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sipative phenomena

Introduction

Solid-liquid interfaces can be used to generate and utilize
surface energy taking advantage of molecular interactions in
heterogeneous lyophobic systems. They can act as working
bodies!# to store,>-¢ release,” or transform®® mechanical en-
ergy. For instance, the thermomechanical behavior of some
hydrophobic grafted silica-gel in association with water has
been harnessed to build efficient innovative dampers.!%-!! Oth-
ers systems can work as “all-or-nothing” springs'? or can be
used as thermal machines in appropriate thermodynamic cy-
cles.’® The development of such mechanical devices is still in
progress but one can reasonably expect improvements in effi-
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ciency, compactness, self-functioning, and compliance with
environmental regulations. However, the design and the indus-
trial realization of operating devices requires further insight
into thermomechanical characteristics of these systems. In par-
ticular, in the case of a mechanical system such as a damper, to
optimize its operation in terms of time and temperature it is
essential to establish the thermal behavior during operation of
the device. Previous hypothetic, mostly theoretical, views sug-
gest an endothermic phenomenon associated with an increase
of the nonwetting interface area under isothermal conditions.
Under adiabatic isobaric conditions, this effect would cool the
system.!4 Similarly, any decrease of the nonwetting interface
area under isothermal conditions should be accompanied by an
exothermic phenomenon.

However, recent calorimetric measurements on mesoporous
hydrophobic-functionalized silica-gel-water systems suggest
that increasing and decreasing the area of the nonwetting
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interface are both accompanied by heat production under iso-
thermal conditions.!5-'® More recent theoretical considerations
and experimental studies!”'8 have demonstrated that the heat
effect measured during an increase of the nonwetting interface
area may actually vary from exothermic to endothermic, de-
pending on the nature of the system and on the compression
stage.!”

The present work is devoted to evaluation and quantification
of the exo- and endothermic effects produced in some hetero-
geneous systems during isothermal cycles of compression/
decompression. Understanding the thermal behavior of such
systems should contribute to a better understanding of the
repulsive forces between a hydrophobic porous structure and a
nonwetting liquid and therefore allow the design of effective
operating devices.

Principles

In what follows energy added to the system is positive,
whereas energy produced by the system is negative. Typically,
the systems are composed of a porous solid, actually a powder
that can develop a high inner specific surface, and of a liquid
that is nonwetting, that is, that does not invade the porous
volume of the solid at ambient pressure. Such an association
exhibits a novel mechanical and thermal behavior.? Consisting
of two condensed components, the system is very weakly
compressible, and a change in volume is always associated
with a large increase of pressure. However, at the pressure of
intrusion (P;,,), the liquid begins to penetrate the pores volume
of the solid phase. P, is given by the Laplace—Washburn
equation

int

20 cos 6,
Py= = (1)

If the repulsion of the two phases is great enough, the liquid
phase will be expelled at a pressure P,,,, given by the follow-
ing equation

20 cos 6,

exp == f (2)

In Equations 1 and 2 the residual pressure in pores is neglected
compared to P, and P,,,.''0, and 0 are the dynamic contact
angles (A for advancing, R for receding) for intrusion and
expulsion, respectively. The minus sign in both equations
comes from the value of the contact angle, which is >90° for
lyophobic surfaces, the corresponding cosine being negative. o
is the superficial tension of the liquid and r is the pore radius.

For a narrow pore-size distribution, the intrusion takes place
over a narrow pressure range in which the system becomes
highly compressible. Upon completion of intrusion the system
returns to a state of low compressibility. Decompression of the
system may show a spontaneous expulsion of the liquid from
the pores over a narrow range of pressure of expulsion. The
difference between the intrusion and expulsion pressures is
characteristic of a hysteresis phenomenon, which can be ex-
pressed as

H = (Pim - Pexp)/Pim (3)
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Systems that transform reversibly (H = 0) to completely irre-
versibly (H = 1), when no expulsion occurs, can be obtained.

The variation of internal energy dU during compression and
decompression can be divided into two parts (Eq. 4): the
variation arising from the volume change (superscript V) of the
bulk liquid and solid (taken separately and neglecting the
heterogeneous interface) and the variation of the interface area
(superscript ()) resulting from the change (increase or de-
crease) of the area of surface contact () between the liquid and
solid phases. The last term appears only during intrusion and
expulsion

dU = dU" + dU*? 4)

The dUY term can be expressed through the first principle of
thermodynamics as the sum of work W and heat Q:

dU¥ = sW' + 80" (5)

For isothermal conditions, the compressibility and the appro-
priate Maxwell relation, in the case of a homogeneous phase,
can be expressed as

dV = —Vi,dP (6)
dS = —apdP 7

In a heterogeneous system made of a liquid L and a porous
solid M, when the liquid is outside of the porous solid, the
changes in W and Q, for an isothermal, reversible change in
pressure, can be expressed as

SWY = —PdV" = P(Vik + V'if)dP 8)

80" = TdS¥ = —T(Vtak + VMa)dp 9)

where k; and ap are the isothermal compressibility and iso-
baric expansivity respectively for the liquid (superscript L) and
the solid (superscript M). Thus, in principle, an isothermal
compression will produce heat, whereas an isothermal decom-
pression will absorb heat. It is not certain that Eqs. 6 and 7
remain valid if the liquid is inside the porous volume. The
physical properties of the solid may change between the be-
ginning of the intrusion (stress is applied only externally on the
porous structure) and after completion of the intrusion (stress is
applied both on internal and external solid surfaces). The
physical properties of the liquid in the confined state may also
change. After completion of the intrusion, corrected thermo-
dynamic coefficients should be used in Eqs. 8 and 9, although
such correction will not be considered in what follows.

The contribution to the change in internal energy from the
change in the surface area of contact can be expressed as

dU® = sw + 80% (10)

Work exchanged during intrusion and expulsion can be written
for a two- (2D) or a three-dimensional (3D) process, respec-
tively, as
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Wﬁl = f Pintdvim/ or Wfr)n = _J 0 COSs BAinnu

an

and

Wg.p = f P, dV,, or ng = —f o cos 0xd<),,,

12)
where V;,, is the porous volume of the matrix occupied by the
liquid (dV,,, is positive for intrusion and negative for expul-
sion) and (),,, is the specific surface of the solid-liquid inter-
face (d(},,,, reduced to d() in what follows, positive for intru-
sion and negative for expulsion). During intrusion a certain
amount of energy from work is stored in the system. The larger
the pressure of intrusion or the porous volume, the larger the
stored energy. During expulsion a certain amount of energy is
released, always smaller than the amount of work previously
done on the system (90° < 6, < 6,).

Previous theoretical studies on isothermal intrusion and ex-
pulsion of a nonwetting liquid into or from a porous matrix
have dealt solely with the case of a reversible process.!* In that
case, one can assume the existence of a static contact angle and
define the reversible work during an interfacial surface varia-
tion d() as

SWE, = —a cos Os,dQ) (13)

Concerning the entropy variation, without any assumption and
for isothermal conditions, one can obtain

d(o cos 0y,
(o S)dQ

Q _
dS,., = ar (14)
and thus for the heat exchanged,
O do deSt .
00, = a7 €08 0, — o Sin 0, |dQ) (15)

Both the surface tension and the static contact angle can be
temperature dependent and the second term of Eq. 15 is not a
priori negligible compared to the first term.'? Investigation of
the temperature dependency of the contact angle is still in
progress; however, when the contact angle is much larger than
90° it appears to be temperature independent. A very weak
decrease of the contact angle is observed over a large temper-
ature range. Given that do/dT has a minus sign for practically
all liquids, both terms of Eq. 15 have the same sign and
contribute to the heat effect in the same way. Taking the sine
of the contact angle reduces the influence of the second term on
the value of 8Q% , and as a first assumption, Eq. 15 can be
rewritten as

O dj
60,., =T a7 08 0,dQ) (16)
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Equations 13-16 are valid during reversible intrusion and
expulsion in an isothermal transformation. Equation 16 postu-
lates that intrusion, which increases the surface of contact
between the solid and the liquid d€) > 0, causes an endother-
mic effect (BQS”, > 0), whereas expulsion (d{) < 0) causes an
exothermic effect (802, < 0) of equal absolute value. As a
matter of fact, intrusion generates two energetic storages,'*
mechanical and thermal, that have identical absolute values
(qualitatively and quantitatively) to those generated during
expulsion.

In an irreversible process at constant 7 the irreversibilities
degrade work into heat and thus create entropy in the surround-
ings. The work and heat resulting from the change in the
surface contact can be divided into two terms

SW = W2 + 8W,, (17)

rev

SQQ = ‘SQ&, + 8Qirr (18)
where the entropy created &S, comes as

BW[I‘/ = _8Qirr = TSS(‘ (19)

rev and 8Q;¢, do
not depend on the direction (intrusion or expulsion), the values
of 8W,,, and 8Q,;,, may differ between intrusion and expulsion
because the two modes may be different, that is, a forced
intrusion and a spontaneous expulsion (8W,,, ;,, # 8W,,, ., and
80, it # 0Qiep)- The above equations apply differently
between the intrusion and the expulsion processes because part
of the work done on the system during intrusion is degraded
into heat and part of the heat produced during expulsion arises
from the degradation of mechanical energy.

During intrusion and expulsion we have a twofold heat
effect.'® First, there is an endothermic effect during intrusion
that becomes exothermic during expulsion. This effect is di-
rectly proportional to the area of the interface. Second, there is
an exothermic effect during the intrusion that is also exother-
mic during expulsion. This effect results from the irreversibili-
ties induced by the dynamics of the liquid flow. During intru-
sion, depending on the relative magnitudes of these two
thermal effects, the heat observed can be either endo- or
exothermic. During expulsion, with both the reversible de-
crease of the interface and any irreversibilities being exother-
mic, the integral heat will be exothermic.

Evidently, even if the absolute values of SW

Investigated Systems

Three systems have been investigated at 303 K, all consist-
ing of a porous matrix powder plus water enclosed in a polymer
membrane. Matrices were selected to have specific character-
istics when in contact with water. The first matrix, EVA, was
a mesoporous silica gel with organosilanes bearing 8-carbon
linear alkyl chains grafted onto the surface, synthesized at the
Polytechnic Institute in Kiev.2%-2! Specific surface area was
obtained from the nitrogen adsorption/desorbtion isotherms
using the BET (Brunauer—-Emmett-—Teller) method and the
porous volume distribution by the BJH (Barrett—Joyner—
Halenda) method with the Harkins—Jura equation on desorption
branch.22 The two other matrices, MFI-OH and MFI-F, were
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Table 1. Characteristics of the Samples and Energetic Properties of the Systems during Isothermal
Compression/Decompression Cycles at 303 K*

System Name

Characteristic Property EVA + Water MFI-OH + Water MFI-F + Water
Characteristics of matrices Porosity, ¢ (cm¥/g) 0.51 0.12 0.14
Pore radius, r,,,,, (nm) 4.0 0.3 0.3
Specific surface area, () (m?%/g) 221 310 400
Characteristics of samples Powder mass (g) 0.555 0.684 1.032
Water mass (g) 0.928 1.961 1.806
Mechanical properties Vo (cm’/g) 0.43 0.11 0.12
Vind ® 86% 92% 88%
P, (MPa) 21 80 88
P,., (MPa) 3 76 83
Wi, (/g) 92 %03 5.6 £0.6 93 +0.8
W?Xp J/g) -1.1£03 —55*06 —84*08
DW g rad 88% 2% 10%
Interfacial heat effect 02 (g —6.5*+02 57%*0.2 7.5*02
oy (/2) -12+02 -50+02 -73+02
Interfacial energetic balance Received energy (J/g) 9.2+0.3 11.3 £0.5 16.8 £ 0.6
Delivered energy (J/g) —88x02 —10.5 %05 —157*£0.6

ES
Vino

is the invaded volume; W,,,,, is the fraction of the degraded work.

silicalites, synthesized by the J. Patarin and M. Soulard team at
the University of Mulhouse (France). These silicalites are nat-
urally hydrophobic?324 and totally microporous, with a struc-
ture made of tubes of practically uniform section.?> The dif-
ference between the two matrices comes from their mode of
synthesis: a reaction medium containing either OH™ or F~
ions, respectively. Properties and characteristics of the systems
are reported in Table 1.

Experimental Studies

All the sample preparations and calorimetric experiments
were done at the Laboratoire de Thermodynamique des Solu-
tions et des Polymeres, Blaise-Pascal University, Clermont-
Ferrand (France).

Materials

Investigation of the heterogeneous systems requires they
be placed in small sealed bags that can transmit pressure
effects. Small bags made of a thin double-polymer layer

(polyethylene/polyamide) membrane were constructed and
sealed with an impulse sealer. The geometry (tubelike) of
the bag was designed to fit into the measuring cell of the
pressure—volume—temperature (PVT) calorimeter described
hereafter. Both the porous matrix and the liquid must be
carefully degassed before coming in contact. For this pur-
pose the special setup shown in Figure la was designed.!®
The liquid degassing is done outside the bag by successive
solidification/melting cycles with vacuum degassing being
done on the frozen solid. A weighed amount of porous
material is then introduced into the plastic bag. A tight
clamp is used to avoid the powder from being vacuumed up
and divides the plastic bag into two compartments. The
porous material is roughly degassed under 10~% mbar for
12 h. The degassed liquid is admitted in and forced by a
syringe to fill the upper compartment of the bag. After
sealing the bag, the separating clamp is removed to allow the
solid powder and liquid to come in contact. This manipula-
tion ensures that there is no air in the bag.

non wetting b)
liquid

syringe

flexible clamp
capsule
porous
powder

thermo sealing

VAWV B

Y

L Thermostat 1
- ——— Themmoplles

Investigated sample
Hydraulic fluid

| ——— High-pressure tubing
- - —Heat exchanger
Reducer

S ——— —|—— Pressure gauge

_g_
r-i

|-

F
L%,

I High pressure pump

Figure 1. (a) The setup used for degassing and encapsulating the heterogeneous sample; (b) the experimental setup
for determining the PV diagram and associated heat effects.
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Figure 2. Isothermal (303 K) PV diagram during a cycle for (a) EVA + water ; (b) MFI-OH + water; (c) MFI-F + water.

Arrows show the direction of the two curves (compression for the top, decompression for the bottom).

Equipment and procedure

A Setaram C-80 calorimeter, equipped with specially de-
signed high-pressure cells and connected to a high-pressure
pump through a hydraulic line, was used for the calorimetric
measurements. The experimental technique used in the present
work is also known as scanning transitiometry.?%2” The appa-
ratus was designed by S. L. Randzio of the Institute of Physical
Chemistry of the Academy of Science in Warsaw, Poland. The
PVT calorimeter (depicted in Figure 1b) can be operated in
different modes. In the present work it was used in the isother-
mal mode while scanning either pressure or volume. A step-
ping motor drives the hydraulic pump. By means of a pressure
gauge connected to the hydraulic line and of a stepper motor
counter, both pressure and volume can be monitored and pro-
grammed during scans of one of the two variables (the changes
of the dependent variable being recorded). Pressure up to 400
MPa are possible. The calorimeter records the differential heat
flow between the measuring cell and the reference cell with a
1 wW detection limit. The volume in the measuring cell was
linearly scanned at constant temperature, whereas the pressure
change was recorded together with the differential heat flow.
Typically, the scanning rate was 10~* cm?/s; this slow speed
was necessary to ensure thermal equilibrium and minimize
thermal gradients during the process.

The bag containing the heterogeneous two-phase system is
placed in the measuring cell, which is then filled with the
hydraulic fluid (mercury) and tightly closed with a special cap.
The calorimeter was then lowered over the cells. The close fit
of the cells provides good thermal contact between the cells
and the thermopiles of the calorimeter. Several cycles of com-
pression followed by decompression were completed at 303 K
on each sample. The observed compressibility of the whole
system, hydraulic fluid + sample, was corrected by subtracting
the hydraulic fluid compressibility measured in blank tests. The
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measured heat rate was corrected for the heat effects produced
by compression/decompression of the hydraulic fluid and the
bag through appropriate blank tests.'$

Results
Isothermal PV diagrams

Figure 2 shows the PV diagrams for the three samples. In all
three systems the same characteristic pattern is observed. In
both compression (top curve) and decompression (bottom
curve), practically vertical parallel straight lines, corresponding
to the regions of elastic compression of the sample (porous
solid + liquid) and two plateaus corresponding to the regions
of intrusion and expulsion, respectively, which take place at
roughly constant pressures, are observed. The three systems
show quite different quantitative mechanical behaviors, how-
ever (see Table 1). For the EVA + water system, where matrix
pore diameters are larger, intrusion and expulsion take place at
relatively low pressures, about 22 MPa, and concomitantly the
hysteresis is marked (the decompression curve is noticeably
shifted vertically from the compression curve). On the con-
trary, but in agreement with Eq. 1, the MFI + water systems,
which have smaller pores, show intrusion and expulsion at
higher pressure (about 80-88 MPa) and concomitantly a
smaller hysteresis and thus a quasi-reversible character. The
difference of intrusion pressures between the two MFI-water
systems was previously observed and described.'> The pres-
ence of fluoride instead of hydroxide anions during the syn-
thesis of MFI-F leads to a porous medium with fewer lattice
defects and, consequently, with fewer hydrophilic silanol
groups. MFI-F is thus more hydrophobic than MFI-OH. A
more hydrophobic material requires higher water intrusion
pressures (higher contact angle in Eq. 1), as observed for the
MFI-F + water system.

AIChE Journal
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Figure 3. Heat flow ® vs. pressure during a cycle at 303 K for (a) the EVA + water system, (b) the MFI-OH + water

system, (c) the MFI-F + water system.

The sign of ®,, is taken to show exothermic effects upward and endothermic effects downward.

As can be seen Table 1, the porous volume invaded by water
during compression is generally close to 90% of the porous
volume determined by nitrogen absorption, consistent with
what is observed in mercury porosimetry. However, the latter
technique is not applicable to MFI because of the narrow pores
and to the very high pressures necessary for intrusion. Instead,
water porosimetry?® is more applicable because intrusion pres-
sures are about seven times lower. Table 1 lists the mean values
of intrusion and expulsion pressures, that is, the pressures at
which the porous volume is filled and drained, respectively, to
a maximum.

Table 1 also gives the amount of work produced during
intrusion (W,,,) and during expulsion (W,,,). The work de-
graded during a cycle is given by the (algebraic) sum of these
two terms (see Table 1). As expected, this degradation is much
larger in the case of the EVA + water systems. Such differ-
ences in the mechanical behavior should appear on the thermal
behavior as examined below.

Heat effects

The thermograms obtained at 303 K during the first cycle of
compression/decompression are shown in Figure 3 for the three
systems investigated. The amount of heat generated by each
pressure step dQ/dP, ®, is shown. The sign of ®, is taken
arbitrarily positive for exothermic effects and negative for
endothermic effects. For each recorded trace, a peak of ®, near
P,,, during compression and near P,,,, during decompression is
observed. The base line reflects the heat effects produced by
elastic compression or decompression of the bulk liquid and
solid. Its value is given by Eq. 9. The baselines for the three
samples are approximately the same before and after intrusion
or expulsion. As expected, the thermal properties of the solid
and the confined liquid after the intrusion or before the expul-
sion and those of the interface influence the global thermal
properties of the system. For the two MFI + water systems, ®,
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is essentially symmetrical on the abscissa, which denotes a
high reversibility. The hysteresis shown by the EVA + water
system in PV coordinates is corroborated by the heat-effect
hysteresis observed in Figure 3a. The broadening of the heat
effect during intrusion is explained by the larger pore-size
distribution of the EVA matrix. Figure 4 shows for each sample
during a compression, the compressibility &€ (¢ = dV/dP) and
the thermal flux @,. There is excellent agreement between the
mechanical effects, particularly the & peaks, and the thermal @,
peaks. For MFI-water systems the curves show peaks of the
Dirac function type for both ®, and e resulting from the
monodispersity of the porous structure.

The main difference between the three systems appears in
the heat effect of intrusion. Although intrusion of water into the
EVA matrix is exothermic, intrusion of water into MFI matri-
ces is endothermic. The first behavior is now well known!'>-16
and, to our knowledge, the second has never previously been
described. Equation 18 shows that there is a larger degradation
of energy in the EVA system than that in the MFI systems
during intrusion.

With respect to the expulsion of water from the three porous
solids, the heat effects are exothermic in all cases, which may
oppose or even invert the cooling effect of decompression
under nonisothermal conditions.

Discussion
Evidence and origin of irreversibilities

After a cycle composed of a compression followed by a
decompression, the three systems investigated here return to
the same point on the PV diagram. If they are supposed to be
purely thermomechanical systems, the total amount of work
dissipated during the cycle should be equal to the total amount
of heat generated:

Wint + Wexp + Qint + Qexp = 0 (20)
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Figure 4. Comparison between the heat flow ®, and the compressibility £ as a function of pressure during compres-
sion at 303 K for (a) the EVA + water system, (b) the MFI-OH + water system, (c) the MFI-F + water system.

Consequences of the intrusion are distinguishable in both the mechanical and thermal traces.

In another words, by separately considering positive and
negative energies—thermal and mechanical—the total amount
of energy received by the system must be equal to the total
amount of energy delivered during a cycle. In particular, the
energetic balance arising from interfacial variations is well
satisfied, taking into account the experimental uncertainties for
the three systems despite their different characteristics and
behaviors, as shown in Table 1.

Concerning the EVA + water system, assuming that the
contact angle does not change during intrusion and that the
thermomechanical balance was perfectly achieved (the abso-
lute value of W + Q% should be the same for intrusion and
expulsion), a theoretical static contact angle 6,,, corresponding
to a reversible process, can be estimated with the following
equation

_ (WQ + Qﬂ)im

do Q
O'_Tdf,.[‘

cos O, = (21)

Using the surface tension of water 02° and the sum of work
and heat exchanged during intrusion (W + Q%),,,, 6, can be
compared to the values of the dynamic contact angles 6, and 6,
computed with the Laplace—Washburn equation (Table 2). The
static angle computed for the EVA + water system is quite
different from 6, but very close to 0, meaning that intrusion is
more irreversible and therefore more exothermic than expul-
sion. To mechanically initiate intrusion requires more work

than initiating expulsion, confirming the fact that intrusion is
less spontaneous.

The use of Egs. 13-16 for MFI + water systems may be
questioned, considering the confinement of the liquid in mi-
croporous materials with pore size close to the size of the water
molecules. At this scale, contact angles have no physical mean-
ing. Moreover, it is likely in these conditions that the surface
tension of water is altered®® and the Laplace-Washburn equa-
tion may not be valid for calculating contact angles or pressures
of intrusion and expulsion.?*

Quantitatively, irreversibilities can be estimated for the EVA
+ water system with Eqs. 17 and 18, the experimentally
measured energies, and the computed energies in the theoret-
ical reversible case. In addition, during intrusion and expulsion
Eq. 19 can be written

Qirr,inr = _mrr,im and Qirr,exp = - Wirr,exp (22)

During intrusion, the results listed in Table 2 for EVA +
water system show that the heat generated by irreversibilities
counterbalances the endothermic effect expected upon intru-
sion. Moreover, the irreversibilities would eventually yield a
noticeable global exothermic effect. During expulsion, irre-
versibilities are smaller and the process is close to equilibrium.

Concerning the MFI + water systems, the mechanical re-
sults show that irreversibilities must be very small during
intrusion as well as during expulsion. However, it remains hard
to estimate the irreversibilities effects because, at this pore

Table 2. Reversible and Irreversible Work and Heat Effects Generated during Instrusion and
Expulsion in EVA + Water at 303 K

Or Oy, 04 Wi, Ulg) rew U/2) Wirr ine U/2) Qirrint J/2) Wirrexp U/2) Qirrexp J/2)
95° 95.8° 128° 1.58 1.08 7.6 =15 0.5 —0.1
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(a) Representation of pressures, the intrusion pressure P,

int>

and the static pressure Pg,, of a liquid flowing in a chamber via a tiny channel; (b)

PV diagram for a high-speed compression and decompression cycle in the case of a heterogeneous system (from an oscilloscope screenshot).

diameter, Eq. 16 cannot apply quantitatively. In this case,
because of low irreversibilities, the intrusion process is logi-
cally endothermic and the expulsion process is exothermic
within the same order of magnitude (Table 1). Still, irrevers-
ibility cannot be nonexistent during both intrusion and expul-
sion, and probably explains the small differences in the heat
effects measured during intrusion and expulsion for these two
systems.

Irreversibilities are responsible for the hysteresis observed
on the PV isotherms because the process degrades mechanical
energy into heat. The source is still unknown but the extent of
degradation can depend a priori on the history of the state of the
surface (hysteresis in the contact angle), on its topology, or on
the pore geometry (tortuosity, connectivity).3! Irreversible vis-
cous dissipation can take place in the bulk liquid when it
penetrates or leaves the porous material. However, for a non-
wetting flow, the liquid should slip largely over the solid
surface.3233 Consequently, the velocity profile might be sub-
stantially uniform across the flow and the heat generated by
viscous flow should be small. The fact that the expulsion
process is close to equilibrium supports this argument. More-
over, there are some systems, such as MFI + water, that exhibit
very small irreversibilities during intrusion. Viscous dissipa-
tion of the liquid flowing into the porous material, at least for
these quasi-reversible systems, must be energetically small.

Another source of irreversibility is undoubtedly the struc-
tural conformation of the porous surface (superficial rough-
ness** and fractal dimension of the surface) or the chemical
heterogeneity (grafting and surface faults3>). Such surface char-
acteristics induce relaxation effects between the liquid and the
solid resulting from a variation of the contact angle changing
from 0, to 6, during intrusion and from g, to 6; during
expulsion. The surface of the EVA matrix, consisting of an
agglomeration of particles and grafted with long mobile chains,
is particularly complex and modeling, to simulate the liquid
flow on this surface, would be quite difficult.

Other factors that contribute to irreversibility could be the
rate of intrusion and the consequent kinetic energy. Penetration
of water into the porous medium may happen at high speed or

AIChE Journal

by steps (in jerks). The change in the kinetic energy E. of a
water cluster of mass ém,,,,, upon acceleration can be ex-
pressed as

amwalprvz
BEc=B 5" (23)

where v is the velocity of the water cluster and 8 is a factor
representing the type of liquid flow through the pore. In the
present systems where the speed profile is quite constant (plug
flow) B is close to 1. The kinetic energy is degraded into heat
when the cluster of liquid returns to its resting state; this is an
additional type of viscous dissipation. In the case of quasi-
static intrusion, the liquid flow could have a high speed but
could take place in successive steps. The complex porous
architecture of the EVA matrix is the one that dissipates more
energy. It is made of convex chambers connected by canals of
smaller sizes. Filling a chamber necessitates excess pressure to
push the liquid through these restrictions; the liquid arrives in
the chamber with a certain velocity followed by a sudden
deceleration when it reaches the next restriction. Upon expul-
sion, the liquid flows out naturally and continuously because
the entire porous network has been invaded and the pressure is
close to the static pressure (Pg, in Figure 5a). To quantify this
effect we hypothesize that the entire irreversibility expressed as
heat (for the EVA + water system) comes from this jerky flow.
An estimation of the actual velocity of the liquid in the porous
medium during intrusion is given by the following equation

2 irr,ini i
v~ <|pQV,’ ’|> (24)
int

The estimated value exceeds 100 m/s, which is an extremely
high value at the microscopic scale; for a porosity of micron
size the characteristic time of penetration would be of the order
of a nanosecond; thus, this effect cannot solely explain the
dissipation. Both volume and surface considerations, taken
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together or separately, must be used to explain the energetic
dissipation. A systematic study of sufficiently different dissi-
pating systems would be useful to better understand such
behavior.

A complementary test on a porous sodium borosilicate
glass3¢ associated with mercury was made at high speed of
compression/decompression at the Kiev Polytechnic Institute,
Ukraine. Figure 5b presents a cycle on PV coordinates realized
in a few hundredths of a second. The points are 5 ms apart,
allowing visualization of the speed of intrusion and expulsion,
about 30 ms for intrusion and less for expulsion. The result is
not of the same order of magnitude as calculated with Eq. 24,
but is very small. The velocity of the liquid into pores does not
need to be high to permit a very quick operation. Intrusion and
expulsion are concerted phenomena among all the pore entries.
Only a few millimeters/second for the liquid velocity into the
pore is necessary to explain the very small penetration time
observed. The more divided the powder, the faster the macro-
scopic volume variation can be.

Impact of the thermomechanical behavior upon the
operation of working lyophobic heterogeneous systems

Data on water indicate a quasi-linear decrease of the surface
tension with temperature, expressed with the classical expres-
sion?’

T n
o= 0'0<1 — T7> (25)

cr,

For a reversible system the ratio between work and heat ex-
changed, during intrusion as well as expulsion, can be calcu-
lated with Egs. 13 and 16

we o
""" o 26)
dT

By combining Eqgs. 25 and 26, an expression for the exponent
n may be obtained, as follows

n=-—rag- 27)

For intrusion in the case of the MFI + water systems, which is
close to equilibrium (that is, reversible) n values of 0.93 and
1.13 are found for MFI-F + water and MFI-OH + water,
respectively. This completely indirect way of estimating the
exponent n confirms the quasi-linear dependency of the water
surface tension on temperature around 303 K. Thus, Eq. 27 can
be simplified in the case of reversible systems involving water
to

-1 (28)
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Figure 6. Comparison of the different heat effects (aris-
ing from interface formation) measured or ex-
pected during intrusion.

1: perfectly reversible (infeasible); 2: like MFI-OH + water;
3: athermic; 4: like EVA + water; 5: completely irreversible.

Now, as has been shown, intrusions can be either exothermic
or endothermic, depending on the extent of the hysteresis
phenomenon as shown by the PV diagrams. As a consequence
of the two opposite heat effects—one endothermic and linked
to the formation of the interface; the other exothermic, result-
ing from irreversibility—it is possible for a system to exhibit an
athermal intrusion, as illustrated on Figure 6. In this figure @,
is an ideal corrected value that represents the heat flow per each
pressure step generated by the interface formation during in-
trusion. To compare the peaks, they were artificially shifted to
coincide. @, can vary from endothermic to exothermic, de-
pending on the heterogeneous combination and the irrevers-
ibility of the intrusion. For an athermal intrusion, the necessary
heat arises solely from the heat produced by the irreversible
phenomena and intrusion is then thermally self-generated.
Very often, the exchange of heat between the nonwetting liquid
and the solid surface is not easily facilitated because of large
thermal resistance, named Kapitza resistance,® which can con-
stitute a limiting factor for the dynamic intrusion. Then, the
advantage of an athermal system is the capacity to respond
more rapidly to an interface variation, given that it is in
metastable thermal equilibrium. The athermal condition is

ng + Qirr,im‘ = O (29)

Using Eqgs. 3, 13, 16, 22, and 26, and assuming that expulsion
is close to equilibrium (P,,, =~ Pg,), one can obtain

exp

H=—"— (30)
I_TdO'
dT

For systems using water as the nonwetting liquid at 303 K the
athermal behavior corresponds to H values close to 0.4,
whereas for systems using mercury as the nonwetting liquid
athermal behavior corresponds to H values close to 0.1. Be-
cause the temperature of investigation is far below the mercury
critical temperature, relatively less heat is needed for mercury
to develop its surface unit, and even small irreversibilities
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Figure 7. PV diagram showing the variation of pressure P, the global heat effect —Q, and of its derivative ®,, vs.
volume during the compression of EVA + water system at 303 K.

occurring during intrusion easily counterbalance the endother-
mic effect. This speculated athermal behavior must be con-
firmed experimentally, but would be an evidence of the coex-
istence of two antagonist heat effects on intrusion.

To return to the operating mechanical systems, let us con-
sider a simple damper, made of a piston, which contains a
heterogeneous lyophobic system such as EVA + water. This
system, thanks to its mechanical behavior, can dissipate almost
90% of the work done during a cycle of compression and
decompression. For this kind of device, the key variable is not
pressure, but the volume of the system delimited by the posi-
tion of the plunger in the piston pump. In this case, the thermal
behavior must be observed as a function of volume. In Figure
7, the pressure, the heat flow per volume increment ®,, (d,, =
dQ/dV), and the cumulative heat —Q generated during com-
pression are plotted as a function of the system volume. The ®,,
and —Q curves show that, even if intrusion for this combina-
tion is accompanied by an exothermal effect, the effect slows
down during intrusion. This relative slowing of the heating is
caused by the decrease of the elastic heating of the solid—liquid
system (8Q" in Eq. 5). The elastic heat decrease is induced by
the very fast increase in the system compressibility during
intrusion, and interface development generates most of the
heat. This slowing of the heat generated in the case of the EVA
+ water system has a positive consequence for operation of
this kind of mechanical device because the rise of temperature
will be small.

The athermal compression discussed above depends only on
interface properties; the bulk volume contribution Q" was not
considered. In a mechanical device, it must be taken into
account and, to achieve global athermal behavior of the device,
interfacial development must show a sufficient endothermal
effect to balance the heat generated by compression of the bulk
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components. Coiffard'® and Eroshenko!” discussed this possi-
ble passage from an interfacial endothermic regime to an
interfacial exothermic one through an athermal zone. Figure 8,
in which are plotted both the integral heat —Q and the integral
work W stored during compression of the MFI-F + water
system, outlines this. A mechanical energy storage (W in-
creases) accompanied with an endothermal effect (—Q de-
creases) occurs with intrusion at about 90 MPa. This endother-
mal effect tends to balance the naturally exothermal effect
arising from compression of the system and an overall athermal
zone can be defined from the —Q curve between 50 and 115
MPa. This zone represents the pressure domain for which an
athermal mechanical energy storage is possible. For instance, if
a piston closes a space filled with MFI-F + water, which is
nearly a reversible system, and force is applied so as to make
the inner pressure vary between 65 and 100 MPa (see the
horizontal line on the —Q curve in Figure 8), then one obtains
a working body acting like an athermal “all-or-nothing” spring.

Conclusion

Heterogeneous lyophobic systems made of a porous, solid
matrix suspended in a nonwetting liquid can be used as me-
chanical devices to store, dissipate, or transform mechanical
energy. By a microcalorimetric study of their behavior during
isothermal compression/decompression cycles it was shown
that such devices are globally thermomechanical systems. The
thermal response to an external compression occurs in a zigzag
manner: heat production resulting from compression of the
whole system, absorption of heat during intrusion (which can
be partially counterbalanced by exothermic irreversible phe-
nomena), and finally another exothermic effect (after comple-
tion of the invasion of the porous volume). The thermal evo-
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Figure 8. Thermal (—Q) and mechanical (W) energies vs. pressure during the compression of the MFI-F + water

system at 303 K.

The athermal zone represents the zone wherein an athermal compression (horizontal line on the —Q curve) is possible taking two limiting
working pressures in the range 50—85 MPa for the bottom one and in the range 90—115 MPa for the top one.

lution during spontaneous decompression always takes place in
a zigzag manner: two ascending branches of heat absorption
arising from expansion of the bulk liquid and solid either
invaded or not and, in between, a descending branch attributed
to the always exothermal expulsion.

A thorough investigation of the thermomechanical behavior
of heterogeneous systems of different geometries, topologies,
and porous surfaces provides better understanding of and quan-
tifies possible irreversibilities occurring during intrusion and
expulsion. Small-size pores together with narrow size distribu-
tion and simple topology, as in the case of microporous natu-
rally hydrophobic MFI silicalites, ensure a continuous forma-
tion of the solid-liquid interface during intrusion. At constant
pressure a quasi-reversible storage of work and heat is ob-
served. On the contrary, larger-size pores and connecting ca-
nals as well as complex topology and porous surface, as in the
case of functionalized silica gels (grafted with organic chain
molecules), impose a jerky intrusion. This intrusion is marked
by a nonreversible formation of the solid-liquid interface.
Consequently, under isothermal conditions an induced exother-
mic effect may counterbalance, more or less completely, the
endothermic creation of the interface. In the case of the EVA +
water system studied here, the overall effect is exothermic.

Between the reversible endothermic intrusion regime and the
irreversible exothermic regime, an athermal regime theoreti-
cally exists for which all the mechanical energy is entirely
degraded and used in situ to form the solid-liquid interface. As
a matter of fact, a thermally self-regulated regime of intrusion
may be possible. Considering the problems of controlling tem-
perature in such systems, often confined in closed spaces, this
kind of athermal working system is of greatest interest, partic-
ularly for applications necessitating high-frequency cycles. An-
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other interesting conclusion is evidently the possible use of
such systems to dissipate mechanical energy without notable
heat generation.

Finally, it should be understood that the present thermome-
chanical investigation did not take into consideration other
possible sources of energy transformation (radiation, sound,
electricity, etc.), which could influence the overall energy bal-
ance. So far, we believe that their contribution is marginal
within the present experimental uncertainties. However, the
electromagnetic compatibility of operational systems based on
variations of a repulsive solid-liquid interface would be worth
future investigation.
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Notation
E. = Kinetic energy, J
Endo. = endothermic direction
Exo. = exothermic direction
H = hysteresis coefficient
m = mass, kg
n = coefficient of linearity
P = pressure, MPa
Q = thermal energy, thermal energy per gram of solid, J, J/g
r = pore radius, m
S = entropy, J/K
S. = entropy production, J/K
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= temperature, K

= critical temperature, K

internal energy, internal energy per gram of solid, J, J/g
= speed of liquid clusters

= volume, volume per gram of solid, m*, cm?/g

= work, work per gram of solid, J, J/g

S<-aily
Il

Greek letters

ap = isobaric thermal expansivity, 1/K
B = kinetic energy coefficient
& = volume variation per pressure variation, cm*/MPa
@, = heat flow per pressure variation and gram of solid, J/MPa.g
®,, = heat flow per volume variation, J/cm?
¢ = porosity, cm®/g
kr = isothermal compressibility, 1/MPa
0, = advancing contact angle, °
0r = receding contact angle, °
0s, = static contact angle, °

p = density, kg/m?
surface tension of the liquid, N/m
o, = surface tension of the liquid at 0 K, N/m

Q = specific surface, surface of developed interface, m*/g

Subscripts

exp = expulsion of the liquid from the invaded porosity

int = intrusion of the liquid into the empty open porosity

irr = irreversibility of the transformation

inv = penetration of the liquid into the matrix

rev = reversible transformation
Superscripts

L = bulk liquid

M = solid skeleton (matrix)

V = bulk volume (liquid + matrix) without interface
Q) = solid-liquid interface
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