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fibers by silane modification: an exploration
for developing new leather making technology
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Abstract

The effect of hydrophobic modification on the performances of collagen fibers (CFs) was investigated by using silane
coupling agents with different alkyl chains as hydrophobic modifiers. It was found silane could be easily grafted onto
CF surface through covalent bonds under 5% water content. This modification led to the transformation of surface
wettability of CF from hydrophilic to hydrophobic. Interestingly, the change of surface wettability resulted in substan-
tial improvement of the modified CF properties, presenting well dispersity of collagen fibers, higher thermal stability
and enhanced mechanical properties in comparison with natural CF. The degree of improvement mainly depended
on the length of alkyl chain in silane. Longer alkyl chain produced strong hydrophobicity and subsequently more
superior performances of the modified CF. When the length of alkyl chain increased to 18 carbon atoms, the modi-
fied CF possessed durable superhydrophobicity even exposed to aqueous solutions of different pH, UV, and organic
solvents, and had excellent thermal and mechanical properties like leather fibers. In general, this work clearly revealed
that the properties of CF are closely and positively related to the hydrophobicity, which is suggestive in developing
new leather making technology.
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1 Introduction

For thousands of years, leather is converted from hides
or skins by introducing additional crosslinks among CFs
by various tanning agents [1]. Chrome tanning agent
stands out among various tanning agents and imparts
leather with high thermal stability and exceptional physi-
cal and mechanical properties [2]. However, chromium-
containing wastewater and solid wastes may bring about
environmental issues and human health risks [3-5]. Sub-
sequently, to facilitate the green and sustainable leather
industry, various chrome-free tanning technologies have
been developed [6-11]. Inspired by strong chemical
cross-linking between Cr (III) and CFs, the emphasis is
usually focused on enhancing the chemical cross-linking
between tanning agents and CFs in developing chrome-
free tanning. But the fact is that the overall performances
of chrome-free tanned leathers are inferior to chrome-
tanned leather although some chrome-free tanning
agents have strong reactivity with CFs. Therefore, it is
worth considering that the performance of leather may
not only depend on chemical cross-linking.

Rawhides are essentially hydrophilic materials with
poor thermal stability, mechanical properties, and aes-
thetic properties as tanned leather. So far, little atten-
tion has been paid to the change in the wettability of the
leather surface after tanning. We found that tanning, as
a process to form chemical crosslinking, also put a sig-
nificant impact on the surface wettability of leather. For
example, the water contact angle (WCA) of the vegeta-
ble-tanned leather surface was 93°, and it took 30 s for

water droplets to fully infiltrate [12], which implies the
conversion of the leather surface from hydrophilic to
temporary hydrophobic. The sheepskins tanned by alu-
minum and zirconium are also temporarily hydropho-
bic, with a WCA of 105° falling to 0° within 60 s [13].
Chrome-tanned leather behaves more prominent hydro-
phobicity. Xia et al. found that the WCA of chrome-
tanned leather was 96.3°, which decreased to 0° at 300 s
[14]. Zhu et al. also confirmed that the WCA of chrome-
tanned leather was 108° without decreasing significantly
in a short time [15]. The excellent overall performance of
chrome-tanned leather may be closely related to its supe-
rior hydrophobicity. It is well known that leather tanning
is also a process of converting the surface wettability of
skins from hydrophilic to hydrophobic [16], and the
essence of tanning might be attributed to the enhance-
ment of hydrophobicity of collagen fibers.

Kayaoglu et al. reported the plasma deposition of
hexamethyldisiloxane on the surface of natural leather
imparting leather with hydrophobicity and easy-care
characteristics to prevent soiling and staining [13]. But
the effect of hydrophobicity on the performance of natu-
ral leather had not been investigated in the research. He
et al. fabricated a superhydrophobic coating on the sur-
face of a dehydrated pelt by combining in-situ growth of
TiO,NPs and polydimethylsiloxane (PDMS) coating, and
found that the superhydrophobic coating improved the
water repellency of the dehydrated pelt and prevented it
from reabsorbing water, so that the obtained untanned
leather exhibited comparable physical properties to
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chrome-tanned leather [17]. Sun et al. [18] investigated
the influence of the hydrophobic chain length of gemini
polyurethane surfactants in retanning system on the
mechanical properties of aldehyde tanned leather. It was
found that the elongation and tear strength of leather
were increased by 14.5% and 18.4% respectively, when
the hydrophobic chain length was 8 carbon atoms. In
addition, the hydrophobic treatment of cationic silicon-
based gemini surfactants with hydrophobic chains was
beneficial to fiber dispersion of sheepskin [19]. To date,
systematic investigation on how hydrophobicity affects
the thermal stability, fiber dispersity, and mechanical
properties of skin collagen fibers has not been reported.
The profoundly understanding the role of hydrophobicity
on the overall performances of collagen fibers is particu-
larly significant, which may furnish a novel strategy for
leather manufacturing.

In this work, CFs were used as the model of skin pelt
to explore the method of hydrophobic modification, so
as to prevent the influence of penetration of hydropho-
bic material in pelt on this theoretical exploration. The
hydrophobic effect of CFs modified by silane coupling
agents with different hydrophobic chain lengths was
investigated. The hydrophobic durability, water absorp-
tion, dispersibility, thermal stability, and mechanical
properties of modified CFs were investigated.

2 Experimental

2.1 Materials

Pickled cowhide pelt was provided by a local tannery in
China. Dodecyltrimethoxysilane (TMS12, 93%), hexa-
decyltrimethoxysilane (TMS16, 85%) and octadecyl-
trimethoxysilane (TMS18, 90%) were obtained from
Aladdin Co., Ltd. (Shanghai, China). Ethanol (95 wt%),
isopropanol (99.7 wt%), NaCl (99.5%), NaHCO; (99.8%),
HCOOH (88%), and other chemicals were supplied by
Kelong Co., Ltd. (Chengdu, China). All chemicals used
are analytical reagents.

2.2 Fabrication of dehydrated collagen fibers (CFs)

Anhydrous ethanol was used as a polar solvent to dehy-
drate the pelt. Pickled pelt was deacidified to pH 6.0
according to the conventional method and then was
immersed into a drum with 150 wt% absolute ethanol.
The drum was rotated for 2 h at a speed of 20 r/min.
Then the pelt was taken out and the ethanol in the drum
was recycled. This dehydration process was repeated
for 5 times. Dehydrated pelt was obtained by drying
at 35 °C for 12 h to completely volatilize ethanol. Then
the dehydrated pelt was cut into small pieces (about
1 cm x 1 cm) with scissors, and crushed and sieved with
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an ultracentrifugal pulverizer (Retsch ZM200, Germany)
with a sieve of 0.5 mm to obtain CFs of 30—40 mesh.

2.3 Fabrication of hydrophobic collagen fibers (TMSx-CF)

5 g of dehydrated CFs were firstly immersed into 50 ml
of isopropanol solutions containing 0.8 w/v% of TMS12/
TMS16/ TMS18 respectively for 2 h under room tem-
perature. Then 5 wt% of H,O was added, and shaken
for 12 h at 220 rpm. Finally, hydrophobic collagen fibers
(TMSx-CFs, x stands for 12, 16 or 18) were obtained after
drying at 105 °C for 4 h, which were named as TMS12-
CF, TMS16-CF, and TMS18-CF. For comparison, silane
content i.e. (0.6—1.4 w/v%) and water content (0—-25 wt%)
were adjusted. Siloxane content (w/v%) refers to the per-
centage of the mass of siloxane relative to the volume of
isopropanol, and water content (wt%) is the mass per-
centage of water and CFs.

2.4 Characterization

The chemical composition of samples was monitored by
a NICOLET iS10 FTIR spectrometer (Thermo Fisher Sci-
entific, USA) at a resolution of 4 cm™! and in the range
of 4000-500 cm™'. The mass loss of samples in heating
was characterized by a synchronous thermal analyzer
(TG, Q600, TA) from 30 to 800 °C with a heating rate of
10 °C/min. In order to analyze the chemical composi-
tion in detail, the binding energies of the elements were
investigated by X-ray photoelectron spectroscopy (XPS;
Thermo Scientificc, NEXSA). An OXFORD DULTIM
MAX energy spectrum analyzer was used to detect the
surface chemical elements of samples. The morphology of
samples was observed through a field-emission scanning
electron microscope (FESEM; Nova Nano- SEM450, FEI)
at a voltage of 5 kV. The water contact angles (WCAs)
were measured using a contact angle goniometer (Kriiss,
DSA30, Germany) with 5 ul of water, and the obtained
values were the averages of five parallel measurements.
Shrinkage temperature of collagen fibers was analyzed in
the heating mode of a thermostatic workbench from 30
to 200 °C with a heating rate of 10 °C/min, and the fiber
length change with temperature was recorded under a
stereomicroscope (Super depth of field 3D microscopic
system, VHX5000). The mechanical properties of col-
lagen fibers were measured by an electronic single fiber
strength meter (Laizhou Electronic Instrument Co., Ltd.,
LLY-06B, China).

3 Results and discussion

The conversion of collagen fiber wettability from hydro-
philic to hydrophobic is attributed to two key factors:
the roughness of the hierarchical structures and the low
surface energy substance [20, 21]. Without additional
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roughness construction, the enhancement of hydropho-
bicity of collagen fiber mainly relies on its own rough
hierarchical structures and the chemical modification
of long-chain silane coupling agents. In this research,
TMS12, TMS16, and TMS18 with long-chain alkyl were
chosen to hydrophobically modify CFs. The hydrophilic
head of (-Si(OCHs;),) is hydrolyzed to generate —Si—-OH
groups [22], which can connect with the —OH of CFs by
hydrogen bond and covalent bond through dehydration
reaction (Fig. 1). Hydrophobic TMSx-CFs were obtained
by covalently grafting [23] the hydrophobic long-chain
hydrocarbon tail (-Si-(CH,),_;CH;) of TMS12, TMS16,
and TMS18 on CFs. Due to the inherent hydrophilicity
of CFs, water droplets could be completely spread out
on the surface of the CFs and be absorbed rapidly, and
swelling behavior happened when the CFs was immersed
in water. On the contrary, silver mirror reflection was
observed when TMS12-CF, TMS16-CF, and TMS18-
CF were immersed in water (Additional file 1: Fig. S1),
revealing their non-wetting Cassie-Baxter surface [24].
To verify the covalent bonds formed between TMSx
and CFs, FTIR spectroscopies of pristine CFs and TMSx-
CFs were displayed in Fig. 2a. The enhanced peak at
1086 cm™! confirms the presence of Si—-O-Si [25] and
the new sharp transmission bands at 2850 and 2929 cm™!
are attributed to the symmetric and asymmetric stretch-
ing vibrations of —-CH, and —CH; [26], which proves the
successful grafting of silane coupling agents as compared
with the pristine CFs. Obviously, longer alkane chain of
TMSx led to stronger —CH,/—CH; peak. The TGA and
DTG curves of the samples from room temperature to
800 °C under N, were shown in Fig. 2b, c. TGA curves
demonstrated that the decomposition curves of the
samples were similar. The residual mass and maximum
decomposition temperature of TMS12-CF, TMS16-CF
and TMS18-CF were all higher than those of CF. The
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maximum decomposition temperature of TMSx-CFs
increased with the increase of the hydrophobic chain
length of TMSx. The maximum decomposition temper-
ature of TMS18-CF was 365 °C, which was 5 °C higher
than TMS12-CF and 8 °C higher than CF. These results
indicated the successful attachment of silane coupling
agents on the surface of CFs through covalent bonds
[27], and implicated that a stronger hydrophobicity of
TMSx-CFs may lead to a higher thermal stability. Energy
dispersive spectroscopy (EDS) analysis was performed to
assess the chemical composition of TMSx-CF. As shown
in Fig. 2d, the peak of Si was detected on TMS12-CF,
TMS16-CF, and TMS18-CF other than C, N, and O. The
element Si and a part of element C were mainly derived
from TMSx, while N, O, and a part of C came from CF.
As an illustration in Fig. 2d, compared with CF, the C
content of TMSx-CF increased due to the existence of
long-chain alkanes, which suppressed the N content. In
addition, the values of C/N, C/O and Si content increased
with increasing chain length of alkanes, further con-
firming that CFs were well modified by TMSx. The XPS
spectra of the samples were shown in Fig. 2e. TMS12-
CF, TMS16-CF and TMS18-CF were all composed of the
clear signal peaks of C, N, O and Si elements. The C1's
peaks in TMS12-CF, TMS16-CF and TMS18-CF were
much higher than that in CF due to the existence of long
alkane chain in TMSx, so that the relative strength of
O1s and N1s was lower than that of CF, which is consist-
ent with the results of EDS. The Cls area of CF can be
divided into three Gaussian curve peaks located at 284.4,
285.6 and 287.5 eV, representing C-C, C-O-C, and
C=0, respectively. The Cls area of TMS12-CF, TMS16-
CF and TMS18-CF can be divided into four Gaussian
curve peaks appeared at 284.4, 285.2, 286.5 and 288.1 eV,
separately attributed to C-C, C-0O-Si, C-O-C, and
C=0 [28], where the new peak of C-O-Si demonstrated

(a) Hydrolysis of TMSx
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Fig. 1 Schematic illustration showing the fabrication of TMSx-CF
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Fig. 2 Fourier transform infrared spectra (a), TGA curves (b), DTG curves (c), EDX spectra (d), XPS spectra (e), XPS C 1 s and Si 2p spectra (f) of CF,
TMS12-CF, TMS16-CF and TMS18-CF

the formation of covalent bonds between silane and CFs.
In addition, the Si 2p region of TMS12-CF, TMS16-CF
and TMS18-CF can be split into two Gaussian curves
peaks at 102.2 and 102.9 eV, which belonged to Si—-O
and Si—C [29]. XPS analysis suggested the formation of
covalent bonds between CFs and TMSx, and the pres-
ence of long-chain alkanes in TMSx-CFs, which were in
accordance with the results of FTIR, EDS and TG-DTG.
These results strongly confirmed that silane is covalently
bonded to CFs, which ultimately endow TMSx-CFs with
enhanced hydrophobicity.

Then, the hydrophobicity of TMSx-CFs was optimized
by adjusting the contents of silane coupling agents and
water in TMSx-CFs. The effect of silane content on the
hydrophobicity of TMSx-CFs was firstly investigated.
As shown in Fig. 3a, with the increase of silane content,
the WCAs gradually increased and then decreased. The

higher silane content led to the lower surface energy
and therefore, improved water repellency of TMSx-CFs.
When the silane content was higher than 1%, the WCAs
of the TMSx-CFs reduced, suggesting the reduction
of water resistance. The explanation may be that long-
chain alkyl groups with lower surface energy were mainly
grafted onto the surface of CFs [30], and excess silane
would self-condense to form polymers that wrapped
around CFs, destroying the hierarchical structure of CFs,
thereby bringing about diminished surface roughness and
decreased hydrophobicity. Therefore, an excessively high
content of silane may not contribute to a further decrease
of surface energy, and the hydrophobicity of the TMSx-
CFs decreased instead. The influence of water content on
the hydrophobicity of TMSx-CFs was also analyzed. It
can be seen from Fig. 3b that, compared with the anhy-
drous system, the WCAs of TMSx-CFs increased with
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TMSx-CF treated by immersion in different pH solutions for 24 h (e), WCAs of the TMS12-CF (f), TMS16-CF (g), TMS18-CF (h) treated by UV for 1 h and

the addition of 5% water. This may be due to the suffi-
cient hydrolysis of silane, which favors the formation of
more binding sites with CFs, thereby improving hydro-
phobicity. When the water content exceeded 5%, WCAs
decreased because the excess water is more likely to form
hydrogen bonds with the hydroxyl groups, preventing the
silane from binding to CFs. For all the TMSx-CFs, the
WCAs first increased and then decreased with increas-
ing content of silane coupling agents and water. WCAs of
TMSx-CFs were also influenced by alkyl chain length of
TMSx. As presented in Fig. 3a, b, the WCA of TMSx-CF
raised with growing alkyl chain length. The optimal WCA
of TMS12-CF was about 149.5°, indicating its hydropho-
bic surface. The surfaces of TMS16-CF and TMS18-CF
were superhydrophobic, since their optimized WCAs

reached around 156°. The water absorption of TMSx-CFs
presented the opposite trend against their hydrophobic-
ity. As the content of the silane coupling agent raises, the
overall water absorption rate of hydrophobic TMS12-
CF was higher than 0.95 g/g, while the water absorp-
tion rate of superhydrophobic TMS18-CF was as low
as 0.5 g/g (Fig. 3c), revealing that the enhanced hydro-
phobicity effectively inhibited the water absorption. The
inhibition of water absorption also relied on the length
of the alkyl chain. Water absorption of TMS18-CF was
significantly lower than that of TMS12-CF because the
longer alkyl chain could provide lower surface energy and
enhanced hydrophobicity.

In order to investigate the hydrophobic stability of the
samples, the shape of the water droplets at different times
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on the TMSx-CF surface was taken. The hydrophobicity
of TMS12-CF was unstable, and the water droplet gradu-
ally infiltrated within 600 s. When the alkyl chain length
raised to 16 and 18, TMS16-CF and TMS18-CF pre-
sented stable superhydrophobicity, the WCAs of which
were higher than 150° at 600 s, and no significant infiltra-
tion occurred. Then, the chemical durability of hydropho-
bicity was further evaluated by recording the variations
of WCAs over time when TMSx-CF were exposed to
various conditions. Samples were immersed in aqueous
solutions of different pH (pH=4-12) for 24 h (Fig. 3e).
WCAs of TMS12-CF under acid or alkali conditions were
significantly lower than that under pH=_8. But the WCAs
of TMS16-CF and TMS18-CF only slightly changed in
the pH range of 4—12, suggesting strong resistance to pH.
The silver mirror reflection phenomenon was also found
on the surface of TMS16-CF and TMS18-CF soaked in
aqueous solution with different pHs (Additional file 1:
Fig. S2), further reflecting their durable water resistance.
This phenomenon may be attributed to the fact that the
air layer trapped between the interfaces of superhydro-
phobic collagen fibers and water can resist acid or alkali
corrosion. In addition, when samples were irradiated
with UV for 1 h and 24 h or soaked into ethanol and iso-
propanol for 1 h and 24 h, the WCAs of TMS16-CF and
TMS18-CF did not change a lot and maintained at about
150°. These results demonstrated that the long alkyl chain
combined with CFs endowed TMS16-CF and TMS18-CF
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with durable and stable water repellency enough to resist
the complex external environment, including UV, pH,
and various polar solvents.

In order to monitor the fiber dispersity and morpho-
logical differences of TMSx-CFs, SEM images with dif-
ferent magnifications were taken. It can be seen from
Fig. 4a that TMS12-CF, TMS16-CF, and TMS18-CF were
all composed by nanoscopic fibril and microscopic fiber
[31]. There were a small amount of pores between the
microfibers.

and nanofibers of TMS12-CF. But, as the hydropho-
bic chain length increased, porosity among microfib-
ers and nanofibers increased, presenting more fluffy
and dispersed fibers in TMS16-CF and TMS18-CF. This
implied that longer hydrophobic chains promoted fiber
dispersity of CFs more effectively. The fiber dispersity of
hydrophobic collagen fiber followed the order of TMS18-
CF>TMS16-CF > TMS12-CE. Obviously, the degree of
fiber dispersity of TMSx-CFs was positively correlated
with their hydrophobicity because the WCAs of TMS18-
CF and TMS16-CF were 158.3° and 155.9°, respectively,
which was much higher than the 148.6° of TMS12-CF
(Fig. 4b).

The denaturation temperatures of all the samples were
measured by differential scanning calorimetry (DSC),
and the shrinkage temperatures were recorded by moni-
toring the length change of the samples with increas-
ing temperature. The thermal stability of TMSx-CF was
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Fig. 4 SEM images of TMSx-CF (a), and WCAs of TMSx-CF (b)
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effectively improved. Additional file 1: Fig. S3 and Fig. 5a
showed that the denaturation temperatures of TMS12-
CE, TMS16-CFE, and TMS18-CF were 41 °C, 33 °C, and
31 °C higher than CF, respectively. This phenomenon
may be partly attributed to the covalent bonds formed
between the silane coupling agent and CFs that facilitate
the enhancement of thermal stability. Furthermore, with
raising temperature, the shrinkage behavior of TMS12-
CF was the most considerable, and its length at 100 °C
was only 99.1% of its original length, while the lengths of
TMS16-CF and TMS18-CF remained at 99.4% and 99.7%
(Fig. 5b). Besides, it can also be seen from the fiber length
percentage change curves over temperature that TMS16-
CF and TMSI18-CF had a wider thermostable plateau
where there is no significant change in fiber length within

100 °C (Fig. 5c¢), showing more superior heat resistance
than TMS12-CE. In general, the shrinking degree of
TMSx-CFs under heating was in the order of TMS18-
CF<TMS16-CF < TMS12-CF, demonstrating that silane
coupling agents with longer hydrophobic chain endowed
modified collagen fiber with better heat resistance.
Collagen fiber, a kind of biomaterial with a nano- to
a micro-scale hierarchical structure [32], has good
mechanical properties and can be bent at any angle [33].
TMSx-CFs, such as TMS12-CF, TMS16-CF, and TMS18-
CF, owned better mechanical responses. This phenom-
enon may be related to the excellent fiber dispersion
promoted by hydrophobic modification, which provided
more space for inter- and intra-fibrillar sliding to accom-
modate the imposed strain [31], while hydrophobicity
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played a lubricating role in sliding [34]. In addition, the
covalent bond formed in hydrophobic modification
played a positive role in stabilizing collagen fibers, which
delayed intermolecular sliding, and allowed collagen
molecules to further deform [35]. Therefore, compared
with CFs, TMSx-CF have higher overall mechanical
properties.
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As shown in Fig. 6, the increase of hydrophobic chain
length was conducive to the increase in tensile strength
and elongation at the break. Obviously, the tensile
strength and elongation at the break of TMS18-CF
were significantly higher than those of TMS12-CF and
TMS16-CE. The increased fracture energy of TMS18-
CF also implied that it was more difficult to be broken.
TMS12-CF with higher Young’s modulus was more rigid

6 bA 255 T8 I
5, g £
g 3 % 250 I gn [
< 3 >
w41 5 [ De6 I
@ Q245 o
=3 g &
b 5240 peoy
= 21 TMS12-CF ] .3 1
@ ———TMS16-CF = © 64
'9 14 TMS18-CF 5 0.5 frs g
0 )
0 6 12 18 24 30 " TMS12-CF TMS16-CF TMS18-CF TMS12-CF TMS16-CF TMS18-CF
Strain (%) Samples Samples
d e f
. 0.255 ——— TMS18-CF-1.4% —~
= = 6.0 Tmst8.CF-1.2% > 205 I
s o ~TMS18-CF-1.0% / ~ 1
- 0240 S 48| TMS18-CF-0.8% s I
F l = TMS18-CF-0.6% 7 5201 1 I
E 7] #
0.225 3.6 -
3 g e
£ ® 54 5
0 0.2104 2 4% % 104
2 o] 2 :
go.o15- S 1.2 / 5 sl
> = /4 w
0.000 y : : L < — - . : , _
TMS12-CF TMS16-CF TMS18-CF 0 5 10 15 20 25 30 06% 0.8% 1.0% 1.2% 1.4%
Samples Strain (%) The content of TMS18

Fig. 6 Stress—strain curves (a), elongation at break (b), fracture energy (c), and Young's modulus (d) of different collagen fibers, stress—strain
curves of TMS18-CF with different content of TMS18 (e), elongation at break of TMS18-CF with different content of TMS18 (f), SEM images of
TMS18-CF-0.6% (g), TMS18-CF-0.8% (h), TMS18-CF-1.0% (i), TMS18-CF-1.4% (j)
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than TMS16-CF and TMS18-CF, indicating that TMS16-
CF and TMS18-CF were more flexible. The above results
demonstrated that TMS18-CF possessed better flexibil-
ity than TMS16-CF and TMS12-CF. It can be also found
that longer hydrophobic chains stimulated the enhance-
ment of the mechanical properties of TMSx-CF, which
should be due to the fact that the longer hydrophobic
chain played a better lubricating effect on the movement
behavior of collagen fibers. Besides, longer hydrophobic
chain contributed to more effective dispersion of collagen
fibers, being conducive to stress release, and improve-
ment of elasticity and ductility.

Moreover, the effect of TMS18 content in TMS18-
CF on its tensile strength was also evaluated. As shown
in Fig. 6f, the highest tensile strength of TMS18-CF
appeared at 0.8% TMS18 content. The SEM images
(Fig. 6g—j) showed that the TMS18-CF with 0.8% TMS18
content possessed significantly well-dispersed fiber bun-
dles. When the content of TMS18 was less than 0.8%,
the dispersity of collagen fibers or fibrils was not good
enough. When the content of TMS18 was higher than
0.8%, excessive TMS18 would self-condense [36] to form
a coating on the surface of the fiber bundle which wraps
the collagen fibers and fibrils, destroying their hierarchi-
cal structures. The poor fiber dispersity would restrict the
slipping space of fiber bundles during stretching, which
was the reason for worse mechanical properties. There-
fore, a rational dosage of silane is important in develop-
ing satisfactory properties of collagen fibers.

4 Conclusions

The effect of hydrophobic modification on the perfor-
mances of collagen fibers (CFs) has been investigated
by using silane coupling agents with alkyl chain lengths
of 12, 16, and 18 as hydrophobic modifiers. The surface
wettability of collagen fibers can be changed from hydro-
philicity to hydrophobicity through the modification, and
the hydrophobicity and hydrophobic durability of the
modified collagen fibers can be improved as the length of
hydrophobic chain increases. Meanwhile, the hydropho-
bic modification can promote collagen fiber dispersity,
remarkably improve the thermal stability and mechani-
cal properties of collagen fibers, which may inspire the
development of new tanning technology.
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