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Abstract

The interaction of a powder with vapours or their wettability by liquids are involved in many indus-
trial processes and then needs to be studied by simple and reproducible methods. Two microcalori-
metric methods, one for the simultaneous measurement of adsorption isotherm and enthalpy and the
other for the determination of wetting or immersion energy, are described. A few examples are given
for the adsorption and wetting of powders by water and organic vapours.
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microcalorimetric methods, wetting

Introduction

In many industrial processes, the use of powders or porous solids is a determining
step. This leads to wettability, dispersability, or storage problems, which are directly
linked to the divided state of the solid. The characterisation of divided solids is then
of first importance both at the textural and chemical point of view. The textural prop-
erties include the morphology of particles, their surface area and the pore size distri-
bution. The surface chemistry must be considered from the chemical nature of sur-
face functions (which can be assessed by spectroscopic methods) but also from their
surface density and accessibility which influence directly the surface wettability. It
may then be interesting to define global parameters, like surface energy, whose value
is supposed to allow the prediction of the solid wettability. Experimental methods
based on adsorption or wetting are then useful both for the characterisation of divided
solids and the direct study of industrial processes.

Two simple experiments are proposed here for studying the interaction of va-
pours or liquids with solids. The first one was developed to determine both the ad-
sorption isotherm and the adsorption enthalpy of condensable vapours onto solids. In
that aim, a new volumetric apparatus and an isothermal microcalorimeter were cou-
pled. The second one allows the immersion energy of a solid in a liquid to be deter-
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mined even in the case of a non-wetting liquid/solid system by using a pressure and
volume controlled experiment.

Vapour adsorption

Experimental method

The most suited method to determine the adsorption isotherm of vapour onto powders
is the gravimetry [1], but it is difficult to couple it with a microcalorimeter. Continu-
ous volumetric methods (notably those using a sonic nozzle) are well adapted to the
adsorption of gas that are supercritical at room temperature [2]. In the case of vapours
that are condensable at room temperature, point by point volumetric procedures are
generally used [3, 4]. They need a good control of the temperature gradients in the
system, particularly when the equilibrium pressure is close to saturation. They also
need a very large dosing volume when the saturation vapour pressure is low at room
temperature. All these facts lead to technical complications as well as to an increase
of the experimental error that finds its origin in both the large dead volume and sur-
face of the apparatus, onto which the adsorption may be non-negligible. These draw-
backs are eliminated in the following procedure, where a syringe-pump is used to di-
rectly inject the liquid inside the calorimetric cell. A schematic representation of this
apparatus is given in Fig. 1.
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Fig. 1 Schematic representation of the vapour adsorption set-up with details of the mi-
cro check valve
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After outgassing of the sample (and, if needed, a heat treatment), the cell filled
with the sample is placed inside the thermopile of an isothermal Tian—Calvet type
microcalorimeter and connected to the manifold. This latter include a valve linked to
a vacuum pump, the syringe-pump and a valve connected to the pressure gauge
(Baratron from MKS, 1 mbar or 100 mbar). In order to control the vaporisation rate of
the liquid at the outlet of the syringe, a micro home-made check-valve is put between
the syringe and the manifold as shown in Fig. 1. The liquid is vaporised at the
check-valve outlet. The temperature at the level of the manifold is higher than that of
the calorimeter. With this system, the injection of liquid can be done either continu-
ously or stepwise. When the continuous way is carried out, the quasi-equilibrium
conditions can be realised thanks to the use of micro-syringes (Microliter Syringes,
manufactured by Hamilton, Bonaduz, Switzerland) having volumes in the range
5-50 pL for an overall displacement of about 60 mm. The linear speed of the sy-
ringe-pump (model Precidor 5003 manufactured by Infors, Basel, Switzerland) may
be set between 0.001 and 1 mm min ™', which corresponds to flow rates (in the case of
water) ranging between 0.0001 and 1 mg min™'. These flow rates are as low as those
used in gas adsorption procedures that use a sonic nozzle [2, 5]. The constancy of the
flow rate can be directly controlled from the pressure vs. time recording when the lig-
uid is introduced into an empty cell.

Data processing

Whatever the procedure, continuous or stepwise, the vapour pressure above the sample
and the heat flow are recorded as a function of time. Two types of experiments are
needed: one without solid inside the cell (blank experiment) and the other with the sam-
ple. Whatever the adsorbent, only one blank experiment is needed for a given liquid or
temperature. The corresponding recordings are shown in Fig. 2. Knowing the flow rate of
the pump, the injected mass is directly derived from time. Also the pressure can be trans-
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Fig. 2 Relative pressure vs. injected mass for blank and sample experiment. The sam-
ple is porous silica
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formed directly in relative pressure by knowing the saturation pressure at the calorimeter
temperature. This is why in the Fig. 2, the relative pressure/injected mass graphs are plot-
ted for the experiment with the sample and the corresponding blank. These recordings
show the stability of the flow rate. For both the sample and the empty cell, there is a pla-
teau of the relative pressure at 1, indicating that there is no noticeable leak in the system
and that condensation occurs at the temperature of the calorimeter. Usually, the amount
adsorbed is calculated from the difference between the amount introduced and the
amount staying in the gas phase. Nevertheless, in order to take into account the amount of
vapour that is adsorbed on the walls of the apparatus, it is interesting to calculate the mass
adsorbed at a given relative pressure, m* P/P°, from the difference between the mass in-
jected for the sample experiment m., and that injected for the blank experiment my, at the
same pressure (Fig. 2). This leads to the following equation:

m* (P/P°Ymg=[(mecri—mp)+ msP/pMRT|ms (D

where mi; is the sample mass, p; its density, M the adsorbate molar mass, 7 the tem-
perature, R the Boltzmann constant and P° is the saturation pressure at the sample
temperature. The last term of the right hand side of the equation is a correction that
takes into account the dead volume change between the sample and the blank experi-
ment: the sample indeed decreases the dead volume (m P/psMRT is the mass of
vapour which would be present at the temperature 7" in a volume equal to that of the
sample (my/ps)). This correction is generally negligible. The value of my, at the rela-
tive pressure P/P° is derived from the fitting of the pressure/injected mass curve of
the blank experiment by an appropriate equation. A linear fitting is well suited in
many cases. Nevertheless, adsorption of the vapour on the walls of the apparatus at
low pressure or condensation at high pressure may need a more complicated equa-
tion. This is especially true for water that is a small molecule sensitive to any rough-
ness at the molecular level. This is evidenced in Fig. 3, where the blank experiment
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Fig. 3 Blank experiments for water and ethanol

J. Therm. Anal. Cal., 70, 2002



DENOYEL et al.: MICROCALORIMETRIC METHODS 487

Adsorbed mass /mg g-1

1 T T T T 1
0 0.2 0.4 0.6 0.8 1

Relative pressure

Fig. 4 Adsorption isotherm of water onto mesoporous silica. The lines (three experi-
ments) correspond to the continuous procedure. The squares correspond to the
point by point procedure

recording is shown for both water and ethanol. The low initial slope for water indi-
cates a non-negligible adsorption on the walls of the set-up. The reference curve (i.e.
blank experiment) determined by the continuous procedure can be used also for the
stepwise procedure and the same equation as above is applied to calculate the ad-
sorbed mass.

The differential or the integral adsorption enthalpies can be calculated by fol-
lowing procedures already established for gas adsorption [6].

Examples

In Fig. 4 are shown a set of adsorption isotherms of water onto mesoporous silica.
Three continuous and one step by step experiment are plotted on the same graph,
showing excellent reproducibility. For a comparison, experiments were made with
this set-up and a gravimetric apparatus [1]. The agreement is better than 3% in the rel-
ative pressure range 0.05-0.95. The differences that are observed at extreme relative
pressures may be due to temperature control difficulties as it was pointed out for gas
adsorption gravimetry [6]. The agreement for adsorption enthalpies is also good be-
tween the continuous and the stepwise approach (Fig. 5). The continuous heat flow
recording is not totally smooth, especially with water which can strongly interact
with the cell itself, as it was already above. The continuous recording of the Fig. 5 is
not corrected for time response of the calorimeter, then the ascending part at the be-
ginning. The good agreement with the point by point procedure comes from the very
low flow rate that is used. This experiment lasts around 20 h.

J. Therm. Anal. Cal., 70, 2002



488 DENOYEL et al.: MICROCALORIMETRIC METHODS

70 -
T
= n
- | |
=
= 4p
o)
=
30 -
=
S
= 20 -
=]
£
<1 10 4
0 T T T T T .
0.00 50,00 100,00 150,00 200,00 250,00 300,00

A dsorbed mass /my g'1

Fig. 5 Water adsorption enthalpies determined by calorimetry coupled to the adsorp-
tion isotherms of Fig. 4. The line and the squares correspond to the continuous
and stepwise procedures, respectively

Immersion energy

Experimental set-up and procedure

The reproducible determination of immersion energy is usually carried out by break-
ing an ampoule in a calorimetric cell [6—8]. The method proposed here does not need
any glass blowing and uses a set-up similar to the preceding one because a syringe
pump is also used to fill the cell with the studied liquid. The syringe pump may here
deliver a large volume of liquid (until 100 mL) and is able to provide a high pressure
(0-700 bars) making the study of porous non-wetting systems possible. For these lat-
ter systems it is necessary to apply a pressure to force the liquid inside the pores [9].
Their characterisation needs the knowledge of both the pressure-volume intru-
sion-extrusion curve and the corresponding dissipated heat. A schematic representa-
tion of the system we developed is given in Fig. 6. The cell containing the sample is
placed inside the thermopile of an isothermal Tian—Calvet type microcalorimeter.
The cell is linked to the manifold that allows either the evacuation of the system (a
mechanical pump is used to insure a primary vacuum in the manifold) or to introduce
the liquid. The syringe pump (Model 100DM, manufactered by Isco, USA) allows the
control of both the intruded volume and the pressure in the range 0—700 bars. Before
the experiment, the pump is contacted with liquid reservoir in order to fill the cylinder
of the pump and calibrate the pressure gauge at 1 bar.

In a first step, the cell is evacuated until a vacuum of about 0.01 mbar. When the
immersion of a wetting solid is studied, it is possible to fix the cell (including the first
valve) to an apparatus for heat treatment. When the thermal equilibrium is realised,
the manifold is closed on the vacuum side and opened on the syringe pump side.
There is vaporisation of the liquid at the level of the manifold and adsorption of the
vapour on the sample (adsorption step). This adsorption step provides a calorimetric
peak (heat flow vs. time) which corresponds to the vapour adsorption until an equilib-
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Fig. 6 Schematic representation of the microcalorimetric experimental set-up for im-
mersion and liquid intrusion experiments

rium pressure, which is given by the saturation pressure of the liquid at the manifold
temperature (which is lower than that of the calorimeter for this experiment), is
reached. When the thermal equilibrium is again reached, the filling of the cell is
started and continued until an equilibrium pressure of 1 bar is reached (filling step).
When the solid is wettable, this step leads to the full wetting of the surface. If the solid
is non-wettable by the liquid, it is then proceeded to the intrusion-extrusion steps. The
liquid is introduced inside the cell by volume increments ranging between 40 and
200 pL. The experiment is fully computerised. At each step, the equilibrium pressure
and the heat flow are recorded as a function of time. The next step is started only
when both thermal and mechanical equilibrium are reached. Pressure and volume are
indicated by the pump that have its own gauges.

Two kinds of experiment are carried out: one without the sample and the others
with the sample. This allows the contributions of vaporisation and wetting of the cell
walls for the adsorption and filling steps to be calculated. For the intrusion-extrusion
steps, it is necessary to correct the measured heat and volume from the compressibil-
ity of the liquid in order to get only the physical pore volume that have been filled and
the wetting heat. The compressibility of the solid is generally neglected. The values
that are obtained after correction are characteristic of the superficial properties.

Data processing

If the immersion of a fully wettable solid is studied, only the two first steps of the ex-
periment are realised. At each step, the heat measured with the sample experiment
has to be corrected from the heat measured without sample for the same step. The
heat of immersion, as classically defined [6], is the sum of the two corrected heats di-
vided by the sample mass.

In the case of a non-wetting system, it is necessary to analyse the pressure (P),
volume (V) and heat (Q) data obtained for all the intrusion-extrusion steps. In Fig. 7,
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Fig. 7 Raw data for the blank experiment and the intrusion extrusion of water in hy-
drophobic porous silica (pore size around 10 nm)
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Fig. 8 Pressure vs. intruded volume of water in hydrophobic silica after correction of
the data of Fig. 7 for water compressibility

the pressure/volume raw data are shown for both blank and sample experiment in the
case of hydrophobic porous silica. The initial ascending part of these curves corre-
spond to the filling of the cell until 1 bar. Each point corresponds to an equilibrium
state after the introduction of one volume increment. In the case of the blank experi-
ment, after an initial curved part, one gets a straight line whose slope depends on the
liquid compressibility and system volume (including the pump cylinder). In the case
of the sample, one gets a curve with hysteresis between intrusion and extrusion,
which indicates the presence of pores. In order to get the data corrected from the com-
pressibility, the volumes of the two curves (blank and sample) are simply substracted
at a given pressure. This is only possible because the same volume of liquid is used
for the two types of experiment. In Fig. 8 the corrected data are shown. The process-
ing of calorimetric data is more complex for the intrusion-extrusion steps than for the
adsorption and filling steps. The heat dissipated by liquid compression is measured at
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the level of the calorimetric cell, which contains an amount of liquid that varies with
pressure. For each calorimetric peak, the term corresponding to the interfacial phe-
nomenon is calculated from the following equations:

Oexp= Qw0 (2)
Qp:h( Vcell_ Vinit+ Vl)plAP (3)

where Q. is the experimental measured heat, O,, the wanted interfacial contribution
and Q, the bulk liquid compression contribution; /4 is the thermal compressibility co-
efficient and p; is the liquid specific density, Ve is the volume of the calorimetric
cell, Vinie the initial liquid volume in the calorimetric cell after the filling step until 1
bar, V; the intruded volume determined by the preceding P—V calculation and AP is
the pressure variation corresponding to the analysed calorimetric peak. Ve corre-
sponds to the part of the calorimetric cell that is inside the thermopile and exchange
heat with the isothermal block of the calorimeter. This volume can be determined by
direct measurement by filling the calorimetric cell with water. Nevertheless, the level
of the cell where there is no more heat exchange through the thermopile is not well
defined. Fortunately, the value chosen for V. can be assessed in the linear part of the
blank experiment. In Fig. 9 an example of corrected heat vs. intruded volume is given
for the sample already analysed in Figs 7 and 8.

v i/mLyg!
1]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08
=100 A
=200
=300 1

-400

Q/mJ MPa'g™

=500 1

—600

=700 A

— 800 -

Fig. 9 Wetting heat of hydrophobic silica as a function of water intruded volume

Applications

In a recent paper [9], we have shown how this kind of experiment helps in character-
ising hydrophobic porous systems in terms of pore size distribution as well as homo-
geneity and value of contact angle. The intrusion-extrusion part is analysed for this
application. In the case of wetting solids, the measured thermal effect during the sec-
ond step (filling step) can be used to determine the surface area of a non-porous solid
by the so-called modified Harkins and Jura method [7]. In this method the solid has to
be first equilibrated with the vapour at a relative pressure corresponding to the ad-
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sorption of at least two layers (P/P° ranging between 0.5 and 0.8). In the standard
procedure, this is generally realised by pre-equilibration of the adsorbent with a
source of water (which is at a lower temperature than that of the sample) before to
seal the ampoule. This is directly realised here, because after the first adsorption step
the temperature of the liquid/vapour interface in the manifold imposes the relative
pressure in the system. For example, if the manifold is at 20°C (regulated room tem-
perature) and the calorimeter at 25°C the relative pressure is 0.74, which is in the
suited range. The immersion energy of the pre-covered solid, which is therefore de-
termined here during the filling step, was shown to be proportional to the surface area
of the sample with a coefficient that only depends on liquid properties (in fact a liq-
uid/vapour interface disappears at the powder surface):

AimmU=A(y=T(dy/dT)) “

where 4 is the surface area of the sample, 7 the temperature and y the surface tension
of the liquid.

As already underlined the sum of the corrected heats determined for the two first
steps gives directly the immersion energy. The applications of the measure of immer-
sion energy to the characterisation of divided solids have been stressed in the recent
literature [6, 9—11]. Methods were developed to determine surface areas or pore size
distributions in the case of microporous solids [10, 11], to study the surface energy of
solids and their wettability [12—14] or to follow the surface state of a solid as a func-
tion of a given treatment [6].
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