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Enhancing ozonation usingMeretrix
lusoria shell waste biomass: sustainable
decontamination of azo dye wastewater
via decolorization, mineralization, and
detoxification
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Azo is a synthetic organic dye that has attracted considerable attention because of its recalcitrance to
degradation and toxicity. An upgraded ozonation process must be developed that integrates
decolorization, mineralization, and toxicity reduction to manage the residual azo dye in the effluent
from the dyeing industry and reduce its associated aquatic environmental risks. In this study, an
ozonation system using Meretrix lusoria (ML) shell-waste-derived biomass (ML800) that uses simple
calcination was developed. The ML800/O3 system almost completely decolorized ( > 99.0%) and
highly mineralized (53.6 ± 1.7%) Congo red (CR) during (CR = 100mg∙L–1, ML800 = 0.5 g ∙ L–1),
surpassing the performance of the other tested systems (single ozonation and single ML800).
Moreover, the ML800/O3 system reduced the acute toxicity of CR to the bacterium Aliivibrio fischeri,
whereas single ozonation showed temporarily increased the toxicity of CR. The FE-SEM/EDS, FTIR,
and XRD analyses verified that Ca(OH)2 was the main calcium species in ML800, which catalyzed the
decomposition of O3 into highly reactive •OH. The system was successfully applied to various azo
dyes and was robust with water matrix constituents. These findings highlight the potential of marine
shell waste for use as a sustainable and ecofriendly additive for ozonation, increasing azo dye removal
from wastewater in practical applications.

Synthetic organic dyes are widely used in various industrial areas such as
textiles, medicine, and cosmetics, with an annual global production of over
700,000 tons1. The processing and application of dyestuffs require large
amounts of water2. For example, approximately 35–60 g of dye and
70–150 L of fresh water are required to colorize 1 kg of cotton, and
approximately 20–30% of the input dye is discharged in wastewater3. Dyes
must be properly handled because the generation of wastewater containing
residual dye has caused serious concern4. Azo dyes are prominent among
the synthetic dye compounds, accounting for 70%of the total dyeused5. Azo
dyes contain distinctive azo bonds (N =N) coupled with at least one or two
aromatic molecular systems6. Azo dyes are resistant to degradation and are

hazardous to organisms, being carcinogenic, teratogenic, and mutagenic,
because of their of azo bonds7,8. Therefore, azo dyes frequently remain in the
effluents from conventional treatment processes, threatening the aquatic
environment and human health9.

Advanced oxidative processes are widely applied to generate
reactive oxygen species (ROS) and effectively remediate recalcitrant
micropollutants10,11. Ozonation is one of these processes, which is used
for treating dye wastewater and decolorizing azo dye decolorization12.
The ozone (O3, E° = 2.07 V) in the ozonation system directly (Eq. 1)
and indirectly (Eqs. 2 and 3) reacts with the azo dye via attacking the
color-associated conjugated double bonds such as the azo or-C = C-
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bonds7.

O3 þ dye ! dyeoxid ð1Þ

O3 þ H2O ! �OH þ O2 ð2Þ

�OH þ dye ! dyeoxid ð3Þ
These reaction mechanisms enable wastewater to be rapidly decolor-

ized by destroying the azo chromophore13. Nevertheless, throughout the
single ozonation process, decolorization by-products, such as aromatic
amines, may be produced instead of achieving complete mineralization5.
These intermediates can increase the effluent toxicity to above that of the
original influent. Souza et al. and Dias et al. reported an increase in toxicity
during single ozonation of Remazol Black 5 and Reactive Red 239 solutions,
respectively6,14. For optimal azodyewastewater treatment, it is imperative to
explore a multifaceted approach that encompasses the color reductive
characteristics and the total mineralization capacity.

Various combined ozonation technologies (e.g., UV, oxidants, and
catalysts) have been investigated to address the limitations of the single
ozonation method in treating dyes in wastewater15–17. These integrated
systems facilitate O3 decomposition and the formation of hydroxyl radicals
(•OH, E° = 2.80 V), which are less selective andmore oxidative than O3

18,19.
Consequently, further mineralization is facilitated, in contrast to the single
ozonation process. However, combined ozonation systems often require
additional chemical or energy inputs, which pose challenges for practical
applications due to the (1) high costs associated with reagent or catalyst
preparation as well as energy consumption and (2) risk for secondary
contamination, particularly when catalysts are conjugated with transition
metals20,21. Development of alternative strategies for advanced ozonation
systems is required to achieve both mineralization efficiency and opera-
tional feasibility.

More than 10million tons of marine shell waste are produced globally
each year; proper management and disposal have become issues22. A large
portion of this waste is discarded in landfills, causing environmental pro-
blems by occupying land, producing leachate, and generating odor23. Shell
waste has been valorized as a low-cost precursor for bio functionalmaterials
with appropriate processing24. Biological shell-based materials have pri-
marily been used as adsorbents for treatingwastewater treatment because of
their high porosity and minimal impact on the aquatic matrix25,26. These
biomaterials produce calcium hydroxide (Ca(OH)2) upon calcination
owing to their high calcium carbonate (CaCO3) content, which ionizes into
calcium (Ca2+) and hydroxide ions (OH–), and induces the basic catalysis of
O3 (Eqs. 4 and 5)27,28.

Ca OHð Þ2 ! Ca2þ þ 2OH� ð4Þ

O3 þ OH� ! �OH ð5Þ

Shell waste therefore shows considerable potential to enhance the
mineralization performance of ozonation systems and to be used as a
substitute for the chemical inputs, addressing some of the issues with these
systems. Using shell waste in these systems could contribute to environ-
mental sustainability through effectively using a product that would
otherwise be waste. However, marine shell waste has not yet been incor-
porated into ozonation systems.

Weused shell-waste-derivedmaterials in the ozonationprocess to treat
azo dye wastewater with the aim of developing a method that performs
decolorization, mineralization, and detoxification. Meretrix lusoria (ML)
shells were used to prepare naturally derived additives. Congo red (CR) is an
acidic monoazo dye that was selected as the target pollutant. Total organic
carbon (TOC) removal is a key indicator of azo dye mineralization. The
acute toxicity of the remaining CR was also analyzed via detecting the
inhibition of the bioluminescence of the bacteria Aliivibrio fischeri. This

studyoffers an effective strategy to reuse shellwaste to advance conventional
ozonation processes.

Results
CR decolorization, mineralization, and detoxification by ML800/
O3 system
The CR degradation efficiency was evaluated by measuring the decolor-
ization and mineralization in different systems (Fig. 1a, b). All systems
rapidly decolorized the CR (kCR,ML800 = 0.002min–1, kCR,O3 = 0.056min–1,
kCR,ML800/O3 = 0.134min–1), with the reaction mostly completed within
30min (Fig. 1a). The ozonation systems (single ozonation andML800/O3)
almost completely decolorized the dye ( > 99.0%) after 120min, whereas the
single ML800 system partially decolorized the CR (62.6 ± 1.6%). This
finding indicated that the generated O3 effectively contributed to decolor-
izing the CR by eliminating the chromophore, which is responsible for the
visible-light absorbance of CR29. In mineralization, the TOC removal effi-
ciency of theML800/O3 systemwas higher (53.6 ± 1.7%) than that of single
ozonation (11.2 ± 3.3%) or single ML800 (31.7 ± 5.8%) after 120min (Fig.
1b). The differences in TOC removal efficiency indicated that ML800
influenced ROS generation, ultimately increasing mineralization30. The
TOC removal efficiency of the singleML800 systemwas higher than that of
the single ozonation system (Fig. 1b), in contrast to the decolorization
results. This occurred because the Ca2+ generated from ML800 (Supple-
mentary Fig. 1a) directly removed CR molecules via producing insoluble
calcium sulfonate complexes31. However, the CR removed via chemical
coagulation was limited, regardless of further increases in the Ca2+ con-
centration, as confirmed by the control experiments (Supplementary
Fig. 1b).

The hazardous intermediates can occur during the partial miner-
alization in ozonation systems, resulting in effluent toxicity6,14. The acute
toxicity of the initial CR solution after ozonationwas analyzed (Fig. 1c). The
toxicity units (TU) value positively correlated with acute toxicity, with a
higher TU indicating higher sample toxicity. For The TU for single ozo-
nation markedly increased at a reaction time of 5min, whereas the TU
removal of the ML800/O3 system was similar at 5 min and 10min. These
results suggested thatML800 rapidly reduced the solution toxicity caused by
the intermediates generated from the single ozonationofCR29.Nevertheless,
ozonation alone andML800/O3 eventually reduced the TU in the initial CR
solution over 10min. For further elucidation, byproducts were analyzed by
liquid chromatography coupled to quadrupole time-of-flight mass spec-
trometry (LC-MS/QTOF) (Fig. 1d). After 5min of treatment, CR (651m/z)
and 4-amino-1-naphthalenesulfonic acid (224m/z) were detected as the
parent compound and its reduction product, respectively (Supplementary
Fig. 2a-c)29,32. Benzidine (185m/z) is one of the well-recognized carcino-
genic byproductswhich iswidely used as basematerial for azo dye synthesis,
including CR33,34. In the ML800/O3 system, benzidine was markedly sup-
pressed compared to the single ozonation system (Supplementary Fig. 2d,
e), demonstrating the efficacy of ML800 in mitigating the formation of
hazardous aromatic amine intermediates during ozonation.

Overall, the ML800/O3 system outperformed the other considered
systems in CR decolorization and mineralization. The ML800/O3 system
reduced the toxicitymore than the single ozonation system,underscoring its
potential for practical applications.

ML shell waste valorized as Ca(OH)2 source via calcination
The field-emission scanning electron microscopy (FE-SEM) images dis-
played the morphological features of the original ML powder and the
synthesized ML800 (Fig. 2a, b). Thermal treatment altered the smooth ML
surface into crystalline patterns of ML800. Under the applied calcination
condition, however, no significant increase in porosity was observed while
the BET surface area slightly decreased from 1.0 m2 ∙ g–1 (ML) to 0.7 m2 ∙ g–1

(ML800) (Supplementary Fig. 3). The surface chemical composition was
analyzed using energy dispersive X-ray spectrometer (EDS) coupled with
FE-SEM(Table 1).Marine seashell waste generally contains calcium,mostly
in the form of CaCO3

35. The original ML powder had a high calcium
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content, accounting for 88.4% of the total weight percentage. The propor-
tion of calcium in ML800 increased to 96.9% after calcination, whereas the
carbon content decreased from 10.7% to 2.4%. This transition was ascribed
to the generation of noncarbon functional groups, especially Ca(OH)2
under 800 °C36.

Attenuated total reflectance (ATR)-Fourier transform infrared (FTIR)
spectroscopy was used to further study the functional groups (Fig. 2c).
ML800 showed small C–O stretching bands at approximately 712 cm–1 and
872 cm–1, indicating a decrease in CO3

2– content36. The broad peak near
1,420–1,490 cm–1 indicates the presence of amorphous CaCO3, the content
of which was also substantially lower in ML800 than in the other system37.
An O-H stretching band emerged at approximately 3645 cm–1 in ML800,
indicating the presence of Ca(OH)2

38. Moreover, X-ray diffraction (XRD)
analysiswas conducted to elucidate the conversionof calciumspeciesduring
calcination (Fig. 2d). The primary phase of original ML powder was iden-
tified as aragonite (CaCO3, JCPDS No. 01-075-9986), whereas the ML800
exhibited prominent peaks corresponding to portlandite (Ca(OH)2, JCPDS
No. 01-075-9986) alongwith additional calcite (CaCO3, JCPDSNo. 01-075-
9986)39,40. These results imply the successful conversion of calcium species
during calcination, where CaCO3 decomposes into CaO andCO2 following
Ca(OH)2 formation (Eqs. 6 and 9).

CaCO3 !
Δ
CaOþ CO2

ð6Þ

CaOþ H2O ! CaðOHÞ2 ð7Þ

Ca(OH)2 groups enable the two roles of ML800: (1) sustaining an
alkaline pH above 8.0 (Supplementary Fig. 7) promoting •OH production

through O3 catalysis (Eqs. 4 and 5) and (2) releasing Ca
2+ (Supplementary

Fig. 1a) to trigger chemical coagulation.

ML800/O3 system promoted •OH generation
To confirm •OH generation in ozonation systems, scavenger tests were
conducted by adding 10mM tert-butyl alcohol (TBA), a well-known •OH
scavenger (k = 6.0×108M–1 ∙ s–1)41. The ozonation systems exhibited a slight
decrease in CR decolorization performance upon TBA addition, with the
ML800/O3 system showing a pronounced inhibition (Supplementary Fig.
4). However, it should be noted that TBA can cause gas bubbles during
ozonation, possible enhancement of O3 diffusion and underestimation of
•OH effects42. For more precise detection, electron paramagnetic resonance
(EPR) analysis was performed (Fig. 3a). TheML800/O3 system showed the
DMPO-•OH signal, while single ozonation exhibited only a weak DMPOX
peak, indicative of dissolved O3

43,44. These results suggest that ML800
effectively decomposed O3 and converted it into •OH.

Following the identification of reactive species, we conducted a semi-
quantitative assessment to match •OH production between the ozonation
systems using the selected chemical probes: benzoic acid (BA) and
4-hydroxybenzoic acid (HBA) (Fig. 3b, c). BA is inert to O3 and selectively
reacts with •OH (k = 4.2×109M–1 ∙ s–1)10, where HBA is produced by the
addition of •OH to BA45. ML800 did not affect the BA degradation or HBA
generation during the probe tests (Supplementary Fig. 5). BA degradation
corresponded to HBA generation, indicating •OH was involved in the
indirect ozonation pathway. The ML800/O3 system degraded more BA
(kBA,ML800/O3 = 0.007min–1) than single ozonation (kBA,O3 = 0.019min–1)
and had a three times higher rate constant. In addition, ML800/O3 gener-
atedmoreHBAthan the single ozonation system.These resultsdemonstrate
that the ML800/O3 system generates more •OH compared with the single

Fig. 1 | Degradation of CR in single ML800, single ozonation, and ML800/O3

systems. aDecolorization and bmineralization of CR in each system. cVariation in
Acute toxicity during CR degradation in single ozonation system and ML800/O3

system. d Proposed degradation pathway of CR during ozonation. Experimental
conditions: CR = 100 (a, b) and 500 (c) mg∙L–1, ML800 = 0.5 g ∙ L–1, O3 dose =
44.0 mg∙L–1, reaction time = 120 min.
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ozonation system due to O3 catalysis of ML800. To elucidate the role of
ML800, a leaching test was conducted by separating the heterogeneous
phase of ML800 from biphasic ML800/O3 system (Supplementary Fig. 6).
Comparable performancewas observed in the leachate test compared to the
ML800/O3 system (Supplementary Fig. 6a-c), indicating the predominant
contribution of the homogeneous phase46. Although slight decreases in
mineralization and •OH generation were detected in the leaching tests.
These might be due to the absence of residual ML800, thus result in more
rapid neutralization of the solution pH compared to the ML800/O3 test
(Supplementary Fig. 6d).

The mechanistic scheme of the ML800/O3 system has been illustrated
in Fig. 3d. Upon dissolution of Ca(OH)2-based ML800, alkaline environ-
ment established, which catalyze the decomposition of O3 into •OH
(Indirect pathway). Although O3 directly reacts with CR (direct pathway),
•OH enhances the degradation of CR, improving decolorization, miner-
alization and detoxification efficiencies. Ca2+ ions also released, which binds
with CR and facilitating its removal (chemical precipitation).

Effect of ML800 dosage and initial CR concentration on ML800/
O3 system
Weexamined the effects of the operational factors on theML800/O3 system
by conducting various experiments varying the ML800 dose and initial CR
concentration. The effects of the individual parameters were concurrently
evaluated with the reaction time because of the direct relationship between
reaction time and degradation efficiency. TheML800 dose ranged from 0.1
to 1 g ∙ L–1 (Fig. 4a, b). Almost complete CR decolorization was achieved in
120minundermost conditions, although slightly lessCRwasdecolorized in
30min using 1 g ∙ L–1 ML800; the agglomeration at excessive ML800 doses
may have increased the turbidity47. Nevertheless, mineralization efficiency
prominently increased with the ML800 dosage, achieving the highest value

(72.0 ± 1.8%) at 1 g ∙ L–1. O3 decomposed into •OH for longer durations at
higherML800 doses when the solution pHwas alkaline for longer owing to
ML800 (Supplementary Fig. 7).

The effect of the initial CR concentration on theCRdecolorizationwas
also investigated (Fig. 4c, d). Although CR decolorization was delayed with
increasing CR concentration, ML800/O3 completely decolorized the CR
after 120min. The mineralization was similar among the conditions, with
the highest value obtained with 50mg∙L–1 (57.9% ± 7.1%). In contrast, the
single ozonation system had lower CR decolorization rate and mineraliza-
tion efficiency for all concentrations (Supplementary Fig. 8). These results
demonstrate the high •OH availability in the ML800/O3 system, which
efficiently decolorizes a range of CR concentrations.

ML800/O3 applicability to various azo dyes
We evaluated the feasibility of using theML800/O3 system for treating azo-
dye-contaminatedwastewater by conducting degradation experimentswith
various azo dye compounds: TZ, methyl orange (MO), and Eriochrome
black T (EBT) (Fig. 5a). The properties and ATR-FT-IR spectra of each dye
are detailed in Supplementary Table 1 and Supplementary Fig. 9, respec-
tively. The ML800/O3 system robustly and consistently decolorized all
tested dyes, completely removing color within 30min (Fig. 5b). The

Fig. 2 | Physicochemical characterization ofML andML800. FE-SEMmicrographics of aML and bML800. cATR-FTIR spectra of CaCO3, Ca(OH)2, andML800. dXRD
patterns of ML and ML800.

Table 1 | Chemical composition of original ML powder and
synthesized ML800

Sample Chemical composition (wt%)

Ca C P Sr Mg

ML 88.4 10.7 0.3 0.1 0.1

ML800 96.9 2.4 0.3 0.1 0.0
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mineralization efficiency differed among the dyes, being highest to lowest
for TZ (67.1% ± 4.5%), EBT (56.8 ± 0.6%), MO (53.8 ± 0.6%), and CR
(53.6 ± 1.7%) (Fig. 5c). TheATR-FTIR spectra (Supplementary Fig. 9) show
that the dyes are characterized by azo bonds and auxochromes, such as
hydroxyl (-OH), sulfonate (–SO3

–), and carboxylate (–COO–)48. These
negatively charged groups provide binding sites forCa2+, which is bound via

electrostatic interactions49. TZ contained the most abundant negatively
charged groups, particularly sulfonate and carboxylate, suggesting high
coagulation accessibility by Ca2+. This accessibility contributed to the high
TZ mineralization efficiency of the single ML800 system (Supplementary
Fig. 10b). In contrast, MO had the fewest Ca2+ binding sites; as such, the
decolorization and mineralization efficiencies of the single ML800 system

Fig. 3 | Radical identification andmechanistic study of ML800/O3 system for CR
degradation. a EPR spectra observed in ozonation systems. BA degraded and HBA
generated by b single ozonation and cML800/O3 systems. dMechanistic scheme of

ML800/O3 system for CR degradation. Experimental conditions: BA = 1mM,
ML800 = 0.5 g ∙ L–1, O3 dose = 44.0 mg∙L–1, and reaction time = 60 min.
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were the lowest (Supplementary Fig. 10). O3 and •OH behave as strong
electrophiles, oxidizing the aromatic fragments of the dyes during
treatment50,51. The functional groups accordingly dictate the reactivity of the
dyes with O3 and the extent of mineralization. EBT adhered to the strong
electron-donating hydroxyl groups and showed a high affinity for O3;
therefore, EBT was more readily mineralized than CR and MO.

Effect of water matrix constituents coexisting ions and natural
organic matter (NOM)
The effects of cations (Ca2+ andMg2+) and anions (Cl–, NO3

–, and SO4
2–) on

the dye removal performance of the ML800/O3 system were investigated
(Fig. 6a, b). Most inorganic ions negligibly inhibited decolorization at
25mM, and the final decolorization rate was comparable to that of the
control. However, the decolorization rate and the mineralization efficiency
(37.7 ± 7.7%) were lower in the presence of Mg2+ than in the control group
(Fig. 6a, b). Mg2+ has the smallest ionic radius (0.65 Å–1) among the cations
(Ca2+: 1.14 Å–1, Na+: 1.02 Å–1), leading to strong electrostatic attractions
withOH– and triggering precipitation intoMg(OH)2

52. Thus, the amount of
availableOH–maybe lower in the presence ofMg2+, which decreases theO3

decomposition rate. This hypothesis is corroborated by the initially reduced
pH, a behavior that differed from that in the presence of other ions (Sup-
plementary Fig. 11).

The effects of NOMs (Sigma Aldrich humic acid (SAHA), Suwanee
River humic acid (SRHA),Aladdin humic acid (AHA), and fulvic acid (FA);
5mg C ∙ L–1) on the dye removal performance of the proposed system were
assessed (Fig. 6c, d). The NOMs influenced mineralization efficiency as
follows: SRHA (51.8 ± 5.0%) > SAHA (49.3 ± 0.6%) >AHA (49.2 ± 6.4%) >
SAHA (41.8% ± 10.4%). These findings can be ascribed to the scavenging
effect ofNOMs (k = 104mg C–1 ∙ s–1) given the role of •OHonmineralization
performance, in agreement with the findings of oxidative process studies53.
Here, FA strongly reduced mineralization efficiency owing to its high •OH
affinity. This high •OH is due to the structural characteristics of its various

electron-rich functional groups and its relatively small molecular size,
resulting in lows steric hindrance54.

Discussion
Methods for effectively treating azo dye-containing wastewater must be
developed meet the requirements of the color industry while protecting
water quality.We removedaqueous azodyesusing anozonation systemthat
uses shell-waste-derivedbiomaterial. TheML800/O3 systemdecolorized the
most CR ( > 99.0%) and removed themost TOC (53.6 ± 1.7%) at anML800
dose of 0.5 g ∙ L–1 and initial CR concentration 100mg∙L–1), surpassing the
values achieved with the single ozonation system. ML800 reduced the
toxicity of the solutions formed during ozonation because of the calcium
species contained in ML800 that catalyzed the decomposition of O3 into
highly oxidative and nonselective •OH. System also demonstrated robust-
ness against water matrix constituents and applicability to other azo dye
compounds.

We developed a strategy that simultaneously increases the efficacy of
conventional ozonation processes and valorizes marine waste for treating
dye-contaminated wastewater. Prior approaches mainly rely on transition-
metal-based additives, which pose the risk of secondary contamination. As
such, our proposed strategy is a more sustainable and eco-friendly alter-
native. The dye removal efficiency of the proposedmethod is higher, and the
strategy enables the reuse of marine waste, contributing to the circular
economy and bridging the gap between academic research and practical
applications.

Methods
Chemicals and reagents
CR (C32H22N6Na2O6S2), methyl orange (C14H14N3NaO3S), eriochrome
black T (C20H12N3O7SNa), potassium iodide (KI, 99.0%), sodium thio-
sulfate pentahydrate (Na2S2O3 ∙ 5H2O, 98.5%), sodiumhydrogen carbonate
(NaHCO3, 99.0%), sodium hydroxide (NaOH, 98.0%), starch (C12H22O11,

Fig. 4 | Effect of operational factors on ML800/O3 system. Effects of catalyst dose on a decolorization and bmineralization of CR. Effects of initial CR concentration on
c decolorization and d mineralization of CR. Experimental conditions: CR = 100 mg∙L-1, ML800 = 0.5 g∙L-1, O dose = 44.0 mg∙L-1, and reaction time = 120 min.
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EP grade), sulfuric acid (H2SO4, 95.0%), tert-butyl alcohol (TBA, C4H10O,
≥99.0%), and acetonitrile (ACN, C2H3N, high-performance liquid chro-
matography (HPLC)-grade) were obtained from Samchun Pure Chemical
Co. Ltd. The TZ (C16H9N4Na3O9S2) was purchased from Daejung Che-
micals Co., Ltd. Methanol (MeOH, CH3OH, HPLC-grade), SAHA, formic
acid (CH2O2, 99.5%), BA (C7H6O2, 99.5%), and 5,5-Dimethyl-1-pyrroline
N-Oxide (DMPO, C6H11NO≥ 98.0%) were obtained from Sigma Aldrich
Co., Ltd. HBA (C7H6O3, 98.0%) was obtained from Junsei Chemical Co.,
Ltd. AHA and FA were purchased from Aladdin Industrial Co. Ltd. SRHA
was obtained from International Humic Substances Society. Deionized
water (DI, 18.2MΩ∙cm–1) was generated by aDirect-QUV system and used
for preparing all solutions.

Producing and characterizing ML800
ML800 was prepared via calcination using a tube furnace (STF-1206,
U1TECH) following steps40. First, ML shell waste obtained from a local
restaurant in Anseong, Korea, was washed with DI water to eliminate
residual impurities. Second, the washedML shells were dried for 24 h at 110
°C in vacuum oven and finely ground into powder. Third, the ML powder
was passed through a 50-mesh sieve to ensure a homogeneous size. Finally,
the powders were inserted into tube furnace and calcinated for 4 h at 800 °C
under a nitrogen gas purged atmosphere. The elemental composition was
analyzed using FE-SEM (S-4700, Hitachi) coupled with an EDS. The
functional groups were analyzed using ATR-FTIR (VERTEX 70, Bruker
Optics Inc.) from 400 to 4,000 cm–1 with a spectral resolution of 0.2 cm–1.

Experimental procedures
A batch-scale experiment was conducted in a glass reactor with a 100mL
working volume containing the azo dye solution (Supplementary Fig. 12).
The ozone generator (10W, ATWFS) was equipped with a porous gas

diffuser and introducedO3 gas to the bottomof the reactor for 120min. The
manufacturer-provided value of O3 input and air flow rate was 400mg∙h–1

and 3.5 L∙min–1, respectively. The magnetic stirrer was agitated at 300 rpm
to ensure a homogeneous O3 distribution in the solution. The reaction was
maintained for a specified time, and aliquots were periodically collected at
predefined intervals to quantify the azo dye concentration. The samples
were filtered through 0.22 µm PTFE syringe membrane filter (Hyundai
Micro) before analysis. The decolorization efficiency (C/C0) was evaluated
as the ratio of the CR concentration at a given time (C) to the initial
concentration (C0). The final mineralization efficiency (%) was determined
as follows (Eq. 8):

Mineralization efficiency ð%Þ ¼ ðTi � Tf Þ=Ti × 100 ð8Þ

where TOCi and TOCf are the initial and final (after 120min) TOC content
of the sample, respectively. The probe test involved adding 1mM of BA to
the reactionmixture.The leaching testwasperformedusingML800 leachate
prepared by stirring ML800 in DI for 0.5 h and then filtering to remove
residual solids. All trials were conducted in triplicate (n = 3), and error bars
in the figures indicate the standard deviation of the replicates.

Determining O3 dose via iodometric titration
Iodometric titration was used to determine the O3 concentration dispersed
in the solution19.A 2%KI solutionwas preparedbydissolvingKI in a 0.01M
phosphate buffer solution (pH 7). O3 was introduced into 100mL of the KI
solution. The reaction proceeded for 0.5 h, after which the solution pH was
reduced to 2 using 0.5M sulfuric acid. Starch solution (0.5mL; 1%) was
added as an indicator and titrated with a 0.005NNa2S2O3 solution. The O3

Fig. 5 | Applicability of ML800/O3 system to various azo dyes. aMolecular structure of different azo dyes. b Decolorization and cmineralization of different azo dyes in
ML800/O3 system. Experimental conditions: azo dye concentration = 100 mg∙L–1, ML800 = 0.5 g ∙ L–1, O3 dose = 44.0 mg∙L–1, and reaction time = 120 min.
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input/ouput (mg∙h–1) were calculated as follows (Eq. 9):

Ozone input=output mg � h�1� � ¼ N ×V × 24
t

ð9Þ

where N is the normality of Na2S2O3 (0.005 N), V is the volume of titrant
consumed (mL), and t is the reaction time (0.5 h). Consequently, the con-
centration of the input and output O3 were 2.4 and 0.2mg∙h–1, respectively.
Based on these measurements, the utilized O3 dose has been calculated as
44.0mg∙L–1 for the total reaction time of 2 h.

Analytical method
The absorbance of the samples was measured using a UV–vis spectrometer
(OPTIZEN POP-V, KLAB). The concentration of the azo dye was deter-
mined using a calibration curve, which was plotted for a specified wave-
length (Supplementary Table 1). The Ca2+ concentration dissolved in the
samplewas determined using a specialized photometer (HI97752,HANNA
Instruments). Bioluminescence inhibition was evaluated using a lumin-
ometer (Biolight Toxy, Aqua Science) based on the bacterium Aliivibrio
fischeri following the ISO11348-3protocol (ISO11348-3, 1998)55.WhileCR
degradation performance has evaluated under practical level
(100mg∙L–1)56–58, toxicity test has employed in higher initial CR con-
centration (500mg∙L–1) to improve the detectability of solution toxicity. The
pHof all sampleswas adjusted to 7.5 byusing 0.2MHNO3before the test, in
which the bacteria were exposed for 0.5 h. EC20 was defined as the sample
percentage (%v/v) that inhibited 20% of the bioluminescence and was
determined by regression analysis of dose-response curve (Supplementary
Fig. 13). TU was calculated as TU = 100/EC20

59. Detailed EC20 and TU
values for each sample were tabulated in Supplementary Table 2. Degra-
dation byproducts were analyzed by LC-MS/QTOF (Xevo G2-XS, Waters)
with 1.7 µm C18 column (2.1 × 150mm, Waters) under the following

conditions: themobile phasewasDI:MeOH=30:70, theMSwasoperated in
ESI mode positive with a mass range of 50-1200Da, capillary voltage of
2.5 kV, cone voltage of 30 V, source temperature of 150 °C, and collison
energy of 15-45 eV. The BA and HBA concentrations were quantified via
HPLC (YL 9100, YOUNGIN Chromass) with a 5 µm C18 column (4.6 ×
150mm, SunFire) and a UV–vis detector (YL9120) under the following
conditions: Themobile phase was ACN:0.1% formic acid = 45:55 (BA) and
DI:ACN= 50:50 (HBA). The detection wavelengths were 240 nm (BA) and
255 nm (HBA). The TOC content was determined using a TOC-L analyzer
(Shimadzu) and an ASI-L autosampler. The TOC values for the 100mg∙L–1

NOM samples were 27.22mg C ∙ L–1 (SAHA), 47.52mg C ∙ L–1 (SRHA),
44.52mg C ∙ L–1 (AHA), and 40.38mg C ∙ L–1 (FA).

Data availability
The data supporting this study are available upon reasonable request.
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