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For the first time, rare earths were utilized to modify silica (SiO2) for improving the
ink-receiving properties of silica/PVA (polyvinyl alcohol) composite films which
was coated onto PET (polyethylene terephthalate) substrate. Fourier transform

infrared spectra, XPS, scanning electron microscope, Brunauer-Emmett-Teller (BET)
surface area measurement, contact angle and mechanical strength tests were used to
characterize silica and SiO2/PVA composite films before and after modification by rare
earths. The results indicated that the rare earths can effectively modify silica by 
increasing the oxygen-containing groups, decreasing the pore size and cumulative 
volume of pores, and narrowing the pore size distribution. The possible mechanism
during rare earth-modification of silica may be due to the breakage of Si-O-C bonds
which generates the carbon radicals combined with dissolved oxygen in the solution to
form C-O/C-OH bonds. However, the detailed reaction mechanism still needs to be
investigated and clarified in the future because of the complexity during the reaction.
The characterization of SiO2/PVA films illustrates that silica content, compared to rare
earth treatment time, has stronger effects on the hydrophilicity enhancement of the
films. The tensile strength of SiO2/PVA films rapidly increased from 46.8 MPa to 
72.6 MPa when increasing the rare earth treatment time from 0 to 10 h. The ink-receiv-
ing properties of SiO2/PVA films were thoroughly examined which illustrated that 
modification of SiO2 by rare earth up to 10 h can significantly enhance the ink-receiv-
ing properties of the composite films in terms of image quality, desiccation time of ink
and mechanical strength of films with the optimum SiO2/PVA ratio of 0.3 (by weight).
Besides, the thermal stability of composite films containing rare earth modified silica
was excellent. Therefore, the SiO2/PVA composite films containing rare earth-modified
silica seem to be promising materials for high-performance applications.

INTRODUCTION

Nanomaterials are studied drasti-
cally because of their unique prop-
erties such as high surface area,
quantum effect, special electronic
and optical characteristics, high
magnetic resistance and excellent
stability at higher temperatures [1-
5]. Silica in nano or micro size is
one of the most widely used sub-

stances for the advanced material
fabrication in industry due to the
low cost and acceptable properties
for diverse applications [6,7].

Silica as filler can be used to
improve the mechanical properties
of composites, by avoiding the
decay of the properties as adsorb-
ing agents and developing the
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high-end composition attributed to the UV shielding
effect. In the biomedical field, silica can also be used
as the matrix of synthetic anti-bacterial nano-
composites [8]. Especially, silica has been utilized to
coat the surface of the ink-jetting printing base papers
as an ink-absorption layer with porous structure.
Because of the extensive applications of silica, novel 
modification approaches should be developed to 
target the crucial requirements for enhancing the 
performance of current products.

Researchers have completed methods for 
modification of pristine silica to improve the 
physicochemical properties of the silica containing
materials. The available modification methods
include heat treatment, chemical treatment, polymer
grafting, etc. Chemical treatment can be classified
into alcohol esterification approach and silane 
coupling approach, in which the latter method has
been widely studied. 

For silane coupling approach, silane coupling
agents are the key materials with the general formula
of RSiX3 (where X is the organic group, e.g.,
methoxy, ethoxy and chlorine to be able to hydrolyze)
which can be hydrolyzed to react with the surface
groups of silica followed by the condensation process
to form siloxane bond. The by-products of hydrolysis
during the above process are typically volatile and
can easily be eliminated at room temperature [9,10].
Therefore, the silane coupling agent tightly combines
the polymer and silica together on the interface by the
formation of chemical bonds and significantly
improves the mechanical properties of silica 
reinforced composites. 

Bourgeat et al. [11] found that the treatment of 
silica by silane coupling agent can prevent the
agglomeration of silica in toluene solution. Further
research has illustrated that the treatment of silica by
aminosilane coupling agents not only alleviate the
agglomeration but also improve the interfacial 
properties of silica with the substrates [12,13].
Grafting polymer on the surface of silica can improve
the dispersion of particles because of the formation of
super-hydrophilic surfaces [14,15]. 

In addition, silica has been considered as an 
important intermediate to prepare polymer brushes,
polymer monolayer and polymer nano-capsules by
atom transfer radical polymerization technology

[16,18]. Alternatively, rare earths have many 
applications for the fabrication of high-performance
materials [19-22]. For example, rare earth has been
proved to strengthen the photocatalytic activity of
TiO2 by doping [22]. However, there has never been
any attempt to employ rare earth for modification of
silica to improve its surface properties.

In this study, the rare earth was applied to treat the
silica particles for enhancing ink-receiving 
performance of SiO2/PVA composite films. As far as
we know, this is the first report on a treatment
approach in which rare earth is utilized to improve the
properties of raw silica. The effects of different rare
earth treatment conditions on the properties of silica
particles have been studied and characterized by
XPS, FTIR and BET methods. The SiO2/PVA
composite films have been investigated in using 
various methods with different properties of novel
materials for ink-jetting printing application which
has been further investigated in detail. 

EXPERIMENTAL

Materials
Silica nanoparticles (20-50 nm) were supplied by
Zhejiang Zhoushan Mingri Nanometer Material Co.,
China. Rare earth chloride was purchased from
Lianyungang Ligang Rare Earth Industrial Co., China
and PVA was supplied from Tianjin Bodi Chemical
Holding Co., China. Dispersant, colour fixing agent
and antifoam were of technical grades. All other
chemicals were reagent grade and used without 
further purification. Distilled water was used in this
study.

Rare Earth Modification of Silica Nanoparticles 
At first, the rare earth solution was prepared. An
amount of 37.5 g rare earth chloride was slowly
added to beaker containing distilled water to be 
dissolved with the aid of stirring and ultrasound.
After filtration of the mixture, the solid was diluted
with distilled water in a 250 mL volumetric flask to
prepare the solution with 15% (by weight) con-
centration. Then, 1 g silica particles were added into
a three-necked flask containing 50 mL of the rare
earth solution at stipulated temperatures. After certain
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time, the immersed silica particles were washed by
distilled water and separated by centrifuge with the
speed of 3000 rpm. The washing and centrifuging
processes were repeated five times for the thorough
removal of residue impurity. 

SiO2/PVA Membrane Preparation
Distilled water and dispersants were mixed with 
magnetic stirring for 15 min. After that, certain
amounts of silica particles paste and dehydrated 
alcohol were mixed slowly. The solution was stirred
vigorously for 10 h. The mixture was filtered with 
350 mesh gauze to remove large particles. The 
resulting silica solution was mixed with PVA of a 
pre-determined amount in a container, followed by
addition of color fixing agent, antifoam and distilled
water into the mixed solution. After 10 h mixing with
the aid of a stirrer, the solution was filtered to be ready
for usage. The prepared solution was coated onto
clean PET membranes by a doctor's knife. Finally, the
membranes were dried in the air at room temperature.

Characterization of Silica Before and After Rare
Earth Modification
Fourier transform infrared spectra (FTIR) were taken
on a Nicolet-Nexus 670 (GMI Inc., USA) FTIR 
spectrometer. The FTIR spectra were recorded with
the resolution of 4 cm-1 and the scanning times of 32. 

XPS was utilized to determine the changing chem-
ical environment of silica before and after modifica-
tion by rare earth. The XPS measurements were 
carried out by a pHI5700 X-ray photoelectron 
spectrometer (Physical Electronics Inc., USA) using a
MgKα line excitation source at a constant dwell time
of 100 ms and a pass energy of 40 eV. The anode volt-
age was 15 kV and the anode current was 10 mA. The
pressure in the analysis chamber was maintained at
5.0 × 10-8 Torr or lower during each measurement. All 
core-level spectra were obtained at a photoelectron
take-off angle of 90° with respect to the sample 
surface. The samples for FTIR and XPS tests were
dried overnight under vacuum condition at 100°C
before measurement to ensure moisture-free samples. 

Porous structures of silica were characterized by
ASAP 2020 automatic physisorption analyzer
(Micromeritics Instrument Co., USA) through N2
adsorption at 77 K. Measurement was performed in

the range of relative pressure from 0.004 to 0.994.
Specific surface area, the total pore volume and pore
size distribution were calculated using the BET
method, standard reduced adsorption data and BJH
algorithm, respectively.

Characterization of SiO2/PVA Membrane
Surface and cross-section morphologies of SiO2/PVA
composite films were examined using a FEI-Sirion
(USA) scanning electron microscope. Static contact
angles between water and membrane surface were
measured using a contact angle measuring instrument
(SL200B, Solon Tech. Inc. Ltd., China) at ambient
temperature. At least 5 data points were taken to
ascertain the accuracy of angle measurement within
3° standard error for the samples. 

The mechanical properties of PVA/silica films
were evaluated by PC-controlled Electronic Universal
Testing Machines (CMT, Shenzhen Xinsansi
Materials Testing Inc. Ltd, China). The PVA/silica
solution was poured onto a clean polytetrafluoroethyl-
ene (PTFE) plate, and the PVA/silica film was peeled
off from PTFE for measurements. The dumbbell 
samples (length 70 mm, width 10 mm and clamp 
distance of about 50 mm) were prepared by
GB/T13022-91 and the test was operated at the
stretching rate of 10 mm/min. 

The ink-receiving properties of SiO2/PVA films
coating on PET substrate were carried out with an
EPSON (Epson, China) printer. The thermal stability
of SiO2/PVA films was characterized by observing the
color saturation of ink-jetted membranes which were
kept in oven at 70°C for 7 days. 

RESULTS AND DISCUSSION

Characterization of Silica Before and After Rare
Earth Modification
XPS was initially used to analyze the element 
contents and chemical bonds on silica surface [23]
before and after modification. Figure 1 shows the
wide spectra of XPS, and the elemental content shown
in Table 1. For the original silica and rare earth- 
modified silica, there was no rare earth (such as La or
Ce) found on the surface of the modified silica. This
indicates that the washing process in this study is 
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Figure 1. XPS wide spectra of: (a) the original silica and (b)
after its rare earth modification.

effective after rare earth modification. However,
other elements obviously changes after rare earth 
modification. The ratio of C to O decreases from 
0.16 (original silica) to 0.09 (modified silica) which
indicates that the rare earth treatment increases the O
content and lowers the C content. The in-depth 
analysis C1 and Si2s spectra by devolution reveal the
actual changes of chemical bonds. The C1s peak of
silica can be deconvoluted into two fitting curves
with binding energy located at 284.9 eV (C-H or 
C-C) and 286.2 eV (C-O or C-OH), respectively. The
Si2p peak of silica can be deconvoluted into two 
fitting curves with binding energy located at 103.3 eV
(Si-O-Si) and 101.6 eV (Si-O-C), respectively [24]. 

Figures 2 and 3 show the C1s and Si2p spectra and
the fitting results of C1s and Si2p peaks of silica
before and after rare earth modification are presented
in Table 2. Based on C1s fitting result, the C-C bond

Table 1. Elemental composition of silica before and after
rare earth modification.

(a) Silica is modified in rare earth solution at 80°C for 2 h.

is decreased and the ratio of C-O/C-OH bonds is
increased after rare earth modification. According to
Si2p fitting data, Si-O-C bonds decreased and 
Si-O-Si bonds increased by about 70% after rare 

Figure 2. C1s spectra of: (a) the original silica and (b) after
its rare earth modification.
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Element
Element content (%)

Original Treated a

C1s
O1s
Si2p
La3d
Ce3d
C/O

10.91
69.57
19.52

0.00
0.00
0.16

6.54
71.39
22.07

0.00
0.00
0.09

 

(a)

(b)

(a)

 

(b)



earth modification.  
The possible mechanism during rare earth 

modification may be due to the breakage of Si-O-C
bonds which generates the carbon radicals combined
with dissolved oxygen in the solution to form C-O/C-
OH bonds. Besides, the silica surface may be eroded
and the inner Si-O-Si bonds are exposed after rare
earth modification. The overall result is the incremen-
tal increase of oxygen-containing groups. Naturally,
this novel modification of silica particles must have
some effects on the ink-receiving properties of
SiO2/PVA composite films because of the obvious
change of surface properties which are discussed later.
Furthermore, FTIR is used to analyze the chemical
environment of silica surface before and after rare
earth modification. 

As shown in Figure 4, the obvious increase of peak
intensity at 3300-3600 cm-1 is due to hydrogen bonds.
The enhanced intensity of hydrogen bonds should be
attributed to the increase of C-O/C-OH group ratio
after rare earth modification. This result is consistent

with that of XPS. Besides, the C-H peak at 2920 cm-1

is decreased after rare earth modification which 
indicates that the increment of C-O/C-OH ratio may
be from C-H sources [25]. The enhanced intensity at
1637 cm-1 of -OH groups after modification also 
confirms the pronounced presence of hydrogen
bonds. Besides, the peaks at 1100 cm-1, 954 cm-1, 
807 cm-1 and 478 cm-1 are the evidence of siloxane
formation which is parallel with XPS results. 

Figure 5 shows the BJH desorption pore size 
distributions of original silica and rare earth modified
silica. For the original silica, the pore sizes are in the
range of 70 A to 150 A. After the rare earth 
modification, the pores sizes of silica in the range of
60 A to 100 A are dominant. Therefore, the pore size
distribution has been narrowed and the pore size has
changed into smaller magnitude after modification.
The BET results are also summarized in Table 3,
which are derived from the nitrogen adsorption data.
The surface area of silica has no obvious change after
rare earth modification. However, the BJH desorption  
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Spectrum Functional
groups

Original
(%)

Treated a

(%)

C1s

Si2p

C-C
C-O/C-OH

Si-O-Si
Si-O-C

67.30
33.70

7.96
92.04

4.19
95.81
77.66
22.34

Table 2. Summarized results by curve fitting of C1s and Si2p peak areas to surface 
functional groups of silica before and after rare earth modification.

  

(a) (b)

Figure 3. Si2p spectra of: (a) the original silica and (b) after its rare earth modification.

(a) Silica is modified in rate earth solution at 80°C for 2 h.

° °

°°



Figure 4. FTIR spectra of the original and the rare earth 
treated silica.

cumulative volume of pores has decreased from 
1.28 cm3/g to 0.97 cm3/g and the average pore radius 
has decreased from 90.3 A to 67.8 A. Therefore, the
rare earth modification has resulted in smaller pore
size and better pore distribution without any 
significant change in surface area.

SEM Characterization of SiO2/PVA Composite
Films
The ink-receiving performance of SiO2/PVA
composite films on PET membranes mainly depends
on the silica properties and the interfacial conditions
between silica and PVA. Typically, the optimized pore
size and narrow pore size distribution of silica 
particles would result in stronger ink-receiving 
capacity. When the concentration of SiO2 is above the
critical volume concentration (CVC) at which the 
silica can form a network structure in PVA matrix, the
inter-spaces in SiO2 particles take up a decisive role
in ink-receiving properties of the system due to the
capillary forces in the porous structure. Therefore, the 

Figure 5. BJH desorption pore size distributions of the 
original and the rare earth treated silica.

distribution of silica in the film is also crucial for the
overall properties of final products. 

Figure 6 shows the surface morphology of
SiO2/PVA films at different proportions of silica to
PVA. The pure PVA film has smooth surface in 
contrast to the composite films containing silica.
When the ratio of SiO2/PVA (by weight) is 0.2, PVA
functions as a matrix and silica particles appear as
islands in PVA matrix. However, when the ratio of
SiO2/PVA is above 0.3, silica particles are closely
connected and the original "island-like" structure 
disappears. Notably, when the ratio of silica to PVA is
above 0.7, the composite films tend to crack because
silica becoming a matrix, resulting in substantial drop
in mechanical properties of the composite. 

The further analysis of SEM micrographs indicates
that the sample with SiO2/PVA ratio of 0.3 demon-
strates a more efficient homogenous particle distribu-
tion compared with other sample ratios which should
affect the ink-receiving performance of the system.
The cross-section morphologies of SiO2/PVA
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Samples BET surface
area (m2/g)

BJH desorption cumulative 
volume of pores (cm3/g)

BJH desorption average 
pore radius (A)

Original

Treated a

577.17

562.13

1.28

0.97

90.3

67.8

Table 3. Summary of BET results.

  

(a) Silica is modified in rare earth solution at 80°C for 2 h.

° °

°



composite films prepared by silica modified at 
different lengths of times were also evaluated and
based on the above analysis the ratio of silica to PVA

was fixed at 0.3. Several SiO2/PVA composite films,
with each having a thickness of around 150 μm, were
fabricated on PTFE substrate. After coating with 
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(c) (d)

  

(e) (f)

Figure 6. SEM micrographs of composite films at different SiO2/PVA ratios: (a) 0, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5 and
(f) 0.7 (SiO2 without rare earth treatment).

  

(a) (b)



the use of doctor knife, the dried films were peeled off
from PTFE. 

The samples for SEM study were prepared by

freeze fracture in liquid nitrogen for cross-section
examinations which are presented in Figure 7.
According to this study, it seems to be not much 
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(a) (b)

  

(c) (d)

Figure 7. Cross-section morphologies of SiO2/PVA composite films prepared by silica treated with rare earth at 
different times: (a) 0, (b) 2, (c) 5, (d) 10, and (e) 24 h. (the ratio of silica to PVA is fixed at the optimal value of 0.3).

 

(e)



difference in cross-section morphologies of different
samples at current resolutions although there are some
changes in silica after rare earth modifications based
on XPS, FTIR and BET tests. When the magnification
was elevated further, the SEM samples were 
damaged. Therefore, other methods were adopted to
identify the differences in all composite films as 
discussed below.

Contact angle and Mechanical Strength
Characterizations
Figure 8 displays the effect of silica content and
Figure 9 demonstrates the effect of treatment time on
contact angle profiles. Based on this Figure, the 
incremental increase in film silica content is 
accompanied with diminishing contact angle which is
an indication of hydrophilicity development of the
film. When the ratio of silica/PVA film is above 0.6,
the contact angle reaches its minimum value which
could be attributed to the maximum surface 
occupation by silica. 

According to Figure 9, the contact angle of
SiO2/PVA films decreases with rare earth treatment
time which suggests an enhanced hydrophilicity. The
enhanced hydrophilicity of silica after modification
should be due to the increment of oxygen containing
groups on the silica surface. Besides, the silica 
content has greater effect on contact angle compared
to rare earth treatment time when comparing Figures
8 and 9. Therefore, either or both silica content and
rare earth treatment time can be used as parametric 
strategy for the rough or fine adjustments of the 

Figure 8. Effect of silica contents on the contact angle of the
composite films.

Figure 9. Effect of rare earth treating time on the contact
angle of the SiO2/PVA composite films.

ink-receiving properties of the silica/PVA composite
films. 

The mechanical strength of the SiO2/PVA compos-
ite films is the principal factor for practical applica-
tions and materials specifications. Because the high
silica content produces some cracks in composite
films which would not be suitable for testing, each
sample with an optimized SiO2/PVA ratio of 0.3 was
prepared and tested with the result shown in Figure
10. The tensile strength significantly increases with 
modification time because of the higher content of
oxygen-containing groups on the surface of silica
which may enter into physico-chemical reactions with 

Figure 10. Effect of rare earth treating time of silica on the
tensile strength of the SiO2/PVA composite films.
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PVA to tighten the interface between SiO2 and PVA
chains. At the initial 10 h of rare earth modification,
the tensile strength of samples rapidly increases from
46.8 MPa to 72.6 MPa by 55.1% enhancement. After
that, the increment in the tensile strength with the
modification time becomes insignificant. 

Considering the performance and economical 
factor in industrial applications, the rare earth 
modification should be preferably controlled within
10 h treatment time.

Ink-receiving Properties of SiO2/PVA Films
In this study, the ink-receiving properties of
SiO2/PVA films were found to be dependent on both
the SiO2/PVA ratio and the rare earth modification
time (SiO2 properties). Therefore, the changes in
SiO2/PVA ratio on ink-receiving property of the com-
posite were first examined as depicted in Figure 11. 

Typically, the silica particles in PVA matrix 
function as absorption media and ink fixation during
printing. According to the appearance of printed
images in Figure 11, the ink-receiving performance is
initially improved, and then declines with the increase

of SiO2/PVA ratio. When the silica content is low
(with SiO2/PVA ratio below 0.3) the colour saturation
and brightness of the printed images are diminishing
and the image quality is not good because the ink is
not easily absorbed to be fixed on the composite layer. 

However, when the silica content is too high (with
SiO2/PVA ratio much above 0.3) the image quality of
SiO2/PVA is also deteriorated due to colour over-
saturation. This may be attributed to the aggregation
of silica particles. Besides, the higher content of silica
particles changes the matrix from PVA to silica which
weakens mechanical strength of the films with the
growing cracks and distortion of images. Therefore,
the optimized ratio of SiO2/PVA is found to be 0.3 for
the best ink-receiving performance of the films con-
sidering the overall requirements. This is consistent
with SEM results of SiO2/PVA films. In addition, it is
also observed that the desiccation time of printing ink
on the films is lowered with the silica content because
of the mesoporous structure and the high surface area
of silica for drying. 

The effect of rare earth treatment time on ink-
receiving properties of films was further investigated
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(a) (b) (c)

(d) (e)

(f) (g)

Figure 11. Effect of SiO2/PVA ratios of: (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, and (g) 0.7 on the
image quality. [Colour Figures can be viewed in the online issue available at http://journal.ippi.ac.ir].



with the fixed SiO2/PVA ratio of 0.3 and the result is
shown in Figure 12. As the rare earth modification
increases the hydrophilicity by increasing the 
oxygen-containing groups, the interaction between
SiO2 and PVA was intensified through hydrogen
bonding which likewise improved the interfacial
properties between SiO2 and PVA. The narrow pore
size and pore size distribution after rare earth modifi-
cation also improved the absorption and fixation
process of inks in composite films. As a result,
according to Figure 12, it is easily observed that the
image quality has obviously improved after rare earth
modification  treatment of SiO2. The increase of rare
earth modification time results in better images and
the 10 h modification has been found sufficient to
achieve images with high quality. 

Table 4 lists the effect of rare earth modification
time on the desiccation time of printing ink. It is

known that the shorter desiccation time produces
more authentic images. After rare earth modification,
the ink desiccation time of SiO2/PVA films is sharply
decreased because the smaller pore sizes and the 
narrower pore size distribution after modification can
maximize the capillary forces in the films for ink
quick absorption. This is also the reason for
improved image quality by rare earth modification
time. 

Furthermore, the thermal stability of the films
with optimized SiO2/PVA ratio of 0.3 and 10 h rare
earth-modification was investigated and the results
are demonstrated in Figure 13. Based on this Figure,
the image quality of samples, containing rare earth
modified silica, seems to be unchanged before and
after thermal annealing. It is an indication of novel
modified silica composite films showing outstanding
stability in harsh environments.
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Figure 12. Effect of rare earth modification time of: (a) 0, (b) 2, (c) 5, (d) 10 and (e) 24 h on printed image
quality of the composite films. [Colour Figures can be viewed in the online issue available at
http://journal.ippi.ac.ir]

(a) (b)

(c) (d)

(e)

Rare earth
modification time (h)

0 2 5 10 24

Desiccation time (min) 20 4 2 <1 <1

Table 4. Rare earth modification time with respect to ink desiccation time.



CONCLUSION

The rare earth is utilized to modify the silica for
enhancing ink-receiving properties of SiO2/PVA
composite films. Based on rare earth modification
mechanism, the ratio of C to O is decreased from
0.16 (original silica) to 0.09 (modified silica) and the
oxygen-containing groups are increased. The 
cumulative volume of pores in silica is decreased
from 1.28 cm3/g to 0.97 cm3/g, the average pore
radius is decreased from 90.3 A to 67.8 A and the
pore size distribution is narrowed after rare earth
modification. The SEM result of SiO2/PVA
composite films has shown that a sample with
SiO2/PVA ratio of 0.3 demonstrates better improved
particle distribution compared with other sample
ratios. Although the cross-section morphology of all
SiO2/PVA composite films, prepared by silica with
rare earth modification, showed no obvious changes,
the contact angle is decreased and the tensile strength
is constantly increased with increment of modifica-
tion time. The ink receiving properties of SiO2/PVA
composite films including image quality and 
desiccation time are enhanced when SiO2 is 
modified by rare earth for 10 h because of the tighter
interface between SiO2 and PVA chains, and its
smaller pore size and narrower pore size distribution.
In addition, the stability of SiO2/PVA composite film
conditioned at 70°C for 7 days was excellent for
industrial applications.   
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