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Abstract

Thermoporometry is a calorimetric method for characterizing pore structure from the melting or freezing point depression of aliquid confined
in a pore, by reason of the added contribution of surface curvature to the phase-transition free energy. A summary of the theory behind the
technique is provided, and a thorough evaluation of the technique using a laboratory DSC instrument is presented. Experimental protocols
are described for the examination of mesoporous solids, specifically, controlled-pore glass standards. In addition to water, several organic
liquids have been also used, including chlorobenzene, cyclohexane, and 1,4-dioxane. Pore radii as large as 1000 nm may be quantitatively
measured with appropriate experimental conditions. Methods for obtaining total pore volume, specific surface area, pore radius, and pore
size distributions are discussed and compared to Hg intrusion results. The report concludes with applications of thermoporometry toward the
characterization of inorganic particles, porous organic beads, and the pore structure in coated media.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion, the size of a pore “throat”, that is, the entrance channel
to a pore, a generalized pore shape (e.g., cylindrical, spheri-
Porosity is the ratio of the void or interstitial volume of cal, slit, etc.), surface area, and tortuosity. When classifying
a material to its mass. The voids comprise holes and crackspores according to size, three general categories ardlised
within a material that create an inner surface. For a coatedmicropores are the smallest, usually falling below 2nm in
layer, these pores may be entirely closed or open, the latterdiameter; mesopores have diameters roughly between 2 and
having a channel that connects with the surface. Porosity is50 nm; and macropores are considered 50 nm and greater.
also used to characterize particulate matter; thus a poroudJsing these broad classifications, mesopores and macrop-
structure can be contained within a particle (intraparticle), or ores are likely to be the most effective with respect to fluid
created by the open space between particles (interparticle) absorption.
such as for an ensemble of solid spheres. In general, materials A recent series of publications give excellent reviews
can be made porous by a combination of both intraparticle of porous structure measurements for porous parti@es
and interparticle porosity. It is useful to know what fraction and membrane$3,4]. Analytical methods are as varied
of interstices is available to a penetrating liquid. Unfavorable as microscopy (electron transmission, scanning, optical),
wetting of porous addenda may preclude their ability to im- X-ray scattering, and liquid intrusion (mercury porosimetry,
bibe a liquid; therefore, a pore volume measurement alone,nitrogen adsorption/desorption, thermoporometry). In the
such as from mercury intrusion or nitrogen adsorption, may following text, the essence of the intrusion techniques is
not be entirely meaningful. Other characteristics that might summarized along with caveats about the utility of these
be relevant are the average pore size, the pore size distribumethods. Significant detail is devoted to thermoporom-
etry, a porosity characterization method that utilizes the
* Tel.: +1 585 722 5878; fax: +1 585 477 7781. traditional differential scanning calorimetry technique in
E-mail addressmichael.landry@kodak.com. an untraditional manner. The thermodynamic principles
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governing thermoporometry are covered. Much of the porosity are available—both factors having significant rele-
experimental work herein is for well-characterized porosity vance for any characterization effort. Therefore, both meth-
size standards, controlled-pore glass (CPG). Ultimately, the ods continue to be critical for porosity measurement.
thermoporometry data should compare favorably to those
taken by the more traditional Nadsorption/desorption and  1.2. Thermoporometry
Hg intrusion methods on the same materials.

Thermoporometry, also known as thermoporosimetry, is
1.1. Mercury intrusion and nitrogen adsorption methods a calorimetric method that determines pore size based on the

melting or crystallization point depression of a liquid con-

Quantitative information about a porous material such as fined in a pord6]. A differential scanning calorimeter (DSC)
mean pore size, pore size distribution, and total pore vol- is aptly suited for precise measurement of the relatively small
ume may be obtained from the pore-filling methods of mer- temperature shifts because of particular sensitivity to exother-
cury intrusion—extrusion and nitrogen adsorption/desorption mic freezing and endothermic melting transitions. The phys-
manometry. The specific surface area of a material is deter-ical basis for the shift is that the equilibrium temperature for
mined by gas adsorption at relatively low pressures using a solid—liquid phase transition is determined by the radius of
the BET (Brunauer, Emmett, Teller) theory for multilayer curvature of the interface between the solid and liquid phases
adsorption. Both techniques in the pore-filling regime are [7]. A liquid held inside a porous material is finely divided;
based on surface tension, capillary forces, and pressure taherefore, the radius of curvature is closely related to the pore
derive information about porosity. The uptake of liquid into size. Experimental observations of waféf8—11], organic
or the expulsion out of porous media depends on the externalliquids [6,12—16], molecular oxygef17], and indium metal
pressure of the probing liquid. For nitrogen adsorption, the [18] reveal a reciprocal dependence between the melt tem-
smallest pores are filled at the lowest pressures, whereas foperature depressiaxTy, (or freezing temperature depression
mercury intrusion, the largest pores are filled at the lowest AT;) and the nominal pore radius.
pressures. Each method also is able to measure the total pore In general, no extraordinary sample preparation steps are
volume and specific surface area of a material without resort- required with thermoporometry. Water is a common probe
ing to an explicit pore shape model. Because of the upperliquid, which is relevant for examining materials and coat-
limit of pore size accessible toJ\dsorption, any pore vol-  ings designed specifically to absorb aqueous solutions. An-
ume due to large pores, may be missed entirely. Neverthelesspther advantage to using water is that its heat of fusion,
for porous materials having a pore size range detectable byAH; =334 J/g, is up to an order of magnitude larger than most
both methods, there is usually close agreement in terms oforganic liquids. The larg&H; of water enhances the sensi-
total pore volume; on the other hand, surface area tends to beivity of the DSC technique to small volumes of adsorbed
larger when measured by gas adsorpfijn liquid.

With mercury porosimetry, mercury is added to an evacu-  The primary disadvantage of the method is that it is non-
ated celland forced into pores and voids by applying pressure.traditional, and its use is not as widespread as the gas adsorp-
Care must be taken that the sample is dry, because mercuryion and mercury intrusion methods. The effect of specific
will not displace liquid already in the pores. This could interactions between the probe liquid and the porous solid
present a disadvantage when characterizing hydrophilic are largely unknown and may lead to uncertain interpretation
samples. Another concern is the possibility that high mer- of calorimetric signals. The technique has been promoted
cury pressures may crush or otherwise deform a pore. This[6,19,20]as being able to determine pore size distributions
concern is especially important when trying to accurately if temperature dependence of physical parameters such as
measure the pore volume of soft material, such as paper orsurface tension, contact angle, heat of fusion, and specific
membrane media. The use of mercury or liquid nitrogen for a volume are known a priori. However, literature values for
probe liquid is merely for the purpose of obtaining pore size these parameters usually vary, leading to difficulty in the di-
and volume information; neither liquid would be expected to rect transformation of calorimetry curves into absolute pore
interact with either a porous filler or coating intended to ab- size distributions. Thus experimental work often resorts to
sorb “traditional” liquids, such as water or organic solvents. the use of reference materials that have been carefully mea-

Despite these minor reservations, the intrusion and ad- sured by other methods, such as mercury intrusion or nitrogen
sorption porosimetry methods have proven to be useful, notadsorption, to calibrate for pore size determination.
only for measuring total pore volume and surface areas, but
also for measuring mean pore diameters and pore size dis-1.3. Theoretical principles of porometry vis-a-vis pore
tributions with the use of reasonable geometric models for size
pore structure. The techniques are considered acceptable for
defining specifications in patent claims and for quality control ~ The theoretical foundation of any porometry technique
purposes. They are capable of providing highly reproducible starts with an awareness of the interrelationship between the
data, often to within a few percent. Commercial instruments solid, liquid, and gas interfaces and the equilibrium state of
and accompanying software for quantitative data analysis of a pure substandé,7]. Surface tension becomes particularly
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important for capillary systems when balancing mechanical, Gas
thermal, and chemical potential changes in transition from
one phase to another, such as from gas to liquid or liquid
to solid. Examples of capillary systems include high surface
area colloidal particles, an aerosol mist of liquid droplets, mi-
celles, vesicles, and small channels filled with liquids, such
as a porous coating. The same thermodynamic principles ap-
ply for thermoporometry, nitrogen adsorption, and mercury
intrusion methods when determining pore sizes.

The role of surface (or interfacial) tension is illustrated for
a sessile liquid drop on an inert surface in equilibrium with
its gaseous phase. By definition, equilibrium means that the
exchange of molecules between the gas and liquid phases is
such that the drop volume remains constant, and that the lig-
uid and gas pressurel,andPg, respectively, are uniformin _ o - L .

. . . Fig. 1. Sketch of a liquid in a pore at equilibrium with its gas phase. This
e_aCh phase. For meCham(?aI _equnlbrlum to ?XISt, the pressurqiquid wets the pore walls with a finite contact angleesulting in a surface
difference across the gas/liquid surfége- Py is balanced by curvaturer being slightly larger than the pore radiys
the gas—liquid interfacial tensigry acting tangentially along
the gas/liquid interface. (Note: At present, the effect of grav-
ity is ignored and nothing is inferred about the gas—solid or
liquid—solid interfacial tensions, or their effect on the contact sion(4) is the so-called “Washburn equation” and is used to
angle.) The Laplace equation (E4)) describes the balance determine pore size from mercury intrusion. Becas®0°
for a drop having the shape of a spherical cap with radius  (i.e., co® <0), an excess pressure must be applied to force
liquid into the pores. The take-home point is that surface
P —Py=— Q) curvature, which is closely related to the pore size, forces a

pressure difference that must be overcome for the liquid to
For a surface of arbitrary curvature jdaV; between bulk fill the pore.

phases andj,
dA;; . .
Pj— P = Vi gy () 1.3.2. Gas (nitrogen) adsorption porometry
J In contrast to the mercury intrusion technique, gas
Consequently, the liquid on the concave side experiences aadsorption porometry operates on the principle of capillary
higher pressurg, than gas on the convex side having pressure condensation and necessitates an understanding of the phase

Pg. transformation from gaseous to liquid nitrogen within a
pore. The sketch iRig. 1demonstrates a liquid confined in a
1.3.1. Liquid (mercury) intrusion porometry cylindrical pore in equilibrium with its gas phase wetting the

The contact angle of mercury with most pore walls is pore wall with a finite contact angle This simple picture
greater than 90 which is due to the fact that mercury does corresponds to the high-pressure region of an adsorption
not usually wet solid surfaces. When in contact with a porous isotherm where pore filling is taking place. The low-pressure
solid, the gas-liquid surface is concave toward the liquid; regime of monolayer adsorption is not considered, and
hence, the higher pressure is within the liquid. Therefore, in gravitational effects are ignored. The resultant gas—liquid
order to force liquid into a pore, mercury intrusion requires surface tensionyq causes hemispherical menisci to
overcoming a pressure differengd® across the curved sur-  form.
face. The pressure difference across the hemispherical menis- For a perfectly wetting fluid (i.eq = 0), the radius of cur-
cus in a cylindrical pore is dictated by the Laplace equation. vaturer is identical to the pore radius, The liquid is on
With the geometric relationship between pore rady)sur- the convex side of the interface. Inspection of the Laplace
face curvature radius and contact angle as equation shows that the vapor pressure of the gas phase must

be greater than the hydrostatic pressure of the liquid if the
Fp = r COSH 3) . . o

phases are to coexist at equilibrium. This picture represents
the pressure differencaP across the mercury surface be- the nitrogen adsorption method for determining pore size.

comes One approach to determining the pore radius uses the
2y4 Gibbs—Duhem equations to describe the thermodynamic

P —Pg=AP=——=cost (4) equation of state for coexisting liquid and gas phases (see
" Appendix A.2for derivation summary). The Laplace equa-

The sample is evacuated before adding liquid mercury, and ation is used to describe the mechanical equilibrium of the
negligible Hg vapor pressure is assuni@gh 0. The expres-  curved gas-liquid interface having surface tensign The
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gas

Fig. 2. A porous solid with liquid in one pore, solid in another, each at
equilibrium with the gas phase. In this example, the pores have the same
radius, but the contact anglég, surface curvature radiij, and surface
tensionsyjj are different. It is also assumed that the gas—solid interface is
concave towards the solid phase.

Fig. 3. Typical condition for a thermoporometry experiment where an ex-

resultlng relatlonShlp is known as the Kelvin equation: cess of water has been added to the porous material. AT dglow the

P 2 equilibrium melt temperatur&, the excess solid phase forms a planar sur-
In 29) - _ Yglul (5) face with the gas. The pore in this example is small enough (i.e., has a highly
Pg rRT curved surface) that only liquid water exists within the pore.

It relates the equilibrium vapor pressupg of a liquid with ) . . o
The two surface tensiong and radiirjj are defined ifrig. 2.

specific volumey; and meniscus radiusto the vapor pres- - ‘ et
sureP? of the same liquid with a planar surface. Incremental The specific molar volumes of the solid and liquid phases are
g vs andv|, respectively, and th lar heat of fusiahs h
s |, respectively, and the molar heat of fusiai; has

increases of the gas pressure allow capillary condensation ) o
to occur in larger pores. Most pore-filling liquids, including been introduced. When the liquid wets the pore wall and the

nitrogen, have a finite contact anglewith the pore wall. solid phase does not, the phase-transition temperature for the

Recalling the relation between pore radius and contact angleStUPstance within the pore will always be lower than the same

(Eq.(3)) gives a revised Kelvin equation: substance outside the pore. Note that the pore ragdiis
again, related to the menisci curvatures through the contact

| Py 2ygiv| anglesdy andfgs.

n P9 = T oRT cosy (6) In the typical thermoporometry experiment, one uses a lig-
uid that completely wets the pores, thereby filling all accessi-

1.3.3. Thermoporometry ble voids by capillary action. If an excess of liquid is added,

In a thermoporometry experiment, the temperature depen__overfilling the pores, the gas—liqui_d_a_md _gas—solid interface
dence of the solid—liquid equilibrium is probed at constant IS Planar above and below the solidification temperaligre
ambient pressure, counter to capillary condensation where'€SPectively. Therefore, the gas phase no longer needs to be

the pressure-dependent gas—liquid equilibrium is probed atconsidered. This situation is depictedfig. 3 where wa-
fixed temperature. Defay et 4¥] derived a relationship for (€ is shown as the pore-filling liquid. For the liquid within
the solid—liquid transition temperatufeas a function of sur- (€ Pores, a simpler relationship for the solid-liquid phase
face curvature by first considering the triple point of a pure transition exists between the bulk transition temperaigre

substance. When a closed system contains a single compot€ solid-liquid surface curvature and ambient tempera-

nent coexisting in liquid, vapor, and solid forms with planar UreT, when the two phases are in equilibrium, as derived in
surfaces, the Gibbs phase rule dictates that the system is inAPPENdix A.3.

variant, i.e., nothermodynamic degrees of freedom. The triple 2uysl
point can only exist at a single temperature and pressure forin— = —

a pure substance. However for curved surfaces, the Gibbs 0 Ahgrs
phase rule prescribes two independent degrees of freedomgypansion of the logarithm on the left-hand side gives
This means two independent curvatures will define the equi-

librium between the three bulk phag&$. Fig. 2 presents a T (TO — AT) n < AT) AT

(8)

unique situation, whereby a porous material contains coex-mT0 =In To 1- To )~ To ©)

isting liquid and solid adsorbate in separate pores at a fixed
temperaturd different from the equilibrium phase transition =~ The specific molar volume and molar heat of fusion are sub-
temperaturd. This system exhibits a melt/freeze transition stituted according to

temperature shift according to (s@ppendix A.2).
v = M/p (10)

In (1) - _2 (”'VG' I Ungs) 7
To Ahg \ rg rgs Aht = AHi/M (12)
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This provides a final relationship between the temperature Table 1

depressiom T and the pore radiusb. Physical properties of probe liquids
79, K AH: (J/9)  piiquid Psolid
T 2Tpys COSO (12) (°C)[24]  [24] (glcn?) [24] (glcm?)
PIAH; 1p Water 27315 334 1.006° 0.917
(0)
M is the probe liquid molecular weighg; the liquid mass Cyclohexane 279.75  31.3 0.779 0.83%
density, and the relationship between the solid—liquid sur- (6.6)
face curvature, pore radiusp, and contact angleis givenin ~ Chlorobenzene (255765)5 854 1.108 1.228
Eq.(3). I_Eq.(12) is analogous to the G_lbbs—Thompson equa- oo 28495 146 1034 _
tion, which predicts the melting point depression of small (11.8)
crystalline solids, and includes the reciprocal relationship be- — AL2T3K
tween the temperature shift and pore radius. b At 293 K: relative to water at 277 K.

Many studies have noted that a layer of non-freezable ¢ Determined from unit cell dimensiofis1].

liquid usually exists along the walls of a porous material. ¢ Determined from unit cell dimensions at 93.1%3@].

For example, nominal water layer thicknesses between 0.5

and 2.0nm in silica hydrogel materials have been reported measured immediately after preparation versus those leftin a
[19-21], corresponding to several monolayers. The perma-moistened state for extended periods. Porous CPG-to-liquid
nent liquid layer of thickness effectively decreases the ra- Weight ratios were determined by a difference method. The
dius of the dispersed solid phase. Thus, for very small pores,DSC pans were weighed before and after addition and sealing
the more precise relationship between the temperature shiftof the wet porous solid. After the measurement, the pans

and pore radius is written were pierced and heated in a laboratory vacuum oven held at
100-110C until constant weight was obtained. The residual

T _ _ 2ya cos¥ (13) weight of the dried pan was taken as the amount of porous
To P AH; (rp — ) solid initially added. The weight loss from drying was taken

as the total amount of probe liquid contained in the sample.

:[As a fme;l not_e,t ther1e_zt|s_l§mt|r:npll<:|; asstump_tlonc';hat over tze In addition, for measurements with the more volatile organic
emperature interval, to To, the surface tension, density, an solvents, it was important to weigh the hermetic pans before

heat of fusion are independent of temperature. However, there, |+ ~« the DSC experiments to verify a constant solid-to-
are instances where large temperature ranges are covered, i.qi quid ratio.
very small pores. Empirical expressions for these parameters To test the feasibility of thermoporometry for examining
are usua_lly (_:ited in polynomial _form; e_:xamples for water as thin coatings of porous particles held by a binder polymer,
a probe liquid have been cited in the literat{d,21]. two hand coatings were prepared. One was prepared from an
aqueous solution of approximately 80 wt.% of 37.9 nm di-
ameter CPG and 20% poly(vinyl alcohol) (Gohsenol GH-17
from Nippon Gohsei Co., Japan) because the binder poly-
mer was coated on borax subbed, polyethylene resin-coated
(RC) paper. The dried layer thickness was approximately
o ) _100pm. The second coating contained fumed alumina par-
Water used as the probe liquid was obtained from an in- 4| (Cab-O-Sper§ePG003, Cabot Corp.) in a poly(vinyl
house distilled water source. The organic solvents cyclohex- alcohol) binder, which was applied to a corona discharge-

ane, 1,4-dioxane, and chlorobenzene were analytical gradg aated RC paper base. Paper punches were used to create
and were used without further treatment. The relevant physi-

cal properties of the probe liquids are summarizethible 1. Table 2
Controlled-pore glass samples (CPG) were purchased fromcCharacterization parameters for controlled-pore glass samples
Electro-Nucleonics Inc., Fairfield, NJ. A summary of the \iean pore diameter Pore size distri- Pore volumé Surface

2. Experimental

2.1. Materials and sample preparation

CPG characteristics, as supplied by the manufacturer, mea{nm) bution (%) (cmPlg) ared (m2/g)
sured by mercury intrusion and nitrogen adsorption meth- 595 4 6.1 0.87 8.2
ods, is given inTable 2. While other§l2] advocate surface  127.3 8.4 1.19 24
derivatization to promote wetting by organic liquids, no such 101.0 8.5 0.79 21.8
treatment was used in this study because the CPG samplesg‘z‘-; g-g Hg ji’-l
were used as received. . . 37.9 6.8 1.49 95.0

The controlled-pore glass samples were moistened with g5 4.7 0.97 112.7
the probe liquid before transferring to pre-weighed aluminum 12.8 5.1 0.80 141.2
pans. Although no specific studies were conducted on the 7.5 6.0 0.47 140

time dependence of liquid uptake into the porous materials, 2 As reported by supplier, measured by Hg intrusion.
no systematic differences were observed for the CPG samples ° As reported by supplier, measured by nitrogen adsorption.
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3.5 mm diameter paper disks that were placed, coating-sidethe melting-point depression, relative to the excess phase, so
down, in a hermetic DSC pan. Approximately 1-5mg of wa- the sample, itself, was internally calibrated for temperature.
ter was added, and the excess liquid was removed with a tis- Small-volume aluminum hermetic pans, supplied by the
sue by capillary action. Next, the hermetic pans were sealedvendor, were used to encapsulate the samples with a mechan-
and weighed. The actual water weight was determined by theical press. Sample size was observed to affect the shape of the
gravimetric difference method mentioned above. A sample of melt peak, particularly the peak caused by the excess phase.
the same fumed alumina suspended in water with a 40 wt.%]In order to keep the melt peaks as narrow as possible, the
solid was examined as received for a comparison of the poreliquid masses were kept low, on the order of 1-2mg. The
size distribution in the second coated paper sample. scanning rates were dependent on the probe liquid, and the
Porous and solid organic beads were synthesized in-desired temperature resolution. For example, a very low scan
house. One series of porous beads were a class of styreneate of 0.05 K/min was used when water was the probe liquid,
and/or acrylate-based copolymers whose syntheses were byand a small temperature depression (e.g., less than 5K) was
suspension and emulsion polymerization methods taken fromexpected. This slow rate enabled the resolution of very small
the literature[22,23]. Other porous beads were polyester- temperature shifts for materials with large pores. The large
based with monomers having a combination of ionic heat of fusion of the melt transition for water negated the
and non-ionic character. The polyester bead is composedeffect of low signal-to-noise in the heat flow signals, which
of an aliphatic polyester, divinyl benzene as a cross- were expected because of the slow scanning rate. The scan-
linking agent, and chloromethyl styrene quaternized with ning rates with other probe liquids are cited within the dis-
dimethylethanolamine. Some of the samples were also char-cussion.
acterized for porosity and specific surface area by nitrogen  The protocol for the DSC measurement varied from sam-
adsorption, using a Quantachrome NOVA-3000 Multi-Point ple to sample, but the general approach is as follows. Super-
Gas Adsorption Analyzer (measurements are courtesy of E.cooling of the probe liquid was a common occurrence, so all
\oll, Eastman Kodak Company). The polymeric beads were samples were quenched to far below the equilibrium freez-
received in powdered form. If dried cakes or flakes were ingtemperature. A large exothermic response in the real-time
present, they were ground with a mortar and pestle. The signal indicated that the sample had frozen. Thermoporom-
samples were usually pre-wetted by adding small amountsetry measurements on frozen samples were done either in a
of liquid (usually water) until a moist paste was formed. heating-only mode through the melt transition of the pore and
Sometimes, light mechanical stirring of the mixture was excess liquid, or by a heat/cool procedure similar to that re-
necessary to achieve complete wetting of the powders. Ap-ported by Ishikiriyama et a]19]. The latter method involves
proximately 3—6 mg of wet powder was placed in the bottom quenching, slowly heating through the pore melt region until
of a hermetic DSC pan and lightly tamped to get good contact melting of the excess (external) phase just commences, then
with the bottom surface before sealing. The actual liquid cooling at the same slow rate through the freezing of the dis-
and dried polymer particle weights were determined gravi- persed phase. The pores are opentothe exterior; therefore, the
metrically after the thermoporometry experiments as noted presence of the frozen external phase serves to nucleate the
above. crystallization of the confined liquids once the equilibrium
transition temperature dictated by the pore size is reached.
2.2. Calorimetry

Calorimetry experiments were performed by using any 3. Results and discussion
of several laboratory differential-scanning calorimeters from
TA Instruments (model 2920 or model Q1000); each was 3.1. Water in controlled-pore glasses—experimental
equipped with a refrigerated cooling unit for controlled cool- conditions
ing and sub-ambient temperature operation. A constant fur-
nace atmosphere was maintained with a house nitrogen purge3.1.1. Dependence of temperature shift on scan rate
Calibration for heat flux and temperature was donewithanin- A review of the literature reveals no general consensus
dium metal standard at the same scan rates as the experimentfor DSC temperature programs, as experimental conditions
For measurements carried out while in the heating mode, aare often dictated by many variables: the characteristics of
verification of the temperature calibration can be noted from the porous solid, the solidification temperature of pore-filling
the extrapolated melt onset of the excess solid phase. Everliquid, the sample size, the instrument capabilities, and most
with the large temperature difference between the melt tem- often, the analyst preferences. For example, scan rates from
perature of indium metal (429.75K (156.6) [24]) and the 15 K/min[14] down to 1 K/h[25] have been reported in some
melting of the excess solidified probe liquid (for example, of the more detailed thermoporometry studies. Hay and Laity
273.15K (0°C) for water, and 279.75K (6&C) [24] for [26] presented a recent study of the effect of heating rate on
cyclohexane), seldom was the temperature offset more thanendothermic and exothermic responses to follow the kinetics
0.1-0.2 K. This observation assures linearity of the DSC tem- of water migration out of porous cellulose membranes. In the
perature scale. Furthermore, pore radii are determined frompresent study, it is assumed that the probe liquid does not
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Fig. 4. DSC curves at various heating rates for water in: (a) 208.4 nm and
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Fig.5. DSC heating curve for waterin 54.7 nm CPG showing the three meth-
ods for determining the melting temperature depresaidndescribed in the
text as the peak-difference (4, onset-difference (Adh), and onset—peak
(ATon-pk) methods.

The first is by the separation of peak maxima paTpeak-
difference” method), the second from the difference between
extrapolated onsets (4 “onset-difference” method), and
the third is from the difference between the peak maximum
of the pore phase and the extrapolated onset of the excess
phase (A%n-pk: “peak-onset” method). The influence of the
scan rate o\ T for two of these method#y Tk andATop, is
shown inFig. 6for three CPG samples. There is only a slight
sensitivity to the heating rate for the smaller pore, 12.8 and
54.7 nm CPG samples. Additionally, the temperature shift de-
pends on the calculation method, wiiTp slightly smaller
thanATon. The latter observation is not unexpected because

due to the melting of the confined water. The scanning rates are shown for th€ pore size distributions, though quite narrow as shown in

each curve with units of K/min. The data have been rescaled to account for
the heating rate and shifted along the ordinate to separate the curves.

migrate out of the porous solids, so our focus is to optimize
experimental conditions to provide accurate resolution of the

Table 2, are not identical for the various CPG materials. The
largest pore, 208.4 nm diameter sample exhibits a dramatic
dependence both in the scan rate dependence and in the lack
of agreement oA T by the two methods. Note, however, that
the results nearly coincide upon extrapolation to a null heating

dispersed phase and excess melting peaks. Examples of the
effect of heating rate are qualitatively displayed-ig. 4 for
208.4 and 18.2 nm diameter CPG samples having a rigid pore
structure. These samples contain an excess of water such that
the pore and excess endotherm peaks are present. It is appar-
ent that the 208.4 nm pore sample provides a challenge for
the method and underscores that a low scan rate is required to
resolve large pores. Even at the lowest rate of 0.05 K/min, it
was not possible to obtain baseline resolution of the confined
phase. However, the peak separation is sufficient to determine
individual peak temperatures as well as the extrapolated on-
set values. On the other hand, for the 18.2 nm CPG sample,
there is peak separation up to a heating rate of G/fin,
albeit with substantial peak broadening. As with any DSC ex-
periment, there is a trade-off between experimental duration
and signal resolution that depends on the pore size.

For a porous material with a narrow pore size distribu-
tion, the melting point depressianT of the dispersed phase
may be determined three ways, as diagramme#ign 5.

10

o

AT (

04—

Heating Rate (°C/min)

Fig. 6. Melting point depressioaT (log scale) as a function of heating rate
for three CPG samples: pore diameters 12.8niyHl), 54.7 nm (V,¥), and
204.6 nm O, @) by the peak-difference (filled) and onset-difference (open)
methods.
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32 size distribution rather than thermal lag. The net effect is

aql - that the apex of the excess water melt peak gradually moves
- to higher temperatures, causing the peak differentgy to

3.0 -—"I*'\'l\l‘ increase with the water-to-CPG ratio. However, the extrapo-

lated onset temperatures for both the pore and excess melts
are largely unaffected by the amount of water, and the pore
melt apex position does not vary either. Similar observations
have been recorded for samples of 37.9 and 101.0nm CPG
not shown here. In order to measure the melting point de-

AT (°C)

26k ‘0 . ) N pression with little dependence on the water-to-CPG content,
° o either the onset—peak (Adpk) or the onset-onset (Af) dif-
25 : : ' ' ' ' ference methods seem equally appropriate. This observation

10 15 20 25 3.0 35 40 45

WtH,0 /Wt CPG (glg) suggests that the peak-difference method used in many stud-

ies may have lead to errors if consistent liquid-to-porous solid
Fig. 7. Melting point depressioAT for 18.2 nm CPG from DSC heating mass I’{_:ltIOS were not used_‘ It IS_ noted that Titulaer E{_QE]'
scans at 0.05 K/min as a function of the water-to-CPG ratio. The symbols determine temperature shift with the onset—peak difference
are for ATpk (V), ATon (M), and ATon.pk (@) methods. method. The CPG pore dimensions giveiidble 2represent
the peak value of a size distribution; therefore, the (excess)
rate. The ordinate is displayed on a logarithmic scale to em- onset- (pore) peak differencé Ton-pk @approach is more ap-
phasize the scan-rate dependence for the large pore, 208.4 nipropriate and therefore is recommended for calibration.
CPG sample.
3.1.3. Heating versus cooling experiments

3.1.2. Liquid-to-porous solid ratio Up to this point, the discussion has focused on melting

Another variable that has seen some attention in the lit- experiments only. Before continuing to the cooling experi-
erature is the liquid-to-porous solid mass ratio both above ments, a few clarifying comments are in order. The tesms
and below the saturation point. Ishikiriyama and Tod&ki percoolingandundercoolingare sometimes used to describe
followed the trend of pore- and bulk-melt endotherm areas to the delayed onset of liquid-solidification. In the context of this
determine the amount of freezable and non-freezable waterdiscussionsupercoolingefers to the metastable liquid state
as a function of water-to-silica ratio. No comments concern- of a liquid below its equilibrium freezing temperature, absent
ing the effect oA T were mentioned. Jackson and McKenna of the porosity effect. The metastability occurs because so-
[12] note a decrease in the mass-normalized endotherm aredjdification is a nucleation-driven process whereby a critical
i.e., AHs, forincompletely filled pores containirgis-decalin nucleus size is required for crystal growth. In a pure, homoge-
and benzene. This leads to a variation in the melting point de- neous fluid, spontaneous density fluctuations increase in size
pression of about-1 K, as measured b Tpk; no trend with with decreasing temperature, only to reach the critical nu-
liquid-to-porous solid ratio were reported, though an increase cleation size at a sufficiently low temperature. The freezing
inthe precision oA Ty, was noted for completely filled pores.  (crystallization) temperature for a supercooled liquid is usu-
Rennie and Clifford8] comment that the melting tempera- ally not reproducible with any precision. Converseigder-
ture of water within the pores of CPG varies for unsaturated coolingdenotes the presence of liquid below the equilibrium
samples but becomes constant upon reaching the filled pordreezing temperature solely because of its confinement within
limit. For the purpose of an accurate correlation of pore size to the pores. The freezing temperature of an undercooled liquid
melting point depressionT, none of these studies explicitly  inside a pore is reproducible, so long as the excess phase at
examined the effect of the liquid-to-porous solid mass ratio. the pore opening is solid. Therefore supercooling is to be
Small pores produce a large temperature depression; henceavoided, and freezing of the undercooled liquid is what is
the relative effect is likely to be minimal. However there may measured. Othelf$,19,27—-29]have observed supercooling
be concern with large pore samples, where an uncertainty inof water in porous media, but we avoid it here.
AT of even a few tenths of a degree K will lead to a large An experimental melt/freeze protocol is demonstrated in
uncertainty in pore size. Fig. 8 for water in 37.9 nm pore diameter CPG. The lower

To highlight this point, the data iRig. 7 are for 18.2 nm curve in the figure is for a frozen sample that is heated un-
CPG with varying water-to-CPG mass ratios; all samples are til it has fully melted and shows complete separation of the
saturated with water, making the pore and excess melt en-pore and excess ice endotherm transitions. If one were to
dotherms visible. The total sample mass was keptin the rangecool the sample slowly from above the equilibrium melt-
of 4-7mg with a heating rate of 0.05K/min to minimize ing point (for example, starting at 274 K (i.e.c@)), neither
thermal lag. As the water-to-CPG ratio increases, the areathe excess nor the pore water freezes until significant super-
and width of the excess-phase endotherm increases, whilecooling has occurred—at which point the entire liquid phase
the width of the pore melt peak remains constant, indicating spontaneously freezes. The instability of supercooled water
that the breadth of the latter is more reflective of the pore is such that a marked exothermic response is typically ob-
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03 ined whose pore diameters range from 208.4 to 7.5 nm. Each
pore freeze individual pore melt and freezing peak is evident in the heat-
02r (b) ing and cooling curves, respectively. Brun et[él. present
G an example of thermoporometry by DSC to distinguish indi-
2 o1r vidual pore sizes with data for a binary mixture of a porous
z 0oL @ glass, although the individual pores were poorly resolved.
T Similarly, Strange et al[30] examined a mixture of three
® 01| endo porous silicas by NMR spin—spin relaxation experiments. To
T pore melt our knowledge, no demonstration of the resolving power of
02} differential scanning calorimetry for such a complex mixture
excess melt has been reported.
'0-3_6 4'; 2 (') 5 The larger temperature depression upon solidification,

seen inFig. 9, is the recognized melt/freeze hysteresis phe-
nomenon that has been observed by differential scanning
calorimetry[6,10,18-20,27,29,31,32], ac calorime{33],

Temperature (°C)

Fig. 8. (a) DSC heating curve for 37.9 nm diameter CPG saturated with

water. The sample was frozen by rapidly quenching-86°C. (b) Heat- specific heat measuremerfi@gl], and by techniques not tra-
ing/cooling curve showing a melt/freeze hysteresis. The scanning rate for ditionally associated with thermal analysis, such as dielectric
both curves is 0.05 K/min. spectroscopjl3,35], positron annihilatiof86], small-angle

neutron scatterinfB7], dilatometry[38], and various NMR

served upon rapid crystallization in an approximate interval methodg39,40]. The hysteresis has been most commonly in-
of —15 to—20K below the expected pore freezing tempera- terpreted in terms of pore shape and geometry; for example, a
ture. The upper curve dfig. 8is recorded by first quenching  simple model of a cylindrical pore predicts that the tempera-
the sample as before, heating until just before the excess iceure depression upon melting is half that of freezing, whereas
phase melts, followed by an immediately switch to cooling. a purely spherical pore will exhibit no hysteref. A re-
At this moment there is liquid water in the pores and solid lated explanation that takes into account the shape of pores
ice outside. Upon cooling, the bulk ice phase serves to nucle-put forth by Eriistin et al.[41] is that melting is controlled
ate crystallization at the pore openings when the appropriatepy the radius of the pore, and freezing is controlled by the
transition temperature, dictated by the pore size, is reached.radius of the opening to the pore cavity. This idea has some

The slow scanning rate adopted for the experiments on theviability if pore freezing only occurs upon nucleation by an
model CPG materials is required to enable the resolution of advancing solid phase during cooling; for example, with large
minute temperature depressions from the bulk transition, anbottleneck-shaped pores or interconnected spherical pores. A
important matter with large pore dimensions. It also follows recent phenomenological free energy model of a cylindrical
that the narrow size distributions of CPG, with a fairly sharp pore proposed by Denoyel and Pellgag] reasons that the
cut-off at the upper end of the distribution, provides a good interaction between liquid/solid phase and liquid/pore wall
test for the capability of the method. A clear demonstration of interfaces, mediated through interfacial tensions, produces a
the resolving power of thermoporometry is showrFig. 9 thermodynamic metastability. The conclusion is that the melt
where a mixture of seven controlled-pore glasses is exam-temperature is greater than the equilibrium freezing temper-

ature. Whichever picture is most appropriate, logic dictates
0.05 that it is important to probe porous materials by both melting

and freezing thermoporometry.

From the DSC experiment on the mixed CPG sample from

5 0.00 Fig. 9, one is able to construct a “calibration” plot®Ton_pk
s 005 versus 1/5, as shown by the open symbolshig. 10. The
= melt/freeze hysteresis is manifested by different slopes ob-
= tained upon heating and cooling. These results are indistin-
5 0 guishable from separate experiments on each of the individual
T samplesiable 2. To confirm this statement, the solid curves
0.15 in Fig. 10retrace empirical fits from the latter experiments.
The reciprocal relationship between the pore radius and tem-
0.20 : - : - : . . perature depression stated in the Gibbs—Thompson equation
4 Az 0 8 ® - 2 0 is generally followed. However, there is a subtle non-linearity
Temperature (°C) in the melting point data that hints of a departure from the

. , : simplified expression in E¢12). Hansen et g]21] also show
Fig. 9. DSC curves for a melt-freeze experiment of a mixture of seven l d d AT 1/ Ith h th
controlled-pore glasses saturated with water. The peaks labelled 1-7 are fora non-iinear dependence on 1/ip, althoug e range

CPGswith pore diameters of 7.5, 12.8, 18.2, 37.9,52.3, 101.0, and 208.4nm Of témperature depression is up to 70K, much larger than
respectively. the greatest shift in this study, ca. 10K. The overall trend
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Fig. 10. Melting (circles) and freezing (squares) point depresaidgh-pk
vs. reciprocal pore radius, on the seven-component CPG mixture. The
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Fig. 11. Melting (circles) and freezing (squares) point depression data for
water imbibed in individual CPG samples, plotted againgt,(5). The

lines represent second-order linear regression fits to a separate experimentadolid lines represent fits to the data with a non-freezable layer thickness

series on nine individual CPG samples.

for most thermoporometry experiments cited in the literature
[8,9,12-18]Jis that of a linear dependence betweth and
1rp.

Several possible reasons could explain the non-linearity
betweenATonpk and 1/p. The option of usingATon-pk
to measure the temperature depression, insteaslTgf, or

§=1.06 and 0.04 nm for melting and freezing, respectively.

Note that, as written, the values ATl are negative, reflecting
that the pore transition temperatures are lower than the bulk
value. The revised analysis Bfg. 11, in essence, serves to
correlate a length scale with temperature. Strict adherence
to the Gibbs—Thompson equation leads to an expected zero
intercept. However, the CPG samples with the largest pore

ATpk, does not appear to be the cause, as a similar tendencysizes have very small temperature depressions such that the
is seen with these other choices. It is also recognized that thepore melting and freezing peaks are not entirely resolved at

Gibbs—Thompson relationship in HG2)is an approximated
form of the more exact Kelvin equation, whereby\T/Tp is
substituted for In(T/g) in the limit of smallT/Ty. This change
amounts to less than a 2% deviation between Egjsand
(12), whenAT=10K, andTo=273.15K for water. The ef-
fect of temperature on the physical quantitieds, ys andp,
has been ignored and clearly needs to be considégsa1].

the baseline. This feature likely promotes a systematic offset
that results in the non-zero intercept. Conversely, incorpo-
ratingé into the regression influences the fit for the smallest
pores, hence at the highafT values. The melting point de-
pression for the smallest pore radius (3.75 nm) is certainly af-
fected by the non-freezable layer. An algebraic manipulation
of Egs.(14) and (15Yields the following “calibration” equa-

These dependencies are addressed later when discussing thi®ns for heating and cooling experiments, respectively. The

evaluation of pore size distribution. Finally, the presence of
a thin layer of thickness of non-freezable liquid adjacent to
the pore wal[6] leads to a correction in the Gibbs—Thompson
relation such thahT is more correctly related to 1/F- 5).

This effect has been noted in the experimental observations

of Morishige and Kawanfl0] and Schreiber et aJ29].
An empirical examination of our data taking into ac-

count the premise of a non-freezable layer produces the

plots in Fig. 11. The melting data gives a linear fit with
dm=1.124+ 0.10 nm; interestingly, the freezing branch yields
a value ofé; =0.04+ 0.09 nm, effectively equal to 0 within
the uncertainty of the fit regression. As plottedFiy. 11,
linear regression fits to the data provide the following ex-
pressions for the melting and freezing temperature shifts, re-

spectively.
19.082
ATonpk = ————— — 0.1207 (meltin 14
on-pk rp— 112 ( g) ( )
38.558 .
ATonpk = — +0.1719 (freezing) (15)

importance of these expressions will be discussed shortly.

19.082 :

p (nm): —m+ Om (meltlng) (16)
38.558 .

rp(Nm) = — AT — 01719 + 8 (freezing) a7

with 6y = 1.12 nm ands = 0.04 nm for water in CPG.

In the influential paper by Brun et é6], expressions were
given for the melting and freezing of water in a hypothetical
cylindrical pore.

2.

rp(nm) = _AST—?KS) +0.68 (melting) (18)
4.67

rp(nm) = — 64.6 +0.57 (freezing) (29)

AT (K)

These equations were not obtained by the same manner as in
this study, thatis, by measurirgr as a function of,. Rather,

they were found by factoring the experimental temperature
dependence of specific heat capacity, heat of fusion, specific
volume, and interfacial tension into the Kelvin equation (Eq.
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(8)). A more appropriate comparison to this work should be 0.000
provided from the study of Ishikiriyama et 4l.9,20] with
the following relations for water in silica gels 0005
33.30 S
rp(NM) = — +0.32+ 8m (20) =3
AT (K) z
B -0.010
56.36 p
nm)= ———— +0.90+§ 21 ©
rp(nm) = — s + 090+ 8 (21) §

0015
These expressions were determined with a sophisticated op-
timization algorithm to best match a complete pore size dis-
tribution between thermoporometry and nitrogen adsorption
measurements. The parametgfands; were found into fall
in the ranges of 0.5 NnmMéx, <2.2nm and 0.6 nmé <2.8 nm
[20]. The temperature dependences\bi;, o, andys were Fig. 12. DSC heating curves for cyclohexane in a mixed CPG sample. The
also input as part of the fitting procedure, though with differ- scanning rates are 0.05 and 1.0 K/min for the upper and lower curves, re-
ent empirical forms than utilized by Brun et §8). spectively. Peaks 1-4 are for 37.9, 52.3, 10_1_.0, and 208.4 nm diameter pores,
It is not entirely clear why the results from this work jn 2"d Peak B represents the bulk melt transition.
Egs.(16) and (17)for controlled-pore glass are in conflict
with those of(20) and(21)for silica gels. One notable differ-  clohexane in the seven-component CPG mixture, employing
ence between the two studies is the range of pore radii in thescan rates of 0.05 and 1.0 K/min. The abscissa in the two plots
porous samples. Ishikiriyama et §.9] employed samples  has been expanded to only show the melting endotherms for
with radii between 1.8 and 7.5 nm (with corresponding tem- the four largest pore radii in the mixture and the bulk phase
perature shifts of-4 K> AT>—-20K upon melting). They  melt transition (off-scale). As a probe liquid, cyclohexane
have explicitly noted that samples having pore rgdgater provides a complete baseline resolution at the 0.05K/min
than 10 nm, i.e., wittA T less than 4 K, deviated substantially  scanning rate for all pore sizes, even with the largest 208.4 nm
fromtheir Eq.(20), and were not used to fit their melting data. diameter sample. A clean separation of each melting peak is
The present study covers significantly larger pore sizes with stjll achieved with cyclohexane for a 1.0 K/min scanning rate,
radii from 3.75 to 104.2nm, hence a much smaller temper- improving the measurement cycle time by a factor of 20. The
ature depression range than in the silica gel sfidy. A signal-to-noise for cyclohexane is substantially poorer at the
comparison is given later in this report of the use of the cal- slow scanning rates owing to the low heat of fusion relative
ibration equations to generate pore size distributions of the to water, roughly an order of magnitude less (3able 1).

-0.020

Temperature {°C)

CPG samples. This condition is improved with the higher scanning rate. Fi-
nally, it is also observed that the melting point depression
3.2. Other liquids in controlled-pore glass measured byATonpk is unchanged as a function of scan-

ning rate, regardless of pore size. This is in contrast to what
The thermoporometry experiments of Jackson and was seen for water in 204.6 nm CPGFHig. 6. This effect
McKenna[12] demonstrate that organic liquids are also suit- is likely related to the reduced thermal lag, which is due to

able for the filling of porous silica. Mu and Malhorfa4] the lower heat of melting and the associated improved peak
report the use of cyclohexane in porous silica, and Baba et al.resolution.
[16] describe the use ofheptane in silica gels. For this study, Heating and cooling profiles at 0.05 K/min for chloroben-

cyclohexane, chlorobenzene, and 1,4-dioxane were testedzene as a probe liquid in the mixed CPG sample is shown
their physical properties are listed Table 1. These liquids in Fig. 13. Some of the individual pore melt peaks are not
were chosen for the primary reason that their equilibrium well separated during the heating step as with cyclohexane;
solidification temperatures are practically accessible with a note the poor resolution between the 52.3 and 37.9 nm di-
laboratory DSC instrument. They are also of interest becauseameter pore melt peaks. Another significant observation for
of their varying degrees of polarity and hydrophobicity, al- chlorobenzene is the shifting of the pore melt peak during
though these factors are not an explicitly defined variable heat/cool/heat experiments, but only for the larger diame-
in this study. For example, chlorobenzene is hydrophobic ter pores. Examples for the 208.4, 101.0, and 12.8 nm CPG
and polar, cyclohexane is hydrophobic and non-polar, and samples are given ifig. 14. The protocol in these exper-
1,4-dioxane is hydrophilic and non-polar. Each liquid should iments is to solidify the samples with rapid cooling, then
present different interactions with the surface of the porous a slow first heat through the pore melt transition, slowly
glass samples. cool again to solidify, and finally a slow second heat. For
Cyclohexane is a convenient organic liquid because its the two larger pore samples, there appears to be a migra-
fusion temperature is 279.7 K (6°€), very close to water.  tion of chlorobenzene into smaller pores during the slow
Fig. 12shows the results of a heating experiment with cy- cooling step, as indicated by the greater melting point de-
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0.03 and thoroughly dried CPG samples were not entirely success-
fulin eliminating the water interferences. Other experiments,
not shown here, seem to demonstrate that the porous glass is
able to partition water into pores separate from the dioxane,
as supported by the presence of individual pore-water melt
peaks in samples that have been allowed to let stand.

The results for the melting and freezing point depressions,
ATon-pk for cyclohexane, chlorobenzene, 1,4-dioxane, and
water as a function of the reciprocal adjusted pore radius
1/(rp — 8i) are displayed irFig. 16. The parameters from
least-squares regression fits to the general expression in Eq.
60 -44 (22) for both heating and cooling experiments are given in

Temperature (°C) Table 3.

0.02

0.01

0.00

Heat Flow (W/g)

-0.01

+ B; (22)

Fig. 13. Heating and cooling curves at 0.05K/min for chlorobenzene in ATgnpk = Ai
mixed CPG. Peaks 1-6 are for 12.8, 18.2, 37.9, 52.3, 101.0, and 208.4 nm Tp— 8i
diameter samples, respectively. where the subscrift=m or f for melting and freezing, re-
spectively. The melt/freeze hysteresis is present for all of the
pression the second heat step. No similar peak shift is seemyqrocarbon liquids. Each liquid exhibits a larger depres-
with the smaller pores. If one uses chlorobenzene as asjon of the phase transitions compared to water, and the ratio
probe I.iquid, the possibility of liquid migration should be  f the freezing and melting slope&/An, is approximately
recognized. 2, with the exception of 1,4-dioxane with a ratio closer to
ADSC heat/cool profile for 1,4-dioxane in the mixed CPG 1 5 Becausa is a function ofAHs, pi, v, and liquid/pore
sample is given iifrig. 15. It was assumed that dioxane could || interactions through the contact angle term@(. Eq.
be a convenient and complementary liquid with respect to (12)), the numerical differences between the respegtieee
water and cyclohexane because of its melt temperature ofnqt unexpected.
284.95K (11.8C). Moreover, the etheric groups in diox- There may be an advantage to using hydrocarbon liquids
ane imply a possible H-bonding interaction with the silanol for thermoporometry characterization of large-pore materials
groups in the porous silica, analogous to water. Apart from pecause of the larger temperature depression versus water.
the pore melt (and freezing) peaks, a large spurious transitiongq, example, at a scan rate of 0.05K/min, the value for
near 0°C in Fig. 15, as well as small side peaks on some of ATonpk Of 0.10K is easily measured. According to Eq.
the pore melt transitions, also appear. The transitior&ti8 (22) and the parameters ifable 3, the pore diameter with
assumed to be from the melting of ice, which has appeared toyater as a probe liquid andTon.pk=0.10K is 175nm.
contaminate the sample. The difficulty encountered with 1,4- The same temperature depression would translate to a pore
dioxane is its hygroscopic nature, indeed, its complete mis- gjameter of 720nm for chlorobenzene and 950nm for
cibility with water [24]. Repeated trials with fresh dioxane  cyclohexane. On the other hand, hydrocarbon liquids tend
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Fig. 14. Melting curves for chlorobenzene in: (1) 208.4nm CPG, (2) Fig.15. Heating and cooling curves at 0.05 K/min for 1,4-dioxane in mixed
101.0nm CPG, and (3) 12.8 nm CPG. The dashed curves represent the firsCPG. Peaks 1-7 are for 7.5, 12.8, 18.2, 37.9, 52.3, 101.0, and 208.4 nm
heat scan of the rapidly solidified sample, and the solid curves are for a diameter samples, respectively. An additional strong endothermic peak seen
second heat scan after a slow cooling step. The curves have been shifted fonear O°C is attributed to the melting of water that is partitioned into pores
clarity. All measurements are at 0.05 K/min. separately from the dioxane.
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Fig. 17. DSC heat flow profiles for cyclohexane in 37.9 nm diameter CPG
atcjg/cepg Of (@) 2.70 g/g, (b) 2.52 g/g, and (c) 1.26 g/g. The area of the pore
30 - melt endotherm increases relative to the excess melt peak with decreasing
Ciig/Cepg:
% 20 |- from a single thermoporometry heating experiment using
N AH, aig 1
= Vp _ pore Cliq L (23)
10} AHiot csolid Plig
where a known mass of liquidiq, of densitypjiq, is added
o . . . . . . to a known mass of porous solddyjig- The pore melt area,

AHpore, and combined pore and excess melt peak areas,
AHiotal, are determined from the DSC melt endotherms, and
their ratio is related to the fraction of liquid contained in the
Fig. 16. The results for the (a) melting point depression, and (b) freezing POr€S. The expression assumes a temperature-independent
point depressiom Ton-pk VS. the reciprocal adjusted pore radiug 24 6;) heat of fusionAH and liquid density, as well as a sufficient
for cyclohexane (v), chlorobenzene (O), 1,4-dioxane (@), and water (V). separation of the pore and excess melt peaks to independently
integrate their areas. It is also assumed that all of the liquid
to be somewhat more difficult to handle because of their has frozen during the initial quench C00|ing step and melts
volatility under ambient laboratory conditions. Solvent loss during heating, i.e., the contribution of the thin liquid layer
during sample preparation is often experienced. Moreover, adjacent to pore walls, and other non-frozen liquid, is negli-
while rigid porous materials such as silica-based glassesgjple,
may be suitable for analysis, the definite pOSSIbI'Ity of In the typica| thermoporometry experiment' the porous
swelling or dissolution of porous organic materials should be solid is saturated with the probe liquid, and two melting
considered. transitions are observed upon heating: the pore melt and the
excess phase melt. As one decreases the amount of liquid
relative to the solid, the area of the excess peak decreases
relative to the pore peak. Examples of the changing peak
Total pore volumeVv, (e.g., cni pore per gram porous areas for the 37.9nm diameter CPG are giverFig. 17
solid) is another important parameter for characterizing for cyclohexane. Similar observations are observed with the
porous materials. A simple calculation\df can be obtained  other probe liquids. It stands to reason that, if one were to

000 005 010 015 020 025 030 035

(b) r,-5) (nm™)

3.3. Pore volume measurement

Table 3
Non-linear least-squares fit parameters to [28)

Melting Freezing

Am Bm (K) Sm (Nm) A Br (K) & (nm) AslAm
Watef 19.082 —0.1207 1.12 38.558 0.1719 0.04 2.02
Cyclohexan& 54.265 —0.0144 1.48 106.92 0.1493 0.60 1.97
Chlorobenzerfe 39.790 0.0109 0.98 78.694 0.8757 0.02 1.98
1,4-Dioxané 46.638 —0.2469 0.82 71.690 0.4794 0.72 1.54

2 Scan rate =0.05 K/min.
b Scan rate = 0.1 K/min.
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Fig. 18. Asystematic change of 18.2 nm diameter CPG to cyclohexane massFig. 20. A correlation plot of total pore volumé, for the CPG samples

ratio provides a quantitative measure of the total pore vol\mfzom the in Table 2as determined by thermoporometry and Hg intrusion. The solid

slope and the liquid density. The thermoporometry value, 1.Flg;raom- line represents one-to-one correspondence and is not a linear fit to the data.

pares favorably with the stated Hg intrusion value of 0.9%/gycf. Table 2. Open symbols are from extrapolation analyses, and solid symbols are for
single DSC experiments analyzed according to(E8). The probe liquids

continue reducing the liquid level to the point where the only are water (. @), cyclohexane (44). and chlorobenzene (4).

intraparticle pores are filled by capillary action, only the pore
melt peak would be present. Extrapolation of a liquid-to-CPG Fig. 20where the total pore volume is compared to the Hg
concentration series, thus, leads to a quantitative measure ointrusion values fronTable 2for each of the CPG samples.
the total pore volume. One representation of such analysisincluded in this plot are results for water, cyclohexane, and
is shown inFig. 18 with a plot of AHpord AHtotal VErsus chlorobenzene as the probe liquids, where the liquid densities
(Csolic/Ciig)- A simple rearrangement of E(R3) shows that were used to establish the pore volume.

the slope of such a plot providégpiiq. For this example,
Vp=1.11 cni/g for 18.2nm CPG wittcyclohexaneas the
pore liquid, which compares favorably with the stated Hg
intrusion value of 0.97 cRig (seeTable 2). Another example
using a different extrapolation procedureiexceséAHpore,

as a function ofjg/Csoiig, is provided inFig. 19 for water

in 101.0 nm diameter CPG. In this instance, amtercept

3.4. Pore size distribution

The importance of having a quantitative description of a
porous solid via its pore size distribution resides not only
in the fact that important physical parameters, such as mean
pore size, total pore volume, and specific surface area can be
is Vppiig, giving the total pore volume/, as 0.69 crvg, calculated, but also, the shape of the distribution provides an
compared to 0.79 cffg from Hg intrusion. additional perspective. A thorough experimental treatise on

Anoverall assessment of extrapolation methods and singlepore size distribution (PSD) derived from thermoporometry
thermoporometry scans according to E&3) is shown in  data has been presented by Ishikiriyama et al. The discussion

that follows uses some of the same transformation steps to
20 convert a DSC heating or cooling profile into a differential

pore volume versus pore radius plot, i.e., a pore size distri-
161 bution. Exceptions and deviations to the procedures cited by
R Ishikiriyama et al]19,20]are noted.
g Ll To transform a DSC profile into a size distribution, the
%,, temperature record is converted into an equivalent length
§ o8l scale (for example, pore radius) and the heat flow output
z from the melting or solidification into a differential pore vol-
ume. The groundwork for each of these steps has been estab-
041 lished in the preceding sections of this report. The theoretical
basis for relating temperature to pore radius is through the
s 10 4 18 2o Gibbs—Thompson equation (E(L2)), but for the purpose

CHZO/CCPG (g/g)

of this work, the empirical relationship summarized in Eq.
(22) is employed with the solvent-specific parameters listed

in Table 3. The pore size is related to the temperature depres-
sion AT rather than the absolute temperatietherefore,

the onset temperature for the bulk phase melt must be sub-
tracted from the temperature axis of the DSC profile. The

Fig. 19. A concentration series for water in 101.0 nm CPG. The ratio of the
excess meltand pore meltareas, when extrapolatedxeitiiercept, directly
provides the total pore volumé, as 0.69 cri'g, compared to 0.79 iy
from Hg intrusion.
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. . . . ) Fig. 22. Pore size distribution for 37.9 nm diameter CPG and water deter-
Fig. 21. Pore S|ze_d|§tr|but|0_n for7.5nm dlameter.C'PG_de.termmed t_)yther- migned by thermoporometry (solid lines) and Hg intrusion (line with filled
moporometry (solid lines) with water as the pore-filling liquid and Hg intru- points). The Hg intrusion data are not plotted to scale with respect to the
sion (line with filled points). The Hg intrusion data are not plotted to scale ordinate. DSC scan rate = 0.05 K/min.
with respect to the ordinate. DSC scan rate =0.05 K/min.

a heating experiment, ang (liquid density) for a cooling
result is a rescaled temperature axi§ that can be directly  experiment.
transformed into pore radiug. For example with water as The pore size distributions with water as the pore fluid are
the probe liquid, one would use E(L6) for a heating ex-  shown inFigs. 21-23or 7.5, 37.9, and 208.4 nm diameter
periment, or Eq(17)for a cooling experiment. Itis assumed CPG samples, in the same order. The following empirical
that the onset of freezing of the bulk phase is the same as theequation forAH¢(T) is used19,43].

onset temperature for melting. 0 02
The second step in the transformation is somewhat moreAHf(T) = 3341+ 2.119(T — Tpy) — 0.00783(T— Ty)
elaborate, although not exceedingly difficult to follow. The (25)

heat flowing into a saturated sample upon melting, or out of
it on freezing, gives a measure of the amount of the pore
liquid undergoing the phase transition. In the previous sec-
tion, the integrated heat-flow signal was used to calculate ”lia:
total pore volume through Eq23). To determine the dif- piq(T) = —7.1114+ 0.0882T" — 3.1959x 10472
ferential pore volume dydry, the latent heat of fusion (or

79 is the equilibrium melting temperature of water. Similarly,
the empirical expressions for the density of wdtEd,44],
and ice[19,45], psol, are respectively

crystallization) has to be determined at each temperature. +3.8649x 10773 (26)
This requires a baseline subtraction step that effectively re-
moves the underlying heat capacity contribution to the DSC psol(T) = 0.917(1.032— 1.17 x 10747T) 27)

signal. The heat-flow signal must also be converted to units
of the heater power (mW), rather than the more conventional
mass-normalized units of W/g that some commercial instru-
ments provide. A lateral shift of the temperature axis is also

whereT is expressed in K. The thermoporometry-derived
PSDs are, in general, modestly similar to those determined

required by a subtraction of the onset melting temperature of 00241 heating (0.01)
the excess phase. 0.020 |- '
The adjusted heat flow curve, dQ/dt, is converted to = .
de/drp by g 0.016 - cooling (0.05)
d, dQ dr d(AT 1 5 0012
W _dg_ dr d(aT) (24) g
drp dr d(AT) drp mAHf(T),O(T) ;a 0.008 |-
where d(AT)/dis the scanning rate of the DSC experiment, ° 0.004 |
m the mass of dry porous material, andH:(T) and p(T)
the temperature-dependent heat of fusion and density for the 0400010 oo i 1('10 oo

probe fluid, respectively. The expression has been modified
slightly from a similar one presented by Ishikiriyama et al.
.[19]' The qu.antlt.y d(AT)/d{ IS deter.mmEd from the empir- Fig. 23. Pore size distribution for 208.4 nm diameter CPG and water deter-
ical expression in Eq22). Depending on whether a melt- e 4 ihermoporometry (solid lines) and Hg intrusion (line with filled
ing or freezing experiment is performed, the density at the points). The Hg intrusion data are not plotted to scale with respect to the
start of the measurement is used, i®.(solid density) for ordinate. DSC scan rates are noted in the figure (units: K/min).

r, {nm)
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Fig. 24. PSD for 52.3nm diameter CPG obtained from a water-freezing
experiment. The dashed profile is generated with the empirical calibration
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by mercury intrusion, whose distributions are also pre-
sented in these figures. For the majority of the CPG sam-
ples where the pore size distributions were calculated, the
agreement between the heating and cooling experiments
was reasonable, as seenhigs. 21 and 22. The thermo-
porometry method was truly tested with the largest of the
pores, namely the 208.4 nm diameter CPG sample shown
in Fig. 23. y _ _ _ (b) . (om)

The empirical equations relating pore radius to tem-
perature depression were presented previously, and a CleaP‘Eig. 25. Comparison of the pore size distributions with water, cyclohexane,
difference was noted between the experimental results in thisand chlorobenzene as probe liquids. (a) Melting experiment for 127.3nm
study for melting (Eq(16)) and freezing (Eq17)), andthose  diameter (63.65nm radius) CPG. The peak maxima are at 57.0, 72.5, and
reported by Ishikiriyama et a[19], Eqs.(ZO) and (21)' re- 76.6 nmfprwater, cyclohexa_ne, and chlorobenzen_e, respectively. (b) Freez-
spectively. Recall that the latter equations were obtained from 9 experimentfor 37.9 nm diameter (18.95 nm radius) CPG. The peak max-

. . . . imaareat18.3,18.9,and 17.5 nmforwater, cyclohexane, and chlorobenzene,

porous materials having pore sizes less than 10 nm radiusyespectively.
whereas the former are taken from samples with 3.75-104 nm
radii. The effect of using either expression to transforma DSC 127.3 nm diameter (63.65 nm radius) CPGFig. 25a. The
curve into a size distribution is demonstrate#ig. 24, where organic liquids provide a similar measure of the pore size
the calculated PSD from the freezing of water in 52.3nm distribution versus water, although the peak maxima seem to
diameter CPG is displayed. The use of Ejl) dramatically indicate a larger pore radius than the nominal value: 72.5 nm
shifts the pore size distribution from one having a maximum from cyclohexane, and 76.6 nm from chlorobenzene. The
atrp=26.5nm, i.e., pore diameter=53.0 nm, in good agree- peak pore radius from water is significantly lower at 57.0 nm.
ment with the stated value, to a much larger sjze35.7 nm Similar underestimates are seen for water in the 101.0 and
(diameter=71.4nm). This difference emphasizes the im- 208.4nm CPG samples, a likely result of the smaller temper-
portance of using calibration expressions derived from ature depression of water, hence poorer melt peak separation
reference samples with similar pore sizes as the sample offor the excess melt peak, relative to the organic liquids. In
interest. Fig. 25b, the PSDs from freezing experiments in 37.9 nm

Representative examples of the pore size distributions ob-diameter (18.95 nm radius) CPG are given for the same lig-
tained with the organic liquids cyclohexane and chloroben- uids. The pore radius from the peak maximum is at 18.3,
zene in controlled-pore glass are showrFig. 25, where 18.9, and 17.5nm for water, cyclohexane, and chloroben-
they are compared against the PSD from water. These dis-zene, respectively, in satisfactory agreement with each
tributions are obtained in the same manner as for water, thatother.
is, from Eq.(24), with the exception that the temperature de-
pendences fopiig, psol, and AH¢ are unknown. The values  3.5. Porosity parameters from pore size distribution
for these parameters over the entire temperature depression
range are taken froifable 1. One set of distributions is given Once the pore size distribution is known, the total pore
for heating (i.e., melting) experiments in a large pore sample, volumeV,, internal surface are®,, and average pore radius

3
dV /diogr, (cm*/g)
o o
N W

o
=

40
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rave Can be calculated as follovj20] heat of fusion for cyclohexane. In fact, Mu and Malhotra
o [14] distinctly show that the enthalpy of melting transition
dvp . .
Vo= / <_> drp (28) for cyclohexane decreases with pore size. The trend appears
0 p to be the same as for water, therefore, the heat of fusidn
© 2 (dV, decreases with increasing temperature depression. The dif-
Sp = / — (—) drp (29) ferential pore volume dy/drp, is underestimated, causing a
o 7p \drp similar miscalculation o¥,. The concentration extrapolation
2V, method highlighted irFig. 18 should resolve this question.
Tave = S (30) Such a systematic approach was not done in this study. A
P further possibility that could explain the lack of agreement
For the purpose of this investigation, E¢29) and (30)or betweenV, measured by thermoporometry and Hg intrusion

the internal surface area and average pore radius assume & that the volume of any non-freezable liquid is ignored in
cylindrical pore shape. In the calculation of the total pore Egs.(24) and (28). This effect would produce the most seri-
volume from Eq.(28), the non-freezable liquid adjacent to ous underestimate for the smallest pore CPG, which indeed
the pore walls is ignored. is the case for the cyclohexane resultag. 28b. However,
Figs. 26—28present a summary of the porosity param- the near 1-to-1 correspondences\gfdata for chloroben-
etersrave, Vp, and S, determined from the pore size dis- zene (Fig. 26b) and water (Fig. 27b) suggest that the lack
tributions for chlorobenzene, water, and cyclohexane in the of agreement due to unaccounted non-freezable liquid is not
CPG samples. Because of the difficulty in preventing ambi- significant.
ent moisture from interfering with the DSC thermograms in The results irFigs. 26¢c—28dor the internal surface area
the dioxane/CPG mixtures, no results are reported for this §, show an obvious overestimation, relative to the values
combination. The results are compared to the porosity pa-suggested by nitrogen adsorption, by factors of 1.72, 1.73,
rameters measured by Hg intrusion porometry, as reportedand 2.02 for chlorobenzene, cyclohexane, and water, respec-
by the manufacturer iffable 2. The solid line in each plot tively. To arrive at the expression f&, from the pore size
represents a perfect correspondence between data from thdistribution, cylindrical pore geometry was assumed, consis-

two methods and is meant to guide the eye. tent with the observations for silica gdR0]. A cylindrical
It is recognized that the pore size distributions for the model provides the numerical constant 2 in E29). On the
porous glasses were obtained from parameters Trainte 3, other hand, the BET method in nitrogen porometry does not

which were originally obtained from the same CPG samples. postulate any particular pore geometry but does assume a
It should, therefore, be expected that the plots comparing cross-sectional area for a single nitrogen adsorbate molecule.
the measured pore radii(PSD) to those from Hg intru-  Therefore, thermoporometry is useful for gauging the inter-
sion should be in close agreement. This, in fact, is observednal surface area of one porous material against another, but
in Figs. 26a—28a, for the small and intermediate pore sizes,may not be suitable for determining an absolute measure.
where the pore phase transition peaks are well removed from
the bulk phase transition onset. The scatter increases with3.6. Examples with other porous materials
increasing pore radius because the experimental resolution
for small temperature depressions leads to large uncertain-3.6.1. Coatings with porous fillers
ties. Moreover, the method for separating the pore from the A coating having porous inorganic particles was prepared
bulk signals was a simple truncation step. The overlap of the for investigation with thermoporometry. The coating con-
trailing edge of the bulk transition and the leading edge of tained 37.9 nm diameter CPG in a poly(vinyl alcohol) binder
the pore transition signals may not be properly represented. at a particle-to-binder weight ratio of 4:1. The nominal thick-
The linear least-squares fits in the plots of the measuredness was 10@m on resin-coated paper, and water was used
total pore volumé/, against the reference values provided by as the pore liquid. The heating and cooling DSC profiles are
Hg intrusion are very reasonable, as seen by the dashed lineshown inFig. 29a. Despite the thin coating and the small
for chlorobenzene (slope =1.14) and water (slope = 1.03) in amount of porous solid contained within, the small endotherm
Figs. 26b and 27b, respectively. The result for cyclohexane peak on the low temperature side of the excess water melt
does not show as good agreemenfig. 28b, where an ap-  transition (off scale in the figure) indicates that some of the
parent deviation is observed for the smallest pore volumes.liquid has entered the CPG pores. Similarly, a small exother-
There are several potential explanations for this trend. Onemic peak is observed in the cooling signal that is consistent
scenario is that the non-polar cyclohexane may not be ablewith the melt/freeze hysteresisinthe porous solidcf. 8).
to completely enter the smallest pores, for example, because From the DSC profiles, the pore size distribution of the
of a lack of interaction with the polar silica pore walls. The porous particle within the coating is calculated using the
polarity of chlorobenzene and water may lead to a more fa- transformation equations for the heat flow and temperature
vorable interaction with the glass pore walls, allowing the axes. The resulting PSD curve taken from a heating experi-
liquid to better fill the pores. A second explanation is the ment is shown irFig. 29b, and the distribution for the CPG
result is due to ignoring any temperature dependence of thealone is shown for comparison. A quantitative evaluation of
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Fig. 26. Correlation plots showing the relationships between porosity parameters: (a) average porgsa(tiitotal pore volumé&/p, and (c) internal surface
area$, calculated from characteristic pore size distributions against values obtained from Hg intrusion, asTiteld Rfor the system of chlorobenzene in

CPG. The solid and open points are from heating and cooling experiments, in that order. The solid lines denote a one-to-one correspondence. The dashed lir

in (b) and (c) are linear least-squares regression fits to the data with slopes of 1.14 and 1.72, respectively.

the total pore volum¥), and internal surface ar&g per unit Another application is shown ifrig. 30 for the melt-
area of the coating can be determined from the PSD. Insteadng of water in a coating that has fumed alumina as the
of normalizing for the dry sample massin Eq. (24), the porous filler in an undefined hydrophilic polymer binder.
cross-sectional area of the paper disk is substituted. The poreThe pore size distribution compares favorably with the orig-
volume in the coating was determined as 8.0 and 10310 inal alumina slurry in water, 40wt.% solids. The average
in the heating and cooling experiments, respectively. The av-pore size in the coating from integrating the entire distri-
erage pore radiugye for the example ifrig. 29b,is 11.6 nm,  bution israe=10.7 nm (distribution peaknax=10.7 nm), in

less than measured for the uncoated CPG (19.3 nm). A simi-good agreement with the pore size for the original alumina
lar observation is noted from cooling experiments. One inter- slurry from which the coating was preparegdye=9.9 nm
pretation of a reduced pore radius is that the binder polymer (rnax=10.4 nm). The total pore volume in the coating is mea-
might have occluded some of the larger pores and blockedsured to be 14.6 cim?.

water from entering. It is also important to note that thermo-

porometry is only measuring the amount of liquid taken up 3.6.2. Porous and solid polymer microbeads

in the pores smaller than ca. 200 nm in radius. The technique Many different compositions of polymeric microbeads
does not account for water that the binder polymer or larger have been investigated by thermoporometry, with a few
voids may absorb. In fact, one observation for this example, shown in this report to demonstrate the flexibility of the tech-
as well as others not reported here, is that the total endotherrmique. Both porous and solid particles have been investigated.
area (pore +bulk melt) is often less than expected for the Porous particles are thought to provide internal voids that al-
amount of water added to the sample. This indicates thatlow for preferential adsorption of liquids or to affect the op-
some of the water is held in the hydrophilic binder polymer tical properties when used as addenda within a coated layer.
layer and does not undergo any phase transition and, thereAlternatively, solid particles of uniform size may pack to an
fore, does not contribute to the total pore volume as measuredextent that presents interstitial void space. Itis noted that oth-
by thermoporometry. ers have studied cross-linked polymer particles having porous
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Fig. 27. Correlation plots of the porosity parameters for water in CPG, as explaiR&d 6. The dashed lines in (b) and (c) are linear least-squares regression
fits to the data with slopes of 1.03 and 2.02, respectively.

textures. Brun et a[46] used benzene as the probe liquid in  possible swelling of the polymer particle by water, or if the
a cross-linked polymer resin, and water to probe the cavities temperature-to-radius calibration parameters frtable 3
in an anionic exchange resj7]. Recently, thermoporom-  and Eq.(22) are valid.

etry has been applied by WulfL5] to characterize porous Continuing with the discussion on the same porous par-
polystyrene/divinylbenzene materials swollen with acetoni- ticle, there are two important details that are not captured
trile. in Fig. 31. The first is that thermoporometry strictly can-

The first example is for porous, highly cross-linked poly-  not distinguish between the internal pores and the interstitial
mer bead of 100% ethylene glycol dimethacrylate, with a pores, particularly if the sizes are comparable. This com-
nominal diameter of 160 nm. The polymerization surfactant ment becomes significant in the next example. The second
was removed from this sample prior to the thermoporome- observation is that the total heat of fusion of wates,
try measurement. As characterized previously by the BET pore plus excess phase, is less than expected for the same
method, the total pore volumé, is 0.564 cmi/g and an av- amount of water without any polymer. Several experiments
erage pore radiugye=5.0nm. The inset irFig. 31 shows were done with this porous bead, with the tatdfls imply-
the cooling and heating DSC profiles of a sample containing ing that only 75-85% of the water freezes. The remainder is
water as the pore-filling liquid. Distinct freezing and melt- presumably held at the pore or outer particle surface or oth-
ing peaks are well separated from the off-scale equilibrium erwise within the polymer matrix. We note that others have
melting peak. The pore size distributions obtained from each cited the presence of non-freezable water in polyrf#ets49]
cycle are shown in the main figure with reasonable overlap. because of a close association with the polymer through an
From the cooling cycle, integration of the PSD according to ionic or hydrogen-bonding interaction. The presence of the
Eq.(28)yieldsV,=0.501 cmi/g andrave=9.3nm; the heat-  glycol groups in this ethylene glycol dimethacrylate polymer
ing cycle gives/p =0.442 cni/g andrae=7.9nm. The ther-  bead likely adds some hydrophilic character that could in-
moporometry results for the pore volume are similar, though hibit freezing. Therefore, the total amount of water taken up
slightly less, than those from the gas adsorption method. Itis by the sample is greater than represented by the total pore
difficult to assess whether the pore size difference is due tovolume.
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Fig. 28. Correlation plots of the porosity parameters for cyclohexane in CPG, as explaffigd26. The dashed line in (b) is meant to guide the eye to the
general trend of the data, and in (), it is a linear least-squares regression fit with a slope of 1.73, minus the outliers to the far right.

The possibility of interstitial voids contributing to the One last example of porous polymer beads is described for
measured porosity of polymer microbeads is demonstrateda porous aliphatic polyester copolymer with additional ionic
in Fig. 32. A 170 nm diametesolid particle of poly(methyl characterFig. 34 presents the PSD for a 355 nm diameter
methacrylate-co-ethylene glycol dimethacrylate) with a porous polyester bead in water with a water-to-bead weight
quaternary ammonium salt as a particle stabilizer has beerratio of 2.6. The average pore voluivigfrom the heating and
examined as a moist paste with water as the probe liquid. cooling cycles is 0.844 ciy. The average pore radiuge
Presumably, this particle does not have internal pores, yetfromthe distributions is 24.7 nm (heating) and 32.3 nm (cool-
obvious freezing and melting peaks are observed by DSC,ing). The concentration extrapolation experiment is shown in
with the usual hysteresis associated with a porous material.Fig. 35, yielding a total pore volumé, from thex-axis inter-
From the pore size distributiony,=0.267 cni/g and ceptat 0.854 cHig, in excellent agreement. In general, it was
rave=7.95nm (heating branch) and,=0.232cni/g and observed that the thermoporometry method provided larger
rave=9.88 nm (cooling). The water to dry bead weight ratio estimates of the pore volume than did nitrogen adsorption for
was 0.80 for this example. In Secti8rB, a method for deter-  many of the porous polyester particles, suggesting a preferred
mining the pore volume from the extrapolation of a liquid-to- permeability of water over nitrogen, presumably because of
solid concentration series was describedid. 19).Fig. 33 the presence of the ionic comonomer. Non-freezable water is
provides the result for a similar extrapolation for water mixed also present, which indicates additional water uptake by the
with the solid polymer beads from six individual liquid-to-  polymer matrix.
solid ratios. The extrapolation to zero excess water indicates
a total pore volume of 0.39city, again consistent with
the observation that these solid particles have an interstitial4. Summary and conclusions
porosity. The linear nature of the extrapolation suggests that
the particles are sufficiently aggregated, and their separation Thermoporometry is a calorimetric method that deter-
in the wet mixtures is independent of the amount of water mines pore sizes from the melting or freezing point depres-
present. sion of a liquid confined in a pore, by reason of the added
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P

coating (solid). The distributions have been rescaled to fit on the same plot.

Fig. 32. The pore size distributions for a 170 nm diametaid polymer
bead obtained upon cooling (dashed) and heating (solid). The inset figure
shows the cooling (upper) and heating (lower) DSC profiles. Water is the

probe liquid.
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Fig. 30. Pore size distributions for a 40wt.% slurry of fumed alumina
(dashed line) and a handcoating with the same alumina held in a polymer
binder layer (solid line). The curves have been rescaled for direct compari-
son.

Fig. 33. The concentration series for water mixed wigohd polymer mi-
crobead. The ratio of the excess melt and pore melt areas, when extrapolated
to thex-intercept, directly provides the total pore voluWjgas 0.39 crivg.
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0.030 size distribution are presented, with the latter comparing fa-
vorably with Hg intrusion data. The report concludes with

. 0.025 applications on other porous materials, such as fumed alu-

mjz 0.020 - mina and porous organic microbeads. A demonstration of

S thermoporometry for detecting the pore structure in a coated

o 0015} layer is also reported.

é’ It is also noted that thermoporometry has an approximate
e 0010 size limitation of 200 nm in radius with water as the probe lig-

= uid, increasing to 1000 nm for cyclohexane, so long as there
0.005 is no interaction with the porous solid (e.g., swelling). Based

0.000 on the observation with polymer microbeads, the technique

1 does not account for liquid that the binder polymer may ab-

r, (nm) sorb and prevent from freezing. In fact, one observation is
that the total endotherm area (pore + bulk melt) is often less
Fig. 34. The pore size distributions for a 355 nm diameter porous aliphatic than expected for the amount of water added to the sample.
EolyestE(r V\|”$ i\C;\;\iC Charscter l;eﬁll_d O_ztainﬁd upon COOtl’ingd(daShﬁd) and This indicates that some of the water is held in the hydrophilic
eatlr?g solid). Water is the probe hqui wit awater-to-_ eaa welg t ratio binder polymer Iayer and doeS not undergo any phase tran-
0f2.6:1, and the average pore volugfrom the two cycles is 0.844 cifg. sition and, therefore, does not contribute to the total pore
volume as measured by thermoporometry. Finally, if intersti-

contribution of surface curvature to the phase transition free . d ; . :
tial pores are present, it may not be possible to differentiate

energy. A summary of the theory behind the technique has ! . . . . S
been provided, as well as a thorough evaluation of the tech_betweenmtraparncle and interparticle porosity contributions.
nigue using a laboratory DSC instrument.

Optimum experimental conditions and data analysis
protocols were determined from studies on mesoporous
controlled-pore glass standards (CPG). Water, cyclohexane,
chlorobenzene, and 1,4-dioxane were used as the pore-fillin
liquids. From the analysis of controlled-pore glass standards
having radii in the range of 3.5—-100 nm, a slow scanning rate
of 0.05 K/min is advised, if water is the probe liquid, and ap-
proximately 2-5 times faster is acceptable for organic liquids.
Small sample masses are also recommended (ca. 2-8 mg t
tal weight). A recommendation is made for determining the
temperature depression by using the difference between the
pore melt peak maximum and the extrapolated bulk melt on-
set. This option proves to be the least sensitive to scanning
rate and sample size. Procedures for obtaining total pore vol-
ume, specific surface area, pore radius, and ultimately pore
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Appendix A
A.1. Derivation of pore size by gas adsorption
In order to determine a pore radius by gas adsorption, the

Gibbs—-Duhem equations for coexisting liquid and gas phases
are introduced.

3

SI6T — VidP +nidu =0 (A1)

Eqgs.(A.1) and (A.2)give the criteria for thermodynamic bal-
1r ance between the bulk gas and liquid phases external to the
pores, i.e., where the interfacial area is flat. They relate chem-
ical, thermal, and mechanical contributions, at equilibrium,
upon infinitesimal changes in chemical potendal, tem-

0 1 2 3 4 5 peraturesT, and pressuréP;. Subscripts,j =gl for gas and
liquid, andS, V;, andn; are the entropy, volume, and number
of moles of phasg respectively.

Fig. 35. The concentration series for water in the porous aliphatic polyester The nitrogen adsorption experiment is CondU(_:’Fed at con-
bead from the previous figure. The total pore voludefrom the x-axis stant temperature (370) and under the condition that
intercept is 0.854 cfig. gaseous nitrogenis in equilibriumwith its liquid phase, hence

AH&XCGSS/AHp ore

Cho/ Coosa (9/9)
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8iug =381 =0. The Gibbs—Duhem equations reduce to The derivation continues with the subtraction of EA4.8)
from (A.9), and Eq.(A.7) from (A.9) for the two interfaces
(molar volumesy; =V;i/n; and entropies = S/n;)

where the molar volumes of each phase(V;/n;) have been <

. . . Sg — S Ug V| N
substituted. The Laplace equation (Et)) for ahemispher- — )T = 8Py — — " 3P (gas-liquid)

ical surface, subject to incremental changes in presére vg— Vg — Ul Y9 (A.15)
becomes )
2yg)
§Pg— 4P =5<Tg> (A-4) Sg — Ss v Vs
< g )(ST =—3 5Py 8Ps (gas—solid)
Keeping with convention, the phase with the higher pressure \v9 ~ Vs Vg — Us Vg — Us (A.16)
is on the convex side of the interface. Combining equations, '
one has A second subtraction of E¢A.15) from (A.16) and substitu-
2yg v — vg RT 8Py tion for §P; andsPsfrom Eqs(A.13) and (A.14), respectively,
r | v Py
wherev < vg, and ideal gas behavior, thatig= RT/Ry, has [( 59 SS) _ (sg — S )} ST= 5 5 <yg§dA95>
been assumed. Integration of E4.5) from Pg atr=oo to Vg — Us vg— Vg — Us dVgy
Pg atr=r gives dA
+—2 s <y9| g') (A.17)
in(fo) - _%aw (A6) Vg~ U dv
Pg "~ FRT ' Let us assume cylindrical pores with hemispherical surfaces.
Furthermore, we note thag > v|, vg > vsand
A.2. Melt/freeze temperature shift for coexisting solid dA.- 2
and liquid <d—v”) = (concave toward phasg (A.18)
J
The Gibbs-Duhem equations describe the balance be-/d4;; 2 .
tween mechanical, thermal, and chemical potential contri- < ) = —-  (concave toward phas (A.19)
butions at equilibrium for a planar system of coexisting bulk /
phaseg7]: Thus, for the picture representedriy. 2.
ST — VsbPs + nsduus = 0 (A7) (s1 — 55)8T = —2 |:v58 (Vis) + (@)} (A.20)
¥ ¥
SIST — Vis Pl + mduw = O (A.8) gs g
For the temperature interval of interest, let us assume entropy
Sg8T — Vgd Py + ngdpg =0 (A.9) changes — s, surface tensionggs, g1, and specific volumes
Egs.(A.7)—(A.9) are supplemented with the Laplace equa- Vs, vl are constant. Therefore,
tions(A.10)—(A.12)to account for curved interfaces between — T = Ah A D1
liquidisolid (I's), liquidigas (/g), and solid/gas (s/g) bukk ' ~*% f (A21)
h : 8T 2 1 1
phases = [Usygsa <_> + vy (—)} (A.22)
dAIg AL0 f rgs Il
hi—Pg=ng dvi (A.10) whereAhs is the molar heat of fusion. The effect of the ra-
dA dius of curvature of the two interfaces on the equilibrium
Pg— Ps= ygs——= (A.11) melting/freezing temperatui® is determined by an integra-
dg tion from 1/rys=0 and 1/gs=0 atT=Ty (i.e., flat interfaces)
dAg to the arbitrary values 14¢ and 1/g at the temperature of
Ps— P =yl av- (A.12) interestT to give
S
With the Gibbs phase rule indicating two critical surfaces, one | I\ _ 2 [y n UsVgs (A.23)
may choose the gas-liquid and gas—solid interfaces. Upon \ Ty Ahs \ rgl rgs '

differentiation, Eqs(A.10) and (A.11)become

dA
5P — 6Py =8 <yg.d—vf'> (A.13)

Morioka et al.[50] cite a similar expression for coexisting
solid and liquid adsorbate in a porous solid, with the exception
of a sign change for one of the terms in parenthesis on the
dA right-hand side of Eq(A.23). A reversal of the curvature
§Py—8Ps=14 (Vgs 95) (A.14) of either the solid/vapor or liquid/vapor meniscusHig. 2

dVg remedies this difference.
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A.3. Melt/freeze temperature shift for saturated pore

To derive the phase transition temperature—pore size re-{14l
lationship for the case of a saturated porous solid, one can
consider the solid—liquid and gas—solid interfaces when sub-

tracting the Gibbs—Duhem equations. Following the logic of
Egs.(A.15)—(A.17), one arrives at
—Ug dAgs
3
— g (ygs dVg )

Ss — Sg _ S| — Ss ST =

Us — Ug V| — Vs - Vs

v dAg
V| — Vs vl st
For the hemispherical solid—liquid surface (&8s =2/rg,

and for the planar gas—solid surface,qddVy=0. If we,
again, assumegy > vy, vs as well asug > v| — vs, One has

+

(s1 — 5)0T = —2v1ysid <i> (A.25)

r's|
Upon substitution of the molar entropy differerge- s;, ac-
cording to Eq.(A.21) and integration fronilp to T for the
transition from a flat to curved solid-liquid interface, the
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[23] J.E. Kaeding, J.W. Leon, C.J. Landry-Coltrain, A.R. Pitt, T.J. Wear,
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2003/0198761 Al (October 23, 2003).
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1976.
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[27] L.G. Homshaw, J. Colloid Interface Sci. 84 (1981) 141.
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simple thermoporometry relationship is obtained (assuming [29] A. Schreiber, I. Ketelsen, G.H. Findenegg, Phys. Chem. Chem. Phys.

constantAhy, v, andyg))

T 2vuys

— = (A.26)
To Ahgrs

Brun et al]6] have numerically evaluated H#..25)to arrive
at an expression for the solidification entropy charmge,ss,

by reason that a large temperature depression of up to 40 K for
water (and 60 K for benzene) was studied. Empirical expres-
sions for temperature-dependent heat capacities and specifiE3
volumes were incorporated into the integration to arrive at an [36]
empirical expression for the freezing-point depression and

pore radius (see EgL8) and (19)).
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