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Carbon dioxide adsorption isotherms by synthetic mordenite are determined 

over the ranges IO-’ atmtPc50 atm and -77”CcTc+l6O”C, differential 
heats of adsorption caIorimetricaIiy measured over IO-’ atmcPc 1 atrn and 

-77”CtT-E +12O”C. 

Differential heat curves show two adsorption ranges with different energetic 

characteristics_ At the transition a very marked maximum appears_ 

The integral molar entropy and speciIic heat of adsorbed phase are calcuIated. 

Two methods for adsorbed phase density determination are proposed: 

(i) The first, straight from maximaI adsorbed amount at 50 atm. where 

adsorption isotherms level out. 
(ii) The second, based on adsorption potential theory with an eIementary 

graphicai determination- 

When the adsorbed phase density is so determined, Dubinin’s equation can be 
successfuhy appIied_ 

INTRODIKTIOX 

During adsorption close to critical temperature, gas behaviour is a particuIarly 
interesting topic among adsorption phenomena by zeolites. 

Owing to carbon dioxide characteristics, a broad range of temperature and 

pressure can be expIored; thermal effects, calorimetricahy measured, give information 

about adsorbent-adsorbate interactions_ Consequently, adsorption isotherms have 
been set from IOV5 to 50 atm and thermal effects measured up to 1 atm_ 

EXPERIMENTAL 

Apparatus 
Sorption and thermal measurements are made at the same time between IOm2 

and 5 Torr with a microcalorimeter connected with a classical volumetric system. 

Adsorbed amounts are measured by varying the pressure knowing aII different 

apparatus volumes. We use a ffow-type differential microcalorimeter devised by 

Barberi’ and commerciahzed by Arion-Electronique. 
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Thermal effects cau also be measured up to 1 atm. when adsorbed amounts, 

which have been thermo_eravimetrically determined, are known. 
Between I and 760 Torr, mass variations are measured with a Mac-Bain’s type 

balance according to pressure and temperature- 
A volumetric sorption system is perfected to measure adsorbed amounts from 

I atm up to 50 atm. For any measurement two manipulations are made: one with 
zeohte, the other with the same volume of inert solid instead of the sampIe_ With both 
these experiments, absolute adsorption is obtained from pressure variations2. 

Ejcperrineniai co~~K~ions and emhztions 

Before each sorption set, the sampIe is evacuated by an oil diffusion pump to 
10e5 Torr at -f-400°C for IO h_ The sampIe weight is 0-I g or 02 g_ 

The accuracy in the amount adsorbed does not exceed 5% up to 1 atm and 10% 
above_ 

fn calorimetry we are used to measuring the heat quantity AQ in relation to the 

adsorbed moie number APL The ratio AQ/dn will be closer to differential adsorption 
heat dQ/dn as An is smaller. 

The experimental process is such that it has a dn value which is about lo-” mol 

per gram of anhydrous zeolite, and AQ about 1 cal. 
10% is the accuracy of thermal effect measurements, that we generally have 

with this type of apparatus’, 

The zeolite we study is synthetic mordenite with the formula- Na,(AlO&- 
(SiO&,-24H10 for a unit ceil_ It is a powder produced by C.E.C.A. Society4. Its 
crystal structure has been studied by Meier’_ 

The structure consists of infinite chains of @IO,) and (SiO,) tetrahedra, so that 

a two-dimensional channel system appears. The main channels parallel to the c-axis 
arc linked by smali channels para.Uel to the a-axis_ These channels have an approxi- 

mateIy elliptical opening with a major and minor diameter of 6.95 and 5-81 A for 
the main ones, 4-72 and 3.87 A for the small ones_ The volume of these channels is 
0.156 cm3 per gram of anhydrous zeoIite_ This number w-as caIcuiated6 and measured 
by adsorption of different gases7_ 

DIFFERENX I3JXl-S OF ADSORPTION 

Differential heat curves arc plotted against the number of adsorbed moles over 

the range -77 to + 12O”C_ Separate curves are obtained for each temperature_ They 
have the same shape with three main features (Fig. 1): 

The differential heat has a high value for the initial adsorbed moIecuies and then 
decreases. 

Itincreasesagainandrisestoamaximum. 
Thenitdecmases continuously to a constant vdue. We will discuss these three 

points consecutively_ 
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Inirial range 

Interaction between zeolitic carbon dioxide and the crystal has four com- 
ponents: dispersion and short-range repulsion energies &-, and &, polarization energy 
&, and quadrupole enera &. Interaction energy between pairs of carbon dio.xide 
molecuIe!s may be omitted, because we shall be concerned only with the determination 
of initial heats (Le., heats as the adsorbed amount approaches zero). 

Barrer and Gibbons’ have calculated these energies for CO2 sorbed by ion- 
exchanged faujasite. Their results indicate that the most important part is played by 
quadrupole energy &o. These interactions, which seem to be connected more with 
the quadrupole moment of the CO, molccuIe than with the solid nature, may be 
reIated to the very high initial values observed. So, this first range is characteristic of 
a strong adsorbent-adsorbate interaction. The internal electrostatic &Id is stronger 
near sodium ions ensuring crystaLelectroneutrality. Consequentiy, these ions may 
be energetic active centres Ieading to a strongly localized adsorption. 

Taking important relative variations of q,, into account, the surface is 
heterogeneous for the initial adsorbed molecules and ai the highest temperatures. 

When the most energetic centres are occupied, interactions between adsorbed 
IIlOkCRkS and qD increase. Curves show very marked maxima. This may be the 
consequence of increasing interactions up to the set of a new kind of sorption with 
different energetic features. Such a pronounced maximum at high temperatures is 
nnusual. However, Kington and MC Lead’ have also noted it with carbon dioxide 
sorption by chabazite at 0°C. This range would be typical of strong adsorbate- 
adsorbate interactions with a new arrangement of adsorbed molecules leading to a 
new kind of sorption with different energetic features. 

Terminal range 
In this terminal curve part, the differential heat has srnah variations against 

the number of adsorbed moles. At any temperature the soIid shows a homogeneous 
surface in this range; qo vahies have the magnitude of Iiquefaction heat corresponding 
to the transition of mole&es from the _-us to the Iiquid phase. For each temper- 
ature, the differential heat tends toward a constant vahre. In the first range, centres 
have very different and nigh energies, in the Izst one, centres have lower energies, but 
similar to each other. ?his change in the sorption energy features can be seen from the 

important maximum noted on the curves. 

Tmperafure inpUence 

The important point as evidenced in Fig. I is that the curves are characteristic 
for each temperature. Few studies gave us information about temperature inguence 
around the criticaI point. We can refer to Huang and WiebeI about CO2 and SO2 
with H-mordenite lo. For ammonia adsorp tion by NaA zeolite there are also different 
curves for each temperature * r . On the other hand.indistinguishabIe. curve are found 
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for nitrogen adsorption by sihcagels. However, the temperature variation is small and 
the temperature itself is near the adsorbate boiling point’ ‘_ 

Many authors speak about “initial heat”. Most of the time, this vaIue is 
obtained by extrapolation of the qD versus the n curve for n = 0. In our case, dif- 
ferential heats show important variations for initiaI adsorbed molecules and it is 
difIicuIt to extrapoIate such curves. Qualitatively, it appears that the initial value is 
more important as the temperature is higher_ Adsorption centres seem to have higher 
energies at high temperatures and the surface appears more heterogeneous. 

The maximum intensity qD is more important as the temperature rise% This 
curve range characterises strong interactions of the adsorbate-adsorbate type-Thus, 
motions of molecules are more intense as the temperature increases, limited by degrees 
of freedom Iet by adsorption; so interactions are aI1 the stronger. 

In the last range, the differential heat approaches a constant value qDL when the 
number of adsorbed molecules increases. qDL variations are pIotted against the 
temperature in FI,. -m 2_ The liquefaction heat curve and the qDL curve have the same 
shape. It is important to note that no discontinuity appears at triple point and critical 

point temperature. In this range, where the number of adsorbed molecuks is the most 
important, we can conclude that no change occurs in adsorption over the entire 
temperature range. 

Instead of pIott@ differential heats against n, it is possible to plot qD against 
coverage degree or filling degree 0: 

no is the maximal number of adsorbed molecuks at temperature T, experimentally 

determined with isotherms set up to 50 atm, when the saturation vapor pressure is 
reached or when adsorption isotherms level out, above criticaI point. 

Knowing no, Tabie I Iists 8 values in reIation to the number n, of adsorbed 
moles at the observed maxima of differential heat curves. 

TABLE I 

DEGREES OF FILLING AT THE MAXIMUM OF 
DIFFERENIlAL HEAT CURVES 

T(‘C) -77 -30 0 +20 i-m -660 +80 i I20 
- 

no- IO+’ 4.39 398 3-77 3.64 3-45 330 3-I I 273 
(ma1 g- ‘) 
nM’ lo+3 4.00 3.30 250 1.90 1.50 I.10 0.70 0.15 
(In01 g- ‘) 

e 091 O-83 0.66 051 O-43 O-33 oJ2 0.05 

These maxima are Iower for 0 vaIues as the temperature is raised. If we assume 
that formation of a condensed phase is at the maximum, this would appear at degree 
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of GlIing, much more important at high temperatures, and much lower at low 
temperatures, i-e-, contrary to observations_ 

At the opposite, an ener_q distribution of the sites produced by temperature, 
superposed upon a numericaI distribution in reiation to their respective energes can 

ex$ain such curves of differentid heats. 

At temperature T, the uumber of sites iVi of Ei energy is generally an exponential 
function of this energyz 

Ni=Cexp -3 
[ 1 RT 

(0 

C is a constant 
Sites number Ni of Ei energy is lower as this energy is higher. A sites distri- 

bution against temperature where Ei would aIso be a function of temperature has not 
been formulated, In our case, increasing temperature would lead to the formation of 
very energy-rich sites. So, initial qo vahres would be more important as the temper- 

ature is higher. As the enerw of these sites increases their number decreases, 
according to the exponential law of distribution (reiation (I)). And so, these sites are 
compIeteIy occupied for rather low degrees of filling (8 =0_05 at -I- 120°C, 8 = 0_22 
at +-SOT) where the maximum appears. 

At low temperatures, the ener_ey of the sites is low and their number much 
higher. So, the initial values of qb are IOWer and the maximum appears for bigher 
values of 8 (6 =0_66 at 0°C 8 = 0.83 at -30°C) Tbis doubIe distribution of sites 
allows us to expIain the separate cunres and their evolution with temperature. 

THERMODYNAMIC DATA FOR ADSORESED PHASJZ 

The molar integral entropy S, of adsorbed phase is caIcuIated from the relation: 

n fs the number of adsorbed moks, S, the moIar differential entropy: 

(3) 

S, is the moIar integraI entropy of gas and the isosteric heat qst can be calculated from 

the eXp!~~eUti VdUeS of differential heat qn I 

The molar ink_& entropy of the adsorbed phase is calculated by graphicaI 
integration of the area under the S, versus n curve. These cakulations can be made 
from +20 to + IZOT (Fig- 3)_ For initiaI adsorbed mokcuks, the molar integral 
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heat of liquid phase (- - -)- 



204 

entropy is very Iow in reMion to the weli-ordered state characteristic of strongly 

Iocahzed adsorption. Then S, increases and goes through a maximum, after curves 

approximately approach a constant value when the degree of filling becomes 

important Barrer and Gibbons* have noted maximum and minimum on integral 

entropy curves for CO2 sorption by faujasite, According to them, such curves wouid 

be characteristic of heterogeneous surfaces. 

For *&e same degree of filling 0, the inte,d entropy is all the lower as the 

temperature is higher, This supports the assumption of formation of very energy-rich 

sites at high temperature in relation to the well-ordered state of adsorbed molecuies 
The specific heat C, of adsorbed phase can be cakuiated from the relation: 

C,=TdS1 
dT 

(5) 

Integral entropy curves pIotted for severai temperatures, ratios A&/AT are 

caIcuIated for each couple of similar temperatures and for several degrees of filling 

(Fig_ 4) 

Specific heat goes through a maximum between i-40 and +60X rising to 

values much higher than can be attributed to the liquid phase. 

Similar curves are found with methane adsorption by CaA’ 3 and with n- 

heptane by the same zeolite’ ’ _ In the first case, measurements are carried out with a 

drop caiorimeter allowing a direct measurement of the specific heat of adsorbed phase_ 

Hill ‘* suggested that transition between a localized and mobile sorption type 
could be seen by a maximum of specific heat C,_ He showed that this transition might 

appear at rather low temperatures (50 K), but is all the higher as theener_q barrier 

bctweeu the sites was large, As we show-cd that mordenite has a heterosneons 

surf’ from intermediate temperatures (-i-WC), the observed maximum near 

t5O”C on specific heat curves couId exhibit a similar change in the adsorption. This 
would a_- with the appearance of two adsorption ranges on differential heat and 

inte_@ entropy curves: a first strongly localized type and a second with much less 

ener=T-rich sites- 

On the other hand, the shape of the curves is the sam_e as the one representing 
variations of specik heat d&n, e the second order A transformation_ The main 

character of this transformation is that we never find two phases together, the 
phenomenon occurs in a single phase where the system goes through an order- 

disorder transformation_ 

Such an evoIution of adsorption characteristics against temperature and 

number of adsorbed mokcuks seems difficuIt to be translated by an isotherm 

equation requiring a physicai detailed representation of the phenomena 
On the other hand, Polanyi’s potential theory”, which is based on thermo- 

dynamics and where layers, mobility, interactions and energetic uniformity ideas are 

not considered, may be satisfactory_ 
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ADsoRPTIoN IsoTHERiwj 

Adsorption isotherms are set from 10Ws atm up to 50 atm and in the temper- 
ature range - 77°C to + 1fXl’C with the three experimental techniques we have 
described before. The data are plotted in Fig. 5 in a semi-log diagram- Adsorbed 

amounts are given in grams per gram of anhydrous zeolite. Depending on the 

temperature, isotherms are like sigmoid curves or straight lines in these coordinates, 
which seems to be a general characteristic for microporous materials * 6_ However, 
in the usual m versus P diagram, these isotherms are like type I of Brunauer et al’s 
classification ’ ‘. Adsorption and desorption isotherms per&ctIy coincide- 

m 

g/g 

: 
io __o-- l 

-0-o ‘b 
a-‘-5 _c 

-2 0 *2 

Fig. 5. Adsorption isotherms. a: -7TC; b: -30°C; CI O’C; d: +2O’C; e: +4O”C; fr +6O”C; gz 
+ 8O’C: h: + 120°C; i: -i- 160°C. Data coming from difkrcnt processes: ( &) volumetry-cak .-imctty, 
(0) thcrmogravimetry. high pressure volumetry (O)_ 

Isotherms have the same shape on both sides of the critical point; differential 
heat curves have the same property; this Ieads us to think that no change appears in 
adsorption on either side of this temperature18*‘g_ 

ADSORBED PHASE DENSITY 

Polanyi has defined the adsorption poter.tiai E as free ener_q change in trans- 
ferring the moIecules from the gaseous to the adsorbed state: 
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where P is the equilibrium pressure of gas and PO its saturation vapor pressure at 
temperature T- 

Let FV be the adsorbed volume and m the mass adsorbed, then the adsorbed 
phase density can be written as: 

p “w =- 
This theory states basically 

Q 

that tv versus E curve, i-e_, the soxalied charac- 

teristic curve, is temperature independent_ Its universahty has been widely proved. 
When the isotherm temperature is much lower than the critical point of the 

adsorbate, it is known that adsorbed phase density p can be taken equaI to the 

density of the Iiquid at the same temperature_ When the temperature is higher than 
the critical point, PO and p have no existence_ 

According to Lewis et al_ ‘O the 10% PO versus T- ’ curve is linearly extrapolated 
at temperatures above the critical point and we replace P by its fugacity at any 
temperature_ This assumption has been wideiy used and is satisfactory2’_22_ 

When micropores filling is important, adsorbed phase is like a condensed 
phase similar to a Iiquid in many points of view, even above the critical point_ This 
is the xxason why we can assume the density idea in this filling range_ Molecule area 

in B.E.T. theory is substituted by adsorbed phase density for microporous mate&Is. 
We propose two processes to determine density: a purely experimental one*, 

and another calkd equipotential curves process based on potential theory and using 
an easy graphical method22_ 

Isotherins set up to 5Oatm, saturation vapor pressure is reached at +15”C 
At this pressure, the adsorbed amount m. represents the whole micropore filling W. _ 

We can so deteeine the adsorbed phase density: 

W. was determined before7. The adsorbed amount on external surfaces of crystallites 
can be negkcted in comparison with the amount adsorbed in the micropores*‘. 

Above the critical poinf from +40 to +120°C, isotherms level out cor- 

responding to saturation of micropores_ Table 2 lists m, and p vahres so determined_ 

TABLE 2 

mo AND p VALUES A-i- THE SATURATIOM OF MICROPORES 

T W-3 -30 0 -t-20 s-40 +60 +iTo +Iw 

h(Bg-‘) O-175 O-166 0.160 0.152 O-145 O-137 OX20 

Pk~-‘J 1.12 1.06 1.02 0.97 0.93 0.88 0.77 
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Eipipotentid curves 
Initial assumptions are: 
Characteristic curve W= f(e) exists. 
Dependence of p on amount adsorbed is neglected relative to the dependence of 

p on temperature. 
p is taken equal to liquid density pL at equal or lower temperatures than triple 

point, 
The curves plotting the logarithm of the adsorbed amount m against the temper- 

ature at constant adsorption potential are calred equipotentiai curves~ 

(Iog, 0 m)z = f(T) 

We proved these curves must translate one from the others along y-axis, at 
various adsorption potential valueszf. 

On the other hand, the main interest of these curves is that in loglo p and 
(kg,, m), follow the same variations law against temperature on each equipotential 
curve_ To obtain the real curve we only need a p value at T, which is given by the third 
assumption- 

Figure 6 shows equipotential curves at various E values- Translation is well 
confirmed in the whole temperature range and these curves allow to determine p 

0 100 T ‘C 

Fig-6_Equipotentialcun~-~e=l-I~O;b:~=2UW)cal;ce=4-600cal;dse=5.750catData 
coming from different proccsss (A) vo!umctxy-calorimetry~ (0) thennogravimctry, high pre~trn 
volumctry (a). 
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Fis 7, Density variations against temperature, of liquid phase (0). of adsorbed phase by acid 
mordcnite ( 6). sodic mordenite (0). and a 22% strontium changed form (A). 

variations against temperature (Fig. 7). In this figure the curves obtained with 
H-mordenite and a 22% strontium exchanged form are also plotted2*24_ 

According to the two processes, values obtained are in very good agreement, 
The following three remarks can be noted: 

(i) No discontinuity appears in the p!ot of adsorbed phase density through 
critical point 

(ii) Above the critical temperature, the adsorbed phase density has the same 
m+&ude as the liquid phase density_ But at the same temperature. the adsorbed 

phase appears always more dense than the liquid phase. This last remark was often 
made?26_ 

(iii) Separate curves are obtained for each adsorbent, and separate from the 
liquid phase curve- According to severaI works, this a$ect seems to be general* ‘* 2 7*28_ 

CHARA-CCURVE 

Knowing the adsorbed phase density, the characteristic curve W= f(.) can be 
plotted (Fig_ 8)- A singIe curve is obtained, even at the iowest fillings and it presents 
the general shape of a Gaussian curve_ 

PolanyYs potential theory, which translates by a single characteristic curve, is 
perfectly confirmed. It would be evident if the adsorbed phase density was only 
determined by equipoteutiai curves as this process assumes that the characteristic 
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curve exists. But the purely experimental process does not require any equation; thus, 
it proves that the adsorption potential theory is successfulIy applied. 

fis 8, characteristic culTe_ 1. -77°C; 0, -30°C; +. 0°C; & +4o=c; 0. +60ec; P, +8o=c; 
A, +120°c; v. +160°c. 

For high degrees of filling, the density idea is g-rounded for the adsorbed phase. 
A singIe characteristic curve is also obtained at the lowest degrees of filling; so, 
it can be assumed this density idea is useful to yieId experimental isotherms very well, 
even if it has no physical reality. 

ISOTHERM EQUKi-fON 

According to Gaussian shape of the characteristic curve, Dubink” proposed 
the following analytical equation: 

W= W,exp(-ke’) (9) 

where k is a constant depending upon the adsorbent-adsorbate system. 
From reIations (6) (7) and (8) we can write: 

IogliJ w = log,, w,- WV 

where D = 23R2k 

When plotting log,, W against (Tlog,, PO/P)’ a singIe straight line must he 
obtained_ This test is successf~Iy carried out (Fig. 9) using the p values se have 
determined. 
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Fig_ 9. Dnbbia-s plot of charaacristic cm-v=- 1. --57”c; l . -30-c; +, 0°C; 0. i-4o’C; 
0. -+6o’C; 0, iso”C; A. +120-c; v. i-16o’C. 

Thermal effeds calorimetrically measured have given important information 

about the nature of interactions betseen carkcn dioxide and synthetic mordenite. 
They are not so elementary as theoreticians would like- 

The data show two adsorption ranges: 
(i) The first, related to strongly Iocaked adsorption and a heterogeneous 

surf&e; the more so the higher temperature. 
(iii The second is characterizd by sites of identic and low energies_ 

The difTerentiaI heat curves go through a pronounced maximum between the 

two ranges, indicating strong interactions between adsor’bed molecules. The 
temperature dependence of maxima and curves themselves lead to the assumption 
that there is a double distribution of sites: 

one, as a function of temperature: its in creasing leads to formation of very 

energy-rich sites; 
the other, as a func3ion of the respective energies of these sites: the most 

energetic are fewer- 
The shape of the in&g& entropy experimental curves and that of the spccilic 

heat of adsorbed phase curves both support these assumptions. 

Two methods for determining adsorbed phase density were used: 
an experimental one which consists in measuring the maximal adsorbed 

amount from adsorption isotherms set up to 50 atm; 
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equipotential curves method, graphical and elementary, based on generally 
admitted assumptions. 

When the adsorbed phase density is so determined, the adsorption potential 
theory is su__ccess_ fully applied, as the isotherms equation proposed by M. M. Dubinin. 
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