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Abstract

The aquatic plant E. crassipes, injected with multi-walled carbon nanotubes (MWCNT) and titanium dioxide nanotubes (TiNT) in its aerial parts, was used for
the phytoremediation of dissolved heavy-element contaminants in the water of the lake “Laguna Jovita” (Mexico). The objective was to increase plant
biomass and heavy element tolerance while internally anchoring the nanoparticle to prevent secondary environmental contamination by its dispersal. The
hydrophobic nanoparticles were dispersed by a natural plant surfactant (S. saponaria). A comprehensive experimental analysis was carried out that
consisted of the physico-chemical characteristics of the water before, during and after the 12 day period of phytoremediation, the plant’s physiological
characteristics, the physicochemical quantification of the plant’s cellular extracts taken from the root and the injected and non-injected aerial parts and the
elemental analysis of macronutrients, micronutrients and toxic heavy-elements of these extracts using the high sensitivity technique of Total Reflection Xray
Fluorescence spectrometry. The results show a notable decrease in the water’s pollutions indices, an increase of plant biomass and chlorophyll and overall,
the highest micronutrient and toxic heavy-element yields of the cellular extracts from the nanoparticle injected aerial plant part. The results are discussed in
terms of the adsorbability of the nanoparticles, ROS scavenging by the nanoparticles, TiNT s photocatalytic role and the possible synergistic action of the
nanoparticle in the plant’s biochemistry of heavy-element detoxification wherein low nanoparticle concentrations act as catalyst and higher ones as
inhibitors. Summarising, injected nanoparticles, especially TiNTs, increase the phytoextraction efficacy of E.crassipes, demonstrating the phytoremediative
power of this technology.

1. INTRODUCTION

Water is one of the most important natural resources for human life and a crucial factor in sustaining various economic and alimentary activities, such as
fishing, agriculture, livestock and almost all types of industry. These activities, in addition to excessive water use and urban and industrial waste-water
discharges, have threatened water quality with the release of organic and inorganic pollutants, such as heavy metals and metalloids. Although many of these
heavy elements are micronutrients necessary for the development of living organisms, exceeding the recommended intake limits is harmful to health. The
lack of biological mechanisms for their elimination, together with their integration into the food chain, leads to bioaccumulation (Narvdez-Valderrama et al.
2012).

Although physical, chemical and biological technologies are available for water treatment, these, especially the first two, possess the disadvantages of being
expensive, in addition to causing unwanted secondary effects on the environment. Therefore, there is an interest in the use of natural technologies, such as
phytoremediation, as a sustainable, clean, cost-effective and aesthetically pleasing alternative for the restoration of polluted environments. Phytoremediation
is a nature-friendly environmental biotechnology that uses plants that have the ability to extract, contain, remove or neutralize organic and inorganic
compounds including heavy elements (HE), from contaminated environments (Pedraza-Guevara, 2021). Phytoextraction is one of the most important ways
plants use to remediate HE contaminated substrates (Garbisu and Alkorta, 2001). It consists of the uptake of contaminating elements by plant roots and
their accumulation in stems and leaves. Therefore, with this natural process, the use of plants for contamination removal can be repeated indefinitely until
the residual concentration of the elements is within the limits considered acceptable (Delgadillo et al. 2011). The mass of phytoextracted HE is the product
of the HE concentration in the plant and the plant’s biomass (Dasgupta Schubert et al. 2011). Per harvest, the mass of HE that can be phytoextracted is
limited by the reduction in biomass due to the toxicity of the higher concentrations of the HE in plant tissue, thus imposing a natural limit to the efficiency of
phytoremediation.

NB We direct attention to the use of the term “heavy elements” rather than the more conventional term “heavy metals” because the contaminants of high
atomic number are not just metallic but also semi and non-metallic. In this work the term “heavy elements” encompasses dissolved ions and neutrals as well
as suspended species of chemicals containing an element of the fourth period or beyond, in the water.

For the last few decades the common water weed, the water hyacinth (Eichhornia crassipes), has been recognized as a very effective decontaminant of
polluted water bodies and has been used for waste-water treatment (Gupta, 1980). The plant is a relatively high-biomass aquatic species, has a prolific
growth-rate, a ravenous appetite for both organic and inorganic aqueous contaminants, has a short life cycle and can be harvested easily - in essence making
it an efficient phytoextractor of toxic HEs (Rezania et al. 2015). The model phytoremediant chosen for this work therefore is the naturally occurring wild-type
E. crassipes.

Studies involving the phytoremediation of HEs often involve artificially constructed polluted substrates through the appropriate spiking of the pure substrate.
The results obtained from such experiments may not adequately transfer to large water bodies that not only present the problems of scale but that are also
subject to different climatic and geochemical variables. To adequately transfer the knowledge gained from this work to real-life problems concerning polluted
water bodies, all substrates used in this work have been taken from an actual polluted lake, the "Laguna Jovita" in the municipality of Naranja de Tapia,
Michoacdn, Mexico as detailed in section 2.

Since the last decade there has been a surge in the application of nanotechnology to the question of environmental decontamination. Studies have shown
success in water treatments using adsorbent nanomaterials (NMs), membranes impregnated with nanoparticles (NPs), photocatalytic NMs and other types
of nano substances. Their efficacy depends on their chemical composition, homogeneity and texture, as well as on the method of their preparation (Roy et al.
2011). The distinguishing feature of enhanced reactivity at the nano scale allows the alteration of the physico-chemical property of the pollutant permitting
its facile removal. In this regard, carbon nanotubes (CNT) as both their single-walled (SWCNT) or multi-walled (MWCNT) variants, have been recognized as
versatile and effective NPs for bioremediation. Their excellent physical and chemical properties, which include their high surface adsorptivity, their function
as redox catalysts, combined with their excellent mechanical and electrical properties, have been successfully harnessed for bioremediation and other end-
uses (Mukherjee et al. 2016). Titanium dioxide nanotubes (TiNT) also possess beneficial mechanical properties. Additionally, they are good photocatalysts,
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oxidants and are biologically and chemically inert. All these properties have been utilised for the removal of organic and inorganic pollutants from water (Roy
etal. 2011).

The external application of MWCNTSs to plants has been shown to favourably influence plant biomass development and the delivery of water and
micronutrients to seeds and plants (Tiwari et al. 2014, Matthew et al. 2020). Likewise, the application of Titanium dioxide NPs (nTiO,) has demonstrated
plant growth promotion (Mattiello et al. 2018). However, at high concentrations, MWCNTs become toxic inducing oxidative damage and the retardation of
photosynthesis (Wani et al. 2024), whilst high concentrations of nTiO, have been seen to inhibit plant growth by harming plant growth promoting bacteria in
soil (Chavan et al. 2020). In fact, with the proliferation of NPs in the environment, serious concerns are beginning to be voiced over their transport and
eventual entry into the human body (Reis et al. 2023).

The objective of this work is to leverage the aforesaid beneficial properties of MWCNTSs and TiNTs with the intrinsic phytoextractive property of E. crassipes,
towards the (hypothesized) resultant of a higher plant biomass that would increase the phytoextracted HE yield of E. crassipes. However, the administration
of the NPs to the aqueous substrate is precluded because given the large bodies of water this technology seeks to address, an inordinately large mass of
NPs would be required even for the low NP concentrations deemed beneficial, and this in turn would cause unacceptable damage to the very environment
that the technology seeks to clean, in addition to being prohibitively costly. To circumvent this inherent dichotomy, we have directly administered the NPs by
injection at concentrations far below toxic levels to the plant aerenchyma and leaf with the hope of achieving the aforesaid synergy whilst at the same time
anchoring the NP and preventing its dispersal to the wider environment. Although the injection of NPs into plant cells for the direct delivery of genetic
material or pesticides has been reported (Sembada and Lengoro, 2024) the injection of NPs into an organ of the living plant as a means to affect its HE
uptake, as described in this work, is new.

Finally, a truly sustainable technology is one that operates in a closed cycle, i.e. the residual material is gainfully utilized in other ways. We have attempted to
achieve that goal by utilizing the biomass of E. crassipes after phytoextraction to synthesize other nano allotropes of Carbon, the details of which are to be
published separately.

2. MATERIALS AND METHODS

Materials and instruments used

MWCNT (Sigma-Aldrich® Cat. No. 724769, CAS No. 308068-56-6) = 95% carbon basis, 0.D. x I.D. x L (10 + 1)nm x (4.5 + 0.5)nm x (3- ~6)um, avg. no. of layers
6 - 8; TINT (Sigma-Aldrich® Cat. N0.799289, CAS No. 13463-67-7) powder material of nanotubes with average diameter of 25nm; Soap nuts (Sapindus
saponaria) as commercially sold; For quantitative analysis all reagents were of Analytical Grade purity; All glassware were borosilicate; Solutions utilized in
the experiments were constituted in distilled water (DW) or tri-distilled water (tDW). The make and model of the instruments in the measurements have been
cited as per occurrence in the description that follows.

2.1 E. crassipes collection and cultivation

E. crassipes plants were collected from the lake "Jovita" in the town of Naranja de Tapia, Zacapu, Mexico, GPS: 19.7667-101.75 (Fig. 1). The plants were
collected from an area of 1 m? of the lake's surface, hydrated with lake water and transported to the Biophysical Chemistry and Radiation Studies Laboratory
(LBER) of the University of Michoacan (UMSNH), for further cultivation.

The water hyacinth plants were washed with a 3% household bleach solution and rinsed with tap water to clean debris and remove insect larvae. They were
kept under observation for 3 days in a tank filled with lake water in order to select the healthiest plants. Thereafter 4 litre rectangular plastic recipients
containing lake water were each fitted with 3 plants and transferred to a laboratory growth chamber whose operational conditions are described below.

2.2 Phytoremediation of water contaminated with heavy elements

Both MWCNT and TiNT are hydrophobic NPs. To disperse them in water and render them bio-available, a surfactant would be needed. However, no synthetic
surfactant such as Triton-X that is generally used in nanotechnology, can be used because the living cell membranes would then disintegrate. We have used
the extract of the soap nut (Sapindus saponaria) - a purely natural plant-derived surfactant - as an NP dispersant. NP suspensions at the concentrations of 2
and 3 mg/I of the MWCNT and 2, 3, 5 mg/| of the TiINT were made in aqueous media containing S. saponaria and hydrated water hyacinth extracts as
described below. These concentrations were arrived at after a trial study that found concentrations = 5mg/I to cause necrosis and < Tmg/I to produce no
discernible effect.

These suspensions were used for the determination of the NP concentration dependent phytoremediative capacity of NP injected E. crassipes, which forms
the central theme of this study.

Hydrated E. crassipes extract:

The aerial part of the plant was dried in an oven (Ecoshel™ 9023A, FCD-3000) at 60°C for 48 hours and then ground to a powder using a Moulinex™ DPA2
chopper-grinder. 1 g of the obtained water Hyacinth powder was added to 100 ml of DW then shaken first manually (30s), then on a Fisher Scientific 2500
rpm "speed 8" vortex mixer (60s), left to stand for 60 min then vacuum filtered using a Whatman grade 41 filter paper. This constituted the primary solution of
the E. crassipes extract. The mass of 1 g of dry biomass powder was chosen after heuristically establishing it as the maximum in the primary extract that
caused no damage to the living plant.
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Preparation of surfactant and NP suspensions:

2.7 g of S. saponaria nuts were added to a beaker containing 50 ml of DW and allowed to simmer on a hot plate (Thermo-Scientific® ) at 90°C for 20 min. The
mixture was allowed to cool to room temperature and vacuum filtered through a Whatman filter grade 41 filter paper. The water hyacinth primary extract and
S. saponaria extract solutions were sterilized by autoclaving at 1 atm pressure and 120°C for 30min. Once the solutions had reached room temperature, a
100 ml solution, termed “base”, was prepared in a laminar flow hood by mixing the E. crassipes and the S. saponaria extract solutions at a respective volume
ratio of (95:5)%. Using the base solution, stock solutions at the concentration of 50 mg/I of the MWCNT and TiNT were realized which included the step of
homogenization by 10 minutes of ultrasonication followed by 1 minute of pulsed vortex shaking. Subsequently, appropriate dilutions were carried out to yield
the working concentrations (Table 1). All volumetric operations were carried out in a laminar flow hood.

Table 1. Concentrations of the different treatments for the evaluation of MWCNT and TiNT NPs for the phytoremediation of polluted water by E. crassipes.
The blank was plain DW.

Treatment  Surfactant stock solution ~ Multiwalled carbon nanotubes (mg/l)*  Titania nanotubes (mg/I)*

Blank No - -
Control Yes - -
MWCNT_2  Yes 2 -
MWCNT_3  Yes 3 -
TiNT_2 Yes - 2
TiNT_3 Yes - 3
TiNT_5 Yes - 5

*The number corresponds to the concentration in mg/I of each nanoparticle.

Injection of E. crassipes with the NP suspensions:

The water hyacinths were gently patted dry with paper towels, weighed and brought to the sterile environment of a laminar flow hood. Selected regions of the
aerenchyma, the bulbous petiole of the plant - henceforth termed just the bulb - and the underside of the leaf, were sterilized with 70% alcohol via cotton
swabs. A sterile insulin syringe of 1 ml volume was used to inject 0.2 ml of the particular treatment (Table 1) to the bulb and 0.04 ml to the underside of the
leaf (Fig. 2). The bulb acts as the plant’s “buoy” but is otherwise not central to the plant’s metabolism and so the larger injected volume there was perceived
to be minimally invasive. The injected suspension then disperses into the plant tissue.

To avoid contamination by microorganisms, "Campeche wax" was placed over each hole made by the needle. After completing the full set of treatments to
the plants, they were accommodated in rectangular plastic buckets each of 4l capacity at a density of 3 plants to each bucket and placed inside a growth
chamber that had an average temperature of 25°C, an average humidity of 40% and a photoperiod of 14 h at 2000 lux light intensity. Within the plastic bucket,
each plant was passed through a 2 cm? hole in a biodegradable Styrofoam lid in such a way that the roots remained submerged in water whilst the aerial part
including the bulb were supported by the lid and separated from water to prevent the premature decomposition of the bulb. Polluted lake water from the
“Jovita” Laguna de Naranja de Tapia lake (Fig. 1) was used as the phytoremediation medium. An aeration system for fish tanks was installed in the growth
chamber that operated between 08:00 to 19:00 h, daily. Each treatment of Table 1 was applied to 3 plants, bringing the total for all treatments to 21 plants,
with some extras.

2.2.1 Variables measured during the period of water phytoremediation

The period of phytoremediation by the different water hyacinth - NP composites (Table 1) was 12 days during which daily measurements of the water
variables pH, conductivity, Total Dissolved Solids (TDS), were carried out using the BLE-C600™ water quality tester. Six measurements using a 25 ml syringe
for water withdrawal, were made for each treatment type, at the 4 extremities and the centre of the tank, and one very close to the roots to ascertain a
possible efflux of ions, including H* ions, by the root. After the measurements, the root-zone water was returned to its plastic bucket corresponding to the
particular treatment.

Given the large volume of the bulk water as compared to the root zone water, little discernible variation in the magnitudes of the variables between the two is
expected, especially in the case of the pH were the logarithmic relation to the H* ion concentration decreases the sensitivity. Such ions as may be exuded
would soon diffuse into the bulk where the largeness of the latter would serve to dampen any observable difference in concentration. However, what one
might plausibly expect is the fluctuation of the variable (e.g. the pH) at the root zone to register a discernible difference from the bulk values given the small
volume defining the root zone and its closeness to the solid root surface. In analytical chemistry, statistical fluctuations of a variable or its precision, are
commonly measured as the % relative standard deviation (RSD) (https://demo.bco-dmo.org/parameter/1952, last accessed 03/Dec/2024)). Accordingly, the
grand average of the variable's value and its standard deviation calculated by averaging over all replicates over all days of the phytoremediation process, for
each treatment type, was obtained for (a) the bulk water and (b) the root zone water. Thereafter the % fluctuation of the variable for the cases (a) and (b)
were computed as the %RSD using these grand averages and their standard deviations.

2.2.2. Harvesting of the E. crassipes plants
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After 12 days, the plants were harvested, which consisted of removing the plant from the phytoremediation medium, placing the plant on a mesh to remove
excess water and then leaving the plant on paper towels to free the roots of water. The whole plant was then weighed on an analytical balance (Ohaus®
PA224). The root and aerial parts were then separated and weighed. Further, the aerial part was sectioned into the part containing the bulb and leaf where the
NPs had been injected - the “injected part” - and the “non-injected part” constituted by the new bulbs and shoots that had emerged during the 12-day period.
Each separate section was weighed. All these weights were recorded as fresh weights of the respective parts.

2.2.2.1 Chlorophyll a and b

The measurement of the chlorophyll content was carried out according to the method proposed by Hansmann (1973). The aerial part of E. crassipes was
macerated for 10 mins in 10 ml of 90% acetone and subsequently further pulverized for 60 mins in an ultrasonic bath at 40 kHz (SRA™ digital ultrasonic
cleaner) in order to extract the maximum amount of pigment. Thereafter, the samples were rested for 24 h at a temperature of 4°C in complete darkness (to
prevent the photodegradation of chlorophyll). The supernatant was obtained working in low light and the absorbance was measured using 90% acetone as a
blank, by UV/Vis spectrophotometry (VELAB® VE-5600UVPC) at the wavelengths of 750, 663, 647 and 630 nm. The chlorophyll a and b concentrations, Ca
and Cb in mg/|, were calculated (Lichtenthaler, 1987) as,

Ca = (12.7 x A663) — (2.69 x A645)
Cb = (22.9 x A645) — (4.68 x A663)

Using these values, the mass-concentrations of the chlorophylls a and b in the samples were
determined as,

Chl hylla (—) = Cax
orophyll a (: g)

- 1 myg Chxv

Chlorophy b(kg) =

where v (1) is the volume of acetone used to extract the pigments; and w (kg) is the dry biomass
of the sample.

2.2.2.2 Measurements on the plant extracts, the dry biomass yield and the plant water
content.

The fresh parts of each plant of each treatment type corresponding to the root, the injected and non-injected bulbs and the leaves were separately ground in
a blender (OSTER™) with 25 ml of tri-DW, then centrifuged at 12,500 rpm (DYNAMICA™ Velocity 14R) for 20 mins. The supernatant was extracted and its pH,
conductivity and TDS were measured using the water quality tester BLE-C600®.

Thereafter, the whole fresh sample mass was extracted from the centrifuge and was dried in the oven at 60°C until constant weights were obtained. These
weights constituted the dry biomasses. The relevant % moisture content was determined as,

. FW — DW
% moisture = <W> * 100

where FW and DW are the fresh (section 2.2.2) and dry weights respectively.

2.3 Elemental analysis by Total Reflection X-ray Fluorescence (TXRF) spectrometry.

TXRF is a relatively new variant of the x-ray fluorescence (XRF) elemental analysis technique. In TXRF spectrometry, the exciting x-ray beam hits the sample -
deposited as a very thin homogeneous layer atop an optically polished quartz or acrylic sample carrier disc - at angles below the critical angle that results in
the total external reflection of the incident beam. Scattering and matrix effects that normally diminish the sensitivity of XRF analyses are substantially
reduced, amongst other benefits, making TXRF a valuable micro-trace analytical technique (Rodriguez Alejandre et al. 2023) The TXRF spectrometer used in
this work was the S2 Picofox® of Bruker GmbH.

The recommended sample preparation protocol defined in the S2 Picofox User’s Manual for liquid samples was used. This necessitated making the sample
side of the acrylic disc hydrophobic by the deposition of 10 pl of silicone fluid (SERVA™) at the disc centre and subsequently drying it by heating to 35°C for
60 mins. For each treatment type (Table 1) 990 pl of the plant extracts of the root, and the bulb + leaves (aerial part) obtained as described above were taken,
to which 10 pl of a Ga internal standard (Sigma-Aldrich™ 1000 mg/Il) were added to yield 10 mg/I of the standard. The solution was ultrasonicated for 15
mins to homogenize the solution and remove any clumping as might have existed. Subsequently the solution was vortexed for 1 min in a pulsed mode and
immediately thereafter 10 pl of this sample solution was deposited onto the centre of the previously hydrophobisized acrylic disc. The sample was then dried
in the oven at 35°C for 30 min. The low heating temperature of 35°C was chosen in this work to reduce the chance of loss of volatile species. The sample
discs were stored at room temperature in closed sterile plastic containers to guard against any contamination. Finally, multi-elemental analysis for
macronutrients, micronutrients and toxic HEs was performed using the TXRF spectrometer.

2.4. Quality of the phytoremediated water.
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The initial and final characterizations of the water used for phytoremediation with the NP treated water hyacinths, were carried out. For the analyzed
variables of hardness and alkalinity, phosphorus, and nitrogen, the methods described in "Standard methods for the examination for water and wastewater
23rd edition" APHA-AWWA-WEF were used.

- Alkalinity

- Calcium hardness

- Total hardness

- Total phosphorus

2320 B. Titration Method

2340 C. EDTA Titrimetric Method

2340 C. EDTA Titrimetric Method

4500-P. Manual Digestion for Total Phosphurus

- Ortophosphates 4500-P. Ascorbic Acid Method

- Nitrates 4500-NO 3. Cadmium Reduction Method
- Nitrites 4500-NO 2. Colorimetric Method

- Amonium 4500-NH 3. Phenate Method

Colorimetric techniques were used for the turbidity and suspended solids variables, which were determined using the Hach® DR/820 colorimetric

instrument, following the analytical procedure described in the USEPA-approved DR/800 Colorimetric Series Manual, Method 365.2, and Standard Method

4500-PE for Wastewater.

3. RESULTS

Averages and their standard errors of the measured parameters were calculated for each set of replicates for each treatment type. The statistical analysis

through the one factor ANOVA was done using the Tukey test (0.05), via the IBM SPSS Statistics 23 program.

3.1 Phytoremediation of water contaminated with heavy elements.

In this section, the results for the determination of the physico-chemical characteristics of the water that underwent phytoremediation, are presented.

3.1.2 Variables measured during the water phytoremediation period (pH, conductivity and

TDS).

Table 2
Hydrogen ion potential (pH) of water phytoremediated by E. crassipes injected with multi-walled carbon nanotubes (MWCNT) at
concentrations of 2 and 3 mg/| and Titania nanotubes (TiNT) at concentrations of 2, 3 and 5 mg/|, indicated in the table as MWCNT_x and
TiNT_y where x =2,3 and y = 2,3,5. R = Water near the root. G = water of the bulk (general) medium. Tukey test (0.05), equal letters do not

indicate a significant difference.

Treatments Day_1 Day_5 Day_6 Day_7 Day_8 Day_11 Day_12
Blank R (7.61 +0.1 5)a (7.741:0.24)a (7.5710.1 8)a (7.9010'34)3 (7.41 +0.11 )d (7.791‘0.08)abc (7.6810.1 6)bc
G (7.7810.25)* (774$0.31)° (7.5620.13)°°  (7.80%0.26)®  (7.44+0.17)¢ (7.55¢0.25)¢  (7.72£0.23)*
Control R (76120.15) (7.6140.17)* (7714007  (7.77#0.06)°  (7802008)®  (7.8540.08)%  (7.7040.04)
G (7.78480.25)*  (76840.14)° (7.62£0.12)%° (7.74%0.07)%° (7.600.23)2¢  (7.7120.20)@  (7.70%0.14)
MWCNT_2 R (7.61#0.15)2 (7.73%0.18)® (7.54%0.20)2  (7.72#0.09)2  (7.83#0.03)2 (7.9740.04)®  (7.8140.05)%¢
G (7.7810.25)*  (7.8440.05)° (7.49%0.05)%°° (7.5840.14)°  (7.620.09)*¢  (7.95+0.06)2>  (7.85%0.19)
MWCNT_3 R (7.611’0.15)a (7.74'&0.20)a (7.691‘0.07)a (7.681‘0.13)a (7.7510.06)ab (7.961‘0.07)a (7.8910.04)ab
G (77820250 (8.3840.94)° (7652007 (7.6740.19)°°  (7.7840.06)  (8.0610.09)°  (7.8840.25)°
TiNT_2 R (76120.15) (7794015 (7.610.16)*  (7.92#0.18)°  (7731006)°  (7.8040.17)%¢ (7.9140.09)2
G (7.78%0.25)* (7.7940.07)° (7.74#0.10)®  (7.910.10)°  (7.58+0.04)*¢  (7.49%¢0.11)¢  (7.80£0.30)®
TiNT_3 R (7.61:0.15)* (7.68%0.15)2 (7.57#024)*  (7.7480.09) (7731005  (7.7840.19)%c (7.90£0.02)2
G (7.7810.25)* (778+0.06)° (7.60%0.25)°%° (7.774#0.11)%°  (7.640.09)*°  (7.26%0.23)c  (7.84%0.24)
G (7.784#0.25)*  (7.83$0.03)° (7.61#0.03)°"° (7.59%0.05)°  (7.60%0.04)2cd  (7.6020.07)cd  (7.81%0.07)

3.3.2 Plant variables measured after harvest
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Table 3

Fresh biomass of the water hyacinth plants at the beginning and end of the phytoremediation process. ‘Initial weight’ corresponds to the plant
without treatments; ‘final weight' corresponds to the weight after 12 days; Refer to Table 2 for the abbreviations and symbols.

Tratment Initial weight of the whole plant (g)  Final weight of the whole plant (g)  Growth difference after 12 days of phytoremediation (g)

Blank (17.6340.55)° (15.79£0.26)2 (-1.84£0.31)2
Control (48.65+8.86)? (29.33+11.53)? (19.31£2.72)°
MWCNT_2 (g 47:11.50)0 (27.9949.96)2 (-0.37£1.62)2
MWCNT_3 (28 90+10.63) (30.68+6.20)° (1.78+4.99)2
TiNT_2 (25.1647.08) (29.115.99)2 (3.99+1.38)°
TiNT_3 (32.37+11.84)% (38.95+11.65)? (6.58+1.80)2
TiNT_S (23.1445.60)° (27.66+9.36)2 (4.52¢5.31)°

3.4 Analysis of the plant cellular extract for micronutrients, HEs and macronutrients by
TXRF spectrometry.

3.5. Water quality

4. DISCUSSION

4.1 Physicochemical variables of the HE polluted water undergoing phytoremediation by
water hyacinths with/without NP treatment.

The results for the variables of pH, conductivity and TDS shown in Table 2 and Figs. 4—6 show that the pH is rather uniform maintaining a value between 7.41
to 8.38 during the 12 days of the remediation process for all treatments. Overall, there was little difference between the pHs of the root-zone and the bulk
water. This is to be expected because the highly mobile small ion H* even if it were to be effluxed out of the roots would quickly diffuse into the bulk media.
Wegner et al. 2021 state that dissolved ions are taken up by the root through the plasma membrane potential supplied by the H* pump upon H* efflux.
However, the water hyacinth root is completely submerged in the water so dissolved ion uptake can more easily occur without the H* pump being actuated
(or less so), simply by water inflow through the transpiration stream. The pH in both the root-zone and bulk water was maintained slightly above 7 which is
considered as optimal for freshwater organisms that inhabit or ingest it (Betancourt & Labaut, 2013). Figure 6 reveals that the root-zone water for all
treatments suffered less fluctuations in pH than the bulk water. Large fluctuations in a system occur when it is far from stability. Our results corroborate the
observations made by some (Rodriguez-Lara et al, 2022) that water hyacinth stabilizes the pH of water.

The water conductivity (Fig. 4) was nearly constant for the Blank and decreased slightly but erratically over the 12-day period of the phytoremediation for the
Control. For all the other cases, i.e. the plants injected with the 2 NP types at different concentrations, the water conductivity showed a clear decline over the
12-day period. The conductivity rose slightly towards the end (day-12). It was due to the commencement of decomposition of the plant roots that released
cellular ions into the water. The statistical difference of the conductivities between the NP treated plants and the Blank and Control became significant after
day-7 or day-8, clearly demonstrating the successive progress of dissolved ion removal from the water by the plant. Overall, the mean conductivities of the
root-zone water were slightly lower than the mean conductivity of the bulk. The most effective was the plant with the TiINT_3 treatment that registered a
decrease in the root-zone conductivity from the start value of 649. 83 pS to 553.33 pS on day-11. The fact that the NP treated plants become capable of a
higher efficiency of ion removal may rest on the two occurrences of (a) ion adsorption at the active sites of the dispersed NPs in the plant (Roy et al., 2011;
Margulis and Sagan, 2008) and (b) a synergistic enhancement of the plant’s physiological and biochemical processes of ion absorption by the NP, in
particular by the TiINT_3. The reason to include (b) is because if the mechanism were only passive adsorption, then the degree of reduction of water
conductivity would scale by the NP concentrations of the treatments, which it does not.

The TDS refers to all the dissolved species present in the water and comprises of ions, dissolved compounds and colloidal particles. Figure 5 shows the
results, where again the steady decline in TDS concentrations with time will be noted except near the end of the 12-day experimental period where a slightly
greater TDS concentration occurs as compared to the end-period conductivity increase in Fig. 4. The gamut of cellular components which include all the
species defined within TDS, released by the decomposing plant parts as against only ions, near the end of the phytoremediation period, accounts for this
relative increase. The root-zone water had overall slightly higher TDS values relative to the bulk water which is indicative of their higher load of root exudates
in addition to those in the bulk water. However, the most interesting aspect of Fig. 5 is the significantly larger reduction of TDS over the phytoremediation
period by the plants injected with the NPs. Of these the most effective again was the treatment with TINT_3 where the TDS was reduced from its start value
of 452.83 mg/I to 386.83 mg/I, representing a reduction by 66 mg/l. The NP injected plants therefore are good absorbers not only of ions but also of all
dissolved species. This could be a consequence of the higher throughput of water through the plant, for example, as it occurs in the event of a higher
transpiration rate. This will be addressed later in connection with the moisture content of the plants. As noted before, the capacity of the treated plant to
decrease the water’s TDS is apparently not correlated with the NP’s concentration within the plant which would have been the case if the mechanism were
simple adsorption on the surfaces of the NPs.
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Water hyacinths have been used as phytoremediators of polluted waters (Fahruddin, 2020) to absorb and/or filter out molecular and ionic pollutants through
their extensive root systems. This work shows that this function can be enhanced by the localization of NPs within the plant by injection at suitable
anatomical sites. The great advantage is that this technique restricts the dispersal of the NP to the environment at large, which could have deleterious
secondary consequences such as the entry into animal and human food chains. NPs have been extensively used for the removal of pollutants from
wastewater (Mehta et al. 2024). One technique is to introduce the NP at minimal concentrations into the wastewater, so that it adsorbs and precipitates out
the HE as a sediment. However, there remains the possibility of the desorption and detachment of the HE as well as the NP from the sediment by changes in
the water chemistry, geophysical upheavals and other processes. Additionally, even though the NP concentrations are small, even for moderate scale
sedimentation of the HE, substantial quantities of the NP would have to be used, which makes the technology cost prohibitive.

In a previous work (Gonzalez-Alejandre et al. 2021) we had estimated the time taken by the MWCNTSs of the type used in this work to diffuse through the
tortuous pathways inside the seed-coat and cell-wall, as 314d and 21 min respectively. Considering the much larger distances between the aerial part where
the NPs were injected to the root-water interface, it is reasonable to assume that the MWCNT and its morphologically similar TINT would take a time far
exceeding the 12 days of the current experiment to diffuse out of the plant root into the water, passing as they would have to, through many inter-cellular
orifices. It would require the unusual case of substantial phloem pressure to mechanically extrude the NPs out of the root to the water, considering the same
limitation of NP sizes, to obtain any measurable expulsion of the NP. Even if that were to happen the masses expelled would be miniscule given that the
highest mass introduced into the plant was the TINT_5 at 1.2 pg per plant. Hence it is reasonable to suppose that the NPs remain well localised within the
plant while performing their function. Besides, this technique exploits the availability of a very large number of HE sequestration sites within the plant in
addition to adsorption on the NP surface alone, so that it requires a modest outlay of investment in NPs. Thus, the scheme presented in this work offers a
viable technique for the efficient and effective phytoremediation of polluted water without the danger of collateral damage.

The results of this experiment show (a) the capacity of the plant to absorb dissolved ions and dissolved solids in a progressive way during its lifespan (b) the
clear involvement of root absorption in the reduction of ionic concentrations of the polluted water (c) the reduction of TDS by root absorption but also of its
slight increment by root exudates as compared to the bulk water (c) the possible synergistic enhancement of the plant'’s intrinsic mechanisms of ion and
dissolved solid absorption by small quantities of the MWCNT and TiNT introduced in vivo.

4.2 Harvest

The biomass measurements of the harvested water hyacinths (Table 3) showed that the post-harvest weights in the sets Blank, Control and MWCNT_2 were
lower than their initial weights. This was due to a blight caused by a species of aquatic snails that had attacked all the treatments. However, for the treatment
with the NPs, the snails avoided consuming the injected aerial parts, possibly because of a greater degree of HE localization there (see Fig. 12). The HE may
act similarly as the secondary metabolites that plants form to protect themselves from pests (Jiménez et al. 2003). Thus, as Table 3 shows, the NP injected
plants registered post-harvest weight increases as compared to their initial weights.

Figures 7 and 8 concern the post-harvest fresh and dry biomasses where for the aerial part no statistically significant differences are seen although they are
manifested for the root between the Blank and the TiNT_3 treatment, amongst others. Nonetheless, the figures show that the highest fresh and dry aerial part
biomasses were achieved with the TINT @ 3mg/I. Relatively very few studies exist of the use of MWCNT and TiNT NPs for phytoremediation although there
are abundant studies of the use of these NPs in plant biological research such as their use in improving plant tolerance to environmental stress. The TiO,
based formulation “Tytanit” is commonly used in low doses as a fertilizer (Kleiber and Markiewicz, 2013). Our aforesaid results with TiNT confirm the
expectation of the benefits of low dose Ti.

The percentage of moisture in the plants is also affected by the internal presence of the NPs (Fig. 9). For the Blank the quantities of moisture in the root and
aerial parts were 97.02% and 93.08% respectively. The treatment with NPs caused a general decrease: the root content was (95.35-95.85)% whereas the
aerial part showed a greater variability being higher (94.71%) than the Blank for the MWCNT_2 treatments but very close to the value for the Control (94.78%),
with the lowest (92.53%) for the TINT_2 treatments. Moisture content in the plant is the nett result of water absorption and transpiration. Transpiration plays
a pivotal role in adult plants and may change the water balance. Gonzalez-Garcia et al, 2021 show that CNT + Al reduce transpiration whereas the increase of
transpiration with the corresponding reduction in moisture content, occurs upon treatment with TiO, NPs (Qi et al. 2013). Altogether, the results of Fig. 9
conform to the expectation of relatively lower and higher moisture contents for the TiINT and MWCNT treatments respectively.

Figure 10 shows that whilst statistically there is no significant difference of chlorophyll a between the treatments, the treatment with TINT_2 showed a
noticeable increase in chlorophyll b as compared to the rest. Chlorophyll is an important plant pigment crucial for the process of photosynthesis that governs
plant growth and development and in turn the plant’s ability to absorb water and thereby external substances - nutrients and pollutants alike. Levels of
chlorophyll in a plant vary with the degree of stress induced by pollutants and exogenous agents (Putra et al. 2016). The fact of the near constancy of the
chlorophyll levels across all treatments investigated in this work, indicates that the injected NPs did not induce stress on the plants, allowing them their
normal photosynthetic function essential to plant health (Waghmode et al. 2019).

From Fig. 11 it is seen that the pH of the extracts from the aerial part injected with the MWCNT and TiNT or with just the surfactant (the ‘Control’), is slightly
lower than that from the extract of the non-injected aerial part at all concentrations. CNTs are known to depress the pH of aqueous media (Leonavicius et al.
2017). TiNTs are well-known photoelectrochemical catalysts where the intermediate half reaction in the overall water-splitting reaction, generates an H* ion.
CNT based electrocatalysts are known to split water molecules thereby releasing the H* ion in a parallel manner. However, all these observations have been
made in vitro where the substrates were not the living plant cells. This work shows that the CNTs and TiNTs tend to preserve their tendency to liberate
protons even within the complex matrix of cells of the living plant. Physiologically, the plant’s internal pH is regulated by pectins and enzymes, which are
involved in ionic balance and act as recognition molecules for the symbiosis of organisms, as well as for protection against insects and/or pathogens
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(Azcon-Bieto and Talon 2008). So, the ‘recognition’ of the NPs as well as the surfactant fluid (see section 2.2) as ‘foreign entities’ might also have had a role
to play in the small relative decrease in pH of the extracts taken from the injected aerial part of the water hyacinth plant.

The Conductivity and TDS results of Fig. 11 are nearly identical in trend. For all cases, these indices were higher for the treated plants than for the non-treated
ones and within the former, the values were higher for the injected aerial parts, except for the Control where the injected and non-injected parts showed
about the same ionic conductivity. The sets MWCNT_2 and TiNT_2 registered the highest values.

The aforesaid observations suggest the following to have occurred (a) adsorption of ions by the NP surfaces and the synergistic action of the NPs on the
physiological chemistry of ion and solubilized compound acquisition by the plant (b) localization of the NPs largely to the environs of the injection site (c)
non-localization of the surfactant extract (see section 2.2.2). The first ensues from the greater values of the indices for NP treatments, the second because
of the clear difference in magnitude between the injected and non-injected parts and the last because for the Control, which was injected only with the
surfactant, the difference between the two parts is practically non-existent indicating a free dispersal of the surfactant throughout the plant. The fact that the
injected NPs more or less preserve their intrinsic nano-surface properties (good adsorbancy) and their hydrophobicity (non-rapid dispersal throughout the
plant) while not producing any deleterious physiological effects indicates that they are well-tolerated and are biocompatible NPs (Roy et al. 2011).

4.3 Biomass extract analysis for micronutrient and heavy elements by TXRF
spectrometry.

Figure 12 shows the heavy element concentrations both for the toxic as well as the micronutrients summed over all treatments so as to facilitate a
comparison between the two, followed by the graphs for the concentration of each micronutrient and toxic HE with Fig. 13 for the micronutrients and Fig. 14
for the toxic HEs. The elemental concentrations measured are those of the dissolved species in the cellular fluid and those that had desorbed out from the
solid surfaces (cellular components and the NPs) by the extraction procedure. The residual species that remained strongly adsorbed on, or attached to, the
said solid surfaces were not measured. Given that plants store excess HE as chelated (dissolved) species within cellular compartments (Viehweger, 2014),
often the vacuole, the fraction of this unretrieved HE, is likely to be small.

Consulting Fig. 12, micronutrient elements are found to be more concentrated in the aerial parts of the water hyacinth with the parts injected with the NPs
showing the highest concentrations — around 3000 mg/I for the treatments with MWCNT_2, TINT_2 and TiNT_3. Micronutrient concentrations in the root are
also higher for the NP treated plants as compared to the Control, reinforcing our previously stated contention of the synergistic effect of the NPs on the
whole plant’s biochemistry. The fact that the aerial part records the greatest increase in micronutrient concentration is expected given the importance of
these micronutrient elements for the photosynthetic apparatus of the plant and for its cellular respiration (Taiz and Zeiger, 1991). Both CNTs and TiNTs
display a high degree of surface adsorption of ions and polar species (Alguacil et al. 2014; Selmani et al. 2023). Therefore, adsorption could account for the
higher micronutrient concentrations in the injected aerial part, in which case they would scale with higher NP concentrations, but that is not the case. An
optimal NP concentration is shown to exist wherein the maximum micronutrient concentration is manifest. For the MWCNT it is at 2 mg/l and for the TiNT, at
3 mg/l while higher values show a reduction of micronutrient concentration. This diminution at high concentrations but beneficence at lower ones, could
stem from the fact that both types of NPs can act as scavengers of reactive oxygen species (ROS) as well as its producer (Fenoglio et al, 2006; Hsieh et al.
2014; Li et al. 2014; Canillas et al. 2020). At low or high concentrations one or the other would dominate, affecting the outcome of the desired process. A
similar concentration dependence and the associated reversal from beneficence to toxicity of the MWCNT has been seen by us in previous works (Tiwari et
al. 2014; Gonzalez-Alejandre et al. 2021)

In the case of the toxic HEs, the same trend can be discerned between the NP treatments and the single non-NP treatment (the Control). Toxic HE
concentrations were generally higher for the NP treated plants where the aerial part showed a greater concentration than the root. This is in contrast to most
HE accumulating land plants where relatively few allow the transport of the toxic HE to the aerial part where the sensitive photosynthetic apparatus is
located. The higher concentration of the toxic HE in the aerial part of the water hyacinth can only mean that the HE is carried up largely by the simple inflow
of water by the transpiration stream. Once again, the injected part registers a greater toxic HE concentration than the non-injected part and this difference is
manifest only for the NP treatments. Also, this difference is more marked than for the case of the micronutrients - the NP injected part retaining almost
double the concentration of the non-injected part, in some cases. It is clear then that the small concentrations of the NPs have a relatively strong influence
on the biochemical redox reactions involved in toxic HE detoxification and sequestration, in addition to their adsorptive retention of the toxic HE on their
surfaces. In contact with plant cellular matter, these HE promptly produce ROS which become the vectors of the HE's toxicity (Berni et al. 2019). However, if
the MWCNT and TiNT are in the vicinity, they can scavenge out these ROS, thereby detoxifying the HE, which can then be sequestered in the vacuoles by the
appropriate proteins (phytochelatins, metallochaperones etc.). However, at the highest TiNT concentration of 5 mg/I (TiNT_5), the aerial HE concentration
drops to a level lower than the Control’'s and the difference between the injected and non-injected parts almost disappears. If at higher concentrations, the
NPs begin to produce the ROS themselves, they no longer aid the HE detoxification process and themselves become an agent of stress. Irshad et al. (2021)
have pointed out the occurrence of synergistic and antagonistic effects of NPs with respect to HE accumulation and plant growth, that depend also on the
environmental conditions the plant is exposed to.

The results for each micronutrient and toxic HE, are described below. The overall mechanism of the functional association of the MWCNT and TiNT with the
said elements has been described in the preceding paragraphs.

Cl

It is an essential micronutrient, however, at high concentrations it becomes toxic, causing damage to root and leaf cells, that affects photosynthesis and
water balance (Taiz and Zeiger 1991). Figure 13a shows that the aerial part injected with the NP retains the highest amount of Cl for all treatments. The
highest level of 3741.47 mg/|, was attained by the MWCNT_2 treatment.
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Mn

Mn is an essential element for aquatic plants. It is involved in photosynthesis, enzyme activity and oxidative stress resistance. In this work the cellular
extracts of the injected aerial parts showed the highest Mn content with the highest concentration of 2.81 mg/l being in the MWCNT_3 treatment. For this
treatment set, new shoots were found to have grown during the phytoremediation period on the side of the plant that had not been injected with the NP. Its
chlorophyll a content too (Fig. 10) was the highest. Both these features could be triggered by the high Mn content of this plant which helped ameliorate
oxidative stress allowing new growth and the promotion of photosynthesis.

Fe

Root absorption and retention was competitive, so much so that for the NP treatments, it exceeded the Fe contents in the non-injected aerial parts. By and
large the aerial part injected with the NP still contained the higher concentration, with the highest (0.72 mg/l) reached for the TiNT_3 treatment. The non-
injected aerial part for the NP set, showed low retentions with values that were even lower than the Control’s. One mechanism plants utilize to get rid of
excess HE is by root exudation (Viehweger, 2014). Amongst other things, the high root concentrations of Fe might be such an indication.

Ni

Although nickel (Ni) is required in small amounts, it plays an important role in plants because it is required for the assimilation of nitrogen (N) which in turn is
crucial for plant biomass development. To not have excess Ni absorption affect plant growth adversely, Ni in the substrate must be at low concentrations. In
this work the concentration of Ni in water was less than 0.01 mg/L, which allowed adequate growth of the plant. The highest concentration of Ni (Fig. 13d)
was found with the MWCNT _2 treatment in the aerial part injected with nanoparticles (0.0934 mg/L) and lower in the root (0.0116 mg/L). Because of its
association with N assimilation and thereby to plant biomass, a comparison between Fig. 8 (E. crassipes biomass) and Fig. 13d might be instructive. We
note the inverse correlation of the Ni concentrations in E.crassipes to the plant biomass, the lowest biomass achieved being for the MWCNT_2 treatment and
for the Control where the cellular Ni concentrations were relatively the highest. For all other treatments where the Ni concentrations were low as required of
its trace status, the biomasses were relatively higher.

Cu

Figure 13e shows that the highest concentration of Cu was found in the Control (0.58 g/L), followed by the MWCNT _2 treatment (0.51 mg/L), both for the
non-injected aerial part. For the rest of the NP treatments, the tissue Cu concentrations were low. Unlike the previous elements presented, the injected aerial
parts containing the NPs accumulated less Cu, whereas the non-injected parts which included new shoots, accumulated more. The root also shows sizable
accumulation. The Cu homeostasis mechanism in plants regulates Cu to lie in a small range of low concentrations because of its potent toxicity to the
photosynthetic apparatus, for which reason even in Cu tolerant plants, Cu is mostly localized in the roots (Dasgupta-Schubert et al, 2011). The same
mechanism may be operative in the present case. Root to shoot ion transport mechanisms may favour the transport of other metal ions over Cu, leaving the
root relatively enriched in Cu (Jin et al. 2021; Irshad et al. 2021). The Cu that does enter the shoot faces a different environment in the NP injected part. The
MWCNT and TiNT are redox catalysts as mentioned previously in connection with Fig. 12, so it is plausible that in their vicinity such properties could interfere
in the redox reactions involved in Cu assimilation and homeostasis locally, leaving the Cu ions to traverse other parts, including possibly exudation at the
root.

Zn

Zinc is another essential micronutrient for plant growth and development. Its function is aimed at the formation of various enzymes involved in protein
synthesis. This element is also associated with the regulation of stress in the plant, strengthening cell membranes and helping cells to maintain their
structure and function in unfavourable environmental conditions (Gonzélez et al. 2018). It is also important for the synthesis of chlorophyll. Figure 13f shows
the variation of the Zn concentration across treatment types in the plant. Except for the TiNT_5 treatment, Zn values were approximately equal in all
treatments with no apparent preference for accumulation in the injected aerial part. Li et al. (2016) mention that Zn, is found in greater proportion in the
roots, but in this work only the treatment with TINT_2 showed a higher level in the root (1.71 mg/l); for all other treatments the preferred location was the
aerial part, indicating that the solubilized Zn species ascended the plant unimpeded through water inflow. The highest content was shown in the injected
aerial part of TINT_5 where it reached the high value of 4.51 mg/I. The chlorophyll levels (Fig. 10) were apparently uncorrelated with the Zn concentration
profile, except in the case of TINT_5 where the relatively high content of Zn in the injected aerial part might have impeded chlorophyll development. Figure 10
shows that for TINT_5 the chlorophyll level fell below even that of the Blank plant. Cherif et al report that high Zn concentrations depress total chlorophyll
content (Cherif et al 2010).

The toxic HE concentrations are shown in Fig. 14. These elements have no known physiological usefulness. Consequently, plants have a low tolerance
threshold for them. Plants limit the activity of these HE by several strategies which include restricting their uptake and transport to the sensitive aerial parts.
However, once within the plant tissue, they are sequestered in cellular vacuoles aided by proteins such as phytochelatins, metallothioneins, secondary
metabolites etc. (Riyazuddin et al, 2021). The goal of the phytoremediation of polluted environments is to select plants that either have the innate ability to
accumulate such HE or engineer suitable plants to achieve that end. In the following we examine how the NP treated E. crassipes plant performs vis a vis the
accumulation of certain known HE offenders.

Cr

The most stable oxidation states of Cr are Cr(VI) and Cr(lll). Their bioavailability in soil and their translocation and toxicity within the plant vary (Prieto-
Méndez et al. 2009) but Cr(V1) is generally considered as the more toxic of the two. Because of its toxicity, plants tend to limit the translocation of Cr to the
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aerial parts with the result that Cr in plants is localised in the root system (Lopez-Veldsquez, 2022). In this work, one finds the aerial part of the plant,
particularly the one injected with the NP, to show consistently higher concentrations than the rest of the plant parts. The injected parts for the treatments
with TINT_2 and TiNT_3 showed the highest values at 0.27 and 0.28mg/| respectively which were more than double that of the Control. Furthermore, Cr in the
plant root of the TINT_3 treatment was below the detection limit. Despite the storage of Cr in the sensitive aerial parts, all plants remained healthy producing
adequate biomass (Figs. 7 and 8). This likely means that the plant spends little of its ATP energy currency to take up and transport Cr to the aerial parts,
suggesting that the element simply travels up by water inflow through apoplastic vias. This phytoextractive ability of the NP engineered E.crassipes for Cr, is
remarkable given the rarity of Cr phytoextracting plants. It strongly suggests leveraging this plant-NP synergism for phytoextraction towards water pollution
control. So far NPs have been limited largely to use in synthetic membranes for water treatment (Chévez-Lizarraga 2018).

As

In plants, this element causes growth inhibition, a decrease in photosynthesis, adversely affects metabolic processes and even causes a decrease in seed
germination (Prieto-Méndez et al. 2009). As Fig. 14b demonstrates, As concentrations overall were relatively low. This is to be expected because
environmentally As is largely present as the anions arsenate (AsO,)* or arsenite (AsO5)% in water bodies where it precipitates to the sediment as insoluble

species when bound to some dissolved cations like Ca2*. In this work for all the NP treatments, As was poorly transported to the aerial parts as compared to
the Control. In fact for the treatments TiNT_2 and TiNT_3, As was more concentrated in the roots than in the aerial parts. The exception was the treatment
TiNT_5 where the non-injected aerial part registered an unusually large concentration. Nonetheless the biomasses for this treatment (Figs. 7 and 8), although
suffering a decrement as compared to the other NP treatments, were still comparable to those of the Control, revealing the restorative effect of this
photocatalytic NP for the whole plant (Roy et al. 2011).

Cd

The presence of this element especially in the aerial parts is known to negatively impact plant growth and development by interfering in
physiological/biochemical processes (Bonanno & Lo Giudice 2010; Prasad & Maiti, 2016). Figure 14c indicates that Cd was localised more in the injected
aerial parts except for the TiINT_5 treatment where the concentration profile was more akin to the Control’s. The concentration in the injected part for the
TiNT_3 treatment was the highest. Cd possesses no physiological importance hence the relatively higher concentration in the aerial parts arises from the
same mechanism of passive water borne transport alluded to earlier for other toxic HE. Li et al. (2016) mention that high Cd content of the water where E.
crassipes grows, leads to decreased plant growth, as well as chlorosis. The high Cd concentration in the aforesaid plant parts as well as the high Cd content
of the polluted water (see section 4.4) however did not affect the plant biomasses (Figs. 7and 8) or the chlorophyll contents (Fig. 10) which again reinforces
the idea that the TiNT could be adsorbing this HE on its active sites as well as aiding the plant’s biochemistry for the management of HE toxicity.

Br

Bromine is considered as a non-essential and non-damage-causing element to plants. It is used as an additive in pesticides, dyes, medicines, among other
chemicals. Consequently, with the increase of the world’s population and industrial output, this element is likely to become a future burden to the
environment (Leri et al. 2024). Figure 14d shows that water hyacinth takes up more Br upon treatment with the NP and localizes it preferentially in the
injected aerial parts. The concentrations peak with the TINT_2 and TiNT_3 treatments. Thus, this notable phytoextractive ability could serve as a guideline for
future phytoremediative technologies for the clean-up of Br contaminated waters.

The goal of phytoremediation is the removal of toxic HE from the environment by having plants take-up and store the element preferably in its aerial parts
where it can be easily removed. The total toxic HE yields, expressed as mg of the total toxic HE mass per Kg dry plant biomass are shown in Fig. 15 where
the highest yields were found to occur of the NP treated plants and in particular for the injected aerial part, so much so that the average yield for the aerial
part for the NP treatments surpassed the same for the Control by ~ 33 mg/Kg. The highest yield was found for the TiNT_3 treatment and comparatively the
least for the TiNT_5 treatment. The greater efficacy of low concentrations of TiNT in general over the MWCNT indicates that the former’s photocatalytic
property augments the anti-ROS properties of these nanomaterials alluded to earlier but that at higher concentrations the toxicity of the TINT comes to bear.
It must be borne in mind that the NPs were injected into shallow layers of the plant tissue where the UV component of the ambient light of the growth
chamber could penetrate and induce photocatalytic activity. The high yield for the TINT_3 treatment is expected to reduce the chlorophyll level given that this
is a well-known effect of toxic HE absorption (Hadad et al 2022). Figure 10 bears out this expectation, but the reduction was not severe enough to affect
biomass development - in fact the latter was the highest for the TiINT_3 treatment (section 4.2)

The water hyacinth cellular extracts were also analysed for macronutrients P, S, K and Ca. (Fig. 16). P is an essential nutrient for aquatic plants as it is directly
related to important biological processes, including energy transfer within cells, photosynthesis, and root formation and growth (Taiz and Zeiger 1991). The P
concentration was the highest in the aerial part of the Control injected with the plant surfactant (section 2.2), whereas the NP treated plants showed no
marked preference for the element (Fig. 16a). MWCNT and TiNT possess redox properties where the redox potential aids the photocatalytic property of the
TiNT (Roy et al. 2011; Mukherjee et al. 2016). This might possibly have transformed the dissolved P species into poorly soluble forms that would tend to
precipitate out intra or extra cellularly. It has to be stressed that the plant-based surfactant used for the dispersion of the NPs (section 2.2) might not have
been strong enough (as against commercial surfactants such as Triton-X, for instance) to detach and disperse the P into the cellular extract, so the low P
concentrations in the NP treatments could be a consequence of both these occurrences. The “invisible” presence of P in all treatments however, was assured
by the robust biomass development demonstrated by the plant (Fig. 8).

Sulphur (S) is another essential element and its main function is in the formation of proteins and enzymes. Although sulphur is not directly related to
photosynthesis, this element is present in some enzymes that facilitate the conversion of energy in the cells, making the process more efficient (Taiz and
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Zeiger 1991). Figure 16b illustrates that S concentrations are rather varied amongst the treatments, but in general the NP treated plants registered the overall
higher whole-plant S contents.

The concentration of potassium (K) was higher in the aerial parts, particularly in the injected aerial parts, and sizably lower in the roots, for all treatments
(Fig. 16c). The concentration reached the maximum for the TiNT_3 treatment but fell off for the highest NP concentration used — the TiNT_5. K is one of the
most important nutrients for plants. It is considered responsible for triggering enzymes that regulate the opening of stomata for water balance, and favors
the development and growth of the plant (Taiz and Zeiger 1991). We note that the biomass pattern (Figs. 7 & 8) roughly concurs with the K concentration
profile of Fig. 16c.

Calcium (Ca) is a key element for biological and structural processes, being the main component of the cell wall. This element is involved in the regulation of
water balance and its deficiency causes abnormal root development and therefore poor plant growth (Taiz and Zeiger 1991). The trends for the Ca
concentrations (Fig. 16d) followed the by-now familiar tendency of the injected aerial parts in the NP treated plants to store relatively the greatest amounts
of the element, with the exception of TINT_5 which showed a relative Ca distribution among its parts similar to the Control’s, except higher in magnitude.

4.4 Water quality before and after phytoremediation

The initial characterization of the water of "Laguna Jovita" was carried out and then compared with the results obtained after the 12 day period of the
phytoremediation process. The HE content of the water was only determined initially. The purpose was to ascertain the suitability of the water for the
cultivation of the water hyacinth, to assure a low stress environment in order to observe exclusively whether or not the concentrations of nanoparticles
(MWCNT and TiNT) were suitable, i.e. did not cause stress in, or death of, the plants. The results obtained (Fig. 17) for As, Cr and Cd show that only Cd was
outside the maximum permissible limit for reservoirs, lakes and lagoons as stipulated by the Mexican government’s norm NOM-001-SAGARPA-2021. The
monthly average according to this standard for As, Cr and Cd is 0.1 mg/I, 0.5 mg/l and 0.1mg/|, respectively; the values obtained in this work for these
elements were 0.005 mg/Il, 0.165 mg/l and 1.55 mg/I respectively, demonstrating that whilst As and Cr were well within the limits, Cd exceeded it by more
than an order of magnitude. This makes Cd an element of great interest for the decontamination of the water of the lake because of Cd's known toxicity to
aquatic life. This work offers a low-cost solution towards HE clean-up of such a body of water through the effective coupling of NPs with an efficient
phytoremediating plant for maximising the benefit of the technology.

Figure 18a and 18b shows that the lake water (initial_water) has a relatively high degree of alkalinity and hardness which leads one to infer that its ionic
content is high. The different treatments reduce the alkalinity with the highest reduction occurring for the treatment with TINT_3. Water alkalinity largely
results from the relative balance of ions containing the (CO3) species - a preponderance of the bicarbonate form (HCO3)™ favours alkalinity whereas an
excess of the carbonate (CO3)2' moves the scale towards an acidic pH (Islam and Majumder, 2020). Calcium and magnesium are the main contributors to
water hardness which is why total water hardness is expressed as calcium carbonate in mg/I, where the ranges 76—150 mg/l and 151-300 mg/I classify the
water as semi-hard and hard respectively (Department of Health, 2024). Figure 18b shows that the lake water (initial _water) can be classified as hard
whereas all the NP phytoremediation treatments result in a reduction of total hardness of the water, with levels that allow it to be classified as semi-hard. The
optimal range of total hardness for the flourishing of aquatic life is 20—180 mg/I (Echiegu et al. 2018). The treatments with MWCNT and TiNT leave the water
with a hardness within this optimal range, demonstrating that they produce no deleterious effects on the larger ecosystem.

The characterization of the initial_water for P shows a concentration of 95.2 pg/L for total phosphorus and 52. 44 pg/L for orthophosphates (Fig. 18c). The
concentrations for both species increased in the water phytoremediated by the water hyacinth. This could be due to the decomposition of organic matter,
which is directly related to orthophosphates. The NOM-001-SAGARPA-2021 does not specify maximum permissible values for orthophosphates. This P
species however, is implicitly within the total P content, for which the aforesaid norm stipulates a maximum monthly average of 5 mg/L. As Fig. 18c shows,
all treatments resulted in values below this limit. Thus, we note that no treatment caused alterations in the water that could promote eutrophication (Khan &
Ansari 2005).

For nitrogen (N), three of the forms in which it can be found in water bodies were determined, viz. the nitrate (NO)", nitrite (NO,)" and ammonium ions (NH,)*
(Fig. 18d). Free ammonia (NH3) is not likely to have been the form measured, because it is a gas and readily dissolves in water to form the ammonium ion.
The nitrate ion is the maximally oxidized and the most stable of the three forms. Free ammonia, followed by nitrite are considered to be the most toxic
whereas the least toxic ions are the nitrate and ammonium ions (Camargo et al, 2005). In water bodies the ammonium and nitrite ions are both oxidized to
the nitrate by aerobic chemoautotrophic bacteria (Camargo et al 2005), so a preponderance of nitrate is likely to be observed. This is evident in the results for
the initial_water (lake water). However, plants tend to take up nitrates preferentially leaving its rhizosphere enriched in ammonia and thereby incrementing its
pH (Canna, 2017; Guo et al, 2022. This is clearly seen in Fig. 18d where all plant-bearing water samples demonstrated a higher ammonium ion content and
pH > 7 values (Table. 2). However, if this were the only mechanism the levels of ammonium and nitrate in the water would have been approximately inversely
correlated. However, they are not, suggesting thereby that ammonium efflux from the plant may also be occurring and at a rate that depends on the treatment
type. We say this because the decaying organic matter and the nitrate/nitrite ammonification by anaerobic bacteria in the water are likely to be approximately
a constant for all treatments, leaving only the plant treatment as the significant variable. Therefore, the particular NP treatment may have a significant role to
play since prominent variability of the ammonium levels is shown by the NP treatments. Low concentrations of both the MWCNT and TiNT produce higher
ammonium content. The plant-bearing water also had relatively larger contents of the nitrite ion, even though in absolute terms their concentrations were
low. The rhizopheric environments of these waters contained decaying organic matter and therefore possessed nitrifying bacteria. Even though N
intermediates such as NO,~ form during the decomposition, they rarely accumulate in the water because of consumption by the bacteria (Wetzel 1983; Yang
et al. 2008). The norm NOM-001-SAGARPA-2021 gives the maximum permissible limit for total nitrogen as 15 mg/L. Figure 18d shows that even for the
highest value of 86.88 pg/L corresponding to the MWCNT_3 treatment, this limit was not exceeded.
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For the case of suspended solids (Fig. 18e), there was a slight increase in concentration in all treatments compared to the baseline water, which may be due
to root hairs suspended in the medium. The high value for the Blank, might have been a happenstance. Suspended solids are solid particles that do not
dissolve in water and can be organic or inorganic, contributing to the eutrophication of water bodies and increasing its turbidity. Aquatic plants have been
known to reduce turbidity (Austin et al, 2017). The results for water turbidity (Fig. 18f) showed a noticeable decrease of this quantity with the MWCNT_3 and
TiNT treatments of the water hyacinth plant, especially with the TiNT_5 treatment. Thus, colloidal particles too may have been removed by certain
phytoabsorptive processes of the water hyacinth which were enhanced by the NP treatments.

4.5 Some general observations

In practically all the measurements where both the Blank and Control were measured, the Control showed a different behavioural pattern than the Blank, in
most cases registering an increase of the measured parameter. The Control had only the small volume of the plant-based surfactant injected into it, that was
predominantly the E.crassipes cellular extract itself (section 2.2). This stimulatory effect of the extract on the Control could then possibly be a hormetic
response to the injection perceived by the plant as an abnormal biotic entrant.

Remarkably in this work, the predominant location of the HE species whether as micronutrient or as toxic element, was in the aerial part, which is contrary to
the findings of most phytoremediation studies where the vast majority of plants are not phytoextractors but rather phytostabilizers, affixing the HE to the root,
in order to spare the sensitive photosynthetic organs. There are obvious technological advantages with phytoextraction such as HE removal through
harvesting. Metal hyperaccumulators are a class of phytoextractors that display high aerial concentrations, but the plant also becomes stressed in the
process, resulting in poor biomasses, which reduce the nett yield of the HE. None of the treatments used in this work resulted in the lowering of biomass due
to stress and neither was chlorophyll production inhibited (Figs. 8 and 10). Resultingly relatively high HE yields were obtained from the aerial parts,
particularly the part that had been injected (Fig. 15). This points to the utility of the synergy in function between the injected NP and the plants physiological
chemistry for the purpose of HE uptake and sequestration when minuscule concentrations of the NP are injected into the plant. The process is very sensitive
to concentration, small increases having the capacity to reverse the process. Also, the TiNT nanoparticles are photoreactive, hence the net exposure time to a
given light energy i.e. the photon dose, would also set a limit to the duration of the experiment. In the present case the total time was restricted to 12 days
that set a limit to the dose of ambient light as well as restricted the contribution by the natural die-off of the plant. It is important to avoid the latter, because
cell lysis upon death leads to the back-release of the contaminants taken up by the plant

5. Summary

The efficacy of the phytoremediation of polluted lake water from the Laguna Jovita Michoacan, Mexico using the aquatic plant E. crassipes, was
investigated. Its aerial parts were injected with the NPs, MWCNT and TiNT. These NPs were chosen because of their redox properties, adsorbability and
additionally for TiNT, for its photocatalytic property and biocompatibility. Initial trial studies established their plant-tolerated concentrations as 2, 3 mg/I for
the MWCNT and 2,3, 5 mg/I for the TiNT.

The NPs were injected into the plant rather than dispersed into the aquatic media in order to immobilize them within the plant instead of potentially having
them secondarily contaminate the environment. The clear difference in the results between the injected aerial part of the plant and the rest of the plant parts
indicates that the NPs remained largely localised with practically no diffusional migration as anticipated from our previous calculations. Whilst NPs have
been used within plants in other ways, this is possibly the first time they are being inserted into the live plant to transform it into a more efficient
phytoremediator.

The PR experiment was carried out for 12 days. The initial and final water quality was tested and during the 12 day period, the physico-chemical properties of
the root-zone and bulk waters of the containers in which the plants were grown, were measured. Plant cellular extracts from the root, the injected and non-
injected aerial parts were analysed for their physico-chemical properties as well as their concentrations of the macro and micronutrient elements and the
toxic HE taken up from the water.

The water characterization results indicated that after 12 days, pollution levels in the water had mostly decreased. In almost all cases, the aerial part, in
particular the injected aerial part, was found to possess relatively the greatest concentrations of the micronutrient elements and the toxic HE.

The plant-water system showed a high sensitivity to the NP concentrations. In general, low concentrations produced more favourable results for PR. Given
that these NPs are both ROS scavengers and generators, the present results suggest that their scavenging of the ROS produced by the toxic HE dominates
when their concentrations are low. Overall, the treatment with TiNT at a concentration of 3 mg/| produced the best results.

The highest relative efficiency of the NP injected aerial part with respect to HE concentration indicates that surface adsorption of the HE by the NPs, ROS
scavenging and the synergistic effect of the NPs on the redox processes of the plant’s biochemical mechanisms of HE detoxification and sequestration,
could possibly be involved, with photocatalytic action by the TiNTs producing an additional beneficial contribution.

6. Conclusion

This work establishes E. crassipes (water hyacinth) injected with low concentrations of MWCNT and TiNT, but especially the latter, as an efficient
phytoextractor of HE and other species producing undesirable effects such as hardness and turbidity in polluted waters, without affecting the aquatic
system. With effective management, this nanotechnology aided phytoremediation scheme might serve as a model for the clean-up of polluted water
efficiently, cost-effectively and without the generation of secondary pollutants.
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Map of the lake "Jovita", Laguna de Naranja de Tapia, Zacapu municipality, Mich., Mexico.

Figure 2

The process of the injection of suspensions pertaining to a specific treatment (see Table 1) into the bulb and the underside of the leaf.

Figure 3

Three plant replicates for each treatment type accommodated in a plastic bucket which separation of the root and aerial parts by biodegradable styrofoam
lids.
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Water conductivity of the bulk (general) and near-root media in which the water hyacinths treated with the MWCNT and TiNT at the concentrations cited in
Table 2, were grown. Trend lines and their corresponding equations are shown in the graph.
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Figure 5

Data, trend lines and their corresponding equations for the total dissolved solids (TDS) variable. The rest are the same as for fig. 4.
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Figure 6

Percentage fluctuation of the pH of water from the phytoremediation process during the 12-day period (refer to section 2.2.1).
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Figure 7

Fresh water hyacinth biomass after harvest (refer to section 2.2.2). The abbreviations and symbols have been described earlier (Table 2).
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Figure 8
Dry biomass of water hyacinth after harvest (section 2.2.2.2). The abbreviations and symbols are as before.
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Moisture content of the aerial part and root of the water hyacinths after harvest (section 2.2.2.2). The abbreviations and symbols are as before.
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Chlorophyll aand b in aerial parts of water hyacinth. The abbreviations and symbols are as before.
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Figure 11

pH, conductivity, and total dissolved solids of the cellular extracts of the water hyacinth plant. Root: water hyacinth root, NI: aerial part not injected, Inj: aerial
part injected with nanoparticles. The abbreviations and symbols have their usual meaning.
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Figure 12

Total HE concentration in the cellular extract of the water hyacinth plant used in aquatic phytoremediation. The legends and abbreviations have their usual
meaning.
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Figure 13

Analysis of the water hyacinth cellular extract for the determination of the micronutrients, chlorine (Cl), manganese (Mn), iron (Fe), nickel (Ni), copper (Cu)
and zinc (Zn). The rest of the entries have their usual meanings.
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Figure 14

Analysis of water hyacinth cellular extracts for the determination of the toxic elements, arsenic (As), chromium (Cr), cadmium (Cd) and bromine (Br). The
abbreviations have their usual meaning.
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Yield of the sum of (solubilized) toxic elements in the dry biomass of water hyacinth.
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Figure 16

Analysis of water hyacinth cellular extracts for the determination of the macronutrients, phosphorus (P), sulphur (S), potassium (K) and calcium (Ca).
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Figure 17
Analysis of heavy elements in the water of “Laguna Jovita, Naranja de Tapia, Michoacan”.
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Figure 18

Physico-chemical characterization of the water used for phytoremediation by the water hyacinth plant. NTU is nephelometric turbidity unit.
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