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Abstract — The tyre-derived transformation product 6PPD-quinone (6PPD-q) poses a growing threat to aquatic ecosystems,
particularly sensitive salmonid species. However, practical and affordable treatment options remain limited. This study
investigated the potential of sewage-sludge-based activated carbon (SBAC) produced via ZnCl, activation and pyrolysis as a
sustainable adsorbent for removing 6PPD-q from contaminated water and advancing circular-economy approaches for sludge
valorisation. Fourier-transform infrared spectroscopy revealed the presence of oxygen-containing surface groups on SBAC _that
can facilitate hydrogen bonding and w—r interactions with 6PPD-q. Batch adsorption experiments were performed to evaluate
equilibrium behaviour and thermodynamic properties under controlled conditions. Results showed rapid uptake, achieving >99%
removal from an initial concentration of 200 pg/L within 0.5 h at pH 3.5. The Langmuir model best fit the equilibrium data, with
R? value of 0.95, yielding a maximum adsorption capacity of 583.3 pg/g. Thermodynamic analysis indicated a spontaneous and
endothermic process, suggesting chemisorption as the dominant mechanism. The adsorption efficiency remained stable within
the temperature range of 7°C-35°C, and sequential treatments maintained high removal performance. The experimental results
demonstrate that SBAC is an efficient and low-cost adsorbent for mitigating 6PPD-q contamination in stormwater, offering a
sustainable solution for valorising sewage sludge within circular economy frameworks.
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1. INTRODUCTION products (Cao et al., 2022), intensifying environmental
concerns.

Non-exhaust particulate (NEP) emissions from road traffic,

including tyre, brake and pavement wear, are major
contributors to the deterioration of urban stormwater quality
and degradation of aquatic and terrestrial ecosystems (Chae
et al., 2021; Wang et al., 2022). Tyre wear alone accounts
for an estimated global per capita release of 0.81 kg per year
(Halle et al., 2021). The increasing complexity of materials
used in tyre and brake pad manufacturing, combined with
limited transparency in product formulations (Beji et al.,
2021), underscores the need for comprehensive studies to
mitigate the ecological and human health risks associated
with NEP emissions. Moreover, many NEP-derived
compounds undergo complex degradation and
transformation, generating potentially more toxic by-

One such compound is N-(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine (6PPD), a synthetic antioxidant that has
been intentionally added to rubber formulations since the
1960s to protect tyres from oxidative degradation (Lane et
al., 2024). 6PPD functions as an antidegradant by reacting
with tropospheric ozone at the tyre surface, thereby
preventing ozone-induced cracking and prolonging tyre
lifespan (Greer et al., 2023). During this process, 6PPD is
oxidised, resulting in the formation of a quinoid
transformation product, N-(1,3-dimethylbutyl)-N'-phenyl-
p-phenylenediamine (6PPD)-quinone (6PPD-q) (Nicomel
and Li, 2023). Although 6PPD has been widely used for
decades, the formation of 6PPD-q via ozonation was only
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identified recently (Tian et al., 2021), revealing a critical
gap in the prior understanding of tyre-derived chemical
emissions and their environmental fate.

While 6PPD-q is frequently detected in surface waters, its
dominant pathway to the hydrosphere remains under
investigation. Current evidence indicates that 6PPD is
primarily released during tyre wear, subsequently oxidised
to 6PPD-q and transported to aquatic systems mainly via
stormwater runoff. Tyre and road wear particles are largely
associated with the PM o fraction and partly with the PM> s
fraction (Nicomel and Li, 2023). Leaching from disposed or
ageing tyres may occur locally but appears to be a secondary
pathway and is more readily controlled through waste
management practices. Once mobilised into urban runoff,
however, 6PPD-q has emerged as a highly toxic tyre-
derived contaminant of concern.

6PPD-q has recently been identified as a cause of acute
mortality in coho salmon (Oncorhynchus kisutch) (Tian et
al., 2021) and has been shown to induce developmental,
behavioural and cardiotoxic effects in zebrafish larvae
(Varshney et al., 2022). Other aquatic species, such as
Oncorhynchus keta, Danio rerio, Oryzias latipes, Daphnia
magna and Hyalella azteca, show lower but measurable
sensitivity (Hiki et al., 2021; Mclntyre et al., 2021). The
reported environmental concentrations of 6PPD-q range
from 0.08 to 19 ng/L in stormwater and <0.2 to 3.5 pg/L in
surface waters (Challis et al.,, 2021; Johannessen et al.,
2022; Tian et al., 2021). Given the low median lethal
concentration (LCsp) of 0.8 = 0.2 pg/L for juvenile coho
salmon (Tian et al., 2021) and the recently established short-
term acute water-quality guideline of 0.01 pg/L (Chalifour
et al., 2025), even trace contaminations pose substantial
ecological risks. These findings highlight the need for
effective stormwater treatment, particularly in high-traffic
areas, as the growing adoption of heavier electric vehicles
may further intensify tyre wear and 6PPD-q emissions
(Johannessen et al., 2022; Liu et al., 2021).

Although research on 6PPD-q is still in its nascent stage,
several researchers have investigated potential removal
pathways, including ultraviolet-activated peroxymono-
sulfate treatment (Yu et al., 2024), adsorption onto metal-
organic framework nanosheets (Wu et al., 2025) and
microbial degradation for transforming and detoxifying
6PPD-q (Yu et al., 2025). Despite these advances, practical
and scalable treatment options for urban stormwater remain
limited. To ensure sustainable development and a circular
economy, treatment strategies must be both cost-effective
and environmentally friendly. Hence, developing efficient
and low-impact approaches for removing 6PPD-q from
stormwater remains a key area for further investigation.

Adsorption using activated carbon (AC) is widely used as
an efficient technology for removing emerging pollutants
from water, given its effectiveness even at low contaminant
concentrations, suitability for batch and continuous
processes and potential for regeneration and reuse (Jeirani
et al., 2017). Sewage sludge (SS) is a commonly used

precursor for producing AC (Mu’azu et al., 2017) because
of its high availability, carbon-rich composition and
substantial organic matter content (Lujan-Facundo et al.,
2020). Notably, SS disposal remains a critical challenge in
the global waste sector, with production rates ranging from
35 to 85 g dry matter per capita per day (Werle and Sobek,
2019). In this context, converting waste SS into sewage-
sludge-based activated carbon (SBAC) can support
sustainable sludge management and provide a valuable
material for pollutant control, aligning with circular
economy principles. Furthermore, several studies have
shown that contaminants commonly found in SS can be
effectively stabilised during SBAC production (Li et al.,
2019; Mohamed et al., 2023a,b; Montoya-Bautista et al.,
2022).

SBAC effectively removes various organic and inorganic
contaminants, such as polycyclic aromatic hydrocarbons,
phenols and phthalates (Bjorklund and Li, 2017; Sullivan et
al., 2019); nutrients (Yue et al., 2018); pharmaceutical and
personal care products (Montoya-Bautista et al., 2022); p-
benzoquinone (Nicomel et al., 2022b) and metals (Li et al.,
2019; Nicomel et al., 2022a). In most cases, ZnCl; is used
as the activating agent because it yields high specific surface
areas (>700 m*g) and well-developed porosity by
selectively removing hydrogen and oxygen from the raw
material, thereby minimising tar formation (Li et al., 2019;
Zhao et al., 2022).

To the best of our knowledge, no studies have investigated
the adsorption of 6PPD-q using either SBAC or AC,
particularly at environmentally relevant concentrations
(ng/L levels). Research on 6PPD-q removal has primarily
focused on oxidation or catalytic degradation at
considerably higher concentrations (e.g. 1 mg/L), which
does not reflect the conditions typical of urban runoff (Yu et
al., 2025, 2024). The use of SBAC for 6PPD-q removal
aligns with circular economy principles because it enables
the conversion of waste into a value-added material for
stormwater treatment. Thus, evaluating the adsorption
performance at low 6PPD-q levels is essential for assessing
the suitability of SBAC integration into green infrastructure
systems (e.g. rain gardens) for mitigating tyre-derived
contaminants in urban waters.

Considering these aspects, this study aimed to evaluate the
potential of SBAC to effectively reduce 6PPD-q
concentrations in stormwater. The hypothesis was that
hydrophobic 6PPD-q can be efficiently retained on the
porous carbon surface of SBAC through hydrophobic
interactions and surface affinity. To explore this, the
following objectives were established: (1) estimate the
maximum adsorption capacity of SBAC for 6PPD-q and
identify a working concentration near saturation; (2)
determine the effects of key adsorption parameters,
including adsorbent dosage, contact time and temperature;
(3) assess the ability of SBAC to achieve the short-term
acute water-quality guideline of 0.01 pg/L through
sequential adsorption cycles; (4) compare the 6PPD-q
removal efficiencies of SBAC and commercial AC; (5)
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characterise the surface functional groups of SBAC before
and after adsorption to elucidate possible adsorption
mechanisms. The practical implication of this study is its
contribution to waste-to-resource framework in waste
management that support environmental sustainability and
align with circular economy principles. The findings can be
applied to treat water contaminated with 6-PPD-quinone,
and SBAC can also be used to enhance the performance of
biofilters to remove not only tyre-derived chemicals but also
other hydrophobic organic contaminants present at
environmentally relevant levels in stormwater, thereby
helping protect aquatic life.

2. MATERIALS AND METHODS

2.1 Materials and chemicals

The standards 6PPD-quinone (100 pg/mL in acetonitrile)
and D5-6PPD-quinone (>95% purity) were obtained from
HPC Standards GmbH (Germany) and LGC Ltd. (Canada),
respectively. Deionised (DI) water from a Synergy® UV
Water Purification System (Merck, Darmstadt, Germany)
was used to prepare all aqueous solutions. A stock solution
of 6PPD-q (1000 pg/L) was prepared and used to obtain a
200 pg/L working solution.

2.2 Preparation of sewage sludge-based activated
carbon

SS was collected from a wastewater treatment plant in
British Columbia, Canada (location not disclosed). The
sludge was dewatered by centrifugation at 3000 rpm for 3
min using a BECKMAN GS-6 centrifuge (Marshall
Scientific, Hampton, NH), dried at 105°C for 48 h and
ground and sieved to <250 pum. Chemical activation was
performed by soaking the precursor in a ZnCl, solution at a
ratio of 1 g SS to 2 mL of solution. The activated sample
was oven-dried at 105°C for 24 h, pyrolysed at 500°C for 2
h, homogenised (<250 pm), acid-washed, rinsed with DI
water and dried overnight at 105°C. Details of the SBAC
production process are provided by Gong (2013) and
Mohamed et al. (2022). The physicochemical
characteristics of the resulting SBAC are summarised in
Table S1 of the Supplementary Information (SI).

2.3 Adsorption of 6PPD-quinone

For the batch adsorption tests, 10 mg of SBAC was mixed
with 10 mL of the 6PPD-q working solution in 15-mL glass
centrifuge tubes. The suspensions were agitated using an
end-over-end rotator at 35 rpm for 24 h at room temperature
(20°C £2°C). After equilibration, the mixtures were filtered
using Whatman® Puradisc 0.7-um GF/F syringe filters
(Merck, Germany). The pH of each sample was recorded
before and after adsorption. Filtrates were analysed for
6PPD-q concentrations using liquid chromatography—
tandem mass spectrometry (LC-MS/MS; Orbitrap Exploris
240, Thermo Fisher Scientific, Waltham, MA). The
removal efficiency and adsorption capacity were calculated
using Eqgs. S-1 and S-2 provided in the SI.

2.3.1 Maximum adsorption capacity (¢max)

To determine gma, batch adsorption experiments were
conducted with initial 6PPD-q concentrations of 20-500

pg/L. The equilibrium data were fitted using both the
Langmuir and Freundlich isotherm models to describe the
adsorption behaviour. Based on these results, the working
solution concentration for subsequent experiments was
selected close to the saturation region to ensure measurable
removal without complete surface saturation.

2.3.2  Effect of adsorbent dosage

The effect of adsorbent dosage on 6PPD-q removal was
assessed to identify the minimum amount of SBAC needed
for effective and practical adsorption. Dosage levels of 1, 2
and 3 g/L were tested.

2.3.3  Effect of contact time

The influence of contact time was assessed at 0.5 and 24 h
using the optimum SBAC dosage at room temperature
(20°C £2°C). These intervals were chosen to verify whether
6PPD-q exhibits the rapid uptake previously observed for
other contaminants using SBAC (Nicomel et al., 2022b).
2.3.4  Effect of temperature

Batch adsorption tests were performed at 7°C, 20°C and
35°C to investigate the effect of temperature on 6PPD-q
adsorption. This range reflects typical environmental
conditions, and it was selected to determine how
temperature influences the interaction between SBAC and
6PPD-q. The thermodynamic analyses are summarised in
Section S-2 in the SI.

2.3.5 Sequential adsorption tests

The ability of SBAC to reduce 6PPD-q concentrations to
below the short-term acute water-quality guideline of 0.01
pg/L (Chalifour et al., 2025) was evaluated using repeated
adsorption cycles. In the first cycle, 15 mL of the 6PPD-q
working solution was mixed with 15 mg of SBAC and
agitated for 30 min. After filtration, 12 mL of the filtrate was
transferred to another tube containing fresh SBAC to
maintain the same solid-to-liquid ratio. This stepwise
procedure was repeated, and the 6PPD-q concentrations
were measured after each cycle until the guideline value was
achieved.

2.4 Fourier-transform infrared spectroscopy

Surface functional groups of SBAC before and after 6PPD-
q adsorption were characterised using Fourier-transform
infrared spectroscopy (FTIR; Thermo Scientific Nicolet
iS50 FTIR Spectrometer, USA). Spectra were obtained in
the wavenumber range of 4004000 cm™' at a resolution of
4 cm™!, averaging 256 scans per sample. Background
corrections were applied automatically prior to the analysis.

2.5 Quality control, quality assurance and data
analysis

SBAC was prepared by the Geo-Environmental Group at
UBC in batches. Each batch was tested for performance
consistency using methylene blue as a proxy chemical, and
only batches achieving >98% methylene blue removal were
blended to form the bulk SBAC used in all experimental
tests. To ensure quality, the bulk sample was also tested
using the proxy chemical and per- and polyfluoroalkyl
substances that had previously undergone over 100 tests.

Fresh 6PPD-q working solutions were prepared before each
test and verified using LC-MS/MS analysis. All glassware
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were pre-cleaned with methanol and thoroughly rinsed with
DI water. LC-MS/MS calibration was performed using
multi-point curves of 6PPD-q with D5-6PPD-q as the
internal standard, with routine checks to ensure consistent
performance. Reference solutions were analysed to verify
initial concentrations, and controls without SBAC were
tested to account for non-adsorptive losses. All adsorption
experiments were conducted in triplicate. Statistical
analyses were conducted to evaluate differences between
experimental conditions, with significance assessed at the
95% confidence level (p < 0.05).

3. RESULTS AND DISCUSSION

3.1 Surface functional groups of SBAC

The FTIR spectrum of SBAC revealed several distinct
absorption bands indicative of its surface chemistry (Fig. 1).
The broad signal between 2250 and 3500 cm™! corresponds
to O-H stretching vibrations, characteristic of hydroxyl,
carboxylic and phenolic groups involved in hydrogen
bonding. The band at ~1560 cm™' is attributed to C=0
stretching in carboxylic and lactonic groups, consistent with
the acidic nature determined by Boehm titration (Table S1)
(Nicomel et al., 2022b). The peak near 1030 cm™' reflects
C-O stretching in alcohols and ethers, while those between
410 and 800 cm™! are ascribed to aromatic C—H bending
vibrations (Hu et al., 2018; Huo et al., 2020). Overall, the
presence of these oxygen-containing groups suggests that
ZnCl, activation and subsequent pyrolysis enriched SBAC
with surface functionalities favourable for 6PPD-q
adsorption through hydrogen bonding and ©—m interactions.
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Fig. 1. Fourier-transform infrared spectra of sewage-
sludge-based activated carbon before and after 6PPD-
quinone (6PPD-q) adsorption, showing absorption
bands at 3192 ecm™ (O-H stretching), ~1560 em™ (C=0
stretching), 1030 cm™ (C—O stretching) and 410-800 cm™
! (aromatic C—H bending vibrations).

3.2 Adsorption capacity

The adsorption capacity of SBAC increased from 14.8 to
499.8 ng/g as the initial concentration of 6PPD-q increased
from 20 to 500 ng/L (Fig. 2), indicating that higher

contaminant levels enhanced the mass-transfer driving force
towards the adsorbent surface (Mangrulkar et al., 2008). At
low concentrations, many adsorption sites remained
unoccupied, whereas at higher concentrations, more 6PPD-
q molecules interacted with the available active sites until
surface saturation. Similar trends have been reported
previously (Chenchu and Deo, 2025; Gkika et al., 2025),
where increased pollutant concentration resulted in
enhanced adsorption capacity as the larger concentration
gradient facilitated diffusion to active sites. However, the
rate of increase gradually diminished at higher
concentrations, suggesting that the adsorption process was
approaching equilibrium and that the available sites on
SBAC were becoming fully occupied. Therefore, an initial
concentration of 200 ug/L was selected for the subsequent
adsorption experiments.
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Fig. 2. Adsorption capacity of sewage sludge-based
activated carbon (SBAC) towards 6PPD-q at various
equilibrium concentrations, with data fitted to
Langmuir and Freundlich isotherm  models.
Experimental conditions: 1 g/L. SBAC-to-solution ratio,
pH 3.5, 20°C +£2°C and 0.5 h contact time.

Table 1. Langmuir and Freundlich model parameters
for 6PPD-quinone adsorption onto sewage-sludge-based
activated carbon (SBAC). Experimental conditions: 1
g/L SBAC-to-solution ratio, 20°C + 2°C, pH 3.6-3.8 and
0.5 h contact time.

Langmuir model Freundlich model

Gmax b R Ke(ug'™ 1n R?
(ng/g) L g)

SBAC 5383 0.65 0.95 1842 045 094

gmax 18 the maximum adsorption capacity (ug/g), b is the Langmuir
adsorption equilibrium constant (L/pg), K is the Freundlich constant (ug'
~InLm/g) and 1/n is a dimensionless parameter.

Fig. 2 shows the fit of the Langmuir and Freundlich
isotherm models to the experimental adsorption data for
6PPD-q at a contact time of 0.5 h. The Langmuir model
provided a better fit to the data (Table 1), suggesting that
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6PPD-q formed a homogeneous monolayer on the SBAC
surface. This observation is consistent with the Langmuir
model’s assumption of uniform adsorption sites and
monolayer coverage (Mende et al., 2018). The estimated
gmax at 0.5 h suggests that SBAC can achieve near-
equilibrium adsorption of 6PPD-q within a short period,
indicating rapid adsorption under the tested conditions.

The gmax value of SBAC for 6PPD-q was estimated to be
538.3 pg/g using the Langmuir isotherm, highlighting the
ability of SBAC to effectively capture this tyre-derived
contaminant even at trace concentrations. Although this
value is lower than those reported for engineered adsorbents
targeting high-concentration pollutants, such as 3D
bimetallic nanosheet materials (213.3-335.0 mg/g; Wu et
al., 2025), it 1is sufficient to substantially reduce
environmentally relevant levels of 6PPD-q in stormwater.
The rapid adsorption observed within 0.5 h suggests that
most available sites on SBAC are readily accessible,
enabling efficient removal within short contact times.
Overall, the combination of moderate gmax, fast kinetics and
low-cost production positions SBAC as a promising
candidate for remediating 6PPD-q pollution in urban runoff,
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particularly in applications where stringent water-quality
guidelines must be satisfied.

3.3 Effect pf adsorbent dosage

The adsorption of 6PPD-q onto SBAC was evaluated at
dosages of 1, 2 and 3 g/L using an initial concentration of
200 pg/L and a contact time of 0.5 h (Fig. 3). All dosages
achieved near-complete removal, with efficiencies close to
100% (Fig. 3a). However, in terms of residual
concentrations, the treated samples still contained 1.13, 0.6
and 0.5 pg/L of 6PPD-q at dosages of 1, 2 and 3 g/L,
respectively. These values remain above the short-term
acute water-quality guideline of 0.01 pg/L (Chalifour et al.,
2025). The marginal increase in removal efficiency between
2 and 3 g/L suggests that the available adsorption sites were
not fully utilised, likely owing to the low solute equilibrium
concentration and limited driving force for further
adsorption (Mangrulkar et al., 2008). To balance material
efficiency and treatment performance, the SBAC dosage of
1 g/L was selected for subsequent experiments.

1 2 3
SBAC-to-solution ratio (g/L)

Fig. 3. (a) Removal efficiency and (b) residual concentration of 6PPD-q after adsorption onto SBAC under different
SBAC-to-solution ratios. Experiments were conducted at an initial 6PPD-q concentration of 200 pg/L, pH 3.5, 20°C £ 2°C
and 24 h contact time. Error bars indicate standard deviations (» = 3); where not visible, they fall within the bar

boundaries.

3.4 Effect of contact time

The effect of contact time on 6PPD-q removal was
evaluated at 0.5 and 24 h (Fig. 4). SBAC achieved nearly
complete removal (>99%) under both contact times,
whereas the removal efficiency for the control was less than
7%. No significant difference was observed between 0.5
and 24 h for SBAC (p > 0.05), indicating that adsorption
equilibrium was attained within 0.5 h. This rapid uptake is
likely attributable to SBAC’s large surface area, abundant
surface functional groups and strong affinity of 6PPD-q
molecules to the available adsorption sites (Wu etal., 2025).
In this scenario, adsorption is potentially driven by n—n
interactions or hydrogen bonding with surface functional
groups such as carboxylic groups (Correa-Abril et al.,

2024). The rapid kinetics demonstrate the effectiveness of
SBAC in treating 6PPD-q-contaminated water, providing
operational advantages by reducing the required contact
time. Based on these results, a contact time of 0.5 h was
chosen for subsequent experiments.
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Fig. 4. Removal efficiency of SBAC for 6PPD-q after 0.5
and 24 h adsorption. Experiments were conducted at an
initial 6PPD-q concentration of 200 png/L, pH 3.5, 20°C
+2°C and 1 g/LL SBAC-to-solution ratio. Error bars
indicate standard deviations (» = 3); where not visible,
they fall within the bar boundaries.

3.5 Effect of temperature

Fig. 5 shows the effect of temperature on 6PPD-q removal,
evaluated at 7°C, 20°C and 35°C. SBAC achieved almost
complete removal (>99%) under all conditions, whereas the
control exhibited minimal removal (<6%). The
corresponding residual concentrations ranged from 0.65 to
1.06 pg/L. The absence of a clear trend across the tested
range indicates that adsorption occurred largely
independent of temperature. This behaviour indicates the
dominance of strong surface interactions rather than
diffusion-controlled mechanisms. Given that adsorption
occurred rapidly, temperature changes likely did not affect
the transport of 6PPD-q molecules through the surrounding
film or into the porous structure of SBAC. This
temperature-independent behaviour of SBAC highlights its
stability and suitability for stormwater treatment systems
(e.g. rain gardens) subject to seasonal or daily temperature
variations (Burszta-Adamiak et al., 2023).

The calculated thermodynamic parameters are summarised
in Table S2. The negative standard Gibbs free energy
change AGY indicates that the adsorption of 6PPD-q onto
SBAC occurs spontaneously under the tested conditions.
The positive standard enthalpy change AH° suggests that the
process is endothermic, implying that chemisorption is the
dominant mechanism (Wu et al., 2025). Furthermore, the
positive standard entropy change AS° indicates structural
modifications in SBAC as well as the strong affinity
between 6PPD-q and SBAC (Kusuma et al., 2025).
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Fig. 5. Removal of 6PPD-q via adsorption onto SBAC
for 0.5 h at 1 g/LL. SBAC-to-solution ratio, pH 3.5 and
temperatures of 7°C, 20°C and 35°C £2°C. Error bars
indicate standard deviations (# = 3); where they are not
visible, they fall within the bar boundaries.

3.6 Sequential adsorption

The ability of waste-derived SBAC to remove 6PPD-q was
evaluated through successive adsorption cycles (Fig. 6).
Four sequential runs were performed, each lasting 0.5 h.
The first cycle reduced the 6PPD-q concentration from 200
to 1.47 pg/L, and subsequent runs decreased the residual
levels to below 0.1 pg/L. Complete removal to below the
short-term acute water-quality guideline of (0.01 pg/L;
Chalifour et al., 2025) could not be confirmed owing to the
LC-MS/MS detection limit of 0.5 pg/L. Nevertheless, the
near-complete removal of 6PPD-q after the second run
indicates that repeated treatment with fresh SBAC
effectively sustains high removal efficiency.

2.0
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Fig. 6. Residual 6PPD-q concentrations from sequential
adsorption tests, with the 0.01 pg/L short-term acute
water-quality guideline shown as a dashed line.
Experimental conditions: 200 pg/L initial 6PPD-q
concentration, 1 g/L. SBAC-to-solution ratio, pH 3.5, 0.5
h contact time and 20°C £ 2°C. Error bars indicate
standard deviations (n = 3); where not visible, they fall
within the bar boundaries.
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The rapid uptake observed in each 0.5-h run suggests that
SBAC performs efficiently even within short contact
periods, resulting in lower operating costs in practical
applications. These results highlight the potential of SBAC
as a cost-effective SS-derived adsorbent, capable of
removing tyre-derived contaminants such as 6PPD-q from
stormwater. Future work should focus on evaluating
adsorption under a wider range of pH values and matrix
conditions as well as with enhanced analytical detection
limits to better assess removal relative to ecological
toxicity thresholds.

4. CONCLUSION

SBAC demonstrated rapid and efficient removal of 6PPD-q
from water, achieving >99% removal from an initial
concentration of 200 pg/L within 0.5 h. The adsorption
kinetics followed the Langmuir model, with an estimated
maximum capacity of 538.3 ug/g, indicating monolayer
adsorption on uniform surface sites. These characteristics
highlight the suitability of SBAC for integration into
stormwater treatment systems, such as rain gardens,
bioretention cells and filtration units, where short contact
times and variable flow conditions prevail.

The adsorption performance observed for 6PPD-q, along
with the physicochemical characteristics of SBAC,
indicates potential applicability for removing other organic
microcontaminants poorly addressed by conventional
treatment processes such as chlorination, ozonation and UV
irradiation. However, targeted studies are required to
evaluate SBAC performance across different contaminant
classes. From a practical perspective, the use of SBAC may
help mitigate the cost limitations associated with activated-
carbon-based adsorption technologies. The use of SBAC as
a waste-derived, low-cost adsorbent aligns with circular
economy principles, enabling the conversion of waste SS
into a value-added material for mitigating tyre-derived
contaminants.

Notably, although 6PPD-q concentrations were reduced to
levels near the aquatic-life guideline (0.01 pg/L), further
evaluation under varying pH conditions and complex water
matrices is needed to confirm the practical applicability of
SBAC. Overall, this work positions SBAC as a sustainable
and scalable solution for protecting urban waterways from
emerging contaminants.
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Supplementary Information (SI)

Section S1. Data analysis
The removal efficiencies and adsorption capacities of SBAC for 6PPD-q were calculated using Equations 1 and 2, respectively.

CO B Ce
R (%) = ="=—=x 100 1)
0
_ (CO B Ce) XV
q= - (2)

Where R is the removal efficiency (%), g is the amount of 6PPD-q adsorbed per unit mass of SBAC (ug/g), Cy and C. are the
initial and equilibrium 6PPD-q concentrations (ng/L), respectively, V is the volume of the 6PPD-q solution (L), and m is the
mass of SBAC (g).

Langmuir (Equation 3) and Freundlich (Equation 4) adsorption isotherm models were used to fit the experimental adsorption
data at different initial 6PPD-q concentrations. SigmaPlot Version 11.0 was used to determine the adsorption isotherms and the
corresponding parameters.

_ qmabee
e =7 bC, )
qe = K;C,'" 4

Where g. is the amount of 6PPD-q adsorbed per unit mass of SBAC at equilibrium (Ug/g), gmax i the maximum adsorption
capacity (ng/g), b is the Langmuir adsorption equilibrium constant (L/pg), Ce. is the equilibrium 6PPD-q concentration (ug/L),
K is the Freundlich constant (ug'-"" L"/g) and 1/n is a dimensionless parameter.

Section S2. Data analysis
The thermodynamics parameters, such as Gibbs free energy AG’ (kJ mol™), standard enthalpy change AH’ (k] mol™') and
standard entropy change AS? (kJ mol'K™"), were calculated according to Egs. 5 and 6.

AG® = —RTInK, (5)
Ik, = — A A5° 6

Where K is the ratio of equilibrium adsorption capacity (g.) of SBAC for 6PPD-q to the equilibrium 6PPD-q concentration (Cy);
R is the universal gas constant (8.314x1073 kJ mol"'K™"); T (K) is the absolute temperature. The relationship between InKj, and
1/T was drawn and AH” and AS’ are equal to the slope and intercept, respectively, in Fig. S1.

5.65
5.60 °
5.55 '
5.50
X 545
= o
5.40
5.35
y=-860.84x+8.3726 .. o
5.30 R? = 0.9854 R
5.25
0.00320  0.00330  0.00340  0.00350  0.00360

1T

Fig. S1. Plot of InK) versus 1/T for the estimation of thermodynamic parameters of 6PPD-q adsorption onto sewage sludge-
based activated carbon (SBAC). Experimental conditions: 1 g/ SBAC-to-solution ratio, 200 pg/L, pH 3.6-3.8, and 0.5 h
contact time.
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Table S1. Physical and chemical characteristics of the sludge-based activated carbon (SBAC).

Parameter Value
Total carbon (%) 60.0
Total nitrogen (%) 5.67
BET-SSA (m?%/g) 723
TPV (cm¥/g) 0.266
CEC (meqg/100 g) 1.41
pH (in CaCly) 2.81
IEP 5.07
PZC 5.80
Carboxylic groups (mmol/g) 0.58
Lactonic groups (mmol/g) 28
Phenolic groups (mmol/g) 0
Total acidic sites (mmol/g) 28.6
Particle size (um) dio: 16.8
dso 76.2
doo: 180.5

IEP — isoelectric point;

PZC — point of zero charge;

CEC - cation exchange capacity;

BET-SSA — Brunauer-Emmet-Teller specific surface area;

TPV — total pore volume

dio — particle size diameter of 10% of the volume distribution

dso — particle size diameter of 50% of the volume distribution (volume median diameter)
doo — particle size diameter of 90% of the volume distribution

Table S2. Thermodynamic parameters for the adsorption of 6PPD-q onto sewage sludge-based activated carbon (SBAC).
Experimental conditions: 1 g/ SBAC-to-solution ratio, 200 pg/L, pH 3.6-3.8, and 0.5 h contact time.

Adsorbent Temperature (K) AG? (k] mol™) AS? (kJ mol! K1) AH? (k] mol™")
280 -12.37
SBAC 293 -13.20 0.070 7.16
308 -14.32

@ @ © 2026 by the author(s). This article is an open access article distributed under the terms and conditions
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