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PREFACE

The three reports included in this volume are my main contribution
to the work within the RILEM-committee "Pore Structure and Proper-
ties of Materials". The reports will be published in the RILEM pa-
per "Materials and Structures" presumably during 1973 together with
about 20 other reports also dealing with methods of characterization
of pore structure.

The committee was initiated by mr Tenho Sneck from Finland and star-
ted its work in the summer 1970. It will conclude its work in septem-
ber 1973 by a symposium in Prague sponsored by the two international
organizations RILEM and IUPAC (International Union for Pure and Applied
Cheriistry). The name of the Symposium is the same as that of the com-
mittee.

The aim of the committee was drawn up by mr Sneck. 1t can be divided
in two parts

1. Collecting and discussing methods of investigating pore properties.

2. Analysis of connections between pore structure and materials pro-
perties.

So far the main activities have been concentrated on part 1.

Part 2 was considered to be the most important part by mr Sneck and
many others myself included. However the committee participants are
in general more interested and able in pore structure analysis.

Part 2 has however not been completely neglected. It has resulted in
a report (1), which is "performance oriented". Besides the symposium
in Prague will be divided in two parts in the same way as parts 1 and
¢ above.

I myself has published a work (2) on connections between pore structure
and mechanical properties. This work is directly initiated by the work
within the committee.

I want to thank mr Tenho Sneck who invited me to become member in the
committee, professor Sven G Bergstrtom, who always encouraged me in the
work and the Swedish Council for Building Research, which has made

it financially possible for me to participate in the committee meetings.

Lund 23 January 1973

Goran Fagerlund
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(1) J M Haynes & T Sneck: "Pore Properties in the Evaluation of Ma-
terials”. Proceedings vol 1 from the joint RILEM-ASTM-CIB Sympo-
sium "Performance concept in Buildings" in Philadelphia 1972.
(NBS Special Publication 361. US Department of Commerce).

(2) G Fagerlund: "Connections between Porosity and llechanical Proper-
ties of Materials". Report 26. Division of Build. Technol. Lund
Inst. of Technol. Lund 1972. (In Swedish).
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INTRODUCTION

The concept "suction porosimetry" is used as a joint concept for all
methods where a wetting liquid is involved in the measurements. Conse-
quently not only pure suction experiments are taken into account but
also methods based upon centrifugatdon and displacement from the pores
of a wetting liquid by another liquid or a gas.

The basic equation is the same as for mercury porosimetry,viz the Laplace
equation for the pressure difference across the curved interface 1iquid-
gas or liquid-liquid.

-2+0;.°COS 8
. & Loply o 43—
045 * €05 © (g + r2) = = (1)
where ry and r, are the principal radii of curvature of the menisci while
r is a sort of mean radius. The negative value of Ap indicates that the
pressure is lower on the convex side of the meniscus.

ap

The only essential difference between suction porosimetry and mercury
porosimetry is the effect of the contact éngle liquid-pore wall, o.
Mercury is almost nonwetting,for which reason it must be forced into
the pores. In suction porosimetry the liquid is wetting and therefore
penetrating the pore system itself and consequently must be forced out
of the specimen.

The suction porosimetry is applicable in the same pore-size range as

the mercury porosimetry. That is,in the intermediate range between very
coarse pores,where visual phase integration is the only possible methed,
and very small pores,where the Kelvin equation for capillary condensation
is suitable.

However suction porosimetry brings certain additional advantages:-

- The surface tension of a liquid like water is substantially lower than
for mercury. Hence the pressures exerted on the specimen at determina-
tion are considerably smalier.

- Methods can easily be designed where anisotropy of a specimen is taken
into account.

- Water can be used as measuring fluid which from a principal point of
view is a great advantage since the interaction water - pores influences
most materials properties,and it is a known fact that the measuring
fluid has a considerable effect on the pore - size measurements.

- Information on the pore shape can be obtained by determinations of pore
size distributions from desorption as well as from absorption curves.



'_3._

The materials often exhibit considerable hysteresis in calculation of
pore-size distributions from wetting of a material or from drying of the
same material. No final answer can be given to whether the "wetting curve"
or the "drying curve" gives the best information on the pore structure.
Hence it is recommended to use both types of methods at the determination.

General works dealing with determination of pore-size distributions,where
also the problem hysteresis wetting-drying is discussed,are Dullen & Batra
/10/ with a comprehensive bibliography, Sewell & Watson /24/, Minnen & Vos
/19/, Vos & Tammes /26/, Bomberg /5/ also with a comprehensive biblio-
graphy, de Boer /4/.

2 DIRECT SUCTION MEASUREMENTS

2.1 Theory

As a consequence of the occurence of a pressure difference between the
liquid and the ambiant medium according to eq (1), the liquid will rise
in a capillary in contact with bulk liquid as long as the contact angle
meniscus-capiliary wall is less than 90°. Since the pressure under the
meniscus is less than that at a plane surface (eq (1) ) the liquid column
balances the pressure difference. The expression is at equilibrium

i Z'Uij‘COS ]

[GESET e

where Po is the density of the ambiant medium. When this is a vapour as
at water uptake in a porous material Po is negligable compared to p:
2+¢0,.°COS 8
= — (3)
p-g-r'

Hence the capillary rise is a measure of the pressure difference across
the curved interface and gonsequently of the pore radius.

Another effect of the pressure difference across the curved interface
is the phenomenon capillary condensation; This is expressed by Thomson~s
law (Kelvin™s law);

2e0..°'M -

Tnipfey == oopfey— * 6080 (4)

By combination of eq:s (1), (3) and (4) a connection between pressure
difference, capillary rise and relative vapour pressure can easily be
derived

5p = - pegeh = 2L Inp/p) (5)
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In eq (5) the pore radius is included through eq:s (3) and (4).

The pressure difference ap is called the "suction" of the capillary or
the material.

Schofield /22/ introduced the concept pF as a measure of the suction of
water of a material. pF is defined as the Briggian logarithm of the pos-
sible capillary rise in a capillary or a material.

ofF = 190g(h-10%) (6)
The pF-concept may of course also be used at other types of liquids.

Eq (5) expresses the "capillary potential" at the interface. For a hori-
sontal capillary in rest the same poteﬁtia] is acting throughout the
filled part of the capillary. For a vertical capillary at rest the po-
tential according to eq (5) gradually decreases downwards from the inter-
face because of gravitation.

W ==ap = g-Xep (7)

However this effect is of importance only at coarse capillaries. Accor-
ding to Luikow /17/ it is negligible if the pores are smaller than 0,01 mm,
when water is the measuring fluid. Besides the specimen used is normally
so small that it can be assumed that at equilibrium all pore liquid has

the same capillary pressure.

At centrifugation on the other hand the additional effect of outer forces
are essential. See section 2.4.

So far all equations are derived for single capillaries. A porous material
however consists of a complex system of capillaries of a wide range of
sizes. The capillaries are interconnected in a complicated way. It can be
proved (for instance by Hansen /19/) that at equilibrium with a certain
suction value all pores larger than that corresponding to the actual suc-
tion value according to eq (5) are empty,while all pores smaller than

the “eﬁuilibrium pore"are filled with 1iquid of the same pressure. Hence
the pore liquid pressure at equilibrium with a certain suction value is
the same despite pore radius and determined by the radius of the largest
filled pore.

It is now easy to calculate the mutually connected values ap, pF, h, p/ps.
r for a certain measuring fluid. This has been done for water at +20%C
in table 1. '




TABLE 1

Bp 5 pF h /P - s i Methods of
(N/m") (m) (%) u A - | measurements
-0 - 0 100 w

-9,8.10" 0 1072 {~100 [1530

-9.8:10; 1 10 100 153 B iy
-9,8:10 2 1 99,99 | 15,3

-9,8-10% 3 10! 99,92 | 1,53

-9.8-10° 4 10° 99,27 1530

-9,8:-10° 5 10° 193,00 153 Kelvin“s
-9,8:107 6 10t 48,43 | 15,3 |[1e¥
-9,8.108 7 10° 0,07 1,53

Similar tables can be calculated for other fluids or for combinations of
nonmixable fluids.

At the measurement the suction is expressed as a pressure, Ap, as a ca-
pillary rise, h, or a relative vapour pressure, P/P;. The amount of
liquid retained in the specimen at each suction value is measured.,

The connection suction-liquid content at a certain temperature is called
an absorption or desorption isotherm when the suction is expressed as a
relative vapour pressure, and a capillary equilibrium curve when the suc-
tion is expressed in pF-degrees or as capillary rise.

By use of the connection between capillary pressure, Ap, and pore radius,
eq (1), the pore size distribution can be calculated from the equilibrium
curve,

Evidently even calculation of pore-size distribution (and also calculation
from freezing point depression) from Kelvin®s eq (4) is a sort of suction
porosimetry. However it is suitable to make a distinction between the two
types of porosimétry for the following reasons.

‘= Methods of determination; Calculation by Kelvin“s law is based upon
the sorption isotherm. Suction porosimetry is based upon measurements
of capillary pressure, that is capi1!ary equilibrium curves.

- At suction measurements no consideration must be taken to the adéurbed
molecules on the pore wall. At use of Kelvin“s law this consideration
is essential.

However the two methods overlap at the upper part of the relative vapour
pressure range which is shown in table 1. In this pore-size range the two
methods give exactly the same results.
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The hysteresis wetting drying can be extremely great. Fig 1 shows an
example of this, Penner /21/. The hysteresis is to a great extent an
effect of the pore shape. The wood cells are in principle paraliell short
cylinders with constrictions in each end. The cells are interconnected

by a fine-porous membrane. Fig 2.

The filling of the cell system is in principle determined by the radius
at center of the cylinder. The emptying of a saturated cell system is de-
termined by the radius of the pores in the membrane.

Hence a good information on the shape of the pore system can only be ob-
tained by determination of wetting curves as well as of drying curves.

The'fact that hysteresis occurs must be taken into careful consideration
at use of the suction tests described below. If a wetting curve shall be
obtained,the specimen must always have a greater suction than the porous
plate on which it is put. If not the specimen will have a certain drying
out before the test starts which means that the measured curve will be a
scanring curve between the wetting and drying curves.

An excellent review of traditional methods of suction measurements is
given by Croney, Coleman & Bridge /9/.

2.2 Suction Plate, pFO-pF3

Main reference 1is Croney et al /9/. Normally water is used as measuring
fluid.

Range_pFl-pE3i_Elg.3

A typical apparatus is shown in fig 3. The porous specimen with or without
water is placed on a porous plate, a sort of filter. This contains moistu-
re, since it is in direct contact with bulk water. If the suction of the
porous plate is less than that of the material this takes up water. At
inverse conditions the material gives away water until equilibrium con-
ditions are restored.

The suction is regulated by a vacuumpump. When the air pressure in the
flask is reduced an equal reduction of the suction of the porous plate
occurs. The resulting suction can be expressed

oF = 1®l0g(2-10% + 1354.2) (8)

where z is the distance between the upper surface of the porous plate
and the water surface in the flask. Maximum pF is 3 since this corre-
sponds to complete vacuum.
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Range_pEO-pEl.d.23.Fig 4 and 3

In this low range a simplified version of the method can be used

The suction is obtained by variation of the depth z of the water surface
below the specimen. At these small suctions a gertain effect of the spe-
cimen thickness will occur. cf eq (7). The suction will be

1

oF = 010g(z+10%) (9)

Both methods mentioned are relatively slow. Measurements of water content
can first be made when equilibrium is reached. A complete capillary
equilibrium curve can be an affair of weeks or months.

Modified_suction_plate apparatus_for_rapid measurements. Range_pF0-pE3;

In fig 6 a modified suction plate apparatus is shown.

The specimen is adapted to a certain water content and placed on the
porous plate. The specimen will draw water from the water reservoir in
contact with the flow-tube, By decreasing the pressure in the flow-tube
the meniscus in this is kept fixed. The suction is obtained from eq (8).
The method is rapid since there is almost no moisture transport specimen-
porous plate involved, .

Some practical aspects of the method are given in Croney et al /9/.

EECSENRNEERNRSREEREREE

The porous plate must fulfil certain requirements.

- The pore size must be so small that air cannot pass through when the
maximum pressure difference is reached. (cf eq (1) which gives a pore
diameter <3u).

- The external surface must be plane so that intimate contact is achie-
ved between the specimen and the plate.

The change of temperature and atmospheric pressure influence the measure-
ments. This is of special importance at small suctions.

2.3 Pressure membrane: pFO-pF4 a 6

The suction plate method is limited to pF=3,at which suction water boils
at room-temperature.

The method can be extended to pF=6,2 by putting the specimen chamber
under pressure up till 1,5-108 N/m2 (1500 atms). This pressure membrane
method has been described by Croney et al /9/, Penner /21/ and Bomberg /5/.
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An apparatus according to Penner is shown in fig 7.

The porous plate consists of a fineporous pressure membrane which can be
supported by a coarseporous metal filter. The maximum pore-size of the
membrane can be calculated from eq (1).

The suction in an ordinary suction plate apparatus, fig 3, is now obtained
as the pressure difference across the pressure membrane.

Starting with a fully saturated sample and increasing the suction gives
the drying curve. The wetting curve is obtained by reducing the pressure -
on a initially dry specimen.

Water expulsion and water intake are measured by the change of the menis-
cus in the pipet.

2.4 Centrifuge: pF3-pF4,5

The methods,showed in figs 4 and 5, are limited to pF=T a 2 which corre-
sponds to a water column of 0,1 & 1 m. The suction is determined by the
gravitational field.

By increasing the outer field of forces, for instance by centrifugation,
a certain water column signifies a greater suction. Egqs (3), (5) and (6)
are transformed to

2'5:0'@05 6 I
T [ e (10)

D-n-gor‘
Ap = =pen+g-h (11)
oF = 1Q10g(n+h-10%) (12)

Where n is the intensity of the centrifugal field expressed as multiples
of the gravitational field.

The centrifuge method has been described by Croney et al /9/ and by
Ksenzhek et al /16/.

The methods are principally different. A principle of an apparatus accor-
" ding to Croney et al /9/ is shown in fig 8. The specimen is supported by
a porous cylinder which is in contact with bulk water.

It is essential to keep the water level constant. This is done by means
of a drain hole in the specimen jacket. '
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Normally only desorption tests are performed. This means.that the water
is drawn from the specimen into the porous cylinder. This is a relative-
1y slow process,viz in the case of a coarse-porous cylinder this moisture
transport from the specimen is merely a vapour phase transport since the
ambient medium is almost dry. On the other hand, at use of a fine-porous
cylinder this is certainly wet. However the permeability is low. Measmre-
ments of moisture content can not be done until the moisture distribution
throughout the cylinder corresponds to equilibrium conditions.

The authors recommend hard chalk as a suitable material and a length of
the cylinder of 6 cm.

R, + R

The mean acceleration is at the distance ~3—E—~l from the center of rota-
tion

R, + R
i (13)
and the height of capillary rise.
h =R, - R (14)
Hence the suction is

R, - R,2

10, 2 1 w 2
F= it =5
p 109(-—-—1:———- q 10%) (15)

The capillary equilibrium curve is obtained by weighing the specimen
after each increase in suction. Drying curves as well as wetting curves
can be obtained.

The suction at rest is about 1 pF. Hence a specimen having initially a
greater suction wi]l'increase its moisture content when it is placed
upon the cylinder. This water is removed at acceleration but it may
have a considerable effect on the results because of the hysteresis
wetting-drying.

In the same way a change in equilibrium may occur when the centrifuge
is stopped.

The specimen thickness has an influence on the results, cf eq(7) . Hence
it must not exceed 5 mm.

Ksentzhek et al /16/ have refined the centrifugal method considerably.

In their method consideration can also be taken to distribution of liquid
throughout the specimen thickness . Besides the method is fastened up
considerably. Only desorption curves can be obtained however,
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The authors use a cuvett as specimen support. Fig 9. Hence the specimen
is not in direct contact with a water column as in fig 8. The water dis-
placed from the specimen at centrifugation is collected in the cuvette
where it is measured after stopping the centrifuge. It can also be mea-
sured during the run in a very elegant way. The specimen is impregnated
with an electrically conducting liquid. The amount of liquid entering
the ring-formed cuvette is measured by the electric resistance between
two platinum electrodes.

Since the specimen thickness is small the acceleration can be assumed to
be the same in all cross-sections of the specimen.

A1l pores are assumed to be cylindrical and parallell to the radius of
rotation.

At saturation all pores are completely filled. When the centrifugal acce-
leration is increased the capillary rise in the coarsest pore is gradual-
1y decreased according to eq (10).

A certain acceleration corresponds to a certain pore radius, s where
the capillary rise h is equal to the specimen thickness, H. '

n
2'“1j'°°5 8

"n T onegeR (16)

The radius r_ is obtained from eq (10) 1

Pores of radius r > r are partly filled to an extent obtained from eq (10).

However the authors show theoretically that the pore-size distribution
funktion, f(r), is independent on the thickness of the specimen.

r dze
f(r) = "(;1;') ey (17)

drn

where £ is the pore-volume and € is the 1iquid retained in the specimen
at a certain acceleration.

Hence by determination of € at a certain acceleration, neg,as function of
the porerradius,rn.calcu1ated from eq (16), the pore-size distribution
can easily determined by eq (17) for instance by use of a simple graphi-
cal method.

The method has been compared to mercury porosimeter. The agreement was
satisfactory.
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3 PENETRATION OF WETTING LIQUIDS

The pore-size distribution can also be determined by measurements of pene-
tration of liquids in a porous specimen.

The connection between time and capillary rise at a capillary uptake of
liquid in a straight cylindrical capiilary is at laminar flow

¢ o 2ounl?

U.ij *r-cos 6

(18)

Hence by measurements of time, t, and dept of penetration, 1, the pore-
size cen be determined.

Thi$ model can also be applied to a porous material in which case a pore-

size distribution can be evaluated. The complications at application to

real materials are:

- The pores are not straight cylindres but each capillary has a random
variation of pore radius along its axis.

- The pores have an axial"tortuosity"or "meandering".

- The pores are interconnected.

- The method is accompanied by difficulties of measurements of penetration.

Astbury /2, 3/ has elaborated a method where consideration is taken all
complications listed above except the interconnection of individual pores.

The pore model is shown in fig 10. Its main characteristics are:

- A1l pores are geometrically alike. However they differ in size.

- A1l pores are meandering. Their tortuosity (effective length) is
B+H where g > 1 and H is the thickness of the specimen. (in his work
/2/ Astbury assumes all pores to be straight).

- A1l pores are cylindrical. The radius is varying along the pore axis.
- The appearance of radius variation is the same in all random pore sectors.

- The pore-walls are completely wettened by the fluid and Hagen-Poiseulle’s
law is valid.

The principle of the apparatus is shown in fig 11. The dried prismatic
specimen is placed in a plastics box. The outer surface of the specimen

is painted with a silver paint which creates a porous electrode. Another
electrode is placed in the box. The resistivity of the specimen is mea-
sured after which an electrolyte (eg decinormal aqueous solution of Ca C12
or K2504) is introduced into the box. According to eq (18) the rate of
capillary rise is higher the coarser the capillary. Hence when the electro-
lyte in the coarsest connection through the specimen has reached the sil-
ver electrode the resistivity is changed. A curve conductance-time is ob-
tained.
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The amount of electrdlyte absorbed is measured by maintaining the electro-
lyte at a fixed level by filling from a burette.

The measurements are going on until steédy a state is reached.

The apparatus is shown more in detail in Astbury /3/.

If all capillaries were straight cylinders it would be possible to cal-
culate the pore-size distribution from eq (18) and the conductance time
curve. However Astbury /2/ shows that this assumption is erroneous.

Instead he evaluates a pore-size distribution from his own pore model.

The basis of calculation is three theoretical expressions (eq:s 19, 21, 22)
describing the pore model.

The first expression is the time to fill a single capillary

2
g = 2u(BH) g (19)
o;::°a 3 -4
ij
Where k, = ' (mean value of ¢') ' (20)

a is the smallest radius in the pore and g-a is the radius of the
pore at a certain point. The largest radius in the pore is Xa. The
constants k3 and Ic_,4 can be quite large for some materials which
explains why eq (18) is inapplicable.

The second expression is the total accessible pore volume of the specimen;

e = ne(8eH) -kpfa® - (a) da ' (21)

f(a)+da is the number of pores with smallest radii between a and atda.
Thus its expresses the distribution of smallest accessible radii.

The third expression is the permeability at saturation which is according
to Hagen Poiseulles™ law

T 4
ol (K, *fa"f(a)-da (22)
Thus the needed measurements are two
- The time function of capillary uptake of liquid.
- The peyrmeability.

As mentioned earlier all measurements are made as conductivity measure-
ments. Eqs (19), (21) and (22) must therefore be transformed to measured
quantities.

dC is the contribution to electrical conductivity by the pores with smal-
lest radii within interval da; Then it is valid.



2
dc = —F = Il,\: = -'('-EH‘;—k—z -f(a)-da (23)

Now the conductance-time curve can be transformed to a distribution of
smallest accessible radii through eq (24), Astbury /2/

(B'H)'k-z 2
/f(a)da = 2 . stlede (24)
neC+D
20u0 (8:H)?
where D = tea = =X vkak_ (19)
aﬁ 4

Eq (21) can be trarsformed to, Astbury /3/;
2
CoegoRy = (BeH) ekyek , (25)

where €4 is the amount of liquid absorbed at a eertain stage.

And eq (22) transformed to , Astbury /3/;
p? ko

- . 1 . a3
By = geesery L f;z diy (26)
where Bt is fhe permeability at a certain stage.

By use of eqs (24), (25) and (26) it is now possible to solve the values
of a(tortuosity), X(ratio of smallest and coarsest part of capillary)
/f(a)da (distribution of smallest accessible radii) and X (ratio of coar-
sest and smallest part of a capillary which gives the distribution of
coarsest accessible radit).

It is however at first necessary to evaluate the k-factors which depend
on the way in which the radial variations are distributed along the
capillary.

Astbury /3/ suggests a rectangular distribution,which means that any radius
between a and X-a (smallest and largest radius) is equally probable.
Then ki is only dependent on the value of X;

x'i+'l -1
ks = ey (27)

The extreme pore radius X-a can now be obtained from eq (25) after in-
sertion of eq (27).
3ecos Ry
1

Xea = —— (28
(8H) : )

with the pore shape indicated above.
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The extreme pore radius a can be obtained if eq (25) is inserted in eq (19).

2lplCI£I 'Rt k .k I

3 s 1. 3 (29)
%3 M 2°%-2 .

or

a:‘.uceRt] X (30)
Vi Uij't]

with the pore shape indicated above. t1 is the time at steady state.
Tortuosity g is obtained from eq (26).

The evaluation of parameters is discussed more in detail in /3/.
The distribution of extreme pore radii are then calculated from eq (24).

The result is two radii distributions which constitutes on area within
which the real pore-size distribution is situated, see fig 12.

The real pore-size distribution can now be calculated. A1l pores with
a radius less than r will contain all pores with smallest radius, a, less
than r/X and a certain fraction of pores with mean radius between r/X and
r. This fraction is /3/;
fr=—3—‘—--}-fl'3'-g§3 i, (31)

X™=1 t, a _
The principle of obtaining the real pore-size distribution is shown in
fig 13. The real pore-size distribution lies closer to the curve X-a
than to a which is reasonable since the coarser pores represent more
pore volume.

It is of course also possible to calculate the specific surface from
the same measurements.

The method is applicable to pore radii down to 0,05p according to
Astbury /3/.

The method has been compared with water expulsion method and mercury
porosimeter by Astbury /2, 3/ and Clements & Vyse /8/.

In general it indicates a coarser pore-size distribution than do the

other methods. This is logical since in the other two methods the pore-
size is determined by the most narrow passage into the pore.

It is interesting to notice that the mercury porosimeter distribution often
agrees very well with Astbury®sdistribution of smallest accessible radii

/3/. Astbury”s method on the other hand, gives a more true pore-size
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distribution since "radial tortuosity"is considered.

Astbury writes:"The present model is no easier to accept than others
which have proceeded it. It does, however, introduce a new dimension
into the problem and it does predict the existence of large cavities”
not shown by the water-exulsion and mercury-penetration models."

The penetration of the water front can also be detected by other methods,
for instance by radioisotopes, Gémesi /13/.

4 DISPLACEMENT METHODS

4,1 Intwoduction

Eq (1) also indicates the pressure needed in order to displace the liquid
in a cylindrical capillary by another liquid or a gas.

-2*0;. COS 0
P’ R )

Hence the pore-size distribution can be obtained by succesive displace-
ment of liquid form a saturated material.

This is the basis of the so called displacement methods.

Normally the medium used for displacement is a gas (air) but it is also
possible to use a liquid which is nonmiaxable with the liquid in the pores.

The flow must be uni-directional. Hence the faces of the specimen paral-
lell to the flow must be sealed. '

The method is especially suitable at indicating anisotropy of the pore
system. This can be done by determination of pore-size distributions in
three perpendicular directions of the same specimen.

The displacement methods are by nature desorption methods only;

4,2 Static methods

Clements & Vyse /8/ report a method where water is expelled by air from
an initially saturated specimen.

The amount of water expelled after each increase in air-pressure is mea-
sured by weighing. The apparatus is shown in fig 14.

The method is compared to detetermination by mercury pprosimeter. The two
methods give roughly similar results in the pore diameter range 20u-85u,
when applied to refractories.
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However the mercury porosimeter underestimates the amount of pores
<20u. This is certainly an effect of hysteresis wetting-drying.
Hence the two methods supplement each other.

The authors also discuss the effect of time of blow on the pore-size
distribution. "Since the rate of water movement through a pore is infi-
nitely small when the applied pressure is just equal to the surface ten-
sion force, water will exude from a test specimen for infinite time".

The authors find the time of blow 1 minute to give an error in pore radius
of as much as 0,3u for a specimen 2,5 cm thick. The effect of time of
‘blow has been theoretically studied by Manegold et al /18/. Some experi-
mental data are shown in fig 20.

4.3 UDynamic methods

The amount of fluid expelled from the specimen and thus the pore-size
distribution can also be obtained indiredly by measurements of change in
permeability.

Such methods have been suggested and described by Erbe /11/, Grabar & Ni-
kitine /14/, Manegold et al /18/, Zagar /27, 28, 29/, Schwiete & Ludwig
/23/, Alviset & Liger /1/ and Ohnemiiller /20/.

The methods can be divided in two groups:
- The displacement medium is a liquid
- The displacement medium is a gas

Since the calculation of pore-sizes is based upon data of permeability
the structure of the pore-system has a great effect on the resulting pore-
size distribution. A comprehensive discussion of permeability of porous
materials together with 134 literature references is provided by Timo-
feev/25/.

--------------------------------

The method is described in detail by Manegold et al /18/.

The principle is simple. Consider a material with parallell cylindrical
capillaries of three separate sizes, radii ry > rp > rg. The material is
saturated with a liquid. This liquid will be displaced by another liquid.
The two Tiquids are non mixable. Suitable liquids are for instance water-
isobutylalkohol or water-methyl-isobutylalkohol (Manegold et al /18/).
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A hypothetical diagram flow rate-pressure is shown in fig 15. The pressure
of the displacement medium is gradually increased. The permeability is
_zere until a pressure ap] corresponding to pore radius " according to

eq (1) is reached. Then the pores of radius r, are emptied and there is a
"sudden" increase in permeability. Then the coefficient of permeability

is constant until the pressure “pz corresponding to pores of radius ro

are reached and there is a new sudden increase in permeability and so on.

Between each jump in permeability the connection fiow rate-pressure is a
line through origo. The slope of the line or coefficient of permeability
is determined by Hagen-Poiseulles™ law

riq'n-Ni
V”?m_'ﬁ? (32)
or
v = Bi-nP (33)

In a real material the pores are of all sizes and certainly not parallell.
Therefore a continous curve will be obtained.

Fig 16 shows an example of a real curve. It has a typical S-shape. At high
pressures the curve is linear and paraliell to the curve of an initially
dry material. The point where this line begins corresponds to the smallest
permeable capillary and the intersection with the AP-axis corresponds to
the coarsest permeable pore.

The real curve can be trans formed to a stajr-formed curve according to
the figure. The coefficient of permeability at each step is calculated
fraom the slope of a 1line from origo to the actual point of the curve.
The pores are divided in pressure classes J}.Pi-aPi+1 etc.

By transforming the pressure into a radius according to eq (1) the amount
of pores of each size class ri T etc can be calculated from the coef-
ficients of permeability. If all pores are assumed to be cylindrical,
parallell to the flow and as Tong as the specimen thickness eq (34) can
be used for calculation of cumulative pore size distribution. It is assu-

med that the difference Fi Tis is small

L. o1, o 8
Gl Bl Bi";“ir. 3 (34)
i

o
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The calculation starts with the coarsest pore. The amount of pores of
class ry=ri,; can also be obtained from the change of the slope of the
line between segments -1 = Ty and rsrieg- This change is 81 - Bi-]

and the amount of pores are when the intervals‘ri - 1'is small;
2
. (Bi - 81_1)-8-u-H
i i
T3

i+

(35)

The foregoing discussion implies that the interface liquid-1iquid has
penetrated the entire pore. During the penetrating period the coefficent
of permeability is determined by viscosities of both 1liquids. Reliable
measurements can not be made until this first period has passed. Manegold
et al /18/ give comprehensive information on the length of the "waiting
period" which can. be very long in the case of long capillaries and low
pressures. Hence even at a constant pressure difference across the speci-
men the flow rate is never quite constant. It will only approach a limi-
ting value asymptotically. The significance of this phenomenon is dis-
cussed in detail by Mangegold et al /18/. c.f. Experimental data at
displacement water-air. Fig 20. An apparatus is shown in fig 17,

" v o ] - -

Normally water is expelled by air. If the displaced water is removed
from the specimen surface the curve flow rate - pressure will be of the
same type as when a liquid is displaced by a liquid. This is a S-shaped
curve. At high pressures the curve is a line intersecting origo. See
fig 16.

However if the free specimen surface is covered by a layer of water the

flow rate-pressure curve will have another shape, viz the air cannot

leave the specimen until a bubble can be formed at the end of the capil-

lary. The air pressure in the bubble necessary is obtained from eq (1)
240.. COS 6

1
aPg = —H— (1)

This pressure is the same as that necessary in displacing the liquid
from the pore. Consider the same material as in fig 15.

The specimen is completely sealed by the water until the pressure aP1 is
reached. At a pressure AP 2 aP] air flows through the pore of radius rye
However because of the necessary bubble pressure APB the flow rate-pres-
sure line intersects the pressure axis at AP=5P1.

A1
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When the pressure is increased further until AP=&P2 air begins to flow
even through the capillaries with radius rae The Tine flow rate-pressure
through those capillaries intersect the pressure axis at AP=nP2. When
the flows in both types of capillaries are added the result is an abrupt
increase in slope at aP=aP2. Fig 18.

The result of a test will be a curve which is concave. See fig 19. At
aP>APMAx the curve will be linear. The slope of the line is equal to the
air permeability of a dry specimen.

“PzAPMAX corresponds to the smallest permeable pore while ap:ﬁPMIN (in-
tersection with the AP-axis) corresponds to the coarsest permeable pore.

The intersection of the linear part of the curve (aP>aPMAx) on the AP-axis
signifies an "equivalent pore-size", Zagar /27/.

fagar /28/ makes a profound discussion of the method. The author shows
theoretically that Pesin is equal to the "effective pore radius", Toff?
which in turn is a pore radius that in a hypothetical equal-pore-sized
material gives the same permeability as in the real material when consi-
deration is taken to the fact that only a part, Eaff? of the total poro-
sity, Eo? is permeable.

By this derivation the author also gives possibilities of a characteri-
zation of the pore system. So for instance, permeable and non permeable
porosities, "pore shape factor" and effective pore length can be calcu-
lated.

The calculation of pore-size distribution from the flow rate-pressure
curve can be made graphically, Zagar /28/ or analytically, Alviset & Liger
ri P

A short review of the analytical method is given below. The principle is

essentially the same as that given on page 20 for calculation from liquid-

liquid displacement.

The curve is divided in segments, fig 19. Consider the interval “Pi;ri“
= 8P 13 Fiyq- The equivalent radius (ri)equ is obtained at the inter-

section of tangents to the curve in points i and i+1. The contribution

of the pores of size (ri)equ to permeability is determined from the change

is slope of the two tangents.

It is now possible to calculate the pore-volumes of pores of different
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sizes. In this calculation it can be necessary to take even molecular
slip flow (Knudsen flow) into consideration. This is essential at pores
<y,

Hagen-Poiseuille”s law corrected for slip takes the form

4 -
v = g%ﬁrﬁﬂ . %B » AP(1+4%) (36)
Where ¢ is the coefficient of slip. This coefficient is dependent on the
gas used, its pressure and temperature,since it is = 2/3 of the mean
free path of gas molecules. Timofeev /25/ gives further information of
the value of ;. Eq (36) shows that the slip correction is considerable
when the pores are small.

The facter F/Po is introduced to correct for change in density of the
gas within the capillary

: AP
P=PO+-2-'" (3?)

The coefficient of permeability in a small interval rj = Tjep Can now
be expressed

YN, B
mery 'Ni i z
Bi = I 7 () (38)
1 0 1

If all capillaries are cylindrical and have a length equal to the thick-
ness of the specimen, the number of capillaries N, can be changed to a

pore-volume €;

E
» i
Ny = —a— (39)
aors Sl

i

Bi is measured from the curve as the slope of the tangent in point 1,

rys is calculated from eq (1). Hence the cumulative pore-size distribu~

., can be calculated by insertion of eq (39) in eg (38).

tion, %— z €5

0
2 P
1 1 8eueH 0 1
-—-—I:g.ﬂ—-_le.u P amem b ————
i ' % i ! riz Fi (1 + 4-%7) (40)
1

The amount of pore volume, e, with pore radius (ri)equ can be calculated

by insertion in eq (38) the difference in slope of the tangents in points
i and i+l.



Henge:
2 P
- BeueH 0 1
By ¥ gy = By) ——p— g = : (41)
(r:)equ  P: (1 +4 (% )
! k . ri)equ

iagar /28/ takes no consideration to Knudsen flow in his graphical treat-
ment which can be reasonable as long as the measured pores are relative-
1y coarse(®1u). Besides the effect on flow rate of change in density of
the gas is neglected by both iagar /28/ and Alviset & Liger /1/.

iagar /28/, /29/ discuss reproducibility and effect of thickness of spe-
cimen. The reproducibility was satisfactory. The measured Pmin
the thinner the specimens. However the effect was less than 4 %.

was smaller

The waiting period before reliable measurements can be made is determined
theoretically by Manegold et al /18/. They found that the waiting period
in displacement of water by air is considerably shorter than at displace-
ment liquid-liquid which depends on the high surface tension. On the other
hand the high surface tension water-air makes the pressures needed very
high. The author of this contribution has made own experiments in order
to find out absolute values on the waiting period. Some results are

shown in fig 20. The material is a well burnt clay brick with thickness
30'mm and surface area 30 cma.

Normally the pressure difference, AP, is increased without relief of the
eariier pressure difference. Despite this a reasonable waiting period

at low pressures might be as long as half an hour, shorter at higher
pressures. Equilibrtum conditions are not assured even after 2 hours.

In three cases the earlier pressure was relieved for some hours before
appliance of the new pressure (broken lines). In these cases the waiting
periods are very long. This method must therefore be refrained from.

The fact that the waiting times are quite large means,that it takes a
long time to obtain a complete curve. This is a disadvantage of the
method.

The author has also made experiments in order to find out the effect of
degree of saturation of the specimen. Some results for the clay brick
mentioned above are shown in fig 21. Such experiments make it possible
to find out in which pores water is located at different degrees of sa-
turation. This is an advantage of the method.
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Apparatus” are described by iagar /27, 28/, Schwiete & Ludwig /23/ and
Alviset & Liger /1/. An apparatus built at our institution is shown in
fig 22, Fagerlund /12/. The princip]es‘ of measurements are described by
iagar /27/. The specimen holder is however adopted to angular specimens.
Besides the apparatus can be used for pure permeability measurements of
Tiquid or gas.



5 SYMBOLS

B

By

f(a)

fr

4
permeability (slope of fl:w rate-pressure line) (mréii)
permeability at time t (ELiai)
conductance between electrodes (E%H)
defined in eq (19)
thickness of specimen parallell to flow (m)
molecular weight (kg/k mole)
number of capillaries

pressure under which Ehe volume of the penetrating gas is
measured eq (36) (N/m¢) v

mean pressure across a specimen, eq (3?)(N/m2)
J
Ok.k mole
electrical resistance of specimen at time t (ohm)

gas constant (

resistance in steady state (ohm)

distance from center of rotation at centrifugation, eq (13),
fig 8 (m)

absolute temperature (OK}

ratio of maximum and minimum radius of one capillary

voltage across specimen (V) -

capillary potential eq (7) (N/ma)

vacuum read on a Hg-manometer (m Hg)

minimum pore radius of one capillary (m)-

conductivity of electrolyte (EW%TTTE)_ B

distribution function of smallest asséssible radii of capillaries
fraction of pores with mean radius between r/X and r, eq (31)

gravitational constant (m/sz)
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Eai ﬁsi_
4’ 2’
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-3% kg

1

rys Toi

AP

Ap

ﬁPB

capillary rise (m)

current through specimen at time t (A)

mean values of different powers of £, egqs (20), (27)

depth of penetration, eq (18) (m)

centrifugal acceleration divided by g (gravitational constant)
;apuur pressure (N/mz)

vapour pressure at saturation (N/mzj

relative vapour pressure

Briggian logarithm of the possible capillary rise of water in a
porous material expressed incmeq (6)

pore radius (m)

principal radii of meniscus (m)
time (s)

flow rate (m3/5)

vertical distance from the meniscus to a point in a capillary
eq (7) (m)

distance between free water surface and upper surface of the
porous plate in suction methods (m)

tortuosity of a capilliary. Fig 10.
pressure difference across a specimen eq (32) (N/mz)
pressure difference across a curved interface (N/mz)

pressure needEd in order to create a gas bubble of radius r in
a liquid (N/m%)

volume of accessible pores (m3)
pore volume (m3}

volume of pores of size ri - r. o+ Arg (m3)



Lal
- 8%

volume of liquid-filled pores (m3)

porosity filled with Tiquid at time t

density of fluid rising in a capillary, eq (2) (Kg/m3)
density of displaced medium at capillary rise, eq (2) (Kg/mB)
surface tension between substance i and j (N/m)

contact ané]e

viscosity of penetrating fluid, eq (18) (ﬁ%)

ratio of actual pore radius in the capi}1ary and minimum pore

radius of the same capillary
coefficient of slip (m)

angular velocity at centrifugation (Eégliﬂi)
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FIG 1 Suction-water content curve for spruce at 20°c. /21/.
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FIG 15 Flow rate pressure curve at displacement liquid-liquid in a
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FIG 16 Flow rate-pressure curve at displacement 1liquid-liquid in
a real material.



B Compressed air

A

sobulylalechol

FIG 17 Apparatus for displacement 1iquid-ligquid. /18/.




(=)
S ' Sumn of flows
Flow through capillories
of radius
A
// A
A
i
/ /ra
e
/
P Py Pz
0 2 M3

r

(m)

FIG 18 Flow rate-pressure curve at displacerent liquid-gas in a
material with three pores of different size.

V
_nﬁ)l
S Gas pennobﬂﬂg

of dry_malerial

\

|
|
s -
A Piey P AP(N/rt)

i 1 1
T 1 T

Cmin = T eff

|

|

|

APoin AP i
' |

) ) :i‘n Tequ.
(m)

_,
3’
R

a

FIG 19 Flow rate pressure curve at dish]acement liquid-gas in a real
material.



Flow rale =const-permeability

o ——AP-32510 Njuf

Y

7 AP=27510" N/mz

Conlinous Increase in pressure

— ——— Eorlier pressure, AR, relieved
before opplgihg new pressure

- o AP =200-100 N/n?

e — — 8 ———8 AP=175-10" Njnt
A
-

— o ® AP=15010" N/m
-
e ————® 2P=1725-10°N/m’ 8 P=100-10° Nfm?
0 P JI ; ;—=.' &p=0_75.]05 NllTl
0 1 Z | \ailing time (h)

N This part magnified below

Flow rale = const - permeabilﬂg

Y g — ——X— 8P=1.2510° N/nf
x=
7~
/X
/
, I T— e O —= 2.y 6p=1-00'10'5 N/mz
II - © * AP=075-10° Njmr
0 1 Z  \ailing fime (h)

FIG 20 Effect on permeability of waiting-tine at water-air displacement.
Clay brick,size 30 cmé, thickness 30 mm.




Flow

® Saluraled o 50%
o Saluraled to 80%

L Pressure &
Difference,AP:10 Njm

FIG 21 Effect of degree of saturation before test on flow-pressure
curves.



I:llli.‘lllil\\unn.

00 O]
@ !
o |

-/

(T

X OX
e

% ©

T

IO?IPH
i

® Cornpressed dried air
®@ Pressure regulalors
® H.0 manomeier

® Hg manomeler s o
® Precision manomeler 0-4-10" N/m
® Four ways valve

® Conlainers for evenlual liquid

Specimen holder: Stoinless sleel
(See below)

® Funnel for walerlfillin J

@ |soloted methanol Hiicg conlaine

i Air

To thermosiol

<

® Pislon for lifling and
lowering conlainer
® Burelle 0-20 cm®

® Burele 0-100cm® FIG 22 Apparatus for displacement water-air. /12/

® H,0-manomeler _
® Flow melers, two different ronges

.6 screws for tahining
" = =

6 screws for

% Llaslening of lid.

Lid of PMMA

| parily covered bya
 plale of slainless

sleel

\Wedages of slainless

| sleel

ubber packing \a-ri

2 Bollom of PMMA







DETERMINATION OF PORE-SIZE DISTRIBUTIOi FROI
FREEZING-POINT DEPRESSIONS

Contribution to RILEM committee

"Pore Structure and Properties of Materials"”

by

Gdran Fagerlund

Lund, September 1372

CUNTERTS
INTRODUCTION

THEORETICAL BACKGROUND

Theoretical expressions

Semiempirical expressions

Comparison between different
expressions for freezing-point-
depression

Adsorbed non-freezable water
Calculation of pore-size distribution

DISCUSSION OF THE I1METHOD

Generally

Water-content required at test
Displacement of water at freezing
Deformation of the specimen at free-
zing

Salts in the pore-water

Hysteresis between ice-formation and
ice-melting

METHODS OF HEASUREMENTS
petermination of initial freezing
temperatures

Dilatometric method

Ca1orimetric methods

SYMBOLS
LITCRATURE
FIGURES

PR —
- - -
LI MY =

. *
4wy -~ (S0 =]

W Wy M

o &

-

o —

cn o B N
LI .
WM




1 INTRODUCTION

Capillary condensed water in the pore system of a porous material has
been found to have the same freezing characteristics as ordinary water;
for instance a 9 % increase in volume at transition to ice. This follows
from the fact that at subfreezing temperatures “capillary condensation
and menisci theories are operative and that a solid meniscus exist",
Feldman /4/.

Hence there must be a connection between the pore water pressure and the
freezing point depression of the pore water. Consequently the freezing
point depression is a function of the pore radius, since there also exists
a connection between pore water pressure and pore radius; This connection.
can be expressed as in eq (1)

8Py = - 2207, €OS 8 (1)
q .f‘-l g

By measurements of the non-freezable water content at different tempera-
tures it is therefore possible to calculate the pore-size distribution.

The determination of non-freezable water contents can also be made indi-
rectly from the sorption isotherm or moisture equilibrium curve (=equi-
librium moisture content as function of capillary rise or suction, pF).
viz there exist connectims between pore water pressure and relative vapour
pressure or suction; eq (2)

RtTrp-!-'in(p/pS} _ (2)

M
The expressions (1) and (2) are discussed somewhat more extensively in
‘the contribution about suction porosimetry.
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ﬁetenninatiun‘of pbre-size distribution from freezing point depressions
is a method which is relatively unexploited. Any commersially manufactured
apparatus-are not available as far as we know.

2 THEORETICAL BACKGROUND

2.1 Theoretical expressions

The internal pressure of a small spherical crystal immersed in its own
melt is according to eq (1)

ap.q = £209:1. {3)
sl
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On basis of eq (3) the following expression can be derived for the equi-
Tibrium of the spherical crystal in its own melt. See for instance Sill &
Skapski /18/

s iy 1 i 1 )
To ps-al-'l r

Williams /23/ derive the following somewhat different expression for the
freezing point of a crystal. A similar expression is stated by Helmuth /7/
In To-AT _ _ .2-053-M

1
T eR CF (5)

where w is a shape factor that adopts values between 1,1 < w < 1,3 for
different crystal shapes.

Eq (5) is supposed to be valid over a greater temperature span than eq (4).
At small freezing point depressions they coincide.

Blachere & Young /2/ add a term to eq (4) where consideration is taken
even to the occurence of a liquid-vapour interface. The influence is ex-
pressed in terms of a relative humidity of the pore water

Z'USI'M
ps-asflr .

ReT

p , ;
AT = e (¥ ~ ;—i—ﬂn(pms) (6)

Since p1fp5>1, an interface water-vapour evidently increases the freezing
point. This depends on tensile stresses in the water decreasing the pres-
sure in the ice crystal.

The second term is small compared to the first (%9 % of AT /2/) and almost
constant with temperature.

Williams /23/ en the other hand takes consideration to the occurence
of a solid-gas meniscus which seems more reasonable than the water-gas
meniscus. The general equation for freezing point depression then gets
the form -

: 2- aM 2- '-M
In To - aT F51Y . ] 1 1 sq 1
———— = WL W . - + (——-— [ —)l . (?)
. To. D‘]'ﬂ” rs1 °1 \ps AH . r-sg.
1 1

Since H;-c 5o an interface solid gas decreases the freezing point..This
is an 'effeft of an extra pressure in the ice crystal caused by the inter-
face icé-gas. If the sample is completely saturated'rs =« and the second
term is equal to 0. If the sample is not completely saturated the first
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ice formed creates solid menisci within the specimen. In this case the
second term in eq (7) must be considered.

By combination of eq (3) for the internal pressure in the ice crystal and
eq (5) or (4) for freezing point depression, it is possible to calculate
the following connection between pressure in the ice and the freezing point

- AH o To-aT, aH = 4T
LS T ) B CRa LT (8)

Where the secondterm is valid at temperatures around 0°C. This equation
indicates that the ice is under hydrostatic pressure.

Schofield /16/ assumed that the ice first formed was under ordinary atmos-
pheric pressure while the water was under reduced pressure as indicated

by eq (1).

This assumption leads to eq (9)

AH AT
Bt ToP | (9)
This equation is normally expressed in terms of "suction" by insertion of
eq (2) for the pressure difference Ap]g

h=-‘%-.‘,‘%— (10)
Several investigators, for instance Schofield & da Costa /17/ and Williams
/23/, have proved experimentally that eq (10) is valid for the initial
freezing points for different soil samples with various moisture contents.
The fact that eq (10) is applicable indicates that "the equilibrium free-
zing temperature associated with a particular (unfrozen) water content

is not greatly affected, if at all, by the amount of ice (formed at higher
temperatures) already present", and "that the unfrozen water content for

a soil at a given negative temperature is independent of the total (water
and ice moisture content (so long of course, as the total moisture content
is not less than the appropriate unfrozen water content, (Williams /23/).

As mentioned earlier the equation gives the freezing point depression for
water in contact with ice under atmospheric pressure. This isa connection
which can be assumed to be valid for a granular material where the ice
often is formed in ice lenses considerably largerthan the pores. In this
case the radius of the ice crystal is large and the ice pressure is al-
most equal to the atmospheric.
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For a solid material the size of ice bodies are limited by the width
of the pores since an ice lense could not be formed. In this case egs
(3)-(8) ought to be valid.

Kubelka /9/ discuss however the possibility of not using 9e1 and P in

those equations at calculation of freezing point depressions in porous -
inert materia]s but instead the values %1g and G This would mean con-
siderably greater freezingpoint depressions than those predicted by egs
(4, 5, 6, 7). viz ¢

s1 < %g° The following values have been published
_ -3 -6 -3
16/ oy1q = 75,64(1 + 1,84 =107° - 0,40 + 107°) + 10 (11)
/8/ ogy =30,5(1 - 0,93 + 1072« 4T) + 1073 (12)
/2/ ogy =40 - 1073 (13)
Eqs (4) and (5) are now changed to eq (14)
20, M
AT _ - Jo-aT _ ~ "1g 1
LCREL o {14

By insertion of eqs (1) and (2) in eq (14) Shofield™s eq (9) is obtained.
This means that Kubelka /9/ takes over the assumptions made by Schofield
and apply them even to a solid porous material.

This is justified by experiments (for cement paste)made by Powers & Brown-
yard /13/. See below. t

Williams /23/ has performed freezing experiments with soils. Some of them
are shown in fig 1 together with the two curves eq (5) and (14). The ex-
perimental results fall beteen the two theoretical curves. Blachere &
Young /2/ on the other hand have proved the correlation between eq (6) and
the mean pore radius of glass powders.

. By kombination of eq (14) and Kelvin™s law for capillary condensation as

expressed in eq (2) it is possible to calculate a connection between the.
freezing point depression of the water in a pore and the relative humidi-
ty for capillary condensation in the same pore

AT pa To=AT __ 1 R(To-AT) . ' (15)
To*n ~To T o T%HT;;:%; 1r|(p/ps)To--M _

Where indici (To-AT) indicates the temperature for whicp'p/pg and aH
should be valid. '
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The freezing point depression can also be calculated from the sorption
isotherm determined at another constant temperature T. In this case
the connection gets the form !

AT oo To=aT 1 R(To-aT)  Oiglte-ar  (P1)7 |
AT ip W s ‘ g s Tolofo)s  (16)
To To w o (8o (oyg)y Tromar P/ P)T

An equation Tike (16) was suggested by Powers & Brownyard /13/ at their
comparison between non freezable water content of cement paste and the
sorption isotherm.

Eq (5) can also be transformed to a form similar to that of eq (15) by
insertion of eqs (1) and (2)

nTosaT | 1, RIe-aT) ., (sl) . qp (pspy) (17)

1
To w  (AH)go a7 %1g To-aT To-aT

2.2 Semiempirical expressions

In a fine porous material water and ice co-exist in the pore system since
evidently a fraction of the water remains unfrozen even at low tempera-
tures. Washburn /21/ has derived an expression for the connection between
the vapour prassure of ice, vapour pressure of supercooled bulk water and
temperature

P -
10 i _ _ 1,1489+ AT By a8l

+1,08 1077 (a1)? (18)

At the freezing point the evaporable water and the ice are at equilibrium.
Hence

0

%0g p/pg = eq (18) ¢ (19)

Washburn”s expression is semiempirical since itis based upon empirical
data for the specific heats of ice and super-cooled water. Washburn /21/
states however that calculated vapour-pressures according to eq (18)
agree extremely well with measured values. At -16°C the difference
(pi'ps) between calculated and measured values is only 0,004 mm Hg.
Another connection between the vapour-pressure of ice and water and the
temperature has been used by Puri et al /15/.

“In py/p, = 0,9686 « 107247-0,56 + 107 (aT) 40,72 1078(aT)® (20
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And similar to the derivation of eq (19)

-n p/pg = eq (20) (21)

Hence by knowledge of the sorption isotherm it is possible to calculate
the amount of non freezable water at different temperatures not only
through eqs (15), (16) or (17) but also through eqs (19) or (21) after
adaptation of the isotherm to the actual temperature.

Both eq (19) and (21) can be used for an evaluation of pore-size distri-
bution from freezing point depressions. This is done by combining eq (19)
or (21) with Kelvin™s law eq (2).

For instance a combination of eq (19) with eq (2) (and (1) ) gives the
expression

2‘ 01 'M
r‘ = = = . = — =
R ppriiomalyd, %4155291 - 1,33:107°(4T)%-9,084-10"5(aT)"
o=AT
, 1
-1,08+10" %+ (aT)* (22)

At the calculation of pore-size distribution it is also necessary to make.
corrections for non-freezable water between the ice body in a pore and
the pore wall. See 2.4.

2.3 Comparison between different expressions for freezing-point depression

One of the major problems at use of the theoretical expressions in section
2.1 at evaluating freezing point depressions is that 1ittle is known about
the variation of the heat of fusion with temperature.

The formula for this variation of bulk water is

aT
AH = M {333700 - / (C_ - C;)-dT} (23)
0

Only the variation of C; with temperature is well known /6/. However if
data of Cw in the range 0 - -5°C is used the following expression is ob-
tained

AT ;
AH = M {333700 - s 2190 dT} (24) .

[+]

According to this equation AH = 0 at -152°C. Hence it must be 1imited
to moderate freezing point depressions.
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AH according to eq (24) has been inserted in eqs (15) and (17). Egs (11)
and (12) are used for surface tensions. Then these equations are drawn
in fig 2 together with the semiempirical eqs (19) and (21).

Evidently the exact eq (15) (with aH according to eq (24) ) and the semi-
empirical equations (19) and (21) give approximately the same result down
to a freezing-point of -30%C. After that, certain deviations occur, pro-
bably depending on different estimations of the heat of fusion at low
temperatures.

The approximate eq (15) differs from the exact already at -10°C. The de-
viations are however relatively small for moderate freezing-point depres-
sions.

eq (17) based on surface tension solid-liquid gives a freezing-point
depression-relative pressure curve quite different from the other equa-
tions.

By equaling the theoretical exact equation (15) with the semiempirical
equations (19) or (21) it is possible to calculate the heat of fusion on
which eq (19) and (21) are based. ‘

A combination of eq (15) with eq (19) gives a heat of fusion

aH = M(333700~2000AT) (25)

which is approximately the same result as the theoretically derived
eq (24).

Powers & Brownyard /13/ used eq (19) at caiculation of non-freezable
water content in cement-paste. The agreement between measured and cal-
culated values is rather good down to -30°C. See table 1.

TABLE 1

Temp Non-freezable water-content expressed as number of molecular
0 layers on the internal surface

C

Observed Calculated Ratio
-2 4,00 3,72 1,08
-20 3,70 3,25 1,13

=30 3,20 2,93 1,09
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Eqs (15) and (21) will evidently give the same good agreement.

The authors used the absorption isotherm at their calculation since they
regarded melting of ice in a material a process of absorption. viz the
observed non-freezable water contents were determined by melting-experi-
ments.

Probably the correlation between measured and calculated values should
have been less satisfactory if the desorption-isotherm had been used as
the basis of calculation.

No evidence have been found in literature where an equation of type (17)
have proved the same good agreemant with experimental data as eqs (15),
(19) and (21).

Hence since it is such a good correlation between eq (15) and the semi-
empirical eq (19) which in turn has been succesfully used by Powers &
Brownyard,as mentioned above,it is suggested that the following expres-
sions are used at the calculation of pore-size distribution from freezing-
point depressions

2+0
_ g M1 A
'y = py*aH ~ In To-aT (14)
o)
or for smaller freezing-point depressions
o _ 2'U] -b1. TD (14|l)

where AH is obtained from eq (24). 91q from eq (11) and Pl from eq (26)
py = 1000 - 0,26 « AT (26)

A simplified function in the range 0 = AT = 50°C is

= 1
8,061-10%AT-6,12+10" (aT)%+2-10% (4T)> (27)

Tk
The function (14 ) is shown in figure 3.

2.4 Adsorbed non freezable water

Water close to the pore-walls does not freeze at normal temperatures.
Williams /23/ states that the thickness of this layer on clay particles
is about 70 A at temperatures around 0°c. Feldman /4/ gives the value

50 A of the thickness of the adsorbed layer on glass. Loewenstein /11/
reports an adsorbed water film on glass fibres of 25 molecules which is
about 77 A. However the thickness ought to diminish rapidly at decreasing
temperatures.
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At an evaluation of the pore-size distribution consideration must be
taken to the thickness of the adsorbed layer. It is assumed that the
pore-radius is composed of two parts. See fig 4.

r=t+r, (28)
"y is obtained from eq (14I)
t is obtained fram eq (29) (Wheeler /22/ )

5 1/3
t= 'd(17r7555;') (29)
where d = 3,5 1071 (m)

By using eq (15) it is possible to calculate a connection between the
thickness of the adsorbed layer and the freezing-point depression

-10 3/
t=28,510 "V ¢ (30)
At AT = 0,05°C t = 77 A and at aT = 0,1°C t = 61 A values that are in
accordance with the values stated above.

In order to get an idea of the accuracy of eq (30) a comparison is made
between the absorption isotherm of cement-gel according to Powers &
Brownyard /13/ and.eq (30). Cement-gel is a material with extremely small

pores.
TABLE 2
AT p/p t Difference
0 c d At
eq (30) isotherm /13/

5 0,95 4,75 3,15 5,6
11 0,90 3,65 2,78 3,0
17 0,85 3,17 2,60 2,0
23 0,80 2,84 2,44 1,4
30 0,75 2,62 2,35 0,9
39 0,70 2,40 2,22 0,6
47 0,65 2,26 2,12 0,5
60 0,60 2,08 2,00 0,3
75 0,55 1,93 1,30 0,1

Obviously eq (30) gives somewhat greater values of t than the measured.
However at smaller pores the difference is rather small. The difference
may depend on restrictions of adsorption caused by limited pore-sizes.
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2.5 Calculation of pore-size distribution

It is assumed that the non freezable water content in the material has
been determined as function of temperature. Perhaps this has been done
by use of a calorimeter (see part 4.3 below).

Consider a hypothetical curve an = f(AT) (figure 5).

The pore-size distribution is calculated in accordance with the method

by which a pore-size distribution is calculated from a sorption-isotherm.

See for instance /5/. .
(rk)n_and t, at temperature To-4T  are obtained from eq (14 ) and (30)

respectively 9
V) = (av i ) (31
(8hphn = (8l = by T, - )
1
(ﬂvk)n = (”nf)n-'l = (wnf)n)' a" (fwt)n (32)
LT (rk)n +t - '_ (EBt)
n-1 :

(aVy), = (4 = t) « & (aS) (33)
(V) |

(65)1 = -?,—TE-: ' (34)
j= .

Successive insertion of eq (32), (Zé), (33) and (34) in eq (31) gives

| ; n-1 (av.)
(&), = {Kwnf)n-l B ("nf)nl' oy Htpq = ty) * g i1 1é7ﬁ'}'

2

+
(Pdpay * (nedy]

It is assumed that all pores are cylindrical.

3 DISCUSSION OF THE METHOD
3.1 Generally

An advantage of the method is that it is very fast and cover a large

pore-size range (=40A - 5000A). A calorimetric determination of freezable

water takes only a few hours while a determination of pore-size distri-
bution from for instance a water vapour isotherm is an affair of weeks.

Another advantage is that the medium of measurement is water.
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The method has however many disadvantages. The first one is of pure
theoretical nature. It lies in defining a true connection between pore-
size and freezing point depression and has been discussed above in sec-
tions 2.1 and 2.2.

Other difficulties will be discussed below.

3.2 MWater content reguired at the test

If the method is to be useful it is necessary that the pore-water is in
thermodynamic equilibrium before (and after) the freezing. Besides the
moisture ratio has to be great enough to ensure that all pores with radii
less than about 1 ym are filled with water. Those demands may of course
be fulfilled by using specimens which fromthe beginning have been comple-
tely saturated, for instance by vacuum-treatment, after which they have
passed through a successive emptying of pores at a determination of pore-
size distribution by a sort of suction-measurement.

The effect of not using a completely saturated specimen can be estimated
from eqs (6) and (7).

3.3 Displacement of water -at freezing

Water expands about 9 % volume at freezing. This is according to Feldman
/4/ even valid for capillary condensed water. That fact bring about cer-
tain displacements of non-frozen water within the specimen. The recipients
for that water are previously empty pores and the surface of the material.
At the same time non-freezable water from narrow pores migrates to ice-
bodies in the coarser pore where it freezes. The latter fenomenon is a sort
of drying process which is especially pronounced at very fine-porous ma-
terials as for instance cement-pastes with w/c-ratio less than about

0,55 /10, 12/. e s

However those displacements have evidently not had any greater signifi-
cance at the experiments on even dense cement-pastes performed by Powers
& Brownyard (table 1).

3.4 Deformation of the specimen at freezing

Because of the swelling of the water at freezing the specimen may sustain
such big deformations that its tensile strength is exceeded at certain
points at which the porosity-conditions are changed. However at the mo-
derate degrees of saturations needed in a specimen at the experiment

(c.f. point 3.2) above) the swelling will probably be insignificant and
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above all reversible at the melting of ice. Besides unpublished results

at our institution as well as results published by Powers and Helmuth /12/
indicate that specimen frozen at "moderate" degrees of saturation rather
shrink than swell.

As an example is assumed a specimen with the open porosity 40 %. The pores
are filled to 80 % at the beginning of the freezing. It is assumed that
90 % of the water is freezable at the Towest temperature used. This must
be considered an extreme material. .

The maximum swelling under the assumption that no water is displaced from
its original locus is

sV _ 0,09-0,4-0,8-0,9
1
Under the assumption' that all_the swelling is plastic or viscous, that

is,non-reversible at the melting, a highly unlikely assumption, and that
the pore-walls are incompressible, the increase in total pore-volume is

= 0,0259

AV
- 0 - 65
p ’

Therefore the errors dependent on deformation of .a normal specimen must
be small. ' ' “

3.5 Salts in the pore-water

Occurence of salts in the pore-water influences the freezing point de-
pressions. However the same problems exist when pore-size distributions
~ are evaluated from water-vapour sorbtion—isotherm. Figure 6 shows some
examples of the influence of salt concentration in the pore-water on the
absorption-isotherm, Vos & Tammes /19/.

The fipal melting-point of the pore-water is a measure of the concentra-
tion of salts provided'that the biggest water-filled pores are numerous
and represent negligible freezing'point depreséions.

Powers & Bfownyard /13/ measured final melting points on éement-pastes.
They found values of final melting points between -0,05°C and -1,60°c.
The value -0,05°C is valid for cements with low percentage of alkalies.
A simple.calculation shows that under the reasonable assumption that
the pore-water always is a saturated solution of Ca(OH), the final mel-
ting point ought to be around -0,05°C. The value -1,60°C represents a
cement with a high percentage of soluble alka]ies-(NaZO and KZO)‘ The
results also show that specimen with the same cement but different
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w/c-ratios had different final melting-points. The higher the w/c-ratio,
the closer to 0°C was the final melting point which probably depends

on 1eaching out of alkalies during the 28 days water storage before the
testi A high w/c-ratio signifies a high permeability and a high rate of
leaching. Therefore, in order to avoid influence of salts on the freezing-
point depressions a practicable way can be to use water-stored specimen.

3.6 Hysteresis between ice-formation and ice-melting

Powers & Brownyard /13/ showed the existence of a certain hysteresis
between ice-formation and ice-melting in cement-pastes. According to
them ice-formation is similar to a process of desorption while ice-mel-
ting is rather a process of absorption.

Helmuth /7/ has explained the hystéresis by geometrical properties of
the pore-system. Ordinary water does not freeze at the ordinary free-
2Zing-point but is super-cooled to a temperature dependent on the amount
of water. At the occurence of impurities in the water. Bigg /1/ has
found the connection between mean freezing-temperature and the size of
the water droplet indicated in figure 7.

Since the pores in ordinary building materials are small the fenomenons
~ of super-cooling can be considerable. However the super-coolings occu-
ring are in most cases relatively small, normally less than 5°C since
the number of pores are large and therefore the probability of an early
freezing in any pore is relatively great. See figure 8 from Bigg /1/.
This figure shows the frequency-curve of freezing temperatures of a cer-
tain water-dropsize. Similar functions are valid for other sizes. '

However, larde super-coolings may occur in isolated pores for the follo-
wing reason. When the ice-formation after a slight super-coaling is ini-
tiated in one point in a material it propagates very fast through all
pore-water freezable and reachable at the actual temperature. This has
been shown by Helmuth /7/ who even states a rate of propagation of the
ice-front of about 10 mm/s. However, the ice-front may not propagate into
water which is certainly freezable at the actual temperature but which
is enclosed by pores so narrow that its water is not yet freezable.
Freezing of this enclosed water can not occur until the temperature is
low enough to make 1tlpossib1e for the ice-front to propagate the pore-
openings (c.f. eq (14 ) ) or the water in those pores freezes by "self-
nucleation”.at about -40°C. Therefore it can not be expected that for
instance the same amount of water is frozen at -10°C when the minimum
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freezing temperature is exactly -10°C as when the specimen is thawed to
-10°C from a lower temperature. A hysteresis between ice-melting and ice-
freezing occurs This is exemplified in figure 9 which shows an example
of the authors determination of non-freezable water at -10°C in a cellu-
lar concrete frozen to -12,5°E and to -25°C.

Cement-paste has been considered as a material composed of more or less
isolated capillary pores in which the water is freezable at ordinary tem-
peratures. The capillaries are embedded in a matrix composed of a very
fine-porous gel with non-freezable water. The capillary pores are forming
an ‘interconnected network only at w/c-ratios larger than about 0,55-0,60
/14/. According to this model a dense cement-paste ought to be a material
where the above-mentioned effect of super-cooling is great. According to
Winslow & Diamond /24/ there exist threshold diameters in cement-paste
at determination of pore-size distributions by mercury-intrusion. Below
the threshold diameter the greatest portion of intrusion commences. Above
the treshold diameter the intrusion is very small.

The threshold diameter is about 0,08 ym at w/c= 0,40 and 0,10 ym at
w/c= 0,60, if the pastes are well hydrated. These two values represent
freezing-point depr?ssions of only about 3,3°C and 2,6°C respectively
according to eq (14 ) and eq (30) (consideration taken to adsorbed water).
However probably other "threshold diameters" exist in cement-paste that
cause hysteresis in ice-formation and ice-melting even at lower tempera-
tures.

Therefore to avoid the effect of hysteresis and super-cooling it is pro-
posed that the specimen is frozen to atleast -50°C & -60°C before the
test and that the test is performed as a thawing-test. Powers & Brown-
yard /13/ performed their determinations of freezable water content in
cement-paste on specimen frozen to -78°C.

4 METHODS OF MEASUREMENTS

4.1 Determination of initial freezing temperatures

Eq (10) shows the connection between the initial freezing temperature
and the suction (capillary rise) of the material.

Croney et al /3/ advise a simple calorimeter for determination of the
initial freezing temperature. This method can however be used only for
suctions of 3 § pF § 4 that is for pore radii 0,15y 5 r 5 1,53y and
freezing-point depressions of 0,1°C < aT < 0,8%.
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4.2 Dilatometric method

As mentioned in the introduction capillary condensed water is assumed to
expand =9 % at freezing,just as bulk water. Then the amount of ice for-
med or melted can be determined by measurements of the volume change of
a saturated sample. This method was used by Powers & Brownyard /13/ at
their determinations of non freezable water contents of portland cement-
paste.

The specimen was crushed into granules which were water saturated. The
granules were put in a glass-bulb and frozen to -78%C in a mixture of
solid CO2 and alcohol. Then the air in the bulb was evacuated and toluene
let into it. On the top of the bulb was a calibrated glass canillary,
also filled with toluene. “

The temperature was raised after the dilatometer was put in a cryostat
and the level of the meniscus in the capillary read. Powers & Brownyard
give the equation for calculation of amount of ice formed or melted.

It is necessary to compensate for the presence of toluene and its effect
on the water vapour pressure. This can be done through eq (35)

AT _ °wa _
W, &

Some results are already shown in table 1. As predicted by the reasoning
in section 3.6 the authors found a hysteresis ice-formation = {ce-mel-
ting.

4.3 Calorimetric methods

Blachere & Yeung /2/ used DTA-technique for determination of freezing-
and melting-curves of saturated glass-powders.

Williams /23/ describe a ﬁalorimeter by which freezing as well as melting
experiments can be done.

At our institution we have used a simple type of calorimeter built at the
institution. Figure 10. : '

It consists of an ordinary freezing-box capable of reaching -30%C. In

the box. there is placed a cylindrical vessel of copper. The specimen with
size 30 x 30 x 120 mm3 is wrapped in aluminum foil and placed in a
specimen-holder made of aluminum' which in turn is placed centrically

in the copper vessel. The specimen-holder is provided with a 220 ohms
heating-coil of nichrome. On the outer surface of the specimen-holder



- 17 =

as well as on the inner surface of the copper-vessel there are placed
two 120 ohm resistance-thermometers. Two thermocouples are placed within
the specimen, one at the top and one in the center. One thermocouple is
placed at the surface of the specimen-holder and two at the surface of
the copper-vessel.

The heating-coil is connected to a stabilized DC-aggregate with variable
voltage.

The resistance thermometers are connected to a tyristorized temperature
regulator. This senses the temperature-difference between the copper-ves-
sel- and specimen-holder-surfaces. If there is a difference the regulator
corrects this by changing the voltage on 6 lamps of 200W each.

The four resistance thermometers are not quite alike either in resistance
or in temperature-coefficients. Therefore the regulation must be adjusted
to give fair results. This is done by thawing test on a container with

a known amount of water and on prisms of metals with known heat capacities.
The adjustment is performed by changing the resistance of one thermometer-
branch by the aims of a precision potentiometer.

The specimen is adapted to a suitable amount of water (c.f. 3.2 above).

It is provided with thermocouples and placed in the specimen-holder.

This in turn is placed in the copper-vessel. The whole assembly is frozen
to -25°C during about 16 hours. The DC-aggregate is adjusted to a suitable
voltage dependent on the heat capacity of the specimen. The rate of tem-
perature-rise ought to be alike for all specimen. The temperature of the
specimen gradually increases which means that the temperature-regulator
gradually increases the voltage on the 6 lamps, so that the temperature-
difference between the surfaces of the copper-vessel and the specimen-
holder is minimized, = adiabatic conditions.

The results of the test is registrated on the recorder.

When corrections are made for eventual errors dependent on imperfect
regulation the result is a curve; Specimen~temperature as function of
supplied energy to the specimen. See figure 11.

Provided that the total specific heat of the dry specimen and the speci-
men-holder is a constant in the interval -25°C - +5°C the freezable wa-
ter at temperature o is (c.f. figure 11)

1 . - RTINS -
(“f}n+1 {bhn * ?'{an+l B en) (Cw ci)n} +wn+1 wn ¢ (en+l en)

1
AL =8,) *(C,=C5 )

= (Wedy (37)
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where sh =33700 + 2190-6 (24')
and (C,-C.), = =9,9+6 +2107 (38)

The non-freezable water-content at each temperature is obtained from

(wnf)n i (Wf)n (39)

After calculation of the non-freezable water-content the pore-size distri-
bution can be calculated from eq (35).

The calculatim are very well suited for a computer.

In figure 12 there is shown the pore-size distribution in the range

200 A-5000A for a certain sand-lime brick. One of the two distribution-
curves is calculated according to eq {35), on basis of a calorimeter
experiment the other is measured by Hg-porosimeter at the State Institute
for Technical Research in Finland.

The specimen-size is 120 cm3 at the determination from freezing-point
depressions and only 0,61 cm3
fore the latter is less representative especially since this type of
sand-1ime brick contains coarse quartz-grains. However there is a godd
correspondence between the two curves at pore-radii smaller than 200 A
and coarser than 2000 A. The deviation is considerably greater for pore-
radii between those two values. Probably this is an effect of hysteresis
since the Hg-porosimeter is a method based upon absorption. In the other
method the water is already present in the pores at thetest. Therefore

a method of mercury absorption overrates the smaller pores since a pres-
sure correspondant to a smaller pore is needed in order to penetrate

the "bottleneck" of a relatively coarse pore.

at determination by Hg-porosimeter. There-

0f course it is desirable to have an adiabatic calorimeter with greater
precision and capable of reaching a lower temperature than that used at
our institution. '

However it is not quite necessary to have an adiabatic calorimeter at all.
At our institution we have also built a very simple difference calorimeter
for specimen size 30 x 30 x 120 mms. Figure 13.

It consists of an outer jacket of brass. Within this a centrically si-
tuated inner-jacket of phenolic plastics. The specimen is placed in the
inner-jacket. Between the two jackets there is placed a heat insulation
of foamed poly-urethane. It is shaped so as to direct the heat flow:
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manily angular to the length-axis of the specimen. Both the inner- and
outer-jackets are provided with resistance-thermometers of thin copper-
wire completely covering the areas"hit" by the heat flow. The assembly

is immersed in a kerosene-bath of -30°C. The outer thermometer immidiate-
1y adopts this temperature. The inner thermometer gradually gets colder.
The difference in resistance between the outer and inner thermometer is
measure of the heat flow through the insulation. The connection between
difference in resistance and amount of heat: flow (the calorimeter-cons-
tant) is calibrated by exchanging the specimen to a heating coil which
generates different effects.

Three thérmocouples in the specimen and the heat flow through the insu-
lation is registered on a 12-point recorder. Freezing as well as thawing
experiments can be performed.

A test can be divided in time-elements. The result can be plotted as sum
of energy transported through the insulation as function of sum of tem-
perature-difference between the outer and inner resistance thermometers,
Vuorinen /20/. See figure 14,
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5 SYMBOLS

c

total specific heat of an unfrozen specimen and specimen-holder
at a thawing experiment Gi—)

%

specific heat of ice ( J )
g+*c

specific heat of water ( J )
gn

molecular weight (K%%TE)
J
Kmole °K

surface area of the popes 0“2)
absolute temperature ( K)

freezing point of bulk pure water (DK)

gas constant (

volume of specimen (m3)

"Kelvin pore-volume" = volume inéide the adsorbed_]ayer (m3)
pore-volume (m3)

volume of adsorbed water (m3)

total energy supplied to a specimen at a thawing experiment (j)
diameter of water molecule (m)

gravity acceleration Gsz)

capillary rise (m)

vapoyr pressure of evaporable water in a material q%z)
vapour pressure of ice q%z)

vapour pressure of bulk water (EE)

radius of capillary or radius of crystal (m)

Kelvin radius. Definition eq (28) (m)

thickness of water layer adsorbed on the pore-wall (m)

‘total evaporable water content (Kg)

freezable water content (Kg)

non-freezable. water content (Kg)




Ah

AH

5p

ASF

AT

AT

indici:
1

1g

s

s1

sg

wa

wt
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jon (3=
heat of fusion (Kg
; J
molar heat of fusion bﬁﬁaﬂi)
pressure difference across curved interface (N/mz)
molar entropy change of fusion (———i——a—-
(Kmole “K)
freezing point depression o)
freezing point depression at freezing in toluene (OC)
; Ki
density (—g)
m.
' e oM
surface tension ﬁﬁ)
temperature (OC)

contact angle (radians)

shape factor of crystal (1)

liquid
liquid=-gas
solid
solid-1iquid
solid-gas
water-air
water-toluene
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FIG 4 Freezing in a conical pore.
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1. BRIEF THEORETICAL BACKGROUND

The BET-theory was originally elaborated by Brunauer, Emmett and Teller
/10//9/. A modern summary and discussion of the theory is given in
Gregg & Sing /19/.

The determination of specific surface by means of the BET-theory is based
upon the phenomenon physical adsorption of gases on the external and in-
ternal surfaces of a porous material.

Such a material which is surrounded by and in equilibrium with a certain
gas which has a certain temperature, T, and relative vapour pressure,
p/po, adsorbes physically a certain amount of gas. The amount of adsorbed
gas is dependent on its relative vapour pressure and is proportional to
the total external and internal surface of the material.

- The connection between relative vapour pressure and amount of adsorbed
gas at a comstant temperature is called an "adsorption isotherm.

The isotherm of physical adsorption can be divided in 5 types. See fig 1.
The isothems ¢f type II and III are from a theoretical point of view only
valid for nonporous solids but are often applicable even to porous solids.
The majority of building materials seems to have isotherms of type II,at
least when the adsorbate is water vapour.

Isotherm of type IV and V are valid only for porous materials. They are
modifications of isotherms of type II and III respectively. The modifi-
cations at high relative vapour pressures are dependent on the restric-
tions laid upon adsorption by the width of the pores. The ordinary building
materials have such a-great amount of large pores that this restriction

is negligable why the distignation between isotherm II and IV (or III and
V) is without practical significancein the low pressure range. On the
other hand the phenomenon capillary condensation occurs in the porous ma-
terial when the adsorbate is thick enough to form a curved meniscus in

the pore, Therefore the isotherm of a porous material in the high pressure
range differs from that of a nonporous material. However this is of no
importance at calculation of specific surfaces according to the BET-theory.

The type I isotherm is hardly app]icable to building materials. It is
valid only for a solid with extremely narrow pores like som gels.
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The exact form of the isotherm of a certain material is strongly affected
by the choice of adsorbate. The influence of the adsorbate may also be

of such a character that the specific surface calculated from the isotherm
may be dependent on the choice of adsorbate. This will be discussed fur-
ther on in section 3.

The basic equation for calculation of specific surface from adsorption
data is

Xm
S=q e+ N« A (1)

The main obstacle at use of eq (1) lies in the estimation of Xm. It is
in determination of this quantity the BET-theory has proved utterly suc-
cessful. Besides it is especially successful in calculation of Xm from
isotherms of type II and IV, that is from isotherms applicable to the
majority of building materials.

Brunauer, Emmett & Teller /10 / based their theory on the following main
assumptions.

- The surface of the material consists of a great number discrete equiva-
lent adsorption sites (a homogeneous surface).

- At a certain vapour pressure a varying number of molelcules are adsorbed
on any one site. They are stacked on the top of each other to form a
number of .layers.

- The heats of adsorption and the condensation constants (the fraction
of arriving molecules per second actually condensating on empty sites)
in all layers above the first are the same and equal to those of bulk
liquid. This is a most important assumption.

- At saturation the amount of layers become infinite. As a consequence
the theory is from a theoretical point of view only valid for a non-
porous material.cf page 2.

- A molecule covered by another molecule cannot evaporate. This is another
assumption of great importance.

- There is no interaction "horizontally" between molecules in different
sites.

- At dynamic equilibrium the number of molecules evaporating from a
layer is equal to the number condensating on the layer below (conden-
sation constants = evaporation constants).

Many of these assumptions have been criticized by many authors.

The treatment leads to the following well-known equation

%ﬁ = c(pfpc} (2)
(1-p/pg) (1+(C-1)p/p,)

This equation is given in a more general form by Hil1l1 /24/.
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Eq (2) can be rewritten in the form of eq (3):

1 1 €. 1
pc_p .-R‘:m. +-HT' o%; (3)
T
where C = ;i- (4) N

Thus C expresses the relative lifetime of molecules in condensed state
in the first layer and in the second or higher layers. The latter is in
turn approximated to the 1ifetime of molecules in bulk liquid. The value
of C can be used as a guide at determination of the heat of adsorption
E] - L =RT¢In C (5)

This equation is very rough. However a large C signifies at large heat
of adsorption of the first layer.

It can be shown mathematically that the sorption isotherm according to
eq (3) will be of type II or III. Type III isotherm is valid only for
Csa.

Therefore the isotherm has an inflection point, (see fig 1). It can be
proved that this point is close to the point where é— = 1, that is where
the first monolayer is completed. At C = 9 and when C + « the inflection
point is equal to %ﬁ = 1. For values of C, 9 < C < =, the inflection point
is up till 20 % larger than the point p/p° where Rﬁ =1, For va]ues of

C < 9 the inflection point is less than the point, p/po, where Yﬁ" | A

However the value Yﬁ 1 must not necessarily mean that the first mono-
layer is completed since adsorption into the second or higher layer occurs
before the first is quite complete.

The difference between-%i = 1 and the completion of the first monolayer

is smaller the more sharp the distinction is between the first and sub-
sequent layer adsorptions, that is the higher the value of C. This is the
basis of the so called B-point-method. At a high value of C the experi-
mental isotherm often has a relatively long linear part. See fig 2. The
point where The linear part begins is termed the B-point. The adsorption
at the B-point can be regarded as the monolayer capacity Xm. At low values
of C (isotherm type III) adsorption in the second layer occurs simlulta-
nously with in the first. Hence the B-point is difficult to discern and

the monolayer capacity is uncertain.

According to Gregg & Sing A9/ the difference between monolayer capacity
calculated from the B-point and from the BET-theory can differ as much
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as 0,75 S Xm/Xz = 1,53. Anderson [2/ states: "It cannot be too strongly
recommended that, for any given type of adsorbent, the coincidence of
point B and the BET-monolayer values should be established before pro-
ceeding to use the latter method for routine measurements."

Theoretically the isotherm of a porous material is of type IV or V.

The main difficulty at use of these isotherms is that they normally ex-
hibit hysteresis between adsorption and desorption. This depends on the
occurence of capillary condensation in pores so small that the adsorbate
is thick enough to form a curved meniscus.

However, the part of the isotherm used for calculation of specific sur-
face, from zero pressure up til11 the point where the first monolayer is
completed (approximately at the inflection point), is without hysteresis
adsorption - desorption in most cases.

Therefore the same procedure can be used at calculation of specific sur-
face from type IV isotherms as from type II isotherms.

Equation (3) forms a straight line when Trré;jfy . {-is plotted as function
of P/PD. A hypothetical isotherm is plotted in fig 3. The curve of nitro-
gen adsorption is normally Iinggr in the range of monolayer adsorption

that is in the Tow pressure range, 0,05§P/Po§0,30 according to Anderson /2/.
At higher pressures the experimental curve often deviates from the line.

The slope of the line is s and the intercept is i. Fig 3.
_C-1

S % ¥m-C (6)
L m

From these expressions the values of Xm and C can be calculated.

1
=53 (8)

C=3%+1 (9)

Insertion in the basic equation (1) gives

1. NeAn
SEFTFT W (10)

The value Am can be calculated form the density of the adsorbate accor-
ding to eq (11).




An = 1,001 « (= )2/3 (M
<109 - | )

This equation assumes a certain packing of molecules Gregq & Sing /19/.

As mentioned earlier the BET-theory as represented by eq (2) has been
criticized because it is based upon oversimplified assumptions.

This has led to the derivation of modified BET-equations. Such equations
have been suggested for instance by Anderson /1/, Huttig /25/, Dole /13/,
Halsey /21/, Fergusson & Barrer /16/ och Theimer /37/. The modified
equations are discussed in contribution 3.2.1.2 "Determination of speci-
fic surface by adsorption methods other than the BET-methng“

The modified BET expressions lead to adsorption isotherm of atl five
types.

Despite the fundamental deficiencies of the assumptions behind the BET-
theory is has proved utterly successful. According to Theimer /37/ "the
reason for this is that when the factor C>>1 (which is normally the. case)
the value of X/Xm given by the BET-formula (eq (2) ) does not vary appre-
ciably with the parameter C. Hence the only remaihing parameter essential
for the adsorption at higher pressures is the area of adsorbing surface."

2 METHODS OF DETERMINATION OF BET-SURFACE

2.1 Introduction

The BET-method as it is normally used can be regarded as a static method
since it requires knowledge of the sorption isotherm, that is,the amount
of adsorbate taken up at equilibrium with different relative vapour
pressures. Hence it is a relatively slow method when it is used in the
way outlined above on page 5, eq (10).

Therefore also fast dynamic adsorption methods have been elaborated that
make rapid determinations of specific surfaces possible. The'dynamic
methods treated in this contribution are principally based upon the BET-
theory. However since the theory is used in special ways they deserve
their own treatment.

%) Another contribution to the work within the RILEM committee
written by J M liaynes..
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2.2 Static methods; Determination of adsorption isotherms

Adsorption isotherms of a certain material can easily be_determined
experimentally. Methods of determination are not shown in detail here.
Comprehensive such informations are provided for instance in Gregg & Sing
/19/, Gal /17/ and Joy /27/. In this report only the principles of de-
termination are given. The influence of adsorbate is not discussed but
literature references are provided in section 3.

Before accurate measurements can be made any gas already adsorbed on the
surface has to be removed.

According to Joy /27/ adsorbed impurities does not affect the BET-surface
area but may altér the heat of adsorption as long as

T

>3 (12)
Ta
If Tb/Ta<3 the adsorbed impurity affects both the area and the heat of

adsorption (C-value). See also section 3.

The method of outgassing must therefore be choosen with care. Joy writes
/27/ "For more accurate work it is necessary to use the most drastic
means permissible without causing decomposition, sintering or transfor-
mation of the material”.

-Normally vacuum is used,eventual in combination with elevated temperataore.
Gregg & Sing /19/ consider a vacuum of 10”° tom to be sufficient. The
rate of outgassing is substantially increased at use of elevated tempe-
rature. According to Joy /27/ the time needed at 45°C is 8 % of the time
needed at 100°C.

2.2.2 Volumetric methods

A typical apparatus for nitrogen adsorption is shown in fig 4 /14/.

Joy writes /27/ "Adsorbate gas is taken into the burette. Its pressure
‘is read on the manometer. The stopcock between the sample and the burette
is then opened and the new pressure is read after allowing time for
equilibrium to be established.

The volume of gas admitted to the sample bulb is proportional to the
difference in the pressures before and after opening the stopcock;
This latter pressure is the equilibrium adsorption pressure. The volume
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adsorbed is equal to the volume admitted less the volume of gas required
to fill the "dead space" in the sample bulb and burette connections.
Thus the volume adsorbed together with the equilibrium pressure gives
one adsorption point. Further points are obtained by admitting more and
more gas inte the burette. The apparent dead space can be calculated or
can at each pressure be readily obtained by repeating the experiment
with a relatively nonadsorbable gas(at the temperature used),such as
helium,

A disadvantage of this adsorption procedure is that the total volume
admitted is formed by summing the separate doses, so that errors are cu-
mulative."

Many other apparatus” and modifications have been described /17, 19, 27/.
Much of the modifications are dependent on different gases used.

--------------------------

In the gravimetric methods the amount of gas adsorbed is measured by
weighing.

The measurements are done by some sort of a balance. The most widely used
balance are the coil spring, for instance made by fused silica-spring and the
beam balance.

The silica-spring has a linear elastic deformational behaviour (no hyste-
resis loading-unloading). Its sensitivity is determined by eq (12), /19/.
» 3.

g =
2534

Maximum sensitivity of the silica-spring is 10'4.

The beam balance has a greater sensitivity, 10“5 g is detectable in the

best balances, appeared in literature. In A7, 19 /are provided extensive
reviews of different beam balance systems.

The method of measurement is simple. After each increase in gas pressure
the weight gain of the specimen is measured.

The main advantage of the gravimetric methods is,that the volume of the
adsorption system is without importance. Besides the gas adsorbed can be
observed directly as a weight gain of the specimen. The calibration of
the weighing unit is simple and normally valid for a long time.
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The sensitivity of the balance must be considered. It depends on the
precision wanted and the surface of the material. The expression of
sensitivity is:

o, = S+qg+a (13)
or
0, = SH-q  a (14)

a

Ggs the weight of adsorbate on 1 mz, is 0,28+ 10 kg for nitrogen at
-19506 19/. Thus at a precision, «,0f 1 % and a total surface area of
1 m a weight change of 2,810 -9 g must be detected.

This seems impossible but the problem can be solved by increasing the
total mass of the specimen according to equation (14).

2.3 Dynamic methods

Innes /26/ has developed an apparatus for continous adsorption measure-
ments. Fig 5.

The apparatus is not described in detail only the principles of measure-
ment.,

The starting-point is the following connection between surface area and
adsorbed amount of gas:

-

L i3
S = kesrXg 5 (15)

where k = 3,50- 10° 3.58'109 13

This expression is directly taken from the BET-theory eq (2) at P/P

0,20. It assumes that the gas used is nitrogen. k = 3,50 IU corresponds
to a size of the nitrogen molecule of 15,4 Az and k = 3,68-109 to a size
of 16,2 Az. According to eq (2) it is impossible to use an expression like
(15) for all values of the constant C. Therefore a correction factor de-
pendent on C must be introduced., See fig 6.

The dried sample is placed in a special tubing immersed in 1iquid nitro-
gen whereupon it is outgassed to a pressure of 0,3 mm Hg or less. Then
the sample is exposed to a constant slow flow of nitrogen. Some of the
nitrogen is adsorbed and some fill up the adsorbent tubing. Because of
the slow flow, equilibrium pressures are assumed during the process. The
time needed in order to reach a relative pressure of P/P0 = 0,20 is a
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measure of the specific surface of the sample. The time is recorded auto-
matically.

The specific surface is obtained from a modified eq (15):

W

S = 3,5-10 (16)
The term A, is introduced to correct for the volume of the tubing not
occupied by solid material but filled with nitrogen of relative pressure

P/p, = 0,20.
Innes gives an expression for calculation of L

According to Innes the surface area results can be expected to be within
5 ¢ of.those of the BET-method and to be reproducible within 3 %. A weak-
ness of the method is that the calculation is based upon one measurement
only.

The author extends the method to determinations of porosity.

Bini & Disch jr /6/ state that the Innes™ method give reasonable agreement
with the BET-method for materials having a surface area of about 5000 mzlkg
or higher. For lower values the authors propose a modification.

The reason for the modification is that the value A, in eq (16) must be
known with greater accuracy at small surface areas than is proposed in
Innes™ theory. The authors derive a new expression for 4, which takes into
account nonideal behaviour of the nitrogen at 78°K and variations in the
volume of the sample tube.

Experiments have proved that for materials with Tow areas the modified
method gives results in much closer agreement with the BET-method than
does the original Innes” equation.

Later on the Innes” method has been further developed. Lange /28/ has
made a modification towards very low flowing rates which.makes determina-
tions of complete adsorption isotherms possible. Therefore more accurate
BET-areas can be calculated.

Nelson & Eggertsen /30/ (see also /35, 38/) have devised'an-e1egant method
of determination of specific surfaces. It can be regarded as a gas chro-
matograpic method. The sample is exposed to a continuous stream of a he~ .
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lium-nitrogen mixture of certain relative pressures. The amount nitrogen
adsorbed is determined by measurements of the nitrogen concentration of
the flowing gas.

The specific surface is calculated according to the BET-theory.

The sample is dried and put in a sample-tube. A dry mixture of helium and
nitrogen, where the nitrogen has a certain pressure, flows through the
sample. The thermal conductivity of the gas mixture is measured and re-
corded automatically. An apparatus is shown in fig 7.

When the sample is at room temperature no adsorption occurs. The thermal
conductivity is constant. Then the sample tube is immersed in liquid |
nitrogen and an adsorption of nitrogen occurs. This is registered as a
change in thermal conductivity. See fig 8. When the adsorption is comple-
ted the conductivity is the same as before adsorption. A peak in the con-
ductivity is created. The sample tube is finally removed from the bath
and allowed to warm up. A desorption occurs which is indicated as an op-
posite change in thermal conductivity, that is in a new peak in the dia-
gram.

The area of the peaks must be the same since it represents the total amount
of gas adsorbed and desorbed. The area is multiplied by a calibration
constant which is obtained from measurements of the change in conductivi-
ty of injections of a known charge of nitrogen to the nitrogen-helium
mixture.

The method is rapid. By increasing the nitrogen pressure a complete ad-
sorption and desorption isotherm can be obtained which makes calculations
of pore size distributions possible.

The accuracy of the method is excellent compared to normal BET-calcula-
tions from sorption isotherms. It is especially useful at small surface
areas because of the high sensitivity of the thermal conductivity detection

Modifications of the method are described in Gregg & Sing /19/. A general
discussion of methods based upon gas chromatography is given by
Scholl /35/.
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2.2.3. Method_according_to_Haul & Diimbgen_/22/

Haul & Dimbgen /22/ have elaborated a simple method for determination
of adsorption of nitrogen. The specific surface is again calculated by
means of the BET-theory. An apparatus is shown in fig 9.

The dry sample is placed jn a tube. It is heated in nitrogen for a short
time and then cooled to room-temperature. A second tube with the same
voluma as the sample tube is filled with nitrogen with the same pressure.
Both tubes are immersed in liquid nitrogen. The porous sample adsorbs
nitrogen which means a decrease in pressure in the sample tube in compa-
rison to the pressure in the empty tube. The pressure difference between
the two tubes is measured with a differential manometer. It is a measure
of specific surface of the sample.

The absolute pressure at equilibrium is measured with an ordinary mano-
meter.

The method is a one-point method why it is necessary to keep the relative
pressure P/P, withing the BET-range, but as high as possible;

P/P,~ 0,30,

An expression for ca1cu1ation of adsorbed amount of gas from the diffe-
rential and absorbate pressure is given in the original report and is not
cited here.

The monolayer capacity is calculated from eq (2) with € >>1 after which
the specific surface is obtained from eq (1). Anomogram for calculation
is presented by Gall /18/. -

The method gives reproducable values which are normally 5 @ 10 % smaller
than those obtained from an ordinary BET-plot.

Commercial instruments based on this principle are described by Guyer Jr
& Bohlen /20/ and Gall /18/.

3 APPLICATIONS OF THE BET-THEORY

The BET-theory has found widespread applications even within the field
of building materials. In fact one of the first successful applications
was made by Powers & Brownyard /32/ at their fundamental studies of
hardened Portland cement pastes.

The BET-theory is from a theoretical point of view applicable if the
isotherm is of type II or IV. In the rare case of an isotherm of type I,
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ITIT or V the BET-equation is abandoned in favour of another suitable ex-
ression. Examples of such expressions are given in another contribution
(3.2.1.2 "Determination of specific surface by adsorption methods other
than the BET-method"f)References are given on page 6 above.

In the case of an isotherm of type I, that is for a microporous solid,
special theories for calculation of specific surfaces have been elabora=
ted. These are described by Gregg & Sing /19/.

The isotherm is plotted according to eq (3). Normally a straight line is
obtained in the low pressure range D.OS&P/Pcéﬂ,BO, that is in the range
of monolayer adsorption when nitrogen is used as adsorbate, Anderson /2/.
The intercept i and the slope s of the line is determined.

The monolayer capacity is calculated from eq (8) and the specific surface
from eq (10). '

Eventually the monolayer capacity can be obtained from the B-point of the
isotherm according to what is discussed in section 1.

The first question arising at the determination is the choice of adsorbate,
It is essential to use an adsorbate that gives an isotherm of type II or
IV. Hence the value of C must be high which means a well-defined B-point.
The most common adsorbates are:

- Nitrogen at low temperature (nitrogen vapour). Gregg & Sing /19/,
Barrett et al /4/, Guyer Jr & Bohlen /20/ and Joy /27/.

- Krypton at low temperatures. Gregg & Sing /19/, Haynes /23/, Rosenberg
/33/, Beebe et al /5/, Sing & Swallow /36/ and Joy /27/.

- KrBE, a radioactive isotope. Clarke /12/, Aylmore & Jepson /3/ and
Gregg & Sing /19/.

Water vapour, Powers & Brownyard /32/ and Gal /17/.
Hydrocarbons of different types. Gregg & Sing /19/.

Other adsorbates are for instance inert gases 1ike helium, xenon, argon;
Gregg & Sing /19/. Phenol; Boehm & Gromes /7/.

The specific surface calculated is often dependent on the adsorbate
choosen. So far instance there is an interesting and informing debate
going on concerning the true specific surface of portland cament pastes.
There is much evidence that specific surfaces calculated from watervapour
isotherms are substantially greater than those calculated from adsorption
of nitrogen, Powers /31/. Feldman & Sereda /15/ claim that the nitrogen-
surface is true and that the great adsorption of water-vapour is due to
“interlayer water" within the solid crystals. This is rejected by Bru-
nauer et al /11/ on the following very important grounds.

%) Another contribution to the work within the RILEM committee written
by J M Haynes.




Firstly, the pastes used by Feldman & Sereda were not properly dried.

The drying was so called P-drying which means equilibrium with the
vapour pressure of magnesium perchlorate dihydrate and tetrahydrate,
which is 8-30-3 mm Hg, whereas a proper drying of cement paste, D-drying,
means equilibrium with the vapour pressure of ice at -78° ¢ which is
5-10-4 mm Hg. This small difference in drying conditions has a substan-
tial effect on the adsorption. D-drying corresponds to complete dryness.

Secondly, the pore structure of the paste is such,that the nitrogen mole-
cule cannot penetrate into many large pores and cover the total surface,
Mikhail et al /29/. The difference between the penetration abilities of
nitrogen and water depends partly on the size of the mclecules (the water
molecule is smaller) but is also dependent on the fact that the water
molecule has a strong dipole which is strongly attracted to the ionic
surfaces of the compounds in hydrated cements. The nitrogen molecule is
nonpolar. Besides the occurence of constrictions in the necks of the
pores present an energy barrier to the diffusion of the adsorbate mole-
cules into the pores. If the energy of activation of this diffusion is
considered equal for both adsorbates (it is probably smaller for water
vapour because of its smaller size) the water molecule should pass over
the energy barrier about 50 times as rapidly as the nitrogen molecule
viz, the temperature of water is = 298K while the temperature of nitro-
gen is = 77°K.

Hence ,since it takes 2 or 3 weeks to reach equilibrium at water adsorp-
tion it would take years for nitrogen to equilibrate.

Even once the proper adsorbate is choosen and a correct isotherm is de-
termined some additional problems arise:

- The saturation pressure, P_, of some adsorbates may be uncertain.
This problem is discussed By Haynes /23/ and Sing & Swallow /36/ in
connection with adsorption of argon. :

- The value Am, that is the area occupied per molecule of adsorbate,
must be known but is often uncertain. Eq (11) is not always applicable.
The exact value of Am is mainly dependent on the net heat of adsorp-
tion. When this is very large the adsorbate is more like a solid than
a liquid for which reason eq(11) is no more valid. The "problem Am" is
discussed in detail in Gregg & Sing (19) and in Broekhoff /8/.
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4 SYMBOLS
Am %rea occgpied per molecule of adsorbate in the completed mono-
ayer (m*)
c constant, defined in eq (4)
¢y C of the i-th 'lay_er (see eq (4) )
3 heat of adsorption of the first layer (p—ix—)
E]-L net heat of adsorption of the first layer (FTQEETE)
L heat of condensation ('K_'rJnTﬂ?) .
M molecular weight of adsorbate (Kg/K mole)
N Avogadro”s constant (R'"r]n—o‘l?_)
R gas constant ( J 5
K mole-"K
S specific surface (m</Kg material)
T absolute temperature (9K)
Ta temperature of adsorption measuvement (°K)
T, boiling point of an adsorbed gaseous impurity (°K)
W dry weight of porous sample (Kg)
X amount of adsorbed vapour (Kg/Kg material)
Xm amount of adseorbate in a completed monolayer (Kg/Kg material)
}(0'2 amount of adsorbate at P/po = 0,20 (Kg/Kg material)
a radius of silica fibre in coil spring (m)
b radius of coil spring (m)
i intercept of line of eq (3)
k constant i? eq (15). Its value depends on size of adsorbing
molecule (m.) -
n number of runs of coil spring
p actual vapour pressure of adsorbate (N/mz)
Po vapour pressure of adsorbate at saturation (N/mzj
p/p0 relative vapour pressure
qg mass of one monolayer adsorbate on 1 m? surface (Kg/mzj
r rate of flowing nitrogen, eq (16). (m3/s)
5 slope of line of eq (3)
t time needed to reach the relative pressure P/p0=b,ao, eq (16)(s)
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torsional modulus of silica (N/mz)
precision in measurements (Kg/Kg)
correction term in eq (16) (m3}
density of adsorbate (Kg/mB)

sensitivity of adsorption spring balance (m/N)

absolute sensitivity of adserption beam balance (Kg)

relative sensitivity of adsorption beam balance (Kg/Kg material)

lifetime of a molecule in.condensed state in the first layer (S)

lifetime of a molecule in condensed state in the second or higher
layer or in bulk liquid (5)
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