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lvent-assisted bacterial
devulcanization, detoxification, and degradation
of waste tyre rubber

Pritish R. Shukla, a Utpal Roy *a and Sunil Bhand b

The biodegradation of waste tyre rubber (WTR) is hindered by the presence of sulfur and additives, which

limit microbial mineralization of the rubber polymers. To overcome this constraint, a hybrid chemi-

biological approach is developed, wherein pretreatment with a reusable choline chloride/urea (ChCl/Ur)

deep eutectic solvent (DES) is employed. Ground tyre rubber (GTR) is subjected to DES-assisted

thermochemical pretreatment, followed by biological treatment using the Rhodococcus rhodochrous

RPK1 bacterial strain in mineral salts medium for 28 days. The DES pretreatment significantly enhances

biodegradation efficiency, resulting in a significant improvement over biological treatment alone.

Structural, elemental, and thermal analyses confirm partial devulcanization, cleavage of sulfur crosslinks,

removal of zinc additives, and reduced thermal stability. Crosslink density decreased by 43.6%, and

Horikx analysis indicates a mixed degradation mechanism. The results demonstrate that DES

pretreatment effectively reduces limiting factors, thereby improving rubber bioavailability. This hybrid

strategy provides a viable framework for enhancing the biodegradation of WTR and supports

a sustainable rubber recycling pathway.
1. Introduction

The accumulation of End-of-Life tyres (ELTs) has emerged as
a persistent challenge in global solid waste management. With
more than 1.5 billion tyres discarded annually worldwide,1

waste tyres represent a large non-biodegradable stockpile. Their
resistance to degradation is attributed to sulfur and other
additives, which inhibit the natural degradation process.2 As
a result, conventional disposal practices such as landlling and
incineration pose serious environmental and public health
risks. Tyre stockpiles act as breeding grounds for disease vectors
and are susceptible to res that release hazardous emissions,
including CO2, CO, SO2, and polycyclic aromatic hydrocarbons
(PAHs).3 Although recycling approaches such as mechanical
grinding and pyrolysis are practiced, these methods are oen
energy-intensive and generate products with limited economic
value.4 Consequently, the development of sustainable, low-
energy engineering solutions for waste tyre management
remains a priority.

Biodegradation has been explored as an alternative strategy
for treating rubber waste. Certain microorganisms, particularly
members of the phylum Actinobacteria (commonly referred to
titute of Technology and Science-Pilani, K.
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as actinomycetes), have evolved the ability to utilize rubber as
a carbon source.5 This process is mediated by extracellular
enzymes such as latex clearing proteins (Lcp), which catalyze the
oxidative cleavage of cis-1,4-polyisoprene double bonds.6 The
resulting oligo-isoprenoids are subsequently transported into
the cell and metabolized via the b-oxidation pathway, leading to
their mineralization into biomass, CO2, and H2O.7 In parallel,
microbial desulfurization enables the removal of sulfur from
rubber.8 Despite these capabilities, the biodegradation of tyre
rubber remains inefficient due to mass-transfer limitations,
diffusional constraints, and the inhibitory effects of toxic
additives present in tyre such as zinc oxide, zinc stearate, ben-
zothiazole derivatives, dicyclohexylamine, aromatic processing
oils rich in PAHs, and antioxidants such as butylated hydrox-
ytoluene (BHT) and N-phenyl-N0-isopropyl-p-phenylenediamine
(IPPD).9 The presence of sulfur-crosslinks restricts microbial
adhesion and enzymatic accessibility. Additives such as activa-
tors, accelerators, and antioxidants further inhibit microbial
growth, resulting in slower degradation rates that oen require
weeks or months to achieve mass loss.10 Effective biological
degradation, therefore, necessitates the integration of detoxi-
cation, devulcanization, and depolymerization processes.

To address these limitations, deep eutectic solvents (DESs)
have emerged as promising pretreatment agents owing to their
low volatility, biodegradability, selectivity, and effectiveness in
solubilizing metal oxides and extracting sulfur-containing
compounds from complex matrices.11,12 By swelling the rubber
matrix, DES pretreatment promotes the removal of toxic
RSC Adv., 2026, 16, 26205–26221 | 26205
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additives (detoxication) and sulfur crosslinks (devulcaniza-
tion), thereby enhancing microbial accessibility and subse-
quent biodegradation.9

In this study, a two-step hybrid process is developed in which
a choline chloride/urea (ChCl/Ur) DES pretreatment is applied
to enhance the bioaccessibility of rubber towards microbial
degradation using a model rubber-degrading bacterium, Rho-
dococcus rhodochrous RPK1. The performance of this approach
is evaluated through biomass formation, mass reduction,
surface morphology, elemental composition, thermal behav-
iour, and the removal of sulfur crosslinks and toxic additives.

2. Experimental
2.1 Source of rubber and chemicals

GTR (400–600 mm) was obtained from a waste tyre recycling
facility. ChCl and urea (>99% purity; HiMedia Laboratories Pvt.
Ltd) were used as received. All microbiological chemicals and
reagents were of analytical grade and used without further
purication.

2.2 Bacterial strain and culture conditions

Rhodococcus rhodochrous RPK1 (DSM103064; DSMZ, Germany)
was cultured in nutrient broth for inoculum preparation and
transferred to 100 mL mineral salts medium (MSM; pH 7.0 ±

0.05, Na2HPO4$12H2O (9.0 g L−1), KH2PO4 (1.5 g L−1), H8N2SO4

(1.0 g L−1), MgSO4$7H2O (0.2 g L−1), CaCl2$2H2O (0.02 g L−1),
and Fe(III) ammonium citrate 1.2 mg L−1) and were incubated in
250 mL asks with 1% (w/v) untreated GTR or ChCl/Ur DES-
pretreated GTR as a sole carbon source.13

2.3 DES preparation

ChCl and Ur were mixed at a 1 : 2 molar ratio and heated at 70 °
C with continuous stirring until a clear, homogeneous deep
eutectic solvent was formed.11,12,14,15

2.4 Pretreatment of GTR using ChCl/Ur DES

GTR was washed three times with 70% ethanol and vacuum-
dried at 45 °C using a SpeedVac concentrator (Concentrator
Plus, Eppendorf AG, Germany) to constant weight. The dried
GTR was mixed with DES at a 1 : 40 (w/w) ratio, allowed to swell
at room temperature for 24 h, and sonicated in a water bath at
37 kHz for 2 h, and then heated at 180 °C with stirring for 45
minutes. Aer treatment, the GTR was washed with 70%
ethanol, ltered, and dried at 50 °C to constant weight.11,12

Following the pretreatment step, the spent ChCl/Ur DES was
separated from the treated GTR by ltration so that it could be
directly reused in the next pretreatment cycle. As reported in our
previous work (Shukla et al., 2026),15 the spent DES retained its
partial eutectic character, as conrmed by 1H and 13C NMR and
ATR-FTIR, and exhibited comparable devulcanization efficiency
in the second treatment cycle, which supports solvent reus-
ability. Aer two pretreatment cycles, when the spent DES could
no longer be effectively reused, aerobic biodegradation consti-
tutes an environmentally viable disposal route. The critical
assessment of the sustainability and biodegradability of ChCl/
26206 | RSC Adv., 2026, 16, 26205–26221
Ur DES is comprehensively studied by Nejrotti et al. (2022),16

based on the OECD 301D guidelines.17

2.5 Isothermal thermogravimetric analysis (TGA) of ChCl/Ur
DES

Isothermal TGA was performed using a thermogravimetric
analyzer (TA Instruments, Waters, SDT650 Trios) to evaluate the
thermal stability or mass loss of the process components (GTR,
ChCl/Ur DES, and ChCl/Ur DES-GTR mixture) at the pretreat-
ment temperature (180 °C). Approximately 8–10 mg of each
sample was placed in an alumina pan and analyzed under a N2

atmosphere with a ow rate of 100 mL min−1. The temperature
program consisted of heating from room temperature to 180 °C
at 10 °C min−1, followed by an isothermal hold at 180 °C for
60 min. The mass change (%) was recorded as a function of
time.

2.6 Cultivation of R. rhodochrous RPK1 with GTR

DES-pretreated and untreated GTR (1% w/v) were separately
added to 100 mL MSM in 250 mL asks and inoculated with
a 10% (v/v) NB-grown culture (OD600 of 0.8–1.0). Cultures were
incubated at 30 °C and 120 rpm for 28 days with biotic and
abiotic controls. Cell growth and viability were monitored every
7 days by OD600 and colony-forming unit (CFU mL−1) counts.
Statistical differences were evaluated by one-way ANOVA at day
14 (maximum viability), with results reported asmean± SD (n=
2) and signicance set at p < 0.05.

The weight of rubber particles was calculated before (w1) and
aer degradation (w2) using eqn (i):

WL = [(w1 − w2)/w1] × 100 (i)

where, WL: weight loss, %; w1: initial weight of GTR before
degradation, g; w2: nal weight of GTR aer degradation, g.

2.7 Characterization of treated GTR

2.7.1 Attenuated total reectance-Fourier transform
infrared spectroscopy (ATR-FTIR). ATR-FTIR spectra were
recorded using a PerkinElmer Spectrum Two, U.S., to evaluate
structural changes in GTR associated with detoxication,
devulcanization and biodegradation, including –C–S–, –S–S–,
Zn-stearate and –N–O– related bonds, C]C bending, and –CH
of CH2 and CH3 stretching vibrations.12 2–5 mg of dried GTR
were measured in the 400–4000 cm−1 wavenumber range at
4 cm−1 resolution, with 45 scans per sample.18

2.7.2 Field emission scanning electron microscopy (FE-
SEM) and energy dispersive X-ray spectroscopy (EDS). Treated
GTR particles were removed from cultures and xed with a 2.5%
glutaraldehyde solution in 0.1 M phosphate buffer, pH 7.4, for
24 h. The particles were washed with sterile double-distilled
water and dehydrated for 10 min in graded ethanol (30%,
50%, 70%, 90% and absolute ethanol). Dehydrated GTR
samples were subjected to critical point drying with liquid CO2.
The samples were then mounted on aluminium stubs using
a copper strip, and gold sputtered.19 Morphological changes on
the rubber surface were examined using FESEM (FEI Quanta
© 2026 The Author(s). Published by the Royal Society of Chemistry
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250 FED) at 20 kV voltage acceleration coupled with EDS, which
detected changes in the elemental composition of treated
rubber particles at a microscopic level at 25 °C and one atmo-
spheric pressure.20

2.7.3 Inductively coupled plasma- optical emission spec-
troscopy (ICP-OES). Total zinc content in GTR samples was
quantied by ICP-OES following nitric acid digestion.21 0.1 g
GTR was digested in 5 mL concentrated HNO3 (68.9% v/v) for
24 h at room temperature, diluted to 250 mL with deionized
water (2% v/v HNO3), and ltered through a 0.2 mm GF + PVDF
syringe lter. Zn analysis was performed using an Agilent ICP-
OES (MY2221CQ01; Version 7.6.0.12121 with Firmware
version 5590) system equipped with an autosampler and
concentric nebulizer, with external calibration using multi-
element standards in 2% HNO3. Zinc was quantied at
213.857 nm, and concentrations (ppm) were converted to
weight percentage using eqn (ii):

Total zinc% (w/w) = {[C × V]/[m × 1000 (mg g−1)]} × 100 (ii)

where, C: measured concentration (ppm); V: nal volume of the
solution (0.25 L); m: mass of the GTR (0.1 g).

2.7.4 Elemental (CHNS) analysis of treated GTR. Total
carbon and sulfur contents were determined by CHNS
elemental analysis using an Elementar Unicube analyzer.
Approximately 2 ± 0.02 mg of GTR was combusted at high
temperature, and carbon and sulfur percentages were quanti-
ed from the resulting CO2 and SO2 gases, respectively.22

2.7.5 Sol fraction, crosslink density, molecular weight
between crosslinks, and Horikx plot anlaysis of treated GTR.
The crosslink density of GTR was determined by equilibrium
solvent swelling in n-hexane using the Flory-Rehner
approach.23,24 Following acetone extraction for 24 h, dried
GTR samples (0.5 g) were swollen in n-hexane at 25 °C for 72 h,
blotted, and weighed to determine the swollen rubber volume
fraction (Vr), which was used to determine crosslink density (n)
using eqn (iii):

n = [−ln(1 − Vr) − Vr − cVr
2]/[V1(Vr

(1/3) − Vr/2)] (iii)

where, n= crosslink density (mol cm−3); Vr = volume fraction of
rubber in the swollen network. V1 = molar volume of n-hexane
(131.6 cm3 mol−1); c= Flory–Huggins interaction parameter for
rubber/n-hexane system (taken as 0.45,25 based on Hildebrand's
solubility parameter).

The average molecular weight between crosslinks (Mc) was
calculated from crosslink density (n) using eqn (iv):

Mc = r/n (iv)

where, r is the constant density of rubber (1.15 g cm−3) for all
the samples, so that variations inMc reect changes in network
structure rather than density differences.

The sol fraction of GTR was determined by n-hexane
extraction. Dried samples with an initial mass (mi) were
extracted under gentle agitation at room temperature for 3 days,
rinsed with fresh n-hexane, and dried at 70 °C to a constant nal
mass (mf). The sol fraction was calculated using eqn (v):
© 2026 The Author(s). Published by the Royal Society of Chemistry
Sol (%) = [1 − (mf/mi) × 100]26 (v)

Horikx analysis was used to determine the dominant
degradation mechanism by correlating sol fraction with the
relative decrease in crosslink density.27 For each sample, sol
fraction and crosslink density were plotted against the theo-
retical Horikx curves corresponding to ideal crosslink scission
and main-chain scission, calculated according to the original
equations and veried for rubber vulcanizates.28,29

2.7.6 Thermal and kinetics analyses. The thermal behav-
iour of untreated and treated GTR was investigated using a TA
Instruments (Waters; SDT650 Trios). 5–10 mg of each sample
was heated from 25 °C to 600 °C at 10 °C min−1 under
nitrogen (100 mL min−1).30 Thermal decomposition kinetics
were evaluated at three heating rates (b = 5, 10, and 20 °
C min−1). The rst decomposition temperature peak (Tp) was
determined from the derivative thermogravimetric (DTG)
curve at each heating rate.31 The activation energy was
determined using the Kissinger method32 from the linearized
Kissinger eqn (vi), with corresponding R2 values reported to t
quality.

ln(b/Tp
2) = −(Ea/RTp) + ln(AR/Ea) (vi)

where, b = heating rate (K min−1), Tp = DTG peak, in K, Ea =
activation energy (J mol−1), R = gas constant (8.314 J mol−1

K−1), A = Arrhenius factor (min−1).
2.7.7 Detection of degraded products. Oligo-isoprenoid

formation during rubber degradation was detected using
Schiff's reagent as described by Linos et al. (2000).33 Briey,
10 mL of Schiff's reagent was added to 10 mL of the sample,
mixed and incubated at room temperature for 5 min. The colour
development was visually observed. Biotic and abiotic controls
were treated under the same conditions. Additionally, LC-MS
analysis was performed to identify degradation products. Cell-
free supernatant from unpretreated GTR and ChCl/Ur DES-
treated GTR containing R. rhodochrous culture was extracted
by liquid–liquid extraction (LLE) using ethyl acetate at
a sample : solvent ratio of 1 : 1 (v/v). The mixture was vigorously
vortexed for 5 min, centrifuged at 10 000 rpm and 4 °C for
10 min to separate the phases. The organic phase containing
the degradation products was collected and evaporated using
a SpeedVac concentrator. The sample was extracted three times,
reconstituted in 1 mL of the extraction solvent, and transferred
into a 2 mL glass vial. The column was equilibrated with 50%
methanol : water. The sample was analyzed using electrospray
ionization (ESI) in full-scan mode (m/z = 100–1000). The data
acquisition and processing were performed using Agilent Triple
Quadrupole (V12.0.313.0). An injection volume of approxi-
mately 7 mL was used for analysis, and peaks corresponding to
putative oligo(cis-1,4-isoprene) derivatives were interpreted
based on previously reported fragmentation patterns.34 Chro-
matograms and identied oligo-isoprenoids are provided in the
SI as Table S3 and Fig. S2.

2.7.8 Total protein estimation. The total protein concen-
tration in R. rhodochrous cultures containing untreated or DES-
pretreated GTR was quantied by Lowry's method using Bovine
RSC Adv., 2026, 16, 26205–26221 | 26207
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Serum Albumin (BSA) as the standard. Absorbance was
measured at 740 nm, with protein levels monitored at 7 days
intervals over a 4 weeks incubation period.35,36

2.7.9 Laccase and peroxidase enzyme activity assay.
Laccase and peroxidase activities were assayed spectrophoto-
metrically at 420 nm using 2,20-azino-bis(3-
ethylbenzothiazoline 6-sulfonate) (ABTS). For laccase activity,
100 mL of the sample was added to a solution of 900 mL of 10mM
ABTS and 0.2 M sodium acetate (pH 5.0), while peroxidase
activity was measured using 100 mL of the sample with 800 mL of
10 mM ABTS and 10 mM sodium acetate (pH 5.0), and 100 mL of
20 mM hydrogen peroxide (H2O2). Enzymatic activities were
monitored on days 0, 14, and 28.18
2.8 Biocompatibility of ChCl/Ur DES with R. rhodochrous
RPK1

2.8.1 Kirby–Bauer test. The inhibitory effect of ChCl/Ur
DES on R. rhodochrous RPK1 was evaluated using a disc diffu-
sion assay.37 Cells grown in sterile NB at 30 °C under constant
agitation for 36 h were spread on nutrient agar plates, and
sterile 5 mm paper discs absorbed with 20 mL DES were placed
on the agar surface. Plates were incubated at 30 °C for 36 h.38,39

The extent of the inhibition zone was taken as an indicator of
the antibacterial activity of the DES against the test
microorganism.

2.8.2 MIC determination assay. The minimum inhibitory
concentration (MIC) of ChCl/Ur DES against R. rhodochrous
RPK1 and Escherichia coli ATCC 25922 was determined by a two-
fold broth microdilution assay, according to the standard
antimicrobial susceptibility testing protocols for liquid
compounds.40 Serial dilutions of DES were prepared in NB,
inoculated with 1 × 106 to 1 × 107 CFU mL−1 in 96-well plates,
and incubated at 30 °C for 24 h. The MIC was dened as the
Fig. 1 Growth behaviour of Rhodococcus rhodochrous RPK1 in MSM su
the sole carbon source. (a) Cell biomass (OD at 600 nm). (b) Cell viabilit

26208 | RSC Adv., 2026, 16, 26205–26221
lowest DES concentration (mg mL−1) completely inhibiting
visible bacterial growth.
3. Results and discussion
3.1 Effect on the growth of R. rhodochrous RPK1

Cell biomass and viability were used to assess rubber bioavail-
ability and the physiological response of R. rhodochrous RPK1
grown on GTR as the sole carbon source. Cultures containing
DES-pretreated GTR, untreated GTR, and biotic controls were
compared to evaluate the effect of pretreatment on growth
dynamics and cell viability.

As shown in Fig. 1, cell biomass and viability reached
a maximum on day 14, followed by a gradual decline, likely due
to nutrient depletion or the accumulation of inhibitory metab-
olites. Cultures supplemented with DES-pretreated GTR
consistently showed higher cell viability than those containing
untreated GTR or the biotic control.41 Cell counts increased
from 4.25 × 107 CFU mL−1 to 1.92 × 109 CFU mL−1 within 14
days for pretreated GTR, whereas untreated GTR showed
a maximum of 1.33 × 109 CFU mL−1. One-way ANOVA of log-
transformed CFU data showed a signicant treatment effect (p
= 0.0013), with cultures containing DES-pretreated GTR
exhibiting a 43.87% higher cell viability than those with
untreated GTR. This enhancement indicates improved micro-
bial access to the rubber substrate, likely resulting from partial
removal of inhibitory additives and loosening the sulfur-
crosslinked network.9

R. rhodochrous degrades rubber primarily through the
secretion of Lcp enzyme, which catalyzes the oxidative cleavage
of cis-1,4-polyisoprene into oligo-isoprenoids42 that are subse-
quently metabolized via b-oxidation.5,13 The enhanced growth
observed with DES-pretreated GTR therefore indicates that
pretreatment facilitated enzymatic access to the polymer
backbone. The limited growth observed with untreated GTR
pplemented with untreated GTR or ChCl/urea DES-pretreated GTR as
y (CFU mL−1). Values represent mean ± SD (n = 2); (p = 0.0013).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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highlights the inhibitory effects of sulfur, llers, and low-
molecular-weight additives commonly present in tyre rubber.
The partial removal of these components during DES
pretreatment likely exposed polymeric chains and reduced
enzymatic inhibition, thereby enhancing substrate bioavail-
ability, consistent with previous reports by Altenhoff et al.
(2019), Berekaa et al. (2000), and Chittella et al. (2025).9,10,33
3.2 ATR-FTIR analyses of treated GTR

The FTIR spectra (Fig. 2) revealed chemical changes in GTR
following biodegradation as well as combination treatment.
Compared to the abiotic control, a reduction in intensity at
669 cm−1, corresponding to C–S stretching, was observed for
DES-pretreated GTR, providing probable evidence of cleavage of
sulfur linkages, whereas negligible change was observed in the
biologically-treated GTR sample alone. Both R. rhodochrous-
treated GTR, and pretreated and R. rhodochrous-treated GTR
showed reduced intensity at 1538 cm−1, associated with C]C
stretching (unsaturated hydrocarbon backbone) and Zn- and N–
O-related compounds,11 suggesting partial polymeric oxidation
and additive reduction. A minimal increase in intensity at
1630 cm−1 was observed, which might be corresponding to the
C]C stretching of alkenes and aromatic groups, or conjugated
C]O groups.10,43 However, the change is minimal, and deni-
tive reaction information cannot be drawn from this band
alone. A slight increase in relative intensity was observed at
2360 cm−1 aer treatments, which might suggest either the
formation of a new unsaturated group or the formation of
conjugated groups as a result of polymer backbone cleavage.44
Fig. 2 ATR-FTIR spectra of GTR. UntreatedGTR (grey), R. rhodochrous-tr
treated GTR (blue). Dashed vertical lines indicate key wavenumbers disc

© 2026 The Author(s). Published by the Royal Society of Chemistry
Reductions in symmetric –CH stretching of –CH3 at 2916 cm−1

and –CH stretching of –CH2– at 2848 cm−1, suggesting polymer
degradation.18

A slight increase in broadening of the peak at around
3280 cm−1 was also observed in both treatments, reecting the
possible introduction of a hydroxyl group (from alcohols and
carboxylic acids) or N–H stretching arising from oxidation and
the presence of residual DES graed onto the polymeric chain
during treatment.12 Overall, these changes in the FTIR spectrum
suggested that DES pretreatment facilitated sulfur bond
cleavage and partial additive removal, thereby aiding in
increased susceptibility of GTR to biodegradation.
3.3 Morphological changes in treated GTR

Scanning microscopy was used to examine cell morphology,
bacterial cell-rubber surface interaction, and surface changes in
treated GTR, with micrographs recorded at 2500×, 5000×, 100
00×, and 250 00× magnications (Fig. 4).33

Untreated GTR exhibited a smooth surface characteristic of
vulcanized rubber, whereas biologically-treated and
combination-treated samples showed increased surface rough-
ness with raised clustered structures, including micropits,
cracks, and holes,45 as shown in Fig. 4. These features were
relatively more pronounced in the combined DES-biological-
treated samples, indicating increased surface degradation.
These morphological changes were attributed to the biolm-
forming ability of R. rhodochrous, which adheres to the
surface and utilizes GTR as the sole carbon source,13 as shown
in Fig. 3. The pits and holes indicated C–C bond breakage.11,41
eated GTR (orange), and ChCl/Urea DES-pretreated + R. rhodochrous-
ussed in the text.
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Fig. 4 Scanning electronmicrographs of degraded GTR after completion of the biodegradation process. Shown are the untreated GTR featuring
a smooth surface (a)–(c). Rhodococcus rhodochrous-treated GTR (d)–(f). ChCl/urea DES-pretreated + Rhodococcus rhodochrous-treated GTR
(g)–(i). Dashed red arrows and circles represent micropits, cracks, and holes. Scale bars: 10, 20, and 40 mm.

Fig. 3 Scanning electronmicrographs of bacterial cell morphology, cell adhesion, and biofilm formation of Rhodococcus rhodochrous RPK1 on
GTR during the biodegradation process. Shown are the biotic control featuring growth of short rods and ovoid cell shapes of size ∼0.5–1 mm
wide and 1–3 mm long, and arranged as single cells, pairs, and small clusters (a)–(c). Attachment of cells on the rubber surface with visible biofilm
(extracellular matrix), cells in and around pits, cracks, and pores on the rubber (d)–(i). Dashed red circles and boxes represent bacterial cell
adhesion, biofilm formation, cracks, and holes. Scale bars: 3 and 5 mm.

26210 | RSC Adv., 2026, 16, 26205–26221 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Being oxidative in nature, the chemical pretreatment increased
the porosity of the rubber surface, indicating that DES facili-
tated bacterial penetration into deeper layers, thereby
increasing enzymatic activity.20 SEM imaging was primarily
intended to conrm surface structural changes qualitatively.
However, these surface alterations are not sufficiently
pronounced to be visually distinguished by surface morphology,
as revealed in images. Hence, evidence distinguishing the
extent of the effect of treatments is supported by EDS area-based
analysis, ICP-OES zinc quantication, and CHNS elemental
analysis.
3.4 Elemental composition changes in treated GTR

Elemental analysis (Table 1) was used to assess carbon utiliza-
tion and changes in the elemental composition of GTR
following chemical and biological treatments. The EDS area-
based analysis revealed variations in carbon, sulfur, and zinc
contents, reecting polymer degradation and additive
removal.46,47 Bacterial treatment alone resulted in a 2.56 wt%
decrease in carbon content, whereas the combination of DES
pretreatment and biological treatment led to a substantially
higher carbon reduction (12.67%), corresponding to a 4.94
increase in carbon utilization. An increase in oxygen content
was observed in treated samples, indicative of an oxidation
reaction. Sulfur removal was highest for the combined treat-
ment, with sulfur content reducing from 4.05 wt% to 2.18 wt%,
corresponding to a 46.17% reduction, as summarized in Table
1. These results indicate the hybrid effect of DES-assisted
devulcanization and microbial activity, leading to enhanced
sulfur reduction and polymer degradation compared to either
treatment individually.48

Similarly, zinc content decreased by 68.45% following the
combined DES-biological treatment, indicating effective detox-
ication of zinc-based additives. However, the Zn wt%
increased from 0.8 wt% aer DES-only treatment to 1.06 wt%
aer the combined treatment due to substantial carbon utili-
zation by bacteria (12.53%), resulting in relative enrichment of
inorganic zinc and silica. A concurrent increase in nitrogen
content is attributed to residual microbial biomass or DES
associated with the rubber surface.11 Comparison with DES-only
treatment showed that DES selectively reduced sulfur content
by up to 35.8% without signicantly affecting carbon content,
demonstrating its selectivity for desulfurization and detoxi-
cation. This pretreatment increased accessibility of poly-
isoprene C]C bonds, thereby enhancing microbial utilization
Table 1 Elemental composition (wt%) of ground tyre rubber (GTR) bef
dochrous-treated GTR, ChCl/urea DES-pretreated + R. rhodochrous-tre

Name C (wt%) N (wt%

GTR 86.45 0.05
R. rhodochrous-treated GTR 84.23 0.70
DES-treated GTR 85.9 1.20
DES-pretreated + R. rhodochrous-treated
GTR

75.50 1.72

a EDS values are given as weight percentage (wt%) on the particle surface

© 2026 The Author(s). Published by the Royal Society of Chemistry
of rubber carbon. Consequently, the hybrid treatment achieved
nearly twice the sulfur removal and signicantly higher
biodegradation efficiency than biological treatment alone,
consistent with the involvement of Dsz enzymes and the sulfur-
specic 4S desulfurization pathways.49

3.5 ICP analysis of zinc content

ICP-OES analysis showed that untreated GTR contained 1.94 ±

0.06 wt% zinc. Biological treatment alone resulted in an
apparent increase to 2.25 ± 0.10 wt% Zn, suggesting microbial
utilization of carbon (1.63%mass loss) rather than zinc, leading
to relative enrichment of inorganic zinc. As R. rhodochrous is
neutrophilic, it lacks the acid-producing capacity required to
solubilize zinc oxides or zinc stearate, and the absolute zinc
content therefore remained unchanged.50 DES-only treatment
reduced zinc content to 1.30 ± 0.17 wt%, achieving 33%
removal efficiency, demonstrating the effectiveness of
pretreatment in extracting zinc-related compounds.51 Sequen-
tial DES pretreatment followed by biological treatment yielded
a Zn content of 1.73 ± 0.11 wt%, showing initial zinc removal
during pretreatment and subsequent concentration of residual
Zn due to enhanced carbon mineralization, further indicating
the role of DES-assisted detoxication for efficient
biodegradation.

3.6 Detection of carbon and sulfur content changes by CHNS
analysis

CHNS analysis further conrmed the extent of devulcanization
and biodegradation, demonstrating that sulfur removal facili-
tates efficient rubber degradation (Fig. 5). Untreated GTR con-
tained 88.66 wt% carbon and 2.34 wt% sulfur. Following DES
pretreatment and biological treatment, total carbon content
decreased by 12.57% (to 77.51 wt%) and sulfur content by
21.52% (to 1.84 wt%), indicating enhanced polymer minerali-
zation. In contrast, biological treatment alone resulted in only
6.18% carbon and 16.87% sulfur reduction, reecting the
limited bioaccessibility of vulcanized GTR. DES treatment alone
selectively reduced sulfur by up to 17.09% with a slight reduc-
tion in total carbon content (4.24%), conrming selective
devulcanization. The values are given in Table S1 in the SI. The
pretreatment increased twice the carbon utilization and
approximately 1.28 times the sulfur reduction, thereby sup-
porting the hypothesis that devulcanization facilitates the
mineralization of rubber.48 Previous studies have shown that
pretreatments or microbial consortia can enhance rubber
ore and after treatment, determined by EDS: untreated GTR, R. rho-
ated GTR, and ChCl/Urea DES-treated GTRa

) O (wt%) Si (wt%) S (wt%) Zn (wt%)

4.65 1.40 4.05 3.36
10.55 1.40 3.10 2.06
7.20 1.30 2.60 0.80

16.18 1.55 2.18 1.06

; means of n = 2 measurements.
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Fig. 5 Total carbon and sulfur contents of ground tyre rubber (GTR) before and after treatment, determined by CHNS elemental analysis. (a)
Total carbon content (%). (b) Total sulfur content (%). (c) Percentage reduction in carbon utilization and sulfur removal across treatment
conditions. GTR, untreated ground tyre rubber; DES-GTR, ChCl/Ur DES-treated GTR; Bio-GTR, R. rhodochrous-treated GTR; DES + Bio-GTR,
ChCl/Ur DES-pretreated + R. rhodochrous-treated GTR.
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desulfurization and degradation. Yao et al. (2013)47 reported
a 62.5% sulfur reduction in waste latex rubber using Alicyclo-
bacillus spp. with Tween 80 as a cotreatment agent. Cui et al.
(2016)52 demonstrated improved desulfurization of GTR using
mixed cultures of Sphingomonas and Gordonia, achieving
a 32.4% sulfur reduction and a 9.5% decrease in crosslink
density. More recently, Chittella et al. (2025)9 showed that the
DES pretreatment signicantly enhanced the biodegradation of
natural rubber gloves by Klebsiella aerogenes, with degradation
increasing with pretreatment severity. Andler R et al. (2025)53

further reported crosslink density reduction in vulcanized
rubber blends following a sequential biological pretreatment
and biodesulfurization. To date, no studies have reported the
use of DES as a thermochemical pretreatment followed by
subsequent R. rhodochrous-mediated biodegradation of GTR.
3.7 Change in crosslink density, average molecular weight
between crosslinks, sol fraction, and Horikx plot analysis of
treated GTR

Crosslink density of GTR was determined using the Flory–
Rehner approach to evaluate the effectiveness of chemical and
biological treatments. Untreated GTR exhibited a crosslink
Table 2 Crosslink density, average molecular weight between crosslink
determined by the solvent swelling methoda

Name Crosslink density (mo

GTR 9.61 � 0.16 × 10−5

R. rhodochrous-treated GTR 8.09 � 0.29 × 10−5

DES-treated GTR 7.03 � 0.25 × 10−5

DES-pretreated + R. rhodochrous-treated GTR 5.44 � 0.12 × 10−5

a Values are mean ± standard deviation (n = 3).

26212 | RSC Adv., 2026, 16, 26205–26221
density of 9.61 ± 0.16 × 10−5 mol cm−3 and Mc of 1.20 × 104 g
mol−1 (Table 2). Biological treatment with R. rhodochrous alone
reduced the crosslink density to 8.09 ± 0.29 × 10−5 mol cm−3

(15.81% reduction), with a corresponding increase in Mc to
1.42 × 104 g mol−1, consistent with the reported ability of
R. rhodochrous to cleave C–S and S–S bonds in vulcanized
rubber. DES pretreatment alone resulted in a greater reduction
in crosslink density (26.84%) and increased Mc to 1.64 × 104 g
mol−1, indicating partial devulcanization.12 The combined
DES pretreatment and biological treatment produced the
most pronounced effect, decreasing crosslink density to 5.44 ±

0.12 × 10−5 mol cm−3 (43.6% reduction) and increasing Mc to
2.11 × 104 g mol−1, demonstrating a combined effect of
chemical pretreatment and microbial action (see Table 2).

Devulcanization trends were further supported by sol frac-
tion analysis, where untreated GTR exhibited a sol fraction of
6.33%, which increased marginally to 7.9% following biological
treatment alone. In contrast, the combined treatment yielded
a substantially higher sol fraction of 17.3%. These observations
conrm that DES pretreatment enhances microbial devulcani-
zation by increasing microbial accessibility of sulfur crosslinks
and polymer chains, in agreement with previously published
reports.9,53
s (Mc), and percentage reduction in crosslink density of GTR samples

l cm−3) Mc (g mol−1) % Crosslink density reduction

1.20 � 0.02 × 104 —
1.42 � 0.05 × 104 15.81
1.64 � 0.06 × 104 26.84
2.11 � 0.05 × 104 43.6

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To elucidate the dominant degradation mechanism, experi-
mental data were analyzed using Horikx plots to distinguish
selective sulfur crosslink scission from random polymer back-
bone cleavage.27 The theoretical curves were calculated using an
initial soluble fraction (Si) of 6.33%.

Fig. 6 illustrates the relationship between the degree of
devulcanization and the soluble fraction based on Horikx anal-
ysis. GTR treated with R. rhodochrous followed the theoretical
curve for selective scission, indicating preferential cleavage of
sulfur crosslinks. At a devulcanization degree of 15.8%, the
theoretical soluble fraction for selective scission (7.8%) closely
matched the experimental value, conrming minimal polymer
backbone degradation,8 consistent with the moderate increase
in Mc observed for R. rhodochrous-treated GTR relative to
untreated GTR (Table 2). In contrast, the hybrid treatment
diverged from the selective–scission curve and shied toward
the intermediate region between the selective and random
scission.54 This shi correlates with the larger increase in Mc

observed for the combined treatment and reects partial
cleavage of the polymer backbone in addition to sulfur crosslink
scission. DES pretreatment reduced the initial crosslink density,
thereby facilitating microbial access to the polymer matrix and
promoting enhanced sulfur removal and carbon utilization.55 As
the experimental value remained below the theoretical random–

scission curve, the combined treatment followed a mixed-mode
scission pathway rather than achieving complete polymer
breakdown, as shown in Fig. 6.
3.8 Isothermal analysis of ChCl/Ur DES

Isothermal TGA analysis was performed to evaluate the thermal
behaviour (mass loss) of untreated GTR, ChCl/Ur DES, and the
Fig. 6 Horikx plot analysis of GTR. The black line represents the theoret
selective scission curve. The orange hexagon shows the experimental
experimental point for DES-pretreated + R. rhodochrous-treated GTR.

© 2026 The Author(s). Published by the Royal Society of Chemistry
DES-GTR combined system at pretreatment temperature (180 °
C) for 45 min. The thermograms are shown in Fig. 7. GTR
exhibited negligible mass loss in the experiment, with 1.26%
lost during the ramp and a further 1.14% during the 45 min
isothermal hold at 180 °C, typical of the thermal stability of
highly vulcanized tyre rubber. The ChCl/Ur DES showed a mass
loss of 18.41% during the ramp phase, with a sharp decline
observed above ∼130 °C, corresponding to the onset of urea
volatilization (m.p. ∼132 °C).11

During the isothermal hold at 180 °C, an additional 20.11%
mass loss was recorded, with the majority occurring within the
rst 10 minutes, aer which the curve progressively attened.
The total mass loss over the entire experiment was approxi-
mately 38.53%, whereas the combined DES-GTR system
exhibited 7.28% mass loss during the ramp phase and 21.98%
during the isothermal hold, for a total of 29.2%. The observed
mass loss at 180 °C is predominantly attributable to the vola-
tilization or partial decomposition of urea from the DES,
consistent with urea having a higher vapour pressure than
choline, resulting in a shied or altered eutectic nature of the
solvent rather than complete structural collapse of the eutectic
system. Notably, the isothermal mass-loss prole of the
combined system was more gradual and sustained than the
steep initial drop observed for DES alone, suggesting that DES
impregnation within the GTR matrix affected the rate of urea
volatilization. This observation is further supported by the
increase in N (wt%) detected in the area-based EDS analysis of
the treated GTR samples (Table 1).

As evident from Fig. 7, the thermal stability of GTR at 180 °C
indicates that the changes observed in devulcanized GTR are
attributable to DES- and biological-mediated devulcanization,
ical random scission curve, and the red line represents the theoretical
point for R. rhodochrous-treated GTR, and the blue circle shows the

RSC Adv., 2026, 16, 26205–26221 | 26213
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Fig. 7 Isothermal TGA profiles of GTR, ChCl:Ur DES, and DES-GTR mixture at 180 °C under N2 atmosphere, showing ramp and isothermal
stages.
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not to thermal degradation of the rubber polymer backbone.
The ChCl/Ur DES undergoes partial compositional change upon
heating, predominantly through urea volatilization, but retains
comparable functionality to support devulcanization in the
second cycle.15 Several studies indicated that the devulcaniza-
tion of GTR occurs within the range of 140–200 °C.11,12,56

Temperatures between 140 °C and 160 °C require longer treat-
ment time, while temperatures above 180 °C increase the degree
of devulcanization but drops the degree of selectivity. Therefore,
180 °C was chosen as the optimal temperature for the
pretreatment process for a shorter period, to ensure effective
devulcanization without completely degrading the DES in the
process and not randomly affecting the polymeric backbone.

3.9 Thermogravimetric and kinetic analyses of treated GTR

Thermogravimetric analysis revealed four distinct mass-loss
events of GTR samples. The rst region (100–300 °C) corre-
sponded to volatilization of additives and low-molecular-weight
constituents, followed by natural rubber (NR) degradation
between 300 °C and 430 °C, synthetic rubber (SBR) degradation
between 430 °C and 500 °C, and char formation above 500 °
C.12,57 Overlap between the volatilization and NR degradation
regions indicated the onset of polymer decomposition.

As shown in Fig. 8, treated GTR samples exhibited reduced
thermal stability compared to untreated GTR. Onset tempera-
tures corresponding to 2%, 5%, and 10% mass loss decreased
following treatment, with the most pronounced reduction
observed in combination treatment. This shi indicated
enhanced degradation and lower thermal stability in the vola-
tilization and NR degradation regions, consistent with partial
26214 | RSC Adv., 2026, 16, 26205–26221
devulcanization and polymer chain scission.9 In contrast, the
SBR degradation region and overall char content remained
largely unchanged across treatments. A slight increase in char
residue was observed in treated samples, likely due to differ-
ences in inorganic residual components and incomplete
oxidation of polymer fragments, resulting in increased charred
carbon content aer breakdown of thermolabile components in
the rst two thermal regions.48

The Ea for thermal decomposition of GTR was determined
using the Kissinger method applied to TGA data collected at
heating rates (b) of 5 °C min−1, 10 °C min−1, and 20 °C min−1.
The corresponding kinetic parameters, including the pre-
exponential factor (A) and coefficient of determination (R2),
are summarized in Table 3. Untreated GTR exhibited an Ea of
212.0 kJ mol−1. The biological treatment alone reduced Ea to
198.4 kJ mol−1, while DES pretreatment further reduced it to
187.7 kJ mol−1. The lowest activation energy was observed for
DES-pretreated + R. rhodochrous-treated GTR (176.9 kJ mol−1),
corresponding to a 35.1 kJ mol−1 (16.55%) reduction relative to
untreated GTR.

High linear correlations were obtained for all Kissinger plots,
with R2 values greater than 0.995, conrming the reliability of
the kinetic analysis.58 The decrease in Ea across treatments
indicates progressive weakening of the rubber network,
consistent with partial devulcanization and polymer chain
scission. The pronounced reduction in Ea for the combined
treatment reects greater disruption of sulfur crosslinks,
thereby lowering the energy requirements for thermal degra-
dation. Similar reductions in thermal stability following DES
pretreatment have been reported previously,11,59,60 whereas
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Thermogravimetric curves of ground tyre rubber (GTR). Shown are untreated GTR (dark grey), R. rhodochrous-treated GTR (orange).
ChCl/urea DES-pretreated + R. rhodochrous-treated GTR (blue).

Table 3 Kissinger kinetic parameters for GTR samples

Name Tp (°C) Ea (kJ mol−1) A (min−1) R2

GTR 364.97, 374.92, 386.74 212.0 6.9 × 1016 0.9982
R. rhodochrous-treated GTR 364.11, 375.24, 387.29 198.4 5.5 × 1015 0.9998
DES-treated GTR15 363.90, 374.46, 388.26 187.7 7.0 × 1014 0.9951
DES-pretreated + R. rhodochrous-treated GTR 362.32, 374.78, 388.12 176.9 9.3 × 1013 0.9999
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biological treatment alone showed a limited impact due to the
persistence of dense sulfur crosslinks.48 The crosslink density
profoundly affects the thermal stability of rubber samples.61 The
observed kinetic changes further support the role of DES
pretreatment in enhancing the susceptibility of GTR to micro-
bial degradation.9,12

3.10 Mass reduction measurement and Schiff's staining

The maximum mass reduction was observed for GTR subjected
to DES pretreatment followed by biodegradation with R. rho-
dochrous RPK1, indicating that detoxication and partial
devulcanization enhanced bacterial utilization of rubber.
Compared to the abiotic control, R. rhodochrous alone achieved
only 1.63% mass loss, whereas DES pretreatment increased
mass loss to 12.53%, corresponding to a 7.68-fold increase in
biodegradation efficiency (Fig. 9a and Table S2). This
improvement is attributed to pretreatment-induced chemical
modications that promoted bacterial adhesion, thereby facil-
itating enzymatic attack on the rubber polymeric chains.
Similar trends have been reported previously, including
improved degradation by Klebsiella aerogenes,9 while limited
© 2026 The Author(s). Published by the Royal Society of Chemistry
mass loss (∼1.63%) during biodegradation of untreated vulca-
nized rubber by R. rhodochrous RPK1 has also been documented
by Andler et al. (2022).41

Schiff's staining indicated the presence of oligo-isoprenoids
as degradation products in both treatment conditions. These
compounds feature terminal aldehyde or ketone groups, which
yield a purple or violet colour upon reaction with Schiff's
reagent.33 The detection of these products in both cases
demonstrated that DES pretreatment did not inhibit microbial
degradation activity but instead facilitated efficient rubber utili-
zation, as shown in Fig. 9(b–e). Consistent with earlier studies,
the formation of aldehyde-containing intermediates suggests an
initial metabolic pathway in rubber-degrading bacteria.36 Addi-
tionally, LC-MS analysis was performed to detect the presence of
rubber-degradation products (oligo-isoprenoids) formed during
treatment. The chromatograms and tentative peak assignments
are provided in the SI as Table S3 and Fig. S2.

3.11 Total protein estimation

Since rubber biodegradation is enzyme-mediated, total protein
concentration was used as an indicator of microbial activity and
RSC Adv., 2026, 16, 26205–26221 | 26215

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01664b


Fig. 9 Percentage weight loss and Schiff's staining of treated ground tyre rubber (GTR). (a) Weight loss (%) for ChCl/urea DES-pretreated + R.
rhodochrous-treated GTR (DES + Bio-GTR), R. rhodochrous-treated GTR (Bio-GTR), and abiotic control in MSM medium at 30 °C after 28 days.
(b–e) Schiff's staining of (b) abiotic control, (c) biotic control (MSM without GTR), (d) R. rhodochrous-treated GTR, and (e) ChCl/urea DES-
pretreated + R. rhodochrous-treated GTR, showing the development of pink colouration corresponding to oligo-isoprenoid formation.
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rubber utilization. Protein levels were quantied using Lowry's
method with bovine serum albumin as the standard.36 At day 0,
protein concentrations were similar across cultures. Protein
concentrations increased over time in all cultures. However,
DES-pretreated GTR consistently supported higher protein
levels. Themaximum protein concentration (0.43 mgmL−1) was
observed at day 28 for pretreated GTR, compared with 0.38 mg
Fig. 10 Total protein concentration in Rhodococcus rhodochrous RPK1 c
control, determined by Lowry's method. Values represent mean± SD (n=

performed for statistical analysis.

26216 | RSC Adv., 2026, 16, 26205–26221
mL−1 for untreated GTR and the control (Fig. 10). Two-way
ANOVA revealed signicant effects of treatment (F = 12.79, p
< 0.001) and incubation time (F = 3.57, p < 0.05). The higher
protein levels observed for DES-pretreated GTR are attributed to
reduced sulfur content and additive toxicity, which enhanced
accessibility of the rubber matrix and supported increased
enzymatic activity and biomass formation.9 Several bacteria and
ultures with untreated GTR, ChCl/urea DES-pretreated GTR, and biotic
3). Two-way ANOVA followed by Tukey's post-hoc test (p < 0.05) was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fungi have demonstrated increased protein content when
rubber served as a substrate.62 Bacillus pumilus and Bacillus
subtilis cultures showed maximum protein concentrations of
0.086 mg mL−1 and 0.101 mg mL−1, respectively, when cultured
with NR for 7 and 8 weeks, respectively, at 37 °C.18,36 The
production of rubber-degrading enzymes and variation in
protein content depend on pH, temperature, bacterial strain,
and the total duration of the biodegradation process.9
3.12 Laccase and peroxidase enzyme activity assay

Laccase and peroxidase activities increased markedly during
the biodegradation period and were sustained throughout
incubation (Fig. 11). In cultures containing DES-pretreated
GTR, R. rhodochrous exhibited a 105.5-fold increase in laccase
activity and a 99.5-fold increase in peroxidase activity at day 28
relative to enzyme levels at day 0 in the biotic control. In
contrast, cultures containing untreated GTR showed substan-
tially lower increases, with 32.5-fold and 40-fold enhancements
in laccase and peroxidase activities, respectively.

These enzymes are known to decompose ligninolytic
compounds,18 which are considered part of the enzyme medi-
ator system, and function as secondary enzymes.62 The presence
of laccase and peroxidase is also a response to the presence of
aromatic compounds in the GTR. Multiple studies provided
evidence for the presence of laccase and peroxidase enzymes in
the oxidation of C]C bonds in rubber, in addition to Lcp, RoxA,
and RoxB.63 Nayanashree and Thippeswamy (2015)36 reported
the highest laccase and peroxidase activities of 0.0138 IU and
0.0142 IU, respectively. Similarly, fungi, Trametes versicolor and
Pleurotus ostreatus, were found to be able to secrete laccase and
peroxidase to degrade vulcanized rubber particles.18,64 The
observations on protein concentration and enzyme activities
Fig. 11 Extracellular enzyme activities in Rhodococcus rhodochrous RP
DES-pretreated GTR, or biotic control. Laccase activity (a) and peroxida
mean ± SD (n = 3). Two-way ANOVA followed by Tukey's post hoc te
confirmed significant effects of treatment and incubation time on both e
0.00001), indicating treatment-dependent temporal regulation of enzym

© 2026 The Author(s). Published by the Royal Society of Chemistry
indicate that increased protein synthesis is associated with
enhanced biodegradation activity.

As observed, while the DES pretreatment increased micro-
bial mineralization of GTR, bioaccessibility remains con-
strained by residual crosslinks, inorganic llers, and diffusional
limitations within the rubber matrix. These limitations may be
addressed by further reducing GTR particle size to increase
surface area and enhance microbial adhesion,34 or by using
microbial consortia or mixed cultures to achieve a synergistic
effect.65 Recombinant strains overexpressing rubber oxygenases
(Lcp, RoxA/RoxB) could enhance the depolymerization of
partially devulcanized GTR.66 The process integration in biore-
actor systems with controlled aeration and continuous nutrient
supplementation could further improve enzyme production
and substrate accessibility. These directions provide a pathway
to overcome the limitations to advance scalable biological
valorization of waste tyre rubber.
3.13 Biocompatibility of ChCl/Ur DES with R. rhodochrous
RPK1

DESs are oen regarded as non-toxic solvents; however, their
biocompatibility must be validated for specic biological
systems. Accordingly, the toxicity of ChCl/Ur DES was evaluated
against R. rhodochrous RPK1 (Fig. S1) and E. coli ATCC 25922
using disc diffusion and MIC assays. No inhibition zone was
observed around DES-impregnated discs following incubation
at 30 °C, indicating that ChCl/Ur DES was non-toxic to R. rho-
dochrous.38 This observation agrees with earlier studies showing
that amine-based DESs do not inhibit bacterial growth.67

MIC analysis further conrmed the low toxicity of the DES.
As shown in Table 4, the MIC was ∼256 mg mL−1 for R. rho-
dochrous and >128 mg mL−1 for E. coli, indicating weak
K1 cultures grown with untreated ground tyre rubber (GTR), ChCl/urea
se activity (b) are expressed in U mL−1 over 28 days. Values represent
st (p < 0.05) was performed for statistical analysis. Two-way ANOVA
nzymes (p < 0.0001) and a significant treatment × time interaction (p <
e production.
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Table 4 Microplate absorbance readings (OD600) showing the effect of ChCl/urea DES on the growth of Rhodococcus rhodochrous RPK1 and
Escherichia coli ATCC 25922a

DES
concentration

256
(mg mL−1)

128
(mg mL−1)

64
(mg mL−1)

32
(mg mL−1)

16
(mg mL−1)

8
(mg mL−1)

4
(mg mL−1)

2
(mg mL−1) GC MC

R. rhodochrous 0.41 � 0.11 0.55 � 0.07 0.51 � 0.004 0.56 � 0.048 0.58 � 0.03 0.70 � 0.115 0.62 � 0.027 0.58 � 0.084 0.66 � 0.037 0.04
E. coli 0.06 � 0.019 0.29 � 0.113 0.55 � 0.107 0.59 � 0.029 0.79 � 0.018 0.80 � 0.007 0.75 � 0.133 0.64 � 0.046 0.91 � 0.046 0.02

a GC = growth control; MC = media control.
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bactericidal activity and supporting biocompatibility. These
values are consistent with previous reports on the limited
antimicrobial effects of DESs.39,40,68 Consequently, the non-
toxicity of ChCl/Ur DES toward R. rhodochrous enabled the
effective implementation of the hybrid chemi-biological
approach, thereby enhancing the overall potential for rubber
biodegradation.

4. Conclusions

The experimental results presented herein demonstrate that the
limited biodegradability of waste tyre rubber (WTR) is strongly
inuenced by sulfur crosslinks and toxic additives, which
restrict microbial accessibility to the polymeric backbone. By
applying a ChCl/Ur DES pretreatment, this study demonstrates
reductions in these limiting factors, establishing a link between
partial devulcanization, detoxication, and improved biodeg-
radation response. The increase in biodegradation efficiency,
the reduction in crosslink density, and the substantial removal
of zinc-related compounds collectively indicate that the ChCl/Ur
DES functions as a partial devulcanization and detoxication
agent, improving rubber bioavailability, consistent with a shi
in the Horikx plot toward a mixed degradation mechanism.
These ndings suggest that a hybrid chemi-biological approach
represents a promising early step contributing towards the
exploration of sustainable alternatives to conventional WTR
management methods such as pyrolysis, incineration, and
landlling. Substantial further development, including process
optimization, scale-up studies, and the evaluation of alternative
DES formulations andmicrobial systems, is necessary for future
steps. The presented results provide a basis for future investi-
gations aimed at enhancing degradation efficiency and
advancing sustainable waste tyre management strategies.
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26 L. E. Alonso Pastor, K. C. Núñez Carrero, J. Araujo-Morera,
M. Hernández Santana and J. M. Pastor, Setting
Relationships between Structure and Devulcanization of
Ground Tire Rubber and Their Effect on Self-Healing
Elastomers, Polymers, 2021, 14(1), 11, DOI: 10.3390/
polym14010011.

27 M. M. Horikx, Chain scissions in a polymer network, J.
Polym. Sci., 1956, 19(93), 445–454, DOI: 10.1002/
pol.1956.120199305.

28 M. A. L. Verbruggen, L. van der Does, W. K. Dierkes and
J. W. M. Noordermeer, Experimental validation of the
Charlesby and Horikx models applied to de-vulcanization
of sulfur and peroxide vulcanizates of NR and EPDM,
Rubber Chem. Technol., 2016, 89(4), 671–688, DOI: 10.5254/
rct.16.83776.

29 S. Seghar, L. Asaro and N. Äıt Hocine, Experimental
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M. Sillanpää, Current progress in waste tire rubber
devulcanization, Chemosphere, 2021, 265, 129033, DOI:
10.1016/j.chemosphere.2020.129033.

60 R. Saputra, R. Walvekar, M. Khalid, C. T. Ratnam,
N. M. Mubarak and S. Dharaskar, Devulcanisation of
ground rubber tyre by novel ternary deep eutectic solvents,
J. Mol. Liq., 2020, 306, 112913, DOI: 10.1016/
j.molliq.2020.112913.

61 A. P. Mathew, S. Packirisamy and S. Thomas, Studies on the
thermal stability of natural rubber/polystyrene
interpenetrating polymer networks: thermogravimetric
© 2026 The Author(s). Published by the Royal Society of Chemistry
analysis, Polym. Degrad. Stab., 2001, 72(3), 423–439, DOI:
10.1016/S0141-3910(01)00042-8.

62 A. Basik, J. J. Sanglier, C. Yeo and K. Sudesh, Microbial
Degradation of Rubber: Actinobacteria, Polymers, 2021,
13(12), 1989, DOI: 10.3390/polym13121989.

63 M. Enoki, Y. Doi and T. Iwata, Oxidative Degradation of cis-
and trans-1,4-Polyisoprenes and Vulcanized Natural Rubber
with Enzyme-Mediator Systems, Biomacromolecules, 2003,
4(2), 314–320, DOI: 10.1021/bm025678g.

64 K. Bredberg, Microbial detoxication of waste rubber
material by wood-rotting fungi, Bioresour. Technol., 2002,
83(3), 221–224, DOI: 10.1016/S0960-8524(01)00218-8.

65 S. Weyrauch, B. Seiwert, M. Voll and T. Reemtsma, Long
term biodegradation study on tire and road wear particles
and chemicals thereof, Sci. Total Environ., 2025, 975,
179240, DOI: 10.1016/J.SCITOTENV.2025.179240.

66 J. Birke and D. Jendrossek, Rubber Oxygenase and Latex
Clearing Protein Cleave Rubber to Different Products and
Use Different Cleavage Mechanisms, Appl. Environ.
Microbiol., 2014, 80(16), 5012–5020, DOI: 10.1128/
AEM.01271-14.

67 B. Y. Zhao, P. Xu, F. X. Yang, H. Wu, M. H. Zong and
W. Y. Lou, Biocompatible Deep Eutectic Solvents Based on
Choline Chloride: Characterization and Application to the
Extraction of Rutin from Sophora japonica, ACS Sustain.
Chem. Eng., 2015, 3(11), 2746–2755, DOI: 10.1021/
acssuschemeng.5b00619.

68 Q. Wen, J. X. Chen, Y. L. Tang, J. Wang and Z. Yang,
Assessing the toxicity and biodegradability of deep eutectic
solvents, Chemosphere, 2015, 132, 63–69, DOI: 10.1016/
j.chemosphere.2015.02.061.
RSC Adv., 2026, 16, 26205–26221 | 26221

https://doi.org/10.1016/j.resconrec.2018.02.016
https://doi.org/10.1016/j.resconrec.2018.02.016
https://doi.org/10.3390/polym17030285
https://doi.org/10.3390/polym17030285
https://doi.org/10.1021/acssuschemeng.2c05984
https://doi.org/10.1021/acssuschemeng.2c05984
https://doi.org/10.1016/j.wasman.2018.07.016
https://doi.org/10.1039/C8RA09206K
https://doi.org/10.1039/C8RA09206K
https://doi.org/10.1016/j.chemosphere.2020.129033
https://doi.org/10.1016/j.molliq.2020.112913
https://doi.org/10.1016/j.molliq.2020.112913
https://doi.org/10.1016/S0141-3910(01)00042-8
https://doi.org/10.3390/polym13121989
https://doi.org/10.1021/bm025678g
https://doi.org/10.1016/S0960-8524(01)00218-8
https://doi.org/10.1016/J.SCITOTENV.2025.179240
https://doi.org/10.1128/AEM.01271-14
https://doi.org/10.1128/AEM.01271-14
https://doi.org/10.1021/acssuschemeng.5b00619
https://doi.org/10.1021/acssuschemeng.5b00619
https://doi.org/10.1016/j.chemosphere.2015.02.061
https://doi.org/10.1016/j.chemosphere.2015.02.061
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01664b

	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber

	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber

	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber
	Deep eutectic solvent-assisted bacterial devulcanization, detoxification, and degradation of waste tyre rubber


