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A new apparatus for measuring complete nitrogen adsorption—desorption isotherms is
described, after the guiding considerations have been laid down. The caleulation tech-
nique is then briefly explained, whereupon the experimental curve, giving the thickness
of the adsorbed layer of nitrogen on alumina preparations as a funetion of relative pres-
sure, has been newly determined (the ¢ curve). It is pointed out which corrections are

necessary for older ¢ curves.

1. INTRODUCTION

Information about the width of pores in
catalysts, used in heterogeneous catalysis, is
often obtained from the study of capillary
condensation phenomena. These phenomena
are always accompanied by the simultane-
ously occurring phenomena of multimolecu-
lar adsorption and a correction for this
adsorption is always made in the calculation
of pore distribution curves.

In order to make these corrections, figures
giving the correct amount of adsorbate as a
funetion of the relative pressure are needed.
Nitrogen is mostly used as the adsorbate
and the phenomena are studied at liquid
nitrogen temperature.

During a systematic investigation pro-
gram of the pore systems of various alu-
minum hydroxides, oxyhydroxides, and their
dehydration products, obtained at different
temperatures, we derived the conclusion that
neither the apparatus described in the litera-
ture, nor the methods of the above-men-
tioned corrections were completely suitable
for our purposes. The present publication
describes the experimental method we used
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and the methods of calculation and correc-
tion. The results obtained with wvarious
aluminum hydroxides and oxides are de-
scribed in the following articles.

2. ApPARATUS FOR MEASURING NITROGEN
ADSORPTION ISOTHERMS

A great number of apparatuses for meas-
uring nitrogen adsorption have been de-
scribed in the literature, a comprehensive
survey being given by Joy (7). For the
choice of our apparatus for the measure-
ments of complete adsorption—desorption
1sotherms we were guided by the following
considerations.

(a) An important factor influencing the
rate at which equilibrium is reached is the
removal of the heat of adsorption or the
supply of the heat of desorption.

(b) The establishment of the equilibrium
must be clearly indicated.

(¢) In order to be able to check for leak-
ages, the total amount of nitrogen adsorbed
must be recovered quantitatively on desorp-
tion.

(d) The changes in the temperature of the
liquid nitrogen bath must be measured
continuously.

(e) To avoid supervision overnight it
must be possible to interrupt the measure-
ments at certain points.

As none of the apparatus given in the litera-
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ture fulfills all of our requirements, we
designed a new one, which is schematized
in Fig. 1.
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The gas burette A has a volume of 100 ml
and is divided in tenths of a milliliter. It
was calibrated by weighing with mercury;
an accuracy of 0.01 ml was obtained. The
mercury pump B, which is operated by
means of the pressure in the lower bulb,
quantitatively transports the gas at the
desired rate from burette A to the adsorp-
tion tube C (and vice versa) ; a very accurate
construction of the cock a is essential to
prevent leakage. The adsorption tube C
(volume of the sample bulb ea. 1 ml) is
provided with a sintered glass plate b which
prevents finely divided samples from being
blown through the whole apparatus by a
wrong manipulation. To keep the dead
space as small as possible the part of C not
immersed in the liquid-nitrogen bath is
made from capillary tubes with a diameter
of 3 mm. The capillary differential manom-
eter E serves to keep the volume of the dead
space as constant as possible; both legs
should be made from the same precision

I

1. Schematic drawing of apparatus for measuring nitrogen adsorption isotherms.

to that in the adsorption tube C; the ma-
nometer G shows the pressure left of E.
Any temperature changes of the liquid-
nitrogen bath are observed with the manom-
eter F, connected with the tube D in which
some purified nitrogen is condensed. High
vacuum is obtained with an oil pump and a
mercury-diffusion pump; the pressure is
measured with a McLeod gauge. Nitrogen
gas, which is used as the adsorbate, should
be of high purity; traces of oxygen are re-
moved by passing it over a deoxidizing
catalyst (B. T. S.~catalyst of B. A. S. F.),
Noncondensable gases such as hydrogen
are removed by condensation and boiling.
The very pure nitrogen obtained after dis-
tillation is used for filling the gas burette
and the tube D. Using this purified nitrogen
in the pressure lock between E and G is not
essential; it is done for manipulative reasons.

3. MEASURING PROCEDURE
To calibrate the dead space of C, cocks
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¢, d, e, and f are opened, which establishes
a connection between C and the high-
vacuum line. When the pressure is below
104 mm mercury and the apparatus is
checked for leakages, cocks d, e, and f are
closed. The dewar flask is filled with liquid
nitrogen and placed under C.

Gas burette A is filled in the mean time
with purified nitrogen. With the aid of
mercury pump B a certain volume of nitro-
gen is transported from A to C. As the pres-
sure in C increases, the mercury level in the
right-hand part of E is lowered. Via cocks g
and h the pressure at the other side of E is
increased till the levels in the two legs of E
are about equal (there would be little sense
in making the pressure over both legs
exactly equal; the time required for manipu-
lation would not balance the few additional
calculations to be made).

If the pressure read on G is equal to pg
mm mercury and the difference between the
mercury levels of E is equal to pg mm (posi-
tive if the level is higher on the right-hand
side than on the left-hand side), the pressure
in C is equal to:

P = Pa — PE (1)

We define the dead space V4 as the volume
of nitrogen (in ml STP), which, under
measuring conditions (room temperature
20°C, temperature of the liquid nitrogen
78°K, level of the nitrogen in the dewar
flask at a fixed mark on tube D) and at an
indicated reference level of the mercury in
the right-hand leg of E, would give a pres-
sure of 100 mm mercury in the empty sample
tube C (as a reference level we chose the
reading at which the mercury in both legs
has the same level).

If the volume of nitrogen added to C from
the gas burette is equal to V (ml STP), we
get:

V = 0.001p(Va — Kpg) @

in which K is a constant given by the diam-
eter of the ecapillary. From a sufficient
number of measuring points at various
values of p and pg, the constants V4 and
K can be calculated.* In the case of the
isotherm measurements the dead space Vg,
of the empty tube C must be lowered by the

sample volume. The volume V, (in ml STP)
of the gas that is displaced by the sample
at a pressure of 1000 mm mercury under
measuring conditions, is equal to:

Ve = (1000/760) X (273/78) X Vo X G
=472 X Vi, X G (3)

where V,, represents the specific volume of
the sample and G its weight.

The isotherm itself is measured in the
same manner as the calibration of the dead
space. As all our samples were very sensitive
to heating we had to choose as a standard
pretreatment degassing at room tempera-
ture until the pressure in the whole system
was lower than 10— mm mercury; the time
necessary to obtain this pressure varied
from 1 to 6 hr. As a criterion that equilibrium
was reached we took the point where the
pressure in C did not alter more than 0.1 mm
in 1 min. In the reversible part of the iso-
therm equilibrium was reached within some
minutes; in the region of capillary condensa-
tion this took much more time, especially
on desorption.

From the volume of nitrogen V present in
C, the pressure pg, the pressure difference
pe and the weight of the sample G the
adsorbed volume V, in ml STP per gram of
material is found:

Va=
1y _Pe— po -V, -
L¥ B x (v~ V.~ Kpo)|

4)

To obtain the isotherms, the values of V,
are plotted against the relative pressure
x = p/p, in which p represents the equi-
librium pressure pg — P, and po the satura-
tion pressure. The saturation pressure is
found during the measurements of the iso-
therm as the maximum equilibrium pressure
in C. The variations in p, during the meas-
urements as a result of the variations in

* We presume that the ideal gas laws obtain under
the given conditions. Though this is not admissible
theoretically, it appears in practice that there exists
a linear relation between V and V4 — Kpg; even
in the neighborhood of the saturation pressure the
deviations are still negligibly small compared with
the accuracies that can be obtained in this region.
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temperature of the liquid nitrogen bath are
given by the pressure changes in tube D, in
which purified nitrogen is condensed, and
which are observed with the manometer F.

4, Tee CALCULATION OF THE PORE-SIZE
DisTRIBUTION FROM THE DESORPTION
BrancH oF THE ISoTHERMS

The calculation method for the pore-size
distribution is based on the Kelvin equation

—26V cos ¢/RTry,

where ¢ is the surface tension of the liquid,
8.72 dynes/em. The contact angle ¢ between
the surface of the adsorbed liquid nitrogen
and the wall of the capillary may be taken
to be zero, V is the molecular volume of the
adsorbed and/or capillary condensed nitro-
gen, 34.68 cm?®/mole, T is the temperature
of boiling liquid nitrogen, 78°K, and r; is the
so-called Kelvin radius, which can be cal-
culated from the above equation, which
reduces to

Inz =Inp/p =

mn = —4.05/log

Starting from the highest point of the
desorption branch 7, is calculated for
various relative pressures separated by small
steps of x. The calculation method of the
successive steps depends to some extent on
the shape of the pores. Barrett, Joyner, and
Halenda (2) and Cranston and Inkley (3)
gave a method for cylindrically shaped pores,
Steggerda (4) and Innes (§) for slit-shaped
pores.

As the pores of alumina are often slit-
shaped (6) we shall use the method given by
Steggerda (4) with some minor modifica-
tions. Assuming slit-shaped pores the rela-
tion between the Kelvin radius and the wall
separation d is given by

d=7‘k+2t

¢ being the thickness of the adsorbed layer.
Let us assume that at a relative pressure
z =1 all pores (including a part of the
intergranular space) are filled with liquid
nitrogen. If we divide the desorption branch
into pieces corresponding to equal steps in
relative pressure of 2Az, at the beginning of
the ¢th step the relative pressure is z; + Az,
the volume adsorbed (expressed in ml liquid

nitrogen) X (;iaz, the surface area of the
pores {(or parts of pores) not filled with
liquid nitrogen S¢;+az, and the thickness
of the layer of nitrogen adsorbed on this
surface {yaz. If we lower the relative pres-
sure to z; — Az the pores having a Kelvin
radius between (ri)@iran and (rx)—az are
emptied. If Az is sufficiently small we may
assign to this group of pores a mean Kelvin
radius (r4).; corresponding with the relative
pressure ..

The thickness of the adsorbed layer at this
relative pressure is ¢, so that the mean
pore width d,; of this group of pores is:

dz" = (Tk):c.' + 2tzi

Representing the surface area of this group
of pores by AS,, the volume AV, is:

AV:,' = %d:c.-ASzi (5)

At the end of the ith step the pressure is
z; — Az, the adsorbed volume of nitrogen
X zi—az, the surface area of the pores which
are not completely filled with liquid nitrogen
Sei—an, and the thickness of the adsorbed
layer t¢;_as-

During the 7th step the desorbed volume
is given by:

AX{ = X(z.-+Az) - X(z.‘—Aa:) (6)

This desorbed volume is formed by:

a. The volume originating from the
capillary evaporation from the <th group
of pores at the relative pressure xz; and the
decrease of the thickness of the adsorbed
layer of this group of pores by lowering the
relative pressure from z; to x; — Az. This
volume is equal to

2(dy; — 2t@i—an) * AS

b. The decrease of the thickness of the
adsorbed layer in the pores, which were
already emptied at the relative pressure
z; + Az, during the lowering of the pressure
to z; — Az, equal to

(tairany — bi—an) * Setan

Now Sgitan, obtained by summing up
all contributions AS, of the groups of pores
having a width greater than dg,an =
d(zis1-az, consequently is Suiazn = ZAS,.



36 LIPPENS, LINSEN, AND DE BOER

Equation (6) is then transformed into:

AX; = %(dz.- - 2t(:c.'~Ax)) - AS,;
+ (t(z.'+Az) - t(z,-—A;,;)) ) EASxi—x (7)

Combination of (7) and (5) gives after
reduetion:

AV::,‘ = %d;; . AS“ = (in . AX@)
. (R’zi ‘ EAS:&'—;) (8)

where
Ro = du/(doi — 2Uieiany)
R/ze = Rz‘. . (t(z,’+A:) - i(Ii—AI))

Summing up all contributions AV, and AS.,
respectively, we obtain the cumulative
quantities Veum, and S.m, representing the
total volume and the total surface area of
the pores having a width greater than d,.

5. THE EXPERIMENTAL { VALUES

Schiill et al. (7) showed that for a number
of nonporous solids, the nitrogen adsorption
isotherms of which gave no indications of
capillary condensation, the ratio between
the adsorbed volume V., and the volume
of the unimolecular layer V., if plotted as
a funection of z could be represented approxi-
mately by a single curve. With the aid of
this function the thickness of the adsorbed
layer as a function of 2 could be calculated,
if for one point of the curve this thickness is
known. Schiill supposed that the thickness
of a unimolecular layer is equal to the diam-
eter of the nitrogen molecule. Assuming a
closest packing of spheres he calculated from
the specific volume that this diameter has a
value of 4.3 A. Barrett, Joyner, and Halenda
(2) adopted Schiill’s ¢ curve to establish the
values of ¢ for their method of calculating
the pore-size distribution. In Schiill’s con-
ception, however, the successive layers of
the multimolecular adsorption assembly
are packed in such a way that each nitrogen
molecule of a following layer is situated just
on top of a nitrogen molecule of the previous
layer. This does not correspond to the idea
of the closest packing, which he assumed for
the calculation of the diameter of the nitro-
gen molecule. For the calculation of the
t values we have to assign the same density
to the adsorbed layer as to the capillary
condensed liquid, which is taken to have the

density of normal liquid nitrogen. Therefore
it is necessary to use in this case a statistical
thickness, which we shall define as:

t=(X/S)-10¢A = (M - V,,/22 414)  _
- (Vo/S) - 104 A
where:
t is the statistical thickness of the ad-
sorbed layer;
X, the adsorbed volume in ml of liquid
adsorbate;
S, the specific surface area in m?/g of
adsorbent;
M, the molecular weight of the ad-
sorbate;
Ve, the specific volume of the adsorbate
in ml/g; and
V., the adsorbed volume of the adsorbate
in ml gas STP/g of adsorbent.
For nitrogen we obtain

t = 15.47(V./S) A

For S in this equation we shall take the
surface area Sprr estimated by the well-
known BET method from the (V, vs. xz)
curves measured by the method described
above in Sec. 3. The BET method gives us
the value of Vi, the volume of gas in ml
STP per gram of adsorbent that should be
able to cover the whole surface with a uni-
molecular layer (“monolayer capacity”).
In order to calculate Sgger from V., we need
to know the surface area occupied by one
nitrogen molecule in the adsorbed layer. We,
again, assume the adsorbate to have a
close-packed structure, like liquid nitrogen,
so that 16.27 A2 may be taken for the surface
area occupied by one molecule. In a previous
article we have shown that this value leads
to the same figures for the surface area of
alumina as the completely different and inde-
pendent lauric acid method (8). This figure
leads us to

SBET = 4.37me2/g

Introducing this into the equation for ¢, we
obtain:

t = 3.54(Va/Vm) A

6. Tuare ExpERIMENTAL ¢ CURVE
FOR ALUMINAS

15.47

We caleulated the quantities
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TABLE 1
EXPERIMENTAL THICKNESS { oF THE MULTIMOLECULAR LAYER, ADSORBED
oN AvumiNuM Hyproximnpes aAND OXIDES

i t ¢ t

D/Po &) p/wo & p/po &) p/D0 &)
0.08 3.51 0.32 5.14 0.56 6.99 0.80 10.57
0.10 3.68 0.34 5.27 0.58 7.17 0.82 11.17
0.12 3.83 0.36 5.41 0.60 7.36 0.84 11.89
0.14 3.97 0.38 5.56 0.62 7.56 0.86 12.75
0.16 4.10 0.40 5.71 0.64 7.77 0.88 13.82
0.18 4.23 0.42 5.86 0.66 8.02 0.90 14.94
0.20 4.36 0.44 6.02 0.68 8.26 0.92 16.0¢
0.22 4.49 0.46 6.18 0.70 8.57 0.94 17.5¢
0.24 4.62 0.48 6.34 0.72 8.91 0.96 19.82
0.26 4.75 0.50 6.50 0.74 9.927 0.98 22.9¢
0.28 4.88 0.52 6.66 0.76 9.65

0.30 5.01 0.54 6.82 0.78 10.07

o Extrapolated values.

Va/Seer = 3.54 V,/Vm of the adsorption
branches of several well selected samples
of aluminum hydroxides and oxides and
plotted them as a function of the relative
pressure z. At low z values they fall on one
curve; at values higher than 0.6 we still
observed a rather large divergence, showing
that capillary condensation plays a role in
some of them.

Comparing our curve with a ¢ curve
drawn by Barrett et al. (9) derived from data
of various other substances, but corrected
by us by multiplying the figures with a
factor (3.54/4.3), because of the considera-
tions of Sec. 5 above, we find that our curve
lies slightly above theirs. Also Cranston
and Inkley (8) published a ¢ vs z curve for
substances of very divergent nature; this
curve is, especially at low x values, higher
than the other two. Provisionally we shall
use, for the work on aluminas, our own

curve, the values of which are given in
Table 1.

REFERENCES

~

. Joy, A. 8, Vacuum 3, 254 (1953).

2. Barrert, E. P., JovynEr, L. G, anp HaLENDa,
P. P, J. Am. Chem. Soc. 73, 373 (1951).

3. Cranston, R. W, anp INKLEY, F, A, Adv. in
Catalysis 9, 143 (1957).

4. StEGGERDA, J. J., Thesis, Univ, of Delft, Delft,
The Netherlands (1955).

6. InNEs, W. B,, Anal. Chem. 29, 1069 (1957).

6. pe BoEr, J. H., STEGGERDA, J. J., AND ZWIETERING,
P., Koninkl. Ned. Akad. Wetenschap., Proc.
B59, 435 (1956).

7. Scutiy, C. G, Evkin, P. B, ano Rogss, L. C,,
J. Am. Chem. Soc. 70, 1405 (1948).

8. ot Boer, J. H., Housen, G. M. M., LippEns,
B. C, Mews, W. H,, anp Warrave, W. K, A,
J. Catalysis 1, 1 (1962).

9. Barrerr, E. P., Joy~er, L. G., AND HaLENDA,

P. P, A.D.I. Documents 2936.



