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In general, two types of ink jet papers are found: the
polymer rich and the mineral rich papers.1 As described
in Ref. (1), the former type adsorbs the ink solvent by
swelling2 and filters the colored pigments onto the top
of the paper surface, keeping them at the contact area
where the droplet touched the surface first. On the other
hand, the mineral rich papers use the porous structure
of coatings to drain the solvent by capillary effects, still
keeping the pigments on top. Two types of porosities may
possibly be involved in this draining process: 1) the
interporosity, i.e., the porosity created by the more or
less dense stacking of mineral particles, and 2) the
intraporosity, i.e., the porosity created within porous
mineral particles. When conventional coating pigments,
e.g., calcium carbonate and clays are used, only
interporosity can be created because these minerals are
non-porous by nature. The size distribution of coating
pigments, the binder (latex) content and type of binder
are known to influence the ink transfer process and
printability properties, mainly by modifying the pore
volume accessible to ink fluids.3–8 In the last decade, new
porous aggregates with high intraporous volumes, like
amorphous silica aggregates have been specialized and
used to enhance the draining capability of the mineral
coating, combining both the inter and intraporosity.9,10

As reported elsewhere, the porous structure of these
later coatings has dramatic effects on the diffusion of
ink fluids.9

Most of the time, polyvinylalcohol (PVA) is used as
binder with silica aggregates1,9 and, on this point, the
mixture can be assimilated as a hybrid organic–inorganic

Introduction
The development of new digital multimedia devices
(scanners, photo and video cameras, etc.), now afford-
able for all and already installed on computers found in
many homes and businesses, puts the paper manufac-
turers under pressure. The papers used in most of these
situations are printed on color ink jet printers. The
highly specialized papers used for this purpose must be
designed in order to avoid longitudinal and lateral dif-
fusion of colored pigments and promote rapid segrega-
tion of ink fluids and the colored pigments. The objective
is to keep the colored pigments located where the ink
droplet touch the surface first and evacuate the ink ve-
hicle as fast as possible through capillarity induced dif-
fusion in order to leave the dry pigments on the top of
the paper sheet. These requirements are now much more
acute since new generation of ink jet printers can print
both sides of a sheet. Some waiting time is then needed
before the other side can be printed, which slows down
the printing job.
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composite coated on a sheet of paper. The structure of
such composites has been thoroughly investigated in re-
cent years, and it has been shown that surface proper-
ties of the silica aggregates are of prime importance in
the resulting structure, to such a point that many cou-
pling agents are specifically designed to modify the sur-
face properties in order to improve the compatibility
between the inorganic component and the organic ma-
trix and insure optimum dispersion of the mineral. In
the context of composite material, most of the studies
found in the literature usually concern its mechanical
properties (elongation and stress at break, elastic modu-
lus, etc.) in relation with surface properties of the filler
and/or its structural arrangement within the polymer
matrix. For instance, it has been shown from swelling
experiments that in the case of a weak polymer/SiO2

interaction, the polymer distribution is perturbed in the
vicinity of the silica surface. In this situation, the sol-
vent diffuses to interface and causes the polymer to de-
sorb almost completely from the filler SiO2 particles,
while the surface remains covered when the interaction
is strong.11 It is also well known that the increased num-
ber of grafted chains of a coupling agent on the silica
surface leads to a higher level of overstrain.12 Finally,
the influence of the polymer/silica interaction on the
extent of dispersion (or clustering) of the filler and the
importance of surface density of silanol surface sites are
also well documented in recent literature.13–16 The poly-
mer/SiO2 interaction can account for the self-assembly
of silica aggregates observed with silica primary par-
ticles in presence not only with hydrogen bond reactive
polymer16 but also with grafted polymer.17

Although the relation between mechanical properties
of composites and structural arrangement of mineral
fillers (and by extension, filler surface properties) has
been extensively studied in the context of composite re-
inforcement, fewer studies have investigated the print-
ability or ink-holding capacity of such kind of
“composites” in connection with structure and surface
properties of porous SiO2 “fillers”.

The goals of this study are to identify the interrela-
tions existing between the ink jet printing quality, the
structure of the paper coating, the structure of the
nanoporous silica aggregates and finally the PVA/SiO2

interaction. Although much work has been done in the
past to understand the relations between the printing
quality and the coating structure, fewer studies have
focused on the importance of the binder/mineral inter-
action and of the aggregate structure on the first two
parameters. Accordingly, the experimental procedure
will allow correlations between surface and structure
properties of SiO2 aggregates, film structure and ink
absorbency.

Material
General

All experiments were conducted in distilled and deion-
ized water. The chemical reagents were all analytical
grade and were used without further purification. The
pH of solutions and suspensions were adjusted to pH 5
and 9 with NaOH.

Synthesis and Characterization of Silica
First, primary silica particles were grown from aque-

ous silicate solutions neutralized by nitric acid. Sodium
silicate was produced by dissolving a pyrogenic silica
into a concentrated NaOH solution in order to reach a
molar ratio x = SiO2/Na2O = 3.40. The resulting silicate

solution was thereafter diluted to a silica concentration
of 0.57 M. The precipitation of silica was initiated by
diluting an initial batch of silicate solution with water
to a concentration of 0.004 M; this dilution lowered the
pH to 9 and initiates the formation of silica nuclei. They
were thereafter allowed to grow and ripen, as described
elsewhere.18,19 In order to remove the salt, which was a
by-product of the reaction, the silica sol was circulated
in a tangential ultrafiltration module. During this stage
the concentration of the sol was maintained constant
by addition of deionized water. The pH of the sol was
also kept constant at pH 9. A further ultrafiltration stage
without replacement of water was used to concentrate
the sol up to a given silica volume fraction. Thereafter,
the aggregated products were allowed to coalesce un-
der controlled ionic strength and temperature condi-
tions. In order to obtain the products designated in SNP1
and SNP2, (see Table I), the silica volume fractions of
the suspension were adjusted to 0.025 and 0.045 and
the ionic strengths were 5 × 10–2 M and 3 × 10–1 M, re-
spectively. The characterization methods used to char-
acterize the porous structure of both products are
described just below.

The porosity has been measured by mercury
porometry with a Quantachrome instrument (Autosorb
60 model). The specific surface areas were measured by
low temperature N2 BET adsorption isotherms also with
a Quantachrome Autosorb Instrument. The external sur-
face areas were also probed by hexadecyltrimethyl-
ammonium Bromide (CTAB) adsorption as described
elsewhere.20

The aggregate size distribution was measured by la-
ser diffraction using a Malvern Mastersizer model E in-
strument. The slurries were diluted in aqueous
electrolyte solutions with the corresponding ionic
strength, stirred and ultrasonicated in situ five min-
utes before measurements. The particle concentration
was imposed by the instrument ensuring optimum op-
erational conditions.

Polymer Characterization
The polyvinylalcohol (PVA) used in this work is a neu-

tral polymer purchased from Fluka (cat. number 9002-
89-5). According to the supplier, this polymer has a
weight average molecular weight (MW) of 100 Kg/mol
and a degree of purity of 99%. In the present study the
polymer was used without further purification. Viscos-
ity measurements showed a viscosity-average MW of 107
Kg/mol and a gyration radius (RG) of 15 nm at pH 5 and
9. The polymer is non-ionized within this pH range. The
overlap concentration for this polymer is 8 g/l in water.
The mass of the elastic chains was estimated from swell-
ing experiments in water. This yields for the unfilled
sample to a number average MW of 7400 ± 400 g/mol.
The Flory parameter (χ) in semi-dilute condition was
measured by osmometry. The experimental value was
0.499 (at both pH values) which agrees well with χ =
0.494 reported elsewhere.21 In dilute concentration, χ =
0.47.21

Adsorption Isotherms
SiO2 suspensions at initial pH 5 or 9 were mixed with

increasing concentrations of PVA solutions at same pHs.
Five days were allowed for equilibrium at the end of
which the suspensions were centrifuged and the total
organic carbon (TOC) of the supernatant was measured
with a Carbon analyzer (Dohrmann instrument). Only
experimental data with (initial TOC-equilibrium TOC)/
initial TOC > 0.2 were taken as significant. Calibration
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curve was established with known concentrations of
PVA. The standard deviation for 3 consecutive measure-
ments was lower than 5%.

In order to compare the obtained saturation values at
full surface coverage with the maximum possible sur-
face coverage on silica, the adsorption isotherms were
also performed on nanometric spherical silica particles.
The reader is referred elsewhere for full details on the
preparation of these particles.18,19 The particles are 27
nm in size and the polydispersity index of the suspen-
sion is 1.07. In addition to adsorption isotherms, the
hydrodynamic thickness δ for saturated layers of PVA
on the silica spheres was measured at pH 5 by visco-
simetry (results not shown here) and computed through
an equation adapted from Einstein’s relation.22 The
thickness of the adsorbed layer was found to be 10 nm
at saturation and pH 5. This value is fairly comparable
to what has been reported elsewhere for a very similar
system.22 This technique could not be used at pH 9 be-
cause the surface coverage was too low to allow reason-
able significance in the results.

Film Formation and Coating
The films were prepared in non-adhesive moulds by

mixing SiO2 suspensions (φ = 0.02, pH 5 or 9) with the
corresponding PVA solution (5% dwb, pH 5 or 9) in ap-
propriate proportion in order to finish with dry basis
volume fractions [SiO2/(SiO2+PVA)] ranging from φSi =
0.05 to 0.35 once the solvent had been evaporated. Prior
to evaporation, the PVA surface coverage is well above
saturation. At the end of the evaporation process, the
films were removed from the moulds and tested for
swelling.

The PVA/SiO2 slurries were also coated on a common
non-coated paper (Domtar copier paper), which rates an
ISO brightness of 80. The coated device was a lab coater
with wired-wound rods (#6 gauge). The sheets were
thereafter dried and printed in black and white on a
Canon BJC4400 ink jet printer with the ink recom-
mended by the manufacturer.

Electron and Optical Microscopy
Transmission electron microscopy (TEM) sample

preparation consisted of immobilizing the PVA/SiO2

films in a resin and slicing the film with an ultramicro-
tome. The cross section was fixed onto a coated carbon

grid. TEM examination was performed using a Philips
instrument operating at 120 kV.

Optical microscopy was used to magnify and image
the ink jet printed letters. Images were digitized and
processed through an image analysis software (Image
SXM, NIH) in order to quantify the gray level and the
contour of the printed patterns.

Results and Discussion
The morphological differences between the two products
are inferred from the TEM micrographs shown in Fig.
1. Of course, the usual reservations about the interpre-
tation of two-dimensional images resulting from the
projection of a three-dimensional object apply here.
Moreover, the micrographs show local images of the film
structure in which SiO2 aggregates may have collapsed
during the drying process. This hypothesis is strongly
supported by laser diffraction measurements showing
aggregates with a reasonably clean and narrow
monomodal size distribution of 1.5–2 µm large aggre-
gates (see Fig. 2). Such aggregate sizes are not clearly
identified in Fig. 1. However, the primary particles in-
side aggregates are easily identified and appear to be
about the same size (13–15 nm) in each of the products.
The main differences between the SNP1 and SNP2 struc-
tures lies in the way that identical primary objects are
assembled into aggregates upon aggregation.

Figure 1. MET micrographs of the SNP1/PVA film (left) and SNP2/PVA film (right). The bar on the micrographs is 200 nm. The
silica content is 25% on a dry weight basis.

Figure 2. Size distribution of SNP1 and SNP2 aggregates mea-
sured by laser diffraction. Dashed line: SNP1, solid line: SNP2.
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This being said, it is clear that the SNP1 and SNP2
aggregates have different structures. Obviously, the
SNP1 aggregates are bushier than the SNP2. As indi-
cated by arrows in Fig. 1, some of the objects in the SNP2
product show stick-like structures. Such morphology is
ninexistent in the SNP1 product.

The main physical characteristics of the products are
grouped together in Table I. Both methods of surface
area measurement using different probes (N2 and CTAB)
are concordant, indicating that the entire surface is ex-
ternal. The porous volume measurements support the
TEM observation about the different structures of SNP1
and SNP2 products. According to mercury porometry
measurements reported in Table I, the SNP1 product
has smaller pore size and lower porous volume than
SNP2. The pore size distribution reveals that 95% of
the pores are within 6–10 nm in the SNP1 sample, while
they are 15–50 nm in size in the SNP2 sample. This is
consistent with the surface area measurements and
TEM reported above. The higher connectivity of SNP1
leads to lower surface area, lower pore size, lower po-
rous volume and higher effective density.

Adsorption Isotherms
In order to have a comparative reference regarding

the maximum surface coverage to be expected follow-
ing PVA adsorption, adsorption isotherms were per-
formed on spherical silica particles at pH 5 and 9. Being
non porous by nature and perfectly dispersed, one hun-
dred percent of the surface on these particles is avail-
able,  so the adsorption can take place with no
restriction. Thus surface densities at saturation on the
spherical particles are considered as reference values
to which the saturation limits of the porous aggregates
will be compared. The dashed horizontal lines in Fig.
3 indicate these reference values. The upper line re-
fers to the maximum surface density at pH 5, while
the lower line is for pH 9. The great difference in the
saturation values for the spheres as shown in Fig. 3
can be explained by the surface properties of amor-
phous silica. Indeed, earlier works on adsorption of
neutral polymers on silica have shown that neutral
polymers like PEO adsorb on silica through hydrogen
bonding with silanol surface sites.23,24 A similar behav-

ior is expected with PVA but the better PVA–water in-
teraction makes the surface less “attractive” to PVA.
Since the surface density of silanol sites decreases as
the pH increases,18 decreasing surface coverage is ex-
pected with PVA as the pH rises from 5 to 9, respec-
tively. At pH 5, surface sites are mostly non-ionized
silanol groups (first pK1 = 2) on this material, while at
pH 9 more than half are ionized (second pK2 = 8).25

The porosity of the SNP1 and SNP2 products intro-
duce new parameters in the adsorption process. When
the polymer adsorbs into pores smaller than the gyra-
tion radius of the polymer, two main and opposing ef-
fects are involved: the loss of entropy due to the
deformation (unfavorable to adsorption) and the gain
of enthalpy due to the creation of H-bonds (favorable).
Accordingly, lower saturation values are expected with
the porous products at a given pH. Here, energy contri-
butions to adsorption related to the H2O–H2O, PVA–H2O
and PVA–PVA interactions are neglected since the
Flory’s parameter (χ) is very close to 0.5 (theta solvent).
Previous polymer characterization has shown that the
polymer coil has a radius of gyration of 15 nm and, ac-
cordingly, cannot penetrate into pores smaller than
about 40 nm without being deformed (coil diameter =
2[RG(5/3)1/2] = 40 nm). As reported in Material and Meth-
ods, it is recalled that some deformation is expected,
even upon unrestricted adsorption. Indeed, the polymer
layer thickness is only 10 nm on the curved surface of
spherical silica particles.

The energetic arguments developed above regarding
the balance between deformation and adsorption could
explain the different saturation densities observed with
both products at pH 5. As expected, the two porous prod-
ucts have (much) lower saturation densities than the
non-porous and dispersed spheres. The difference be-
tween the surface densities at saturation is qualitatively
consistent with the differences in the product charac-
terization; the surface density at saturation is lower
with SNP1 (smaller pore size) than with SNP2 (larger
pore size). A higher pore fraction in SNP1 aggregates
remains then free of any polymer and might readily
adsorb ink (see below). Actually, 80% of the SNP1 sur-
face is not accessible to the polymer compared to 50%
with SNP2, taking the saturation limit for spherical
silica particles as a reference. Accordingly, higher print-
ing quality is expected with SNP1.

The saturation limit at pH 9 is very low for all prod-
ucts and illustrates how poor is the affinity between PVA
and the silica surface at this pH. It is suggested that
the gain in enthalpy would be too low (due to the low H-
bonding surface site) to counterbalance the loss of en-
tropy due to extensive deformation, as a result that
almost no adsorption occurs.

The experimental conditions during the preparation
of the slurries, used for coating and preparation of films,
were somewhat different to that occurring in adsorp-
tion experiments because the polymer concentration was
much higher in the slurries. The polymer concentration
is well above the overlap concentration and consequently
the polymer coils are entangled (semi-dilute regime),
as described by deGennes.26 However, the above argu-
ments regarding the energetic cost of polymer deforma-
tion and its limiting effect on adsorption remain fully
appropriate.

Swelling Behavior
Once dry, the films were re-swollen in water until equi-

librium. As can be seen in Fig. 4, the incorporation of
silica aggregates into PVA restricts the swelling. Two

Figure 3. Adsorption isotherms of 100kg/mol PVA on SNP1
and SNP2 at pHs 5 and 9. Squares: SNP2, Diamonds: SNP1.
Open symbols: pH 5, Filled symbols: pH 9. The dashed hori-
zontal lines indicate the PVA surface densities at saturation
for the silica spheres (reference). The upper line refers to the
maximum surface density at pH 5, while the lower line is for
pH 9.
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effects can possibly explain this behavior: first, the silica
on itself does not swell at all, and so the water uptake
by the film decreases with the increasing volume frac-
tion of silica. Second, the inclusion of PVA into the pores
of aggregates also reduces its extensibility or swelling
capacity. But since the re-swelling is the same for SNP1
at both pHs, while the surface coverage are significantly
different, the later effect is obviously not the most im-
portant. This just reflects the fact that the volume of
polymer included in intraporosity of aggregates
(intraaggregate inclusion) is relatively unimportant
compared to that of bulk polymer (at most 1%, well
within the experimental error).

Interestingly, the restricted swelling effect is the same
for all samples but the SNP2 product at pH 5. This par-
ticular difference between the latter product and the
others can be explained by an additional (third) effect
which superimposes to the first two: the good affinity of
PVA toward the silica surface at pH 5 makes the (acces-
sible) surface much more readily wetted by the polymer
matrix. As the mean volume fraction increases, open
aggregates form an open network, which progressively
spans all over the film. Because of the higher degree of
openness of the SNP2 aggregates, larger polymeric do-
mains are possibly trapped inside the rigid silica struc-
ture and these interaggregate inclusions would have an
extensibility (or swelling) capacity lower than that of
the bulk polymer. Such a behavior has been reported
elsewhere27 on similar organic–inorganic systems. On
the other hand, because of the poor (non-wetting) PVA/
SiO2 interaction at pH 9, the SNP2 aggregates collapse
together into compact agglomerates which lead to the
same compact agglomerate structure than with SNP1.
The effect of pH on the film structure is obvious from
TEM for the present samples and also for the spherical
silica particles embedded in PVA (results not shown).

Quoting the Kraus theory,28 one could argue that the
SNP2 at pH 5 swells less than that at pH 9 because of
the better PVA/SiO2 interaction at pH 5. A recent study
on the structure and re-swelling properties of spheri-
cal, and nanometric silica particles dispersed in a PVA
matrix has shown that the polymer/SiO2 interaction at
pH 5 is actually not strong enough to restrict the swell-
ing,29 and consequently the Kraus theory will be con-
sidered as non applicable in the present case, or its effect
non significant.

Structure versus Ink Absorbency
Ink jet printing has been performed on four different

types of papers: 1) the uncoated copier paper used as
coating support, 2) the copier paper coated with PVA
alone, 3) the copier paper coated with the PVA/SNP1
slurry and finally, 4) the copier paper coated with the
PVA/SNP2 slurry. In the two latter cases, the SiO2 vol-
ume fraction of the dry coating was 0.35 and pH = 5.
The printing quality on the printer was set to interme-
diate quality for all paper samples, the font type was
Times Roman and the font size was 12 point. The corre-
sponding images of the magnified typographic letter T
were captured with numerical camera devices installed
on a stereoscope and processed through image analysis
software. The images are presented in Figs. 5–8 and
correspond respectively to the four papers described
above. No attempts were made either to improve or op-
timize the results. Actually, the level of development of
our systems would rather be classified as preliminary.
Accordingly, the differences between the SiO2 coated and
uncoated papers are expected to be enhanced even more
as the surface coating conditions and treatment will get
improved.

The average gray level, the area and the perimeter of
the letter T are reported in the figure captions. The gray
level is reported in percent where 100% corresponds to
black and 0% corresponds to white. The gray level of
background is 40% for all pictures. The standard devia-
tion for areas and perimeters is 0.06 mm2 and 0.5 mm,
respectively. The standard deviation of the gray level
from pixel to pixel along the vertical bar of the letter T
is reported in each Figure. The standard deviation of
gray level from letter T to letter T is 1%, well within
the standard deviation from pixel to pixel.

The three coatings are compared to the reference.
As can be seen in Figure 6, the PVA coating makes the
surface glossier. Ink droplet satellites are observed on
the left part of the character presumably because the
glossy PVA film makes the ink to rebound in part on

Figure 4. Swelling of SNP1/PVA and SNP2/PVA films at pH 5
and 9. They axis represents the weight fraction of the swollen
films compared to that of the dry film against the volume frac-
tion of silica in the dry film φSi = [SiO2/(SiO2 + PVA)].

Figure 5. Image of typographic character (capital T) ink jet
printed on uncoated copier paper (reference). The image was
magnified, captured by a digital camera device and processed
through an image analysis software. Area: 1.80 mm2; Perim-
eter: 15.0 mm: gray level: 84 ± 3%. The standard deviation of
the gray level represents the deviation from pixel to pixel along
the vertical bar of the letter T. The standard deviation from
letter T to letter T for gray level is 1%, well within the stan-
dard deviation from pixel to pixel.
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the surface. The smearing of ink is also important. Ac-
cordingly, the gray level and perimeter are higher here
than with the uncoated reference (see Fig. 5). The PVA
coating can be seen as an impermeable coating that
prevents the normal ink diffusion but not its lateral
smearing. When the SNP1 product is added to the poly-
mer the ink holding capacity of the resulting coating
is greatly increased. As can be seen in Fig. 7, the gray
level is clearly improved compared to the reference.
Some lateral ink diffusion seems to occur since the
printed are is somewhat higher, although the perim-
eter does not significantly differ from the reference.
Since the planarity of the surface has suffered from
being wetted and dried without particular care during
coating, which could had created additional surface
roughness, it is not surprising that the definition is
not optimum. But obviously, the overall ink holding
capacity is very good with SNP1, better than with the
other formulations investigated in this study. This is
attributed to the high effective void volume, i.e., the
volume not occupied by any PVA.

Even though the BET and CTAB surface area is high
with SNP2, it is clear from Figure 8 that the printabil-
ity (gray level, but mostly the lateral diffusion) is bad.
This can be explained by the higher pore size, allowing
PVA molecules to adsorb on most of the surface area
and to occupy most of the voids. In this situation, the
porosity is then not effective. On this point, the result-
ing material can be compared to a PVA film with dense
SiO2 aggregates embedded in the polymer matrix. When
the ink hits the surface, the non-porous (impermeable)
surface prevents the normal diffusion but not the lat-
eral smearing of ink. Accordingly, the ink holding ca-
pacity of SNP2 is poor, similar to that of pure the PVA
coating. Again, this effect is surely amplified by the
additional roughness caused by the surface preparation.

The intraaggregate structural effects (intraporosity,
surface chemistry) are expected to superimpose over the
interaggregate structural effects (aggregate distribu-
tion, interporosity) and modulate the printing quality.
The relative importance of both effects needs to be fur-
ther investigated.

Conclusion
The printing properties of different paper surfaces have
been investigated and correlated to structural parameters
and surface properties of the SiO2 ink holders used in
this study. It has been shown that surface area of the
two SiO2 products measured with the N2 and CTAB probes
is not directly correlated with the printing quality. As
far as the swelling experiments give indications on the
structural arrangement of SiO2 aggregates within the
PVA matrix, the printing quality could depends on this
parameter but its relative importance is not clear yet and
needs to be studied more deeply. In addition to that, the
effective intraporous volume of silica aggregates, i.e.,
accessible to ink fluids, can explain the printing quality.
The effective intraporous volume depend of course, on
the porous volume of aggregates prior to the polymer
addition but also on the accessibility of this volume. This
accessibility depends on the pore size and on the free
energy costs of polymer adsorption, which in turn depends
on the polymer affinity for the surface (pH). These two
effects (distribution of porous aggregates within the ma-
trix and effective porous volume) are pH dependent and
determine how the printing properties such as shade and
pixel resolution will be. Of course, pores filled with poly-
mer lose their capacity to absorb.    

Figure 8. As Fig. 5 but for the SNP2/PVA mixture coated on
the reference paper. Area: 2.53 mm2; Perimeter: 23.2 mm; gray
level: 81 ± 7%.

Figure 7. As Fig. 5 but for the SNP1/PVA mixture coated on
the reference paper. Area: 2.17 mm2; Perimeter: 15.4 mm’ gray
level: 90 ± 2%.

Figure 6. As Fig. 5 but for the pure PVA coated on the refer-
ence paper. Area: 1.83 mm2; Perimeter: 19.3 mm; gray level:
81 ± 9%.
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