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Abstract: Copper and zinc cations sorption kinetics by water plants Elodea canadensis L. and Ceratophyllum
demersum L. was studied under laboratory conditions. The research was carried out under static conditions –

at constant concentration and volume of the solution. The influence of the biomass preparation method on its

sorption capacity was assessed. The model of pseudo-second-order reactions was applied in description of the

heavy metals sorption kinetics. It was established that the dynamic equilibrium between the solution and

biosorbent is achieved after approximately 50 minutes into the process, and that the applied preparation

method of the plant biomass had a considerable influence on heavy metals sorption kinetics. The biomass

Elodea canadensis L., dried and conditioned in demineralised water, showed the best sorption qualities. The

carried out research results also show that Elodea canadensis L. and Ceratophyllum demersum L. are capable

of sorbing a large part of heavy metal cations present in the solution, which allows for their use in water and

effluent phytoremediation and in biomonitoring studies of aquatic ecosystems. In the experiment conditions,

maximum 90 % cations of copper and 98 % of zinc were sorbed from the solution with Elodea canadensis L.
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Water plants (macrophytes) are a diverse group of organisms, which are difficult to

define due to the links of the higher and lower water plants with the transient forms of

land plants. One of the definitions assumes that macrophytes are the group of plants,

which include vascular plants, water moss and algae generating macroscopic thallus. In

Poland, the group of water plants includes all chara (Charophyta), some mosses

(Bryophyta), a few ferns (Pteridophyta) and a small group of spermatophytes (Sper-
matophyta) [1–3].
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The research on the possibility of using certain species of water plants in

phytoremediation processes of water and effluent polluted by heavy metals has been

carried out for many years, as well as the biomonitoring research of water ecosystems.

The studies asses their accumulation properties, resistance to high concentrations of pol-

lution and the possibility of their repeated use in the processes of waters and sewage

treatment. The research focuses mainly on the kinetics and equilibrium of the sorption

process, interrelations between the concentration of pollution accumulated in plants and

their environment as well as the influence of biotic and abiotic factors on these

processes.

The pseudo-second-order reaction model is most frequently applied to describe the

parameters of heavy metals sorption kinetics in biomass [4–6]. The studies of kinetics

allow to define the constant reaction rate which, in turn, allows to assess sorption

efficiency as a function of time. The Langmuir isotherm model is most frequently

applied to describe the equilibrium parameters. The research authors emphasised good

matching of this model to the obtained experiment data [4, 7].

The carried out research frequently focuses on defining the sorption capacity of

specific types of macrophytes. The available data in literature show large differences

in sorption characteristics between different species of water plants or within the

same species. It may be caused by different research conditions or failure to consider

all the factors, which influence the sorption processes [8, 9]. The most frequently

studied species of water plants include: Myriophyllum spicatum L., Lemna minor L.,

Elodea canadensis L., Ceratophyllum demersum L. and the macrophytes of Pota-
mogeton species [10–14]. The results of biomonitoring research, with the use of

the above mentioned water plants species, show good correlation between con-

centrations of the pollution accumulated in plants and the environment, in which they

live [15–17].

Two species of water plants present in Poland have been used in the research

presented in this article. One of them is Ceratophyllum demersum L. (rigid hornwort).

This is a common plant living in the Polish lowlands and uplands. It grows in stagnant

and slowly flowing waters. It can be found both in large bodies of water and small

ponds or water holes. It lives most often in degraded euthropic reservoirs with alkaline

reaction. Another macrophyte species used for the research is Elodea canadensis L.

(Canadian waterweed). The plant originates from North America and it spread

throughout most European continent, including Poland. It is a very expansive type of

plant, present in various aquatic ecosystems: ponds, lakes, deeper ditches and slowly

flowing rivers. It can be most frequently found in waters with medium fertility, which

can be described as mesotrophic or sometimes eutrophic [18–20].

The objective of the carried out research was to asses the parameters of copper and

zinc cations sorption kinetics by the prepared biomass Elodea canadensis L. and

Ceratophyllum demersum L. The results can be used to determine a method for

assessment of pollution of aquatic ecosystems by heavy metals and during planning of

water and effluent remediation processes with the use of biomass.
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Materials and methods

Water plants Ceratophyllum demersum L. obtained from a not much polluted water

reservoir, previously a gravel and sand pit in the outskirts of Opole (PL), were used in

the study. The plant Elodea canadensis L. was taken from the rivulet Czarnka, also

flowing within the borders of Opole town. The water plants samples were cleaned from

mechanical impurities and rinsed in demineralised water (conductivity � = 1.0 �S/cm).

The research was carried out with cleaned live plant samples and the biomass, which

was dried at the temperature of 323 K. The dried biomass was stored in tightly sealed

polyethylene containers.

The analysis and results interpretation method

The macrophyte samples with the mass of 0.5 g d.m. (d.m. – dry mass). were placed

in a perforated container of approximately 15 cm3 volume and immersed in a 200 cm3 of

copper sulfate or zinc sulfate solution. Prior to the experiment, the dried plant biomass

was conditioned in demineralised water for 30 minutes. For comparison, the solutions

from which sorption was carried out, were acidified to pH = 4, using hydrochloric acid.

During the sorption process, the solutions were stirred vigorously with a magnetic

mixer. In order to determine the short-term copper concentrations in the solution by the

AAS method, samples of the solution (approximately 1.0 cm3) were taken during the

process duration, straight from the container in which the sorption process was in

progress. The sorption process was carried out for 50 minutes.

The kinetics was described with the use of the pseudo-second-order reaction model

[21]:
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where: index M means concentration of the sorbed metal in the sorbent (s) after time (t) and

in equilibrium (1), k� – pseudo-second-order reaction constant rate. The value c*M(s,1)

should be treated as the maximum concentration of cations of the analysed metal,

sorbed in water plants, being in equilibrium with the cations present in the solution.

Equipment and reagents

An atomic absorption spectrometer iCE 3500 (series 3000) made by Thermo

Scientific, USA was used to determine heavy metals. The equipment was calibrated

with the use of calibration standards from the company ANALYTIKA Ltd. (CZ). The

value of the highest reference concentration of the copper and zinc solution used for the

calibration, of 5 mg � dm–3 was assumed as the limit of linear dependence between the

signal and the concentration.

The appliance made by Elmetron Sp.j. from Zabrze (PL): a pH meter CP551, which

absolute reading error is o �pH = 0.02, was used to determine pH of the solutions in

which water plants were immersed. MERCK reagents were used to prepare the

solutions.
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Quality control

Table 1 shows heavy metals concentrations, determined in the certified reference

materials as BCR-414 plankton and BCR-482 lichen, prepared by the Institute for

Reference Materials and Measurements, Belgium.

Table 1

Measured and certified values of heavy metals concentration in the BCR 414 plankton
and BCR 482 lichen reference material

Metal

BCR 414 plankton BCR 482 lichen

Certified

value

[mg/kg d.m.]

	Uncertainty

AAS
D*

[%]

Certified

value

[mg/kg d.m.]

	Uncertainty

AAS
D*

[%]
Mean 	SD Mean 	SD

Cu 29.5 1.3 27.8 1.9 –5.8 7.03 0.19 6.54 0.18 –7.0

Zn 112 3 103 4 –8.0 100.6 2.2 93.9 2.5 –6.7

* Deviation: the relative difference between measured by AAS and certified concentrations in [%].

Results and discussion

The research carried out under static conditions, with constant solution volume and

the sorbent mass, aimed at assessment of the sorption kinetics, depending on the method

of plant biomass preparation.

Figures 1–4 show changes of the concentration of copper and zinc in Ceratophyllum
demersum L. and Elodea canadensis L. [mmol/g d.m.], referred to the concentration of

the analysed metal in the solution, from which the sorption was carried out [mmol/dm3].

The research was carried out with the use of differently prepared biomass. Initial

concentration of metal cM,0 was stated in the figures description.
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Fig. 1. Changes of copper concentrations in Ceratophyllum demersum L. (cM) referred to copper concentra-

tion in the solution (cS); cCu,0 = 0.016 mmol/dm3
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Fig. 2. Changes of copper concentrations in Elodea canadensis L. (cM) referred to copper concentrationin the

solution (cS); cCu,0 = 0.018 mmol/dm3
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Fig. 3. Changes of zinc concentrations in Ceratophyllum demersum L. (cM) referred to zinc concentration in

the solution (cS); cZn,0 = 0.018 mmol/dm3
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Fig. 4. Changes of zinc concentrations in Elodea canadensis L. (cM) referred to zinc concentration in the

solution (cS); cZn,0 = 0.020 mmol/dm3



When comparing the sorption parameters of the prepared plant biomass of the two

analysed species, it should be stated that Elodea canadensis L. had much better sorption

parameters. Of the two species, the biomass from Elodea canadensis L., dried and

conditioned in demineralised water, showed the best capacity to accumulate Cu2+.

Whereas in the case of Ceratophyllum demersum L., Cu2+ accumulated best in the

biomass dried and conditioned in demineralised water, immersed in the solution with

pH = 4. Special attention should be paid to the dried and conditioned in water biomass

Elodea canadensis L., in which the ratio of the concentration of copper in the plant to

its concentration in the solution is 5 times higher than in biomass Ceratophyllum
demersum L., dried and conditioned in water, immersed in the solution with pH = 4. In

the case of Elodea canadensis L., the equilibrium between the solution and biosorbent

was achieved after approximately 20–30 minutes and, in the case of Ceratophyllum
demersum L., the equilibrium was not achieved after 50 minutes. On the basis of the

carried out research it can be stated that under the conditions, the initial concentration of
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Fig. 5. Changes of the solutions pH during sorption of copper cations on the prepared biomass: a – Elodea
canadensis L., and b – Ceratophyllum demersum L.
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the copper solution (0.018 mmol/dm3) during the sorption of 0.5 g of the dried and

conditioned biomass Ceratophyllum demersum L. immersed in the solution with

pH = 4, decreased by 64 %; whereas in the case of dried and conditioned in water

biomass Elodea canadensis L., by 90 % (c0 = 0.018 mmol/dm3).

In the case of zinc, the concentration of the sorbed metal versus the final

concentration of the solution with Elodea canadensis L. was over 10 times higher than

in the other plant (the biomasses were dried and conditioned in water). It can be stated

that the initial concentration of the zinc solution (0.018 mmol/dm3) during the sorption

of 0.5 g of the dried and conditioned biomass Ceratophyllum demersum L., decreased

under the conditions by 76 %; whereas in the case of dried and conditioned in water

biomass Elodea canadensis L., by 98 % (c0 =0.020 mmol/dm3).

The graphs in Figs. 5 and 6 show pH changes of the solutions during the Zn2+ and

Cu2+ sorption process by the prepared biomass Elodea canadensis L. and Cerato-
phyllum demersum L.
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Fig. 6. Changes of the solutions pH during sorption of zinc cations on the prepared biomass: a – Elodea
canadensis L., and b – Ceratophyllum demersum L.
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It results from the graphs shown in Figs. 5 and 6, that the process of sorption of Cu2+

and Zn2+ ions on the prepared water plants biomass, is accompanied by the sorption of

H+ ions. During the sorption of the analysed heavy metals, pH of the solutions increased

in all analysed cases to the level within the values of 6.0–7.0.

The graphs in Figs 7–10 show kinetics of the sorption of copper and zinc cations,

described by a pseudo-second-order equation (relation 1).

The presented graphs do not show the first 10 minutes of the sorption process

because the kinetics changes are not linear. A similar phenomenon can be noticed in the

case of copper cations sorption by alga Palmaria palmata. This is probably the result of

the parallel sorption of hydrogen cations, which is intense during the first 10 minutes of

the process [22].
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Fig. 7. Kinetics of the sorption of copper cations by Elodea canadensis L.
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Fig. 8. Kinetics of the sorption of zinc cations by Elodea canadensis L.
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Table 2 shows a summary of statistical parameters of slopes of the straight lines

presented in Figs. 7–10 and the calculated values of the constant reaction rate k


[mmol–1
� dm3

� s–1].

The data included in the table show the appropriate application of the pseudo-

-second-order model to the description of copper and zinc sorption kinetics by Elodea
canadensis L. and Ceratophyllum demersum L. The standard error of the slope of

the straight line does not exceed 2 %. The standard error of the absolute term is

much higher, within the range from 5 to 70 %. Constant rates of ion exchange described

by the pseudo-second-order reaction model are within the range from 2 to 812

mmol–1
� dm3

� s–1. Due to the considerable uncertainty of the absolute term

determination, these values are approximate.
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Fig. 9. Kinetics of the sorption of copper cations by Ceratophyllum demersum L.

Fig. 10. Kinetics of the sorption of zinc cations by Ceratophyllum demersum L.
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Table 2

Statistical parameters of slopes of the straight lines y = a � x + b presented in Figs. 7–10

and the calculated values of the constant reaction rate

Preparation method a �SDa b �SDb R2 k


COPPER

Elodea canadensis L.

Dried biomass 184.5 3.2 2167 103 0.997 424

Dried and conditioned in water biomass 169.1 1.5 177,0 48,0 0.999 2.70

Sorption from the solutions with pH = 4 161.1 2.0 139,0 66,0 0.998 2.00

Ceratophyllum demersum L.

Dried biomass 305.1 8.8 3856 340 0.996 812

Dried and conditioned in water biomass 213.6 6.1 2254 198 0.994 509

Sorption from the10solutions with pH = 4 163.2 3.5 167,0 116 0.996 286

ZINC

Elodea canadensis L.

Dried biomass 157.3 4.3 1656 139 0.994 290

Dried and conditioned in water biomass 125.8 0.9 162,0 29,0 0.999 3.50

Sorption from the solutions with pH = 4 118.0 0.4 133,0 13,0 0.999 2.50

Ceratophyllum demersum L.

Dried and conditioned in water biomass 185.7 5.0 567 164 0.994 29

Sorption from the solutions with pH = 4 160.0 3.8 620 124 0.996 40

SD – standard error, R2 – coefficient of determination, k� – constant reaction rate [mmol–1
� dm3

� s–1].

Summary and conclusions

The presented research results show that the dried and conditioned in water biomass

Elodea canadensis L. had the best kinetic parameters. Thus, it was proved that the plant

biomass preparation method considerably influences its sorption characteristics. Prior

conditioning of plant samples in demineralised water considerably improves the

capacity to accumulate copper and zinc. Thanks to good sorption properties, the studied

plants can be used in future in phytoremediation of waters and effluent polluted with

heavy metals and, thanks to the proportional sorption versus the concentration in

a solution, in biomonitoring research of aquatic ecosystems.
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SORPCJA KATIONÓW MIEDZI I CYNKU PRZEZ ROŒLINY WODNE

– Elodea canadensis L. I Ceratophyllum demersum L.

Samodzielna Katedra Biotechnologii i Biologii Molekularnej

Uniwersytet Opolski

Abstrakt: Zbadano w warunkach laboratoryjnych kinetykê sorpcji kationów miedzi i cynku przez roœliny

wodne: Elodea canadensis L. i Ceratophyllum demersum L. Badania prowadzono w warunkach statycznych –

przy sta³ym stê¿eniu i objêtoœci roztworu. Dokonano oceny wp³ywu sposobu preparowania biomasy roœlinnej

na jej w³aœciwoœci sorpcyjne. Do opisu kinetyki sorpcji metali ciê¿kich wykorzystano model reakcji
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pseudo-drugiego rzêdu. Stwierdzono, ¿e stan równowagi dynamicznej pomiêdzy roztworem a biosorbentem

ustala siê po oko³o 50 minutach trwania procesu oraz, ¿e sposób preparowania biomasy roœlinnej istotnie

wp³ywa na kinetykê sorpcji metali ciê¿kich. Najlepszymi w³aœciwoœciami sorpcyjnymi charakteryzowa³a siê

suszona i kondycjonowana w wodzie zdemineralizowanej biomasa Elodea canadensis L. Wyniki przepro-

wadzonych badañ wskazuj¹ równie¿, ¿e Elodea canadensis L. i Ceratophyllum demersum L. s¹ w stanie

zasorbowaæ du¿¹ czêœæ kationów metali ciê¿kich obecnych w roztworze, co pozwala na ich wykorzystanie

w fitoremediacji wód i œcieków oraz w badaniach biomonitoringowych ekosystemów wodnych. W zadanych

warunkach prowadzenia eksperymentu z roztworu, w którym umieszczono Elodea canadensis L. zasor-

bowano maksymalnie 90 % kationów miedzi i 98 % kationów cynku.

S³owa kluczowe: roœliny wodne, metale ciê¿kie, kinetyka sorpcji, model reakcji pseudo-drugiego rzêdu
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