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THE USE OF WATER PLANTS IN BIOMONITORING
AND PHYTOREMEDIATION OF WATERS POLLUTED
WITH HEAVY METALS

WYKORZYSTANIE RO SLIN WODNYCH W BIOMONITORINGU
| FITOREMEDIACJI WOD ZANIECZYSZCZONYCH METALAMI CI  EZKIMI

Abstract: The publication is a synthetic review of many geafr research on the possibility of using watentda
(macrophytes) to assess pollution of surface watedsthe possibility of using the biomass in phgtoediation
processes. The results of the research of kinatidsequilibria of heavy metals sorption and desanptonditions
were presented in order to repeatedly use the lisnas well as the research on the influence ofiabfactors on
sorption processes. Defence mechanisms of maceghyhich enable them to vegetate in consideratilytpd
waters, have been discussed. The results presbateth and carried out in many countries demorestitat
macrophytes can be successfully used in the bidoramg of water environments and phytoremediatibwaters
and sewage; however, validation of these procedemsires more detailed research of the mechanigimsh
accompany them.
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Introduction

The concept of a "water plant" is a matter of camiem. It is difficult to build
a coherent definition of these groups of organistug to the connections of both higher
and lower water plants with various transitory ferof land plants. One of the definitions
describes water plants (hydrophytes) as the ongsnigshich by way of natural selection
adapted to a water environment and are insepacabiyected with it. Another term defines
water plants, also referred to macrophytes, as the plants belonging to different systematic
groups, excluding single-cell and colonial algaeackbphytes are often regarded as the
group of plants including vascular plants, waterssmand algae generating macroscopic
thallus. Macrophytes are quite a differentiatedugrof plants from a morphological point
of view. In Poland, the group includes all cha@hdrophyta), some mosse®B(yophyta),
a few ferns Pteridophyta) and a small group of spermatophyt8sef matophyta) [1-5].
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Water plants have many common features, which trésuin the fact that they are
perennial plants, which lose their assimilationamg in winter [1]. They inhabit the littoral
zone of rivers and water reservoirs, from the bawkthe light penetration zone, which
indicates that macrophytes live in differentiatedbitats [6, 7].

The research of the accumulative properties of maients have been carried out for
many years in order to use them in biomonitoringl grthytoremediation of waters
contaminated by heavy metals. The research focuses among others, sorption
mechanisms, the factors influencing the processtiis and equilibrium as well as mutual
relations between concentrations of pollution aadated in their structure and habitat.
Macrophytes' resistance to pollution and the pdd#gilof their repeated use in water and
sewage phytoremediation processes have been tested.

The most frequent immersed and floating types qeeties of water plants in Poland
tested for the possibility of using them in biontoring of water ecosystems and water and
sewage phytoremediation arElodea canadensis L., Ceratophyllum demersum L.,
Myriophyllum spitacum L., Potamogetonaceae andLemna minor L. [8-12].

The objective of the research was to systematiseobitained results and conclusions
regarding sorption properties of various types atew plants, in particular the immersed
and floating plants, published in science magazateessible ircience Direct base. The
results of research regarding the use of macrophyter biomonitoring and
phytoremediation of waters were presented.

Biosorption and bioaccumulation of heavy metals by macrophytes

In order to assess sorption qualities of macroghytesearch has been in progress on
sorption kinetics and equilibrium parameters. Theeasment includes also the possibility
of desorption of the accumulated heavy metals fpbamts biomass in order to reuse it in
phytoremediation processes.

The immersed and floating water plants can absabvih metals from bottom
sediments via their root systems, if they have onejia their whole surface directly from
water. It was confirmed that concentrations of dhalytes accumulated in water plants are
correlated with their concentrations in water andiattom sediments [13].

It is assumed that the process of sorption of meta the surface of water plants by
ions exchange [14, 15]; however, it was also ndtiteat the sorption mechanism can have
different characteristics, which is confirmed bywlcenergy of the sorption process
activation and, in certain cases, fast and easyrpgtsn processes [16, 17].

The process of ions exchange, as the main mechanfisations sorption, is indicated
by the studies carried out witPotamogeton natans. It was confirmed that, among others,
this macrophyte sorbs hydrogen cations at low pldesof the solution and then desorbs
with the increasing pH of the solution, which it svén contact with [18]. Similar
conclusions were made on the basis of the reseastlits, which show that heavy metals
cations sorption is simultaneous with desorptiogaifons naturally bound in macrophytes:
H*, Na', K*, C&" and Mg [19, 20].

Veglio and Beolchini declared that there are maaysaof metals absorption by plant
cells. They divided biosorption processes into aef sorption as well as extra- and
intracellular accumulation [21]. Another divisioriffdrentiates biosorption as a fast and
reversible process, based on physical and chetigding of metals cations (complexing
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and chelation, ions exchange, microprecipitatiod adsorption) and bioaccumulation, as
a slow and irreversible process, which takes piacéving organisms only and which
mainly influences a cell's metabolic activity [22}2

Mainly the model of the pseudo-second order read28, 25-30] and, less frequently,
the model of the pseudo-first order (the Lagergremel) [19] is used to describe sorption
kinetics. The studies of kinetics aim at estabfighthe reaction speed constant. This
parameter assists in being able to assess thaémogdficiency in time, also in dynamic
equilibrium status.

The research results show that the time neededhieve equilibrium depends on the
plant type but also on the type of sorbed catidiie example is the study of nickel and
chromium sorption irElodea canadensis. It was confirmed that, depending on the initial
concentration of the solutiork. canadensis accumulates in the same time from 25 to
40 times more Ni than Cr. For example, after 24rhsnrption, Ni content in the plant
biomass amounted to 0.037 mmol/g d.m., and Cr &0@ol/g d.m. (d.m. - dry mass)
[31].

One of the examples of the studies of surface morinetics is the studies of copper,
zinc and lead cations in macrophyteltyriophyllum spicatumand Ceratophyllum
demersum. The results of studies of the sorption from dohg of these metals with volume
of 250 cnf and initial concentrations of 10 mg/dishow that the time required to achieve
dynamic equilibrium is approximately 20 minutes J[2Zbhis was confirmed by other tests
on the same plant species [23, 26, 29]; howevéar,dmphasised that the equilibrium status
during sorption of copper iMyriophyllum spicatumis achieved after 35 minutes [30].
Other studies of lead sorption with the same maugrgpshow that after 10 minutes, 66% of
lead cations present in initial solution were sdrb&hereas in dynamic equilibrium
achieved after 20 minutes, 85% of Pb cations werleesl [28]. Studies of mercury sorption
kinetics in Potamogeton natans show that after 30 minutes approximately 90% Hg wa
sorbed from solutions [18].

Studies of sorption kinetics and efficiency reladéso to the above-mentioned
bioaccumulation - a slow process lasting many days.

The example is cadmium bioaccumulation studiekénpiantdMyriophyllum. Sorption
was carried out from the solutions with concentragifrom 0.018 to 0.14 mmol/dnAfter
96 hours, from 81 to 95% of Cd cations were sorbdegending on the plant type and initial
concentration of cadmium in the solution [32]. Mauiyte Ceratophyllum demersum kept
in selene solution with concentration of 0.13 muhof, after 31 days sorbed
0.0062 +0.0011 mmol/g d.m., whereddyriophyllum spicatum after 13 days sorbed
0.0027 #0.0001 mmol/g d.m. of the analyte [33]. dther studies,Ceratophyllum
demersum, after 24 h in arsenic solution with initial contetion of 0.04 mmol/drhsorbed
0.003 mmol/g d.m. of this element, and after 48rhdu004 mmol/g d.m. [34]. After 7
days, from the solution with initial lead concetita of lead of 0.1 mmol/dfnthis
macrophyte accumulated 0.008 mmol/g d.m. Pb (95.8fhvever, most of the lead was
accumulated already after day 1: 0.0059 mmol/g,da¥0% of the available lead cations
[35].

Studies of heavy metals sorption efficiency Wptamogeton pectinatus and
Potamogeton malaianus showed that they accumulate on average 92% Cd, F8Y86%
Mn, 70% Cu and 67% Zn, present in the initial dolut[36]. A comparison of sorption
properties Elodea canadensis and Salvinia sp. was carried out [37] and sorption



35€ Pawet Krems, Maigorzata Rajfur, Maria Wactawek andirzej Ktos

characteristics of.emna minor, in which from the solution with initial concentien of
10 mg/dni the sorbed volumes were 98.83% Pb, 94.07% Cd8%2 Cu, 69.03% Ni and
63.42% Zn. It was confirmed that the efficiencysofption of most metals was greater in
the solutions with the initial concentrations of h@/dn? in comparison with the solutions
with twice as large concentrations, which probakelults from filling the active centres by
the sorbed metals [19].

The presented research results show that the ledaitiesulting from surface sorption,
the main mechanism of which is the ions exchandabilse after approximately
30 minutes. In the case of bioaccumulation in exdarad intracellular structures, studies of
sorption processes can even last several dozer[2lys

Table 1
Equilibrium parameters of the selected types obwplantscmax - sorption capacity,
t - time needed to achieve equilibrium, pH of theisoh in equilibrium
. Crax .
Aquatic plants Heavy meta [mg/g dm] | [mmolig dm] t [min] pH References
Cu 10.37 0.163
Zn 15.59 0.238 120 5.0-6.0 [23]
Pb 46.49 0.224
Cu 6.20 0.098
Zn 14.00 0.214 120 5.0-6.0 [25]
Pb 45.00 0.217
Myriophyllum Pb 41.14 0.199 120 5.0 [28]
spicatum Cu 12.07 0.190 - - [29]
Cu 10.80 0.170 120 5.0-6.0 [30]
Co 2.30 0.039
Ni 3.00 0.051 120 8.0 [39]
Zn 6.80 0.104
Cu 12.90 0.203
Zn 13.50 0.206 60 - [40]
Pb 55.60 0.268
Myriophyllum Cu 13.90 0.219
alterniflorum Cd 11.10 0.099 120 5.0 [27]
Cu 6.17 0.097
Zn 13.98 0.214 120 5.0-6.0 [25]
Ceratophyllum Pb 44.80 0.216
demersum Cu 6.17 0.097
Zn 13.90 0.213 120 5.0-6.0 [26]
Pb 44.80 0.216
Potamogeton Cu 40.80 0.642
lucens Zn 32.40 0.495 - - [15]
Pb 141.00 0.681
Potamogeton Hg 180.00 0.897 180 7.2 [18]
natans
Spirogyra sp. Cu 137 2.16 40 5.0 [41]

The Langmuir isotherm model is mainly used to dbscdynamic equilibrium [23,
25-27, 29]. It assumes the existence of a definitmber of active locations, in which
sorption of only one chemical substance is possiblee maximum sorption capacity is
equal to filling all active locations. The auth@lso point out good correlations between the
experimental data and calculations from the mo#8] p5, 28, 29]. The equilibrium status
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is also described by other isotherm models, amdhgre, Freundlich isotherm [38] and
Spis isotherm (generalised Freundlich isotherm).[28

The results of laboratory tests of sorption capacit different macrophyte types,
defined on the basis of Langmuir isotherm, are gare] in Table 1. For comparison, the
table includes the sorption capacitySpfrogyra sp. referring to copper.

The presented values of sorption capacities in rgrbim. show differences resulting
from physical and chemical properties of the sorbaiibns. Most of the data presented in
the Table show that, after conversion to mol, sorpis most difficult with regard to copper
and similarly to zinc and lead cations. These tesalso show considerable differences in
assessment of sorption capacity of the same pléthtyeference to one metal. For example,
the capacity ofMyriophyllum spicatum with regard to copper cations was assessed at
0.098 mmol/g d.m. [25] and at 0.203 mmol/g d.m.][4the problem is that authors rarely
provide uncertainty of the sorption capacity deiaation. Tests of copper sorption by
Spirogyra  sp., within the small initial metal concentrationsy solution of
10%102 mmol/dni, showed that the standard error in sorption capateétermination,
depending on the experiment conditions, may ameuen to 18% [42)].

There are also differences regarding sorption agpatimmersed and floating plants.
The data included in Table 2 show that the begitgor characteristics for Cu, Zn and Pb is
the floating leaves plantRotamogeton lucens. However, numerous other studies emphasise
the reverse effect. The comparison of sorption attaristics of several types of
macrophytes, with reference to accumulation of@li,and Cd shows that immersed plants
have superior sorption characteristics. Among thpkmts, Ceratophyllum demersum
presented the best sorption characteristics. Ineréental conditions, it accumulated
0.0030 mmol/g d.m. of Ni, 0.0041 mmol/g d.m. of &ud 0.00071 mmol/g d.m. of Cd. In
the same conditions, macrophy®etamogeton natans with floating leaves accumulated
0.0012 mmol Ni/g d.m., 0.0024 mmol Cu/g d.m. ar@D037 mmol Cd/g d.m. [43]. Similar
correlations are confirmed by other experiments48B It is supposed that better sorption
characteristics of immersed plants are relatetig¢cspecific structure of these macrophytes.
Their leaves have underdeveloped skin (sometimas)rand lamina, which support a fast
exchange of matter with the environment [43].

The presented results of research show, in sonescesnsiderable differences, which
may result from different experiment conditions amdack of recognition of abiotic and
biotic factors, which influence sorption processes.

The influence of abiotic and biotic factors on sorption characteristics
of macrophytes

Accumulation of heavy metals by water plants inurat conditions is influenced by
a number of abiotic factors, among others pH, pres@f other cations in the waters of the
reservoir, temperature, intensity of photosynthbgjot and the exposure period, as well as
biotic factors, among others, specific featureg Qyperaccumulation capacity and
resistance to high concentration of pollution), ahettorage and detoxification forms by
a plant as well as interaction with other compoymésent in a cell [47].
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The influence of abiotic factors on sorption characteristics
of macrophytes

The pH of solution is one of the most frequentlstéel parameters. Hydrogen cations
influence solubility of heavy metal compounds; thegate themselves in active centres and
influence the ionisation degree of the sorbatendutihe process. The tests carried out with
the use ofMyriophyllum spicatum showedthat the maximum efficiency of lead cations
sorption (76%) was achieved at pH = 5. EfficienéyPb cations sorption at pH 2.0 was
only 37%. It was noticed that the very competitivgdrogen cations sorption causes
reduction of lead cations sorption [28]. Similasults were obtained when analysis sorption
processes of Se(VI) biemna minor within pH changes range from 2.0 to 8.0. The
maximum sorption efficiency is achieved at a solugpH of 6 [48].

General salinity of a solution has a similar inflae on heavy metals sorption. The
research carried out witklodea canadensis and Potamogeton natans showed that with
lower salinity, sorption efficiency of Cu, Zn andl@hcreases in these macrophytes. The
research also showed that temperature influenapsicao of metals by macrophytes. It was
confirmed that with the increase of temperaturehiwitthe range from 278 to 293 K,
sorption efficiency increases. It is supposed thatperature influences the change of cell
membrane lipids composition, which may support fsetarption [49].

Macrophytes resistance and reactions to the presence of heavy metals
in their environment

Heavy metals, among others Fe, Mn, Cu, Zn, Mo aadifC physiological quantities
perform important functions in living organismsgyhmake up metal-organic compounds,
eg metalloproteins and are necessary to maintaimpipeopriate structure and operation of
enzymes. However, they are toxic in greater comagahs. They cause, among others,
damage to root cells and limit their growth, chamgemeability of cell membranes and
slow down the transport of electrons in photosysighprocess [50, 51].

Water plants, which live in the environment withigh concentration of heavy metals,
developed effective defence systems including, anathers, a mechanism to avoid metal
ions, stopping metals in the cell membraeg,by organic acids and amino acids, by the
increase of glutathione biosynthesis, production activation of various antioxidant
particles and enzymes [35].

Elodea canadensis is the example of a macrophyte, which was manggianalysed for
anatomical, morphological and physiological changeaised by the influence of heavy
metals. It was found, among others, tEhtdea canadensis has a large tolerance to the
presence of some metals, without any symptoms afatixe stress or damage to cell
membrane [52]The plant, incubated briefly in the solutions wiginge lead concentrations
(0.24 and 0.48 mmol/d#) did not show reduction @hlorophyll a andchlorophyll b, and
the "ageing" symptoms occurred only after 168 h¢b®3. It was also confirmed that after
5 days of incubation in Ni solution with concenimat of 0.01 mmol/dr¥, there was no
slowing down of growth or reduction of the quantdf photosynthetic dyes; at greater
concentrations of this metal, the plant activatefedce mechanisms, among others, the
increase of biosynthesis of the compounds contgitiiols [54]. Macrophyte€lodea
canadensis and Salvinia sp. immersed in a ferrous solution with concentratioh o
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0.09 mmol/dm® after 10 days did not show reduction of growttany other symptoms of
toxic influence of the metal, contrary to Ni and €alutions, which after 5 days caused
morphological changes in the tested macrophytefs [2®oratory tests also showed that Ni
cations, within concentration range from 0.07 t6 thmol/dm?, slow down metabolism of
nutritive compounds, among others, phosphorus @ratjen [55].

Monthly observations of the external changeEldea canadensis kept in the solution
with gradually increasing cadmium concentration tap0.1 mmol/dm® showed that the
plant growth was stopped, compared with the corgaohple. The macrophyte had thinner
stems and less developed leaves. Division and frafvichloroplasts were also slowed
down, photosynthesis activity was reduced and asgéion of cell membrane build up was
disturbed [56]. Similar tests showed that slowirgyvd the growth ofElodea canadensis
could also be noticed in copper salts solutionshiwiconcentration range from 0.016 to
0.16 mmol/dr®, in which the tested samples were incubated forda@s [57]. Toxic
influence of Cu on this macrophyte was also cordiirby other experiments [54].

Tests were also carried out of the influence ofndach and lead on cellular
ultrastructures otlodea canadensis. It was confirmed that these metals cause chainges
the cellular organisation of the plant. Also swajliof chloroplasts was noticed, in
consequence of the changes in thylakoids strudiunes also noticed that the stress caused
by cadmium cations activated proteins induction SPH70 antibodies, belonging to
chaperones, the so called chaperone proteins. dsinaentration of Cd 0.01 mmol/drn
there was a 25% increase of antibodies and ataheeatration of Cd 0.1 mmol/dy the
antibodies increase was 70%. The authors assurhéhth@haperones can be responsible
for the resistance dilodea canadensis on the toxic influence of Pb and Cd. This giveanit
advantage over other macrophytes and the posgitulisurvive in the conditions lethal to
other water plant species [58].

Other tests showed thBtodea canadensis binds in its cell membranes approximately
70% Cd from the solution with concentration of @rBol/dm3, 30% Zn from the solution
with concentration of 3@mol/dnT® and 50% Cu from the solution with a concentratién
1.0 pmol/dnT. It was confirmed that most of the accumulatedczand copper is
transported through a cell membrane inside a wgiereas cadmium remains in the cell
membrane of the plant. Zn and Cu are used, amdmgotto produce the enzyme needed in
synthesis of other, physiologically active partic[62].

Myriophyllum spitacum is another frequently tested macrophyte. With tise of
infrared spectroscopy with Fourier transformatidiT-(R) on the example of lead, the
function groups present on the surface of this opltyte were identified. Carboxyl,
carbonyl and hydroxyl groups were identified, rasgble for fixing cations. Involvement
of aromatic fatty acids in the process was als@easigd [28]. Thanks to the same method,
it was confirmed that carboxyl groups in cell mear® of Myriophyllum spitacum are
responsible for fixing copper [29].

In macrophytedyriophyllum aquaticum collected from the river Xanaes in Argentina,
polluted by waters from fields containing, amongess, Co, Cu, Fe, Mn, Ni, Pb and Zn,
a decrease in photosynthetic pigments quantitghiorophyll a andb and damage of its
structure were observed. It was stated that thegrhenon may be caused by replacement
of magnesium ions by heavy metals in chlorophylitipes, which results in reduced
catchment of photons and limited photosynthesi€gss. Some heavy metals, even at low
concentrations, can cause oxidative stress, whtopsschlorophyll biosynthesis and
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accelerates lipids pre-oxidation, which leads tanage of cellular membranes. The
influence of heavy metals on the changes of phlysiod chemical parameters of the tested
organisms was also emphasised [59].

A relatively high resistance dlodea canadensis and Myriophyllum aquaticum to the
content of heavy metals in their environment aredftitt that they can sorb cations via all
surface directly from water (similarly to lichensdamosses used in biomonitoring of
atmospheric aerosol pollution [60, 61]) shows thal can be used in the biomonitoring of
surface waters pollution with these analytes.

Use of macrophytes in biomonitoring of surface waters

Numerous bioindicators and biomonitors, among atladgae [62, 63], water animals
[64, 65] and macrophytes [54, 66] are used to agsekution of water environment. The
main objectives of biomonitoring research of suefa@ters are the assessment of reservoirs
pollution, identifying sources of pollution, longrm monitoring in order to define the
dynamics of the changes, defining consequences adiutipn for biocenosis and
comparative studies between different elementh@ttosystem.

Water plants used in biomonitoring should meet dieined criteria, among others,
collect large amounts of pollution without damagthgmselves, be common in the studies
area, be easy to identify and collect for the psepof studies and, in order to asses seasonal
changes, should have a relatively long vegetat@iod [67-69]. Quantitative assessment of
reservoirs pollution also requires that a bioman#ioows statistically relevant correlations
between concentration of analytes collected iraiitfl the concentration in water and/or
bottom sediments.

There is a variety of different fresh water res@/n nature. They can be divided into
natural ones, such as lakes, rivers, streams,atgiands and marshes, and anthropogenic
reservoirs, such as dam reservoirs, artificial poednals and melioration ditches [7]. Many
biomonitoring studies of fresh water ecosystemsehlbgen carried out with the use of
immersed or floating water plants as indicators.

One of the objectives of such studies is to compidue correlations between
concentrations of analytes accumulated in varidastp and their anatomical parts with
concentrations of these analytes in water and botediments. The example includes
studies of heavy metals pollutioris, Cu, Zn, Cd and Pb of rivers and water reservairs i
western and central Slovakia. During these studiegypes of water plants were used,
among othersBatrachium aquatile, Batrachium penicillatum, Ceratophyllum demersum,
Elodea nuttallii, Lemna minor, Myriophyllum spicatum, Potamogeton nodosus and
Potamogeton pectinatus. The obtained results show differentiated leveplaints pollution
in the studied water reservoirs. The largest aver@mcentrations of Cu, Zn and Cd were
identified in Batrachium aquatile, whereas Pb ifrontinalis antipyretica. From the studied
types, higher concentrations of heavy metals wdrgeved in the immersed plants, in
comparison with the free-floating surface plant®][7 This has been confirmed by the
studies published in other works [44, 45].

Elodea canadensis Michx. was used during the studies carried outoiar feutrophic
lakes in southern Finland. In the leaves, sprontsraots of this macrophyte as well as in
bottom sediments of these reservoirs, concentstarCr, Mn, Fe, Ni, Cu and Zn were
analysed. The obtained results show that concemisabf heavy metals are different in
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different parts of plant€lodea canadensis accumulates Fe and Cu best in roots and Cr, Mn
and Ni in leaves. Zn concentration was similarlipparts of the plant. Concentration of the
analysed metals in bottom sediments was compatabkeir concentration in plants, except
for Mn [71].

In Moldavia, the river Dniestr waters were analyded mercury contamination.
Several water plants were used for that purpBetmogeton pectinatus L., Myriophyllum
verticillatum L., Potamogeton perfoliatus L., Elodea canadensis Michx. andCeratophyllum
demersum L. The studies showed that these plants can bleessitlly used as bioindicators
of Hg pollution in surface waters. It was also shdhat there is an important correlation of
Hg content in bottom sediments, water and biomé#secstudied plants [72].

Pollution with Cu, Zn, Cd and Pb of the river Nilaters was analysed in Egypt. The
metals were studied in six water planteratophyllum demersum L., Echinochloa
pyramidalis (Lam.), Eichhornia crassipes (Mart.), Myriophyllum spicatum L., Phragmites
australis (Cav.) andTypha domingensis (Pers.) as well as in bottom sediments and water.
Concentrations of heavy metals in water, sedimants plants were changing in line with
the following order: Zn > Cu > Pb > Cd. Seasondureof concentration changes of the
studied analytes was pointed out. The ability tcuatulate metals by the studied plants was
changing in line with the following orde€. demersum >E. crassipes > M. spitacum
> E. pyramidalis > T. domingensis > P. australis. On the basis of the obtained results, it was
confirmed that in comparison with sprouts, the soof all studied plant types contain
greater concentration of Cu and Zn, whereas thesteaontain the largest concentrations of
Pb. Cd concentrations in different plant organscamaparable, except fod. spicatum, in
which the largest Cd concentrations were obsenvéebives [66].

Another example is the studies carried out in seatstern France, where the plants
Elodea canadensis andElodea nuttallii to assess pollution with S, Cr, Mn, Fe, Ni, Cu, Zn
Cd and Pb were used. Concentration of the analyéssassessed for two years in water
(a stream and two ponds), bottom sediments anddsismf the studied plants. It was found
out that the analytes accumulation was influengethbé location of samples taking but also
the analyte type and season of the year. It wasshiswn that the sorption characteristics of
E. canadensis andE. nuttallii are comparable [73].

Another example of biomonitoring studies with thee of water plants are the studies
carried out in New Zealand, which covered watersthia volcanic region of Taupo
(geothermal area Tokaan and upper and lower secfidime river Waikato). During these
studies, 16 types of water plants were used, aratreysCeratophyllum demersum, Elodea
canadensis, Lemma minor, Myriophyllum propinquum, Polygonum hydropiper, Callitriche
petriei, Egeria densa. Arsenic concentration was assessed in planttprhatediments and
water. It was discovered that As concentratiolCénatophyllum demersum was 100 times
larger than in bottom sediments and 1000 timesetatban in water. Moreover, it was
confirmed that As concentration in water, bottomisents and the studied plants was twice
larger than the water quality standard applied éwNealand [74].

In Poland, similar studies have been carried ot Wie use oElodea canadensis
Michx. Contamination with heavy metals was studiethree small rivers in the river Odra
catchment area: Row Polski, Kanal Polski and Roasl8! An increased concentration of
the following metals was identified: Al, V, Cr, M@0, Ni, Cu, Zn, Cd and Pb. It was found
out that they originate mainly from communal sewaligcharged to the rivers. Also the
positive correlations between concentrations of@,and Cu in bottom sediments, water
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and the studied macrophytes were emphasised [{4]ieS were carried out near Wroclaw
with the use of several types of water plants, @gmat assessment of water quality and
identifying potential sources of contaminationwiis found out that average concentration
of the identified heavy metals (Cr, Co, Ni, Cu, &x¢, Hg and Pb) exceed the allowed
concentrations for waters, which are the sourc@atfble water. They originate mainly
from a pesticide factory in Brzeg Dolny and fronpewer plant and steel mill sewage.
Comparison of concentrations of the studied anslytethe individual groups of water
plants showed that the largest concentrations ofG0r Ni, Cu and Zn were present in
totally immersed plants with root systems. In tume largest concentrations of Pb were
observed in the plants floating under the watefaser The largest concentrations of Cd and
Hg were observed in the macrophytes, where ledweas én the water surface. Also, the
correlation between concentration of Cu, Zn andrCithe plant biomass and concentration
of Cu in water and between concentration of Ni &ddin the plants and concentration of
Ni in water were pointed out [76]. Biomonitoringudtes of two small rivers were carried
out: Olobok and Pilawa, located in south-westerfah The following macrophytes were
used in the studiesElodea canadensis, Callitriche verna, Potamogeton crispus,
Potamogeton natans, Ceratophyllum demersum, Polygonum amphibium and Veronica
beccabunga [77].

Studies of surface waters pollution with the usenatrophytes were also carried out in
Czech Republic, where on the basis of the analgt@scentrations accumulated in:
Potamogeton crispus, Potamogeton. pectinatus, Myriophyllum spicatum, Elodea
canadensis and Polygonum amphibium assessment of the pollution of the river Dyi and its
catchment area [78]in Romania (samples o€eratophyllum sp., Myriophyllum sp.,
Potamogeton sp. were taken from waters in the Danube delf@}], in the former
Yugoslavia (samples Ceratophyllum demersum L., Myriophyllum spicatumL. and
Nymphoides flava Hil. were taken in the Provala lake waters) [45],
in Serbia, in the canal system Danube - Tisa - ban(samples for tests collected:
Ceratophyllum demersum L., Nymphaea alba L., Phragmites communis Trin., Trapa
longicarpa Jank.,Typha angustifolia L., Elodea canadensis L., Phragmites communis Trin.
Potamogeton pectinatus) [79] and waters of the Danube (samples tak@stamogeton
perfoliatus, Potamogeton pectinatus, Potamogeton lucens, Ceratophyllum demersum [80],
in Moldavia (samples:Myriophyllum verticillatum L., Potamogeton perfoliatus L.,
Potamogeton pectinatus L., Elodea canadensis Michx. collected in a reservoir in
Dubossary) [81], in Greece (samples tak&eratophyllum demersum, Myriophyllum
spicatum, Potamogeton nodosus and Lemna minor) [82], in Turkey, where on the basis of
analytes accumulated iRotamogeton pectinatus L., pollution of marshes in the central
region was studiefB3], in China(samples:Potamogeton pectinatus L. and Potamogeton
malaianus Miq. taken from the river Donghg36] and in Argentina, where from the river
Xanaes near Cordolsamples oMyriophyllum aquaticum were taken [59].

As evident from the quoted examples, at the curstage of the studies, it is essential
to identify correlations between the concentratiohanalytes accumulated in various plants
and their anatomical parts, with concentrationstrefse analytes in water and bottom
sediments. The studies show that different pariglarits demonstrate sorption preferences
regarding different metals present in the formarfsi in water and accumulated sediments,
which permits selective assessment of contaminatitinheavy metals of these ecosystem
components. However, it is hard to definitely agbescorrelations presented in the articles,
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due to lack of information on the errors count; bwer, the authors clearly declare that
macrophytes can be successfully used in biomongoof heavy metal pollution in surface
waters and bottom sediments.

Use of water plants for removal of heavy metals from water and sewage

Phytoremediation is a technology of purificatiorséa on the use of higher plants and
the related microorganisms in order to clean op sfareading pollution in the environment
[84]. Phytoremediation techniques use natural peeg during which plants together with
their risospheric symbiants accumulate, deactivdétoxify or evaporate pollution from
soil, water or air [85-88], however, in realityefe processes are much more complex [85,
86].

The water plants used in phytoremediation procesbkesild be tolerant to a large
concentration of xenobiotics and should have thityato accumulate several contaminants
simultaneously, high level of pollution biodegraiié even at a relatively low pollution
level, fast growth, large biomass production, tesise to diseases and pest as well as
difficult environment conditions. Certain plantsveathe ability to accumulate pollution by
fixing it in the structure of own cells; others,tirn, can absorb toxins as a natural effect of
adjustment to difficult conditions in a pollutedvinonment [86].

In recent years, more attention is paid to theafsarious types of water plants in the
processes of cleaning waters and sewage, maimly fieavy metals. The biggest advantage
of the phytoremediation process, as the methode€oroving heavy metals, is low costs
versus classical cleaning methods, its simpliaitigich improves efficiency and makes it
economically feasible. There are no special requérgs regarding the supply of nutritive
elements to the plants, which take part in thenttepprocess [89].

The studies regarding the use of water plants ¢éarclwater and sewage aim at
assessing the ability of water plants to removeyezetals from solutions, the speed of the
process, the influence of large concentrations médlyges on their morphology and
physiology and assessment of the possibility obgason of heavy metals from plants, in
order to reuse the same biomass several times.

Laboratory tests were carried out, which showed ¢beatain types of water plants are
capable of hyperaccumulating heavy metals fromtgwls. One of the plants with such
characteristics i€lodea canadensis Michx. The plant accumulates large amounts of Gu, Z
and Cd and, as was also confirmed, large concé@ntraf Cu and Zn in its cells does not
stop growth of the plant and further accumulatibmetals [52]. Other studies also showed
the ability of this macrophyte to hyperaccumulatd9D]. Good sorption characteristics of
Cu, Zn, Cd and Pb from solutions are demonstrajed.é&mna minor, Elodea canadensis
and Leptodictyum riparium [91]. Studies were also carried out witberatophyllum
demersum. From the solution with initial concentrations: 886 umol Cr/dm
6.63 umol Mn/dmy 74.91 umol Fe/dfn 1.338 pmol Cu/dfand 7.784 umol Pb/dinafter
15 days of exposure, the plant accumulated 92%8@¥% Mn, 95% Fe, 90% Cu and
70% Pb [28].

Good sorption characteristics can also be attribute Lemna minor. Using this
macrophyte, from lead solution with initial conaetion of 0.024-0.048 mmol/dhon
average 76% Pb was removed, whereas from nickefi@o$ with initial concentrations of
0.43-0.86 mmol/drhon average 82% of the metal was removed [92]. IQthelies show
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that Lemna minor can also be used to remove Cu and Cd from sokif@8] and with low
concentrations, Cr, Zn and As [38, 94].

Table 2 presents information on macrophyte studigarding sorption characteristics
of selected metals and literature containing dpsoris of the studies.

Table 2
Studies of macrophytes in order to assess thdityatoi accumulate heavy metals
Aquatic plants Heavy metal References
Ceratophyllum demersum Cu, Zn, Pb [26]
Cr [90]
. Pb [95]
Elodea canadensis Cu. Zn. Cd 52]
Cu, Zn, Cd, Pb [91]
. As, U [96]
Lemna gibba As [97]
Cu, Zn, Cd, Pb [91]
As [98]
Lermna minor Cr, Cu, Zn, Cd [38]
Pb [92]
Cu, Cd [93]
As, Hg [94]
Myriophyllum spitacum Cr, Co, Ni, Cu, Zn, Pb [23]
Cu [30]
Potamogeton natans Cu, Zn, Cd, Pb [99]
Potamogeton pectinatus Cr, Ni, Cu, Zn, Cd, Pb [100]

Together with the studies related to the use gitgmr characteristics of water plants to
clean waters, studies have been carried out regpftie multiple use of biomass. This
results from the fact that dead biomass does et itis surface sorption characteristics. In
order to reactivate the surface and deactivateyheials, desorption of metal cations and
their precipitation in insoluble form are carrieat by, for example, bathing biomass g3
carbonate or sodium bicarbonate and in solutionth wietal chelating factoeg EDTA.
Also desorption of metals in acids solutions isriear out [101, 102]. One of the most
frequently used desorbing agents is hydrochlorid.dtwas confirmed that in HCI solution
with concentration of 0.1 mol/dinapproximately 55% Cu, 60% Ni and 71-72% Co and Zn
desorbed fronMyriophyllum spitacum [39]. Selenium desorption efficiency frobemna
minor in HCI solution with the same concentration amednto 18% [48]. Hydrochloric
acid (0.5%) was successfully used in multiple deson of copper from the biomass of
Ceratophyllum demersum, Myriophyllum brasiliensis, Eichhornia crassipes, Potamogeton
lucens andSalvinia herzogii [15].

The presented studies results show that phytoreiediof water and sewage with the
use of immersed and floating water plants can beftettive and economically feasible
method of cleaning surface waters and additioreglrihg of industrial sewage.

Summary and conclusions

Biomonitoring studies have become more and morailpopn assessing pollution of
different environment matrices during recent yedrise method has many advantages,
among others availability of research materialyeasl cheap method of sample taking and
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the fact that biomonitors accumulate bioaccesddnms of pollution. Studies regarding the
use of plants in the remediation processes of aoiland water have been under way for
many years. Similarly, it is a cheap and environrfieandly cleaning method based on,
among others, accumulation in plants or deactiwatiopollution.

It was confirmed that certain water plants, thatiksheir anatomical structure, good
sorption characteristics and great resistance ltatjpm, can be used for both biomonitoring
and phytoremediation processes of water and sewage.

The main objectives of the studies of the use o€troghytes in biomonitoring is
assessment of water quality, identification of piidin sources and assessment of quality
changes of water ecosystems in time. The most dmtfju used macrophytes in
biomonitoring areElodea canadensis, Ceratophyllum demersum, Lemna minor and the
types within thePotamogeton and Myriophyllum genus. Also, the possibilities of using
these plants in phytoremediation processes argsathl

Still, the correlations between concentrationsafytion in water plants and waters, in
which they vegetate, are being studied. The predestamples of research show, in some
cases, considerable differences of results, whiely depend on different the experiment
conditions and lack of recognition of abiotic andtic factors, which influence sorption
processes. However, the authors clearly point bat tmacrophytes can in future be
successfully used in the biomonitoring of heavy atgefpollution in surface waters and
bottom sediments.
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WYKORZYSTANIE RO SLIN WODNYCH W BIOMONITORINGU
| FITOREMEDIACJI WOD ZANIECZYSZCZONYCH METALAMI CI  EZKIMI

! Samodzielna Katedra Biotechnologii i Biologii Molelrnej, Uniwersytet Opolski

Abstrakt: Publikacja jest syntetycznym przedém prowadzonych od wielu lat badalotyczcych maliwosci
zastosowania &tin wodnych (makrofitow) do oceny zanieczyszczewiad powierzchniowych oraz malwosci
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wykorzystania ich biomasy w procesach fitoremediaefzedstawiono wyniki badadotyczcych kinetyki

i rbwnowag sorpcji metali erkich, warunkéw desorpcji, w celu wielokrotnego wykgstania biomasy, oraz
bada dotyczcych wplywu czynnikéw abiotycznych na procesy sfirp@moéwiono mechanizmy obronne
makrofitbw, umdliwiajgce im wegetagj w wodach o znacznym zanieczyszczeniu. Zaprezemmweyniki
bada, prowadzonych w wielu krajactwiata, wskazuj, ze makrofity mog by¢ w przyszidci z powodzeniem
wykorzystywane w biomonitoringérodowiska wodnego oraz w fitoremediacji wodsdiekéw, przy czym
walidacja procedur wymaga doktadniejszego poznar@ehanizmow, jakie towarzygzym procesom.

Stowa kluczowe:rosliny wodne, metale eikie, sorpcja, biomonitoring, fitoremediacja



