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Fabrication of Oleophobic Paper with Tunable Hydrophilicity by
Treatment with Non-fluorinated Chemicals

Zhenguan Tang,”” Dennis W. Hess® and Victor Breedveld®"

Hydrophilic-oleophobic surfaces have attracted significant attention recently due to their potential use in technologies
ranging from oil-water separation to self-cleaning surfaces. However, existing methods rely heavily on fluorinated coating
materials, which are harmful to the environment. In this manuscript, a simple, solution based method to fabricate
oleophobic paper with tunable hydrophilicity using a non-fluorinated material is reported for the first time. Wetting
control is achieved by paper surface modification using a thin film of hydrolyzed methyltrimethoxysilane (MTMS).
Hydrophilicity is tuned by adjusting the sonication time during MTMS hydrolysis. >Si NMR and ATR-FTIR analyses reveal
that the change in hydrophilicity is caused by varying the concentration of polar silanol groups in the MTMS solution and,
ultimately, on the film surface. The modified paper displays wetting behavior ranging from superhydrophilic/oleophobic
(immediate water absorption; motor oil contact angle, 64.2°+1.4°) to amphiphobic (water contact angle 85.2°+3.4°; motor
oil contact angle 61.2°+2.5°) as a function of hydrolysis time. For all surface-modified samples, no absorption of motor oil
is observed for several weeks, indicating stable oil resistance. Based upon results from SEM, optical profilometry, and air

permeability, the intrinsic porosity of paper is also largely retained after coating.

Introduction

Hydrophobic and amphiphobic surfaces have been studied in
great depth over the past couple of decades for numerous
potential applications.l'8 Recently, interest has grown in
surfaces that simultaneously display a more unusual
combination of hydrophilicity and oleophobicity for potential
use in industrial applications, like oil/water separation
membranes,’ self-cleaning surfaces™ and anti-fog surfaces.™
However, due to the intrinsic difference in surface tension
between water and oil, fabrication of such surfaces has proven
to be challenging than hydrophobic or
amphiphobic surfaces.

The wetting behavior of a liquid drop on a smooth, chemically
homogeneous surface is governed by Young’s equation, which
predicts the magnitude of the observed contact angle based
on a force balance that includes the solid surface energy, liquid
surface tension and adhesive forces at the solid-liquid
interface. According to Young’s equation, on any given
substrate, fluids with lower surface tension will always display
smaller contact angles than fluids with higher surface tension;
similarly, any specific fluid will wet high-energy surfaces more
easily than low-energy surfaces. On chemically homogeneous
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structured substrates, Young’s equation must be
12, 13
) but these

rough,
modified (e.g. Cassie-Baxter or Wenzel models
trends still hold.

Because of the high surface tension of water (~72 mN/m),
water-repellent surfaces are easiest to achieve; hydrophobic
(static water contact angle WCA > 90°), and even
superhydrophobic (WCA > 150°) surfaces or surfaces with
tunable hydrophobicity have been successfully developed on a
plethora of inorganic and organic materials.’*?! Because oils
generally have a much lower surface tension than water, most
hydrophobic substrates are still oleophilic. In order to add
oleophobicity and reach amphiphobicity (i.e. oleo- and hydro-
phobic), it is necessary to combine low surface energy coating
materials with carefully engineered surface structures; such
properties have been created on various substrates.”®
In order to overcome the limitation that oleophobic substrates
are inherently hydrophobic, chemical heterogeneity can be
used to introduce favorable interactions with polar liquids,
while maintaining unfavorable interactions with nonpolar
fluids.”’ Hydrophilic and oleophobic functional groups are
generally interspersed along these types of surfaces. Chemical
groups with low surface energy contribute to oleophobicity,
while polar surface moieties can exhibit sufficiently strong
interactions with water molecules to yield hydrophilicity.28 This
concept has been implemented with various coating materials,
including polyelectrolyte-fluorinated surfactant complexes,g‘ 29
10, 11, 30-32 fluoroalkylated flip-

fluorinated block co-

% fluorinated polymer brushes,
flop-type silane coupling agents,33
polymers33 and blends of fluorinated and non-fluorinated
polymers.34
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The common characteristic among all existing hydrophilic and
oleophobic coating materials is the presence of perfluorinated
groups, which are associated with significant environmental
and health concerns.® Currently, implementation of these
limited by rather complicated coating
methods and a fairly low degree of hydrophilicity that leads to
slow wetting rates for water.®® It is therefore desirable to
identify  alternatives to  fluorinated materials for
oleophobic/hydrophilic surfaces. One previously identified
candidate is methyltrimethoxysilane (MTMS), an organosilane
with one methyl group and three hydrolysable methoxy
substituents. Taking advantage of the low surface energy
properties of methyl side groups,37 MTMS has been used to
impart hydrophobicity and oleophobicity to different
substrates such as glass,38 nanocellulose,39 wood,m'42 cotton™®®
®> and paper.46'50 Compared to most fluorinated materials,
MTMS has many advantages: lower environmental impact,
commercial availability, and compatibility with aqueous
processing environments. It is known that hydrolysis is
required before MTMS can be chemically bonded to substrates
with hydroxyl groups; the impact of this hydrolysis process on
the wetting behavior of coated substrates has not been
reported.

Another important limitation of prior work is that the majority
of hydrophilic/oleophobic surfaces have been fabricated on
flat, non-porous surfaces such as silicon wafers,51 glass :;Iides,52
and on substrates with well-defined porous structures such as
stainless steel meshes’ and hollow fiber
of hydrophilic and oleophobic properties on
substrates with more random structures, such as regular
cellulose-based paper, is much less common, in spite of the
many practical advantages of paper:U’ * low density, low cost,
high flexibility, abundance and biodegradability. Paper-based
products with selective wetting for oil and water would be
highly desirable for cost-effective oil-water separation, for
example. Polyelectrolyte-fluorinated surfactant complexes
have been previously utilized to create hydrophilic, oleophobic
paper,27 but this method requires a complicated two-step
process which inherently limits its wide application in industry
and also requires use of fluorinated coating materials.

In this manuscript, a novel one-step method to fabricate paper
with tunable wetting properties is reported and the chemical
changes that impart such properties are described. By
systematically changing the MTMS hydrolysis time prior to
coating, different degrees of condensation were achieved,
which allowed the paper surface chemistry to be controlled.
Paper coated with these different MTMS precursor samples
display water wetting behavior ranging from superhydrophilic
(absorbs water immediately) to hydrophobic, while
oleophobicity is maintained under all conditions. The relation
between hydrolysis time, surface chemistry and wetting
properties was interrogated using ATR-FTIR, XPS and 29Si NMR,
both on flat silicon wafers and on porous paper handsheets.
Fluorinated materials are not required in this process, and the
intrinsic porosity of paper is largely retained after the coating
process based on results from SEM, profilometry and air
permeability measurements. The entire coating process is

materials is also

53
membranes.
Creation
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conducted in an aqueous environment under ambient
conditions, which renders it compatible with current paper
manufacturing processes and offers a scalable, economical and
environmentally benign approach to the modification of

54-56
surfaces.

Experimental Section
Handsheet Formation.

For this study, northern bleached softwood Kraft fibers (NBSK)
and a mixture of 15% bleached softwood / 85% bleached
hardwood fibers (co-pulp) were used to fabricate handsheets;
these pulps have already been refined to a consistency of
3.5%. Fabrication of handsheets began by mixing NBSK with
the co-pulp in a 40/60 ratio based on dry solids. Handsheets
were then formed following TAPPI standardized method T205
sp-02,57 in which the pulp mixture is lowered in consistency
and then drained under gravity through a mesh screen. The
wet handsheets were removed from the mesh screen and
subsequently pressed at 50 psi. Finally, handsheets were dried
overnight under ambient conditions on a stainless steel plate.

MTMS hydrolysis procedure.

Methyltrimethoxysilane (MTMS) was purchased from Sigma-
Aldrich (deposition grade, = 98%). Without further
purification, MTMS was mixed with 0.1 M hydrochloric acid
(HCI, Fisher Chemicals, 37.3%) in a 4:1 v/v ratio. The mixture
was then sonicated in an ice-bath for different lengths of time
to induce hydrolysis.50 Sonication was carried out using a
Fisher Scientific ultrasonic cleaner (model FS20) at a power of
70 W and frequency of 42 kHz.

MTMS coating procedure.

Silicon wafers (P type 100 mm silicon wafer (100) P/E, wafer
world Inc.) and glass slides (VWR micro cover glass, 18x18mm),
which served as flat substrates for MTMS films, were rinsed
with acetone, methanol and isopropanol (BDH, ACS grade,
99%). Rinsed substrates were subsequently exposed to an air
plasma for 5 minutes to remove any solvent residues and
ensure the presence of hydroxyl groups on the surface.
Cleaned substrates were immersed in the hydrolyzed MTMS
solutions for 2 minutes. Control samples were also fabricated
by immersing the cleaned substrates in pure, unhydrolyzed
MTMS. After coating, excess liquid was removed from the
surface by touching the liquid with a piece of tissue paper
(Kimwipe, Kimberly-Clark). Coated substrates were then dried
at ambient conditions overnight. A similar coating process was
invoked for paper substrates. Handsheets with a size of 1.5 x
1.5 cm” were immersed in the hydrolyzed MTMS solutions for
2 minutes. To prevent over-coating, residual fluids were again
removed after coating by using tissue paper. Coated paper was
also dried under ambient conditions overnight before
performing characterizations.

This journal is © The Royal Society of Chemistry 20xx
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Contact angle measurements.

All static contact angle measurements were performed by
using a Rame-Hart automated goniometer (model 290). A 4 plL
droplet of the selected fluid (DI water, diiodomethane (Sigma-
Aldrich, reagent plus grade, 99%), ethylene glycol (Sigma-
Aldrich, anhydrous, 99.8%) and motor oil (SAE 10W-30,
MotoTech)) was placed onto MTMS coated substrates. Contact
angles were determined by the standard software of the
goniometer (Drop Image, version 2.6.1).

SEM imaging.

All samples subjected to scanning electron microscopy (SEM)
imaging were sputter coated with Au/Pd to reduce
accumulation of charges during measurement. Images were
taken with a Hitachi SU8230 SEM at an acceleration voltage of
5.0 keV.

Surface Analysis.

X-ray photoelectron spectroscopy (XPS) analyses
conducted using a Thermo Electron Corporation K-Alpha XPS
system with a microfocused monochromatic Al Ka X-ray
source. The spot size of the instrument is 400 um.

were

FTIR analysis.

ATR-FTIR was carried out on a Nicolet I1S-50 FTIR spectrometer
(Thermo Scientific, Inc), operated in the ATR mode. The
spectrometer was set to collect 32 scans at 4 cm-tin the range
from 4000 to 700 cm ™.

NMR analysis.

si NMR spectra were obtained for unhydrolyzed and

hydrolyzed MTMS solutions on a Bruker Avance Ill 400 NMR
spectrometer using a 5 mm broadband probe at 79.5 MHz. The
ambient temperature (294K) was fixed during measurements.
Deuterium oxide was used in lieu of DI water to prepare
hydrolyzed samples. To obtain the control spectrum for
unhydrolyzed MTMS, pure MTMS was mixed with methanol at
a 4:1 ratio. Spectra were averaged over appropriate number of
scans to enhance the signal-to-noise ratio. All chemical shifts
were referenced to tetramethylsilane (TMS).

Air permeability analysis.

Air permeability of paper samples was determined following
standard TAPPI T 460 om-02 procedure.58 Samples with a size
of 5 x 5 cm” were placed under a pressure differential of 1.22
kPa, and the time for 100 mL air to pass through paper was
measured to determine the air permeability.

Profilometry.

Measurements were conducted using a Wyko NT3200 Optical
Profilometer. Arithmetic averages of the surface roughness
(i.e. Ra values) were analyzed using the Vision32 software

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry A

(Veeco Instruments Inc.). Roughness was calculated according
to the ANSI B46.1 standard.>

Results and discussion
Wetting properties of MTMS coated paper.

To investigate the effect of hydrolysis time on the wetting
behavior of porous substrates, handsheets (HSs) were coated
with MTMS hydrolyzed between 5 and 360 minutes. HSs are
paper composed of only cellulose fiber, without chemical
additives (e.g., fillers, brighteners). Compared to filter paper,
for example, HSs are not designed to withstand prolonged
exposure to fluids. Sonication was used during hydrolysis to
enhance mixing and prevent gelation of MTMS at this high
concentration; the process was conducted in an ice bath to
remove heat generated by the exothermic hydrolysis reaction
and maintain constant sample temperature. The mixture
became less transparent after 30 minutes of hydrolysis,
indicating formation of small particulates in the solution. After
coating, treated HSs maintained the visual appearance of
ordinary paper, including flexibility.

The wetting properties of coated HSs were determined
through contact angle measurements (see Table 1). Water
(surface tension 72.8 mN/m), diiodomethane (50.8 mN/m),
ethylene glycol (48.0 mN/m) and motor oil (31.0 mN/m) were
used as testing fluids that cover a wide range of fluid
properties. Water and ethylene glycol are polar, while
diiodomethane and motor oil are non-polar fluids. To evaluate
the stability of oil contact angles, measurements were
performed for 30 minutes after the droplet was placed on the
substrate. For changes in contact angle less than 5°, the
contact angle was considered to be stable; larger changes
indicated an unstable contact angle. However, due to the
relatively fast evaporation of water under ambient conditions,
this method cannot be applied to evaluate the stability of the
water contact angle. Instead, a dyed water droplet was placed
on the coated paper, and its stability was evaluated by visually
checking for signs of water absorption into the paper.

As shown in Table 1, both uncoated HSs and HSs coated with
pure, unhydrolyzed MTMS absorb all fluids instantly. HSs
coated with MTMS after 5 minutes of hydrolysis display a
stable diiodomethane contact angle at 75° and a stable motor
oil contact angle at 65°. However, the same sample absorbs
water and ethylene glycol instantly. To our knowledge, this
represents the first time that a hydrophilic/oleophobic surface
has been fabricated on porous paper without the use of
fluorinated materials. By further extending the hydrolysis time,
the water repellency of coated HSs gradually increases, while
oil contact angles remain essentially the same. HSs coated with
MTMS after 60 minutes of hydrolysis still absorb water, but at
a much slower rate, while HSs coated with MTMS after 180
minutes or 360 minutes of hydrolysis display stable water
contact angles of ~90°. For ethylene glycol, on the other hand,
all HS samples absorb the fluid, even at the longest hydrolysis
time of 360 minutes. These results indicate that oleophobic
paper with tunable hydrophilicity can be fabricated via a one-
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step coating process, using MTMS hydrolysis time as the
controlling parameter. To explain this striking observation and
determine the underlying mechanism, the chemistry of the
MTMS solutions during the hydrolysis process and surface
chemistry of the resulting coatings was investigated with
various techniques, and the results of those studies are
presented and discussed in the remainder of this paper.

MTMS hydrolysis process.

As shown above, MTMS hydrolysis time is a critical variable
that greatly affects wetting properties, in particular for water.
During hydrolysis, the stepwise substitutions of the alkoxide
ligands by hydroxyl groups produce the reactive monomers
that are subsequently consumed in condensation reactions to
form dimers and oligomers. When hydrolyzed MTMS is coated
on a substrate surface, those species form hydrogen bonds
with the cellulose hydroxyl groups on the substrate. Finally,
during drying, a permanent siloxane bond forms with
concomitant loss of water. It is well-known that pH is an
important parameter during the hydrolysis process; under
acidic conditions, a fast hydrolysis reaction, followed by a slow
condensation reaction, is observed.®*®

To examine the structural evolution of MTMS in both the early
and late stages of hydrolysis, 25i NMR spectra were obtained
for unhydrolyzed monomeric MTMS, and after 30 minutes and
180 minutes of hydrolysis (see Figure 1). Samples were
scanned 256 times to ensure sufficient signal to noise ratio.
Due to the long spin-lattice relaxation time of the silicon
atoms, each spectrum took ~50 minutes to collect.

Table 1. Wetting behaviors of handsheets (HSs) coated with MTMS after different
hydrolysis times.

MTMS
. Ethylene | . .
Hydrolysis Water veol Diiodomethane|Motor oil| Wetting
time g behavior
(min)
Hydrophili
Uncoated | Absorbs® | Absorbs Absorbs Absorbs yarop .|.|c/
Oleophilic
P Hydrophili
ure Absorbs | Absorbs Absorbs Absorbs ydrop ,I '|c/
MTMS Oleophilic
Hydrophili
5 Absorbs | Absorbs 74.610.7° |64.7£1.4° yarop H,c/
Oleophobic
Unstabl Hydrophili
60 nstable |\ corbs | 72.146.7° |64.422.10| YArophilic/
(77.413.4°) Oleophobic
180 85.2+3.4°° | Absorbs 72.742.0° |61.2+2.5°|Amphiphobic
360 87.7+4.7° | Absorbs 68.1+4.1° |59.8+1.3°|Amphiphobic

9 “Absorbs” indicates instant (<3 sec) absorption of the fluid. b “ynstable”
indicates that the fluid is absorbed after some delay (>10 seconds); the number
inside parentheses represents the contact angle immediately after the droplet
was placed on these unstable samples. ¢ Stable contact angles indicate that the
change in contact angle is less than 5° within 30 minutes after drop placement.

4 | J. Mater. Chem. A, 2012, 00, 1-3

. . . 39, 60, 61, 63
Peak assignments were made according to literature.

Signals with chemical shifts of -39.1 ppm, -47.6 pm, -57.2 ppm
and -66.2 ppm can be assigned to MTMS monomer, dimer,
linear oligomers and branched oligomers, respectively.
Formation of cyclic species is also a common feature of MTMS
hydrolysis under acidic conditions. Due to reduction of the Si-
O-Si angle, these peaks are located further downfield relative
to linear and branched species:61 peaks at -56.5 ppm and -64.3
ppm are assigned to 4- membered ring and caged species,
respectively. The disappearance of monomeric MTMS species
after 30 minutes of hydrolysis indicates a fast process. In
comparison, condensation is relatively slow in the presence of
acid. All forms of condensed species (dimers, linear oligomers
and branched oligomers) are observed in MTMS hydrolyzed
for 30 minutes. As the reaction continues, condensation
becomes dominant. As a result, the signal from MTMS dimers
disappears and more branched and caged oligomers are
observed after 180 minutes. Because MTMS dimers and linear
oligomers groups than branched
oligomers, when coated on substrates, MTMS hydrolyzed for
shorter periods of time is expected to display more polar
silanol groups on the surface than MTMS with a prolonged
hydrolysis. To test the validity of this hypothesis, the surface
chemistry of MTMS coatings with different hydrolysis times
was carefully characterized using XPS and ATR-FTIR.

contain more silanol

Surface chemistry of MTMS coatings.

To investigate changes in surface composition as a function of
hydrolysis time, XPS was performed on silicon wafers coated
with MTMS. A silicon wafer was chosen as the substrate for
this study because it has a well-defined, flat surface. The
effects of surface roughness on wetting behavior can therefore
be excluded. A clean silicon wafer without MTMS coating was
used as a control sample. As expected, carbon, oxygen and
silicon were the only three elements detected on all samples
(see supplementary Figure S1).

Monomer Dimer Linear oligomer Branched oligomer

Unhydrolyzed

30 min hydrolyzed

1
1
1
1
1
|
1
1
1
1
1
1
!
1
1
180 min hydrolyzed 1
1
1
1

1 1 1
-30 -40 50 60 -70 -80
Chemical shift (ppm)

Figure 1. Si NMR spectra after different hydrolysis times for acid catalyzed
MTMS.
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Figure 2. XPS data for Si 2p on silicon wafers coated with MTMS aftg{ differem
hydLon]scis times. Peaks in the 95-110 eV range correspond to the 2p™“ and 2p
peaks of Si.

To further investigate changes in surface chemistry with
hydrolysis time, high resolution XPS spectra were also taken.
Figure 2 presents XPS spectral scans for MTMS films on silicon
for different hydrolysis times. Before coating, Si (99.4 eV) and
SiO, (103.2 eV) are present on the surface; these two peaks
are preserved on the surface of the sample coated with
unhydrolyzed MTMS, indicating that pure, unhydrolyzed
MTMS cannot form a continuous thin film on silicon within 2
minutes, which can be attributed to the fact that pure MTMS
lacks silanol groups to form covalent bonds with Si-OH on the
substrate surface. After 5 minutes of hydrolysis, the elemental
Si peak has disappeared, which is strong evidence that the
surface is fully covered by condensed MTMS species. A closer
inspection of the XPS spectra reveals that as hydrolysis time
increases further, peaks around 103 eV gradually shift towards
a lower binding energy. This gradual shift is likely due to a
change in MTMS species from dimers to linear polymers and
branched polymers, as the condensation reaction progresses.
The peak shift between the 5 and 30 minute samples also
indicates that the hydrolysis reaction predominantly occurs
during the sonication step and that the reactivity during the
subsequent coating and drying steps is much lower. After 180
minutes of hydrolysis, this peak is finally shifted to 102.8 eV,
which corresponds to fully cross-linked Si(CH3)O;/, species,
according to literature.®. However, because of the subtle
difference in XPS spectra between O-Si-O-H and O-Si-O-Si
signatures,65 it is very difficult to extract quantitative
information from this peak shift.

To further investigate the surface chemistry on different
MTMS films, ATR-FTIR spectra were taken on uncoated glass
slides and glass slides coated with MTMS hydrolyzed from 0 to
360 minutes (Figure 3a). Glass slides were used as substrates
in this set of experiments in lieu of silicon wafers to avoid
overlap with broad Si-O-Si IR peaks from the underlying
substrate.

This journal is © The Royal Society of Chemistry 20xx
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It is evident from Figure 3a that the spectrum for pure MTMS
is similar to that of the uncoated substrate, which further
confirms that unhydrolyzed MTMS cannot graft onto glass
slides during a short coating time. The spectrum for the glass
slide coated with 5 minutes hydrolyzed MTMS shows strong
peaks at 1100 cm"l, which correspond to Si-O-Si bonds,66
indicating that MTMS has been successfully grafted onto the
substrate surface following a short hydrolysis time. The peaks
at 1270 cm™ and 760 cm™ can both be assigned to Si-CHj
bonding.67 The presence of methyl groups on the surface is
further confirmed by the peak at 2950 cm™, which is due to C-
H bonding. However, due to the relatively short hydrolysis
time, large amounts of MTMS dimers and linear oligomers are
still present in the mixture. Both of these species contain
silanol groups, resulting in peaks at 890 cm™ and 3300 cm™
from Si-OH and O-H bonding, respectively. The presence of
both methyl groups and hydroxyl groups on the substrate
surface is the primary reason for the unique wetting properties
of MTMS coated substrates, which is discussed in more details
below. As the hydrolysis time increases, MTMS dimers and
linear polymers further react through condensation reactions
and form branched oligomers. Consequently, peaks at 890
ecm™ and 3300 cm™ gradually reduce in intensity, while the
peaks corresponding to Si-O-Si and Si-CH; are preserved after
prolonged hydrolysis. This result clearly proves that the
concentration of hydroxyl groups on the substrate surface can
be controlled by changing hydrolysis time of MTMS in an acidic
environment. MTMS solutions with short hydrolysis time
contain more dimers and linear oligomers, and are therefore
rich in hydroxyl groups. As the condensation reaction
continues, more branched oligomers are generated in the
MTMS solution; as a result, hydroxyl groups on the substrate
surface also gradually disappear. In addition to the glass slides,
the surface chemistry of uncoated and coated HSs was also
characterized using ATR-FTIR (see Figure 3b). Although the
spectra on the chemically more heterogeneous HS are more
difficult to interpret, the data in Figure 3a greatly assist with
peak assignment and analysis. It is clear that HSs coated with
pure MTMS display a similar spectrum to that of the uncoated
HS, again confirming the low surface reactivity of unhydrolyzed
MTMS. Peaks corresponding to the Si-CH; bond (1270 em™,
760 cm™) and methyl group (2950 ecm™) are evident in the
spectrum for HSs coated after 5 minutes or 180 minutes of
MTMS hydrolysis. This result indicates that despite the rough
surface of the porous HS, MTMS can successfully graft to
hydroxyl groups on the HS surface following a short hydrolysis
time. However, due to the large number of hydroxyl groups on
native cellulose fibers, all samples display peaks at 3300 em™
As a result, unlike the glass substrates, the density of hydroxyl
groups on different HS samples cannot be directly compared
based on ATR-FTIR.

J. Mater. Chem. A, 2013, 00, 1-3 | 5
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Figure 3. ATR-FTIR of (a) MTMS coated glass slides and (b) MTMS coated HSs after different MTMS hydrolysis times.

Wetting properties of MTMS films.

Both surface chemistry and surface morphology can affect the
wetting properties. To isolate the effects of surface chemistry,
contact angles (CA) were measured on silicon wafers coated
with MTMS after different hydrolysis times. The wetting
behavior of MTMS films is summarized in Figure 4. Before
coating, cleaned silicon wafers have a diiodomethane CA of
40.4°+ 0.6° and a motor oil CA of 20.1°+2.3°. For silicon wafers
coated with pure MTMS, an increase in both diiodomethane
and motor oil contact angles was observed. According to our
NMR and FTIR data, this phenomenon is likely due to small
amounts of unhydrolyzed MTMS monomer physisorbed onto
the substrate. The introduction of methyl groups imparts
oleophobicity to the surface due to their low surface energy.37
For wafers coated with 5 minutes hydrolyzed MTMS, the
diiodomethane and —most notably- motor oil contact angles
increase further. Based on our previous ATR-FTIR observations,
this result is due to the presence of a high concentration of
methyl groups grafted to the substrate. Further increasing the
hydrolysis time has little effect on the contact angles of non-
polar fluids, indicating that the density of methyl groups on the
surface does not change significantly with prolonged
hydrolysis time.

Compared to non-polar fluids, water shows a very different
wetting behavior as a function of MTMS hydrolysis time. The
stability of the water contact angle was evaluated by observing
the spreading dynamics of water droplets during the contact
angle measurements. On the uncoated silicon wafer, due to
the high density of hydroxyl groups on the surface, water wets
the surface completely in less than 5 seconds (i.e. zero degree
contact angle). For silicon wafers coated with pure MTMS, a
stable water contact angle of 58.5° was observed, again

6 | J. Mater. Chem. A, 2012, 00, 1-3

indicating the presence of physisorbed unhydrolyzed MTMS.
However, complete wetting was observed on silicon wafers
coated with MTMS hydrolyzed for 5 minutes. Because less
than 5 seconds elapsed before water completely spread on the
surface, a 0° water contact angle is reported here. It should be
pointed out that for other, fluorinated hydrophilic/oleophobic
materials, it usually requires minutes before water contact
angles drop to less than 20°, while in our case water wets the
coated surface almost immediately.33’ .59 Our NMR and ATR-
FTIR results suggest that the hydrophilic behavior of the
substrate coated with MTMS after a short hydrolysis time is
due to the abundance of polar hydroxyl groups in hydrolyzed,
but not fully condensed MTMS dimers or linear oligomers in
the mixture. When coated on a silicon wafer, both methyl
groups and hydroxyl groups are present on the substrate
surface, as indicated by ATR-FTIR spectra. The contact angle of
non-polar fluids is largely determined by the density of non-
polar methyl groups on the substrate surface. On the other
hand, water is very sensitive to the presence of hydroxyl
groups. As our previous analysis indicates, as hydrolysis time
increases, the condensation reaction becomes dominant, and
the concentration of silanol groups slowly decreases. Indeed,
for substrates coated with MTMS after 60 minutes hydrolysis,
a much slower water wetting behavior was observed. For
MTMS hydrolyzed for more than 180 minutes, stable water
contact angles were found. As summarized in Figure 4, by
tuning hydrolysis time, MTMS coated surfaces can be
fabricated on a non-porous substrate with controlled wetting
behavior against water but these surfaces maintain similar oil
contact angles.

This journal is © The Royal Society of Chemistry 20xx
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To further illustrate the point that wetting on a MTMS coated
substrate is not solely determined by surface energy, but also
highly dependent on the polarity of fluids, ethylene glycol
contact angles were measured on different samples. Ethylene
glycol has a surface tension similar to that of diiodomethane,
but it displays a completely different wetting behavior on
MTMS coated silicon wafers. As is evident in Figure 5, ethylene
glycol displays a wetting behavior that is similar to water.
Because ethylene glycol has a much lower vapor pressure than
water, it is possible to monitor changes in contact angle for 30
minutes without evaporation effects. An uncoated silicon
wafer displays a 0° ethylene glycol contact angle. A stable
ethylene glycol contact angle of 46° is observed on silicon
wafers coated with pure MTMS. The contact angle is lower
than that of water because ethylene glycol has a lower surface
tension. For silicon wafers coated with hydrolyzed MTMS, a
similar trend was observed as that for water: with an increase
in hydrolysis time, the also
increases.
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Figure 5. Contact angle measurements of ethylene glycol on silicon wafers coated with
MTMS hydrolyzed for different times as a function of elapsed time after droplet
placement.
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The main difference between water and ethylene glycol is that
due to the lower surface tension of ethylene glycol, all samples
display a lower wetting resistance against ethylene glycol than
water; even after 360 minutes of hydrolysis, ethylene glycol
spreads on the surface within 5 minutes.

Properties of MTMS coated paper.

Based on the wetting properties and surface chemistry of
MTMS thin films on flat substrates, the remarkable wetting
properties of MTMS-coated paper HSs (Table 1) can now be
explained. On a porous substrate, pure MTMS cannot form a
coating that is sufficiently dense to support non-polar fluids; as
a result, both uncoated HSs and HSs coated with pure MTMS
display oleophilicity. The increased density of methyl groups
after 5 minutes of hydrolysis imparts oil resistance to the
paper. Similar to the wetting behavior of MTMS films on flat
substrates, a further increase in hydrolysis time has no
significant effect on oil contact angles. To determine if coated
HSs can display prolonged oil resistance, a droplet of motor oil,
which has a much lower surface tension than diiodomethane,
was monitored over 12 hours (see Figure 6a). No oil stains
were observed on the paper after 12 hours and the change in
contact angle was less than 5°. In fact, we have observed that
droplets of motor oil can remain on HSs coated with
hydrolyzed MTMS for several weeks without any signs of
absorption.

The wetting behavior of polar fluids on MTMS coated HSs is
also similar to silicon wafers (see Figure 6b). The hydrophilicity
of HSs coated with pure MTMS is likely due to low grafting
density. Due to the high concentration of hydroxyl groups, HSs
coated with MTMS after 5 minutes hydrolysis absorbed water
instantly. As the hydrolysis time increases, the concentration
of silanol groups decreases. Consequently, HSs coated by
MTMS after a prolonged hydrolysis time display higher
resistance toward water. Analogous to the wetting properties
of MTMS films on flat silicon wafers, none of the coated HS
samples show resistance towards ethylene glycol wetting. In
fact, all coated HSs absorb ethylene glycol at a much faster
rate than its spreading rate on MTMS coated wafers.

To test the thermal stability of hydrophilic-oleophobic paper,
HSs coated with 5 minute and 180 minute hydrolysed MTMS
were heated at 120°C for 15 minutes. These heat-treated
samples exhibited the same wetting behavior as unheated
samples, indicating good thermal stability. However, it has
been reported previously that silanol groups may react with
each other at high temperature and it is possible that the
unique wetting behavior of our MTMS coated paper will be
compromised after prolonged heating that may occur during
applications under more extreme conditions.”®

In previous studies, liquid-repellent paper was fabricated by
applying a pore-free barrier coating on top of the fiber
surface.® "*”® The obvious disadvantage of this approach is
the loss of intrinsic flexibility and air permeability. In the
current study, overcoating was prevented by reducing the
coating time to 2 minutes and removing excessive MTMS
immediately after coating. To study the morphology of coated
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Paper

HSs, SEM and optical profilometry were used to characterize
different samples (see Figure 7). At low magnification, the SEM
images do not reveal a significant difference between coated
and uncoated HSs: the porosity of uncoated paper is largely
retained for MTMS coated HS. However, at high magnification,
a thin coating layer can clearly be seen around each individual
fiber for MTMS coated HSs. To study the topology before and
after coating in more detail, roughness profiles were measured
with an optical profilometer. Again, the difference between
uncoated and coated HSs appears to be minimal, and all
samples show similar micron-scale roughness. To further
confirm the retention of sample porosity after coating, a
droplet of dyed methanol was placed on each sample. With its
much lower surface tension (22.5 mN/m),
immediately penetrated through all treated papers, leaving
stains on paper substrates placed beneath the test paper, thus
confirming that no continuous film has been formed on the
coated paper surface.
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Figure 6. Contact angle measurements of (a) motor oil and (b) water on HSs coated
with MTMS hydrolyzed for different times as a function of elapsed time.
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To quantitatively determine any changes in air permeability
after coating, Gurley air permeability tests were conducted
according to TAPPI T-460 procedure on MTMS coated paper
(see Table 2). The Gurley air permeability test is a common
method used in the paper industry to evaluate air permeability
of coated paper; it measures the time for 100 mL of air to pass
through the paper under a pressure differential of 1.22 kPa. A
decrease in air permeability was observed for samples coated
with hydrolyzed MTMS, likely because the MTMS coatings
partly cover small pores in the fibrous network, resulting in
lower porosity. However, it should be noted that a factor 6
increase in flow time is actually quite low compared to other
fluid-repellent paper substrates with barrier coatings, which
typically show decreased air permeability by factors of 100 to
10,000.71 In our samples, the majority of pores are clearly
retained after the coating process.

Table 2. Air permeability of HS coated with MTMS after different times

MTMS hydrolysis time Permeability
(min) (s)
Uncoated 25.8+1.0
23.9+1.0
5 120.7+2.4
60 131.7+1.8
180 144.7£1.0

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

We have developed a facile, one-step solution coating method
to fabricate oleophobic paper substrates with tunable
hydrophilicity using non-fluorinated coating material. The
coating material was easily prepared by mixing pure
methyltrimethoxysilane (MTMS) with 0.1 M hydrochloric acid
at a 4:1 ratio, followed by sonication in an ice bath. The
hydrophilicity of MTMS coatings can be tuned by simply
adjusting hydrolysis time. Consequently, coated surfaces
display wetting ranging from hydrophilic/
oleophobic to amphiphobic as a function of hydrolysis time.

Compared with existing hydrophilic/ oleophobic surfaces,
commonly fabricated on well-defined, flat
substrates, MTMS coatings can easily be applied on more

behaviors

which are

heterogeneous, porous substrates such as paper. Moreover,
this material does not contain fluorine and is therefore more
environmental friendly than those previously reported. The
porous structure of paper is also largely retained after coating,
which improves flexibility and air permeability relative to that
of other grease-proof papers. The MTMS coating process is
carried out in an aqueous environment under ambient
conditions at a relatively fast rate. As a result, it is compatible
with current large-scale paper manufacturing processes.
Development of hydrophilic/oleophobic paper surfaces will
facilitate important applications such as oil/water separation;
further studies are underway to explore this in more detail.
The amphiphobic paper has potential
packaging materials that can repel both aqueous and oily
fluids, as a self-cleaning material, and as a material for

applications as

disposable labware. This work also indicates that MTMS can be
employed to functionalize other hydroxyl-group-rich surfaces.
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Oleophobic paper with tunable hydrophilicity is fabricated by varying the concentration of polar
groups using non-fluorinated coating materials.



