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Cellulose fabric is dyed with Reactive Red B-3BF. Dispersion of silica nanoparticles on dyed cellulose sur-
face is investigated. Novel color cellulose/silica surface is prepared and characterized by FT-IR, AFM and
FSEM. The color data of the cellulose/silica surface are discussed by reflectance spectra, color yield (K/S).
The results show that silica nanoparticles form smooth film with high degree of homogeneity on the cel-
lulose surface. The surface color shade of the dyed cellulose can be affected by sol-gel. The K/S of two
sample surfaces have noticeable increase. With increasing silica nanoparticles, the K/S of samples have
further improvement. The thin film imparts low reflectance index and increases color yield.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the present century of designer materials, nanoscale modifi-
cation of material surface for a wide range of biofunctional applica-
tion is an important topic for future technologies. Organic-
inorganic hybrid surfaces have gained much interest due to the
remarkable change in properties, such as mechanical, thermal,
electrical and magnetic, compared to pure organic polymers (Choi,
Harcup, Yee, Zhu, & Laine, 2001; He, Wan, & Xu, 2007; Okada &
Usuki, 2006; Sun, Kang, & Mu, 2009). Silica hybrid materials have
found application as a coating on implants and medical products,
biocatalyst, biosensor and matrix for a controlled release of drugs
(Guo et al., 2008; Hou & Dai, 2009; Kataoka et al., 2005). The incor-
poration of nanoscale particles into polymer surface leads to a
strong interfacial interaction and has a significant improvement
in rigidity and reinforcement (Hou, Wang, & Yu, 2009; Kulpinski,
2005; Ohno, Tagawa, Itoh, Suzuki, & Matsuda, 2009; Xie, Yu, &
Shi, 2009; Xie, Zhang, & Yu, 2009).

Cellulose is highly appreciated for its outstanding characteris-
tics such as non-toxic, biocompatible and biodegradable proper-
ties. Besides the traditional use as textile materials, cellulose has
been explored as a substrate for composite materials (Fahmy, Abo-
shosha, & Ibrahim, 2009; Hou, Wang, & Wu, 2008; Hou, Zhou, &
Wang, 2009; Samuneva et al., 2008; Xie, Hou, & Sun, 2008). How-
ever, the polymer-based nano-surfaces are very difficult to produce
by the use of processing techniques common to conventional
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method. This is due to the strong tendency of the nanoparticles
to agglomerate. The sol-gel method has definitely proved its
exceptional potential for new hybrid with high degree of homoge-
neity (Addamo et al., 2008; Azzam, Badawi, Alawady, & Soliman,
2009; Fu et al,, 2001; Lova, Sabine, Isabelle, & Eric, 2008; Yeh, Chen,
& Huang, 2007). During the sol-gel process, the inorganic mineral,
such as tetraethoxysilane (TEOS), is deposited in the cellulose ma-
trix forming hydrogen bond between organic phase and inorganic
phase. Some couple agents, such as y-aminopropylmethyldime-
thoxylsilane, are used as ends of the organic/inorganic hybrid.
Hydrolysis and condensation reactions are basically responsible
for polymerization of the inorganic precursors as demonstrated be-
low for the tetraethoxysilane (TEOS) under acidic conditions. The
hydrolysis of tetraethoxysilane (TEOS) and y-aminopropylmethyl-
dimethoxylsilane are shown in Scheme 1.

The uniform dispersion is a theme that runs through chemistry,
biology and material science. A wide variety of nano-, micro- or
mesoscale uniform dispersions have been generated by diverse
methods, including electrophoretic deposition, self-assembly
(Hou, Chen, & Zhou, 2009; Lu et al., 2007; Marie, Rotureau, Della-
cherie, & Durand, 2007; Wei, Cheng, Hou, & Sun, 2008; Yan & Chen,
2009). Silica materials obtained by the sol-gel process are amor-
phous, inorganic and porous. Silica nanoparticles possess positive
charge (—NH;*) under acidic sol-gel conditions. If cellulose macro-
molecules possess anionic functional groups, they may be em-
ployed to form organic/inorganic hybrid surface with nano-silica.
Reactive dyes are widely used for dyeing of cellulose. They can
form covalent bond with the cellulose (Hou & Sun, 2009; Xie &
Hou, 2008; Xie, Liu, & Wang, 2009). Because the reactive dyes have
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Scheme 1. Condensation of TEOS and y-aminopropylmethyldimethoxylsilane.
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anionic chromospheres, dyed cellulose surface has a lot of anionic
groups. After the cellulose has been grafted with reactive dyes con-
taining anionic groups, silica nanoparticles can be dispersed in the
cellulose surface. Novel dyed hybrid surface can be obtained.

In this paper, cellulose fibers are dyed with reactive dye (Reac-
tive Red B-3BF). Dispersion of silica nanoparticles on dyed cellulose
surface is investigated. Novel color cellulose/silica hybrid surface is
prepared and characterized. The color data of the organic/inorganic
hybrid surfaces are discussed by reflectance spectra, color yield (K/
S) and the colorimetric data of CIELAB.
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Scheme 3. Reaction process between Reactive Red B-3BF and cellulose.

2. Experimental
2.1. Materials

Scoured and bleached cellulose fabrics (cotton) were obtained
from Jinqiu Textile Company, Shaoxing, China. The tetraethoxysi-
lane (TEOS) as precursor and y-aminopropylmethyldimethoxylsi-
lane (550) as couple agent were obtained from Hangzhou Dadi
Chemical Co., Ltd., Hangzhou, China. The reactive dye, Reactive
Red B-3BF (C.I. Reactive Red 250) was obtained from Shanghai Ma-
tex Chemical Company, Shanghai. Reactive Red B-3BF was recrys-
tallized in water to remove sodium sulphate before use.
Chemical structure of it is shown in Scheme 2. Other chemicals
were obtained from Shanghai Chemical Reagent Plant.

2.2. Dyeing

Cellulose fabrics were dyed in an IR dyeing machine (PYROTEC-
2000, Roaches International Ltd., UK), with a liquor ratio of 1:10,
sodium sulphate (50 g/l1) and sodium carbonate (10 g/1). Fabrics
were immersed in the dye bath at room temperature and the tem-
perature was increased to 60 °C at a rate of 1 °C/min. Dyeing was
carried out at this temperature for 60 min. After dyeing, the dyed
samples were rinsed in hot water and soaped in a solution of a
non-ionic surfactant (OP-10, 1 g/1) at 90 °C for 20 min at liquor ra-
tio 1:15. The fabrics were removed, rinsed thoroughly in tap water
until the rinsing water was clear and air-dried.

Fixation of the dye on fabric was calculated by measuring the
absorbance of the residual dye bath liquor. The percentage of fixa-
tion (F%) was calculated according to the following equation:

F (%) = [(Ao — A1 — A2)/Ao] + 100 1)
where Ag and A; are the absorbance of the dye solution at A,.x be-

fore and after dyeing, respectively, A, is the absorbance of the
soaped dye solution.
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Scheme 4. Uniform dispersing mechanism of silica nanoparticles on cellulose
surface.
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Fig. 1. FT-IR spectra of hybrids CH-1 and CH-2.

2.3. Surface modification of the dyed cellulose with silica nanoparticles
by sol-gel process

TEOS 10g, distilled water 2.5 g, alcohol 25g, 550 1g, HCl
(36.6%) 1 ml were mixed. Then the mixture was stirred for
30 min at 60 °C until a homogeneous solution was obtained. The
solution obtained by sol-gel process was called Sol-A.

Sol-A solutions (10 g and 20 g) are resolved in 90 g water and
1 g HAc, respectively. The mixtures were sufficiently mixed by
stirring at room temperature. Two colorless solution containing
silica nanoparticles were obtained, and called Sol-1, Sol-2,
respectively.

The dyed samples were immersed in the solutions for 1 h and
then padded to give 80% wet pick-up. The dry temperature and
time were 105 °C and 1.5 min, respectively. The cure temperature
was 150 °C, and cure time was 1.5 min. The fabrics were removed,
rinsed thoroughly in tap water and air-dried.

For comparison, the dyed samples without the hybrid were
cured under the same conditions.

2.4. Measurements

FT-IR spectra of the samples were measured by a OMNI Sampler
of the Nexus-670 FT-IR-Raman spectrometer (Nicolet Analytical
Instruments, Madison, WI) using a single ART reflecting method.

For FSEM (field emission scanning electron microscope) analy-
sis, the samples were sputtered with carbon and then examined
with a S-4800 field emission scanning electron microscope (HIT-
ACHI Corp., Japan).

Atomic force microscope (AFM) image was obtained with SPM
Multimode-Nanoscope Illa (Digital Instruments, USA) at room
temperature, in tapping mode.

b

pm

Fig. 2. AFM three-dimensional images of dyed cellulose-based hybrids: (a) control cellulose fiber; (b) CH-1 hybrid; and (c) CH-2 hybrid.
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Color yields (K/S) of dyed fabrics were determined by a Datacol-
or SP600" spectrophotometer (Datacolor, USA). The tristimulus val-
ues of dyed samples were measured in the visible spectrum region
360-700 nm, and the reflectance at the wavelength of maximum
absorption (Amax) Was used to calculate the color yield of dyed fab-
rics by the Kubelka-Munk equation (Eq. (2)).

(1-R?
o (2)

where K is the absorption coefficient of the substrate, S is the scat-
tering coefficient of the substrate and R is the reflectance of dyed
fabric at Amax.

K/S =

3. Results and discussion
3.1. Graft of cellulose with reactive dye

The reactive dye, Reactive Red B-3BF, has reactive groups. Dye
molecules can form covalent bond with the hydroxyl of cellulose
molecules under alkaline condition. Reactive mechanism is shown
in Scheme 3. In this paper, 5% (o.w.f,) Reactive Red B-3BF was em-
ployed to dye cellulose fabric. The G presented the graft quantity in
cellulose with reactive dyes. Graft quantity in cellulose (G) was cal-
culated according to the following equation:

G = amount of dyes fixed on cellulose/cellulose matrix
Mdye x F
- - 3
Wﬁber ( )

where Mgye is amount of used dyes, Whpe, is amount of used cellu-
lose fiber.

According to Egs. (1) and (3), the percentage of fixation (F%) and
the graft quantity in the cellulose (G) were calculated. Fixation (F%)
and the graft quantity (G) of Reactive Red B-3BF on cellulose are
85.2% and 4.8 mmol/100 g, respectively.

3.2. Dispersion of silica nanoparticles on dyed cellulose surface by sol-
gel process

In order to obtain nano-sized surface with high degree of homo-
geneity and purity at a molecular level, molecule uniform disperse
is a novel method. Dyed cellulose surface with reactive dye pos-
sesses anionic groups (—SO, ™). Silica nanoparticles have cationic
groups. Silica nanoparticles containing cationic groups can be at-
tracted into dyed cellulose surface. Silica nanoparticles have been
dispersed in matrix surface and self-assembled on the cellulose
surface by electrostatic and hydrogen bonding. Two cellulose-
based hybrids dispersed and self-assembled with Sol-1, Sol-2 were
obtained and called CH-1 and CH-2, respectively. The dispersing
and self-assembly mechanism of the hybrid surface by sol-gel pro-
cess is shown in Scheme 4. FT-IR spectra of hybrids CH-1 and CH-2
are shown in Fig. 1. The FT-IR spectra of hybrids exhibit that the
bands at 1135 and 708 cm™! are assigned to v,, v of —-Si—-O-Si-
vibrations.

3.3. Surface morphology of modified cellulose with nanoparticles

Atomic force microscope three-dimensional image (AFM) can
be used to characterize any changes about the surface morphology
of the cellulose/silica hybrids. AFM of cellulose/silica hybrids and
control cellulose fiber are shown in Fig. 2. AFM images show that
surface morphology of the cellulose/silica hybrids has obvious dif-
ference from the surface morphology of the control cellulose. The
AFM graphs show the topography of the hybrids with the low dis-
tribution profiles of smooth surface. It can be seen that the cellu-
lose/silica hybrids has smooth surface.

Representative FSEM micrographs of cellulose fiber and the hy-
brid (CH-2) are shown in Fig. 3. In Fig. 3, (a) is the FSEM of cellulose
fiber, and (b) is the FSEM of CH hybrid fibers. It can be seen that the
surface of the cellulose/silica hybrid fiber is smooth. Nanoparticles
can form good film with high degree of homogeneity and purity at
a molecular level on the cellulose matrix. FSEM and AFM for the
cellulose/silica hybrids are in very good agreement.

3.4. Effect of silica nanoparticles on surface color properties of dyed
cellulose

The surface color shade of the dyed cellulose can be affected by
dispersion. The investigation on color shade of dyed cellulose hy-
brids is scarce (Jeon, Mather, & Haddad, 2000; Xie, Hou, & Zhang,
2009). Silica nanoparticles deposited smooth transparent film on
the cellulose matrix. The structure of the hybrid thin film on the
dyed cellulose is shown in Scheme 5. The surface color yield (K/
S) of the hybrids was determined by a Datacolor SP600* spectro-
photometer in the visible spectrum region 360-700 nm. K/S curves
of the color samples are shown in Fig. 4.

Compared with the control sample, the K/S of two hybrid sam-
ples (CH-1 and CH-2) had noticeable increase. With increasing sil-

Fig. 3. FSEM micrograph of the cellulose-based hybrids: (a) control cellulose fiber
and (b) CH-2 hybrid.
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Scheme 5. Structure of the hybrids on the dyed cellulose.
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Fig. 5. Reflectance spectra of the cellulose-based hybrids.

ica nanoparticles, the K/S of hybrid sample surface (CH-2) had fur-
ther improvement. It further demonstrates that the thin film from
silica nanoparticles had been formed. The thin film imparted low
reflectance index and increased color yield.

Reflectance spectra of the hybrids were measured and shown in
Fig. 5. It indicates that both the shapes of the reflectance spectra
curves and the minimum reflectance wavelength of the fabrics
with and without the hybrid had not noticeable change.

4. Conclusion

Cellulose fabric is dyed with Reactive Red B-3BF. Fixation and
the graft quantity of Reactive Red B-3BF on the cellulose are
85.2% and 4.8 mmol/100 g, respectively. Novel color cellulose/silica
hybrid surfaces are obtained by dispersion in the cellulose. The
AFM and FSEM graphs show the topography of the hybrid surfaces
with the low distribution profiles of smooth surface. Nanoparticles
form good film with high degree of homogeneity on the cellulose
surface. The color shade of the dyed cellulose can be affected by
dispersion. The K/S of two hybrid samples have noticeable increase.
With increasing silica nanoparticles, the K/S of hybrid sample has
further improvement. The thin film imparts low reflectance index

and increases color yield. However, the reflectance spectra of the
hybrids have not noticeable change.
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