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Summary — The subject of our study was kinetics of migration and surface
segregation of linear aliphatic carboxylic acids (11—18 C atoms) in butadiene-
-styrene rubber (SBR). The iteration procedure has been proposed for determi-
nation of thickness of acid’s surface layer formed as a result of segregation as
well as for determination of acid diffusion coefficient. With the aim of deter-
mining these kinetic curves of migration FT-IR IRS spectra analyses have been
used. Differences in final thickness of surface layer of particular acids (after
24 h) have been explained on the basis of differences in their solubility in SBR
at temperature of spectroscopic measurement equal to 23 °C.
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Migration of low molecular weight additives to-
wards the rubber surface has been studied extensively
for many years. Most of papers consider ageing protec-
tion by blooms of waxes [1—3] and antioxidants [4—9].
Migration of components of crosslinking system was
also studied, especially in blends of rubbers, their un-
even distribution between polymer phases has been
taken into consideration [10—12]. Migration of low mo-
lecular weight additives can also influence the range of
application of rubber products [13, 14].

Most of low molecular weight additives migrating
towards the rubber surface are solid substances, incor-
porated into rubber matrix in an amounts exceeding
their limits of solubility. Migration used to be quantified
by measurement of bloom thickness after definite time
[2, 3] or by determination of changes of the additive con-
centration in the bulk of vulcanizate [6—9]. Such me-
thods do not allow to study a kinetics of blooming and,
as a consequence, the mechanism of solid substances’
migration in rubber matrix has not been recognised well
enough [15, 16].

In this paper migration and surface segregation of
linear aliphatic carboxylic acids (used as activator) in
butadiene-styrene rubber (SBR) vulcanizates was stud-
ied. Blooming kinetics was determined with the use of
FT-IR internal reflection spectroscopy. Calculation proce-
dure, based on calculation of Fickean diffusion fronts
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with the use of final element method, is presented and
the results obtained discussed.

EXPERIMENTAL

Materials

The following materials were used in this work:

— butadiene-styrene rubber (SBR, Ker 1500,
Z. Chem. O$wiecim, Poland),

— carboxylic acids RCOOH (where R is
Cy0H21—C17H35) of purities at least 95 wt. % (denota-
tions — Cn, where 7 is the number of carbon atoms),

— dicumyl peroxide (DCP) 98 wt. % of purity
(Merck-Schuhardt, Germany).

Sample preparation

Carboxylic acids were admixed to SBR in amount of
4 phr. Prior to processing the rubber was extracted with
boiling acetone (48 hrs in a Soxhlet apparatus) to remove
antioxidants and other low molecular weight residues,
that can affect the migration of the acids studied [9].
Mixes (SCn) were prepared using the laboratory two-
-rolls mill (David Bridge Co., UK). Each rubber mix was
cured with 1 phr of DCP. Samples were vulcanized in a
form of cube (with side 1 cm) in a steel mold at 160 °C for
20 min, as determined rheometrically (ISO 3417). Table 1
contains thermodynamical characteristics of the acids
studied. Prior to admixing to the rubber, thermal stabi-
lity of the acids was examined. The temperature of 5
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wt. % loss (determined using TGA at heating rate of
10 °C/min) exceeded 160 °C — from 163 °C for unde-
canoic acid up to 205 °C for stearic acid. It means that
there is practically neither degradation nor evaporation
of the acids from the rubber during vulcanization.

Table 1 Thermodynamlcal characteristics of the carboxylic
acids studied”

Acid, Cn T, °C AH,J/g | A8,]%/cm'?
CH3(CH2)sCOOH, Cr1 28.6V 139.7Y 0.20
CH3(CH2)10COOH, Ci2 440 181.5% 0.35
CH3(CH2)11COOH, Ci3 42,0V 157.6" 0.48
CH3(CH2)12COOH, Ci4 54.3% 197.8% 0.58
CH3(CH2)13COOH, Cis 52.79 171.67 0.67
CH3(CH2)14COOH, Cs 62.7% 209.8% 0.77
CH3(CH2)15COOH, Ci17 61.37 190.27 0.85
CH3(CH2)16COOH, C1s 69.5” 215.5% 0.91

i melting temperature, AH — enthalpy of melting, A5 — diffe-
rence between solubility parameter of SBR and the acid, calculated
accordmg to the method by Van Krevelen [17].

® reference [18], ¥ reference [19].

FT-IR spectroscopy

Experiments were carried out at ambient tempera-
ture (T = 23 £1 °C) using FT-IR instrument BIO-RAD FTS
175C (Germany) equipped with IRS microscopic acces-
sory (Split-Pea, Harrick Scientific, USA). The rubber
specimen prior to experiment was accommodated in
FT-IR spectrometer chamber for 2 hrs. Procedure of spec-
tra collecting started on fresh cross-sectioned surface of
the sample. Spectra were collected during 15 hrs every

1 min with resolution of 4 cm™.

KINETICS OF BLOOMING DESCRIPTION

Kinetics of the surface migration of carboxylic acids
in rubber was determined from FT-IR spectra. For evalu-
ation of changes in bloom thickness and description of a
rate of diffusion the following procedure was applied.

Penetration depth (d,) of infrared beam can be calcu-
lated according to Harrick’s formula [20]:

A

dp= T
2)\2 (1)

2101y - sinz(e)—[:;]

where: A — wavelength; nj, ny — refraction indices of the
material studied and silicone crystal, respectively (ny = 3.9);
0 = 60° — incident angle of the infrared beam.

Refraction indices of carboxylic acids studied were
measured using Abbe refractometer, at ambient tem-
perature. Because of various crystalline forms structures
and their content in the compounds the obtained values

of coefficients of refraction varied in the range
1.46—1.52. Values of refraction indices of SBR and all the
acids studied were then taken as n; = 1.5 [21] for all
further calculations. Penetration depth of infrared radia-
tion, calculated according to eq. (1) (for 1700 cm™) d,=0.8
um represents an average value. Considering that wave
intensity decreases exponentially along distance (x) into
material, absorption of radiation at time t [A(#)] associa-
ted with concentration of carboxylic acid (C) can be de-
scribed by the following equation [22]:

_2x
A(t)-jC(t x)-a-e %P . dx )

where: C(t, x) — molar concentration of carboxylic acid at the
depth x from the surface of a sample at time t, a — coefficient
of absorption.

In our calculations we had to make some simplifica-
tions to find bloom thickness from FT-IR spectra, i.e. that
absorption coefficient (a) is concentration independent.
For bloom present on the rubber surface eq. (2) can then
be redrawn mto the followmg form

2
d

Al)= J-CB ae % dx+IC(t) a-e ©.d 3)

where: C(t) — molar concentration of acid in the surface layer

of rubber as a function of time, Cg — molar concentration of

acid in the bloom (time independent), xg — bloom thickness.
Integration of eq. (3) gives:

Cg-a-d Tan
A(t):% 1-e % |4

From the eq. (4), the bloom thickness can be derived:

_2:A()
a-dp

- -__P P
xg = xg(t)= 2In o cl) )

To calculate xp(t) from FT-IR kinetics we needed to
know the value of coefficient of absorption () and a
function describing concentration of the acid in the sur-
face layer of rubber [C(t)]. Coefficient of absorption was
calculated using the following formula:

Ag

a=——>=>—
Cg -dp

6
where: Ag — absorption at 1700 cm™ from reflection spectra
representing pure acid.

C(#) still reminds unknown because it is impossible to
determine it directly.

A rate of diffusion of low molecular weight com-
pounds in rubber matrix can be described by the second

Fick’s law [23]:
dC(t, x) _ dZC(t, x)

- 7)
dt d?x
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where: D — diffusion coefficient.

Eq. (7) was solved applying the method of final ele-
ment analysis with x step of 1 um, t step of 1 s, and
starting value of D = 200 - 10® em?/s for 1 mm thick
sample and time of experiment in which the bloom
thickness does not exceed 2d,,. Preselection of time range
was applied to avoid an influence of deviations in ab-
sorption on the result. The dependence of bloom thick-
ness (xp) vs. absorption (Fig. 1) illustrates that an accept-

4
Q

=

g

= /
=2

4, ) 4,
Fig. 1. Dependence of bloom thickness (xg) on absorption (A)
of infrared radiation in internal reflection FT-IR experiment

able sensitivity of the method is below the value of
bloom thickness of xg = 2d,. It was assumed however,
that chemical potential of an acid in the bloom is equal to
its chemical potential in rubber when below the solubi-
lity limit. On the above basis, for C(t, 0) the solubility
limit was put for calculation of diffusion process. Solu-
bility limits of the acids studied were determined from
FT-IR spectra of fresh cross-sections of rubber samples
after 3 months of their conditioning at 23 °C. To obtain
numerical representation of C(t, x) function, the C(f,
1 um) was then taken as C(t) in eq. (5) and the experi-
mental bloom thickness (xpe,,) was obtained using FT-IR
data. Calculated bloom thickness (xp.) was determined
from C(t, x) numerical data and compared with the re-
sults of FT-IR measurements. To precise D value and C(t)
function, the dependence of experimental bloom thick-
ness vs. calculated one was approximated with linear fit:

XBexp = O * XBealc ®
New value of D was then precised as D,;:
Dn = - D (9)

The iteration procedure was performed until coeffi-
cient o reached the value of 1 + 0.001, in order to obtain
D value and time characteristics of xgey, and xpeic-

To estimate an accuracy of the calculated diffusion
coefficients the standard deviation SD,, of D was calcu-

lated according to the following formula:
SDg = Sa.- D (10)

where: So. — standard deviation of o in eq. (8).

To proof whether solubility of acids in SBR was deter-
mined with sufficient accuracy the values of diffusion
coefficients and their standard deviations (SD¢,) were
calculated assuming as the solubility limit (Cs) the value
of Cg £ SCg(SCg — standard deviation of Cg).

RESULTS AND DISCUSSION

An appearance of 1700 cm™ band of carboxylic acids’
bloom has been observed for FI-IR spectra. It is shown
in Fig. 2 for octadecanoic acid as an example. A peak

0,14
0,12+
=
2
g 0,1+
e}
<
0,08
210
0,06* = j 0 t, min
1794 1756 1717 1678 1640 1600

Wavenumber, cm’!
Fig. 2. An increase of 1700 cm™ band for octadecanoic acid
bloom obtained with FT-IR IRS method; spectra are presented
every 10 min

area of the absorption band at 1700 cm™ was calculated.
Band at 1700 cm™ has been chosen because it comes from
C=0 bond stretching and this band is not present in
spectra of SBR (Fig. 3). Blooming kinetics obtained from
FT-IR measurements are shown in Fig. 4.

FT-IR kinetic data of the surface segregation of acids
are given in Fig. 5 and Table 2. Accuracy of diffusion
coefficient determination (SD,) using the method ap-
plied is quite high if considered only from the point of
view of FT-IR kinetic measurements. However the results
of D values calculation could be strongly affected by ac-
curacy of the solubility limit (SCg) determination. It was
expected that solubility limit should be inversely propor-
tional to difference between solubility parameters of
polymer and studied substance (A3, see Table 1). Despite
the observed apparent decrease in solubility with in-
crease in A9, the reason of very high difference between
solubility of tridecanoic and tetradecanoic acid is not
clear. However, sharp increase in the solubility limit of
low molecular weight compounds near their melting
temperature is well known [1]. In our case temperature of
experiment (T, = 23 °C) was kept constant, so an excess
of the melting temperature values of the acids studied
(Tn) over Ty, varied from acid to acid. Regularity of
changes related to hydrocarbon chain growth has been
additionally perturbed by known alternation effect.
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Fig. 3. FT-IR spectra of SBR reference sample (1), fresh cross-section of SBR containing octadecanoic acid (2) and octadecanoic
acid (3)
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Fig. 4. Kinetics of blooming observed by changes of peak area (S) of the absorption band at 1700 cem’!

Table 2. Parameters of diffusion of the carboxylic acids towards SBR surface obtained from FT-IR studies”’

, Cs SCs Co D-10° SD¢s - 10° | SDo.- 108
Mix symbol Cs, phr mmol/dm?® | mmol/dm® | mmol/dm?® cm?/s cm?/s cm?/s Ra xp 24 h, um
SC11 3.89 199 4 205 13.55 7.93 0.34 0.775 0.13
SC12 2.73 130 8 190 8.02 2.39 0.08 0.990 1.04
SC13 2.47 110 7 178 1.98 0.41 0.01 0.985 0.67
SC14 0.72 30 9 167 40.28 5.22 0.12 0.996 6.57
SC15 0.76 30 8 157 41.15 5.11 0.21 0.987 6.56
SC16 0.59 22 7 149 29.22 3.16 0.09 0.995 5.81
SC17 0.60 21 9 141 13.38 1.98 0.13 0.981 3.92
SC18 0.51 17 8 134 434 0.58 0.02 0.989 2.28

Vs — solubility limit of carboxylic acid in SBR, SCs — standard deviation of the solubility limit, Co — initial concentration of an acid in SBR
sample, D — diffusion coefficient, SDcs — standard deviation of diffusion coefficient by the accuracy of Cs determination, SDo — standard
deviation of diffusion coefficient assuming FT-IR data correlation with the second Fick’s law, Ro — coefficient of correlation between FT-IR data
and the second Fick’s law, xp 24 h — bloom thickness after 24 hrs.
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Fig. 5. Comparison between experimental and calculated ki-
netics of blooming: 1 — experimental values (xBexp), 2 —
calculated values (xgeg1c)
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Fig. 6. Solubility limit (C) vs. excess of Ty, over Teyy (23 °C)
for the acids studied

In Fig. 6 the dependence between the solubility limit
and the above mentioned difference in temperature va-
lues is presented. It seems to be clear, that determination
of the solubility limit for substances of T, near Ty, can
be strongly affected by temperature instability of Tey,
during long-lasting experiment.

Diffusion coefficient depends on mobility of the car-
boxylic acid molecules penetrating the rubber matrix.
There are many factors influencing the mobility, namely:
size, shape and free rotation in skeleton of the molecules,
intermolecular interactions between them and with the
matrix, as well as ability to crystallization and finally a
degree of matrix’s crosslinking [2, 15]. A decrease in dif-
fusion coefficient with an increase in chain length was
found for the first three acids [from undecanoic (C11) to
tridecanoic (C13) one], but after that a sharp increase in
the diffusion coefficient was observed (Table 2). This
phenomenon can be explained by some change of the
diffusion mechanism with the chain length. For the first
three acids the excess of acid over the solubility limit is
so low that allows only gradient of concentration to
work as the driving force for diffusion. For the acids of
longer molecules [from tetradecanoic (C14) to octade-
canoic (C18) one] the extend of the concentration over
the solubility limit was very high and could produce

Fig. 7. Thickness of blooms of the carboxylic acids (xp), extra-
polated to 30 days

a stress in the elastomer network [23], particularly be-
cause the excess of acid can not crystallize in SBR matrix
[24]. The stress in network can be an additional driving
force for migration, being responsible for the fact, that
diffusion coefficient was found to be strongly dependent
on concentration. The complete comparison of blooming
kinetics of the acids studied is given in Fig. 7.

The stress of network can be taken into consideration
by adding its representation to diffusion equation as de-
scribed by Edwards [23]. This method however requires
series of mixes of various concentrations of migrating
substance, what is tedious procedure. Instead, Zhang
proposed very simple equation, describing dependence
between diffusion coefficient and concentration of a
penetrant [25]:

11

where: Dg, D, — diffusion coefficients at concentration equal
to solubility limit (Cg) and at higher concentration (C,) re-
spectively.

We have applied the Zhang’s method to calculate Dg
values. Dependence of Dg on a number of carbon atoms
in acid molecule is presented in Fig. 8. An apparent de-
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Fig. 8. Dependence of diffusion coefficient at concentration
equal to solubility limit (Dg) on number of carbon atoms in the
molecule (n)
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crease in diffusion coefficient with an increase in mo-
lecular size of the acids studied can be observed.

CONCLUSIONS

FT-IR internal reflection spectroscopy can be applied
for quantitative analysis of surface migration of low mo-
lecular weight additives in elastomers. Experimental
procedure is based on final element analysis applied for
diffusion process in a form of iteration of FI-IR absorp-
tion data. The described procedure allows to calculate
the values of diffusion coefficient and a rate of blooming.
Accuracy of the method proposed is reasonably good
but the results are strongly affected by accuracy of the
solubility limit determination.

Although diffusion mechanisms are far from being
understood completely, the presented procedure can be
very useful to predict and compare behavior of various
processing additives in elastomers.

ACKNOWLEDGMENT

The work was carried out under the frame of the project No
KBN 0641 T08/2002/23 founded by the Polish State Commit-
tee Scientific Research.

Software for data evaluation was created with Borland
Delfi 7 Personal and TeeChart Pro 6. Piotr Gigb would like to
thank Borland Software Corporation and Seema Software SL
for free software.

REFERENCES

1. Layer R. W, Lattimer R. P.: Rubb. Chem. Technol. 1990,
63, 426.

2. ChoiS.:]J. Appl. Polym. Sci. 1999, 73, 2587.

3. Dimauro P. J., Paris H. L., Fath M. A.: Rubb. Chem.
Technol. 1979, 52, 973.

4. Pushpa S. A., Goonetilleke P.: Rubb. Chem. Technol.
1995, 68, 705.

o

S0 ® N

12.
13.
14.
15.
1e.
17.
18.
19.

20.

21.

22.

23.
24.

25.

Parra D. F,, Freire M. T., De Paoli M. A.: |. Appl. Po-
Iym. Sci. 2000, 75, 670.

Choi S.: . Appl. Polym. Sci. 1999, 74, 3130.

Choi S.: . Appl. Polym. Sci. 1998, 68, 1821.

Choi S.: J. Appl. Polym. Sci. 1997, 65, 117.

Choi S.: J. Appl. Polym. Sci. 1999, 71, 1987.

. Lewis J. E., Deviney M. L., Whittington L. E.: Rubb.

Chem. Technol. 1969, 42, 892.

. Dias A.]., Galuska A. A.: Rubb. Chem. Technol. 1996,

69, 615.
Gardiner J. B.: Rubb. Chem. Technol. 1968, 41, 1312.
Pat. USA 4 067 124 (1978).
Biaudet H., Mouillet L., Debry G.: Bull. Environ. Con-
tam. Toxicol. 1997, 59, 847.
Neogi P.: “Diffusion in polymers”, Marcel Dekker
Inc., New York 1996.
Van Amerongen G. J.: Rubb. Chem. Technol. 1964, 37,
1065.
Van Krevelen D. W.: “Properties of Polymers”, El-
sevier, Oxford 1997.
Schaake R. C. F,, van Miltenburg J. C., De Kruif C. G.:
J. Chem. Thermodynam. 1982, 14, 763.
Schaake R. C. F,, van Miltenburg J. C., De Kruif C. G.:
J. Chem. Thermodynam. 1982, 14, 771.
Harrick N. J.: “Internal Reflectance Spectroscopy”,
Wiley-Interscience, New York 1967.
Gordon M. K.: “Analytical Chemistry of Polymers.
Part III. Identification Procedures and Chemical
Analysis”, 49, Wiley & Sons, New York 1962.
Pangelian A. B., McCullought R. L., Kelly M. J.: Corm-
posites Part A 1999, 30, 67.
Edwards A. D.: Z. Angew. Math. Phys. 2001, 52, 254.
Bielinski D., Glab P, Slusarski L., Boiteux G., Chapel
J.-P.: ]. Appl. Polym. Sci. 2002, 86, 3368.
Zhang L. Z., Niu J. L.: Int. |. Heat Mass Transfer 2003,
46, 2415.

Received 5 XII 2003.



