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The various means of estimating the surface 
areas of porous materials have occupied the atten
tion of many investigators. Methods used in
clude those involving diffusion of gases, heat con
ductivity, and adsorption isotherms. Among the 
last-mentioned are the highly successful calcula
tions of Emmett and Brunauer4 which have been 
applied to a large number of isotherms of gases 
and vapors adsorbed on a wide variety of mate
rials. Here the gas sorbed at low pressures is con
sidered as forming a unimolecular layer over the 
surface, and the area is estimated from the number 
and dimensions of adsorbate molecules. 

Other treatments derive the surface area from 
pore radii obtained with the Kelvin (Thomson) 
equation6 for capillary condensation. Thus Lowry 
and Hulett6 and Foster7 calculate their surface 
areas from the volume of condensed vapor in a 
cylindrical capillary of some average radius. 
Lowry8 has made more accurate calculations by 
summing over a number of radii. Draper9 has 
developed several equations to indicate the geome
try of capillaries in porous catalysts. 

The purpose of the present paper is to outline 
a method for obtaining the surface area of a large 
volume of pores distributed over a wide range of 
radii and then to apply the resulting equations to 
a calculation of the specific surfaces of a number of 
adsorbents for which adsorption data are avail
able in the literature. In this treatment the high 
pressure region of an adsorption isotherm is made 
the basis of the surface evaluation. 

Derivation.—A porous adsorbent is here con
sidered as an assembly of many fine capillary 
spaces of varying sizes and shapes, which gradu
ally fill with condensed liquid on exposure to va
pors at increasing equilibrium pressures. At 
saturation condensed liquid occupies the whole 
internal volume of the porous material. The 
vapor pressure of liquid condensed in capillaries 
of given radii is presumed to obey the widely used 
equation of Lord Kelvin.5 This equation is em
ployed to convert adsorption equilibrium pres
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sures to capillary radii; the surface evaluation to 
be presented depends upon the shape of curves 
representing volume adsorbed as a function of cal
culated radii. 

Although the Kelvin expression could be applied 
to any adsorption isotherm, it is probable that 
only those which are sigmoid in shape involve 
pores which account for a substantial part of the 
total volume of adsorbed vapor. Sorption at 
pressures so low as to correspond, according to 
the Kelvin equation, to radii of but one or two 
molecular dimensions is usually attributed to 
surface adsorption rather than to capillary con
densation. Condensation in capillaries is con
sidered in this paper as restricted to that portion 
of an S-shaped isotherm which is convex to the 
pressure axis. I t is in this region that many ad
sorbents give isotherms with hysteresis loops; 
and hysteresis of the magnitude usually observed 
has been generally regarded as evidence of por
osity. 

In deriving the total surface area of a porous 
adsorbent from capillary radii and volumes ad
sorbed, four further assumptions have been made: 
1, the surface represented by the walls of capil
laries constitutes practically the entire surface of 
the adsorbent and far exceeds its external surface; 
2, pores fill in the order of their increasing size and 
empty in the reverse order; 3, since some shape 
must be assumed, the pores are regarded as cylin
drical; and 4, there is "complete wetting" of the 
capillaries by adsorbate. 

For the ideal case of an adsorbent containing 
cylindrical pores all of the same radius, r, the sur
face area would be simply 2V/r, where V is the 
volume of liquid adsorbed during capillary con
densation. This ideal case still remains to be re
ported for an actual adsorbent. However, an idea 
as to the distribution of capillaries may be ob
tained from the volume-Radius curves already 
mentioned. Such curves for most systems can be 
divided into two or three straight-line portions, 
each portion representing a capillary distribution 
with the total (integral) volume adsorbed ap
proximately proportional to the capillary radius 
over a wide range of radii. Occasionally one such 
relationship holds for the entire range of capillary 
sizes; often when two or three portions are re
quired, no approximation to a straight line is en
tirely satisfactory in the region of largest radii. 
Fortunately, poor approximations in this region 
affect only slightly the specific surface areas of ac
tual adsorbents obtained by the method to be de
scribed. 

An integrated volume-Radius relationship may 
be calculated by plotting radius against length of 
successively wider capillaries and. revolving this 



2344 EDMUND N. HARVEY, JR . Vol. 65 

Fig. 1. 

curve through 360°. This leads to the horn-
shaped figure shown in Fig. 1, for which the vol
ume of an infinitesimal section, dV, is 

dV = irrm (1) 

Furthermore, according to the calculus, the follow
ing general relation exists between 5 (surface), r, 
and I (length) of a volume of revolution: 5 = 2 ^ r r V l + (dr/diy d/ (2) 

Since nothing is known about I, the length of a 
capillary, 5 must be found in terms of d V and dr. 
Because V (volume of adsorbate) is taken as pro
portional to capillary radius, r, it follows that 

dV = Mr (3) 
where k is, of course, the slope of the line ob
tained when V is plotted against r. Substitution 
of kdr for d F i n Eq. 1, followed by substitution of 
kdr/irr2 for d̂  in Eq. 2, gives 

5 = 2* J Vl + Ur2A)2 dr/r (4) 

Integration by substitution leads directly to 

[vr + (fl-rV*)2 - In 
1 + V l + (TrrVfe)' 

irr*/k 

Because k is very large, the volume being meas
ured in cc. and r in 1O-8 cm., this expression re
duces to 

5 - k [l - in (2/feM2)] r
r\ 

The equation can be simplified because evalua
tions are made over a particular radius range (n. 
to r8) for which V = kr is valid. Transformation 
to base 10 logarithms leads to 

AS = 4.607(F2 - F1)(IOg r j / rO/fo - T1) (5) 

where AS is the surface area of all capillaries with 
radii between r\ and rz. 

Equation 5 could now be applied to the calcula
tion of surface areas. However, before proceeding 
with calculations, one of the assumptions made 

in the derivation deserves critical examination. 
I t was assumed that the capillaries were com
pletely empty before condensation and that any 
volume of vapor, added or removed, completely 
filled or emptied the capillary of the next size. 
Such an assumption contradicts the current be
lief of sorption chemistry that a unimolecular 
layer is formed over most, if not all, of the surface 
of an adsorbent before capillary condensation 
sets in, and therefore Eq. 5 will be in error by an 
amount corresponding to the adsorbed layer. 
But the surface area calculated will be little af
fected by the presence of this layer when most of 
the capillaries in a given material are large in com
parison with the diameter of a molecule. 

An exact correction for the volume of liquid 
condensed on the capillary walls could have been 
applied by plotting r originally against V multi
plied by an appropriate function to include the 
adsorbed layer. This complicated procedure 
may be avoided by correcting the derived surface 
at the present stage, if a correction is deemed 
necessary. An approximate correction may be 
made by substituting a cylinder with the same sur
face and volume for the horn-shaped figure repre
senting Eq. 5 for a particular AK" and AS. The 
characteristic radius, r*, of this single cylindrical 
capillary is, then 

r* = 2 A F/AS = (fs, - n)/2.303 (log Vr 1 ) 

This cylinder with radius r* may be regarded 
as composed of two con :entric cylinders, the larger 
one including the adsorbed layer, and the smaller 
with radius r* — d (where d is the thickness of the 
adsorbed layer), excluding it. If the radii ob
tained with the Kelvin equation correspond to 
the radius of the outer cylinder, r*. while the 
volume AF of Eq. 5 is the volume of the inner 
cylinder, the corrected volume necessary to fill 
completely the outer cylinder, that is, the capil
laries with radii between r\ and r2, is 

(r*)2(F2 - F1)Ar* - d ) 2 

where d is the diameter (or thickness) of an ad
sorbed molecule. Hence, Eq. 5 corrected for this 
factor becomes93 

AS* = 
( f * ) 2 

(r* - d) 
4.607 

(F 2 

Cs r\) Ti 
(6) 

(9a) Since this method of correction favors the larger capillaries, 
for which the thickness of the adsorbed layer is relatively less im
portant than for the smaller ones contributing to a particular V « kr, 
the surface areas corrected according to Eq, 6 will be somewhat low. 
A more exact procedure for taking the adsorbed layer into considera
tion would be to substitute r — d for r in Eqs. 1 and 2, and to obtain 
an equation analogous to 5, but with the adsorbed layer altogether 
omitted. With this procedure, the correction factor would depend 
on the ratio of radii including and excluding the thickness of the 
adsorbed layer, rather than on the ratio of these terms squared. 
The final corrected surface equation, analogous to Eq. 6, would be 

AS* = 
R* 

R* - d 
4.607 

F2 J± iog ^ (6a) 

where 

R* = n — t\ 

2.303 log 
Ti — d 
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TABLE I 

SPECIFIC SURFACES OF ADSORBENTS 

System 

Silica aerogel-butane (0°) 
Silica aerogel-nitrogen ( — 183°) 
Silica aerogel-butane (0°) 
Water-aged aerogel-butane (0°) 
Water-aged aerogel-butane (0°) 
Silica gel I-water (60°) 
Silica gel I-ethanol (60°) 
Silica gel II-water (15°) 
Silica gel II-ethanol (15°) 
Silica gel II-water (15°) 
Silica gel II-benzene (15°) 
Silica gel II-benzene (15°) 
Titania gel-ammonia 
Titania gel-ammonia 
Titania gel-carbon tetrachloride (0°) 
Titania-carbon tetrachloride (0°) 
Titania gel-benzene (20°) 
Titania gel-benzene (20°) 
800° heated titania-benzene (0°) 
Heated titania gel-benzene (0°) 
Ferric oxide gel-ethanol 
Ferric oxide gel-ethanol 
Water-aged ferric oxide-ethanol 
Water-aged ferric oxide-ethanol 
Copper-manganese oxides-water 
Charcoal-water (100°) 
Charcoal-carbon disulfide (59°) 
English charcoal-water 

° Surface of 393 sq. m./g. from equation using vm* 
adsorption instead of desorption isotherm, or vice versa. 
face of 186 sq. m./g. from equation using vm.4 

Ref. 

11 
11 
11 
11 
11 
12 
12 
13 
13 
13 
13 
13 
14 
14 
15 
15 
15 
15 
15 
15 
16 
16 
16 
16 
9 

17 
17 
6 

Adspn. 

547 

607 
271 
300 
79.8 

312 

438 
270 
438 

109 
221 
118 
214 
20.6 
23.9 

102 
179 
32.1 
36.2 

158° 
450c 

< • • 
418" 

Total surface (sq. 

Desorp. 

650 

722 
314 
342 

372 
. . . 
557 
301 
525 
177* 
297' 

315 

35.4 
43.9 

123 
245 
39.0 
45.8 

m./g.) calcd. from 
ii . 

MoI. , 
Eq. diam., A. 

5 

6 
5 
6 
6 

5 

6 
5 
6 
5 
6 
5 
6 
5 
6 
5 
6 
5 
6 
5 
6 
6 
5 

6 

5.0 

5.0 
3.5 

3.5 

4.8 

3.5 

6.0 

4.8 

4.8 

5.2 

5.2 
3.5 

• . * 
3.5 

• 

Point B 

248" 
707" 
248° 
123' 
123' 

380 

593 
. . . 
490 
490 
325 
325 
310 
310 
412 
412 
29 
29 

211 
211 

52 
52 

200 

914 
i 

6 Surface of 690 sq. m./g. from equation using Dm.4 • May be 
* Surface of 300 sq. m./g. by Hulett's capillary method.6 ' Sur-

A number of calculations for representative ad
sorbents have been collected in Table I. Surface 
areas from capillary radii have been calculated 
with Eq. 5 or 6 or with both. In addition, sur
face areas have been obtained by Emmett and 
Brunauer's "Point B" method,4 using areas cov
ered by molecules in the liquid state (density data 
from "International Critical Tables," Vol. I l l ) 
and locating "Point B" according to their direc
tions. This method was used rather than the 
complete expression for »m

4 because of its sim
plicity and because sufficient data in the literature 
were not always available to calculate vm. The 
molecular diameters (for use in Eq. 6) and other 
necessary physical quantities, such as used to 
calculate capillary radii, were derived chiefly from 
values in the "International Critical Tables." 
Benzene was considered as a "pancake" on the 
surface and its thickness obtained from data given 
by Pauling.10 When hysteresis was present, its 
start was taken as the beginning of capillary con
densation and the surface calculated from the re
mainder of the adsorption (or desorption) iso
therm to saturation. Hysteresis was absent from 

(10) L. Pauling, "The Nature of the Chemical Bond,' 
University Press, Ithaca, N. Y., 1939. 

Cornell 

the last four systems in Table I. In these cases 
the calculation was made for radii of about one 
and one-half molecular diameters and upwards. 

Discussion 
The surface areas obtained by the capillary 

radius method are shown in Table I to be in the 
majority of cases in at least fair agreement with 
those determined by Emmett and Brunauer's 
"Point B" method.4 The agreement appears 
best when Eq. 6 is applied to the desorption iso
therm in using the capillary radius method. In
deed, with hysteresis present, the desorption iso
therm has usually been considered as most nearly 
reflecting true equilibrium conditions within the 
adsorbent. Surface values from capillary radii 
and from "Point B" would be expected to ap-

(11) E. N. Harvey, Jr., and C. Rosenblum, forthcoming publica
tion. 

(12) B. Lambert and A. G. Foster, Proe. Roy. Soc. (London), 
A134, 246 (1931). 
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(14) I. Higuti, Bull. Inst. Phys. Chem. Research (Tokyo), 16, 42 

(1937). 
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(16) B. Lambert and A. G. Foster, Proc. Roy. Soc. (London), 

A136, 363 (1932); A. G. Foster, Trans. Faraday Soc, 28, 645 (1932). 
(17) A. S. Coolidge, T H I S JOURNAL, 46, 596(1924); 49,708(1927). 
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proach one another closely when each method is 
operating under optimum conditions. Such con
ditions obtain when the adsorption isotherm un
dergoes a sharp change at a low pressure to give a 
well-defined "Point B" and when capillary con
densation sets in at a fairly high pressure well 
separated from "Point B"; this is illustrated by 
Lambert and Foster's water-aged ferric oxide-
ethyl alcohol system.16 

The results in the table indicate that, for the 
most part, the adsorbents chosen for applica
tion of the equations satisfactorily fulfill the re
quirements of one of the original assumptions, 
namely, that the surface represented by the walls 
of capillaries constitutes practically the entire 
surface of the adsorbent. Otherwise, surface 
values from capillary radii probably would have 
been consistently lower than those from unimo-
lecular adsorption. 

Agreement with the surface area values from 
"Point B" in the case of Lambert and Foster's 
silica gel12 leaves much to be desired. Since hys
teresis with water occurs in this gel in capillaries 
of from 10.45 to 19.23 A. radius and since these 
small capillaries account for only 0.0565 g. of the 
0.22 g. total liquid adsorbed, the discrepancy is 

Introduction 

In the several publications dealing with the use 
of quinaldic acid (quinoline-2-carboxylic acid) as 
a precipitant for inorganic ions, considerable at
tention is given to securing the correct hydrogen 
ion concentration for precipitation of a given ion, 
or for its separation from some other ion or ions. 
The original investigations1'2 on the use of quin
aldic acid dealt mainly with the determination 
of copper, zinc and cadmium, and the separation 
of the former two ions from others whose quinal-
dates under the same conditions were more sol
uble. Later work by Shennan3'4 and by Majun-
dar6 established more precisely some conditions 
for the precipitation of copper and cadmium, al
though agreement regarding the exact conditions 
for separating these ions was not reached. 

Considerable work has been done in the field of 
organic precipitants concerning the effect of pH 
on their mode of action and, while this type of 
data has been applicable in special cases, it has 
not been amenable to a more general treatment. 

(1) P. R. Ray and M. K. Bose, Z. anal. CHem., M, 400 (1933). 
(2) P. R. Ray and A. K. Majundar, ibid., 100, 324 (1935). 
(3) R. J. Shennan, Analyst, 64, 14 (1939). 
(4) A. J. Lindsey and R. J. Shennan, ibid., 85, 636 (1940). 
(5) A. K. Majundar, ibid., 6«, 874 (1939). 

probably due, in part at least, to neglecting very 
small capillaries which contribute a large surface 
area. It is interesting to note that benzene and 
ethyl alcohol, molecules larger than water, showed 
no hysteresis when adsorbed on this gel. Pre
sumably after the surface had been covered little 
further room remained for capillary condensation. 

The writer wishes to express his appreciation to 
Dr. Charles Rosenblum and Professor H. S. Tay
lor for their kind advice during the preparation of 
this paper. 

Summary 

Equations have been developed which permit 
relatively easy calculation of the surface areas <n 
porous adsorbents from the high pressure portion 
of adsorption isotherms. When the adsorbed 
layer is taken into consideration and when the 
desorption isotherm is used, pore radii usually give 
surface areas in good agreement with those ob
tained by the "Point B" method of Emmett and 
Braunauer. A tabulation of results by both 
methods is included for representative vapor-
adsorbent systems. 
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It would appear that the precipitation of a 
metallic ion by an organic compound (when salt 
formation is involved) should not differ funda
mentally, at least in theory, from the precipita
tion of, for example, a metallic sulfide. That is, 
the point of initial precipitation should depend 
upon (1) the concentration of metallic ion, (2) 
the concentration of precipitant, and (3) the pH. 
The solubility of the metallo-organic complex, 
once formed, will depend upon the excess of pre
cipitant and the pH of the solution. With data 
showing the effect of these factors on the quantity 
of an ion precipitated, it becomes possible to cal
culate solubility products for the insoluble com
plexes. Then, using these, it is possible to make 
useful predictions concerning the behavior of any 
quantity of metallic ion (or ions) under any of the 
variable conditions. 

We have attempted to collect information of 
this sort for several of the insoluble quinaldates, 
particularly the copper, cadmium and zinc salts 
which are of analytical interest. The line of at
tack has been as follows: for given concentrations 
of metallic ion and precipitant, the fraction pre
cipitated has been determined as accurately as 
possible. Solubility products, and practical ap
plications, have been derived from these data. 
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