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13. Surface chemistry of polymers

The adsorption of carbon dioxide and sulfur dioxide
on polyvinylidene chloride

by H. F. Stoeckli
Institut de chimie de 1’Université, Université de Neuchatel

(23. X1. 71)

Summary. Isotherms for the adsorption of nitrogen (77 K), carbon dioxide (195-247 K} and
sulfur dioxide (254-293 K) on polyvinylidene chloride have been measured volumetrically.
The B.E.T. cross-sectional areas of 18 A2 (CO,) and 24 A2 (SO,) are comparable to liquid density
values. The isosteric heat of adsorption of CO, is constant for 0.2 < 6 < 0.4 and is lower than the
latent heat of condensation. For SO,, the two are practically identical up to the monolayer.
Entropy calculations show ‘supermobility’ in the case of CO,,.

Introduction. — Polyvinylidene chloride has already been investigated by Hall &
Stoeckli [1] who found that it has a fairly homogenous surface of low energy. It was
shown that the heat of adsorption for the spherical neopentane was slightly higher than
its heat of condensation, whereas the linear butane had a much lower (relative) heat
of adsorption. The difference between the hydrocarbons was explained in terms of
surface accommodation. Entropy calculations for butane showed ‘supermobility’,
involving some retention of the translational entropy as a vibration normal to the
surface.

A similar situation is now described for the pair CO,/SO,.

Experimental. - A conventional volumetric apparatus, shown in Fig. 1 was used.
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Fig. 1. Schematic vepresentation of the volumetyic apparatus (not to scale)

The powdered solid under investigation (2 g) is kept in the sample holder S, surrounded by a
constant temperature bath B. Outgassing occurs via the vacuum line VL and combined rotary and
mercury diffusion pumps P, operating at 10-5 Torr. The sample was outgassed at room temperature,
initially for 10 h, and for 3-5 h between successive runs. No permanent retention was detected.



102 Herverica Caimica Acra — Vol. 55, Fasc. 1 (1972 )- Nr. 13

The successive amounts of gas (4-10 - 10~% mol) added to the system through tap A from globe
G (tap T closed), were measured volumetrically in the calibrated section CAL with a constant
volume manomecter M. Readings were taken with a cathetometer accurate to 0.1 mm. The volume
CAL could be varied from 60 to 10 cm?® by filling the threc thermostatted and calibrated bulbs
with mercury from a reservoir R. The optimum value was ncar 30 cm?®, where 7,4, the amount of gas
adsorbed was always of the same order (2-40 - 10~% mol) as ng, the amount present in the gas phase
(CAL + dcad spaccin S).

‘When tap T is opened and the adsorption equilibrium is reached (10-30 min), the quantity
adsorbed on the solid, at pressurc p, is given by the difference #g = n;— ng, where #; is the total
amount of adsorbate added. The total error in %, is about 3% over the pressure range investigated
(20-400 Torr). For the tinal calculations, N, is used. It represents the adsorption per g of solid.
The ideal gas equation is sufficient to compute »,, because the use of the second virial coefficient
has little influence on the difference (»,—ng4). The second virial coctficient is however used for dead
space calibrations in the apparatus.

The constant temperature bath B contained either liquid nitrogen, solid CO,, mixtures of
water and methanol, or water/ice.

Polyvinylidene chloride (PVDC) came from the same batch as used previcusly (1] (The Dow
Chemical Co.) and had a surface arca of 24 m?/g. This value was checked with oxygen-free nitrogen.
Carbon dioxide, of industrial origin, was purificd by successive condensations and evaporations
between 77 and 195 K.

Sulfur dioxide obtained from Fluka AG in a stated purity of 99.979, was passed through a
cold trap before being stored in globe G.

Theoretical background. — Physical adsorption can be treated by the so-called
B.E.T. theory, within the limits discussed by Gregg & Sing [2]. The final expression for
the adsorption is

PINa (po— ) = 1Nm-c-(c—1) - (p/po)/[Nm ¢ (1)

where p, is the saturation pressure of the gas at temperature 7', Ny, the monolayer
capacity of the surface (mol/g of solid), p the pressure at which the amount N, is
adsorbed, and ¢ a parameter of the theory.

If relation (1) holds a graphical representation of p/N, (p, — p) versus p/py (B.E.T.
plot). it should give a straight line within the region 0.05 <C p/p, <C 0.35. From the slope
and intercept it is possible to compute N, by elimination of ¢. The surface S of the
solid and the cross-sectional area of the adsorbate 4 ,, are related by

S=N-Ay Ny (N = Avogadro’s number). (2)

The usual standard is nitrogen, for which 4, = 16.2 - 1020 m 2,

There are different heats of adsorption and these have been examined by Ross &
Olzver [3]; however we shall use an isosteric heat of adsorption Qst defined as follows.

For a gas in equilibrium with an adsorbed phase of area 4 and spreading pressure
o, we have [3]

gV dp — ¢S AT + gu dNg =,V dp — oS AT 4 g ANy -+ 4 da. (3)
For a constant amount adsorbed (coverage 0 = N4/Ny, cte)
gV dp — ¢S dT = 4V dp — xS dT + 4 da. “4)
If we consider adsorption as the final state,
(aV — gV} dp = (S — ¢S) dT — A4 d=,
(02/0T)g = (aS — ¢S)[(aV — 4V} — AOn[0T)[(aV — 4V).
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With oV € 4,V and 4V = RT/p,
(0£/0T)g = — (aS — ¢S)P/RT) + (4p[RT)(07/0T),,
@ Inp/oT)g= —[(oH — JH)/RT?* — (A/RT)(0n/0T),),
(0Inp/oT), = — Qst/RT?,
Qst = AHuqs — AT (07/0T)yand
AHuas = oH(T, p, 0) — (H(T, p).
The integration of equation (6) leads to
In(pa/pr)s = (QHR)(UT, — 1/Ty). )

Since (py > ;) for (I, > T;), Q% obtained from two isotherms is a negative
quantity, in agreement with the process of adsorption. The quantity

qst = gH — H + AT(07/0T),, (10)

G

where

A/-\
oo 0~
= =

which is commonly used [3], is also called the isosteric heat of adsorption. It is however
a positive quantity and hence should rather be called the heat of desorpiion.

It should also be pointed out, that the enthalpy of adsorption AH y4s of relations (7)
and (8) is the quantity which should be compared with AH{iq, rather than Qst. The
two are not necessarily equal [3].

Given two isotherms, we may write, according to Gregg [5]

AGy ¢, = RT,In (p,/1atm) = AH, — T14S,,
AGg 1, = RT,In (py/l atm) = AH; — T,AS,. (11)
One obtains AH, and A4S, (implicitly assumed to be temperature-independent),
corresponding to the adsorption from the gas at 1 atm to a coverage 6 of the surface.
AH0 ~ AHads .

For the entropy of adsorption, it is convenient to use de Boer’s method [4] described
by Gregg[5].

From equation (11) one obtains (12).

ASglexp) = R[T, In(p1)g — T In (pa) /(T — T)- (12)

If the model of mobile adsorption (two-dimensional gas) is considered, it is custom-
ary to correct the entropy change given by (12) to a standard surface state, where the
distance between the adsorbed molecules is the same as in the gas at p =1atm (also
a standard state). Relation (12) becomes (13) where 4, is the standard area, and 4 the
area occupied by an adsorbed molecule at coverage 6.

ASh(exp) = ASg(exp) + Rln (4y/4) (13)

For the loss of one translational degree of freedom on adsorption under standard
conditions, statistical mechanics give

ASO, (theor.) = 4S8 — ,S2 (14)
——3(R-InM +R-InT + 4.60),

There also exists a model for localised adsorpticn,
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Results and discussion. — Nitrogen was adsorbed at 77 K, before and after the
present set of experiments, in order to test the new apparatus and to check the state
of the surface under investigation. The results are shown in Fig. 2, together with
earlier measurements obtained gravimetrically at 78 K [1] (Exeter 1969).
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Fig. 2. Isotherm for the adsorption of nitvogen on PVDC at 77 K (@) and 78 K
(A, Exeter 1969, gravimetrically)

They are all on the same isotherm, which means that the surface of PVDC is the
same throughout the present work (24 m2/g), and that no change was caused by the
gases used (especially SO,).

-5 -1
Nq/(10 mol g )

p/ Torr
| | J
150 300
Fig. 3. Isotheyms for the adsovption of COyon PVDC at 195 K (A), 227 K (B) and 247 K (C)

Carbon dioxide was adsorbed at 195, 227 and 247 K. The isotherms shown in Fig. 3
are practically linear in the range investigated. Such isotherms have already been
reported for the adsorption of CO, on porous alumina by Clough & Harris [6], and on
graphon by Brousse & Lespinasse [7].
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The isotherm for 195K gives a good B.E.T. plot, and the value of (18 & 1) A?
obtained for A, can be compared with 17 A2, the value from the density of liquid CO,
at 216K (the triple point). It represents an average for the non-spherical molecule,
since values quoted in the survey of McClellan & Harnsberger [8] range from 14 to
254z,

The isosteric heats of adsorption derived from the three isotherms are self-

consistent, and constant. For the average temperature T=216K, — Qst=(10.5 -0.5)
kJ/mol for 0.2 < 6 < 0.4. This value is smaller than the heat of vaporisation at 217K
(16.20 k J/mol) measured by Haas & Barnes [9). The enthalpy of adsorption defined in
equations (11) is found to be about — 9.8 k J/mol, which is smaller than Qst.

The linearity of the isotherm [5] and the low heats of adsorption already suggest
mobile adsorption for CO,; thisis confirmed by entropy calculations (see below).

Sulfur dioxide was adsorbed at 254, 273 and 293 K, and the corresponding isotherms
are shown in Fig. 4. They are of a smooth type II. The B.E.T. plot for 273K is good

100 200 300

Fig. 4. Isothevms for the adsorption of SO, on PVDC at 254 K (A), 273 K (B) and 293 K (C)

and yields the value of (24 - 1) A2 for 4,,, against 19 A2 from the density of the liquid
at the same temperature. The range covered by the measurements extends to the
monolayer region. The isosteric heats of adsorption derived from the three isotherms
are consistent and give a constant value for 0.2 < § < 1. The average value of Qst =
—{23 £ 1.5) kJ/mol at T = 273K, is practically equal to the heat of liquefaction at
this temperature (—24.06 kJ/mol) [10]. In the range of temperature 254-293 K, the
variation of this quantity from —25.5 to —22.2 kJ/mol is consistent with the limits
for Qst given above.

The enthalpy change on adsorption of AHyqs = —21 kJ/mol is smaller than Qst
and illustrates the point raised earlier.
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Comparison of expevimental and theovelical entyopy changes on adsovption,
according to velations (12), (13) and (14)

Coverage [—ASglexp) —-ASgob(exp) ~AS2 , (theor)]/(] mol-1K-Y)

mob

CO, (T = 210 K)

0.20 38 19
0.30 41 19 40.1
0.40 42 18

50, (T =263 K)

0.20 64 49
0.40 63 40
0.60 65 38
0.70 67 38 42.6
0.80 70 40
0.90 74 43

Entropy calculations based on the model of mobile adsorption are shown in the
Table. (The model for localised adsorption [5] is not given, because it gave discrepancies
0f 60-80 J/mol K.)

For sulfur dioxide, the standard loss of entropy at T = 263K is close to the value
expected from the model.

Carbon dioxide, on the other hand, shows ‘supermobility’, a feature already ob-
served for butane on PVDC [1]. This means that the entropy loss on adsorption is
less than predicted for the loss of one translational degree of freedom, assuming that the
adsorbed film behaves like a two-dimensional gas. The vibrational contribution would
be approximately +21 J/mol K, compared to 23 J/mol K for butane. Since both
molecules also have relatively low heats of adsorption, their behaviour on the PVDC
surface must be very similar.
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