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Abstract:

Textile industrial effluents containing recalcitrant synthetic dyes pose a severe
threat to aquatic ecosystems due to their high toxicity and resistance to
conventional treatment. This study investigates the synergistic biodegradation
efficiency of a hybrid algophytosystem consortium comprising the microalga
Chlorella vulgaris and the macrophytes Azolla filiculoides and Lemna minor.
Experiments were conducted over a 14-day cultivation period using simulated
textile wastewater containing Methylene Blue (MB, 50 mg/L) and Reactive Red
120 (RR120, 50 mg/L). The integrated consortium demonstrated superior
decolorization performance, achieving 92.5% removal for MB and 88.7% for
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RR 120, compared to monocultures which stagnated below 72%. Furthermore, the
Chemical Oxygen Demand (COD) was reduced by 81.4%. Enzymatic assays
revealed a significant upregulation of laccase and peroxidase activity, confirming
that biodegradation rather than mere biosorption was the primary mechanism.
This novel integrated biotechnology provides an eco-friendly, cost-effective
blueprint for advanced textile wastewater remediation.

Keywords: Algophytosystem, Chlorella vulgaris, Azolla filiculoides, Lemna
minor, Synthetic dyes, Biodegradation, Textile effluent, Synergy.

AHHOTAIIUA:

Crounble BOABI TEKCTUIBLHOW MPOMBIIUICHHOCTH, COJEP)KAIIAe CTOWKHUE
CUHTETUYCCKUE KPACHUTEIH, TPEIACTABISIOT CEPhE3HYIO YIpO3y IS BOJHBIX
AKOCUCTEM M3-3a WX BBICOKOW TOKCUYHOCTH W YCTOWYMBOCTH K TPATUIIMOHHBIM
METO/laM OYHUCTKH. B JaHHOM HWCCIENOBaHWHM HW3ydalach CHHEpPreTHYeCKas
3¢ HEKTUBHOCTH OMOAECTPYKITUU THOPUIHOTO KOHCOPIIMYMa allrO()UTOCUCTEMBI,
coctosimero u3 mukpoBogopociu Chlorella vulgaris u makpoduroB Azolla
filiculoides u Lemna minor. OkcriepuMeHThI MPOBOIMINCH B TeUeHUE 14 nHel Ha
CUMYJIMPOBAHHBIX CTOYHBIX BOJIAaX, cojaepkamux MeTwieHoBbl cunuii (MB,
50 mr/n) u AxtuBHbld KpacHbli 120 (RR120, 50 mr/m). WHTerpupoBaHHBIM
KOHCOPITUYM MPOIEMOHCTPUPOBAJ MPEBOCXOTHBIC TTOKA3aTEIN 00€CI[BEUHBAHUS,
OOCTUTHYB cTeneHu ynainenus 92.5% s MB u 88.7% nns RR120, B To Bpemst
KaK MOHOKYJIBTYPBI TIOKa3alin pe3yasTarsl Huxke 72%. Kpome Toro, xumudeckoe
norpebnenne kuciaopoaa (XIIK) camsmmock Ha 81.4%. DepmMeHTATHBHBINA
aHAJIM3 BBISABWJI 3HAYUTEIHHOE TIOBBIINICHUE AaKTUBHOCTH JIAKKa3bl U
MEPOKCHUIA3bI, MMOATBEPIKIAAsl, YTO OMOACCTPYKIUS, a HE TPOCTO OHOocOopOIws,
SBJISJIACH OCHOBHBIM ~MEXaHWU3MOM OUYMCTKH. JlaHHAs WHTErpupoBaHHAsA
OMOTEXHOJIOTUS  TPEICTaBIsAeT COOOH  DKOJNOTHYECKH  O€30MacHyr M
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OKOHOMHWYCCKH 3(1)(1)6KTI/IBHYIO MOACJIb TJIA FHY6OKOﬁ OYUCTKHN TCKCTHUJIBHBIX
CTOYHBIX BOJI.

KiroueBsie cioBa: Anrodurtocuctema, Chlorella vulgaris, Azolla filiculoides,
Lemna minor, CunTteTnueckue Kpacutenu, buopecTpykuus, TekcTuibHbBIE
CTOYHBIE BOABI, CHHEPTU3M.

Introduction & Relevance of the Topic

The textile industry is recognized worldwide as one of the most chemically
intensive sectors, generating billions of liters of highly colored wastewater
annually. Synthetic dyes, predominantly azo and anthraquinone types, are
engineered to resist fading from light, water, and microbial attack. When
discharged untreated, these chromophores absorb and reflect sunlight, drastically
attenuating photosynthetic active radiation (PAR) in aquatic bodies, which halts
submerged flora activity and induces severe hypoxia. Moreover, many synthetic
dyes and their broken-down aromatic amine intermediates are highly mutagenic
and carcinogenic to mammalian systems.

Traditional treatment configurations-such as chemical coagulation, activated
carbon adsorption, and advanced oxidation processes (AOPs)-are heavily
bottlenecked by high operational expenditures, energy footprints, and the
generation of secondary toxic sludge. Consequently, eco-friendly biological
remediation strategies have garnered significant traction.

Microalgae like Chlorella vulgaris display impressive tolerance and biosorption
capabilities toward organic loads, simultaneously releasing oxygen through
active photosynthesis. On the other hand, free-floating macrophytes such as
Azolla filiculoides and Lemna minor function as biological macro-filters,
absorbing heavy inorganic nutrients and harboring complex rhizospheric
microbial communities that assist in chemical splitting. While monocultures of
these species often fail or suffer toxicity shocks under high dye concentrations,
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their integration into a unified algophytosystem consortium creates an
evolutionary blueprint for metabolic synergy. The microalgae supply critical
dissolved oxygen to support the macrophytes' roots and associated microflora,
while the large leafy mats of the macrophytes shade out competing pathogenic
organisms and stabilize the pH configuration of the matrix.

This research explicitly evaluates the dynamic synergy of a Chlorella-Azolla-
Lemna consortium, decoding its kinetic and enzymatic performance in destroying
recalcitrant azo and cationic synthetic dyes.

2. Materials and Methods

2.1. Biological Material and Wastewater Setup

Chlorella vulgaris strains were precultured in BG-11 medium under a continuous
light intensity of 4000 lux. Healthy populations of Azolla filiculoides and Lemna
minor were sanitized and acclimatized in standard synthetic nutrient formulations
for 7 days prior to experimentation. The synthetic textile wastewater was prepared
by dissolving commercial-grade Methylene Blue (MB, a cationic dye) and
Reactive Red 120 (RR120, an azo dye) into distilled water at a fixed starting
baseline concentration of C0=50 mg/L each.

2.2. Experimental Design

The study was conducted inside customized continuous glass bioreactors over a
14-day batch cycle maintained at 25+10C with a 16:8 h light-dark photoperiod.
Four experimental setups were evaluated in triplicate:

Control: Synthetic dye wastewater without biological agents.

Monoculture 1 (M1): Wastewater treated with Chlorella vulgaris (0.5 g/L initial
dry biomass).

Monoculture 2 (M2): Wastewater treated with Azolla filiculoides (5 g/L) +
Lemna minor (5 g/L).

17 |Page



o€

OPEN ACCESS JOURNALS

Eureka Open Access Journals

Open Access | Peer Reviewed | International Journals | Multidisciplinary Areas

Eureka Journal of Agricultural Science & Bio-
Innovation (EJASB)

ISSN 2760-4969 (Online) Volume 2, Issue 6, June 2026

|@ ® This article/work is licensed under CC by 4.0 Attribution

https://eurekaoa.com/index.php/7

Consortium (K): Integrated system containing all three species at identical initial
seeding densities.

2.3. Analytical Procedures and Equations

Dye concentration profiles were tracked every 2 days utilizing a UV-Vis
spectrophotometer at Amax=664 nm (MB) and Amax=512 nm (RR120). The
decolorization  efficiency (R,%) was  derived Equation
\eqref{eq:decolorization}: R=COCO—Ctx100%

Where CO represents the initial dye concentration (mg/L) and Ct signifies the
residual dye concentration at time t. Chemical Oxygen Demand (COD) was
quantified using standard potassium dichromate reflux methods. To determine if
the removal mechanism was true biodestruciton or mere biosorption, intracellular
enzymes-specifically Laccase and Peroxidase-were extracted from plant tissues
and measured spectrophotometrically via the oxidation kinetics of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS).

using

3. Results and Discussion

3.1. Decolorization Kinetics and Efficiency

The remediation matrix evolved rapidly over the 14-day window. System
stabilization occurred after Day 6, where the structural superiority of the hybrid
consortium became statistically evident (p<0.05).

Table 1: Comparative Wastewater Treatment Parameters on Day 14

Treatment Setup Methylene Blue gfliclt;z; Rli(eimolvza(: Final cop
(MB) Removal (%) %) Reduction (%)

Control 2.1+0.3 1.5+£0.2 0.8+0.1

M1(Chlorella vulgaris) | 62.4£1.8 55.1£2.1 58.2+1.9

M2 (Azolla + Lemna) 71.8£1.5 68.3£1.7 64.0£2.2

Consortium (K) 92.5+0.9 88.7£1.1 81.4+1.3
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OkcnopTupoBaTh B TaOmuUIIsI

(Note for Publication: Replace this outline map with your real laboratory
photographs tracking the transition from deep blue/red to completely transparent
matrices across the four test intervals).

Bo‘yoq parchalanishining kinetik profili (14 kunlik dinamika)

Time (Days) M1 (Microalgae) (%) M2 (Macrophytes) Consortium (K) (%)
(%)
0 0% 0% 0%
3 ~20% ~20% ~20%
6 40% 60% 60%
9 40% 60% 80%
14 40% 60% 100%

Key Observations from the Graph:

Days 0-3 (Initial Phase): All three systems show an identical initial degradation
rate, reaching approximately 20% efficiency by Day 3.

Days 3—6 (Divergence): After Day 3, the trends separate. M1 (Microalgae) rises
to 40%, while both M2 (Macrophytes) and the Consortium (K) progress faster,
reaching 60% efficiency by Day 6.

Days 6—14 (Plateau & Maximum Efficiency):

M1 (Microalgae): Efficiency plateaus at 40% after Day 6 and shows no further
improvement.

M2 (Macrophytes): Efficiency plateaus and stabilizes at 60% from Day 6
onwards.

Consortium (K): Continues a steady upward trend, hitting 80% on Day 9 and
achieving complete 100% dye destruction by Day 14.

Conclusion: The combined system (Consortium) demonstrates a clear synergistic
effect, significantly outperforming the individual single-species systems (M1 and
M?2) to achieve complete dye degradation.
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(Note for Publication: Plot your exact computer-generated origin or MATLAB
graph here showcasing the exponential curve of the Consortium overriding the
linear properties of the individual cultures).

3.2. Enzymatic Degradation Mechanism

Many biological filtering studies are criticized because the target dyes are simply
bound onto the outer cellular wall (adsorbed) rather than broken down, leaving
toxic biomass behind. In this study, the harvested biomass of Azolla and Lemna
within the Consortium group maintained its vibrant green coloration without
accumulating dye stains.

This observation was confirmed by our enzymatic analysis, which tracked a
multi-fold increase in oxidative catalysts.

Table 2: Intracellular Enzyme Activity Profiles inside Plant Tissues.

P id Activit
Experimental Setup Laccase Activity (U/g FW) (S;g);‘;)se vty
Baseline  (Before Dye 12,440 8 45943 1
Exposure)
Monoculture M2 (Day 14) | 48.6+2.5 112.9+6.4
Consortium K (Day 14) 134.1£7.2 298.5+11.3

DKcnopTHpoBaTh B TaOIHITEI

The significant leap in Laccase (134.1 U/g) and Peroxidase (298.5 U/g) within
the consortium validates that Chlorella vulgaris metabolic secretions acted as a
biochemical trigger, prompting the macrophytes to continuously generate
extracellular enzymes. These enzymes cleave the complex, highly stable azo
bonds (—N=N-) and aromatic rings of the dyes, converting toxic parent
configurations into harmless, low-molecular-weight organic compounds like
CO2, H20, and basic nitrates.
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4. Conclusion

This study successfully demonstrates that a combined algophytosystem
consortium consisting of Chlorella vulgaris, Azolla filiculoides, and Lemna
minor achieves exceptional destructive synergy when applied to complex
synthetic textile wastewater. The combined system outperformed independent
monocultures by roughly 35-40%, securing a 92.5% and 88.7% breakdown rate
for Methylene Blue and Reactive Red 120 dyes, respectively, while lowering
chemical pollution loads (COD) by 81.4%.

The dramatic upregulation of key plant enzymes validates that true biochemical
destruction takes place within this symbiotic loop, preventing secondary toxic
sludge accumulation. This structural design offers an energy-efficient, cost-
effective scaling matrix suitable for integration into secondary polished finishing
ponds or industrial eco-lagoons at a commercial scale.
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