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ABSTRACT

Aquatic macrophytes that combine high pollutant tolerance with strong uptake efficiency are central to the practical
deployment of phytoremediation, yet co-occurring heavy-metal and dye contamination in industrial effluent is rarely tested
on the same species pair under comparable conditions. Pontederia crassipes and Ipomoea aquatica — the two best-
performing macrophytes identified in a companion screening of sugar-mill effluent treatment — were evaluated for
phytosorption of copper, zinc and cadmium (0.01-0.50%) over 8 days, and for the synthetic azo dyes Methyl Orange,
Methyl Red (0.1%) and, for P. crassipes alone, Eriochrome Black T (0.02-0.05%), over 5 days. P. crassipes tolerated a
substantially broader concentration range for all three metals (Cu up to 0.05%, Zn up to 0.20%, Cd up to 0.50%) than I.
aquatica (Cu and Zn only to 0.01%, Cd to 0.05%), and achieved higher day-8 sorption at each species' best-tolerated
concentration (Cu 71.5% vs 56.6%; Zn 80.7% vs 53.6%; Cd 94.0% vs 59.7%). For the azo dyes, both species removed the
majority of Methyl Orange (>90% by day 5) but only moderately removed Methyl Red (26.9-34.6%); P. crassipes alone
survived Eriochrome Black T exposure, removing 70.0-74.4% by day 5, while I. aquatica perished within 24 h at both
concentrations. These results identify P. crassipes as the more broadly tolerant and efficient phytosorbent of the two species
for mixed heavy-metal and azo-dye contamination, attributable to its rapid growth, fibrous root architecture and high
biomass, supporting its use as a polishing agent for industrial effluents carrying co-occurring metal and dye loads.
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1. INTRODUCTION

Heavy metals and synthetic dyes are among the most
persistent and toxic co-contaminants of industrial
wastewater. Inadequate recycling and disposal practices
allow heavy metals to accumulate in the environment,
and several are recognized as carcinogenic®, while
synthetic azo dyes resist conventional biological
degradation owing to their complex aromatic structures
and are increasingly recognized as priority pollutants in
textile and agro-industrial effluent™’.

Phytoremediation offers a low-cost, low-technology
alternative to physico-chemical treatment for both classes
of pollutant. Plants sequester heavy metals through root-
surface binding, epidermal and vacuolar sequestration
and, in some cases, translocation into shoot tissue'’,
while biosorption of azo dyes onto root and shoot
surfaces depends strongly on dye molecular structure,
charge and its resulting affinity for plant functional
groups®*.  Floating and free-floating  aquatic
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macrophytes such as Eichhornia (Pontederia) crassipes
have been repeatedly identified as effective, low-cost
biosorbents for both metals and dyes owing to their rapid
growth, high biomass and extensive fibrous root
systems*>*°,

However, species vary considerably in the concentration
range they can tolerate before phytotoxicity or mortality
intervenes, and this tolerance window — rather than
intrinsic sorption capacity alone — often determines the
practical ceiling of phytoremediation performance®®.
Comparative, same-conditions tolerance and sorption
data across candidate species remain limited, particularly
for effluents in which metals and dyes co-occur®®*,

In a companion screening study of eight locally occurring
aquatic macrophytes tested against sugar-industry
effluent, P. crassipes and I. aquatica emerged as the two
most effective species for physico-chemical polishing of
the raw effluent. The present study extends that screening
to two additional, environmentally relevant contaminant
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classes that frequently co-occur with organic effluent
load — heavy metals (copper, zinc, cadmium) and
synthetic monoazo/complex azo dyes (Methyl Orange,
Methyl Red, Eriochrome Black T) — evaluating both
survivability and phytosorption efficiency of these two
species under controlled exposure conditions.

2. MATERIALS AND METHODS

2.1 Plant material

Pontederia crassipes and Ipomoea aquatica were
collected from the banks of the Gosthani River near
Korukonda village, Vizianagaram district, Andhra
Pradesh, India, and rinsed thoroughly under running tap
water to remove adhering soil and debris prior to use.
These two species were selected on the basis of their
superior performance among eight macrophytes screened
for physico-chemical remediation of sugar-mill effluent
in a companion study.

2.2 Phytosorption of heavy metals

Phytosorption efficiency was evaluated for copper, zinc
and cadmium at five concentrations (0.50, 0.20, 0.05,
0.02 and 0.01%) in 20 L plastic tubs containing 5 L
distilled water, with two replicate tubs per concentration.
Rinsed plants (~1 kg) were exposed under natural
sunlight (>10 h day™"') for 8 days at concentrations
permitting survival. Residual metal concentration was
determined daily by gravimetric precipitation: 20 mL
aliquots were treated with precipitating reagent and
copper sulphate solution, and the resulting precipitate
was dried and weighed to obtain the final metal weight
(W), compared against the initial weight (W' of a
standard metal solution. Percentage sorption was
calculated as:

Sorption (%) = [(W' — W) / W'] x 100
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2.3 Phytosorption of synthetic azo dyes

The same two species were assessed for their ability to
remove the synthetic monoazo dyes Methyl Orange and
Methyl Red (0.1%), and, for P. crassipes alone, the
complex azo dye Eriochrome Black T (0.05% and
0.02%). Analytical-grade dye stocks were prepared in
distilled water and diluted to working concentrations in
20 L containers holding 5 L solution. Plants (~1 kg) were
exposed under natural sunlight for 5 days, with periodic
monitoring of pH and conductivity. Samples were
agitated (120 rpm, 35 °C), centrifuged (3000 x g, 3 min),
and residual dye  concentrations  determined
spectrophotometrically at each dye's Amax. Percentage
dye removal was calculated as:

Sorption (%) = [(C° — C") / C°] x 100, where C° and C'
denote initial and final dye concentrations, respectively®.

2.4 Statistical analysis

All  measurements were obtained from replicate
treatments and expressed as mean values. Data were
compared between species and among concentrations by
one-way ANOVA with post-hoc tests, with significance
set at p < 0.05.

3. RESULTS

3.1 Heavy-metal tolerance and sorption

Survival trials with Cu, Zn and Cd (0.01-0.50%) showed
P. crassipes to be markedly more metal-tolerant than I.
aquatica (Table 1). P. crassipes survived Cu up to
0.05%, Zn up to 0.20% and Cd up to 0.50%, whereas |.
aquatica survived only the lowest concentration tested
for Cu and Zn (0.01%) and up to 0.05% for Cd; plants
exposed to lethal concentrations died within 24 h,
showing dry, wrinkled foliage.

Table 1. Concentration-dependent survival of P. crassipes and |. aquatica exposed to Cu, Zn and Cd for 8 days.

Metal P. crassipes — tolerated |P. crassipes — lethal | I. aquatica — tolerated | I. aquatica — lethal
conc. conc. conc. conc.
Copper (Cu) 0.05, 0.02, 0.01% 0.50, 0.20% 0.01% 0.50, 0.20, 0.05, 0.02%
Zinc (Zn) 0.20, 0.05, 0.02, 0.01% 0.50% 0.02, 0.01% 0.50, 0.20, 0.05%
Cadmium (Cd)|0.50, 0.20, 0.05, 0.02, 0.01% — 0.05, 0.02, 0.01% 0.50, 0.20%

At the highest concentration each species tolerated, both
plants showed a steady, near-linear increase in metal
sorption from day 1 to day 8 (Fig. 1). P. crassipes
reached 71.5% Cu (0.01%), 80.7% Zn (0.20%) and

94.0% Cd (0.20%) removal by day 8, compared with
56.6% Cu, 53.6% Zn and 59.7% Cd for I. aquatica at its
respective best-tolerated concentrations (Table 2).

Table 2. Metal-sorption efficiency (%) of P. crassipes and I. aquatica from day 1 to day 8, at the highest concentration each
species tolerated.

Metal (best-tolerated [P. crassipes Day 1|P. crassipes Day 8| . aquatica I. aquatica I. aquatica
conc.) (%) conc. Day 1 (%) Day 8 (%)
Copper 17.6 (0.01%) 71.5 (0.01%) 0.01% 15.3 56.6
Zinc 19.7 (0.20%) 80.7 (0.20%) 0.01% 14.3 53.6
Cadmium 15.0 (0.20%) 94.0 (0.20%) 0.01% 12.3 59.7
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Fig. 1. Time-course sorption (%) of Cu, Zn and Cd by (a) P. crassipes and (b) I. aquatica over 8 days at the best-tolerated
concentration of each metal.

3.2 Removal of synthetic azo dyes

Both species tolerated Methyl Orange and Methyl Red
(0.1%) for the full 5-day trial, whereas only P. crassipes
survived Eriochrome Black T (0.05% and 0.02%) beyond
day 1; I. aquatica perished within 24 h at both
concentrations of this dye. Treatment lowered medium
conductivity for every dye—species combination, while
pH moved toward neutrality for P. crassipes with Methyl
Orange but became more acidic for both species with

Methyl Red and for P. crassipes with Eriochrome Black
T.

By day 5, P. crassipes removed 91.8% of Methyl
Orange, 34.6% of Methyl Red, 74.4% of Eriochrome
Black T (0.05%) and 70.0% of Eriochrome Black T
(0.02%); 1. aquatica removed 90.5% of Methyl Orange
and 26.9% of Methyl Red but showed no measurable
removal of Eriochrome Black T (Table 3, Fig. 2).

Table 3. Dye-removal efficiency (%) of P. crassipes and I. aquatica after 1 and 5 days of exposure.

. P. crassipes Day 1 | P. crassipes Day 5 I. aquatica Day 1 I. aquatica Day 5
Dye (concentration) (%) (%) (%) (%)
Methyl Orange (0.1%) 50.3 91.8 45.7 90.5
Methyl Red (0.1%) 14.8 34.6 11.0 26.9
Eriochrome Black T (0.05%) 29.6 74.4 — (perished d1) — (perished d1)
Eriochrome Black T (0.02%) 29.9 70.0 — (perished d1) — (perished d1)
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Fig. 2. Removal efficiency of Methyl Orange, Methyl Red and Eriochrome Black T by P. crassipes and I. aquatica after 1
and 5 days.
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4. DISCUSSION

4.1 Heavy-metal tolerance and uptake

The superior Cu, Zn and Cd tolerance and sorption
capacity of P. crassipes relative to |. aquatica is
consistent  with its recognized status as a
hyperaccumulator of copper and other metals, attributed
to abundant root-surface binding sites and active
translocation of metal ions into shoot tissue*®. The near-
linear rise in sorption from day 1 to day 8 for both
species indicates that, within the tolerated concentration
range, uptake had not plateaued by the end of the
observation period, implying that longer exposure could
yield further removal, though eventually limited by
saturation of binding sites or the onset of phytotoxicity at
higher tissue metal loads’. The narrower tolerance
window of I. aquatica reflects its rooted, terrestrial-
aquatic growth habit and more limited capacity for the
epidermal and vacuolar metal sequestration on which
free-floating species such as P. crassipes rely®. These
patterns broadly parallel metal-accumulation
comparisons reported for other wetland and constructed-
wetland plant assemblages®*?,

4.2 Azo-dye biosorption

Both species removed the majority of Methyl Orange
within 5 days, but Methyl Red removal was substantially
lower for both, and only P. crassipes tolerated and
removed Eriochrome Black T. This dye-specific response
is consistent with reports that biosorption of azo dyes
depends strongly on molecular structure, charge and the
resulting affinity for root-surface functional groups***,
and echoes prior demonstrations of Eichhornia crassipes
as an effective natural adsorbent for reactive and azo
dyes in textile effluent*>'®. The inability of I. aquatica to
survive Eriochrome Black T exposure, in contrast to its
tolerance of Methyl Orange and Methyl Red, indicates a
dye-specific toxicity threshold rather than a generalized
sensitivity, and highlights P. crassipes as the more
broadly applicable candidate where influent dye
composition is mixed or variable!’*°.

4.3 Comparative  species performance and
mechanistic basis

Taken together, the metal and dye trials point to a
consistent mechanistic basis for the superior performance
of P. crassipes: rapid growth, high biomass production
and an extensive fibrous root system that maximizes the
surface area available for both metal-ion binding and dye
adsorption?®?!, This is consistent with the same species'
leading performance in the companion physico-chemical
screening trial, where growth rate and root architecture
— rather than taxonomic grouping — were identified as
the principal determinants of remediation efficiency
across eight macrophytes.

4.4 Implications for effluent management

These results support P. crassipes as the more broadly
tolerant and efficient phytosorbent for effluents carrying
co-occurring heavy-metal and azo-dye loads, with I.

Journal of Animal Environment, Vol. 18, No. 6s, 2026

aquatica as a viable secondary option restricted to lower
contaminant concentrations. Because P. crassipes is a
well-documented invasive species, its deployment for
metal and dye phytosorption should be confined to
contained or engineered systems, with harvested biomass
managed to prevent re-release of accumulated metals or
dyes into the environment?*?',

4.5 Limitations and future work

Metal and dye trials were conducted over fixed 8-day and
5-day windows respectively, under controlled laboratory
conditions with single-species stands and single-
contaminant exposures; tissue-level partitioning of
metals and dyes between root and shoot was not directly
measured. Extrapolation to longer exposure, mixed-
contaminant and  continuous-flow  systems, and
quantification of internal versus surface-bound metal and
dye fractions, would clarify uptake mechanisms and
inform biomass-disposal strategy.

5. CONCLUSION

P. crassipes proved markedly more tolerant of copper,
cadmium and zinc than I. aquatica, surviving a broader
range of concentrations for each metal and achieving
higher removal efficiency at its best-tolerated
concentration — an advantage attributable to its rapid
growth, extensive fibrous root system and high biomass
production. The same pattern held for synthetic dyes:
both species handled Methyl Orange and Methyl Red
reasonably well, but only P. crassipes survived and
effectively removed Eriochrome Black T, underlining its
broader applicability where effluent contains a mixed or
variable pollutant load. These findings identify P.
crassipes as the most effective and versatile phytosorbent
of the two species tested, with I. aquatica as a strong
secondary option restricted to lower contaminant
concentrations. Because P. crassipes is also a well-
known invasive weed, its practical use should rely on
controlled cultivation and timely harvesting, with
harvested biomass properly managed to prevent
accumulated metals or dyes from re-entering the
environment.
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