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The sorption of a variety of guses and organic vapors in
poly(viny! chloride) (PVC) powders has been studicd
gravimetrically with o reeording microbadnnee and vohunetri-
cally with a gas pycammmeter und an sutonmatic surtwe area
awnalyzer. Far nitrogen, carbon dioxide, vinyl chloride,
wethanol, acctone, w-butane, and benzene ot low penetrunt
activitios and temperatures below Ty, sorption isotherma ex-
hibit the downward curvature churucteristiv of dual-mode sorp-
tion. The solubility of each of these penctrants is lawer in
heat-treated PVC sanples than in sumples recoveroed Teote the
polynicrization without wdditionud heating, 10 has boeen possie
Bles t estimiate the paraneters of Uhe dual-mode sarption audel
for carbon dioxide, vinyl ehloride, und methanol, The sesults
indicate that the history-dependence of gas or vapor solubility
is ussociated only with the “hole-filling” term of the dual-mode
madel; the normal dissolution or Henry's Luw term iy essen-
tially mmaffected by the prior heat treatient of the PVC,

INTRODUCTION

mrevious study of the sorption of vinyl chloride
B monomer vipar (VOM) in PV resin powtders (1) hays

post-polymerization thermal history of the polymer
sample (5). It was supprested that the content of holes or
* microvoids in the PVC sampde is determined by the
zated the behavior of this syslew with visiwtions of conditions prevailing when the sample was brmnglft
mperaturce and vapor activity. Above the glass transi- from the rubbery to the-glassy state, and that the mi-
gatemperature (T, = ~85°C), the Flory-Huggins cqu- erovaid content, in turn, determines the extent .r;f
Bon deseribyes the sorption isothesios over the full Langmuirian sorption in subsequent exposure to VOM
gc(,fvﬂp(,, nctivity, At low VM activities holow T, V. Variatioux ir'a ;'m.si-1m|ynwri7.-llim| Ixistm‘y are e
isotherins show s pronsticed downward curvatore, hustrated on plot of Ty vs compusition in Fig. 3. At the
hich was interpreted in terms of the dual-mode sorp-
pa theory (2). The total sorption of VCM was uscribed
contributions of Flory-Huggins dissolution and
nginuirian “hole-filling”, as shown in Fig. 1. The dis- y
ppearance of the hale-filling contribution with increas- /
VCM pressure below 85°C was attributed to plasticie
ion of the PVC. by surbed monomer. Values of T, as a 'f
action of VUM concentration in PYC, have been ob- -
ined by 2 thermomechanical method (3) and from the ;
mperature-dependence of the limiting conversion of ’Jr
polymerization (4). The temperatures and oom- E:
gsitions wt which the experisentul sorptiog isolhienus e
ia the Flory-Hugyins curve (see Fig. 1) correspond
well to the T, vs composition data, as shown in Fig.
Dual-mode sorption in the VCM/PVC system thus
ars characteristic of the glassy state while simple |
Flory-Huggins behavior oceurs in the rubbery region of 0 az Y] 3
gk wmposition and temperature, Pral
ln the glassy state. the apparent equilibrium so-

Fig. 1. Surptiun isothermy for canyl chloride 1n VC, from Kef,
kbility of VCM in PVC was found to vary with the (1) ptiun iotherni for cingl ¢ " % of
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end of a typical polymerization (50°C, 80 percent con-
version), the PVC/VCM system is in the rubbery state,
Removal of residual monamer without raising the tem-
peerature brings the polymer into the glassy state while it
is still swollen with monomer (Fig. 3, path ABC). This
procedure seems te result in o higher microvoid content
than does removal of imonoaier at T > T (path ADC) or
Later beeatange admnve 17, pth CEXD. Vartions in the

“6
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subsequent sorption of YCM at low activity reflect thes
history viristions und scom to provide 4 measure of the
micravoid content of PVC samples.

This earlier wurk clearly established the dual-mode
and history-dependent mature of sorption in the VO
PV system, Other pulilished studies of sorption
PYC seem limited to guseous penetrants, as opposed
wrganic vapors. Tikhiomirov, et al. (6) studicd the trans
port of 4 number of permanent guses in PYC films, but
did not specifically investigute history effects o
isotherm curvature, Barrer, Mallinder, and Wang ()
{ound that the salubility of hydrogen and nean wa
affected by the thermal history of PVC films and
sugposted that pre-existing sorption sites, or “micns
gaps”, play a role in sorption of these gGises bholow T,

The prescut study was undertaken tu determine
whether the dual-mode, history-dependent behavior
oliserved for VCM sorption in PVC might be generally

churactoristic of the sorption of other practrants in

ghussy PVC. A gravimetrie inethod and two novel vol.
umetric techniques were employed to determine the
= snount of sorption and the form of sorption isothenns
for several gases and organic vapors in PVC powden.
Resdiy obtained with polymer suaplos of varied histony
were zgnalyzed through the dual-mode model (2} to -
certain whether history effects may be associated witha
particutar mode of sorption,
A complementary study of sorption in PVC powden
using the technique of inverse gas chromatography wil
be reported sepurately 8).

” EXPERIMENTAL
Materials

o The PYC sauples studied include conuercid ad
experimental polymers polymerized by suspension and
emulsion techniques. These were used in the powder
form obtained directly from the polysnerization. Sam-
ples designated as “never-heated™ were recovered and
dried ut temperatures not exceeding the 30°C tempens.
ture of polymerization. “ileat-treated” samples, unless
otherwise noted, were heated 1 h at 100°C and cooled
slowly to room temperature. A sumple of extruded,

unplasticized PVC film, ~50 zum thick, was used inafew

experiments. Gases and solvents were research grade,
used without further purification.

Equipment and Procedures

CGravimetric sorption experimoents wore performed
with the Cuhn recording inierobalune:, vacuwm system,
ant procedures deseribed previousty (1).

Volumetric gas sorption duta were obtained with a
Beckman Madel 830 Air Comparison Pyeovmeter
{Beckmun [astrument Corp.). This instrument, shows
schematically in Fig. 4, consists essentially of two
matched eylinders with crunk-driven pistons, connected
through u differential pressure indicator; gas connee
tions, valves, and a pressure gege permit evacuation,
purginy, and flling with u known pressure of selectd
gas, A weighed polymer sample is enclosed in the
easuring evlinder, B, and eylinder A serves as o refe
eoer valieowe, The tatal cnclosedd volasae of cylader §
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an be measured with a built-in counter, and 4 pointer
and sale were added to eylinder A to permit reading of
isencloaed volune, In operation, the enclosed volumes
of the evlinders, Vi, aned Vi, are nated; the valves are
then closed andd the pistous wivaneed, while keeping the
differential pressure ut vevo, increasing the pressure in
both eylinders to Py = ~2 Py, and decrcasing e en-
clused valutties WV 4y and Vi, Hthe gas is not sorbed by
the polysser sample, and ideal gas behaviar is assuined,
then in cvlinder A,
P V=PV, {1
and i evlinder 13
P (Vy, = Vi) = P (Vg — V) (2)

whereVy is the valume of the polymer sumple, Condiue
ing Eep 1 aned 2 anck solving lor V; gives
Vd! vﬁ[ - vd] vlv:

Y, = .
¢ VsV, {3)

For a gas which is appreciubly sorbed by the polywer,
at Py the weight of free gas in cylinder B, w;y, is
My

®r

Ny = (Vie, = V3 (4)

‘nd at Pg
sy w ST (Vg = Vi) )

where M is the gas moleculur weight, R the gas constant,
wd T the temperature of measurement. The weight of

ks sorbed by the polymer upon increasing pressurce
from Py to Py, Aw, Iy therefore

bo=wi~w T
- P (Vay = Vil = Py (Vg = Vi})  (6)

A sorption coeflicient, AwigAP, may be defined as the
weight of gas sorbed by a unit weight of polymer perunit
inerease in pressure, with g the saimple weight and AP =
P = Py, Bycombining by 1 and 6, itcon be shown that

AwighP

- M IVq,(V'q - ‘) - V4|(Vag - v\) ] (7)
Y Vi ~ V,,

Pycnometer measurements with helivm were used to
obtuin Vi, und Eg 7 was applied 10 pvenometer data for
Ny aued COy 10 vickd sorplion cocilicionts, Zaelp/ £ for
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these guses in PVC powders. The assumption of ideal gas
behavior in these calculations introduces an error of <2
percent in the worst cuse (COg at 4 atm pressure).

Additional volumetric gas sorption date were ob-
tained with a Digisorh 2500 automutic surfice aren
analyzer (Micromeritios Instrument Corp.). This
computer-controlled instrument is designed for unto.
i determination of sorption isothersss and ordinar-
ily is used to determine BT, surlive areas of solid
samples by adsorption of gases at liquid nitrogen tem-
perature, By o simple modification of the computer
progrum, sotubility isothenns were obtaised Jor Ny and
COy up to wtmuspheric pressure in PVC samples at room
tempuorature.

RESULTS AND DISCUSSION
Gusevus penctrauts

Helium, The solubility coeflicient for helinm in PV
at 25°C reported by Tikhomirov, et al. (6)is 7.3 X 10-%
STP/ee PVC em Hyg, or 7 X 107% mgfy PVC-utin. Sinee
the useful sensitivity of the Cahn balance is about 1072
mg/g. gravimetric sorption meusurements with helium
woere not attempted. Helium sorption experiments with
the Digisorh 2500 were precluded by the reguirement
for calibration of the instrument “dead volume™ with |
helium,

Bevanse the solubility of belium in PV is helow the
semsitivity of the Beekman pyenomcter, gas pyenasctry
with helium may be employed to mewsure displacement
volumes and densities within the instrumoent acenracy of
about + | pereeat. I the cousse of this work, measure-
incnt of helivm displucement volumes indicated u dens
sity of 1.404 = 0.014 g/cwn® for nearly 80 PVC powder
sumples of widely varied history and particle stroeturs,
This value ugrees well with the density of wiolded PV

specimens. Withio the scettraey Hinits of the belivm

pycnometric method. no effect of thermal history upon
the density of PVC cauld be detected.

Nitrogen. The salubility cocefficient for Ny in PYC at
25°C 3.1 x 107 ee STPlec PVC oin Hg or 0.021 my/y-
utm (6)) is tou low for precise gravimetric sorption exper-
iments. Although the precision of the pycnometric
method is insufficient for quantitative measurements of
Ny solubility, displacement volumes of PVC powders
vbtained through £y 1 from pycnometry with Ny were
invariably lower than those with helium, indicating a
significant sarption of Ny. These data indicate o gener-
ully higher Ny solubility in “never-heated” than in heat-
treated PYC samples.

Use of the Digisorb 2500 instrument for No/PVC sorp-
tion measurements provides a substantial iprovesnent
in precision over gas pyenometry, atherans alitained ag
29°C for Ny in “never-heated” and heat-treated ssinples
of u suspension-polymerized PYC powder are presented
in Fig. 5. These results confirm the mugnitude and
history-dependence of the pyenometrie sorption
coeffivients. The total sorption at atmospheric pressure
for the heat-treated sample, 0.038 myg No/g PVC, ugrees
fuirly well with the sorption cocllicient given by
Tikbhomirov, et af. (6). bt the “never-heated” sitnple
sorbied alnmt twicns s cunound of N uadber the s
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Fig. 5. Surptien isutherms for Ny i suapension PVC at 20°C;
Digisorls 2500 data.

conditions. Significantly, isutherms showing the down-
ward curviture characteristic of dual-modce sorption are
clearly defined by the Digisorb 2500 data despite the
low tolal sorption in these experiments,

Carbon Dioxide. The relatively high solubility of COy
in PVC allows precise sorption experiments on this sys-
tem with hoth volwnetric and gravimetric technigoes,
Suorption isotherms determined gravimetrically at 25°C
on “never-heated” and heat-treated samples of an
camnbsionspolymerized PYC powdor arne shown in Fig. 6,
und 25°C isotheriny obtuined with the Digisorb 2500 for

el
z/
“0
1 Ao 1
800 500

P,am

Fig. &, Serprtion sotherms for CO, in emulsion PYC at 25°C,
gracitmetre daty,

-

a similarly treated puir of suspension-type PVC's are
shown in Fig. 7. The two techniques for measuring
sorption are in excellent agreement, both clearly show.
ing isotherm curvature of dual-mode form and @ redwe
tion in CO; solubility following heat treatment.

The apparent solubility coefficients corresponding W
the total CO, sorption at atmospheric pressure in these
experiments are appreciably larger thun the coefficients
obtained by Tikhomirov, et al. (6) from timelay
permeation cxperimeats. It seems likely that the
coefficients of Tikhomirov, et ol. are in error, sine
apparent, rather thun true, diffusivities were
presumahly obtained from their meussred time lap,
and the solubility culeuluted from permeability and ap-
parent diffusivity ignores the contribution of im-
mobilized penetrant (Langmuirian sorption) to the tatd
concentration of sorbod CO;.

‘The equilibrium uptake of COy by a rigid PVC Blin
was very similar to that of the heat-treated ,F'w']"' (s
Ftg. 6) it therefore seems unlikely that surface adsorp-
tion plays a significant role in COy sorption by these BVC
powders,

Measurements with CO, in the Beckman pyenometer
have been performed using a range of indtinl pressuces,
P, from 25 to 200 kPa (0.25 to 2atm). Values of Awigl?
abtained for “neversheated” and heastreated portion
of & suspension-type PVC powder are plotted as a fune
tlon of P, in Fig. 8. Since Aw/gdP correspunds to the
secant slope of the sorption isotherm between £, und Py

=2p,, the pycaotneter data cun be campured with the
gravimetric and Digisorh isotherms (Figs. 6 und 7). Ex.
cellent agrecment is found wnong these three sets of
data. All shiow the narked seduction of GOy sorptian
following heut treatment; the deerease of Awig &P with

1 L i ! e—_ i 1
[ 200 400 00 a0
P,mm

Fig. 7. Surption ixotherms for CO, in suspension PVC at 25'C,
Digixorb 23500 duta.
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Fig. 8. Secant sorption coefficienty, AwigdP, for COyin suspen-
von PYC ut 25°C, yas pycnometer data at varied P,

increasing P is consistent with the isutherm curvature;
and the values uf Dwlg OP ugree well with the slopes of
e isotherms at corresponding pressures.

The composite COy sorption data provide a mewns of
stimating the purameters of the dusl-mode modeld,
which is generally expressed (2} in the form

€= Cht Cum k)P + % 5
Here C is the total sorptiun, C, the contribution of
sormal dissolution, Cy the hole-filling or Langmuirian
contribution, k,, the Henry's Law constant, Cj, the sorp-
tioa capucity of the “holes™ at saturation, and b the hole
alEnity cunstant., The usual procedure for evaluating the
wodel parameters is to obtain kp from the asymptatic
sape of C vs P at high P, subtract kP from € to obtuin
Cu, then determine Cjy und b from the slope and inter-
sept of “Langmuir plots” (either 148 vs 1P or PIC); vs
?). The pycnometric daata shown in Fig. 8 suggest thut
e sorption cocfficients for both samples upprosch a
common usyinptutic value of upproximately | my/g-atm
0.7 ce STP/ce-atin). Using this figure as an estimated kg,
Langmuir plots were constructed from the gravimetric
Digisarb data of Figs. 6 and 7. Linear plots were
ined in all cases. supporting the applicability of the
wioele wnewlel, Thwe slopes and futercepts of these
vielded values of C; from 2.5 to 7.1 mg/g-atm (1.8
8.1 ec/cc-atm), and of b from 0.4 to 0.8 stm™'. The
itude of these parameters is consistent with those
rported for COy in other glassy polymers, e.g.. poly-
shylene terephthalate (2). polystyrene (9), and ethyl
teliulose (10).
Comparison of the CQq sorption results for “never-
beated” and heat-treated PYC sumples suggests an in-
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teresting relation between thermal hissory snd sorption
parameters. The apparent common asymptote of the
DwigAP vs P curves (Fig. 8) indicates that k,. which
reflects the contribution of normal dissolution, is inde.
pendent of thermal history. A measure of the contribu-
tion nf Langmuirian sorption relative 1o normad dissolu.
tion, ut very low CQg pressure, is given by the ratio
Cibiky,. For “naver-hoeated” samples, the gravimetrie
datw on emulsion PVC give Cibtk;, = 4.3, and the Di-
gisorb data on suspension PVC give Chblk, = 3.8; the
corresponding figures for the heat-treated sumples ure
2.0 and 2.2. Thus the history-dependence of COy sorp-
tion appears related predominantly to the Langmuirian
or hole-filling term in the dual-mode model. This rela-
tion, in turn, seems to support the inference drawn from
VCM sarption studies (5) that post-polymerizution
thermal history controls the hole or microvoid content of
PVC samples.

Further duta on the relation between sumple history
and inferred microvoid content have been obtained
from gas pycnometer solubility measurements with CO,
on PVC powders heat-treated at varied temperaturos.
Data were tuken at low P, {0.25 atm) where history
effects are most pronounced. Figure Y shows Qw/fgdP us
a function of annealing temperature for portions of &
PVC previously not heated above 50°C, Annealing at
temperatures up to 7, produced u significent reduction
in microvoild content maousured by COy sorption,

Organic Vapors
The study of organic vapor sorption in glassy poly-
mers, as compered to that of gases, is complicated by two
significant factors: the much lower diffusivity of the
larger vapar molecules greatly retards the attainment of
diffusion cquilibrivin, and sosption experiments cun b
perdorimed on a convenient time scale only with fine

.‘- '
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Fig 9. Sarption coefficients, Mwla? P, for CCly in PVC samples
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powder samples (11 The aceurrence of reluxation-
controlled swelling, which may be responsible for a
significant portion of the total sorption when o glassy
palysner is expused to un orgnic vapor. also complicates
the salysis (11, 12) Previows sty of the ofleets ol time
amld s:tmplv history vn vapor sorption isotherms sugggest
that different tovels of " oquilibrinn”™ shouk! be conaids
eret in ghosy pulvmerforgauic vapor systes (13), Tha
attaimiwen! of w unilors pructrant concentration in the
pulymur reproesents “diffusion equilibrium”, which can
be approached in o few minutes, or kess, in fine powaders.
*Reboation equilibricm™ muy be said to occur when the
second-stage, relaxstion surption has ceased or slowed
1w an inuncasurable rute; days or werks may be required
to reach this point. Separation of the contributions of
reluxtion and diffusion controlled sarption appears pos-
sible in experiments with fine powders, as diffusion
equilibration wmay bhe approached before significant
relaxation ueeurs (12}, Short-time sorption experiments
have been used here to estimate the “quasi-
eqmilibrinu™ solubility of argaie vapors in glassy PVC
befure the vecurrence of a significunt reluxation-
controbled swolling,

Vinyl Chloride. The proviowsly published sorption
“isttherms” for the VEMPVC systean (1] were obtuined
from experiments in which the VCM pressure was in-
creased incrementully over peritds of many howrss the
sorption therelore fncluded o subistantial contritadion
fron cebnationfeantrolled swelling, "o mivimize this
effect, gravienetric sorption data have been obtained for
brief (51 iing exposures of PVC samples ta VOM vapor
al o successian of pressuses; Between Cxposures, sane
ples wore held under vaeuun for at least 30 nin. The
PVC used in these experiments was u monodisperse

emulsion polymer of 0.1} zm purticie dimmneter; its eul-

culated halfesorption time fr Fickiun diffusion of VUM
al 30°C (1 = 2 X 10 em¥/s) (10) was ess than one
second. The winounts of YCM sorbed in 30 s could thus
be taken to represent “diffusion equilibrium” with a
negligitde contribntion of selaxation, The 30 « VUM
sorption duta obtained ot W°C far “never-heated” and
heat-treated portions of this PVC are plotted against the
relative pressure of VCM (P, = P/P,, P, = 4,55 atm) in
Fig. 10. -

The isatherms defined by these short-time VOM
sorption datu again show “dual-mode” curvature and 4
marked dependence on sgmple history, Mareover, the
daa for both samples agipear 10 spproach an asymptatic
sopee ol ter the low-aetivity Hmiting slope 8% my/y
Py or 19.3 myp/g-atm) of the Flary-Huggins curve de-
termined frowm carlicr work at higher VOM pressures
¢1). This value was tuken as ky in order to estimate the
pasametors af the dual-gude wodel from the linceae
Langinuir plots. For the "never-heated” sample, the
vulues found were Ciy = 3.6 mg/g. b = 28 atm™, and for
the heat-trested sample, C}, = 1. 8 mg/g, b = 43 utm™'.
These results yicld vidoes of 5.3 ad 3.9, respoctively,
for the ratio Cibik,, iy neversheated uwnd heat<treated
samples, sigaificantly higher than the corresponding
values in COy sorption. From the VOM results, us with
COy, it uppeurs that the cfueet of thermal history is

100
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associatedd with the hole-Glling teran, ather than the
Henry's Law tera, of the dual-made model. .

Methanol. Short-time gravimetric sorption data for
wethanod vigor with severheated and best-treatd
samples of a sasgension-type PYC powder at 40°C ane
shown in Fig. 11, plotted against the relutive pressure of
methanol (P, = 260 mm Hg). For these PYC sanples.
thee eativnated hulf-sorption time Yor Fickian diffusion of ]
methanol is approximutely 5 5; the plotted 1 min sorpe |
tion values, thercfore, represent estimates of the “equi-
librinm™ uptake before upprecichle reluaxation owcurs,
The dae define isstherms of dawdetnode Jorm which
approach a similar asywplotic slope for hoth samples.
“The dual-mode paramcters obtained from these data for
the never-heated sumple are k) = 31.9 mg/g-atm. Csy =
1.8 gz, b o= 22 it and for the heat-treuted sume }
ple.kp = 37.2 iyrfyeentin, Gl = 0.5 mygfy, & = S4atm™, y
Onee aguin, the effect of sample history appears prinei-
pally associated with the hole-filling term of the dud.
mode madel.
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Fig 12, Souption isatherms for ndngane in emulsion PVC at
XPC, gy imedvee dutar, sorptoons times <18 &,

Other Organic YVapors. Gravimetrie samtion mea-
surements lave sdao been carvied ot on PVC sanples of
differing hustory with aertane. Intane, aued beuzene
vapurs al dow activities, ‘The duta are not sulliciently
extensive, however, to allow quantitative estimation of
the dual-miexle pavinneters. Muorcaver, the difbasivitivs
of these Larger 1nokecaldes are too low for unambiguous
determination of sorption unconfounded by relaxation
ellects. The dati shown in Fig, 12 were oltained for the
Bhutane/PVC aystean al 30°C o experinents involving
I8 % olcontact ot eacls JressHEe, Simsilar resulds have also
been obtained for acetone and benzene. Despite the
sbstantiul contribution of relaxution to the overall sarp-
tion, the general dul-mende chiracter and prossasced
Kstory-dependence of the data are chear for all pone-
trants studicd.

CONCLUSIONS

The consistent evidence from three independent ex-
perimental techuiques preséated here shows that ¢he
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surption of a wide variety of gases and organic vapors in
glassy PVC follows the dual-mode sorption theory and
also depends upon the post-polymerization thermal his-
tory of the polymer sample, Generudly simitar hehavios
is abserved for penetrant molecules differing widely in
size, polarity, and affinity for PVC. In the cases where
the data permit estimatian of the individual parametirs
of the dualemode muadel, ie., curbon dioxide, vinyl
chloride, and methunol, the histary-dependence of
sorption appears to be related to the holeifling 1enn,
ruther than the normal dissolution term, of the model,
This vesnlt lesds support to carbier uforences (5) that the
major elfect of post-palymerization history variations on
PVC is to alter the polymer’s cuntent of frozen-in holes
or microvoids.
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