
JOURNAL OF CATALYSIS 4,643-648 (1965) 

Studies on Pore Systems in Catalysts 
VI. The Universal t Curve 

J. H. DE BOER, B. G. LINSEN,” AND TH. J. OSINGA* 

From the Department of Chemical Technology 
Technological University of Deljt, The Netherlands 

Received December 9, 1964; revised January 20, 1965 

The thickness t of the layer of nitrogen adsorbed on several well-defined samples (A1203, 
TiO,, RaSOa, ZrOs, MgO, Ni antigorite, SiOs and three graphitized carbon blacks) has 
been measured as a function of the relative pressure and compared with the t curve given 
in article I of this series. It may be that this proposed curve needs some slight correction 
at relative pressure higher than 0.75. Up to this relative pressure it may be used, in the 
same way as is described in article V of this series, also for other substances than Alz03. 

INTRODUCTION 

In Part I of this series (1) the adsorption 
of nitrogen at - 196°C on various well- 
selected samples of aluminum hydroxides 
and aluminum oxides was discussed. In these 
samples the multimolecular layer of adsorbed 
nitrogen could be formed freely on all parts 
of the surface. Owing to this the statistical 
thickness t could be calculated according to 
the equation 

t = 3.54(V,/V,);i (1) 

where V, is the adsorbed volume of the 
adsorbate in ml gas STP/g adsorbent and 
17, is the volume of gas required to cover the 
whole surface area of the solid substance 
unimolecularly, also expressed in ml STP/g 
adsorbent, calculated by the BET method 
(2). An appreciable influence of the nature 
of the surface on this thickness of the ad- 
sorbed layer was not observable. 

In Part V of this series (3) it is shown that 
with the aid of this t curve the total area 
(St) and the surface crea and volume of the 
narrow pores (8-11 A) could be determined 
by plotting V, as a function of t. Also valu- 
able information could be obtained about 
the shape of the pores, the onset of capillary 
condensation, the filling of pores, etc. 

* Present address: Unilever Research Laboratory, 
Vlaardmgen, The Netherlands. 

Since this method may also yield impor- 
tant data for other materials than alummum 
hydroxides and oxides investigations have 
been made in order to find out whether the 
t curve measured is a universal curve. 

EXPERIMENTAL AND RESULTS 

All adsorption measurements were carried 
out with the micro-BET-apparatus as de- 
scribed in Part I of this series (1). 

To avoid the influence of capillary con- 
densation during the nitrogen adsorption 
measurements poreless preparations have 
been used. The preparations and their most 
important data are given in Table 1. 

By means of Eq. (I), the thickness of the 
adsorbed layer of nitrogen has been calcu- 
lated as a function of the relative pressure 
from the adsorption branches of the nitrogen 
isotherms of the samples given in Table 1, 
except the graphitized carbon blacks. The 
results of this calculation are shown in Figs. 
1, 2, and 3. For comparative purposes the 
t curve as measured on the alumina samples 
given in Part I of this series is given in these 
figures (drawn line). 

DISCUSSION 

From Table 1 it is clear that the value of 
the surface area obtained by means of a 
Va/t plot (8,) is in good agreement with that 
value obtained by means of the equation 
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TABLE 1 
SOME CHARACTERISTICS OF THE PREPARATIONS USED 

Ssmple 

SiOt (aerosil) 
m-h 
TiOr 

SBET 
W/g solid) 

382 
96.6 
56.7 

SP 
W/g solid) 

382 
94.5 
57.2 

&/Sam Description 

1.00 Prepared by flame hydrolysis of SiCh, 
0.98 AlCh, and TiCh; commercial prod- 
1.01 ucts of Degussa (Germany). 

ZrOs 11.4 11.3 0.99 Commercial product heated at 800°C 
for 24 hr. 

MgO 18.1 18.2 1.00 Prepared by decomposition of MgCOr 
3 aq. (nesquehonite) at 800°C for 
24 hr. 

The sample was obtained from Mr. 
W. F. N. M. de Vleesschauwer and 
will be published later. 

BaSOa 3.40 3.47 1.02 Prepared by mixing solutions of BaCl, 
and HeSO (1: 1) at 0°C. After dry- 
ing heated at 600°C for 8 hr. 

Nickel-antigorite 110 115 1.01 Prepared by mixing solutions of 
NiSOa, Na&Oa, and kieselguhr at 
boiling temperature. 

Sterling FT 12.1 13.3 1.10 
Graphon 1 82.3 91.3 1.11 
Graphon 2 90.0 99.3 1.10 

Commercial carbon blacks graphitised 
at 2799°C. 

a m the values of & given are calculated with the aid of the t curve given in Part 1 of this series (1). 
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Fm. 1. Calculated t values as a function of the FIGI. 2. Calculated t values as a function of the 
relative pressure for BaSOd, TiOp, and AlzOs. relative pressure for ZrOr and MgO. 
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FIG. 3. Calculated t values as a function of the 
relative pressure for SiOe and nickel antigorite. 

according to Brunauer, Emmett, and Teller 
(L&r), except for the graphitized carbon 
blacks. This is already an indication that the 
t curve given in Part I of this series may be 
of a universal character. 

AhO, TiO*, MgO, Zr02, BaS04, and 
Nickel Antigorite 

Figures 1, 2, and 3 show that the t curves 
measured to A&OS, TiOz, MgO, ZrOz, BaS04, 
and nickel antigorite are practically identical 
with the curve given in Part I of this series. 
An appreciable influence of the nature of the 
surface on the thickness of the adsorbed 
layer is not observable, although such an 
influence might have been expected consider- 
ing the difference in structure. The fact, how- 
ever, that no difference is observed is not 
surprising, because many authors have, in 
the past, found indications of the same phe- 
nomenon (4) ; in the present work, however, 
we have laid stress on greater accuracy. 

ALO,. It seems obvious that the points 
of the ALO produced by flame hydrolysis 

(Fig. 1) are in agreement with the t curve 
given in Part I of this series, also measured 
on alumina, but nevertheless it is very inter- 
esting, because the latter t curve was meas- 
ured on alumina with slit-shaped wide pores, 
whereas the alumina used in the present case 
consists of smooth elementary spherical 
particles without pores. However, at relative 
pressures higher than 0.75 the experimental 
values of the alumina produced by flame 
hydrolysis fall under the t curve which we 
published in article I (1). 

TiO,, BaSO+ It is remarkable that 
also the experimental values of TiOz and 
of BaSOa (Fig. 1) fall under the t curve, 
used hitherto; they seem, however, to coin- 
cide with those of the alumina produced by 
flame hydrolysis. It may be possible, there- 
fore, that our t curve needs a correction at 
relative pressures higher than 0.75. We hope 
to come back to this question in a later 
article. 

ZrO,. For ZrOn the calculated t values are 
only identical with the values of alumina up 
till a relative pressure of about 0.75 (Fig. 2). 
At higher relative pressures more nitrogen 
is taken up than corresponding with the 
t curve. The latter phenomenon may easily 
be ascribed to capillary condensation be- 
tween the elementary particles, as micro- 
scopic observations showed that the prepara- 
tion used consisted of needles. 

From the specific volume VBp and the 
surface area SnnT the mean particle size can 
be calculated-assuming that the length L 
of the particles is large compared with the 
radius r of these particles-according to the 
equation 

v -.-.!E m2Ln r =-=- 
x BET 2m-Ln 2 (2) 

in which n is the number of particles present 
in 1 g of material. 

For thg sample used a value for the radius 
r of 330 A was found. 

Assuming that the needles are parallelly 
packed and that each particle is in contact 
with six other particles, the radius of the cyl- 
inder inscribed between three elementary par- 
ticles was calculated and a value of 50 A was 
found. With the aid of the Kelvin equation 
the Kelvin radius rk can be calculated at a 
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relative pressure of 0.75. A value of 32.3 A 
is found. 

During adsorption the radius of cylindrical 
pores r, is given by 

rp = g-k + t. (3) 

As was said before, with ZrOz capillary 
condensation starts at a relative pressure of 
0.75, At this pressure the thickness t, is 
9.5 A. With Eq. (3) a pore radius of 26 A is 
found. This value can be compared with the 
value calculated for the cylinder inscribed 
between three elementary particles (50 1). 
In view of the fact, that the calculated value 
for this radius is a mean one, it is quite 
understandable, that in the narrowest pores 
capillary condensation can start at a relative 
pressure of 0.75. 

MgO. The experimental points of MgO 
(Fig, 2) at higher relative pressure seem to 
coincide with the t curve in its present form. 

Ni antigorite. The experimental points 
of this substance (Fig. 3) fall slightly above 
the published t curve at relative pressures 
higher than 0.7. An onset of capillary con- 
densation is certainly not excluded in this 
case (5). 

SiOz 

In the case of SiOn, the t values calculated 
for relative pressures <0.2 are identical 
with those of alumina. Also in this case, no 
appreciable influence of the nature of the 
surface on the thickness of the adsorbed 
layer is found. Other silica gels show the 
same pattern (5). For relative pressures 
>0.2, the thickness t calculated for SiOz 
greatly deviates from the values measured 
with alumina (Fig. 3). This can be explained 
by an influence of the geometry of the silica 
(5). The t curves for A&OS, TiOz, MgO, ZrOz, 
BaSO+ and nickel antigorite are derived 
from adsorpt,ion isotherms measured with 
preparations with slit-shaped pores (A&O3 
and nickel an tigorite) or with preparations 
with large elementary particles (A1203, TiOz, 
MgO, ZrOz, and BaSOJ for which the sur- 
face can be assumed to be flat and in or 
between which no capillary condensation 
takes place at relative pressures lower than 
0.7. Two possible geometric explanations 
for the deviations of SiOz are as follows: 

(a) The particles of silica gel are built up 

of very small glementary spherical particles 
(diameter 64 A), as a result of which an 
apparent thickness t, of the adsorbed layer 
will be found and not the actual one as 
given by Eq. (1). 

If it is assumed that the elementary par- 
ticles of the aerqsil are perfect spheres with 
a diameter 64 A and have a completely 
smooth surface, and when it is assumed that 
each particle is in contact with n other 
particles, the apparent thickness 1, can be 
calculated from the actual one (t) (6). The 
results of this calculation for n = 6.6 are 
given in Fig. 3 (dotted line). The agreement 
between this calculated t, values and meas- 
ured ones is good. 

(b) Owing to the open structure of the 
arrangement of the surface atoms of the 
silica-gel elementary particles (8), too high 
a value may be calculated for the surface 
area. This might mean that the calculated 
value for t is too small, as a result of which 
deviations in the t curve may occur. 

The Graphitized Carbon Blacks 

Using the Vm value calculated with the 
BET equation in Eq. (1) the t values of the 
graphitized carbon blacks do not correspond 
with the universal t curve. However, plotting 
Va as a function of the thickness t measured 
on alumina and other preparations, gives a 
straight line through the origin and shows 
that only the points corresponding to lower 
pressures deviate from this straight line 
(Fig. 4). 

The value of the surface area (XJ calcu- 
lated from this VJt plot (5) is larger than 
the value obtained by means of the BET 
equation (Table 1). The ratio SJSKET is 
constant for the three graphitized carbon 
blacks. 

This difference is already indicated in the 
literature (7). The following explanation 
may be forwarded: 

(a) The adsorption of the first layer is 
more or less localized, so that for this layer 
the molecular surface of nitrogen (16.27 AZ) 
cannot be used. In this case the surface 
occupied by one nitrogen molecule will be 
determined by the cell of the graphite. 

This possibility is given by Pierce and 
Ewing (7) and they assume that one nitro- 
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FIG. 4. V,-t plot of Graphon 1, Graphon 2, and Sterling FT. 

gen molecule covers three to four graphite 
cells. When following layers are adsorbed 
the first layer is assumed to return to the 
normal packing. 

(b) Another possibility is that the ad- 
sorbed nitrogen molecules lose one freedom 
of rotation. In that case the surface area 
occupied by one nitrogen molecule is not 
determined by the mean diameter, but by 
the diameter along the axis of the molecule. 
According to de Boer (8) this means that 
the surface area occupied by a nitrogen 
molecule, rotating in a flat lying position, 
is a factor (3.3/3.15)2 = 1.10 greater. The 
ratio Xt/Xnn~ given in Table 1 is in good 
agreement with this factor. Also in this case 
it is assumed that when the second layer is 
formed the molecules in the first layer regain 
their freedom of rotation. 

(c) As already mentioned by de Boer (8) 
a stepwise isotherm should be expected on a 
very smooth homogeneous surface (like 
graphite), In this case it, cannot be expected 
that the BET equation will give the real 
surface area. Due to the step(s) a too low 
value of V, is just found in the regions used 
for the BET method. 

FIG. 5. Calculated t values as a function of the 
relative pressure for graphitized carbon blacks. 
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In all three cases one may conclude that 
the surface area SC obtained from the V,/t 
plot using the t values of alumina is a better 
one than the surface area obtained with the 
BET equation. 

When using the value St for the calcula- 
tion of the t values the obtained t curve is 
exactly the same as the universal t curve 
above relative pressures of about 0.35 
(Fig. 5). 

GENERAL CONCLUSION 

It may be that the t curve published in 
article I of this series (1) needs some slight 
correction at relative pressures higher than 
0.75. Up to this relative pressure it may be 
used, in the same way as is described in 
Article V of this series (S), also for other sub- 
stances than AlzOt. 
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