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HIGHLIGHTS

® Highly efficient zirconia membranes for hazardous VOCs removal process were generated.
® Improvement of transport properties after modification with fluorine-free molecules.

® Extensive material and physiochemical studies of functionalizes zirconia membranes.

® Correlation between physicochemistry and wetting properties of the modified ceramics.

ARTICLE INFO ABSTRACT

To upgrade the membrane separation process, there is a tremendous need to understand the process from the
point of view of the membrane materials, e.g., their chemistry and material features. Functionalized by various
alkyl- and fluoroalkylsilanes, zirconia membranes (pore size 3 and 200 nm) were systematically investigated
from the material, physiochemical, and tribological points of view. The work shows the successful utilization of
the modified ceramic membranes to niche application of water purification. Stable organic-inorganic membranes
were applied in vacuum membrane distillation (VMD) for removal of hazardous volatile organic compounds
(VOCs) butanol, methyl-tert-butyl ether, and ethyl acetate. Wettability, surface roughness, and adhesion were
investigated, taking into account the type of modifiers (fluorine-free) and molecules with a different degree of
fluorination. The impact of the type of reactive group in non-fluorinated modifiers on the material features and
the separation effectiveness were discussed.

Furthermore, mechanical and chemical stabilities were studied. The most significant was that utilization of
non-fluorinated modifier makes it possible to generate stable hydrophobic membranes, with high reactivity
during grafting, suitable for VMD. These membranes possess better transport properties and high mechanical
stability in comparison with fluorinated ones.
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potential applications in various niche areas of scientific and industrial
interest, especially, for the production of high purity permeate, re-

1. Introduction

The continuous increase of the human population on the earth
which is accompanied by their basic and industrial activities has put a
strain on the present sources of freshwater [1]. In a technically and
economically feasible processes, water can be purified by the im-
plementation of a variety of membrane separation processes including
membrane distillation (MD) [1-3].

MD is an example of a non-isothermal process, demonstrates

covery of valuable minerals, and separation of contaminants from li-
quid solutions [4,5]. Moreover, MD can be utilized to produce ultrapure
water even from aqueous solutions with high salinity [6,7]. Considering
all MD processes, vacuum MD (VMD) can be used for the removal of
volatile organic compounds (VOCs) from industrial wastewater [8].
Furthermore, in the case of utilization membranes with high affinity to
VOCs, the MD is an efficient and relatively low-cost process to remove
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VOCs. The mentioned feature gives MD the ability to apply low-grade
waste heat to drive the process and make the it a promising green
technology towards integrated zero liquid discharge purification pro-
cesses [9]. Since the vapour pressure is not highly reliant on the salt
concentration, MD can be coupled with reverse osmosis (RO) for the
treatment of highly saline water [10] and upgrade the efficiency of the
entire process.

VOCs due to their negative impact on the health and environment
need to be removed from water. Beside their direct effect on the re-
spiratory system, eyes, and skin, the presence of VOCs in water, even at
low concentration, can introduce cytotoxicity, carcinogenicity, and
autoimmunity [11]. Methyl tert butyl ether (MTBE), ethyl acetate
(EtAc), and butanol (BuOH), are among the VOCs utilized on an in-
dustrial scale. Hazardous classification according to REACH for the
above mentioned VOCs follows: H225 — highly flammable liquid and
vapour; H226 — flammable liquid and vapour; H302 - harmful if
swallowed; H315 - causes skin irritation; H318 — causes serious eye
damage; H319 — causes serious eye irritation; H335 — may cause re-
spiratory irritation, and H336 may cause drowsiness or dizziness [11].
There are number of separation techniques available and suitable to
remove VOCs e.g. photocatalytic [12], adsorption [13], and catalytic
combustion [14]. However, the reason to implement VMD instead of
other techniques, presented above is high effectives of VOCs removal by
membrane distillation. It needs to be highlighted that VOCs are good
wetting agents for hydrophobic materials, and an application of con-
ventional hydrophobic membranes (e.g. PTFE polytetra-
fluoroethylene, PP -polypropylene) for MD is challenging. For this
reason, a stable and highly efficient membrane material needs to be
implemented. The separation materials dedicated to membrane dis-
tillation have to meet the following requirements: hydrophobic char-
acter, porous structure and lack of wetting during the separation pro-
cess. To meet these necessities very often the modification of the
materials is additionally introduced. A number of separation materials
have been used for membrane distillation operation including poly-
meric and ceramic ones [7]. The first type due to the possible natural
hydrophobicity is more popular. The other one, ceramic membranes,
are generally more robust owing to their intrinsic properties, long-life,
and high mechanical strength. Furthermore, ceramic membranes are
less subject to fouling in comparison to polymeric membranes [15].
Unfortunately, ceramic membranes cannot be used for the MD process
directly on account of their natural hydrophilic character [8,16].
Ceramic membranes must be hydrophobized prior to the application.
This feature of the ceramic is actually beneficial due to the fact that
properties of the material can be tune depend on the final application of
the membranes. The membranes can be rendered hydrophobic by se-
lective surface modification, such as the grafting of alkylsilanes and
perfluoroalkylsilanes agents [17,18]. Furthermore, functionalization
can be done in a way that membrane will be not wetted by the solvents,
including highly concentrated VOCs in water. This is a predominance of
ceramic membranes implemented in VOCs removal by MD in compar-
ison with polymeric materials.

The most common ceramic materials used to date are titania, alu-
mina, and silica substrate [2,6,18]. Titania and alumina are broadly
used in the preparation of membranes with different geometry (planar,
tubular [8,19], or hollow fibres [7]) for MD application [6,9,20-23].
On the other hand, zirconia shows interesting properties since it can
improve material strength [24], possesses enhanced biocompatibility,
and can be utilized in clinical applications [25]. Recently, more at-
tention has been paid to the utilization of ZrO, in the MD owing to their
lower thermal conductivity (2.1 Wm ™~ 'K~ ') comparing to alumina (30
Wm 'K~ !) and titania (11.8 Wm 'K~ 1) [26]. MD requires membrane
materials with low thermal conductivity to prevent heat loss through
the membrane. To date, such hydrophobized zirconia membranes have
found very promising application in MD based desalination processes
[27]. Liu et al. [28] presented hierarchically-structured ZrO, ceramic
membranes prepared on the yttria-stabilized zirconia support.
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Significant enhancement of transport properties (high flux
—28.7kgm 2h~! and NaCl rejection coefficient > 99%) in MD was
observed, which was related to the hierarchically organized mesopore
structure. The ZrO, ceramic with the a-Al,O3 membrane was used by
Wu at al. [29] to generate UiO-66-NH, membranes with high perfor-
mance for the deep desulfurization of model gasoline via the perva-
poration process. Zhang et al. [30] compare two types of polymeric
membrane modules in the removal of VOCs from wastewater im-
plementing VMD. The synthetic feed contained 1 wt% sodium chloride
and 2.2wt% VOCs (dimethoxymethane, formaldehyde, and methanol
at a mass ratio of 10:2:1) based on an industrial wastewater composi-
tion. Authors observed wetting of the membrane and suggested an
additional modification of the membrane to avoid the tat problem.

Taking into account advantages of zirconia material (i.e. thermal
conductivity, high mechanical stability and biocompatibility as well as
the cost of the raw material) and their potential in the VOCs removal by
MD it was possible to define the research gaps. Namely, there are lack
of references focusing on the utilization of ZrO, based membranes for
VOCs removal. Bearing in mind the potential applicability of these
membranes in water treatment, the environmentally friendly separation
materials are desired. To meet the mentioned expectations, the authors
proposed the utilization of zirconia ceramic membranes functionalized
by non-fluorinated grafting agents.

The aim of the presented work is the base research focused on the
grafting of zirconia ceramic membranes and assessment of their efficacy
in a VMD process applied for the removal of VOCs. The membranes
were furnished with alkyl-chains possessing varied degrees of fluor-
ination and anchoring roots, i.e. chlorine, ethoxy and methoxy groups.
An important part was to correlate and to discuss the wettability and
roughness of the functionalized ceramic materials. The new materials
were characterized, and the separation efficiency was correlated with
the surface energy and wettability of the materials. This strategy opens
up new avenues for fabrication ceramic, highly stable and resistant
materials for water purification from hazardous volatile organic com-
pounds address to niche and advanced application.

2. Experimental part
2.1. Materials

Tubular (single-channel) ceramic ZrO, membranes with a mole-
cular-weight-cut-off (MWCO) equal to 5kD (~3nm pore size) and
300kD (~200nm pore size) were purchased from TAMI (France). For
material characterization, planar zirconia membranes with 3 and
200 nm pore size were utilized. 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (CAS 51851-37-7) marked hereafter as FC6;
1H,1H,2H,2H-perfluorodecyltriethoxysilane (CAS 101947-16-4)
marked hereafter as FCS; 1H,1H,2H,2H-per-
fluorododecyltriethoxysilane (CAS 146090-84-8) marked hereafter as
FC10; and 1H,1H,2H,2H-perfluorotetradecyltriethoxysilane (CAS
885275-56-9) marked hereafter as FC12 were selected as the grafting
agents (SynquestLab, USA) containing fluorine atoms. Moreover,
fluorine-free molecules: n-octyltriethoxysilane (CAS 2943-75-1) re-
ferred hereafter as C60Et, octyltrimethoxysilane (CAS 3069-40-7) re-
ferred hereafter as C60Me, and octyltrichlorosilane (CAS 5283-66-9)
referred hereafter as C6Cl were purchased from Abcr Chemicals GmbH
(Germany). The grafting process and preparation of the modifying so-
lutions were done and kept under argon to avoid self-condensation.
BuOH, MTBE, and EtAc were chosen as examples of hazardous VOCs.
Acetone, butyl acetate, chloroform (stabilized by 1% ethanol), dimethyl
sulfoxide, ethanol, ethyl iodide, glycerine, n-hexane, perfluorohexane,
and pyridine were used for the critical surface tension (y.,) determi-
nation. All the above-mentioned solvents were purchased from Avantor
Performance Materials Poland S.A (Poland) and used without further
purification. RO deionized water (18 MQ.cm) was used for the pre-
paration of model VOCs aqueous solutions utilized during VMD.
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2.2. Methodology

2.2.1. Material features of native and hydrophobized ceramic membranes

Based on the goniometric technique (goniometer Attention Theta -
Biolin Scientific, Gothenburg, Sweden), apparent contact angle (CA)
and CA hysteresis (HCA) were determined. The tilting plate method was
applied at room temperature with 5s of equilibration [31]. The pre-
sented values of CA were the averaged values from 20 to 30 individual
measurements. The wettability limits expressed by vy., were determined
based on the Zisman method [32]. The surface free energy (SFE) was
calculated based on the Owens, Wendt, Rabel, and Kaelble (OWRK)
method [33]. The pore size distribution and pore size of the ceramic
materials were determined to implement BET (Brunauer—
Emmett-Teller) [34,35] and BJH (Barrett-Joyner-Halenda) [34,35]
models (Nitrogen adsorption/desorption analysis ASAP 20120 Micro-
meritics Instrument Corp., USA). Directly before the pore size de-
termination, ceramic samples were degassed at 90°C for 2h. The
roughness parameters of the membranes were assessed at room tem-
perature by atomic force microscopy (AFM) (NanoScope MultiMode
SPM System and NanoScope IIla and Quadrex controller, Veeco, Digital
Instrument, UK) employing the tip scanning mode with silicon nitride
probes (NP-1, Veeco) (k = 0.58 Nm ') and a scanning area of the
samples equal to 5 um X 5 um. Roughness was presented as a root mean
square (RMS) achieved from NanoScope Analysis Software (1.40, Build
R3Sr5.96909, 2013 Bruker Corporation). Contact mode with a diamond
probe (DNISP-HS, Bruker) (k = 600 Nm™ 1) was utilized during tribo-
logical measurements. Adhesive forces (F.qn), nanohardness (H), and
Young modulus (E) were selected as parameters related to the tribolo-
gical features [8]. In the case of E and H determination, measurements
were repeated six times. Presented final values of F.q,, were averaged
from thirty analyses.

The effectiveness of the hydrophobization process was assessed by
the goniometric method and by liquid entry pressure (LEP,,) determi-
nation (tubular membranes) (Eq. (1)). Prior to the LEP,, measurements,
hydraulic permeability measurements (L,) were performed (Eq. (2)).
The L, was achieved using a laboratory rig [36]. The permeability of all
non-modified membranes was evaluated by a linear regression of water
flux applying an increasing of transmembrane pressure in the range of
1-9 bar (Eq. (2)).

2
LER, = icosQBf

Tmax

@

Jy = L,Ap 2

where y;, - surface tension of the applied testing liquid, r;,,x — maximum
membrane pore size, and 6 — effective contact angle value, J, — water
flux, Ap — transmembrane pressure.

2.2.1.1. Membrane grafting process. The hydrophobization process of
ceramic membranes (planar and tubular) was accomplished based on
the previously developed protocol [8,37]. The modification process of
the ceramic samples is presented in Fig. 1. The pre-treated (cleaned and
dried) membranes were grafted by submerging a sample in a grafting
solution (0.05 M). Modifiers were from a group of fluorinated (FC60Et,
FC8OEt, FC100Et, FC120Et) or non-fluorinated (C60Et, C60Me, C6Cl)
compounds. All the samples were kept in a grafting solution under
argon atmosphere for 15h at room temperature. Once the
functionalization process was accomplished, the ceramics were taken
out from the solution of grafting agent and consecutively rinsed in pure
ethanol, acetone, and water. Finally, membranes were dried at 90 °C
overnight and stored in the air.

The effectiveness of the grafting was assessed by TGA, NMR and
FTIR. Attenuated total reflection-Fourier transform infrared spectra
(ATR-FTIR) were collected using Bruker Vertex 80v ATR-FTIR machine
(256 scans, 4cm ™! resolution). Solid-state cross-polarization/magic
angle spinning nuclear magnetic resonance (CP/MAS NMR)

157
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measurements (2°Si) were done on Bruker Avance 700 MHz. Hydroxyl
groups determination on pristine and modified materials was per-
formed implementing thermoanalyzer Jupiter STA 449 F5 (Netzsch,
Germany). TGA analyses were accomplished at the temperature range
of 25-1000 °C under an ambient atmosphere of nitrogen.

2.2.1.2. Vacuum membrane distillation (VMD). The modified tubular
zirconia membranes were tested in VMD processes for the removal of
hazardous VOCs. Membranes, after the hydrophobization process were
pretreated (conditioning step) by keeping in contact with pure water
during the MD process until the constant flux had been reached (usually
after 5-7 h) [37]. This part was necessary to remove all non-covalently
attached silanes molecules that were anchored only by the physical
interactions (e.g. adsorption) on the membrane surface or inside the
pores [37]. Prior to the VOCs removal, values of permeate fluxes for
pure water as a feed were determined. The VMD tests were done at
35 °C, applying the setup shown and described in detail elsewhere [37].
Butanol, ethyl acetate, and methyl-tert-butyl ether were selected as
hazardous VOCs to prepare the model aqueous solutions, containing
3wt% of VOCs. The separation properties of the tested membranes
were determined based on the GC analyses of the feed and permeate
composition. Varian 3300 apparatus with a thermal conductivity
detector (TCD), and PorapakQ packed column (injection port
temperature at 200 °C, detector temperature at 220°C and column
temperature at 180 °C) was used.

The efficacy of the VMD experiments was evaluated by using the
following factors — total flux (J) — Eq. (3), partial permeation fluxes (J;)
— Eq. (4), separation factor () — Eq. (5), and Process Separation Index
(PSD) - Eq. (6) [19].

_ Amy 1.2
= aea Lkg:hl-m] 3
J=TY [kg-ht-m™2 (C))
Y X
= ——=[-]
g Xp Yy )
PSI=J(B —1) [kg-h'-m™?] 6)

where Am, - total weight of the compound in permeate [kg], A — an
area of the membrane [m?], At — a time of permeation [h], Y, X — mass
fractions of the more permeable component in permeate and feed, re-
spectively.

2.2.1.3. Evaluation of hydrophobic layer stability. The mechanical and
chemical stabilities of the modified membranes were also assessed. The
chemical stability was evaluated by putting the hydrophobized
membranes in contact with the following pure solvents: acetone,
butanol, chloroform, ethyl acetate, hexane, and methyl-tert-butyl
ether. The membranes were immersed in pure solvents for 96 h. The
solvent was stirred, providing a constant tangential flow over the
membrane surface. Subsequently, the membrane was rinsed with
deionized water and kept overnight at 90 °C. The mechanical stability
was determined by keeping samples in a sonication bath for 4h,
followed by membrane cleaning in ethanol, acetone, and water, and
drying the sample at 90°C overnight. Assessment of thermal and
mechanical stabilities was evaluated using the goniometric method.
Additionally, to evaluate influence of presented treatment by chemicals
or sonication, the transport and separation features for the treated
membranes were also determined. The purpose was to show if any
impact on membrane performance could occurred due to the contact
with chemicals or ultrasounds.
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Hydrophobic modifiers
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Fig. 1. The scheme of ceramic membranes functionalization by tri-functional perfluoroalkylsilanes molecules.

3. Results and discussion
3.1. Pristine ceramic membranes

Pristine zirconia membranes have been systematically examined by
the set of analytical methods. Goniometric measurements were done
with planar samples. In the description of the materials designed for the
membrane distillation, the crucial is a wettability of the material.
Therefore, a detailed evaluation of water behaviour for pristine and
hydrophobized samples was performed. Based on the Eq. (7) and dy-
namic contact angle measurements, water penetration profile into the
ZrO, ceramic structure was calculated (Fig. 2B) [38].

dpyyy-t-cos@
4

[m]
)

where  — depth of liquid penetration [m]; d, — pore size [m]; yrv —
liquid vapor surface tension [mN m ™ ']; ©- contact angle [deg]; t — time

[s]; n - solvent viscosity [Pa s].

S=W,.—- W 8)

Another calculated parameter was a spreading pressure (S) (Eq. (8))
[39,40], being a difference of adhesion work between the phases and
cohesion work of the phase under consideration (testing liquid). The
determined value of S can be either negative (incomplete wetting) or
positive (liquid penetration into the material) [39,40]. Because of
spreading pressure is directly related to the surface tension of the ma-
terial, the same values equal to —17.03 * 0.56mNm ™! were found
for 3 and 200 nm samples.

Although the same hydrophilic character (CA ~ 40°) was observed
for the 3 and 200 nm membranes (Fig. 2A), water molecules behave
differently depending on the pore size. A 3 nm membrane possessing a
more dense structure and lower porosity (ca. 32%) was characterized
by a shorter time of liquid penetration into the ceramic structure.
Practically only soaking to the material was observed (Fig. 2B). In the
case of the 200 nm sample (porosity ca. 40%), faster water penetration,

50— | ¢ 3nm A 20— | ¢ 3nm
© 200 nm ® 200 nm - wetting inside ceramic
- - @ 200 nm - spreading
40 E 16 — a? .
= E @ [300 kD g
Tt n = N (0] s
5 = @ = %
° 0] H
250 12 ] . - _ sl
g 3 5 1 |5
s 7 ¢ ® » £
c * <) =
8 20 ¢ £ 8 5
€ © ®e . € 5 kD 2
2 4 © ® 3 s
S < 2 - 2
g © ® & 3
] (=2 °
< 10 o <& N =5 4 H
- © .’ """"""""""""" e '.“"'.'"5‘;‘0‘0'0'0 *;U
© @ co0000® Wotting inside | &
0 , ] —® | ; N | 0 | . | P°rou7 structurel ; Sz
0 40 80 120 0 40 80 120

Dynamic contact angle - time [s]

Dynamic contact angle - time [s]

Fig. 2. A - Apparent contact angle evolution in the course of measurement, B — Liquid wetting/spreading — the depth of water penetration into the ceramic structure

of 3nm and 200 nm membranes.
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and the additional effect of water spreading was observed (Fig. 2B).
After 120 s, water penetration approached 82% of membrane thickness
(2.13 mm, total membrane thickness = 2.6 mm) (Fig. 2B), the CA after
that time was around 3° (Fig. 2A). The water penetration was related to
the normal presence of capillary forces. For the 200 nm sample, the
testing liquid spread onto the porous structure in the directions pre-
sented in Fig. 2A. Based on Eq. (7), the time necessary to soak/spread
into the materials was 40s.

Although the water was chosen as a testing liquid (no impact of the
concentration), the speed of water penetration into the ceramic ZrO,
support can be defined by zero-order kinetics. Determined constant rate
(k% for penetration/soaking of water was equal to 0.327 and
0.594 mol dm ™3 s~ for the 3 and 200 nm pore size ZrO, ceramic non-
modified membranes, respectively. For both samples of 3 and 200 nm,
the same value of surface free energy, equal to 141 + 3mN m~’, has
been observed. Critical surface tension (y,) influences the membrane
applicability and solvent selection for cleaning. Application of solvents
with a lower y; than y, of a membrane will wet the membrane material.
The calculated values of vy, for the 3 and 200 nm ZrO, samples were
equal t0 28.1 = 1.2mN m™~! and 35.6 = 1.5mN m~! m™!, respec-
tively.

The difference in membrane morphology is related to the dissimilar
pore size as well as roughness parameters (RMS). The more open
structure shows higher RMS values of 59.3 + 1.6 nm for the 200 nm
sample compared to 43.2 = 1.3nm for 3nm membranes. The varia-
tions in porous structure also impacted the mechanical properties, ex-
pressed by tribological parameters. F,qn, E, and H determined based on
AFM measurements were 25.21 = 0.82nm, 118.3 *+ 2.41 GPa, and
4.85 + 0.12GPa for the 3nm ZrO, membrane, respectively. 200 nm
ZrO, material has been characterized by 29.47 = 0.77 nm,
111.4 = 2.22 GPa and 4.33 + 0.11 GPa.

An important factor was the amount of hydroxyl groups available
first on the pristine material and then on the modified one. The dif-
ferences of these two factors defined packing density of the grafting
(Egs. S1 and S2). The hydroxyl groups were determined by TGA and
NMR method descript in details elsewhere [41].

Pristine ceramic membranes of tubular-geometry were character-
ized by a hydraulic permeability determined on the basis of Egs. (1) and
(2). The 3 and 200 nm ceramic membranes were characterized by the L,
(Eq. (1)) equal to 0.21 x 10°kgh ™' m™2?bar~* and 2.15 x 10°kgh~*
m™2 bar !, respectively. The observed differences are associated with
the morphology of the membrane (pore size, porosity, and tortuosity).

3.2. Hydrophobized ceramic membranes

In the first step, the membranes were examined by SEM technique
(Figs. S1 and S2) to face any differences related to the modification
(Fig. S3). The adsorption-desorption nitrogen isotherms, BET and BJH
models [35,42] were implemented for the evaluation of the grafting
process on the pore size (Fig. 3). The hydrophobization effectiveness
has been assessed by determination of C parameters (Egs. (9) and (10))
expressing the adsorption equilibrium and degree of interaction be-
tween adsorbent and adsorbate.

ame%
=
(- )1+ e-nz] ©
c= exp(ElR_TaEL) 10

where a - total volume of adsorbed gas at p pressure, po — adsorbates
saturation pressure at the temperature of adsorption, p - adsorbates
equilibrium pressure at the temperature of adsorption, a,, — monolayer
capacity (volume of gas adsorbed by monolayer), C — BET adsorption
equilibrium constant, E; — adsorption heat for the first layer, E; —
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adsorption heat for the second and higher layers for which the value is
equal to the heat of liquefaction.

The value of C parameter depends on the chemistry of the sample,
particularly on the amount of surface uncovered by adsorbate when
sufficient adsorption occurred in monolayer, and it is varying on the
substrate [42,43]. Pore size, surface porosity, and capacity of adsorp-
tion [34,35] have also impact on C. The established C parameter for
ZrO, were equal to 58.35 and 8.25. The higher value of C found for the
200 nm membrane can be related to the higher ability to adsorb, the
higher number of available hydroxyl groups on the raw material as well
as more open structure (Fig. 3), making it possible to attach modifiers
easily inside the membrane pore size [43]. The concentration of
available hydroxyl groups was determined according to the developed
method and presented in Fig. S4. The noticeable difference between
utilization of hydroxyl groups and then loading of fluorinated and non-
fluorinated modifiers has been observed (Fig. S4.A). Higher efficacy
was observed for the non-fluorine modifiers. In the case of fluorinated
modifiers, the efficiency was in the range of 48% (FC10) and 64%
(FC12). On the other hand, fluorine free modification was characterized
by the yield of 75% (C60Et) and 91% (C6Cl) (Fig. S4.A). The reduction
of C parameter in comparison to the non-modified ceramics is a result of
the modification, a decrease in surface areas and the reduction of pore
size (Fig. 3B). Comparing the isotherms for pristine (NM) and modified
samples, it can be seen that the shape of the isotherms is different. In
the case of samples hydrophobized by FC6 and C6OEt the registered
isotherms are characteristic for porous material with cylindrical pores
possessing various cross-sections [44]. On the other hand, isotherms for
membranes grafted with more hydrophobic molecules (FC12) were
characteristic for materials with spherical pores possessing moreover a
lot of narrowings [35,42]. The hydrophobicity level of the grafting
agent had an important impact on the size and presence of a hysteresis
loop. A smaller hysteresis loop has been observed for the surface
modified by molecules with longer alkylsilane chains. Comparing the
same length-molecules, the presence of fluorine contributed to the en-
largement of the hysteresis loop (Fig. 3A). The presented variations
were related to the alterations in membrane morphology, i.e. pores
tortuosity. It can be confirmed by the reduction in the value of the C
parameter (Fig. 3B) [34,35,42]. The presented tendency has been found
for both 3 and 200 nm membranes. The values of the C parameter were
equal to 22.6 and 58.4 for pristine samples, for the 3 and200 nm, re-
spectively. The significant reduction of the C factor for the modified
200 nm membranes was related to the hydrophobization of the entire
porous volume. An interesting observation was related to the slight
impact of the type of reactive group on the adsorption capacity
(Fig. 3B). As can be observed, the surface functionalized with C6Cl
possessed the lowest value of the C parameters causing the lowest ad-
sorption (Fig. 3B).

3.3. Material properties of functionalized membranes

3.3.1. Ceramic membranes with planar geometry

Four types of perfluorinated molecules (FC6, FC8, FC10, and FC12)
and three non-fluorinated (C60Et, C60Me, and C6Cl) compounds were
selected as grafting agents. The reason for choosing non-fluorinated
modifiers was to investigate the impact of the type of reactive group on
the efficacy of modification and membrane properties as well as to
compare the presence or absence of fluorine atoms (i.e. for molecules
possessing the same reactive group and length).

Basing our findings (Figs. 4 and 5), it can be concluded that the type
of grafting agent and pore size have an important impact on the wett-
ability and roughness. Pristine samples were characterized by the ap-
parent CA of ca. 40° (Fig. 2). On the other hand, after modification,
membrane surfaces changed from hydrophilic to hydrophobic with CA
above 120° (Fig. 4). The observed effect has been presented by different
groups [1,18,24,45]. The most used compounds for the modification of
ceramic were 1H,1H,2H,2H-perfluorooctyltriethoxysilane,
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1H,1H,2H,2H-perflourodecyltriethoxysilane [1,24,45], and
1H,1H,2H,2H-perfluorooctyltrichlorosilane [18]. These modifiers have
also a broad range of application in hydrophobization of different
substrate e.g. cotton, wood, zeolites [18,45].

Membranes modified with fluorinated molecules show a highly
hydrophobic surface with CA up to 135° in the case of the 200 nm
membranes. Surprisingly, samples hydrophobized with FC10 were
characterized by a lower value of CA compared to the other fluorinated
molecules (Fig. 4A). This fact was related to a higher reduction in the
pore size of the membrane (Fig. 3B). Furthermore, it has a strong im-
pact on the water resistance as well as causing an increase in critical
surface tension for ceramics modified with FC10 (Fig. 4B). This beha-
viour was reported in our previous work and was explained by the
implementation of 2°Si NMR technique [8]. It was mentioned that FC10
molecules could form tangled chains and subsequently, generate a more
rough surface [8]. Such odd results can be also explained by the pre-
sence of traces of water (i.e., the equilibrium of adsorbed surface water
film) [46] that can promote the hydrolysis of reactive groups (OEt,
OMe, and Cl) to silanol intermediates. As a result, bulk vertical poly-
merization can take place, significant in the generation of disordered
silanes clusters and finally increasing surface roughness and decreasing
packing density. Indeed, the higher roughness for samples grafted with
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FC10 was also observed in the presented study (Fig. 4B) which can be
linked to the lower density of active groups on the ceramics and
therefore a reduced grafting density and a higher degree of polysiloxane
polymerization. Furthermore, these variations can be introduced by
different grafting mechanism. The differences in the mechanism of
grafting modification (mode of modifiers attachment) has been first
study by 2°Si MAS-NMR and subsequently taken into account in the
grafting loading determination (Fig. S4.B). Similarities in the mode of
molecules attachment were noticed for non-fluorinated agent. These
molecules were mostly attached by 1 (TH and 2 (T?) reactive groups.
The contribution of T type of bonds by 3 reactive groups were in the
range of 19-29%. For fluorinated modifiers FC6, FC8 and FC12 simi-
larities have been found. The overall lower loading of the grafting
molecules in the comparison to fluorine-free modifiers was related to
the different conformation. However, substantial difference was ob-
served for the modification with FC10. In this latter case, the modifier
molecules were attached mostly by the T® connections. Taking into
account the highest space consumption on the surface of zirconia
ceramic support by attachment mode with 3 reactive groups and high
length of the modifier, grafting with FC10 was characterized by the
lowest grafting effectiveness.

The roughness of the fluorinated membranes was reduced as a
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function of fluorination, and the application molecules with longer
fluoroalkyl chains, with one exception for the FC10 in the case of the
3nm sample. Measurements show the roughness of 43.2 = 1.5nm,
59.3 + 1.3 nm for the 3 and 200 nm pore size membranes respectively,
in comparison with the lowest values 6.98 = 1.1nm and
9.97 + 1.2nm achieved for FC12 modification of 3 and 200 nm pore
size membranes, respectively. The RMS of the non-fluorinated mem-
branes (RMSBHm-C6OEt =195 += 1.5 nm; RMSZOOnm»CGOEt =212 =+
1.3nm) were comparable to the fluorinated analogue possessing the
same length and functional group of the alkyl chain (RMS3,m-
rce = 19.9 = 1.3nm; RMSo00nm-rce = 21.9 = 1.3 nm). Higher values
of CA for membranes with bigger pores was related to the higher
roughness of this type of surfaces (Fig. 4B). In the case of water pre-
sence, the formation of covalently bonded monolayers is favored, which
can form horizontal siloxane networks causing self-assembly [46].
Limited impact of the reactive group on the membrane heterogeneity
was demonstrated. The most inert groups were etoxy- and methoxy-
ones, whereas chloro-silane was the most labile one. The above men-
tioned factors impacting the interaction between vertical and hor-
izontal polymerization of the silanols were not certainly correlated to
the length of the grafting molecules. A longer chain of perfluorinated
molecules should offer better molecular organization and generate a
smoother coated layer. Conversely, the hindrance-steric-effect of longer
chains may probably restrict crosslinking in the horizontal direction
and closely packing molecules during the modification process, in-
creasing roughness. Furthermore, grafting molecule volatility as well as
the availability of monomers declines with an increase in molecule
length that may causeless less molecular packing during the coating
process [46,47].

CA is a complex parameter on which chemistry and material mor-
phology have an important influence. A number of material properties,
e.g., roughness, wettability, physiochemistry (surface free energy) have
a significant influence on the final CA value. In the case of membranes
modified by non-fluorinated molecules, an interesting impact of the
reactive group type was observed. The sample modified with C6Cl was
characterized by high effectiveness expressed by the highest CA and the
lowest hysteresis of CA. Conversely, the lowest hydrophobicity was
observed for C60Et. This finding needs to be correlated with the energy
of bonds dissociation, the highest being for -Si-Cl [8]. Considering non-
fluorinated membranes, a slightly lower hydrophobic character was
reached, by ca. 5% (Fig. 4A). It is related to the larger radius of

perfluorinated (5.90 A) chains compared to fluorine-free (4.97 A)
analogues. Variations in the size of the molecule cause the higher value
of the energy penalty for hydration [48]. To explain the presented
differences of higher CA for fluorinated samples, the chemistry of the
modified surface needs to be considered. Namely, the hydration free
energy on the hydrophobic surface unit is similar for fluorocarbons and
hydrocarbons [48]. Carbon-hydrogen bonds are characterized by a
smaller value of dipole moment comparing to C-F. Therefore, weaker
interaction with dipolar molecules of water could be predicted, con-
sidering the low polarizability of fluorine atoms in —C—F bond. In
contrast, the hydration-free energy of C—H is equivalent [49], and in-
teractions of dispersion for C—H bonds with molecules of water will be
feasibly less attractive than for C-F. For that reason, a membrane
modified with fluorine-free modifiers can possess even lower hydro-
phobicity than fluorinated samples [48]. Nevertheless, owing to the
bigger lattice spacing of perfluoroalkylsilanes molecules, fluorinated
surfaces will be characterized by a higher hydrophobicity level [48].

Based on the collected data (Fig. 4A), it can be stated that a di-
minution of HCA is directly related to the increase in the hydro-
phobicity level by the application of perfluoroalkylsilanes with longer
fluoro-carbon chains or molecules with more reactive groups, i.e., —Cl.
However, the presence of fluorine, when the same-length molecules
were shown, possessed a negligible impact. The value of HCA for 3 nm
membranes modified with FC6 and the set of non-fluorinated agents
were in the range of 33.2 * 1.0°-38.0 = 1.0° (between C60OEt and
C6Cl) and for fluorinated ones were equal to 35.9 = 1.0°. The lowest
value was measured for FC12 sample 24.9 *= 1.0° (Fig. 4A). More re-
levant differences were found on the surface of the 200 nm membranes.
Additionally, the values of HCA were smaller for the 200 nm samples in
comparison to the 3 nm. Fluorine-free surfaces were characterized by
HCA between 16.4 + 1.0° (C6Cl) and 20.9 + 1.0° (C60Et). HCA for
fluorine-rich membranes was in the range of 14.9 = 1.0° (FC12) and
21.9 = 1.0° (FC10) (Fig. 4).

Wettability was evaluated comprehensively, determining critical
surface tension v, (Fig. 4) and spreading pressure S (Fig. 5). As an effect
of the modification, a reduction of the critical surface has been ob-
served to 13.6 mN m ™! (200 nm-FC12). In the case of 3 nm membranes,
areduction in the range of 21.4% and 28.5% for fluorinated compounds
was observed. A more significant reduction between 57.1% (FC6)
-61.8% (FC12) was found for the 200 nm membranes, especially for
surfaces treated with perfluoroalkylsilanes (Fig. 4B). Generation of the
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surfaces possessing lower values of the critical surface tension has an
essential meaning from the application point of view. Specifically, such
surfaces with as low as possible y.. will be characterized by excellent
resistance to wetting. The value of y;, for salty water used in the desa-
lination process by MD is around 79.1 mN m™! [50], so ensuring the
lack of wetting during the separation process with prepared mem-
branes, possessing the v, in the range of 24.3mN m™ 1 (3nm-FC10) and
13.6mN m~! (200 nm-FC12) (Fig. 4). This feature of the material is
extremely important in the formation of the membranes dedicated to
the membrane distillation process to meet one of the most important
requirements addressed to MD materials [15]. Lastly, it was possible to
form surfaces with a higher hydrophobicity level implementing the
molecules with shorter perfluoroalkyl chains, e.g., FC6 instead of FC8
or FC10, independently from the selected membranes. It was likely to
perform hydrophobic sampling by functionalization with a fluorine-free
modifier. The highest reactivity of modifier with -Cl was related to their
low value of the bonds dissociation (Si-Cl) equal to 253 kJ mol !
compared to Si-O(Me/Et) equal to 452 kJ mol~?! [51].

Spreading pressure (S) provides an insight into the wetting beha-
viour of membranes. An established S parameter was characterized by
negative values and nonzero CA for all tested membranes, before and
after the hydrophobization process (Fig. 5) [52]. The calculated values
of S were in the range of —17.03 + 0.56mN m~' (NM) to
—128.28 + 4.2mN m~! (200 nm-FC12. The negative value of S is a
common phenomenon for a material with a high hydrophobicity [52].
The lower value of the S parameter for the more hydrophobic sample
(C60Et and FC6) is referred to smaller basicity of the sample. In Fig. 5
the correlation between spreading pressure and roughness is ad-
ditionally plotted. An interesting correlation has been observed. The
linear relation between S and RMS for membranes treated with non-
fluorinated molecules was observed, proving the mentioned relation
between the reactivity of the head groups and the effectiveness of the
coating process.

The surface free energy (overall value, dispersive, and polar com-
ponents) (Fig. 6) is another parameter that was selected for the material
characterization of ceramics. Owing to the formation of highly hydro-
phobic surfaces, a significant diminution of the SFE was found. A low
value of the polar part was observed. For the non-modified surfaces, the
values of the polar part are around 40% of overall SFE. As an effect of
the modification, a reduction to ca. 14-22% of the initial value was
observed. Moreover, the modification revealed the variation in the SFE,
taking into account the pore size of the samples (Fig. 6). In the case of
pristine samples, no impact of the surface heterogeneity has been
found. Considering ceramic membranes functionalized with the set of
fluorinated molecules, the highest values were determined for surfaces
(83nm and 200 nm) grafted by FC10 (overall SFE3,, pcio = 33.12 +
1.32mN m ™, SFEsponm-rc10 = 33.12 = 1.32mN m ™~ 1). Depending on
the reactive group, the total SFE value was in the range of
31.50-34.75mN m ! for the 3 nm and in the range of 19.88-23.81 mN
m~! for the 200 nm, respectively. However, a much smaller contribu-
tion of the polar component was found for 200 nm, ca. 15% of total SFE.
In the case of the 3nm, that factor was above 20% (Fig. 6). The es-
tablished results are in good accordance with the literature [47].

Thermodynamically, the wettability behaviour of the solid surface
can be defined, taking into account free energy related to the genera-
tion and elimination of interfacial areas. The formation, as well as the
destruction of interfaces, entails changes in reversible free energy ex-
pressed as an equilibrium adhesion work [46,53]. The adhesive force
acting in an ambient environment between the solid substrate (i.e.,
ceramic) and AFM tip is usually reported to originate predominantly
from distortion and destruction of the capillary bridges between tip and
surface [46,53]. Very often such bridges originate from the condensates
of water vapours which accidentally form at structural irregularities,
e.g., pores or cracks. The corrugation of the surface at various scales,
e.g., nano or micro, may allow water to penetrate across the mentioned
irregularities and finally generate nano- or micro-droplets, even on the

162

Chemical Engineering Journal 374 (2019) 155-169

hydrophobic or highly hydrophobic surfaces [46,54]. Such behaviour
has been found for all investigated ceramic samples coated with per-
fluorinated and fluorine-free molecules, showing the RMS values in the
range of 6.9-21.9 nm.

Taking into account the capillary forces, having a nature in-
dependent of the chemistry of surface structure, an important impact on
the measured adhesive force can be observed. However, the mentioned
parameter is not the only one affecting F,q4,. However, the data shown
in Fig. 6A suggest that increasing the number of carbon atoms in the
grafting agent caused a significant reduction of adhesion forces. In the
case of capillary condensation, the determined F,q;, might be sensitive
to the chemical specificity of the surface (i.e., the length of molecules,
the presence of fluorine and/or type of reactive group). In the presented
case, both dispersive and capillary interactions can contribute to the
Faan value (Fig. 6). Practically a linear relation has been found between
F.qn and SFE values. Moreover, in the case of a polar component of SFE,
the value of F.q, corresponds to a very small range of that SFE part
equal to 1.7mN m ! and 1.6 mN m™!, for 3nm and 200 nm, respec-
tively (Fig. 6A1, A2). In the case of the 3 nm samples, the relation is
approximately linear, except for the samples grafted with FC10
(Fig. 6A1). On the other hand, for the 200 nm ceramics (Fig. 6A2) such
an exception was found for FC6 coating. The presented features are
related to the fact that for the longer chains (i.e., FC10) a predominant
contribution of the dispersive part is associated with a smaller value of
the capillary component of Foqp. Interestingly, the big difference in the
data point's location in Fig. 6A1 and A2 of polar components were
observed for membranes treated with FC10. That statement indicates
the low packing density and an extensive horizontal polymerization,
resulting in a higher contribution of the polar part and explaining
higher roughness (Figs. 4 and 5). In Fig. 6B, the local adhesive features
are shown by presenting a comparison of F,q, with the microscopic
work of water-ceramic system adhesion. The substantial drop of F.q
and work of adhesion has been noted with an increase of the length of
the grafting (excluding FC10 coating) agents and with the reactivity of
terminal groups.

3.3.2. Tubular ceramic membranes

Owing to the limitation of analytical techniques for analyzing tub-
ular-geometry samples, only liquid entry pressure values (Egs. (1) and
(2)) were determined to assess the efficiency of membranes modifica-
tion. For non-modified samples, for both 3 and 200nm pore size
membranes, the first drops of water appeared directly during the LEPw
measurement without applied higher pressure difference. The observed
phenomenon can be explained by water penetration into the hydro-
philic structure of ceramics under practical lack of pressure difference.
After treatment with fluorinated and fluorine-free molecules, an in-
crease of LEPw was observed up to a maximum of 0.40 MPa. The lowest
value of LEPw equal to 0.25 MPa was found for 3 nm-C60Et, which is
consistent with data established for planar samples (Fig. 4).

3.3.3. Mechanical properties — nanotribological study

To achieve better characterization of modified materials, not only
the physiochemistry, including wettability, but also mechanical re-
sistance should be evaluated. Force of adhesion is an important and
powerful parameter in the evaluation of functionalization process
quality and depending on the chemical covalent bonding, capillary
forces, van der Waals, electrostatic forces, and mostly on the adhesion
[55,56].

Based on the data gathered in Table 1, it can be observed that the
grafting process for both perfluorinated and fluorine-free molecules
meaningfully changed the mechanical properties of the ceramics de-
scribed by nanotribology. Considering the adhesion of the ZrO, sam-
ples, a significant diminution of that parameter was observed being in
the range of 81-89% of the values for the pristine samples. The smallest
values were measured for samples possessing the highest hydro-
phobicity level and additionally less rough surfaces, grafted with FC12
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Fig. 6. The relation between adhesion force and surface free energy for 3nm (A1) and 200 nm (A2) membranes and between work of adhesion for 3nm (B1) and

200 nm (B2) membranes.

(Figs. 4-6). Furthermore, no influence on the membrane pore size has
been observed. 3nm-FC12 and 200 nm-FC12 were characterized by
2.84 = 0.11nm and 3.12 = 0.12nm, respectively referring to the
pristine ceramics with values of F,q, equal to 25.21 = 1.01 nN (3 nm-
NM) and 29.47 = 1.18nN (200 nm-NM). Some interesting data were
collected for non-fluorinated membranes. The dependency of reactive
groups on the tribology was observed. The smallest value of F.q, was
found for ZrO, ceramics treated with a grafting agent possessing
chlorine atoms (3 nm-C6Cl 3.90 = 0.16 nm; 200 nm-C6Cl
5.42 * 0.22nm) as a reactive part. These observations are in good
accordance with the data presented in Figs. 3-5 and can be explained
by the differences in the bonds dissociation energy [8]. Furthermore,
data presented by others proved the presented statement [55,56]. Ci-
chomski and co-workers [56] observed the decrease of Fnqy, value from
25nN to 10 nN and 22 nN after modification with 1H,1H,2H,2H-per-
fluorodecyltrichlorosilane and (3,3,3-trifluoropropyl) trichlorosilane
molecules, respectively.

Furthermore, the Young modulus (E) and nanohardness (H) of the
ZrO, ceramics changed after treatment with a grafting agent (Table 1).
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Pristine ceramics depending on the pore size were characterized by
nanohardness and Young modulus equal to 2.41 = 0.10 GPa (H for
3nm), 118.3 * 4.73 GPa (E for 3nm), 2.33 = 0.09 GPa (H for
200nm), 111.4 + 4.46 GPa (E for 200 nm), respectively. It was ob-
served that hardness assessed in nanoscale increased with the in-
tensification of the hydrophobicity of grafting molecules (i.e. utilization
coating molecules with longer fluoro-carbon chains) (Table 1). This
remark has important implications for the preparation of more me-
chanically resistant membranes. It was presented also that the presence
of fluorine has a significant impact on the mechanical properties. The
3nm and 200 nm surfaces treated with FC6 were characterized by na-
nohardness of 8.17 + 0.33GPa and 7.78 * 0.31 GPa, accordingly.
However, the values of the H parameter for ceramics treated with
nonfluorinated reagents (C60Et, C60Me, and C6Cl) were in the range
of 6.64-7.69 GPa. Moreover, taking into account the standard deviation
of H, there was no difference in the nanohardness values for 3 nm and
200 nm. In the case of Young modulus, slightly smaller values were
established for 200 nm membranes (Table 1).

Compared to the nanohardness also, the Young modulus values for
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Table 1
Nanotribology characterization (adhesion forces, Young modulus, and nano-
hardness) of 5 3nm and 200 nm zirconia membranes.

Membrane Adhesion force Young modulus Nano hardness
[nN] [GPa] [GPa]
3nm-NM 25.21 + 1.01 118.3 + 4.7 2.41 = 0.10
3nm-FC6 4.78 = 0.19 143.5 = 5.7 8.17 = 0.33
3nm-FC8 3.86 = 0.15 147.3 = 5.9 8.46 = 0.34
3nm-FC10 3.65 + 0.15 153.0 = 6.1 8.74 = 0.35
3nm-FC12 2.84 + 0.11 158.0 + 6.3 9.50 + 0.38
3nm-C60Et 4.51 + 0.18 127.3 = 5.1 7.69 + 0.31
3 nm-C60Me 4.28 + 0.17 120.9 = 4.8 7.31 = 0.29
3nm-C6Cl 3.90 + 0.16 110.1 + 4.4 6.65 + 0.27
200 nm-NM 29.47 + 1.18 111.4 = 45 2.33 = 0.09
200 nm-FC6 5.23 + 0.21 128.6 + 5.2 7.78 = 0.31
200 nm-FC8 4.90 = 0.20 136.4 = 5.5 7.97 = 0.32
200 nm-FC10 3.97 + 0.16 148.0 = 5.9 8.35 + 0.33
200 nm-FC12 3.12 = 0.12 151.7 = 6.1 8.74 = 0.35
200 nm-C60Et 6.27 + 0.25 125.3 = 5.0 7.68 = 0.31
200 nm-C60Me  5.96 + 0.24 119.0 = 4.7 7.30 = 0.29
200 nm-C6Cl 5.42 + 0.22 108.3 = 4.3 6.64 = 0.27

non-fluorinated samples were smaller from surfaces treated with per-
fluorinated grafting agents. The measured values of tribological para-
meters were in good accordance with the literature data [57]. For the
fully dense material of ZrO,, the Young modulus can be varied in the
range of 105-225GPa depending on the preparation method (e.g.,
spark plasma sintering or classical sintering at 1110 °C) and the pre-
sence or lack of additions, e.g., yttria [58]. The detected differences in
the data of H and E in our work can be explained by the higher stiffness
of the fluorocarbon chains. Furthermore, it can be associated with ro-
tation of the backbone structure for perfluorinated molecules that is
considerably smaller than for the non-fluorinated molecules, because of
the smaller sizing of hydrogen atoms in comparison to fluorine ones
[59]. Furthermore, the produced nanolayer of fluorine-free agents is
less rigid than the one generated by the fluorinated alkylsilanes. In the
case of the non-fluorinated chains, carbons can freely rotate without
hindrances comparing to the fluoro-carbon molecules [55]. Similar
findings were presented by Bhushan et al. [59,60]. The authors have
shown that for a self-assembled monolayer with a backbone structure
possessing higher stiffness, more energy is needed for the elastic dis-
tortion. The abovementioned explanation can help to understand why
smaller values of H and E were found for ZrO, samples functionalized
with fluorine-free grafting agents (Table 1) [59,60]. For a more detailed
explanation, AFM profile and cross-sections of selected samples; 3 nm
(Fig. 7) and 200nm (Fig. S5) have been shown. Based on the data
presented in Figs. S5 and S6, only marginal variances in size of formed
cavities and in depth after nanoindentation were found.

3.4. Membrane stability

The stability of functionalized ceramic membranes with alkylsilanes
and perfluoroalkylsilanes were assessed at different conditions. The
chemical, as well as mechanical stability, were evaluated. Considering
the data gathered in Table 2, it can be seen that all membranes were
stable after 96 h of the contact with chemicals. The values of the contact
angle decreased by 15%. Hexane had the strongest influence on the
contact angle value. Furthermore, the membranes showed good stabi-
lity after 4 h of the contact with ultrasounds (Table 2). In that case, the
observed maximum reduction of CA values was equal to 10%.

The differences in the transport and separation features for the
membranes after the contact with hexane and after the sonication are
presented in Fig. S7. All membranes were characterized by good
transport and separation properties. However, bigger impact of hexane
as well as the sonication on the reduction the investigated features was
found for fluorinated membranes. The value of separation factor 3
decreased from 59 for the 2 wt% of ethyl acetate to 51 and 38 after
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sonication and hexane treatment, respectively. Slight reduction in the
permeate of the organic component was also observed. However, due to
the diminution of contact angle from 137° (200 nm-FC6) to 117°
(hexane) and 125° (sonication), respectively, an increase of water flux
across the membranes was noticed. Similar tendency was observed for
the ceramics grafted with non-fluorinated compounds. However, for
these membranes the impact of hexane and the sonication was minor.
Also the reduction of contact angles was smaller for the 200 nm-C6Cl
membrane. Sample before stability test was characterized by
CA = 133°. As an effect of hexane and sonication treatment the CA
reduced to 122° and 109°, respectively. Therefore, it can be pointed out
that the membranes possess high stability and maintain their separation
performance.

3.5. Membrane separation — VOCs removal from water

3.5.1. Transport of water across the functionalized membranes

Prior to the membrane separation effectiveness, the transport
properties of modified ZrO, ceramic membranes in contact with pure
water was determined. Transport of solvent vapors (i.e., water) in the
membrane distillation process can be expressed in the following way
(Egs. (11) and (12)) [61]:

Juz0 = K(pp — py) an
1 1 1 [

X [++}
K Kn K a2

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

K parameter strongly depends on the membrane features, e.g.,
porosity, membrane material, pore size, surface morphology, and
membrane tortuosity [62]. Even though the mass transfer coefficient K
is subjected to pressure and temperature, frequently, its value is prac-
tically constant [62]. Such observation has also been found in the case
of zirconia modified membranes (Table 3). The vapor pressure of water
was calculated from the Bulk’s equation (Eq. (13)), which is a more
accurate approach than the sole Antoine’s equation [63].

T

P= O.61121€xp[(18.678 - —)( T

234.5)\257.14 + T)] (13)

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

Taking into account the data presented in Table 3, the slight impact
of membrane pore size, and the type of grafting agents has been ob-
served. Practically, there was no influence on the type of reactive group
in non-fluorinated molecules on the transfer coefficient. This observa-
tion can be elucidated by the fact that the reactive group can be in-
fluenced only by the chemistry of the surface (Figs. 4 and 6) but not the
pore size (Fig. 3B), and subsequently the transport features (Jy»0 and
K). The observed reduction of K value with an increase in the length of
perfluoroalkylsilanes molecules was related to the higher hydro-
phobicity level and subsequently with less favorable water transport
across the ceramic material. Membranes treated with FC6 possessed the
highest values of the mass transfer coefficient. On the other hand, the
smallest value of K observed for FC12 modification might be explained
by the partial clogging of pores, particularly for the 3 nm sample for
which the size of grafting molecules (=2.2nm) is comparable with a
membrane pore size (3 nm).

3.5.2. Transport and separation features of modified membranes

All prepared membranes were tested in vacuum membrane dis-
tillation for the removal of volatile organic compounds from water. The
collected results are shown in Figs. 8 and 9, S7-S13. As was presented



J. Kujawa, et al.

Chemical Engineering Journal 374 (2019) 155-169

3nm-ZrO,NM A

95.4 nm
78.7 nm

-110.5 nm

-82.6 nm

3nm-ZrO, FC6 C

-86.3 nm 116.1 nm
S

0.0 pm

3.0 pm

3.0um 3.0um

8
g

8
g

-]
!
o

Vertical distance [nm] Vertical distance [nm]

£ £
g g
i :

D .50 D 50
w

g-mo- %.100
2 s

E 100 4 3100

s 0.60um 0.34pm T ®

S 5| 71nm T 5
,,,,,,,,,,,, o

%-wo— 151n 140nm 51nm ’§-|oo
> T T T T 1 >

0 04 16 2

0.8 12
Horizontal distance [um]

T T
08 12

Horizontal distance m)

04

Fig. 7. Nanoindentation analysis of pristine (A) and modified 3 nm membranes with C6 (B) and FC6 (C) molecules.

previously in Fig. 4, all membrane samples were efficiently modified
and possessed hydrophobic character. Furthermore, the lack of mem-
brane wetting was supported by calculations of critical surface tension
(Yer) (Fig. 4). The established values of y. were in the range of
13.6 + 0.4mN m~! (200nm-FC12) and 24.2 + 0.7mN m~ ! (3 nm-
FC6) which means that only liquid having a value of liquid tension

Table 2
Membrane stability in contact with various solvents and after sonication.

below 13.6 mN m ™~ * will wet these membranes. Liquid surface tensions
for 3wt% of investigated VOCs are placed between 62.8 mN m ™!
(MTBE) and 64.0mN m~! (BuOH). The differences in membrane
transport and separation efficiency are associated mostly with the pore
size (3 and 200 nm). Furthermore, also the type of grafting agent in-
fluences the separation process (Fig. 8A1, 8.C1, S8.A1, S8.C1, S9.Al,

Membrane CA [deg] Membrane stability under various conditions
Acetone BuOH Chloroform EtAc Hexene MTBE Sonication

3nm-FC6 122 113 112 109 111 104 110 114
3nm-FC8 125 114 116 113 115 109 112 117
3nm-FC10 117 104 106 105 107 99 104 108
3nm-FC12 126 118 115 109 113 114 111 113
3nm-C60Et 114 109 107 104 107 102 104 108
3nm-C60Me 118 109 108 105 107 100 106 110
3nm-C6Cl 122 114 111 105 109 110 107 109
200 nm-FC6 137 129 127 122 125 117 123 125
200 nm-FC8 128 117 115 111 114 105 111 116
200 nm-FC10 140 129 126 121 123 119 125 127
200 nm-FC12 135 123 125 121 123 111 118 124
200 nm-C60Et 128 117 115 111 114 109 117 118
200 nm-C60Me 132 124 122 117 120 112 118 120
200 nm-C6Cl 133 121 123 119 121 109 116 122
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Table 3

Overall mass transfer coefficient for the investigated membranes.
3nm Juzo [kg Klkgm™2s~* 200nm Jugo [kg K[kgm 2s™!

m~2s7']  Pa”l] m~2s7']  Pa’l]

FC6 5.83 2.881077 FC6 6.35 3.141077
FC8 5.17 2.551077 FC8 5.72 2.831077
FC10 4.40 2.171077 FC10 5.28 2.611077
FC12 3.52 1.741077 FC12 4.99 2.471077
C60Et  5.72 2.831077 C60Et  6.16 3.041077
C60Me  5.55 2.741077 C60Me  6.07 3.001077
cecl 5.38 2.661077 cecl 5.98 2.951077

S9.A2), particularly in the case of 3 nm membranes functionalized with
fluorinated molecules. The best separation performance has been ob-
served for water-EtAc system and the lowest one for the water-BuOH
mixture (Fig. 9). These variances might be explained by the different
polarity of VOCs. The values of the dielectric constant of selected VOCs
were as follows: egpae = 4.5 < eyrpe = 6.02 < egyon =179 < ¢
20 = 80.1 [8]. Based on the dielectric constant & values, an improve-
ment in separation effectiveness with the feed mixture polarity can be
seen. An interesting relation was observed for the membranes modified
with FC6 and its non-fluorinated analogue (C6). The (3 separation fac-
tors were quite similar, however owing to the better transport proper-
ties of non-fluorinated membranes related to a lower hydrophobicity
level, the values of process separation index (PSI) were higher for the
fluorine-free membranes (Fig. 9), respectively In the case of 200 nm
membranes used for water-MTBE and water-BuOH, the enhancement of
a PSI value of 21% and 39% was observed (Fig. 9). Considering only
non-fluorinated samples, an increase of membrane performance ex-
pressed by PSI of 53% —95% has been seen for 3 nm membranes and up
to 53% for 200 nm when the samples treated with C60Et and C6Cl were
compared. Better transport and separation for the ceramics hydro-
phobized with C6Cl shows the importance of the higher reactivity of
terminal groups in the grafting agent (Figs. 4 and 9).

Interestingly, for the samples modified with fluorinated coating
reagents, lower separation effectiveness was detected for the highly
hydrophobic surfaces (i.e., modified with FC12). An interesting ob-
servation can be pointed out for the separation features of 3 nm and
200 nm membranes modified with perfluorinated molecules. The same
phenomenon was found and discussed in our earlier works focused on
the functionalization of the titania ceramic membranes [8,19]. It was
proved that for 3nm membranes, the organic-nanolayer of per-
fluorinated compounds is active in the course of the MD process
(Figs. 8, S8, S9, S4). For that reason, it was possible to distinguish the
differences in McCabe-Thiele diagrams of 3 nm membranes depending
on the type of modifier. Significantly higher separation ability was
shown for FC6 membranes, and a gradual reduction of these properties
has been observed with an increase of a number of fluorinated carbon
atoms in the molecules.

Finally, the mentioned phenomenon possessed an import impact on
the separation mechanism of MD that can be dependent not only on the
vapor-liquid equilibrium but also controlled by the solution-diffusion
mechanism through an organic brush nanolayer (modified ceramics
possessed semi-dense structure). In the case of 200 nm samples, no such
activity behaviour influencing transport mechanism was found. In that
case of 200 nm membrane, the functionalization caused the stable hy-
drophobic material, but with a highly porous and open structure,
comparing to 3nm ones. Moreover, the organic nanolayer was passive
in the separation, and no differences between membranes treated with
various agents were observed. In can be concluded that the transport
for 200 nm ceramics was controlled solely by the liquid-vapor equili-
brium [8,19]. Furthermore, taking into account the [} factor, different
behaviour has been observed for 3nm and 200nm ceramics. For
200nm the following order was found Pgrcs > Bce > Prcs > P
rc12 > Brcio for all separated VOCs systems. The explanation of that
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behaviour is associated with the mechanism of functionalization, as
explained in Section 3.3.1.

A significant reduction in transport of organic phase as well as water
was observed for all separated mixtures due to the formation of semi-
dense membranes after modification of 3 nm ceramics (Figs. 8, S8, S9).
The highest transport of organics was found for samples modified with
C6Cl. From one side, modified ceramics possessed a hydrophobic
character, however, the hydrophobicity level was not so high because
of a lack of fluorine. On the other hand, C6Cl was characterized by the
best grafting efficiency due to the highest reactivity out of all non-
fluorinated agents. Summarizing, the chemistry of C6Cl molecules en-
sures very high transport and non-wetting in the course of the MD
process. Finally, the transport of water across the membranes was al-
ways higher than transport of organics due to the utilization of very
diluted solutions and subsequently much lower driving force of VOCs
molecules (Figs. 8, S8, S9). Modified membranes were highly stable and
their maintained their hydrophobicity and organic nanolayer even after
durable separation process (i.e. membrane was used during the period
of 1.5 year for separation of various VOCs from water). The stability of
organic nanolayer was proved by FTIR and EDX (In Figs. S10 and S11).

4. Conclusions

Highly efficient ceramic separation materials for removal of ha-
zardous VOCs (ethyl acetate, methyl-tert-butyl ether, and butanol) from
water were generated and comprehensively characterized. Zirconia
ceramic membranes with various pore sizes (3 and 200 nm) were suc-
cessfully modified employing a number of reagents including per-
fluoroalkylsilanes and non-fluorinated molecules. The modification
turned the hydrophilic character of the material into a hydrophobic one
making the membranes applicable in the MD process. All membranes
were resistant to water, and no wetting occurred during the application
of the membranes. The wettability was discussed from theoretical and
experimental points of view. The best performance was observed for the
removal of EtAc, and subsequently, the effectiveness was directly re-
lated to the physico-chemistry of used VOCs (e.g., polarity). All the
hydrophobized membranes were selective toward organic solvents.
Transport and separation properties were referred to material, physi-
cochemical as well as tribological properties. An interesting correlation
between surface free energy and the force of adhesion was determined.
The irregularity of the grafting process with FC10 molecules was ex-
plained by the difference in the mechanism of grafting and resulting
differences in roughness, lower packing density, smaller level of mo-
lecular organization, and the polymerization which occurred.
Moreover, depending on the membrane pore size and generation of
highly porous or semi-dense hydrophobic membranes, the differences
in the transport mechanism in MD were observed. For 3nm mem-
branes, the contribution of solution diffusion mechanism was pointed
out, whereas for 3nm and 200 nm membranes the liquid—vapor equi-
librium mechanism for 200 nm membranes was held. Subsequently,
different types of membrane stability, e.g., chemical, mechanical, were
evaluated. All membranes were stable and maintained their hydro-
phobicity after treatment with various pure organic solvents as well as
after exposure to sonication. The generated hydrophobic ZrO, mem-
branes possessed high contact angle (140.0° = 1.3°), low adhesive
force (2.84 = 0.11mNm™1), small hysteresis of contact angle (15°)
and very good mechanical features which were highly improved after
functionalization with various grafting agents.

The most important finding is the fact that the application of non-
fluorinated modifiers can be more suitable for highly permeable cera-
mics. It was proved that the utilization of fluorine-free molecules with
the highly reactive group (F6Cl) allows the generation of hydrophobic
material (CA = 122°—3nm; 133°—200nm) possessing very good
transport and separation properties slightly exceeding the properties of
fluorinated membranes.
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McCabe-Thiele diagrams
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5. Future perspective

The presented results possess an important meaning in design, for-
mation materials with tunable surface chemistry, as well as nano- or
micro-architecture. Furthermore, the established data are valuable from
the application point of view, e.g., lab on a chip, the fabrication of self-
cleaning, and self-healing materials as well as microarrays and micro-
systems.
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