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Since its publication ten years ago the multilayer adsorption

theory of Hrunouer, Emmett and Teller(3) has been the source of a prolific
literalares of bolh theoretic and practical importance. Although in ite
original and simpler form, the theory dees not describe experimental ad-
sorption isotherms above relative pressures of 0.3, various mbdirications
have been suggested to enlarge its scope (2,8,1,4). In peneral, the modi~
ficatiqns have dealt either with the summation of the adsorption to a limited
_ number of layers, or Lo he variation of the heat of adsorption in the
second and higher layers. In every case, it has been f{ound necessary to add
a third empiriéal conetant to the two constants of the_nriginél equation.

Recently another treatment of the multilayer adsorption theory has
been published by G. F. Huttig(6), which challenges an i;ﬁplicit assumption
of ths B.E.T, theory nol heretofore recognized. A comparison of the Lwo
treatments brings into prominence some important theocretical considerations,
which it is my present purpose to point out.

The following brief derivaticon follows Hittig's procedure but uses
the vynbels of the B.E.T. theory which are now familisr to U.5. chemists  As

in the B E.T. theory, Huttig uses langmuir's trestuoent of unimolecular ad-

sorption applied to each layer. Lset Sq, 51, S2 . . . 5§ . . . represent the
surface area that is covered by 0, 1,2, . . . i, . . . layers of adsorbed
molecules; containing n), np, . . . n§; . . . molecules reSpectively; The

symbol ;{'repgesents the maximum number of molecules that is adsorbed on Lhe

first layer,

i

oo (X - m)
Oo (n1 = mp)
6o (p2 =« n3)
Go {ny ~ n3) , etc.

Lz (o 1=

it n
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)
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where (, io the area per adsorbed molecule on a completely filled layer,

The conditions for equilibrium are that on each layer the rate of con-
densation is equal to the rate of eviporation. In its most general form,

far Lhe first layer, Lhis condition is expressed.

a1p (z ~mny) *= by (nl - fnz) e-slm L

where p is ;he pressure, Ey the heat of adserption in the first layer, a,,
Ly and ¥ are constants, The right ~hand side of this éduation signifies
that the rate of evaporation of molecules on the first layer is prcportioﬁal
to the total numbsr of molecules on that Yayer minus a certain effect pro-
duced by those molecules that are covered by two or more higher layers., The
RB.E.T. theory sssumes that this effect is powerful enough to prevent evapo-
ration of first-layer molecules so covered ( ¥ = 1), while the theory of

G, F. Hittig uses the other extreme viewpoint, namely, that molecules covered
by second and higher layers still play Lheir role in evaporation as freely
as if tL.he higher layers were not present (Jf'z o). This is the‘only'point
§£ difference of the two theories., All the other aséumptions made in the

B.E.T. development are followed by Hﬁttig3)¢

3) ‘Up to this point, Hiittig's approach is identical with the much earlier
paper of K, C. C. Baly, Proc. Roy. Soc. 160 A, 465, 1937. Hlttig's
original contribution is to combine the ideas of Baly with the simplifying
‘assumptions of Brunauer, Emmett and Teller. It is perhaps because of the
disruption of the usual interchange of scientific journals between
countries caused by the late war that Hittig is apparently unaware of these
earlier workers so well known in this country. AL any rate, he makes no
reference to Lthem although his development runs so closely parallel.

The mathematical formalism in the present paper follows that of the B.E.T.
theory and will bte found to differ from that employed either by Baly or
by Hittig.



HiLtig's mechanism for equilibrium on each layer gives:

byny §E/e

-

Cap (- m)
agp (n) - npj = b;znze_Ez/ -

ng) = b3n30"E3/RT, etc.

§

asp (np

i

Agsume Ez = Ej o Wral » » = By

and assume  b2/p, = b3jag
5
(a1/by) p /R
E1/RT

and n, Lhe total amount, adsorbed, = 0y ¢ ny + . . |

et ¥y

i

x = (p/g) e

Eguations 5, &6, and 7 then become

ny ‘7‘ y(z - ﬂl)

ng = x (n1 - n2)
‘03 = x (np ~ n3j, ete.
Hence nxzmn)t+tnpdnagk

H

!(ﬁ*nﬁ*xﬁ
Combined with Lguation 103
n= }ﬁ(ﬁ“%’;;x;l + ;)
For condensation and esvaporation on a liquid surface

equilibrium vapor pressure pg, Equation 7 can be applied:

-E;/RT b

apg = be
where $ is the extent of the liguid surface.

Combining Kauations 9 and 15 gives

X = p/po
' In the terminology of the B.E.T. theory (3)

. ag (B - EL)/RT
X" by
-Hence Yy ey cp/po

C =

o

O i

R = B

ks

. = g, a8 in the B.E.T, development.,

its
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Equation 1L then becomes

RV = cR/pO 1+'P/;')0) lﬁ
L Vm 1+€ p?po ,

‘This is an expression of Hittig's theory using constants whose physical

significance is the same as the constants found in the B.E.T, theory. For
comparison the B E.T equation is given

g -~ op ' _‘ 19
Vu  (po~p) [ 1+ {C - 1){p/po)_/ NG

For the purpose of experimental testing of Edud@ions 18 and 19,

they may be written respecltively

/

Bl = PO 4 ey
V'( ? P/pn) C Vm 5; L
and _p e +0-1) o 21

V(po - p) C Vm (Cc Vm J p/P o

A graphical plet of.§ (1 ¢ p/po) 'against p is a straight line

according to Equation 20, with a slope equal to %E and an intercep’. equal

e . R :
tQ T m According L.o Equation 21, a plot of VIB;E:BT against p/po is

a straight line with a slope squal te Lg'%;ll and an intercept equal
to CIV . The experimental data used for testing and comparing Kquations
, " 4 : :

20 and 21 are the results of Low pressure ethane adsorption on sodium chloride
samples at the temperature of liquid oxygen; using an apparatus similar to
that described by Wooten and Brown (10). These isotherms havq not been
previcusly published. In addition, some published data by Hittig and

Pietzka (7) for the adsorption of ethanol and methanol on‘silica and rutile

at room temperaturo are included. Figures 1Vto 12 give the experimental data
and their comparison with the st;aight line called for by Equations 20 or 21.

Equation 20 is readily seen in all cases to describe the experimental data

to higher relative pressures than is done by Yquation 21.
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Takble I gives a gomparison of the constant s obtained by the use
4 of each theory. The specific surface of the adsorbent,;zz_, is oblainea
from Lhe value of Vm by using an nverage'vﬁlue for the coverage per mole-
cule of the adsorbate. For ethane the value used is 23 22 (9)., For methahol
and ethanoi the values afe calculated from the equatiom
O
LT Nobg|

given by Emmelt and Brunauer (5) where S is the area per molecule, M the

$=4x0,

molecular weight, N, Avogadre's number and Dp is the density of the liquid
at the temperature of the adscrption experiment. For methanol; Eﬁuation
22 gives 5 = 18.0 §° and for ethanol 5 = 23.1 &2.

Table I

Compérison of Two Theoriés of "ultilayer Adsorption

c ¢ Z &
Isother Hittig BET | ca/em cm/gm
Hittig BET
CpHg, on NaCl : :
crystala at 909K 0.4 58.0 2300 2260
{C2Hg on pulveriz- v
ed NaCl at 909K | 42.0 g g 1020 9.5
ICHAOH on rock crys-| ; _
taf 5102,at 298.59K] 143 137 541 L e
(CzHSOH on rock
crystal, 5102,at J
298.5°K .} 790 92.1 625 586
{CH20H on glassy
% k) lauartz,5102,at i _
298, 59K 78.0 77:1 451 LG
. C2HsOH on glassy '
quartz, $i02, at -
298 .59K 54.7 Rys.1 486 | L12
CH40H on rutile,
TiOg, at 298.5% 91.0 | 220 L34 SRl
/

CrHeOH on rutile :
1'52.03? at 298.5°%K  54.7 58.8 313 | 29




Inasmuch as Huttig's equation describes the isotherm throupghout .

a longer range of pressures than the B.E.T. equation, more points are pro-
vided dn the straight line tu determine the values of the consLants;.. For
that reason, values of C and Vm derived from Huttig's equation cun be ob-
tained with groater precision. In general, the values fur the specific
surface of the adsorbent azree‘rather well; Huttig's equation usually gives
larger values, bat rarely more than ten per cent more than the 3.05.7, equation.
The values for C show greater differgmes, the B.L.T. values being usually |
greater, sometimes by a factor of between 2 and 3 |

Hittig's equation does nof, describe the experimental points .beyond
a relative pressure of abuuﬁ 0.85., Figure 13 shows Unuations 18 snd 19 for
a hypothetical isotherm (C = 100, Vm = 0.5). Tf)a two equat.iods are the same
for low relative pressures and begin to deviate soon after the beginning of
maltilayer formation, This is quite in accord with the postulated mechanisms
of the two theories, which are alike during tﬁe adsorption of the first layer.
For second and successive layers, the B.E.T. theory predicts values for the
amount adsorbed which are greater than those actually observed. In Figure
13, the evidence provided by the experiments quoted in Table 1 would enable
ore Lo visualize the experimental points of t.his»ima;:inary isotherm iying,
along the Hittig curve to about p/po = 0.8, snd then leaving it to ascend
as an asymptote to the line p/po = 1. ;

These observations are ggain in accord with the mechanism postulated.
It seems reasonable enough that at low relative pressures ore may neglect the -
effect of superposebd layers on the evaporation of molecules from lower layers,
But at higher relative pressures, beyond about 0.8, the number of superposed

layers has increased to the extend that evaporation from the lower layers is



-affected, Expressed mathematically with r?ference to Eguation 4. the
valoe of )" remains close Lo zero up to relative pressures of eight-tenthé;
When )~ increases sppreciably, the rate of evapsraticn is slowed down so thal
at squilibrium there are more molecules adsorbed, The more that are ad-
socbed will in turn assist in increasing the valu? of X still further; i.e,
reducing still further the fate of evaporation froa underlying adsorbed layers,
so that the quantity adsorbed increases autocabalytically. Accordiagly X
approaches a value of 1 fairly rapidly once the effect of superposed layers
on t.ﬁe evaporation of underlying layers has begun to assert jitself. The |
rapid wise of the 'cxmrj.mental curve of an adsorption isotherm at higher
pressures does indeed suggest that some autocatalytic effect is operating.
hen XJ: 1, the conditions of the BET theoi‘y are satisfied and the course of
the isotherm would then become' asymptotic to the line p/po = 1., This discussion
sugpgests that a modification of Hittig's theory would follow the lines of dis-
covering the variation of X as a function of p/po, in order te describe the
course of the isot.heﬁn with greater precision in the region of high relative
pressure. The mathematical task of such an undertaking is complicated by the
considemtion that ¥~ has different values in each layer, becoming equal t.g i 4
in the lower adsorbed layers first and ranging to a value of O for the upper
layers.,

It is interesting to find that an equation closely similar to
Equation 18 has already been proposed and actually tested as an adsorption
" isotherm, although derived from a completoly differcnt physical concept. Both
Pizkett (8) and Andersén {1) have derived an equation for adsorption limited
to n layers:

¥y .= Cx {1 - xP) ‘
Vma {1 ax%TI%- (,C'E = 1) x) 22




For n * 2 and the assumption that - 1 is approxlmated sufficlently by C;
Equation 23 becomes the same as Equaticn 18..

where Equation 23 has been tested experimentai)yJ the best‘values
ef n are found to be near n = 2. The mechanism on which Equation 23 is de-
rived does not seem to be generally valid (i.e. adsorption limited to two
layers)} and it is suggestea that t,he experimentgl. tests of Equation 23,

yielding values of n close to 2, are better interpreted as tests of the more

general multilayér theory of Huttig as expressed by Equation 18" .
gt ; . Summary _
A new theory of multilayer adsorption published by G. F. Hittig
¢ ' o

is compafed with the B.E.T. theory, using experimental isotherms; some already
published and some never before published, The new theory is shown to
describe the experimental results w1th greater precision. The differénces

in the postulated physical mechanisms of the two theories are pointed out .
The besis for a modification, designed to prov1de a still more precise de-

scription of the experimental observations, is suggesteda'
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- Figure 1

BET Equation for Adﬁarptibn of Ethane on

Crystals of NaCl abt 909K.
’
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Figure 2
Huttig's Equation for Adsorption of Ethane on
| Crystals of NaCl at 90%K.
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Figure 3

BET Equation for Adsorption of Ethane on
' " Pulverized NaCl at 90%K.
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Figure §

Ruttig's Equation for Adsorption of Ethane en

Pulverized NaCl at 90%K.
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 Figure 6 FRT | f

Huttig'e Equation for Adso‘rption of Ethanol or'x‘ ) & hul

/ Rock Crystal (5i0p) at 298.5%K.
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Figure 7
BET Equation for Adsorption of Ethamol on -

Glassy Quartz (Si0p) at 298\,5"!(‘.
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Figure 8

Hiittig's Equation for Adsorption of Ethanol on
Glassy Quartz (Si0p) at 298.5°K.
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Figure 9

BET Equation fer Adsorption of Methanol on -~

Rutile (Ti0p) at 298°5°Kr.
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Figure 10

Hittig's Equation for Adsorption of Methanol on

Rutile (TiOp) at 298.50K.
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Figure 11
BET Equation for Adsorption of Ethanol on
Rutile (TiO2) at 298.5°K.
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Figure 13
Comparison of the BET and Hittig Equation for the
Same Values of C and V-

(C = 100: Vp = 0.5)







