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The I)u Pant Model 9111) differenlial thermal analyzer was used with the 
standard Dr.4 cell and the DSC cell ’ ’ (this is actually a DTA cell: it has a quan- 
titative potential not availabte in the standard cell and difftrs from the latter in that 
the thermocouple is not in direct contact with the sample). Glass beads were used as 
reference material in the former. and an empty pan for the latter. 1Jnless othcrwisc 
indicated a gas flow of 100 ml min - ‘ was maintained in the DSC cell, a static 
atmosphere in the DTA cell, and a nominal heatins rate of 20°C min-’ ’ in both. 

The ample yarn or fiber was wound closely and tightly around the chromel: 
alumcl thermocouple, so that when it was inserted in the $ISS meltin? point tube 
in the DTA cell, the sample space was well filled. This w:ls not possible with the coarse 
Saran mono~Iament, which was cut into short (2-3 mm) lcngtbs which were tightly 
packed into the tube to form a bundle into which the thermocouple was forced. 

Material for the DSC cell was cut into 3 mm square specimens. or the yarn 
was cut into short (ca. 2 mm) lengths. and packed in the aluminium pans. The pan 
lids were inverted to minim&c head space anti to pack the sample firmly to tbc base 
of the pan to obtain good thermal contact. The normal pan lid dots not allow significant 

pressure build-up or pan distortion unless here is rapid gas evolution. since it does 
not fit tightly unless crimped_ fiowcvcr_ in some cnscs perforated lids were used to 

allow easier elllux of evolved products, and for these four 0.5 mm holes were pierced 
through the normal lid. 

A aimple mass of 24 mg was used in the DSC cell and ~lbout 2 mg in the 
standard ccfl, the instrument response was very similar in either cc!l. 

RWULTS AND UISCUSSION 

The DTA curves for PVC powder, obtained under v;irious coedirions. arc 
shown (Fig. I) for the range 100-4OO”C. The dehydr~hIorination of PVC is accom- 
panied by a mass loss of the order of 60% of the original weight. and the formation 
of a carbonaceous foamed char which undcr~ocs further reaction. The factors. 
particularly thermal resistance. determinin, a the pcrformancc of idcalised DTA and 
DSC apparatus have been described ‘_ In the standard (Du Pant) DTA cell, the 

sensing thermocouple is in direct contact with the sample. and foaming decomposition 
can cause fiuctuating thermal contact. and hence an erratic and irrcproducihle DTA 
curve. The changing baseline thus compounds the reported dificulty of interpretation 
of DSC curves of decomposing fibers ‘_ As a consequence the curves obtained in the 
standard cell at temperatures beyond the initial major decomposition have limited 
utility, and comparison between curves obtained on the standard and DSC cells 
above the decomposition should be treated with cart. 

The DTA curve of PVC powder in the standard cell (Fig. 1, f) comprised a 

small endothermic baseIine shift at 250°C prior toa broad endotherm from 250-35O”C, 
peaking at 305”C, and an cxothermic trend on further decomposition. The small 
endothermic shift was not evident in CUTVCS obtained on the DSC cell and was 



END0 

- -__L-.. ----d____ * -e-f 

100 200 300 400 c 

Fig. L DTA axves of PVC powder, heating rate 20°C min-1. {a) = DSC cell, open pan, in air: 
@) = DSC cc& pclroratcd lid. in air; (c) = DSC ceJ& perforated lid, in Nz; (d) = DSC cdl, open 
pan. in Nz; <cl = DSC cell, ciosai lid, in lU=; (f) = DTA cdl; &> = DTA dl, c~ntsins dintr of 
Df=pan, 

assumed to result from a sintering of the powder onto the thermocouple. The curve 

obtained for the DSC cell, using a closed sampfe pan in nitrogen (Fig- 1, e) showed 
a relatively small endothermic peak foflowed by a vigorous exotherm, before deforma- 
tion of the pan caused an ZrreguIar trace, When the product gases were allowed to 

diffuse from the pan, using either a perforated’ pan Iid or no pati lid (Fig. I, c and d, 
respectiveIy) the exothermicity of the reaction was much redticed- In an open pan 
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in air (Fig. 1, a) reaction was apparent at a lower temperature than in nitrogen and 
was exothermic from the start, whiie under conditions of limited access of air using a 
pefforated iid (Fig_ 1, b) an initial net endotherm was followed by a vigorous exo- 
therm, Finally, when a siiver of DSC pan was included in the DTA sampie tube with 
the PVC, a vigorous exotherm followed the initiaf endothermic reaction (Fig 1, g)_ 

Reaction in air in an open pan of either pIatinum or aiuminium gave a DTA 
curve which was qualitatively the same; under these conditions the DTA curve 
(Fig_ I, a) obtained in an aiuminium pan, therefore, represents a predominantly 
oxidative decomposition. It seems probable that the corresponding curve in nitrogen 
(Fig_ I, d) represents predominant thermai decomposition. The standard DTA ceil is 
character&& by an unusualiy high de_- of product retention18, so that the decom- 
position takes piace in a self-generated atmosphere, and under these conditions is 
more endothermic_ Tbe contrast between DTA cures (Fig I, f and g) in the presence 
and absence of aIuminium demonstrates the potentiaf for interaction between sample, 
or decomposition products, and the container, The initiai exotherm in the closed pan 
(Fig_ I, e) is believed tu be due to such an inter&&on with the pan; although other 
explanations are possible, for it is known that the evolution of large volumes of gas 
can cause irreproducible DTA traces19, and deformation of the sample pan can 
cause spurious DTA peaks_ 

The autocatalytic cfEct of evolved hydrogen chloride, and the modification of 
the DTA curves of PVC by the presence of additives and piasticizers has been shown’_ 
Thus the curves shown in Fig_ 1 are not n eccssady representative of processed 
material which may differ in *both composition, and particle size (ease of diffusion * 

of product from the materiaI), nonetheless the same factors wiI1 be operative and the 
DTA curve will be determined by proceduraI variables. 

For Saran the differences between the DTA curves obtained in the two ceils 
were less obvious (Fig_ 2)_ The melting was clearly shown in a broad endotherm 
peaking at about 170°C in good agreement with the reported value of 170475°C 
for the semi-crystahine vinyiidine chloride/viny1 chloride copolymers’ 6_ Curves 

obtained in the DTA ceii (Fig. 2, c and d) showed an irregularity between 220-27O”C, 
the range over which Saran was observed to decompose with extensive gas evolution. 
The decomposition was only slig.htIy endothermic and was manifsted in the DTA 
curves by the variable thermal contact causing an irregular trace_ In the DSC ceil, 
using a perforated lid in nitrogcu, this decomposition was not detected, but vigorous 
exothermic reaction was evident above 250°C (Fig_ 2, b). This could be due to the 
aiuminium pan; although the presence of a sliver of aluminium with the sample in 
the DTA cell resuited in an increased exotherm, the effect was evident at a higher 
temperature (Fig_ 2, c)_ In the DSC ceii the exothermic decomposition was evident 

at shghtiy lower temperatures in air than it was in nitrogen (Fig- 2, a and b)_ 
The DTA curves of the poIybIend CordeIan (Fig, 3), showed a broad endotherm 

at 2QO42O~C. This endotherm was found to be insensitive to changes of heating rate 

(5-40”C min- I)_. As the disorientation of crystaiiites in polyivinyl alcohol), and. the 
melting- point. of formaiised poIy(vityI alcohol) fibre#* com_moniy occur in this. 
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F;s- 2. mA CUZYQ of Saran monoJilamcn1. hcJring rare ZO’C min-1. (a) -G DSC cell, pcrfomtcd 
lid. in sir; (b) .- DSCall, clascd lid. in Nr: (~1 = LlTA cell. with sliver of DSC ~xm; (d) i DTA cull. 

nngc’“, this cndothcrm in the DTA curve of Cord&n can be artribufed to the 
poly(vinyl alcohol) crys~allinity. The subscquenf decomposition of Cordelan can be 
interpreted as either a multistage cxofhcrmic reaction. or, more probably, concume~M 

endothermic and cxothcrmic reactions. near 300°C. The DTA curves of the polyblend 
had little, if any, resemhtzrnce to those or the component polymers except for the 
PVA crystallite disorientation endotherm (Fig_ 3, a, b and c)_ The degze of product 
restra;nt affected the DTA curve (Fi, n 3, c and d); reaction occurred at a lower 
temptr?turc in a closed pan fhan in one with a perforated lid, and the relative balance 
of th: t\‘o reactions was changed. The curve obtained in the standard ceII (Fig- 3, a) 
was subs%mtially different and gave clear separation of an endothermic and an 
exothermi: reacfion. Under oxidisirg conditions both reactions were suppressed in 
favour of .I more gzncral cxothcrm (Fig_ 3, f)_ 

In mntrast to the previous materials the modacrylic fibers, Kanekafon and 
Teklan, gave DTA curves that were not sensitive to the different conditions in the 
two cells. For Knnck~Ion (Fig. 4) there was no qualitative difftrtnce between curves 
obtained in air or nitrogen in the DSC ceJJ, or under product -train t in the DTA cell- 
Tcklan (Fis 5), on the other hand, was slightly more sensitive to oxidation and an 
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Figs 3. rlTX CUN’CS of Cordclan; fwating rate tO’C min- t. (a) -1 Cnrdcl;l~~~fvclhrltnt tcrcph- 
tbafarc, DSC all, pcrfontcd lid. in 2%; (b) -= Polwstcr. DSC cell, perforated iid. in Ns (c) - 
Cord&n. DSCbcll. petfcwa~cd lid. in N%;(d) := Urdctan, DSCoclf.cfoscJ lid. in Nt; &c) .T- CordcJan, 
DTA all; IfI = Co&&n, DSC &I, perfhxtcx! lid. in air. 

endotherm was suppressed in the DTA curve under conditions of teasonable air 
access. 

Tht DTA CUCYCS of both modacrylics u;ere chancteriscrl by srnati melting 
endothcrms at 19%2W’C, which were insensitive to chanse of heating raate (5-4l’C 
min- ‘). After melting of the semicrystaIIinc retion each fibre underwent endothermic 
decomposition, peaking near 250°C (Teklan) and 29O’C (Kanekaion), and then a 
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E&4_ MAatrws d Kaddon. heating rate, 2D”C min-l. (a) = MA cdl; (b) = D!SC ccJJ, 
perforated lid, in Nt; (c) = DSC cdl, paforatcd Jid. in air_ 

vigorous exotherm, peaking at 280-290°C and 295-3OO”C, respectively_ The endo- 
thermic decompositions thus bear a superfk-Sai resemblance to the decomposition of 
Saran and PVC, respectively, whiie the exotherms are &n&r to those of acrylonitrilc 

homopolymd * and acrylic fibcrsf and, in contrast to a previous report’, under 
theseconditions the DTA cures of the modacrylics arc not dominated by a resemblance 
to the chIorohomopolymer_ The reactions are dependent on heating rate and the 
balance of cxotherm and endotherm can be substantially altered by suitable choice 
of rate*; this may be uti@ed in identification, 

The DTA cuwe of the TekIan/CeIon fabric obtained at 20°C min-’ in the 
DSC cdl (Fig_ 6, a) differed from those of the component fibers (Fig_ 5, c; Fig. 6, d); 
the 250°C endotherm was not evident_ The curve obtain+ in the DTA c&l (Fig. 6, c) 
at 20°C min- I was reasonably additive, although some lowering of the Celon melting 
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Fig, !i- DTA curves of T&Ian; heating rate ZW’C min-‘_ (a) = DSC cdl; perforated lid in air, 
(b) = DSC all; dosed lid, in tic (c) = DSC all; pafomkd Iid, in Ns (d) = DTA US_ 

was evident- At higher heating rates the characteristics of both fibers are again shown 
iti curyes obtained in the DSC cell (Fig_ 6, b). 

In contrast to those of the Tekkm/CeIon fabric, the DTA curves of the Teklan/ 
cotton blend showed no quaIitative difference from those of Tekian alone, except 
for a dehydration endotherm nezu IOW’C Cotton presents a relatively uneventful 
thermogram in this tempcratun range (ISO-350%) on this equipment 

The CordeIan/poly(ethykne terephthaIate) (PEZT) fabric gave a DTA curve in 
the DSC cell (EC 3, a) which showed the melting of the Pm (Fig- 3, b) as well as 
that of Cordelan, and although the reaction exotherm of the Cordelan was slightIy 

modified by the presence of the other fiber, it remained distinctive. 
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FTg_6. DTAcurvcs ofTcklan/Celan_ (a) = DSC alI, pccforstai Iid. in N:. 20°C min-1; (6) = DSC 
al& puhWed lid. in Nx. 1tWC min-l; (c) = MA cell. 20°C min-1; (a) = cdan, DSC ~41. 
pcrfhared lid. in Nt, 20°C min-t_ 

There is a continual need for an awareness of the procedural nature of DTA 
and DSC resuIts_ The foregoing can be explained in terms of ceII geometry and 
construction a&cting the interaction of sample, product and container. 

During decomposition reactions there are major changes in the mass, size, 
shape, heat capacity and thermal transfer properties of the sample, which result in 
changes in the baseline of DTA and DSC curves”_ This complicates interpretation 
of the curyes over extended decomposition and temperature ranges and between 
diflktnt instruments_ The present work has shown differences between the Du Pont 
DSC and DTA c&s_ Bingham and Hill*, in studies which inciuded some chlorolibers 
and modacryIics under somewhat similar conditions (the extent of diffusion through 
their perforated sample pan lids cannot bc asses(jed, since no detail is given, but it 
seems probable that there is an cffkctke seff~eratcd atmosphere) obtazned cures 
which show significant differences to the present rest&s, in terms of apparent general 
UrOthCMJicity, 

In Ibe present tax, it has not proved practical to investigate the @nteractions 



57 

of ChIorofibers and the procedural variables pertaining to the DSC cell in greatez 
detail since even the presence of a purge gas (100 ml min- ‘) was insufficient to protect 
the cell from corrosion by gaseous products’- For this reason, even though the DSC 

cell is more convenient to use for fiber and fabric samples and gives improved thermo- 
analytical performance, the standard DTA cell (in the Du Pont system) is preferred 
for routine identification of unknown fibers by ^fingerprint” thermog_rams. 

In either case, it should be recognised that the cell itself can contribute sub- 
stantially to the shape of the DTA curve obtained; in the case of the standard cell by 

retention of volatile products in the proximity of the sample, and in the case of the 
DSC cell by further interaction of the sample or products with the aluminium pan. 
Great caution is therefore required when measures of thermaI/chemical stability are 

compared to other properties of interest such as stren_mh retention or flame resistance. 
The various fibers containing chlorine have characteristic DTA curves, which 

are in some cases sensitive to procedural variables_ There can be no confidence that 
the DTA curves of any particular blend, mixture or alloy of two or more components 
will be additive in respect of decomposition, although geater reliance can be piaced 

on first order transitions. 
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(Rcccivcd8D&anba 1974) 

A ~e~~y~rnic study of the liquid~lid phase transformations in porous 
mater&Is provides the relationships between the size of the pores in which solidification 
takes piaa and the temperature of the tripIe point of the divided liquid, on the one 
hand, and between this temperature and the apparent solidification energy on the 
other band_ 

The experimental study of the phase transformations, carried out by means of a 
microcalorimeter, gives the values of the parameters n ecessary to eaIcuiate the free 
solid-liquid interphase extension energy ‘prs at different temperatures_ A formula 

Yr. = f(T) is given for water and benzene_ Ona this factor is known, it is possibIe 

to study the numerical relationship between pore-radius and freezing ener_rry at the 
equilibrium temperature. 

By using these relations together with the solidification thermo_p;~am (the 
recording of the power evolved by the solidification of a capihary condensate during 
a iinear decrease of temperature) the authors have been able to determine pore 
dist~bution curves_ An emphasis is put on the comparison between thii method, 

thermoporometry, and the BJ_H, method_ 
last of ali the comparison of the experimental data for solidification and 

mefting provide information concerning pore shape by means of the evaltuation of a 
thermodynamic shape factor or by a method of simtdation of porous materia1. 

INlRODUCl-ION 

The important role played by porous materials in industries dealing with oil, 
chemicals, paper-production, textiles, building, leather, ._. etc. has promoted the 

research and the application of a number of techniques aimed at studying porosity_ 
Dullien and Batra’ haye recently made a thorough and criticai review of them_ These 
techniques can be classed as: 

(a). Direct observation methods using ekctronic microscopesand the d&action 
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of X rays. Unfonunatcly, those techniques which make it possible to observe the 
structure of the material directiy prove to be dificult to handle when it comes to 
examining mcsoporous materials whose mean pore-radius ranges from 2 to 50 nm. 

(b) Indirect methods based on the analysis of capillary phenomena occurring 
in porous materials. The mosL frequently useJ of these methods are mercury porosi- 
metry for the larger pores and the B.J.H. method for the narrower ones. The latter 
deduces the characteristics of the porous material from the conditions of the liquid --+ 
CDS transformation of a condensate held inside the material. Thus, it provides in- 
formation about the size of the mouths of the pores. 

The authors of this paper have recently presented a new technique of indirect 
study: thermoporometry, which analyses the conditions of the solid-liquid phase 
tnnsformation of a condensate held inside the porous materials*’ ‘. 

This methctd is based on the observation, mentioned by several authors’-’ 
that the conditions of equilibrium of the solid, liquid and gaseous phases of a pure 
substance which Is highIy dispersed are determined by the curvature of the interfAces_ 
in the case of a liquid contained in a porous material the solid-liquid interface 
curvature depends closely on the size of the port_ The solidification temperature is 
thereforc different in mch pore of the material. 

The solidification thermogram of a known condensate inside an unknown 
material thus leads to the deduction of: the size of the pores by means of the mcasure- 
ment of the solidification temperature, and the volume of these pores through the 
measurement of the energy involved in the phase transformation. 

This method actually gives the real size of the pores and not that of their necks. 
Until rcccntly the method had only been used as a relative method usins 

calibration curves drawn from well-known samples. IL seerncd to us worthwhile 
to turn it into an absolute method. enabling us to deduce the pore-size distribution 
from the so!idification thermogam purely by means of theoretical relationships. 

Besides, in a number of applications where porous materials are used as filtering 
elements, it seemed worthwhile LO know the shape of the pores-a key component 
of their permeability_ 

7’hermoporometr-y makes it possible, by comparing the melting and solidifica- 
tion thermo_rrr3ms, to deduce the shape of the pores and to present a model of material 
made up of cylindrical and spheric4 pores_ 

2. STZI’DY OF FORE-SIZE DISTRIRLlTlON 

2-J. PrincipJe of rhr nw~hod: SoIidiJicurion of a liquid in a porous material 

2_ 1.1. ReJationship bcfween the fctnJ?erature of tire PipIe poinf of a condensate 

and zhc radius of rhe pore 

2.i.J.J. SohjTcarion temperature of u Jrighly dkpersed liquid_ For a pure non- 
divided material the conditions of equilibrium of the three phases only coexist at the 



T,, triple point. There is only one such point. In the case of divided phases there is no 
Iongcr just one point: the equilibrium pressure and rcmpcwrurc of the three phases 
are determined by the curvature of the menisci. The phase rule established by Defay 

then gives a variance of 1. 
Indeed in a finely divided substance the surface energy can no longer bc @ored. 

According to Gibbs’ model we then have to admit that two phases i and j_ whose 

volumes are Vi and Vi. arc separated by a surface layer. the inierphasc iJ whose 

surface is Ajj and whose thickness can be ignored- The Gibbs-Duhcm equations then 
are: 

SidT- ~dPt f mid$It == 0 for the phases 

(1) 
.~ij do -f A, d’/ij i t?t,j ci/tij ~ 0 for the intcrphztscs 

where T is the femflenturc. nt the mass. S the entropy, II the chcmicai potential and 

where the pressures P; and fj arc related to the fret ‘surface extension cncr@cs T,# 
according to Laplace’s equations: 

dA.- 
I) - p, L- Yii -_ jr. 

dVi 

At the triple point the three phases of a pure substance arc in equilibrium with 
their three interphases, so that the six chemical potentials arc equal. 

k - pi =- 41,~ - II,, = ___ and 

(3, 
d/r; = dr~j = d~fii = dfrjr = I_ _ 

By subtrxfinS two by two the Gibbs-Duhem equations as applied rcspcctivcIy 
to the 1 (liquid). s (so1id) and g (gaseous) phases. and by taking into account (2) and (3) 
we obtain 

% - sr S( - s, - (_ --_ _ Cl-I- = 
I; - f 

S 
c --c I * 

$---” (x. -$$-) - -$-qd (;&!.$_) 

where s and ir stand for the specific entropy and volume of the substance. 
This diffcrcntial equation of the triple point temperature shows in&cd thrit the 

temperature depends on the curvature of 2 interphases. It is obvious that two similar 
equations could be obtained by simply permuting systematically the s, I, 2 subscripts 

and that the three equations together will have covered all the possible combinations 
of interphases. 

2.1.1.2. ReJatiomJGp berm-een tlte tripb point temperature of a condensate wftich 
saturates a porous materiof and pore-raditrs. It appears from the previous study that 
in order to calculate the triple point temperature it is necessary and sufficient to know 
the dltij/dVj curvature of two of the three interphaws. This condition c-Jn usually 
not be met for a porous material but it is possible to study the particular u-se where 
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the solid-gas interphase Is plane_ For this a quantity of condensate whose volume is 
sJi&tJy superior to that of the pores can bc used. Below the normaJ T. triple point 
the exass solidifies and the interphase thus obtained remains flat at any temperature 
inferior to I&,_ The d&/d V’s curvature then is always zero. As os >> o, and ass, - s, = 
AS, is the solidification entropy of the condensate, eqn (4) becomes: 

This equation therefore shows a unique correspondence between the triple 

point temperature and the curvature of the solid-liquid interphase_ In order to relate 
the temperature to the pore size, it is then n ecessary to know to what extent the 

curvature is related to the pore-radius and, for that purpose, to study the solidification 
process of a liquid which is divided by a porous material. 

(a) Soiidijicarian process by tiucieafion 

In a homogeneous liquid, solidification occurs from critical nuclei- One should 
remember that embryos appear spontaneously in the liquid but that they cannot 
grow unless they reach a minimum size caJJed critical size, whose value decreases 
with the temperature of the environment_ In a porous material the embryo is not 

free to reach its critical size at any temperature as its mean radius will at most be 
equal to the radius of the cavity inside which it is_ At the normal solidification 
temperature, the embryos therefore cannot reach the critica size in the pores. When 
the temperature of the saturated sample is lowered, solidification can occur pro- 

grusivcJy in the srnaJJer pores (accordin, e to their size) when the size of the critical 

nudei (at a -tieen temperature) is the same as that of the pore. 

(b) sol;difica~ion process by evaporation foI/on*ed by subfimafion 

Some authors’= 8 claim that solidification occurs through evaporation of the 

liquid followed by a condensation into solid statt, both outside the porous material 
and inside the larger pores, Such a process can be understood in the case of a steep 
thermal gradient but is inconceivable when the phases are in equilibrium_ Indeed 
it can bt shown, with the help of eqn (5). that solidification would follow that process 

at a temperature inferior to nucleation temperature, the freezing temperature depres- 
sions9 ting in the ratio p&u. 

Consequently such a process could only occur in the case of a strong thermo- 
dynamic imbalanct, due for instance to a strong supercooling or to a temperature 

gradient. Last of all, when the porous material is thoroughly saturated, it must be 
admitted that the vapour phase does not exist in it, which prevents the process from 

occurrkg. 

(c) SMid.iicarion process by progrtxsire penetration of the solid phase 

Everett subm-ks another proazss consisting of a progressive penetration of the 
soJid phase formed outside the porous material into the smaller; then the smallest 
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pores ’ S That proazss which occurs at the same temperature for each size of the 

pores as nuckation most probably occurs jointly with the latter_ But it cznnot account 
by itself for the solidification which can be observed in an unsaturated material in 

which onIy the smaller pores are filled with condensate; neither does it apply tb a 
material with ink-bottle shaped pores, 

On noting that supercooling is unfikefy for a highly divided fluid (as is the case 

in a porous material) it becomes possible to opt for the first-mentioned process. The 
curvature radius of the nucleus, i-e_, of the solid-liquid interphase, equals then the 
RP radius of the pore under study. Actually, as will be shown later in this paper7 the 

molecules which are in cfose contact with the wall are not affected by the change of 
state- Thus the curvature radius of tht solid-liquid interphase is R,, the pore radius 
minus the thickness I of the layer of the moIesuIes which are not afEc&d by rhe 
solidification_ Assuming the shape of the interphase to be that of a spherical cap, its 
curvature has the value: 

d4 2 -=-- 
dV, RI8 

By substituting this value into eqn (5) we obtain 
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This equation makesit possible for each temperature T to determine the radius 

of ~JIC pores inside which the condensate solidifies. 

2_1.2_ Solidification enfropy of a capiffary Condensate 

2.1.U. S&di#cation entropy of a divided substance. On the diagram of the 

phases equilibrium (Fig. 1). it is possible to find a transformation similar to the 
soiidification of a divided liquid and thus to evaluate in a simple way the v;ariation 

of any state function, in particular entropy, when the above-mentioned solidification 

occur% 
In the case under study tic solid-gas interpJ+e is plane and the triple point 

moves along the nonnaJ solid-gas equifibtium curve,‘i3t a T temperature the triple 
point is in B and the solidificarion entropy dS, is then equal to the normal solidifka- 
tion entropy AS,, pJus the entropy variation of the solid along the line ACB and also 

the entropy variation of the liquid afong Ihe equivaJent line, but taken inversely, with 
respect to supercooled liquid phase. For that evaIuation it must be noticed that the 
pressure P, of the liquid phase in B is different from the pressure of the solid and 

gaseous phases f,_ 
When c is the specific heat capacity at constant pnrssure and Ia the compression 

Assuming the condensed phases to be incompressibfe and noting that 

h -=- 
T 

T 

AS, = AS,, f 
I 

vdT+ [ ($), - (%),3,R - P,) 

T* 

where P, is the vapour pressure of the undivided solid at temperature T, Its 

given by CJapeyron’s equation and Pg - P, is given by Laplace’s equation. 

7 

bs P, - P‘ = R = 

* I $dT 

To 

(8) 

2122 Eflect pro&red on the entrup> of srrpe#kiaI phases by the- change of 

stare. Along with solidification there cxxurs a changt of interphase bet&en the lay&s 
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which do not freeze and the adjacent phase (liquid before solidification, solid after- 

wards)- The additional entropy variation thus obtained can be evaluated by using 

the equations of Gibbs-Duhem (I) as applied to each of the interphases, the equality 

of chemical potentials (3) and Young% formula dealing with the equilibrium of the 

three interphases? 

a, a* uv*, # - - - 
R, dl- 

2.1.2.3. S&idijkafWt energy@ a capillary condemure. Tk solidification entropy 

of a capillary condensate is therefore given by adding (dS,),, to AS,, and then the 

theoreticat solidification energy is 

However, as was mentioned above a Sayer with thickness t is not affected by 

the state change, so that in a pore with a V, voiume only the volume V; solidifies and 
the apparent energy of the state change in the pore under study (the only thing that 

can be measured) is 

At any temperature the knowledge of the energy evolved makes it possible to 

determine V,. 

22 Numerical e~*ahzarima of zhe raricm.5 pciramefers 
In order to be applied, the previous equations require the e&uation of severa 

parameters whose numerical v&es do not appear in the literature as the liquids 
are usually supercooled in the case under study- It is therefore n ecessary to determine 

those values for the 2 condensates used in this investigation, water and benzene. 

2-2-1, SoiidrJkxttion twergy of fhe divided &pid 

The Iiteraf formufa of this energy is provided by eqn (?)_ 

(a) In the case of wafer 
By adopting the following values‘ ‘- ’ 2 where 0 is the temperature in “C. 

c, = 2f14 (I + 373.7 0 - IO-‘) J g-’ 

=r = 42222 (1 - 54- x0-5 0)J g-’ 



A&,, = - 1_2227Jg-’ Ic-’ 

P _=4,CSmmHg 

01 = l.ml32(f - 9.10 - lo-s 0 i- 1.035 - lo+ 02)cm3 g-’ 

cqn (7) becomes 

ASAJ g- * K-‘) = - 1.2227 - 
W- [_ 

4.889 Ln + - 10.18 - 1o-3 0 
* 1 

A B 

f 

-k 9.11 - IO-’ (1 - 0.227 e) +dT 

- 
C 

In this formula term A represents the normal entropy, term B the entropy 

variation due to the lowering of the transformation temperature, tcr~~~ C the one due 
to the Iiqquid-solid intcrphasc curvzzture. The infiucna of the solid pressure is negiigi bte 

hen=. 
Term C is only a correcting term. Therefore, an approximation can be made 

.which cnabks it to be integrated as follows: 

ASAJ g-’ K-‘) = - 1.2227 - 4.889 Ln G + 10.18 - 10” D 
0 

-f- 4.556 l IO-+ (0 - 0.227 0”) (AS, + A&,) 

ASAJ g-‘-K-‘) = 

- 1.2227 - 4.889 Ln-(I i- t?jT,, + lO.f26. lo-” 0 + 1.256 - lO-s dL 
1 - 4.556 - lo-5 (0 - 0.227 0’) 

(IS 
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-30 0 -rD 

Fig_ 2. Solidificatim energy of divided water and ~UWSX (CWWS a)_ Appara~t solidifkatian energy 
<~JWS b) and apparent fusion ef~1(9y (CUMS c) in porous mat~~Sis. 

%Vith this equation, it is possible to determine the solidification energy of a 
divided liquid which is in equilibrium with the bulk solid, when the division does not 
take place in a porous material: 

Its variation is shown in Fi_e 2, It can be seen that at - 30°C the sofidification 

energy decreases by IOSJg-*, i.e., 33 %_ The Iowering of the transformation tempera- 

ture has produced a variation of 72 J g’ ‘+ and the lowering of the liquid pressure is 
responsibfe for a decrease of 36 J g-‘_ -The& is no -positive influence attributable 
to the lowering of solid and gaseous phase pressures_ 
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The proposed formula is thus more precise than the one which is gencraiiy 
used, as the latter oniy takes into accbunt the correcting term dealing with the 
temperature variation IS_ 

(&) In the case of benzene 
By adopting the following values, which are vaIid in the area near the triple 

point 
AS,, = - &IS687 J g- ’ K- ’ (ref- I 1) T, = 278.7 K 

c1 = I,1108 (i + 1_184 - IWS 0) cm3 g-’ according to Hu and Pars~ns*~ 

CS = 1.60 -j- 9.50 - 10W3 B + 3-75 - 10’ ’ O2 according to Toubukian’ ’ 

=f = I-65 f 2687 - 10W3 0 +- 4.687 - 1W6 0” according to Touioukianis 

eqn (7) becomes with AT = T - lo 

ASAJ g-’ K- ‘) = - 0.4568 
-- 

A 

-+ 
[ 
0.5373 Ln I + T 

f 

AT 

) 
+ I_641 - lo-s(T”? - 7-2) - 11-l 1 * Io-3 AT 

0 I 

B 

T 

- 1,313 - lo-S 
J 
-$d, 

T, 4 
C 

Terms A, B, C here represent the same variations as in the case of water, For 

the same reasons term C can be simplified, whence 

ASXJ g- ’ K- ’ j = - 0.45687 - il.11 * Io-3 A?-+- I.tw - 1o-5 (T’ - 7.:) 

AS&J g- ’ K- :) = 

- O-45687 - IO_84- IOW3 AT i 1.641 - IO-’ (T’ - Tz) -f- O-5373 Ln 1 -g- -&$ 
_ 

I i-0_592- 10-3AT 

04) 

The solidification energj determined by means of this formula is shown En 
Fig_ 2, 
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2.2.2. Free extension energy of the /iqui&solid interphase 

2.2.2.1. Values found in the firerature. Several attempts have been made to 
measure the free extension energy of the liquid-solid interphases -Jo. Most have 
proceeded by determining the Iimit temperatures of homogeneous nucleation and 
lead to rather erratic values. For water 

7ls = 23.8 - IO-’ [I -+ 4.29 - 10e3 O] N m-’ according to Dufour and Defay’” 
yls = 30.5 - 10e3 [I i 9.3 - 10e3 0) N m-’ according to Hesstvedt” 

As for Skapski , ’ * he deveIoped a procedure based on the relationship between 

the curvature of a solid held in a conical capillary and the temperature of its triple 
point, which leads to 
yh = (44.5 * IO) - 10s3 N m-’ for water and 

7r+ = (21 & 7) - IO-’ N m- ’ for benzene 

The discrepancies thus observed can be accounted for either by the unpre- 
dictability of supercooling, or by the approximations necessa rily made when choosing 
a mode1 for the application of the theory of homogeneous nucleation. In particular, 
no account is taken in this theory of the thickness of the transition layer between the 

Iiquid and solid phases. Yet, it can reach 30% of the radius of the critical nucleii at 
- 30°C. In the case of Skapski’s experiments such approximations are much more 
acceptabIe as the thickness of the transition layer can be neglected as compared to 
the cone radius. 

2.Z.Z.Z. Experiment and results. It is possible to determine the value of yh 
by applying eqn (6) to porous materiaIs whose texture is known. By taking into 
account the previously determined value of AS, this equation can indeed be integrated 
and written as 

~+2.09-10-‘LIT=0 
I 

with0 > LIT> - 60 for benzene 

+ 1569% i- LIT= 0 
I 

(15) 

(16) 

with 0 > dT> - 40 for water 

where yII is given in N m- i and R,, in nm. 
In order to determine T,,. it is therefore sufficient to measure the freezing point 

depression of condensates held in sampies whose pore-radius &, is known. 

Because eqns (15) and (16) require the use of R,, radius of the critical nucleus, 

it is necessary to determine the thickness I of the peripherical layer of the condensate 

which does not undergo a change of state. This t.hicIcness cannot be evaluated in the 
way FagerIund ) ’ 3 does by comparing it to that of the adsorbed layer observed in the 



process of an isothermal adsorption anaIysis. It is possibli, however, to determine the 
thickness by measuring, in a calon”metcr, the fraction of condensate which changes 
state hi the cooiiag process. Such a calculation previousIy conducted by the authors 
of this pap& has enabled them to determine the number -of molccufar layers of 
benzene which do not solidify as 3.5, i-c, 13.3 A ad as 2.5% i-c, 8 A for water. This 
resuZt cornparts ~191 with those obtined by Antoniou ’ 9 who found kss than t&e 
Jayers for water and by L&van** who found two layers. We wilt therefone adopt a 
v&c of 13.3 A for / in the case crf &JYZCIIC and 8 A in the case of water7 mumiug 
these vafuts to he practicably independent of the pore size. 

A calorimeter was ucd to measure the Ioweriug of f?eezing tempcratun: on a 
number of samples selected in view of the limited range of their pore-radii, made of 
eight alumina pcxous plugs with diEtrent mean pore radii and of Vycor glass. 
This Iast eIcmcnt makes it possibfc to prove that the nature of the material has 
practically a0 influence off the measurement. 

The curves showing the distribution of pore radii were plotted by using the 
BJ.H. method and mercury porosinetry. The dT, tempcraturr: depression given by 
the peak of the ~c~~rn corresponds to fretting in the: pores for which 
W, - Rc AV/A& is at its maximum3; hcnoe, in tk casle of a sample with a limited 
ran- of pore radii, this t&mperaturc corresponds 20 the peak of the distribution curve. 
?%e resufts are shown in Table 1 for water and TabIe 2 for beuzcne. 

TABLE I 

TABLE Z 

77~ values thus obtained for 7b do seem to he slightly inconsistent at times 
mainly &cause there was some uncertainty with rzzspect to the pan=-sia- 



Assuming yb to vary linearly with lernperature, it is possible to determine the 

equation of the regression line by using the method of Ieast squares 

yti = (40.9 -f- 0.39 AT) 1O-3 (17) 

with0 > AT> - 40forwaler 

yb = (27-5 -I- O-l6 AT) 1O-3 

withO>AT> - 60 for benzene 

(W 

where 71s is given in N m- ‘_ 
For AT # 0 these equations give results in azmment with those given by 

Skapski, an allowance being made for the margin of error which he predicted_ It 
can be noticed that in the - 30, - 40°C temperature range our vaIue in the case of 
water is dightfy higher than the one found for the same temperatures by using 

procxdures based on the study of supercooling, probably for the reasons already 
fKtifiOZXi3. 

2.2.3. Numerical refaficw between pore radius and gripie point temperature 

On substituting the value of lb in eqns (15) and ((6), it is possible to obtain 

the relationships between the freezing temperature depressions of a capillary con- 
densate saturating a porous material and the radii R,, and to deduce from this the 
variation curves AT = f(.R,.,) (Fig_ 3)_ These curyes can be reprcscntcd by the following 
equations whert I& is given in rim_ 

R, s 
64.67 

- --@- i- 0.57 

for water with 0 > AT> - 40 

131.6 
R,- -;bTi0.5;1 

(1% 

for benzene with 0 B AT > - 60 

It wilf be observed that-_ 

(I) If the sample is not saturated the solid-gas interphases are not plane and 
according to eqn (4) the fretzing point depression wiU be more marked than those 
calculated according to equs ($91 and (20). 

(2) The two equations above are only valid when the condensate solidifies. In 
fact when fusion occurs in cylindrical pores the figuid-sofid meniscus has a different 
shape from that of a crititi nucleus, as will be seen beSow. 



Fig_ 3. Triple poinl kmirer;lIurt dcprcsion in porous mafmials at solidifKa[ion (uminuous Ii-) 
and a: fusion (daskd lines). 

X.4_ A’umericol relation between the apparent soiid$carion energy of a cupillary 
cot&ensure and rhe temperature of the triple point 

By substitutin_e the vducs of d-/,JdTand of/Z, in eqn (9), it is possible to detcr- 
mine the entropy variation (AS,) due to the transformation of the intcrphase:iiquid- 
layers which do not undergo phase transformation into an intcrphase:solid-layers 
which do not undergo phase transformation- 
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WV,“, = - 0.78/R,, for water 

(A%),,, - - 0.36/R” for ben7ene 

where (AS,),,, is in J g- ’ K- I. K, in nm. 
For water contained in pores in which solidification occurs at - 25°C. this 

correcting term rcprescnts a X0/, incrtxise of [Wehl_ 
In capillaries of any lcn_eth L. the apparent solidification energy is then 

Numerically and within the temperature range 0 > T > - 30°C this rela:ion 

can be cxprcssed by a quadratic equation 

w, = - 5.56 - IO-’ AT’ - 7.43 AT -- 332 for water (21) 
rv, =-_ - 8.87 - IO- ’ AT’ - I.76 A?- - I27 for bcnzrnc (22) 

where W, is cxprcssed in 3 g- ‘_ The variation curves of W, in terms of temperature 

are shown in Fig. 2. 

2-J. Caiorinrelric dcfermirrafion of a pore radius disrriburion 

As Bakaev et al.” and Antoniou” had hinted. it is possible to draw the cucvc 
of pore radius distribution of an unknown sample by analysing the ~lidi~cation of a 
condensate held in the sample during the cooling process. Such a process has already 
been followed by the authors of this paper”‘- ’ snd Fagerlund’ ‘_ This is an account 
of the procedure, using the results demonst~ted above which deal with the relation- 
ship between pore radius. triple pknt tempcnture and solidification energy. 

2.3. I _ Pr~acip~es of the procedure 

At any temperature, freezing occurs in the pores whose sizes arc given by eqns 

(19) or (20). The volume of these pores can be determined, in terms of the apparent 
solidification energy given by eqns (21) or (22). by a calorimetric measurement of the 
energy evolved at that temperature. The distribution curve is therefore directly 
deduced from the solidi~cation thermog~m- 

2_3.2_ Experinrcnral procedure 

To beSin with, one to three grammes of the sample arc degasscd under vacuum. 
then they arc thoroughly saturated with condensate by means of an evaporator_ Both 
water and benzene are convenient here. However, in the case when a tow porosity 
sample is under study, water has the advantage of having a hi& apparent solidification 

energy whereas in the cast of samples with large pore radii benzene undergoes larger 
dccrcascs of the triple point temperature. 
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Fig_ 4 l%amoporomctry of a porous plug farmcd by compression of two powders_ 

The sample is then scaled and put into a calorimeter of the isothermal type 
built in the laboratory_ The soIidifkation thermogram is drawn during a linear 
fowering of temperature_ The cooling speed is iow cnou@~ (I to 6 K h- ‘) for the 
three phases to remain in constant equiJibrium and the tempcraturc to Ix the same 
throughout the sampIe_ 

The ordinate y of that the~o~~ corresponds to fhe deviation, expressed in 
mm, of the recorder under the influence of the power evolved_ The abscissa_ which is 
directly proportional to the time r, is also directly proportional to the tempcwture 
according to the equation: 

The thermogram y = f (AT) shows a first peak which is chvactcrited by a 
variant AT fwithin the range of a few degree@ due to the supercooling of the cxccss 



of condensate- This peak does not appear in the figures here. Solidification inside the 
pores produces the part of the thermogram similar to that shown in Fig. 4, from which 
the distribution curve A V/d&, = f(h) can be deduced. 

During the time interval df, the energy which is evoIved is proportional to the 
area y d(N). The vohsme dV of the pores in which the change of state then occurs 
is dire&y proportional to the energy and inversely proportional to the apparent 
enerw W,; it is expressed by: 

dV== k,+d(AT) 
3 

Tbe radius Rp beins related to temperature T by an equation of the type 

R, = --&+B 

its differential is 

A dR, = i -- 
(ATI= 

d(AT) 

Therefore, the equation of the distribution curve is 

where k is a factor taking into account the sensitivity of the calorimeter and the 
recorder, the rate of the temperature variation and of the recording as well as the 
slope A of the curve Rr, = f (1lAT) and the mass of the sample under study. 

This procedure has been satisfactorily applied to a large number of samples. 
As an example the resuhs of the anaIysis of a doubte distribution sample will be given 

Mow. 

2.3.3. ExumpJe of applicarion 

According to the theories which were tested to account for the change of state 
inside porous mater+&, thermoporometry should give the actual size of the cavities 
and not that of the necks, as is the case for the B.J.H. method. 

lo order to test that theory the sampler under study was made up by mixing 
and compressing together 0.44 g of a powder A whose pores have a mean radius of 
6 nm and 4.4 g of a powder B whose pot have a mean radius of 4 MI, the radii 

being measured by the WM. method. 
The solidification thermogram of the benzene contained in that sample and the 

distribution curve deduad from eqn (23), together with a distribution curve c+culated 
by means of the BJ.H. method are shown in Fig. 4. It will he noticed that: 

(a) The peaks of powder B nearSy correspond, which substantiat= the &.incipIe 
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of thermoporometry and the different equations required for its application- 
(b) Thermoporometry brings to light a double- distribution, already clearly 

visible on the thermogram, whereas the BJ.H_ method shows only the peak due to 
the ~nnalier pores_ This supports the author’s hypothesis about the-solidification 
process- Indeed, if the very small proportion of powder A is taken into accoun& it 
can be assumed that it is brought in contact with the exterior only through the pores 
of powder B_ That is why in this case the BJ.H_ method only provides accurate 
information regardins the smaher pores which constitute the orifices of the mixture- 

(c) The value of the radii thus obtained through thermoporometry in the case 
of powder B is sIi_ehtIy superior to that given by the BJ_H. method. This seems to 
point to the fact that the powder has orifices which are smaller than its cavities_ 

3. ASAL- OF THE PORE SHAPE 

If information about the sire of the pores is of capital importance to characterize 
a porous material, the knowledge of their shape is also valuable- Although the 
structure of most porous sampIes is a complex one, several authors have tried to 

compare them with models which would be as simple as possible_ Three modeIs of 
porous aggre,sates are usually suggzsted: an a_ggregate of cylindrical capi1Iaries 
packed in series and in paraIIeIz3, a porous material made up of tightly packed 

spheres** or a material with conical pores25_ A critical survey and classification of the 
diffcrcnt models with which porous materials can be compared have been made by 
Kamaukhovt6. From now on the material used in this paper will he assumed to be 

made up of both spherical and cylindrical pores_ 

3.1. PnicipIe of the procedure 
As was seen before, the solid phase in a pore only takes place from a spherical 

nucIeus whose curvature is equal to twice the inverse of the radius; the freezing 
temperature depends on the radius according to the theoretical formula (6) and the 

numerical formulas (19) and (20). 
With respect to fusion, the process is more complicated: If the pore is spherical, 

the curwmxc of the resulting solid condensate remains the same when fusion takes 
place as it was when solidification took place, and the fusion and sohdification 

temperatures arc the same- If the pore is cylindrical the spherical nucleus grows 
spontaneousiy and adopts the shape of the pore; the curvature of the solid condensate 

then becomes equai to the inverse of the radius. The relation between the radius and 
the tcmpcrature can be written as: 

(24) 
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Fig 5, Simukuicm of -/-atumiM by cylindrkat pores makriak 

If in the case of freezing, the relation between Z?, and the temperature depression 

ATis simpIy written as 

R, = f (ATr) 

when fusion takes place it wiIi be 

Rm = $f(AT&) 

The function f being the same in both cases. 
These two equations bring to light the existence of a hysteresis between &e 

f&zing and fusion thermo_-, when the pores are not strictly sphericaL 

me previous resuIts point out that there is no ambiguity as far as the calculation 



Simuhtion Of -y-atumina by spbcrical pmes materials. 

of the pore radius distribution curve, AV/AR, == f(R,), is conamed in view of the 
freezing thermogram, whereas it would be nm ry to know in advance the shape 
of the pores in order to deduce a distribution from the fusion thermogram. The 
Iattcr then does not make it possible to obtain a distribution curve but it can still be 
used to provide information as to the shape of the pores. 

Indeed, on assuming the pores to be first cylindrical and then spherical, two 
pore radius distribution curves can be drawn from this thermogram (Figs. 5 and 6), 
one called ‘spherical” (cume c) and the other “cylindrical” (curve b). The calculation 
of these two types of distribution must be conducted as shown in 2.3.2. It must be 
noticed, however_ that if the relations bctwacn radius and temperature on the one 
hand, the apparent change of state energy and the temperature on the other hand, arc 
the same as during solidification for ‘%pheri~I” distribution, this is no longer the 
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Fig. 7. Simuhion of -/-Jlumina by cylindrical and sphcrioll pores mafaials. 

case for “cylindrical“ distribution_ In this Iast case the equation linking the apparent 
energy W, to the temperature of the tripte point is peculiar to fusion- In fact, whereas 
in the formula of W:,,, the variation Wgs due to d..Sr is a function of the temJxxature, 
the term LIS~,,,~ is a function of the radius R, whose ~Jationship with temperature 

depends on the nature of the ctiange ofs~t~lidi~~tion or melting ~eqn(6)or(24))_ 
lItis should also be taken into account when the apprent ener*q is caJcuJated 
according to eqn (12). lhen the variation of IV= with respect to temperature. for the 
meiting of a solid dispersed in a porous sample. shown in Fig. 2, apJxars as: 

w= = - 0.155 AT’ - JJ.39 A?‘- 332 for water 
(27) 

w= = - 0.0273 AT’ - 2.94 AT - 127.3 fOi Jxn2xne 

where W, is cxpruscd in J g- ‘. 



As was the case for solidification, these equations an: only approximate, valid 
within the limits of these experjmentai investigati&s 

O>AT> - 25 for water and 
O>AT> - 30 for benzene. 

Comparison between the hypothetical distribution curves (b) and (c) and the 
distribution curves deduced from the solidification thermogram (curve a) points to 
threz p0ssibXtie.s: 

Ii) If(b) is strictly similar to (a), all the pores are cylindrical; the hystenwis 
of the thermograms (CWXS (f) and (g)) is then maximum (Fig- 5) 

(ii) if(c) is similar to (a& all the pores are spherical and the solidification and 
melting thermograms correspond exactly (Fig. 6). 

(iii) Usually as the pores are neither strictly spherical nor strictly cylindrical, 
curve I(a) is situated between curves (b) and (c) (Fig- 7). 

In order to improve the accuracy of the information about the shape of the 
pores provided by this kind of comparative study, two experimental procedures can 
be recommended: determination of a shape-factor and development of a model 
imitating the porous material_ 

By using the meltin g thermogram the hypothetica distribution cute c is 
drawn, assuming the pores to be spherical; for a given temperature the cafculated 
radius R, is given by eqn (Xi)_ As was mentioned &fore two extreme cases have to he 
considered: If the pores are actually spherical the ratio of radius R, to the actual 
radius is one; and if the pores are cylindrical, radius R, will be twice the actual radius, 
R the ratio RJR is Z The ratio RJR which vties from 1 to 2 according to whether 
the pores arc spherical or cylindrical, can be wnsidered as a shape factor. 

The above s%dy deals with the nucleus radius R,, and not with the pure radius 
I$,. Fkcause distribution is related to pore radius, the previaus deductions should be 
altered as folIowsr 

As has been noted before* the equations relating pore radius to temperature 
in the case of spherical pow is of the type 

Then, when meiting occurs, the relationship between ATand the radius of cy~indricaf 
pores, obtained by taking into a<xount equations 25 and 26, and the thickness t of 
the layers which do not change state, becomes 

or in numericai terms (Fig. 3) 



32.33 
R, = - dT -F 0.68 for water with 0 > flT > - 40 

(30) 

RP = 
65.8 

- -&y- + 0.92 for benzene with 0 > dT > - 60 

where Rp is expressed in nm and LIT in K. 
It can then be observed that if a hypotheticai “spherical” distribution curve 

is drawn, for cylindrical pores, the relationship between pore radius R,, given by 
eqn (28) and the real R,, given by eqn (29) will be 

The shape factor RJR, is therefore equal to t for sphericI pores and to 
2 - (t/%)forcyI in d rical pores_ In the case of pores that are neither cyIindrimI nor 

spherical 

It is worthwhile to alter the formula for the shape factor here so that the limit 
vaIues of the factor may be independent of the radius- A thermodyrxamic shape factor 

is then defined by the formufa 

f,=I-- 

I 
R -w 
RP 

I--L-. 

R, 

(30 

This is equal to I for spherical pcres and to 2 for cylindrical pores 

In practice, it was assumed that the porous material should be given the shape 
factor cakulated for the pore radius corresponding to a 50% rate of liquid ;3t solid 
transformation, measured from the cumuIative volume curve 

33, Development of a modef simuhti~g porous maferial 

Although the shape factor gives information simpfy and quickly as regards 
the porous mderial texture, it is worthwhile to go on researching the subject and to 

b&d a model similar to the porous mate&& This research was done by means of a 
Hewlett-Packard 9040 calculator_ 

The seIected model is based on a porous structure made up of tightiy packed 

cylindrical and spherical pores* characterized by the two corresponding pore radii 

distridutioa curves (Fig- 7, curves (d) and (e))- The formula For these distribution 
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curves was chosen to have a shape similar to the one obtained from experiments for 
most mona-distributed samples. It can be written: 

AY =e dR,=@% --bRp ID 3 

and it leads to a d~~~bution curve starting from the origin at one end and leading 
to tero for the higher values of l$, at the other end_ The existence of three parameters 
makes it possible to choose the maximum coordinates and the width of thedjst~bu~on 

curve at 10% of its maximum : ampfitude. 
Taking the *spheric.C and “cylindrical” distributions as a starting point, the 

following cures can bc calcuiated: 
(I) The overal distribution curve (a) made up of curves (d) and (e). 
(2) By means of the curve thus obtained, the solidification thermo_eram 

(curve f) drawn by using eqn (6) (numerica expressions (19) or (20)) in order to 
calculate AT for a given radius, and eqn (23) to determine the ordinate y_ 

(3) The mefting thermopm (curve (e)) for which a distinction should be made 
between sphericaI and cylindrical pores. The way in which each of these two groups 
of pores contribure to the amplitude of the thermogram at a given temperature is 
obtained as follows: 

- contribution of the sphericaf poresr the calcuhtion is made by using the 
spherical pan: distribution curve (curve (e)) as was done before for the solidification 
thermogram- 

- con~butjou of the cylindricaf pores: the same process as above is used, but 
curve (d) must be used as djs~bu~on curve; eqn (6) must be replaced by eqn (24) 
(numerical formula (30)) and in eqn (23) the ener_gy evolved during solidification must 
be replaced by that evolved during melting (eqn (27))_ 

(4) The hyputheticai “sphericai” distribution curve (c) calculated from the 
fusion thermom as was shown in paragraph 3_1_ It is to be noted that it is not 
necessary to link to it the “cylindrical” distribution curve as the two imagined 
distribution curves are directly linked. 

The different _mphs obtained in this way arc then compared to those o’otained 
from expeximents. It may then be necessa ry to alter the selected distributions (which 
were selected a priorii until the best possibIe agreement is obtained- AIthough a 
perf&ct agreement is never reached, the procedure based on simulation provides more 

complete information as regards texture than the one based on the shape factor. In 
order to illustrate the procedure, Fig_ 7 shows the rcsuIts ach&ed by assuming the 
structure of an palumina, the experimental thcnnoporometric analysis of-which is 
shown by the conrinuous line In Fig 8_ The corresponding curyes are in good 
agreement- They can agree even better= however* as is pointed out by the mode1 
shown in Fig- 8, carried out by adding another spherical distriition to the selected 
model_ 

This example shows that the assumption of a porous material by the association 
of two types of poem gives good results, whereas the hypothesis of a prous r&criai 
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60 41 =K 

Fig_ 8, l’bam~rometry and simulation of ncm sintcrkd -y-alumina. Contirmous fine. cxpa%awi 
c&es; dashed lint, simukitioa_ 

with only cylindrical ports or oniy spherical pores woufd provide a small degree of 

agreement, as is shown respectively in each case of simulation for y-alumina in F&s_ 
5 and 6_ 

3.4, AppSicutiott to the study of sinterfng 
It seemed worthwhile to appIy the two methods of investigation discussed 

above to a study of the influence of sintcring on the pore shape of two mesoporous 
materials: ~alumina and nickel fluoride, consolidated by the compression of their 
powder- In each case a benzene thermoporometxy was carried out on untreated 
samples fiirst, then on the same but sintercd at different temperatures, The results 
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Fig- IO. Thamcqor~mctry and simulation of non sintad NiFt Gx~tinuous line, cxpcrinrental 
cutwq daskd Ihc, simuWi0n. 

relisting to the extreme stages (untreated material, and material sintcrcd at maximum 
temperature) arc dealt with: 

In Table 3 which gives the temperature T’,, of sintering, the pore radius Rp O_5 
mrrsponding to a 50% rate of transformation and the thermodynamic shape factor 
conne&zd with this radius- 

In figs. 8-f 1 where the thermograms and the distributions deduced from 
experiments and simulations arc represented. 

For both types of materials, it appears that sintering involves a widening of 

the pore size and a change in their shape towards the cylindrical form. 
TIC? list observation can be deduced from the increase of the shape factor as. 

well as from the simulations. ‘Indeed, in the s&cted models, an increase in the pro- 
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porfion OF cylindrinl ports can 2x observed during the whole process of sintering. 
The change is not so cfear for nickel Ruoridc as for y-afumina. This fan bc 

reJated to the fact that in the case of untrcatcd matctiafs a greater proportion of 
cylindrical pores c*n bc observed to begin with in nickel f?uoride as compared to 
palumin~. 

The cdorimctric prucedurc for determining the distribution of pore radii 
cw.nnmenJcd untif reccnfiy required the UK of calibralion curves R&IT) and 

H’&iT) which differed with each condenw~c and were difficult to obtain. The 



87 

proazdure described in this paper does away with calibration curves, JWZ to the 
use of theoretical relationships. This is an undeniable improvement, bs it is more 

accurate and makes it pcssihle to use any condensate whose thermodynamic para- 
meters cP, u, AS,, and 7,r are known. 

Because information concerning -ylc is rare, a method of measuring it has ixcn 
suggested. It was applied to water and benzene bul. using the same porous materials. 
it could be applied more generally to any liquid able to condense. The accuracy of 
rhc results can bc improved by a more aox~rilcc evaluation of the thickness of the 
layer which does not change state thanks to the USC of other methods of investigrion 
(K-M-N., adsorption calorimelry at low temperature. etc.). 

The original purpose of therrnoporometry- the detcrrnination of port radius . 
distribution curves-has been fulfilled again in the case of this new procedui-e. 

which is made cleat by the comparison of its rcsuks with chose of the B.J.H. method. 
Thermoporometry is simple to handle, it siver the real size of the cavities and it only 
requires a hypothesis about the pore shape when it comes to evaluating the volume 
of the layers which do not chnn_cc state. Al3 these advantages are definitely an im- 

provement over the conventionai nwttids. 

The aclvantap.c snes even further in so &r as it makes it possible to ascertain 
the pore shape of the material: 

(i) The thermodynamic shape factor makes it possible to show to what extent 
the pore shape diners wilh the cylindrical model often propounded in the literature- 

(iQ Simulation. as it is bayA on a porosity only cousisting of sphcrcs and1 
cylinders, enables one to determine nt ~hc same time the radius and the volume 

of those two extreme types of pores. The development of a nrodcl of this type. by 
means of successive approximations, leads to a unique result whose agreement with 

the experimental results seems IO be promising for the future of the method. 
TIIUS thcrmoporomctry ap,pears as a rncthod complete in itxlC which makes 

it possible to assess the porous material as a who!c and to predict more rrrruntcly 

its behaviour in response to different thermal or mechanical treatments, toeether 
with its possible uses as dtnfikrs. adsorbcnu. wtalysts. etc_ 
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