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Zirconium dioxide membranes (3nm and 200 nm) were chemically modified by silane-based modifiers with
different degrees of fluorination. Comprehensive material characterization has been performed before and after
the modification process by goniometric, and microscopic techniques. Wetting properties has been accomplished

Functionalization ) by applying the Zisman method, Kao diagram, spreading pressure, and critical surface tension. The mechanical,
Material physicochemical properties ! . . . . . . .
Desalination tribological, and separation features of all membranes were investigated as a function of grafting time for 5h,

15h, and 35h.The performance of the membrane was assessed in air-gap membrane distillation processes. Non-
fluorinated membranes possessed better transport properties and better mechanical stability in comparison with
fluorinated ones which enable the generation of porous, hydrophobic, crack-free material, optimized for MD.
Grafting with short fluorocarbon chains (FC6) produced highly hydrophobic materials (CA =145°) with low
roughness (Rq = 6.58 nm) compared to grafting with long fluorocarbon chains (FC12). On the other hand, FC6
showed a highly permeable character and elimination of problems related to substantial flux reduction and pore

blocking.

1. Introduction

Membrane distillation (MD) is a thermally driven membrane-based
separation process in which the applied separation materials have to
be porous, hydrophobic, and non-wettable. During the MD separation,
only vapours should pass through the membrane porous structure. This
property is related to the fact that volatile components in the liquid
phase of the feed, evaporate at the pore entrance. Subsequently, mass
transfer through the porous membrane occurs in a vapour phase [1,2].
The rejection of non-volatile components, such dissolved salts, and
colloids is close to 100% [1,3]. The driving force in MD is related to the
difference in chemical potential generated by the differences in the
transmembrane temperature or by a decrease of vapour pressure on the
permeate side by a sweeping gas or vacuum [3]. Owing to a number of
MD advantages, e.g. application of lower operating temperatures
comparing with classical distillation, MD can be used for the treatment
of temperature-sensitive feed solutions e.g., in the pharmaceutical and

food industries [4].

To prevent heat loss through the membrane, materials with low
thermal conductivities are required. In the MD process, several param-
eters affecting the heat map across the setup including membrane type,
thickness, porosity, air-gap, material (type, and thickness) of support,
and heat polarization. [5]. Ceramic membranes are usually asymmetric
multilayer material consisting of a permselective thin film on one or a
series of porous supports that provide the necessary mechanical stability
with a minimum transport resistance [6]. During the separation pro-
cesses, it is essential to consider both the selective layer and support in
ceramic membranes. Although the feature of a selective layer is
important, the resistance of the substrate is not negligible and some-
times could be the main contributor in total mass transport resistance
[7]. Many efforts have been made to acquire high flux during the MD
process by optimizing the membrane structure (e.g. distribution of pore
size, tortuosity, thickness, pore size, and porosity) [8-11]. Even though
polymeric membranes have lower thermal conductivity e.g. PE (0.40
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Wm™'K™), PP (0.17 Wm™'K™"), and PVDF (0.25 Wm™'K™") [5,12]
ceramic membranes have greater thickness in practice which present an
important impact on the heat transfer resistance. ZrO; membrane has an
advantage over other types of ceramic membranes, where the thermal
conductivity is in the range of 1.7-2.8 Wm™'K™!, compared to the
generally used Al,05 (30 Wm 'K ™!) or TiO, (11.8 Wm 'K~ }) [13].

One of the most critical barriers to the widespread industrial appli-
cation of membrane distillation is membrane pore wetting [3,5,14-18].
The principal reasons for wetting are the surpass of the liquid entry
pressure (LEP) value and the membrane fouling. The pore size of
membranes should be as small as possible to provide high LEP. None-
theless, the membranes possessing smaller pores are usually a subject of
lower permeability [7]. Therefore, an asymmetric structure where thin
membrane layer docked on a porous support is considered [19]. Taking
into account the complexity of asymmetric structure, the material
approach in membrane science is essential to optimize membrane effi-
ciency, to increase flux and membrane span life, and to mitigate fouling.

Development in wetting prevention in membrane distillation has
been investigated by the introduction of membrane modification, e.g. by
hydrophobization [20,21] as well as by the application of pretreatment
steps [15].

Generally, polymeric membrane materials, e.g. polyvinylidene
fluoride (PVDF), polypropylene (PP), polytetrafluoroethylene (PTFE)
are utilized in the MD process owing to the low cost of preparation and
excellent transport properties [16,18]. On the other hand, ceramic
membranes owing to their robustness and higher stability are more often
applied in MD separation thanks to a much higher chemical and thermal
resistance, and long-lasting application in comparison to polymeric
ones. However, before usage, ceramic materials (e.g., TiOg, SiO, Al;03
or ZrOy) that are initially hydrophilic need to be hydrophobized for MD
processes [22]. Such modification can be accomplished by chemical
grafting and/or physical structuring [23,24]. Interesting and efficient
modifiers are those possessing alkylsilanes or perfluoroalkylsilanes
groups, e.g. perfluorodecyltrichlorosilane [25], hexadecyltrimethox-
ysilane [7], 1H,1H,2H,2H-perfluorodecyltriethoxysilane [19], 1H,1H,
2H,2H-perfluorooctyltrichlorosilane [26]. Alumina membranes (80 nm
and 160 nm) modified with perfluorodecyltrichlorosilane were tested by
Subramanian at al [25]. in a desalination process by using direct contact
MD (DCMD). Membranes were characterized by superhydrophobic
character (150° and 161°), and high transport properties of 7.2 and
8.2kgm 2h~! for 80nm and 160 nm membranes, respectively. Hex-
adecyltrimethoxysilane, non-fluorinated silane, was used during the
grafting of 150 nm alumina membrane tested in the VMD process [7].
The long alkyl chain of the modifier caused the highly hydrophobic
character of the membrane surface. The contact angle for water was
equal to 161°. The modified membrane was characterized by very high
permeate flux of 30 kg m 2h ! in a desalination process of 30 gL* NaCl
solution [7]. Another interesting example of ceramic membrane modi-
fication intended for the desalination process of 4 wt% of NaCl solution
has been presented by Li and co-workers [27]. The authors prepared of
SioN5O nanowires on silica membranes, which were subsequently tested
in sweeping gas MD (SGMD). The membranes possessed a contact angle
of ca. 160° and transport features of 11.11 kg m~2h! [27]. Siyal et al.
[28] described the surface modification of SiO, glass fibre membranes
by fluorographite coating for the desalination process of concentrated
saline water containing humic acid by applying DCMD. Amphiphobic
membranes (hydrophobic and oleophobic at the same time) were
developed by the employment of functionality to surface of the mem-
brane by the fluorographite and polydimethylsiloxane. Modified mem-
branes were tested in DCMD with a feed solution of 1 M NaCl and
organic foulant, i.e. 10 mgL’1 humic acid [28]. As an effect of modifi-
cation, an improvement of flux and salt rejection has been pointed out
[28]. Another interesting method resulting in the increase of transport
properties through the membranes in MD was the immobilization of
nanomaterials on the membrane surface (e.g. functionalized carbon
nanotubes, and modified silica) [29,30]. The enhancement of flux was
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also achieved by improving the driving force by photothermal effect
[31] or advising Joule heating [32] on a hydrophobic membrane to
increase the localized temperature of the membrane surface from the
feed side, and subsequently to minimalize the temperature polarization
effect. Among the mentioned ceramic materials, zirconia is very inter-
esting materials owing to its high biocompatibility, and outstanding
stability [11,33]. On the other hand, zirconia is the least explored
ceramic material as a support for ceramic-based membrane separation
processes e.g. desalination. So far, the research carried out in the
preparation of highly efficient ceramic membranes for desalination
process is limited mainly to titania and alumina [8,28]. The application
of ZrO, membranes was much less explored by the researchers. Kra-
jewski et al. used 200 nm tubular zirconia ceramic membranes in a
desalination process of 0.1 gL’1 NaCl solution implementing AGMD [34].
Membranes were characterized by flux of ca. 6 kgm 2h~! and a very
high rejection coefficient of NaCl ~99%. Furthermore, an interesting
work has been done by Liu and co-workers [35]. The authors prepared
double layer ZrO, membranes on a YSZ (yttria-stabilized zirconia)
support. The membranes were tested in a DCMD process of 2 wt% NaCl
and were characterized by high permeate flux equal to 28.7 kgm2h .

This study adopted already developed highly capable methods, for
the ceramic material hydrophobization, to modify zirconia based-
membranes [20,21,36-38]. The main aim of the work was to function-
alize ZrO, membranes with various modifiers and assess their efficiency
in the MD process implemented for desalination by air-gap membrane
distillation. Membranes were furnished with alkyl chains possessing
varying degrees of fluorination. Additionally, a fluorine-free modifier
was also used for comparison. Finally, the separation efficiency of the
desalination process was assigned. The physicochemical properties of
the novel materials were extensively characterized.

2. Experimental part
2.1. Materials and chemicals

ZrO, ceramic membranes (“inside CéRam” series) 5kD and 300kD
with flat-sheet and cylindrical geometry were purchased from TAMI
(Nyons, France). 1H,1H,2H,2H-perfluorooctyltriethoxysilane (CAS
51851-37-7) marked as FC6; 1H,1H,2H,2H-perfluorodecyltriethoxysi-
lane (CAS 101947-16-4) marked as FC8; and 1H,1H,2H,2H-perfluorote-
tradecyltriethoxysilane (CAS 885275-56-9) marked as FC12 were
bought from SynquestLab (Alachua, USA). n-octyltriethoxysilane (CAS
2943-75-1) labeled as C6 was purchased from Abcr Chemicals (Karls-
ruhe, Germany). Acetone, butanol, butyl acetate, chloroform (stabilized
by 1% ethanol), dimethyl sulfoxide, ethanol, ethyl iodide, methyl tert-
butyl ether, glycerine, n-hexane, perfluorohexane, pyridine, and sodium
chloride were purchased from Avantor Performance Materials Poland S.
A (Gliwice, Poland). All the chemicals were applied without additional
purification. RO deionized water (18 MQ cm) was utilized for the NaCl
feed solutions preparation.

2.2. Methodology

2.2.1. Membrane grafting process

Chloroform based solutions of grafting agents (0.05M) were pre-
pared in the ambient atmosphere of argon to avoid polycondensation
reaction. Before modification, the membranes were washed successively
in acetone, ethanol, and distilled water for 10 min in each solvent and
subsequently dried in an oven at 90°C for 12h [20,39]. Afterwards,
ceramic supports were grafted by soaking samples in the grafting solu-
tion for a given period of time (3-steps of modification).

Time of modification steps was as follows 1st step — 5h; 2nd step -
10h, and 3rd step — 20h. After each modification step the membranes
were characterized. The efficiency of modification was evaluated for the
generated 12 membrane types by measuring the contact angle (for flat-
sheet membranes) and water liquid entry pressure (LEPw) (cylindrical
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membranes). The hydrophobization process of zirconia ceramics was
accomplished accordance with the literature [20,36,38,39]. Transport
and separation properties of all membranes were determined in air gap
membrane distillation process.

2.2.2. Material characterization of ceramics

The membranes were characterized prior to and after modification
by a goniometric technique (Goniometer Attention Theta from Biolin
Scientific, Gothenburg, Sweden) employing the tilting plate method in
order to determine the apparent contact angle (CA) and sliding angle
(SA). 55 of equilibration time at room temperature were used [38,40].
The presented values are the mean values out of 20-30 separate ana-
lyses. The Zisman method [41] was implemented to establish wettability
limits given by the critical surface tension of the material (c.,). The Kao
diagram was used to correlate physiochemical features expressed by the
roughness parameter (Ry) determined from atomic force microscopy
(Atomic force microscopy NanoScope MultiMode SPM System and
NanoScope IIIa and Quadrex controller from Veeco, Digital Instrument,
Cambridge, UK) with the ability of ceramics to wetting. Ry was deter-
mined to base the tip scanning mode for the sample’s area of
5 pm x 5 pm. Roughness parameters were calculated by using Nano-
Scope Analysis Software (1.40, Build R3Sr5.96909, 2013 Bruker Cor-
poration). Tribological [20] characterization was done using the
following factors determination, Young modulus (E), nanohardness
(Hy), and adhesive forces (F,). The presented values of mentioned pa-
rameters were average from 20 measurements in the contact mode (5
times 4 places on the sample) in the case of H and E, and average from 30
measurements for F,. Wetting was additionally studied by spreading
pressure (S) parameter. BET (Brunauer-Emmett-Teller) [42-44] and
BJH (Barrett-Joyner-Halenda) [42-44] models were assessed to esti-
mate pore size distribution and pore size of the ceramics basing on the
adsorption/desorption isotherms (ASAP 20120 from Micromeritics In-
strument Corp., Norcross, USA). Before the isotherm registration, sam-
ples were degassed during 2h at 90 °C.

2.2.3. Air-gap membrane distillation

The membrane performance was assessed in the Air-Gap Membrane
Distillation process. The experimental protocol and setup were pre-
sented in detail elsewhere [21]. The accomplished research possessed
the character of fundamental work and for this reason a high driving
force was selected, i.e. tests were done at temperatures of 5 °C and 90 °C
for permeate and feed solution, accordingly. The subsequent concen-
trations for feed of NaCl aqueous solutions used were 0 (pure water),
0.25, 0.5, and 1.0 M.

Each membrane sample, after the first, second and third grafting
stage was tested in contact with all the feed solutions. The feed was
transported along the membranes with the flow rate of 17 Lmin . The
time of each experiment varied between 5 and 6h. The first hour was
considered as a stabilization step and was not taken into account for the
flux calculation. The collected permeate was analysed gravimetrically
every 10-15min. After the AGMD experiment the membrane was
washed with DI water and dried overnight in the oven at 60 °C.

The rejection coefficient (Ryac1) of sodium chloride was calculated
according to Eq. (1). Dionex DX-100 Ion Chromatograph from Thermo
Scientific™ (Dardilly, France) was applied for the evaluation of sodium
chloride concentration rejection.

RNnCI: (1 —%)100% ].
r

where: Cp, and Cg stand for the NaCl concentration in permeate and feed
solution, respectively.

2.2.4. Wettability study

2.3.2.1. Liquid entry pressure. The principal metric for evaluating
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membrane wettability is the value of liquid entry pressure (LEP) which
was determined for all cylindrical membranes. LEP is the value of the
pressure that must be applied to transport liquid (i.e., water) through
dry membrane pores [3]. Because LEP depends on the hydrophobicity,
surface free energy, liquid surface tension, and maximum pore size of
the membrane, consequently, it will depend on the solution composi-
tion, operating temperature, surface porosity, surface roughness, and
pore shape. Most of the mentioned parameters are related to the
modification process which influences surface porosity, surface rough-
ness, and pore shape. LEP must be determined in a precise way. In this
work, experimental results were discussed according to Purcell model
[45] (Eq. (2)) and its modification proposed by Servi et al. [1].

—2y,-cos(60 + a)

r<1 +E(1 —cos<0+“>>>

LEP =

sin(0+a)= w

r
R

where R is the fibre/ceramic wall radius and o (Eq. (3)) is the angle
under the horizontal at which the liquid meniscus pins prior to advance
[31.

The advantage of the Purcell model compared to the Young-Laplace
one is the prediction of the positive value of LEP irrespective of CA
value. However, this statement can be also inconsistent, because of the
fact that many types of membranes can be wetted at a very low value of
contact angle. To overcome the mentioned problem, Servi [1] presented
approach for all CA values taking into account interactions between
pores and testing liquid below the primarily wetted surface by including
a “floor” below each pore to the LEP model (Eq. (4)). The mentioned
floor defines those fibres/ceramic walls which may permit the liquid to
enter further into the membrane. Consequently, LEP can be defined as
the pressure at which the liquid splits up from the pore or intercepts the
floor, whichever occurs at the lower value of pressure.

R(1 —
W(l7sin(0+a)):R(lfsin(a))+h 4
where h is the height of “floor” in nm presenting fibres/walls which can
attract the liquid to go into the membrane. Authors showed the vali-
dation of the model in the range of contact angle between 63° and 129°.
Values of r, R and h were determined from scanning electron microscope
images.

2.3.2.2. Spreading pressure. Spreading pressure (S) is another parameter
utilized for wetting behaviour, expressing the estimation of the tendency
of the liquid phase to spread on and/or into the solid phase [46].
Spreading pressure can be defined as a change of work of adhesion (W)
and work of cohesion (W) (Eq. (5)). Correspondingly, it can be pre-
sented as a surface tensions difference, separately liquid (o) and solid
(os) with interfacial tension (o1g) (Eq. (6)). The value of S parameter can
be either positive or negative. For negative value, the observed wetting
is incomplete.

S=Ws — Ws 5

S=o0; — 05— 0y 6

2.3.2.3. Zisman plot - critical surface tension. The method is used for the
evaluation of wettability behaviour of a solid according to determined
critical surface tension (c.;) applying the contact angles of various lig-
uids. On the Zisman plot [41] the cosine of the contact angle is plotted
against the surface tension of the applicable liquid (Fig. S1). Then, the
value of the surface tension extrapolated to the cosine of contact angle
equal to 1 (for CA = 0°) is referred to as the critical surface tension o;.
Furthermore, the value of o, is taken to the mean value of the surface
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free energy of the solid. The determined o values have a crucial
practical meaning in the selection of the solvents for membrane
cleaning.

2.3.2.4. Kao diagram. Kao diagram is a mighty tool in material science
and takes into account the chemical and geometrical factors influencing
the hydrophobicity level of the material. By implementing the concept
of the Kao diagram [47], it is possible to deliberate the physicochemical
features of treated materials regarding wetting abilities and surface
roughness. The relation is shown graphically by plotting the cosine of
contact angle determined on the rough - 6r (real surface) against the
Young contact angle determined on a hypothetical smooth flat surface
(05). The data are gained from liquids with differentiated value of surface
tensions. Highly hydrophilic and less hydrophilic materials are situated
in the first part of the coordinate system. For such surfaces, wetting/-
soaking of polar solvents to the structure of the material can be noted. In
the central part of the Kao diagram, surfaces classified as Wenzel ones
are located, having distinguishable homogeneous morphology and hy-
drophobic character [48]. Finally, highly rough and hydrophobic ma-
terials are placed in the Cassie-Baxter zone. That type of surfaces has a
well-defined and developed micro- or nano-structure architecture [14].

3. Results and discussion
3.1. The capability of a ceramic material to functionalization

Pristine and modified membranes were extensively studied paying
attention to the material features as well as the wetting properties. To
evaluate material properties, i.e., ability to grafting, adsorption-
desorption nitrogen isotherms were registered before and after modifi-
cation. The level of interaction among adsorbate and adsorbent could be
evaluated by determining the C parameter (Eq. (7)).

1 _e— 1Py ;
o[(Po/P) =1]  v,C \Po)  0,C

where C is BET constant, P is equilibrium pressure, Py is saturation
pressure, and v, monolayer adsorbed gas quantity.

C constant depends on the quantity of uncovered surface by adsor-
bate when sufficient adsorption took place in the monolayer and its
change is related to the substrate used. For this reason, the chemistry of
the surface has significant impact on the C value [49]. Furthermore, the
value of C depends on the following variables: pore size, surface
porosity, and capacity of adsorption [42,44]. The obtained values of C
parameters for ZrO, samples were in the range of 58.35 and 8.25. The
values for non-modified samples were considered as fairly high. The low
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values of C exemplify weak gas adsorption related to the low surface
area of the material [49].

The observed reduction in C value in respect to pristine samples is a
consequence the modification of ceramic materials and the reduction of
surface areas. According to the data shown in Fig. 1, it can be seen that
the pore size of the original material influences the C value. 5kD un-
modified membrane was characterized by a C constant of 22.63,
whereas C was equal to 58.35 for a 300kD material. The higher value of
C for 300kD can be linked to the higher ability to adsorption, more open
structure (pore size equal to ca. 200 nm) and a higher level of available
hydroxyl groups on the untreated sample. The higher specific surface
would allow anchoring molecules easily into the membrane pore walls.
On the other hand, the pore size of the 5kD sample (~3.5nm) is com-
parable to the dimension of grafting molecules (1.5-2.3nm) which
generates difficulties for molecules to anchor deeply inside the porous
structure (Fig. 1A). The presented data of pore size are overall values for
the entire ceramic sample. It needs to be highlighted that ceramic
membranes possess a multilayer structure (Figs. S2 and S3) The slightly
higher values of C observed for materials treated with non-fluorinated
molecules can be explained by a different hydrophobicity level
compared with fluorinated analogues analogues (Fig. 1A and B). The
different behaviour of modifiers inside the porous structure e.g. by
changing pore tortuosity can be observed. Furthermore, a significant
decrease in C constant can be caused by divergent interactions with the
surface of the ceramic depending on the hydrophobicity, i.e. increasing
hydrophobicity with the length of the fluoro-carbon chain. The
mentioned effect was visible especially for 300kD-modified membranes
(Fig. 1). The value of C factor changed in the range of 19.63-15.86 and
28.08-8.25 for modified 5kD and 300kD ceramics, respectively. To
characterize material in a more detailed way, the t-plot method was
implemented and used for micropores presence confirmation [42,44].
The thickness of the adsorbed organic nanolayer was calculated ac-
cording to the Harkins-Jura model and master isotherm relation intro-
duced by Lecloux-Pirrad [44,50,51]. The correlation between the
adsorbed layer and relative pressure for chosen ceramics is shown in
Fig. 2. For 5kD practically no difference was seen between evaluated
samples, irrespective of surface physicochemical features (Fig. 2A). The
observed lack of distinction in the thicknesses for 5kD is related to a
quite close porous structure, i.e., low porosity ~30% and small pore size
ca. 3.5 nm [52]. These observations were supported by pore size changes
(Fig. 1A) that were very small for all 5kD membranes. An interesting fact
was that the correlation between pore size and length of grafted mole-
cules was not linear. It might be related to the generation of the
agglomerated or bundle form of the fluoroalkyl chains. On the other
hand, for 300kD ceramics, the reduction of thickness has been observed
(Fig. 1B). The thickness of the grafted layer was also examined by TEM
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and EDX. The value of the thickness of organic nanolayer was compa-
rable for both techniques (Figs. S5 and S6). It was correlated to the quite
important difference in the pore size as an effect of grafting process
(Figs. 1 and S4). It was found that with a growth in the length of
fluoro-carbon chain and subsequently with an increase in the hydro-
phobic character, the reduction of t was seen. It suits well the discussed
previously decrease of pore size and membrane tortuosity. Interestingly,
the presence or lack of fluorine in the grafting agent has no impact on the
adsorbed layer thickness (Fig. 2B).

3.2. Adjustment of wettability feature by controlling functionalization
process

Since perfluoroalkylsilanes and alkylsilanes are strong surface
modifiers, a significant part of the work was dedicated to wettability and
studies of the surface. Expectedly, it was observed that the introduction
of alkylsilanes and perfluoroalkylsilanes based modifiers on the ceramic
ZrO, material considerably changed the water contact angle (Fig. 1B). In
all cases, a significant increase in CA, from 40° for pristine material up to
more than 105° (after 5h of grafting) and >130° (after 35h), has been
noted indicating that the modified surface shows a strong hydrophobic
character.

To evaluate if the modifiers were covalently attached to the surface,
modified membranes were immersed in hexane and were additionally
treated by sonication. As shown in Table S1, the CA maintained after
both tests, i.e., membranes preserved their hydrophobic character.

The variations of CA for water were related to the role of C-F bonding
with the substantial importance meaning of fluorine atoms as well as to
the role of C-H bonds [20,53]. In the case of fluorine atoms, their size is
much bigger than that of hydrogen atoms. This fact is associated with
bigger van der Waals radius (1.47 A for F and 1.20 A for H) as well as a
cross-section (30 A2 for F and 20 A? for H) [10,53]. The observed dif-
ferences in CA are related on the one hand to the type of the molecules
(Iength of carbon tail and the presence or lack of fluorine atoms in the
molecules) and on the other, to the experimental protocol, i.e. time of
modification [20,21]. Depending on the modifiers used, and their
orientation on the ceramic surface [54], different values of CA were
observed. The trifluoromethyl group in fluorinated compounds (FC6,
FC8, and FC12) will give intensification to a strong dipole attributable to
modifications in the electronegativity of atoms in a C-F bond that is
subsequently revealed by changes of wettability of the functionalized
surfaces (Fig. 3). The determined values of CA on the modified materials
were in the range of 110 + 1.5°~148 + 0.8°. The substantial increase in
contact angle was a consequence of the grafting time prolongation from
5h to 35h (Fig. 3). Taking into account the type of modifier, the inter-
esting data were noted for non-fluorinated analogue (C6). Surprisingly,
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Fig. 3. Evolution of water contact angle after functionalization with various
alkylsilanes.

the results were comparable to those achieved for fluorinated agents. A
big difference in hydrophobicity has been noted between FC6 and FC12,
independently on the pore size of the ceramic (Fig. 3). In that case, the
noted variations can be attributed to variations in assembly and struc-
ture of both types of grafting agents. Shorter molecules, e.g. C6 and FC6,
FC8 can generate vertically oriented structures that are related to the
length of the molecules and subsequently with their stronger interaction
between grafting molecules and surface. This conclusion is supported by
the AFM data (Figs. 4 and 5). Ceramics functionalized with molecules
possessing a shorter chain, particularly FC6 and FC8 present an
agglomerated structure on the surface causing an increase in the
roughness parameter. Such behaviour can also be explained by the po-
tential higher capability of vertical polymerization. An increase in
roughness and the thickness of the chemically attached nanolayer is
likely to form highly disordered silane clusters [55] (Fig. 5).

As a consequence of the mentioned feature, a reduction in packing
density is observed [56]. The most visible rise of the Rq parameter was
noted with the prolongation of grafting time (Fig. 4). The revealed
alteration was not observed for a surface treated with longer chains, i.e.,
FC12 (Figs. 2-4). In the case of this latter modifier, the horizontal
polymerization is also more favourable [10,53]. The indication of such
preferences is observed by the reduced roughness parameter (Fig. 4).
According to the literature data, the van der Waals component of the
driving force for self-assembly rises with the length of the carbon chain
in the modifying molecules [56]. Subsequently, modifiers possessing a
longer chain can generate a well-developed molecular organization and
therefore less rough material. Alternatively, the hindrance steric effect
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Fig. 5. AFM 3D-profiles for pristine and modified during 5h ZrO, 300kD membrane.

in the case of longer chains may limit the horizontal crosslinking and
condensed packing of grafting molecules during functionalization. Thus,
in all cases, defect-free organic nano-layers on the ceramic and inside
their porous structure employing repulsive forces to water molecules
and preventing in the same time its penetration/soaking in the material
were generated.

An interesting correlation has been found between the water contact
angle and roughness of the surface (Fig. 4). The reduction of the Rq
parameter is observed once more hydrophobic material is created. This
observation is in good accordance with other literature findings [10,17,
38,53,55,56] and the correlation described above. Furthermore, it was
presented that the relation between roughness and hydrophobicity can
be adjusted by selecting appropriate grafting agent (with fluorine or
fluorine-free, having a certain length of hydrophobic tail) or by duration
of modification. Moreover, practically no influence of the ceramic

support morphology (i.e., pore size) was noted (Fig. 4). It was stated that
C6, FC6, FC12 molecules are the most suitable for the tunable surface
properties, generating smooth, and defect-free highly hydrophobic
material.

As a result of the wetting measurements, it was found that chosen
factors used for wettability assessment changed significantly after
modification with alkylsilanes and fluoro-alkylsilanes (Fig. 6). The
sliding angle of the surface (Fig. 8A) was reduced after the extension of
grafting time from 5h to 35h (5h SAskp.ce =66 +1.3° and 35h SAskp.
c6 =41+ 1.3°). The biggest improvement with SA has been found for
300kD-C6 and 300kD-FC6 after increasing the grafting time up to 35h
(5h SA3p0kp-c6 = 81 £ 1.6° and 35h SA3ggkp.ce = 40 + 1.2°). Comparable
values were observed for C6 and FC6 molecules, irrespective of the
surface pore size (5kD or 300kD). The highest value was observed for
surfaces treated with FC8. This trend is related to the higher roughness
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on these ceramics (Fig. 4) and slightly lower hydrophobicity level
(Fig. 3). Taking into account the possible application of the ceramics,
particularly MD separation, the most important is water resistance to the
material during the separation process. To evaluate this property, the
critical surface tension (6.;) and spreading pressure (S) are discussed as
the most suitable parameters (described in details in section 2.3.4).
When comparing the pristine and modified surface, an important
development in critical surface tension was noted (Fig. 6A). Pristine
ZrO, samples were characterized by 35.5 mN m ! and 30.6 mNm ™, for
5kD and 300kD, respectively. As an effect of the grafting process, these
values were reduced to 17.42+05mNm~! (for 5kD) and
15.4+0.4mNm™! (for 300kD). The mentioned lowest values (reduc-
tion of ca. 50%) were achieved for the ceramics modified with FC12
molecules. However, in the presented work, water and NaCl solutions
were utilized as feed solutions. The lowest value of liquid tension oy, for
applied feed solution (1 M NaCl) at the temperature of AGMD experi-
ment was 64 mN m™ . For this reason, there is no risk of wetting the
grafted membranes during the desalination process. Additionally, it can
be mentioned that modification conditions did not substantially influ-
ence the critical surface tension value (Fig. 6A). Variations of o, for
samples treated during 5h and 15h were found to be in the range of the
standard deviation.

The spreading pressure was another important parameter, giving a
deeper insight into the wetting phenomenon of the modified ceramic
membranes. All the determined values were negative (Fig. 6B) being in
the range of —134.54+4.4mNm™! (300kD-FC12 35h grafting) and
~89.17+2.9mNm ! (5kD-FC8 5h grafting). Furthermore, for all
samples, CA was higher than zero. These data are in good agreement
with the literature findings [57]. S parameters for the pristine sample
were equal to ~16.71 +£0.50 mNm for 5kD  and
—~11.52+0.34mNm ! for 300kD, accordingly. The reached negative
values of S supported the above-presented data for the incomplete
wetting or lack of wetting. Partial wetting was noted only for pristine,
non-modified ceramics (Fig. 3). The level of the hydrophobicity of the
material influences spreading pressure and wettability feature [57].
Samples with lower hydrophobicity (e.g., 5kD-FC8) are characterized by
a smaller S owing to the lower basicity of the material. The generated
ceramics were free of wetting and are appropriate for MD application,
taking into account all the investigated parameters related to the
wettability.

3.3. Influence of the modification process on physicochemistry of ceramic
material

In the preparation of new materials, dedicated to membrane distil-
lation, it is essential to assess their stability and water repellency. To
achieve the mentioned goals and correlate physicochemical features
with wettability changes after the modification process, the Kao diagram
can be employed. During the construction of the Kao diagram Wenzel’s
and Cassie—Baxter’s approaches were taken into account (Fig. 7). In
Fig. 7, the Kao plot was shown for the pristine and modified ZrO, ce-
ramics during a short time modification (5h). For a longer modification
time the results are presented in Fig. S7. In the right-upper part of the
Kao diagram, samples possessing a hydrophilic or highly hydrophilic
character are located, irrespective of the surface roughness. The non-
modified ZrO, membrane is placed in that part. Furthermore, in the
first quarter of the coordinate system, the modified surfaces wetted by
solvents with low liquid surface tension are also located (i.e., ethyl io-
dide, butyl acetate, methyl tert-butyl ether, perfluorohexane, and n-
hexane). Taking into account the chosen testing liquids, evaluated
roughness parameter and wetting behaviour (i.e. critical surface tension,
spreading pressure and sliding angle), it was possible to foresee the
wettability of the evaluated ceramic membranes. Concerning the results
for water as a testing liquid, it can be stated that 5kD functionalized
surfaces are mostly located in the Wenzel region (Fig. 7). However, the
more open structure of 300kD, that was modified with higher
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effectiveness (Figs. 1 and S2), and characterized by higher CA and
roughness are placed in both Wenzel as well as Cassie-Baxter region of
the Kao diagram. For the highly hydrophobic heterogenic surface, air
pockets locked in the asperity valleys will be noted (for 5kD-FC12 and
300kD-FC12 after 2nd grafting and for all samples after 3rd modifica-
tion). Consequently, it will be possible to form a composite solid—liquid-
air interface and to raise the value of CA. It needs to be highlighted that
the achieved experimental data from the material analysis are in good
accordance with the literature findings [14,17,58]. Interesting results
were established for FC6 and FC12 showing the best water resistance
(location in the Cassie-Baxter region — Fig. 7, Fig. S7). Also, these data
proved that it is possible to use molecules with shorter carbon chains to
generate more hydrophobic and water-resistant material, irrespective of
the morphology of the starting material. Finally, it is a promising way to
prepare highly hydrophobic material applying a fluorine-free analogue
of the grafting agent (Fig. 7). 300kD ceramic treated with C6 was placed
in the Cassie-Baxter zone. These findings are valuable for the potential
applications and commercialization, e.g., generation of highly special-
ized materials with predictable surface features. To conclude, the
modification process with fluorinated and fluorine-free molecules was
quite considerably efficient and changed both the ceramic morphology
and the physicochemical properties.

3.4. Impact of functionalization process on mechanical features

Besides the wettability behaviour of the modified material, an
essential issue was to define its stability. The features were introduced as
the correlation between work of adhesion (W,) and adhesive force (Fa)
as well as nanohardness (H,) and elasticity index (H/E) (Figs. 9 and 10).
Equilibrium of adhesion work is a parameter on which the wettability, as
well as mechanical features, has an essential impact from the thermo-
dynamic point of view [9, 56]. This is because of the generation and
elimination of interfacial areas that cause changes in reversible free
energy. In the course of AFM measurements, the F, acting in ambient
environments among the substrate (i.e., ceramic) and AFM probe is
typically brought up to originate mostly from the destruction and
distortion of the capillary bridges between the surface and tip [9,56].
Frequently, these bridges initiate from the condensates of water vapours
that naturally pledge at structural indiscretions, e.g., cracks or pore.
Heterogeneities of the surface in nano and/or micro-scale, can let water
penetrate through the irregularities and as a final point generate nano-
or microdroplets, even on the highly hydrophobic/hydrophilic sample
[56,59]. Such behaviour has been found for all investigated ZrO,
ceramic samples grafted with perfluorinated and fluorine-free
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molecules, presenting the RMS values in the range of 6.58 nm-45.12 nm.
Concerning the capillary forces, having their nature independent from
the chemistry of surface structure, a significant influence on the
measured adhesive force was observed.

In Fig. 8, local adhesive features are presented as an evaluation of F,
with microscopic F, for the water-ceramic system. The diminution of
adhesive features was noted as a consequence of ZrO5 ceramic modifi-
cation, both with fluorinated and non-fluorinated molecules (Figs. 2 and
4). The values of F, and W, were equal to 25.2+1.0nN and
128.8+ 3.8 mN m ™ for 5kD and 29.5+ 1.1nN and 134.1 + 4.0 mN m™
for 300kD, respectively. As an effect of functionalization, the significant
decrease of work of adhesion and F, was found with a rise of the length
of the grafting agents as well as an extension of grafting time. F, after
treatment with silanes modifiers was in the range of 2.1 + 0.1 nN and
6.2 +0.2nN depending on the duration of grafting and grafting agent
type. The modifiers possessing longer chains are considered to be better
antiadhesive agents. However, the values of W, were in the range of
11.1+0.3mNm 'and56.4+1.7mNm! (Fig. 8). It was noted that for
capillary condensation occurrence, the measured F, is subjected to
surface chemistry. Out of that, the dispersive and capillary interaction
can affect the value of F, [60,61]. Although practically linear relation
has been noted between F, and W, of modified ceramics, a slightly
different trend has been observed for samples modified with FC12
(Fig. 8). In that case, the pore size of the membrane becomes important.
In the case of 5kD, the experimental points for FC12 were far from the
linear correlation with other points (Fig. 8A). For 300kD ceramics, not
only the higher reduction of F, but also stronger impact on grafting
molecules has been found. Values of adhesion work for 300kD were
smaller in the comparison to 5kD owing to the higher hydrophobicity
level (Fig. 3). An analogous relationship between W, and F, was pre-
sented by Bhushan et al. [62] during the formation of the self-assembly
monolayers from biphenyl thiol and alkylthiol possessing various reac-
tive groups. It was stated that film made from hexadecane thiol with a
methyl terminal group presented the lowest frictional force and the
adhesive force because of its low W, and its highly acquiescent long
carbon chain. Bhushan et al. [62] also explained that the creation of
water capillary could impact F,. Furthermore, the intensive study about
the relationship between W, and F, was described by Psarski et al. [56]
who worked with a coating of glass and silicon by various per-
fluoroalkylsilanes possessing between 1 and 8 carbon atoms in fluoro-
carbon chain.

Modification with the mentioned modifiers improved the mechanical
properties. The hardness of the samples increased from 2.41 GPa (5kD-
NM), 2.36 GPa (300kD-NM), up to a range of 7.68 + 0.23 GPa (5kD-C6
5h) and 9.88 + 0.29 GPa (300kD-FC12 35h). Contrary to the modulation
of hydrophobicity level, by the selection of specific molecules and sub-
sequently influencing not only CA (Fig. 3) but also roughness (Fig. 5), an
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increase in the number of carbon chains in grafting molecules results in
an improvement in nanohardness (Fig. 9). Moreover, the existence of
fluorine has a noticeable impact. The time of modification, however, has
an only marginal influence on the hardness of ceramics. Inversely to the
observed tendency of hardness parameter, the elasticity index (H/E) is
reduced with the length of the carbon-chain. Nevertheless, the impact of
a grafting agent is seen. The elasticity index for pristine ceramics was
equal to 0.0203 (5kD-NM) and 0.0209 (300kD-NM), respectively. As an
effect of hydrophobization, that parameter changed to 0.0564-0.0604
for 5kD samples and 0.0559 to 0.0613 for 300kD membranes, accord-
ingly. That remark is related to the fact that H,,/E depends on both Hj, as
well as on the Young modulus (E). The gathered data of mechanical
features are in close relation with the adhesion properties (Fig. 8). The
high value of elasticity index for C6 membranes was related to the
higher value of Young modulus. This remark has an essential meaning
for the generation of highly, mechanically resistant membranes. The
findings showed that the presence of fluorine has an important influence
the mechanical features.

The determined values of tribological factors are in good accordance
with the literature data [63]. The Young modulus for the zirconia ma-
terial can be varied between 105 — 225 GPa and depends on the porosity,
method of preparation of the material (e.g. classical sintering at 1110°C
or spark plasma sintering), and existence of additives (e.g. yttria used for
stabilization) [64]. The noted variations in data of H, and E in the
presented research can be explained by the greater stiffness of the
fluorocarbon chains. The Young modulus for the pristine investigated
membranes was equal to 118.3+4.7GPa (5kD-NM) and
127.3 £ 5.0 GPa (300kD-NM), respectively. After the treatment these
values changed as follows 127.3+3.8GPa (5kD-C6 5h) -
164.4 £+ 4.9 GPa (5kD-FC12 35h), and 125.3 + 3.7 GPa (300kD-C6 5h) —
159.3 +4.7 GPa (300kD-C6 5h). Moreover, this can be linked to a
turning of the structure of perfluorinated molecules that is significantly
smaller in the comparison of non-fluorinated modifiers. It is related to
the smaller size of hydrogen atoms compared with fluorine [65]. The
generated nanolayer of alkylsilane is less stiff than the fluorinated one.
For this reason, carbons can easily move without hindrance compared to
molecules of perfluorinated modifiers [66]. Comparable results were
shown by Bhushan et al. [62,65]. It was presented that for a
self-assembled monolayer possessing a backbone structure with greater
stiffness, more energy is required for the elastic distortion. That
enlightenment can help to understand why the smaller values of H and E
were found for ZrO5 samples functionalized with fluorine-free grafting
agents (Fig. 9) [62,65].

3.5. The separation efficiency of modified ceramics in the desalination
process by applying AGMD process

Successfully hydrophobized zirconia membranes were subsequently
characterized in the desalination process of NaCl aqueous solutions by
employing the air-gap membrane distillation process (AGMD). The
AGMD configuration has been selected owing to their advantage of heat
loss reduction by the membrane material owing to the presence of air
gap and the possibility of getting higher permeate flux. The heat transfer
in AGMD is a complex feature including many variables i.e. transfer of
heat through the feed boundary layer, through membrane and the gas
gap, the condensation phenomenon at the cold surface, as well as the
transfer of heat through the condensate liquid boundary layer and to the
cooling water. The selection of ZrO, materials was beneficial because of
their low value of thermal conductivity [67]. In the above-mentioned
parts, it was presented that zirconia membranes meet all the neces-
sities of the MD process, i.e., there are hydrophobic, porous, and resis-
tant to wetting [68,69]. The strong hydrophobic character was proved
by CA (Fig. 3) and a high LEP value for water (Fig. 10). Moreover, the
theoretical lack of wetting was confirmed by critical surface tension
established basing the Zisman method and plotted on the Kao diagram as
well. Application of shorter molecules gave a gradual increase in the LEP
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value (Fig. 10), however utilization of FC12 caused the partial pore
blocking of the membrane. This remark was supported by the observed
highest LEP pressure for both 5kD and 300kD membranes after 15h and
35h of grafting.

As a first step before the separation process, membranes were tested
only in contact with pure water as feed. Transport of water, as well as the
separation process, was accomplished with an applied driving force
equal to 689 mbar [70]. Transport of vapours of solvent (i.e., water) in

MD can be described as follows (Egs. (8) and (9)) [71]:

Jmo = K(Pf —Pp) 8
S S Y

K=|— — 9
el

where: K — overall mass transfer coefficient [kg m~2s~'Pa~], p¢— partial
vapour pressure of water in feed, p, — partial vapour pressure of water in
permeate; K¢ — mass transfer coefficient of feed layer, Ky, — mass transfer
coefficient of membrane and K, — mass transfer coefficient of permeate
layer.

K parameter depends roughly on the membrane properties, e.g.,
thickness, pore size, porosity, type of material, morphology, and tortu-
osity [72]. Despite the fact that mass transfer coefficient K is related to
the temperature and pressure values, commonly, its value is almost
constant [72]. This was seen for the zirconia membranes decorated with
silane-based modifiers (Table 1).

For the determination of water vapour pressure Bulk’s equation (Eq.
(10)) was implemented owing to the fact that is a more accurate
approach in comparison with Antoine’s equation [73].

P=0.61121exp {(18.678 7L> ( r

— 1
2345) \257.14 + T)} 0

where temperature (T) is in [°C], and pressure (P) is in [kPa].

With regards to the data gathered in Table 1, a slight influence of the
type of silane-based modifier and pore size of the membrane was noted.
Furthermore, a visible impact of grafting time was also observed. The
decrease of overall mass transfer coefficient with the extension of
modification time was associated with the higher hydrophobicity level
and subsequently with less favourable water transport crosswise the
ceramic membrane. Membranes decorated with C6 possessed the high-
est values of the K parameter. Conversely, the smallest mass transfer
coefficient was found for ZrO, membranes modified using FC12,

Table 1
Overall mass transfer coefficient for the investigated membranes.
Membrane JH20 K [kg JH20 K [kg JH20 K [kg
[kg m2s?! [kg m2s?! [kg m2s?t
m~2 Pa!] m~?2 Pa 1] m?2 Pal]
h™! h 1 h ™
1st modification — 2nd modification — 3rd modification —
5h 15h 35h
5kD-C6 3.66 1.47 2.45 0.98 1.29 0.52
1078 1078 1078
5kD-FC6 3.05 1.22 2.04 0.82 1.08 0.43
1078 1078 1078
5kD-FC8 2.73 1.10 1.50 0.60 0.67 0.27
1078 1078 1078
5kD-FC12 1.08 0.43 0.00 - 0.00 -
1078
300kD-C6 4.56 1.83 3.01 1.21 2.40 0.96
1078 1078 1078
300kD- 3.80 1.52 2.51 1.01 2.00 0.81
FC6 1078 1078 1078
300kD- 3.77 1.51 2.42 0.97 1.72 0.67
FC8 1078 1078 1078
300kD- 4.16 1.67 1.91 0.76 0.00 -
FC12 1078 1078

10

Journal of Membrane Science 596 (2020) 117597

however only for the second and the third grafting. This observation can
be related to the partial clogging of pores by grafting molecules, prin-
cipally for the 5kD membrane. It that case the size of grafting molecules
(~2.2nm) was similar to the pore size of the membrane (3 nm). The
higher value of water permeates as well as K factor for 5kD-FC12
membrane treated 5h can be related to smaller density of the attach-
ment of the molecules.

The established data on transport properties for pure water and salty
water were presented together in Fig. 11. The influence of membrane
morphology, grafting agent (Fig. 11A and B), as well as time of modi-
fication (Fig. 11 Al-A3; B1-B3) on the transport features, has been
evaluated. It was proved that all these factors influence water transport
through ZrO, ceramic membranes. Firstly, the observed changes can be
related to the differences in the tortuosity of the membrane pores and
pore diameter after the grafting processes as well as related to the LEP
values (Figs. 1, 2 and 9). 300kD membranes possessed higher permeate
fluxes compare to 5kD membranes, which is clearly associated with their
morphology, i.e., bigger pore size diameter, higher porosity, and lower
LEPw value. Consequently, the mechanism of vapours transport will be
different for 5kD and 300kD membranes [37,74]. The extension of
modification time from 5h to 35h causes a significant reduction of the
permeate flux (Fig. 11). Moreover, the type of grafting agents appears to
have an important influence on the transport properties. The highest
fluxes were noted for membranes grafted with a non-fluorinated agent
(C6).

The utilization of C6 makes it possible to generate hydrophobic
membranes (Figs. 2 and 9) characterized by excellent water repellence
(Figs. 5 and 6) with improved permeability. Membrane treated with C6
show a slightly lower contact angle for water (Fig. 3) and roughness
(Fig. 5) which gave water molecules easier access through the ceramic
structure. Moreover, fluorine free membranes were more stable towards
hexane treatment under sonication (Table S1). Furthermore, the lower
spreading pressure and higher critical surface tension (Figs. 6 and 7)
ensure higher affinity to water as well. This was associated with the
stronger polar interaction with the functionalized ceramic material.
Production of the fluorine-free materials has a huge application poten-
tial e.g. food and water industries, where possible fluorine toxicity
should be avoided. The reduction of transport features was also observed
with the increase of NaCl feed solution concentration. This fact is
associated with the decrease in driving force during the MD process with
the feed possessing more non-vapour species. The mentioned observa-
tion can be elucidated by the Raoult’s law stating that the vapour
pressure above the solution containing more non-volatile component is
diminished [74]. Taking into account the type of modifiers, it can be
seen that the type of perfluorinated molecules has also a significant in-
fluence on the permeate flux. The less permeable membrane was that
modified with FC12 molecules (Fig. 11). This observation can be asso-
ciated with a mode of PFAS chain anchoring inside the porous structure
membrane followed by a rise of membrane tortuosity and subsequently
influencing LEP value (Fig. 10). In addition, the partial pores clogging by
perfluoroalkylsilanes is also possible [75].

This was observed for 5kD-FC12 treated during 15h (Fig. 11 A2) and
35h (Fig. 11 A3) as well as for 35h-grafted membrane 300kD-FC12
(Fig. 11 B3). The retention coefficient of salt (Rnac) (Eq. (1)) is a sig-
nificant factor determining the efficacy of the desalination process. From
the theoretical point of view, this value should be equal to 100% owing
to the fact that only vapours of the solvent can be transported through
the porous hydrophobic material. The gathered data are in good
accordance with that theoretical statement (Fig. 13). For all the inves-
tigated samples high level of salt rejection (~99%) was observed.
Moreover, no influence of membrane character, time of modification as
well as type of grafting agent was found (Fig. 13). Out of the received
data, it can be stated that no wetting took place during the separation. It
was also proved by the observed stable flux of permeate during the
AGMD process (Fig. 12). In comparison with the literature data, an
upgrading of membrane performance was seen (Table 2). For example
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Fig. 11. Transport properties of the modified ZrO, membranes 5kD (A) and 300kD (B) during 5h (Al, B1), 15h (A2, B2) and 35h (A3, B3).

Krajewski and co-workers [34] used ZrO»-200nm membranes for desa-
lination of 0.1 gL! NaCl in AGMD. The reported values of permeate flux
were around 6 kg m 2 h . However, the driving force was much higher
than in our case of ca. 30%. Liu et al. [35] tested a zirconia membrane
stabilized by yttria, however the membrane has a very open structure
with pore size of ca. 1 pm.

As a result of such open structure very high flux was noted ca.
28.7kgm 2h~!. Chen and co-workers [7] presented interesting mem-
brane based on alumina (150 nm) and modified with a long fluorine-free
alkyl chain possessing 16 atoms. The membrane was used for the
desalination of 30 gL ! NaCl in VMD. Owing to the different driving force
in vacuum MD, the high permeate flux was noted equal to
30kgm 2h~}, however the membrane was not stable in a long-lasting
process. Modification of the ceramic membrane with carbon

11

nanotubes gave a chance to improve the transport properties due to the
presence of carbon-based materials and very open porous structure
(pore size 470 nm) promoted water transport [76]. The membranes were
very stable and superhydrophobic (CA=168°) characterized by
permeate flux of 25.3kgm 2h~! during the desalination process of
70gL’! NaCl in electrochemically assisted direct contact MD.

4. Conclusions

To improve the membrane separation process, it is necessary to
comprehend the process from the viewpoint of the membrane material,
e.g., its chemistry and material features. The molecular grafting of zir-
conia ceramic membranes was successfully accomplished to turn the
natural hydrophilic character of the ceramics to a highly hydrophobic
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one. The prepared membranes were highly resistant to water, possessed
a raised hydrophobicity level and for this reason were suitable for the
membrane distillation process. All membranes were efficiently modi-
fied, and the contact angle increased from ca. 40° to 105-148°
depending the employed experimental conditions. An intensive material
and physicochemical characterization has been carried out. Contact and
sliding angle, roughness parameter, t-plot, and adhesive features (work
of adhesion and adhesive force) were determined to assess how the
modification (a type of grafting agent and length of time of modifica-
tion) influence material properties. Furthermore, spreading pressure,
critical surface tension (Zisman plot method) and Kao diagram were
implemented to evaluate wetting ability. Mechanical stability was
determined by description nanohardness, Young modulus, and elasticity
index. The established parameters were referred to the membrane sep-
aration effectiveness in desalination air-gap membrane distillation. The
calculated and achieved data from material analyses suits well with the
experimental data from MD tests. No wetting has been observed during
the course of desalination process that was in good accordance with
determined critical surface tension and Kao diagram. Although the
modification time did not influence many material properties, the
impact on transport features was clearly visible, especially for mem-
branes treated with FC12. Owing to the long molecules and high fluo-
rination degree, ceramic membranes with both morphologies (5kD and
300kD) suffered from pore-clogging and severe flux reduction. The most

Table 2

Comparison of ceramic and polymeric membranes performance.
Membrane material MD Process Pore size/porosity CA [deg] Temp feed [°C] Feed Flux [kg m2h1] Ref.
Al,03-FDTS DCMD 80 nm, 32% 150 70 0.7 M NaCl 7.2 [25]

160 nm 57% 161 8.2

SiO, ceramic with SiN,O nanowires SGMD 0.81 pm, 49% 160 90 4% NaCl 11.11 [27]
Al,05 -C16 VMD 150 nm 161 70 30 gL’1 NaCl 30 [7]
CNT-ceramic e-DCMD 0.47 pm 168 80 70 gLt 25.3 [76]
Al,03-FAS VMD 0.40 pm 158 70 3.5 wt% NaCl 29.3 [19]
SigNy SGMD 0.81 pm, 57% - 75 3.5wt% NaCl 11.75 [77]
v-Y2Si,07 SGMD 0.9 pm, 49% 132 90 20 wt% NaCl 10.03 [78]
ZrO,-YSZ DCMD 4.5 pm, 43% 135 80 2 wt% NaCl 28.7 [35]
Al,03 AGMD 100 nm 132 920 0.25 wt% NaCl 3.7 [79]
TiO, 75nm 128 1.9
ZrOy AGMD 200 nm 142 95 0.1 gL'1 6 [34]
PVDF DCMD 0.21 pm, 53% 135 50 3.5 wt% NaCl 21 [80]

C16 - hexadecyltrimethoxysilane.

FDTS- perfluorodecyltrichlorosilane.

e-DCMD - electrochemically assisted direct contact MD.
FAS - 1H,1H,2H,2H-Perfluorodecyltriethoxysilane.
PFAS-1H,1H,2H,2H-perfluorooctyltrichlorosilane.

12
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important and interesting finding was the fact that the utilization of non-
fluorinated modifiers can be more suitable for highly permeable ce-
ramics, possessing excellent transport and separation properties as well
as mechanical stability. Membrane 300kD grafted S5h with C6 had more
than 20% better transport features and comparable material properties
than FC6 modified in the same modification conditions. Measured
permeate fluxes during the desalination of 0.5M NaCl for 300kD-C6
sample were equal to 3.15kgm 2h ! and 2.63kgm 2h~! for 300kD-
FC6. Furthermore, 300kD-C6 membrane was characterized by
CA=114°, Rq=33.58+1.01nm, and critical surface tension
20.4 +0.6 mNm !, The same parameters for 300kD sample modified
with fluorinated analogue as followed, CA=110°,
Rq=35.72+1.07 nm, and critical surface tension 19.2 + 0.5 mN m’L,
respectively.
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