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Spontaneous imbibition in cellulosic materials is an expanding field of research due to the direct appli-
cability in paper-based microfluidics. Here, we show experimentally, using simultaneous thermal and
optical imaging that the temperature at the wetting front during capillary filling of paper is temporarily
increased, even if the imbibed fluid and the cellulosic substrate are initially at isothermal conditions.
Several liquids and two types of filter paper, characterised by scanning electron microscopy (SEM) and
X-ray diffraction (XRD) analysis, were investigated demonstrating a significant temperature rise at the

Keywords: . . wetting front that cannot be neglected form the process. The temperature rise is found to be related to
Paper-based microfluidics . . . . . o . .
Thermodynamics the energetics of imbibition compounds, including acid-base contributions, that result in electrostatic

attractions as the liquid molecules are adhered on the fiber surfaces upon capillary contact.
© 2017 Elsevier Inc. All rights reserved.

Capillary dynamics
Interfacial energy

1. Introduction reviewed [3-7]. The functionality of such devices is based on the
ability of paper as a porous medium to transport liquid sponta-
neously due to capillary action driven by interfacial energy differ-

ences [8], as thermodynamics drives all systems to a lower energy

Since their establishment as a medical diagnostic tool [1,2],
paper-based microfluidics received a tremendous attention from

physicochemical, biomedical and engineering scientists resulting
in a multi-discipline research field that has been regularly
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state. The capillary filling of paper is, however, a complex transport
process that involves strong adsorptive interactions at the molecu-
lar scale. For substrates that are mainly composed of natural cellu-
losic fibers [9,10], this is associated with the interactions between
the imbibed fluid and the available cellulose chains which have
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their free hydroxyl groups (OH™) in an equatorial orientation in the
glucopyranose rings [11,12], and hence, readily available for bond-
ing (see cellobiose-inset in Fig. 1). The abundance of polar hydrox-
yls in these regions results in a chemical polarity that can even
align cellulosic derivatives when exposed to an electric field [13-
15] while measurements of surface energy evidenced that cellulose
fibers are biased towards an electron-donor behaviour [16-20].
That is why cellulose, similar to silica surfaces [21], can be used
as a strong adsorbent material [22-24]. At the micro-scale, during
capillary filling of paper, a precursor liquid film [25] has been
shown to move slightly ahead of the wetting bulk phase onto the
fiber surfaces forming a kind of liquid slippage [26]. This is
believed to have a direct relation to wettability [27] and depends
on the mobility of the first adsorbent liquid-layer molecules that
occupy the low energy positions of the solid [28,29]. For short
range forces, and based on electron transfer theory [30], as the
two phases (solid and liquid) are brought together due to capillary
action, a spontaneous charge exchange should take place from one
surface to another, including acid-base interactions at the interface
[31]. This generates an electrostatic attraction (Coulomb forces)
between the now oppositely charged surfaces causing the liquid
molecules to adhere on the fiber surfaces. Each adhered molecule
is replaced by an adjacent one in the liquid film, and the sequential
repeat of the process leads to a film movement [29] on the fiber
surface.

Therefore, adsorption always takes place at the wetting front
due to interactions between charged and/or uncharged molecules
that create a film of the adsorbate (imbibed liquid) on the surface
of the adsorbent (cellulosic material), as shown in Fig. 1. Since
adsorption is an exothermic reaction, energy should be released,
and for liquid water-cellobiose interactions this has been proven
by molecular dynamic simulations [32]. The enlargement in
Fig. 1 shows an example where water molecules are attached on
the fiber surfaces by forming hydrogen bonds with whatever
accessible oxygen (O™) or hydroxyl hydrogen (H") of the cellulosic
material. Assuming that there are no additional processes that
could result in a significant temperature drop, e.g. large evapora-
tion rates at the wetting front, the solid-liquid interactions should
result macroscopically in a temporary temperature rise.

Despite the presence of a wealth literature on imbibition kinet-
ics in cellulosic substrates [33-42], that demonstrated also limita-
tions of Lucas-Washburn equation [26,43], the thermal field during
an isothermal imbibition process has been generally ignored. How-
ever, using thermal imaging, we show that the wetting of the fibers
at the liquid front results in a temporary thermal spike similar to
the fluctuations observed during infiltration of dry soils [44,45],
where this kind of behaviour was assigned to condensation of lig-
uid vapour above the wetting bulk. The temperature rise here is
related to the energetics of imbibition interactions, and in particu-
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Fig. 1. A schematic representation of the molecular interactions between a
cellulosic fiber and imbibed water.
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Fig. 2. Experimental apparatus of the imbibition experiments.

lar, to acid-base neutralisation at the interface as the liquid mole-
cules are adsorbed to the solid surfaces during capillary action.

2. Experimental section

Fig. 2 shows the experimental apparatus. The overall arrange-
ment consists of an acrylic plate holder where the paper sample
is instated, a constant temperature liquid bath placed onto a
traversing stage as well as optical and thermal instrumentation.
The paper samples were made in 5 x 60(mm)? strips, cut in the
same direction so that any influence of fiber orientation is the same
for all experiments [46]. In order to eliminate liquid evaporation
from the wet paper surface, its front side was covered by a clear
polypropylene tape of 50 um thickness that is also transparent to
infrared radiation (transmittance 90%). Both edges of the paper-
tape packing were carefully trimmed with a cutter in alignment
with the acrylic plate. Hence, they were in contact with the atmo-
sphere. The pressure above the wetting front during imbibition
was therefore always ambient. The temperatures of the liquid bath,
the plate sample and the surroundings were measured with four
thermocouples (TC1-TC4), as shown in Fig. 2. The liquid bath
was maintained at the same temperature with the paper (room
temperature) in order to ensure that no heat is transferred from
the bulk liquid to the cellulosic material (and vice versa).

Once isothermal conditions were obtained, the liquid bath was
vertically transversed touching the lower edge of the paper initial-
ising imbibition against gravity. Optical and thermal images were
then recorded to quantitatively visualise the liquid invasion pro-
cess. The local temperature distribution was acquired by a FLIR-
SC7000C IR camera (640 x 512) and the optical videos with a Ul-
3360CP CCD camera (2048 x 2048) in the monochrome mode.
The IR and CCD cameras were installed in such a distance from
the paper sample providing a comparative field of view with a spa-
tial resolution of about 40 pixels/(mm)?. Therefore, each pixel side
corresponded to about 0.156 mm. Both cameras were set at a con-
stant frame rate of 4 Hz while their temporal correlation was
accomplished by removing an object of higher temperature in
the monitoring frame before each experimental run. The video
sequences were therefore synchronised with an accuracy of one
frame (£0.25s).

3. Results and discussion
3.1. Optical vs. thermal images

Fig. 3 shows the temporal evolution of optical and thermal
images during water uptake in a purely cellulosic paper. At t> 0,
a thermal peak at the same position with the wetting front is
observed over the complete video sequence. The temperature spike
has the same profile as the water front indicating that heat is
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Fig. 3. Optical (black-white) and thermal (coloured) images of paper capillary filling with distiled water indicate a heat release at the wetting front. Paper substrate consists

of a purely cellulosic material. Consecutive frames every 20s.

locally released at the interface between the wetting and the non-
wetting phases. The magnitude of temperature rise is decreased
during imbibition indicating a direct relation to the distributed
mass of water. When water rises up in a porous medium sponta-
neously, the wetting front becomes more diffusive and the corre-
sponding saturation at the front is decreased [47]. The interfacial
area where the fiber surfaces are wetted by the liquid is therefore
decreased reducing the released energy. As water reaches the top
of the sandwiched paper, evaporation starts and a local tempera-
ture decrease is observed verifying that evaporation rates during
water uptake are minimised by the transparent tape. Fig. 4(a)
shows a typical distribution of a thermal peak at z=15 mm vali-
dated with a surface thermocouple. The temperature increases
abruptly reaching a maximum point and then converges to the lig-
uid temperature. Both curves exhibit a similar temporal evolution
indicating the consistency of the IR measurements while the
slightly lower AT acquired by the temperature sensor is attributed
to conduction losses on the thermocouple junction. The first order
derivative of the image colour intensity (dI/dt), which is dynami-
cally a step response function related to saturation, is also dis-
played. Clearly, temperature rises when saturation starts to
increase reaching a maximum at the same temporal position.

Fig. 4(b) compares the optically and thermally derived wetting
fronts illustrating two different experiments. In the first one,
named as normal imbibition, water propagates continuously until
it reaches the top of the paper. During the second one (delayed
imbibition), the water uptake is intentionally paused at 50 s by
removing the liquid bath from the bottom of the paper, halting
the imbibition process. This causes both the fluid and thermal
fronts to stabilise at the same height indicating clearly that the
heat is released at the solid-air/solid-liquid interface. The system
is left to equilibrate for about 4 min before imbibition is resumed
again causing both fronts to propagate together. An excellent

agreement between optically and thermally derived water fronts
is observed since both curves follow a Washburn-like scaling law
with an average exponent value of 0.48 (+3%) and an imbibition
coefficient of about 3.50 (+7%) for the primary imbibition curve.
Note that the first 5 mm of the water uptake are ignored in order
to ensure that any jump of water due to an outside menisci [48]
(Wilhelmy force) does not influence the regression fitting. Fig. 4
(c) shows the obtained temperature rise for both experimental
runs which despite of the low paper thickness exceeds 2.5 K at
low imbibition heights. When the imbibition process is inter-
rupted, the heat source is removed and the system is promptly
cooled down approaching ambient conditions. However, resump-
tion of the imbibition process causes again a temperature spike
which fairly quickly follows the distribution of the normal imbibi-
tion curve. These findings demonstrate that any water movement
due to capillary action inside the paper microstructure is accompa-
nied by a significant temperature rise at the wetting front.

3.2. Influence of paper material nature

The influence of substrate material on the temperature rise was
examined using a cellulosic paper that is additionally loaded with
calcium carbonate (CaCOs) particles. Its microstructure compared
to the purely cellulosic paper is shown in Fig. 5. In both papers, cel-
lulose fibers have an average size of 12 um. However, the presence
of additive particles on Paper-B, marked with red circles, can be
identified. The CaCOs fillers influence the cellulosic material nature
by modifying the surface charge, and hence, the adsorption capac-
ity of the fibers [49]. In other words, the solid surfaces of Paper-B
are energetically more saturated compared to Paper-A. The struc-
tural difference between the two papers is further illustrated
through the XRD patterns in Fig. 6(a). The characteristic cellulose
diffraction peaks are observed for both materials at 16.5°, 22.7°
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Fig. 4. A quantitative comparison between optical and thermal images (a) validation of IR images with a surface thermocouple and their temporal correlation with the
corresponding saturation (dI/dt). (b) Washburn-like propagation of the liquid front and the thermal peak (c) maximum temperature rise as a function of imbibition height.
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Paper-A  Paper-B
Material untreated CaCOs3 loaded
Density 140g/m?  300g/m?

Porosity 0.59 0.41
Thickness 232um 300pm
Fiber size 12um 12um

Fig. 5. Scanning electron microscopy (SEM) images of the paper samples visualising their structural difference and the existence of calcium carbonate particles (fillers) on
Paper-B. Regions of CaCO5 particles are circle-marked with red. SEM images were obtained on a FEI Nova Nano SEM 450 operating at 5 kV. The table summarises geometrical
characteristics of the paper samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) X-ray Diffraction (XRD) patterns of paper samples confirm the cellulosic character of Paper-A as well as the existence of CaCO3 particles on Paper-B. XRD patterns
obtained using a Bruker D8 Advance (CuKw, 40 kV, 40 mA) (b) level of thermal peak as a function of imbibition height. Four individual experimental runs for each paper are
displayed. (c) Washburn-like imbibition curves showing the different imbibition coefficient for Paper-A and -B.

and 34.2° [50-52] while Paper-B shows additional peaks at 31°,
36°, 43°, 47.5° and 48.5° verifying the presence of CaCO3 particles
[53-55]. Note also that the available interfacial area between the
solid and the liquid is higher for Paper-B due to the similar fiber
size and the lower porosity that results in a higher fiber density.
Fig. 6(b) shows that AT, for Paper-B, using water as imbibed liq-
uid, is lower over the complete paper length since AT, is about
14K and 0.5K less compared to Paper-A at z=10mm and
40 mm, respectively. Both papers are cellulosic, but Paper-B is
additionally loaded with CaCOs particles which reduce the hydro-
gen bond opportunities of the solid. Therefore, the solid-liquid
interactions during capillary rise generate fewer hydrogen bonds
compared to Paper-A which eventually leads to lower temperature
rise despite of the larger interfacial area. In other words, Paper-A is
more hydrophilic than Paper-B. The higher affinity of Paper-A for
water is also reflected in the imbibition rates shown in Fig. 6(c);
water uptake is significantly lower for Paper-B. Both curves follow
a Washburn-like distribution with similar exponent value of about
0.5. However, the imbibition coefficient is 55% lower for Paper-B,
as a direct consequence of the different porosity which modifies
the permeability of the porous medium.

3.3. Influence of imbibed liquid

The effect of imbibed liquid is investigated on the purely cellu-
losic substrate (Paper-A). Fig. 7 shows optical and thermal images
for various liquids at t = 30 s. As expected, the Washburn-like imbi-
bition rate, z2/t ~ y,cos0/y, differs for the different liquids since
some fluids propagate faster than others. Pentane, shown in
Fig. 7(f), shows the highest imbibition speed due to its very low
surface tension (y, = 15.8 mJ/m?) that results in very high wettabil-
ity affecting dramatically imbibition dynamics [56], while water-
ethanol mixture is even slower than pure water. This is due the

AT [K]
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Fig. 7. Optical and thermal snapshots of imbibition process for various liquids and
Paper-A at t=30s.

increase of dynamic viscosity with a small addition of ethanol to
pure water [57] accompanied by a reduction of surface tension
[58].

Similar to imbibition rates, the temperature rise also differs for
various liquids. However, a direct relation to capillary dynamics
cannot be made. At a given imbibition time, acetone and chloro-
form show equal height of rise in paper. However, paper-
chloroform interactions provide a significantly higher temperature
rise. In addition, pure water shows higher thermal peak and capil-
lary rise compared to water-ethanol mixture. At the same time, lig-
uids such as ethanol and hexadecane do not provide any detectable
temperature rise. The temperature rise at the wetting front of var-
ious liquids can be explained with the acid-base interactions
between compound phases [59,60]. This theory successfully
described adsorption processes on activated carbons [61,62] and
proteins in aqueous media [63], while the donor-acceptor interac-
tions have been suggested as a strong adsorption mechanism
[64,65]. Each liquid has a different potential for acid-base
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Table 1
Surface energy components of the used substances. LW and AB correspond to the Lifshitz van der Waals (dispersive) and acid-base contribution to surface energy. % = 2,/y¥y-.
7; in mj/m? Vi il 78 Vi acia Vibase
Water 72.8 21.8 51.0 34.2 19.0
Chloroform 27.2 27.2 0.00 1.50 0.00
Ethanol 214 18.2 2.40 0.02 68.0
Pentane 15.8 15.8 0.00 0.00 0.00
Heptane 204 204 0.00 0.00 0.00
Hexadecane 275 275 0.00 0.00 0.00
Diiodomethane 50.8 50.8 0.00 0.01 0.00
Cellulose (Paper-A) 414 40.0 1.40 0.01 50.0
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Fig. 8. Average temperature rise for the complete wetting of the paper samples for
various fluids indicating also the difference in heat release between polar and
apolar liquids.

interactions according to its electron acceptor (y") and donor ()
contributions to surface energy. These values, summarised in
Table 1, were selected based on a number of literature sources
for liquids [66-70] and cellulosic materials [16-20].

In order to compare different liquids, the spatially averaged
maximum temperature rise over the complete length of paper
samples, ATg.., is considered representing actually an averaged
quantity for the complete wetting of the paper. Fig. 8 shows that
water, which is the most polar liquid, provides the highest AT,
compared to all liquids due to the strong hydrogen bonding with
the cellulosic material. Chloroform shows a AT,. of about 1 K that
could be also attributed to hydrogen bonding with the —OH groups
of cellulose. The increase of temperature for the slightly polar chlo-
roform (acidic liquid) is, however, significantly higher compared to
the more polar ethanol (basic liquid). This indicates the important
role that acid-base interactions appear to have on the released
energy, evidencing also that cellulosic fibers have a predominant
basic characteristic. That is why interactions with ethanol mole-
cules are not favoured and cellulose based adsorbent materials
have been successfully used for the dehydration of water-ethanol
mixtures [23]. For apolar liquids the solid-liquid interactions are
driven by dispersive van der Waals forces which are significantly
weaker than polar interactions. No detectable temperature rise
was therefore observed for diiodomethane while for saturated
hydrocarbons only pentane and heptane provided a measurable
AT, with a tendency of decreasing temperature rise with the size
of the molecule. This can be related to (i) the larger number of
molecular interactions for small molecules, since hexadecane is
bulkier than cellulose resulting an imperfect molecular packing,
as well as to (ii) the increased values of the adsorption equilibrium
film pressure of the evaporated liquid vapour [71], 7., that has to
be considered in Young’s equation for low surface tension liquids
that have the tendency to completely wet solid surfaces [72]. For

Fig. 9. Relation between temperature rise and solid-liquid interfacial energy.

n-alkanes, . was found to increase with decreasing molecular size
(increasing evaporation rate) and is negligible for liquids that form
a non-zero contact angle [73].

3.4. Relation to interfacial energy

We examine the possibility to describe the temperature rise as a
function of a thermodynamic property. According to Israelachvili
[74], short range forces that contribute to surface energy and adhe-
sion incorporate also “charge exchange (including acid-base interac-
tions) where the spontaneous transfer of charge from one surface to
another, dissimilar, surface generates an electrostatic attraction
between the now oppositely charged surfaces”. This reasoning sug-
gests that the more energetically similar are the two compounds
the less is their electrostatic attraction since a Lewis neutralisation
process cannot take place. The interfacial energy, y,,, between two
energetically similar surfaces is zero, and hence, y,, is used to com-
pare the temperature rise for various fluids. As an extension of
Fowkes approach [75], the interfacial energy between compounds
phases accounting also for acid-base interactions can be defined by
the van Oss-Chaudhury-Good theory of wettability as [59]:

Vi = +% —2<W%Wvéw+¢m5+\/m§> (1)

For a binary system, e.g. solid-liquid, y,, is an important thermody-
namic property since it is directly related to the free energy change
per unit area between two molecules of solid 1 immersed in liquid
2.

Fig. 9 shows that the averaged temperature rise during the com-
plete wetting of the paper samples (AT,.) is minimised as the solid
and liquid phases are energetically similar (y;, — 0). The more
compatible the materials are the lower the temperature rise at
the wetting front. Therefore, for polar liquids which are biased
towards an electron donor behaviour similar to cellulose, e.g. etha-
nol, a detectable temperature rise was not observed. On the other
hand, for liquids that are characterised by an electron acceptor
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capacity compared to cellulose, e.g. water and chloroform, a signif-
icant temperature rise was observed accompanied by negative
interfacial energies. A negative interfacial energy (which may be
the result of strong acid-base interactions) is possible at high
adsorption energies [76,77] and signifies a hydrophilic repulsion
[63,60] which is also related to hydration [78]. This means that cel-
lulose molecules have higher affinity for water than themselves
indicating also an advantageous condition for strong adherence
[73].

4. Conclusions

Despite the considerable amount of literature focused on imbi-
bition kinetics in cellulosic micro-substrates [1,26,33-42], the
thermal field during an isothermal imbibition process has been
ignored. However, here we showed that a significant heat release
takes place at the interface between the wetting and the non-
wetting phases, even if the imbibed liquid the cellulosic substrate
are initially at the same temperature. The temperature rise is enor-
mous for the given length scale reaching 3 degrees for water and a
purely cellulosic substrate of 242 pm thickness. Similar tempera-
ture spikes were observed in large scales during infiltration of
dry soils [44,45] and their presence was assigned to condensation
of liquid vapour above the wetting bulk. Instead, the temperature
rise here takes place directly at the interface of the wetting front
and it is the result of solid-liquid interactions as the liquid mole-
cules are adhered on the fiber surfaces during capillary action.
The magnitude of temperature rise was found to be mainly driven
by the energetics of imbibition compounds, and in particular, by
acid-base interactions [59,60] which appear to have a predominant
influence on the obtained heat release. Therefore, liquids that can
be characterised as Lewis acids (e.g. water and chloroform), inter-
act with the basic cellulosic fibers providing a significant tempera-
ture rise. On the other hand, the more energetically similar the
liquid and the cellulose are (e.g. ethanol), the lower is the temper-
ature rise. These findings actually demonstrate how a macroscop-
ically observed experimental quantity, e.g. thermal field, is related
to interactions on the molecular level. Apart from the great funda-
mental interest, the above findings open up new prospects for
more accurate modelling of imbibition processes since, under cer-
tain circumstances, thermodynamic equilibrium at the wetting
front cannot be assumed. Furthermore, the direct relation of tem-
perature rise to the energetics of the imbibition compounds gener-
ates some expectations for the establishment of a new method in
determining surface free energy of porous materials in addition
to the classical distance-based imbibition experiments [17,18].
Finally, given that the temperature rise can be related to a prospec-
tive liquid concentration, the present study shows also the poten-
tial of a temperature-based approach for quantitative diagnostics.
For example, using a purely cellulosic substrate, analytes which
are energetically similar to cellulose, e.g. glucose, will degrade
the obtained temperature rise according to their concentration,
while DNA, which is biased towards an electron-acceptor beha-
viour [79] will enhance it.
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