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a b s t r a c t
Characterization of transport and absorption properties of nanoﬁber webs is a challenge, because in many
cases the material is soft and cannot withstand the stresses exerted by the standard instruments. In this
paper, we report on development of a new technique for materials characterization. We propose to conduct wicking and permeability experiments for full characterization of the nanowebs. As an example, we
used electrospun cellulose acetate nanowebs. The wicking experiments showed very good reproducibility, demonstrating the square-root-of-time dependence of wetting front position vs time. The prefactor
depends on a product of capillary pressure and materials permeability. We developed a technique to
independently measure the permeability of small samples of nanowebs. Wicking and permeability data
allow one to estimate the pore size; SEM micrographs conﬁrmed the obtained estimates of pore radius. In
general, the proposed method allows one to characterize the transport and absorption parameters of the
nanoﬁbrous materials for which the standard procedures are inapplicable.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Many materials with high speciﬁc surface area have been ﬁlled by
inorganic compounds and particles in the past. The advent of electrospinning has not only enabled processing a more diverse range
of polymers, some non-ﬁber forming by conventional methods,
but also generating ﬁbers with sub-micrometer to tens of nanometer scale diameters. These lateral dimensions of ﬁbers are two to
even three orders of magnitude smaller than those produced by
conventional melt or solution spinning processes. The continuous
ﬁbrous structure is another advantage over powders or particles.
In electrospinning (ES), a polymer solution or melt droplet
formed at the opening of a thin nozzle, commonly a needle, is electrically charged by high voltage to elongate into a cone which is
ejected as a jet when the electrostatic force exceeds the surface tension [1–4]. This formation of water threads was discovered by
George Mathias Bose in 1745 and actively used since Boys’ time to
spin ﬁne ﬁbers [5,6]. Although the process was ﬁrst reported nearly
three centuries ago and the ﬁrst patent was ﬁled in 1934 [7], electrospinning has only gain attention from the scientiﬁc community
in the last three decades [1–4]. In recent years, the versatility of electrospinning to generate nanomaterials with unique chemical and
physical properties has been reported extensively in the scientiﬁc
journals as well as applied in patented technologies and even
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commercialized products [3,8,9]. Electrospun ﬁbrous webs have
found multiple new applications as bio-materials for tissue engineering and scaffolds [10–12], smart textiles [13–15] and many others [1–4]. In many applications, the nanoﬁbrous webs contact with
liquids. Understanding the relationships between structure and
transport properties and development of the characterization methods is important for design of different structures where nanoﬁbrous
materials play a signiﬁcant role [14,16,17].
Cellulose acetate (CA) nanoﬁbers and nanowebs deserve a special attention because of their very interesting absorption properties [18]. It appears, that the water retention per ﬁbrous mass for
the electrospun CA porous membranes is nearly 10 times higher
than that for fabrics of commodity ﬁbers of similar wettability
[18]. Characterization of the transport properties of these nanowebs is a challenging task because all traditional techniques deal
with either nanoporous materials or materials with pore sizes larger than micrometer [19–21]. Moreover, since water–cellulose
interaction produces swelling and softening of the ﬁbers, a neutral
liquid must be used to study the transport characteristics of these
materials. In order to characterize the transport properties of electrospun cellulose nanowebs we bring together the methods of
wicking [22–24], permeability and porosity analyses [25–28]. The
proposed method gives an idea about the nano and microstructure
of the ﬁbrous material and provides a more detailed picture of the
mechanism of ﬂuid ﬂow through nanoﬁbrous materials. Hence, the
phenomenological permeability [29] can be further studied on the
basis of some microﬂow models. In this paper, using the wicking
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characteristics of CA nanowebs, we relate the phenomenological
parameters with the structural properties of these webs. The Lucas–Washburn theory for wicking dynamics [30,31] and the Kozeny–Carman equation for permeability [32,33] are used to show the
relations between the ﬁber size and the porosity, permeability and
absorbency of the nanoweb.
2. Experimental
2.1. Cellulose nanoweb preparation and structure characterization
The cellulose ﬁbrous web used in this study was fabricated by a
previously reported method in which cellulose acetate was electrospun then fully hydrolyzed to regenerate into cellulose ﬁbrous web
[18]. Brieﬂy, cellulose acetate (CA) (Mn = 30 kDa, 39.8 wt.% acetyl
content) from Aldrich Chemical Company (Milwaukee, WI, USA)
was dissolved in 2:1 w:w acetone/dimethylacetamide (DMAc). A
15 wt.% CA solution was loaded into a 20 mL glass syringe (Popper
& Sons, Inc.) and delivered at 1 mL/h using a syringe pump (KDS
200, KD Scientiﬁc, USA) through a ﬂat-end metal needle with an inner diameter of 0.31 mm. A 14.25 kV voltage by a DC power supply
(ES 30-0.1 P, Gamma High Supply, USA) was applied to charge the
jet to splay into ﬁner jets to be collected onto a grounded aluminum plate placed 15 cm from the tip of the needle. The CA ﬁbrous
web was fully deacetylated into cellulose web by aqueous hydrolysis in 0.05 M NaOH at ambient temperature for 24 h, rinsed in
water and vacuum dried at ambient temperature for 48 h.
The morphology of the ﬁbrous web was observed under a scanning electron microscope (SEM) (XL 30-SFEG, FEI/Philips, USA)
after sputter coated with gold (Fig. 1). The porosity / of the ﬁbrous
web was measured by immersing the material in hexadecane.
Hexadecane is known for its chemical inertness with respect to cellulose. It has the surface tension r = 27 mN/m, viscosity,
g = 3.34 cp, and density q = 773 kg/m3. The porosity was calculated
as / = mw  md)/(qVT), where mw is the mass of wet sample, md is
the mass of dry sample, and VT is the sample volume. We calculated the sample volume as VT = Ad, where A is the sample area calculated from the sample photograph using ImageJ program, and d
is the sample thickness. The sample thickness was determined by
sandwiching the web between two microscope slides and measuring the gap between the plates with the 15 Lasico ocular grid
mounted on the 6.3 Zeiss objective. Using this method, we obtained the thickness of our samples as d = 23 lm, and conﬁrmed
the measurements by the SEM micrographs (Fig. 1). The porosity
of the nanowebs was then calculated as / = 0.83.

Fig. 1. Scanning Electron Microscopy top view of an electrospun cellulose nanoweb.
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2.2. Wicking
In wicking tests, a strip of the electrospun material was vertically suspended and brought in contact with the hexadecane by
dipping one end into the container. Filming the upward movement
of the liquid through the material, one can detect the position of
wetting front L(t) as a function of time t. The wicking experiments
were performed on four 1-cm long CA ﬁbrous webs with the
widths ranged from 5 mm to 8 mm. The illumination was provided
by a backlight source. The propagation of the liquid front was captured by a digital camera (Photron Fastcam-1280) with 2-s intervals. Fig. 2a shows the typical recorded images.
ImageJ software (http://rsbweb.nih.gov/ij/index.html) was used
to obtain the average position of the wetting front as a function of
time. First, from each image we subtracted the reference image of
the dry sample, Fig. 2b. Then the result was contrast enhanced to
better deﬁne the wicking front, Fig. 2c. For further image analysis,
the dry area was colored in white and the wet area was colored in
black, Fig. 2d. The position of the liquid front L(t) was thus well deﬁned and measured relative to the surface of the liquid in the reservoir. In Fig. 3 we plot the square of the average position of the
wetting front as a function of time.

2.3. Permeability
Experimental setup is shown in Fig. 4. A 3.3 cm wide (W) and
1.9 cm long strip of CA nanoweb with d = 23 lm thickness was
placed in a gap between two highly permeable paper towels. The
ends of the nanoweb were ﬁrmly attached to the nonwoven materials by gently pressing two P-like holders together. The length of
the nanoweb bridging two nonwoven materials was ‘ = 0.64 cm.
Each strip of highly permeable nonwoven materials was put in
contact with a reservoir. The sample was placed above the reservoirs as shown in Fig. 4. The left strip was hanging 12 cm above
the left container, and the right strip was hanging 7 cm above
the right container sitting on the balance dish. At these chosen
heights, the electrospun material was fully saturated with the liquid. Like in siphons, the hydraulic head (which was H = 5 cm here)
pushed hexadecane to ﬂow through the nanoweb from one container to the other. Using the analytical balance (Mettler AE 160),
we monitored the loss of liquid. After 2 h of ﬂow stabilization,

Fig. 2. Sequence of pictures showing the wetting front of hexadecane propagating
through the nanoweb in the vertical direction. The time interval between frames is
2 s. The white bar is 1 cm. (a) Untreated pictures, (b) background subtraction
process, (c) contrast enhancement (d) color separation of dry and wet regions.
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For nanoﬁbrous materials, the characteristic pore sizes are expected to be in the micron or even sub-micron range. Therefore,
it is not practical to measure the capillary pressure through the
Jurin’s height, which is expected to be in the range of meters. Eq.
(1) suggests that in the nanoﬁbrous materials where the Jurin
height is much greater than the sample size, the gravitational effects can be neglected. Then the solution of Eq. (1) is simpliﬁed to:
2

L 

Fig. 3. The square of the position of the wetting front as a function of time. Different
symbols correspond to four different experiments. The trend line corresponds to the
Lucas–Washburn prediction [30,31], and it can be used for the description of the
wicking kinetics at times t > to.

we measured the mass loss during 5 h. The resulting mass ﬂux
was: Q = 1.2 lg/s. To ﬁnd the permeability k, we write Darcy’s
equation as Q = dW(k/g) (q2gH)/‘. Substituting the experimental
data, we obtain the permeability as k = 1.1  1013 m2.
3. Discussion
The data interpretation on wicking experiment is based on the
Lucas–Washburn equation [30,31] which was modiﬁed to the ﬂow
through porous media. Using the Darcy’s law and assuming that
the pressure at the wetting front is constant and equal to the capillary pressure Pc, the equation for upward wicking is written as:

/

dL
k
¼
ðPc  qgLÞ
dt gL

ð1Þ

where L is the position of the wicking front at time moment t. Eq.
(1) describes the wicking dynamics when only viscous resistance
is important. This particular regime, the Lucas–Washburn regime
[30,31] is reached after time to corresponding to the front position
L(to) = l0. Therefore, this time moment can be set as the initial condition for Eq. (1).
In the upward wicking, the capillary pressure, which drives the
process, is opposed by the hydrostatic pressure qgL. At the moment
when the hydrostatic pressure reaches the capillary pressure
Lc = Pc/qg the front stops and wicking ceases. According to the
capillary model of the porous medium. i.e. considering it as a bundle of capillaries, we can call this height Lc the Jurin’s height.
In the analysis of the wicking experiments based on Eq. (1), one
needs to know porosity, and one of the physical parameters of the
material, either capillary pressure Pc or permeability k [26].

2
l0

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2Pc k
¼ a ðt  t o Þ with a ¼
g/
2

ð2Þ

The parameter a in Eq. (2) can be used for the estimation of the
capillary pressure. From the image analysis we found a = (0.138 ±
0.003) cm/s1/2. Substituting the permeability data, k = 1.1 
1013 m2, we estimate the capillary pressure as Pc  24 kPa.
Once Pc and k are obtained, it is of great interest to relate them
to the structural properties of the nanoﬁbrous material. Modeling
the ﬁbrous sample as a system of capillaries, the capillary pressure
can be related to the characteristic capillary radius RC through the
Laplace law of capillarity:

Pc ¼ 2r=RC

ð3Þ

where r is the surface tension of the liquid. This formula gives us an
estimate of the pore radius responsible for building the driving capillary pressure, RC  2.2 lm. Because the pore radius appears to be
large compared to the ﬁber size, this estimate suggests that the
nanoﬁber crossings did not contribute to the driving capillary pressure at the observed time scale.
The permeability k is much more difﬁcult to relate to the pore
structure of the ﬁbrous materials [26,33–37]. The most used
expression to relate permeability with the structural parameters
of ﬁbrous materials is the Kozeny–Carman equation [32] modiﬁed
for ﬁbrous materials [33]. That is the ﬁbrous sample is modeled as
a system of capillaries with radius RH. We distinguish RH from RC,
because the system of transport capillaries can be different from
that responsible for the capillary pressure. In this model, the permeability of the porous material can be written using the analogy
with the Hagen–Poiseuille equation as k = R2H /A, where A is a constant to be determined (A is eight for a single capillary) [32]. Using
a system of randomly packed 150 lm diameter rigid ﬁbers, the
authors of Ref. [33] showed that in the porosity range 0.75 < /
< 0.85, the materials permeability can be approximated by the
formula

k ¼ ð/=4ko ÞR2H

ð4Þ

with the Kozeny–Carman factor ko = 5.3. Substituting the experimental value k = 1.1  1013 m2, we ﬁnd RH  1.7 lm which is close
to RC deﬁned by Eq. (3). This allows us to assume that the systems of

Fig. 4. Permeability apparatus. The incept in the right upper corner show details of the sample’s chamber.
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transport and capillary pressure pores are the same, RC = RH = R. For
qﬃﬃﬃﬃﬃﬃ
rR
gko and gives

this model, the a-constant is rewritten as a ¼

R = 1.2 lm. For this pore radius, the Jurin height Lc would be equal
to 7 m, which is much greater than the sample height.

4. Conclusions
The cellulose acetate nanowebs were prepared by electrospinning. We conducted wicking and permeability experiments to
characterize the transport and absorption properties of these
materials. The wicking experiments showed very good reproducibility, indicating that the materials were homogenous on centimeter scale. The sharp wetting fronts were stable and almost straight
suggesting that the nanowebs were homogenous at hundred microns/millimeter scale. The front advances following the squareroot-of-time kinetics, the Lucas–Washburn kinetics. Microﬂow
Kozeny–Carman model treating the nanoﬁber web as a system of
capillaries proved to be sufﬁcient to describe the experimental results. The model showed that the transport pores and the pores
responsible for building the driving capillary pressure, had the
same size in CA nanowebs.
In general, the proposed method allows one to characterize the
transport and absorption parameters of the nanoﬁbrous materials
for which the standard procedures are inapplicable. The proposed
model suggests to separate the transport pores facilitating the liquid ﬂow, from capillary pores building up the suction pressure.
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