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Abstract

Every year large amounts of spent rubber material, mainly from rubber tyres, are discarded. Of the annual total
global production of rubber material, which amounts to 16–17 million tonnes, approximately 65% is used for the
production of tyres. About 250 millions spent car tyres are generated yearly in USA only. This huge amount of
waste rubber material is an environmental problem of great concern. Various ways to remediate the problem have
been proposed. Among these are road fillings and combustion in kilns.

Spent tyres, however, comprise valuable material that could be recycled if a proper technique can be developed.
One way of recycling old tyres is to blend ground spent rubber with virgin material followed by vulcanization. The
main obstacle to this recycling is bad adhesion between the crumb and matrix of virgin rubber material due to little
formation of interfacial sulphur crosslinks. Micro-organisms able to break sulphur-sulphur and sulphur-carbon
bonds can be used to devulcanize waste rubber in order to make polymer chains on the surface more flexible and
facilitate increased binding upon vulcanization. Several species belonging to both Bacteria and Archaea have this
ability. Mainly sulphur oxidizing species, such as different species of the genusThiobacillusand thermoacidophiles
of the order ofSulfolobales, have been studied in this context.

The present paper will give a background to the problem and an overview of the biotechnological possibilities
for solutions of waste rubber as an environmental problem, focusing on microbial desulphurization.

Introduction

The white sap of the South American treeHevea
brasiliensisforms the basis of a large and global indus-
try, the rubber industry. The South American Indians
were familiar with the material and used it for vari-
ous purposes already when the first Europeans came
in the late 15th century. The Indians called the tree
Ca-hu-chu (kautschuk!) or ‘the crying tree’. Since
then rubber technology has evolved. The vulcanization
process was invented by Charles Goodyear in 1839.
By adding a few percentage of elemental sulphur to a
natural rubber (NR) and heating the material to 140–
180◦C under pressure (40 atm) the original sticky and
viscous material was converted to a non-sticky and
elastic material. The ability of rubber to extend sev-
eral hundred percent in length upon the application of

external stress, with virtually immediate and complete
recovery on release of the stress, cannot fail to fas-
cinate both the scientist and the layman. In addition
to NR many synthetic rubbers have been developed
and together with sulphur several curing agents and
additives are used for their manufacturing. Today, rub-
ber materials are used in a wide variety of high tech
products. The largest single rubber product is tyres.
The global rubber consumption in 1996 was estimated
to be 16–17 million tons, of which 65% were used for
tyre production. About 250 millions tyres are gener-
ated yearly in USA and in Sweden the number is 6
millions (Godfrey 1996; Rapra 1996; White 1996).

After usage, spent car tyres, are a world wide
solid waste problem. The recommended priority or-
der for how to reduce the volume of this kind of
waste material should be: reduction of consumption,
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Table 1. A typical recipe of a rubbermix for tyre surfaces (phr
= parts per hundred rubber)

Compound phr Compound phr

Natural rubber (NR) 100 Stearic acid 2,5

Carbon black N 330 40 Retarders 0,2

Sulphur 2,3 Antioxidizers 1

Accelerator 0,5 Antiozonants 1

Zinc oxide 3 High aromatic oils (HA) 4

Anti-sunchecking agents 0,5

reuse of the product, recycling of the material, en-
ergy recovery and, as the final option, deposition of
the product. Due to the chemical crosslinking, it is
not possible to simply melt and reshape rubber ma-
terials, as can be done with e.g. thermoplastics like
polyolefins (e.g. polyethylene, polypropylene). In or-
der to reuse rubber materials special operations like
grinding, pyrolysis and other thermal methods come
into question. During treatment by these methods the
material may become degraded to a certain extent. The
waste tyre market is growing fast and in 1994, 55.4%
of the scrap tyres generated in USA were reused in
some way. Still rubber producers are distrustful to
recycled material and large quantities of spent tyres
are today used as fuels or for civil engineering pur-
poses, like road fillings (Leblanc 1996; Novelli 1995;
Rouse 1995; White 1996). Many of these applications
are just concealed deposition and are not a satisfac-
tory solution to the waste problem. Other methods
and processes need to be developed. Research activ-
ities on how to overcome the problem with spent car
tyres are extensive and the number of reports on the
topic is nearly as comprehensive (e.g., Beckman et al.
1974; Crane et al. 1978; Droscher 1995; Liaskos 1994;
Smith 1978; Swor et al. 1980). The present paper will
give a background to the problem and an overview
of the biotechnological possibilities for solutions of
waste rubber as an environmental problem, focusing
on microbial desulphurization.

Rubber materials

Rubber tyres are normally made out of vulcanized
natural rubber (NR), butadiene rubber (BR) and/or
styrene butadiene rubber (SBR) in various mixtures
and combinations. NR and SBR are relatively inex-
pensive and make up the largest quantities of poly-
mers in rubber products. The pure rubber has to

Figure 1. Vulcanized rubber materials containing mono-, di- and
polysulphidic crosslinks as well as carbon- carbon bonds. The
average distance beween crosslinks is 10µm.

be crosslinked, i.e. vulcanized, to become strong
and elastic over a wide temperature range. Unsatura-
tions in the polymer provide sites for vulcanization.
Crosslinking and cure are used synonymously to the
word vulcanization. A typical tyre formula is pre-
sented in Table 1. Depending on the formulation of the
rubber recipe and the vulcanization parameters applied
either polysulphidic, disulphidic or monosulphidic
crosslinks are formed (Figure 1). Also carbon-carbon
bonds can be formed. Different rubber materials are
used in different types of tyres and also in different
parts of the tyres. NR, SBR and BR swell in con-
tact with oil and their mechanical properties are lost.
NR also shows limited thermo-oxidative resistance
and cannot be used for long times at temperatures
above 70–80◦C. Every monomer unit in NR contains
an unsaturated bond, which is susceptible to thermo-
oxidative degradation, attack by ozone or degradation
by UV-light. Synthetic alternative rubber materials
have been developed which show good resistance to
swelling in oil and exposure to elevated tempera-
tures. Synthetic rubber materials which can withstand
elevated temperatures for long times in aggressive en-
vironments have been developed. Spent rubber is thus
a mixture of materials of a wide variety of origins. For
detailed information about rubber materials and rubber
technology, the reader is refered to Blow & Hepburn
(1982), Brydson (1988) and Mark et al. (1994).
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Techniques for grinding spent rubber material

The scrap tyres are normally first shredded into larger
pieces (avarege size 20× 20 mm) and then ground to
less than 1 mm. Spikes, cords and textiles are subse-
quently removed. Several grinding methods for rubber
have been developed (Burgyon et al. 1976; Khait
1997; Klingensmith 1991). The conventional method
of grinding is ambient milling, either dry or wet. In
spite of its name, ambient milling generates heat, es-
pecially in compounds with high modulus and this can
result in some degradation of the rubber surface. A rel-
ative large surface area is generated making the rubber
more prone to oxidation. However, a large area can
be an advantage from other aspects. Cryogenic grind-
ing was first developed in the 1960s. In Surahammar,
Sweden, a plant for cryo-grinding of spent car tyres is
runned by Returdäck AB. Shredded tyres are cooled
in liquid nitrogen (−196 ◦C). The brittle material is
ground to fine particles in hammer mills, sieved and
remaining cord and steel are removed. Generally cryo-
ground rubber has a smooth surfaces (Phadke et al.
1984). Depending on product requirements and costs,
a cryogenic or ambient milling process is selected
(Klingensmith 1991; Liaskos 1994). The grinding step
is of importance for the outcome in the subsequent
microbial treatment (see below).

Physical properties of rubber partly made from
old material

One way to reuse ground rubber is to mix and vul-
canize it with new virgin material for production of
various rubber goods (e.g. tyres). Today, materials for
certain applications contain a few percent ground ma-
terial because it increases stiffness and tear strength,
improves mixing and processing by facilitating re-
moval of enclosed air and has a positive effect on
the cost. Additions over a few percent can, however,
be troublesome. The mechanical and thermal prop-
erties of mixed rubber largely depend on the particle
size and the amount of recycled material used (Bur-
ford & Pittolo 1983; Phadke 1984; Swor et al. 1980).
Cryo-ground rubber vulcanized with natural rubber
showed an increase in mooney viscosity, modulus and
stiffness, while tensile strength, elongation at break
and rebound resilience decrease. Tear properties were
not affected by addition of cryoground rubber ma-
terial (Phadke et al. 1984). Törnsten (1994) mixed
cryo-ground material with sizes less than 0.2 mm and

0.4 mm with NR, SBR and EPDM (rubber of ethylene-
propylene-diene monomer). Increasing amounts of
untreated cryo-milled rubber mixed with natural rub-
ber gave increased physical relaxation and lowered
the scorch time, tensile strength, elongation and noz-
zle swelling. In the SBR mixture, increasing amounts
of old rubber gave an increase in physical relaxation
and shear stiffness, while the scorch time, reometer
moment and tensile strength decreased. Scanning elec-
tron microscopy (SEM) analyses of fractures showed
aggregation of old particles and bad adhesion. From
SEM analyses it is clear that process failure is asso-
ciated with de-wetting of the crumb particles, with
the ultimate failure occuring by growth of the voids
formed (Burford & Pittolo 1983). These studies high-
light the necessity of developing methods for modi-
fication of the recycle rubber to enhance the forma-
tion of crosslinks between crumb and virgin material
upon revulcanization. If this is achieved, an increased
amount of recycled material in remixes could be used.

Modification methods

In an earlier review, Warner (1994) summarizes sev-
eral chemical and physical methods of modification
of the rubber material to be recycled. New meth-
ods are constantly suggested. The mechanism behind
chemical methods is either to add a compound that
modifies the surface (e.g., Bauman 1995; Dierks 1996)
or totally reverses the crosslinking (e.g., Kohler &
O’Neill 1997; Myhre & MacKillop 1996). Some of the
methods are commercially available as is the modified
rubber thus produced.

Chemical modification techniques sometimes re-
quire usage of hazardous chemicals. Physical methods
are not impaired with this but might on the other hand
require a lot of energy. Isayev has developed an ultra-
sonication technique for devulcanization (Isayev et al.
1995; Isayev et al. 1997; Johnston et al. 1997; Levin et
al. 1996). Shear extraction is another alternative (Khait
1997). Bioprocessing could become an inexpensive
and non-toxic alternative.

Microbial deterioration of rubber

One possible way of getting rid of spent rubber could
be to degrade it using microorganisms. Spent rubber
could be used as substrate for microorganisms pro-
vided the structure can be efficiently degraded (Kawai
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1994). Studies on the topic are abundant. One must
keep in mind that these studies are in most cases
related to the prevention of microbial attack and subse-
quent degradation of the rubber. Rubber should with-
stand all kinds of harsh environments such as extreme
heat or cold, ozone, radiation of ultraviolet light and
also microbial attack. In many applications rubbers are
used in environments where microorganisms are abun-
dant such as sewage pipes, soil, water etc (Blake et al.
1955; Cadle & William 1980; Rook 1955). In these
applications the resistance towards microbial attack is
of utmost importance. In fact rubber recipes have been
formulated to increase the stability and prevent micro-
bial attack. Many studies have been made on microbial
degradation of rubber materials aiming to either pre-
vent or enhance mineralisation (Cundell & MacKillop
1973; Cundell et al. 1973; Keursten & Groenevelt
1996; Kwiatkowska et al. 1978; Williams 1986; Zyska
et al. 1971; Zyska 1981). Most studies are dealing with
micro-organisms belonging to theActinomycetes(e.g.,
Tsuchii 1995; Heisley & Papadatos 1995; Low et al.
1992). Jendrossek et al. (1997) found 46 rubber de-
grading strains among 1220 tested all belonging to the
Actinomycetesgroup. Tsuchii et al. (1996) have used
species ofNocardia for rubber degradation. Stein-
buchel has reported solubilisation of natural rubber of
both pure rubber and vulcanized latex by using species
of Gordona(Linos & Steinbuchel 1996; Steinbuchel
& Linos 1997). Biosurfactants were believed to facili-
tate degradation of the rubber during adhesive growth.
Vulcanized rubber in the form of latex is rather eas-
ily degraded while rubbers from spent truck tyres are
more resistant (Tsuchii et al. 1997). Microbial adap-
tation to growth on polymer material and adhesion of
co-substrate increases degradation. The mechanisms
behind microbial rubber degradation are often oxi-
dation and chain scission of the polymer backbone
(Tsuchii et al. 1990), which does not result in materials
suitable for reuse.

The effect of compounding chemicals on the mi-
crobial breakdown of vulcanized natural rubber by a
Nocardiasp. has been investigated (Tsuchii & Takeda
1990). It was found that increased amount of additives
such as carbon black (a filler) and cyclohexylbenzoth-
iazole sulphenamide (CBS, an accelerator) as well as
elemental sulphur increased the resistance towards mi-
crobial degradation. The addition of these compounds
is most certainly causing a decreased access for the
microorganisms to the rubber matrix.

An interesting approach would be to combine
partial microbial degradation with physico-chemical

methods to obtain a rubber material better suitable for
recycling. To our knowledge no such experiments have
been done. The possibility to use micro-organisms for
detoxification prior to further bioprocessing requires
further investigation.

Microorganisms for desulphurization of solid
material

Several mesophilic and thermophilic microorganisms
are known to oxidize sulphidic minerals like pyrite,
copper sulphide and arseno pyrites (Brombacher et
al. 1997; Johnsson et al. 1993; Sand et al. 1995).
These microorganisms are chemolithotrophes and de-
rive energy from the oxidation of various sulphur
compounds. Carbon for cell growth is obtained from
CO2. These microorganisms have successfully been
used for desulphurization of coal, mineral oil and clays
as well as for the leaching of metals from ores (Kar-
avaiko & Lobyreva 1994; Larsson et al. 1994; Maka
& Cork 1990; Ryu et al. 1995; Shennan 1996). The
genusThiobacillusis among the most studied sulphur
oxidizers.T. ferrooxidanscan utilise metal sulphides
such as pyrite. Other species areT. thiooxidans, T.
caldarius and T. thioparus. Several sulphur oxidiz-
ing species have been isolated from acidic hot springs
all over the world. They belong to the domain Ar-
chaea and the order Sulfolobales. They have optimal
growth temperatures of 65–85◦C and many are also
acidophilic, preferably growing around pH 1.4−3
(Segerer & Stetter 1992).Sulfolobus acidocaldarius
andS. solfataricushave been tested in coal desulphur-
ization experiments (Kargi & Robinson 1982; Larsson
et al. 1995).Acidianus brierleyihas been reported
to remove both inorganic (Olsson et al. 1993) and
organic sulphur in coal (Khalid et al. 1990). Two
other species of sulphur oxidizing and ore leaching mi-
croorganisms areS. metallicus(Huber & Stetter 1991)
andMethallosphaera sedula(Huber et al. 1989).M.
sedulahas been used for desulphurization of pyrite
and coal (Clark et al. 1993).

The desulphurization of organically bound sul-
phur is of great interest since a large part of the
sulphur in oil and coal are bound to organic mole-
cules. Structures similar to dibenzothiophene (DBT)
are very common in oil and thus DBT has been
used as a model molecule for desulphurization of or-
ganically bound sulphur in several studies (Afferden
et al. 1993; Krawiec 1990). Strains of the genera
Pseudomonas, Rhodococcus, PaenibacillusandBacil-
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lus are reported to have the ability to oxidize DBT
(Krawiec 1990; Kilbane II & Jackowski 1992; Kilbane
II 1991; Konishi et al., 1997) and DBT is completely
mineralised byBrevibacteriumsp. DO (Afferden et
al. 1993). The active enzyme inBrevibacteriumsp.
DO is, however, thought to be intracellular, which
makes it less useful for desulphurization of complex
materials like rubber.R. rhodochrousIGTS8 is able
to use DBT as a sole sulphur source but not as a
carbon source (Kilbane II & Jackowski 1992).R.
rhodochrousis proposed to degrade DBT according to
the ‘4S pathway’, which means that DBT is converted
to sulphoxide/sulphone/sulphonate and sulphate ions.
The carbon frame is only slightly oxidized with the
end products biphenyl, monohydroxybiphenyl and
2,2′-dihydroxybiphenyl (Krawiec 1990; Warhurst &
Fewson 1994).

An interesting approach is the anaerobic reduc-
tion of sulphur from polysulphides by the hyperther-
mophilic archeaonPyrococcus furious(Tilstra et al.
1992). Tilstra and co-workers found thatP. furiosus
liberated hydrogen sulphide when grown in the pres-
ence of various sulphides, e.g., dinaphtyl sulphides.
Although only model compounds have been tested so
far it would be of great interest to try anaerobic sulphur
reducers in biodesulphurization processes.

Desulphurization of rubber materials

Microorganisms and incubation conditions

Already decades ago, it was reported that sulphur
oxidizing microorganisms might be capable of oxi-
dizing sulphur inclusions in rubber (Thaysen 1945).
In 1945 problems with fire hoses were noted in Eng-
land. Sulphuric acid was found in water remaining in
the hoses after use. Eventually micro-organisms were
identified as the cause of the acid formation. Sulphur
oxidizing micro-organisms had oxidized the sulphur
present in the rubber to sulphate, i.e. sulphuric acid.
This was later confirmed by Torma and Raghavan
(1990), who studied sulphur utilisation from newly
made pulverised rubber materials byT. ferrooxidans
and T. thiooxidansaiming to facilitate recycling of
spent rubber. Eight synthetic rubbers with unknown
composition, but with sulphur contents from 1.2 to
15.5%, were tested. A mixed culture ofT. ferrooxi-
dansandT. thiooxidansadded to the rubber material
containing 15.5% sulphur showed the highest forma-
tion of sulphate. In a shake-flask experiment with a

slurry concentration of 40 g/L, pH 2, performed during
six days 350 ppm sulphate was formed in comparison
with 33 ppm for a sterile control. This was confirmed
by respiration studies in Warburg respirometers where
the increase in sulphate concentration was propor-
tional to the initial pulp density of rubber material
up to about 8%. Torma and Raghavan (1990) suggest
that there might be an effect of toxic compounds when
exceeding a critical concentration.

T. thioparuswas reported to utilise more sulphur
from powder accumulated from recapping of truck
tyres thanT. ferrooxidansandT. thiooxidans, both in
pure and mixed cultures: i.e 4.70% forT. thioparus
and 3.96% for the mixed culture (Löffler et al. 1993).
They used another cultivation technique. A sulphurous
substrate was added with the inoculum which had to
be consumed before the sulphur content in the rub-
ber was used. Desulphurization of the rubber started
first around day 10 and levelled off around day 30.T.
thioparusgrows at neutral pH which is close to the pH
of suspended rubber particles and might, therefore, be
advantageous. Particle size had a strong effect on the
amount of sulphur accessible for microorganisms; the
degree of desulphurization decreased with increasing
particle size. Calculated on a simple sphere model,
the finest fraction, i.e., 0.1–0.2 mm was desulphurized
in a surface layer of 1–2µm. Effects on crosslinking
density were studied by swelling particles in gaseous
toluene but evidently the desulphurized fraction was
too small to show differences between microbially
treated and untreated material (Löffler et al. 1995).
Also Löffler and co workers (1995) have studied the
effect of pulp concentration and found a linear behav-
iour up to 20%. At higher concentrations the slurry
became viscous and shear forces are believed to in-
fluence the microorganisms. Romine and co-workers
(1995) used ground tyre rubber (74µm) to screen
six cultures of microorganisms for desulphurization
activity. After seven days of treatment withS. acido-
caldarius 13.4% (w/w) of the sulphur was removed
which exceeded the amount extracted by a mixed cul-
ture ofT. ferrooxidansandT. thiooxidans.No release
of sulphate could be detected forR. rhodochrousor
the mixed culture ATCC 39327. The compostion of
this culture is not known. The formation of sulphone
and sulphoxide groups were followed with Fourier
Transformed Infrared Spectroscopy (FTIR) and X-
ray analysis for near edge surfaces (XANES). The
FTIR absorbance was strongest after 2–3 days and
then slowly disappeared. After seven days the ground
rubber was completely stripped of surface sulphur.
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Table 2. Microorganisms tested for desulphurization of rubber

Microorganism Type of rubber Reference

Thiobacillus ferrooxidans SBR, NR, GTR Torma & Raghavan 1990, Löffler et al. 1993,
Romine et al. 1995, Christiansson et al. 1997

Thiobacillus thiooxidans SBR, GTR Torma & Raghavan 1990, Löffler et al. 1993,
Romine et al. 1995

Mixed cultureT. ferrooxidansandT.
ferrooxidans

SBR, GTR Torma & Raghavan 1990, Löffler et al. 1993,
Romine et al. 1995

Thiobacillus thioparus GTR Löffler et al. 1993, Löffler et al. 1995

Rhodococcus rhodochrousIGTS81 GTR Romine et al. 1995

ATCC 39327 ( mixed culture) GTR Romine et al. 1995

Acidianus brierleyi1 GTR Christiansson et al. 1998

Sulfolobus acidocaldarius GTR Romine et al. 1995

TH2Lund2 GTR Christiansson et al. 1998

GTR ground tyre rubber of unknown composition; NR fresh natural rubber; SBR fresh styrene-butadiene rubber
1 tested but unsuccessful;2 an archaeal isolate.

The result was evaluated by tensile and elongation
testing. Ground tyre rubber desulphurized for 7 days
was blended with virgin rubber material in amounts
up to 20% and vulcanized. No positive effect of the
desulphurization was detected. On the contrary good
properties were only obtained with ground tyre rub-
ber desulphurized withS. acidocaldariusfor 72 hours.
On 15% (w/w) loading of treated rubber the elastic
modulus was 15% higher than the untreated control.
Romine et al. (1995) explain the difference in results
with formation of sulphone and sulphoxide function-
alities. These are easily reduced in the presence of
elementary sulphur and are thus believed to be impor-
tant during revulcanization. According to this theory
the process had to be optimised to yield as many
sulphones and sulphoxides as possible. However, sul-
phur bridges in rubber material are quite disperse with
approximately 100 monomers between each sulphur
functionality. Every unsaturation in the hydrocarbon
backbone can, of course, be accessible during a sec-
ond revulcanization, provided that appropriate mixing
between virgin and old polymer chains is achieved. By
obtaining a more loose surface, the flexibility of chains
increases and a higher degree of mixing can be ex-
pected. This is probably the most important advantage
with techniques for splitting crosslinks in vulcanized
rubber materials. Rubber material treated with a mixed
Thiobacillusculture had a lower elastic modulus than
the control, but the reasons were not further identified.
A summary of the strains used for desulphurization is
given in Table 2. Romine et al. (1998) have patented a
method for enzymatic devulcanization of waste rub-
ber. Enzymes from sulphur oxidizing microbes are

used for selectively breaking the S crosslinks in vul-
canized rubber in the surface layer. Also this process
is halted at the sulphoxide or sulphone step so that the
devulcanized layer is reactive with virgin rubber.

Sulphur oxidizers are known for their ability to
withstand harsh environment such as low pH (<3)
and high temperature (>65 ◦C). Species were chosen
in accordance with experiences from previous studies
concerning coal desulphurization (Clark et al. 1993;
Olsson et al. 1993; Olsson et al. 1995) with ther-
mophilic microorganisms, and from reports in litera-
ture (Kilbane II & Jackowski 1992; Löffler et al. 1993;
Löffler et al. 1995; Raghavan et al. 1990; Romine et
al. 1995; Torma & Raghavan 1990). The strains used
are:T. ferrooxidans, T. thioparus, R. rhodochrous, A.
brierleyi and TH2 Lund. TH2 Lund is an unidentified
archaean isolate and grows at 65◦C on Allens medium
supplemented with yeast extract, elemental sulphur or
pyrite.

Ground spent car tyres was the target material
for rubber desulphurization. Initial experiments were
made on cryo-ground tyres with a particle sizes less
than 0.4 mm or 0.2 mm. The particle size is of vital
importance for good mechanical properties of a ma-
terial containing a mixture of fresh- and spent rubber
material (Burford & Pittolo 1983; Phadke et al. 1984).
As a general rule a better material is obtained with
smaller particles. A smaller particle size is also advan-
tageous for microbial rubber desulphurization because
a larger surface area is exposed to the microorganisms.
However, costs for grinding increase almost exponen-
tial with decreasing particle size. Grinding techniques
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Figure 2. Formation of sulphate during treatment of cryo-ground
spent rubber material withThiobacillus ferrooxidans.Treatment
with T. ferrooxidans(�) and sterile control (E).

might be of importance for results of revulcanization,
as different methods result in different surface shapes.

The easiest method to follow sulphur oxidation is
to measure the sulphate release and the pH drop of the
growth medium. Initial experiments resulted in an in-
crease of the concentration of sulphate corresponding
to a desulphurization of approximately 8 wt% whenT.
ferrooxidanswas growing on cryo ground spent car
tyre rubber during 20 days compared to 3 wt% for
the control (Figure 2). TH2 Lund reduced the sulphur
content in rubber with 1.5% compared to 0.6% for the
control (Christiansson et al., 1997). NeitherA. brier-
leyi nor T. thioparusexhibited growth in the presence
of cryo ground spent rubber material.

Working with old rubber has some drawbacks. It
is a heterogeneous material that can contain a lot
of sand and soil. More important, the composition
of the polymer-backbone is unknown, because tyres
are made of many different rubber types with vari-
ous properties. This makes physical testing of rubber
blends containing reused material difficult to interpret.
We decided to conduct desulphurization experiments
with freshly made ground rubber in the subsequent
experiments. Tyres are mainly made of natural rubber
(NR), styrene butadiene rubber (SBR) and/or butadi-
ene rubber (BR) so test pieces of tyre rubber materials
based on these polymers were made, ground and tested
for desulphurization withT. ferrooxidansand TH2
Lund. Both species were completely inhibited by the
fresh made materials. Leaching of the rubber materials
in water at appropriate temperatures corresponding to
growth temperatures for the different microorganisms
before cultivation did not have any effect. Neverthe-
less, the solute from a second leaching did not inhibit

the growth ofT. ferrooxidansor TH2 Lund, indicating
that both water soluble and more hydrophobic sub-
stances are responsible for toxicity. Leaching of com-
pounds inhibiting Archaeas was also observed during
coal desulphurization (Olsson et al. 1989). However,
the problem was alleviated by subsequent leaching in
water (Olsson et al. 1989).

Toxicity

Rubber materials contain several chemicals, which
are added to enhance vulcanization, prevent degra-
dation, make the material more durable, softer, or
less expensive. Several reports are written on bacterial
and fungicidal effects of rubber chemicals aiming to
prevent degradation of rubber materials (Cundell &
Mulcock 1973; Cundell et al. 1973; Williams 1986;
Zyska 1981). Twenty-one rubber chemicals of rubber
grade were tested for toxicity towards four species of
microorganisms. No quantitative studies were made.
The chemicals tested were applied in concentrations
expected operating at a rubber slurry concentration of
10%w/v.T. ferrooxidans,TH2 Lund,A. brierleyi and
R. rhodochrouswas tested.T. ferrooxidanstolerated
most of the investigated chemicals. On the other hand,
the archaeas,A. brierleyiand TH2 Lund turned out to
be sensitive to several of the tested chemicals. At a
higher cultivation temperature (>65 ◦C) leaching will
be more extensive, but differences in cell walls and cell
membranes between Bacteria and Archaea are also
reflected. Tetramethyl thiurame disulphides (TMTD)
and tetramethyl thiurame monosulphides (TMTM)
are accelerators and vulcanizing agents, and inhib-
ited growth of bothT. ferrooxidansand the archaeas
(Christiansson et al., 1997). Other tested accelera-
tors showed little or no inhibition of growth, i.e.
dibenzothiazyl-disulphide (MBTS), cyclohexylben-
zothiazole sulphenamide (CBS) and N-oxydiethen-
2-benzothiazole-sulfenamide (MBS). Growth was
not obtained in the presence of dimethylbutyl-p-
phenylenediamine (6-PPD) by any of the tested
species. Interestingly, also pure SBR-polymer (50
g/l) affected growth of all tested strains exceptR.
rhodochrous. Leaching of toxic compounds is a less
serious problem when working with ground rubber
material that is older, has been exposed to weather
and wind, and can therefore be expected to contain
lower amounts of water soluble and volatile inhibitory
compounds. However, our experience is that the toler-
ance of the sulphur oxidizing microorganisms is very
much dependent on the batch of spent ground material.
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Table 3. Average concentration of sulphur (arbitrary units) on
surface and interior of NR- rubber obtained with scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectroscopy
in samples before treatment (1), after cultivation ofThiobacillus
ferrooxidans(2) and in a sterile control sample (3)

Sample surface (left) centre surface (right)

1: untreated 77.1 69.8 123.5

2: T. ferrooxidans 58.1 80.5 64

3: Sterile control 62.3 64.3 61.6

Detoxification can be achieved by extracting the rub-
ber with organic solvents such as acetone or ethanol
before bio-processing (Christiansson et al. unpubl.).

Localization of desulphurization activity

Measuring dissolved sulphate in the medium has the
drawback that it does not show the effect of partly ox-
idized sulphur bridges. Thus nothing is known about
the sulphur left on the surface of the rubber ma-
terial. The crosslink is broken, but sulphate is not
formed. We have used two analytical surface methods
to detect decreases in sulphur content, i.e., scanning
electron microscopy (SEM) in which the elemental
constituents were analysed by an energy-dispersive
X-ray spectrometer (EDS) and Electron Spectroscopy
for Chemical Analysis (ESCA). EDS measures the
relative amount of an element on a scanned surface
(Heinrich & Newbury 1991). Results from toxic-
ity studies were used to produce a suitable material
for desulphurization. It was based on natural rubber,
preservative chemicals were excluded and titanium
oxide was added as internal standard. Sheets of the
material were cut in flakes, desulphurized withT. fer-
rooxidansand analysed with SEM/EDS. The flakes
were scanned over areas of 10µm and the sulphur
content was measured as arbitrary units based on the
titanium content of the two surfaces. The sulphur was
not depleted but the amount had decreased on the
surface of rubber flakes treated withT. ferrooxidans
(Table 3). The same rubber material was also analysed
with ESCA. This technique is based on measurements
of differences in bond energies between elements and
it is thereby possible to distinguish oxidized sulphur
from elemental sulphur or sulphides. A higher con-
tent of oxidized sulphur species was detected on the
surface for the microbial treated sample than in con-
trols and interior of the sample (Christiansson et al.
1998). However, the total sulphur content was low,

i.e. less than 2%, and thus on the detection limit, so
quantitative measurements could not be made. Never-
theless, ESCA is a good technique to follow changes
in sulphur species upon desulphurisation. More has
to be done on analyses of the product after rubber
desulphurization on a molecular level. For optimal
recycling, most of the sulphur will react upon vulcan-
ization and form cross links, yet traces of dissolved
unreacted elemental sulphur will remain in the rub-
ber after vulcanzation. Some sulphur is adsorbed to
the surface of carbon black and will not contribute to
the vulcanization. Sometimes, vicinal cross links are
formed that act as single links but demand the double
amount of sulphur. None of the published studies con-
cerning microbial desulphurisation have distinguished
between elemental sulphur present and sulphur actu-
ally contributing to crosslinks (Löffler et al., 1993;
Löffler et al. 1995; Raghavan et al. 1990; Torma and
Raghavan 1990; Romine et al. 1995).

Conclusions

Studies have shown that sulphur can be removed, as
revealed by sulphate formation, from spent rubber
material by microbial action. As seen by advanced an-
alytical techniques (SEM-EDS, ESCA) the removal is
only a surface phenomenon. Sulphur on the surface is
partly removed and partly oxidized. Toxicity of rubber
additives may be a problem and has to be taken into
account.

So far only few species have been tested for their
sulphur removal ability and new strains should thus
be screened for. Anaerobic treatment is an interesting
possibility in need of investigation. The concept of us-
ing rubber degrading micro-organisms in combination
with sulphur oxidizers has, to our knowledge, not been
explored and may prove useful.

Pilot scale studies are necessary to investigate
technical and economical feasibility.

Extensive physical testings are needed for eval-
uation of the properties of the new products. New
knowledge generated through the research may be
used in production of rubber possible to desulphurize
for a more efficient recycling.
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