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Abstract

This project concerns the synthesis and us-
age of 2D materials to produce photocatalytic
membranes for phenol abatement and separa-
tion. MXene and MnO, nanosheets were syn-
thesized and characterized by XRD, showing
similar diffractograms as found by others. Com-
mercially acquired graphene oxide (GO) and
TiO, were characterized by XRD as well. Pho-
tocatalytic degradation of phenol was investi-
gated using dispersions of GO, MXene, MnO,
and TiO, as catalysts. Only TiO, showed pho-
tocatalytic properties. Similar degradation ex-
periments showed that GO had better synergy
with TiO5 than MXene and MnO,. Membranes
were produced by vacuum filtration using either
cellulose acetate, nylon or PVDF filter as sup-
port membrane and using GO, MXene, MnO,
and TiO, as the active layer. The use of PVDF
resulted in the best adherence of active layer.
Membranes containing TiO, in the active layer
showed photocatalytic properties, but failed to
reject phenol during filtration. Using only GO
or MXene as the active layer yielded phenol re-
jections at 7.5% and 29.9%, respectively. The
obtained water flux was 5.06Lm~2bar 'h™" for
the GO membrane and 0.75Lm ™~ ?bar~*h~! for

the MXene membrane.

The content of this report is not freely available for use.
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Abbreviations

The following abbreviations are used throughout the report:

Abbreviation

Meaning

GO

Graphene Oxide

PVDF

Polyvinyledene fluoride

TMA-OH

Tetramethylammonium hydroxide

XRD

X-Ray diffraction

HPLC

High Pressure Liquid Chromatography

uv

Ultra violet

DI-water

Deionized water
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1 Introduction

Hundreds of millions of people currently lack access to clean drinking water, making the accessibility
a major global concern.[1][2]. Moreover, polluted wastewater causes major environmental issues due
to their harmful effects to various ecosystems [3]. One common and concerning pollutant is phenol,
which is toxic at low concentrations and has a low biodegradability [4][5]. Phenol is released to the
environment as a waste product from various industries such as refineries, petrochemical plants,
pharmaceuticals, plastics and paints. Both soil and groundwater is contaminated when phenol is
released to the environment. Thus, processes or treatments to remove phenol from wastewater are

required to minimize the environmental damages caused by discharging the wastewater [6][5].

Multiple methods and techniques have been used to remove phenol from wastewater. These are
commonly separated into three categories; chemical and biological removal and physical separation
[7][8]. Chemical removal uses additive compounds, such as Fenton reagents or ozone, to remove
phenol by chemical reactions, but can in some cases result in the formation of non-biodegradable
and toxic byproducts [9]. Phenol removal by biological means are often less effective compared to
chemical removal, as the biological processes tend to occur at a slower pace [3]. Physical separation
by membrane filtration has on the other hand shown promising results without any noteworthy
downsides [10]. Membrane filtration can produce clean water of high quality and at a high capacity
without use of additives [8]. However, traditional membrane filtration does not abate phenol, but
rather draws clean water from the wastewater, thus increasing the concentration of any pollutants

in the retentate stream.

Polymeric membranes are the dominating choice in the membrane separation industry, as they
provide good processability, easy usage and good separation performance while being cost-effective
[11]. However, polymeric membranes usually have an intrinsic trade-off between permeation and
selectivity. A highly selective polymeric membrane will often have a low permeation, while a low
selective membrane will have high permeation [12]. The use of 2D materials can be the key to
surpass this trade-off [11][13]. 2D materials are sheet materials, having a thickness of only one or
few atoms and a large lateral size. This sheet structure makes 2D materials depositable as ultra-
thin layers and the pore structure is, in many cases, highly controllable. Large pores promotes a
high permeation, whereas small pores promote a high selectivity. Moreover, water permeation is

inversely proportional to membrane thickness [14]. By depositing an ultra-thin layer of 2D material
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with an appropriate pore size for the targeted pollutant, it is possible to produce a membrane that
overcome the aforementioned intrinsic trade-off [15]. One of the most well-known 2D materials
used for membrane application is graphene oxide, which has shown great potential in the field of
membrane separation. In addition, graphene oxide membranes have great mechanical properties,
such as high strength and flexibility, and also exhibits a high chemical resistance. However, the
search for new 2D materials persists and other promising 2D materials have emerged, such as

MZXenes, MoS,, metal organic frameworks and others [14].

Recently, membrane filtration have been subjected to an additional functionality, as the use of
catalytic materials in a membrane-setting has been explored [16]. These membranes can both abate
pollutants by catalytic degradation and separate them physically. Catalytic membranes use either
thermal or photon energy to degrade pollutants in the wastewater stream, while simultaneously
producing clean water by membrane filtration [17]. Ultimately, this causes the catalytic membrane
to yield cleaner water in both retentate and permeate. In addition, the catalytic function can in
some cases help to reduce fouling of the membrane. Pollutant molecules near the active layer of the
membrane will undergo degradation and thereby reduce the size of the fouling layer that occurs at

the membrane surface [16].

Catalytic membranes usually consist of two or more components, where each component gives
a specific function to the membrane. For instance, a photocatalytic membrane consisting of 2D
graphene oxide and TiO, particles is utilising the sieve-like property from graphene oxide to reject
pollutant molecules, while TiO4 particles enables photocatalytic degradation of the pollutant, when

exposed to light of an appropriate wavelength [16].

In this work, photocatalytic membranes consisting of graphene oxide, MXene, MnO,-nanosheets
and TiO, will be fabricated by vacuum filtration. The goal is to investigate these materials sepa-
rately and in membrane application. In addition, these photocatalytic membranes will be evaluated
in regards to their abilities to degrade and separate phenol. In a larger perspective, this could help

in the design of future photocatalytic 2D membranes.
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2 Theory

2.1 Photocatalysis

Photocatalysis is a phenomenon where photon energy, in combination with a photocatalyst, is
used to drive a chemical reaction [18]. Two types of photocatalyses exist; either homogeneous
or heterogeneous. Homogeneous photocatalysis refers to the catalyst and reactant existing in
the same phase, whereas heterogeneous photocatalysis refers to a reaction between two separate
phases. In the case of water purification, heterogeneous photocatalysis is often utilized by having
a solid catalyst, such as TiO5 and a aqueous reactant, such as pollutants dissolved in wastewater
[19][18]. Solid photocatalysts for water purification are always semiconductors, often transition
metal oxides, that can absorb photon energy which results in excitation of electrons and the
simultaneous formation of electron holes. Semiconductors have void energy regions where no
energy levels are appropriate for the recombination of the electron-hole pairs. The void energy
region is the difference between the energy levels of the valence and conduction bands, also known
as the band-gap [20]. The band-gap of the photocatalyst needs to be equal to or lower than the
energy of the received photon to form electron-hole pairs [18]. The excited electron and electron
hole are reductive and oxidative, respectively, and these species can either recombine or migrate
to the surface of the photocatalyst. Migration to photocatalyst surface will in aqueous conditions
result in formation of reactive oxygen species, such as O, and OH®. O is formed from dissolved
O, being reduced by an excited electron from the conduction band and OH® is formed from
OH™ being oxidized from the electron hole in the valence band. These radicals will react with
organic pollutants causing them to undergo degradation. Another option for degradation is a
direct reduction or oxidation by the excited electron or electron hole when the organic pollutant

is adsorbed on the catalyst surface [21].

For TiO,, as shown in Figure 2.1, the band-gap is equal to 3.2 eV corresponding to light with
a wavelength of 387.5 nm (converted by Planck’s energy equation). This means that TiO, can
become photo activated by regular sunlight, as a portion of sunlight is equal to or higher energy

than the band-gap energy.
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Figure 2.1: Photocatalysis for TiO4 particle in aqueous medium. Modified from [20].

2.1.1 Photocatalytic degradation of phenol

Degradation of phenol by photocatalysis involves the formation of multiple intermediates before
complete mineralization of phenol is achieved. The degradation reaction takes place between the
radicals formed by photocatalysis and the phenol molecule. Here the electrophilic OH®*-radical
attacks the electron-rich ortho or para carbon atoms, leading to the formation of dihydroxycyclo-
hexadienyl (DCHD). Subsequently, DCHD undergoes further reactions with dissolved O, to yield
dihydroxy benzenes and *HO, radicals, before being completely mineralized to CO5 and H,0 [22].
The degradation process has several influencing parameters such as light intensity, phenol con-
centration, catalyst concentration, presence of oxidizing agents/electron donors and solution pH

[23)].

Light intensity has been reported to have an either linear or square root dependency on the
degradation reaction. Ollis and Pelizzetti [24] found that the degradation rate for organic pollutants
is proportional to the radiant flux up to a certain threshold. Exceeding the threshold causes the

degradation rate to follow the square root of the radiant flux instead e.g. a lower photocatalytic
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Figure 2.2: Degradation path for phenol during photocatalysis [22].

The concentration of phenol has shown to affect the degradation rate, with the tendency of a
low phenol concentration promoting a higher percentage-wise degradation. Adsorption on catalyst
surface increases at higher phenol concentration and the amount of radicals needed for degrada-
tion increases proportionally. However, the production of radicals is not related to the amount
of adsorbed species, which means that the relative number of formed radicals/adsorbed species

decreases and results in a decreased degradation percentage. [21].

Catalyst concentration is another parameter that has great influence on the process. Higher amount
of catalyst gives more sites for phenol adsorption and more sites for light harvesting which should
promote phenol adsorption and radical formation, both leading to faster degradation. However, this
is not the case due to several solution factors. Two of the factors are light scattering and screening
that occurs if the solution contains too many particles [21]. A too large amount of particles will
screen off the incoming light and scatter it, causing the amount of harvested light to decrease. In
addition, particle-to-particle interactions become more relevant at higher catalyst concentrations
and agglomeration is more likely to occur. Agglomeration of catalyst particles reduces the active

surface area and number of adsorption sites, yielding a lower catalytic efficiency. The amount of
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catalyst is subjected to a trade off between the rate increasing factors and the rate decreasing
factors. An optimum catalyst concentration can be found experimentally as it is also heavily based

on the experimental setup and conditions [25].

Presence of electron donor and acceptors plays a crucial role for the electron-hole recombination
rate. Recombination is predominant if no suitable donor or acceptor is present in the solution. The
general electron acceptor in heterogeneous photocatalysis is molecular oxygen, but is not restricted
to oxygen, as other oxidative species have shown greater impact on the radical generation rate and
thereby increasing degradation rate as well. For instance, HyO5 have shown to increase the hydroxyl

generation for TiO, particles leading to a higher degree of degradation [26].

Solution pH is another key parameter to control during photocatalysis. The pH of wastewaters
varies greatly and affects the dissolved species in regards to their protonation-state, solubility and
hydrophilicity. Some pollutants are more stable if they are present in a certain protonation-state
[26]. The catalyst is also greatly affected by solution pH as it affects the surface charge and the
size of formed agglomerates, which is directly related to the catalyst’s ability to adsorb organic
molecules [21]. The optimal pH level for photocatalysis is highly depending on the system and will
vary based on the present conditions. For the case of photocatalytic degradation of phenol using

TiO, as catalyst, Yuan et al. [27] reported that the optimal pH ranges were between 3-4 and 13-14.

2.2 2D materials

2D materials refer to a material where the crystalline lattice consists of a single or few layers of
atoms. These materials exist in nature, for example certain clay minerals, but are often synthesised
to obtain element specific materials. Several synthesis methods are reported in literature, but
two approaches are mainly used; top-down exfoliation or bottom-up synthesis [28]. Top-down
exfoliation involves the exfoliation of a layered material into a single sheet material by various
exfoliation methods. This is the case for the synthesis of graphene oxide by Hummer’s method,
where the parent graphite is broken into single sheets by exfoliation processes [29]. The bottom-
up synthesis does not involve an already existing material, but instead forms the material from

precursors, for example by chemical vapor deposition [28].
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2.2.1 Graphene oxide

Graphene oxide (GO) is one of the most well known and well researched 2D materials with a broad
range of application. GO has a one-atom-thick sheet structure with surface functional groups such
as epoxy, hydroxyl and carboxyl groups, as shown in Figure 2.3. The hydrophillic nature of the
surface groups makes GO easy to disperse in aqueous solution. However, the abundance and type
of surface groups can be altered by various means. For example, GO can be reduced chemically or

thermally to remove residual oxygen surface groups [30].

Figure 2.3: Representative structure of GO. The amount of surface groups varies based on the chosen synthesis

method.

GO is often synthesized by Hummer’s method [29] in which graphite is exposed to strong oxidation
reactions, ultimately breaking the graphite into single graphene oxide sheets. The method involves
the use of KMnO, and NaNQOj dissolved in concentrated Hy,SO, as oxidation agent and will result
in exfoliation of graphite within a few hours [29]. The original method has several flaws such as
low yield and formation of toxic gasses, and has been subjected to several improvements since its
discovery. For example, the use of NaNOs has been removed in some syntheses and instead been
replaced with a pre-oxidation step. Another example is an increase in the amount of KMnO, and
H5SO,. These improvements have resulted in a better synthesis route in terms of yield and safety

concerns [31] [32].

Page 7 of 43



2.2 2D materials Aalborg University

2.2.2 MnQO, nanosheets

MnO, nanosheets is a 2D material composed of a layer of manganese atoms sitting in the oc-
tahedral cavities between two layers of oxygen atoms, where each Mn-atom is coordinated to six
O-atoms [33]. MnO,-nanosheets have several special features such as a broad absorption spectrum,
negatively charged surface, good adsorption properties and degradation ability towards certain or-
ganic molecules. The use of MnO,-nanosheets has seen great interest in the field of biosensing and
biomedicine, due to the special features that MnOs-nanosheet exhibits. In addition, MnO, can
undergo degradation in the presence of oxidants, as Mn*" is an intermediate valence state of Mn,

making the material suited for drug transport [34].

Figure 2.4: Structure of a single MnO, sheet composed of one manganese layer and two oxygen layers [33].

2.2.3 MXene nanosheets

MXene is a relatively new type of 2D material, which has shown promising properties in relation
to membrane application [35]. MXene is a family name for materials that can be expressed as
M, X, Tx, where n can range from 1-3, M represents a early transition metal (Cr, Nb, Ti, V,
etc.), X represents either carbon or nitrogen and T, refers to functional groups, usually =0, —OH
and —F. The surface groups originates from the synthesis method where a direct or in-situ HF
solution is usually used to selectively etch the A layer of an existing MAX-phase material. The
A-layer in a MAX-phase material refers to a group of elements such as Al, Si, Sn, amongst others

[36].
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Layered Ti;AIC, Layered Ti3C;

Aluminum layers

Figure 2.5: Structural model of MAX-phase and MXene for TigALC,. Modified from [37].

In relation to membrane applications, MXenes have shown good properties such as excellent me-
chanical flexibility, thermal stability and antibacterial properties. In addition, both experimental
and theoretical studies have shown that MXenes has great potential for fabricating high-flux and
highly selective membranes [38]. Furthermore, MXenes has superior anti-swelling properties com-
pared to GO if intercalated, due to the high abundance of surface groups found in MXenes. The
surface groups promote a strong interaction between the intercalated ions and MXene sheets, thus

reducing ion exchange and hydration of the interlayer ions [35].

2.3 2D membranes

2D materials used for membrane application provides the membrane with two main mechanisms of
separation. One of the mechanisms is physical exclusion of molecules which is directly related to
the pore size of the material. Generally, two types of nanopores are found in 2D materials, either
nanoholes going through the 2D sheets or nanopores between the sheets e.g. the interlayer space
[11]. Figure 2.6 illustrates a 2D membrane, where both nanoholes and interlayer pores are shown.

The nanopores functions as a molecular sieve and the rejection of molecules is entirely based on the

Page 9 of 43



2.3 2D membranes Aalborg University

relative size between the molecules and the nanopores. Nanoholes through the sheets can either
exist as defects or be created by electron beam radiation, oxidative etching and plasma treatment
amongst others. Interlayer poresize is highly controllable and can be adjusted at Angstrom level
by inserting cations of different sizes into the interlayer of the material [11]. The other mechanism
affecting the separation and permeation properties of a 2D membrane is intermolecular interac-
tions between membrane material and the passing ions. Interactions such as hydrogen bonding,
electrostatic interactions, local dipole interactions and Van der Waals interactions have a large

influence on the membrane performance. [14]

Y

Figure 2.6: Structural representation of a 2D membrane. Both nanoholes and interlayer nanopores are present
in this model. The purple dots represent pollutant molecules and the yellow dots represent water molecules. The

arrows indicate fluid paths and entrance points. Modified from [11].

The use of 2D materials for membrane application has shown great potential, however, some
challenges still remain. One of these challenges is swelling of the 2D materials that occurs when
the 2D membrane is introduced to an aqueous environment [14]. Swelling is a phenomenon where
water or other molecules enter the interlayer space between the 2D sheets causing the interlayer
distance to increase. The molecules entering the interlayer can either hydrate or ion exchange
with the existing interlayer molecules. An increment in interlayer spacing will affect selectivity,
allowing more and bigger molecules to pass through the membrane and furthermore affect the
stability of the membrane. Even though the interlayer is highly controllable when fabricating the

membrane, it remains susceptible to swelling when applied in aqueous medium. A goal for future
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2D membranes is to reduce or eliminate the swelling effect which would lead to more stable and

selective membranes. [11]

2.3.1 Fabrication methods

2D Membranes can be fabricated by many different methods such as vacuum filtration, pressure
assisted filtration, spin coating, dip coating and drop casting. All the mentioned methods produce
thin 2D material layers and can easily be produced in a laboratory setting. Up-scaling can, on the
other hand, be a challenging task where some methods are more suited for industrial productions

than others. [39]
Vacuum filtration

Vacuum filtration is a simple method that involves passing a diluted dispersion of the 2D material
through a filter substrate. The 2D material will either form a removable free standing membrane
or stick to the filter through strong physical attachment caused by the vacuum pressure [39]. The
method is highly suited for fabrication of hybrid membranes as several components can be added

to the dispersion.

Pressurization

Vacuum

highly ordered Random
i loose)
____(laminate] . { o
20 layer S eeee—————— i_ﬁ..,_ifgp_..\ o
—— _":r' =Y Y e o
Substrate B |I . B ||
1 | |

Figure 2.7: Stacking order of pressure assisted filtration and vacuum filtration. Modified from [39].

For example, when making a catalytic membrane both catalyst, 2D material and a binding compo-
nent could be dispersed all together and further filtrated to form the hybrid membrane. Membrane

thickness is easy to control as it is based on the concentration of 2D material in the dispersion [40].
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However, thicker membranes takes longer time to prepare and may be less ordered in the upper
region, as the vacuum pressure is strongest at the surface of the substrate [41]. Another drawback

of the method is a high usage of solvents.
Pressure assisted filtration

Pressure assisted filtration is very similar to vacuum filtration and shares many of the same charac-
teristics. The main difference is that a positive pressure is applied to the dispersion that forces the
dispersion through the filter, as illustrated in Figure 2.7. A more ordered 2D layer is formed by this
method as the positive pressure is evenly distributed throughout the whole dispersion compared to
vacuum filtration, where the vacuum pressure is strongest at the surface of the substrate [42]. The
difference between an ordered and loose stacking is quite evident when examining the thickness of
the produced membrane. For example, Tsou et al. [42] reported a reduction in membrane thickness

from 384nm to 231nm, when comparing the two methods with similar GO dispersions.
Spin coating

Spin coating makes use of a rotating disc where a 2D material dispersion is added onto the disc
drop-wise. Centrifugal force from rotation causes the GO dispersion to align and spread evenly on
top of the disc. The method is widely used in a laboratory setting and has successfully produced
ultra-thin and well aligned GO coatings. GO membranes formed by this method has shown great
potential in both gas- and liquid separations. However, the method is only suited for smooth

substrate surfaces and flat shaped substrates. [39]
Dip coating

The fabrication method of dip coating is a very intuitive and simple method, and is suited for
a wide variety of substrate shapes. A substrate is immersed in a 2D material dispersion and
allowed to soak. The 2D material will attach onto the substrate surface and form a thin membrane
layer. The layer thickness can be controlled by a number of factors such as removal speed of the
substrate, dispersion concentration and operating temperature. In effort to form a well aligned and
uniform membrane layer, one must control the process carefully [39]. Zhang et al. [43] successfully
synthesized hollow fiber GO membranes by dip coating and found that the substrate’s removal
speed from the GO dispersion was extremely important in order to form a uniform membrane layer.

Another approach of ensuring a well aligned layer, is to functionalize the substrate beforehand
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making the 2D material bind to the substrate covalently [44].
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3 Materials & methods

3.1 Materials

The materials used in this work was either bought commercially or synthesized from commercially
available precursors. GO and TiO, were bought commercially, GO as 10% w/w paste in water and
TiO, as nano-sized powder. MnO, and MXene was synthesized from precursors. Table 3.1 shows

all chemicals and compounds used for this project.

Table 3.1: List of used chemicals and manufacturers.

Compound CAS-no. Manufacturer Purity Note

TiO, 13463-67-7  Sigma-Aldrich ~ >99.5% Mix of anatase and rutile (P25)
Graphene oxide - LayerOne 10% Aq. paste
TizAlC, 196506-01-1  Sigma-Aldrich >90% MAX-phase material
LiF 7789-24-4 Thermo fisher ~ 99.99% -

MnCl, - 4H,0 13446-34-9  Sigma-Aldrich >98% -
(CH3),N(OH) 75-59-2 Sigma-Aldrich 25% TMA-OH aq. solution
C¢H;OH 108-95-2 Merck >99% Phenol

H,0, 7722-84-1  VWR chemicals 33% -

HCI 7647-01-0  VWR chemicals 37% -

KH,PO, 7778-77-0  VWR chemicals  >99% -

3.1.1 Synthesis of MnO,-nanosheets

Manganese dioxide nanosheets were synthesised by a bottom-up room-temperature synthesis.
4.3mL of 25wt% tetramethylammonium hydroxide solution (TMA-OH), 13.7mL DI water and
2mL 30wt% Hy045 was mixed and added to 10mL 0.3M MnCly-H,O solution. An immediate color
change occurred when the two solutions were mixed, resulting in a dark brown solution. The solu-
tion was stirred for 36 hours, allowing the formation of MnO, particles. Finally, the solutions were
centrifuged at 8000rpm for 20min. The precipitate was collected and washed three times with DI

water and ethanol, separately.
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3.1.2 Synthesis of TizC,T, MXene

MXene nanosheets were synthesised from a commercially available MAX-phase material with the
molecular formula of TizAlC,. First, 1.6g LiF was slowly added to 20mL of 9M HCI in a teflon
container, followed by stirring until LiF was completely dissolved. The solution container was
placed in an ice bath and 1g TizAlC, was slowly and carefully added to the solution. An immediate
exothermic reaction occurred when the powder was added to the solution, which was suppressed
by being performed in an ice bath. The mixture was placed in a 55°C water bath and stirred for
48 hours, after the immediate exothermic reaction had occurred. Afterwards, the solution was
centrifuged at 5000rpm for 5min and the precipitate was collected and washed with 1M HCI to
remove excess LiF, followed by washing with DI water 8-10 times and until pH in the upper part
of the solution was between 5-6. The precipitate was then transferred to 100mL deaerated DI
water and sonicated for 2 hours in an ice bath. Both deaeration and sonication in ice was done
to prevent oxidation of the material. The dispersion was then centrifuged at 3500rpm for 30 min.

The supernatant was collected and freeze dried to obtain single- or few layered MXene.

3.1.3 2D material attached to TiO,

Powder samples containing a mix of TiO, and 2D materials were made to investigate the pho-
tocatalytic synergy between the materials. 0.5g of TiO, was dispersed in 25mL DI-water and
sonicated for 30min. 8mL of this dispersion was mixed with 1.6mL of 1000ppm GO, MnO, and
MXene dispersion, separately, to form dispersions containing 1% 2D material and 99% P25. The
2D dispersions were also sonicated for 30min prior to mixing with TiO, dispersion. The dispersions
were stirred for 1 hour before drying at 120°C in atmospheric air overnight. The obtained powders
were mortared and later used for photocatalytic tests. For the photocatalytic tests, 0.05g of each
powder was dispersed in 50 mL DI-water to make 1000ppm stock solutions, which were further

diluted to 100ppm catalyst in 20ppm phenol solution.
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3.2 Membrane fabrication

Membranes were fabricated using vacuum filtration method, see Figure 3.1 for the specific equip-
ment. Stock dispersions of 1000ppm GO, MXene, MnO, and TiO, were made in DI-water, sepa-
rately, and further diluted in 50mL dispersions used for membrane fabrication. The stock disper-
sions were sonicated for 1 hour before usage to promote a high degree of exfoliation. A typical
dispersion for membrane fabrication contained 2-4mg material in 50mL DI-water and was sonicated
for 30min prior to usage. Vacuum filtration were performed on PVDF, cellulose acetate and nylon
filters with pore size of 0.45um and 47mm in diameter. The PVDF and nylon filters were bought
from Frisenette and the cellulose acetate filter was bought from LabSolute. The filters serve as a
support layer for the membrane. When performing vacuum filtration, the vacuum was retained
for 30min after the solution had passed through the support to promote a strong physical attach-
ment between the active layer and the support. All membranes were dried at ambient conditions

overnight.

Vacuum filtration

Figure 3.1: Equipment for membrane fabrication and examples of the resulting membranes.

3.3 Photocatalytic testing of dispersions

The photocatalytic capacities of TiOy, MXene, GO and MnO,, dispersions were determined by mak-
ing 50mL dispersions containing 20ppm dissolved phenol and 100ppm dispersed material. These
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dispersions were transferred to a small reaction cell, see Figure 3.2. The quartz glass disc in the
cell lid had a diameter of 47mm. Initially, the cell was covered in aluminum foil to avoid any illu-
mination and the mixture was stirred for 60min to allow phenol adsorption on the particle surface.
The aluminum foil was then removed to allow illumination of the cell and was kept at a constant
temperature of 22°C by water cooling. Illumination was performed by a sun simulator calibrated
to deliver 125mV. The dispersions were stirred during the whole experiment and samples were
collected every 30min for a total time of 4 hours. All samples were analyzed by HPLC, using a
C18 column, an injection volume of 80pL, a flowrate of 1mL/min and a static eluent composition

of 70% 0.025M KH5PO, and 30% acetonitrile.

All 2D materials, TiO5 and the 2D material attached to TiO, were tested this way. In addition,

mixtures of 2D dispersion (17%) and TiO, dispersion (83%) were tested as well.

Figure 3.2: Equipment used for photocatalytic tests. Dispersions were added to the inner chamber, while the outer
chamber was used for watercooling. Light was applied to the dispersions through the quartz glass disc incorporated

in the lid.

3.4 Membrane filtration system

The equipment used to test membrane performance consisted of several different components,

including a pump, UV-detector, membrane cell, lamp and a scale. Moreover, the system was set
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up to provide a continuous cross-flow over the membrane surface. The whole system was highly
customizable and flow channels such as permeate and retentate could easily be closed off in order
to vary the operating conditions. Select parts of the system are shown in Figure 3.3. The light
source provides wavelengths corresponding to sunlight and could be calibrated to deliver a variable
intensity. For instance, the cell used for photocatalytic tests, Figure 3.2, has a different height
than the membrane cell, Figure 3.3, and the light source was therefore calibrated to deliver equal
intensities at different distances from the light source. The membrane cell was designed to fit a
circular membrane with a diameter of 47mm and to allow illumination through a quartz glass disc

at the active membrane area.

brane cell

Figure 3.3: Equipment used for membrane and photocatalytic testing. The metal casing ensured dark conditions

during experiments by blocking off any ambient sunlight and only allowing the light source to illuminate the cell.

A scheme of the complete setup is shown in Figure 3.4. The pump provided a constant flowrate of
5mL/min as well as an increase in pressure throughout the system. A pressure valve located after
the membrane cell ensured that the pressure inside the membrane cell was adjustable and was
further monitored by the pressure gauge. The light source was calibrated to deliver 125mV during
experiments. The absorbance value of the retentate was analyzed during filtration at a static
wavelength of 270nm. Permeate was collected during filtration and the mass flow was recorded.
Analysis of permeate samples were performed by HPLC, not included in the current system. The
pump, UV-detector and scale were all connected to a computer for both instrument control and

automatic data acquisition. Pump and UV-detector had model name Azura P4.1S and Azura UVD
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2.1S, respectively, and both instruments were produced by KNAUER.

Light source

Computer for data collection

Permeate flow

Pressure gauge

Scale Q Pressure valve
Retentate flow > — 3bar® P— atm

A Feed container \ 4

Membrane cell

uv «
detector

P =atm

:

Figure 3.4: Scheme of the complete membrane filtration system.

P = 3bar

Pump

3.4.1 Photocatalytic testing of membranes

Photocatalytic tests of the membranes were conducted to evaluate the photocatalytic properties
of the materials when assembled in a membrane setting. The membranes were inserted in the
membrane cell shown in Figure 3.3. However, the permeate flow was closed off allowing the feed
solution to flow over the membrane for an extended time period. Additionally, the feed concentra-
tion and volume was not affected by permeation processes, thus isolating the photocatalytic effect
of the membrane. The feed solution was 250mL of 20ppm phenol and was circulating over the
membrane for 18hours, where the first 2 hours were in dark conditions. Simulated sunlight was

applied after 2 hours and retained for the remaining 16 hours.

3.4.2 Membrane filtration

Filtration was performed in the membrane filtration system by inserting the membrane in the

membrane cell, while having the feed solution flowing over the membrane for a variable time
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and at a constant flow rate of 5.0mL/min. The permeate was collected and permeate flow was
measured. Retentate was lead back into the feed container, as shown in Figure 3.4 The pressure
in the membrane cell was kept constant at 3bar. Simulated sunlight was applied after 1 hour
for membranes containing TiO,, illuminating the membrane through the quartz glass disc. All
filtration tests were measured during steady-state conditions, by flushing the system with the feed
solution before initiating the experiments. The membrane was not exposed to sunlight during the

flushing period, in order to deny photocatalysis and maintain original feed solution concentration.
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4 Results & Discussion

4.1 Characterization of materials

4.1.1 XRD phase analysis

XRD diffractograms of the materials used for membrane fabrication are shown in Figure 4.1.
The TiO4 sample contains a mixture of anatase and rutile, which corresponds to the typical P25
composition [45]. The GO sample shows a large reflection around ~ 12°, indicating exfoliated GO
[30]. The synthesized MXene shows a large reflection at ~ 6°, corresponding to the exfoliated
MZXene product [43]. Some of the original MAX-phase material still remains in the sample. A
broad peak is present at = 9° in the synthesized MnO, sample, showing a similar diffractogram to
the one found by Kai et al. [46] who identified the mineral to be monolayered or few layered MnO,

sheets.

Powder XRD of membrane components
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Figure 4.1: XRD diffractograms of the raw materials used for membrane fabrication. A corresponds to anatase.

R corresponds to rutile.
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The 1% 2D / 99% TiO, materials all show diffractograms similar to pure TiO,, Figure 4.2, with
the exception of a small increase in the 5-15°area, which corresponds to the basal-reflections of the
2D materials (see Appendix 1 for a zoomed version of the 5-15°area). However, no other differences

are observed, most likely due to the very small amount of 2D material compared to TiO,.

Powder XRD of 1% 2D-material / 99% TiO,

1% MnO5

WMo N ome Al
1% MXene

NL:L N A Al

1% GO

M N oM A

TiO,

Intensity (A.U.)

5 10 15 20 25 30 3% 40 45 80 55 & 6 70
26 (%)

Figure 4.2: XRD diffractograms of the mixed 2D/TiO, materials.

4.2 Photocatalytic performance of dispersions

Photocatalytic performance of all used materials were investigated to highlight their ability to
degrade phenol. The relative degradation of phenol (C/Cy) over time is shown in Figure 4.3 for

the various raw materials. Moreover, photolytic degradation of phenol is included as well.

Photolytic degradation of phenol in the absence of a catalyst showed a small reduction in con-
centration in the examined time span, degrading 0.5% of the total phenol content during 3 hours
of illumination. For the case of the raw materials neither GO and MXene showed any sign of
photocatalytic or adsorption behaviour, as the phenol concentration was more or less unchanged
throughout the entirety of each experiment. MnO, did however show strong adsorption properties

as the phenol concentration in solution decreased by ~~ 7.5% during dark conditions. The concen-

Page 22 of 43



4.2 Photocatalytic performance of dispersions Aalborg University
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Figure 4.3: Photocatalytic degradation of phenol by raw materials used in this work. Phenol starting concentra-
tion was &~ 20ppm and catalyst loading was 100ppm in 50mL solutions. No illumination was applied in the first 60

minutes (dark). Illumination was applied at 60 minutes (light).

tration kept decreasing during light condition which could mean two things; either that the material
exhibits photocatalytic properties or that the adsorption equilibrium had not been reached within
the first hour in dark conditions. TiO, show great photocatalytic properties, degrading roughly
25% of the total phenol content during 3 hours of illumination. Dispersions containing 17% 2D ma-
terial and 83% TiO, all showed photocatalytic properties, but at a decreased efficiency compared
to TiO, alone. Figures 4.4 (a) and (b) shows the phenol evolution for 17% and 1% dispersions,
respectively. The dispersion containing MnQO, displayed the lowest efficiency, while MXene and
GO dispersions showed a better photocatalytic efficiency. A reason why all dispersions showed
worse efficiency than pure TiO, could be due to the 2D materials obscuring the incoming light, as
they heavily impact the turbidity and color of the solutions. Even formation of foam was observed
for the MXene/TiO, dispersion, which would screen off the incoming light. For the MnO,/TiO4
dispersion it was further observed that visible agglomerates formed during the experiment. Forma-
tion of agglomerates reduce the available surface area, leading to a reduction in the photocatalytic
performance. The 1%-2D/TiO, materials displayed better photocatalytic properties compared to
their 17% counterparts, but did not yield improvements compared to pure TiOy. The 1% materials
share the same tendency as observed in the 17% mixtures, where the addition of 1% MnO, yields

the worst photocatalyst, followed by 1% MXene and then 1% GO.
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Figure 4.4: Photocatalytic degradation of 20 ppm phenol in 50mL 100ppm catalyst solution. (a) shows dispersions
of 2D material and TiO4 mixed in 20 ppm phenol. (b) shows the attached 2D/TiO, materials.
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Figure 4.5: First-order reaction regression lines for degradation during illumination.

The 1%GO/TiO, material did decrease the phenol concentration more than pure TiO,, but is most
likely caused by an improved adsorption capability as a large phenol reduction happened in dark
conditions. The improved adsorption properties are unexpected, as GO by itself did not show signs

of any adsorption, see Figure 4.3. In contrast, pure MnO, showed great adsorption capabilities for
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phenol, but no improvement in adsorption was observed in the 1%MnO,/TiO, setting compared

to pure TiO,.

All degradation experiments showed first-order reaction kinetics for the periods where illumination
were applied. Figure 4.5 shows the first-order reaction representation of the various degradation
experiments. The kinetic rate constants are listed in Table 4.1. From the rate constants, it is
highly evident that pure TiO, is the better photocatalyst by a large margin, as the rate constant
is ~ 20% larger than the 1%GO rate constant, which was the second best photocatalyst in this
work. However, several researchers [47] report a positive synergistic effect on the photocatalytic

capacity when mixing TiO, and GO, but was not achieved with the current conditions.

Table 4.1: Table of first order kinetic constants for phenol degradation. All degradation experiments contained
100ppm material and 20ppm phenol in 50mL DI-water. Degradation percentages reported here exclude the drop in

phenol concentration during dark conditions.

Content Rate constant [s71] Degradation after 3h illumination [%]
Photolysis —0.77 % 10~* 0.18
TiO, —14.10 x 1074 23.9
17% GO + 83% TiO, —7.79%1074 13.5
17% MnO, + 83% TiO, ~1.3%1074 3.1
17% MXene + 83% TiO, 624 %104 11.6
1% GO + 99% TiO, 1177 %1074 20.2
1% MnO, + 99% TiO, ~8.00% 1074 14.4
1% MXene + 99% TiO, —9.44 %1074 16.0
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4.3 Membrane characterization

Membranes fabricated in this work showed very different appearances based on the type of support
used. Using cellulose acetate support yielded poor adhesion between membrane material and the
filter, where the membrane material would be flushed off during filtration or fall off when touched.
Nylon filters had better adhesion, but produced membranes with very non-uniform appearances.
Figure 4.6 shows some of the produced membranes and how the membrane material stuck to the

support.

MXene on nylon

GO on cellulose acetate GOITiO; on cellulose acetate

MXene/TiO, on nylon

Figure 4.6: Pictures of cellulose acetate and nylon membranes.

PVDF did on the other hand show good adhesion and uniform appearance for GO and MXene,
but did show a very poor uniformity for MnO,. However, PVDF was the choice of support for the
membranes reported in this work, as both cellulose acetate and nylon supports were considered

worse options. Figure 4.7 shows membranes using PVDF supports.

MnQ, on PVDF MXene on PVDF GO on PVDF

—

Figure 4.7: Pictures of PVDF membranes.
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4.3.1 XRD analysis of membranes and supports

XRD analysis of the produced membranes, see Figure 4.8, show that the basal-reflection for both
MXene and MnO, change when vacuum filtered on top of the filter support. The basal-reflection
in the GO membrane did not change significantly. Reflections originating from the support filter
are also apparent in all the samples. The shift in interlayer spacing observed for the MXene sample
indicate that the material is further exfoliated when sonicated before vacuum filtration. Further-
more, the material retains a narrow basal-reflection, indicating an ordered stacking structure. The
GO-membrane has a very small shift for the basal-reflection, indicating that the material retains
its original interlayer distance when applied in a membrane. The MnO, membrane do not show a
distinct peak for the original basal-reflection found in the powdered sample, but instead shows two
regions around ~7° and ~14°. This could indicate that the MnO, nanoparticles assembles in a
more random stacking structure compared to the MXene and GO. When inspecting the appearance
of the produced membranes, it is easily noticed that the MXene and GO membranes have uniform
and smooth surfaces, whereas the MnO, membranes show a very non-uniform surface with several

bumps and varying color nuances.

XRD of 2D membranes

2mg MXene membrane|

................ ]

2mg GO membrane

Intensity (A.U.)

2mg MnC; membrane
s s ittt e e

PVDF support

] 10 15 20 25 30 35 40 45 50 55 60 65 T
26 (%)

Figure 4.8: XRD measurement of 2D membranes. The red dotted line shows a powder/flake sample of the

corresponding 2D material.
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XRD of 2D/TiO, membranes
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Figure 4.9: XRD measurement of 2D/TiO, membranes. The red dotted line shows a powder/flake sample of the

corresponding 2D material.

Table 4.2: Basal-spacings for materials used for membrane fabrication and the resulting membranes. (*) has two

domains that could stem from the original basal-reflection.

Basal-spacing [A]

Raw material

Basal-spacing [A] Basal-spacing [A]

2mg membrane 2mg + 2mg TiO, membrane

GO 7.53
MXene 11.93
MnO, 9.60

7.70 7.77
14.53 13.24
13.75 and 7.33 (*) 7.56

Membranes consisting of both 2D material and TiO, are shown in Figure 4.9 and reveals that the

addition of TiO4 reduce the intensity of the basal-reflections for all membrane types. Moreover,

the presence of the support filter and TiO, is apparent in every sample.

Table 4.2 shows the

basal-spacings for the various materials and membranes. The basal-spacing for GO remains more

or less unchanged when applied tog

ether with TiO, for membrane application. Basal-spacing for

MXene decreases in the presence of TiO,, which indicates that the TiO, particles have strong

intermolecular interactions with th

e MXene material and constricts the sheets closer together.
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However, the basal-reflection for the MXene/TiO, membrane is much broader and less intensive
than for the pure MXene membrane, which indicate a more unordered structure. Comparing the
pure MnO, and the MnQO,/TiO, membranes it can further be seen that the reflection around
~ 7°is not present in the MnO,/TiO, membrane. This observation can be explained by TiO,
intercalation promoting a higher stacking order than MnO, alone. Additionally, the appearance of

the MnO,/TiO, was visibly improved in regards to uniformity and surface smoothness.

4.3.2 Contact angle

Contact angle for the used supports and some select membranes were measured. The contact angle
was found for a DI-water droplet and relates to the hydrophilicity of the membranes. Almost all
supports and membranes showed a fast absorption of the water droplet and each contact angle
reported here corresponds to the contact angle found after 0.5s of droplet-to-surface contact. Table

4.3 contains an overview of the measured contact angles for the supports and membranes.

Table 4.3: Contact angles measured for support filters and membranes.

Membrane content Support type Contact angle at 0.5s [°]
No coating PVDF 32.79

No coating Nylon 29.61

No coating Cellulose acetate 45.19

2mg GO PVDF 69.80

2mg MXene PVDF 25.51

2mg MnO, PVDF Droplet absorbed too fast
2mg GO + 2mg TiO, PVDF Membrane bent when wetted
2mg MXene + 2mg TiO, PVDF 13.91

2mg MnO, + 2mg TiO, PVDF 11.01

The contact angles were in some cases not measurable as the membrane would absorb the water too
quickly which caused the membrane to bend upwards, yielding an uneven surface and a misleading

contact angle. This was the case for both the MnO, membrane and the GO/TiO, membrane.

The support filters show a varying degree of hydrophilicity, where the celloluse acetate filter is the

most hydrophobic followed by PVDF and then nylon. This is highly correlated to the type and
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abundance of surface groups present in each type of support filter. The GO/PVDF membrane yields
a more hydrophobic surface, raising the contact angle of PVDF from 32° to 70°. This indicates a
lower amount of hydrophilic surface groups in GO than in PVDF alone. The MXene active layer
did, however, yield a much lower contact angle at 26° when coated on a PVDF support filter,
indicating more hydrophilic surface groups present in MXene than in GO. The MnO, membrane
absorbed the water droplet before 0.5s had passed, showing an even higher hydrophillicity than
MXene. Membranes consisting of both 2D material and TiO4 show very low contact angles at 14°
and 11° for MXene/TiO5 and MnO,/TiO,, respectively. The low contact angles measured for the
membranes partly consisting of TiO, are highly related to -OH surface group that are dominating
the TiO, surface. The GO/TiO, membrane started to bend upwards when introduced to the water

droplet, which could be a consequence of swelling behaviour in the active layer.

2mg GO PVDF membrane PVDF support filter 2mg MXene PVDF membrane

27‘

70.30°

Figure 4.10: Some select pictures of contact angle measurements on membrane and support surface.
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4.4 Membrane performance

The performance of the produced membranes have been divided into two separate sections, as
several challenging issues occurred during the actual experiments. The initial objective was to
measure photocatalytic degradation, permeation and selectivity all at the same time. However,
the photocatalytic degradation proved to be extremely slow in the current membrane system.
Moreover, the flux proved to be extremely high for the photocatalytic membranes. A small feed
volume would be required to effectively assess the photocatalytic properties of the membrane, but
a large feed volume would be needed to make the experiment last for an appropriate amount of
time. The measurements of permeation and photocatalytic degradation were therefore separated.
The permeate path was closed off when photocatalysis were measured and light was not applied

when permeation and selectivity was measured.

4.4.1 Photocatalytic degradation

Photocatalytic degradation of some select membranes were performed over the course of 18hours
with the permeate channel closed off. The samples were analyzed by both HPLC and the UV
detector connected to the membrane system (see Figure 3.4). However, the two different analysis
methods showed contradictory results, even though both instruments measured the absorbance at
270nm, Figure 4.11 and Table 4.4. The UV detector recorded a steady increase in absorbance for
all membranes during the entire illumination period, whereas samples measured by HPLC showed a
decrease in concentration. A most likely reason for the observed difference is leeching of membrane
material into the feed solution. Suspended particles would absorb and scatter light in the UV
detector and result in an increase in absorbance. Samples for HPLC analysis were passed through
a 0.45um syringe filter during sampling, thus removing any leeched membrane material from the

sample. Moreover, only phenol was detected at 270nm in the HPLC analysis.

HPLC analyses revealed that phenol can be degraded by the membranes, but only to a small
degree. During the 18 hour experiment, 8.6% of the 20ppm 250mL phenol solution was degraded
when using the Img GO and 3mg TiO, membrane. Membranes containing only 1mg TiO, and
3mg 2D material showed much lower degradation percentages, ranging from 2.3% to 2.8%. This
indicates a relation between the amount of TiO, and degradation percentage. A larger amount of

TiO, is able to harvest more of the incoming light and form more radicals that can participate in
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the degradation reaction. In addition, a larger available TiO, surface area would provides more
sites for phenol adsorption, also leading to a more efficient photocatalytic process. Degradation
with membranes containing 3mg 2D material and 1mg TiO,, show that MXene/TiO, yields the
highest degradation amount. This could indicate a better band-gap synergy between MXene and
TiO, compared to GO and MnO,, however, this was not observed for the 1% 2D + 99% TiO,
materials when performing photocatalyticdegradation using dispersions. A more thorough study

of MXene and TiO, in a membrane setting is needed to confirm the indication of band-gap synergy.

Photocatalytic membrane tests
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——3mg GO + 1mg Ti02
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Figure 4.11: Absorbance evolution of the retentate stream measured by the UV detector connected to the

filtration system. All measurements show the absorbance evolution starting at 0 mAU.

Table 4.4: Degradation of 20ppm phenol measured by HPLC compared to absorbance measured by UV detector.

(*) 50mL feed solution for this membrane, whereas 250 mL feed were used for other membranes.

Membrane content Degradation at 18h [%] A Absorbance at 18h [mAU]
Measured by HPLC Measured by UV-detector

3mg GO + 1mg TiO, 2.3 92

3mg MnO, + 1mg TiO, 2.3 78

3mg MXene + 1mg TiO, 2.8 101

1mg GO + 3mg TiO, 8.6 46

2mg MXene + 2mg TiO, (*) 8.8 171
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4.4.2 Permeation and selectivity

In general, most of the membranes produced in this work suffered from having very low rejection of
phenol and a very high flux. A high flux is normally a good and sought-after property, however, for
the current membrane filtration system a too high flux lead to several issues. One issue was that
in the current cross-flow system, many membranes had such a high flux that the entire feed flow
of 5mL/min passed the membrane. No pressure increase could be applied to the membrane cell as
a consequence. Moreover, the permeability of those membrane could not be calculated accurately.
Membranes that exhibited either too high permeation (>5mL/min) or too low rejection (<5%)
have been excluded from this report. For instance, all membranes containing MnO, as 2D material

did show too high permeation, where all the feed solution passed the membrane.

40
35 A
30 1 2mg GO PVDF
25 -
=)
£ 20 -
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O
g 15 ~
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2mg MXene PVDF
5 _—/—’_——'—f—_‘—_
0
0 1 2 3 4
Time (h)

Figure 4.12: Mass flow during membrane filtration for 2mg GO and 2mg MXene PVDF membranes.

In addition to the very high fluxes, most MnO, membranes showed poor rejection of phenol and,
in some cases, did not reject any phenol. Membranes consisting of either 2mg GO or 2mg MXene
as the only component in the active layer showed the best performances, rejecting 7.5% and 29.9%

phenol, respectively. The flux for the 2mg GO membrane was 5.06Lm~2bar *h ™! and the flux from
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the 2mg MXene membrane was 0.75Lm~2bar~*h™!. The MXene membrane performs much better
than the GO membrane in terms of rejecting phenol, but provides a much lower water flux. The
differences between the two membranes can be related to the pore structure of each material, where
the MXene material must to have smaller pores than GO. However, XRD analysis showed a larger
interlayer distance for the MXene membrane compared to the GO membrane, where interlayer
distance corresponds to interlayer pore size. Thus, a higher permeation and lower rejection was
expected for the MXene membrane. A possible cause that explains this observation is swelling of
the GO membrane that would increase the interlayer pore size, thus increasing water permeation
and reducing selectivity. However, further analyses would be required to confirm this posibility.
Microscopic cracks and defects could also explain the poor rejection of the GO membrane, as
presence of these would increase permeation and reduce selectivity. Defects and cracks would also
help to explain the extremely high fluxes for the excluded membranes, where the entire feed passed
through the membrane. Additionally, this would also explain why the excluded membranes only

rejected a very minimal amount of phenol.
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5 Conclusion

Photocatalytic degradation of phenol using a TiO, dispersion was proven possible, resulting in a
24% decrease in phenol concentration when degrading 20 ppm phenol with 100 ppm TiO, in 50 mL
DI-water. Degradation was determined to follow first order reaction kinetics. Moreover, addition
of 2D material to the TiO, dispersion during photocatalytic degradation, showed that GO had
better synergy with TiO, compared to MXene and MnQO,, but did not improve the photocatalytic

degradation.

Membranes containing GO, MXene, MnO, and TiO5 were successfully produced by vacuum fil-
tration method, using PVDF filter as support. Deposition on the membrane surface affected the
interlayer spacing for MXene and MnO,, but not for GO. Contact angle measurements showed
that the GO membrane surface had the lowest hydrophilicity follow by MXene and then MnO,.

2D /TiO5 membranes showed small contact angles due to the presence of TiO,.

A fully functional experimental filtration system was assembled and installed, but did show issues
in regards to membrane leeching that would lead to inaccurate absorbance measurements. Phenol
was successfully degraded by a membrane in a cross-flow filtration system by using a membrane
containing both 2D material and TiO, in the active layer. The degradation rate was much lower
for the membrane compared to degradation using dispersions. The amount of TiO, was found to
heavily affect the degradation rate for membrane degradation, showing an increased degradation
percentage at higher TiO, content. A membrane consisting of only MXene showed the highest
phenol rejection reported at 29.9% and flux at 0.75Lm~2bar 'h™'. A similar GO membrane
showed rejection at 7.5% and flux at 5.06Lm~2bar~*h~'. The usage of MnO, as membrane material

did not prove feasible in this work.
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Powder XRD of 1% 2D-material / 99% TiO,
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Figure A.1: XRD diffractograms of the mixed 2D/TiO, materials zoomed in on the 5-15° area using a moving

average of 10 data points.
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