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and tested per ASTM procedures.  
The responses measured were: 
Durometer Shore A; Goodyear 
Rebound; ML (minimum torque); 

The incorporation of recycled/
repurposed materials as a rein-
forcement/filler in elastomer for-
mulations has been sought for 
many years as a sustainable, via-
ble and cost-effective approach 
for the worldwide challenge of 
“end of life” tires.

Many methods and significant 
resources have been considered 
and spent, including: pyrolysis 
carbon black (recovered CB); 
ground tire rubber (GTR) from 
both ambient and cryogenic meth-
ods; and devulcanized/regenerat-
ed elastomers via various chemical 
and physical means.1-4

An ongoing challenge for rubber 
compounders, mixers and proces-
sors is to adequately mix and dis-
tribute the ingredient in a timely 
and efficient manner to achieve an 
appropriate “balance of proper-
ties” between physical properties, 
processing parameters, dynamic 
properties, and cost benefits. 

Recent approaches have used 
various high volume rubber com-
pounds and have focused on cost 
as the main—and most import-
ant—“property.” Also, manufac-
turers and processors have spent 
considerable effort and capital to 

improve the quality and consis-
tency of the raw material. Addi-
tional effort has been made to 
“sort and characterize” incoming 
tires to better utilize the differ-
ences in polymers, from whole 
tires to sidewalls to tread stock.

While ultimately the repur-
posed raw materials will have to 
perform within multiple polymer 
platforms such as SBR, NBR and 
EPDM, for the purposes of this 
paper we have chosen a standard 
SBR formulation (ASTM D3191) 
for the basis of this evaluation.

Background
The challenge of incorporating 

repurposed materials is the differ-
entiation between a “polymer-
ic-based filler”—such as GTR, 
which is a thermoset particle with 
polymer and carbon black—and 
“an elastomer-based material,” 

which is a powder with elastomeric 
properties, carbon black and vari-
ous antioxidants, antiozonants, 
and antidegradants. The main 
difference between the two is the 
ability to “re-bond” or “re-form” 
crosslinks in the polymer matrix.  

First, it is not only difficult to 
define “regeneration” or “devul-
canization,” but it also is chal-
lenging to measure. The current 
best practice of measuring this 
value is the “solvent swelling 
method,” or “crosslink density” 
via the ASTM D6814 test meth-
od. This method is the industry 
best practice to date.

Typical values give numbers in 
the 80-85 percent range. A prac-
tical method and one incorporated 
by EFG Polymers L.L.C. in Bay 
City, Texas, is to take 100 percent 
of the regenerated material and 
add a basic sulfur cure package 
on a two-roll mill. The resulting 
rubber compound then is molded 
into a test slab via compression 
molding, and tensile specimens 
then are die-cut for testing via 
ASTM D412 procedures. A mini-
mum physical property value 
then is used for QC determination 
of process consistency and statis-
tical process control. 

An understanding of the com-
plete rubber formulation, rubber 
processing parameters and rub-
ber performance properties is 
what is really being sought after 
in this discussion. Decisions 
need to be data based and not 
based on preferences or emotions. 
The design of experiment ap-
proach facilitates this decision 
making process.

Additionally, instrumentation 

and rubber testing technology 
have greatly improved the com-
pounder’s ability to “see” what is 
happening with respect to rein-
forcement/filler incorporation. Al-
pha Technologies has led the way 
with polymer viscosity measure-
ment at various temperatures, 
frequencies and shear rates with 
their development of the rubber 
process analyzer. Since their in-
troduction of this equipment, mul-
tiple ASTM procedures have been 
established and continue to be adop-
ted by rubber compounders, for-
mulators and processors.5-7

Experimental
A multiple level, two factor, 

general factorial design was used 
to evaluate the effect of various 
repurposed/reprocessed materi-
als in a standard SBR formula-
tion. The specific ASTM formula-
tion used is given in Table 1.

A total of 10 individual and 
discrete batches were used for the 
data set. The two factors studied 
were: RPM Type (regenerated/re-
processed material); and RPM 
Loading Level (0 phr, 10 phr and 
20 phr). The design matrix with 
the 10 specific mixes/batches is 
given in Table 2.

Specific attempts were made to 
adjust the polymer and carbon 
black levels to achieve a consis-
tent 100 phr polymer and 50 phr 
carbon black in the mix. Addition-
al experiments were performed of 
the control for an increase in un-
derstanding the error and varia-
tion. The physical property results 
of the various formulations are 
given in Table 3.

Samples were mixed, molded 
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MH (maximum torque);  100 per-
cent modulus; 200 percent modu-
lus; tensile, MPa; elongation per-
cent; and Mooney viscosity.

These physical properties easi-
ly can be maximized, minimized 
and optimized via set criteria per 
application requirements using 
the desirability function.8,9

Results and discussion
The results for the designed 

experiment are presented in the 
following format, where the sta-
tistically significant effect is on 
the x axis and the result with the 
95 percent LSD value is given on 
the y axis.

Shown are four specific prop-
erties of modulus, processability   
(via G’ @ 10 percent strain), tan-
gent delta and cost vs. RPM; 
loading level, respectively (Figs. 

Fig. 2: Results from ASTM D6204 processability test (G’ @ 10% strain) vs. reprocessed material (RPM) loading level.

Fig. 3: Tangent delta vs. reprocessed material (RPM) loading level.

Fig. 4: Cost vs. reprocessed material (RPM) loading level.Fig. 1: Modulus vs. reprocessed material (RPM) loading level.
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This paper will study the effects of multiple repurposed raw materials for reinforcement in a 
standard carbon black based thermoset rubber formulation. The materials will be: carbon black as 
the standard;  pyrolysis carbon black (recovered); ground tire rubber (both ambient and cryogenic; 
and styrene butadiene elastomer manufactured and processed by EFG Polymers L.L.C. from ground 
tires as a starting point and chemically treated for regeneration.

The materials will be evaluated in a general factorial-based design of experiments to determine 
the “statistically significant” effects. Attempts will be made to balance the elastomer and carbon 
black content in all formulations.

The testing will include process and viscosity data from a rubber process analyzer using ASTM 
D6204. Additionally, the cured and dynamic properties will be studied, also with the RPA using 
ASTM D6601 and ASTM D8059 (Payne Effect).

A final attempt will be made to generate a cost-based analysis where performance properties vs. 
cost will be shown in a desirability function-based approach.

Executive summary

Table 3: Physical properties of control and various mixes.

Table 1: SBR formulation (ASTM D3191) used for the designed exper-
iment.

Table 2: Design matrix for the 10 batches.
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MH (maximum torque);  100 per-
cent modulus; 200 percent modu-
lus; tensile, MPa; elongation per-
cent; and Mooney viscosity.

These physical properties easi-
ly can be maximized, minimized 
and optimized via set criteria per 
application requirements using 
the desirability function.8,9

Results and discussion
The results for the designed 

experiment are presented in the 
following format, where the sta-
tistically significant effect is on 
the x axis and the result with the 
95 percent LSD value is given on 
the y axis.

Shown are four specific prop-
erties of modulus, processability   
(via G’ @ 10 percent strain), tan-
gent delta and cost vs. RPM; 
loading level, respectively (Figs. 

1-4). They are visually helpful in 
understanding the relationship 
between the factors and the vari-
ous responses in the designed 
experiment. As often is the case 
in rubber compounding and for-
mulating, when some properties 
go up, others go down or in the 
other direction. Thus the need to 
“balance” many properties for 
the final result.

The processability parameters 
measured via ASTM D6204 are 
given in Fig. 5. Shown are G’ 
(modulus in kPa) vs. frequency 
(Hz). It is observed that the con-
trol mix is in the center of the 
spread on the data set. The re-
generated elastomer is very sim-
ilar to the control values. The 
GTR products are both a little 
higher, and the RCB products 
are a little lower. The G’ value at 

0.1 Hz and 7 percent strain often 
correlates well with Mooney vis-
cosity and the ML value in a cure 
test, as it does in this data set.

The advantage of the D6204 
test is the measurement of the 
tangent delta value, which is the 
ratio of G”/G’.  A lower value often 
is seen in materials with process-
ing issues due to more memory. 
The 20 phr formulations with 
both ambient and cryogenic GTR 
had the lowest tangent delta val-
ues. This may make those formu-
lations more difficult to process.

The dynamic properties mea-
sured via ASTM D6601 are given 
in Fig. 6. Shown are the values 
of tangent delta vs. strain rate 
(percent). Higher values are in-
dicative of more heat buildup, 
while lower values indicate less 
heat buildup.

The Payne Effect measured 
via ASTM D8059 is given in Fig. 
7 (full set) and Fig. 8 (smaller set 
for visual clarity). Most scientists 
use the Payne Effect to under-
stand the polymer filler interac-
tion.

It is again observed that the 
control mix is in the center of the 
data set. The regenerated elasto-
mer is near the control data. The 
GTR again is at the higher values 
and the RCB is at the lower values.

Figs 9 and 10 represent optimi-
zations using the desirability 
function of all the physical proper-
ties for two distinct sets of criteria 

based on processing parameters, 
specific physical properties, dy-
namic response performance 
properties and formulation cost. 
The formulation cost was calculat-
ed based on the price per pound of 
each of the various raw materials 
and values from manufacturers of 
each of the repurposed materials.

The graphs illustrate the loca-
tion of the best balance of all the 
properties. A value closer to 1 is a 
more desirable outcome. In each of 
the cases, higher loading levels of 
several of the RPMs give favorable 
outcomes. In both optimizations, 

Fig. 2: Results from ASTM D6204 processability test (G’ @ 10% strain) vs. reprocessed material (RPM) loading level.

Fig. 3: Tangent delta vs. reprocessed material (RPM) loading level.

Fig. 4: Cost vs. reprocessed material (RPM) loading level.

Fig. 5: RPA results from ASTM D6204 processability test.

Fig. 6: RPA results from ASTM D6601 test.

Fig. 7: RPA results from ASTM D8059 (full set).

Fig. 8: RPA results from ASTM D8059 (smaller set).

Fig. 1: Modulus vs. reprocessed material (RPM) loading level.
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several of the repurposed materi-
als appear to meet all the criteria 
and are a desired outcome.

The GTR and regenerated elas-
tomers at the 20 phr loading level 
are the preferred choices. The au-
thor encourages application engi-
neers to strongly consider using 
this class of materials with high 
confidence in their ability to meet 
or exceed application require-
ments. They also may be consid-
ered at even higher loading levels.

Also considered by the authors 
are formulations focused on poly-
mer modified asphalt roofing 
formulations. Considerable effort 
and studies have been performed 
to generate processing and phys-
ical property data with the re-
generated elastomer repurposed 
material. The material was able 
to successfully replace up to 50 
percent of the existing SBS and 
SEBS elastomers currently used 
at a substantial cost savings.

Due to customer confidentiali-
ty reasons, the actual details of 
this work cannot be further ad-
dressed. It is given to illustrate 
the wide range of potential appli-
cations with these materials.

Conclusions
The data supports the thought 

that various amounts of repur-
posed or reprocessed materials 
definitely can be added to a 
standard rubber compound for a 
balance of all required proper-
ties. In this study the loading 

level was varied from 10 to 20 
phr with positive results.  

The designed experimental 
matrix and the resulting mathe-
matical models can be used and 
reused based on application cri-
teria to yield the best solution for 
a given application or a new ap-
plication as a new need arises.

Additional work is suggested 
and recommended for other poly-
mer types and even higher load-
ing levels for more utilization of 
the repurposed materials and 
better cost advantages.
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WASHINGTON—In the grand scheme of 
things, paper recycling is relatively easy 
once all the different grades are separat-
ed. As is metal recycling—ferrous from 
non-ferrous and go from there. Plastic re-
cycling can be more of a challenge because 
of the different molecular properties of 
each type of resin and the danger of con-
tamination.

Then there’s rubber recycling. And rub-
ber recycling, for the most part, is tire re-
cycling.

New statistics released during the latter 
part of 2020 show that scrap tire recycling 
in the U.S. has stalled, the U.S. Tire Man-
ufacturers Association reported.

Tire recycling dropped 20 percent from 
2013 to 2019, the association said in its 
latest look at the market issued in Octo-
ber. The report, with 2019 numbers as the 
latest statistics, showed recycling falling 
to nearly 76 percent from 96 percent over 
that time.

America continues to recycle scrap tires 
at a steady rate, but the issue has become 
a continued increase in the overall gener-
ation of scrap tires as years go on. USTMA 
looks at the tire recycling market every 
two years.

So when it comes to the numbers behind 
tire recycling, it’s a denominator issue.

“There’s sort of a hidden story here be-
cause scrap tire markets really didn’t de-
cline from 2017,” said Sarah Amick, vice 
president of environment, health, safety 
and sustainability, and senior counsel for 
the trade group.

“I think the challenge is that we continue 
to have more scrap tires generated each 
year that we need to find a home for,” Amick 
said. “I think the big takeaway here is that 

scrap tire markets are not growing at the 
same pace as annual generation.”

Recycling markets are remaining relative-
ly consistent, but the number of scrap tires 
generated each year increases by about 7 
percent, according to USTMA data. “That’s 
the real challenge,” Amick said.

Recycling has fallen steadily since 2013, 
checking in at 87.9 percent in 2015 and 81.4 
percent in 2017, the association reported.

While there are more used tires now 
than ever, that source of rubber is not end-
ing up in illegal dumps. That’s not always 
been the case.

Instead, the tires simply are being di-
rected to landfills while there is no recy-
cling market.

“We have not seen a corre-
sponding increase in ille-
gal stockpiles. In fact, 
stockpiles continue to 
come down,” said 
John Sheerin, UST-
MA’s director of end-
of-life tire programs.

The U.S. Environ-
mental Protection 
Agency breaks down 
municipal solid waste 
into a variety of catego-
ries to report on generation 
and recycling rates. That 
includes one category for both 
rubber and leather.

The latest EPA statistics from 2018 
show 9.2 million tons of rubber and leath-
er was generated in MSW. That’s 3.1 per-
cent of the total waste stream.

Paper essentially is dissolved in a slurry 
as part of the recycling process that recap-
tures fibers and reconstitutes them into 
new products. Metals are melted down for 
reuse, an energy intensive effort that’s 

pretty straightforward.
Plastics commonly are cleaned, melted 

and sometimes purified, in preparation 
for reuse. 

But rubber, because it undergoes vulcani-
zation, is especially challenging to recycle 
compared with its material cousins.

Tires commonly are shredded into 
small pieces at room temperature or fro-
zen at very cold temperatures before they 
are broken into small pieces.

These are processes to simply break down 
the size of the tires and because rubber 
maintains its physical properties there are 
fewer outlets for reuse. Crumb rubber, called 
that because the material is reduced to a 

small size, has found popularity 
for use on fields as a cushion-

ing for athletes as they com-
pete. Other applications 

include playgrounds and 
landscape projects.

Recycled rubber 
also can be made 
into products such 
as mats and floor-
ing and be mixed in 
with asphalt in a 
process that back-

ers say improves the 
life and performance of 

roads compared with tra-
ditional asphalt. There also 

is incineration as tires com-
monly are used as kiln fuel and burned. 
And then there is pyrolysis, a process that 
super heats, but does not burn, materials 
in the absence of oxygen to break them 
down into reusable constituents such as 
oil, synthetic natural gas and carbon 
black char.

It’s the road applications that have a 
non-profit based in Georgia and the USTMA 

collaborating on a new research project.
The work to advance use of ground tire 

rubber is being backed by USTMA and 
The Ray, a non-profit that calls itself a 
“proving ground for the evolving ideas 
and technologies that will transform the 
transportation infrastructure of the fu-
ture.”

Research on using GTR, also known as 
crumb rubber, in asphalt will create what 
the collaborators are calling a “state of 
knowledge report” that will feature exist-
ing research and identify gaps in data for 
the use of the material in rubber modified 
asphalt.

Rubber modified asphalt creates 
long-lasting roads that rut less than 
traditional asphalt roads. Roads using 
recycled tires also are quieter and fea-
ture better vehicle grip and less spray in 
wet weather, a University of Arizona 
study indicates. These roads also reduce 
tire and road wear particles by half. In-
cluding used tire material in roads al-
lows asphalt to be recycled repeatedly.

“Recycling scrap tires to create rubber 
modified asphalt appears to be a cost-ef-
fective way to reduce tire and road wear 
particles and advance the circular econo-
my,” USTMA CEO Anne Forristall Luke 
said in a statement. “This study will allow 
us to share what we know about the tech-
nology and what additional research is 
needed to build more sustainable roads 
and infrastructure.”

The Ray is an offshoot of the Ray C. An-
derson Foundation. Anderson was the 
founder of Interface Inc., a carpet company. 
He created a name for himself by promoting 
environmentalism as part of his business 
strategy. Research will include laboratory 
and field data, including performance and 
lifecycle information of GTR.

By Jim Johnson
Rubber & Plastics News Staff

Tire recycling faces challenges to increase markets 

small size, has found popularity 
for use on fields as a cushion-

ing for athletes as they com-
pete. Other applications 

include playgrounds and 
landscape projects.

“We have not seen a corre-
sponding increase in ille-
gal stockpiles. In fact, 

into a variety of catego-
ries to report on generation 
and recycling rates. That 
includes one category for both 

life and performance of 
roads compared with tra-

ditional asphalt. There also includes one category for both 
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