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Determination of PAHs in tires by GC/MS and NMR
By Joseph Pan and Robert Legg
Southwest Research Institute

Process oils and carbon blacks are
widely used in making rubber compounds, including tires. These materials
often contain significant and sometimes
high levels of polycyclic aromatic hydrocarbons.1
Process oils and carbon blacks, along
with the PAHs contained in them, improve the processability of the rubber
compounds and, when used in tire
treads, enhance important rubber performance characteristics such as wet
grip, wear and durability.
Once the PAHs become part of the
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tires, especially as part of tire treads,
some of the fine tire debris left on highways and city streets eventually become
airborne. Some PAHs, such as BaP, are
known human carcinogens.
To protect the health of the general
public, on Dec. 18, 2006, the EU/EC issued the regulation 1907/2006/EC
(REACH). It requires that as of Jan. 1,
2010, the total concentration of 8 specified PAHs must be less than 10 parts
per million and the concentration of BaP
must be less than 1.0 parts per million
in the oils isolated from the treads of all
tires manufactured within or imported
into the EU.
The eight EU-targeted PAHs are: benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)
fluoranthene, benzo(e)pyrene, benzo(a)
pyrene and dibenzo(a,h)anthracene. No
analytical method was designated by this
EU regulation with which to quantify the
eight specific PAHs in the tire extracts.

Executive summary

The author

In 2007, the European Union issued a regulation, 1906/2007/EC (REACH), requiring that, as of Jan. 1, 2010, all process oils isolated from the tires must contain
less than 1.0 parts per million of benzo(a)pyrene, BaP, and the sum of eight specific
polycyclic aromatic hydrocarbons be less than 10 parts per million.
No method that would produce exactly such data was specified by this EU regulation. Instead, this EU regulation specified that the ISO 21461, a nuclear magnetic
resonance method, be used to determine if a tire met the EU’s standards on PAH
contents. The EU regulation states that if the “Bay-H” NMR signal of the process oil
isolated from the tire treads is <0.35 percent of the total H NMR signal, the tire is
regarded as having met the EU’s “original PAH standards” for tires. Whether or not
the ISO 21461 (NMR) method helps uphold the EU’s “original PAH standards” for
the tires has not been extensively studied.
Southwest Research Institute developed a gas chromatography/mass spectrometry
method that accurately and precisely determines BaP and the sum of the eight specified PAHs in process oils isolated from tires. We analyzed 50 car and truck tires using
both the developed GC/MS method and the EU-specified ISO 21461 (NMR) method
and assigned pass/fail for each tire using the data acquired by these two PAH methods.
Of the tires tested, 82 percent (41/50) passed based on NMR data alone and 26
percent (13/50) of tires passed based on the “sum of eight PAHs” by GC/MS. Only 12
percent (6/50) of tires passed based on the BaP level by GC/MS.
Of the 50 tires, 70 percent (35/50) disagreed on pass/fail decisions between the
GC/MS (BaP) and the NMR (ISO 21461) methods, of which all 35 tires passed by the
NMR data and all failed by the GC/MS data (BaP and/or “sum of eight PAHs”). The
NMR method tended to pass tires relatively easily (41/50 or 82 percent), many of
which (35/41 or 85.4 percent) would have failed the EU’s original standards based on
the GC/MS (BaP) data and would have been viewed as “false passes” because of using the NMR data.
The data indicates that the ISO 21461 (NMR) method for the most part did not
help uphold the EU’s “original PAH standards” for the tires. A good PAH method
using GC/MS is the only way to protect the health of the general public and at the
same time guarantee a level playing field for the tire manufacturers within the EU
and the foreign tire manufacturers exporting tires into the EU countries.
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Instead, a proxy method, ISO 21461,2
was listed as the official alternate method. The ISO 21461 method uses NMR
spectrometer to acquire signals of protons
(1Hs) of oils isolated from the tires. The
EU regulation specifies that if the NMR
signals from the “Bay-H” (H-NMR signals between 8.3 and 9.5 ppm) of PAHs is

Table 1: Chemical compositions of custom-made rubber slabs (unit in part).

Fig. 1: Custom-made rubber Slab G (upper-left), tire strip with treads (upper- right),
tire tread nugget (middle-right), and tire tread slivers (bottom).

less than 0.35 percent of the total H-NMR
signal (H-NMR signals between 0.2 and
9.5 parts per million, less Bay-H signals),
the tire is regarded as meeting the EU’s
original PAH standards.
To date, few studies have been done on
the correlation (or lack thereof) between
the EU’s original PAH standards and
the ISO 21461 method with its Bay-H
0.35 percent rule.
The European Tyre & Rubber Manufacturers Association supports the EU’s
PAH standards. It conducted two rounds
of PAH testing on tires bought in EU
countries in 2010 and 2011. Respectively, 11 percent and 10 percent failed the
EU’s PAH standards for the tires (presumably by the ISO 21461 method). In
2011, all nine of the failed tires were
from Asia, eight from China.3
Southwest Research Institute developed its own PAH method for the determination of PAHs in the process oils by
fine-tuning the oil cleanup technique of
using liquid-liquid partition described
in the Grimmer method,4,5 by incorporating gravity liquid chromatography
using columns packed with activated
silica gel,6 and adopting the isotope dilution technique using 16 deuterated
PAHs as internal standards for the
analysis of 18 targeted PAHs by GC/MS.

Using such a PAH method, reasonably
good precision (average percent RSD <10
percent) and accuracy (average >90 percent) were obtained on an oil doped with
a known amount of standard reference
material (SRM 1597a) containing certified amounts of PAHs issued by the National Institute of Standards and Technology. The results of such studies were
presented in previous IRC conferences.7,8
It was based on this acquired technology
that SwRI launched its current studies.
In 2013, the EU published a new PAH
method, EN 16143:2013, for the determination of BaP and the “sum of eight
PAHs” in the process oils going into the
tires, which replaced the IP346, a gravimetric method for PAH determination.
This EN 6143:2013 method uses double
LC (liquid chromatography) sample
cleanup and GC/MS to determine the
targeted PAHs. It was promulgated in
September 2016.
Since this method could potentially be
used for the determination of PAHs in
See PAHs, page 16

16

Rubber & Plastics News • October 29, 2018

www.rubbernews.com

Technical

PAHs
Continued from page 15
the tires, we compared 12 oil samples for
their PAH contents using both EN
6143:2013 and SwRI’s method of liquid-liquid partition sample cleanup coupled with GC/MS analysis. Similar PAH
results from using both methods would
validate our results on the tires using
our method of liquid-liquid sample
cleanup with GC/MS analysis.

Experimental

Extraction efficiency of solvents for PAHs
in rubber
Seven solvents were used for the extraction of a custom-made rubber slab,
Rubber G (152 x 178 x 4 millimeters
cubed): toluene, acetone, carbon disulfide, carbon tetrachloride, cyclohexane,
1,4-dioxane and propionic acid. These
solvents were selected for their low dielectric constants.9
Rubber G was ground up using a Fitz
mill and liquid nitrogen. Samples were
taken from the size range of 0.71-1.0
millimeters. Each sample was weighed
out to 500 milligrams in duplicates and
was extracted in a cellulous extraction
thimble (22 millimeters x 65 millimeters, Whatman, Cat No. 2800-226), with
a glass wool ball placed on the top of the
thimble to prevent rubber slivers from
floating out, using a Soxhlet extractor
(125 milliliters) for four hours.
The rubber extract was concentrated
under vacuum using a rotary evaporator
with a water bath. The rubber extract
was preliminarily cleaned by washing it
with an NaOH solution (0.1 N) and passing through a silica gel column. The extract was evaporated again on a hot
plate (70°C) with a gentle stream of ni-

trogen until a constant weight had been
reached. A known amount of rubber extract (oil) was brought into solution and
analyzed by our GC/MS method.7,8
The rubber slab was custom-made by
Smithers Rapra, based in Akron, with
its composition listed in Table 1.
Effects of rubber bit sizes on PAH extraction efficiency
Rubber G slabs were cut into small
bits by two methods: hand cut with a
carpet knife, and cryogenic grinding
using a Fitz mill with liquid nitrogen.
The hand-cut technique rendered rubber sizes as small as 1 x 1 x 2 millimeters
cubed. The cryogenic grinding technique
got the rubber bits down to about 0.125
millimeters cubed.
The rubber bits were sieved into five
different size fractions: 2.8-2.36 millimeters, 2.36-1.70 millimeters, 1.70-1.00
millimeters, 1.00-0.425 millimeters and
0.425-0.125 millimeters. “Size 2.8-2.36
millimeters” means rubber bits that
passed through the sieve rated as 2.8
millimeters but did not pass through the
sieve rated as 2.36 millimeters.
Each size fraction was weighed out
300 plus 1 milligrams in triplicates.
Each sample was prepared and Soxhlet-extracted with toluene for six hours.
The rubber extracts were concentrated,
pre-washed with NaOH solution, re-concentrated with a stream of nitrogen until
a constant weight was reached, sampled,
cleaned again and analyzed by GC/MS
as described above.
Precision and accuracy of the newly developed PAH method for rubber
Seven replicates of rubber SwRI-N
were weighed out to 500 milligrams
each. Each rubber sample (1 x 2 x 10
millimeters cubed slivers) was mixed
well with five grams of clean silica gel

Fig. 2: Extraction efficiencies of seven organic solvents for PAHs in rubber by type.

and placed in a cellulose thimble. The
rubber samples were Soxhlet-extracted
with toluene for 16 hours. The rubber
extracts were concentrated, pre-cleaned
with NaOH solution, reconcentrated,
cleaned and GC/MS analyzed as described above. The percent accuracy of
PAH determination was defined as:
Percent accuracy = [1 - ABS(found conc.
– expected conc.)/expected conc.] x 100
Determination of PAHs in three rubber
compounds by GC/MS and NMR
Each of the custom-made rubber slabs
E, F and G was cut into 1 x 2 x 10 millimeters cubed slivers and Soxhlet extracted, in triplicates, separately with
toluene and acetone. Each rubber sample extract was then cleaned up,
weighed, and analyzed by GC/MS and
NMR as described above. The chemical
compositions of these three rubber slabs
are listed in Table 1.
All of the chemical ingredients for
these three rubber slabs were individually analyzed for PAHs by GC/MS. The
NMR analyses were performed by Process NMR Associates, L.L.C. (Danbury,
Conn.) using a Varian 300 MHz NMR
spectrometer.
Determination of PAHs in 50 commercial
tires by GC/MS and NMR
Fifty commercial tires, all made after
Jan. 1, 2010, (12 made in EU countries),
were bought locally in San Antonio.
Each tire was first cut into a squared
slab of about 150 x 178 millimeters
squared that contained tread nuggets,
then into a 25 x 178 millimeters squared
tread strip, and finally into 25 x 30 millimeters squared tread nuggets using an
electrical circular saw.
The tire tread nuggets were manually
cut into 1 x 2 x 10 millimeters cubed
slivers using a carpet knife (Fig. 1). Each
tire sample was Soxhlet-extracted with
toluene for 16 hours. The procedures for
concentrating the tire tread extracts, ex-

tract cleanup, analysis by GC/MS and
NMR are as described above.
Determination of PAHs in EU-made tires
extracted separately with toluene and acetone
Twelve commercial tires made in the
EU after Jan. 1, 2010, were bought locally in San Antonio. Each tire was cut up,
in stages, into 1 x 2 x 10 millimeters
cubed slivers as described above in 2.5.
Twelve tire samples were Soxhlet-extracted separately with toluene and acetone for 16 hours. The procedures for
concentrating the tire tread extracts,
extract cleanup, and analysis by GC/MS
and NMR are as described above.
Determination of PAHs in 12 oils using EU’s
EN 16143:2013 and SwRI’s PAH methods
Twelve oil samples were analyzed for
BaP and “sum of eight PAHs” using both
the EU promulgated EN 16143:2013
method and the SwRI-developed PAH
method of liquid-liquid partition sample
cleanup coupled with GC/MS analysis.
The identical PAH IS spiking solution
and the PAH calibration standards for
GC/MS analysis were used on both PAH
methods for maximum consistency.

Results and discussion

Extraction efficiency of solvents for PAHs
in rubber
The PAH extraction efficiencies of
seven solvents from the rubber are summarized in Fig. 2. The PAH solvent extraction efficiency for the five-ring PAHs
are in the order: toluene > carbon disulfide (CS2) > acetone = 1,4-dioxane >
propionic acid > carbon tetrachloride
(CCl4) > cyclohexane.
Toluene is known to be able to extract
PAHs from carbon black better than
most other solvents.1 That is why toluene
has the highest PAH extraction efficiency from Rubber G, which has carbon
black as one of its major ingredients. The
ISO 21461, however, calls for using acetone to extract the rubber/tire samples.
See PAHs, page 18

Fig. 4: The precision and accuracy data of nine five-ring PAHs in rubber SwRI-N
extracted with toluene.

Fig. 3: Effects of rubber bit sizes on PAH extraction efficiency by PAH type for Rubber G.

Table 2: Concentrations of EU-regulated PAHs in carbon blacks and process oil.
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The results are summarized in Fig. 3
with the PAH levels plotted as sum of
two-, three-, four-, and five-ring PAHs.
Empirically, there is no trend seen as to
the PAH levels found in the rubber extracts being a function of the rubber bit
size.
Precision and accuracy of the developed
PAH method with GC/MS
The precision and accuracy data of the
nine five-ring PAHs are summarized in
Fig. 4. The average percent accuracy
and percent RSD were 69 percent and
8.3 percent, respectively. The 69 percent
average recovery of the expected PAHs
found in the custom-made rubber was
significantly lower than the 92 percent
seen in the case of process oils.7
Analysis of three custom-made rubbers
for PAHs by GC/MS and NMR
Rubber E contained Process Oil A (20
parts) and no carbon black. Process Oil
A had moderate amounts of PAHs in it.
Rubber F and G each had process oil A
(20 parts) and CB N234 (32.5 and 65
parts, respectively) which contained
high levels of PAHs. The individual
concentrations of PAHs in carbon black
N234 and Process Oil A are listed in
Table 2. The BaP and “sum of eight
PAHs” levels from Rubbers E, F and G
extracted with acetone and toluene are
shown in Fig. 5.
Fig. 5 data collected via the GC/MS
method show an increase of the BaP and
“sum of eight PAHs” levels, regardless of
solvent extract, that followed the expected positive linear trend for Rubbers E, F
and G. The slope in the toluene extracts
is higher than what is seen in the ace-

tone extracts, which most likely is attributable to the toluene’s higher extracting power for PAHs from the carbon
black in the rubber.
A similar trend is not seen in the
Bay-H percent NMR data (Fig. 6). This
can be interpreted as the following:
Bay-H percent NMR data is not correlated with the concentration of BaP or “sum
of eight PAHs” in the tire extracts.
Analysis of 50 tires for PAHs by GC/MS
and NMR
The PAH data for all 50 tires, encompassing both the GC/MS method and
the NMR method, can be found in Table
3. Summarized within Table 3 are the
pass/fail results for both methods and a
comparison of both sets of results.
Fig. 7 shows the percentage of tires
passed based on each of the three requirements: NMR (in Bay-H percent),
“sum of eight PAHs,” and BaP, both in
parts per million. Of the 50 tires, 41
passed based on the ISO 21461 requirement. Based on GC/MS data, 13 tires
had “sum of eight PAHs” less than 10
parts per million. However, only six of
these tires passed both the BaP and
“sum of eight PAHs” requirements.
It is also noted that 30 percent (15/50)
of the tires tested had agreeing results
between the NMR and GC/MS data. All
tires that passed by both the BaP and
“sum of eight PAHs” requirements also
passed the NMR data.
Based solely on the NMR data, nine
tires failed to reach Bay-H percent requirements. Of the tires that passed
based on NMR data, 85 percent (35/41)
proved to have higher PAH levels than
the EU allows based on their GC/MS
data. The NMR data indicates a trend of
“false pass” (or “false negative”) results
when comparing the pass/fail data from
the ISO 21461 and the GC/MS methods.
Fig. 8 shows the plot of BaP vs. Bay-H

Fig. 5: BaP and “sum of eight PAHs” levels found in Rubber E, F and G extracted
with acetone and toluene and analyzed by GC/MS.

Fig. 6: Bay-H% NMR values in acetone and toluene extracts of Rubber E, F and G.

percent data for all 50 tires. Within Fig. 8
are two areas: The “NMR passing area” is
defined by Bay-H percent = 0.35 percent
and the “BaP passing area” is defined as
BaP = 1.0 ppm. The six tires (12 percent)
that passed the EU’s PAH standards by
both GC/MS and NMR are found within
the intersecting section of these two areas. The largest portion of tires, 35 (70
percent), passed the Bay-H percent standard by NMR but failed the BaP standard
by GC/MS. If a tire failed to pass by NMR,
it also failed to pass by GC/MS.
Analysis of 12 EU-made tires extracted
separately with toluene and acetone and
analyzed for PAHs by GC/MS and NMR
Table 4 and Table 5 compare the
data sets of the 12 EU-made tires using
the ISO 21461 designated solvent acetone (Table 4) and the experimental

solvent, toluene (Table 5). On average,
the acetone extracts of tires resulted in
17.8 percent higher Bay-H percent NMR
data, yet provided lower BaP and “sum
of eight PAHs” values (by 44.4 percent
and 33.5 percent, respectively) compared
with the toluene extracts.
However, the pass/fail results were
identical regardless of what extracting
solvent was used. Fig. 9 shows the comparison between the 38 non-EU-made
tires extracted with toluene, the 12 EUmade tires extracted separately with
acetone and toluene.
Only six tires met the EU’s original PAH
standards by GC/MS
In Table 6 the descriptions of each of
the six tires that passed the EU’s original PAH standards by the GC/MS
method are outlined. The manufactur-

Table 3: Comparison of the 50 tires to meet the EU’s PAH standards by GC/MS and
NMR (ISO 21461) methods.
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ing country of each tire was determined
by the DOT plant code stamped on the
physical tire.
Analysis of 12 oils for PAHs using both
EU’s and SwRI’s methods
Twelve oil samples were analyzed for
BaP and “sum of eight PAHs” by both
the EU’s EN 16143:2013 method and the
SwRI-developed PAH method for oils
and the results compared. The average
relative percent difference for BaP and
“sum of eight PAHs” were 7.21 (range:
0.00-12.5) and 4.80 (range: 0.91-14.8),
respectively. These results indicate that
had the process oils isolated from the
custom-made rubbers and the commercial tires were analyzed by the EN
16143:2013 PAH method, the results
would have been very similar to what
have been presented above.

Conclusions

The data from our experiments created a baseline understanding of PAH extraction from tire rubber. Rubber bit
size ranging with 0.125-2.8 millimeters
showed essentially identical PAH extraction efficiencies for the three-, fourand five-ring PAHs. The experimental
solvents extraction efficiency, based on
the sum of five-ring PAHs, were, in order: toluene > carbon disulfide > acetone
= 1,4-dioxane > propionic acid > carbon
tetrachloride > cyclohexane.
The developed GC/MS method for the
determination of five-ring PAHs in the
rubbers had an average percent accuracy
of 69 percent with a percent RSD of 8.3
percent using Soxhlet extraction using
toluene as the extracting solvent. The
GC/MS-determined PAH concentrations
in the three custom-made rubbers correlated well empirically with the projected PAH concentrations in the rubbers.
The ISO 21461 method, however, did not
produce Bay-H percent NMR data that
correlated well with the projected PAH

concentrations in the tested rubbers.
The most important data proved to be
the pass/fail results of the 50 tested
tires. Using Soxhlet extraction, with
toluene as the solvent, NMR passed 82
percent (41/50) of the tires tested.
Whereas the GC/MS method, based on
both BaP and “sum of eight PAHs,”
passed only 12 percent (6/50). Of the 41
tires that passed by the NMR results, 35
tires (85 percent) were “false passes”
compared to the GC/MS results.
Comparing data acquired from the 12
EU-made tires extracted separately using
acetone and toluene in Soxhlet extraction,
toluene resulted in significantly higher
BaP and “sum of eight PAHs” levels.
However, all pass/fail decisions based on
NMR and overall GC/MS data matched
between the two extracting solvents.
Based on the data collected, the EU’s
original PAH standard for tires appears
largely to have not been maintained
with the enforcing of ISO 21461. The
NMR method allows a high percentage
(70-75 percent) of tires to be made in or
imported into the EU that failed to meet
the EU’s 1907/2006/EC (REACH) should
the analysis be performed by a GC/MS
method.
The apparent failure boils down to
whether the analytical method used
properly measures for the EU’s specific
requirements, notably measuring the
parts per million of the specified PAHs,
instead of relying on a largely unrelated
requirement. The presented data indicates that only a good GC/MS method
will truly uphold the EU’s original PAH
standards for tires, protect the health of
the general public, and provide a level
playing field for the EU’s tire industry
and market.
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Table 4: PAH analysis results of 12 EU-made tires extracted with acetone.

Table. 5: PAH analysis results of 12 EU-made tires extracted with toluene.
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Fig. 7: Percentage of the 50 tested tires passing the EU’s PAH standards by three
different PAH data.

Fig. 9: Summary of average PAH data by GC/MS and NMR of 12 EU-made and 38
non-EU-made tires extracted by toluene and acetone y-axis: Bay-H% or ppm.

Fig. 8: Corresponding data points of the BaP ppm and NMR Bay-H% for each tire
including “passing” areas for each requirement.

Table. 6: Summary of the six tires that passed the EU’s original PAH regulations for
tires by BaP and “sum of eight PAHs” with GC/MS.

