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a b s t r a c t

This work is focussed on assessing the potentialities of Lemna minor (L.) for the treatment of reactive
dyes polluted wastewaters and investigating the possibility of bioremoval performance stimulation by
adding triacontanol hormone to the cultures. In the vast literature describing removal of reactive dyes,
considering the lack of reports using of common duckweed in wastewater treatment apparently due

−1
eywords:
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to the inadequate efficiency. In the present study, the experiments showed that 1 mg l triacontanol
stimulated duckweed growth. The effect of different dye types (Reactive Orange 14, Reactive Red 120,
Reactive Black 5, Brilliant Blue R, and Reactive Brilliant Blue R) onto duckweed growth was tested. Plants
grew at most in media with Brilliant Blue R. The highest biomass, in terms of frond number (87 ± 1.5)
were accompanied with 59.6% maximum dye removal were found in samples containing 2.5 mg l−1 initial
Brilliant Blue R and 1 mg l−1 triacontanol, indicating hormonal stimulation of both activities. The results

nor (L
presented here that L. mi

. Introduction

Attention attracted to the number of varieties and the total
olume of synthetic colorant production, their extensive use and
he environmental impacts of at least 80,000 tons of commercially
vailable dyes discharged in the wastewater effluents of various
anufacturing industries was described in a literature about biore-
oval of Remazol Brilliant Blue R dye [1]. Such effluents contain

eactive chemicals like Brilliant Blue R, affecting aquatic life signif-
cantly by forming some soluble toxic, mutagenic and carcinogenic
omponents and changing light absorption properties which inter-
ct with potential toxicity [2]. Another issue is the aromatic rings in
heir structure, increasing the resistance to natural biodegradation
hich are resulting the requirements for the treatment of efflu-

nts by procedures physical or chemical methods [3]. Since these
rocesses are methodologically demanding, time and energy con-
uming and cost ineffective, many procedures combining physical,
hysicochemical, chemical techniques with biological ones have
een developed to remove reactive dyes [3–5]. Numerous reports
escribed using of biomaterials such as bacteria, cyanobacteria,

ungi, floating algae, duckweeds, submergible plants and agricul-
ural wastes in removing reactive dyes from aqueous environment
5–8]. The review article on the methods that have been and being
sed recently for this purpose included adsorption onto various

∗ Corresponding author. Tel.: +90 312 2126720; fax: +90 312 2232395.
E-mail address: duygu@science.ankara.edu.tr (E. Duygu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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.) could be used effectively to treat wastewaters containing dye.
© 2010 Elsevier B.V. All rights reserved.

sorbents, chemical decomposition by oxidation, photodegradation
and microbiological decoloration, employment of activated sludge,
pure cultures and microbe consortiums is worth to mention here
[9]. Although it is well known that common duckweed, Lemna minor
have long been used for testing ecotoxicity in environmental haz-
ard assessment, including studies on the reactive dye remediation,
bioremoval of reactive dyes by duckweeds was not mentioned in
the articles referred above. Some other microorganisms and Lemna
spp., on the other hand, have long been used in phytoremediation
of several pollutants [9–14]. In addition, there are lots of studies
related to removal of dyes by algae [15,16]. The report on com-
parison of decolorization of polymeric dye (R-478) and Remazol
Brilliant Blue R (RBBR) by 103 wood-rotting Irpex lacteus and Pleu-
rotus ostreatus fungal strains, or article describing a combination
of advanced treatment techniques for reactive dye removal from
wastewater are good examples of tedious attempts to solve the
problem [17]. In an investigation on Remazol Brilliant Blue R and
Orange G removal by the white rot fungus Dichomitus squalens,
L. minor growth inhibition bioassay was used, and the number of
fronds and their weight were used as two endpoints of the bioas-
say [18]. Although some results presented showing comparative
advantage of L. minor over nine other hydrophyte species in scav-
enging of textile dye effluents [19], Lemna spp. have been very

rarely used in studies focussing on bioremoval of dyes. In a study
on the comparison of the complementary Lemna duckweed and
algal growth, it was found that 10 mg l−1 of “Brilliant Blue R spezial”
inhibited average Lemna growth rate about 22% on white surfaces,
but did not inhibit on black surfaces under the test beakers [20].

dx.doi.org/10.1016/j.jhazmat.2010.06.063
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:duygu@science.ankara.edu.tr
dx.doi.org/10.1016/j.jhazmat.2010.06.063
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his conclusion can also be considered as the reason of the lack
f the interest in the literature of bioremoval of reactive dyes by
emna spp., in spite of the vast literature on bioaccumulation of
everal other pollutants.

Great variability from one biomass source to another in biore-
oval capabilities related with toxic ions was observed and

xplained in terms of the exhibited specificity of the organisms
owards the subject parameters as pH, other ions, and tempera-
ure [21]. It is well known that the quantity of total biomass and
ts growth rate in the polluted media was one of the important
arameters determining the performance in bioremoval perfor-
ance [18]. It has long been known that natural hormones take
very important part in growth and development of plants [22],

s of all organisms [23]. Plant hormones, growth regulators and
nhibitors have been used in practice for numerous purposes
24]. New natural hormones are still being discovered, and their
nterrelationships, action mechanisms, relations with metabolic
evelopments are being enlightened [25–27]. Triacontanol (TRIA)

s also a relatively newly discovered plant hormone; this can exert
ts stimulatory effects even at its considerably low foliar concentra-
ions applied to higher plants [28]. It is a 30-carbon primary alcohol,
nfluencing gene regulation, membrane integrity and selective
ermeability, regulation of activities of several enzymes, photo-
ynthesis, nutrient uptake, mineral nutrition, stress tolerance and
onsequent increase in productivity of various crops at femtomolar
oses, growth responses in plants were found to have a rapidity not
hown for other plant hormones or growth regulators. Isolation of
RIA-regulated photosynthetic and photorespiratory proteins and
elated genes in rice, the complex mechanisms involved in the reg-
lation of photosynthesis and its stimulation, and the evaluation
f the results as an indication of suppressed stresses are worth to
ention here [29–34]. As it was found in higher plants, the most

rofound effect of TRIA on marine photosynthetic bacteria [35] was
n the growth slope and rate. Similar findings were reported for
wo species of cyanobacteria on dry weight basis, and were also
orrelated with bioremoved yields of two reactive dyes by these
pecies [36]. Considering all of these reports, it can be hypothe-
ized that TRIA can stimulate the population growth of the vascular
ydrophytic plant species L. minor at its lower concentrations and
o test the stimulatory effects of this economically extractable hor-

one on the stress tolerance and reactive dye bioremoval capacity,
y adding into the culture media.

The major aim of the study was to define the effect of differ-
nt TRIA concentrations and dye type onto Lemna sp. growth, and
o determine the removal rates of this duckweed at different dye
oncentrations and pH levels.

. Materials and methods

.1. Plant and growth conditions

Commercially purified from a goldfish supplier, L. minor L. was
sed to investigate the growth pattern and the changes in toxic dye
emoval capacity of the plant population in media containing TRIA
nd the results were compared with the hormone control samples.
s in many reports on the same subject, the purity of the cultured
aterial was checked by using the morphological information per
atural Resources Conservation Services, United States Dept. of
griculture [37], taking the article describing the systematics of
emnaceae as a formidable challenge to systematic investigations,

s a comprehensive phylogenetic analysis of all currently recog-
ized species of Lemnaceae had been carried out using more than
700 characters including data from morphology and anatomy,
avonoids, allozymes, and DNA sequences from chloroplast genes
nd introns [38,39].
Materials 182 (2010) 525–530

A series of batch culture experiments in unshaken flasks,
illuminated by cool white fluorescent lamps were carried out
at 2400 lx light intensity. The cultures were transferred into
100 ml E medium. The content of the medium is (mg l−1)
KH2PO4:680, KNO3:1515, Ca(NO3)·4H2O:1180, MgSO4·7H2O:492,
H3BO3:286, MnCl2·4H2O:3.62, FeCl3·6H2O:5.40, ZnSO4·7H2O:0.22,
CuSO4·5H2O:0.22, EDTA:11.2 [40]. Erlenmeyer flasks (250 ml) at
containing known dye concentrations were incubated at room tem-
perature (25–30 ◦C) under continuous illumination for 7 d [41].

2.2. Triacontanol and dye solutions

TRIA (96% w/v; Aldrich) solution was prepared by dissolving
0.5 g of the chemical in (1 l) chloroform. 2% (w/v) and was diluted
with water to the concentrations required for the experiments.
Reactive Orange 14, Reactive Red 120, Reactive Black 5, Brilliant
Blue R, and Remazol Brilliant Blue R dye stock solutions were pre-
pared by dissolving the chemicals obtained from Sigma-Aldrich®

in distilled water. Selected volumes of the stock dye solutions were
added to E media.

2.3. Experimental methods

Uniform, healthy duckweeds with 2–3 fronds per colony were
selected and washed with 0.5% NaOCI for 1 min, then with E media
before placing into the series of media prepared for the experi-
ments. Twenty of these plants were placed into E media (pH 6) to
determine the effect of TRIA on growth of them. For this purpose, L.
minor was cultivated in media containing 0; 1; 5; 10 and 20 mg l−1

TRIA for 7 d. At the end of the incubation period, number of fronds
was counted.

To investigate the effect different dyes onto growth of L. minor,
50 of plants were put into media containing nearly 10 mg l−1 dye
and incubated for 7 d. The population growth was determined by
counting of the plants after the incubation. For the examination of
the effect of initial pH on dye removal by the plants, pH value of
E media containing 0 or 1 mg l−1 TRIA was adjusted to 6, 7, and 8.
Then, 10 mg l−1 of Brilliant Blue R, in which the plants grew much
more vigourously than other dyes, was added into the media to
determine dye removal at various pH levels.

For the experiments on the effect of initial Brilliant Blue R con-
centrations on the removal rate, 50 plants were placed onto media
with 1 mg l−1 TRIA and the controls, which contained 2.5, 4.9, 7.0,
and 10.1 mg l−1 Brilliant Blue R. Removal rate of the dye was fol-
lowed during the whole incubation period. Control flasks including
only media and dye were also prepared to observe any reaction
occurs between media and dye.

2.4. Analytical methods

3 ml Samples were taken daily from each flask throughout the
incubation period. Growth of the plants was determined by count-
ing the fronds [12]. The concentration of the dye in the supernatant
was determined by reading the absorbance at 435 nm for Reactive
Orange 14, 520 nm for Reactive Red 120, 600 nm for Reactive Black
5, 560 nm for Brilliant Blue R, and 590 nm for Remazol Brilliant Blue
R, depending on the preliminary experiments performed with their
suitable concentrations in E media. Cell free E medium was used as
the blank and spectral absorbance measurements were done by
using a Shimadzu® UV 2001 (Japan) model spectrophotometer.
2.5. Dye removal efficiency

Removal of the dyes by the duckweed was investigated as a func-
tion of initial pH and initial dye concentrations in media with TRIA
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Table 1
Effect of TRIA onto growth of Lemna minor (initial frond number: 20; incubation
period: 7 d; illumination: 2400 lx).

TRIA concentration (mg l−1) Number of fronds

0 60
1 68
5 52

10 49
20 44

Table 2
Effect of different dyes onto growth of Lemna minor (initial frond number: 50; incu-
bation period: 7 d; illumination: 2400 lx; TRIA concentration: 1 mg l−1).

Dye C0 (mg l−1) Growth

Reactive Orange 14 10.2 −
Reactive Red 120 10.3 +
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Table 4
Effect of pH onto Brilliant Blue R removal by Lemna minor effect (initial frond num-
ber: 50; incubation period: 7 d; illumination: 2400 lx).

pH C0 (mg l−1) Y%

T
E

Reactive Black 5 10.1 −
Brilliant Blue R 10.1 ++
Remazol Brilliant Blue R 11.2 −

nd the controls. The percentage removal of dye was calculated
rom Eq. (1)

emoval % = C0 − Cf

C0
× 100 (1)

n the equation, C0 and Cf the initial and final concentrations of the
ollutant (mg l−1), respectively.

.6. Statistical analysis

The experiments were set in a completely randomized design
p with three replicates. The data were subjected to analysis of
ariance using Minitab® 14 and significant differences among treat-
ent means were compared by descriptive statistics (±S.E.).

. Results

.1. Effect of triacontanol on growth of L. minor

Results of the experiments, which were carried out in media
ith 0, 1, 5, 10, and 20 mg l−1 TRIA, to find the most stimulatory TRIA

oncentration is shown in Table 1. As seen in the table, the highest
rond number was found in 1 mg l−1 TRIA samples. As the numbers
ecreased at higher hormone concentrations, further experiments
ere performed by using 0 and 1 mg l−1 TRIA samples only.

.2. Effect of dye type on to growth of L. minor

To find the effect of different dyes on the population growth of
uckweed, nearly 10 mg l−1 five dyes, Reactive Orange 14, Reactive
ed 120, Reactive Black 5, Brilliant Blue R, and Remazol Brilliant

−1
lue R were added into E media containing nearly 1 mg l TRIA. As
he results presented in Table 2 show, L. minor could not grow in
he presence of Reactive Orange 14, Reactive Black 5, or Remazol
rilliant Blue R dyes, but in media with the tested concentrations of
rilliant Blue R or Reactive Red 120, plants were not affected by the

able 3
ffect of initial Brilliant Blue R concentration onto growth of Lemna minor (initial frond nu

Brilliant Blue R concentration (mg l−1) Number of fronds

Without TRIA

2.5 86 ± 2.0
4.9 106 ± 4.5
7.0 98 ± 2.0

10.1 98 ± 1.5
5 11.0 0
6 10.1 27.7
7 11.8 0

toxicity of these dyes. In addition, the highest surviving rate was
observed in the media containing 10.1 mg l−1 Brilliant Blue R. Due
to these results, further experiments were carried out with media
including this dye only.

3.3. Effect of initial dye concentration onto growth of L. minor

Initial dye concentrations affected growth rate of the duckweed,
as shown by the data presented in Table 3. To see the effect of ini-
tial dye concentration on growth of L. minor, initial Brilliant Blue
R concentrations added into media were increased from 2.5 to
10.1 mg l−1. In all of the hormone samples, the number of fronds
was higher than the hormone controls at all dye concentrations
tested in the study. Number of fronds increased with the increase
in dye concentrations up to 7.0 mg l−1, and the maximum growth
in terms of frond numbers was 112 at this dye concentration.

3.4. Effect of pH on dye removal

To find a suitable pH value for the most effective dye removal,
trials were performed at three initial pH values in the media con-
taining nearly 10 mg l−1 dye and 1 mg l−1 TRIA. The effect of initial
pH on the dye removal is summarized in Table 4. As shown, L. minor
removed the dye with the highest rate of 27.7% at pH 6. Since the
plants could not grow in E media at pH 5 or 7, the subsequent
experiments for effective dye removals were done at pH 6 only.

3.5. Effect of initial dye concentration on the dye removal

In control flasks (media without plant, but with dye) there
was no reaction between dye and media. This result proved that,
dye was removed only by the duckweed tested in the study. Dye
removal rate was investigated at different initial Brilliant Blue R
concentrations varied between 2.5 and 10.1 mg l−1 in media with
1 mg l−1 TRIA and the hormone controls (Fig. 1 and Fig. 2). Although
the removal rates at the 7th day decreased with increasing initial
dye concentrations at all tested conditions, comparatively higher
rates were obtained in TRIA samples. The maximum yield obtained
in the media with the 2.5 mg l−1 Brilliant Blue R, which was the
lowest of the tested initial dye concentrations.

At the end of the incubation period, the removed dye rate was
58.0% in the hormone controls, and 59.6% in TRIA samples. At the
3rd day of the incubation period however, the difference between

the hormone samples and their corresponding controls were sig-
nificantly higher, which can be taken as indication of a saturation
mechanism related with the bioremoving activity irrespective of
the hormonal stimulation. Still, the significant difference between
the 13.3% removal rates corresponds to 38.3% efficiency of hormone

mber: 50; incubation period: 7 d; illumination: 2400 lx).

Removal %

1 mg l−1 TRIA Without TRIA 1 mg l−1 TRIA

87 ± 1.5 58.0 ± 2.0 59.6 ± 0.4
107 ± 6.5 38.3 ± 4.1 44.9 ± 3.1
112 ± 2.0 34.6 ± 0.4 36.5 ± 2.2
106 ± 2.0 22.8 ± 1.0 27.7 ± 1.9
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Fig. 1. Effect of initial Brilliant Blue R concentrations onto removal of Brillia

ontrols and the efficiency of 4.9 mg l−1 dye containing samples
nd considerably lowers than at the same dye concentration. In
.9 mg l−1 dye samples, the efficiency was 38.3% in hormone con-
rols, considerably lower than 44.9% removal by TRIA samples. But,
here was not a significant difference between the highest removals
y the controls and hormone samples at 7.0 mg l−1 initial dye con-
aining samples. Removal rate (34.6%) in the controls was increased
y the presence of the hormone only to 36.5%. However, at the
ighest 10.1 mg l−1 dye concentration tested, the difference in the
easured removal efficiency at the 6th day of the incubation period
as considerably higher again. The efficiency was 17.3% in the con-

rols, and it was 27.2% in TRIA samples. Although the removal rate
n hormone samples decreased approximately 50%, in comparison

ith the lower dye concentrations tested, the efficiency in terms of
he quantity of the dye removed was still at a satisfactory level. It
an be concluded at this point that, L. minor exerted considerably
igher removal rates and yields in the presence of stimulatory TRIA

oncentration up to certain initial dye concentrations.

In summary, the increase of dye concentration decreased the
opulation growth in the hormone control samples effectively and
he differences in the corresponding control and hormone samples
ere increased by to a certain level by the stimulatory effect of

Fig. 2. Effect of initial Brilliant Blue R concentrations onto removal of Brilliant Blu
e R (initial frond number: 50; incubation period: 7 d; illumination: 2400 lx).

TRIA on the population growth under the toxic stress caused by the
dye.

4. Discussion

The hydrophytes took up large class of compounds including
several derivatives of aromatic compounds such as phenols quickly,
at rates faster than bacteria would degrade and sequester the con-
taminants at varying rates [42]. It was added that, since duckweed
could not degrade the persistent organics, accumulate them in their
tissues within a certain time instead. Hence, they had evolved a
defence mechanism to deal with the threat. Referring to the Ph.D.
work by J. Tront in the same group, it was also stated that overall
uptake rate was highly dependent on plant metabolic rates. The
results presented above also indicated that bioremoval rate and
efficiencies of reactive dyes by L. minor were considerably differ-

ent, and uptake rate was highly dependent on the metabolic rate. In
our study, L. minor had a high ability to remove low concentrations
of the applied dye with a rate of 59.6%, thus with an increase in
Brilliant Blue R concentration the removal rate decreased (27.7%),
as well.

e R (initial frond number: 50; incubation period: 7 d; illumination: 2400 lx).
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Toxic pollutant removal process by Lemna sp. might be included
dsorption and degradation [43]. In our study, when plants were
xposed to toxic dye, primarily, dye mechanically attached to the
uckweed with a fast rate. After this mechanic attachment, L. minor
ight degrade the exposed dye by an enzymatic pathway. Thus, it

an be observed that the dye removal started from the 1st day via
echanic attachment. Removal of the pollutant slowly got satu-

ated in the 5th day of the incubation; however, there was a sudden
ncrease in dye removal in the 6th and 7th day of the incubation

hich might be an enzymatic degradation process (Figs. 1 and 2).
In the present study, L. minor removed the applied dye with

igher rates in media with TRIA rather than hormone control sam-
les at all tested dye concentrations. This result might be related
o the positive effect of TRIA on plant growth. On the other hand,
ur results showed that with an addition of just 1 mg l−1 TRIA into
he media, frond number increased from 60 to 68. As a growth
ormone, TRIA stimulates growth through higher metabolic rates
f plants, algae and cyanobacteria at its certain concentrations
28–35]. This property of TRIA can be considered as the indications
f the potential of TRIA to increase the performance of the com-
on duckweed in bioremediation of numerous pollutants. It was

hown that peroxidase, glutathione S-transferase and antioxidant
nzyme activities in the L. minor were significantly higher than the
ontrols following 1, 2 and 7 d of the exposure to hexachloroben-
ene, a persistent environmental contaminant [44,45]. In another
tudy it was also found that guaiacol peroxidase and glutathione
-transferase were involved in the xenobiotic metabolism and
ntioxidative system, which took part in the xenobiotic metabolism
nd antioxidative system responses of L. minor to propanil herbicide
46]. On the other hand, it was concluded that duckweed species
eveloped mechanisms to cope with metal toxicity basing on the
rotective mechanism limiting the metal uptake rather than on an
nhancement of the antioxidative metabolism [47]. Similar to these
revious studies, in our study, with an increase in pollutant con-
entration from 2.5 to 4.9 mg l−1, frond number increased in both
ormone and control samples to cope with the stress condition.

There are sustainable, economical and practical lagoon-based
echnologies and floating cover systems developed for the biore-

oval of various pollutants by Lemna spp. including common
uckweed [48]. In our investigation considering easy cultivation
nd collection of floating hydrophytes in such systems, it can be
oncluded that TRIA hormone can be used as an effective and
conomical agent, which can be obtained from sources such as
ctive fraction of tea waste, sugarcane press mud or alfalfa meal,
or stimulation of bioremoval of some reactive dyes at least. The
esults presented here may lead to the exploitation of the poten-
ials offered by duckweed and this natural hormone, also in some
ther treatment practices.

cknowledgement

Financial support was provided by the Ankara University
esearch Fund.

eferences

[1] M. Shakeri, M. Shoda, Change in turnover capacity of crude recombinant
dye-decolorizing peroxidase (rDyP) in batch and fed-batch decolorization of
Remazol Brilliant Blue R, Appl. Microbiol. Biotechnol. 76 (2007) 919–926.

[2] T.W. Schultz, R.E. Carlson, M.T.D. Cronin, J.L.M. Hermens, R. Johnson, P.J. O’Brien,
D.W. Roberts, A. Siraki, K.B. Wallace, G.D. Veith, A conceptual framework for
predicting the toxicity of reactive chemicals: modeling soft electrophilicity,

SAR QSAR Environ. Res. 17 (2006) 413–428.

[3] S. Papic, N. Koprivanac, A.L. Bozic, A. Metes, Decolorization and COD removal
of reactive yellow 16 by fenton oxidation and comparison of dye removal with
photo fenton and sono fenton process, Dyes Pigments 62 (2004) 291–298.

[4] Y. Fu, T. Viraraghavan, Fungal decolorization of dye wastewaters: a review,
Bioresour. Technol. 79 (2001) 251–262.

[

[

Materials 182 (2010) 525–530 529

[5] Z. Aksu, G. Dönmez, Combined effects of molasses sucrose and reactive dye on
the growth and dye bioaccumulation properties of Candida tropicalis, Process
Biochem. 40 (2005) 2443–2454.

[6] I. Arslan-Alaton, B.H. Gursoy, J.-E. Schmidt, Advanced oxidation of acid and reac-
tive dyes: effect of fenton treatment on aerobic, anoxic and anaerobic processes,
Dyes Pigments 78 (2) (2008) 117–130.

[7] E Forgacs, T. Cserhati, G. Oros, Removal of synthetic dyes from wastewaters: a
review, Environ. Int. 30 (2004) 953–971.

[8] T. Santhi, S. Manonmani, S. Ravi, Uptake of cationic dyes from aqueous solution
by biosorption onto granular Muntingia calabura, CODEN ECJHAO E, J. Chem. 6
(2009) 737–742.

[9] A. Kandelbauer, G.M. Guebitz, Bioremediation for the decolorization of textile
dyes—a review, in: E. Lichtfouse, J. Schwarzbauer, D. Robert (Eds.), Environmen-
tal Chemistry: Part III. Green Chemistry and Pollutants in Ecosystems, Springer,
Heidelberg, Berlin, 2005, pp. 269–288.

10] J.E. Vermaat, M.K. Hanif, Performance of common duckweed species (Lem-
naceae) and the waterfern Azolla filiculoides on different types of waste, Water
Res. 32 (1998) 2569–2576.

11] E. Ozengin, A. Elmacı, Performance of duckweed (Lemna minor L.) on different
types of wastewater treatment, J. Environ. Biol. 28 (2007) 307–314.

12] M.N.V. Prasad, P. Malec, A. Waloszek, M. Bojko, K. Strzałka, Physiological
responses of Lemna trisulca L. (duckweed) to cadmium and copper bioaccu-
mulation, Plant Sci. 161 (2001) 881–889.
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