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ABSTRACT

The sorption of Cr(v1), Cu(il) and Cd(11) ions from aqueous solutions into duckweed
has been investigated. Three reactors have been used in the experimental studies. Whereas
duckweed was not harvested in the first reactor, it was harvested once every four days and
once every two days in the second and the third reactors, respectively. The detention time
was 8 days. For all the metal ions, the results show that heavy metals can be successfully
removed from solutions if duckweed is frequently harvested. When duckweed was
harvested every two days, while, for initial concentrations of 5 mg I, Cr(v1) ions were
measured at 0.5 mg 1! and the levels of Cu(ir) and Cd(11) were not detectable, for initial
concentrations of 10 mg 1-!, final concentrations were: Cr(vi) 0.90; Cu(ir) 0.94; and
Cd(11) 2.10 mg 1!, In the isotherm studies, the Langmuir and Freundlich constants have
been calculated for the results obtained during the detention time of four days in the
second reactor. The experimental adsorption data fitted reasonably well the Freundlich
isotherm.
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REMOVAL OF TOXIC METALS FROM AQUEOUS SOLUTION BY DUCKWEED
(Lemna minor L): ROLE OF HARVESTING AND ADSORPTION ISOTHERMS

1. INTRODUCTION

Removal of toxic pollutants such as phenol, ammonia, and toxic metals from sewage and industrial wastewater has
received much attention [1-3], since the number of health problems associated with environmental contamination

continues to rise.

Heavy metals have toxic effects and must be removed from wastewater before it is discharged into the receiving
environment. Treatment processes for metal removal involve generally advanced treatment processes such as chemical
precipitation, ion exchange, reverse osmosis, electrodialysis, and activated carbon adsorption. These processes are
effective for treatment of wastewater, but they are often unsuitable for the mass removal of toxic pollutants because of
their high cost. This has motivated researchers to investigate alternative treatment technologies.

Adsorption is still found to be economically appealing for the removal of toxic metals from wastewater by using some
adsorbents under optimum operation conditions. It has been reported that some plants such as algal biomass [4], seaweed
[5], aquatic macrophytes [6], alfalfa [7], water hyacinth [8], and duckweed [9], agricultural residues such as coconut
husk [10, 111, rice husk [1], tea leaf [12], and almond husk [13], and by-products such as alumina [14], all have the
capacity to adsorb and accumulate heavy metals.

The use of aquatic plants for wastewater treatment becomes interesting and beneficial for small communities where
wastewater cannot be sewered to a centralized wastewater treatment system in a cost effective way. These treatments
must be reliable and easy to operate and must have low capital and operating costs.

Duckweed is a small floating aquatic plant, well known for its high productivity and high protein content. In temperate
climates, it can offer a good possibility of use, unlike water hyacinth, which is more resistant to low temperatures
(15, 16].

Duckweed is a family of floating monocotyledons consisting of four genera (Lemna, Spirodela, Wolffia, and
Wolffiella) and 28 species [17]. They are green, small in size (1-3 mm), and have short but dense roots (1-3 cm).

Duckweed is able to grow at water temperatures as low as 5-7°C and at atmospheric temperatures of 1-3°C [18, 19].
Because duckweed grows at temperatures of 7-30°C, it is among the most vigorously growing plants on earth [20].
Optimal temperatures are 20-30°C. It is shown that duckweed reached a doubling of frond numbers every four days
under laboratory conditions, that is: constant temperature of 24°C and 12 hour dark and light photoperiod [19]. Its
growth rate decreased at natural weather climates. Typical pH range is 4.5-7.5. Its growth is completely inhibited only at
a pH greater than 10 [15].

Typical water content of duckweed is 94-95% [19]. Apart from havi’ﬁg high productivity, duckweed has a high protein
content and low fiber content. It has been found to have a protein content of 240-410 g.(kgDW)~!, a nitrogen content of
40-60 gN.(kgDW)~!, a phosphorus content of 13-29 gP.(kgDW)~!, and a fiber content of 60-90 g.(kgDW)~!, for
duckweed harvested from wastewater ponds [21].

FIn this study, the harvesting has been done at differential time periods to increase the efficiency of heavy metal
removal by duckweed (Lemna minor) and the role of frequent harvesting has been investigated, with regard to the
treatment capacity.

2. MATERIAL AND METHOD
2.1. Adsorbate Solution
All reagents used were of analytical grade. Aqueous standard solutions of metal chlorides, namely Cr(vi), Cu(Ii),

Cd(1), were prepared from stock solutions containing 1000 mg 1! of each metal.
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2.2. Procedure

Duckweed used in this study was collected from the secondary settling tank in Elazig City Domestic Wastewater
Treatment Facility. The duckweed was washed with an excess of pure water. Thirty g of wet duckweed was applied to
1.5 liters of solution having a known concentration of heavy metal ions. The reactor surface was covered to prevent
evaporation and cross contamination.

Three reactors were used in the experimental studies. These reactors were made of plexiglass with dimensions of
10cm x 40 cm x 10 cm. The experiments were carried out as batches under laboratory conditions (summer temperature
of 27+ 0.4°C and 12 hour dark and light photoperiod), for eight days. The water samples collected from reactors were
analyzed to determine the metal concentration for each day.

Detention times of duckweed were eight days for the first reactor, four days for the second reactor, and 2 days for the
third reactor. While duckweed was not harvested in the first reactor, it was completely harvested once every four days in
the second reactor and once every two days in the third reactor. After harvesting, other duckweed washed with pure
water was inserted into the reactors and subsequently the surface was covered. To account for the volume reduction from
volatilization, the same amount of pure water as the reduced volume was added to the reactors.

The concentration of heavy metal ions were determined everyday by using a Unicam 929 Model Atomic Absorption
Spectrometer. The percentage removal of heavy metals was found by calculating the differences between the
concentration of metals in the initial and final samples.

2.3, Adsorption Isotherms

The distribution of metal ions between the liquid phase and the solid phase can be described by several mathematical
model equations, such as the standard Langmuir model and the Freundlich model [22]. The Langmuir model assumes
that the uptake of metal ions occurs on a homogenous surface by monolayer adsorption without any interaction between
adsorbed molecules. The model takes the following form:

e _11.¢c "
A, kb b

m

where C, is the equilibrium concentration (mgl-!), A,, is the amount adsorbed per specified amount of adsorbent
(mg.g™"), k is the equilibrium constant, and b is the amount of adsorbate required to form a monolayer.

The Freundlich model assumes that the uptake of metal ions is heterogeneous and by monolayer adsorption. The
model is described by the following equation:

Am = k.Celln 2)

or

1
log(A,,) = log(k) +—1log(C,) . 3)
n

The common terms in Equations (1) and (2) were described earlier and # is an empirical constant.

3. RESULTS AND DISCUSSION
3.1. Adsorption Studies

The initial pH of the solution in the experimental studies was adjusted to 6.0 before addition of the duckweed, since
duckweed can tolerate a wide pH range, but works best at 4.5 to 7.5. Figure 1 indicates the removal of Cr(v1), Cu(lI), and
Cd(n) from aqueous solutions at the detention time of eight days, without harvesting. Figure 1(a) and (b) contain the data
from solutions having initial heavy metals concentrations of 5 mg I"! and 10 mg I, respectively. At the end of four days,
it is observed that the concentrations of Cr(vi) decreased from 5 to 2.72 mgl! and from 10 to 5.93 mgl, the
concentration of Cu(ll) decreased from 5 to 2.47 mgl-! and from 10 to 5.48 mgl!, and the concentration of Cd(11)
decreased from 5 to 2.09 mgl~! and from 10 to 6.74 mgI"!. At the end of the eighth day, the concentrations of Cr(vi),
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Cu(11), and Cd(11) ions increased to 4.36, 4.62, and 3.41 mg I"! in the experiments for the initial concentration of 5 mg I-!,
and up to 8.43, 8.25, and 9.56 mg I-! in the experiments for the initial concentration of 10 mg I-!, respectively. Thus, the
experiments were run for only eight days. From as detention time of five days for an initial concentrations of 5 mg I
and four days for an initial concentrations of 10 mg 1-!, the concentration of all heavy metals in the solutions started to
increase with time, because of heavy metal toxicity. When the initial concentrations were increased from 5 to 10 mg1-!,
it was observed that the decrease of duckweed also occurred and started rather early.

Figure 2 shows the removal of Cr(vI), Cu(ll), and Cd(l1) with time at initial concentrations of 5 and 10 mg I"!, with one
harvest in four days. At the end of four days, heavy metal ions have decreased from 5 to 2.57 mg 1! and from 10 to
6.90 mg I"! for Cr(vI), from 5 to 1.97 mg I"! and from 10 to 5.94 mg I-! for Cu(11), and from 5 to 2.89 mgI-! and from 10
to 6.73 mgl-! for Cd(m), respectively. After harvesting was performed at the end of four days, the concentrations of
heavy metals in the solution have continued to reduce. At the end of eight days, Cr(vI), Cu(ll), and Cd(11) have decreased
from 5 and 10 mg1-! to 1.08 and 3.46 mg1-!, 0.86 and 2.15 mg 1"}, and 0.72 and 3.31 mg I"!, respectively. With a change
in initial concentration of heavy metal in the solutions from 5 to 10 mgl-., it is shown that the removal efficiency for
Cr(vD), Cu(1l), and Cd(11) decreased from 78.4% to 65.4%, from 82.8% to 78.5%, and from 85.6% to 66.9%, respectively.

Figure 3 illustrates the removal of heavy metals from aqueous solutions using duckweed through harvesting once
every two days. When the detention time was two days, it is shown that Cr(vI), Cu(lr), and Cd(i1) ions having initial
concentrations of 5 and 10 decreased to 2.77 and 6.79 mgl-}, 2.34 and 6.70 mgl-!, and 2.64 and 7.13 mgl,
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Figure 1. Uptake of heavy metals by duckweed without harvesting.
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Figure 2. Uptake of heavy metals by duckweed with harvesting once every four days.
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respectively. When the detention time of solution in the reactors was eight days, for an initial concentration of 5 mg 1,
while Cr(vi) ions were measured to be 0.5 mg I}, the final concentration of Cu(i) and Cd(11) ions were at levels not
detectable by atomic absorption spectrometry (AAS); the detection limits for heavy metals are 0.2, 0.2, and 0.5 ppm for
Cr(v1), Cd(11), and Cu(it), respectively. For an initial concentration of 10 mg I}, Cr(vi), Cu(ir), and Cd(11) ions at the end
of eight days were measured at 0.90 mgl-!, 0.94 mgl-!, and 2.10 mg1-!, respectively. The experiments were ceased
because of the above results and, for the case in Figure 1, at the end of the eighth day.

3.2. Adsorption Isotherm Studies

Batch sorption tests were carried out on the obtained data with harvesting once every four days at the initial
concentrations of 5, 10, 15, 20, and 25 mg !~ and during a detention time of four days. Because duckweed sorbing
metals were removed from the reactors at the end of each harvesting, reliable results for adsorption kinetics can be
received through data obtained during harvesting made once every four days. It was assumed that the dry weight of
duckweed is 5 % of its wet weight, since its typical water content is 94-95%.

The plot of log(A,,) against log(C,) gives straight lines (Figure 4a), showing the applicability of the Freundlich
isotherm. The values of k and 1/n for each metal ion have been determined from the slopes and intercepts of these lines,
and are listed in Table 1. The Freundlich correlation coefficients, r, were found to be higher than 0.99, which indicates
that there is strong positive relationship in the data. The Freundlich type adsorption isotherm is an indication of surface
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Figure 3. Uptake of heavy metals by duckweed with harvesting once every two days.
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Figure 4. The adsorption isotherms for removal of metals ions by duckweed.
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heterogeneity of the adsorbent, while the Langmuir type isotherm hints at surface homogeneity of the adsorbent [3]. This
leads to the conclusion that the surface of duckweed is made up of small heterogeneous adsorption patches, which are
very similar to each in respect of adsorption phenomenon. As can be seen the results of the Freundlich isotherm, the
values of k are 1.632, 1.881, and 1.495, and the values of 1/n are 0.589, 0.642, and 0.537 for Cr(v1), Cu(11), and Cd(11),
respectively. The Freundlich equation is suitable because the values of 0.1 < 1/n < 1.0 show that adsorption of heavy
metals on the anion exchanger is favorable [23]. The values of k, which is a measure of adsorption capacity, and 1/b have
been determined by the plot of C,/A,, versus C, (Figure 4b) and listed in Table 1. The intercept which gives the value of
k and b is calculated from the slope.

As may be seen in all the figures, the adsorption density rate decreased with contact time. While the adsorption density
rate was high in the start of experimental studies and after harvesting, it is shown that this value decreased on other days.
This demonstrates that duckweed is restricted in the removal of heavy metals, and that the solution of this problem relays
in frequent harvesting.

Table 1. Isotherm Constants for The Freunlich and Langmuir Models.

Freundlich Isotherm Langmuir Isotherm
Metal Ions
r kmgg™) Vn r k(l.mg™") b(mg.g™)
Cr(vi) 0.995 1.632 0.589 0.991 0.103 12.987
Cu(m) 0.995 1.881 0.642 0.988 0.093 17.422
Cd(m) 0.993 1.495 0.537 0.994 0.121 9.814
4. CONCLUSION

Metals removal was found to occur through duckweed uptake. High metal concentrations inhibit Lemna minor growth.
It could be used as a potential adsorbent for removal of toxic metals from wastewater when it is frequently harvested.
Since the use of duckweed is an inexpensive method for removing heavy metals, it may be potentially useful for
treatment of wastewater containing low concentrations of metal. The Freundlich equation is better obeyed by the system
than the Langmuir one, as is evident from the values of regression coefficients and slope. The contaminated duckweed is
disposed of on hazardous waste land.
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