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Adsorption phenomena at high pressures and temperatures 
5.* Heats of excess and total adsorption of krypton on zeolite NaA 
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Thermodynamic principles for the calculation of  differential heats of  excess and absolute 
adsorption were considered. A set  o f  isosteres of  excess adsorption of  krypton on zeolite NaA 
are presented, from which the coverage and temperature dependences of the heats of  excess 
adsorption are calculated and analyzed. The reasons for infinitely high values of the excess 
heats at finite values of  adsorption are discussed. The problems of  recalculation of  the excess 
adsorption to absolute adsorption are considered. 
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The physical meaning, methods of calculation and 
measurement, and the character of changes in differen- 
tial adsorption heats of total content (absolute adsorp- 
tion) have been considered in detail in the literature and 
even in textbooks. 2,3 However, the effect of high equi- 
librium pressures of adsorptives on a change in the 
differential adsorption heat has been studied insuffi- 
ciently. 

The situation for isosteric heats of excess adsorption 
is quite different, while they have been studied in detail 
for adsorption processes at low gas pressures (see, e.g., 
Ref. 4), in the case of measurements over a wide pres- 
sure range neither their physical meaning nor depend- 
ences on adsorption and temperature have been suffi- 
ciently explained in the literature. This concerns first of 
all the problem of infinitely high values of differential 
heats of excess adsorption. 

Thermodynamic aspects of adsorption 

As we know, the heat of phase transition is the 
change in enthalpy of the system upon the reversible 
transition of unit mass (1 mol) of any component of the 
system from one coexisting phase to another. 

In the general case, the heat of the phase transition 
is described by the thermodynamic Clausius--Clapeyron 
equation. For adsorption phenomena in the simplest 
case, it is reasonable to consider the two-phase, two- 
component system in which one of the phases is con- 
densed (adsorbent + adsorbate) and another phase is 
gaseous, in this case, the Clausius--Clapeyron equation 
has the form (see, e.g., Ref. 5): 

x ~  + o - x ~ ) ~ ,  

* For Part 4, see Refi 1. 

Indices "g" and "c" in Eq. (1) indicate the gaseous 
and condensed phases, respectively, and the transition 
of the substance occurs in the direction "g" -+ "c"; 
indices "1" and "2" denote the numbers of components; 
and Xg i is the molar fraction of the/ th component in the 
gas pha:. ,  

AhCgi : hCi- hgi; A l'~gi : 1~ i --  l"gi, ( 2 )  

where hei and hg I are partial molar enthalpies, and I~ i 
and l,g i are partial molar volumes of the component in 
the corresponding phases. 

Imposing some limitations on the adsorption system 
considered, one can substantially simplify Eq. (1). It is 
reasonable to consider the condensed phase to be two- 
component (adsorbent + adsorbate) and the gas phase to 
be one-component (adsorptive), i.e., an adsorbent (com- 
ponent No. 1) is considered absolutely nonvolatile at the 
given temperature, and its molar fraction in the gas 
phase is equal to zero, while the molar fraction of the 
second component (adsorptive) is equal to unity in this 
phase. Since the amount of the adsorbent is constant, 
the condition A~2 = const, under which the derivative is 
calculated, is equivalent to the condition that the de- 
rivative is calculated along the adsorption isostere. Thus, 
Eq. (1) takes the form 

(3) 

As applied to adsorption, two definitions (excess and 
absolute adsorption) were introduced; therefore, j in 
Eq. (3) can mean either the value of the excess adsorp- 
tion ['i o r  the value of the absolute adsorption ai, i.e., 
one of the two conditions can be introduced for the 
calculation of Op/aT: either F i = const or a i = const. 
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Thus, the notion about two different isosteric adsorption 
heats designated as qrst and q"st is introduced, in the 
first case, Eq. (3) takes the form 

(Op) q r 

- ~  r - T(V;-  Vr) '  

and in the second case it takes the form 

(4) 

ap)  qs~ 
-if .  - r ( v g  - g . )  " 

(5) 

in these equations, indices "g" correspond to molar 
values in the gas phase. The line above the correspond- 
ing symbol ,,~ or 17 means that partial molar values of 
the excess and absolute entropy or volume, respectively, 
are considered: 

( OSo I 
- kOrn 2 )ra t ; 

- ~'Om2 Jral ; = i'Om---TJrat 

He : S v and S o are the e"cess and absolute entropies, 
respectively, of  the whole system; V r and V a are the 
corresponding values for the volume; m 2 is the mass of 
the adsorbate; and m I is the mass of the adsorbent. 

Since (Sg - ~er) = (Hg - / / r ) / T ;  (Sg - S~a) = (H s - 
tIa)/T; Vg = ZRT/p,  factoring in the nonideal character 
of the gas phase; Z is the compressibility factor, and V r 
is the excess volume that is equal to zero in the Gibbs 
thermodynamics, we finally have 

ql'st = - P,Z(01np/a T - I  ) r  (6) 

and 

q% = -P,Z(0tnp/aT-ba" (1 - Pdvg). (7) 

Equation (7), obtained on the basis of the thermody- 
namics of  solutions, s differs from Eq. (6) by the factor 
containing the term 17a, which takes into account a 
change in the adsorption volume as adsorption values 
vary. However, the equation for isosteric heat, whose 
form coincides with that of Eq. (6), was derived upon 
the consideration 6 of adsorption on the solid surface in 
terms of the adsorption model, the layer of finite thick- 
hess. One of the main disadvantages of this model, as 
mentioned,* is the fact that it is difficult to draw the 
adsorbate--adsorptive interface, i.e., to distinguish the 
adsorption volume. When, as in our case, a microporous 
adsorbent (zeolite) is used, the adsorption volume can 
be determined, for example, by the procedure developed 
previously, l and its change at various adsorption values 
(17a) is experimentally determined by the value of de- 
formation of  zeolite crystals. The following equation for 
the adsorption heat was derived for this adsorption 
system by the method of substitution of variablesT: 

q %  = - P ~ O l n p / O  T)o[ ! - (O V o / a a ) r /  Vsl - 

- (ap/oa) r{ Vo - T(aVo/aT)ol, (8) 

where V 0 is the adsorption volume in the porous solid. 
As seen, Eq. (8) differs from Eq. (7) by the fact that it 
contains the terms that take into account changes in the 
adsorption volume affected by adsorption and tempera- 
ture. 

lnterconversion of qrst and qast values 

Let us consider the thermodynamic correlation be- 
tween the excess (4) and absolute (5) isosteric adsorp- 
tion heats. Let us write the equations of excess and 
absolute adsorption in the general form: 

F(F, p, 7) = 0 and *(a, p, 7) = 0. (9) 

It follows from these equations that: 

F ap la_~_ff__l = - l  and O__a_[ 0_~ la__~ = - I .  (10) 
r aT r arlp apl r aTlalaalp 

The values a and F are related by the universal 
dependence 

a = r + o w ,  (It) 

where p is the density of the equilibrium gas and W is 
the adsorption volume. 

Differentiating the latter equation by pressure at T = 
const for the first time and by temperature at p = const 
for the second time, we obtain 

and 

"1 ap Ir 
(12) 

p p IOTIp p 03) 

Solving Eq. (10) with respect to (aa/ap) r and, corre- 
spondingly, with respect to (aF/Op) T and inserting the 
determined values into Eqs. (12) or (13), we obtain the 
following correlation after simple transformations: 

(Oa/Op) r 0_~ 
qr : q~ ( f -  V ~ )  arlr + 

+ TW ap OInp (14) 

Equation (14) gives the rigorous solutions of the 
formulated problem, i.e., the relationship between qast 
and qFst. A similar expression also was obtained s using 
the different approach. 
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R e s u l t s  and D i s c u s s i o n  

Since the set o f  isotherms of  excess adsorption in the 
temperature range from 334 to 500 K and the pressure 
range from 0.1 to 160 MPa is available in our previous 
work, ! we can plot and analyze the runs of  isosteres of  
both excess Inp = . / ( T  -I)r  and absolute adsorption lnp = 
F(T-')~. 

Thermodynamics  requires that the isotherm of  total 
content is a monotonically ascending function. On the 
contrary, the isotherms of  excess adsorption are func- 
tions with extrema (maxima). Therefore, the runs o f  the 
excess isosteres (Fig. 1) differ sharply from those of  the 
absolute isosteres, i.e., two values of  Inp correspond to 
one value o f  F at the given temperature. In the upper 
part o f  Fig. I, the locus of  points F 8 in which the excess 
adsorption becomes null is shown. 

This segment of  the curve can be called the null 
excess isostere. It is quite evident that our experimental 
data are insufficient to judge the general fc.,n of  the null 
isostere over a wide temperature range. Two isosteres 
a = const at a = 0.05 g g-I  and a = 0.09 g g-I  are 
presented in Fig. 1 as an example. The lower branch of  
each of  the excess isosteres at rather low values of  
equilibrium pressure almost coincides with the corre- 
sponding isostere of  absolute adsorption. This region of  
the excess isostere is well approximated by a straight. 
line. Two isosteres diverge drastically as equilibrium 
pressures increase. The absolute isostere remains almost 
straight and bends only slightly at high pressures under 
the effect of  the factor Z(I - 17a/Vg). The absolute 
values of  the slope of  excess isosteres at first slowly 
increase as the temperature increases, and this slope 
brings the derivative to the infinitely high value at the 
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Fig. 1. lsosteres of excess adsorption of krypton on zeolite NaA. 
Numbers near curves are values of excess adsorption in g g-I;  
straight lines are isosteres of absolute adsorption, and numbers 
near lines are values of absolute adsorption in g g-I. 

value of  pressure at which F becomes equal to Fro. When 
the equilibrium pressure further increases, the derivative 
(a lnp/aT -I) changes its sign, i.e., the process gains an 
explicitly endothermic character. Upon going from posi- 
tive to negative values, isosteric heats o f  excess adsorp- 
tion calculated by Eq. (6) should in fact pass through 
zero rather than take infinitely high values, i.e., Eq. (6) 
is not quite adequate to the physical process. 

The calculated values of  qrst and qast for some values 
of  F and a are presented in Figs• 2 and 3. The depend- 
ences of  adsorption heats on coverage are presented in 
Fig. 2, and the temperature dependences of  adsorption 
heats (along the isostere) are presented in Fig. 3. The 
isosteric adsorption heats obtained from the ascending 
excess isosteres at p < Pmax are positive for both depend- 
ences and are close to null values at pressures p > Pmax- 
It is likely that in this pressure range the energy of  the 
adsorbate--adsorbent interaction and repulsion energy 
between adsorbate molecules take such values that the 
excess adsorption heat is close to zero• As for the 
coverage and temperature dependences o f  the excess 
adsorption heat at pressures close to Pmax, the curves 
presented have regions in which the adsorption heat 
tends to infinity. In this case, the character o f  the 
isosteric ~×cess adsorption heats, in particular, division 
into two branches, is associated with the existence of  a 
maximum on the isotherm of  excess adsorption. In this 
maximum, the tangent slope is null. This is qualitatively 
confirmed by Eq. (14), which shows that under certain 
conditions when the heat qast is finite (see Figs. 2 and 3) 
W is a constant temperature-independent  value I and a 
change in density of  the gas phase as temperature varies 
is also finite, the sole term (the derivative of  the iso- 
therm of  excess adsorption) turns the isosteric adsorp- 
tion heat into infinity. Since the adsorption model cor- 
responding to Eq. (6) inadequately describes the run of  

qJkJ mol -I 
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Fig. 2. Dependences of isosteric differential heats of krypton 
adsorption on zeolite NaA on adsorption at T = 408 K; I and 
/" are heats of excess adsorption, and 2 is heat of absolute 
adsorption. 
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Fig. 3. Temperature dependence of isosteric differential heats 
of krypton adsorption on zeolite NaA along the adsorption 
isostere (a = F = 0.09 g g-Z); 1 and l ' a r e  heats of excess 
adsorption, 2 is heat of absolute adsorption. 
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Fig. 4. Isosteres of excess (F I = 0.09, F2 = 0.08, I- 3 = 
0.07 g g-Z) and absolute (dotted line) krypton adsorption on 
zeolite NaA for a = 0.09 g g-Z 

the change  in the  isosteric heat  of  excess adsorpt ion as 
the t empera tu re  and coverage vary, it would be desirable 
to recalculate  exper imenta l  values of  excess adsorption 
to values o f  total  content ,  for which values of  the 
adsorpt ion volume Iv' should be determined.  

D u b i n i n ' s  method  9 is widely used to de te rmine  the 
adsorpt ion volume in microporous  carbon adsorbents. 
The l imit ing adsorpt ion  value is de te rmined  and, assum- 
ing that the densi ty  o f  the adsorbate in pores is equal to 
the densi ty o f  the  liquid phase at the given temperature ,  
the adsorpt ion volume o f  pores is calculated.  For  crystal-  
line porous adsorbents  (zeolites),  the calculat ion of  the 
volume o f  pores has been described previously. I We 
suggested l° a method for the determinat ion of  the adsorp- 
tion volume that  is appl icable  for adsorbents with arbi- 
trary porous s tructure,  including nonporous adsorbents. 
The method  is based on the correlat ion between the 
adso rp t ion  of  to ta l  con ten t  and excess adsorp t ion  
(Eq. (11)) and on using the exper imenta l  isotherm of 
excess adsorp t ion  measured in a wide range of  pressures 
of  the equi l ib r ium gas phase (as a rule, up to 100--150 
M Pa) as well as on the equat ion of  the isotherm of  total 
content  adsorp t ion  (see, for example ,  Ref. 11). 

The  essence o f  the method  is the  following: coeffi- 
cients and the W value for the isotherm equat ion are 
selected in such a way that  ca lcula ted excess values 
coinc ide  with exper imenta l  values. 

It can be shown that  the existence of  at least two 
isosteres of  excess adsorpt ion,  including regions of  low 
values o f  equ i l ib r ium pressures where F * a can be 
accepted with good  accuracy,  makes  it possible to deter-  

mine the adsorption volume B / at the given p and T 
taking into account Eq. (11). 

Three  excess adsorption isosteres F I = 0.09, F 2 = 
0.08, and 1- 3 = 0.07 g g-I  as well as the absolute 
adsorpt ion isostere at a = 0.09 g g-I  are presented in 
Fig. 4. At low pressures, the latter coincides with the 
isostere F l = 0.09 g g-I  within the experimental  accu- 
racy, but the excess adsorption isostere bends as the 
pressure increases, while the absolute adsorption isostere 
remains linear, which allows one to extrapolate it until 
the intersection with the isosteres I" 2 = 0.08 g g- t  and 
F 3 = 0.07 g g-I  in points A l and A 2. The coordinates of 
points A I and A2 make it possible to determine the 
values of  the equilibrium gas density in these points (PAt 
and OA2)' Since each of  the points Al and A 2 lies on .the 
intersection of  the isostere a = 0.09 g g-I  with the 
isosteres F 2 = 0.08 g g-I and V 3 = 0.07 g g - I  respec- 
tively, the values FA~ = I- 2 and aAt = a I and FA2 = F3 
and aA~ = a 2, respectively, are known. Therefore,  (see 
Eq. ( l l ' ) )  

/4/= al - r2 - rl - r2 and 14/-- a2 - r3 - rl - r3 (15) 
PAl Pal PA2 PA2 

Two values of  the adsorption volume were calculated 
by Eqs. (15), and the average value is W = 0.171 cm 3 g - l  
which agrees well with the results of  calibration W = 
0.171+0.008 cm 3 g-I  presented in the previous publi- 
cation. I 

In conclusion,  the authors are obliged to ment ion  
that Vladimir  Vladimirovich Serpinskii,  who dies before 
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his t ime,  should be one of  the authors o f  this publica-  
tion. This work is devoted to his memory.  
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