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Filler Crosslinking by Diisocyanate in a
Starch Xanthide-Reinforced Elastomer
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Synopsis

Starch xanthide is an effective reinforcing agent for vulcanized elastomers. On pro-
longed exposure to water, however, the effectiveness of the starch xanthide as a reinforec-
ing agent is greatly reduced. The xanthide crosslink density is too low to prevent
plasticization of the filler by water. The introduction of additional crosslinks into the
filler by treatment with diisocyanates increases the modulus of the filler, significantly
improving the physical properties both of the dry vulcanizate and of the vulcanizate
after a 70-hr water immersion test. Studies, which included the use of model systems,
showed that the diisocyanates crosslinked the starch filler and did not introduce starch—
rubber or rubber-rubber crosslinks. Several diisocyanates worked satisfactorily in the
final vulcanizate.

INTRODUCTION

The coprecipitation of starch xanthide with a variety of elastomers, e.g.,
nitrile, styrene-butadiene (SBR), and natural rubber, has been reported by
Buchanan et al.?2 and by Stephens et al.> The elastomer latex is initially
dispersed in a starch xanthate solution at pH 11 or above. Acidification
under oxidizing conditions brings about the simultaneous precipitation of
elastomer and starch xanthide, the product being in the form of a powder
composed of elastomer encased in starch xanthide.*

Powdered rubber is currently of great interest to the rubber industry
for reasons outlined in the Delphi Report.> These reasons include energy
and labor savings in processing and convenience in handling. The co-
precipitation method described here is particularly important since the
powdered rubbers can readily be formed at low (~5 parts per hundred
rubber by weight, phr) starch xanthide loadings.®

The vulcanizate prepared from this powsdered rubber is composed of a
rubber phase and a rigid starch xanthide phase. The starch xanthide can be
in the form of rigid particles,?or it can be distributed throughout the rubber
(as seen from transmission electron micrographs) as a structured network.’
In either event, the rigid starch xanthide acts as an effective reinforcing
agent so that, for example, an SBR vulcanizate reinforced with 40 phr
starch xanthide will routinely exhibit ultimate tensile strengths of 2400 psi.

In the presence of water, the reinforcing efficiency of starch xanthide
diminishes. Because the hydrophilic starch xanthide absorbs water and
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becomes plasticized, the rigidity or modulus of the filler decreases. This
decrease in filler modulus is reflected in a decrease in the vulcanizate modu-
lus, as would be expected from the Kerner® equation which relates the mod-
ulus of a filled system to the elastic constants of the matrix and filler. Tensile
strength of the filled vulcanizate also decreases as the filler modulus declines
during plasticization with water. There are several treatments, however, by
which the starch xanthide reinforcement can be rendered water insensitive.

Water sensitivity of the reinforcing starch xanthide can be reduced if it
has a high degree of substitution (D.S.). (A D.S. of 3 corresponds to com-
plete substitution of the three hydroxyl groups on the starch anhydro-
glucose unit, AGU). Xanthides produced from high D.S. xanthates (>1.0)
are less sensitive to water for two reasons: first, the number of hydroxyl
groups in the AGU is reduced; and second, the degree of crosslinking of the
starch through xanthide linkages is increased. Both effects would decrease
water sensitivity.

Under pyrolitic conditions, that is, vulcanization temperatures, the
xanthide yields either the thionocarbonate, CS, and elemental sulfur, or the
xanthate ester, carbonyl sulfide and elemental sulfur, as shown in the fol-
lowing equations:

S S S
R—O—)’IJ—S—S—FJ—OR - R—O—g—-OR + CS: + S 1)
S S S
R——O—(!IJ—S—S—J.J}—OR - R—O—LL,—S—R + COS + 8 (2)

Recent kinetic studies by Trimnell et al.® indicate that 709, of the
xanthide is decomposed by these mechanisms within 10 min at 150°C and
that 1009, is decomposed within 10 min at 175°C. As a consequence, the
liberated elemental sulfur is the source of the self-curing characteristics of
high D.S. xanthide reinforcement as reported by Bagley and Dennenberg. !

When the starch filler is crosslinked, either through xanthide, xanthate
ester, or thionocarbonate linkages, the water uptake of the filler is greatly
restricted. Consequently, the properties of the reinforced vulcanizate
become insensitive to water exposure to an extent dependent on the degree
of crosslinking as described by Bagley and Dennenberg.?® The difficulty
with this approach is that the xanthide crosslink has a tendency to form or
rearrange to a cyclic thionocarbonate product as proposed by Stout et al.!
Such a cyclic rearrangement eliminates a erosslink:
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To avoid the problems inherent in this rearrangement to cyclic thiono-
carbonates, low-D.S. xanthates were used and crosslinking of the starch
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xanthide by isocyanates was investigated. Isocyanates are known to react
with starch to form a urethane linkage which should be stable at tempera-
tures well above those of vulcanization.!? Any of the hydroxyl groups can
react as follows:

(4)
CH,0H CH,0H

OH + RNC) = 0N
0 N
0K 0—C~N—R

A comparative study of mono- and diisocyanates, therefore, could
separate the effects of hydroxyl substitution and crosslinking in reducing
the deterioration of physical properties of starch xanthide-reinforced vul-
canizates on exposure to water. Treatment with diisocyanates results not
only in reinforced elastomers of excellent dry strength (>3000 psi) but in
materials little affected by water immersion. Similar wet and dry strength
properties can be achieved by treatment with resorcinol-formaldehyde.?
Our work with isocyanates indicates clearly, however, that it is the cross-
linking of the filler rather than mere substitution of hydroxyl groups that
reduces water sensitivity.

EXPERIMENTAL PROCEDURES
Masterbatch Preparation

An unmodified corn starch (Globe pearl corn starch) was dispersed in
distilled water at about a 10 wt-9, level and gelatinized by the addition of
0.5 mole NaOH per mole of starch AGU. After this mixture was stirred
to a homogeneous consistency, 0.1 mole CS; per mole starch AGU was added
to give xanthate D.S. 0.05-0.07 by analysis. This mixture was stirred
vigorously for 3 hr and stored at 5°C for a minimum of 24 hr before use.
Final xanthate D.S. was determined by the acid titration method of Swan-
son.* Rubber latex and sodium nitrite were added to the starch xanthate
solution, 0.1 mole NaNQO; normally being added to 1 mole starch AGU.
Coprecipitation was brought about by the subsequent addition of 3.6N
sulfuric acid which destabilized the latex and formed HNO; which, in turn,
oxidatively crosslinked the starch xanthate to starch xanthide. The
masterbatch was drained, washed with water, and dehydrated with ethanol.
The ethanol was removed in a vacuum oven maintained at 70°C for 24 hr.

Isocyanate Reaction

To take full advantage of the powdered rubber form in which the starch
xanthide—elastomer is coprecipitated, the isocyanate could have been added
directly to the powder. The powder could have been directly injection
molded and cured. Instead, the dry powder was mixed with isocyanate
and catalyst and then converted to a continuous phase by milling. Pyri-
dine (0.33 ml per 100 g masterbatch) served as catalyst for the reaction of
isocyanate with the starch hydroxyl groups. The milled sample was



522 DENNENBERG AND BAGLEY

TABLE 1

Recipe Used for Masterbatch Vulcanization

Ingredients Parts by weight
SBR* 100
Starch (present as xanthide) 40
Stearic acid 1.5
Zinc oxide 5.0
Benzothiazyl disulfide 3.0
N-Phenyl-2-naphthylamine 1.25
Sulfur 2.0°

Vulcanization temperature, 150°C

= SBR = styrene-butadiene rubber.
b Sulfur levels were adjusted in some cures to increase elongation and reduce modulus

allowed to stand at room temperature for 24 hr before materials were added
to make up the standard vulcanization recipe described below.

Compounding and Curing

Starch xanthide-reinforced rubber samples were compounded according
to the recipe given in Table . Mixing was done on a laboratory differential
roll mill. Curing characteristics were determined with an oscillating disk
rheometer operating with a rotor frequency of 100 ¢cpm at an amplitude of
+3°. Samples were cured to ¢.’ (90%,) at a temperature of 150°C. Ten-
sile specimens were cut according to ASTM D412, die C specifications.

Infrared Spectral Measurements

Infrared frequency and absorbance data were measured on a Perkin-
Elmer 621 grating spectrophotometer equipped with a linear absorbance
potentiometer.

RESULTS AND DISCUSSION

The vulcanizate properties of SBR 1500 reinforced with 40 phr starch
xanthide (from xanthate D.S. 0.07) at varying levels of tolylene diiso-
cyanate (TDI) addition are given in Table II. TDI level is tabulated as
equivalents of isocyanate per equivalent of starch hydroxyl. The wvul-
canizate moduli, elongation, tensile strength, and set are given for dry
specimens and for specimens from the same sample after a 70-hr water
immersion test at room temperature.

Both the 1009, and 3009, modulus increase markedly with TDI addi-
tion, and tengile strength rises from 2400 to 3100 psi as the TDI level goes
from zero to 0.1725 isocyanate equivalents/equivalent of starch hydroxyl
group. The effect of increasing the diisocyanate concentration is quite
spectacular. While the untreated control has a tensile which drops from
2400 psi (dry) to 450 psi (wet), the wet tensile at 0.1232 isocyanate:hy-
droxyl ratio is 2000 psi.
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Fig. 1. Infrared spectra of methyl-a-D-glucopyranoside (A, Nujol); methyl-a-p-gluco-
pyranoside reacted with hexamethylene diisocyanate (B, Nujol).

Elongation at break decreases somewhat in the dry vulcanizate with
increasing TDI concentration, but for the wet vulcanizate, elongation at
break is approximately constant.

The monoisocyanate-treated sample of Table II behaves quite differ-
ently. To a good approximation, the physical properties of the dry vul-
canizate are independent of the amount of phenyl isocyanate added.
Physical properties of the vulcanizate after the 70-hr water immersion test
are essentially constant and approximately the same as the control (i.e.,
with zero isocyanate added, and after 70-hr water immersion test). At the
same isocyanate/hydroxyl equivalent ratio {about 0.08), the difference
between the wet vulcanizate properties of the mono- and diisocyanate-
treated examples are well illustrated by their respective tensiles, 565 and
1800 psi. Superior vulcanizate properties result from urethane crosslinks
(via diisocyanates) but not from simple urethane capping of the starch
hydroxyl groups (via monisocyanates).

To confirm that increases in vulcanizate modulus were brought about by
crosslinking the starch xanthide rather than by the formation of a starch—
rubber linkage or rubber-rubber linkage, several model reactions were
studied. Methyl-a-p-glucopyranoside, a model for starch, and hexa-
methylene diisocyanate (HMDI) were refluxed in toluene for 2 hr. The
infrared spectrum of the reaction products (Fig. 1, B) shows absorption at
1705 em—! (carbonyl stretch) and 1540 cm~—! (N-H bending) consistent
with formation of the methyl-a-p-glucopyranoside carbamate. In addi-
tion, the band at 2280 cm™!, characteristic of isocyanate, was no longer
present.
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Fig. 2. Vulcanizate moduli vs. isocyanate addition for a sample of styrene-butadiene
rubber (SBR) 1500, 40 phr starch xanthide. Curves A and B represent the addition of
tolylene diisocyanate (TDI); curve B is after 70-hr H;O immersion; curves C and D
represent the addition of PANCO; curve D is after 70-hr H,O immersion.

A mixture of SBR 1502 and HMDI in refluxing toluene was followed by
observing the NCO infrared absorption band at 2280 cm~!. Because the
intensity of the band remained constant, no isocyanate reaction occurred
with the rubber.

Table III gives the physical properties of a carbon black-filled sample
compounded with (1) pyridine and (2) pyridine-TDI. Evidently, addition
of TDI does not increase the modulus of the vulcanizate. In fact, the mod-
ulus is lowered slightly by addition of TDI, an effect which indicates that
plasticization of the rubber by TDI is occurring rather than a crosslinking
reaction between the diisocyanate and the rubber contrary to the proposal
by Mills.* :

These model reactions show that under our experimental conditions, the
starch xanthide filler is crosslinked by reaction with diisocyanate and that
consequent, changes in vulcanizate properties with diisocyanate are due to
changes in the starch xanthide chemical structure.

Returning to the samples treated with TDI (Table II), we can now infer
that the starch is unable to swell under the influence of water because of the
crosslinks induced by the reaction of TDI and starch. The monoiso-
cyanates induce no such restrictions, and the uncrosslinked starch is able to
swell; its modulus drops, and, in turn, the vulcanizate modulus falls.
Figure 2 gives the 2509, moduli of a 40 phr starch xanthide sample as a
function of isocyanate added. Curves A and B show the addition of TDI,
dry and after 70-hr water immersion, respectively. Curves C and D show
the addition of PhANCO, dry and after 70-hr water immersion, respectively.
TDI gives substantial improvement to both dry moduli and 70-hr water
immersion moduli.

In Figure 3, the ratio of wet/dry moduli at 2509, elongation is plotted as
a function of added isocyanate. The optimum addition of diisocyanate for
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Fig. 3. Ratio of vulcanizate moduli after 70-hr H,O immersion and dry vs. isocyanate
addition for a sample of SBR 1500, 40 phr starch xanthide. Curve A represents the
addition of TDI; curve B represents the addition of PANCO.

the reduction of water sensitivity and cost would be enough to crosslink
about 89, of the starch hydroxyls.

A number of theories have been developed to describe the reinforcing
action of spherical filler particles, the Kerner® equation being the most
elaborate and versatile of these?®:

.G + L2\
(7 d 5 V1)G1 + (8 - 10 V1)G2 15(1 - Vl)
¢2G1 2

(7 - 5 Vl)Gl + (8 —_ 10 V])Gz + 15(1 - lll)

where G is the shear modulus of the two-phase system while G; and G, are
the respective shear moduli of the continuous phase and the dispersed
phase; the volume fraction of the continuous phase is ¢1, whereas that of the
filler is ¢;; Poisson’s ratio of the material in the continuous phase is ».

To our system, eq. (5) is applicable only qualitatively. However, it
permits an estimate of the modulus of the xanthide filler to be made. When
the Kerner equation is applied to our data, little difference between the
modulus of the starch xanthide and the isocyanate-treated starch xanthide
was apparent at low strain values. This result was surprising, but is
supported by Figure 4, where the apparent modulus from stress relaxation
studies is plotted versus strain (A) for two loading levels, with and without
TDI treatment. The strain is given by A = (I/l;) where [, is the original
length and [ is the deformed length.

Clearly the apparent moduli are the same for both the untreated and
TDI-treated starch xanthide systems as A—! approaches 1. Thus TDI
treatment affects the filler modulus little at low strain values.

As strain increases, the difference between TDI-treated and untreated
starch xanthide becomes evident, and the difference increases substantially
as the breaking strain is approached. This unexpected result suggests
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Fig. 4. Mooney-Rivlin plot of 900-sec apparent modulus at 0 phr (A), 30 phr (B),
and 60 phr (C) starch xanthide SBR. 1502. Included are plots with 11 phr TDI added
to each starch xanthide level (B-1 and C-1).

that TDI crosslinking has little effect on filler modulus until the strain
levels become large.” At large strain levels, TDI crosslinking becomes
significant because it gives higher tensile values and increased moduli
(Table II).

Table IV shows the effects of various diisocyanates added to 40 phr
starch xanthide-reinforced SBR 1500 on vulcanizate physical properties.
TDI, HMDI, and 3,3’-dimethoxy-4,4’-bipheny! diisocyanate (BPDI) are
compared with a control (zero diisocyanate added) and a control plus 0.33
ml pyridine/100 g masterbatch as catalyst. After 70-hr water immersion,
the sample treated with BPDI possesses excellent strength. Increased
crosslinking may be due either to greater reactivity of BPDI or to less loss
of reactant through volatilization during processing with the higher
molecular weight diisocyanate than with TDI or HMDI.

The mention of firm names or trade products does not imply that they are endorsed or
recommended by the U.S. Department of Agriculture over other firms or similar products
not mentioned.
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