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A B S T R A C T

Highly hydrophobic flax fabrics with durable properties were prepared via “grafting to” method for self-cleaning 
application. Flax fabrics were firstly functionalized with vinyl groups using 1,3-divinyltetramethyldisilazane 
(DVTS). Then, the vinyl functionalized flax fabrics were grafted by poly(hydromethylsiloxane-co- 
dimethylsiloxane) (PDMS-co-PHMS) via a hydrosilylation reaction using Karstedt catalyst, between Si-H 
groups present in PDMS-co-PHMS and vinyl groups present onto the vinyl functionalized flax fabrics. The pre-
pared fabrics were characterized using Fourier-transform infrared spectroscopy (FTIR), scanning electron mi-
croscope (SEM), X-rays fluorescence, confocal laser scanning microscopy (CLSM) and tensile test. The modified 
fabrics displayed highly hydrophobic properties with contact angle (θ) about 147◦ ± 5 and a sliding angle (SA) of 
about 15◦ ± 2, making them ideal for practical self-cleaning applications. Furthermore, good durability with 
excellent washing resistance was also obtained for these fabrics.   

1. Introduction

Hydrophobic fabrics have attracted a lot of attention in academic and
industrial fields due to their wide applications [1], such as oil-water 
separation [2–7] or self-cleaning [8–13]. Moreover, in some studies, 
additional applications like flame retardant [14–16], antifouling [17] 
and UV-shielding [18–20] have been mentioned. Up to date, there are 
many methods that have been applied to successfully impart hydro-
phobic properties to natural fabrics, such as dip-coating [4,21], spray 
coating [22,23] and layer-by-layer assembly [16]. However, many hy-
drophobic fabrics tend to lose their hydrophobicity over time due to the 
weak interfacial interaction between hydrophobic layer and fabric fibers 
[24–26]. Thus, a durable hydrophobic natural fabric is a great challenge 
for many applications. Generally, creation of covalent bonds between 
the hydrophobic compounds and the fabric surface is one of the most 
effective method to improve the durability of hydrophobic fabrics [27, 
28]. Usually, there are two ways to bond covalently polymer chains onto 
substrates. The first one is the “grafting from” method, also called 
surface-initiated polymerization. In this case, polymer chains grow from 
initiation sites on the fabric surface [29,30]. These sites could be 
generated by chemical etching [31], E-beam irradiation [32] or plasma / 

ionizing treatments [33]. As an example, Li et al. [34] have grafted short 
fluoroalkyl chains on cotton fibers via atom transfer radical polymeri-
zation (ATRP) strategy to design superhydrophobic cotton fabrics. The 
treated cotton surfaces demonstrated highly hydrophobic properties 
with a contact angle of about 163 ◦ with excellent stability under 
washing process. 

The second way is the “grafting to” method where pre-formed 
polymer is grafted on the substrate via reactions between functional 
groups of the polymer chains and the surface of the substrate [35]. This 
method has the advantages to limit the amount of used compound 
during the functionalization steps and has usually a higher grafting rate 
than the "grafting from" method. Indeed, due to the poor initiator den-
sity on the fiber surface, “grafting from” method has often low poly-
merization rates [36]. In our knowledge, hydrosilylation reaction has 
not yet been used to graft polysiloxane compounds onto the surface of 
natural fabrics, the classical strategies for this purpose are usually 
sol/gel reaction [28,37,38] and plasma treatment [39]. For example, 
Deng et al. [40] have grafted a polyhedral oligomeric silsesquioxane 
(POSS) bearing a trimethoxysilane function (MPTMS) onto cotton fabric 
via sol/gel reaction to form a stable and robust hydrophobic layer. The 
modified cotton fabric displayed good hydrophobic properties with a 
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After reaction, the obtained flax fabrics are functionalized with vinyl 

groups via Si-O-C covalent bonds due to the reaction between DVTS and 
hydroxyl groups of the flax fabrics (Fig. 1). 

2.3. Preparation of flax fabric grafted with PDMS-co-PHMS 

1 g of PDMS-co-PHMS was dissolved in 19 g of acetone with 0.1 mL 
of Karstedt catalyst using a closed flask of 50 mL. Afterwards, 0.6 g of F/ 
Si-vinyl were dipped in this solution for 16 h at room temperature under 
stirring at 100 rpm. Finally, the fabric was filtered, squeezed by paper 
towel and washed twice with 20 mL of acetone over 10 min to remove 
unreacted and non-grafted molecules. It is worth noting, controlling the 
rate of grafted PDMS-co-PHMS is possible by adjusting the concentration 
of the treatment solution. 

After the hydrosilylation reactions, grafted flax fabrics, called F/ 
PDMS-co-PHMS, were obtained (Fig. 1). 

Indeed, the hydrosilylation reaction corresponds to the addition of 
silicon-hydrogen bonds (Si–H) via a vinyl group (C––C) using platinum 
catalysts and typically follows the Chalk–Harrod mechanism [45,46] 
(Fig. 2). 

This reaction allows to create a covalent bond between the F/Si-vinyl 
surface and the siloxane derivatives compounds. 

3. Measurements

3.1. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra of fabrics were obtained using a 
Bruker VERTEX 70 spectrometer. Attenuated total reflectance mode was 
used, by performing 32 scans between 400 and 4000 cm 1 with a res-
olution of 4 cm 1. 

3.2. Confocal scanning microscopy 

The characterization of fabrics surface was performed by confocal 
chromatic technology. The apparatus is composed of a CCS Prima 
Controller equipped with an OP1000 optical head (STIL SA, France). The 
device is controlled by Surface Map software. The optical sensor OP1000 
had a 1 mm range. 

4 areas of 700 × 700 µm with a lateral path of 0.5 µm were measured 
for each sample. 

The signal was post processed with mountains MapV10 software 
(DigitalSurf, France). Some numerical operations have been carried out: 
levelling, extraction of interesting zones, and thresholding. 

This analysis allows to measure the developed interfacial area ratio 
which is referred as the standard dimension ratio (Sdr %). 

Sdr % allows the comparison of different fabrics regarding their 
surface roughness [47]. It describes the difference between the devel-
oped (true) and the projected surface area in percent according to 
Equation 1. 

Sdr % =
Adeveloped Aprojected

Aprojected
x 100 (1) 

Sdr = 0 for a totally flat and smooth surface. 

3.3. Scanning electron microscope coupled with energy dispersive X-ray 
spectrometer (SEM-EDS) 

The cross section of grafted flax fabrics was analysed via scanning 
electron microscope (FEI Quanta 200). After being cut with a single edge 
blade, the samples were placed on a vertical sample holder under high 
vacuum at a voltage of 12.5 kV and a working distance of 10 mm. To 
locate the presence of the silicon element which represents the grafted 
molecules into fabric, SEM analysis was coupled with an energy 
dispersive X-ray spectroscopy, EDS, (Oxford INCA Energy system). 

value of water contact angle higher than 142◦. Due to the covalent bonds 
between the POSS part and the fabric surface, the modified cotton fabric 
showed an excellent resistance to chemical and ultrasonic washing. 

Polydimethylsiloxanes (PDMS) are widely used to prepare hydro-
phobic fabrics [2–6,41]. Indeed, their optical transparency and low 
surface energy have made them an attractive route for the fabrication of 
materials with hydrophobic surfaces [42]. Thus, it would be useful to 
prepare a hydrophobic flax fabric by grafting PDMS onto fibers structure 
to support the durability of its hydrophobic properties. 

In this study, surface treatment was used to prepare highly hydro-
phobic and durable flax fabrics via a “grafting to” method. Firstly, flax 
fabrics were modified using 1,3-Divinyltetramethyl-disilazane (DVTS) in 
order to functionalize the fabric surface with vinyl groups, following the 
strategy developed previously in our team [43]. Then, Methylhy-
drosiloxane - dimethylsiloxane co-polymer (PDMS-co-PHMS) containing 
Si–H groups was grafted onto the fabric via a hydrosilylation reaction 
between Si-H and vinyl groups using Karstedt catalyst. The treated fabrics 
were characterized by FTIR and EDS spectroscopies. The Si content in the 
samples was measured using X-ray fluorescence. The hydrophobic and 
self-cleaning properties of the treated fabrics have been confirmed. Also, 
the treated fabrics exhibited excellent washing resistance, confirming the 
good durability of this grafting process. Moreover, the tensile test was 
performed on the obtained grafted fabrics to evaluate the impact of the 
grafting process on the mechanical properties. 

2. Materials and methods

2.1. Materials

1,3-Divinyltetramethyl-disilazane (DVTS, 97 %), octamethylcyclo-
tetrasiloxane (D4, 97 %), poly(hydromethylsiloxane(25–35 %)-co- 
dimethylsiloxane) co-polymer trimethylsiloxane terminated (25–35 cSt, 
Mn = 2000 g/mol), were purchased from ABCR. Platinum- 
divinyltetramethyldisiloxane complex 2 % Pt in xylene (Karstedt cata-
lyst) was bought from Gelest. Dimethylsulphoxide (DMSO, 99.9 %) and 
toluene (99.8 %) were supplied by Sigma-Aldrich. Acetone (99 %), and 
glacial acetic acid (99.5 %) were purchased from Fisher Scientific Co. 
Sodium hydroxide (NaOH, 98.5 %) was purchased from PanReac 
AppliChem. Liquid detergent contains 5–15% of anionic surfactants, 5 % 
of non- anionic surfactants, amphoteric surfactants and enzymes was 
supplied from Enzpin. All these chemical products were used without 
further purification. Flax fabric was obtained from Hexcel (France). The 
composition of flax fibers is 81 wt% of cellulose, 13 wt% of hemicellu-
lose and 2.7 wt% of lignin in good agreement with the literature [44]. 

2.2. Preparation of functionalized flax fabric with vinyl groups 

In our previous work [43], a grafting procedure using 1,3-divinylte-
tramethyl-disilazane (DVTS) was developed in order to prepare short 
flax fibers functionalized with vinyl groups. The same process was 
applied in this study to functionalize flax fabrics. The obtained fabric in 
this step is called (F/Si-vinyl). 

2 g of pristine flax fabric (F/pristine), about 2 pieces of 7 × 7 cm2 

were dipped into 200 mL of NaOH solution (0.5 M) at 70 ◦C for 3 h under 
stirring. Then, a neutralization process was performed with 200 mL of 
acetic acid (0.6 M) for 30 min at 70 ◦C followed by washing with 
deionised water to remove all acetic acid traces. This first step is an 
alkaline treatment to remove lignin from flax fabrics, the obtained fabric 
in this step is called (F/pre-treated). Then, 4 g of DVTS was dissolved in 
16 g of DMSO/Toluene (35/65 wt%) solvent mixture. The prepared 
solution was added into a bottom flask of 50 mL fitted with a reflux 
condenser. Then, 0.6 g of F/pre-treated (3 pieces of 3 × 3 cm2) was 
dipped in this solution for 3 h at 80 ◦C under stirring. Finally, the fabric 
samples were filtered and washed twice with 20 mL of toluene over 10 
min to remove unreacted silazanes. 



3.4. X-ray fluorescence elemental analysis 

Silicon content in flax fabrics samples was determined using an 
Oxford XMET 5100 X-ray fluorescence. Samples were fixed on a flat 
polymer-based support containing no trace of silicon. This holder is used 
to flatten fabric sample in order to reduce instrumental errors. The an-
alyses were carried out under atmospheric pressure, without any prep-
aration. The following settings were used by default: 13 kV and 45 μA. 
Each spectrum was collected for 1 min. The intensity of the Silicon peak 
is proportional to its concentration in the fabric sample. The measure-
ment was carried out 3 times for each sample. 

To obtain calibration curve, a series of octamethylcyclotetrasiloxane 
(D4) solution with four different concentrations (1, 6, 12, 20 wt%) was 
prepared using THF as a solvent. Then, four pieces of flax fabric (2 × 2 
cm2) were immersed in each solution for 3 min, these samples were 
defined as standards. Afterwards, the flax fabric samples were dried 
under the hood for 1 hour. The mass gain of each sample was calculated 
using equation 2: 

Mass gain wt% =
(Initial weight of sample) (Final weight of sample)

(Final weight of sample)
x 100

(2) 

Then the mass gain of each sample was transformed to Silicon con-
tent using equation 3: 

Si wt% =
(Mass gain%) x 4 (number of Si in D4) x (Molar mass of Si)

(Molar mass of D4)

(3) 

The four samples were analysed using an X-ray fluorescence spec-
trometer to determine the fluorescence intensity of each one (Figure S1). 
The values of fluorescence peak areas of Silicon element for the standard 
samples were drawn as a function of Silicon content in order to obtain a 
calibration curve with a linear equation (Eq 4). This equation was then 
useful to determine the silicon content of unknown samples from direct 
X-ray fluorescence spectrometry analysis.

X =
Y + 20.8

32.8
(4)  

where X is the Silicon content (wt%) of the sample and Y is the value of 
fluorescence peak area. 

3.5. Contact angles (θ) and sliding angles (SA) measurement 

A Krüss DSA 30 apparatus was used to measure the contact angles (θ) 
of water on the samples surface. The measurement was done 3 times in 5 
different zones for each grafted fabric sample with 3 μL drops of water. 
The sliding angles (SA) were measured using a lab-made device. The 
device is a vertical metal axis crossed with a manually movable hori-
zontal one which holds a protractor on the side and a sample carrier on 
the top. The treated flax fabric is placed on the sample carrier and a drop 
of water (50 μL) is put on the fabric surface. The horizontal support is 
then slowly tilted until the water drop rolls over the fabric surface. The 
SA is taken as the value of the angle from which the water drop begins to 
slip out of the sample surface. 

3.6. Durability tests 

3.6.1. Washing test 
Three samples of F/PDMS-co-PHMS (0.6 g) were washed in 100 ml of 

detergent solution 2 g/L at 40 ◦C for 10 min under stirring (200 rpm). 

Fig. 1. Schematic representation of the reaction of DVTS with hydroxyl groups of the flax fibers and the reaction between Si-H and vinyl groups to produce PDMS-co- 
PHMS-grafted fabric (F/PDMS-co-PHMS). 

Fig. 2. Suggested mechanism of the hydrosilylation reaction of vinyl group 
onto flax fabric by Si-H group in PDMS-co-PHMS, inspired from [46]. 
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(
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ρ

)
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√
√
√
√

(5)  

where, m: is the weight of thread, ρ: is the density and L: is the length. 
Micromeritics AccuPyc 1330 gas pycnometer was used to measure 

the density of flax fabrics. The sample is closed in the instrument 
compartment of known volume, the inert gas (Ar) is introduced, and 

then expanded into another precision internal volume. The pressure 
before and after expansion is measured and used to calculate the sample 
volume. Dividing the sample weight into this volume gives the sample 
density. Weight, density, volume and diameter of threads are listed in 
(Table S1). This test is adapted from Ferrara’s study [49], which have 
performed a tensile strength test of flax fabrics. 

4. Results and discussion

4.1. FTIR and EDS spectroscopies

DVTS, F/pristine, F/pre-treated and F/Si-vinyl were analysed by 
FTIR spectroscopy to confirm the grafting of flax fabrics with the pres-
ence of characteristic bands of vinyl groups (Fig. 3, a). The bands cor-
responding to the vinyl group (C––C stretching at 1592 cm 1, ––C–H 
bending at 830 cm 1), the Si–CH3 groups at 1250 cm 1 and 780 cm 1 

and the silazane groups (N–H at 1175 cm 1, Si-N at 925 cm 1) are 
highlighted in the DVTS spectrum. 

F/pristine and F/pre-treated show similar spectra with bands cor-
responding to the hydroxyl groups (–OH) at 3330 cm 1 and the ether 
group (–C–O–C–) at 1025 cm 1 of the cellulose. Concerning the F/Si- 
vinyl, bands characteristic of the vinyl and Si–CH3 groups are present 
on the spectrum while the silazane bands are not observable. The 
disappearance of the characteristic bands of the SiN–H and Si–NH 
bonds confirms the consumption of silazane functions due to the reac-
tion with the hydroxyl groups, while the presence of signals of vinyl and 
Si–CH3 groups confirms the grafting of the dimethylvinylsiloxane part 
on the flax fabric surface. 

The fibers cross-section of the pristine and modified fabrics was 
analysed by SEM/EDS to obtain a silicon mapping to confirm the pres-
ence of the grafting after DVTS treatment. As it is clearly confirmed in 
EDS images (Fig. 3b), silicon is naturally present in flax fabric but only in 
trace amounts. On the other hand, for the fabric treated with alkali, 
silicon element is almost absent in comparison to F/pristine which was 
attributed to its elimination by the alkaline solution. Finally, for F/Si- 
vinyl, silicon is present in abundance and homogeneously distributed 
on/into fibers (in the whole section). The presence of the silicon element 
proves the presence of the grafted vinyl groups. These results are 

Fig. 3. a) FTIR spectra and b) SEM/EDS images of F/pristine, F/pre-treated and F/Si-vinyl.  

This test is a lab-simulation of a home wash [15]. Then, the solution was 
removed and the fabric underwent several washes with deionised water 
to remove all traces of the detergent solution. The washing cycle was 
repeated 10 times for each fabric sample. X-ray fluorescence elemental 
analysis was used to assess the evolution of silicon concentration with 
the washing cycles. 

3.6.2. Acid resistance test 
This test was performed in order to verify the stability of the chem-

ical treatment at the fabrics surface [48], knowing the siloxane sensi-
tivity to the acid media. Three samples of F/PDMS-co-PHMS (0.6 g) were 
immersed in 100 ml of HCl solution (0.01 M, pH = 2) for 3 h at room 
temperature. Then, the samples were washed with deionized water to 
remove HCl traces. The X-ray fluorescence elemental analysis was also 
used to detect the loss of silicon element during the washing cycles. 

3.6.3. Tensile test 
The fabric thread underwent a tensile test using a Zwick/Roell tensile 

machine, which was fitted with a 2.5 kN load cell and a clip-on exten-
someter with a 30 mm reference length. This test was conducted under 
room temperature conditions (25 ◦C), and the equipment was calibrated 
in accordance with ISO 7500-1 and ISO 9513 standards for force and 
displacement sensors, respectively. 

A crosshead speed of 10 mm/min was employed, with a pre-charge 
of 1 N applied. The determination of Young’s modulus was accom-
plished using the tangent method within the range of 0.5 % to 2 % 
elongation. It’s worth noting that each test was repeated at least four 
times. 

To calculate the average diameter of the threads, they were consid-
ered as cylindrical in shape, and the following equation was applied: 



As the silicon materials have low surface energy, the grafting of siloxane 
compounds decreases the surface energy of the flax fabric exhibiting 
good hydrophobic properties [50]. Nevertheless, as mentioned above, 
F/Si-vinyl has displayed hydrophobic properties with a relatively good 
contact angle θ about (132◦), but SA was unfavourable (about 85◦) and 
was not suitable for self-cleaning application. Comparing the hydro-
phobic properties of F/Si-vinyl and F/PDMS-co-PHMS, there is a small 
difference in terms of θ but a significant one in terms of SA. Several 
reasons are suggested to explain this difference: 1/ the amount of Silicon 
grafted on the fabric is higher for F/PDMS-co-PHMS, or 2/ the type of 
siloxane compound that is grafted possibly changes in the morphology 
(roughness) of the fabric surface. To investigate these reasons, other 
samples of grafted fabrics with different Si content were prepared. 

The Table 1 shows the values of θ and SA for F/Si-vinyl and F/PDMS- 
co-PHMS samples with different Si contents. F/Si-vinyl with 2.3 wt% of 
Si content has θ and SA about 134◦ and 84◦, respectively. When the Si 
content increases from 2.3 to 4.4 wt% which represents an increase 
around 90 %, no change occurs in terms of contact and sliding angles. 
This means that the content of Si has no effect on the wettability of the 
modified fabrics. 

On the other hand, F/PDMS-co-PHMS with 4.9 wt% of Si content has 
a bigger θ and much smaller SA compared to those of F/Si-vinyl with 
very close Si content (4.3 wt%). The difference lies in the type of 
chemical composition of the silane unit of the grafted compound and its 
surface tension in each sample. Indeed, in F/PDMS-co-PHMS the silane 
unit is ((CH3)2SiO) while in F/Si-vinyl, the unit is 
dimethylvinylsiloxane. 

Moreover, when the Si content in F/PDMS-co-PHMS increases to 9.6 
wt%, the SA decreases to 15◦. This can be attributed to the increased 
area covered by the siloxane chains. However, the change of surface 
morphology during the grafting process is also a possible reason and 
needs to be investigated, especially since it is known that there is a clear 
relationship between surface roughness and wettability [51,52]. 

A confocal laser scanning microscopy analysis was performed on F/ 
pristine, F/pre-treated, F/Si-vinyl and F/PDMS-co-PHMS in order to 
investigate the evolution of the surface roughness during the treatment 
process (Figure S2). 

This analysis allows to calculate the Sdr % parameter which provides 
the developed interfacial area ratio and which can be used to assess the 
evolution of surface roughness of the flax fabric at the thread level in a 
range scale between (100–1000 μm). 

Fig. 4. a) FTIR spectra and b) SEM/EDS images for F/Si-vinyl and F/PDMS-co-PHMS.  

consistent with those obtained in previous work [43] and confirm the 
successful of this functionalization process on the flax fabrics. 

PDMS-co-PHMS, and the corresponding grafted flax fabrics F/PDMS- 
co-PHMS were also analysed by FTIR spectroscopy to confirm the 
grafting PDMS-co-PHMS (Fig. 4, a). The bands corresponding to Si–H at 
2160 cm  1 and Si–CH3 at 1250 cm  1 are observable in the PDMS-co- 
PHMS spectra. In the spectra of grafted fabrics, Si–CH3 characteristic 
bands are present with great intensity while the Si–H band is not 
observed. The disappearance of the characteristic band of the Si–H 
functions is due to their reaction with the vinyl groups, previously 
introduced by silazane treatment. The presence of the Si–CH3 band and 
the increase in its intensity compared to flax grafted with only vinyl 
functions, proves the grafting of PDMS-co-PHMS co-polymer. 

An observation of the cross-section of the grafted fabrics by SEM/ 
EDS using Silicon mapping confirmed the presence of the grafted PDMS- 
co-PHMS through the whole section with a great intensity of Silicon 
(Fig. 4b). 

4.2. Determination of silicon content in the grafted fabrics by X-ray 
fluorescence elemental analysis 

F/pristine and modified fabrics were characterized by X-ray fluo-
rescence spectrometry. The Silicon content for each fabric was calcu-
lated using equation 4 (Fig. 5). 

The silicon content in the F/Si-vinyl and F/PDMS-co-PHMS is about 
4.4 and 9.6 wt%, correspond to 13 and 27 wt% of grafting rate (GR) wt% 
(Eq S1 and Eq S2), respectively, which is the maximum grafting rate for 
each one. The difference of Silicon content between the two types of 
grafted fabrics is almost double. The comparison of these results with the 
(Fig. 1) seems to validate the grafted chains structure. 

4.3. Hydrophobicity of grafted flax fabrics 

While F/pristine and F/pre-treated fabrics exhibited complete water 
droplet absorption, F/Si-vinyl displayed relatively good hydrophobic 
properties, with θ about 132◦ ± 3. However, SA was notably high at 
around 85◦. In contrast, F/PDMS-co-PHMS demonstrated excellent hy-
drophobicity, allowing water droplets to easily roll on across the fabric 
surface without causing wetting. These droplets maintained a spherical 
shape and remained on the fabric surface for over 30 min. θ and SA for 
this fabric measured approximately 147 ± 5 ◦ and 15 ± 2 ◦, respectively. 



Sdr% values for F/pristine were between 785 and 1640 while they 
increased up to 1920–2890 for F/pre-treated (Fig. 6). The pre-treatment 
step with NaOH solution increased the Sdr% value i.e., the surface 
roughness. This result is consistent with the literature when flax fibers 
are treated with an alkaline solution. This type of treatment deforms the 
stuffed structure of the fiber by the removal of lignin and non-cellulosic 
materials, resulting to the separation of the fibers from each other and 
thus improving the surface roughness [53,54]. On the other hand, the 
range of Sdr % values for F/Si-vinyl has considerably expanded, span-
ning from 300 to 4270, which can be attributed to the silazane treatment 
producing an inhomogeneous fibers dispersion. However, this range has 
not changed for F/PDMS-co-PHMS sample, indicating no change in 
surface roughness has occurred at least on this scale. Also, SEM micro-
graphs (Figure S3) at the scanning scale of 20–50 μm show no apparent 

difference between the F/pristine, F/pre-treated, F/Si-vinyl and 
F/PDMS-co-PHMS. Thus, the decrease of SA value cannot be assigned to 
an increase in surface roughness and may be rather due to the increased 
area covered by the siloxane chains. A small SA value is needed to allow 
the rolling of droplets on the fabric surface at small inclination angles 
[55]. This is a prerequisite for achieving self-cleaning properties. 

4.4. Self-cleaning and durability 

To verify the self-cleaning ability, a lab-scale method has been 
designed. Some mud, coffee, and tomato sauce were deposited on F/ 
pristine and F/PDMS-co-PHMS and then cleaned by dropping water over 
it. As shown in Fig. 7, the contaminants are easily taken away and rolled 
on the grafted fabric by the moving water droplets, resulting in a 
completely clean surface while the contaminants on F/pristine fabric are 
difficult to clean in a similar way, they left clear stains on the fabric 
surface after dropping water over it. This indicates the efficacity of F/ 
PDMS-co-PHMS on the self-cleaning property. Videos S1 and S2 in 
supporting information show the effectiveness of this fabric treatment 
for water repellence. 

In order to show the potential durability, the grafted fabrics have 
been tested with two tests, acid solution washing and home wash. The 
durability of hydrophobic grafted fabrics has been investigated using a 
lab-simulation of a home wash. The X-ray fluorescence elemental 
analysis was used to follow the decrease of Silicon concentration in the 
grafted fabrics due to the removal of PDMS derivatives molecules during 
the washing cycles. The durability tests were performed on F/PDMS-co- 
PHMS. The quantity of silicon element slightly decreased during the first 
3 washing cycles with a loss of about 16 % of the total Silicon content 
(Figure S4). It remained almost stable during the next 7 washing cycles 
with a negligible loss (about 3 %) without any change neither in 
wettability properties, according to the contact angles measurements 
(146 ± 2 ◦ after washing vs 147 ± 5 ◦ before washing) nor in 
morphology. That means the washing has only a slightly effect on the 
Silicon content in the grafted fabric. Moreover, this effect becomes less 
significant after the first washing cycles, which demonstrates the 
washing resistance. 

Furthermore, F/PDMS-co-PHMS has displayed a highly resistance to 
the acid medium. After immersing the samples 3 h at room temperature 
in HCl solution of pH = 2, the Si loss was only about 2.7 % of the total 
silicon content. Thus, the Si content has almost not changed, confirming 
the high chemical stability of grafted chains on the flax fabric. 

Fig. 5. (a) X-ray fluorescence spectrum of the Silicon band for pristine, F/pretreated, F/Si-vinyl and F/PDMS-co-PHMS and (b) X-ray fluorescence analysis to 
determine Silicon concentration in flax fabrics based on a calibration curve carried out with a fabric impregnated with D4. 

Table 1 
Contact and sliding angles values for F/Si-vinyl and F/PDMS- co-PHMS samples 
with different Si content.  

Samples Si content (wt%) Contact angle (◦) Sliding angle (◦) 

F/Si-vinyl (I) 2.3 134 ± 2 84 ± 4 
F/Si-vinyl 4.3 132 ± 3 85 ± 5 
F/PDMS-co-PHMS (I) 4.9 145 ± 4 25 ± 3 
F/PDMS-co-PHMS 9.6 147 ± 5 15 ± 2  

Fig. 6. Sdr % values of F/pristine, F/pre-treated, F/Si-vinyl and F/PDMS- 
co-PHMS. 



4.5. Mechanical properties 

Tensile test was performed on threads of F/pristine, F/pre-treated 
and F/PDMS-co-PHMS in order to investigate the evolution of me-
chanical behaviour of flax fabric before and after grafting process. 

Stress strain curves of pristine, pre-treated and PDMS-co-PHMS 
grafted threads (Figure S5 and S6) display the change occurring on 
mechanical properties. The values of maximum tensile force stress 
(Fmax), elongation at maximum force (dL (Fmax)) and Young modulus (E) 
obtained by tensile test are listed in Table S2. 

Values of Young modulus are about 20.0 ± 1.1, 7.8 ± 0.8 and 7.8 ±
0.5 GPa for pristine, pre-treated and PDMS-co-PHMS grafted threads, 
respectively. Young modulus decreased about 60 % due to the removal 
of lignin by the pre-treatment with NaOH. Indeed, lignin typically has 
highly cross-linked and branched structures that play an important role 
in maintaining the proper orientation cellulose fibers. Consequently, 
they contribute significantly to the structural straightness and rigidity of 
the cellulose fibers. Consequently, the elimination of this component 
from the fiber would result in a reduction in the fiber’s Young’s Modulus 
[56]. However, this step is very important for the success of the grafting 
process. In our previous work [36] it was shown that the lignin removal 
induced silazane diffusion into the fiber. Also, Valadez-Gonzalez et al. 
have shown that this step is necessary to facilitate the diffusion of the 
coupling agents inside the fibers [57]. 

In contrast, pre-treated and PDMS-co-PHMS grafted threads have the 
same Young modulus. Thus, the grafted molecules onto the flax fabric do 
not impact the stiffness. 

Furthermore, it’s noteworthy that the maximum force (Fmax) 
exhibited by the pristine thread significantly exceeds that of both the 
pre-treated and PDMS-co-PHMS grafted threads. This observation un-
derlines the impact of these treatments on the thread’s mechanical 
properties. While the elongation at maximum force (dL (Fmax)%), 
remained nearly consistent for all three samples: F/pristine, F/pre- 
treated, and F/PDMS-co-PHMS. Thus, there is no significant difference 
in terms of tensile elongation among them, suggesting that the treat-
ments have a more pronounced influence on the maximum force ca-
pacity rather than the extent of elongation at this point. 

5. Conclusions

Flax fabrics have been first functionalized with vinyl groups using
DVTS and then with PDMS-co-PHMS via a hydrosilylation reaction in 
the presence of Karstedt catalyst. 

The successful integration of silicon element into the entire flax fiber 
structure was confirmed through silicon mapping, which displayed a 
uniform distribution of the grafted compound with a notably high 
intensity. 

The type of chemical composition of the silane unit of the grafted 
compound and the extent of coverage by the siloxane chains have a great 
impact on the contact and sliding angles. 

The confocal laser scanning microscopy analysis allowed for the 
investigation of fabric surface evolution by measuring the Sdr % value. 
This analysis showed that the treatment of flax fabric with DVTS 
resulted in a fiber dispersion similar to that achieved with the PDMS-co- 
PHMS treatment. 

In terms of durability and resistance, the grafted flax fabrics 
exhibited an interesting potential stability even after repeated washing 
cycles and exposure to acidic environments. In order to have a deeper 
insight of the grafted fabrics durability it would be interesting in the next 
study to perform an abrasion test, a wear test or an alkali wash resistance 
test. 

However, it should be noted that the pre-treatment of flax fabric with 
NaOH, which is necessary to facilitate the interaction with DVTS, leads 
to some reduction in the fabric’s mechanical properties. Despite this 
drawback, the enhancement of hydrophobicity, and durability makes 
the F/PDMS-co-PHMS-treated flax fabric a promising candidate for self- 
cleaning applications. 

Formatting of funding sources 

Funding: This work was supported by the Institute of Mines Telecom 
from Alès (IMT Mines Ales), France. 

Fig. 7. Hydrophobicity of F/PDMS-co-PHMS a) Sliding of flowing water over the fabric surface. b) Standing of water droplets on the fabric surface with spherical 
shape. c) Contact angle measurement for water. d, e, f) Self-cleaning performances with mud, coffee, and tomato. 



No data was used for the research described in the article. 

Acknowledgements 

We gratefully acknowledge Jean-Claude ROUX (C2MA, PCH, IMT 
Mines Alès) for SEM-EDS images, Benjamin GALLARD (C2MA, PCH, IMT 
Mines Alès) for the training on the X-ray fluorescence elemental analysis 
and Alexandre CHERON (LMGC, IMT Mines Ales, Univ Montpellier) for 
mechanical tests. IMT Mines Alès to finance this work. 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.surfin.2024.104166. 

References 

[1] S. Li, J. Huang, Z. Chen, G. Chen, Y. Lai, A review on special wettability textiles: 
theoretical models, fabrication technologies and multifunctional applications, 
J. Mater. Chem. A. 5 (2017) 31–55, https://doi.org/10.1039/C6TA07984A. 

[2] N. Jannatun, A. Taraqqi-A-Kamal, R. Rehman, J. Kuker, S.K. Lahiri, A facile cross- 
linking approach to fabricate durable and self-healing superhydrophobic coatings 
of SiO2-PVA@PDMS on cotton textile, Eur. Polym. J. (2020) 134, https://doi.org/ 
10.1016/j.eurpolymj.2020.109836. 

[3] M. Yang, C. Jiang, W. Liu, L. Liang, Y. Xie, H. Shi, F. Zhang, K. Pi, A water-rich 
system of constructing durable and fluorine-free superhydrophobic surfaces for oil/ 
water separation, Appl. Surf. Sci. (2020) 507, https://doi.org/10.1016/j. 
apsusc.2019.145165. 

[4] P. Talebizadehsardari, J. Seyfi, I. Hejazi, A. Eyvazian, M. Khodaie, S. Seifi, S. 
M. Davachi, H. Bahmanpour, Enhanced chemical and mechanical durability of 
superhydrophobic and superoleophilic nanocomposite coatings on cotton fabric for 
reusable oil/water separation applications, Colloids Surf. A (2020) 603, https:// 
doi.org/10.1016/j.colsurfa.2020.125204. 

[5] M. Ge, C. Cao, F. Liang, R. Liu, Y. Zhang, W. Zhang, T. Zhu, B. Yi, Y. Tang, Y. Lai, 
A “pDMS-in-water” emulsion enables mechanochemically robust 
superhydrophobic surfaces with self-healing nature, Nanoscale Horiz. 5 (2020) 
65–73, https://doi.org/10.1039/c9nh00519f. 

[6] Q. Ji, X. Xiao, Z. Ye, N. Yu, Fabrication of durable superhydrophobic coating on 
fabrics surface for oil/water separation, Polym. Compos. 40 (2019) 2019–2028, 
https://doi.org/10.1002/pc.24982. 

[7] W. Li, X. Wang, Y. Wu, M. Chen, Z. Li, One-step spontaneous grafting via 
diazonium chemistry for the fabrication of robust bionic multifunctional 
superhydrophobic fabric, Surf. Coat. Technol. 407 (2021) 126802, https://doi.org/ 
10.1016/j.surfcoat.2020.126802. 

[8] C.H. Xue, L.L. Zhao, X.J. Guo, Z.Y. Ji, Y. Wu, S.T. Jia, Q.F. An, Mechanically 
durable superhydrophobic surfaces by binding polystyene nanoparticles on fibers 
with aluminum phosphate followed by hydrophobization, Chem. Eng. J. (2020) 
396, https://doi.org/10.1016/j.cej.2020.125231. 

[9] Y. Bao, J. Chang, Y. Zhang, L. Chen, Robust superhydrophobic coating with hollow 
SiO2/PAA-b-PS Janus microspheres for self-cleaning and oil-water separation, 
Chem. Eng. J. (2022) 136959, https://doi.org/10.1016/j.cej.2022.136959. 

[10] Y. Li, Q. Li, C. Zhang, P. Cai, N. Bai, X. Xu, Intelligent self-healing 
superhydrophobic modification of cotton fabrics via surface-initiated ARGET ATRP 
of styrene, Chem. Eng. J. 323 (2017) 134–142, https://doi.org/10.1016/j. 
cej.2017.04.080. 

[11] X. Huang, X. Kong, Y. Cui, X. Ye, X. Wang, B. Shi, Durable superhydrophobic 
materials enabled by abrasion-triggered roughness regeneration, Chem. Eng. J. 336 
(2018) 633–639, https://doi.org/10.1016/j.cej.2017.12.036. 

[12] W. Guo, X. Wang, J. Huang, Y. Zhou, W. Cai, J. Wang, L. Song, Y. Hu, Construction 
of durable flame-retardant and robust superhydrophobic coatings on cotton fabrics 
for water-oil separation application, Chem. Eng. J. (2020) 398, https://doi.org/ 
10.1016/j.cej.2020.125661. 

[13] W. Li, K. Liu, Y. Zhang, S. Guo, Z. Li, S.C. Tan, A facile strategy to prepare robust 
self-healable superhydrophobic fabrics with self-cleaning, anti-icing, UV 
resistance, and antibacterial properties, Chem. Eng. J. 446 (2022) 137195, https:// 
doi.org/10.1016/j.cej.2022.137195. 

[14] D. Lin, X. Zeng, H. Li, X. Lai, T. Wu, One-pot fabrication of superhydrophobic and 
flame-retardant coatings on cotton fabrics via sol-gel reaction, J. Colloid Interface 
Sci. 533 (2019) 198–206, https://doi.org/10.1016/j.jcis.2018.08.060. 

[15] H. Qin, X. Li, X. Zhang, Z. Guo, Preparation and performance testing of 
superhydrophobic flame retardant cotton fabric, New J. Chem. 43 (2019) 
5839–5848, https://doi.org/10.1039/C9NJ00307J. 

[16] D. Lin, X. Zeng, H. Li, X. Lai, Facile fabrication of superhydrophobic and flame- 
retardant coatings on cotton fabrics via layer-by-layer assembly, Cellulose 25 
(2018) 3135–3149, https://doi.org/10.1007/s10570-018-1748-9. 

[17] W. Li, Y. Zong, Q. Liu, Y. Sun, Z. Li, H. Wang, Z. Li, A highly stretchable and 
biodegradable superamphiphobic fluorinated polycaprolactone nanofibrous 
membrane for antifouling, Prog. Org. Coat. (2020) 147, https://doi.org/10.1016/j. 
porgcoat.2020.105776. 

[18] T. Zhu, S. Li, J. Huang, M. Mihailiasa, Y. Lai, Rational design of multi-layered 
superhydrophobic coating on cotton fabrics for UV shielding, self-cleaning and oil- 
water separation, Mater. Des. 134 (2017) 342–351, https://doi.org/10.1016/j. 
matdes.2017.08.071. 

[19] L. Xu, X. Zhang, Y. Shen, Y. Ding, L. Wang, Y. Sheng, Durable superhydrophobic 
cotton textiles with ultraviolet-blocking property and photocatalysis based on 
flower-like copper sulfide, Ind. Eng. Chem. Res. 57 (2018) 6714–6725, https://doi. 
org/10.1021/acs.iecr.8b00254. 

[20] W. Li, Y. Zhang, Z. Yu, T. Zhu, J. Kang, K. Liu, Z. Li, S.C. Tan, In situ growth of a 
stable metal-organic framework (mof) on flexible fabric via a layer-by-layer 
strategy for versatile applications, ACS Nano 16 (2022) 14779–14791, https://doi. 
org/10.1021/acsnano.2c05624. 

[21] H. Zhang, R.N. Lamb, Superhydrophobic treatment for textiles via engineering 
nanotextured silica/polysiloxane hybrid material onto fibres, Surf. Eng. 25 (2009) 
21–24, https://doi.org/10.1179/174329408X271390. 

[22] G. Mazzon, M. Zahid, J.A. Heredia-Guerrero, E. Balliana, E. Zendri, A. Athanassiou, 
I.S. Bayer, Hydrophobic treatment of woven cotton fabrics with polyurethane 
modified aminosilicone emulsions, Appl. Surf. Sci. 490 (2019) 331–342, https:// 
doi.org/10.1016/j.apsusc.2019.06.069. 

[23] R. Cai, D. De Smet, M. Vanneste, B. Nysten, K. Glinel, A.M. Jonas, One-step 
aqueous spraying process for the fabrication of omniphobic fabrics free of long 
perfluoroalkyl chains, ACS Omega 4 (2019) 16660–16666, https://doi.org/ 
10.1021/acsomega.9b02583. 

[24] H. Wang, Y. Xue, J. Ding, L. Feng, X. Wang, T. Lin, Durable, self-healing 
superhydrophobic and superoleophobic surfaces from fluorinated-decyl polyhedral 
oligomeric silsesquioxane and hydrolyzed fluorinated alkyl silane, Angew. Chem. 
Int. Ed. 50 (2011) 11433–11436, https://doi.org/10.1002/anie.201105069. 

[25] P. Chauhan, A. Kumar, B. Bhushan, Self-cleaning, stain-resistant and anti-bacterial 
superhydrophobic cotton fabric prepared by simple immersion technique, 
J. Colloid Interface Sci. 535 (2019) 66–74, https://doi.org/10.1016/j. 
jcis.2018.09.087. 

[26] G. Zhang, S. Yuan, S. Cao, G. Yan, X. Wang, J. Yang, B. Van Der Bruggen, 
Functionalized poly(arylene ether sulfone) containing hydroxyl units for the 
fabrication of durable, superhydrophobic oil/water separation membranes, 
Nanoscale 11 (2019) 7166–7175, https://doi.org/10.1039/c9nr00621d. 

[27] S. Huang, G. Liu, K. Zhang, H. Hu, J. Wang, L. Miao, T. Tabrizizadeh, Water-based 
polyurethane formulations for robust superhydrophobic fabrics, Chem. Eng. J. 360 
(2019) 445–451, https://doi.org/10.1016/j.cej.2018.11.220. 

[28] K. Hou, Y. Zeng, C. Zhou, J. Chen, X. Wen, S. Xu, J. Cheng, P. Pi, Facile generation 
of robust POSS-based superhydrophobic fabrics via thiol-ene click chemistry, 
Chem. Eng. J. 332 (2018) 150–159, https://doi.org/10.1016/j.cej.2017.09.074. 

[29] C.Y. Li, F.J. Xu, W.T. Yang, Simple strategy to functionalize polymeric substrates 
via surface-initiated ATRP for biomedical applications, Langmuir 29 (2013) 
1541–1550, https://doi.org/10.1021/la302866n. 
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