent years due to its
high-quality separation capabilities and possibility to skip biological processes which do not
work optimally in cold environments. Direct membrane filtration utilizes membranes for
wastewater treatment, with minimal pretreatment. Repurposing end-of-life reverse osmosis
membranes for municipal wastewater treatment would also be more economical than using

new nanofiltration (NF) membranes.

Reverse osmosis membranes are the densest membrane class used in pressure driven
membrane processes. These membranes can be oxidized to remove their top polyamide layer
to alter their structure and make them more porous (Coutinho de Paula, Gomes and Amaral,
2017). During oxidation, the flux of a membrane typically increases, while the rejection
decreases. The separation properties of a membrane can be furthermore controlled by Layer-
by-Layer (LbL) deposition of polyelectrolytes on the surface. When coating a membrane, its
surface properties and bulk properties can change. LbL-assembly is a flexible process which
can be used to control membrane physiochemical properties such as surface charge, rejection
and permeability according to the given task. (Tang Kwon and Leckie, 2009) The aim of this
work is to find out if it is possible to regenerate end-of-life membrane through oxidation and
LbL-assembly to be more effective for wastewater treatment than commercial nanofiltration

membranes and are they suitable for wastewater treatment.
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2 Membranes

Membrane is a selective barrier between liquid or gas phases, which can be used to filtrate
out undesired material from the feed solution. Membrane technology has been applied into
many fields due to its high separation efficiency, low operation costs and low energy
consumption. Fraction that passes through the membrane is called permeate or filtrate and
the concentrated flow that contains the components membrane retains is called a retentate or
concentrate (Figure 1). (Fane, Wang and Jia, 2010) The membranes efficiency of blocking
or letting specific components through depends on the membranes structure, size of the
component, the driving force and chemical nature and electrical charge of the membrane and
the component. (Strathmann, 2011) There are four different driving forces that are used in
membranes processes, equilibrium-based membrane processes are either temperature or
concentration driven. Non-equilibrium-based processes are either electrically or pressure

driven. (Fane, Wang and Jia, 2010) (Jhaveri and Murthy, 2016)

Pressure driven membrane processes are the most commonly used membranes in water
treatment facilities. There are four main membrane types that are pressure driven, in order
of increasing pressure demand and decreasing pore size these are microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Figure 2). Most
membranes in pressure driven processes are made from synthetic organic polymers. (Obotey
Ezugbe and Rathilal, 2020) These polymeric membranes can be further divided into two

subcategories of porous and non-porous membranes.

MF and UF membranes fall under the porous membrane category. The working principle of
porous membranes is based on principle of size exclusion. These membranes can be used at
the beginning of the separation process to preclarify feed solution before more dense
membranes or used as it depending on process objectives. NF and RO membranes are non-
porous, these membranes are so dense that permeate passes through membrane by first
dissolving into the membrane and then diffusing through it. This model is called a solution-
diffusion, and it can be introduced either by pressure differences, concentration differences

or electrical potential gradient. (Nadda, 2023) (Wijmans and Baker, 1995)
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Figure 2 Membrane classification and their characteristics. (Mikhaylin and Bazinet,

2016)

There aren’t any commonly agreed strict values for pore sizes which would determine

membranes category, but the fluctuation between characterization pore sizes isn’t huge. In

microfiltration pore size is approximately 10-0.1 micrometers and the membrane is

symmetric. Due to the large pore size microfiltration only separates particles larger than

0.1pum, such as bacteria and suspended solids or particles. (Strathmann, 2011) Since

microfiltration is based mostly on sieving effect, the effect of osmotic pressure is negligible.

Microfiltration can be used as a pre-treatment method to reduce fouling of NF and RO.

(Nadda, 2023)
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The pore size in ultrafiltration is approximately 0.1-0.01um. Ultrafiltration membranes are
mostly asymmetric. Asymmetric membranes surface that faces the feed solution has smaller
pores which get larger on the other side of the membrane. With ultrafiltration, osmotic
pressure can also have an influence on the permeate fluxes. (Strathmann, 2011)
Ultrafiltration can also be used as a pretreatment before NF and RO to remove suspended

matters, macromolecules and microorganisms (Nadda, 2023).

Nanofiltration has the same basics as reverse osmosis. Since NF membrane has a high
resistance to, have same amount of solvent pass the membrane as porous membranes a high
pressure must be applied. With NF and RO osmotic pressure has a significant part in
membrane function and it must be overcome. (Mulder, 1996). In NF pore sizes are
approximately 0.01-0.001um and the pressure is between 5 and 10 bars (Nadda, 2023). Most
NF membranes are asymmetric thin-film composite (TFC) membranes. A typical TFC
membrane consists of three layer, membranes top layer is a dense polyamide compound,
middle layer consists of polysulfone and bottom layer is microporous polyester compound.
(Mondal and Wickramasinghe, 2012) NF membranes separation capabilities are determined
by components diffusion rates, size exclusion, solubility and electrostatic repulsion. The
difference between NF and RO is their ability to separate ions. With NF it is possible to
remove divalent. (Nadda, 2023) Osmotic pressure is present when using semi-permeable
membranes and some feed component can’t pass through the membrane. If the membrane
separates one component due to concentration differences flow starts to head back into the
membrane. Osmotic pressure in these cases is the amount of pressure needed to stop the
flow. (Bowler and George 2017) NF membranes can remove ions that contribute to the
osmotic pressure, therefore the pressure levels are lower compared to RO (Ngombolo et al.,

2018).

Same as in NF, in reverse osmosis porous asymmetric membrane has a dense barrier layer
on top of the membrane facing the feed solution. The flow through RO membrane is diffusive
flow instead of viscous flow. (Strathmann, 2011). RO membranes pore size is around 0.001-
0.0001um and the pressure is between 10 and 150 bars. RO membranes can even separate
most monovalent ions and the permeate is mostly water. (Nadda, 2023) Membranes can also
be categorized using a diagram consisting of NaCl rejection, PWP and Molecular weight

cutoff (Figure 3) (Baker, 2012).
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Figure 3 Membrane categorization diagram using NaCl retention, PWP and molecular
cutoff weight (Baker, 2012).
3 Fouling

Even though membrane processes have many advantages and have been adapted into many
areas fouling is one of the most notable problems with membranes. Membrane fouling and
concentration polarization is a problem in membrane processes, they decrease membranes
permeate flux, which leads into lower efficiency and higher operation costs. (Sablani et al.,
2001) Membrane fouling is material accumulation into membrane surface or pores which
hinders membranes performance. There are three types of fouling, and their severity can be
divided into four categories. Based on foulants biological and chemical characteristics
fouling type is classified as bio- organic- or inorganic fouling. Severity of fouling depends
on the attachment strength of the fouling material. Fouling can be reversible, irreversible,

residual, or irrecoverable. (Wang et al., 2014) MF and UF membranes have a flux point
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where when operating under that point membranes should not foul, this point is called a
critical flux (Howell, 1995) (Field et al., 1995). However, if the processed water is pretreated
with MF or UF membranes critical flux is not applicable with NF and RO membranes

(Vrouwenvelder et al., 2009).

Reversible fouling is caused by loosely attached fouling in membrane surface which can be
washed away with physical cleaning. Irreversible fouling is on the contrary caused by pore
blocking and strongly attached foulants. (Meng et al., 2009) Even though backwashing is a
good way to restore membranes flux due to reversible fouling, this method isn’t usually
available for non-porous membranes (Shirazi, Lin and Chen, 2010). Reversible fouling can
turn into irreversible fouling when fouling layer forms a strong matrix with solutes. (Wang

etal., 2014)

Fouling is physically irreversible when physical cleaning methods aren’t sufficient to
remove the fouling. For physically irreversible fouling chemical cleaning needs to be used
by itself or with physical cleaning to be able to restore the membrane flux. (Wang et al.,
2014)

Residual fouling is a type fouling that cannot be removed by neither chemically enhanced
backflushing nor maintenance cleaning, but it can be removed with recovery cleaning (Wang
et al., 2014). Recovery cleaning is similar to maintenance cleaning, since it usually uses the
same cleaning reagents, but the reagent concentration is much higher. Maintenance cleaning
is conducted more often and with regular intervals to extent timespan between recovery

cleanings. (Chang et al., 2022)

Membrane permeability decreases during normal operation despite maintenance cleanings
and the original permeability cannot be achieved again. This type of fouling is called
irrecoverable fouling, and it is caused by membrane degradation and unremoved foulants.
Irrecoverable fouling keeps building up over years, which eventually makes membrane

unusable. (Judd and Judd, 2011)
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3.1 Concentration polarization

Concentration polarization (CP) is a phenomenon where solute or particle concentration is
greater near the membrane surface compared to the bulk feed and it is present in all
membrane filtration processes (Mulder, 1996). When feed solution passes through the
membrane concentration profiles are formed on both sides of the membrane. In CP
permeating solute passes through the membrane while rejected solutes and particles
accumulate near the membrane surface. This causes increase of concentration of rejected
solutes. When concentration is higher at the membrane surface compared to the bulk feed,
rejected solutes start to diffuse back to the bulk feed. (Baker, 2012) Concentration
polarization increases the risk of fouling, and it can also decrease the flux over time while
reducing membranes permeability and retention capabilities CP is dependent on process
parameters and solutes diffusion coefficient. Higher pressure and permeate flux can increase
CP whereas increasing cross-flow velocity, temperature and higher diffusion coefficient can
reduce concentration polarization. Cross-flow velocity ability to reduce CP is linked to
permeate flux, when increasing just cross-flow velocity foulants can’t concentrate on top of

the membrane and decreasing causes the oppositive effect. (Shirazi, Lin and Chen, 2010)

Osmotic pressure increases when rejected solute concentrates near the membrane surface.
This causes flux to decrease. Lower flux decreases the amount of concentration polarization
which means after a while flux has reduced enough to counteract osmotic pressure and sets
to a steady state. (Sablani et al., 2001) Therefore with high enough pressures the flux behaves
independently, regardless of the pressure. This phenomenon is called a limiting flux, and it

is result of CP (Song, 1998).

Limiting flux should not be confused with critical flux. Definition of critical flux has been
discussed over the years, and it has different meanings for different membrane types
(Vrouwenvelder et al., 2009). Originally critical flux was the point under which no fouling
should occur to MF and UF membranes by colloidal particles (Howell, 1995). Critical flux
related to biofouling has been studied for porous membranes by (Kang et al., 2004) and for
non-porous membranes by (Winters, 1997). Having a critical biofouling flux for either of
these membrane types is incorrect. For MF and UF membranes the fouling type of colloidal
particles vastly differs from biofouling, which makes the critical flux concept unfit. Tests

conducted by (Vrouwenvelder et al., 2009) show that even though biological fouling is
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largely dependent on the flux, there is no critical flux point under no fouling occurs.

(Vrouwenvelder et al., 2009)

3.2 Adsorption

Membranes hydrophobicity has an effect on membrane fouling. Opposite hydrophobicity
between membrane’s surface and microorganisms in the feed solution causes hydrophobic
repulsion. Since hydrophobic repulsion can cause adsorption, membranes are often made or
coated with hydrophilic materials to prevent fouling. (Basile et al., 2015) Adsorptive fouling
is usually studied with whey or whey derivates. Adsorptive fouling can happen just by
contact and no pressure or permeate flux is needed. Proteins in the whey solution can change
the membrane hydraulic resistance when in contact. Adsorptive fouling can also affect
membrane retention. Studies conducted by Hanemaaijer et al., 1989 show that polysulfone
membranes retention greatly increased due to protein adsorption, but for hydrophilic

regenerated cellulose membrane retention was unaffected. (Hanemaaijer et al., 1989)

3.3 Biofouling

When any surface in in contact with water, the bacteria with in it will try to form a biofilm
layer on that surface. This is why biofouling is a problem with membrane filtration. Although
there will always be a biofilm layer this isn’t considered always as biofouling. Only when
the biofilm affects membranes operation for example flux reduction, increase of operation

pressure or lower retention proportion it is considered as biofouling. (Bucs, 2018)

3.4 Organic fouling

Organic fouling is produced when natural organic matter (NOM), proteins and
polysaccharides affect membranes performance (Zhang et al., 2015). Fouling can happen
due to intermediate or complete pore blocking, standard blocking, or cake layer formation

(Figure 4). In complete pore blocking foulants block membranes pores whereas in



18

intermediate blocking foulants will either block a pore ore attach into foulant on membranes
surface. In standard blocking foulants that have a smaller diameter than pore size adsorbs to
the internal pore walls and therefore hindering the membranes performance. In cake layer
formations foulants form a layer on membranes surface by sticking to each other. (Costa, de

Pinho and Elimelech, 2006)

Figure 4 Four organic fouling formations a) complete pore plugging; b) standard
blocking; c¢) intermediate pore plugging; d) cake layer formation. (Wikimedia,

2024)

3.5 Inorganic fouling

In inorganic fouling or membrane scaling is a fouling type where inorganic salt concentration
increases near the membrane surface. If the salt concentration increases over solubility salts
start to precipitate on the membrane surface. Most common salts that cause inorganic fouling
are CaCO3, BaS04, CaS0O4 and Si0O2. Flux decline caused by inorganic fouling can be either
reversible or irreversible. Backwashing can be used to recover flux decline of the

membranes. There might also be some amount of physically irreversible fouling which needs
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chemical reagents to restore the flux, or the membranes might need to be replaced.(Shirazi,

Lin and Chen, 2010)

4 End-of-life membranes and their regeneration

End-of-life EoL membranes are membranes that have reached the end of their lifespan due
to fouling and cannot be used anymore as they are. The number of desalination plants has
increased rapidly in the last few decades and RO membranes are commonly used in these
plants. RO membranes average lifetime in desalination plant is only between 5-8 years
(Lawler et al., 2015). Discarded EoL membranes are classified as solid waste and are
disposed in landfills or incinerated. According to Senan-Salinas et al., 2021 the amount of
yearly discarded EoL RO membranes could be around two million in 2025. However, these
membranes could be utilized in wastewater treatment by removing a part of the top
polyamide layer with oxidation and transforming the membrane into nanofiltration
membranes by LbL deposition (Moradi et al., 2019) (Coutinho de Paula, Gomes and
Amaral, 2017).

4.1 Cleaning

Since membrane fouling can decrease the permeate flux and therefore decrease membrane
efficiency it is important to clean membranes to keep up membranes’ performance (Sablani
et al., 2001). There are four different membrane cleaning methods, physical, chemical,
physico-chemical, and biological cleaning, based on different fouling removal mechanisms
(Wang et al., 2014). For fouled EoL membranes chemical cleaning is a suitable way to bring

them back to use since it is used to remove irreversible fouling.

In chemical cleaning foulants are removed by chemical reagents that can be divided in five
categories, bases, oxidants, acids, chelating agents, and surfactants. Bases can be used to
remove organic and microbial foulants. Bases remove foulants by either hydrolysis or
solubilization. Oxidants react with organic polymers and generate more oxygen containing
functional groups. These functional groups increase their parent groups hydrophilicity and
therefore reduce the fouling materials adhesion to the membrane. Acids are usually used to

remove scales and metal dioxide fouling by solubilization. Acids can be used to dissolve
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metal oxides and form complexes with them. Surfactants can be used to clean membrane

from fats, oils and proteins by forming micelles with them. (Liu et al., 2001).

4.2 Oxidation

It is possible to use oxidant to remove top polyamide layer of RO membrane, which leaves
behind membranes polysulfone and polyester layers. After removing the dense polyamide
layer, the supporting layers form a porous membrane similar to UF membrane. (Lawler et
al., 2012) When using chloride oxidizing agent the reaction with polyamide can be reversible
or irreversible. Reaction with amide nitrogen is reversible with reducing agent treatment and
reaction with polyamides aromatic ring cannot be reversed. (Kawaguchi and Tamura 1984).
When recycling EoL membranes oxidation is used to remove a part of top polyamide layer
while also making the membrane more porous. Oxidized membrane can then be coated to

increase membrane retention.

4.3 Film fabrication

When coating a membrane, its surface properties and bulk properties can change. Membrane
physiochemical properties such as surface charge, rejection and permeability are connected
to membranes coating and to each other’s. (Tang, Kwon and Leckie, 2009) The number of
layers can vary between one to several hundred depending on use cases (Li, Wang and Sun,
2012). LbL technology has many advantages compared to other thin film fabrication
technologies. LbL technology is easy, robust, and flexible while also being environmentally

due precision to low material cost it is also cost effective. (Xu et al., 2015)

In LbL assembly membrane is coated with alternative deposition of layers of complementary
chemical interactions, such as oppositely charged polymers (Figure 5). When composing
polyelectrolyte bilayer first polymer is chosen according to membranes surface charge to be
oppositive compared to membrane surface. After each layer surface is washed and oppositely

charged film can be deposited.
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Figure 5 Alternating adsorption process for polyelectrolyte bilayer formation. Adapted
from (Bruening et al., 2008)

LbL assembly is a versatile and easily optimizable process since the number of layers and
their thickness can be controlled to optimize the flux and retention according to the use case.
(Li, Wang and Sun, 2012) In theory increasing the number of bilayers increases membrane’s
retention and decreases the flux, but in practice there might be some errors leading to
different results. Figure 6 shows how the number of bilayers can affect membranes salt
retention and flux. Tests conducted by (Ouyang et al., 2019) had some fluctuation between
layer thicknesses leading to defects on membranes surface with higher number on layers.
These defects caused salt retention to peak at 3 bilayers and flux started to increase and

retention decrease when adding more bilayers after this point.

Polyelectrolyte bilayer film has some weaknesses when it comes to water purification.

Electrostatic interaction between oppositely charged layers can be affected by high ionic



22

strength and chloride treatment, which are present in water purification processes. Kovacevic
et al. (2002) studied the combined effect of dissolved salts and free polyanions on

polyelectrolyte multilayer. Their studied showed that high salt concentration can hinder the

LbL assembly process.
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Figure 6 Correlation between number of bilayers and salt flux and retention adapted

from (Ouyang et al., 2019).

There are five different LbL assembly processes, dipping, spin-assisted, spray-assisted
electromagnetic and fluidic assembly. (Li, Wang and Sun, 2012) Each coating method has
their strengths and weaknesses, and method should be chosen for given process according

to its needs.

Polyelectrolyte can be positively or negatively charge or it can have both charges, these
polyelectrolytes are called cationic, anionic and polyampholytic respectively (Heinze et al.,
2012). When polymers are dissolved into water their electrostatic chain will adjust to its
surrounding. If polyelectrolyte’s charge is dependent on chemical equilibrium with protons

that bind to ionizable groups, it is categorized as a weak electrolyte. If the electrostatic charge
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of the polymer is not dependent on its surroundings it is a strong electrolyte. (Wang et al.,
2008) Films can either grow linearly of exponentially. When membrane is coated with two
strong polymers the film usually grows linearly. When polypeptides or polysaccharides are

used the film has shown exponential growth. (Borges and Mano., 2014)

There are five LbL assembly methods. Dipping assembly is the traditional LbL assembly
method. Dipping assembly is based on alternately dipping membrane in solution to fabricate
a new polymeric composite film. Fabricating the polymer layer consists of diffusion,
adsorption, and polymer chain rearrangement. For example, in polyelectrolyte multilayer
films case if the membrane has negative charge, it is first dipped in polycation solution,
washed with water, and dried under nitrogen. Next these steps are repeated for oppositely
charged polyanion and process can be repeated until enough layers have been fabricated.
Dipping is very time consuming since fabricating one layer can take tens of minutes. This is
why the dipping method is mostly used for ultrathin polymeric films. Layer thickness can be
controlled by changing dipping parameters like temperature, concentration, pH and ionic

strength. (Li, Wang and Sun, 2012)

In spin-assisted assembly coating solution is dripped on top of the membrane while rotating
the membrane. The coating step is repeated with alternating coating solutions with washing

step after every layer deposition.

In spray-assisted assembly polyelectrolyte multilayer films are fabricated by spraying the
membrane alternately oppositely charged polyelectrolyte solutions. Spray-assisted assembly
has shown to produce more unform layer compared to dipping. Fabricating one
polyelectrolyte layer consists of four steps. First polyelectrolyte solution is sprayed on the
membrane surface, then simultaneous draining of the solution and surface adsorption of
polyelectrolyte molecules occurs. Next is the washing step where the membrane is sprayed
with water so physically adsorbed polyelectrolyte molecules can be removed, followed by
water draining. Composition of the layers can be controlled by changing spraying distance,
spraying and draining time and solution flowrate on concentration. Most common problem
of spray-assisted assembly is that the layer is unevenly spread all the way to the edges. This

can be mitigated by slowly spinning the membrane during the spraying.

Electromagnetic assembly resembles the dipping method since coated substrate is immersed

in polymer solution. In electromagnetic assembly two electrodes are set in the polymer
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solution and electric current is applied to them which enhances the coating. Layers produced
by electromagnetic assembly can be controlled by changing the voltage. Usually, lower
voltages produce thicker layers, but there is a second peak to produce thick layers at high
voltage. This method can produce layers which thickness is hard to achieve with other
coating methods. It is important to not increase the voltage too much since at high voltages
the substrate may start to repel most recent deposit layer. With sensitive materials it is
possible to use magnets instead of electric currency. (Richardson et al., 2015) Using
magnetic fields does not increase the thickness of fabricated layer compared to dipping

method, but the produced film has higher electronic absorbance (Dey et al., 2010).

In fluidic assembly fluidic channels are used to deposit multilayers by coating the channel
walls and substrate placed inside the channel. In fluidic assembly polymers and washing
solutions are pushed through a fluidic component such as tubing or capillaries. Fluids can be
transported through the channels by pumps, capillary forces or spinning. (Richardson et al.,
2015) When using pumps to deposit multilayers polymers are first pumped into the channels,
and at the end of the coating it is removed via vacuum and rinsed with water and dried
(Reyes et al., 2004). Coating can be done without pumps by utilizing capillary pressure.
When placing a coating polymer at the fluidic inlets, capillary force will pull it into the
channels and the solution can then be removed by spinning the substrate. (Jang, Kim and
Char, 2003) Coating can also be done manually by pipetting or static incubation (Richardson
etal., 2015).

5 Membranes in municipal wastewater treatment

Membrane technology has increased its popularity in municipal wastewater treatment due to
its consistent high quality separation capabilities. MF and UF membranes are commonly
used in wastewater treatment with other processes such as activated sludge process.
Regenerating EoL. membranes to be suitable for wastewater treatment would be beneficial
due to their versatile customization and resulting waste decrease. Membranes can be used
either after the activated sludge process or be integrated into it as one membrane bioreactor.
(Basile et al., 2015) Direct membrane filtration (DMF) has had some interest in recent years

especially in colder environments where biological treatment does not work optimally.
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(Hube et al., 2021) (Hube et al., 2020). Besides colder places, interest in DMF has risen also
elsewhere due to concerns regarding conventional wastewater treatment. Conventional
wastewater treatment has problems with energy sustainability and greenhouse gases, DMF
can deliver high quality permeate water and reduce energy consumption and CO2 emissions
while also having a smaller footprint. The aim of pretreatment in DMF is to remove
particulate and colloidal foulants, suspended solids and organics from the feedwater. Feed
water can be pretreated with filters such as UF or MF membrane, which could be another
use for regenerated EoL membranes. Example of DMF process is presented in Figure 7, but

this is just a concept since no DMF municipal wastewater plants has yet to be built. (Hube

et al., 2020)

Safe discharge

_ Direct membranefiltration
Municipal

Screen Primary clarifier
wastewater

Figure 7 Schematic of direct membrane filtration. (Hube et al., 2020)

6 Materials and methods

This chapter shows which chemicals and materials were used to conduct the tests and which
devices and methods were used to analyze the samples. Chemicals used for membrane
preparation and testing are presented in Table 1. Membranes used in tests are presented in

Table 2.
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Table 1 Used chemicals, their characteristics, and brands.
Chemical Characteristics and brand
MgSO4 MgSO04+ xH20, Riedel-de Haén
NaCl Sigma-Aldrich
PDADMAC M<100 000 g/mol, Sigma-Aldrich
PSS M=70 000 g/mol, 35% wt, Alfa Aesar
NaOCl 11-15%, Thermo Scientific
CaCl2 Sigma-Aldrich
Ultrasil 110 EcoLab Inc.
Table 2 Membranes and tests they were used in.
Membrane Manufacturer
Compact-4040 LOW2 Oltremare
UPO0O5P Microdyn-Nadir
UPO10P Microdyn-Nadir
GR&1PP Alfa Laval
NF 270 DOW
PT Osmonics/GE
NFW Synder Filtration

6.1 Analyzes

For the first two tests total phosphorus was measured with Hach Lange LCK 348 cuvette
tests and for the second run total nitrogen was measured with Supelco Nitrogen (total) cell
tests. For rest of the runs total nitrogen and phosphorus was measured using Thermo
Scientific Gallery Plus discrete analyzer. For these analysis 5 ml of wastewater were mixed
with 100 pl of 2 M NaOH and 100 mg of potassium persulfate. Samples were heated at 120
°C for 1 hour and after heating another 100 ul of NaOH were added to the samples to
neutralize them. All COD samples were measured with Hach Lange LCK314 cuvettes
besides final runs permeate samples which were measured with LCIS00 cuvettes due to their

low COD concentration.
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6.2 Cleaning

EoL membranes were fouled to the point that pure water couldn’t pass through them.
Membranes were cleaned by submerging them into alkaline 2% Ultrasil 110 solution for
over three months and switching the washing solution three to four times during the cleaning
process. Cleaning solution was changed when it became strongly coloured. Cleaning was
continued until flux reached 7 L/m?**h/bar (L/m**h/bar), which seemed to be maximum
value achievable with Ultrasil wash. Cleaned membranes pure water permeance (PWP) was

measured after cleaning to determine effect of oxidation.

Flux through the membrane can be calculated with mass change and filtration time according

to the following equation.

J= EXpXA (1)
Where J Mass flux, L/m?> h

m Mass, g

t Time, h

p Density, g/dm?®

A Filtration area, m?

6.3 Oxidation

Before oxidation NaOCI solution was titrated to find out its exact concentration. NaOCl
concentration was calculated to be 10.74% which is just under concentration stated in the
bottle. The oxidation was done by immersing the membranes in NaOCIl solution and which
were kept under constant stirring. According to (Lawler et al., 2013) and (Coutinho de
Paula, Gomes and Amaral, 2017) NaOCl is a very effective oxidizing agent and converted

UF membranes can even compete with some commercial UF membranes.
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6.4 Film fabrication

Membrane coating and tests before cross-flow cell were done in Merck Amicon® Solvent
Resistant Stirred Cell referred as Amicon (Figure 8). For coating PDADMAC with
molecular weight of under 100 000 g/mol and PSS with molecular weight of 70 000 g/mol
were used. Coating was done immediately after oxidation since there are some reversibility
in it. Polycation and polyanion layers were formed in Amicon with following process. To
form one bilayer, 50 ml of polycation is poured into Amicon and stirred at 0.2 bars and 50
rpm for 6 minutes and then it is left to sit for 1 minute. After that polycation is washed away
and 100 ml of NaCl is added into the Amicon and stirred at 0 bars and 100 rpm for 1 minute.
The salt solution is washed away with water and same process can be repeated with

polyanion. These steps are repeated until desired number of layers has been formed.

Figure 8 Amicon stirred cell used for membrane testing and coating.
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6.5 Filtration experiments

There are two different goals in this experiment, the first one is to produce more efficient
membranes than commercially available NF membranes, the second one is to reach
sufficient retention values so the membrane could be used in wastewater treatment plant.
The membrane used for these tests is EoL Compact-4040 LOW?2 from Oltremare. First the
effect of oxidation is studied to determine which oxidation dose to use for EoL membranes.
The second part of membrane testing is to coat the membranes and test their ability to filter
pretreated wastewater from the wastewater treatment plant. Membranes effectiveness in a
wastewater treatment will be assessed by comparing permeate composition and membranes
retention capabilities to concentration values and reduction limits for treated wastewater

found in environmental permit for new wastewater treatment plant (Table 3).

Table 3 Concentration limits and retention values for outgoing wastewater given to

new wastewater treatment plant. (Aluehallintovirasto, 2016)

Component

Concentration limit, mg/1

Reduction, %

Solid matter

5

99

BOD7 3 99
CODc¢ 40 95
TOT P 0,1 99
TOTN 23 70

Salt retention can be determined by filtrating salt solution and measuring the conductivity
from feed and from permeate. When measuring retention with high feed volume equation 3
can be used. When feed volume is low equation 4 is used, this considers the change in feed

concentration.
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Membranes salt retention can be calculated with equation 3, when feed concentration stays

constant.
c
R = (1 ——p> X 100% (3)
Cr
Where R Retention, %
Cy Permeate conductivity, uS/cm
Cr Feed conductivity, uS/cm

Membranes salt retention can be calculated with equation 4 when feed solutions

concentration changes significantly.

2%y
R=(1-252) x 100% @)
Where R Retention, %
Cy, Permeate conductivity, uS/cm
Cr Feed conductivity, pS/cm
Cr Retentate conductivity, uS/cm

Membrane filtrations tests were conducted in a cross-flow cell that can hold 5 membranes at
once (Figure 9). Filtration area in cross-flow cell is 10.4 cm?> Membranes PWP and salt
retention were tested before filtration, after filtration and after Ultrasil cleaning. During PWP
and salt retention flow velocity was 0.6 m/s and temperature was 25 °C. During sat water
permeance (SWP) and pure water permeance (PWP) testing Reynolds number was around
1879 meaning the flow was laminar. For oxidized membranes salt retention was tested with
2000 ppm MgSO4 solution and NaCl retention was tested with similar conductivity while
testing NF membranes. During wastewater filtration flow velocity was 0.82 m/s, temperature
was 17 °C and pressure was chosen according to used membranes. During wastewater
filtration Reynolds number was around 2562 meaning the flow was in transition zone
between laminar and turbulent flow. Retentate and feed samples were analyzed for

ammonium, total phosphorus, total nitrogen, Chemical oxygen demand (CODy;) and for total
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carbon. Feed sample was collected from top of the feed tank around halfway through

collecting permeate samples.
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Figure 9 Schematic diagram of filtration system used in membrane testing.

7 Results

Membrane preparation started with membrane cleaning, after three months of cleaning, most
of the visible fouling was removed (Figure 10) and membranes flux didn’t increase further
than 7 L/m?**h/bar. Cleaned membranes MgSO4 retention was 82,1% in Amicon and around
90% in cross flow cell after pressurization which is used as the base value since all

membranes were tested that way.
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Figure 10 EoL membrane before and after Ultrasil cleaning.

The effect of oxidation intensity was tested when oxidizing membranes for the first filtration
run. To have a base mark of how much the membrane should be oxidized one membrane
was oxidized in 155 ppm NaOCI solution for three hours. This didn’t yield in change in flux
which is why the membrane was furthermore oxidized for 16 hours in 275 ppm NaOCl
solution. After the second oxidation there was a notable increase in flux from 7.7 L/m?**h/bar
to 25.4 L/m?*h/bar. Three more membranes were oxidized with same 4400 ppmh dose but
with varying exposure time. Oxidation times for the three other membranes were 8, 4 and 2

hours, with increasing corresponding NaOCI concentration.

For the second wastewater filtration four more membranes were oxidized with two different
intensities. The aim was to oxidize membrane to have flux around 40 L/m?*h/bar.
Membranes were oxidized for 16 hours with 6600 ppmh (16 h* 413 ppm) and 7700 ppmh
(16 h* 481) oxidation dose. This resulted in fluxes around 25-27 L/m**h/bar, which is why
membranes were further oxidized in 4400 ppm solution for 2 hours. After the second
oxidation the fluxes were around 66-75 L/m?*h/bar. These membranes will be referred as
15400 ppmh (3,5 h* 4400 ppm) (1) and (2) and 16500 ppmbh (3,75 h *4400 ppm) (1) and (2).

For the third wastewater filtration four membranes were oxidized with two repetitions for 5
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and 6 hours in 4400 ppm NaOCIl solution. This resulted in fluxes between 43 and 70
L/m**h/bar.

Oxidation dose can be calculated with following equation.

D=Cxt (2)
Where D Oxidation dose, ppmh

C Concentration, ppm

t Time, h

For membrane coating the same 13120 ppmh (16 h* 820 ppm) oxidation dose for 16 hours
was used, but two membranes resulted in lower initial flux. All membranes were coated
using the same protocol. Membranes with higher initial flux presented as A in Figure 11
resulted in constant flux reduction after 1 bilayer until 6 bilayers were composed. Similarly
with lower initial flux membrane B’s first bilayer decreased flux significantly, but after the
first bilayer flux reduction was slow. Pressurization after the last bilayer didn’t have an effect

on the final flux.
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Figure 11  Effect of number of bilayers on membrane flux. *Flux after pressurization.
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7.1 Incoming wastewater

Wastewater was collected during time of year when a lot of snow melted which could affect
wastewater concentrations and the microbes concentrate to the top of wastewater during the
filtration which makes the feed sample heterogenous, which could have an effect when small
part of the sample is used in analysis. Preclarified wastewaters composition varied a lot
between filtration runs. Variation in concentration and standard deviation for used
wastewater is presented in Table 4. Incoming wastewater quality was calculated using first

samples in each run due to changes in wastewater composition during the filtration run.

Table 4 Composition of preclarified wastewater.
Component/parameter Variation Average value and
standard deviation
Conductivity 669-909 uS/cm 790+75.7
COD 202-395 mg/1 291+67.6
P 2.3-4.24 mg/l 3.46+0.804
N 40-74 mg/1 52.3+11.8
Na* 44-62 mg/l 49.6+6.27
NH4" 41-48 mg/1 45.7+2.40
K* 18-26 mg/1 22.4+3.08
Mgt 5.2-8.2 mg/l 6.24%1.15
Ca** 25-38 mg/l 31.5+5.48
Cr 33-60 mg/1 50.5+8.67
SO4* 56-88 mg/l 67.3+11.2
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Filtration tests consists of 6 different filtrations. First three filtrations were conducted with
oxidized end-of-life membranes and commercial UF membranes. The last three filtration
tests had coated membranes which were compared to oxidized membranes or commercial
UF and NF membranes. When choosing a commercial membrane used as a reference during

filtration flux and membranes molecular weight cut-off were taken into account.

During the first filtration membranes flux was only tested with 2000 ppm MgSO4 solution
since SWP expected to be close to PWP. Since flux during first filtration was small, and
PWP wasn’t tested in cross-flow cell, flux decrease between amicon and cross-flow cell was
not noticed. Since saltwater flux was lower than PWP in Amicon all further tests include
PWP testing. measuring PWP in both Amicon and cross-flow cell showed a difference
between filtration systems. When comparing oxidized membranes to coated membranes or
most commercial membranes, oxidized membranes’ PWP is substantially smaller in cross-
flow cell than in Amicon. PWP values are presented in Table 5. Some membranes have
smaller fluxes even though the oxidation dose is higher, this is because they had smaller
oxidation time, which is less effective. Commercial membranes flux usually decreases
between 30-60% when measuring in cross-flow cell and for coated membranes flux varies
little bit on either side compared to value measured in Amicon. Oxidized membranes flux

can experience over 80% reduction in cross-flow cell compared to Amicon in some cases.

To figure out what causes oxidized membranes huge flux reduction new membrane was
oxidized and everything that cross-flow membranes would experience were replicated in
Amicon. Oxidized membranes membrane’s initial flux was 76.6 L/m?>*h/bar which is higher
than any membrane used in filtration tests. After pressurizing the membrane under 6 bars for
1 hour, which is used in most filtration tests flux had decreased only to 73.7 L/m?**h/bar.
Since filtration cell is sometimes assembled few days before actual tests membrane was left
to sit in water for three days which decreased flux to 64.6 L/m?**h/bar. After this membrane
was rinsed with water by filtrating at low 1 bar pressure for 2 hours which decreased the flux
further to 60.1 L/m**h/bar. After replicating all the conditions membrane can go through in
cross-flow cell, the flux decreased only 21.6 %. In cross-flow the membranes have a different
supportive metal mesh under them and their edges are clamped down which could cause
tension in the membrane. Therefore, we can presume that most of the flux reduction is due

to cross-flow cell’s structure.



Table 5 Membrane flux change between Amicon and cross-flow cell.
Membrane Amicon PWP, Cross-flow cell Flux change
L/m?*h/bar PWP, L/m?**h/bar compared to

Amicon

15000 ppmh, (3,4 h* 52.5 22.2 -57.8 %
4400 ppm)

15000 ppmh, (3,4 h* 56.2 22.8 -59.3 %
4400 ppm)

15400 ppmh, (3,5 h* 66.3 29.9 -54.9 %
4400 ppm)

16500 ppmbh, (3,75 74.7 32.0 -57.2 %

h* 4400 ppm)

22000 ppmh, (5 h* 31.7 6.0 -81.1 %
4400 ppm)

25520 ppmh, (5.8 h* 33.8 5.9 -82.5%
4400 ppm)

26400 ppmbh, (6 h* 41.2 8.4 -79.7 %
4400 ppm)

26400 ppmbh, (6 h* 42.1 8.6 -79.7 %
4400 ppm)

3 bl 32.0 27.6 -13.7 %

3 bl 33.2 27.4 -17.5%

3 bl 19.6 223 +6.7 %

6 bl 15.3 16.3 +13.4 %

6 bl 17.2 18.2 +6.2 %

6 bl 10.2 15.8 +54,8 %

PT 35.5 39.4 +11.1 %

GRS81PP 23.0 9.4 -58.9 %

UPO00O5P 14.9 9.4 -36.7 %

NF 270 14.4 9.7 -32.7%

EoL 6.4 34 -46.9 %
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To have good baseline for membranes oxidation, cleaned EoL. membranes flux and salt
retention was measured before oxidation. Membranes PWP, salt water permeance (SWP)
and salt retention were tested after cleaning and oxidation. Oxidized membranes SWP was
measured to be much smaller than PWP. Salt water was observed to have only 55%

permeability compared to pure water fluxes.

7.2 Wastewater filtration with oxidized membranes

For the first wastewater filtration run commercial UF membrane UPOO5P from Microdyn-
nadir was chosen as the reference membrane, since it had a similar flux compared to the
oxidized membranes. All membranes were oxidized with same 4400 ppmh oxidation dose
but at different intensities. Oxidation times were 16, 8, 4 and 2 hours and NaOCl
concentration was 275, 550, 1100 and 2200 ppm respectively. First wastewater filtration was
done at 2 bars. Retentate is recycled back to the feed tank during the wastewater filtration,
but due to low permeate volume and 70 litre feedwater the concentration of feed water due
to recycling is minimal. Membranes oxidized longer with lower concentration, but still with
the same concentration dose had significantly higher flux with wastewater compared to other
oxidized membranes (Figure 12). The more open membrane is also more prone to fouling
which is the reason why initially more open membranes flux decreases faster and more than
less porous membranes. When looking at flux measurements during 24-hour period most of
the fouling happens at the beginning of the filtration and settles down later. Following tests

will include more datapoints to obtain better view of the fouling.
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Figure 12 Flux change during first wastewater filtration at 2 bars and 17 °C with 0.82 m/s

flow velocity.

In the second wastewater filtration membranes were more oxidized and oxidation time was
the same for all the membranes. In this test both oxidations had duplicates to assess the
repetition. Since oxidation doses were close to each other all the membranes had very similar
fluxes. The commercial membrane in this test was UPO10P. Even though UPO10P had the
largest initial flux it fouled the fastest and at the end of the filtration it had the smallest flux

showing that the oxidized membranes were less prone to fouling (Figure 13).
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Figure 13 Flux change during second wastewater filtration at 1.6 bars and 17 °C with

0.82 m/s flow velocity.

Third filtration run had more intensely oxidized membranes, which resulted in smaller fluxes
than membranes in run two even though the oxidation dose was higher. This shows that
oxidation dose by itself isn’t sufficient measuring unit by itself and oxidation time and
concentration should be shown when describing the oxidation. Two membranes oxidized for
25520 ppmh (6 h*4400 ppm) NaOClI solution had a similar flux through the whole filtration
run (Figure 14). Other two oxidize membranes had originally the same oxidation 22000
ppmbh (5 h*4400 ppm), but one was oxidized extra 45 minutes to have same pure water fluxes
in the amicon. Since initially measured PWP was the same, but the wastewater fluxes were
different, it could be presumed that the oxidation didn’t stop immediately after water rinse.
The commercial GR81PP membrane had the smallest initial flux but also fouled faster than

other membranes. The final flux of the GR81PP was only 5.8 L/m**h at 5 bars.
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Figure 14  Flux change during third wastewater filtration at 5 bars and 17 “C with 0.82
m/s flow velocity.

Membranes pure water flux was measured before and after wastewater filtration and once
more after Ultrasil wash to see how much of the membranes fouling is physically irreversible
and if the chemical wash would return flux to its initial value. Physically irreversible fouling
can be determined by difference in flux after water flushing and chemical cleaning. If the
flux returns to its original value before ultrasil wash no physically irreversible fouling is
present and if the flux doesn’t return to its original value even after ultrasil wash the fouling
is irrecoverable (Wang et al., 2014). When testing the effect of oxidation intensity, longer
16 hour oxidation seemed to be more effective at removing membranes polyamide layer with
the same 4400 ppmh oxidation dose, as seen on the left from the initial SWP values in Figure
15. All membranes beside 16 hour oxidized membrane’s flux had decreased after wastewater
filtration, but the increase of only 1 L/m?**h/bar is small. After Ultrasil wash three of the four
oxidized membranes returned to their initial flux while 16 hour oxidized membranes flux
increased even more. When washing more oxidized membranes Ultrasil wash seems to open
up membranes to even higher fluxes that were originally measured, this is mostly likely a

result of chemical washing opening up the membranes.

Fluxes in second filtration are not presented in Figure 15 since the membranes were ruined

at the end of the filtration due to oil leak and no fouling observation could be done. It is still
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important to note that the initial PWP for oxidized membranes in second run was much
higher than run 3, between 30-40 L/m**h/bar. Third filtration was the first run where
membranes were pressurized. The pressurization for this filtration was done at 6 bars for 30
minutes. Pressurization can be one of the factors besides different oxidation why PWP for
these membranes was much lower than in run two even though the oxidation dose was
higher. After filtration more open membranes experience higher flux declines besides twice
oxidized 25520 ppmh (6 h* 4400 ppm) membrane which had a slight increase in flux. When
observing flux behaviour for the third filtration we start to see how Ultrasil wash affects the
membranes. Since membranes were pressurized before filtration the Ultrasil washing caused
membranes to have higher flux after the washing. 25520 ppmh (6 h* 4400 ppm) membrane
was oxidized twice to have same initial flux with the 22000 ppmh (5 h* 4400 ppm)
membrane and it experienced the highest increase in flux we can assume that oxidizing

membrane twice has some affect in this.
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Figure 15  Permeance change before and after filtration and after Ultrasil wash. First run

SWP with 4400 ppmh oxidation (left) and third run PWP (right).

All membranes salt retention were measured in a cross-flow cell. MgSO4 retention can be
presented as a function of PWP (Figure 16) to determine how much membranes should be

oxidized to achieve desired salt retention. Small oxidation decreases membranes MgSO4
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retention a little from cleaned EoL membrane 90% retention. Membranes salt retention starts

to decrease fast dropping around 1.9% per 1 L/m?*h/bar flux increase.
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Figure 16 ~ 2000 ppm MgSO4 retention as a function of oxidized membranes PWP.

In first filtration run all oxidized membranes had similar MgSO4 retention values at all
measuring points (Figure 17). 16 hour oxidized membrane had a slightly higher flux and
lower salt retention compared to three other membranes. For all membranes salt retention
increased slightly after the filtration and decreased little bit less after the Ultrasil wash but
the changes are only couple of percentage points. MgSO4 retention for cleaned EoL
membranes is around 90% which means that the retention hasn’t decreased due to oxidation.
Second filtration run had the most open membranes of all the tests, unfortunately salt
retention could only be measured before the test. Compared to membranes used in previous

run, the oxidized membranes MgSO4 retention dropped around 25-35 % lower.

Salt retention tests for the third filtration start to have more variation due to higher oxidation.
Initially retentions are still quite high, near 90 % and one under 80 %. After the filtration
there is an increase of retention in all membranes, due to fouling. After the membranes are
cleaned with Ultrasil as the flux increased higher than it was even before filtration and the

salt retention also decreased significantly. 22000 ppmh (5 h* 4400 ppm) membrane is an
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exception here since its flux didn’t increase due to Ultrasil wash, the salt retention also stayed

the same.
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Figure 17 MgSO4 retention before and after filtration and after Ultrasil wash. First run
(left) and third run (right) at 5 bars and 25 °C.

7.3 Purity of the oxidized membrane filtrate

During the first wastewater filtration phosphorus concentration in feedwater was around 2.5
mg/1 for first two measuring points and 5.4 mg/1 at the last measuring point. Total phosphorus
concentration in oxidized membranes permeate samples stayed under the phosphorus limit
given in environmental permission (Figure 18). The retention for oxidized membranes
stayed between 98.3—99.3 %. For UPOOSP retention was 94.8 % in the beginning and
dropped to 89.5% at the end of the filtration.
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Figure 18  Phosphorus concentration in permeate samples during first filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater
according to environmental permit. Initial phosphorous concentration of 2.3

mg/l with recycled feed.

In the second filtration phosphorus content in the feed was around 2.5 mg/1 for the first two
samples and 3.6 mg/l for the last one. In the beginning P concentration in the permeate
samples was near the upper limit and the retention was 94-95%, but at the end P
concentration in the permeate increased 4-7.5 times higher and retention decreased between
81-57% (Figure 19). UPO10P P concentration in the permeate increased 2.7 times higher

during the filtration and the retention decreased from 88% to 68%.
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Figure 19  Phosphorus concentration in permeate samples during second filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater. Initial

phosphorous concentration of 2.5 mg/l with recycled feed.

For the third filtration phosphorus concentration in the first two datapoints was 4.2 mg/l and
for last one concentration was to 4.1 mg/l. Since the concentration stayed the same during
the whole filtration reduction in retention is easier to see from the Figure 20 and
concentration change couldn’t affect the change. For the first two datapoints P concentration
was almost under the limit in all permeate sample only 22000 ppmh (5 h* 4400 ppm) first
sample and 26400 ppmh (6 h* 4400 ppm) second sample were over the limit, but the
concentration was only 0.117 mg/l and 0.118 mg/1 respectively. At the end of the filtration
22000 ppmbh (5 h* 4400 ppm) membrane’s permeate samples were still under the given limit.
Other three oxidized membranes P concentration was over the limit, but 25520 ppmh (6,8
h* 4400 ppm) membrane was still near the maximum value. 22000 ppmh (5 h* 4400 ppm)
membrane’s retention was steady during the filtration varying between 98.8—97.2 %. The
other three membranes retention decreased between 2.5 and 5.4 percentage units. When
comparing the retention values to the fluxes less oxidized membranes seem to withstand
retention decreasing slightly better even though the fluxes were nearly the same. Commercial
membrane had initially the worst retention, but it’s retention didn’t decrease as significantly

as more oxidized membranes retention did.
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Figure 20  Phosphorus concentration in permeate samples during third filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater. Initial

phosphorous concentration of 2.4 mg/l with recycled feed.

Nitrogen concentration in permeate samples varied a lot in the first samples for the second
run and settled close to each other at the end of the run. N concentration in feed decreased
from 74 mg/1 to 58 mg/l, which could be a result of heterogenous feedwater since nitrogen
concentration stayed relatively steady during other tests. Reduction in nitrogen concentration
in wastewater would mean that even though some permeate sample concentrations were
similar to first samples the retention decreased on all membranes (Figure 21). Biggest
retention reduction was with membrane 15400 ppmh (1) (3,5 h* 4400 ppm) since it was only
one that had N concentration under the limit. 15400 ppmh (1) retention decreased from 73%
to 26%. The amount of dissolved Nitrogen was also measured for these samples. To
determine the amount of dissolved nitrogen, feed and permeate samples were filtrated
through 0.45 um filter and total nitrogen was measured again. The nitrogen in feed samples
were 95% dissolved nitrogen and permeate samples were 100%. Because membranes in this
test were the most porous it could be presumed that amount of dissolved nitrogen in all

permeate samples for oxidized and coated membranes is 100%.
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Figure 21  Nitrogen concentration in permeate samples during second filtration and
maximum 23 mg/l nitrogen concentration in outgoing wastewater. Initial

nitrogen concentration of 74 mg/l with recycled feed.

During the third run feed water nitrogen concentration stayed constant during the filtration
varying between 51.5- 54.1 mg/l. All oxidized membranes permeate fluxes’ nitrogen
concentration was belove the allowed value (Figure 22). Oxidized membranes retention

decreased slightly during the filtration, whereas for commercial GR81PP retention increased

slightly.
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Figure 22 Nitrogen concentration in permeate samples during third filtration and
maximum 23 mg/l nitrogen concentration in outgoing wastewater. Initial

nitrogen concentration of 51 mg/l with recycled feed.

Total organic carbon (TOC) concentration in the wastewater increased steadily during the
first filtration from 23 mg/l to 29 mg/l. Oxidized membranes TOC concentration stayed
steady during the filtration (Figure 23) and retention increased slightly due to changes in the
feed water. Commercial UPOOSP had initially very low retention and concentration in the
permeate was much higher than oxidized membranes permeate samples, but towards the end

of the filtration the retention increased, and all the membranes had a similar concentration.

COD concentration in the wastewater was around 205 mg/l in the second test and around
390 mg/l in the third test. Even with one of the lowest COD concentrations the incoming
wastewater, none of the membranes were close to be under the maximum allowed COD
concentration (Figure 24). Repeatability in this test was bad since both 15400 ppmh (1) and
16500 ppmh (1) membranes experienced significant increase in retention during the filtration
whereas their counterparts with same oxidation had constant retention during the whole

filtration.

For third filtration run COD concentrations in the permeates samples were under the
maximum value for three of the four oxidized membranes with all having concentration near

the 40 mg/I value (Figure 25). Toward the end of the experiment all oxidized membranes
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experienced a small reduction in retention value whereas the commercial membranes

retention increased while still being way over the allowed concentration.
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Figure 23  TOC concentration in permeate samples during first filtration. Initial TOC

concentration of 23 mg/l with recycled feed.
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Figure 24  COD concentration in permeate samples during second filtration and
maximum 40 mg/l COD concentration in outgoing wastewater. Initial COD

concentration of 236 mg/l with recycled feed.
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Figure 25  COD concentration in permeate samples during third filtration and maximum
40 mg/l COD concentration in outgoing wastewater. Initial COD concentration

of 395 mg/1 with recycled feed.

For the first filtration run membranes Cl retention percentage decreased with lower oxidation
intensity and correlates well with membranes PWP (Figure 26). Cleaned EoL RO
membranes used in the sixth filtration run had Cl retention of 93% and three of the four
oxidized membranes still have a good 73-85% retention toward these monovalent ions. For
the 16 hour oxidized membrane the retention decreased to 40-50% and the commercial UF

membrane had 0% ClI retention as could be expected.

Increased oxidation doze for the second filtration decreased the Cl retention and compared
to first run and retention value changes in a pattern for this run (Figure 27). In the first run
retention increased for the second measuring point for all oxidized membranes and decreased
little for the last measuring point. For the second run retention change looks like the flux
during the filtration increasing more between first two datapoints than between second and

third. 15400 ppmh (2) being the outlier having 0% retention in the second datapoint.

During the third run Cl retention is high despite the oxidation dose. In the beginning CI
retention is between 70-90 % and during the filtration the retention decreases through the
retention similarly to run 2, but still having a retention between 50-70% at the end (Figure

28).
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Figure 28  Chloride retention during third filtration. Initial chloride concentration of 54

mg/l with recycled feed.

7.4 Wastewater filtration with coated membranes

In the fourth filtration run three oxidized and coated membranes were compared to NF and
UF membranes. Two membranes with 6 bl have the same oxidation and one with 3 bl had a
smaller initial flux before coating resulting into similar final fluxes. In the beginning flux
differences were still big (Figure 29) with 3 bl membranes having a flux near 50 L/m?*h and
two commercial membranes fluxes being around 25, but after few hours of oxidation
difference in flux was under 10 L/m?**h. Coated membranes fluxes decreased rapidly in the
beginning of the filtration, due to higher initial flux. Near the end of the filtration all fluxes

were almost the same with coated membranes still having a bit higher flux.
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Figure 29  Flux change during fourth wastewater filtration at 4 bars and 17 °C with 0.82
m/s flow velocity.

For the fifth filtration run two coated membranes were compared to 15000 ppmh (3,4 h*
4400 ppm) oxidized membranes with similar flux and to one commercial UF membrane. In
the beginning of the filtration oxidized and coated membranes had roughly the same flux
and PT flux was slightly larger (Figure 30). PT flux decreased rapidly in first couple of hours
and for most of the run it had similar flux with oxidized membranes. Coated membranes flux
remained slightly higher compared to oxidized membranes for the whole filtration time,

showing that the oxidized and coated membranes were slightly less prone to fouling.
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Figure 30  Flux change during fifth wastewater filtration at 2 bars and 17 “C with 0.82
m/s flow velocity.

The sixth run was conducted with two washed EoL. membranes one coated membrane and
two NF membranes. The coated membrane used in this run had the same oxidation as the 3
bl membrane in the fourth run. Since EoL membranes also experience similar flux reduction
in cross-flow cell as oxidized membranes, this experiment was conducted under 7 bars to
ensure higher flux through the membrane. Due to high operation pressure, the flux change
in this run has the most variation between different membranes (Figure 31). NF270 flux
didn’t decrease for first five hours of the filtration, when in run four the flux decreased as
any other membrane would. NF270 flux was also slightly smaller compared to run four even
though the pressure is higher, this could be caused by higher pressurization pressure, and
membrane could react with the wastewater reversing the effects of the pressurization during
the filtration resulting in no flux decline. EoOL membranes flux was small at the beginning of
the run, which is why their flux didn’t change much during the filtration. 6 bl membrane had

the largest initial flux among all tests but it still fouled to the same level as all membranes.
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Figure 31  Flux change during sixth wastewater filtration at 7 bars and 17 °C with 0.82
m/s flow velocity.

PWP comparison before and after filtration for fourth run (Figure 32) shows that 3 bl
membrane fouled quite badly, but the Ultrasil wash returned the flux back to its initial value.
All other membranes also experienced some fouling, but not as bad as 3 bl membrane.
Ultrasil wash returned the flux to the pre filtration level for four of the membranes but for
NF 270 the flux increased to 50% higher than it was before filtration. This shows how the

pressurization packs the membranes and makes them less porous.

Comparing the pure water fluxes before and after filtration for the fifth filtration, it is clear
that the fouling on the coated membranes can mostly be cleaned by water. For PT and
oxidized membranes water flushing doesn’t restore the flux at the same level and Ultrasil
wash has a large effect on flux. After Ultrasil wash coated membranes’ flux is slightly higher
than before filtration and oxidized membranes fluxes are much higher than before filtration
which relates to the pressurization since coated membranes were already pressurized at the
end of the coating. PT membranes flux couldn’t be restored even near the pre filtration values

even with Ultrasil showing the amount of irrecoverable fouling.

For the sixth run, almost all membranes had minimal flux change before and after filtration
and after cleaning. One huge outlier in NF 270 which had a larger flux even after the

filtration. Since NF 270 flux increased after filtration the pressurization affect probably wore
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off during the wastewater filtration, or the membrane soaking time was too short. This would
also explain why its flux didn’t decrease at the beginning of the filtration. 6 bl membranes
flux decreased significantly during 24-hour filtration, but changing the wastewater to pure
water after the filtration we can see that most of the fouling was reversible. Ultrasil washed
restored coated membranes flux close to its original value and two EoL. membranes had the
same flux as before filtration. NFW had slightly higher flux than before and NF 270 had
over 2 times higher flux than before, but it was still way lower than its flux was after Ultrasil

wash in run four.
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Figure 32  Permeance before and after filtration and after Ultrasil wash. Fourth run (left),

fifth run (middle) and sixth run (right) at 25 °C.

For the fourth run MgSO4 retention stayed roughly the same before and after the filtration
and after cleaning (Figure 33). 3 bl membrane had slightly higher retention of 95 % than two
6 bl membrane having retention around 88 % even though it also has a higher flux. Higher
retention with fewer bilayer could be explained with problems in membrane coating
resulting into ununiform membrane top layer (Ouyang et al., 2019). NF 270 had slightly
smaller MgSO4 retention values 80% and UPOOSP has a retention of only 35 %.
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For the fifth run coated membranes MgSO4 retention stays around 92 % in all measuring
points. These membranes had the same oxidation than 6 bl membranes used in fourth run
but just fewer bilayers. Even though the amount of bilayers is smaller and the flux is higher
these membranes also have higher salt retention than 6 bl membranes. Oxidized membranes
show significantly higher salt retention values when fouled, which could be a result of
multiple different phenomena, such as decreased flux, cake formation and changes in
membrane surface properties. Cleaning these membranes with Ultrasil increased the flux

beyond the initial values and it also decreases the retention lower than it was before filtration.

For the sixth run coated 6 bl membrane had slightly higher MgSO4 retention than cleaned
EoL membranes but couple percentage lower than 3 bl membrane used in fourth run. NF
270 salt retention was around 10 percentage units less than in fourth run even though the
flux was much smaller. After the filtration NF 270 salt retention was at the same level as in
run four and after Ultrasil cleaning the retention was slightly higher. For other membranes
the MgSO4 retention stayed relatively same at all measuring points being slightly higher
after filtration and decreasing little after Ultrasil wash. Altogether oxidized membranes had
significantly higher increase in salt retention after wastewater filtration compared to coated
and commercial membranes used in the test. Commercial membranes UPOOSP and PT have
a PES surface whereas NFW and NF 270 have a PA surface, but these PA membranes are
also NF membranes whereas UF membranes have PES surface. It could be that the PA
surface with more porous membrane results in higher increase in salt retention when fouled

than more dense membranes.
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Figure 33  MgSO4 retention before and after filtration and after Ultrasil wash. Fourth run
(left), fifth run (middle) and sixth run (right) at 25 °C and 5 bars for runs 4 and

5 and 7 bars for run 6.

For NaCl retention values in run four 3 bl membrane and NF 270 were within nanofiltration
range (Figure 34) (Baker, 2012). Two 6 bl membranes NaCl retention didn’t change much
at different stages but 3 bl membrane had larger variation. The 3 bl membrane’s retention
was 8 percentage units’ higher retention when fouled, but it also returned near the original
value after cleaning. Commercial NF 270 NaCl retention increased around 50 % when fouled
being 12 percentage units higher than before filtration and Ultrasil wash dropped the

retention even lower than it was initially.

For the sixth run EoL. membrane are in RO category what comes to NaCl retention as could
be expected. 6 bl membrane is at the lower end of NF spectrum and the retention is 9
percentage units lower than 3 bl membrane used in fourth run. Salt retention between 3 bl
membrane used in run 4 and 6 bl membrane used in run five seems to have decreased despite
having the same oxidation and 3 bl having higher flux. All membranes have a higher
retention after filtration, but after cleaning there starts to be more variation EoL membranes
retention decreases slightly after cleaning and is near the initial value. 6 bl membranes
retention decreases slightly while still being higher than before filtration. NF 270 behaves
similarly to run four and the retention decreases significantly after cleaning dropping below

original value and NFW retention increases after Ultrasil wash.
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Figure 34 NaCl retention before and after filtration and after Ultrasil wash. Fourth run
(left), fifth run (middle) and sixth run (right) at 25 °C and 5 bars for run 4 and

7 bars for run 6.

7.5 Purity of the coated membrane filtrate

During fourth filtration phosphorus concentration in permeate was near the allowed value
given for outgoing wastewater in environmental permit, at the beginning with all three
coated membranes and with NF270 (Figure 35). After 5 hours P concentration had risen in
each permeate sample, but some membranes were still under allowed maximum value. At
the end of the filtration P concentration kept slightly rising in four of the five samples.
Second 6 bl membranes P concentration decreased between second and third sampling, but
since the neither 3 bl membrane nor the other 6 bl membranes showed no indication of

similar behaviour there is no certainty that the membrane retention increased.
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Figure 35  Phosphorus concentration in permeate samples during fourth filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater. Initial

phosphorus concentration of 4.1 mg/1 with recycled feed.

In the fifth filtration run first samples (Figure 36) show that permeate from the coated
membranes were just under maximum P concentration and oxidized membranes had slightly
higher P concentration. After five hours permeate from the oxidized and coated membranes
has slightly higher P concentration and P concentration is slightly over the limit. Commercial
PT had a slightly smaller P concentration at the second sample but in the third one
concentration had increased a lot. At the end of filtration coated and oxidized membranes P

concentration kept increasing but seemingly at a steady rate.
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Figure 36 Phosphorus concentration in permeate samples during fifth filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater. Initial

phosphorus concentration of 4.1 mg/1 with recycled feed.

Sixth run is the only run where P concentration stayed under the maximum allowed value
for the whole filtration (Figure 37). Between first and second samples there wasn’t a much
of a change in permeate concentrations and they were comfortably under the allowed
concentration. Toward the end of the filtration P concentration increased with four of the
five membrane and the closest membranes permeate P concentration was 83% of allowed
value. The other end-of-life membrane had constant P retention during the whole filtration
whereas the other one’s retention decreased between second and third sample. The
concentration is quite low which could explain the seemingly large variation. Interestingly
NF270 membrane which was also used in run for stayed under the allowed value even though
previously it exceeded the allowed concentration somewhere between second and third

sample.
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Figure 37  Phosphorus concentration in permeate samples during sixth filtration and
maximum 0.1 mg/l phosphorus concentration in outgoing wastewater. Initial

phosphorus concentration of 3.5 mg/l with recycled feed.

In the fourth run 6 bl membranes and UPOOSP retained a steady nitrogen retention for the
whole run, but the concentration was over the allowed value (Figure 38). 3 bl membrane and
NF 270 had N concentration under the maximum value at the first samples around 1 hour in
the filtration but after five hours their retention had decreased and allowed concentration was
exceeded. Between second and third samples NF 270 retention stayed the same and 3 bl

membranes increased slightly further.

For the fifth run N concentration was over the allowed value for all membrane in all samples
(Figure 39). The concentration and retention stayed steady during the filtration and the
concentrations were close the maximum value. Interestingly oxidized membranes had a
slightly higher N retention and performed better than coated membranes, although it has to
be noted that they also had slightly smaller fluxes. Even though the oxidized and coated
membranes were similar with N separation it is not the only studied component and coated

membranes have higher retention values with other components.

N concentration in the sixth run was also quite stable for the whole run (Figure 40). EoL
membranes retention stayed the same for the whole run and the two commercial and one
coated membrane experienced a slight decrease in retention. EoL. membranes N retention

was great, and the concentration was around 10% of the allowed value. 6 bl membranes
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retention was between NF270 and NFW. Permeate of the NFW started the be nearest of the

maximum allowed concentration at 21.6 mg/I.

Figure 38

Figure 39
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Figure 40  Nitrogen concentration in permeate samples during sixth filtration and
maximum 23 mg/l nitrogen concentration in outgoing wastewater. Initial

nitrogen concentration of 40 mg/l with recycled feed.

COD concentration was under the allowed value for all the coated membranes and NF270
at the beginning of the fourth filtration (Figure 41). At the end of the filtration these four
membranes still had similar concentration but now around the concentration limit. Only 3 bl
membrane was under the limit while the three others were slightly over. Commercial UF

UPOOS5P also experienced decrease in retention but the COD concentration was around 2

times higher than allowed.
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Figure 41  COD concentration in permeate samples during fourth filtration and maximum
40 mg/l COD concentration in outgoing wastewater. Initial COD concentration

of 300 mg/1 with recycled feed.

During the fifth run both oxidized and coated membrane samples were under the maximum
concentration (Figure 42). At the end of the run oxidized and coated membranes experienced
a small decrease in retention and COD concentration was over the limit. Commercial PT
membrane COD concentration was around 2.5 times higher than the allowed amount even

though it experienced a small increase in retention during the filtration.
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COD concentration in permeate samples during fifth filtration and maximum
40 mg/1 COD concentration in outgoing wastewater. Initial COD concentration

of 325 mg/1 with recycled feed.

Sixth run was an only run where were 100% COD retention were achieved (Figure 43). Both

EoL membranes had over 99% COD retention in first samples and 100% retention at the

end. Three other membranes had also significant retention values. Coated 6 bl membrane

had 100% retention in the beginning which decreased to 98.5% at the end. Both commercial

membranes had retention values between 96-98%. Once again when comparing NF 270

membranes behaviour in this run to run four there is a massive change. COD concentration

in the feed water was around 200 mg/1 in sixth run, whereas in forth run it was around 300

mg/l. This smaller concentration and higher pressurization and operation pressure resulted

in significantly higher retention values. These operating conditions could also have an effect

on other runs.
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Figure 43  COD concentration in permeate samples during sixth filtration and maximum
40 mg/l COD concentration in outgoing wastewater. Initial COD concentration

of 202 mg/1 with recycled feed.

In the fourth run only commercial NF 270 and 3 bl membranes showed ability to separate
chloride (Figure 44). Even though these to membranes could separate some chloride the
retention decreased during the filtration. 3 bl membrane retention decreased faster at the
beginning of the filtration and halved by the end, NF 270 retention decreased more steadily
and at the end it had decreased 39%.

Since 6 bl membranes couldn’t separate chloride in fourth run, same oxidation experienced
3 bl membrane couldn’t either in the fifth run (Figure 45). Yet oxidized membranes with the
same flux had ability to separate chloride meaning that the top polyamide layer was still

working.

In the sixth run EoL membranes have a steady chloride retention during the whole run around
93% (Figure 46). Coated 6 bl membrane had initial Cl retention of 19% which decreased to
13% at the end. Once again NF 270 seems to have better retention values compared to fourth
run. NF 270 has around 2 times higher retention value during the sixth run compared to ruin

four.
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8 Conclusions

The aim of this thesis was to recycle EoL RO membrane to be suitable for wastewater
treatment. Initial goals for regenerated membranes were to be more resilient towards fouling
than commercial membranes and being able to filtrate wastewater to the level that it could
be used in an actual wastewater treatment plant. Membrane was regenerated by cleaning it
with alkaline Ultrasil 110 cleaner followed by NaOCl oxidation and layer-by-layer
polyelectrolyte coating.

Membrane oxidation is more dependent on oxidation time than concentration resulting to
oxidation dose being unsuitable parameter for indicating effectiveness of the oxidation by
itself. Higher oxidation time is more effective with same oxidation dose compared short
oxidation. This could change when oxidation concentration is very small, but with high

enough concentration time is more important than the concentration.

Membrane oxidation resulted in fluxes around ultrafiltration category and after coating
membranes vary between ultra- and nanofiltration (Baker, 2012).. Oxidized membranes and

coated membranes usually have a higher flux compared to commercial membranes in the
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beginning of wastewater filtration even though in most cases they have overall better

retention values for observed components.

Comparison for fouling resilience is difficult to make since not all membranes had the same
flux during the filtration resulting to higher flux decrease with more open membranes. One
commercial membrane PT had slightly higher initial flux than two coated membranes
utilized in the same run. Higher initial flux often results into higher flux decline, but in this
case the commercial membranes flux decreased below the coated membrane which shows
that the coated membranes were more resilient to fouling in the run. For oxidized membrane
flux change before and after filtration cannot include the fluxes after Ultrasil wash since the
membranes open more than after pressurization. Since the flux doesn’t return to its initial
value after the filtration, we can determine that the water flushing isn’t enough to clean the
membranes and chemical washing is required. Coated membranes behave similarly, and the
flux doesn’t return to its initial value with water flushing, but Ultrasil wash return the flux

around to its initial value.

Comparison of the membrane fouling before and after filtration can include Ultrasil wash
only with coated membranes since oxidized membranes flux increases higher than before
filtration, which makes categorizing fouling impossible. The flux increase of oxidized
membranes is due to not pressurizing the membranes after Ultrasil wash since it opens up
the membranes. Coated membranes do not foul as bad as oxidized membranes, or the fouling
is easier to remove with water since their flux doesn’t decrease as much when comparing it

before and after the filtration.

Oxidized membranes have significantly higher MgSO4 retention values compared to the
studied commercial UF membranes while also having higher fluxes. Coated membranes had
always slightly higher fluxes than comparison membranes used in tests, and their MgSO4
retention was either higher or at the same level as commercial membranes. For NaCl
retention coated membranes performed similarly with commercial membranes, with some

membranes having slightly higher retention and some having slightly lower.

In terms of membrane coating, oxidation dose and the number of bilayers had significant
effects. Increasing the number of bilayers always decreased the flux through the membranes.

Even though higher number of bilayers decreased the flux membranes with 6 bilayers had
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consistently slightly smaller salt retention values compared to membranes with 3 bl with

same oxidation.

Operation conditions have a significant effect of membranes capabilities during the
wastewater filtration. NF 270 was used in two filtrations with different pressurization
pressures and operation pressures. More intense pressurization resulted into smaller flux and
higher salt retention capabilities. While operating at a higher-pressure NF 270 had a smaller

permeance during the filtration and had higher retentions.

In most runs both oxidized and coated membranes retention decreased for all measured
components further the filtration was continued, this is not due to feed recycling since most
concentrations in the feed tank stayed constant during the filtration. For most cases coated
membranes were able to reach maximum concentration value give for treated wastewater at
the beginning of the filtration but permeate concentrations raised over the limit during the

filtration.

When comparing coated membranes with similar flux, slightly less oxidized and less bilayers
produced more effective membranes for wastewater treatment. Oxidizing end of life
membrane 16 hours with 13120 ppmh dose and coating the membrane with three
polyelectrolyte multilayers resulted into a membrane which filtrate concentrations were
under environmental limits for released wastewater for all studied components during 24-
hour filtration. EoL membrane which were cleaned with Ultrasil did also manage to produce
water with desired purity but the flux of these membranes is low meaning utilizing these
membranes would require large separation area and higher energy consumption due to

higher pressure.

For future research it would be useful to see how the membranes perform after multiple uses.
Same analysis should be performed over multiple wastewater filtrations with Ultrasil wash

in between them to see if membrane behaviour changes after multiple uses.
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