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Abstract

This study investigated the uptake capacity and bioaccumulation of heavy metal (Cu) in water using eight
different aquatic plant species: Juncus effusus, Acorus calamus, Eichhornia crassipes, Sagittaria sagittifolia,
Arundina graminifolia, Echinodorus major, Nymphaea tetragona and Pistia stratiotes. The results showed
that Eichhornia crassipes and Pistia stratiotes have the best ability for bioaccumulation, while Arundina
graminifolia, Nymphaea tetragona, and Acorus calamus also showed good bioaccumulation. However,
Juncus effusus, Sagittaria sagittifolia, and Echinodorus major displayed very weak bioaccumulation. The
enrichment capacity for Cu?" in roots and shoots differed among species. Most of the Cu?" was located in
the shoot tissues of Juncus effuses, while for Sagittaria sagittifolia and Acorus calamus it accumulates
in their root tissues. However, in the case of Echinodorus major the accumulation of copper content in
root and shoot tissues is the same. The adsorption rates of heavy metal Cu in different aquatic plants were
different. The adsorption rates of Eichhornia crassipus, Pistia stratiotes, Echinodorus major, and Nymphaea
tetragona were higher than for Juncus effusus, Sagittaria sagittifolia, and Acorus calamus. When different
aquatic plants reached the adsorption equilibrium, pH values were different. The Cu enrichment amount in
aquatic plants was related to the content of lignin in plants, and the higher the content of lignin, the greater

the amount of copper.
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Introduction

Water pollution caused by the heavy metals released
from different industries has received worldwide
attention owing to the potentially toxic or carcinogenic
properties of heavy metals and the deterioration of the
quality of drinking and irrigation water [1-8]. It can also
be hazardous to human health when they enter the food
chain and water supply system [7-11]. Heavy metals such
as copper, zinc, and cobalt are essential for the growth
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of living organisms. Copper is one of the heavy metals
and is usually present at low concentrations in water. It
is an essential micronutrient for animal metabolism [12].
However, Cu exceeding its critical level might bring
about a serious problem for the environment and water
pollution, as well as serious toxicological concerns such
as vomiting, cramps, convulsions, or even death [13-14].
Nowadays, with the development of such industries as
textiles, metal plating, mining, and fertilizing, copper-
containing wastewaters are released into the environment
and can cause serious pollution of ground and surface
waters [15-16].
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Ecologists and environmentalists are therefore
facing the task of cost-effective treatment of wastewater
containing heavy metals. The conventional methods of
heavy metal elimination from wastewater include ion
exchange, membrane separation, electro dialysis, etc.
However, such methods are not effective, are expensive,
need high energy input, and are not eco-friendly [17].
Recently, many approaches have been studied for the
safe, cost-effective, and more efficient treatment of heavy
metal-loaded wastewater [18-24]. The physical adsorption
method has emerged as the best alternative treatment
method. It uses an activated carbon, SiO,, AL,O,, fee stone,
and diatomite as an adsorbent for water pollutants [25]. It
is a remarkably effective method. However, the saturated
adsorption agent can become a secondary pollution source
and needs to be given a regeneration treatment before it
can be available for use. Furthermore, the regeneration
process is complex and difficult in operation. The chemical
process is an effective and widely used process in industry,
employing the reaction of chemical reagents and pollutant
components for purification purposes while being simple
and inexpensive to operate. But chemicals will often
introduce other chemical components of pollution.

Although biological (bacterial) is a method of
adopting microbial purification, the microbes are greatly
influenced by water quality. Different configurations of
microorganisms were used for different water quality levels.
In addition, during the process the change in water quality
will inhibit the biological treatment effect [26-29]. In-situ
remediation processes, for example ecological techniques
including the use of aquatic plants, has been established for
the bioremediation of polluted surface water. This method
has many advantages when compared to other techniques,
such as low costs, low energy consumption, less adverse
impacts on the environment, and no secondary production
of pollutants.

Experimental
Methods

Juncus effusus, Acorus calamus, Eichhornia crassipes,
Sagittaria  sagittifolia, Pistia stratiotes, Arundina
graminifolia, Echinodorus major, and Nymphaea
tetragona were collected and fully cleaned to remove dirt.
The collected plants were placed in the Hoagland nutrient
solution [30] for a 10-day acclimatization period before
being exposed to heavy metal contaminants. Then three
aquatic plants with similar sizes were respectively put into
containers that contained 2 L of 10 mg/L solution containing
desired Cu concentrations, and put in dry, ventilative, and
sunny conditions. There was one plant in each replicate
with three replicates in each treatment. The control sets
were similarly maintained in containers containing 2 L of
10 mg/L solution only, without any metal treatments. pH
was measured every two days. The volume of water in
each tank was kept constant and the change in volume due
to evaporation and plant transpiration was compensated

for by the addition of deionized water and sampled at a
time. The concentration of heavy metals was measured by
TAS-990 atomic absorption spectrophotometry (Beijing,
China). Then all the results are the mean values from three
aquatic plants. After the last sampling, the aquatic plants
at 80°C were removed, dried to constant weight, and high-
temperature roasting ashing of roots, stems, and leaves
was done to digest.

Analyzing Heavy Metal Elements Content

The sample was digested with nitric acid and the high-
acid digestion method, and the digestion reaction was
carried out in a COOLPEX microwave chemical reactor
(Shanghai, China). An amount of 0.200 g ashing samples
or 1 ml of the sample solution was first added to the
tube digestion, and then we added 5 ml of concentrated
nitric acid and the obtained solution was heated for
1 h. The temperature of the stove was adjusted to 150°C,
after 20 min of heating until the surface turned light
yellow and was then removed for cooling. Afterward,
1 ml of perchloric acid was added and the temperature
was adjusted to 180°C and heated until dark smoke was
produced. After that, we steamed the liquid until the
residue turned gray and white and the surface was clean
(if there was still some color, then we tried to add more
nitric acid with the same amount), and then it was filtered,
and the filtrate was transferred to a 50 mL bottle added
with pure water. Finally, the content of Cu was analyzed
by atomic absorption spectrophotometry.

Results and Discussion

Enrichment Effect of Copper
by Aquatic Plants

During the experimental period the plants were
grown normally. As can be seen from Fig. 1, there are
significant differences in the concentrations of heavy
metals in different aquatic plants. These aquatic plants
are listed on the basis of their metal accumulation.
Accordingly, Eichhornia crassipes has received high
metal accumulation, which implies: Eichhornia crassipes
> Pistia stratiotes > Arundina graminifolia > Nymphaea
tetragona > Acorus calamus > Echinodorus major >
Juncus effusus > Eichhornia crassipes. Acorus Calamus
and Pistia stratiotes are more suitable for processing Cu-
polluted water due to their significant accumulation on Cu.
Fig. 1 also shows that Cu enrichment by aquatic plants
occurs mainly in the first six days, then gradually slows
down and reaches equilibrium enrichment almost on the
10" day. Different aquatic plants differ in the rates of
their Cu enrichment. The adsorption rates of Eichhornia
crassipes, Pistia stratiotes, and Nymphaea tetragona were
higher than those of Juncus effusus, Acorus calamus,
Sagittaria sagittifolia, and Echinodorus major. Yanet
et al. [31] found that the enrichment rate has a contact
area of floating plants and water pollutants. Floating plants
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Fig. 1. Effect of aquatic plants on the removal of copper from
water: 1) Juncus effusus, 2) Acorus Calamus, 3) Eichhornia
Crassipes, 4) Sagittaria sagittifolia, 5) Arundina graminifolia,
6) Echinodorus major, 7) Pistia stratiotes, and 8) Nymphaea
tetragona.

and water pollution have more contact area and its leaves
and stems are active for absorbing heavy metals, resulting
in good enrichment of heavy metals in plants and reaching
equilibrium enrichment more quickly.

Upon the adaptation of aquatic plants to Cu pollu-
tion, the concentration of Cu in the model was changed.
It was also found that when the concentration of Cu?*
was 14 mg/L, the old Pistia stratiotes leaves appear to
yellow and wither after four days while the roots drop
off after six days. However, the remaining aquatic plants
grew normally. Therefore, when the Cu ion concentration
reaches 18 mg/L, the old leaves of Eichhornia crassipes
appear to yellow and wither after being cultured for two
days on the plant root, plus root shedding after four days.
On the sixth day Sagittaria sagittifolia and Echinodorus
major appear yellow, on the 10th day the leaves next to
the root of Arundina graminifolia turn yellow and the tail

of Acorus calamus leaves also began to turn yellow, but
Juncus effusus and Nymphaea tetragona did not change
significantly.

Accumulation of Copper in the Root and Shoot
Tissues of Aquatic Plants

The distribution of Cu®* in plants varies within the
different plant species. Plants uptake heavy metals through
their roots and transfer to the stems and leaves. Then these
heavy metals get complexation with functional groups
of amine in the plant body, which results in enriching
the heavy metals. In addition, they can also bond with
functional groups of cellulose, lignin, and hemicellulose.
Furthermore, free lignin plays the role of flocculation on
heavy metals.

As observed in Table 1, aquatic plants showed good
copper enrichment amounts in their roots and shoot tissues.
It can be seen that the concentration of heavy metal Cu by
the plant before and after the experiment is basically the
same as the concentration of Cu measured by the plant
(Fig. 1). Accumulation of Cu was different in various
parts of aquatic plants, with the ratio of Cu concentration
in the shoot to that in the root of the plant calculated as the
translocation factor (TF), and TF is different. In addition,
the translocation factor can show that there were also
differences in the concentrations of heavy metals in the
same parts of different aquatic plants. The accumulation
of Cu in stems and leaves of the Juncus effusus, Sagittaria
sagittifolia, and Pistia stratiotes were significantly
higher than those in the roots, while the accumulation of
copper in the root of Arundina Graminifolia, Eichhornia
Crassipes, Nymphaea tetragona, and Acorus Calamus was
significantly higher than that of the stems, and while Cu
accumulation in the root of Echinodorus major is basically
the same as that in stems. The enrichment experiment is
carried out in a period of 20 and 30 days, respectively. It
was found that TF did not change significantly, indicating
that within the experimental period, the transfer of heavy
metals in plants reached the equilibrium.

Table 1. Content of Cu in root and shoot tissues of aquatic plants (mg/kg).

Section adsorption k
Aquatic plants Root/shoot 4 Q (mg/kg) | Equilibrium pH
Roots Stems/leaves ratio (mg/kg)

Juncus effusus 13.8 19.1 0.72 33.7 329 7.25
Acorus calamus 30.2 21.8 1.39 50.7 52.0 7.20
Eichhornia crassipes 63.1 34.3 1.84 98.1 97.4 6.07
Sagittaria sagittifolia 11.0 15.9 0.69 26.4 26.8 6.11
Arundina graminifolia 51.6 25.8 2.00 76.6 77.4 6.76
Echinodorus major 214 20.3 1.05 41.1 41.7 6.17
Pistia stratiotes 39.8 52.3 0.76 93.0 92.1 6.74
Nymphaea tetragona 39.8 21.0 1.90 60.5 60.8 6.68

k: Plant root/(stem+leaf) enrichment ratio, q: accumulation by plant test (mg/kg), Q: enrichment measured by the change of solution

concentration (mg/kg)
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Table 2. Change of pH value of adsorption process solution.
pH
Aquatic plants
0d 2d 4d 6d 8d 10d 12d
Juncus effusus 6.68 6.88 6.97 7.12 7.20 7.22 7.25
Acorus calamus 6.67 6.83 6.92 7.05 7.18 7.19 7.20
Eichhornia crassipes 6.67 6.42 6.33 6.27 6.20 6.15 6.07
Sagittaria sagittifolia 6.69 6.46 6.37 6.26 6.17 6.13 6.11
Arundina graminifolia 6.68 6.75 6.77 6.73 6.75 6.78 6.76
Pistia stratiotes 6.68 6.52 6.40 6.35 6.26 6.20 6.17
Echinodorus major 6.67 6.71 6.75 6.72 6.73 6.74 6.74
Nymphaea tetragona 6.68 6.69 6.65 6.67 6.66 6.67 6.68

Changes of pH in the Solution of the Enrichment
Process of Aquatic Plants

The purification of heavy metals by aquatic plants
has many forms, such as physical adsorption, chemical
adsorption, complexation, etc. The root-specific surface
area of aquatic plants (Juncus effusus, Acorus calamus,
Eichhornia crassipes, Sagittaria sagittifolia, Arundina
graminifolia, Echinodorus major, Nymphaea tetragona,
and Pistia stratiotes) is relatively small. Combined with the
experiment of the concentration of the roots and leaves of
the aquatic plant, it can shed some light on the enrichment
of heavy metals by aquatic plants. The adsorption capacity
of the physical adsorption is not dominant.

As shown in Table 2, the change of pH value in the
heavy metal enrichment process by aquatic plants can
be divided into three types. In the experiment of Acorus
calamus and Juncus effusus pH increases because the
root of aquatic plants contains amino groups with the
amino functional groups, which can form complexes
with the heavy metal ions of Cu, resulting in an increase
of pH of the solution. In the experiment of Eichhornia
crassipes, Sagittaria sagittifolia, and Pistia stratiotes, pH

drops because aquatic plants are mainly made of wood,
cellulose, and hemicellulose, which are rich in oxygen-
functional groups (C=0 (ketones, lactones, and carbonyl
group). When C-O (alcoholic hydroxyl and ether) and
C (=0)-0O (esters, carboxylic acid, and carboxylate) are
combined, these oxygen-containing functional groups can
form complexes with metal ions and release H*, resulting
in a decrease of pH value. In adition, heavy metal ions in
the presence of ions during the immersion process have
an exchange reaction with a hydrogen ion, decreasing
the sample solution pH. The pH in the experiment of the
Arundinagraminifolia, Echinodorus major, and Nymphaea
tetragona enrichment process remains unchanged.

Effect of Initial pH on the Concentration
of Heavy Metals in Aquatic Plants

The pH value of the water body not only affects the
growth of aquatic plants, but also affects the ability of
the aquatic plants to enrich the heavy metals. The initial
pH value of the solution was adjusted using 0.1 mol/L of
HCI and NaOH solution, and a number of heavy metals
accumulated by aquatic plants are presented in Table 3 after

Table 3. Concentration of heavy metals in aquatic plants under different pH.

pH
Aquatic plants
4 5 6 6.68 8 9

Juncus effusus 10.2 28.4 39.3 329 21.7 9.8
Acorus calamus 17.6 39.8 54.5 52.0 40.5 12.8
Eichhornia crassipes — 58.5 90.6 974 73.0 —
Sagittaria sagittifolia — 15.1 224 26.8 18.9 —
Arundina graminifolia 39.5 60.0 81.1 77.4 57.7 17.2
Echinodorus major — 11.0 338 41.7 29.4 —
Pistia stratiotes — 50.7 90.5 92.1 79.6 —
Nymphaea tetragona — 35.1 62.6 60.8 51.1 28.1

Note: the accumulation of Q was measured by the plant (mg/kg)
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12 days of growth. In the process of the experiment, it was
found that when the pH values were 4 and 9, Eichhornia
crassipes, Pistia stratiotes, Sagittaria sagittifolia, and
Echinodorus major did not shoot new roots. In contrast,
the original root slowly started disintegrating and leaves
slowly turned yellow and withered; Nymphaea tetragona
and Arundina graminifolia did not have obvious loss and
decay on their roots, but the leaves gradually yellowed,;
Juncus effusus and Acorus calamus had no obvious yellow
and withered leaves, and the root did not appear to be shed
or decay. From the table it can be seen that, with pH value
increased, Cu extraction by total plants increased at first,
but progressively declined at subsequent higher doses.
Better pH rush by Acorus calamus accumulation of heavy
metals was 5-6, it was weak acid; Sagittaria sagittifolia
accumulated heavy metals better in the pH 6.5-7 range.
Echinodorus major stayed in the weak acid and neutral
regions to maintain a stable amount of adsorption. The
appropriate Pistia stratiotes, Eichhornia crassipes,
Echinodorus major, and Sagittaria sagittifolia at pH 4
began to have rot roots after 4-6 days. In addition, under
different acid and alkali conditions, heavy metal ions must
be combined with H', which is not the same as heavy metal
ions combined with OH". For instance, pH in Cu** and Pb**
form suspended matters in the larger pH conditions, which
greatly affect the aquatic plant’s absorption capacity on
Cu?" and Pb*'. Better pH for most aquatic plants for the
enrichment of heavy metals is neutral and weak acid.

Effect of Plant Age on Heavy Metal
Accumulation

In order to study the effect of plant age on the
accumulation of heavy metals, Eichhornia crassipes of
different plant ages (native strains — first generation, native
strains branch plants — second generation, and proton plant
branching out plants — third generation) and Nymphaea
tetragona cultured for different times (to seed culture
for 4, 6, 8, 10, and 12 weeks) were used as the research
object, and the experimental results are shown in Table 4.
From the table we can see that the Eichhornia crassipes
of Cu enrichment in the amount of 1 > 2 > 3 generation;
Nymphaea tetragona of heavy metal enrichment in the
amount of 10 weeks, 12 weeks > 8 weeks > 6 weeks > 4
weeks. Therefore, the enrichment of Cu in mature plants

was larger than that of seedlings, which was the same as
that of Lavid et al. research results [32].

With the growth of plants, the content of the three main
components (lignin, cellulose, hemicellulose) in the plants
also changed. To further study the quantity variation of
heavy metal accumulation in plants in different growth
periods, three main components (cellulose, lignin, and
hemicellulose) contents were observed and analyzed, and
the results are shown in Table 5. It can be seen that in all
periods of growth, Eichhornia crassipes and Nymphaea
tetragona in the cellulose content was the highest, and the
cellulose content increased at different rates. By comparing
hemicellulose content in different growth periods, we
found that the semi cellulose increased with prolonging
the incubation period. When it reached a certain value,
hemicellulose content decreased in spite of the prolonged
culture time. Comparing lignin content in different growth
periods, we found that lignin content of the Eichhornia
crassipes and Nymphaea tetragona increased in different
degrees with prolonging culture time, and then tended to
be stable in the end. Combined with the different growth
period of Eichhornia crassipes and Nymphaea tetragona
of Cu enrichment and the three component changes, we
found that the changes in the pigment of aquatic plants on
Cu enrichment are the same as those of the aquatic plant
in wood. The concentration of the plant is related to the
content of lignin in plants. In order to further study the
impact on the accumulation of heavy metal when lignin
content is changed, we propose changing the content of
lignin in the plant by means of chemical and biological
engineering. Previous studies have found that lignin is
synthesized in higher plants through the phenylpropanoid
pathway and lignin-specific pathway. Three main
monomers were generated by phenylalanine, which
is amino, hydroxy, methylation, and redox reactions.
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
were aggregated to form p-hydroxyphenyl lignin, guaiacyl
lignin, and syringyl lignin. Finally, under the catalysis
of peroxidase (POX) and laccase (LAC), various lignin
monomers were polymerized into high molecular lignin
[33-36]. Domestication and cultivation of aquatic plants:
A certain amount of phenylalanine was added during the
cultivation of Eichhornia crassipes, and its concentration
was 1 g/L, and every morning and evening at 8:00, the
water portion was given a spraying of 0.1g/L amino acid

Table 4. Contents of three major components of different plant ages and concentrations of heavy metals.

Eichhornia crassipes Nymphaea tetragona
” - ord 4 6 8 10 12
weeks weeks weeks weeks weeks
Accumulation (mg/kg) 54.5 82.7 97.4 35.7 47.2 60.8 62.1 62.7
Cellulose (%) 16.75 19.31 25.26 19.43 23.57 28.41 30.22 33.19
Hemicellulose (%) 12.82 14.52 14.17 10.77 16.34 17.52 15.97 15.24
Lignin (%) 7.92 10.80 13.02 9.07 11.15 13.91 14.55 14.58
Accumulation/lignin 7.639 7.657 7.481 3.936 4.104 4.371 4.268 4.300
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Table 5. The content of lignin and the concentration of Cu in
water under external environmental stress.

0d 5d 10d 15d
Accumulation 938 | 1042 | 113.0 | 118.6
(mg/kg)
Lignincontent | 1) ¢} | 1374 | 1547 | 1630
0 . . . .
Accumulation/ |5 450 | 5440 | 7304 | 7.239
lignin

solution for one time, which was continued to be carried
out on days 0, 5, 10, and 15. And they were transferred
to the common nutrient solution for one week before
the test. The experimental results are shown in Table 5.
It can be seen that after phenylalanine culture, the lignin
content in Eichhornia crassipes increased and the lignin
content in plants increased with the increase of induction
time; the accumulation of heavy metals by Eichhornia
crassipes was also increased. Therefore, the lignin content
in the Eichhornia crassipes was further promoted to Cu
accumulation. The reason may be that lignin is a lot more
negative with the group of polycyclic macromolecule
organic matter, which has a strong affinity for high valence
metal ions.

Conclusions

The uptake and accumulation effect of Cu?* by eight
kinds of aquatic plants (i.e., Juncus effusus, Acorus
calamus, Eichhornia crassipes, Sagittaria sagittifolia,
Arundina graminifolia, Echinodorus major, Nymphaea
tetragona, and Pistia stratiotes) were studied. The findings
in this research implied that (differential accumulation
pattern was noted for copper) the accumulation of copper
was different in different aquatic plants. Eichhornia
crassipes and Pistia stratiotes are the best; Arundina
graminifolia, Nymphaea tetragona, and Acorus calamus
are second best; and Juncus effuses, Sagittaria sagittifolia,
and Echinodorus major are the worst. The enrichment
ratio of roots, stems, and leaves is different in the
various plants. Juncus effusus mostly accumulated in
stems, Sagittaria sagittifolia and Acorus calamus mainly
accumulated in the roots, and the distribution of Cu is
similar in the root of Echinodorus major. Different aquatic
plants have Cu enrichment at different rates, among which
the adsorption rate of the Eichhornia crassipes, Pistia
stratiotes, Echinodorus major, and Nymphaea tetragona is
higher than that of Juncus effusus, Arundina graminifolia,
Sagittaria sagittifolia, and Acorus calamus. When
different aquatic plants reach the adsorption equilibrium,
pH value is different. The concentration of Cu in aquatic
plants was also related to the content of lignin in plants,
and the higher the content of lignin, the greater the amount
of Cu.
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