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ABs-rRAcr 

Dynamic thermogravimetric techniques (TG) have been utilized to estimate 
diffusion parameters during the desorption of water from NyIon 6 and PiexigIas films. 
Thus, values of activation energy of diffusion ED) and diffusion constants (0) could 
be ca?cuIated from expressions derived for the estimation of these parameters from TG 
traces. In the case of Nylon 6, it was found that values of D were dependent upon 
heating rate (RH). VaIues of ED and D[(RI-I) --, O] obtained were in reasonabiy good 
agreement with values reported from static (isothermal) measurements. Average values 
of En (uncorrected) obtained for Nylon 6 and Plexiglas w-ere, respectively, 7-O&0.4 
and IO.7+ 1.2 kcaI.moIe- ’ ; whereas, corresponding vaIues of D [303 “K and (RI-I) 3 O] 
were, 2.2 x IO-’ and 2.9 x IOe8 cm’_sec- ‘. Advantages and limitations of the method 
employed are described. 

13iiODUCTION 

Diffusion constants (0) and activation energies (ED) are invariabIy estimated 
using isothermal techniques. Further, in the case of diffusion of poor soIvents in 
polymer films, weight changes are generaIIy followed using an oven with an externaI 
spring-balance arrangement. The poIymer film is attached to this balance and sus- 
pended inside the constant temperature oven and periodic readings are made (static 
thermogravimetry). In connection with the preceding, it appeared that dynamic 
thermogravimetric techniques (TG) would be more advantageous’ in estimating 
diffusion parameters (by desorption) which invoIve weight losses. Thus, there are the 
following advantages in using TG rather than isothermal methods. 

(a) Considerably less data are required. Diffusion parameters may be deter- 
mined over various temperature ranges from the resuIts of a singIe experiment, 
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whereas, several separate experiments are required for each temperature range if 

isothermal methods are employed. 

(b) The continuous recording of weight Ioss US. temperature generally ensures 

that no features of the diffusion kinetics are overiooked. 

(c) A singIe sample is used for the entire TG trace, thereby avoiding a possible 
source of variation in the estimation of diffusion parameters. 

(6) In the isothermaI method, premature diffusion may occur in the sampIe 

during the equilibration period and this may make subsequent kinetic data difficult to 

analyze properly. 

(e) A TG trace could yield information as to whether values of D (and En) are 

dependent upon solvent concentration. 

However. several major disadvantages of TG may be noted. Less precise control 

of sampie temperature is possibIe than with static methods. AIso, the TG apparatus 

causes Iimitations on the sample size. Despite the preceding, it appeared appropriate 

to investigate the feasibility of employing TG to estimate values of D and ED and this 

is the aim of the present paper. 

It may be mentioned here that BeyerIein and coworkers’ recently reported on 

the use of TG in sorption studies. However, they employed expressions for diffusion 

which were originally3 derived for poIymer pyrolyses. Further, effects of variabIes, 

such as heating rate (RET), were not investigated. 

Starting materiais 

The following polymer films were employed: unoriented NyIon 6 film (Capran 

77C, AIIied Chemicai Co.), density = l;l3-1.14, crystaliinity z 30%, viscosity 

average molecular weight =r 22,000; and poIymethylmethacrylate (Plexiglas, Rohm 

and Haas) fihm. The tiim thicknesses ranged from 5.5 mi1 (for Nylon) to 6.5,55.5, and 

58.8 mil (for polymethylmethacryIate). The sample sizes varied from 20.44 to 47.20 mg 

for Nylon. and from 45.53 to 137.95 mg for poIymethyImethacryIate_ Distiiled water 

was used as the poor solvent. 

Apparalus 

The poIymer film samples were placed in a 950 DuPont Thermogravimetric 

AnalFr. The TG apparatus was prommed for heating rates w-hich varied from 

0.2 to 4.0 degmin- ’ for Nylon 6, and from 0.5 to 6.0 deg.min-’ for polymethyl- 

methactylate. An atmosphere of purified nitrogen (approx. 40 cm3.min-r) was 
maintained around the sample during each run. Isothermal runs w-ere also carried out 

with this instrument. 

Finaf values reported are based on a least-squares treatment using a Hewlett- 

Packard 9lOOA programmable caIcuIator. This calcuiator was also programmed to 

estimate values of T,, by trial-and-error (described in the Theory section), as we11 as 

other derived values. 
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Procedure 

The firms were soaked in distihed water for several days, at both 30 and 6O’C, 
unti1 the weight of water absorbed (equilibrium concentration of water) was constant. 
Prior to weighing the sampies. they were gently blotted with fiIter paper to remove 
surface water. lt was found that for any particuiar sample, the equilibrium water 
content was independent of temperature. Thus, for the Nylon, the final equilibrium 
weight of a certain film was identica1 at either 30 or 60°C. Similar results were obtained 
for the polymethyImethacryIate_ [However, in the case of Piexiglas, the equilibrium 
water concentration may become temperature dependent well above the Tg (cf- 
Results and Discussion section)]. Further, final identical weights were obtained when 
the commercial samples were dried prior to soaking in water or soaked without prior 
drying. 

The soaked polymer film was quickly placed into the TG apparatus and the 
weight Ioss of the sampIe was recorded starting with ambient temperature. ln the 
temperature range employed, the polymer films should not be therma.lly degraded 
(CA Fig. I). 

THEORY 

When desorption occurs by diffusion of a poor solvent (e.g. water) in a 
polymeric film under isothermal conditions, and the film contains a uniform initia1 
distribution of soIvent, and the surface concentrations of soIvent are maintained at 
zero, we can consider the following two cases. 

Care I. - For short times (and low conversions)’ 

1 w, 2 lB + --= 
Wz ( > x 

(1) 

where, W, = weight of soIvent in film at any time, t; IV= = equilibrium weight of 
solvent in film; D = diffusion coeffcient; and I = one-half the film thickness. 

When Eqn. I is differentiated with respect to t and the fohowing expressions are 
utilized, 

(RH) = dT/dt (2) 

D = D, e-E~IRT 
(3) 

Eqn. 4 is obtained, 

dW 2 W, D, ewEDiRT - 
E= (RH)rrZ’(l-W/W;) 

where, W= weight of soIvent in fiIm at any temperature, T; and, (RH) = rate of 
heating = constant. 
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Upon integration, Eqn. 4 becomes, 

_ ~oToe-ED~R$T] 

By employing approximations previousIy reported’, Eqn. 5 becomes, 

where, P= (I-2RTIE,); PO = (I -2RT,/E,,); and To = initial temperature at which 
the TG trace begins to depart from the horizontal (zero conversion). Since PoiP is 
generaliy close to unity thrcughout a run and Ietting P = P,,__ Eqn_ 6 finaIly becomes, 

4 Do RP,,_ 
(RH)nl’E, 

e-(E~/R)E(T-T~)/fToI and J(W) G 1 

Case 2. - For Iong times (and high conversions)a 

where, L = iilm thickness. Since the series in Eqn. S converges rapidly at reIativeIy 
Iong times, and letting n = 0, Eqn. S becomes 

Upon differentiation and utilizing Eqns. 2 and 3, Eqn. 9 becomes 

dW W,r’~oe-&!“T 
--= 

dT (RH) L’ 

(9) 

(10) 

Upon integration of Eqn. 10 and carrying out a similar treatment as in Case I, 

Eqn. I I is obtained 

In w, = 7c’Do RT2 PM e--ED,RT 

w (RJ-I)L’E,, 
(1s) 
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or 

ri2 Do RP,,_ 

(RH) L’ ED 
(12) 

In connection with Eqn. 1 2, it may be remarked here that if a first-order reaction 
is assumed, Le. 

--dFv/dr = kW (13) 

and if a treatment similar to that aiready described is carried out, Eqn. 13 yieIds, 

where, W, = initial weight of material undergoing reaction; and, E= activation 
energy of the reaction. Beyerlein and coworkers2 utilized an expression similar to 
Eqn, 14 to estimate activation energies of desorption (E in Eqn. 15) 

I* I* tv, = - ’ 
i 1 w RT -I- constant (1% 

Values of En, D,-, (and consequently D) may be estimated from Eqns. 7 and 12 
as follows. At relatively high conversions (and temperatures), r, Q 7’, and therefore, 
M z 1. Thus, for example, for relatively long times tcf- Eqn. I2), values of Wand Tat 
reiatively high conversions are employed (with M z I) in a plot of In &i ( WJ W),W*] 
LX l/T to afford preliminary values of E,, and D,. Then, values of W and Tat Iower 
conversions (and vaIues of 7’) are substituted into Eqn. 12 to estimate M and con- 
sequently To (by trial-and-error). Once T,, is known, a plot of the left-hand side of 
Eqn. 12 CS. l/T may be made to obtain more accurate values of E,, D,, and D (for 
any particular temperature). In the case of the diffusion of water through the polymer 
fiIms studied, the average value of To was about 268 “K. Since the TG runs commenced 
at ambient temperature, it was not possible to obtain data at very low conversions and 
it was therefore not possibIe to employ Eqn. 7. Thus, Eqn. 12 only was used to estimate 
values of E,, and De for the diffusion of water in Nylon 6 and PIexigIas. It was 
assumed that dynamic equilibrium obtained at the higher diffusion temperatures (and 
higher conversions) and that there was no chemical reaction between water and 
polymer over the temperature range of interest. 

RESULTS AND DISCUSSION 

Nylon 4 

In Fig. I is shown a typical TG trace for Nylon 6. The conditions involved in 
this run (Run No. N9 in Table I) are: (RH) = 4.0 deg.min- ’ ; nitrogen gas ffow 
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rate = 40 cm3.min- I ; L = 5.5 mil; Z%‘, = 2.06 mg. Utilizing values of W and T at 

high conversions @X5-92%) and assuming M = I, a linear regression treatment of 

derived data, ie., In fin (ZV,jW)jT’] rs. l/T, afforded values of Enj2 = 3325 and 

I~[I~‘D,RP,,_~(RH)L’E~]-B= - I-99. From these values, and values of ZY and T 

Fig I_ TG trzcc for dcsorption of water from Nylon 6_ (RH) =4-O degmin- *, W, = 306 mg, 
L = 5.5 mil, nitrogen flow rate = 44) cm3.min- l_ 

at Iovver conversions (65-70%), values of M, and consequently of T,,, could be cal- 

culated. In this manner, To = 274+ 1 “K for this particular run. From this average 

value of T,-,, values of In IJn (W,.W)/MT2] CS. l/T could be calculated over a wide 

r.ange of conversion (42-92%) and a linear regression analysis of the linear plot 

obtained (cJ Fig. 2) afforded values of En/2 = 3461 and B = - 1.60. From a com- 

parison between the uncorrected values (M = 1) and corrected values (M # 1) of En 

and De, it can be seen that it can be assumed that M = 1 with little error in these 

values. In Table I are summarized values (corrected and uncorrected) of En, Do, and 

D(303’K) for Nylon 6. in calcufating values of D, (and D), a value of PaI_ = 0.8 was 
used for all the runs_ From the table, it can be observed that D(303”K) and D,, are 

dependent on values of (RH) whereas, the value of En is reiatively independent of 

(RH). Thus, over a range of (RH) = 0.2-4.0 deg.min- ‘, En (av., uncorrd.) = 7.0+0.4 
kcaI.moIe- ’ _ However, as shown in Fig. 3, a plot of D(303’K) CW. (RH) clearly 

indicates that D is dependent on (RH). A Iinear regression analysis of data invoIving 

CRH) values from 0.2 to 0.7 degmin- ’ afforded a limiting [(RH) = 0] value of 

D(303”K, uncorrd-) = 2.2x 10s9 cm2_sec-I and D(303”K, uncorrd.) = 2.0 x 

IOmg cmZ.sec- ‘. In connection with these values, it may be noted here that three 

isothermal desorption runs were carried out at 311.7, 315.4, and 327.3 “K for the 

diffusion of water in Nylon 6. From Eqn. 1, a plot of WJW, tz~. tf should afford a 
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Fig. 2. Plot of --In 
In (WJW 

MT2 
cs. l/T for Nylon 6 (data from Run N9). (RH) =4-O deg.min-‘, 

W= = 2.06 mg, L = 5.5 mii, nitrogen flow rate = 40 cm3.min- I, T,, = 274’K, E&2 = 3325 cal.moie- ’ 
(,M= I). The numbers along the curve denote percentage conversion. 

-FABLE I 

VALUES OF E,. D,_,, AND D(303”K) FOR NYLON 6 UNDER VARIOUS 
EXPERIMENTAL CONDITIONS 

Run No. (RH) Nitrogen flora E. (kcal.moie- ‘) D,, x Iti (cm2.sec- ‘) D(303 ‘K) X i09 
(deg.min- *) rate (cmfxc- ‘) 

(cm3.min- ‘) Uncorrd. Cored. Uncorrd. Corrd. 

Unwrrd. Corrd. 

Nl 0.20 40 6.8 
Nt 0.30 40 7.2 

N3 0.50 10 6.4 
N4 0.50 40 7.1 
NS 0.70 40 6.6 
N6 1.0 40 7.3 
N7 1.0 40 7.4 
N8 2.5 40 7.6 
NP 4.0 40 7.2 

6.5 

6.8 

6.9 
6.1 
7.0 

6.9 

2.0 

5.4 

1.4 
5.0 
2.8 

12-i 
11.5 
26.0 
17.0 

1.3 

2.8 

3.6 
1.3 
7.8 

12.0 

3.0 

3.4 

4.0 
4.1 
4.9 
6.5 
6.4 
9.6 

11.8 

3.0 

3.6 

4.4 
5.6 
6.7 

12.6 
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Iinear relation, at Iow conversions, whose slope u-i11 yieId a value of D. Then a plot of 

In D LX I/T (cf- Eqn. 3) shoutd give values of ED and D, (and D)_ In this manner, 

ED = 8-9 kcaI.moIe- ’ and 0(303X) s 14x 10-gcmz.sec-‘_ These values are for 

reIativeIy high concentrations of u-ater in the Nylon 6 fiIm and indicate that D(303”K) 

is dependent upon water content when this is reIativeIy high. [However, there exists 

doubt concerning the accuracy of these isotherma results since the Arrhenius type 

plot, In D z’s_ IjTwas not a good Iinear fit]. Others 6*7 have also indicated that vaIues 

of D for NyIon 6 are dependent upon water concentration (increasing with in- 

creasing water content)_ Thus, for an “untreated” NyIon 6 him, D(Z5”C) has been 

reported’ to be as high as IO x IO-’ cm’sec- ’ for a reIativeIy high water content of 
about 7% and as low as I x IO-’ cm*_sec- ’ for a water content of about 2.5%. 

[D values are also reported to be a function of the pre-treatment the film has under- 
gone as weI1 as the temperature invoked6 (above or below T, = 40_5O”C)]. The 

I1 .- 

Fig_ 3_ PIot of D(303”K) rs_ heating rate. (RH), for desorption of water from Ny!on 6. O--O, 
uncorrected D(M = I); &--,A, corrected D(M + 1). 

dependence of D on water content may be utilized to explain, in part, the dependence 

of 1) (and D,,) on (RH)_ Thus, in the foIlowing are given heating rate (degmin- ‘) 

and the mean percentage of water in the film over the conversion range [over this 

range, temperatures were generally above 50°C (T, for NyIon 6)J that Eqn. 12 was 

applied, respectiveIy, O-2, 8; 0.3, 11; 0.5, 13 (av.); 0.7, 17; 1_0,27 (av.); 2.5, 45; and 

4.0, 35. From this, it would be anticipated, based upon the water concentration 

dependency, that as (RH) increases (and consequently, the mean water concentration 



in the film), values of DO (and 0) wouid increase, as observed. Further, limiting 
values of D[(RH) = 0] may be compared with reported values of D obtained from 
initial data involved in sorption studies (the concentration of water in the film may be 
considered to be very Iow during the early sorption stages). Asada and 0nogi6 
reported a value of D(303 OK) = 1.3 x lo-’ cm2.sec- I (for zero water concentration). 
However, these workers also reported that values of ED were temperature dependent. 
varying from about 14 at 50°C (T& to about 6.5 kcaI.moIe-’ at 25°C. 

TABLE II 

VALUES (UNCORRECTED) OF ED, Do, AND D(303”K) FOR PLEXIGLAS UNDER 
VARIOUS EXPERIMENTAL CONDITIONS 

Rzm No. W-0 Nitrogen flou; rate E. DO D(303 “K) x IO* 
(&g_nCn- ‘) (cm”.min- ‘) (kcal_moIe- l)O (cm2sec- ‘) (cm2sec- I)* 

PI 0.50 40 9.3 0.12 294 
P2 1.0 40 9.7 0.21 2.85 
P3 2.0 40 9.5 0.15 3.03 
P4 4.0 40 Il.8 7.7 3.01 
PS 5.0 40 11.9 8.5 2.93 
P6 6.0 40 Il.9 11.2 3.57 

‘ED (av.) = 10.7 f 1.2 kcal.moIe- f. bD x lo* (av.) = 2.9 f0.1 cm2.sec- 1 (excluding Run P6). 

PolyrnethylmethacryIate (Hexiiglas) 
Adopting an approach similar to that employed for Nylon 6, it was found that 

corrected (M # 1) and uncorrected (M = 1) values of ED and 0(303X) were in very 
good agreement and that it was therefore unnecessary to correct for values of M. 
Thns, from data obtained for the desorption of water from Plexiglas (cf. Run No. P6 
in Table II) employing TG techniques, it was found that To = 275°K and that 
uncorrected (M = 1) values of ED and D(303 “K) were, respectively, 11.9 kcal.mole- I 
and 3.2x lo-* cm2sec-1 whereas, the corresponding corrected (M# 1) were, 
11.7 kcal.mole- ’ and 3.3 x lo-* cm’sec- I. The various results obtained for PIexiglas 
and the various experimental conditions used are summarized Table II. Values of P__ 
varied from 0.82 to 0.89. 

From Table II, it can be seen, contrary to the results obtained for Nylon 6, that 
in the case of PIexiglas, values of ED, Do (and 0) are independent of (RH) from OS0 to 
2.0 deg.min- ‘, the average values being ED= 9.5+0.1 kcaI.moIe-‘, Do =0.16+ 
0.03 cm*.sec- l, and D x 10*(303”K) = 2.94+0.06 cm’sec-‘. Further, over the 
higher range of values of (RH), 4.0-6.0 degmin- I, values of ED and Do are higher, but 
approximately constant; thus, ED = Il.9 +O.O kcal.mole- ’ and D, =9.1 F 1.3 cm2. 
set- l_ Except for D(303”K) at (RH) = 6 deg.& - ‘, the order of magnitude of the 
D(303”K) values at (RH) = 4.0 and 5.0 is similar to that at the lower values of (RH). 
Average values of D x 10” cm2.sec- ’ at 293, 3 10.4, and 323 “K were also calculated 
and are, respectively, 1.7+_0.1; 4.720.4; and, 9.3+ 1.0. These values were estimated 

Thermochim. Acta, 4 (1972) 501 



over the entire range of (Rl-l) employed, i-e., 0.5-6.0 deg.min- ‘_ Values reported for 

D x IO* cm’sec- I (for polymethyImethacryIate) at 293, 303, 310.4, and 323 “K 
are*-“, respectiveiy, 0.5 and 0.9; 1.6 and 1.8; 0.9, 1.4, and 2.3; 4.3, 13.0, and 13.3. 

Reported vaIues of En for polymethylmethacryIate are*-“, 10.1, 10.4, ll.6, and 

14.9 kcal.moIe- ’ _ It should be noted here that a fair comparison of TG values of En 
and D with values from isothermaI measurements must take into consideration the 

following_ For several water-polymer systems it has been observed I0 that values of D 

appear to depend on the method of measurement, e.g., transient zx steady-state 

techniques. It has also been reported *OS’ ’ that D values are dependent upon the water 
concentration in poIymethyImethacryIate and that En and Do values depend upon 

whether the diffusion temperature is below or above the value of T8 (about 90°C). 

The water concentration factor should not aflect the TG values obtained (on a relative 

basis) since the mean wetter contents varied onIy between 22-28% over the conversion 

range that Eqn. 12 was applied. However, for Runs PI-P3 (Table II), the temperature 

vaIues encountered varied from about 105 to 18O’C (these values are above the TZ 

value) whereas, for Runs P4-P6, temperatures employed ranged from 45 to 77’C 

@eIow the TY, vaIue)_ These temperature ranges arose due to the utilization of much 
larger sampIe thicknesses for Runs PI-P3 as compared with Runs P4-P6 (about 58 as 

against 7 mil). AIthough consideration of T’ may account, in part, for the differing &, 

vafues in Table II. it may be remarked that whereas? En appeared to decrease for 

temperatures above T”, an opposite trend was reported by Ryskin and coworkers 
[cf- Ref. IO). In this connection, it may be mentioned that above the To it has been 

reported ’ 3 that the equilibrium water concentration commences to change markedly. 

Such an effect may markediy influence diffusion parameter vaIues obtained for 

Plexiglas from TG techniques_ 

Based upon rest& obtained from TG techniques for Nylon 6 and poIymethyI- 

methacrylate, it appears that values of E,, and D, calculated from water desorption 

data, may be obtained with reasonably good reliability from such techniques. How- 

ever, in order to minimize the possible effects of heating rate and T,, low vaIues of 

(RH) and samples with similar dimensions should be employed. It is planned to 

extend these TG techniques to other solvent-polymer systems. In the case of water, it 

was not possible (under the experimental conditions used) to apply Eqn. 7 due to the 

reIativeIy high volatility of water (To = 268’K). However, this expression, as we11 as 

Eqn. 12, may be applicable in cases where solvents are much less volatiIe than water 
(higher To)_ In such cases, it should be possible to obtain a fairly compIete spectrum 

of vahres from a single thermogram. These values could indicate the extent of the 

dependency of En and Do (and G) vaIues upon solvent concentration and TI. 
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