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Abstract

The kinetic model of the physical process of evaporation of plasticizer from plasticized PVC foils was developed from the results of
isothermal thermogravimetric investigation of evaporation of benzyl-butyl phthalate in the temperature range 1Q@tisd nitrogen flow.
The kinetic parameters were estimated by integral method of analysis. Mathematical modeling of the kinetic of plasticizers evaporation was
performed on the basis of functian= £(T, r) and kinetic equation of evaporatiendc/dr = £(T, co, c(t)). The developed mathematical
model was described by the general kinetic equatidn/dr = (k, exp(k, T)co + k, T + k,,)c(?). The differential quotient8( — dc/dr) /8T =
ST, co, c(t)) = A(T, co, 1) andS( — dc/dr) /5o = f(T, c(t)) = f(T, co, 1) were performed, and mathematical definition of the changes of the
evaporation rate constant with the change of temperature and the change of the initial plasticized concentration were discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction polymer matrix, this dependence becomes non-linear. The
diffusion process is described by Fick’s law of diffusion.

The loss of additives in general, and likewise of plasticiz-  The process of evaporation of plasticizer from poly(vinyl

ers from plasticized polymers, can occur during the processchloride) (PVC) surface follows the kinetic laws of the first

of plasticizing and processing and continue during the prod- order reaction; the functior (dc/dt) = kc(z)" is linear, i.e.

uct use, which considerably affects the quality of finished n = 1 [7,8]. This process, as it is slower than diffusion

articles as well as the durability of the product. The loss (n # 1), determines the kinetics of the plasticizer's weight

of additives, as a physical proceds-6], goes on through loss. On the basis of these experimental cognition, obtained

two simultaneous processes: the interfacial mass transporthrough the investigation of evaporation of various types

between the polymer and the surrounding medium and theof plasticizers from PVC foils, a kinetic model of physical

transport in the bulk of a polymer to the surface, i.e. the dif- process of evaporation of plasticizers from plasticized PVC

fusion process. The first process can take place through thewvas developed. The aim of this work was considering and

processes of evaporation, extraction, and migration. mathematical defining of all the factors affecting the kinet-
The rate of evaporation of plasticizer from the polymer ics of that process. The analysis of kinetic parameters was

surface is defined as the function of temperature and currentdone by integral method, on the example of evaporation of

concentration of the additive in polymer material. If the pro- benzylbutyl phthalate (BBP) plasticizer.

cess of evaporation is slower than the diffusion of additive

through the polymer matrix, then the rate of evaporation is a

Iinee_lr fu_nction of concentration. I_n_ case the_ process of evap- o Developing the kinetic model

oration is controlled by the additive diffusion through the

The model implies that the volatility rate of plasticizer
* Corresponding author. from the plasticized polymer is a function of three variables:
E-mail address: kovacic@ktf-split.hr (T. Kovéic). temperature, initial concentration, and residual concentra-

0040-6031/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2003.12.010



168 Z. MrKli¢ et al./ Thermochimica Acta 414 (2004) 167-175

tion of plasticizer[8]. The following kinetic model is sug- 3. Experimental

gested:
Experimental investigations were carried out on the foils
de n repared from commercial PVC polymerized in mass (Po-
—5 = [T coe® (1)  prep mercial PVC poly
! likem, Zadar, Croatia) mixed with the 9.9, 19.7, 30.4, and

36.1wt.% of benzylbutyl phthalate (Bayer, Germany) and
with 1wt.% of thermal stabilizer, modified butyl-stannic
mercaptide (BTF-80).

The evaporation of BBP from plasticized PVC foils
(PVC/BBP) was studied by the method of isothermal ther-
mogravimetry (Perkin-Elmer TGS with TADS Micropro-
cessor) in the temperature range 120-AG0under nitrogen

whereT is the thermodynamic temperatuigy, the initial
concentration of plasticizer in the plasticized polynt),
the residual concentration of plasticizerthe time of evap-
oration; andn is the kinetic parameter.

If the process of evaporation is realized in the conditions
f(T = constant, g), the kinetic model (1) develops into the

form: . : . S )
q flow of 30 cn?/min, as described in detail in the previous
5 = (koco + e(r)" (2  Work{8]

where parameterly andq depend on temperature. For the

parameteko, an exponential analytical form is anticipated: 4 Theresultsof verification model and discussion

ko(T) = k, exp(—k,T) (3) To verify the suggested model the results of experimental
investigations of the evaporation process of BBP plasticizer
while for the parameteq linear analytical form is antici-  from PVC/BBP were used, as shownTable 1(the accu-
pated: racy was+0.0001). It is assumed that for the investigated
PVC/BBP foils, 01 £+ 0.003 mm thick, the value of the ki-
q(T) = kqT + ky 4) netic parameten equals 1. By this, the kinetic model (1)

) ) o ) o becomes a linear differential equation, which integrates to
The variable time}, is introduced into kinetic model (1)

when knowing the dependence of the concentration change | c(\
Atk " . —In{ — | = AT, co)t (8)
of plasticizer in the plasticized polymer during the process co

of evaporation, i.e. . .
and using the experimental dat&) = co — ¢ versust,

c(t) = coexp(—kt) (5) were c is the amount of evaporated plasticizer, the kinetic
parametef(T,co) was estimated.

In order to achieve a complete description of the evapo- Fig. 1 shows an integral method of determining the
ration kinetics, the total differential is suggested: parameters of kinetic model (1). Calculated results are

given in Table 2; the relevant correlation coefficients were
0(—de/dr) _ (—dc/dn) + 9(—de/dr) (6) 0.9915-0.9998. The linear dependence of daltc(t)/co)
d7Td(co) oT dco — t, confirms the accuracy of the assumption that the nu-
merical kinetic parameten equals 1. Numerical amounts
of the parameter§T,co) and n enable the estimate of the
parametersy, q, k., K,, k;, andk,, from the kinetic model
(2), and functions (3) and (4).

The defining of the relation between the paramegtér =
constant, g) and the initial concentration of BBP plasticizer
in PVC/BBP, ¢y, at T= 120, 130, 140, and 15C was
carried out on the basis of graphic description of the data in

This differential provide an insight into the laws of the
change of volatility rate of plasticizer from the plasticized
polymer by temperature change and the initial concentration
change.

Substituting the functions (3) and (4) into kinetic model
(2), volatility rate is obtained depending on temperature and
residual concentration of plasticizer, by which the above
total differential (6) is mathematically formulated to the full:

Fig. 2.
a(—de/dr)  a((ky exp(k,T) + kyT + ku)e(t)") Approximate lines indicate the linear function fo_rm_de—
oTo(co) = oT pendence off(T = constant, g) parameter on the initial
concentratio
4 M X0k, D) g T+ k)@ i
dco AT = constant, g) = koco + ¢ (9)
Substituting the function (5) into (7) the varialilés being The results of the estimate of parametey@andq by linear
introduced. regression, as well as the relevant correlation coefficients,
To estimate the parametes g, k-, k,, k;, andk,, in the R?, are given inTable 3. The model anticipates the temper-

expressions (2)—(5), the procedures of linear and non-linearature dependence of parameteyandqg according to func-
regression were usdé,10]. tions (3) and (4).
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Table 1
Residual amount of plasticizer in tinte
Residual amount of BBR;y — c¢/mass fraction
10min 20min 30min 40 min 50 min 60 min 70min 80 min 90 min 100 min 110 min 120 min
co? = 0.099
120°C 0.0990 0.0990 0.0989 0.0989 0.0988 0.0988 0.0988 0.0987 0.0987 0.0987 0.0986 0.0986
130°C 0.0990 0.0989 0.0989 0.0988 0.0987 0.0986 0.0986 0.0985 0.0984 0.0983 0.0983 0.0982
140°C 0.0990 0.0988 0.0986 0.0985 0.0983 0.0982 0.0981 0.0979 0.0977 0.0976 0.0975 0.0973
150°C 0.0990 0.0986 0.0984 0.0981 0.0979 0.0976 0.0974 0.0972 0.0970 0.0969 0.0967 0.0965
co = 0.197
120°C 0.1969 0.1968 0.1966 0.1965 0.1964 0.1963 0.1962 0.1960 0.1959 0.1958 0.1957 0.1966
130°C 0.1969 0.1966 0.1963 0.1961 0.1959 0.1956 0.1954 0.1951 0.1949 0.1947 0.1945 0.1943
140°C 0.1967 0.1962 0.1957 0.1953 0.1949 0.1944 0.1940 0.1936 0.1932 0.1928 0.1924 0.1920
150°C 0.1963 0.1953 0.1944 0.1966 0.1928 0.1920 0.1911 0.1904 0.1897 0.1890 0.1882 0.1875
co = 0.304
120°C 0.3039 0.3037 0.3034 0.3030 0.3027 0.3024 0.3021 0.3018 0.3015 0.3012 0.3009 0.3006
130°C 0.3036 0.3030 0.3025 0.3019 0.3014 0.3008 0.3003 0.2997 0.2992 0.2986 0.2981 0.2976
140°C 0.3033 0.3023 0.3013 0.3004 0.2994 0.2985 0.2975 0.2966 0.2958 0.2949 0.2940 0.2931
150°C 0.3024 0.3004 0.2984 0.2965 0.2946 0.2928 0.2910 0.2893 0.2876 0.2859 0.2835 0.2827
co = 0.361
120°C 0.3607 0.3606 0.3602 0.3598 0.3594 0.3590 0.3587 0.3582 0.3578 0.3575 0.3571 0.3588
130°C 0.3608 0.3600 0.3592 0.3585 0.3578 0.3571 0.3564 0.3558 0.3550 0.3544 0.3537 0.3531
140°C 0.3602 0.3587 0.3572 0.3558 0.3544 0.3530 0.3517 0.3504 0.3489 0.3476 0.3463 0.3451
150°C 0.3589 0.3562 0.3537 0.3514 0.3491 0.3469 0.3447 0.3426 0.3405 0.3384 0.3363 0.3344
a Initial amount of BBP.
PVC/BBP, 9.9% of plasticizer _ PVC/BBP, 19.7% of plasticizer
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Fig. 1. Estimation of parameteféT,co) andn from the kinetic model (1) by integral method from thke. (8), for the initial concentrations of BBP in
PVC/BBP: (A) 9.9%, (B) 19.72%, (C) 30.4%, and (D) 36.1%.
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Table 2
The values of parameté¢T,co)

10* f(T,co) (min—1)

Initial concentration
of BBP (@ (Wt.%))

120°C 130°C 140°C 150°C
9.90 0.38 0.73 1.48 2.19
19.7 0.61 1.19 2.19 4.05
30.4 1.01 1.81 3.08 6.12
36.1 1.04 1.94 3.69 6.38
c
E 10
=)
Q
17
c
§ 150 °C
=
)
=
140°C
130°C
_{120°C

Co /%

Fig. 2. Dependence of the paramet€F,co) from kinetic model (1), for
T = constant (120, 130, 140, and 18D), on the initial concentration of
BBP in PVC/BBP.

Table 3

The values of the parameteks and q

Temperature(C) 1Pko (% min)~1 10°q (min~1) R?

120 2.72 1.06 0.9791
130 4.83 2.55 0.9940
140 8.95 5.09 0.9908
150 16.70 6.97 0.9832

To estimate the parameters from function (3), the relation
between the parametlg and temperature was investigated.
The graphic description of these data is giverkig. 3.
Approximate curve indicates the following exponential func-
tion:

ko(T) = k» explk, T)

The estimate results of parameteks and k,, by the
method of linear regression {R= 0.9996), are given in
Table 4.

(10)

Table 4

The values of the parameteks, k,, k;, andk,,

106k, 107k, (K1 10°k, —10%k,
(% miny~1 (minK)~1 (min~1)
1.2 6.06 1.95 7.57
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Fig. 3. Dependence of the paramekgron temperature.

To estimate the parameters from function (4) the relation
between the parametgrand temperaturd], is investigated.
The dependence of these parameters is graphically shown in
Fig. 4.

Approximate line indicates a linear function:

The results of the estimate of parametkysandk,,, with
R? = 0.990, are given imTable 4.

The parameters of function (5) can be determined from the
relation of residual concentration(t) and pertaining time,
t, during the process of evaporationTat= 120, 130, 140,
and 150°C. But, in the case = 1, function (5) represents
the integral of the kinetic model (1), i.e. an explicit form of
the implicit function (8), i.e.

c(t) = coexp(— f(T, co)t) (12)
y = 1.95E-06x - 7.57E-04
R%=0,990

7.00

6.00 -

10°q /min’

5.00 -

4.00 -

3.00 -

2.00 -

Fig. 4. Dependence of the parameteon temperature.
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By this, parametek from function (5) has the same numer- with the initial concentration change 9(—dc/df)/dco is
ical amount as paramet§iT,cg) shown inTable 2. observed.

The estimated parametekg;, g, k., K,, k;, andk,,, from Taking into account the value of the kinetic param-
Table 4, enable the defining of total differential (7), from eter n = 1, the first differential quotient from (6):
which the change of volatility rate of plasticizer BBP from d(—dc/dr)/dT = f(T, co, c()) or 9(—dc/dr)/0T =
BBP/PVC with temperature changé( — dc/dr)/dT, and (T, co, 1) (the variable c(t) is substituted with t through

| I , l : |

a(=dc/dr) / 2610 " -
mi niT K 2510 ' |- Co=0.099

2410 " =

23107 - t=10,20..120 min

2210

2110 : /

1910

()

=7
o(—dc/ dt) / 6510
oT
mint K™ -
610
55.10 '
510 '
4510 '
2167 | | | | | |
390 395 400 405 410 415 420 425
(B) T/ K

Fig. 5. Dependence of the change of volatility rate of BBP from PVC/BBP on temperature change, for the initial ratio of BBP: (A) 0.099, (B) 0.193,
(C) 0.304, and (D) 0.361.
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Fig. 5. (Continued).
function (5)) becomes a linear function of residual concen- Differentials (13) indicate that it is possible to investigate
tration or a exponential function of time. After substitu- the change of volatility rate of plasticizer by temperature
tion the numerical amounts of parameters from Table 4 it change, dependent on residual concentration of plasticizer

follows

or dependent on the time of evaporation process.

d(—dc/dr) (1.2 x 1071°exp(0.067)co + 1.95 x 107°7 + 7.57 x 10~*)c(1))

aT aT
= (7.2 x 1078 exp(0.06T)co + 1.95 x 10 %) (r) = (7.2 x 10718 exp(0.06T)co + 1.95 x 10 8)coexp(—kt)  (13)
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According to differential (13), the data §(dc/dr)/8T — function (5) (i.e. f(T,cp) in Table 2) are graphically shown
T a ¢t = 10, 20-120min and ¢p = 0.099, 0.197, 0.304, in Fig. 5.
and 0.361, with the appropriate values of parameter k from By analogy to the above first differential quotient, the

second differential quotient from (6), i.e. 3(—dc/dr)/dco =
AT, c(®)) or d(—dc/df)/dco = f(T, co, 1) is defined as

d(—dc/dr) (1.2 x 1071°exp(0.06T)co + 1.95 x 107°T + 7.57 x 10~*)c(1))
dco B dco
= (1.2 x 107 % exp(0.067)c(r) = (1.2 x 10~ 0 exp(0.06T)coexp(kt)  (14)

! I I I I
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8.1:10 005

Q)

-7.3510 *

d(dc/ dt) I min
ac,

-7410 % -

-74510 ¢ |-

-7510 ¢ -

- R ;4
75510 0.05 . . .
(B) Co

Fig. 6. Dependence of the change of volatility rate of BBP from PVC/BBP on the initial concentration change: (A) 120°C, (B) 130°C, (C) 140°C, and
(D) 150°C.
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Fig. 6. (Continued).

From differential (14) it is evident that the change of
volatility rate with the change of the initial concentration
depends on temperature and residual concentration (third
term of identity). After the substitution of variable c(t) with
variable t, through function (5), the variable ¢y appears as
well (fourth term of identity). Analyzing the third term,
it is possible to state that it also depends on variable cp.
Namely, numerical value of variable c(t) at the beginning

of evaporation process, at + = 0, humerically corresponds
to the initial concentration of plasticizer in the plastcized
polymer, Cop.

The data §(dc/dr) /6co — co at t = 10, 20-120 min, with
the appropriate values of parameter k from function (5) (i.e.
f(T,co) in Table 2), for the investigated temperature con-
ditions (T = 120, 130, 140, and 150°C), are graphically
shown in Fig. 6.
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Consequently, by experimentally investigating volatility
process of BBP from PV C/BBP, mathematical formulations
which can be applied for describing kinetic occurrences
in the system plasticizer—plasticized polymer are verified.
The application of the suggested kinetic model on inves-
tigated system indicate that the kinetics of the process
of BBP loss from plasticized PVC is determined by the
evaporation of plasticizer from the surface, being a slower
process, and that diffusion does not affect the process
of BBP loss from the foils of the investigated thickness.
Furthermore, it has been established that, at al initial con-
centrations, the values §(—dc/dr) /ST rise with the rise of
temperature. This is expected, because the kinetic energy
of molecules in the system also rises. Increasing the ini-
tia concentration of plasticizer from 9.9 to 36.1%, the
span between the curves narrows (Fig. 5). It can be also
noticed that the values §(—dc/dr)/8T are greater at the
greater initial concentrations of plasticizer in plasticized
polymer. When investigating the concentration effect of
plasticizer on the rate of volatility, the values §(—dc/dr) /8co
increase with the increase of the initial concentration,
and decreases with the increase of the time of heating
(Fig. 6).

The established mathematical model of volatility kinet-
ics can be compared with the kinetic model for the evapo-
ration of light-stabilizers from polypropylene, as suggested
by Luston et al. [11,12]. This model is acceptable only for
the case of linear dependence of volatility rate on residual
concentration, i.e. when the process of diffusion does not af-
fect the rate of volatility. If the foils of plasticized polymer
are of sufficient thickness, then, due to the impact of diffu-
sion, non-linear relation between volatility rate and residua
concentration of plasticizer in plasticized polymer can be
expected.

In this work, the suggested model enables the implemen-
tation of kinetic analysis of evaporation process even in the
case when diffusion processes affect the evaporation of plas-
ticizer from plasticized polymer. Besides, the model gives
an insight into the impact of temperature and initial concen-
tration of plasticizer in plasticized polymer on the rate of
volatility. This enables the anticipation of temperature con-
dition at which the plasticized polymer can be exposed, with
thevolatility rate within controlled limits. Likewise, one gets
an insight into the choice of theinitial concentration of plas-
ticizer for the predetermined change of the volatility rate.

Therefore, the developed mathematical laws of the impact
of these two parameters on the rate of volatility, disregard-
ing the inability of determining the conditions of minimal
volatility due to the nature of the system, enable the choice
of optimal ratio of plasticizer in plasticized polymer for the
predetermined temperature conditions.

5. Conclusion

Mathematical model of the kinetics of evaporation of plas-
ticizers was developed on the experimental data of loss of
BBP plasticizers from PVC/BBP plasticized polymer. De-
veloping the kinetic function —dc/dsr = £(T, co), a gen-
eral kinetic equation of plasticizers volatility was carried
out, which enables to control the rate of plasticizers volatil-
ity with temperature change and the initial concentration
change, for a certain period of evaporation process. The
change of volatility rate of plasticizer due to the change
of temperature depends on the initial concentration of plas-
ticizer and its residual concentration in plasticized poly-
mer. The change of voldtility rate with the change of the
plasticizer’sinitial concentration is approximately the same,
without regard to the temperature at which the plasticizer is
heated, and it depends on residual concentration of plasti-
cizer in plasticized polymer.
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