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Standard Practice for

Calculation of Pore Size Distributions of Catalysts from

Nitrogen Desorption Isotherms !

This standard is issued under the fixed designation D 4641; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

€' Note—Editorial corrections were made throughout in May 1999.

1. Scope D 4222 Test Method for Determination of Nitrogen Adsorp-
1.1 This practice covers the calculation of pore size distri-  ion and Desorption Isotherms of Catalysts by Static

butions for catalysts and catalyst carriers from nitrogen des- Volumetric Measuremerits

orption isotherms. The computational procedure is particularl)é Terminology

useful for determining how the pore volume is distributed in ™ o ]

catalyst samples containing pores whose sizes range from3-1 Definitions—Consult Terminology D 3766.

approximately 1.5 to 100 nm (15 to 1000 A) in radius. It should 3:2 Symbols:

be used with caution when applied to isotherms for samples

containing pores both within this size range and pores largerp Ai) pressure after equilibration during desorption,

than 100 nm (1000 A) in radius. In such instances the torr.

isotherms rise steeply neBfP, = 1 and the total pore volume p ;) liquid nitrogen vapor pressure, torr.

cannot be well defined. The calculations should be begun at &, see 12.4.10 and 12.5 in Test Method D 4222.

point on the isotherm near saturation preferably in a regionr,(i) radius of inner core calculated from Kelvin

nearP/P,=0.99, establishing an upper limit on the pore size equation, A.

distribution range to be studied. Simplifications are necessaryr boiling point of nitrogen, K.

regarding pore shape. A cylindrical pore model is assumed, an®/ | liquid nitrogen molar volume &f, cnt/mole.

the method treats the pores as non-intersecting, open-endey liquid nitrogen surface tension @& mN/m.

capillaries which are assumed to function independently ofT(i) average thickness of the nitrogen film adsorbed

each other during the adsorption or desorption of nitrogen. ) on the pore walls, A. _ ) )
. o . o _rp(D) radius of cylindrical pore given by (i) + t (i),
Note 1—This practice is designed primarily for manual computation A
and a few simplifications have been made for this purpose. For compute volume correction factor defined as—p( r—k)z.

gic;rrr:sutatlon the simplified expressions may be replaced by exact expresAVT () decrease in the am(_)unt_of nitrqgen adsorbed

, caused by a lowering in relative pressure,
1.2 This standard does not purport to address all of the mmd/g.

safety concerns, if any, associated with its use. It is theay, (i) = volume of liquid nitrogen desorbed from pore

responsibility of the user of this standard to establish appro- walls during thinning of the film, mig.

priate safety and health practices and determine the applica-Av, (i) = liquid volume of the inner core in which capil-

bility of regulatory limitations prior to use. lary condensation of the nitrogen occurs, fgn

AV, (i) = liquid volume contained in a group of pores

2. Referenced Documents

2.1 ASTM Standards: SAv

having mean radiu§p, mm:%g
D 3766 Terminology Relating to Catalysts and Catafysis Asp(?)

cumulative pore volume,
area of the pore walls of a cylinder having

2
volumeAV,,, m/g.

! This practice is under the jurisdiction of ASTM Committee D-32 on Catalysts 4. Summary of Practice
and is the direct responsibility of Subcommittee D32.01 on Physical-Chemical 4.1 The pore size distribution is determined by analyzing

Properties. ; ; ; ;
Current edition approved Jan. 15, 1994. Published March 1994. Originallythe desprptlon data of the mt.mgen |sotherm. The nl.tmgen

published as D 4641 — 87. Last previous edition D 4641 — 93. uptake is caused by the multilayer .adsorptlon of a film of
2 Annual Book of ASTM Standardgol 05.03. nitrogen on the pore walls and by capillary condensation of the
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nitrogen in the “inner core” regions of the pores. The relativeof the gas and a false measure of the adsorption in the
pressure at which filling of the core occurs for a given pore sizezolumetric method). Selecting the starting relative pressure for
by capillary condensation is predicted from the Kelvin equa-the computational procedure is then made more difficult. In
tion (1).2 During desorption, thinning of the multilayer film most cases a starting relative pressure of 0.99 will be suitable,
adsorbed on the pore walls occurs in pores which havevhich corresponds to an upper limit on pore size of 100 nm
previously lost their capillary condensate. Corrections for film(1000 A) in radius. If necessary, interpolate the value¥ pf
thinning are determined by a procedure involving the surfacéo determine the quantity of nitrogen gas adsorbed at the
area and radius of the film which becomes exposed ashosen starting relative pressure.

desorption proceeds. In principle, the computational procedure 6.2 The procedure requires numerous arithmetical steps
can be applied to either the adsorption branch or desorptiowhich can best be carried out with the aid of a work sheet. An
branch of the nitrogen isotherm. Unless the presence aofxample(4) of a form found useful in the calculations is
ink-bottle shaped pores is suggested by an abrupt closure of tipeovided in Table 1. List in descending order the experimen-
desorption branch on the adsorption branch, the distributiotally determined relative pressurdg,(i)/Py( i)] in Column 1,
curve derived from the desorption data is preferred, and ibeginning with the value chosen as the starting relative
described in this procedure. The computational method ipressure. Generally, values below a relative pressure of 0.25
essentially the procedure developed by Barrett, Joyner, andill not be required in the calculations. Convert the uptake
Halenda(2) except for the incorporation of a few simplifica- values into a liquid volume (m#fg) by multiplying the value
tions. of V4.in cm* STP/g with the conversion factor 1.5468 derived

— 3 et _
Note 2—In cases where it has been established that the adsorptioﬁom Vi =34.67 cmr/mole. List in Column 9 the correspond

branch of the nitrogen isotherm is to be analyzed, the procedure proposé'ag quantities of ”i”oge” adsorbed.
by Cranston and Inkley3) is recommended. 6.3 For each relative pressure, calculate a value for the

radius of the corer, |, by means of the Kelvin equation,
5. Significance and Use 2V
YVL

5.1 Pore volume distribution curves obtained from nitrogen RTIn (P/Po) = — = @
sorption isotherms provide one of the best means of character-
izing the pore structure in porous catalysts, provided that the
limitations of the method are kept in mind. Used in conjunction re (A= — _9:574 @)
with the BET treatment for surface area determinati{di n (Py/Po)
these methods provide an indispensable means for studying thewith T=77.35 K; y=8.88 mN/m; andV, = 34.67 cni/
structure associated with pores usually important in catalystgnole. List the values in Column 2. For each successive
This practice is particularly useful in studying changes in adecrement in relative pressure, calculatethe mean of the
series of closely related samples caused by treatments, such\@ues ofr, for the present and previous pressures, and list
heat, compression, or extrusion often used in catalyst mandhese mean values in Column 3.
facturing. Pore volume distribution curves can often provide 6.4 The average thickness, of the multilayer film of
valuable information during mechanistic studies dealing withnitrogen adsorbed on the walls of the pores at each relative

given in the form

catalyst deactivation. pressure is used to calculate the amount of nitrogen desorbed
from the film in pores which have lost their capillary conden-
6. Computational Procedure sate. For each relative pressure, calculate a value for the film

6.1 This procedure requires the use of a series of experthickness from the expressidg#)
mentally measured relative pressurés [i)/Py(i)] and the 13.99 E
corresponding quantities of nitrogen gas adsorbég] [ex- t (A) = [m]z 3)
pressed in units of cASTP/g. The experimental data required ) N 9"l .
in the use of this procedure can be measured by following the @nd list the values in Column 4. For each successive
steps outlined in Test Method D 4222. Inspect the nitrogerfl€crement in relative pressure, calculate the differences in the
sorption isotherm in the region abo#P, = 0.95. If the solid  values oft, and list these differences as in Column 5.
contains no pores larger than 100 nm (1000 A) radius, the 6.5 Slncgaqylmdncal pore model is assum(_ad, the radius of
isotherm remains nearly horizontal over a range R#P,  the porery, is given by addition of the core radius, and the
approaching unity and it is a simple matter to select a startin§/m thickness valuef. Add the values in Column 2 to the
relative pressure within this region, establishing an upper limi€orresponding values in Column 4 and record the results in
on the pore size range to be studied. If pores larger than 100 nfr0lumn 6 asr,,. For each successive decrement in relative
(1000 A) are present however, the isotherm rises rapidly ned?€ssure, calculatg, the mean of the pore radii,, for the
P/Po =1 and the total pore volume cannot be well definedPresent and previous pressures, and record these values in
This limiting adsorption can then be identified reliably only if Column 7. ) . i ,
the temperature is very carefully controlled and there are no 6-6 Compute the quantityrf/ r,)" from the values listed in

“cold spots” in the apparatus (which lead to bulk condensatior=olumns 7 and 3. This quantity will be used later to correct the
core volume to the volume for each group of pores. The core

volume is the region within the pore that fills by capillary
3 The boldface numbers in parentheses refer to the references at the end of wgondensation of the nitrogen. |7|St the computed values in
practice. Column 8 as the volume correction factqr,
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TABLE 1 Pore Distribution Computational Work Sheet

Sample Identification Date
1 2 5 6 7 8 9 10 11 12 13 14 15 16
P e I t At I A o Ve AV, Av, | ave | av, | as, | =as, | say,
4o A A A A A A mm3g | mm3g | mmSg | mm%g | mm®g | m?g m?/g | mm/g
[xcirc ]
—9.574 Column 11: AV; = 0.085 - At- ZAS, (preceding line Column 13: AV, = AV, X
Column 2: 1 = =575 f (P g line) / X Q
N(P4/Py)
Col Lt 13.99 172 Column 12: AV, = AV — AV, Column 14: ASp =20 X (AV,/ r_p)
oumn & 1= 1 5.034 —Tog (P,/Py)

Note 3—For a cylindrical pore , andr  are related t®@ by the exact ~ walls. For line 2,AV; equals zero and the value aiV; is

expression: assigned ta\V,, the volume of the inner core which fills by
Q=[T/(F+ AYP ) capillary condensation of the nitrogen. Multiply the value of
Forr > 30 A, At <1 %f,. Simplifying Q by eliminatingAt gives (r,/ AV, by the corresponding volume correction facylisted in
rd?. Column 8 to obtaim\ V,,. List the value in Column 13 of line

6.7 The amounts of nitrogen desorbed for each successive
decrement in relative pressure are calculated by progressive6.9 Calculate the surface area of the pore walls contained in
subtraction of the values of the amounts of nitrogen adsorbedolume AV, as follows:

Ve listed in Column 9 from the succeeding one. Compute
these differences and list the values in Column 10/8%;.

Each value oAV except for the initial one in line 2 contains Using the value oAV, from Column 13 and the correspond-
L : : v b

con_tr|but|ons from the amounts Of. hitrogen given up by Iosg Ofing value ofr, from Column 7, compute a value f&S , and

capillary condensate and by thinning of the nitrogen f|Im|-

dsorbed h s of hich h iously rel ist it in Column 14. A value for the total surface area of the
adsorbed on the walls of pores which have previously re easeﬁf)res that have become exposed is obtained by summation of
their capillary condensate. The initial value AV is due

. _ the value forA S, with otherAS, values in all preceding lines
solely to the amount of nitrogen contributed from loss of 3 S P g

. . Y >~ of Column 14. List the value of total area in Column 15 as
capll_lary condensate, since it is assumed that at the h'gheitASp. A value for the cumulative pore volume is obtained by
relative pressure all of the pores are completely filled with

; o . . summation of the valuélV, with other AV, values in all
nltrogen, and that no thmn'mg of the nitrogen film occurs forpreceding lines of Column 13. List the value of the cumulative
the first decreme_nt in relative pressure. pore volume in Column 16 a8AV..

6.8 In completing the calculation to obtain a value for the P
pore volumeA V o corresponding to each mean pore si_%e, Note 4—_The express_ion relating the surface area of the pore walls
of a group of pores, it will be necessary to work through thecontained in volume\V, is as follows:
calculation for each line before proceeding to the next lix\. vV
t in Column 11 is the amount of nitrogen given up during AS, (m?g) = 2><-r-p—">< 10* ©)
desorption from thinning of the nitrogen film adsorbed on pore with AV , in cubic centimetres ang, in angstroms. Converting cubic

2 AVP
AS,(m?g) = 20 X =2 (5)
p
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centimetres to cubic millimetres gives rise to the conversion factor of 20 6.12 The last value oEA §, computed in Column 15 is
in the preceding equation. assigned to the total cumulative surface area. The last value of

6.10 An essential feature of this test method is that the2A V,, computed in Column 16 is assigned to the total
volume of nitrogen lost from the adsorbed multilayer film cancumulative pore volume.

be calculated from ,the tOtal,area of the porgs exppEﬁ@,, Note 7—A comparison of the value for the total cumulative surface
and the decrease in the thickness of the filih, Using the  area with that for the BET surface area determined from the low pressure
value ZAS, from the preceding line, compute V; from the  region of the isotherm provides an empirical test of the internal consis-
expression tency of the pore volume distribution calculations. If the assumed pore
-~ L model is a true representation of the actual pore system, these values
AV = 0.085x At X ZAS, (preceding ling ™ should show perfect agreement. Experience has shown that these two
and record the value in Column 11. Subtract the valug\gf  values often agree to withirt5 % but differences of+20 % are not
from AV, to obtain the value oAV, of Column 12. Multiply uncommon. If the BET surface area is substantially greater than the total
the value ofAV, with the corresponding value € in Column cu_mulative surface area, '_[he diffgre_nce may be due to the presence of
8 to obtain the value okV . of Column 13 ComputéSp and micropores. Results showing deviations greater tta@0 % should be
. P . : . interpreted with caution.
2AS, following the procedure in 6.9. Determine a value for

ZAV . 7. Presentation of Data
Nore 5— See Appendix X1 for a more detailed discussion on the 7.1 The report shall consist of the following information:
calculation of values foAV; and the source of the coefficient. 7.1.1 Sample identification, and a statement indicating the

6.11 Repeat the calculations in 6.10 for each line down to &S€ Of the desorption isotherm and a cylindrical pore model.
relative pressure lying between 0.25 and 0.30. If at an /-1.2 A table or graph composed of the cumulative pore
intermediate relative pressure, the valuadf, should become ~Volume data obtained from the values in Column 16 and the
equal to zero or negative, discontinue the calculation, and in aforresponding pore sizes,, given in Column 6. A graphical,

subsequent calculations use the data from the preceding lirfgimulative pore volume plot can be constructed by plotting the
and above. 2AV, values in cubic millimetres per gram on the ordinate with

_ . _an arithmetic scale and the corresponding pore r§ij on
Note 6—It is generally agreed that the value of the pore size to Wthhthe abscissa with a |Ogarithmic or arithmetic Sca|e, as appro-

the Kelvin equation will no longer apply at the lower end of the pore S'Z_egriate. This cumulative distribution will generally appear as a
range varies from one adsorption system to another. As a result, difficultie mooth line and should reveal points of inflection where the
arise in knowing precisely where to end the pore volume calculation for’ P

a particular nitrogen sorption isotherm. It is believed that the KelvinPOr€ volume is changing most rapidly. An example of a

equation will rarely be valid for a material below a pore size of 10 to 15Cumulative plot is shown in Fig. X1.1.

A. We have chosen to terminate the pore volume calculation at a relative 7.1.3 The report may also include a differential plot of the

pressure lying between 0.25 and 0.30 which corresponds to pore sizgistribution. This can be constructed from slopes derived from
within the range from 11.6-13.0A in radius. There are, however, othekhe smoothed cumulative plot at appropriate pore radius
procedures that can be used to establish where the calculation should ervals arp, s), or from values ofAV p/Arp calculated from

terminated at the low relative pressure end of the isotherm. Thes . .
alternative methods include: fhe data in Columns 6 and 13 of Table 1 and the corresponding

(1) The use of the precise value for the relative pressure that correvalues of the mean pore sizg, from Column 7. The change
sponds to the closure point of the hysteresis loop at the lower end of thi§! slope shall be plotted on the ordinate and the corresponding
isotherm. This value may represent, in many cases, the point at whicmean pore size on the abscissa. Arithmetic or logarithmic
irreversible capillary condensation commences within the pore structurgcales may be used on the ordinate and abscissa, as appropriate.

of the material. _ An example of a differential plot is shown in Fig. X1.2.
(2) The use of values oEAV,, from Column 16 in Table 1 and the

value ofVy, from line 1 of Column 9. The calculation may be terminated 8. Precision and Bias

at the point where the value &fAV,, becomes equal to or greater than the 8.1 This practice determines in suitable cases how the pore

starting value oV At this point in the calculation, the measured pore | is distributed functi f iz f
volume at the chosen starting relative pressure will have been exhausteQ'UMe IS distributed as a function or pore size Tor mesoporous

If the material is believed to be microporous, this method of terminationsonds_- Thesg calculated pore volumes depend on the branch of
shall not be used. the nitrogen isotherm used and the pore model assumed. They
(3) A t-plot analysis(5) may be used to detect the beginning of also vary depending on the precise values used for the film

capillary condensation. From a plot of the amounts of nitrogen adsorbe¢hijckness and on how the film thickness corrections are

versus the values determined from the equation in 6.4, the beginning ofyetermined. Thus. no statement as to the precision of this
capillary condensation may be detected from the point of upwardpractice is possiblé

curvature in the plot. The relative pressure corresponding tot tvedue . : . . L

where the upwarz curvature commpences is used tg termi?late the calcula.-s'2 Bias—No estimate of the bias of this practice is pos-
tion. This method has the advantage of being able to detect the presen@!b'e-

of reversible capillary condensation which is not accompanied by hyster K d

esis and cannot be detected by visual examination of the isotherm. F(?r' eywords

precise work, this method of termination is highly recommended. 9.1 catalysts; nitrogen adsorption; pore size distribution
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APPENDIX

(Nonmandatory Information)

X1. Calculation of Corrections for the Volume Released During Thinning of the Physically Adsorbed Layers

X1.1 According to Barrett, Joyner, and Halen(®, cor-  values make the calculation aV; from the above expression
rections for the volume of nitrogen lost during the thinning of very time consuming. In practice, it has been shd@jthat a
the adsorbed multilayer film\V; (i), are given by the expres- very close approximation to the correct pore size distribution

sion: can be obtained by using a const&walue for a particular
i-1 adsorbent. Since th€ value is known to vary between the
AVi(i) = At(i) j; CH)AS, () (X1.1)  limits (2) of 0.72 to 0.97 for pores of any size, we have chosen
a value of 0.85 which is midway between the limits ©fin
where: . deriving the equation foAV; in 6.10. Other constant values of
J = sequence number of desorption steps, C may be used in place of 0.85 by substituting the seleGted
t = adsorbed layer thickness, value into the equation
ca@m = (ry() — 1)) o
W AV; = C X 0.1 X At X AS, (preceding ling (X1.2)
rpoi) = average pore radius of the pore group emptied in  and replacing the equation in 6.10 with the above. For
o the jth desorption step, . . precise work, it is recommended that the valu€dfe allowed
t(d) = average adsorbed layer thickness in e {5 ary This will require the redetermination of thevalue for
. desorption step, and o each pore group at the various relative pressures used in the
AS(j) = surface area of the pore group emptied injthe computation.

desorption step.

. . . Note X1.1—Because of the time and effort involved in the use of
X1.2 (See Fig. X1.1 and Fig. X1.2.) The value@aries variableC values, it is desirable to facilitate the computations with the aid

for the different pore groups, and sind:e_is a function of  of 4 computer. A computer program suitable for this purpose has been
relative pressure, the value @f for a particular pore group developed. A copy of the program and details on its use are available from
varies stepwise with relative pressure. These variations i@the ASTM.
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FIG. X1.1 Example of Cumulative Pore Volume Plot on a Silica-Alumina Cracking Catalyst
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FIG. X1.2 Example of a Differential Plot on a Silica-Alumina Cracking Catalyst
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