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Natural rubber-based dry suits 
commonly are used for cold water 
diving expeditions. Face, neck 
and wrist seals are bonded to the 
dry suit and are trimmed to as-
sure proper fit for the end user. 
Some of these dry suit seals have 
been failing unexpectedly, well 
before their expected useful life-
time. As shown in Fig. 1, the 
sealing areas appear to have a 
“melted” appearance consisting of 
shiny patches of black, sticky, de-
graded rubber. The premature 
degradation of the seals has been 
occurring for years and appears to 
escalate during the summer 
months. Degraded seals were dis-
covered primarily in seawater 
dives, but the same type of degra-
dation also was identified for a suit 
used exclusively in fresh water.

The purpose of this investiga-
tion is to determine the root 
cause of the premature degrada-
tion of the face, neck and wrist 
seals used for diving expeditions. 
A combination of the following 
analytical techniques will be 
employed: Attenuated Total Re-
flectance–Fourier Transform In-
frared (ATR–FTIR) Spectrosco-
py, Thermal gravimetric analysis 
(TGA), Pyrolysis-Gas Chromato-
graph/Mass Spectrometry (PY-
GC-MS), Inductively Coupled 
Plasma–Mass Spectroscopy (ICP–
MS) and Scanning Electron Mi-
croscope–Energy Dispersive Spec-
troscopy (SEM-EDS).

Experimental
Materials

Table 1 summarizes the face, 
neck and wrist dry suit seals 
that were received for the inves-
tigation. Sample A is a virgin 
neck seal sample that was kindly 
provided by the seal manufactur-
er. For each dry suit, either used 
face, neck or wrist seals (B to F) 
were provided, and all samples 
displayed some physical sign of 
advanced degradation. The actu-
al age of the dry suit seals unfor-
tunately was unknown, but it is 
known that they were well within 
their expected service lifetime. 
After their use in a diving expe-
dition, dry suits are normally 
hung up vertically to dry in a 
dark locker environment. 

Experimental techniques
Infrared spectra were collected 

on a Fourier Transform Infrared 
Spectrometer (Thermo Scientific) 
with the attached Smart iTR ac-
cessory and inserted germanium 
window for use in the attenuated 
total reflectance mode, which al-
lows for analysis of the first few 
microns of the sample surface. 
Spectra were measured using a 
series of 32 scans and a resolution 
of 4 cm-1 and a DTGS KBr detec-
tor was employed. Spectra were 
recorded from 4,000 to 500 cm-1. 

A TGA250 thermogravimetric 
analyzer (TA Instruments) was 

employed to monitor the weight 
loss of a specimen while heating 
it from room temperature to 
600°C in an inert atmosphere 
(nitrogen), at a rate of 20°C/min-
ute, followed by heating in an 
oxidative atmosphere (air) to 
800°C. The three temperature 
ranges employed for the mea-
surement of weight loss were 
100-300°C (low temperature vol-
atiles), 300-500°C (polymer) and 
610-630°C (oxidation). 

Pyrolysis–Gas Chromatograph/
Mass Spectrometry (PY-GC-MS) 
was carried out using a Trace Gas 
Chromatograph coupled with a 
DSQII Mass Spectrometer (Ther-
mo Electron Corp.) for separation 
and detection, respectively, of the 
pyrolyzed samples. 

The Inductively Coupled Plas-
ma–Mass Spectroscopy (ICP-MS) 
analysis was carried out by a 
DRC-e inductively coupled plas-

ma-mass spectrometer (Per-
kin-Elmer Elan). Quantitative 
analysis of the chemical elements 
present in a sample is possible 
down to 1 ppm (parts per million). 
Following ASTM D4004-06 
Method D, 0.1 gram samples were 
accurately weighed into separate 
porcelain crucibles and reduced 
to ash at 550ºC for a minimum of 
an hour. The samples were cooled 

and accurately reweighed in order 
to determine the percentage loss 
upon ashing. In order to dissolve 
the remaining residue, 20 ml of 
1:1 HCL was added to each cruci-
ble followed by heating at low 
temperature on a hot plate. The 
samples were cooled, transferred 
into separate 100 ml volumetric 
flasks and diluted to volume with 
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Technical

A series of dry suit face, neck and wrist seals displaying extensive evidence of degradation in terms 
of soft, black material and cracking have been analyzed. The soft and sticky material located primar-
ily around the trimmed edges in the degraded seals was identified as oxidized natural rubber. The 
chlorinated rubber surface showed signs of cracking and chlorine level decreased as a function of the 
degree of degradation. The later stages of oxidation of natural rubber include hardening and rubber 
cracking.

The oxidation of the rubber likely is caused by the presence of transition metal elements such as 
iron (up to 550 ppm) and copper (up to 100 ppm), which were identified in high concentrations in the 
degraded samples. Metal contamination is taking place primarily from the outside of the suit. The 
direct detection of iron oxide particles on the sample surface suggests that the contamination is 
likely coming from the soil being stirred up with the water during diving expeditions. 
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Fig. 1: Pictures of highly degraded wrist (left) and neck (right) seals used 
in Kodiak dry suits.

See NR, page14

P013_P016_RPN_20210628.indd   13P013_P016_RPN_20210628.indd   13 6/23/21   5:42 PM6/23/21   5:42 PM



www.rubbernews.com14  Rubber & Plastics News  •  June 28, 2021 www.rubbernews.com

develop for high levels of chlori-
nation or extended reaction times, 
causing both surface roughening 
and, thus, reducing the thermal 
stability of the material.2,3 The 
network surface cracking seen on 
the virgin sample in Fig. 6 ap-
pears to be a by-product of the 
chlorination process. Crack prop-
agation can occur from these de-
fects upon stretching the dry suit. 
As tearing or ripping was not the 
major failure event, the surface 
cracking was not considered as a 
factor in the premature degrada-
tion of the dry suits.

A sulfur vulcanization system 
was used for crosslinking the 
natural rubber due to the high 

deionized water and then ana-
lyzed by ICP-MS.

A tabletop Scanning Electron 
Microscope (SEM) (Hitachi 
TM3000) was used to take highly 
resolved images of the sample sur-
face. The integrated Energy Dis-
persive Spectroscopy (EDS) unit 
allows for identification of elements 
within the first few microns of the 
sample surface. A rapid quantifica-
tion is possible for elemental con-
centrations greater than approxi-
mately 0.2 weight percent. For 
measured values less than 0.2 
weight percent, the concentration 
was reported as 0 weight percent.

A SZX16 stereo-optical micro-
scope (Olympus) fitted with a 
digital camera (DP71) was used 
to obtain optical micrographs of 
the sample surface topology.

Results and discussion
Optical microscopy of seal  
degradation

Representative seals display-
ing the extent and features of the 
premature degradation (samples 
B, C and E) from Table 1 were 
examined under low magnifica-
tion on the optical microscope. 
Degradation was noticed directly 
on the sealing edge of the face 
seal of sample B as shown in Fig. 
2. The degraded area consists of 
a shiny, soft and sticky rubber. 
Other areas away from the seal-
ing area appear to be undamaged 
and elastic in nature upon 
stretching, showing little visual 
signs of degradation.

Fig. 3 displays the type of 
degradation observed in the neck 
seal of sample C. The normally 
trimmed sealing edge appears to 
have disappeared (melted) with 
some areas containing the black 
viscous material on the edge and 
an area away from the edge 
where this same viscous liquid 
may have flown. The wrist seal 
of sample E (see Fig. 4) illus-
trates a very high level of degra-
dation comprising a combination 
of some black, shiny and soft 
material along the edge and an 

extensive array of cracking away 
from the edge area. The cracking 
area is composed of hard and 
embrittled rubber at the seal 
edge inward. All degraded sam-
ples in Table 1 possessed the 
black, sticky material in the edge 
area of the seals. Some samples, 
such as the wrist seal (sample E) 
in Fig. 4, showed advanced deg-
radation in addition to severe 
cracking and rubber hardening.

Investigation by ATR-FTIR 
The ATR–FTIR spectrum of 

virgin neck sample A was com-
pared directly to that of the 
shiny, black, viscous material of 
the heavily degraded seal of sam-
ple C as shown in Fig. 5.  Sample 
A was analyzed on a freshly cut 
surface representing a cross-sec-
tional edge. The characteristic 
=C-H out-of-plane deformation of 
poly(isoprene) at 843 cm-1 is read-
ily observed in sample A, but 
hardly noticeable in sample C. In 
the oxidized sample, substantial 
growth of peaks in the 3,100-
3,600 (-OH), 1,700-1,760 (C=O) 
and 1,300-1,000 cm-1 (C-O) re-
gions is seen. These IR active vi-
brations are due to the presence 
of carbonyl type groups and are 
characteristic of the oxidative 
degradation of natural rubber. 
The soft degraded areas of all the 
samples showed similar IR spec-
tra. Thus, the soft, black rubber 
was identified as degraded and 
oxidized natural rubber. No addi-
tional identification of the oxi-
dized components by ATR–FTIR 
was possible. 

Thermal analysis by TGA
Wrist sample E of Fig. 4 along 

with the control neck sample A 
were analyzed in detail by TGA. 
Sample E was divided up into 
two families for testing: areas 
representing heavily degraded 
zones comprising soft rubber and 
cracking; and undamaged (good) 
areas away from the degraded 
zones that were still exhibiting 
elastic behavior with no visual 
signs of cracking. All TGA test 
results are summarized in Table 
2. 

The virgin sample A contains 
no plasticizers (no low tempera-
ture volatiles) and is highly 
polymer rich, reinforced with a 
small amount of carbon black 
(oxidative degradation) and con-
taining small amounts of inor-
ganic residues. Inorganic resi-
dues may be due to the addition 
of a mineral-based filler or the 
presence of a metal oxide such as 

zinc oxide, which is commonly 
used in combination with sulfur 
during the vulcanization of natu-
ral rubber compounds. 

Examining the undamaged 
areas away from the degradation 
in sample E reveals significant 
differences by TGA. Compared to 
the control sample, the amount of 
low-temperature volatiles has 
increased by about 4 percent 
with the amount of polymer de-
creasing about the same level. 
Given the findings from ATR–
FTIR, it is likely that the 
low-temperature volatile region 
comprises low molecular weight 
oxidized poly(isoprene), since 
base polymer concentration has 
been lost. It also appears that 
additional inorganic-based for-
eign matter is present (up to 0.4 
weight percent compared to the 
control). 

In summary, these areas of the 
dry suit seals display an onset of 
degradation but the material 
properties still are elastic and 
acceptable. The heavily degraded 
areas of sample E display low 
temperature volatile and base 
polymer degradation weight 
losses of 11 percent and 84 per-
cent, respectively. These results 
clearly suggest that the base 
polymer is degrading into lower 
molecular weight molecules upon 
oxidation. The decrease in elas-
tomer concentration contributes 
to the overall loss of rubber elas-
ticity, increasing the viscous 
component of the viscoelastic 
material. Additional oxidizable 
chemical substances (about 1 to 
1.5 weight percent) appear to 
present in the degraded areas. 
Apart from carbon black, the 
identification of these extra mol-
ecules cannot be inferred by TGA 
analysis. Furthermore, addition-
al inorganic residues (up to 0.8 
percent) are found in the degrad-
ed samples. These results sug-
gest that the degraded areas 
contain a small amount of highly 
heat stable foreign matter (2 to 
2.5 weight percent) in both or-
ganic and inorganic forms. 

PY-GC-MS analysis
Pyrolyzed poly(isoprene) gives 

rise to a characteristic array of 4 
primary retention peaks as dis-
played in Table 3. In addition, a 
molecular fragment at a reten-
tion time of 2.55 minutes was 
detected in the heavily degraded 
areas of sample E. The best 
match from the chemical data-
base was methyl vinyl ketone. It 
is likely that this oxygen con-

taining alkene is related to the 
mobile oxidation products being 
produced during the oxidation of 
poly(isoprene). 

SEM-EDS sample analysis
SEM-EDS was the method of 

choice in order to analyze all dry 
suit seal samples. An SEM pho-
tograph of the sealing edge along 
with the large surface of the un-
used neck seal sample A is shown 
in Fig. 6. The large outside sur-
face of sample A appears gray 
and composed of a network of 
fine, black cracks are confined to 
the surface layer. The straight 
sealing edge area possesses a 
black smooth surface due to the 
trimming process. 

An elemental analysis was 
performed on both outside and 
inside large surfaces and the 
sealing edge of sample A in order 
to investigate any difference in 
chemical surface composition. 
These results are summarized in 
Table 4. Total carbon levels are 
much higher on the edge versus 
the large surface. Chlorine was 
detected in high levels on the 
large surfaces along with lesser 
amounts of sodium and silicone. 
On the black edge surface, nei-
ther chlorine, silicone nor sodium 
were detected. Both oxygen and 
sulfur levels were higher on the 
surface versus the edge. Rinsing 
the sample with de-ionized water 
(three times) did not significantly 
change the weight percent val-
ues. Furthermore, the outer and 
inner surfaces present similar 
values in surface chemical com-
position.

The high carbon level is due to 
the natural rubber base polymer 
and to a lesser extent, the carbon 
black reinforcing agent (as seen 
by TGA results earlier). As the 
chlorine is organic in nature 
since it is not removed by the 
de-ionized water, the rubber was 
chlorinated in order to improve 
its surface characteristics. This 
likely explains the contrast be-
tween the gray and black zones 
seen in Fig. 6 (i.e. surface versus 
edge). 

Surface chlorination is an ef-
fective method to reduce the coef-
ficient of friction of natural rub-
ber.1-3 The modified surface 
characteristics increase the level 
of hydrophilicity due to the gen-
eration of chlorinated and oxi-
dized structures.2 The reduced 
coefficient of friction is advanta-
geous for the donning process of 
rubber articles such as gloves.3 
Surface cracking, however, can 

Fig. 2: Sample B (face seal) showing degradation at the seal edge in a) 
and b).

Fig. 3: The edge of the neck seal 
of sample C.

Fig. 4: Sample E showing the out-
er edge of the wrist seal.

Fig. 6: SEM image displaying the 
large surface and edge portion of 
the unused sample A.

Table 2: TGA weight loss (%) results for samples A and E.

Table 5: Elemental analysis (wt%) of the neck seal area of sample B. Ele-
mental weights after rinsing are given in the rounded brackets. The edge 
represents a freshly cut surface.

Table 6: Elemental analysis of the face seal area of sample B. Elemental weights after rinsing are given in the 
rounded brackets.

Table 1: Summary and description of dry suit seals samples received for 
the investigation. (*virgin sample).

Table 3: Summary of the primary peaks observed in samples A (control) and E (degraded area) and their identifi-
cation by PY-GC-MS analysis. *Additional small peak present only in sample F.

Technical Technical

Table 4: Elemental analysis (wt%) by SEM-EDS of the large surfaces and 
edge of control sample A. Reported values are the average of three mea-
surements.

NR
Continued from page 13

Fig. 5: Overlay of ATR-FT-IR spectra of the virgin sample A (bottom) and 
of the soft degraded area of sample C.
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develop for high levels of chlori-
nation or extended reaction times, 
causing both surface roughening 
and, thus, reducing the thermal 
stability of the material.2,3 The 
network surface cracking seen on 
the virgin sample in Fig. 6 ap-
pears to be a by-product of the 
chlorination process. Crack prop-
agation can occur from these de-
fects upon stretching the dry suit. 
As tearing or ripping was not the 
major failure event, the surface 
cracking was not considered as a 
factor in the premature degrada-
tion of the dry suits.

A sulfur vulcanization system 
was used for crosslinking the 
natural rubber due to the high 

presence of sulfur. The higher 
sulfur concentrations on the 
large surface versus the edge is 
indicative of possible sulfur 
blooming. The presence of some 
silicone on the large surface area 
indicates the use of a sili-
cone-based mold release agent to 
help in the demolding process. 
The presence of calcium could be 
related to the use of calcium ox-
ide, calcium carbonate or a pro-
cessing aid like calcium stearate.

The EDS analysis of the un-
damaged areas of the neck seal of 
sample B is shown in Table 5. 
The area examined showed no 
adverse degradation effects such 
as soft rubber or crack formation. 
The sample was also rinsed three 
times with de-ionized water. Be-
fore rinsing, the outside surface 
possesses significantly more 
chlorine, oxygen and sodium than 
the inside surface. Rinsing the 
sample brings about a loss of both 
sodium and chloride, likely due to 
the exposure to sea water. In ad-
dition, oxygen levels decrease af-
ter rinsing the outside surface, 
possibly due in part to the remov-
al of oxygen containing inorganic 
based minerals containing zinc, 
calcium and magnesium. The in-

side surface possesses less chlori-
nation on the surface (about 4 
percent weight). Sulfur blooming 
is taking place toward both the 
outside and inside of the neck 
seal. No significant difference is 
observed in the elemental compo-
sitional of the matrix, which is 
given by the edge results in com-
parison with those in Table 4. 
Chemical compositional changes 
are taking place primarily in the 
surface layer of the degraded and 
used seals.

The EDS analysis on the face 
seal area of sample B shows some 
significant differences, depend-
ing on sample location (see Table 
6). Square-like samples were 
taken around the face sealing 
area where extensive degrada-
tion (soft, black rubber) was not-
ed. The low chlorine levels on the 
outside surface confirm that ei-
ther chlorination did not take 
place or that the chlorinated 
barrier surface has been essen-
tially removed due to wear or to 
aging effects on the seal. 

Upon rinsing the sample, the 
chlorine and sodium levels drop 
together, indicating the presence 
of sodium chloride. Iron surpris-
ingly was detected at levels just 
above 0.2 weight percent. The in-
side or reverse surface showed 
heavy areas of degradation indi-
cated as black areas on the SEM 
images and consisted mainly of 
just carbon, oxygen and some 
sulfur. Moving away from the 
degradation toward where miner-
al salts were present confirmed 
the presence of sodium and calci-
um chloride, but a higher amount 
of chlorine indicating that the 
surface is chlorinated. Rinsing 
this surface removed the mineral 
salts but left the remaining chlo-
rine levels high and comparable 
to the values seen in the neck re-
gion. Levels of iron on the inside 
surface were insignificant, signi-
fying that iron contamination is 
coming from the outside of seal.

The degraded edge is com-
prised primarily of carbon, oxy-
gen and some sulfur. Examining 
a cut edge about 2 mm away from 
the degraded edge caused the 
oxygen weight percent to drop 
almost 10 percent while the car-
bon level increased by about the 
same amount (see Table 6). This 
difference in oxygen content 
demonstrates the high level of 
oxidation of the rubber at the 
edge of the seal. This concurs 
with the fact that higher levels of 
oxidized rubber (volatiles) were 
reported earlier in the heavily 
degraded areas analyzed by 

TGA.
The topology of the outer sur-

face of the used face mask seal 
(sample B) is heterogeneous as 
depicted in Fig. 7. EDS was used 
to attempt to identify the parti-
cles identified from 1 to 5 which 
are present on the sample sur-
face. Some of the particles on the 
surface include clays (particles 1 
and 4), silica (particle 3) as well 
as recrystallized sulfur from the 
rubber formulation (particle 2). 
Particle 5 was identified by EDS 
as containing predominantly 
iron and oxygen signifying that 
it is an iron-oxide-based mineral. 
Notwithstanding the sulfur, 
these mineral-based particles 
are contaminants not included in 
the rubber formulation. Given 
this finding, it was decided to 
continue the examination of the 
other degraded seals with partic-
ular interest to metal concentra-
tions on the outside surface of the 
samples.

The outer surface of the wrist 
seal of sample E (see Table 7) 
contains a significant amount of 
iron (0.4 weight percent) and 
much less chlorine compared to a 
typical chlorinated seal sample. 
The inside surface shows evi-
dence of 4 times more chlorine, 
and hence the chlorination pro-
cess, since upon rinsing with de-
ionized water, the chlorine count 
increased due partly to the re-
moval of sodium chloride. The 
picture shown in Fig. 8 attests to 
the remains of the chlorinated 
surface (white areas) in combina-
tion with an irregular surface 
morphology. There is a loss of the 
protective chlorinated surface 
due to wear and/or aging. 

In summary, EDS analysis 
shows the loss of the protective 
chlorinated layer in the undam-
aged areas on both the inside and 
outside surfaces. Samples experi-
encing extensive loss of chlorine 
generally correlate to ones with 
the highest oxygen and lowest 
carbon levels. Iron contamination 
was evident, and in most of the 
cases when iron is detected, both 
chlorine and carbon levels are 
lower than normal, while oxygen 
levels are high. It also appears 
that when iron is present, there 
are also increased levels of both 
aluminum and silicone.

ICP-MS investigation
Given the high levels of metal 

contamination seen by EDS in 
many of the degraded samples, a 
representative sample (sample E 
wrist) was selected for an in-
depth ICP-MS analysis. EDS 
confirmed quantitative concen-
trations of silicone, iron and alu-

minum on the surface in this 
particular sample (Table 7). The 
TGA results in the heavily de-
graded regions of sample E con-
firmed that inorganic residue 
concentrations increased by up 
to 1 weight percent. In order to 
check for transition metal ion 
contamination which may be the 
cause of the premature degrada-
tion comprising oxidized natural 
rubber, the concentrations of 
iron, copper and manganese 
were analyzed. The same test 
specimens that were analyzed by 
TGA (A control, E good and dam-
aged areas) were used for ICP–
MS. The percentage loss in 
weight upon ashing as well as 
the concentrations of iron, copper 
and manganese in µg/g (or ppm) 
are provided in tabular form in 
Table 8. 

Upon ashing the samples, it 
was found that the degraded ar-
eas contained up to 1 percent by 
weight more inorganic residue in 
the heavily degraded areas (sam-
ple E degraded) versus other ar-
eas away from the degradation 
(sample E good). This observation 
agrees with the TGA results on 
the same samples. The control 
sample A had the lowest ash level 
as expected. These results con-
firm that inorganic residue levels 
are highest in the heavily de-
graded areas, followed by the 
undamaged areas of the same 
sample and, finally, lowest in the 
control sample. Low levels of iron, 
copper and manganese were mea-
sured in the control sample A, 
likely representing typical levels 
for a rubber based formulation. 
Iron levels display the highest in-
crease in the heavily degraded ar-
eas, five times over the undam-
aged areas of sample E and 25 
times higher than the control. 
Copper concentrations increased 
fourfold in all areas (good or heav-
ily degraded) of sample E to an 
average of about 100 ppm. Manga-
nese values are very low in the 
degraded samples. In parallel 
with the SEM–EDS results, these 
findings confirm the high concen-
trations of iron that are present in 
the used dry suits seals. These re-
sults also reveal that copper is 
present at significant concentra-
tions (over 100 ppm). Iron concen-
trations are much higher in the 
heavily degraded areas where the 
sealing takes place suggesting 
that it is being transported to the 
sealing area. 

Metal contamination
The preceding results and dis-

cussion point to the fact that 
metal contamination appears to 
be the key repeating element oc-
curring in combination with the 
premature degradation. It is 
known that trace amounts of 
transition metals such as iron, 
cobalt, copper and manganese 
are enough to accelerate the oxi-
dative degradation of natural 
rubber based products.4-6 The 
oxidation rate has been shown to 
follow the sequence of Co2+ > 
Mn2+ > Cu+ > Fe3+. The effective-
ness of the ion as a catalyst was 
found to depend on the number of 
electrons transferred by the 
metal ion during redox reac-
tions.5  Transition metals cata-
lyze the rubber oxidative reac-
tions by accelerating the 
breakdown of peroxides which in 

taining alkene is related to the 
mobile oxidation products being 
produced during the oxidation of 
poly(isoprene). 

SEM-EDS sample analysis
SEM-EDS was the method of 

choice in order to analyze all dry 
suit seal samples. An SEM pho-
tograph of the sealing edge along 
with the large surface of the un-
used neck seal sample A is shown 
in Fig. 6. The large outside sur-
face of sample A appears gray 
and composed of a network of 
fine, black cracks are confined to 
the surface layer. The straight 
sealing edge area possesses a 
black smooth surface due to the 
trimming process. 

An elemental analysis was 
performed on both outside and 
inside large surfaces and the 
sealing edge of sample A in order 
to investigate any difference in 
chemical surface composition. 
These results are summarized in 
Table 4. Total carbon levels are 
much higher on the edge versus 
the large surface. Chlorine was 
detected in high levels on the 
large surfaces along with lesser 
amounts of sodium and silicone. 
On the black edge surface, nei-
ther chlorine, silicone nor sodium 
were detected. Both oxygen and 
sulfur levels were higher on the 
surface versus the edge. Rinsing 
the sample with de-ionized water 
(three times) did not significantly 
change the weight percent val-
ues. Furthermore, the outer and 
inner surfaces present similar 
values in surface chemical com-
position.

The high carbon level is due to 
the natural rubber base polymer 
and to a lesser extent, the carbon 
black reinforcing agent (as seen 
by TGA results earlier). As the 
chlorine is organic in nature 
since it is not removed by the 
de-ionized water, the rubber was 
chlorinated in order to improve 
its surface characteristics. This 
likely explains the contrast be-
tween the gray and black zones 
seen in Fig. 6 (i.e. surface versus 
edge). 

Surface chlorination is an ef-
fective method to reduce the coef-
ficient of friction of natural rub-
ber.1-3 The modified surface 
characteristics increase the level 
of hydrophilicity due to the gen-
eration of chlorinated and oxi-
dized structures.2 The reduced 
coefficient of friction is advanta-
geous for the donning process of 
rubber articles such as gloves.3 
Surface cracking, however, can 

Fig. 6: SEM image displaying the 
large surface and edge portion of 
the unused sample A.

Fig. 7: Close-up of outer surface 
of the face mask seal (sample B) 
after rinsing in de-ionized water. 
Elemental composition of each of 
the particles: 1–potassium, alumi-
num, silicon, titanium. 2–sulfur, 
3–silicon. 4–calcium, aluminum, 
silicon, oxygen. 5–iron, oxygen.

Table 2: TGA weight loss (%) results for samples A and E.

Table 5: Elemental analysis (wt%) of the neck seal area of sample B. Ele-
mental weights after rinsing are given in the rounded brackets. The edge 
represents a freshly cut surface.

Table 6: Elemental analysis of the face seal area of sample B. Elemental weights after rinsing are given in the 
rounded brackets.

Table 3: Summary of the primary peaks observed in samples A (control) and E (degraded area) and their identifi-
cation by PY-GC-MS analysis. *Additional small peak present only in sample F.

Technical

Table 4: Elemental analysis (wt%) by SEM-EDS of the large surfaces and 
edge of control sample A. Reported values are the average of three mea-
surements.

See NR, page 16
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turn propagate the oxidation re-
action. For example, compounds 
comprising natural rubber mixed 
with copper salts having concen-
trations of 0.02 to 0.06 weight 
percent (200 to 600 ppm) lose up 
to 50 percent of their tensile 
strength after heat aging for 12 
days at 70°C.6 The rate of oxygen 
absorption has been shown to 
increase dramatically after 6 
hours for a natural rubber sam-
ple containing approximately 1.7 
percent by weight of iron.7 Fe3+ 
ions were shown to have more 
catalytic action than Fe2+ ions on 
oxidative degradation of crepe 
rubber, and total iron concentra-
tions were recommended not to 
exceed 30 ppm in the rubber for 
optimal storage stability.8 The 
final result of transition contam-
ination is chain degradation with 
loss of molecular weight and the 
production of small, oxidized, la-
bile molecules of poly(isoprene).

Given the extremely low con-
centration of dissolved iron, cop-
per and manganese in sea water 
(see Table 9), and that discrete 
mineral particles were observed 
by SEM on the outside surface of 
the samples, it is likely that the 
metal contamination is coming 
from the soil environment. Table 
10 lists the average values for 
selected surficial element con-
centrations in soils tested across 
the U.S. It is not unreasonable to 

expect similar values for the ge-
ology of Canada and for the soil 
found in ocean or sea beds. Sili-
con, which is found in sand (sili-
con dioxide), and many compo-
nents of clays like aluminum, 
calcium and potassium dominate 
the list. Of particular interest is 
the high concentration of iron and 
the presence of both manganese 
and copper. Suit contamination 
from soil containing a form of iron 
is a good probability for divers 
walking on ocean or sea beds. 

Poly(isoprene) oxidation
The generally accepted oxida-

tion mechanism for poly(isoprene) 
has been summarized in Fig. 9.11 

The oxidation of poly(isoprene) 
commences with the reaction of 
oxygen at the tertiary center of the 
isoprene group giving rise to a 
stable cycloperoxide. Radical 
transfer takes place onto the 
neighboring tertiary carbon cen-
ter. Repetitive reaction with oxy-
gen leads to a clustering of oxidized 
polymer in a localized area along 
the chain backbone. Application of 
heat causes these clustered cyclop-
eroxides to decompose, provoking 
chain cleavage and loss of molec-
ular weight. Transition metals 
accelerate cycloperoxide decom-
position. Small molecules such as 
levulinaldehyde are released 
during the process and the mate-
rial softens. Other small oxidized 
molecules are possible contain-
ing end groups such as carboxylic 
acid and alcohol. The presence of 
the methyl vinyl ketone that was 
observed by PY-GC-MS for the 
oxidized natural rubber in the 
degraded dry suit seals can be 
explained by the breakdown of 
levulinaldehyde by pyrolysis into 
two fragments, namely formalde-
hyde and methyl vinyl ketone.

Natural rubber under longer 
conditions of time and heat/oxy-
gen exposure will exhibit hard-
ening due to subsequent sec-
ondary oxidation reactions, 
which tie up the polymer chains 
due to crosslinking. This mech-
anism would explain the pres-
ence of cracking seen in the 
heavily oxidized samples.12

Premature seal degradation 
explanation

In summary, metal contami-
nation is taking place on the 
dry suit seals from the outside 
surface. In terms of concentra-

tion, iron—and to a lesser ex-
tent, copper—appear to be the 
metals of concern since they are 
widely known to accelerate oxi-
dation reactions in natural rub-
ber. Some of these metals in the 
dissolved ionic state are able to 
penetrate into the subsurface 
beneath the chlorinated surface 
of the seal. Catalyzed oxidative 
reactions also are possible on 
the chlorinated surface and 
possibly within the fine surface 
cracking network. This may, in 
part, explain for some of the de-
terioration of the chlorinated 
surface seen in the SEM micro-
graphs for the degraded sam-
ples. Once oxidation is initiated, 
it is known to increase exponen-
tially. Small and labile oxidized 
degradation by-products such as 
levunlinaldehyde appear to 
preferentially migrate like a 
plasticizer within the polymer 
matrix due to the effects of grav-
ity for a hung dry suit. At the 
same time, metal ions such as 
iron appear to be dragged along 
with the oxidized natural rubber 
molecules to the seal edge which 
is non-polar in nature (non chlo-
rinated) where they can easily 
exude from the seal. The in-
creased concentration of metal 
ions near the seal edge will only 
worsen the effects of degrada-
tion, causing continued localized 
deterioration of the sealing area. 
This proposed mechanism can 
explain the appearance of the 
viscous rubber material around 
the trimmed edges of the seals. 

Assuming that a regular 
maintenance and rinsing 
schedule of the dry suits is fol-
lowed in order to decontaminate 
the outer surface of the dry 
suits, certain antioxidants are 
highly effective in reacting with 
metal ions to form inert com-
plexes through chelating. Dry 
suit seals made with additional 
antioxidants effective against 
iron and/or copper contamina-
tion may help to prolong the life 
of the dry suit seals and slow 
down the oxidation effect in the 
natural rubber. Finally, creams, 
skin lotions, insect repellents 
and sunscreens containing 
transition metal elements such 
as iron, copper or manganese 
should not be used when wear-
ing the dry suit as they will ac-
celerate the premature aging of 
the seals. 

Conclusions
A series of dry suit seals (face, 

neck and wrist) displaying exten-
sive evidence of degradation (soft, 
black material and cracking) have 
been analyzed. The soft and sticky 
material located primarily around 
the trimmed edges in the degrad-
ed seals was identified as oxidized 
natural rubber. The protective 
chlorinated rubber surface is par-
tially or completely destroyed in 
samples showing degradation. 
The later stages of oxidation of 
natural rubber include hardening 
and rubber cracking. The oxida-
tion of the rubber is being caused 
by the presence of transition metal 
elements such as iron, which were 
identified in high concentrations 
(550 ppm) in highly degraded 
samples. The presence of copper 
also was identified in concentra-
tions of 100 ppm. Transition metal 
elements are well known to speed 
up the oxidation degradation reac-
tion of natural rubber. Metal con-
tamination is taking place pri-
marily from the outside of suit (not 
from the inside). The detection of 
iron oxide particles on the sample 
surface suggests that the contami-
nation could be coming from the 
soil stirred up with the water 
during a diving expedition. Other 
sources of contamination also 
might be possible. It appears that 
the oxidized natural rubber prod-
ucts, which include levulinalde-
hyde, a well-known oxidation 
product of natural rubber, easily 
can migrate toward the non-polar 

trimmed areas where it blooms 
and gathers at the edge bringing 
along with them, the transition 
metal ions such as iron. Degrada-
tion can therefore be enhanced in 
this region causing the appear-
ance of more black viscous rubber. 
Solubility and diffusion effects 
dictate this phenomenon.
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Fig. 8: SEM photograph of the in-
side surface of wrist seal sample E.

Fig. 9: Summary of oxidation mech-
anism to explain the degradation 
of poly(isoprene) leading to chain 
cleavage and softening and finally 
the liberation of small volatile mol-
ecules such as levulinaldehyde 
(adapted from ref. 11). Under py-
rolysis conditions, the levulinalde-
hyde continues to break down into 
smaller molecules.

Table 7: Elemental analysis (wt%) 
near the degraded area of wrist 
seal sample E.

Table 8: Micrograms/gram or parts per million (ppm) of Fe, Cu and Mn 
on samples A and E as determined by ICP-MS. Reported values are the 
average of 3 measurements.

Table 9: Ionic concentrations of 
some of the major inorganic ele-
ments found in sea water at 3.5% 
salinity.9

Table 10: Selected element con-
centrations in soils in contermi-
nous U.S.10
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