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ABSTRACT: Studies were performed on the nature and
magnitude of the variabilities in the rheological and process-
ing properties of purified natural rubber (PNR). PNR sam-
ples were prepared from three clones of NR (RRIM 600, GT
1, and KRS 156). The corresponding whole NR (WNR) con-
taining total nonrubber substances was also prepared for
comparative purposes. All samples were stored for 3 months
to elucidate the effect of storage on their rheological and
processing properties. A novel study was also conducted to
determine whether the commonly reported variabilities in
the rheological properties had actual effects on the mixing.
These were studied by means of an instrumented torque
rheometer fitted with a small mixer head. The results
showed that the vulcanization time of PNR was consistent
and did not show clonal variation. PNR exhibited large

clonal variation in the viscosity at a low shear rate and
storage hardening, similar to the ordinary NR. However, the
variations in the viscosity of PNR became less evident as the
shear rates increased toward 200 s�1. The significant find-
ings were that the observed variations in the rheological
properties had no practical effect on the mixing time of PNR
samples with carbon black. Moreover, the PNR samples
required less energy for mixing than their WNR counter-
parts. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98: 456–465,
2005
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INTRODUCTION

Purified natural rubber (PNR) is NR from which most
of the nonrubber constituents are removed by re-
peated centrifugation. PNR, being largely free of non-
rubber substances (mainly proteins and lipids), should
be particularly suitable as a starting material for the
manufacturing of medical products such as catheters
because nonrubber substances that cause allergies
(e.g., proteins) are mostly removed. The mechanical
and dynamic properties of PNR were studied previ-
ously.1,2 It was found that PNR exhibited superior
crack growth resistance to NR. This article reports a
study of the rheological and processing properties of
PNR. Apart from making contributions to additional
knowledge of the processing characteristics of PNR,
the present study was undertaken to solve or alleviate
the problems of the variability of NR.

NR, which is a tough and highly elastic material, is
notorious for its inconsistent processing properties.
The variability of NR is a disadvantage as an indus-
trial raw material compared to synthetic rubbers, be-
cause the modern NR processing industry has become
increasingly automated for improved productivity
and product quality. Therefore, consistent raw mate-
rials input is necessary. The nonrubber constituents of
NR have been reported to be at least partially respon-
sible for the variability in the properties of NR. For
instance, amino acids have been demonstrated to be
capable of causing increases in the viscosity of NR
during storage, thus making it difficult to control the
viscosity of NR at a steady level.3 Nitrogeneous com-
pounds occurring naturally in fresh latex could act as
natural activators for sulfur vulcanization.4,5 The rheo-
logical properties and cure behaviors have been
shown to be influenced by clonal variations and the
methods of preparation of NR.6 Therefore, it was of
interest to investigate whether PNR, which was essen-
tially free of nonrubber constituents, would exhibit
more consistent rheological and process properties
compared with whole NR (WNR) or normal NR. A
novel study was also performed to determine whether
the commonly reported variability in the rheological
properties had actual effects on its mixing behavior.
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EXPERIMENTAL

Preparation of WNR and PNR samples

Fresh NR latex of three clones, including RRIM 600,
GT 1, and KRS 156, was collected from cups 2–3 h after
tapping. The latex of each clone was separated into
two portions for preparation of PNR and WNR sam-
ples. For preparation of PNR samples, the fresh NR
latex was centrifuged at 10,000 rpm for 60 min using
sodium dodecyl sulfate as a dispersant. Centrifugation
was carried out 4 times at 25°C using an ultracentri-
fuge machine (Sorval 3600S). After the fourth centrif-
ugation, the rubber cream was cast into thin films. The
dried rubbers were then stored in polyethylene bags
in the dark at room temperature for further use. P600,
PGT1, and P156 designate PNR samples prepared
from RRIM 600, GT 1, and KRS 156 lattices, respec-
tively. WNR was prepared by casting fresh NR latex of
various clones into thin films and leaving them to dry
at room temperature (ca. 30°C) for 24 h. The WNR
sheets were then removed and further dried in the
oven at 50°C for 24 h. The dried WNR was then kept
under the same conditions as PNR. W600, WGT1, and
W156 designate WNR samples prepared from RRIM
600, GT 1, and KRS 156 lattices, respectively. Finally,
the nitrogen content, which is an indication of the
amount of proteins present in the NR samples, was
determined by the semimicro Kjeldahl method.

Determination of cure time

All NR samples were compounded according to the
formulation in Table I. The cure time of each com-
pound was determined by using an oscillating disk
rheometer (Monsanto 100S) at 155°C and a 3° arc, in
accordance with ASTM D 2084-88. The optimum cure
time was taken as the time at which the rheometer
torque reached 90% of maximum.

Measurements of rheological properties

The Mooney viscosities of various NR samples were
determined at 100°C with a Mooney viscometer (Mon-
santo 1500), in accordance with ASTM D 1646-99. A
large rotor was used. The preheating time and reading

time were 1 and 4 min, respectively. Thus, the Mooney
viscosity values were reported as ML (1 � 4 at 100°C)
Mooney unit.

The initial Wallace plasticity (P0) values of various
NR samples were determined by using a Wallace
rapid plastimeter, in accordance with ASTM D 926-98.
The median of three specimens was taken as the P0
value.

The apparent shear viscosities of the samples were
determined at shear rates of 20, 50, 100, and 200 s�1 by
using a Monsanto processability tester. The test was
carried out at 120°C. A die diameter of 2 mm (length/
diameter ratio � 16 : 1) was used. About 12 g of the
rubber sample was cut into small pieces, put into the
barrel, and preheated for 10 min before the extrusion
measurement. This period was required for complete
fusion and uniform heating of the sample. The relaxed
die swells of the extrudate were also measured at
shear rates of 50 and 100 s�1.

To elucidate the effect of storage, the samples were
stored in black polyethylene bags and kept in a dark
cabinet for 3 months.

Measurement of gel content

About 2 g of the sample was immersed in 200 mL of
toluene for 7 days. The amounts of the dissolved and
undissolved parts were determined by filtration using
a 60-mesh aluminum screen. The gel content was
taken as the percentage of the undissolved part after
being completely dried at 50°C. The error in the per-
cent gel content was computed to be about �0.02% for
all samples.

Determination of molecular weight (MW) and MW
distribution (MWD)

The MW and MWD of the samples were determined
by using gel permeation chromatography. Four col-
umns (104, 105, and 106 Å and CPD linear ultrastyra-
gel, Waters) were used in series. The samples were
prepared as 0.1% (w/v) solutions in tetrahydrofuran.

Measurement of mixing behaviors

The mixing behaviors of the rubber samples were
determined at 50°C using the 79-mL minimixer of an
instrumented torque rheometer (Haake Rheocord 90)
with a rotor speed of 65 rpm. Forty grams of the
rubber sample in strip form was put into the mixing
chamber and masticated for 1.5 min. Then, 40 phr of
carbon black (N 330) was added and the mixing curve
was recorded. A black incorporation time (BIT) was
defined as the time interval between the addition of
carbon black and a second peak in the mixing curve.7

The mixing time was determined from the point
where the main slope of the mixing curve meets the

TABLE I
Compound Formulation

Ingredient Amount (phr)

Rubber 100
ZnO 6.0
Stearic acid 0.5
Sulfur 3.5
CBS 0.5

CBS, n-cyclohexylbenzothiazole-2-sulfenamide.
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extrapolated baseline as shown in Figure 1. The total
mixing torque is the total torque value at mixing time.

RESULTS AND DISCUSSION

Vulcanization behavior of PNR

Table II shows the vulcanization time of PNR pre-
pared from three clones of NR (RRIM 600, GT 1, and
KRS156, designated as P600, PGT1, and P156, respec-
tively). The corresponding properties of WNR are also

given for comparison, together with the nitrogen con-
tents of all the rubber samples under study. Table II
shows that the cure times of PNR were significantly
longer than those of the normal NR, represented here
by WNR. Their cure times were also quite consistent,
independent of the clone from which they were pre-
pared. The same could be said of WNR, where only
small clonal variations of the cure times were ob-
served. It has been reported that nitrogenous sub-
stances, which occur naturally in NR, act as activators
for sulfur vulcanization.4,5 Thus, when they were re-
moved from the NR, as in PNR, the rubber exhibited
a slower cure. In addition, if the nitrogen contents in
the NR are well controlled, for example, by removing
all of it (the case of PNR) or leaving it intact (the case
of WNR), the cure behaviors of NR would be expected
to be invariable.

Rheological properties of PNR

Various measurements of the viscosity (P0, Mooney
viscosity, and apparent shear viscosity) were made.
These measurements represent the flow behavior of

Figure 1 Characterization of the mixing curve.

TABLE II
Cure Time and Nitrogen Content of PNR and WNR

Property

PNR WNR

P600 PGT1 P156 W600 WGT1 W156

Cure time
(min) 6.9 6.8 6.5 4.5 4.7 3.9

Nitrogen
content
(wt %
rubber) 0.03 0.03 0.04 0.52 0.45 0.61
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PNR at different shear rates from 0.1 (Wallace plastic-
ity) to 1 (Mooney viscosity) and 20–200 s�1 (shear
viscosity by capillary rheometer). Thus, the range of
rheological properties that were studied should give
information on the mixing and extrusion behaviors of
PNR. The results of the measurements are displayed
in Table III for the P0 and Mooney viscosity and in
Figure 2 for the shear viscosity. The rheological prop-
erties of WNR are also given for comparative pur-
poses. Results show that PNR exhibited clonal varia-
tion in the viscosity at a low deformation rate (P0 and

TABLE III
Initial Wallace Plasticity (P0) and Mooney

Viscosity of PNR and WNR

Property

PNR WNR

P600 PGT1 P156 W600 WGT1 W156

P0 50 66 60 58 64 52
Mooney

viscosity 70 91 83 86 92 82
Gel content

(wt %) 0.03 0.03 0.05 0.06 0.05 0.58

Figure 2 The shear viscosities of (a) PNR and (b) WNR as measured by a capillary rheometer.
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Mooney viscosity), similar to WNR or the normal NR
where clonal variations are well known.6 Because the
nonrubber constituents were mostly removed from
the PNR, the observed clonal variation could not be
accounted for by the nonrubber content of NR. There-
fore, the differences in the P0 and Mooney viscosity of
PNR and WNR should arise from the structural pa-
rameters of the rubbers. This may be the gel content,
MW, MWD, or molecular structure of NR.

Table III also shows the gel contents of the NR
samples. The MW and MWD were also measured, the
results of which are given in Figure 3. From the results
of the present measurements, it was surprising that
the gel contents of both PNR and WNR were very low
(0.03–0.58 wt %). Much higher gel contents (30–40 wt
%) are usually reported for NR.8,9 However, because
the gel contents of PNR and WNR in the present study
were both low and invariable, it is unlikely that gel is
the cause of the high viscosity of NR or that it is
responsible for the observed clonal variation. Figure 3
provides evidence that the MW and MWD should not
be responsible factors for the variation in the viscosity
of PNR or WNR of different clonal types. It was ap-
parent that different clones of NR exhibited similar
MWD curves and close values of the peak MW (num-
ber-average MW). Thus, the results of the present
study showed that the variation in the viscosity of
PNR and WNR could not be accounted for by the gel
content, MW, or MWD of the rubbers. Other structural

parameters (e.g., the molecular structure of NR) are
more likely to be the responsible factors.

Recently, Tanaka and Tangpakdee have proposed
that the molecular structure of NR consists of long-
chain branching.10,11 Two types of branches have been
proposed: one is due to the association with proteins
and the other involves ionic interactions between the
terminal phospholipid groups. The formation of these
branches is still not understood, but it has been dem-
onstrated that they can be removed separately by en-
zymatic deproteinization and transesterification.10

The branched structures of NR could be the major
factor that influences the observed rheological prop-
erties of PNR and WNR. Further work is required to
elucidate the structures and rheological properties of
NR.

Figure 2 displays the viscosities of PNR at higher
shear rates between 20 and 200 s�1 that were studied
using a capillary rheometer. It reveals that the shear
viscosities of PNR and WNR decreased with increas-
ing shear rate. This was to be expected because poly-
mers are known to exhibit non-Newtonian flow. PNR
showed large clonal variations of the shear viscosity at
a low shear rate (20 s�1) but the variations became less
evident as the shear rates increased toward 200 s�1.
The data in Figure 2 also reveal that WNR exhibited
larger variations in viscosity with the clonal type than
PNR when the shear rate was �50 s�1.

Figure 3 The MW and MWD of (a) PNR and (b) WNR as measured by gel permeation chromatography.
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In addition to the shear viscosity, the capillary rhe-
ometer used in the present study (Monsanto process-
ability tester) can also be used to measure the extru-
sion die swell. Thus, the die swells of PNR and WNR
were measured. These measurements were of interest
because they give indications of the elasticity of the
rubbers. Rubber that has high elasticity exhibits a
large die swell upon being extruded and will be dif-
ficult to incorporate a filler such as carbon black. The
results of the present study are shown in Table IV.
Based on the above reasoning, it can be seen from
Table IV that PNRs were less elastic than WNRs be-
cause their die swell values were significantly
smaller than those of WNRs at both shear rates. It is
still unclear why PNR should exhibit smaller elas-
ticity than WNR, but this is likely to be linked to the
molecular structure and interactions with nonrub-
ber substances. Further study is required to verify
this point.

Storage hardening

One of the major disadvantages of NR, compared to
synthetic rubber, is that it undergoes viscosity in-
creases during storage.12 This phenomenon, known
as storage hardening, contributes to the problem of
invariability in the properties of NR. The mecha-
nism of storage hardening is still not completely
understood, but reactions of carbonyl-containing
groups on the NR molecules and amines on the

proteins has been proposed to be responsible.13,14

Technology does exist to prevent storage hardening
from occurring.15

We were curious to find out whether PNR exhibited
storage hardening because proteins, or most other
nonrubber compounds, have largely been removed
from PNR. Thus, the NR samples were stored at room
temperature for 3 months and the viscosity changes
were followed. The results are presented in Table V. It
can be seen that PNR underwent storage hardening to
the same extent as WNR. This was rather surprising
because storage hardening is believed to be caused by
crosslinking involving carbonyl groups on NR mole-
cules and amino groups of proteins present in NR. The
nitrogen contents for PNR were very low (0.03–0.04
wt %), so that they should be relatively free of pro-
teins. Therefore, the condensation reactions leading to
crosslinking and increases of the viscosity should not
occur to a significant extent. In fact, this was sup-
ported by the results of the measurement of the gel
contents shown in Table V. Note that the gel content
for PNR did not increase after storage. However,
WNR showed slight increases of the gel content. Re-
sults of the present study thus suggested that the
storage hardening or viscosity increase in PNR was
not caused by chemical crosslinking or at least it was
not the major cause.

Figure 4 shows the shear viscosities of stored PNR
and WNR as a function of the shear rate up to 200 s�1.
It can be seen that the relatively large increases in the
viscosity of PNR following storage did not affect its
mixing behavior because the shear viscosities of the
initial and stored PNR of all clones converged to al-
most the same value at shear rates relevant to the
mixing process (i.e., 100–200 s�1). In contrast, storage-
hardened WNR would affect their mixing with filler
and other chemicals more than would PNR, because
greater variations of the shear viscosity were observed
at shear rates between 100 and 200 s�1.

TABLE IV
Die Swell of PNR and WNR

Property

Shear
rate
(s�1)

PNR WNR

P600 PGT1 P156 W600 WGT1 W156

Die swell
(%) 50 50 37 60 74 64 70

100 67 61 71 100 80 90

TABLE V
Storage Hardening of PNR and WNR

Property

PNR WNR

P600 PGT1 P156 W600 WGT1 W156

P0
Initial 50 66 60 58 64 52
After storage 54 69 68 65 66 58
Extent of increase 4 3 8 7 2 6

Mooney viscosity
Initial 70 91 83 86 92 82
After storage 91 107 94 102 103 93
Extent of increase 21 16 11 16 11 11

Gel content (wt %)
Initial 0.03 0.03 0.05 0.05 0.06 0.58
After storage 0.03 0.02 0.06 2.42 0.47 10.5
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Mixing behaviors

The mixing behaviors of all WNR and PNR samples
with carbon black before and after storage were stud-
ied. The two types of NR exhibited two different mix-
ing behaviors, independent of the clonal types. Typi-
cal mixing curves of PNR and WNR samples are
shown in Figures 5 and 6, respectively. All PNR sam-
ples exhibited maxima in the mixing curves, desig-
nated as BIT, similar to other synthetic rubbers (e.g.,
butadiene rubber, styrene–butadiene rubber).7 The ex-
planation is that the initial rise in mixing torque after
the addition of carbon black to the rubber is caused by

the incorporation of carbon black into the rubber. In
this region, the rate of incorporation is thought to be
higher than the rate of dispersion. The progressive
decrease in mixing torque after BIT is due to disper-
sion of carbon black and possibly plasticization of the
rubber. Here, the rate of dispersion is greater than the
rate of incorporation.7 By contrast, WNR showed no
BIT on the mixing curves. The mixing torques of WNR
showed rapid increases when carbon black was added
and gradually decreased to a constant level. Therefore,
the BIT could not be measured. Moreover, the mixing
torques of the WNR samples showed large fluctua-

Figure 4 The shear viscosities of the initial (IN) and storage-hardened (ST) NR at shear rates between 20 and 200 s�1 for (a)
PNR and (b) WNR.
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tions compared to those of PNR samples. This may
infer greater difficulty of mixing with carbon black for
WNR samples because of their high elasticity. The
higher elastic behavior of WNR samples, compared to
PNR samples, could be seen from the die swell values
in Table IV. It is clear that WNR samples exhibited
greater elasticity, as indicated by the higher die swell,
than PNR samples at a certain shear rate. When the
rubber is more elastic than plastic, and with small
flow, incorporation of filler becomes difficult because
it tends to cause bouncing of the filler. Therefore,
wetting of the filler will be more difficult and, with
little flow of the rubber, large-scale incorporation of
the filler cannot be expected to take place. Thus, the
absence of an initial gradual increase in the mixing
torque after the addition of carbon black in WNR
samples might indicate no large-scale incorporation of
carbon black into this type of sample at the beginning
of mixing.

The mixing properties of PNR and WNR are sum-
marized in Table VI. It can be seen that the BIT of all
PNRs before and after storage were comparable and
were in the range of 0.7–1.2 min, despite the fact that
their Mooney viscosities were widely different (see
Tables III, V). The mixing times of PNR, both before

and after storage, were also relatively independent of
the Mooney viscosity. The mixing times of storage-
hardened PNRs were actually even smaller than that
of the initial PNR. The observed mixing properties of
PNR were initially surprising because hard rubber
(high Mooney viscosity) is expected to be more diffi-
cult to mix with filler, hence, more variations in BIT
and mixing time. However, if the shear viscosity at the
shear rate relevant to mixing (100–200 s�1) is consid-
ered, it was understandable why the mixing proper-
ties were as shown, because the shear viscosities of
PNR at shear rates of 100–200 s�1 were observed to
assume approximately the same values, as previously
reported in Figures 2 and 4. The mixing times of WNR
were also observed to be rather insensitive to the
Mooney viscosity, although their mixing times were
slightly longer than those of PNR. The results indi-
cated that it was a little more difficult to mix WNR
with filler than to mix PNR with filler, and the higher
elastic content of WNR should be the factor responsi-
ble. The total mixing torques of all PNRs and WNRs,
which are measures of the energy required for mixing,
were also not directly related to the Mooney viscosity
values. For example, PGT1 with a Mooney viscosity of
91 required the same total torque for mixing as P156,

Figure 5 The typical mixing curve of PNR.
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the Mooney viscosity of which was only 83, or storage-
hardened PGT1 (Mooney viscosity of 107) required a
smaller mixing energy or total torque than the corre-
sponding P156, which had a Mooney viscosity of only
94.

CONCLUSIONS

PNR underwent sulfur vulcanization at rates slower
than did normal NR (WNR). The vulcanization time

was consistent and did not show clonal variation.
However, PNR still exhibited a large variation in the
Mooney viscosity and P0, similar to the normal NR.
The variation could not be accounted for by the non-
rubber content, the amount of gel, MW, or MWD. The
molecular structure of NR should be the major respon-
sible factor. Further study is required in order to verify
this hypothesis. The variation in the viscosity of PNR
was insignificant at higher shear rates, particularly
those relevant to the mixing process (100–200 s�1).

Figure 6 The typical mixing curve of WNR.

TABLE VI
Mixing Properties of PNR and WNR

Sample

BIT (min) Mixing time (min)
Total mixing torque (Nm

min)

Before
storage

After
storage

Before
storage

After
storage

Before
storage

After
storage

PNR
P600 1.1 0.9 4.7 4.3 136 120
PGT1 0.9 1.0 4.8 4.3 150 131
P156 1.2 1.0 4.9 4.4 150 135

WNR
W600 — — 5.4 4.9 154 138
WGT1 — — 5.2 5.2 159 157
W156 — — 6.0 5.0 161 140
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This was confirmed in the mixing study that was
carried out. The mixing time and mixing torque of
PNR with carbon black were found to be rather inde-
pendent of the Mooney viscosity of the rubber. The
same applies to the mixing properties of WNR. An-
other significant finding was that PNR still exhibited
storage hardening, the behavior previously observed
to be specific to the normal NR and believed to involve
interactions with proteins in NR. Thus, the display of
storage hardening by PNR was rather surprising un-
less the existing explanation of storage hardening in
NR is incorrect. However, the increase in the viscosity
of PNR during storage appeared to have no deleteri-
ous effect on its mixing properties, for reasons similar
to that explained above.
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