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The effect of particle size on the rate-determining transport mechanism controlling n-hexane sorption 
into polystyrene spheres was determined by monitoring the kinetics of n-hexane vapour absorption in 
two powder samples of distinctly different narrow particle size distributions. The microspheres 
differed in mean diameter by a factor of three hundred. In all cases, sorption in the smaller spheres 
was controlled principally by Fickian diffusion. In contrast, at temperatures and activities which re- 
sult in relaxation-controlled (Case II) transport in films, the larger spheres (184/lm diameter) sorb by 
Case II kinetics. Under these identical boundary conditions, however, the small spheres (5340 A dia- 
meter) absorbed n-hexane by Fickian kinetics. Presumably, there is insufficient time or space in the 
small spheres to develop the step concentration profiles associated with limiting Case II transport. A 
mathematical model describing Case I I sorption in spheres cylinders, and slabs is developed. The 
kinetics describing absorption in the larger spheres are well described by this analysis. Desorption in 
all cases is adequately described by concentration-dependent diffusion. Repeated experiments con- 
firmed, moreover, that at identical temperatures and penetrant vapour activities the apparent equili- 
brium concentration of n-hexane in the small spheres is significantly higher than the corresponding 
sorption equilibria in the large spheres. Although several possible explanations for this glassy-state 
anomaly are presented, the most satisfying explanation involves the development of a non-sorbing 
core in the large spheres consequent to the prior sorption in the surrounding shell. Desorption data 
are consistent with the notion of partial swelling of large spheres. 

INTRODUCTION AND DEVELOPMENT OF DESCRIPTIVE advancing boundary separates the glassy inner core from 
MODEL the swollen shell. 

(b) The boundary between the swollen gel and the glassy 
Transport mechanisms o f  organic penetrants in glassy core advances toward the fdm mid-plane at a constant 
polymers velocity. 

Most published research up to 1950 describing the inter- (c) The initial weight gain of the polymer sample is direct. 
action with and transport of penetrants in organic polymers ly proportional to time. 
was concerned with diffusional transport in rubbery poly- (d) The swollen gel behind the advancing front is at a 
mers. A rather consistent transport mechanism, involving uniform state of swelling. 
solution of penetrant in the polymer followed by Fickian The introduction of the Case II mechanism did not, how- 
diffusion through the polymer, characterizes virtually all ever, explain all anomalous sorption effects. Alfrey, Gurnee 
of these many rubbery polymer-penetrant systems 1. Small and Lloyd 3 suggest that these more complicated effects may 
deviations from this diffusion model are encountered for be caused by a superposition of the two limiting transport 
rubbery systems confounded by crystalline regions which mechanisms. Hopfenberg and Frisch 4 give a qualitative des- 
are susceptible to reordering by an interacting or plasticizing cription of the various types of transport behaviour occurr- 
vapour or liquid penetrant, ing in a glassy polymer/organic penetrant system over a wide 

The transport of organic molecules in glassy polymers range of temperature and penetrant activity. They present 
often does not fit the Fickian diffusion model. Fickian a generalized plot of a temperature-activity plane showing 
diffusion is often encountered in glassy polymers for sorp- the various transport mechanisms. 
tion at low activities and for desorption 2. Sorption data, A recent paper by Vrentas, Jarzebski and Duda s attempts 
not  explainable by the Fickian model, are usually termed to quantify the results of Hopfenberg and Frisch regarding 
'anomalous diffusion', the various types of transport encountered in amorphous 

Alfrey, Gurnee and Lloyd 3 have presented a second limi- polymer-penetrant systems. Vrentas et al. define a alimen- 
ting case for sorption in polymers in which the rate of trans- sionless group termed the Deborah number for diffusion by 
port is entirely controlled by polymer relaxations. This analogy to the Deborah number for flow of viscoelastic 
transport mechanism is designated Case II in contrast to fluids given by Astarita and Marrucci 6. Like Hopfenberg 
Fickian diffusion which is termed Case I. Case II transport and Frisch 4, Vrentas et al. s subtend regions of the 
is characterized by the following features: temperature-activity plane by lines which separate the 

(a) As the solvent penetrates into the polymer, a sharp various regimes of sorption behaviour. The analysis of 
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Vrentas, Jarzebski and Duda s implies that for a polymer- Since the rate-determining absorption step occurs at the 
penetrant pair, at certain temperatures and penetrant position R, and the relaxations occur at an ever decreafing 
activities, the characteristic polymer dimension will influence radius corresponding to an ever decreasing area, a continu- 
the nature of the observed sorption behaviour, ously decreasing absorption rate dMt/dt results from a kine- 

tic process which is, in fact, zero-order in planar fdm 
Transport o f  organic penetrants in glassy polymeric geometries. 
microspheres If one substitutes the mass balance, equation (4), into 

Fickian or Case I mathematics. The solution of Fick's the kinetic expression, equation (3), one develops equation 
law for several sets of boundary conditions for transport in (5) consequent to the outlined algebraic simplifications: 

a sphere is given by Crank 7. For constant and fixed boun- d [41rCoN(a) (a 3 - R3)] 
dary conditions and a constant diffusion coefficient, the = 3koN(a)47r R 2 (5) 
sorption and desorption kinetics in spheres are given by: dt 

oo Cancelling yields 
6 ~ "  1 

Mt/M** 1 
~-~ /_~ (1) d(a3 _ R 3 ) = 3 k O R 2  

-~exp(-Dn2m2 t /a 21 

n = l  
dt CO 

where M t is the weight of penetrant sorbed at time t, M is 
the equilibrium weight of penetrant, a is the sphere radius, Differentiation and simplification provide: 
and D is the concentration-independent diffusion coefficient. 
An approximate solution to Fick's law at Mt/M** = 0.5 gives dR/dt = (-ko/Co) (6) 
a simple and useful relationship for calculation of D(cm2/sec). 

Equation (6)justifies the intuitive notion that the relaxa- 
Specifically: tion front, positioned by the coordinate value R, moves to- 

0.00766 d 2 ward the sphere centre with a velocity equal to the Case II 
D - (2) relaxation constant, k0, divided by the equilibrium penetrant 

tl/2 concentration, CO. 
The algebraic relationship for R as a function of time is, 

where tl/2 is the diffusional half-time (see), and d is the therefore, given by: 
sphere diameter (cm). In this manner, a value for the diffu- 
sion coefficient can be obtained from the time required for R = a - (ko/Co)t (7) 
one-half of the sorption to occur. It is possible to measure 
diffusion characterized by extremely low diffusion coeffi- and is defined only for 0 <<, t <, (Co/ko)a. 
cients because of the small characteristic dimension obtain. Substituting equation (7) into equation (4) yields: 
able in the spherical geometry. 

MI -- 4 ~ a ~  la3 _ (a _ ~O t)3 I (8~ Mathematical model describing Case H transport in 
spheres. Conversely, for penetration from high activity 3 L  c0 J 
vapour or for liquid penetration of the sphere, absorption 
may be controlled by limiting Case II transport. The analy- and since 
sis presented here provides a useful model for describing 
limiting Case II transport in spheres and, in turn, permits M** = (4/3~rCoN(a)a 3 (9) 
calculation of an appropriate relaxation constant from ob- 
served integral sorption kinetics. Mr~M** reduces to: 

Consider the cross-section of the sphere undergoing Case 
II penetration. In the region R ~< r ~< a, where R is the radial Mt/M** = 1 - (i - kot/Coa) 3 (10) 
position of the advancing sorption front and a is the sphere 
radius, there is a uniform concentration of penetrant equal An expression for the half-time for Case II absorption 
to the equilibrium penetrant concentration, C 0. In the region results from substitution of 0.5 for the ratio Mt/M** in 
0 ~< r ~< R, there is essentially no penetrant. There is, there- equation (10) and solving for tll 2 in terms of a, k 0, and 
fore, a discontinuity in concentration at the position r = R, CO. The resulting expression i s :  

corresponding to the position at which the rate-determining 
relaxations, controlling the overall kinetics, occur, tl/2 = 0.2063 a Co/k 0 or 0.10315 d Co/k 0 (11) 

If k 0 is defined as the Case II relaxation constant (mg/ 
cm2min) and is assumed to be constant then the kinetic ex- where d = 2a is the sphere diameter. 
pression describing absorption into N(a) uniform spheres of This model earl be generalized by performing similar alge- 
radius a is given by: braie steps on alternate geometries of interest: 

dMt/dt = N(a)ko41rR 2 (3) 

The amount of penetrant M t absorbed in an array of uniform 1 - Mt/M** = 1 - (12) 
spheres in time t will be: 

where a is the sample radius for cylindrical and spherical 
47r t ~  (a 3 _ R 3) samples and the film half-thickness for planar samples. The Mt -~CON~aj (4) exponent N is determined by sample geometry and has 
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I O transport behaviour not explainable in terms of these two 
mechanisms may be due to a relaxation process occurring 
concurrently with a diffusional process. Berens 1° has report- 

A 13 ed sorption data for vinyl chloride monomer in poly(vinyl 
O-E chloride) microspheres which, although essentially Fickian, 

are confounded by a slow approach to a final equilibrium. 
Berens and Hopfenberg 1~ have proposed a model for this be- 

0 6  haviour which combines Fickian diffusion and a first-order 
relaxation process. The sorption equation for this model is: 

OO 

o.4 1 
1 - Mt/M., = q~F exp(--47r2n2Dt/d2) + ~Rexp(-kt)  

n= 1 n" ] 

02 (13) 

where D is the diffusion coefficient for the Fickian portion 
0 0.2 0 4  0 6  0-8 I.O of the transport, k is the first-order relaxation constant, 

(Ot/e 2)1/20r (kot/Coo)l/2 and eF and eR are the fractions of sorption contributed by 
Fickian diffusion and the relaxation respectively. If the dif- 

Figure I Generalized plots of dimensionless mass versus the square fusion kinetics are rapid relative to the relaxation kinetics, 
root of dimensionless time for: A, l imiting Fickian (Case I); B, 
relaxation-controlled (Case II) penetration of a sphere each of these constants can be determined empirically from 

the sorption data. On a semi-log plot of (1 - Mt/M= ) versus 
linear time the long time slope would be - k  and the zero- 
time intercept of the long-time line is $R. The diffusion co- 

values of 1 for films, 2 for cylinders, and 3 for spheres, efficient is calculated from the half-time associated with the 
Although the experimental results reported here will deal purely Fickian contribution to the total sorption. Specifi- 

exclusively with spherical polymer particles, Case II beha- cally, the half-time for diffusion is taken to be the time as- 
sociated with an amount sorbed, M t = 0.5 eF Mo. where eF viour has been observed in fibres and films. The data repor- 

ted in the literature for fibres, however, have not in general = 1 - $R. 
been recognized explicitly as limiting Case II transport. For The microsphere geometry is ideally suited to the study 
example, Watt's s data describing water transport in keratin of this type of transport. If the diffusion is much more 
fibres appear to be well described 9 by equation (12). How- rapid than the relaxation, it should be possible to observe a 
ever, the complex morphology and strong hydrogen bonding diffusional equilibration, followed by the long-term relaxa- 
present in keratin fibres make a simplistic interpretation tion. This behaviour has been observed for the sorption of 
suspect, acetone and methanol in cellulose acetate fdms by Bagley 

and Long 12. They were able to observe this behaviour in 
Experimental distinction between Case I and Case H films because the diffusion coefficients for their system 

transport. The ideal calculated Fickian and Case II sorption were four to five orders of magnitude higher than those for 
curves describing fractional amount sorbed as a function of the VCM/PVC and n-hexane/polystyrene systems. 
the square root of time are shown in Figure 1 according to 
equations (1) and (12) respectively. The abscissa is present- 
ed as the square root of a dimensionless time for Case I dif- 
fusion, Dt/a 2, and kot/Coa for Case II relaxation. The shape EXPERIMENTAL 
of the curves is generally the same for both cases; a mono- 
tonic decrease in sorption rate from time zero to equilibrium Materials 
is predicted. An explicit separation of limiting transport Polystyrene microsphere samples. Microspheres of poly- 
mechanisms is readily apparent, since the Fickian diffusion styrene in two diameter ranges were kindly prepared and 
curve still exhibits a monotonic inflection-free approach to characterized by the B. F. Goodrich Company Research and 
equilibrium while the Case II curve is clearly sigmoidal. Development Center, Brecksville, Ohio. Four samples with 
Plotting sorption data as a function of the square root of diameters in the submicron range were prepared by emul- 
time, therefore, provides valuable information for inferring sion polymerization. Four samples of polystyrene sphere, 
the controlling transport mechanism, with diameters in the range 100-400/am, were prepared 

The diameter dependence of the sorption half-time by suspension polymerization at 70°C using 0.I % w/w 
provides an additional method for distinguishing between 
Case I and Case II sorption kinetics in spheres. The half- benzoyl peroxide as the initiator and poly(vinyl alcohol) 
time for Fickian diffusion is proportional to the square of as the dispersing agent. A 0.534 grn diameter emulsion- 
the sphere diameter (see equation 2) while the half-time for polymerized sample and a 184/am diameter suspension- 
Case II transport (see equation 12) is proportional to the polymerized sample were selected for use in this 
sphere diameter. If well characterized samples of polymeric investigation. 
spheres of varying diameter are available, the diameter depen- Organic penetrant. Pure (99 mol %) normal hexane, 
dence of the sorption half-time will provide distinction bet- used as the penetrant in the vapour sorption experiments, 
ween the limiting rate-controlling mechanisms, was supplied by the Phillips Petroleum Company, Special 

These limiting transport mechanisms do not explain all Products Division, Bartlesville, Oklahoma. The n-hexane 
transport data. Alfrey, Gurnee and Lloyd 3 suggest that was used without further purification. 
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lier using the Tyndall beam technique and electron 
3 0  [ Moon dia me te r  microscopy. 

I 
I o 

~) 0 0 c, o RESULTS AND DISCUSSION 
20 o o 

c Sorption kinetics "-- O 

o A comparison of the experimentally determined kinetics -~ O 
= E of sorption is presented for the 184/an diameter spheres 
z IO o and the 0.534/am diameter spheres at an activity of 0.75 

o o o o and a temperature of 30°C in Figure 3. The abscissa values 
were calculated by assuming a transport mechanism, based 

O O 
. . . .  upon the form of the M t versus (01/2 data, and then calcula- 

0 O'151 O'167 O'183 Ot'99 O'215 ting the appropriate kinetic constant, e.g. D (Case I) or k 0 
O-154 0 '170 O'186 0 " 2 0 2  O'218 

(Case 11) from the respective half-times. The curves present- 
Diometer range (ram) ed in Figure 3 were calculated using the respective mathema- 

F i g u r e  2 Partiele size distr ibution for the  large diameter poly- tical model assuming Case II sorption for the large spheres 
styrene spheres and Fickian diffusion for the small spheres. 

These experimental conditions, 30°C and P/Po = 0.75, 
are well within the range in which Jacques and Hopfenberg 

IO la,14 observed Case II sorption of n-hexane in polystyrene 
"~ films. The results presented here clearly indicate that Case 
O A . / ' -  o a O 8 a a a [] o II kinetics adequately describe the sorption of n-hexane into 
= ~ ~ [ ]  the large polystyrene spheres. Case II rate constants, k 0, 

calculated from all five large sphere sorption experiments are 
" 61 in  excellent agreement with those reported for polystyrene 
~. ~ ~ ~  films ~4. Specifically, the k 0 value calculated for the sorption 

/ kinetics at 45°C and a vapour activity of 0.75 in the large ~ 4  
spheres is 4.53 x 10 -5 mg/cm 2 min and the k 0 extrapolated 
from the data reported by Jacques and Hopfenberg ~4 for 

2 2 sorption in films, under identical conditions, is 5.30 x 10 -5 
"~ mg/cm 2 min. o 

o_ . . . . . . . . . . . . . . . .  In marked contrast, the Fickian diffusion model adequa- 
O O4 0 8  12 I" 6 

(Otlo2)Wor (kotlCoo) g~ 

Figure 3 Comparison of  theoretical curves and experimental data I.O for n-hexane sorption into the large and small diameter polystyrene 
spheres at P/Po = 0.75 and 30°C. A, Fickian model, D = 7.5 X 10 -14 
(cm2/sec); B, Case II model, k 0 = 5.4 X 10 -6 (mg/cm 2 min). O , d =  
184 pro; E]~ d = 0.534 pm 

Apparatus and procedure 
Vapour sorption. These experiments were performed ,%~R %o 

using a McBain spring balance system. The vapour sorption ,,o 
system was serviced by a high vacuum line for sample and O.IO 
penetrant degassing and desorption experiments. The tom- "o 
perature of the water jacketed sorption chamber was control- ,, 
led to -+0.01°C by water circulated by a constant temperature ~*-[~8 \ 
bath. Helical quartz springs supplied by Worden Quartz Pro- _, ~ -~ , . - - k  
ducts Inc., Houston, Texas, were used to measure the amount N I  
of penetrant sorbed by the polystyrene samples. The springs ~ 
extended linearly within 2% over the calibrated range and "o 
the sensitivity did not vary over the 10 ° to 50°C tempera- O.OI ~,, 
ture range used in this investigation. The extension of the o 
quartz spring was followed by an optical reader supplied by 
Misco Scientific, Berkeley, California. Desorption kinetics 
were routinely recorded after the n-hexane had sorbed to o 
equilibrium. A more detailed discussion of the experimental 
procedure is given by Jacques and Hopfenberg 13d4. 

Particle size distribution. The particle size distribution 
for the large spheres was determined by measuring the dia- O ' ' 360  ' ' 6(30 ' ' 9 6 0  ' 
meter of about 300 individual spheres optically using a Time (rain) 
Vickers microscope and a fflar micrometer eyepiece. The Figure 4 Plot of 1 -- Mr/Moo versus linear time for n-hexane sorption 
particle size d ist r ibut ion for  the large spheres is shown in into small diameter polystyrene spheres at P/Po = 0.75 and 30°C. 
Figure 2. The small spheres were characterized by the supp- D = 0.534 ~m 
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A IO Equilibria 

O ~ In addition to the marked difference in apparent kinetic 
O_ 8 ~ mechanism controlling sorption, there is a significant diffe- 

! ~ o  rence in sorption equilibria between the large and small 
e>. 6! spheres. At an activity of 0.75 the small diameter spheres 

exhibit an equilibrium sorption of approximately 9 g of n- 
4 hexane per 100 g of dry polymer while the equilibrium con- 

centration in the large diameter spheres is approximately 
Z= 5 g/100 g. Jacques 13'14 reports an equilibrium concentration 

of 8.2 g/100 g for n-hexane sorption in polystyrene films at 
~- . . . . . . . . . . . . . .  an activity of 0.75. The low equilibrium concentration was 

observed for all five sorption experiments on the 184/am 1/2 I/2 
(Time) (rain) diameter spheres. 

Figure 5 Comparison of Beren-Hopfenberg diffusion/relaxation It is possible that subtle thermal and mechanical history 
model and experimental data for n-hexane sorption into the small effects could explain the difference in sorption equilibria 
polystyrene spheres at P/Po = 0.75 and 30°C. O, Experimental data;  between the large and small spheres. Berens ~s'16 reports 

, Berens--Hopfenberg model  striking effects of sample history on sorption equilibria for 
the vinyl chioride/poly(vinyl chloride) system. 

At a fixed vapour activity, the equilibrium concentration 
of n-hexane should vary with particle diameter owing to the 
effect of curvature on the hydrostatic pressure in the sphere ~7; 

tely describes sorption into the small spheres over approxi- however, this effect is small compared with the differences in 
mately two-thirds of the total sorption. These data strongly equilibrium concentration observed here. 
suggest that diffusion into the small spheres is so rapid that The small sphere equilibria agree with the sorption values 
there is insufficient time to generate a Case II concentration observed in polystyrene films 13'14. It is tempting to specu- 

late that the large spheres did not reach equilibrium with profile in these exceedingly small spheres. The extremely 
small diameter of the small spheres results in an experimen- the surrounding n-hexane vapour and that more swelling 
tally determined half-time for sorption of only 4.8 min even and vapour uptake would occur given sufficient time in con- 

tact with the penetrant. This long term sorption in the large though the corresponding diffusion coefficient is only 7.5 
x 10-14 cm2/sec. If the Case II mechanism were controlling, spheres could, in fact, be extremely slow relative to the 
a half-time of 134 min for sorption into the small spheres long term sorption in the small spheres, since each large 
would be predicted by equation (12) using values for relaxa- sphere is seven orders of magnitude larger in volume than 
tion constants, determined here for the large spheres and the 0.534/am diameter spheres. The development of signi- 
earlier by Jacques and Hopfenberg ~4 for polystyrene ffdms, ficant diffusional resistances in the rather thick outer shell 
Clearly the diffusional equilibration in the small spheres is of the large spheres could limit further sorption in the avail- 
essentially complete before the complex, step concentration able experimental time. 
profile associated with Case II sorption can be established. However, the higher temperature sorption experiments 

Hopfenberg and Frisch 4 show that for a given polymer- were monitored for three days after the apparent equilibrium 
was reached and no further vapour uptake was observed. 

penetrant system the rate-controlling transport mechanism This experimental time corresponds to 1.4 (Coa/ko) or 40% 
is determined by the temperature and the penetrant activity, longer than the equilibration time predicted by the Case II 
Vrentas, Jarzebski and Duda s suggest that for a given model. Typical results are presented for the large spheres 
polymer-penetrant pair the characteristic size of a polymer sorbing at 45°C at an activity of 0.75 in Figure 6. The cor- 
sample may also be important in determining the controlling 
transport mechanism. The results of Figure 3, consistent 
with the earlier notions of Vrentas et al. s, suggest that there 
is a critical sample diameter below which Case II transport IO 

does not apparently occur. ~ i | f 
Although the early stages of sorption in the small spheres 

are diffusion-controlled the later stages of sorption are ap- o 
parently controlled by a process that occurs over a much = 
longer time interval. This two-stage sorption behaviour is 
quite similar to the observations of Berens 1° for the sorption o 
of vinyl chloride monomer in poly(vinyl chloride) micro- 
spheres and, therefore, these sorption data were tested ~ 4 
against the Berens-Hopfenberg diffusion/relaxation model u. 
The parameters for this model are conveniently calculated E 

2 from the slope and intercept of the straight line portion of ,g 
the 1 - Mt/M.~ versus time plot presented in Figure 6. Data ,- _ J  ^ooo~/-'~ 
for sorption above Mt/M® = 0.99 were not used because of ~ ~ o ~  . . . . .  
the relative inaccuracy of the measurement of these small 0 80 160 240 
weight changes. The excellent fit of the experimental data Ti rael/2{min ) 1/2 
to the Berens-Hopfenberg model is shown in Figure 5. It is 
not clear at present whether the relaxation process controll- Figure 6 Comparison of theoretical curves and experimental data 

for n-hexane sorption into the large diameter polystyrene spheres at 
ing later-stage sorption in the small spheres is related to that 30 ° and 45°C and P/Po = 0.75. A, 45°C; B, 30°C. o, [3 Experimental 
controlling Case II transport in the large spheres, data; - - ,  Case II model, d = 184/~m 
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At the same temperature, assuming uniformly swollen 
I.O ~ o~, =* o = o ° spheres, the diffusion coefficient calculated for desorption 

0.8 Q =A "°~ v o  from the large spheres is two orders of magnitude higher 
o o o than the diffusion coefficient characterizing desorption from 

the small spheres. This observation is entirely consistent 
0.6 = °° with the hypothesis that sorption in the large spheres occurs 

~[~8" oO ° only in the outer spherical shell. Specifically, if the same 
0 4  equilibrium concentration and inner core radius used to 

model Case II sorption into the spherical shell of the large 
spheres is used, desorption diffusion coefficients calculated 

0 2  from Crank's 7 solution to Fick's Law for hollow spheres 
correspond more closely to those describing desorption from 

i i i i i i i 

O 0"4 (3'8 ' ' ' I-2 1.6 the small spheres. 
(Otlo2) II 2 Data for n.hexane sorption and desorption in the small 

spheres at an activity of 0.018 and a temperature of 30°C are 
Figure 7 Comparison of theoretical curves and experimental data shown in Figure 8. Both the sorption and desorption kinetics 
for n-hexane desorption from the large and small diameter poly- appear to be Ficldan, not confounded by long term relaxa- 
styrene spheres at P/Po = 0.75 and 30°C. A, Fickian model. O, d = 
184/zm, D = 4.5 X 10 -11 cm2/sec; t3, d = 0.534/zm, O = 1.4 X 10 -12 tions. The slightly more rapid sorption is consistent with a 
cm2/sec concentration-dependent diffusion coefficient which varies 

monotonically with concentratinn. These results are gratify- 
ing since they confirm that the apparent long term drifts, 
observed at high penetrant activities, do in fact reflect relaxa- 

responding sorption experiment at 30°C is also presented in tions rather than the effect of slowly sorbing large particles. 
Figure 6. Calculated diffusion coefficients for sorption and desorp- 

An hypothesis which explains the different sorption tion in the small spheres at a vapour activity of 0.75 over the 
equilibria between the two sphere sizes is that sorption temperature range used in this investigation are presented in 
occurs only in the outer shell of the large spheres. This 

Figure 9. At this activity, the diffusion coefficients for de- 
could be caused by either an inherent anisotropy in the sorption from the small spheres are greater than the diffu- 
large spheres or an anisotropy induced at some radial posi- sion coefficients characterizing sorption into these same 
tion by the prior swelling of the outer shell of the large small spheres. The more rapid desorption is, quite possibly, 
spheres. This seems to be the most reasonable hypothesis a consequence of the prior swelling and distension of the 
and furthermore suggests a rather general effect which has microspheres which occurred during the long term relaxa- 
not apparently been recognized previously. Clearly, if part t.ion of the polymer matrix. Bagley and Long 12 hypothesize 
of the large sphere is non-sorbing, a low apparent sorption that the long term sorption involves breaking of chain 
equilibrium will be observed, entanglements by osmotic pressure resulting in a more open 

Even though a good fit with the experimental large polymer structure. 
sphere sorption data was obtained using the Case II model 
for a homogenous sphere, the spherical shell hypothesis is Activation energies 
not ruled out. Since the Case II sorption front moves at Sorption and desorption runs at, at least, three tempera- 
a constant velocity in anisotropic or isotropic spheres, the tures and a constant n-hexane activity of 0.75 were made for 
Case II models do not per se discriminate effectively bet- both sphere sizes. The activation energy for sorption into 
ween limiting mechanisms for the two cases although the the large spheres was determined by calculating a Case II 
anisotropic model predicts a precipitous cessation of sorp- rate constant at each temperature. Assuming Arrhenius be- 
tion. The deviations from the anisotropic sphere model (i.e. haviour, for the Case II rate constants, the activation energy 
the rather gradual approach to a f'mal equilibrium) observed for Case II relaxation-controlled sorption into the large 
at long times are consistent with realistic deviations from 
either original or swelling-imposed discontinuities at the final spheres was determined to be 25 kcal/g mol. The activation 

boundary between swollen and unswollen polymer. 

Desorption kinetics "~ 0.4 
o Microspheres previously equilibrated with n-hexane vapour (3 o o o 

at an activity of 0.75 and 30°C were subsequently exposed 
to a high vacuum at 30°C. A comparison of dimensionless ~ 0 3  
fractional sorption, plotted against the square root of dirnen- ~. 
sionless time for diffusion, is presented for the large and >- 
small spheres in Figure 7. The diffusion coefficient values ...~ O-2 
for desorption from the large and small spheres used in 
Figure 7 are averages of diffusion of coefficients calculated 
using the half-time and long time methods. The dimension- 2 O-I 
less Fickian diffusion curve is also included in Figure Z The g= 
Fickian diffusion model rather simplistically describes the a. . . . . .  
desorption data since the Fickian model predicts a lower ini- 0 2 ' 4 6 ' 8 I() ' 12 
tial slope and a more rapid approach to the final equilibrium Time~(min) t/2 
than the experimental data. This behaviour is, however, con- Figure 8 Data for  n-hexane sorption in and dasorption from the 
sistent with a strongly concentration-dependent diffusion small polystyrene spheres at P/Po = 0.018 and 30°C. O, Sorption; 
coefficient is. D, desorption, d = 0.534/~m 
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i 0  -u purely Fickian sorption, uncomplicated by long-term relaxa- 
tions, completely describes the observed transport kinetics in 
the small spheres. 

A mathematical model describing Case II sorption in 
spheres, cylinders, and slabs is presented. The kinetics des- 
cribing absorption in the larger spheres are well described by 
by this analysis. Similarly a mathematical model by Berens 
and Hopfenberg for diffusion coupled with relaxation in a 

IO-12 sphere adequately describes the small sphere sorption data. 
Repeated experiments confirmed, moreover, that, at 

identical temperatures and penetrant vapour activities, the 
apparent equilibrium concentration of n-hexane in the small 

~.. spheres is significantly higher than the corresponding sorp- 
E u. tion equilibria in the large spheres. Although several possible 

explanations for this glassy-state anomaly are presented, the 
most satisfying explanation involves the development of a 

iO_,3 non-sorbing core in the large spheres consequent to the prior 
sorption in the surrounding shell. 

Desorption data for both sphere sizes are described by 
Fickian diffusion with concentration-dependent diffusion 
coefficients. Additional support for the suggested controU- 
ing transport mechanisms is provided by the activation 
energies, which are 25 kcal/g mol for the relaxation- 
controlled sorption into the large spheres, 13 kcal/g mol 
for the partially relaxation.controlled sorption into the 

IO -14 I , i I , , 
311 312 313 3'4 315 3.6 small spheres, and 10 and 5 kcal/g mol for diffusion- 

(10a/T) (K-i) controlled desorption from the large and small spheres, 
respectively. For the small spheres the diffusion coefficient 

Figure 9 Arrhen ius  plots f o r  n-hexane sorpt ion in and desorp t ion  from highly swollen samples is larger for desorption than for 
f r o m  the small d iameter  polystyrene spheres at P/Po = 0.75. sorption owing to the osmotic swelling of the polymer 
o, Desorption; ©, sorption during the later stages of sorption. Diffusion coefficients 

calculated for the desorption kinetics from the large spheres 
are two orders of magnitude greater than the diffusion co- 

energy for sorption into the small spheres and, similarly, for efficients calculated for desorption from the small spheres. 
desorption from each sphere size was determined by calcu- Presumably, this difference is a consequence of the incom. 
lating a diffusion coefficient at each temperature for each plete penetration of the large spheres. If the diffusion co- 
process. Assuming Arrhenius behaviour for the diffusion efficients characterizing desorption from the large spheres 
coefficients, the activation energy for diffusion in the small are calculated, assuming that the n-hexane sorbs in a shell 
spheres was determined to be 13 kcal]g mol and the activa- surrounding an unpenetrated core, then the diffusion co- 
tion energies for diffusion during desorption from the large efficients characterizing desorption in the large and small 
and small spheres were determined to be 10 and 5 kcal/g spheres are mutually consistent. 
mol respectively. The Arrhenius plots of the respective kine- 
tic constants are presented in Figures 9 and 10. 

The activation energy for Case II transport, which is en- 
tirely relaxation-controlled, is higher than the activation IO 10 -4 
energies for the Fickian transport processes. The higher 
activation energy for Case II transport is presumably related 
to the longer chain segments involved in relaxation of the o" 
polymer matrix compared with the segment lengths involved 
in penetrant diffusion in the polymer matrix. Interestingly, "~ 
the activation energy of the sorption into the small spheres, ~- ~ 
which is controlled initially by diffusion and at long times e u o ~E 
by relaxation, lies between the activation energies for the -- IO ~ " I0 -s ~ Ca 

e two limiting processes. .~o 

CONCLUSIONS 

Under conditions of temperature and penetrant activity 
where relaxation-controlled (Case II) transport is observed 
in t'flms, the large diameter (184/an) spheres also exhibit _, . . . . . .  1(56 
Case II transport. In marked contrast, sorption into the IO 2.9 3~O 3-1 3'-2 3'.3 3-4 
small diameter (0.534/an) spheres, under identical boun- (IOa/T)(K -I) 
dary conditions, is largely controlled by Fickian diffusion 

Figure 10 Arrhen ius  plots for n-hexane sorp t ion  in and desorption 
for most of the sorption, followed by a smaller long term from the large diameter polystyrene spheres at P/Po = 0.75. n, 
relaxation-controlled absorption. At much lower activities, Desorpt ion ;  O, sorp t ion,  d = 184/~m 
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