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요 약. 현재까지 본인 등이 여러 흡착제를 가지고 측정한 질소 및 아르곤의 물리흡착 등온곡선을 가지고 

각종 표준흡착 등온곡선에 맞추어서 V-t 도시를 하고 이 도시 결과로부터 이들 표준흡착 동온곡선들의 

타당성을 음미하여 보았다. 이 중에서 FHH식이 광범위한 종류의 흡착제에 대하여 표준 둥온식으로 적합함을 

확인할 수 있었다.

ABSTRACT. Adsorption isotherms of nitrogen and argon on various adsorbents measured up to pre

sent by authors are used to make the V-t plots using various numerical and the analytical standard 

adsorption isotherms to estimate the appropriateness of these standard isotherms. It is confirmed that 

the analytical FHH equation is appropriate for wide range of adsorbents as a standard isotherm.

INTRODUCTION

It has been generally accepted that the physiso

rption on non-porous solid surface, over the sub

monolayer region, is little affected by the nature 

of adsorbent for a given adsorbent surface area 

and a given adsorbate gas, and that physisorption 

isotherms are superposable each other provided 

that there is no capillary condensation of adsorbate 

gas. Based on these findings, number of standard 

adsorption isotherms have been proposed up to 

the present1~11. Linsen, Lippens and de Boer46 

used the statistical thickness g （卩，/匕）in expres

sing the standard isotherm, and called it universal 

t-curve. Here, Vad and Vm stand for adsorbed vo

lume and monolayer capacfity, respectively, and 

o is the average molecular layer thickness of the 

adsorbed molecules.

It was realized later that a single standard iso

therm was insufficient to use for all the adsorbe- 

nts9,10,12. It is well known that the shape of adsorp

tion isotherm depends on the nature of adsorbent 

in the submonolayer region, and that this initial 

isotherm shape dominates the ensuing isotherm 

shape. Sing and his coworkers9,10 proposed two 

standard nitrogen adsorption isotherms on the ba

sis of empirical data. The isotherms apply to the 

silica and alumina adsorbents, respectively. It 

seems quite reasonable to have a specific standard 

adsorption isotherm for a group of similar adsor

bents considering a similar intensity of adsorbent

adsorbate interactions. The effect of this difference 

on the standard adsorption isotherm was taken 
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over by Lecloux and Pirard11 by a little bit diffe

rent way. They proposed a set of five different 

standard isotherms corresponding to certain devi- 

ded ranges of the BET constant C of the adsor

bent-adsorbate system, and said that these isothe

rms should function as standard isotherms for the 

respective adsorbent-adsorbate systems with the 

appropriate the BET constant, irrespective of any 

ad용。bent and adsorbate. The work of Lecloux and 

Pirard seems quite a progress in that the adsor

bent-adsorbate interaction is taken into considera

tion elaborately more or less and that the isothe

rms are applicable to any adsorbate in addition 

to nitrogen. However, they did not show enough 

evidence to prove whether the BET constant alone 

can really serve as the principal criteria for the 

interaction between the adsorbent and adsorbate. 

It is found that none of these standard isotherms 

are appropriate for many of the isotherms used 

in this work. Chang et al.13 also tried to incorporate 

the difference of the BET constant into the stan

dard adsorption isotherm. They proposed to use 

the BET equation as the standard isotherm with 

a minor correction by incorproating a number of 

adjustable parameters in addition to the two cons

tants C and Vm. The introduction of many parame

ters, however, changed the original BET equation 

into a very complicated and difficult one for prac

tical use.

The main purpose of determining the standard 

isotherm is to estimate the specific surface area 

and the porosity of the adsorbent with the t-plot 

method. The t-plot method5, the plot of the adsor

ption amount versus the Statistical thickness esti

mated from the standard isotherm, should yi이d 

a straight line converging to the origin provided 

that the adsorbent has no micropores. Surface area 

of the adsorbent can be calculated from the slope 

of the plot. The nitrogen and argon adsorption iso

therms on various adsorbents reported by authors 

up to the present are used to make the t-plots 

for each of the various standard isotherms put fo

rth hitherto, and thereby estimated the appropria

teness of these standard isotherms.

THE RESULTS AND DISCUSSIONS

1994, Vol. 38, No. 1

The adsorption isotherms used in this work are 

tabulated in Tabel 1 and 214'16t and some of 산｝em 

are also shown in Fig. 1, 2, and 3 for a comparison 

with various standard isotherms.

All the BET plots of the adsorption data 아low 

a good linearity in 나le pressure range of 0.05< 

P/Po<0.30. The BET surface area and the BET 

constant C determined with these plots are given 

in Table 3 and 4.

The t-plot is obtained by plotting the adsorption 

卩切 at a given temperature against 아le statistical 

thickness t using the equation

V A
Kd=3 t=bAt (1)

NAamc

where, Vo is the molar volume of the adsorbate 

gas at 0°C and 1 atm, A the surface area of adsor

bent, Na the Avogadro number, and am the average 

molecular cross section of adsorbed molecules. 

The curren하y used values of am and o are used 

in this work, viz 16.2 A2/molecule and 3.54 A for 

nitrogen, and 16.65 A2/molecule and 3.82 A for ar

gon, respectively. The numerical values of constant 

k corresponding to units of A in square meter, 

t in angstrom, and Kj in mZ of STP volume are 

1/15.47 and 1/12.71 for nitrogen and argon, respe- 

ctiv이y. The statistical thickness is calculated from 

various standard isotherms. For non-porous adso

rbent which causes no capillary condensation, the 

t-plot should yield a straight line passing through 

the origin, and the slope of the plot will give the 

surface area of the adsorbent. For porous adsorbe

nts, the same argument should apply at least in 

the initial region where no capillary condensation 

takes place.

The t-plots of nitrogen adsorption on various 

adsorbents are made using standard isotherms of 

de Boer et aL7어, and Sing910, and FHH equation17~19. 

The results are shown in Fig. 4 through 7. The 

surface areas of various adsorbents estimated from 

the slope of these plots are also shown in Table 

3 and 4.

In the relatively lower vapor pressure region 

(P/Po <0.3), where there is no indication of the 

capillary condensation, various standard adsorp

tion isotherms cited in Fig. 1 through 3 fit fairly
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Table 2. Adsorption of argon on various adsorbents at 77.36 K (m//g adsorbent)

LaNiOs Lao-ggSro.oaNiOs Lao.9gSro.04N 1O3 LaFe()3 Lao^Sro. 1F eOs

P/Po Vad P/PO Vad P/Po V切 P/Po 跖 P/Po

2.475 X10~3
5.269X1(厂 3

.0273

.0532

.1016

.1499

.1963

.2466

.2959

.3452

.3950

.4434

.4922

.5415

.5903

.6611

.7466
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.0171

.0516
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40
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04
28
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93
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02

2.290X10 3

5.307X10 3

.0159

.0356

.0566

.0984

.1458

.1890

.2306

.2750

.3203

3676

.4158

.4689

.5117 2.93

.5996 3.19

.6582 3.40

.7617 3.74

.8364 4.03

,9009 4.29

.9751 4.70

Po = 204.8 torr
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Fig. 2. Nitrogen adsorption on Y-alumina compared 

with various standard isotherms.

0 0.2 0.4 0.6 0.8 1.0

P/Po

Fig. 1. N辻rogen adsorption on silica-gel (A) compa

red with various standard isotherms.
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well with the expenmental is아herms, showing 

that all of these standard isotherms are approp

riate at least in this vapor pressure region. The 

theoretically derived is아herms of BET and FHH 

also fit well with experimental isotherms. At high 

pressure region (P/Po >0.4) however, the experi

mental isotherms deviate considerably from stan-

(d
is

 
으

E
p
 A

Fig. 3. Nitrogen adsorption on LaNiO3 compared with 

various standard isotherms.

dard isotherms. The deviations result largely from 

the Kelvin condensation in the pore of adsorbents. 

The degree of deviation differs, however, depen

ding on which standard isotherms is used. This 

reflects the uncertainty as well as the difficulty 

in estimating the adsorption isotherm exclusive 

of capillary condensation at high pressure region 

either experimentally or theoretically. It is noted 

that the BET equation given largest positive-ward 

deviations.

The BET equation is known to overestimate the 

adsorption at high vapor pressure region. Chang 

et al. assumed that the multilayer adsorption could

Table 4. Surface area determined with argon adsoqj- 

tion

Surface area (m2/g)

t~ method

Adsorbent BET (CZ -------------------
FHH (s, b/ Lecloux

LaNiO3 3.01 (215) 225 (2.29, 2.59) 2.32

Lao.9sSro.o2Ni03 3.12 (237) 235 (3.10, 3.04) 2.30
Lao.9eSro.o4Ni03 2.40 (262) L81 (2.38, 2.68) 1.86

LaFeO3 10.19 (333) 7.68 (2.25, 2.54) 7.23

LaogSro.iFeOs 7.35 (309) 5.51 (2.28, 2.54) 5.13

BC in the bracket is the value of BET constant used 

in this work, As and b in the bracket are values of the 

parameters used in this work.

Table 3. Surface area determined with nitrogen adsorption

Surface area (m2/g)

Adsorbent BET (cy

t-method

FHH (s, b/ Lecloux de Boer Sing

BN 14 (469) 14 (2.30, 2.65) 14 14 14

Y-Alumina 199 (79) 200 (200, 2.29) 213 191 198

Silica-gel (A) 283 (154) 283 (2.24, 2.25) 324 283 289

Silica-gel (B) 74 (93) 74 (1.83, 2.17) 77 71 76

Y^Alumina 16.91 (72) 16.65 (2.16, 2.30) 14.76 16.07 19.17

LaNiO3 2.81 (54) 2.81 (1.64, 2.07) 2.80 2.66 3.06

L^o-ssSro-ozNiOs 3.09 (127) 3.14 (2.21, 2.48) 3.29 3.00 3.15

Lao.9eSro.04N iOs 3.16 (110) 3.15 (2.17, 2.41) 3.29 2.92 3.04

LaFeO3 13.07 (54) 13.39 (2.34, 2.52) 12.85 12.86 10.60

LaojSro.iFeOs 8.71 (66) 8.73 (2.79, 3.02) 8.75 8.52 7.30

aC in the bracket is the value of BET constant used in this work, and b in the bracket are values of the 

parameters used in this work.

Journal of the Korean Chemical Society
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take place through the adsorption of adsorbate 

molecules on the center of a square or a triangular 

array of molecules which in turn were formed by 

random adsorption and desorption on the adsor

bent surface. With this lattice gas model and the 

additional introduction of as many as 4 adjustable 

parameters, they modified the BET equation and 

reduced the diverging tendency at high vapor pre

ssure region. Persistent use of lattice gas mod이 

to the top region of the multi-adsorbed-layer is 

hardly persuasive. In addition, the modified equa

tion is of no practical use since the adjustment 

of the parameters is impossible without recourse 

to some other standard isotherm.

The FHH equation, is an improved version of 

the BET equation in which a liquid-like properties 

of the adsorbed layer is taken into consideration, 

agrees with the experimental isotherms quite well 

as shown in Fig. 1~3. This agreement is conside

red to be a favorable endorsement to the approp

riateness of the equation to be used as a standard 

isotherm.

The comparison of the adsorption isotherm with 

standard isotherms alone cannot be a principal 

norm in estimating the appropriateness of the sta

ndard isotherm. The analysis of the V~t plot, a 

plot of adsorption versus the statistical thickness, 

is used in this work to estimate further the appro

priateness of various standard isotherms. The V-t 

plot should give straight lines converging to the 

origin provided that there are no capillary conden

sation, and that the plot is based on the proper 

standard isotherm. The standard isotherms of 

Sing, de Boer et 이., and FHH especially among 

others are considered proper in this regard as can 

be seen in Fig. 4, 5, and 6, However, somewhat 

unsatisfactory results are obtained with the nitro

gen adsorptions on some of the adsorbents when 

the standard isotherms proposed by Lecloux and 

Pirard are used as shown in Fig. 7. It seems that 

the standard isotherms are not appropriate for the 

nitrogen adsorption on these adsorbents. The BET 

plots of the adsorptions which give these undesi

rable results of V-t plots show satisfactory straight 

lines in the vapor pressure ranges used for the 

purpose usually. It can be said that the BET cons-
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Fig. 4. The V-t plots fof nitrogen adsorptions based 

on the standard isotherm of de Boer and Broekhoff; 

—• —f BN: —xx — , y-Alumina; ....... , Y*-Alumina:

—Silica-gel (A);—枚一，Silica-gel (B):---- ,

LaNiOa； ----, Lao.«Sro.o2Ni()3：。…。，L&MigNiQ:

----,LaFeO3:-----, LaosSroiFeOg.

0 10 20

t(A)

Fig. 5. The V-t plots of nitrogen adsorptions based 

on Sing*s standard isoftherm; — •一，BN: —猝一， 

Y-Alumina;........, Yx-Alumina: —x —, Silica-gel (A);

一 XXX-, Silica~g이 (B):---- , LaNiO3; ---- , Lag

SraozNiOs：LwgSRwNiQ:---- , LaFeOa：---- ,

Lao.9Sro.iFe03.
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Fig. 6. The V-t plots of nitrogen adsorptions based 
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Fig. 7. The V-t plots fof nitrogen adsorptions based 

on the standard isotherms of Lecloux and Pirard; 
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—x —, Silica-gel (A); —xxx —, silica-gel (B):---- ,

LaNiOs； --- , La^ggSromNiOa： ° ° ° ° °, Lao.%Sr().o4Ni03：

----,LaFeO3：-----, L&Sro.iFeQ.
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Fig. 8. The V-t plots of argon adsorptions based 

on FHH's isotherm equation;--- , LaNiO3:----,

Lao.9sSro.o2Ni03：Lao.96Sr0xwNi03:---- , LaFeO3：

—, LaogSrojFeO%

tant cannot alone be a criteria for the subdivision 

of the standard isotherm, and more refined criteria 

is desirable.

The V-to plot method was put forward by Lip

pens and de Boer in order to estimate the surface 

area of adsorbents based on their standard isothe

rms and also to detect any indication of capillary 

condensation in the pore of adsorbents. The devia

tions of the V-t plot from the straight line caused 

by the use of improper standard isotherm may 

lead to the erroneous interpretation of capillary 

condensation. On the other hand, the diverging 

of the V-t plot from the origin may lead to the 

erroneous interpret간ion of micro pore condensa

tion.

One of the strong merits of the FHH equation 

as well as the standard isotherms of Lecloux and 

Pirard is that they are valid for isotherms with 

adsorbate gases other than nitrogen. The V-t plots 

of argon adsorption is impossible with numerical 

standard isotherms of Sing, or de Boer et al. All 

the V-t plots of argon adsorption of this work ba

sed on the standard isotherms of FHH are quite 

satisfactory as shown in Fig. 8. The V*t plots based

Journal of the Korean Chemical Society



V-t 도시 결과에 의한 각종 물리 흡착 등온식의 평가 33

0 0.2 0.4 0.6 0.8 1.0

하已

Fig. 9. The representaion of various standard isothe

rms in terms of the FHH equation; O, Sing (silica); 

•, Sing (alumina); x, de Boer and Broekho任 The 

connecting lines are the results of FHH equation with 

the parameters (258, 2.53) for Sing (silica), (2.54, 2.57) 

for Sing (alumina), and (2.23, 2.56) for de Boer.

on the standard isotherms of Lecloux and Pirard 

also give straight lines passing through the origin 

in contrast to the case of nitrogen adsorption.

The t-method areas obtained with the nitrogen 

adsorption based on various standard isfotherms 

are quite close to the BET area, although they 

are completely independent of the latter one as 

shown in Table 3. The t-method areas obtained 

with the argon adsorption do not in general agree 

with those obtained from the nitrogen adsorption. 

This kind of discrepancy is a familiar occurrence 

in the BET areas also.

In conclusion it is confirmed that the characteri

stics of the V-t plot which shows a straight conve

rging curve to the origin can be used to estimate 

the appropriateness of the standard isotherm. It 

is found also that the FHH equation, with the 2 

parameters adjusted properly, can represent va

rious standard adsorption isotherms very satisfac

torily as shown in Fig, 9. The equation can serve 

as a standard isotherm of any adsorbate gas in 

addition to nitrogen unlike any other numerical 

standard isotherms put forth hitherto.
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