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Abstract
Ceramic membranes are chemically, thermally and mechanically stable materials
with well controlled pore size distribution which could be promising potential
candidates for numerous applications, ranging from liquid filtration to membrane
distillation, pervaporation and gas separation. Metal oxides such as alumina, titania,
zirconia and silica are the main materials for ceramic membranes preparation. These
materials have an intrinsic hydrophilic character due to the hydroxyl groups on their
surface, leading to preferential and rapid water penetration in the membranes pore
structure. This makes them unsuitable for some applications like membrane distillation
or gas absorption in membrane contactors. For this reason, a number of different
methods have been proposed to turn hydrophilic ceramic membranes to hydrophobic.
This study focuses on the silane grafting method via two different techniques, i.e.
immersion and chemical vapor deposition (CVD). In both techniques, grafting occurs
through surface reactions between the hydroxyl groups found in the membrane and the
Si–O–alkyl groups of the silane. The immersion technique is the most widely used due
to its simplicity, while the CVD technique is a promising potential and in-principle
more precise and controllable alternative which has not been widely assessed.
The proposed hydrophobic modification methods were applied on different types
of tubular ceramic membranes, i.e. Al2O3 (mean pore size ~70nm), ZrO2 (mean pore
size ~4nm) and TiO2 (mean pore size ~2nm). A thorough literature search for potential
candidate silane agents, suitable for hydrophobic treatment, was conducted. The
hexyltrimethoxysilane (C9H22O3Si) was identified by our group as a potential costeffective alternative (about an order of magnitude lower cost) to 1H,1H,2H,2Hperfluorodecyltriethoxysilane, which is considered the “gold standard” in the literature.
The grafting procedure included an initial membrane pre-conditioning stage (same for
both methods), where the ceramic membranes were thoroughly washed with distilled
water and ethanol and then dried overnight at 110°C. Grafting solutions (0.1 M) for the
immersion method were prepared by dissolving an appropriate amount of
hexyltrimethoxysilane in chloroform (stabilized by 1% ethanol). The membranes were
placed in a sealed volumetric cylinder, filled with the grafting solution for 6h and then
dried overnight at 110°C. In the case of the CVD method, the membranes were placed
in a sealed membrane cell and the hexyltrimethoxysilane (stabilized by 1% ethanol)
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was placed in a bubbler. Bubbler and membrane cell temperatures were set at 60 oC and
N2 was used as carrier gas to transfer silane vapors to the membrane for 6h. Then the
membrane was dried at 110°C under N2 for 6h. The efficacy of both methods was
evaluated by water contact angle measurements and confirmed by monitoring the gas
pressure needed for bubbles formation in the water, in a gas-liquid membrane contactor
setup.
Before membrane modification, all water contact angle measurements were well
below 90o and the water droplet rapidly penetrated in the membrane porous structure.
Moreover, in the gas-liquid membrane contactor setup, water penetrated in the
membrane pores and no gas bubbles could be observed for gas overpressures up to 6
bars (the upper limit of the used setup). With the exception of alumina membranes
modified with the immersion method, both methods proved effective to produce
hydrophobic membranes (water contact angle >90o and stable water droplet in the
membrane surface). However, the CVD method seems to provide the best results. The
hydrophobic character of modified membranes was also confirmed in the gas-liquid
membrane contactor set-up where only a slight gas overpressure (~0.2 bar) was
adequate to observe gas bubbles forming in the liquid phase.
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1.

Introduction

Global emissions of Greenhouse Gases (GHG) have been increasing over the
past years and now are far above of the 1990 levels. The greatest concern to climate
change is these emissions and especially CO2 as the main representative of GHGs. It is
estimated that the released amount of CO2 should be reduced by 20% to meet the
climate and energy targets (Europa, 2020). In December 2012, at Doha Amendment
climate change conference, 192 members agreed to this reduction commitment. This
cumulative effort is the 2nd commitment period of the Kyoto Protocol and aims to an
environmentally sustainable future. It was found that fossil fuel-based power plants are
responsible for the greatest portion of GHG emissions. However, significant
contributions to the carbon emissions are also coming from the transport sector,
manufacturing sector, mainly cement, steel, glass, paper and fertilizers industry and
many other anthropogenic activities.
Considering that there is a continuous effort to develop methods for mitigating
climate change. Carbon Capture and Utilisation (CCU) is expected to play an important
role in meeting the global warming targets set by Paris Agreement. (IPCC, 2014). It is
well-known that a variety of technologies have been proposed for capture, transport and
utilisation of CO2 (Bui et al.,2018).
CCU started to attract interest because it can convert CO2 emissions into
valuable products. This utilisation of CO2 is both environmentally and economically
beneficial because it can provide potential climate change mitigation and an attractive
revenue stream. The conversion of CO2 has the distinct advantage to provide a secure
supply of fuels and chemicals even though is an energy intensive process (SAPEA,
2018). The magnitude of the role that CCU might play in climate change mitigation is
not completely clarified because of the innovative nature of materials that are being
involved and the extensive R&D activities, which actually began in the last decade.
In the present transitory situation, CCU is an option with limited industrial
penetration. However, it is an illustration of maximizing productivity through resource
efficiency and reducing waste, as it acts like a steppingstone towards to a circular
economy model. It has to be emphasized that the avoidance of any carbon leakage can
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be ensured only by managing the carbon flows on a life cycle basis. This means that all
the energy and materials used in the system must be fully decarbonized (SAPEA).
Since the 2nd Word War, it has not been noticed a decline in energy demand
such as during the Covid-19 pandemic. The reduction in fossil fuels is also remarkable
and some indicative sectors are coal, natural gas and oil. The 300 Mtoe fall in coal
demand, 170Mtoe for gas and over 400Mtoe for oil are the largest projected reduction
in the contemporary history (IEA,2020). Despite the increase in residential demand,
CO2 related emissions are still the lowest because of the reduction in commercial and
industrial operations. The lockdowns achieved a general decrease in global energy
related CO2 emissions. On one hand, this had a beneficial environmental aspect but on
the other hand this fall in energy demands indicates a worldwide economic crisis.
Despite the fact that the Covid-19 crisis declined the emissions levels, the need for
environmentally sustainable ways to cover the energy demands is still a major
importance issue.
For the needs of this report, the preceding discussion of CCU technologies
focuses on post-combustion CO2 capture, as the first part of CCU route. There is a
strong call for efficient capture technologies which can be partially accomplished by
three approaches, namely absorption, adsorption and membranes. Chemical absorption
has been utilized in post-combustion capture for decades especially in natural gas
treatment plants. In fact, in May 2017 Switzerland started to operate the first
commercially direct air capture plant. Adsorption is also a mature process, although
mainly for different applications, where the greatest R&D efforts focus on synthesis of
improved adsorbents with higher working capacity for CO2, better selectivity and
tolerance to impurities. Carbons, aluminas, silicas and zeolities are some of the
conventional absorbents while some of the new ones are metal organic frameworks,
hydrotalcites, amine supported adsorbents, polymers, high temperature metal oxides.
The main advantage of this process is that it can be retrofitted to any power plant and
covers a wide range of temperatures and pressures. (Bui et al., 2018). The last approach
for post-combustion capture is membrane technology which offers plenty of
advantages, like showing high efficiency in energy consumption (Ahmad et al., 2015).
Another beneficial aspect of using ceramic membranes is their capability of various
processes in integrated systems. The high stability, the environmental safety of
processes, the comparative ease and simplicity of controlling and the unique functional
8

flexibility are some of the advantages of the post-combustion capture through ceramic
membranes (Bazhenov et al.,2016). Membrane processes are at the center of current
debate in scientific community. Their promising abilities to meet requirements for net
reductions in GHG emissions is the core of this dissertation. The fact that one device
includes several separation methods makes it possible to retain benefits of membrane
technology, such as small size and flexibility (Bazhenov et al.,2016).
The last few years hybrid processes, combining the advantages of two or more
distinct technologies have been also proposed. To this end, a highly debated issue is the
membrane contactors. They form a new path to better exploit separation processes like
gas absorption. Their reduced volume of equipment and their improved performance
are some of their promising characteristics. CO2 absorption in membrane contactors
take place at an immobilized gas-liquid interphase at the membrane’s pore mouth with
the gas and the liquid phases flowing on the opposite side of the membrane, without
mixing each other (Li et al., 2005). The most important part is that in a membrane
contactor there is a combination of the benefits of a membrane and a phase contacting
process like gas absorption. Consequently, the result is a flexible and efficient device
with a limited volume and weight, combined with a high selectivity and a high driving
force for transport even at very low concentrations (Klaassen et al., 2005). For instance,
CO2 removal can be achieved with a membrane contactor as a gas absorption process
where the gas stream is brought effectively into contact with an absorption liquid in the
membrane contactor. According to Klaassen et al. the essential element in the
membrane gas absorption process is a microporous hydrophobic hollow fibre
membrane. This fact justifies the importance of a proper membrane treatment to exempt
from its hydrophilic character and become hydrophobic.
It must be also noted that hydrophobic treatment is not only necessary for
preparing ceramic membranes for membrane gas absorption processes but also in other
membrane applications. The first one is membrane distillation (MD) which is a nonisothermal membrane separation process. It is applied in liquid separation process like
desalination or water reuse after the wastewater treatment. The driving force in this
procedure is the vapor pressure difference across the membrane. The MD is divided
into direct contact membrane distillation (DCMD) and air gap membrane distillation.
In DCMD the hot solution is in direct contact with the surface side of membrane.
Consequently, the vapors are transported across the membrane to the permeate side and
condensed in the cold permeate inside the membrane module. In AGMD the hot
9

solution is in direct contact with the membrane surface on the permeate side where gas
layer exists between the membrane and the cold condensation surface located in the
membrane module (Kujawa et al., 2014).
This study focus on the development and evaluation of methods to effectively
convert hydrophilic ceramic membranes to hydrophobic.
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2.

Literature review

2.1. Ceramic Membranes
A historical overview of how ceramic membranes started to exist is essential at
this part. They started to occur a century ago, but they attracted more scientific
interested at the second half of 20th century. In 1980, the first industrial applications
with porous ceramic membranes were ultrafiltration (mean pore size 2-50 nm) and
microfiltration (mean pore size >50nm). Nowadays microporous ceramic membranes
(pore size ~1nm) are also available in the market. This kind of membranes are suitable
for gas separation, nanofiltration and pervaporation.
Ceramic membranes are the permselective barriers which act like sieves (Li,
2007), (Harun Z. et al., 2014). There is a whole range of materials that are used to
produce them. The majority of ceramic membranes is comprised of materials made of
metallic and non-metallic elements such as titania (TiO4), zirconia (ZrO2), alumina
(AlO3) and silica (SiO2) or mixtures of these metal oxides. In general, ceramic
membranes can be classified into two main categories. The first one is porous where
the pore size influences the separation mechanisms of membranes. In 1966, Finnigan
and Hanley fabricated the employment of these membranes. Later, they are used for
microfiltration and ultrafiltration applications. The second category is dense
membranes where gaseous applications is their only utilization.
As their definition declares, ceramic membranes separate purified and
concentrated streams out of a mixture. If the separation is performed for purification
purposes, the permeate stream is the final product and the retentate stream is the byproduct. In the case of concentrated streams, the retentate stream is the product and the
permeate is the by-product. Ceramics are generally known for their high chemical and
thermal stability. Alumina, zirconia and titania are recognized for their potential
chemical stability. This stability is influenced by the membrane’s pore structure.
In a study of ceramic membranes, a reference to the advantages and
disadvantages of this separation process should not be omitted. The main effective
aspect is their thermal stability which refers to an over 200oC functionality. Another
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one is the long-time operational stability. In other words, ceramic membranes perform
no ageing and in a life cycle basis that means cost effectiveness. There could be a long
list of this process benefits, but the last that should be mentioned is the mechanical
stability under large pressure gradients. To be more specific, the flux can surpass the
500 l/m2 h. The membrane morphology gives significant impacts but also has some
less beneficial aspects. An illustration of them could be the costly supporting systems
to achieve brittleness and the complicated sealing at high temperatures.
As mentioned earlier, these permselective barriers have been widely employed
in many membranes processes such as microfiltration, ultrafiltration, nanofiltration,
reverse osmosis, gas separation vapour permeation, pervaporation, electrodialysis,
dialysis and membrane distillation. With the exception of membrane distillation where
the driving force is temperature difference, all the other separations use pressure.

2.2. Hydrophobic treatment

2.2.1. Immersion
The most widely used hydrophobization method in literature is immersion. It is
a simple and fast procedure, where the ceramic membrane is immersed directly into a
reactive organosilane solution and then rinsed with the solvent to remove any excess
organosilane. (Ahmad et al., 2015) The reactive substituents in silane molecules such
as halogen and alcohoxy groups are converted to OH groups.
It is important to be mentioned that silane agent could have one, two or three
silanol species. The difference between them appears to be in molecular density of
hydrophobic layer on the membranes which in the single -Si-OH is very low compared
to two or three -Si-OH which often form hydrophobic complexes. The excess Si-OH of
the chemisorbed silane on the membrane surface forms further links with the adjacent
silane molecules through Si-O-Si bond. Consequently, the chemisorbed molecules
attack each other and become closely packed and eventually they form a thin and
uniform film. Intermolecular interaction and chemical bonding are the result of the
strong immobilization of the molecules on the substrate, which render the hydrophobic
surface both mechanically and chemically stable. The effectiveness of the immersion
12

method mainly depends on the concentration of the organosilane and the amount of
hydroxyl group on the membrane surface.

Picture 1: Immersion method

Despite the many beneficial aspects of this fast and simple process there is a
major drawback. The costly silane agent that is used to prepare the solution where the
membrane will be immersed. To overcome this obstacle, an extensive research for the
specific silane concentration which can optimize the results is proposed. Another factor
that should be examined carefully is the time that the membrane has to be immersed to
achieve the maximum reaction between the silane and hydroxyl group on the ceramic
membrane surface. According to Kujawski (Kujawski, 2016) there are some specific
conditions that influence the effectiveness of the immersion method. One of them is the
preparation of membranes before they sink into the solution. A proper preparation
defines as first step rinsing with water and ethanol and then their drying in oven at a
specific temperature. After these fundamental steps, the ceramic membranes are ready
to be immersed into the solution.

2.2.2. CVD
Chemical vapor deposition (CVD) is a technology which exists since 1940.
Over the last few decades, this technology has been developed for preparing or
modifying high-performance materials such as hollow fibre ceramic membranes. It is
well known that CVD has been developed in scientific literature by many researchers.
13

A common and practical definition is that CVD is a complex process of depositing solid
materials at a high temperature as a result of chemical reaction (Xu et al., 2010). It is
widely used for the production of thin film coatings on the surfaces. Consequently, is a
process where a thin film is deposited onto a substrate through chemical reactions of
the gaseous species at around 1000oC. These reactions occur at atomic level and hence
the deposition can be very fine as it is comprised of thin layers on the surface.

Picture 2: Chemical vapor deposition method

This method enumerates plenty of benefits for depositing thin film coatings on
the surfaces. It is a promising potential and in-principle more precise and controllable
alternative. First of all, it leads to the good conformality in terms of thickness of the
coating because it is a non-line-of-sight process. Secondly, is a flexible method which
can be applied to the majority of chemicals including silanes. Up to now, around 70%
of elements in the periodic table have been deposited by this technique. (Xu et al.,
2010). Thirdly, this method can adjust the deposition rate according to the needs of each
material. For instance, ceramic membranes in order to become more hydrophobic they
need a thin film coating which can be achieved by a low deposition rate. Another
advantageous aspect is that the equipment can be adapted to many process variations.
This flexibility allows many changes during the deposition.
A simpler alternative of the conventional CVD method, at very benign process
conditions, can be applied to supply silane vapours to the membrane surface where
grafting will take place. In the case of ceramic membranes, the silane vapor reacts with
the hydroxyl group on the surface in a similar way to the immersion method. The main
difference between immersion and this method is the amount of required silane agent
14

used, which is substantial lower in the case of CVD method. Moreover, the CVD allows
the effective treatment of complex membrane surfaces. Finally it also provides a simple
option to treat only the selective membrane layer and not the whole membrane.
To the best of our knowledge, a comparison between these two approaches
applied for membrane hydrophobization would be useful in terms of production costs,
energy consumption, process duration, hydrophobic layer stability and membrane
structure. The first aspect that has been examined is the cost where the immersion
method is far more costly because higher quantity of solvent is typically required. Also,
CVD method involves very small amount not only of solvent but also of silane agent.
The second aspect is the energy that is consumed during each process. As the required
temperature for drying the membranes is around 100oC and the required temperature to
vaporize silane is around 120 oC but CVD also involves drying, the immersion method
seems to be less energy demanding. Although CVD has higher energy consumption, it
is a faster procedure which demands less time for the creation of the hydrophobic
coating in the membrane surface. As long as the stability of the hydrophobicity, studies
indicate that immersion method do not perform any changes up to100 days and although
it has not been proved yet it is believed that CVD method has a similar stability. Last
but not least, the membranes structure after the immersion method performs
insignificant changes compared to slight structural changes in size and shape after CVD
is applied.

2.3. Membrane contactors
Concerning the climate change and the global warming, the capture of carbon
dioxide has gained a great interest. In many industrial areas, the mitigation of CO2
emissions is a main concern and effective solutions started to occur. A remarkable effort
is the membrane- based separation technology. Although, this technology is not so
popular among the CO2 capture technologies, it is proved as an efficient solution. It has
been reported that up to 2017 there were 35,434 patents on CO2 capture technologies
consisting of approximately 32.4% (11,463 patents) on chemical separation, 29.8%
(10,550 patents) on absorption, 21.9% (350 patents) on adsorption, 7.8% (2749 patents)
on membrane system, 6.3% (2242 patents) on rectification-condensation, and 1.9%
(687 patents) on biological separation (Míguez et al., 2018). The fewer patents on
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membrane systems were likely due to the relatively fewer materials that have been
investigated and developed for CO2 capture.
The last two decades, the number of publications in membrane gas separation
process is rapidly increased, which indicates that membrane technologies have been
applied in a variety of industrial sectors. Their features attract more interest in the postcombustion capture, where notable milestones are reported. Undoubtedly, many
improvements are required in order to achieve the maximum performance such as a
higher rate of CO2 production with some modifications in membrane selectivity and
durability.
A remarkable application if this separation technology are the membrane
contactors. Membrane contractors are emerging separation mechanisms for gas/liquid
and liquid/liquid mass transfer. They mainly are hollow fiber modules as it is depicted
in Picture 3. Their improved performance offers a significant decline to equipment
volume required for gas absorption by more than twenty times.

Picture 3: Commercial hollow fibre membrane contactor (Reed et al., 1995)

Membrane contactors have many advantages over traditional technologies, but
three of them are standing out. The first one refers to a higher supply surface area per
volume which accelerates the mass transfer through the membrane. The interfacial area
for mass transfer in a membrane contactor is the membrane area (Kumar et al., 2002).
The more interfacial area is provided between phases, the more effective the contactor
becomes with limited required size. For membranes, the typical values for surface area
per volume is 500-2000 ft-1. It is important to be mentioned that hollow-fibre contactors
are influenced by the fibre diameter by an inversely proportional way, where the
contactor’s volume increases when the hollow fibre diameter decreases. The second
benefit is the complete loading. This means that the aforementioned area can be
accomplished even with lower flux rates. The third is the avoidance or the reduction for
required solvent. The aforementioned advantages describe the fact that the membrane
provides a fixed interfacial area which is independent of fluid mechanics, thus flooding
16

is eliminated, and high capacity occurs. Although membrane contactors offer these
advantages, there be an essential drawback occurs when the resistance in membrane
pores is less than the rest resistances. In membrane contactors there is an additional
resistance which comes from the membrane. Although this resistance can usually be
negligible, sometimes can increase the sum of the overall resistance to mass transfer.
Provided that the core of this thesis is the gas separation, the discussion of the
membrane contactors is focused on this specific process. A porous membrane in a
contactor module, acts like a barrier between the gas and the liquid phase without
imparting any additional selectivity to the separation process. There is a dictated
equilibrium quantified by the Henry’s law constant for gas/ liquid separation
mechanisms. It is also noticeable that membranes contactors do not only decline the
size and the cost of required equipment but also decrease the complexity of the whole
process. This operational flexibility is due to the absence of interpenetration of the
phases in the contactor. It has already reported that microporous hollow fibre modules
provide a larger area per volume which allows a potential faster mass transfer. This
offers a competitive advantage over conventional gas absorption modules such as
packed towers which at high flows will flood.
In pursuit of preventive measures against the greenhouse effect cause by CO2
emissions, many studies on post- combustion capture have been carried out. By
employing these modules for gas separation process in industrial scale, a reduction in
greenhouse gases could be achieved. Currently, there are plenty of applications under
development which use ceramic membranes for CO2 removal on a large-scale. This
technology followed by long- term CO2 storage can become an essential element in a
greenhouse gas abatement policy. These emissions can be selectively removed using
commercially available absorption processes and conventional equipment. The
drawback is that these technologies are costly and energy intensive (Feron et al., 2002).
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2.4. Water Contact Angle
The most widely used method to examine the effectiveness of ceramic
membranes’ hydrophobic treatment is by measuring the membrane’s water contact
angle.

The measurement of contact angle is a simple method to quantify the

hydrophobicity/ hydrophilicity of the membrane surface (Abdulhameed et al., 2017).
It has been proved that this evaluation of the degree of hydrophobicity indicates the
wettability of a solid surface by a liquid. In addition, contact angle measurements are
suitable for material surface analysis related to absorption.
It is one of the most essential parts for the ceramic membranes to be used in the
membrane contactor process to perform high hydrophobicity. This enhances the
absorption performance and minimizes the mass transfer resistance. It has already been
mentioned that the hydrophobicity level can be quantified by contact angle
measurements. Contact angle of the surface modified ceramic membranes depends on
many parameters such as solution (e.g., silane) concentration, grafting time and the
amount of -OH group on the original membrane surface. It has been observed that when
the grafting method is efficient, the permeabilities are decreased after the surface
hydrophobic treatment. This fact indicates an increase in contact angle measurements.
According to Zhao et al. (Zhao et al., 2005) a contact angle of 90o could be used as a
criterion for distinguishing between hydrophobic and hydrophilic surfaces. In other
words, if the contact angle is higher than 90o, the membrane is considered to be
hydrophobic and if it is below 90o it is a hydrophilic surface.
There are numerous studies where the contact angle measurement is the applied
technique for the estimation of the hydrophobicity. There are several experimental
processes that determined the surface wettability by developing new methods or
applying the well-known.
Rafat et al. (Rafat et al., 2003) modified a contact angle goniometer for the
characterization of polyethersulfone-polymide hollow fibre membranes. The hollow
fibers were partially immersed in the test liquid which was distilled water and then the
meniscus was monitored by the goniometer equipped with an optical camera (Khulbe
et al., 2003). Rafat et al., (Rafat et al., 2004) in February 2004, developed a goniometer
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in a laboratory by combining a wetometer with an NRL C.A. goniometer in an effort of
surface characterization of hollow fiber membranes used in artificial kidney.
Zhang et al. (Zhang et al., 2010) developed an experiment for the contact angle
measurement of the outer surface where part of the fibre was submerged into the water
and the mass changed with time recorded, allowing the mass reduction arising from
surface tension effects to be determined. Assuming the evaporation rate is constant at
room temperature (20oC), the intercept of the change in mass with time (t=0 when the
fibre is immersed in water) is the mass reduction resulting from the surface tension. For
the contact angle measurement of the inner surface, part of the hollow fibre was encased
in a clear cylinder, and high vacuum grease used to seal the clearance between the fibre
and the cylinder. The fibre was slowly submerged into the water and the height
difference between the top of the fibre and water surface recorded when water first
protruded from the top of the fibre as it is shown in the Picture 4. The experiments were
repeated four times.

Picture 4: Contact angle measurement of the inner follow fibre surface.

Aba et al. examined microstructural stability and nanofiltration performance in
a study of graphene oxide membranes on ceramic hollow fibers. The contact angles of
water, methanol and acetone on graphene oxide membranes were measured using a
drop shape analyzer (Aba et al., 2015). In September 2016, porous polyvinylidene
fluoride (PVDF) tri-bore hollow fiber membranes with super-hydrophobicity are
developed for membrane distillation application. Lu et al. measured the dynamic water
contact angle of a hollow fibre membrane by using a KSV Sigma 701 tensiometer (Aba
et al., 2015).
Le et al. (Le et al., 2017) measured the contact angles of the substrates in the
wet state through the captive bubble method with a contact angle goniometer. An air
19

bubble was injected from a syringe with a stainless-steel needle onto the samples
surface under water. The needle remaining inside the bubble, advancing and receding
angle measurements were made with a goniometer fitted with a tilting stage by stepwise
withdrawing and adding air.
Abdulmunem et al. (Abdulmunem et al., 2017) in a CO2 capture research,
employed a method where the contact angle was measured at the outer surface of the
hollow fibre by the sessile drop technique using a goniometer. A droplet of distilled
water was deposited vertically down at various points of the outer surface and the
change in the image was monitored by a high-resolution camera as it is shown in the
Picture 5.

Picture 5: The comparison in water droplet position on the grafted and non-grafted
membranes.

Mahmoudi et al. (Mahmoudi et al.,2017) demonstrated that a peptoid with 2methoxyethyl side chains that was immobilized on polysulfone hollow fiber
membranes to prevent protein fouling. Static contact angles were determined by using
the sessile drop method. Briefly, a 1 μL deionized water drop was formed at the tip of
a needle and lowered to the fiber surface. The contact angle was calculated using
DataPhysics SCA software. Contact angles were measured 10 times across the fiber
surface at ambient laboratory conditions (25 °C and 50% relative humidity) as it is
depicted in Picture 6.

Picture 6: The comparison of contact angles for hydrophilic and hydrophobic surfaces.

Brozova et al. (Brozova et al., 2018), in March 2018, determined the dynamic
contact angle by using the Wilhelmy method. This method is based on immersing a
20

sample in liquid and then removing it. 23 Contact angles can be defined as advancing
or receding. The advancing contact angle is determined when a probe is immersed in
the liquid and the receding angle is defined during the removal from the liquid. This
method is used for measuring samples which are not hollow in order to avoid the impact
of forces inside a hollow sample. To achieve this, the inlets of the test fibres were
blocked with wax. The start of the process involves hanging a sample on a balance. The
sample was then immersed, and force measurements began when the sample reached
the liquid’s surface.
Hubadillah et al. (Hubadillah et al., 2018) have been working on a work in green
silica-based ceramic hollow fiber membrane for seawater desalination via direct contact
membrane distillation which was evaluated for hydrophobicity through contact angle
measurements. The contact angle of the outer surface of CHFM was measured using a
contact angle goniometer (Model: OCA 15EC, Dataphysics) by the sessile drop method
with 2 µL of distilled water. At least five independent measurements were made at
different spots of each sample.
Li et al. carried out a novel polyamide/TiO2 composite of membranes that were
fabricated by interfacial polymerization of polyethyleneimine and trimesoyl chloride
on TiO2-sol-modified ceramic hollow fibre microfiltration substrates. To investigate
the surface wettability the dynamic contact angle measurements were conducted using
a drop shape analysis system (JC2000A, Shanghai Zhongcheng Digital Equipment Co.
Ltd., China) and they were utilized to characterize the chemical structures and
morphologies of the prepared membranes (Li et al., 2018).
Li and others have been working on polyvinylidene fluoride hollow fibers with
interpenetrating network morphologies were fabricated via complex thermally induced
phase separation by integration of non-solvent induced phase separation and thermally
induced phase separation at 80°C and then tested in membrane distillation. The water
contact angle values of the PVDF hollow fiber membrane were measured at room
temperature with the sessile drop method on a Contact Angle Goniometer (DSA100,
KRUSS, Germany), using an optical system to capture the profile of 2 μL droplets on
the membrane surface for contact angle measurements. For each sample, the average
contact angle value was obtained from five replicates (Li et al., 2019).
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3. Experimental part
3.1. Materials
In this study, tubular ceramic membranes with 10/7 mm outer/inner diameter
and 25 mm in length were employed as starting materials. The hydrophobic
modification methods were applied on different types of tubular ceramic membranes,
i.e. Al2O3 (mean pore size ~70nm), ZrO2 (mean pore size ~4nm) and TiO2 (mean pore
size ~1nm), procured from Inopor GmbH and TiO2 (mean pore size ~4nm) produced
from Tami Industries as are shown in Table 1.
Table 1: Commercial membrane materials
Producer

Membrane
material

Pore size
(nm)

Inopor®
Inopor®
Inopor®
Pervatech
TAMI

α-Al2O3
ZrO2
TiO2
TiO2
TiO2

~70
~3
~1
~1
~4

Inner fiber
diameter
(mm)
7
7
7
7
7

Outer fiber
diameter
(mm)
10
10
10
10
10

Length
(mm)

Surface
m2

250
250
250
250
250

0,005
0,005
0,005
0,005
0,005

A thorough literature survey for potential candidate silane agents, suitable for
hydrophobic treatment, was conducted. The hexyltrimethoxysilane (C9H22O3Si) was
identified as a potential cost-effective alternative (about an order of magnitude lower
cost) to 1H,1H,2H,2H perfluorodecyltriethoxysilane, which is considered the “gold
standard” in the literature. In addition, the hexyltrimethoxysilane is considered to have
beneficial physical properties as a surface treating agent. Its molecular weight is 206.35
g/mol and Picture 7 and 8 depicts its chemical structure in two and three dimensions,
respectively (https://pubchem.ncbi.nlm.nih.gov).

Picture 7: 2D structure depiction.

Picture 8: 3D structure depiction.
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3.2. Grafting procedure
The grafting procedure was initially applied in 6 equal segments of a
mesoporous titania ceramic membrane in order to standardize the procedure and
investigate if the soaking into the solution affects the treatment’s outcomes. The two
investigated hydrophobic methods, i.e., the immersion and CVD, were applied in the
whole tubular Al2O3, ZrO2 and TiO2 ceramic membranes.
Grafting solutions (0.1M) for the immersion method were prepared by
dissolving an appropriate amount of hexyltrimethoxysilane in chloroform (stabilized
by 1% ethanol). The exact dosage of each chemical substance was: 59.7gr CHCl3,
1.05gr C9H22O3Si and 0.6gr ethanol. It must be noted that the preparation of the solution
take place at ambient conditions (room temperature and pressure).
The grafting procedure included an initial membrane pre-conditioning stage
(the same for both modification methods), where the ceramic membranes were
thoroughly washed with distilled water and ethanol for 10 min in each solvent. The
purified membranes were subsequently dried overnight at 110°C.

3.2.1. Immersion of segments
The modification procedure for the six segments of titania ceramic membrane
with the immersion method consisted of the following steps. First, the segments were
divided in three groups of two and they were soaked in a sealed volumetric cylinder
filled with the solution for three different time periods to identify the effect of soaking
time. The first two segments, namely Sample 1 and Sample 2, were immersed for 1.5
hours. The second group, namely Sample 3 and Sample 4, were immersed for 3 hours
and the last two segments which were Sample 5 and Sample 6, were immersed for 5
hours. Each group of membrane segments were placed in oven at 110°C overnight after
immersion.
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3.2.2. Immersion of membranes

The procedure for preparing hydrophobic membranes using the immersion
method was the same for the titania, alumina and zirconia ceramic membranes. The
membranes were placed in a sealed volumetric cylinder, filled with the grafting solution
for 6h and then dried overnight at 110°C. The grafting solution was about 120ml of a
silane solution produced with the abovementioned procedure.

3.2.3. Chemical vapour deposition of membranes

In the case of the CVD method, the membranes were rinsed with distilled water
and ethanol. The purified membranes were subsequently dried overnight at 110°C.
Afterwards, the membranes were placed in a sealed membrane cell and the
hexyltrimethoxysilane (stabilized by 1% ethanol) was placed in a bubbler. Bubbler and
membrane cell temperatures were set at 60oC and N2 was used as carrier gas to transfer
silane vapors to the membrane for 6h. Then the membranes were dried at 110°C under
N2 for 6h. Picture 9 shows the flow chart of the bubbler where the CVD process took
place.

Picture 9: Vapour phase modification unit.
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3.3. Contact angle
The efficiency of the grafting procedure was assessed by water contact angle
measurements. Contact angle is a method used to determine the degree of
hydrophobicity of the ceramic membranes. As a result of grafting, a hydrophobic thin
layer is created and the value of contact angle increases. Before membrane
modification, all water contact angle measurements were well below 90o and the water
droplet rapidly penetrated in the membrane porous structure.
For all membranes, the hydrophobic level was initially measured by a droplet
of 1.5μL of double deionized water which was deposited vertically down at the outer
surface of the membrane. The measurements were carried out by taking a photograph
of a water drop on the membrane surface using a professional camera. Subsequently,
with the aid of a software (adobe photoshop) allowing an editing of images and a
processing in visio program the value of contact angle was determined. This procedure
ensured a reliable comparison between the untreated and treated membranes. After the
hydrophobic treatment, the segments of the titania ceramic membrane and the whole
ceramic membranes were examined with the exact same way of the water drop test.

3.4. Gas liquid membrane contactor
The hydrophobic character TiO2 and a Al2O3 ceramic membranes after their
hydrophobic treatment with CVD method, was assessed at conditions relevant to that
of gas-liquid contacting tests. Their hydrophobic character confirmed in the gas-liquid
membrane contactor set-up where only a slight gas overpressure (~0.2 bar) was
adequate to observe gas bubbles forming in the liquid phase. On the other hand, no gas
bubbles were observed in the liquid phase, even at gas overpressures up to 7 bars, before
membranes modification.
The procedure started with the titania ceramic membrane and by setting the flow
rate of the CO2 with the mass flow controller at 0.05 l/min. The feed vessel was loaded
with 2 litters of double distilled water. The flow rate of the water was in recycle mode.
The liquid pressure was set at 0.3 bar. The gas pressure needed to develop a steady gas
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flow through the membrane to the liquid side at this stage of experiment was 0.42 bar
(0.12 bar overpressure). The following step included an increase in the flow rate from
0.05 l/min to 0.1 l/min which led to an increase in the gas pressure from 0.42 bar to 0.6
bar (0.3 bar overpressure).
The same test was also performed in CVD-modified alumina ceramic
membrane. This membrane has larger pores (mean pore size 70nm) than the previous
membrane (mean pore size 2nm). This huge difference in pore size was the main reason
of the selection of these two ceramic membranes that were modified by the same
hydrophobization method. The liquid pressure was also set at 0.3 bar and the initial
flow rate of CO2 was 0.05 l/min. In this case the gas overpressure needed for a steady
gas flow was only some mbar, probably due to the lower gas transport resistance of the
membrane. The same behavior was also observed at 0,1 l/min gas flow rate. A depiction
of the unit that was used for this experiment is shown in Picture 10.

Picture 10: Gas liquid membrane contactor.
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4. Results
4.1. Ceramic membrane segments
4.1.1.

Unmodified ceramic membrane segments

The influence of the immersion time was examined by using six segments of TiO2
ceramic membrane categorized in three groups of two. It has already been mentioned
that the WCA was the evaluation method of the degree of the hydrophobicity. All the
segments were named Samples. Consequently, the three categories include six samples
and more specific the first one includes Sample 1 and Sample 2, the second Sample 3
and Sample 4 and the third and last one includes the Sample 5 and Sample 6.
It must be noted that all samples were measured with exactly the same
measurement procedure. Specifically, the camera and the used software were the same
for all measurements. Picture 11 shows the behavior of a double distilled water drop
on a sample’s unmodified surface before the measurement with a goniometer to
evaluate the WCA.

Picture 11: Behavior of water drop on unmodified surface of TiO2 ceramic membrane.

The following Tables present the statistical analysis of each individual segment
of TiO2 ceramic membrane. It has already been mentioned that the initial six segments
were divided in three groups of two according to the three different immersion time
periods. In the first group with an immersion time of 1.5h, the first two segments were
named Sample 1 and Sample 2. The second category is consisted of Sample 3 and
Sample 4 with an immersion time of 3h. Finally, the last one includes the Sample 5 and
Sample 6 with an immersion time of 5h.
Table 2 and Table 3 shows the statistical analysis in WCA measurements of the
untreated Sample 1 and Sample 2 as they were measured with the WCA method. In
addition, these Tables include the droplet’s absorption time at the unmodified surface.
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This time was expected to be less than 1 min because a hydrophilic surface absorbs
water in a very limited time.
Table 2: Statistical analysis in WCA measurements for untreated Sample 1.
Sample 1

Left angle, o

Right angle, o

All samples

A
B
C
Average
Standard deviation
% standard deviation
Sample size

50,7
53,3
50,7
51,6
1,2
0,02
3

51,8
53,8
57,8
54,5
2,5
0,05
3

53,0
2,7
0,05
6

Droplet
absorption
time (sec)
25
27
28

Table 3: Statistical analysis in WCA measurements for untreated Sample 2.
Sample 2

Left angle, o

Right angle, o

All samples

A
B
C
Average
Standard deviation
% standard deviation
Sample size

58,3
50,5

62
60,4
56,5
59,6
2,31
0,04
3

57,5
4,45
0,08
5

54,4
3,9
0,07
2

Droplet
absorption
time (sec)
16
18
13

According to Table 2 and Table 3, the WCA measurements were conducted at
the left and right side of the droplet as it fell at the hydrophilic surface of each sample.
All the measurements are bellow 90o which is the lowest literature limit of a surface to
be assumed as a hydrophobic one. The droplet absorption time is significantly low
which is another factor that proves the hydrophilicity of the samples. It is important to
be mentioned that this time has been recorded through a video camera with an initial
aim of observing the droplet’s behavior in a hydrophilic surface. The majority of the
observations were pretty interesting because only a few seconds were enough for the
droplet to be fully absorbed by the unmodified surface.
The following tables show the statistical analysis in WCA measurements for the
rest of the TiO2 ceramic membrane segments. Table 4 and Table 5 refer to Sample 3
and Sample 4 with an immersion time of 3h and Table 6 and Table 7 are about Sample
5 and Sample 6 where the segments were immersed for 5h.
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Table 4: Statistical analysis in WCA measurements for untreated Sample 3.
Sample 3

Left angle, o

Right angle, o

All samples

A
B
C
Average
Standard deviation
% standard deviation
Sample size

67,6
69,7
57,8
65,0
5,19
0,08
3

61,7
73,8
69,3
68,3
4,99
0,07
3

66,7
5,85
0,09
6

Droplet
absorption
time (sec)
16
>40
19

Table 5: Statistical analysis in WCA measurements for untreated Sample 4.
Sample 4

Left angle, o

Right angle, o

A
B
C
Average
Standard deviation
% standard deviation
Sample size

36,1

44,4

36,1
0,00
0,00
1

44,4
0,00
0,00
1

All samples

Droplet
absorption
time (sec)
21
>60
>60

40,3
5,87
0,15
2

Table 6: Statistical analysis in WCA measurements for untreated Sample 5.
Sample 5

Left angle, o

Right angle, o

All samples

A
B
C
Average
Standard deviation
% standard deviation
Sample size

60,1
71,1
65,6
5,50
0,08
2

64,4
64,2
68,3
65,6
1,89
0,03
3

65,6
4,22
0,06
5

Droplet
absorption
time (sec)
>60
>90
>60

Table 7: Statistical analysis in WCA measurements for untreated Sample 6.
Sample 6

Left angle, o

Right angle, o

All samples

A
B
C
Average
Standard deviation
% standard deviation
Sample size

98,1
66,7
68,3
77,7
14,44
0,19
3

95,9
71,5
56,7
74,7
16,16
0,22
3

76,2
16,87
0,22
6

Droplet
absorption
time (sec)
>90
>60
>90
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According to Table 7, there is a differentiation in the results comparing to the
previous Tables. It is assumed that Sample 6 has not been properly treated which
justifies the differentiation of its surface. It could be an unintentional surface
modification where the sample contacted an oily substance. It is an experimental error,
consequently the Sample 6 was excluded from the calculations of the average values.
Figure 1 shows the fluctuations between the six different segments (or samples)
of the same TiO2 ceramic membrane. This variety of results may be due to the different
circumstances that they were examined. A possible cause could be the difference in
hours before they got tested with the WCA procedure. All the samples were rinsed
together with ethanol and dried at 110oC at an oven overnight, although they were tested
in different days.

Figure 1. WCA average values of unmodified.

4.1.2.

Modified ceramic membrane segments

The surface modification of the six samples was conducted by the immersion
method in the prepared grafting solution that has already been mentioned in the
experimental part. All samples were cleaned with ethanol and double distilled water
and then they were dried at oven at 110oC overnight. Sample 1 and Sample 2 were
immersed in the solution of the silane agent for 1.5h and then they were evaluated
with the WCA method. The results of the measurements and the statistical analysis
are presented in Table 8 and Table 9.
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Table 8: Statistical analysis in WCA measurements for modified Sample 1.
Sample 1
Left angle, o
Right angle, o
All samples
A
110
106
B
109,7
102,7
C
108,8
111,9
D
116,3
109,4
Average
111,2
107,5
109,350
Standard deviation
2,9
3,5
3,98
% standard deviation
3
3
4
Sample size
4
4
8

Table 9: Statistical analysis in WCA measurements for modified Sample 2.
Sample 2
Left angle, o
Right angle, o
All samples
C
105
93,8
D
110,3
98,6
average
107,7
96,2
101,925
standard deviation
2,7
2,4
7,2
% standard deviation
2
2
7
sample size
2
2
4

Table 10: Statistical analysis in WCA measurements for modified Sample 3
Sample 3
Left angle, o
Right angle, o
All samples
A
123,9
105,5
B
105,3
100,2
C
111,9
107,7
D
103,1
105,3
E
100,6
109
F
110,1
104,5
G
106,2
103,9
H
103,1
102,7
Average
108,0
104,9
106,438
Standard deviation
6,9
2,6
5,6
% standard deviation
6
2
5
Sample size
8
8
16
Table 11: Statistical analysis in WCA measurements for modified Sample 4.
Sample 4
B
C
E
F
G
H
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
100,7
105,3
104,9
104,7
101,6
101,6
103,1
1,8
2
6

Right angle, o
111,1
100,7
108,7
102,9
104,9
106,3
105,8
3,5
3
6

All samples

104,450
3,2
3
12
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Table 12: Statistical analysis in WCA measurements for modified Sample 5.
Sample 5

Left angle, o

Right angle, o

All samples

B
C
D
E
F
G
H
Average
Standard deviation
% standard deviation
Sample size

112,3
98,4
109,8
107,9
105,2
110,7
105,2
107,1
4,3
4
7

104,4
104,2
96,8
101,9
101,1
100,3
97,1
100,8
2,8
3
7

103,950
4,9
5
14

It must be noted again that the statistical analysis of Sample 6 was not included.
As it has already been mentioned, this specific sample is an experimental error, and it
should be excluded from the water contact angle measurements.
According to the Tables 8 to 12, there was an adequate number of observations
in each sample. This render the measurements reliable and proves the accuracy of the
whole procedure. Undoubtedly, there is a differentiation among the results which is due
to many parameters that could affect the measurement.
The behavior of double distilled water drop on the modified surface of a
segment of TiO2 ceramic membrane for 1.5h, 3h and 5h of immersion time is shown in
Picture 12 to 14, respectively.

Sample 1B

Picture 12: Behavior of water drop on surface of TiO2 ceramic membrane treated by 1.5h of
immersion.

Sample 4B

Picture 13: Behavior of water drop on surface of TiO2 ceramic membrane treated by 3h of
immersion.
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Sample 5F

Picture 14. Behavior of water drop on surface of TiO2 ceramic membrane treated by 5h of
immersion.

Table 13 presents the average values of WCA measurements before and after
the hydrophobic treatment, for the three different immersion time periods. This table
could be used as a comparison method between the average values of all observations,
and it proves that the immersion time did not significantly influence the creation of a
hydrophobic thin layer. It has already justified the reason why the third group of
samples had greater WCA measurements for the unmodified samples. Consequently,
this fact led to greater WCA measurements for the modified samples as well.

Table 13: Average WCA measurements of segments

Sample
No.
1
2
3
4
5

Untreated
WCA (o)
53,0
57,5
66,6
40,3
65,6

Average

Immersion
time

55,3

1,5 h

53,5

3h

70,9

5h

Treated
WCA (o)
109,4
101,9
106,4
104,5
104,0

Average
105,6
105,4
104,0

According to Table 13 the immersion time did not influence the hydrophobicity
level. The average values of the WCA measurements after the hydrophobic
modification are very close to each other. It is important to be mentioned that the WCA
was measured in order to determine the grafting efficiency. The WCA average values
for 1.5h, 3h and 5h of immersion time are presented in Figure 2, Figure 3 and Figure
4, respectively.
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Figure 2. WCA average values of unmodified membrane and membrane modified for 1.5h
immersion time.

Figure 3. WCA average values of unmodified membrane and membrane modified for 3h
immersion time.

Figure 4. WCA average values of unmodified membrane and membrane modified for 5h
immersion time.

Figures 2 to 4 represent the comparison between the untreated and treated segments
of the same ceramic membrane which was immersed in the grafting solution divided in
six different pieces for three different time periods. There was an initial evaluation to
the hydrophobicity of TiO2 ceramic membrane and the WCA measurements were far
below 90o, which indicates the hydrophilic nature. After the surface treatment, all the
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values were above 90o proving the creation of a thin hydrophobic film at the membrane
surface.

4.2. Tubular ceramic membranes
4.2.1.

Hydrophobic treatment with immersion method

The effectiveness of the grafting solution was proven by using the TiO2 ceramic
membrane segments. The three different and available at the laboratory ceramic
membranes were then modified and evaluated for their hydrophobicity levels. It has
already been mentioned that two different approaches of hydrophobic treatment, the
immersion method and the CVD were applied to the ceramic membranes.

Table 14: Statistical analysis in WCA measurements for the TiO2 ceramic membrane with the
immersion method.

TiO2
A
B
C
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
113,4
114,4
101
109,6
6,1
6
3

Right angle, o
118,2
111
104,5
111,2
5,6
5
3

All samples

110,4
6,5
6
6

Table 15: Statistical analysis in WCA measurements for the ZrO2 ceramic membrane with the
immersion method.

ZrO2
A
B
C
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
95,6
105,2
101,1
100,6
3,9
4
3

Right angle, o
97,7
106,5
109,1
104,4
4,8
5
3

All samples

102,5
5,2
5
6

35

Table 16. Statistical analysis in WCA measurements for the Al2O3 ceramic membrane with
the immersion method.

Al2O3
A
B
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
65,9
64,6
65,25
0,7
0,01
2

Right angle, o
70,4
62,7
66,55
3,9
0,06
2

All samples

65,9
3,2
0,05
4

Tables 14 to 16 present the statistical analysis in WCA measurements for the
TiO2, ZrO2 and Al2O3 ceramic membranes with the immersion method. With the
exception of the Al2O3 membranes, the immersion method proved effective to produce
hydrophobic membranes as the WCA values are higher than 90o. A potential
explanation could be alumina’s morphological properties and its bigger pore size. A
WCA measurement of around 66o means that the surface remains with its hydrophilic
character. This result was not fully understood and certainly unexpected, however the
high values of CVD method prove that alumina membrane can obtain a hydrophobic
character using this silane agent.
Picture 15 to 17 show the water droplet behaviour on the surface of CVDmodified membranes. According to the results of the previous tables the stable water
droplet in each of the membranes surfaces was expected to be different.

Picture 15: Water droplet on the surface of immersion- modified TiO2 membrane.

Picture 16: Water droplet on the surface of immersion- modified ZrO2 membrane.
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Picture 17: Water droplet on the surface of immersion- modified Al2O3 membrane.

It is observable that the droplets are very different among the three membranes.
The double distilled water droplet on the surface of titania membrane is more round,
well-formed, and stable than the rest of the ceramic membranes. This is proved by the
WCA measurements where the values of the angles are much higher in titania than in
the zirconia and alumina membranes. Undoubtedly, zirconia membrane has better
results from the alumina and the higher performance is depicted in Figure 5, where the
water droplet is stable on the membrane’s surface.

Figure 5. WCA average values of immersion- modified ceramic membranes.

4.2.2.

Hydrophobic treatment with CVD

The second used method for the production of hydrophobic ceramic membranes
was the CVD. This method was applied to the same ceramic membranes: titania,
zirconia and alumina. The following tables present the statistical analysis for the
WCA measurements that came from the CVD method. At the end of this section, a
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comparison of the used methods is assumed to be essential for a better
understanding of the overall results.

Table 17: Statistical analysis in WCA measurements for the TiO2 ceramic membrane with the
CVD method.

TiO2
A
B
C
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
118,3
114,2
105,6
112,7
5,3
5
3

Right angle, o
112,8
113,4
110,7
112,3
1,2
1
3

All samples

112,50
4,2
4
6

Table 18: Statistical analysis in WCA measurements for the ZrO2 ceramic membrane with the
CVD method.

ZrO2
A
B
C
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
107,7
111,7
102,9
107,4
3,6
3
3

Right angle, o
111,1
103,9
108,4
107,8
2,9
3
3

All samples

107,62
3,6
3
6

Table 19: Statistical analysis in WCA measurements for the Al2O3 ceramic membrane with
the CVD method.

Al2O3
A
B
Average
Standard deviation
% standard deviation
Sample size

Left angle, o
121,5
112,3
116,9
4,6
0,04
2

Right angle, o
112,3
117,4
114,85
2,6
0,0
2

All samples

115,88
4,5
0,04
4

According to Table 17 to 19, alumina membrane seems to provide the best results
among the three ceramic membrane. This is a very interesting result because with the immersion
method, alumina membrane had the worst performance. In addition, immersed alumina
membrane did not become a hydrophobic membrane as the WCA measurements were below
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90o. This fact enhances the success of the CVD method which gave the best results for all the
ceramic membranes and was able to create a thin hydrophobic layer to each of them. Figure 5
presents the hydrophobic performances of the examined ceramic membranes.

Figure 5. WCA average values of CVD- modified ceramic membranes.

Picture 18: Water droplet on the surface of CVD- modified TiO2 membrane.

Picture 19: Water droplet on the surface of CVD- modified ZrO2 membrane.

Picture 20: Water droplet on the surface of CVD- modified Al2O3 membrane.
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According to Picture 18 to 20, the double distilled water droplet on the CVDmodified ceramic membranes is round and stable. There are not extreme differences
between the ceramic membranes which can be justified by the previous tables where
the average values of WCA measurements were close to each other. It is noticeable that
the CVD method is the most efficient for hydrophobic surface modification. The best
results have been provided by CVD where all WCA measurements are far above 90 o.
CVD is the proposed method for hydrophobic treatment in ceramic membranes because
it more cost-effective method than the immersion due to the limited quantity of silane
agent that was used during the experimental procedure.
Figure 6 to 8 presents the average measurements of the WCA for titania,
alumina and zirconia ceramic membranes, respectively. These Figures compares the
hydrophobicity level achieved by the two different hydrophobic treatment techniques.
Table 20 presents the average values of the WCA measurements for the titania, zirconia
and alumina ceramic membranes for the immersion and CVD method, respectively.

Figure 6. WCA average values of both methods for titania ceramic membrane.
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Figure 7. WCA average values of both methods for alumina ceramic membrane.

Figure 8. WCA average values of both methods for zirconia ceramic membrane.

Table 20: WCA average values for the immersion method and CVD.

Membrane type

Immersion WCA (o)

CVD WCA (o)

TiO2
ZrO2
Al2O3
Average

110,4
102,5
65,9
92,9

112,5
107,6
115,9
112
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Figure 9. WCA average values for modified membranes with CVD and immersion.

According to Table 20 and Figure 9 the CVD method is more efficient than the
immersion method. At each type of ceramic membrane, the WCA values are greater for
the CVD. This proves the efficiency of the specific hydrophobic treatment approach
because the external surface of the used ceramic membranes became more hydrophobic
by having higher WCA measurements. It should be highlighted that CVD is a proposed
method not only for its proved effectiveness, but also for being less costly than the
immersion. As it has already been explained that during the CVD the silane agent is
used in gaseous phase as a vapor into a vapor phase modification unit. This means that
the required quantity of the silane could be much less because the ceramic membrane
is not immersed to a prepared solution. Consequently, the size of the membrane does
not significantly influence the amount of the required silane agent.
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5. Conclusions
Some interesting results were obtained from the hydrophobic surface modification
experiments conducted using three different ceramic membranes, namely titania,
zirconia and alumina with different pore sizes. Grafting solutions (0.1 M) for the
immersion and CVD method were prepared by dissolving an appropriate amount of
hexyltrimethoxysilane in chloroform (stabilized by 1% ethanol). This silane agent is
about

an

order

of

magnitude

lower

cost

than

the

1H,1H,2H,2H-

perfluorodecyltriethoxysilane, which is the proposed silane in the literature.
The production of a thin hydrophobic layer to ceramic membrane’s surface through
immersion method required an immersed membrane into the grafting solution in a
sealed volumetric cylinder. In the case of the CVD method, the ceramic membranes
were placed in a sealed membrane cell and the prepared solution was placed in a
bubbler. N2 was used as a carrier gas to transfer silane vapors to the membrane. With
the exception of alumina in the case of immersion method, the rest membranes were
successfully obtained a hydrophobic character. This observation was confirmed by
WCA measurements on the surfaces of the unmodified and modified ceramic
membranes.
The results that came from the experimental procedure led to the conclusion that
CVD is the proposed method for hydrophobic treatment for ceramic membranes.
Indeed, CVD provided the best results, because all the WCA measurements were not
only far above 90o but also were greater than the measurements which came from
immersion method. In addition, CVD method used the silane vapors for the surface
reactions between the hydroxyl groups in the membrane surface and the Si–O–alkyl
groups of the silane. This makes CVD a cost effective method as the amount of silane
agent is limited compared to the immersion method. Consequently, CVD is effective in
both inner and outer surface due to silane diffusion.
By comparing the three different ceramic membranes in the case of the immersion
method, TiO2 provided the greater WCA measurements and became the most
hydrophobic membrane. Al2O3 membrane remained hydrophilic and was not able to
obtain the hydrophobic thin layer in her surface. In the case of CVD method, the results
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were completely different. Al2O3 ceramic membrane has the most hydrophobic
membrane proving the efficacy of the method. In addition, the efficiency of both
methods was confirmed by monitoring the gas pressure needed for bubbles formation
in the water, in a gas-liquid membrane contactor setup, where in the case of unmodified
membranes water penetrated in the membrane pores and no gas bubbles could be
observed for gas overpressures up to 7 bar (the upper limit of the used setup). Using
modified membranes only a slight gas overpressure (up to ~0.3 bar depending on the
membrane used and the conditions employed) was adequate to observe gas bubbles
forming in the liquid phase. It should not be omitted that before membrane
modification, all water contact angle measurements were well below 90o and the water
droplet rapidly penetrated in the membrane porous structure.
In the present study, it was observed that modified ceramic membranes can be
effectively employed in Membrane Gas Absorption tests for post-combustion CO2
capture. Undoubtedly, CO2 emissions mitigation will be at the core of current and future
debate because the climate change effect is one of the most globally harmful issues. To
sum up, this study could act as an incentive for further research for a sustainable future
with net-zero emissions energy systems which require a chance in approach.
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6. Conference publications
Thesis results were presented in two conferences as they listed below.
Akrivi Asimakopoulou, Ioannis Pachidis, Mackenzie Baert, Eirini Piperidou,
Dimitrios Koutsonikolas, George Skevis, “CCUS researchers knowledge
exchange session: The case of membrane-based mineralization”, Oral
presentation, Co2oling the Earth II, Summer School, Virtual Event, September
29 – October 1, 2020
E. Piperidou, D. Koutsonikolas, A. Asimakopoulou, G. Karagiannakis, G. Skevis,
“Hydrophobic modification of commercial ceramic membranes with
immersion and CVD methods”, Poster presentation, World Online Conference
on Sustainable Technologies, Virtual Event, March 17-19, 2021
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Appendix
Immersion-modified TiO2 membrane segments (1.5h)

Sample 1A

Sample 1B

Sample 1B

Sample 2C

Sample 1C

Sample 2C

Sample 2D
Sample 2A
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Immersion-modified TiO2 membrane segments (3h)

Sample 3F

Sample 3E

Sample 3G

Sample 4B

Sample 3H

Sample 4C

Sample 4H
Sample 4G

Sample 4E

Sample 4B
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Immersion-modified TiO2 membrane segments (5h)

Sample 5B

Sample 5D

Sample 5F

Sample 5H

Sample 6C

Sample 5C

Sample 4E

Sample 5G

Sample 6B

Sample 6G
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Immersion-modified TiO2 membrane

Immersion-modified ZrO2 membrane

Immersion-modified Al2O3 membrane

53

CVD-modified TiO2 membrane

CVD-modified ZrO2 membrane

CVD-modified Al2O3 membrane
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