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It was Wiedemann who demonstrated the relevance of adsorption phenomena 
in thermo-analytical research. In the present paper a contribution is given to analyse 

in how far the commonly used word ‘I adsorption VT covers the adsorption phenomena 
encountered in the measurement procedure of thermogravimetry. The practical defini- 

tion of adsorption both from volumetric and gravimetric methods is compared with a 
definition from a gas kinetical treatment. It is shown that the difference between the 

definitions is not always negligible. 

TEiTRODUCTION 

Adsorption is a phenomenon which plays a role in most experiments in the 

fields of thermogravimetry ’ m2 and thermoanalysis. In these fields adsorption is not 
always only a disturbing effect, which has to be eliminated by pumping and baking 

out procedures, but the adsorpion state can be of essential importance, for instance, 

as an intermediate state in solid-gas reactions and in diffusion of gases in solids. 
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Fig. I. The potential energy curve used. 
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In different approaches of adsorption, if may be easiest to use different defini- 

tions for “adsorbed moIecuIe” and for “number of adsorbed molecules”. It is the 

aim of the present paper to compare the different definitions and to analyse the magui- 

tude of the errors which can be involved through inappropriate use of the definitions. 

The treatment will be set up along the lines of the kinetic theory of gases. The following 

simplifications are made: (I) Gas molecules are supposed to collide with the walls 

only, so coIIisions between the gas moIecuIes are neglected_ (2) The interaction between 

gas moIecuIes and the waIIs is character&d by a rectangular potential well of width 

zc and depth U,, (see Fig. 1). (3) Only the movements of the moIecuIes in directions 

perpendicular to the walls are considered. 

In Fig. 1 four molecules are shown. The molecules A and D will have their 
ne.xr coIIision +th the real wall at the right-hand side of the figure_ -Molecule B will 

escape from the potential well, but molecule C wilI be reffected by the potentiat waI1 

and then return in the direction of the real wall with unchanged kinetic energy. From 

this picture we learn that three kinds of molecules can be distinguished on the basis 

of their presence in one of the three regions Q, /I and 7, as drawn in Fig. 2. As the 
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Fig_ 2 M01ccu!Y regions in the theoretical procedure_ 

molecules in region LY do not have sufficient energy to escape from the potential well, 

these molecules are called adsorbed in the kinetic treatment. We will refer to this as 
the molecular definition of adsorption- 

EXF’ERIMEKTAL 

G.rmimerric experiments 
Here we shall consider the roIe of adsorption in thermogravimetry. In Fig. 3, 

a sample is shown suspended from a balance, the volume of the sample is V, and 

its density pS_ Pip is the volume around the sampIe in which adsorption occurs, so 

V,, corresponds with the z- and the B_region, as shown in Fig. 2, together. When the 

mass of the z, j? and y molecules in a unit volume is calIed pm pP and p,, respectively, 
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the force F,, due to gravity on the sample and the gas moIecules present in V,, is 
given by 

5 = 9(V;P,+ V,(P*++p,)) (1) 

where g is the acceleration due to gravity. 

Fig. 3. MoIecdar regions in the gravimetric procedure. 

The buoyancy force, Fb, amounts to 

Fr, = g(K”,f V,)P, (2) 

The net force Ft acting on the balance is 

F‘ = Fp--Ft, = sWps--p,)+ v,(p,$-ps-~$) (3) 

where the term gV,&,f pg -PJ represents the experimental effect caused by the 
adsorption. 

Volumetric experiments 

A volumetric set-up is schec.Eiacal!y shown in Fig. 4. A vessel (volume VJ 
containing a solid sampIe ( v&me VJ is originally evacuated. An amount of gas, 
mass M, is let into the *.csxI. This gas splits up into two regions, nameiy the adsorb- 
tion region (volums VsB) around the sample and the rest of the space with volumev,, 
satisfying the f+sjuation 

V_ = J+vS-v@ 

Fc;_ the distribution of the mass of the gas the following equation holds 

M = (K-K- V&p,+ V,@‘z+P,) 

(4) 

(5) 



which upon rearranging gives 

In Eqn. (6), the term V&ppi-p~p,) refers to the measured amount of adsorbed gas. 
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Fig. 4. Mokcutar regions in the vohmctric procedure. 

QuaMake comparison 

The number of adsorbed molecules (nJ according to the molecuIar definition 
amounts to 

where m stands for the mass of one molecule. 
In a simiIar way, the numbers of molecuk, n,, and n,, in the /‘I and y regions, 

respectively are defined as 

“a =Iv P$ 
md (8) 

and 

“7 = 1, V7p7 
m 

(9) 



5 

It folIows from Eqns. (3) and (6) thar in the gravimetric and volumetric experiments, 

the number IQ, of adsorbed molecules amounts to 

I’P = l_ ~;jAP,+P~-P,) 
111 

We shal1 refer to Eqn. (IO) as 

molecules_ 

Usins Eqns. (7), (8) and 

(10) 

the “practical -’ definition of the numbrr of adsorbed 

(9) in Eqn. (IO) leads to 

(1 ij 

We see from Eqn. (1 I) that there is a difference between np and /zp, which meaas that 

the l * practical *- and the “moIecular” definitions are nor identical_ 

Apart from this there is another basic difference: the molecular definition 

enables us to say Lvhether or not a molecule is an adsorbed one. This is not so for the 

practical definition, Lshere only the total number of adsorbed molecules is defined, 

but \vhere no adsorption criterium for individual molecules can be given. 

Returning to Eqns. (7) and (IO), we see that the difference between 11~ and II, 

originates from the difference between pa and p7_ For the explanation of this. let us 

consider two pianes both parallel to the ivaIl, the first inside, the second outside, the 

adsorption region_ The number of /J moIecules passing through the first pIane in 

each of the two directions equals the number of ‘; molecules passing the second plane 

in the same direction. when stationary state conditions are assumed. In other words, 

the “flow densities” in the /J and 7 regions are equal to one another. 

I 

Fig. 5. lilustration of the diffcrencc in veiozity caused by the potentiai er.ersy jump_ 

In Fig. 5, it is illustrated that a molecule travelling from the ;: to rhe jl region 

Iooses potential ener= when passin, = the boundary between the two I.egions. This 

must be accompanied by an increase of tha kinetic ener_q, and therefore of the ve!ocity, 

of the molecule. This explaines the fact that, though the “flow densities” in the fi and 7 

region have the same value, the densities are not equal to one another. 
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Qmnrriiarire comparison 

In this section, we shall @ve a quantitative treatment of the difference between 

np and II=. which has already been qualitatively explained above. The calculations 

can be carried out in different ways. The way chosen in the present paper is one which, 

though here applied for a rectangular potential well. can in principle be used for any 

other form of potential ener_q cunx ‘-;_ In the calculations, use will be made of the 

width. 1r-i of the vessel. shown in Fi,o. 2, where it can also be seen that only one end 

of the vessel is supposed to take part in the adsorption process. as the opposite wall is 

represenred b- an enerLq jump of infinite heigh:. 

Using the equations 

‘Is = _-lu- 

where -4 stands for the surface area of the sample, and 

equation (I I) reads 

(12) 

We sha!I evaluate this relation b_v espressing 12~ and 11; in terms of ?I,_ We define the 

oscillation time t as the time interval it lakes a gas molecule which leaves the wall to 

return to it. while on its way its total ener_e remains constant. So for r molecules 

(O-c E-c C:,,) the oscillation time rx( Ej reads 

To find the osciilation time r5 + JE) for the other molecules (E> cl,). w-e have to con- 

sidcr that during a part of this oscillation time, these molecules are /3 molecules 
[during s,(E) sec.] and that durin, 0 the rest of their oscillation time, they are ;’ mole- 

cules [during r,(E) set]. so 

r,,7(Ei = r,(EJ + T?( E) = tr, (ZnriE) + IV, (2nz;E - U0 j (16! 

The% oscillation rimes we can make use of w-hen calculatin,o the density of the 
encr_q levels as a function of ener_q_ The formal approach for the calculation of 
this density would be to solve the eigenvalue problem of SchrGdinger’s equation, but 
using the Hcisenber~ relation. this can be connected with the classical oscillation 
times When g(E)dE is the number of energy levels between E and EidE. the Heisen- 
berg relation reads here 

I 
qE)- = IZ 

$0 

(17) 

where /I is Planclc’s constant. 
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For 0~ EC 0;. it follows from Eqns. (I 5) and (17) that 

g(E) = ; \q%qEj 

For E> UO, it is foIIows from Eqns. (16) and (17) that 

(18) 

g(E) = ; ,i(Z171jE) + +rn ;E- U,) (19) 

Letting n(E)dE be the number of molecules wirh an ener_gy between Eand E+ dE 

then, using Boltzmann statistics, it follows that for O< E< C’, 

_- 
n,(E) = C T <(21n/E) eeE’liT (20) 

where C is a constant which may be calculated by applying the usual normaking 

procedure_ 

Similarly, for E> U,, we find 

The number of molecuks il&lZ)dE with energy between E and EtdE, while E> &, 

\ve shali split up into the numbers n,(E)dE and rr,(E)dE, being the numbers of mole- 

cules with energies between Eand EtdE, in the p and the 7 region, respectively. For 

these numbers we now, incorporating Eqn. (16) 

Jl~(E) r,AE) -=-_= IC ,:(2nz/E) 
(22) 

n,(E) rS (E) W,,‘( 2m/E - V,) 

from Eqns. (21) and (221 it folIows that 

-_ 
nB(E) = Ct y~(2J~~,!E) e-E’kT (23 

IL(E) = Crv!(2JnirE- U,) emE:‘lrT (241 

Integration over the ener_9 regions invol. :. : yields 

JIB = 
ClC \f 2 I?1 E-‘e-E[kT dE 

11 

(25) 

(26) 
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For numericai esaluztion of the above integrals 

error functions defined as: 

-? -I 

crfjf) = e 
I 

e-P- ‘I I 

\ Z.’ 0 

This lcads to 

( 27) 

we shall rewrite them in terms of 

i2S) 

i iC !G 
‘r 

_* n,Wj nyw ( log sca!e 1 

Fig. 6. The quotient of the two number ofadsorbed moiecuks IS ;1 function of the relative adsorption. 
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From the three Eqns. (29), (30) and (31). one can soIve three unknown quantities_ 
Taking for these quantities ng, C and T, one can express these in terms of II, and ~7;. 

Using these solutions in Eqn. (14). gives a relation betiveen JZ=, r7;_ and ~7~. This relation 
can be rearranged as one between 17~‘r?, and (n,W),~(n,zc-)_ The latter relation is repre- 
sented in Fig. 6. 

We see that for (n,Ii.) (n,zr)> lG_ the difference between 12, and 11~ is Iess than 
7%. From the scale on the top of Fi g. 6, we see that this is the case for Li, ‘(k r) > 2.3. 
For a typical chemisorprion this latter inequality is valid in practically all experiments. 
For physical adsorption this inequality is only invalid in very high-temperature 
experiments. For the study of baking out procedures the effect should well be accoun- 
ted for_ 
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