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ABSTRACT: Regulation of wetting and spreading of liquid on porous material plays
an important role in a variety of applications, such as waterproofing, anti-icing,
antioxidation, self-cleaning, etc. In this work, we reveal the role of back-surface
coating with superhydrophobic nanoparticles in controlling the spreading of water
droplets on cellulose-based papers. A layer of superhydrophobic polydivinylbenzene
(PDVB) nanoparticles is spin-coated on the back surface of different types of papers.
The spreading of a water droplet on the top, uncoated surface is dependent on the
size of the PDVB nanoparticles in the coating. Using a relationship derived from
Darcy’s law, we observe that the energy barrier for the spreading of water droplets on
three types of papers (heavy-weight, light-weight, and slight-weight papers) decreases
with the decrease of the nanoparticle size in the back-surface coating. The spreading
of the water droplet is dependent on the porous structure, permeability, and
compressibility of the papers. The method presented in this work provides a feasible
approach to use the back-surface coating to control the wettability of papers.

1. INTRODUCTION
Controlling the wetting and spreading of water on solid
surfaces is of practical importance for a variety of applications,
such as waterproofing,1−3 anti-icing,4,5 antioxidation,6,7 self-
cleaning,8,9 etc. There are various techniques available to form
superhydrophobic surfaces with contact angles larger than
150° and rolling angles less than 10°,10 i.e., surfaces of low
wettability. In general, these techniques can be divided into
two categories: one involves surface treatment/coating, such as
the use of low surface energy materials (poly-
(tetrafluoroethylene), silicone, etc.),10 and the other introdu-
ces nanotextured/templated/rough surfaces. In the heart of the
nanotextured/templated/rough surfaces is the regulation of the
interaction between water droplets and solid surfaces.
Cellulose-based papers have been widely used in our daily

life. There is a great need to control their surface characteristics
for a variety of applications. Samyn11 reviewed the techniques
used in fabricating papers with hydrophobicity. Balu et al.12

discussed the use of plasma etching and coating to obtain
papers of a superhydrophobic surface. Using plasma etching
and fluoropolymer coating, Li et al.13 prepared super-
amphiphobic paper surfaces. By spray-coating α-cellulose 10-
undecylenoyl ester on filter papers, Zhang et al.14 obtained
superhydrophobic-reactive papers. Jiang et al.15 used debonder
agents, oxygen plasma, and solution coating to control the
surface structures of papers and improve the amphiphobic
characteristics of papers. Most of these studies have focused on
the superhydrophobic characteristics of papers.
Surface characteristics play an important role in the wetting

and spreading of water droplets on papers. Han and Krochta16

studied the wetting behavior of whey protein-coated paper and
noted the change of the contact angle with the surface energy
of liquid and temporal variation of the contact angle.
Modaressi and Garnier17 demonstrated the effect of chemical
and physical heterogeneities on the contact angle of water
droplets on sized papers. Kwon et al.18 examined the wetting of
a plain white paper towel and revealed the self-affine fractal
feature of the wetting. Gillespie19 examined the spreading of
the stains carried by low vapor pressure liquids in the filter
paper and the printflex card, while he did not analyze the
temporal evolution of the droplet size. Rosenholm20

investigated the liquid spreading on coated and uncoated
papers and suggested the power law relationship between the
spreading size and the spreading time. However, there are few
studies focusing on the effects of back-surface coating and
temperature on the spreading and wetting of water droplets on
papers.
Considering the applications of cellulose-based papers in a

variety of areas, we study the effects of back-surface coating
and temperature on the spreading of water on the uncoated
surface of the papers with and without back-surface coating.
Superhydrophobic polydivinylbenzene (PDVB) nanoparticles
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are used in the back-surface coating of the papers. The focus is
on the temporal evolution of the droplet sizes and the
temperature dependence of the spreading behavior.

2. EXPERIMENTAL DETAILS
Both coated and uncoated papers were used in this work. The coated
papers were obtained from Dayeh Holding Enterprise Co. (New
Taipei City, Taiwan), and the uncoated papers were obtained from
Hsinchu Paper Factory (Hsinchu, Taiwan). Tables S1 and S2 list the
information of the papers and the abbreviations used in this work.
The grammage was 84.8 g/m2 for all of the papers except the wood-
free papers, whose grammages were 53, 80.4, and 159 g/m2.
Following the approach given by Chang,21 we used the

solvothermal process to prepare superhydrophobic PDVB nano-
particles. Briefly, a solution consisting of 18 g of divinylbenzene and
0.45 g of azobisisobutyronitrile (AIBN) in 180 g of ethyl acetate was
first prepared. The solution was placed in an autoclave liner to a 70%
capacity, which was heated to 100 °C and maintained at 100 °C for
36 h under a pressure of 208 atm. The product collected from the
autoclave liner was stored in a vacuum oven at 50 °C under 10−3 Torr
for 8 h to remove the residual of ethyl acetate. The chemical
compound obtained was then ground to powder. An alcohol
suspension with 2 wt % of the prepared powder was sonicated for
8 h to produce PDVB nanoparticles, which was named as PDVB-NPs.
PDVB-NPs of different molecular weights were produced using
different amounts of AIBN (0.045, 0.45, and 4.5 g). The
corresponding compounds were denoted as PDVB-x, where x is the
amount of AIBN used in the solvothermal process.
Spin-coating was used to coat a layer of PDVB-NPs on surfaces of

the papers of 5 × 5 cm2 in area. The suspension for the spin-coating
was 50 μL of an alcohol solution made from the prepared PDVB-NPs.
The spin speeds were 400, 600, and 800 rpm, which controlled the
coating thickness.
The morphology of the PDVB-NPs and the microstructures of the

papers with a layer of PDVB-NPs were analyzed using a scanning
electron microscope (SEM; JSM-7610F, JEOL, Tokyo, Japan). Gold
coating was performed over PDVB-NPs and the coating layer at 10
mA for 120 s prior to the SEM imaging. The composition of the
coating layers was determined using an energy-dispersive X-ray
spectroscope (Oxford-model 6209, Oxford Instruments, Oxford,
U.K.) attached on a JSM-7610F (JEOL, Tokyo, Japan).
The size distribution of the PDVB-NPs was measured using a

dynamic light scattering instrument (Malvern, Worcestershire, U.K.)
at 25 °C. The suspensions, which consisted of 10 mg of PDVB-NPs in
10 mL of ethanol, were sonicated for 5 min prior to the size
measurement. Three measurements were performed for individual
PDVB-NPs.
Contact angles of liquid droplets on the coating layer were

measured using an FTA 125 contact angle instrument (First Ten
Angstroms Inc., Portsmouth, VA) at 25 °C. The volume of the water
droplets was 4 μL and the relative humidity was 52%.
The molecular weight of the PDVB-NPs was determined from the

viscosity measurement. This is because it is difficult to use gel
permeation chromatography to measure the molecular weight of
PDVB, which is associated with the insolubility of PDVB. The
dynamic viscosity of PDVB-NP solutions was measured using a
Cannon-Ubbelohde 6963S glass viscometer (Ramin, Houston, TX) at
25 °C. The PDVB-NP solutions consisted of PDVB-NPs of different
weight percentages (0.005, 0.01, 0.015, and 0.02 wt %) in
divinylbenzene.
The chemical structures of the PDVB-NPs were analyzed on a

Fourier transform infrared (FT-IR) spectrometer (Vertex 80 v, Bruker
Corporation, Billerica, MA). The spectra wavenumber for the
measurements was in a range of 4000−600 cm−1.
Spreading of water droplets on the uncoated surface of the papers,

whose backside was coated with a PVDB-NP layer, as shown
schematically in Figure 1, was performed at 25 °C. DI water (5 μL)
was dripped on the uncoated surface. The sizes of the water droplets
were recorded by a digital camera. The temporal evolution of the

spreading sizes was analyzed by ImageJ (National Institute of Health,
Bethesda, MD). The papers used in the spreading tests were HW-
coated paper, LW-coated paper, SW-coated paper, wood-free paper,
text paper, printing paper, and white newspaper. The grammages for
the 50P, 80P, and 150P wood-free papers were 53, 84.8, and 159 g/
cm2, respectively. Here, HW, LW, and SW represent heavy weight,
light weight, and slight weight, respectively.

3. RESULTS AND DISCUSSION
Figure 2 shows SEM images of PDVB-0.045, PDVB-0.45, and
PDVB-4.5 and the PDVB coating layers. It is evident that the
combination of the solvothermal processing and mechanical
grinding indeed produced nanosized particles (Figure 2a−c)
for the amounts of AIBN used in this work. The spin-coating
of the nanoparticle-based solutions formed a layer of
nanoparticles on the surface of the papers, as shown in Figure
2d.
Figure 3 depicts the size distribution of PDVB-NPs, as

measured by the dynamic light scattering technique. There are
two peaks; the one with a smaller size is less than 12 nm, and
the one with a larger size is larger than 50 nm. According to the
SEM images in Figure 3, we expect that the particle sizes are
less than 50 nm. That is to say, the peak centered at a larger
size represents the aggregates of PDVB-NPs, and the peak
centered at a smaller size likely represents the size distribution
of the PDVB-NPs. Using the peak centered at a smaller size,
we obtain the average particle sizes of 14.74 ± 1.12, 5.31 ±
0.37, and 1.10 ± 0.08 nm for PDVB-0.045, PDVB-0.45, and
PDVB-4.5, respectively. Increasing the fraction of AIBN
decreases the average size of the nanoparticles. Note that the
peaks for the aggregates of the PDVB-NPs are at ∼480, ∼60,
and ∼2500 nm for PDVB-0.045, PDVB-0.45, and PDVB-4.5,
respectively.
Figure 4 presents the FT-IR spectrum of the PDVB-NPs

under an attenuated-total reflection (ATR) mode. The peaks
centered at wavenumbers of 708, 794, 829, 900, 1446, 1486,
1604, and 2926 cm−1 have been reported by Jafari et al.22 and
Nuasaen and Tangboriboonrat.23 The peaks with wave-
numbers in the range of 700−950 cm−1 represent the C−H
bending of alkene groups, and the peaks with wavenumbers in
the range of 1430−1510 cm−1 are related to the CC
stretching mode of benzene groups. The peak centered at 1604
cm−1 represents the CC stretching mode of alkene groups.
The peaks with wavenumbers in the range of 2850−3100 cm−1

consist of the CH stretching vibration of both alkene groups
and benzene groups. All of the peaks correspond to the bands
of divinylbenzene. Thus, we can conclude that the monomer
for the formation of PDVB-NPs is divinylbenzene and the
combination of the solvothermal processing and mechanical
grinding indeed produced PDVB-NPs.

Figure 1. Schematic of the spreading of a water droplet on the
uncoated surface of a paper with a coated backside.
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Figure 2. SEM images of PDVB-NPs and the PDVB-NP film; (a) PDVB-0.045, (b) PDVB-0.45, (c) PDVB-4.5, and (d) PDVB-NP films.

Figure 3. Size distribution of PDVB-NPs: (a) PDVB-0.045, (b) PDVB-0.45, and (c) PDVB-4.5.
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Figure 5 shows the variation of the dynamic viscosities of the
PDVB-NP solutions with the PDVB-NP concentration for

three different sizes of PDVB-NPs. The dynamic viscosity is a
linearly increasing function of the PDVB-NP concentration, as
expected, for dilute solutions. For the same PDVB-NP
concentration, the solution with PDVB-4.5 has the smallest
viscosity, and the solution with PDVB-0.045 has the largest
viscosity. Such a trend suggests that the average particle size of
PDVB-4.5 is the smallest, and the average particle size of
PDVB-0.045 is the largest. This result is consistent with the
result obtained from the particle-size analysis.
Figure 6 depicts the energy-dispersive X-ray (EDX) spectra

of the coated papers, from which the atomic fractions of the
elements were determined and listed in corresponding figures.
All coated papers contain oxygen, calcium, aluminum, silicon,
magnesium, and sodium, suggesting that starch fluid (C),
calcium carbonate, sodium corboxymethyl cellulose, kaolinite
(Al, Si), and talcum (Si, Mg) are there in the coating layer. The
Au peak was attributed to the gold coating, and the Cu peak
was ascribed to the Cu tape used to fix the specimens for the
SEM imaging and EDX analysis.
Three different liquids of DI water, glycerol, and mercury

were used in the measurement of the contact angle on the
coating layers. Table 1 lists the measured contact angles over

the coating layers made from three different PDVB-NPs. In
general, all of the contact angles were larger than 148°,

Figure 4. FT-IR spectrum of PDVB-NPs under the attenuated-total
reflection (ATR) mode.

Figure 5. Concentration dependence of the dynamic viscosities of the
PDVB-NP solutions with different PDVB-NPs.

Figure 6. EDX spectra of the coated papers: (a) HW paper, (b) LW paper, and (c) SW paper.

Table 1. Contact Angles of Three Different Liquids on the
Coating Layers

contact angle (deg)

PDVB-NPs in
coating layer DI water glycerol mercury

PDVB-0.045 152.90 ± 1.20 149.50 ± 0.64 163.54 ± 0.47
PDVB-0.45 152.08 ± 1.01 149.12 ± 0.78 163.06 ± 0.57
PDVB-4.5 151.57 ± 0.67 148.66 ± 0.84 162.52 ± 0.39
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suggesting that the coating layers exhibited superhydrophobic
characteristics. Note that there is no statistical difference
among the contact angles for the same liquid on the three
different coating layers, even though the contact angle
decreases slightly with the decrease of the average size of
PDVB-NPs (the increase of the amount of AIBN).
Figure 7 shows optical images of the spreading of a water

droplet on the uncoated surface of an LW paper with and
without back-surface coating at different instants, respectively.
It is evident that the spreading size increases with the increase
of time for both papers in accord with the wetting behavior of
water on a cellulose-based paper. However, the water droplet
on the surface of the LW-coated paper spread much faster than
that on the surface of the LW-uncoated paper. Such behavior

reveals the effect of the back-surface coating on the spreading
behavior of water droplets on the uncoated surface.
Using ImageJ, we analyzed the optical images and calculated

the spreading size at different instants. Figure 8a shows the
temporal variation of the spreading size for the spreading of
water droplets on the uncoated surfaces of HW-coated and
uncoated papers. More results are given in the Supporting
Information (Figure S1). It is evident that the spreading size is
a nonlinearly increasing function of the spreading time. The
spreading front for the spreading on the papers without back-
surface coating moved at a speed less than that with back-
surface coating at the same spreading time for both types of
papers. Such results support the fact that the back-surface

Figure 7. Optical images of the spreading of a water droplet on the uncoated surface of LW papers at different instants: (a) with an uncoated
backside and (b) with a coated backside.

Figure 8. Temporal variation of the spreading size for the spreading of a DI water droplet on the uncoated surface of different papers at 25 °C: (a)
HW papers with and without back-surface coating and (b) papers without back-surface coating.
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coating plays an important role in the spreading behavior of
water droplets on the uncoated surface of the papers.
For the uncoated papers, the spreading on the white

newspaper is the fastest, and the spreading on the HW-
uncoated paper is the slowest (Figure 8b). Such results
demonstrate the structural effect on the spreading of water
droplets.
It is known that the coating thickness is dependent on the

spin speed. Figure S2 presents the temporal evolution of the
spreading size of a water droplet on LW papers with the
coating layers made at different spin speeds. It is evident that
there is no significant difference in the spreading kinetics of the
water droplets on the papers with the back-surface coating
made with the spin speed in a range of 400−800 rpm.
Kra ̈mer24 introduced intrinsic viscosity of a cellulosic

solution, [η], as

η η
η

[ ] =
→

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjj

y

{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑc
lim

1
ln

c 0 0 (1)

where η and η0 are the viscosities of the solution and pure
solvent, respectively, and c is the concentration. The
correlation between the intrinsic viscosity of the solution of
long-chain molecules and the molecular weight of the long-
chain molecules can be expressed as25

η[ ] = KMa (2)

with K being a constant and a being a power index. Both k and
a are dependent on the particular polymer-solvent system.
For a dilute solution, eqs 1 and 2 yield

η η
η

[ ] = − =
→
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1

1
c
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0 0 (3)

The dynamic viscosity of the solvent as measured by the
Cannon-Ubbelohde 6963S glass viscometer is 1.029 cP. Using
the results in Figure 5 and η0 = 1.029 cP, we obtain the
intrinsic viscosities of 8.80 ± 0.06, 5.18 ± 0.05, and 3.21 ±
0.03 dL/g for the solutions made from PDVB-0.045, PDVB-
0.45, and PDVB-4.5, respectively. According to eq 3, the
molecular weight of PDVB-4.5 is the smallest, and the
molecular weight of PDVB-0.045 is the largest. Increasing
the fraction of AIBN decreases the molecular weight of PDVB-
NPs. From Figure 3, we note that the average particle size of
the PDVB-NPs decreases with the increase of the fraction of
AIBN. Thus, the smaller the molecular weight of PDVB-NPs,
the smaller is the average particle size of the PDVB-NPs.
The results in Figure 8 suggest that the microstructures

(porous structures) of the PDVB-NP-coated and uncoated
papers are likely different. Figures S3−S11 present SEM
images of all papers with and without back-surface coating. It is
evident that there is no significant difference in local
microstructures between the uncoated papers and the
uncoated surface of the corresponding papers with the back-
surface coating. However, there are PDVB-NPs presented in
the coated papers, suggesting the penetration of PDVB-NPs
into the papers during the spin-coating. The presence of
PDVB-NPs in the coated papers allows for the trapping of local
air bubbles, which reduce the resistance to the water flow in
the papers. Note that there are significant differences in local
microstructures between different types of papers. It is the
difference in local microstructures, which contributes to the

difference in the temporal evolution of the spreading of water
droplets.
Various models19,26−28 have been developed to analyze the

spreading of liquid droplets on rough and porous surfaces.
Realizing the penetration of liquid into a porous substrate,
Gillespie19 and Clarke et al.28 pointed out the need to consider
the flow in the porous substrate. Gillespie19 correlated Darcy’s
law with the liquid concentration for the flow of a gas−liquid
mixture in a paper for the liquid spreading in the paper, and
Clarke et al.28 correlated surface tension with the pressure
gradient in Darcy’s law for the analysis of the liquid
penetration into a porous substrate. None of the studies has
analyzed the liquid flow, contributing to the spreading of liquid
in a porous substrate.
For the liquid flow in a porous material, the equilibrium

equation is29

μϕ
∇ =

+ ∂
∂

ϕp
c c

k
p
t

( )f2
(4)

and the relation between the pressure gradient and the flow
velocity is

μ
= − ∇k

pu
(5)

where p is the pressure, u is the flow velocity, μ is the apparent
viscosity of the liquid in the porous material, k is the
permeability of the porous material, ϕ is the porosity of the
porous material, and cf and cg are the compressibility of the
liquid and the “pore compressibility” of the porous material,
respectively.
The flow flux, which is proportional to the flow velocity, can

be expressed as

=J nu (6)

where n is the number of water molecules per unit volume. In
this experiment, the total number of water molecules per unit
thickness remains constant as n0πr0

2, where n0 and r0 are the
initial number of water molecules per unit volume and the
initial spreading radius, respectively. According to Figure 7, the
spreading radius increases with the spreading time, suggesting
that the average number of water molecules per unit volume
decreases with increasing spreading time. Therefore, it is
reasonable to assume the presence of the gradient of water
molecules, which correlates with the flow flux as

α= − ∇nJ (7)

where α is the diffusion coefficient.
Using eqs 4−7 and assuming that n approaches the reference

number of water molecules per unit volume, nR, one obtains

ϕ= + ϕn n c c p( )R f (8)

α
μϕ

=
+ ϕ

k
c c( )f (9)

and eq 4 is rearranged as

α∂
∂

= ∇n
t

n2
(10)

Consider a water droplet of radius r0 spreading on an infinite
large paper. Note that r0 is approximately equal to the radius of
the contact zone at t = 0, as shown in Figure 7. At the initial

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02991
Langmuir 2021, 37, 376−384

381

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02991/suppl_file/la0c02991_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02991/suppl_file/la0c02991_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02991?ref=pdf


time, the water drop is distributed homogeneously on the
paper within radius r0. That is

≤ = =n r r t n( , 0)0 0 (11)

> = =n r r t( , 0) 00 (12)

The solution of n is30

∫α α
= α α− − i

k
jjj

y
{
zzzn r t

n
t

e e I
xr

t
x x( , )

2 2
dr t

r
x t0 /4

0

/4
0

2 0 2

(13)

where I0(•) is the first kind of the modified Bessel function of
the zeroth order. Note that the ratio of k/μϕ(cf +cϕ) or α is a
constant for a given system of porous structure and liquid at a
given temperature. The shape of the water drop is determined
by eq 13 when n is equal to 0.001 n0 for t > 0.
Using eq 13 to curve fit the curves in Figures 7, S1, and

S12−S15, we can obtain the values of α for the spreading of
water droplets on the coated and uncoated papers used in this
work in the temperature range of 25−55 °C. For comparison,
the fitting curves are also included in the corresponding figures.
It is evident that eq 13 can well describe the spreading
behavior of water droplets on the coated and uncoated papers.
The fitting results reveal that the temperature dependence of
the spreading size of the water droplets can be expressed as

χα− =r r t( )0
1/2

(14)

with χ as a proportional constant.
According to eq 9, the parameter, α, is inversely proportional

to the apparent viscosity of the liquid spreading on the papers,
μ, the porosity of the papers, ϕ, and the summation of the
compressibility of the liquid and the pore compressibility of
the papers, cf + cϕ, and proportional to the permeability of the
papers, k. The parameters of ϕ, (cf + cϕ), and k are related to
the porous structures of the papers and the mechanical
properties of water and the papers, which are independent of
temperature. The apparent viscosity, μ, exhibits the temper-
ature dependence as

μ μ= eQ RT
0

/
(15)

with Q being the energy barrier (nominal activation energy)
for the flow of water in the papers, R is the gas constant, and T
is the absolute temperature. Thus, we have

α α= −e Q RT
0

/
(16)

where α0 is a pre-exponential factor and proportional to k/ϕ(cf
+ cg), i.e., it depends on the structures of the papers. The
temperature dependence of (χα)−1 for the coated and
uncoated papers used in this work, in which the PVDB
coatings with different particle sizes were used, is presented in
Figure S16. Using eq 16 to fit the curves in Figure S1, we
obtain the energy barrier and the pre-exponential factor. Figure
S17 shows the variation of the energy barrier and pre-
exponential factor, χα0, with the amount of AIBN used in the
preparation of the PVDB nanoparticles for the spreading of
water droplets on HW, LW, and SW papers.
According to Figure S17, increasing the amount of AIBN

(decreasing the size of the PVDB nanoparticles) leads to the
decrease of the energy barrier for the spreading/flow of water,
which reveals that the smaller the size of the PVDB
nanoparticles used in the back-surface coating, the smaller is
the energy barrier for water to flow in the porous papers. This
behavior can be likely attributed to the deep penetration of

small PVDB nanoparticles into the porous papers during the
spin-coating, which produces a large amount of “tiny” air
bubbles and a large fraction of a hydrophobic surface due to
the large ratio of the surface area to volume.
The increase in the amount of small PVDB nanoparticles in

the porous papers can also cause decrease in the permeability
of the porous papers and the pre-exponential factor
accordingly. According to Figure S16, we note that there are
differences in the pre-exponential factors among the HW, LW,
and SW papers. Such differences are associated with the
differences in the porous structures, permeabilities, and
compressibilities of the porous papers. The spreading of liquid
in a porous material is much more complicated than the
spreading on a rough, solid surface.
Figure 9 presents the comparison of the energy barrier and

the pre-exponential factors for the spreading of water droplets

on four different types of papers without back-surface coating.
Again, we observe the dependence of the energy barrier and
the pre-exponential factor on the papers used in the tests.
There exists fluid−structure interaction for the spreading of
liquid in a porous material.

4. SUMMARY
In summary, we have demonstrated the effects of back-surface
coating and the size of PVDB nanoparticles on the spreading of
water droplets in different types of papers. Using Darcy’s law,
we have developed a relationship for the temporal evolution of
the spreading size of a liquid droplet on a porous material.
Such a relationship is supported by the experimental results of
the spreading of water droplets, which were dripped on the
uncoated surface of the different types of papers with and
without back-surface coating. The porous structure, perme-
ability, and compressibility of the porous papers as well as the
back-surface coating play important roles in the spreading of
water droplets.
Using the relationship and the experimental data, we have

calculated the energy barrier and the pre-exponential factor for
the spreading of water droplets on heavy-weight, light-weight,
and slight-weight papers. The energy barrier for all of the three
types of papers exhibits similar trend to the pre-exponential
factor. Decreasing the size of the PVDB nanoparticles for the
back-surface coating leads to the decrease of the energy barrier
and the pre-exponential factor. Such a trend suggests that the
smaller the size of the PVDB nanoparticles used in the surface
coating, the smaller is the energy barrier for water to flow in
the porous papers.

Figure 9. Spreading characteristics of water droplets on four different
papers.
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The results presented in this work demonstrate a feasible
method to use the back-surface coating instead of top-surface
coating to control the wettability of papers. It allows for
multilayer back-surface coating with the first layer consisting a
mixture of quantum dots and superhydrophobic PDVB
nanoparticles for fluorescent anticounterfeiting labels. Also,
one can use nanoparticles of different sizes to confine/regulate
the spreading/flow of liquids on/in porous materials.
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