ANEXO A. Norma ASTM D3663-03. Determinacion de
Superficial.

Area

Designation: D3663 — 03 (Reapproved 2008)

Standard Test Method for

Surface Area of Catalysts and Catalyst Carriers’

This standard is issved under the fixed designation D3663; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the vear of last revision. A number in parentheses indicates the vear of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

1. Scope

L.I This test method covers the determination of surface
areas of catalvst and catalyst carriers that have Tyvpe 1I or 1V
nitrogen adsorption isotherms, and at least 1 m?/g of area. A
volumetric measuring system is used to obtain at least four data
points which fit on the linear BET? line.

1.2 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for information
only.

1.3 Thiy standard does not purport to address all of the
safery concerns, {f any, associated with its wse. It (5 the
responsibility af the user of this standard (o establish appro-
priate safeiy and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:®

D3766 Terminology Relating to Catalysts and Catalysis

E177 Practice for Use of the Terms Precision and Bias
ASTM Test Methods

E456 Terminology Relating to Quality and Statistics

E691 Practice for Conducting_ an Interlaboratory Study

Determine the Precision of a Test Method

=

n

-

4}

3. Terminology

3.1 Consult Terminology D3766 for definitions of other
terms used.

3.2 Definitions:

3.2.1 surface area of a catalvsi—the total surface of the
catalyst. It is expressed in square metres per gram.

3.3 Symbols:

' This test method is under the jurisdiction of ASTM Committee D32 on
Catalysts and is the direct responsibility of Subcommittee D32.01 on Physical-
Chemical Properties.

Current edition approved April 1. 2008, Published April 2008. Originally
approved in 1978, Last previous edition approved in 2003 as D3663-03. DO
10.1520/D3663-03R08.

* Brunaver. Emmett. Teller, Journal of American Chemical Sociery, JACS. No.
60, 1938, p. 309,

? For referenced ASTM standards, visit the ASTM website, www.astm.org. or
contact ASTM Customer Service at service@astm.org. For Annual Booek of ASTM
Standardy volume information. refer to the standard’s Document Summary page on
the ASTM website.

Py, = initial helium pressure, torr

Py, = helium pressure after equilibration, torr

Ty, = temperature of manifold at initial helium pres-
sure, “C

Ty, = temperature of manifold after equilibration, “C

P = initial N, pressure, torr

T, = manifold temperature at initial N, pressure, K

T’ = manifold temperature at initial N, pressure, °C

Py = pressure after equilibration. torr

P = liquid nitrogen vapor pressure, torr

o8 = liquid nitrogen temperature, K

X = relative pressure., Po/Fy,

Vi = volume of manifold, cm”

'8 = extra volume bulb, cm’

. = dead-space volume, cm®

W, = mass of sample, g

W, = tare mass of sample tube, g

W, = sample + tare mass of tbe, g

Vo = volume of nitrogen in the dead-space. cm’

v, = see 044

¥, = see 10.4.6

v, = see 10.4.7

Vi = see 10.4.9

Vo = see 108

Ty = initial extra-volume bulb temperature, K

T,,/(i) = initial extra-volume bulb temperature, °C

T, = exfra-volume bulb temperature after equilibrium,
K

7../(1) = extra-volume bulb temperature after equilibrium,
€T

4. Summary of Test Method

4.1 The surface area of a catalyst or catalyst carrier is
determined by measuring the volume of nitrogen gas adsorbed
at various low-pressure levels by the catalyst sample. Pressure
differentials caused by introducing the catalyst surface area to
a fixed volume of nitrogen in the test apparatus are measured
and used to calculate BET surface area.
5. Apparatus *

5.1 A schematic diagram of the apparatus is shown in Fig. 1.
It may be constructed of glass or of metal. It has the following
features:

4 Automated equipment is commercially available.

Copyright (C) ASTM Intemational. 100 Barr Harbor Drive P.O. box C-T00 West Conshohocken, Pennayhvania 19428-2050, Unitad States
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FIG. 1 Schematic Diagra_l:l;_o-f Surface Area Apparatus

5.1 Distribution Manifold, having a volume between 20
and 35 cm”, (V). known to the nearest 0.05 cm”. This volume
is defined as the volume between the stopcocks or valves and
includes the pressure gage.

5.1.2 Vacuum Svstem, capable of attaining pressures below
10~ torr (1 torr = 133.3 Pa). This will include a vacuum gage
(not shown in Fig. 1). Access to the distribution manifold is
through the valve V.

5.1.3 Constani-Volume Gage or Mercury Manometer, ca-
pable of measurements to the nearest 0.1 torr, in the range from
0 to 1000 torr (1 torr= 1333 Pa).

Note |—See, for example, the article by Joy® for a description of a
constant-volume manometer.

5.1.4 Valve (H), from the helium supply to the distribution
manifold.

5.1.5 Valve (N), from the nitrogen supply to the distribution
manifold.

5.1.6 The connection between the sample tube and the §
valve can be a standard-taper glass joint, a glass-to-glass seal,
or a compression fitting.

5.1.7 Extra Volume Bulb, (V,), should be 100 to 150 cm?,
known to the nearest 0.05 cm”. V, includes the volume of the
stopcock bore mn the glass apparatus.

5.2 Sample Tubes, with volumes from 5 to 100 ¢m” depend-
ing on the application. Markings should be placed on the
sample tubes about 30 to 50 mm below the connectors to
indicate the desired liquid nitrogen level.

5.3 Heating Mantles or Small Furnaces.

5.4 Dewar Flasks.

5.5 Laboratory Balance, with 0.1-mg (107"-kg) sensitivity.

5.6 Thermometer or Thermocouple, for measuring the tem-
perature of the distribution manifold [T,"(/) or T5'(§)] in
degrees Celsius.

5.6.1 It is preferred that the manifold be thermostated at a
particular temperature, a few degrees above ambient, to obviate
the necessity of recording this temperature at each reading.

5.7 Thermometer, for measuring the temperature of the
liquid nitrogen bath [T,(i}] in kelvins. This will preferably be a
nitrogen vapor-pressure thermometer, often referred to in a
commercial instrument as a pressure saturation tube, from
which P, values may be derived.

*lay. A. S Vacaum, Vol 3. 1953, p. 254,

6. Reagents

6.1 Purity of Reagenis—Reagent grade chemicals shall be
used in all tests. Unless otherwise indicated, it 1s intended that
all reagents shall conform to the specifications of the Commit-
tee on Analytical Reagents of the American Chemical Society,
where such specifications are available.® Other grades may be
used, provided it is first ascertained that the reagent is of
sufficiently high purity to permit its use without lessening the
accuracy of the determination.

6.2 Helium Gas—A cylinder of helium gas at least 99.9 %
pure.

6.3 Liguid Nitrogen, of such purity that P, is not more than
20 torr above barometric pressure. A fresh daily supply is
recommended.

6.4 Nitrogen Gas—A cylinder of nitrogen gas at least
99.999 % pure.

7. Procedure—Sample Preparation and Degassing

7.1 Select a sample tube of the desired size. A 5-cm® sample
tube is preferred for samples not exceeding about 1 g, to
minimize the dead-space. However, a 25-cm” sample tube may
be preferred for finely powdered catalysts, to avoid “boiling™
when degassing is started.

7.2 Fill the sample tube with nitrogen or helium, at atmo-
spheric pressure, after removing air by evacuation. This may be
done on the surface area unit, or on a separate piece of
equipment.

7.3 Remove the sample tube from the system, cap. and
weigh. Record the mass as W,

7.4 Place the catalyst sample, whose mass is known ap-
proximately, into the sample tube. Choose the sample size to
provide an estimated total sample surface area of 20 to 100 m?.

7.5 Attach the sample tube to the apparatus. If other samples
are to be run, attach them at this time to the other ports.

7.6 Open the § valves where there are samples.

7.7 It may be necessary to close the V valve system
periodically to protect the diffusion pump fluid from exposure
to pressures above 0.1 torr for periods of more than 30 s. Close
the valve off for 2 min.

® Reagent Chemicals, American Chemical Seciety Specificarions, American
Chemical Society, Washington, DC. For Suggestions on the testing of reagents aot
listed by the American Chemical Society, see Annuwal Standards for Laboratory
Chemicals, BDH Lid.. Pocle, Darset, ULK.. and the United States Pharmacopeia
and National Formalary, 1.5, Pharmacopeial Convention, Inc. (USPCY, Rockville,
MD.



Norma ASTM D3663-03

115

7.8 Install a heating mantle or furnace around each sample
and raise the temperature to about 300°C (573 K).

Note 2—Take special precautions if the moisture content exceeds
approximately 5 % to avoid “bumping” of powdered catalyst, and to avoid
surface area Loss by self-steaming. It is recommended that the heating rate
nol exceed 100 K/ under these circumstances.

7.9 Continue degassing at about 300°C (373 K) for a
minimum of 3 h, at a pressure not o exceed 1073 torr.
Overnight degassing is permissible.

Note 3—Certain materials will decompose at 300°C (for example.
alumina hydrates) or will sinter (for example. platinum black). Lower
degassing temperatures are permissible for such materials: however, the
degassing temperature should be specified when reporting the results.

T.10 Remove the heating mantles, and allow the samples to
cool.

7.11 Close the EV valve, if open.

7.12 Close the 5 valve.

7.13 1t is permissible to exercise the option of preliminary
degassing on an external unit. In such a case, follow the
procedures of 7.4-7.11 and then repeat on the surface area unit,
except that the degassing time in 7.9 should not exceed | h.

T.14 If it is desired to weigh the sample after preliminary
degassing on an external unit, backfill with the same gas used
in 7.2 to above atmospheric pressure. Close the 5§ valve.

7.15 Detach the sample tube from the apparatus, recap with
the stopper used previously, and weigh. Record the mass as W,.

7.16 Remove the backfilled gas by evacuation to less than
10~ torr at room temperature.

8. Procedurc—Dead-Space Determination

8.1 From this point on, each sample being tested for surface
area must be run on an individual basis. Thus each Step
5.2-9,17 must be carried out separately for each tube in test,

8.2 The “dead-space™ is the void velume of the charged
sample tube, including the § valve, when the tube is immersed

in liqud mirogen to the proper depth (see 5.2).

MNoTE 4—The dead-space may be determined atter the nitrogen adsorp-
tion, if more convenient. as long as adequate degassing precedes i, In that
case, replace the liquid nitrogen bath after Step 9. 14 before proceeding
with Steps 8.3-5.9.

8.3 Place a Dewar flask of liquid nitrogen around the sample
and adjust the liqud level to a fixed point on the sample tube.
Maintain this level throughout the test.

8.4 Zero the pressure gage.

8.5 Admit the helium gas into the manifold to a pressure of
600 to 900 torr by carefully opening the H valve. Record this
pressure as Py, and the manifold temperature, Ty .

8.6 Open the § valve to admit helium to the sample.

8.7 After about 5 min of equilibration, readjust the liquid
nitrogen level, and record the pressure as P, and manifold
temperature as Ty,

8.8 Repeat ¥.3-8.7 for each sample on the manifold.

8.9 Open all § valves: then slowly open the V wvalve to
remove the helium gas.

8.10 When a pressure less than 0.01 torr has been attained,
close the § valve. This operation should take 5 to 10 min.

9. Procedure—Nitrogen Adsorption

9.1 Close the V valve and open the EVvalve if the extra-
velume bulb is to be used, when the surface area is known to
be high.

9.2 Recheck the zero setting of the pressure gage.

9.3 Admit nitrogen gas, and record the pressure as P (1)
(torr) and the temperature as T,"(1) (degrees Celsius) and read
the temperature of the extra-volume bulb and record it as
T4 1) It 1s desirable. but not necessary, to choose P (1) such
that the first equilibrium adsorption pressure, F,(1). will be
about 40 torr equivalent to Po(1)/P,(1) of about 0.05, If the
strface area 1s small. it may be desirable to eliminate use of the
extra-volume bulb by closing the EV valve.

9.4 Open the § valve to admit mtrogen to the catalvst.

9.5 Allow sufficient time for equilibration, readjusting the
ligmd nmitrogen level when necessary. Equilibrium shall be
considered as attained when the pressure change is no more
than 0.02 torr/min.

9.6 Record the equilibrium pressure as P.(1). manifold
temperature 7,'(1), and the extra volume bulb temperature
(1.

9.7 Record the liquid nitrogen temperature [T,(1)] or the
nitrogen vapor pressure [Puil)].

9.8 Close the § valve and close the EV valve; then admit
nitrogen gas to increase the pressure by 100 to 200 torr,
depending upon surface area. Record the pressure as P (2), the
manifold temperature as 7,"(2), and the extra-volume bulb
temperature as T,,'(2).

9.9 Open the 5 valve to admit the new increment of nitrogen
to the catalyst.

910 Allow sufficient time for equilibration, readjusting the
liquid nitrogen level as necessary. The criterion for equilibrium
is defined in 9.5.

9.11 Record the equilibrium pressure as P,(2), and record
T.'(2) and T,,'(2).

9.12 Again record T,(2) or Pyi2).

9.13 Repeat Steps 9.8-9.12 until there are at least four points
in the linear BET range. This will normally be from
PP, =0.04 to 0.20 or 0.25. Designate the pressures as F (i)
and P.{i), manifold temperature as 7'(i). and the extra-volume
temperatures as T, (/) and T, (i). (i =3 to n, where n is total
number of points.)

9.14 Slowly open the V valve, remove the Dewar flask. and
allow the sample flask to come to room temperature.

9.15 When frost has disappeared from the sample tube, wipe
it dry.

.16 Backfill the sample tube with the same gas used in 7.2
to about atmospheric pressure. Close the § valve.

9.17 Detach the sample tube from the apparatus, recap with
the stopper used previously, and weigh. Record the mass as W,.

10, Calculations
10.1 Calculate the mass of sample W, as follows:

W, =W, — W, (L)

10,2 Calculate the dead-space, V, as follows:
Ve ( TiVa ( P, Pry ) £
= ( Py, |\ [Ty + 2733) (Tg, +2733) ) L2
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NoTe 5—The user should consuli TWPACT for the latest value of
absolute zero to use in these calculations, as 2732 was current for this
revision.

10.3 For each point. i= 1. 2 . . . . the following measure-
ments will have been recorded:

10.3.1 For pressures P, (i) and P,(i), see 5.1.3, 9.3, 9.6, 9.8,
.11, and 9.13.

10.3.2 For vapor pressures P_(i). or liquid nitrogen tempera-
tures, T.(i), see 5.7, 9.7, and 9.12.

10.3.2.1 If P (i) is not measured directly, the values of T (i)
can be converted to Py(i) by the following equation for 76 =
Ti) = 8O

Poliy= — 107293 + 4269.71[Ts({)] — 57.36 L6[Ts()]*
+ 0.261431[T, ()T (3

10.3.3 For manifold temperatures T"(¢y and 7.'(i). see 5.6,
9.3, 9.6, 9.8, 9.11, and 9.13.

10.3.4 Determine whether valve EV is open. If not, V_ =10,
see 5.1.7.

10.3.5 For extra-volume bulb
T (i), see 9.3, 96, 9.8, and 9.11.

10.4 For each point, i = 1, 2 . . . p, caleulate the following:

1041 X (i) =relative pressure = Po(iWF (i}

10,42 Manifold and extra-volume bulk temperatures in
kelvins:

temperatures 7', (i) and

T = T/(1) + 2732 (4
Tolé) = 7o' ()4 273.2
T lf) = T/ + 2732
o () = I, (i) + 2732
10.4.3 Extra-volume bulb volume al manifold temperature
Ty
Vig= Ty(i) X VT, (5

1044 Volume of N, in manifold + extra volume, § valve.

0.05 Py}
2 p 4
750 ) (10

¢ 2TA2 VX Pyl
r | T 2
Ve () = | TR0T, ( .

See 10.2 for V..

E

10.4.8.1 The deviation from the ideal gas law of nitrogen at
liquid nitrogen temperature is 5 % at one atmosphere, propor-
tional 1o pressure. Although the non-ideality constant should be
applied only to the volume of nitrogen within the section of the
sample cell that is immersed in the liquid nitrogen. the added
complexity to the experimental procedure needed to determine
the fraction of the volume at liquid nitrogen temperature is not
justified by the increased accuracy.

10.4.9 The quantity of gas adsorbed {cm”® STP/g):

Vi) — Vali) — Vield)

V(= o (1
See 10.1 for W_.
104,10 The BET function, when X (/) = 0.0
XD NS 1
BET(rJ—[W]{m] (12}

10.5 Construct the BET plot. by plotting X (/) as the
abscissa, BET(/) as the ordinates.

10.6 Using a straightedge, draw a line through the linear
region. Deviations from the straight line, if any, should be
below the line at low X (i), above the line at high X (7). but not
apparent within the linear region.

10.7 Determine the slope (8 and intercept () of the straight
line.

10.7.1 This is preferably done by a least squares calculation,
choosing only those points which fall on the straight line. If a
point in the linear region 1s not on the straight line. discard the
run. It will generally be clear by inspection of the BET plot
which points to choose to define the straight line. When the
proper choice has been made. deviations of individual points
from the straight line should not exceed about 0.6 % of the
value of the ordinate. A deviation as large as | 9 is excessive.

108 Calculate V... the volume of adsorbate required to

closed to catalyst {cm® STP):

Pi)y 2732
m0) (7o)

1045 Extra-Volume bulb volume at manifold temperature
T,

Vit = (va + v | (6)

= Told) = Vil Tolid 7y
104.6 Volume of N, in manifold + extra volume, S valve.
open to catalyst (cm” STP):

P} 27325
7w) (o)

See 5.1.01 and 5.1.7 for V, and V.
1047 Total inventory of nitrogen in the system (cm™ STP):

Vall) = (Vy+ v | (%)

Vil = Vi — 1y + Vi — vali — 1) (R
Vi =0
Va{O)= 0

10.4.8 Volume of nitrogen in the dead-space (cm® STP):

TIUPAC Secretarial, PO Box 13757, Research Triangle Park, NC 27709-3757.

Practice E6%1 was followed for the analysis of the data.
Analysis details are in the research report.

12.2 Precision—Pairs of tests results obtained by a proce-
dure similar to that described in the study are expected to differ
in absolute value by less than 2.772 S, where 2.772 S is the
955 probability limit on the difference between two test
results, and S is the appropriate estimate of standard deviation.
Definitions and usage are given in Terminology E456 and
Practice E177, respectively.

complete one statistical monolayer (cm”™ STP/g)
V,= LS+ 1)
109 Surface area =4.353 V.. This assumes a value of

16.2 A2 (1 A=0.1 nm) for the cross-sectional area of a
nitrogen molecule.

13

11. Report

11.1 Report the swface area to three significant figures.
11.2 The report shall include pretreatment. and cutgassing
temperatures.

12. Precision and Bias ®

12.1 Test Program—An interlaboratory
ducted in which the surface area was measured on three
different materials in seven different laboratories on nine
different instruments. Each laboratory performed three repli-
cate analysis on each of the samples over a period of time. All
samples were degassed at 300°C under vacuum and evaluated

study was con-

® Supparting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report D32-1031.

HoTe HEProauciDiTy

Sample Emnsel::eufz mean) r:;:zrl{il Interval ()
RMas70 107 1.4 (10.4) 25 (23.0)
RMasT1 160 89 (58) 98 (51)
RMasT2 288 70 (2.4) 1.9 (44}

12.3 Bias—This test method 1s without known bias.

13, Keywords

13.1 catalyst: nmitrogen adsorption; surface area

ASTM Internation al takes no position respecting the validity of any patent nghts asserted in connection with any tem mentionad
w1 this standard. Users of this standard are exprassly advised that datermination of the validity of any such patent rights, and the risk
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This standard is subject to revision at any time by the rasponsible technical committes and must be reviewed avery five years and
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AT A T AL

Standard Practice for

Calculation of Pore Size Distributions of Catalysts from

Nitrogen Desorption Isotherms’

This irandard i issued moder ihe Axzd desigpanlion Cus41; the aumber immediately Tollowing te designalion indicaies ke year of
ofiglnal adopiion or, dn ke cas2 of revislon the yeor of Lot revhion, A oamber in parenthasss indioaes e yeor of kot eeappoval. A
supsriopl epsikn (&) indicals oo ediioelal changs sincs the law revision of reapproval

L. Scapse

1.1 This practce covers the caloulation of pore size disri-
butions for catabysts and catalys carciers from nitrogen des-
caplion izotherms. The computational procedure is paticularly
uaeful for determining how the pore volums s distibuted in
catalyst samiples ooatoining poies whiose sizes mooge foam
approximately 1.5 0o D00 nom (1S to 1000 A0 in radius. I should
b used with caution when applied o isctherms for samples
containng pores both within this size mnge and pores larger
than 100 am (1000 A) in radivs, In sich instonces the
izotherms rise steeply near PP, = 1 and the botal pone volums
cannct be well defined. The calculations should ke bagun ot a
poinl oo the lzctherm near saburotion preferably o @ megion
nent PP =054 eatablishing an upper limit on the pooe gize
digtribution range to be studied. Simplifications ore necessary
repurding pove shape. & oylindrical pore model is azomed, and
the method tieats che podes o8 noo-iniersecting, open-ended
copillories which are psspmed W function independently of
each cther during the adsocption or descrption of nitrogen

Moms | —This practics is desigred primarily for manual compueation
and a few simplifications have been made for this purpose. For computar
compuiation, the simplified expressions may be replaced by smact sxpres-
Song.

1.2 This siandard does mod parport s eodress all of the
sy concens, i any associgeed with ds oase, I ods e
respensibdity of e aser of thi nardasd 1o eslablish appro-
priqte safery and health procrices and determing the applice-
Eality of regudarory limitarions prior 1o ase.

L Referenced Documents
2.1 ASTM Srandards?
D576 Terminclogy Relating ro Catalysts and Coaalysis

! This practic= is ander the judsdicion of A5TM Commites D32 on Calalyus
aid i3 ik direce reipsibifcy of Subdommites DAZ00 on Physical-Chamical
Propeiis.

Cumzal edidon approcesd Ol |, 2006 Publisked Cxmber 2005 Oiriglaally
approved dn 1957, Lk previous sdition approved in 1990 15 Daid] -2 19950
DO 10U 52T |- 0,

* For refeeaced ASTM soadards. whilt the ASTM websile, wwawasimon, of
ooirace ASTM Cusiomer Ssevice it dvvicea@mim. oy, Fooaanes! Bosk of ASTM
Srasgzndr valime infoemation, r2fer 1o the slindard's Doacamenl Sumimay pag: o
Ihe AETH webiie.

[ 222 Tear Mathod for Determination of Mitogen Adscap-
tion and Desorprion Ieotherms of Catalystz and Catalyst
Carners by Static Volumetne Measuements

3. Terminalory
il Detinfrions—Consult Terminology 13764
32 EBvmbols:

Py = piesaure atber equilibration dunng descapticn,
Lo

Py = liquid oitrogen vapor pressure, o

Vs, = aee 124,10 and 125 in Test Method D222,

el = fadius of wnoer core caleulated from Belvin
equation, A

T = biling podnt of mitogen. K.

Vi = liquid nitrogen molar volame at T cm¥fmole,

4 = liguid nitrogen swiface tension at T, mMm.

Il = average thicknes of the nitrogen film adsorbed
on the pore walls, A

il = f;dius of cylicdnical pore given by r 00 + & 00,

= volume comection factor defined as ¢ 7/ 7 P

AV iy = decrease in the amount of oitrogen adsorbed
canged by a lowering in relalive pressure
mm .

AV = wvolime of houid nitrogen desorbed from pooe
walls during thinoing of he filiy aon™fe.

AV, i = liquid volume of the inper core in which HFJI_
lary condensaticn of the pirogen oo, mm/g

“I"FP {0 = liquid volume contained in a group of podes
having mean radins 7, mmip.

ZAv, = cuinulative pore volume, mmsg.

ﬂ."'-'l,[r.‘ 1 = area of the pore walls of a odlinder having

volime AV, m¥g.

4. summary of Practice

4.1 The poe size distobuticn iz detenmined by analyring
the descaplion dotn of the nitogen isctherme The nitrogen
uptake iz canssd by the multilayer adsciption of a il of
nitioged on the poce walls and by capillary condeasation of the
oitrogen in the “inner core” megiong of the pores. The relative
pregaure at which filling of the come ocoura for a given pove sine
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by capillay condensation i8 predicied from the Kelvin equa-
tion (13 Dring desorption, thinoing of the multilayer film
adeorbed on the pore walls ocours in poses which have
previonsly lost thear capillary condensate. Correcticns G Alm
thinning are determined by a procedure ivolving the sudace
area and radins of the film which beccimes expozed as
desorption proceeds. In principle. the compu@ational procedure
can ke applied o either the adsorption branch oo desorption
brapch of the nittogen isotherrn Unlesz the presence of
ink-bottle shaped pores is suggested by an abrupt closuse of the
desorpticn branch on the adsorption branch. the distribution
curve defived fiom the descaplion data iz preferred, and is
described in this procedure. The computational method Qs
easenlally the procedure developed by Barretl Townes and
Halenda (27 except for the incorporation of a few simplifica-
fions.

Mom I—In casss whers it bos been esiablished thai the adsorption

branch of the nitrogen isotherm is io be analyzed, the procedom proposed
by Cranseon and Inkley « 3 i recommended.

5 Significance and Use

5.1 Pore volume distribufion curves obtained from oitrogen
sorption isotherms provide one of the best means of character-
izing the pore sruchire in porous catalysts, provided that e
limitations of the methed are kept io mind. Uzed inconjunction
with the BET treatment for surface area detesmination (4,
these methods prorade an indispensable means for studying the
stmciure asociaied with pores usually dmpomant in carabyais.
Thiz practice iz particulacly useful in studying changes o a
zefies of closely elated samples caused by teatments, such as
heat, compression. or extiusion often uwad in catalyst maou-
facturing. Pore volume distribution curves can often provide
valuable informarion ducing mechanistic studies dealing with
catalyst deactpration.

. Compatational Procedure

t.l This procedute tequires the use of o series of experi-
mentally measwred telaiive pressures [P gdiPgin] and the
corresponding quanljues of nirogen gas adsorbed [V, ] ex-
pressed in units of cn” 3T The experimental data requn‘e-:l
in the uze of this procedure can be measured by following the
steps outlined in Test Methcd D222 Inspect the nitrogen
socption isotherm o the region above FAP_ = 0055, IF the solid
contain: oo pofes larger than 100 om (1000 A) radivs, the
isotherm remains oearly horizontal over a range of P/
apprcaching undty and it iz 4 simple matter & select 4 stating
relarive pressufe within this region, establishing an upper lirmit
on the pofe s@e range 6o be stadied If pores larger than 100 nm
(L0060 A) are present bowever, the 1sotherm rises rapidly near
FiFa=1 and the el pore volume cannot be well defined.
This liniting adscaplion can then be identified reliably ooly if
the temperature iz very carefully controlled and there are no
‘cold spots™ in the apparans (which lead o bulk condenzarion
of the gas and a false measure of the adsorplion in the
volumelric method ). Selecting the starting relatee pressure for

" The bolface aumb=rs in pameathaszs refer o a Hsi of e2fevences ac the end of
this smadard.

the computaticnal procedure ia then made moce diffcull In
mzat cases o sharting relative pressure of 099 will be suiable,
which corresponds o an upper hmit on pore size of 100 nm
(L0060 A) in radins, [F pecessany, nterpolote the values of V), |
to determine the quantity of niogen gos adsorhed ar the
chosen starting relalive preasume.

&2 The procede cequites numerous acithmetical steps
which can best be carried cut with the aid of a work sheel An
example 143 of a foom found useful in the calculations iz
provided in Table 1. List in descending order the experimen-
tally determined relotive presauces [PylivPg (] in Column 1.
beginning with the value chosen as the ziting relative
pregaire. Generally, values below o relative presauce of 0235
will not ke required in the caleulations. Convert the uptake
wvalues inko a li.qui-:l volume (mm™fgy by multiplying the value
of ¥, incm? 5T with the corrersion factor 15468 decived
from Vi = 3467 cm “fmole. List in Column 9 the comespond-
ing quantities of nitrogen adsorbed

&3 For each relative pressure, calculate o volue for the
rading of the core, r 4, by means of the Kelvin equation,

2%V,

RT In (P Py =~ s (L
grven in the form
9574
L idi= - m r]l

with T=77.35 K, v=588 mMim; and ¥y = 2467 cm™
male, List the values in Columo 20 For each auccessive
decremnent n relative pressure. calculale 7 the mean of the
walues of » for the present and previcuz pressumes, and list
these menn valwes in Column 5.

&4 The average thickoess, r, of the mulblayer Alm of
nitropen adzorbed oo the walls of the pores at each relative
pressiie iz ueasd o caloulate the amount of nitrogen desorbed
froan the film in poves which havee lost thedr capillary conden-
safe. For each relative pressure. caleulate a wvalue for the film
thickness from the expression (5)

t odi= [ st J’ (%

and list the values in Colomn 4. For each successive
decrement in relative pressure. calcolate the differences in the
valses of & and list these diffemnces a2z Af in Column 5.

&5 Rince o oybndneal pore model 12 assomed, the radivs of
the pore, - s given by addition of the core radins, . and the
film thickness value, ¢ Add the wlees in Column 2 o the
coresponding values o Colomn 4 and cecord the results in
Column & a5 r,, For each snccessive decrement in relative
pressure. caloulate 7, the mean of the pore radii. «,. for the
present and previons pressures. and record these values in
Column 7

&6 Compute the quantity (7, _Fif fromn the values listed in
Columns 7 and 3. This quantity will ke used later to comect the
cove volume b the volume for each group of pores. The core
volurme 8 the segion within the pore that fills by capillary
condenzation of the nitrogen. Lis the compuied values in
Column § as the volume corection facton



Nom 3—Fara cylindrical pare £, and ¥, are related o (2 by the exac
SEREresson,

@=[nf e - AnF (4]

For £y =30 &, A¢ < 1 % &, Simplifying @ by eliminating Ar givas £

0.
6.7 The amounts of nibgogen descrbed for each sucoessive
decrement in relative pressime ase calculated by progressive
subtracticon of the values of the amountz of nitrogen adscrbsed
¥, Hlated in Column 2 from the succeeding one. Compure
these diferences and list the volues in Columo 10 02, AV:
Each value of A Ve except for the inital ope in line 2 contains
coniributions from the amounts of nibrogen given up by loss of
capilluy condensake and by thinning of the nittogen Alm
adsorbed cn the walls of pores which have previously relenzed
their capillary condenzate. The initinl value of AVT iz due
sokely to the amount of nittogen contribubed from koas of
copilluy condensate, since it iz assumed that at the highest
melative pressure all of the poves are completely flled with
nitrogen, and that no thinning of the oitiogen Alm cocurs for
the first decrement in felalive presauie.

6.8 In completing the calculation o oblain a valoe for the
pore volume. & V. corresponding o each mean pore size. 7,
of o group of pores, it will be neceszary to work through the
cakulation for each line before procesding to the next line. AV
Fin Columo 11 3= the amount of nitrogen given up during
desorpricn from thinning of the aitrogen film adscrbed on pore
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TABLE 1 Pore Distrbutlon Computational Wark Shest
Eampla |denifcaian Cala
i F3 ] El 5 [] ¥ a [ 1o ik 12 1 14 1= 1
AP, L LY I A L F a Ve L E A% _1.'.-;: A5 A4S, bty
T & & A A £ A mr'g | mma | mm¥g | mm®y | ol | owtia moa i
— — — — — p;;u;'. — — — —
—0.574 Colmn 1A = Q0BS - 2 F ZAS precedng ling) Coumn 134N, =2l = &
Colurnn 20 5 A
Column 4: ¢ = 13 b Column 1284 = 4V - 5% CoMmn 14 5, = 20 % By L

walls, For line 2. AV, equals zero and the value of AV, iz
azaigned o AV the %olume of the inner core wiich fills by
capillary condensation of the nitrogen. Multiply the value of
AV, by the comesponding volume comection factor, (2, listed in
Column 8 b obi@in A 1r'r_, List the value in Columo 13 of line
-

&4 Calculate the susface aren of the pore walls contnined o
volume AV, az follows:

A5, i m¥gl= 20X _I:,—T:"- 5

Ulzing the value of AV, from Column 13 and the comrespond-
ing value of 7, from II-:-fl.um 7, compatz a vale for A, and
list it in Codumn 14, A value for the totol swiface asen of the
pores that have become exposed is cbiained by summation of
the value for A 5, with other A, values in all precading Tines
of Columo 14, List the value of total aren in Column 15 ez
ZaAS,. Avalue for the comulative pore voliume ds oblained by
aummation of the value AV with other AV, valoes in all
preceding lines of Column 13 List the value of the cumulative

poce volume in Columo 16 as E'—"']‘,r-r

Mare 4—The exprassion relating e surface area of the pore walls
contained in volume ;\'r‘:,. iz as follows:

5 AV, .
_‘\Sr,lm'.'plr‘EXTa:x: iy 3]

with J.'I-'I,. in cobic centimetres and a in angstroms. Converling cohic
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cenlimetres 1o cubic millimemss gives fse to the conversion facior of 20
in the preceding equation.

610 An essentinl featwre of this test method (2 that the
wvolume of mircgen lost from the adsorbed multilayer film can
ber calculated from the botal anea of the pores exposed. ZAS,,
ardd the decrease o the thckness of the Alm, An Uaing the
walue E'.‘I.SF from the preceding line, compute A lr} frowm the
X pressinn

;'l]-:;.: 0085 = Ay = ..T.-_'-..'u'r, iprecading line) 07l

ard record the value in Codumn 11, Suberact the value of AV;
from AV: o obiain the value of AV, of Column 12, Multiply
the value of AV with the codresponding value of £ i Colwmo
& o obtain the value of AV, of Column 13, Compute A5, and
E-.'...'E-", fiolloweing the pn:u;e-iflre in &% Determine a volue for
ZAV.
-
Mom 5— See Appendiz X1 for a mars detailed discussion on dee
calculation of value: ﬁ:lr;'l.'l._’r.ln:l the source of dw coefficienr.

&1l Bepeat the caleulations in & 10 for each Line down o a
melative pressure lying between 0235 and GM0 I ab an
intermediabe relative presaure, the value of A ¥ should become:
aqual o rero or negative, discontioue the calculation, and in all
subgaquent calculations use the data fiom the preceding e
ol abeve,

Mom 6—Ii is generally agresd thai ths valuz of the pare size ta which
th= Eslvin equaiion will oo longer apply ai the Jower end of the pane size
range varies from one adsorplion svsiem io anather. As g resali, diffizuliies
arise in knowing preciselr where m end the pors wolume caloulation for
1 parficolar nitrogen sorption isatherm. It is beliewed that the Eshvin
aquation will rarely be walid for a material beles a pore size of 1010 L5
AW have chosen ioizrminags the pore velume calcularion ai a relative
presaxe lving berwsen 0L25 and 030 which comesponds po pors size
within the range from 11 #=130A4 in radius. Thers are, howeser, other
procedures that can be wed 10 2stablish where the caleolation should be
lerminabsd ai the low relative pressurs end of the isotherm. These
aleernative methods include:

i1 The use of the preciss valos Tor ihe relative pressre thal come-
sponds 1o the closure point of the byvsieresia leop al the lower end of e
isotherm. This value may represent. in mamy cases, the point o which
irrew2rsible capillary condersation commences within the pors structure
of the maiznal.

12y The pse of valuss of I;H-"r, from Column L6 in Table | and ke
valoe of ¥, from lioe | of Column 9. The calculation may be rerminated
at the paint whers the valus of ﬂ'l-':!- becomes =qual o or greater than the
staming walue of ¥, . At this painr in the calzolation, the measured pare
valume at the chosen staning relatise pressure will have been exhaosied.
If the marerial is belisved to be microporaus, this methed of termination
shall nat bz used.

120 A f-plot analwsis 150 may be wed 1o detsct the beginning of
capillary condensation. From a plot of the amounts of nirogen adsorbed
varsys the ¢ valuss determined from the equation in ©.4, the beginning of
capilliry condensation may be detecied from the poim of wpward
curvalure io the plot, The relative pressure comespoading to this ¢ value
whers the upward curvatore commences is wsed io ierminabe the cakula-
tica. This methed has the advaneage of being able 1o detece the prezence
af reversible capillary condensation which is nol accompanisd by bysier-
=zis and cannct be deeecied by wisaal examination of the isctherm. For
precise work. this method of termination is highly recommended.

612 The last value of 24 5, computed in Column 15 is
asgigned o the wotal cumulative surface area. The lost value of
ZA ¥, computed in Column 16 is assigned o the total
curmlative pore volume.

Mote T—A comparison of ihe valus for the ol cumolaiive sorface
arsa with that for the BET surface area dstsrmined from the low pressune
region of the isotherm provides an #mpirical 1251 of the inernal consis-
tency of the pore volume disiribution caloulations. IF the astumed pore
madel is o o represeniaion of the acoual pors sysbem, thewe valoss
should show parfact agreement. Experence has showm that thess owa
walues ofien agree io within =5 % b differences of =20 % are not
uncomimon. I the BET surface arsa is sobstantially greater than the cotal
cumulative surface area the diffsrence moy be doe to the presence of
migopores. Besults showing deviations greater than = 20% should be
inlerpraced with cantion.

7. Presentation «f [Rata

-

7.1 The report shall consist of the following information

111 Sampk identification. and a smtement indicating the
uze of the desorption isotherm acd 8 cylindrical pore medsal.

12 A& table or grph composad of the cumulative pore
volume data obtaioed from the values i Colamn 16 and the
corpesponding pore sizes. £, given in Columa & A& graphical
curmlative pore volume plot can be constructed by plotting the
ZaV, values incubic millimetres per grom on the ordinate with
an afithmetic scale and the comesponding pore size o in b on
the abacizen with o logarithmic or acithimetic scale. as appro-
priate. This cumulative diswibution will genemlly appear as a
amooth lne and should ceveal points of inflection where the
pore volume i@ changing most rapidly. An example of a
curmlative plot i shown in Fig, X 1.1

T.1.3 The epoat may also anclude a differential plot of the
dizribution. Thiz can be constmcted from slopes derived from
the smoothed comulative plot ot appropriate pode adivs
intervals ':5“;.; sboof from values of AV F-'-_"n..r calculated from
the data in Columns 6 and 13 of Table 1 4nd fhe corresponding
values of the mean pore size. ¥ from Columin 7. The change
o gkope shall be plotted on the ordinate and the comesponding
mean pore sige on the abscisza. Agithmetic o logacithmic
acales may be used on the ordinate and absacizza. as appropriate.
An example of a differential plot iz shown in Fig K12

8. Precision and Bias

21 This practce deterimines o suitable cases how the pore
wviolume iz digributed as o function of pore 2ime for messporons
aolidz. These calculated pore volames depend on the branch of
the mitrogen igotherm wessd and the pore model azgumed. They
also vary dependiog oa the precige values wsed for the film
thickness and on how the flm thickness corections are
determined. Thuz, no statement az o the precizion of this
prachice 18 possible,

82 Bigs—No estimate of the bas of thiz practice i pos-
aihle.

4. Reywords
9.1 catalysts: nitrogen adsorption: pore sipe distribution
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APPENDIX

i Monmundatory Informntion i

XL CALCULATION OF CORRECTIONS FOR THE VOLUME RELEASEDR DURING THINNING OF THE PHYSICALLY
ADSORBED LAYERS

X111 According o Barrett, Josner. and Halenda (2), cor-
fectiond for the volume of nitrogen lost during the thinning of
the adsorbed mulilayer film, & Ve (70 are green by the expres-
aon:

-1

AV = Ani EI CifIas il (XLL
whede:
J = saquence oumber of desofprion steps.
P = ndeorbed lnyer thickpess,
cg o= L.?!L;I — 1)
5T . I'II'I . £
Foli} = wverge pore radins of rha;fre group emptied in

the jth descqplion step.

Fiyh = average adsorbed lover thickoess o the fth
desorprion siep, and

A5 i 1 = surface area of the poe group empried in the jth
desor ption tep.

K12 SeeFip X1 1 and Fig X1.2. The value of C varies for
the different pore groups, and since 1 is a function of relative
presate, the value of © for a paffioulad pore group vicies

glepwise with relative pressure. These wanafions in the O
values make the caloulation of AV from the above expression
very time consuming. Tn proctice, it has bean shown (2 that a
very close approximation o the comect pore sive distribution
can be obtined by using a constant C value for o pamicular
adaodbent. Since the O value 42 koown o vary between the
lumita 127 of 072 1o 0.97 for pores of aoy sige. we have chosen
a value of 083 which iz midway between the limits of £ in
deriving the equaticn for AV dn .10, Other constant values of
C may be used in place of 085 by substituting the selected O
value inbo the equation

A= C= 0] X Arx AS, (preceding line) (X1.2

and meplacing the equation in 610 with the above For
precize work, i 18 recommended that the value of C be allowed
o vy, This will requite the redetermanation of the O wvalue fior
each pore group at the vorious relative presaures used in the
CONTIpU i

More X1.1—Because of che time and effan invelved io the use of
variable O waluzs, it is dzsirable o facilitate the compueations with the aid
of 4 computer.
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(3 Craneton, R, W., and Inklev, F. A “Advances in Calalysis,” Val %, p
143, Academic Fress, New Yook and Loadon, 1957, 1966, p. 405
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