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A B S T R A C T

Azo dyes are the largest class of synthetic dyes and are utilized in several industries. Effluents containing dyes are
released to the environment and pose harm to humans who might be exposed to these contaminants. This study
aims to investigate the removal of methylene blue (MB) dye using duckweed (Lemna minor). L. minor (2 g) was
exposed into 50 mg/L of MB dyes for 24 h. The absorbance values were measured at 0, 0.5, 1, 2, 3, 4, 5, 6, and 24
h with a maximum wavelength of 665 nm. The dye removal percentage and relative growth rate of L. minor during
exposure to MB were observed. The removal percentage was 80.56 � 0.44% for 24 h with a relative growth rate of
0.006/h. L. minor has potential as a phytoremediation agent to remove dyes from wastewater.
1. Introduction

The utilization of azo dyes in industries can potentially lead to dye
waste (Chung, 2016; Sarkar et al., 2017; Tahir et al., 2016). Azo dyes are
the largest class of synthetic dyes (Brüschweiler and Merlot, 2017;
Chung, 2016). Effluent containing dyes is released to the environment,
thereby seriously affecting the environment by damaging ecosystems,
causing water pollution, and reducing light penetration for aquatic eco-
systems (Al Farraj et al., 2019). Azo dyes are also toxic and carcinogenic,
thereby possibly affecting human health and living organisms (Khataee
et al., 2012).

Three categories of technology are commonly used to degrade dyes,
namely, chemical, physical, and biological (Al Farraj et al., 2019; El
Hassani et al., 2019; Hadibarata et al., 2018; Imron and Titah, 2018).
Chemical processes generally involve the use of chemicals via the
oxidation process to degrade dyes (Hassaan et al., 2017). However, the
by-products of the chemical process, such as sludge, require further
processing, because they also contain hazardous chemicals. In addition,
the chemical process requires high costs, even if it has low efficiency to
degrade dyes. Physical processes, such as coagulation-flocculation,
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adsorption, ion exchange, and membrane filter, release a large amount
of sludge as a by-product, consume a high amount of energy, and require
high costs (Azimi et al., 2017; Verma et al., 2012). The biological process
is more suitable for degrading dyes than chemical and physical processes;
biological process produces nontoxic by-products, such as CO2 and H2O
(Al Farraj et al., 2019; Imron et al., 2019a; Titah et al., 2019). Moreover,
the biological process is eco-friendly, effective, easy to operate, and re-
leases nontoxic by-products to the environment. The biological process
utilizes living organisms, such as microorganisms and plants, to trans-
form pollutants via the metabolic pathway (Imron et al., 2019b).

The use of plants as bioremediation agents is very promising for
degrading various dyes and organic and inorganic pollutants (Ali, 2010;
Singh and Singh, 2017). Plants are very sensitive to polluted environ-
ments, including organic and inorganic pollutants (Purwanti et al., 2018;
Tangahu et al., 2019; Titah et al., 2018). Plants have the potential to
degrade textile dyes (Khataee et al., 2012). Some aquatic plants, such as
Azolla pinnata and Lemna minor, have the potential to degrade azo dyes
(Al-Baldawi et al., 2018; Khataee et al., 2012; Reema et al., 2011). Based
on Al-Baldawi et al. (2018), the maximum degradation efficiency of
methylene blue (MB) is 90%, which can be achieved by A. pinnata for 5
).
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Table 1
Characteristics of methylene blue.

Parameters Properties

Molecular formula C16H18N3SCl
Molecular weight (g/mol) 319.851
Colour index number 52015
Density (g/mL) 1.0
Melting point (�C) 190
λmax (nm) 665
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days at 25 mg/L initial concentration. According to Khataee et al. (2012),
L. minor can degrade Acid Blue 92 dyes up to 80% for 6 days. Zhou and
Xiang (2013) reported thatMedicago sativa L. and Sesbania cannabina Pers
are salt-plants that have the potential to degrade azo dyes.

MB is a heterocyclic aromatic used in biological and chemical in-
dustries, textile industries, and medicine (Al-Baldawi et al., 2018; Con-
treras et al., 2019). MB dye produces serious effects, such as headache,
vomiting, and high blood pressure when consumed by humans. However,
studies on the phytoremediation of MB dye using duckweed (L. minor)
are lacking in the scientific literature. To fill this research gap, this study
aims to investigate the removal of MB dye using duckweed (L. minor).
The results of this study will be useful for industries. Alternative
biotechnology using plants can be used to treat dye-contaminated water.

2. Materials and methods

2.1. Plant cultivation

L. minor was collected from Surabaya River, Indonesia. The plant was
acclimatized for 7 days before the main experiment. All used plants were
healthy, as indicated by no-withered leaves on plants.

2.2. Dye analysis

Methylene Blue (C16H18N3SCl.3H2O) (Merck, Germany) was used as
the pollutant to be removed in this experiment. Its characteristics and
chemical structure are presented in Fig. 1 and Table 1. The initial pH of
the dyes solution ranged from 6.1 to 7.9, and the initial temperature was
ranged from 28.6 �C to 30.3 �C in all reactors. At several time intervals of
the biological treatment, the remaining MB was measured with UV/Vis
Microplate Spectrophotometer (Thermo Fisher Scientific, USA) at
maximum absorption wavelength, λmax ¼ 665 nm (Al-Baldawi et al.,
2018; Low et al., 2012).

2.3. Decolorization experiments

Decolorization experiments were conducted in a glass container
containing 50 mL of MB at 50 mg/L (Pego et al., 2017). Two grams of
L. minor (Liu et al., 2018) were exposed to MB-contaminated water at
room temperature (20 �C–25 �C) under white lamp light at the approx-
imation of 10,000–25,000 lux (Al-Baldawi et al., 2018). The reactor was
designed to replicate the floating treatment wetland under batch system
reactor (Lucke et al., 2019). The researchers ensured that all plant roots
reached the bottom of the reactor during the test to accommodate the
root sorption capability and the rhizosphere removal mechanisms
(Almuktar et al., 2018).

Samples (1 mL) were collected every 0, 0.5, 1, 2, 3, 4, 5, 6, and 24 h to
measure the absorbance value. The absorbance value was analyzed using
UV/Vis Microplate Spectrophotometer (Thermo Fisher Scientific, USA)
at maximum absorption wavelength, λmax ¼ 665 nm with distilled water
used as blank (Al-Baldawi et al., 2018; Low et al., 2012). Before the
absorbance was measured, the sample was filtered using 40 μmWattman
filter paper to remove unwanted particles. All measurements were con-
ducted in three replicates. For further clarification, the hourly absor-
bance of MB (50 mg/L) in contaminated water in various wavelengths
Fig. 1. Chemical structure of methylene blue.
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(400–750 nm) after treatment with L. minor was also determined using
UV/Vis spectra (Al Farraj et al., 2019). The removal of MB was
approached by using absorbance analysis in terms of decolorization. The
decolorization percentage was calculated based on Eq. (1) (Al Farraj
et al., 2019; Khataee et al., 2012), as follows:

Decolorization ð%Þ¼
�
1� At

A0

�
� 100% (1)

where,

A0 ¼ the initial absorbance at 0 hour
At ¼ the final absorbance at t-hour

2.4. Growth rate determination

The plant growth rate was calculated using the relative growth rate
(RGR) equation given in Eq. (2) based on Radi�c et al. (2011). RGR
equation was determined based on increasing fresh weight (FW) after
exposure by MB. All measurements were carried out in three replicates.

RGRð=hourÞ ¼
�
lnðFWtÞ � lnðFW0Þ

t

�
(2)

where,

FW0 ¼ the initial weight at 0 hour (g)
FWt ¼ the final weight at t-hour (g)
t ¼ time exposed (h)

2.5. Statistical analysis

The results of this experiment were analyzed by one-way analysis of
variance (ANOVA) with Tukey-Kramer multiple comparisons test using
Minitab 16 Statistical software to determine the significance of the result
with α ¼ 0.05. All data were presented as the average �standard devi-
ation (SD) of three replicates. The different letters above the graph
indicate a significant difference among the results.

3. Results and discussion

L. minor‘s removal of MB (50 mg/L) was investigated for 24 h. The
results of the absorbance values after treatment by L. minor are shown in
Fig. 2. Based on Fig. 2, the absorbance values were 3.27 � 0.08 Å at 0 h
and decreased to 3.13� 0.08, 2.71� 0.3, 2.12 � 0.02, 2.11 � 0.12, 1.90
� 0.03, 1.68� 0.08, 1.50� 0.19, and 0.64� 0.02Å at 0.5, 1, 2, 3, 4, 5, 6,
and 24 h, respectively. The absorbance value decreased with increasing
duration of exposure. The physical observed reactor can be seen in Fig. 3.
The absorbance value of control did not decrease. The decrease of
absorbance on the main reactors indicated that the MB dyes were
decolorized by L. minor. Reema et al. (2011) reported that the dye uptake
capacity increased with increasing contact time. Based on the decreasing
absorbance value, it was indicated that L. minor can adsorb and accu-
mulate MB. Similar to results obtained by Reema et al. (2011) and
Khataee et al. (2012), L. minor removed azo dye-contaminated water by
up to 80% for 3 days.



Fig. 2. The absorbance of methylene blue (MB) after water contaminated with 50 mg/L of MB dye was treated with L. minor for 24 hours. Values are presented in the
average of triplicates �SD.

Fig. 3. Physical observation of methylene blue before (a) and after (b) L. minor
treatment for 24 hours.
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The removal of MB by L. minor and the remaining concentration are
calculated and presented in Fig. 4. It shows that the removal percentage
3

of MB dye was 0 � 0.00% at 0 h and increased to 4.56 � 0.79, 11.43 �
6.33, 35.36 � 2.08, 35.58 � 2.43, 42.05 � 1.59, 48.62 � 1.51, 54.16 �
4.86, and 80.56 � 0.44% at 0.5, 1, 2, 3, 4, 5, 6, and 24 h, respectively.
The concentration of MB at 0 h was 50 mg/L and decreased to 47.72 �
0.39, 44.29 � 3.16, 32,32 � 1.04, 32.21 � 1.22, 28.97 � 0.79, 25.69 �
0.76, 22.92 � 2.43, and 9.72 � 0.22% at 0.5, 1, 2, 3, 4, 5, 6, and 24 h,
respectively. Based on Fig. 4, the contact times at 0.5 h compared with 1
h, at 2 h compared with 4 h, and at 5 h compared with 6 h were not
significantly different in terms of MB removal (p< 0.05). However, at 6 h
compared with 24 h, the removal of MB showed a significant difference
(p < 0.05). The removal of MB was increased with increasing exposure
time (Pathania et al., 2017; Vieira et al., 2009). It fact, increasing the
exposure time of the dye on plants increases the probability of contact
between dye molecules and plant surface (Khataee et al., 2012, 2010;
Tangahu et al., 2019). The surface area for sorption of the dye molecule is
greater when the exposure time is increased. This result was in agree-
ment with that obtained by Nasrullah et al. (2015) and Pathania et al.
(2017), in which the increasing incubation time resulted in high decol-
orization efficiency.

The relative growth rate (RGR) was observed for 24 h of exposure
time and can be seen in Fig. 5. Based on Fig. 5, the RGR was affected by
50 mg/L of MB compared with the control. The RGR value of L. minor in
50 mg/L MB dye-contaminated water is 0.006/h, whereas this was 0.01/
h in the control. Based on the results, MB had a negative effect on RGR,
i.e., decreased by 46.52% compared with the control, after 24 h of
exposure. The MB affected the growth rate of the plant. The RGR value
decreased with increasing dye concentration (Wu, 2016). Khataee et al.
(2012) showed that the RGR value of L. minor decreased by 68.8% after
exposure to AB92 dyes. The same effect was also reported by Cleuvers
and Ratte (2002) and Reema et al. (2011) who showed that the growth of
L. minor was strongly inhibited after exposure to MB and Brilliant Blue
spezial.

The final pH in all reactor ranged from 6 to 6.8, and the final tem-
perature ranged from 28.6 �C to 29 �C. The observed pH decreased
throughout the 24 h research period, whereas the observed temperature
was not significantly altered. The decreasing in pH occurred due to the
secretion of some plant metabolites. The initial step of the degradation
mechanism of MB is the cleavage of the bonds of C–S¼C into two benzene
rings. The hydroxylation process of an aromatic ring produced a phenolic
compound instead of a toxic aromatic compound (Pandey et al., 2007;
Sarkar et al., 2017). The phenolic compound is important in biodegra-
dation related to antioxidant and enzyme properties (Khataee et al.,



Fig. 4. Removal and concentration of methylene blue (MB) after water contaminated with 50 mg/L of MB was treated with L. minor for 24 hours. Values are presented
in the average of triplicates �SD. Different letters (a, b, c, d, e, and f) indicate significant differences among the results (p < 0.05).

Fig. 5. Relative growth rate of L. minor on 50 mg/L of MB dye.

Fig. 6. UV spectra data of methylene blue (MB) in various wavelengths after L. minor treatment in water contaminated by 50 mg/L of MB dye.
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2012). Afterward, the enzyme produced by plants oxidized the phenolic
compounds to generate a phenoxy radical and carbonium ion (Singh
et al., 2015; Sudha et al., 2014). The production and secretion of these
ions increased the acidity of the living environment, thereby resulting in
lower observed pH at the end of the test period.

The approximate approach to the removal of MB by bio-
decolorization process can be examined using UV/Vis spectra based on
Al Farraj et al. (2019) and as presented in Fig. 6. It is clear that the peak at
λ ¼ 665 nm shows a significant decrease. Furthermore, the major
absorbance peak can be decreased up to 80.56 � 0.44% for 24 h after
L. minor treatment. Based on Fig. 6, the cleavage of the aromatic ring on
MB was examined at peaks λ ¼ 630 nm and λ ¼ 700 nm (Al Farraj et al.,
2019) and decreased after L. minor treatment throughout the test period.
The decrease of peaks throughout the test period can indicate the
decrease of the aromatic ring in the solution. The spectra within 600–630
nm can indicate the formation of a new metabolite. Similar to Khataee
et al. (2012), L. minor degraded azo dye into intermediates compounds,
such as phenol and benzoic acid, which were analyzed using GC-MS.
Reema et al. (2011) showed FTIR results indicating that C ¼ O
carbonyl in carboxylic groups, amine group N–H, and phosphonate group
P–O contained in MB are bound to the surface of L. minor.

In a floating wetland system, the rhizosphere of plants that have a
direct contact with wastewater plays an important role in some removal
mechanisms. Important mechanisms underlying the removal of dyes with
phytoremediation include phyto-uptake, phyto-stimulation, rhizode-
gradation, phyto-extraction, phyto-degradation, and phyto-volatilization
(Chandra et al., 2017; Tangahu et al., 2011). Three of the mentioned
mechanisms (phyto-uptake, phyto-stimulation, and rhizodegradation)
occurred in the rhizosphere. During treatment, the pollutant is adsorbed
by plants via phyto-uptake mechanism through the roots; this is the main
reason why the length of the root should reach the bottom of the reactor
(Tangahu et al., 2011). Plants also secrete some chemical compounds
known as exudates to initiate and support the root bacterial community
to perform degradation (phyto-stimulation). The exudate can also
perform direct degradation if the plants have the capability to secrete
degradation enzyme/metabolites (rhizodegradation) (Chandra et al.,
2017). The adsorbed compound then accumulated inside plants cell in
any location regardless of the type of pollutant and the capability of
plants to perform phyto-extraction (Garbisu and Alkorta, 2001). Despite
only being accumulated, several compounds enter internal enzymatic
reactions and are converted into useful compound for plants metabolism
or into less toxic compounds (phyto-degradation) (Al-Baldawi et al.,
2015). The product of complete enzymatic degradation will be volatil-
ized by plants as a volatile form into the atmosphere (phyto-volatiliza-
tion) (Limmer and Burken, 2016).

Although studies on enzymatic removal mechanism of MB by plants
are lacking, several studies have elucidated the degradation of MB
through phytoremediation. Aquatic plants use MB as their sole carbon or
nitrogen source (Sarkar et al., 2017; Sudha et al., 2014), because it
contains carbon bonds. Geoffroy et al. (2004) reported that during the
degradation of dye by plants and microorganism, different enzymes
convert the pollutant into a less toxic compound. According to Pacz-
kowska et al. (2007), L. minor can produce superoxide dismutase (SOD),
ascorbate peroxidase (APX), and guaiacol peroxidase (GPX). The pres-
ence of these enzymes in the medium is seen in L. minor‘s response to
contaminants; these enzymes can be used as bioindicators of stress
caused by pollutants (Tovar-S�anchez et al., 2019). Superoxide containing
MB dye will be converted to H2O2 by SOD, and reactive oxygen species
(ROS) are released (Dikalov and Harrison, 2014). This by-product will
stimulate another enzyme, such as catalase (CAT) in L. minor that de-
toxifies ROS (Sofo et al., 2015). The activities of enzymes produced by
plants in the medium were used to increase the resistance of plant to
pollutants (Nigam, 2013; Ojuederie and Babalola, 2017). The activities of
these enzymes in the biodegradation process depend on the types of
plants and dyes (Chen, 2006; Karigar and Rao, 2011).

The utilization of aquatic plants as phytoremediation agent of dyes is
5

considered an environmentally friendly technology. Phytoremediation of
dyes using aquatic plants has gained attention as an alternative tech-
nology due to its low operational cost, eco-friendliness, nontoxic by-
products, and low amount of sludge production. These findings were
limited to one type of dye and one type of aquatic plant. Thus, further
study on different wastewater, combination of different types of aquatic
plants, and the extended period of treatment is needed. These findings
will be very helpful for industries and an introduce an alternative
biotechnology to treat dye-contaminated wastewater using plants
(phytoremediation).

4. Conclusion

The removal of Methylene Blue (MB) by Lemna minor is significantly
affected by the contact time. L. minor showed a significant removal in-
crease from 3.27 � 0.08 Å to 0.64 � 0.02 Å after 24 h. Physical obser-
vation showed a clear indication of bio-decolorization by L. minor after
24 h of exposure to the dye. UV/Vis spectra analysis also illustrated the
decrease of MB absorbance throughout the 24 h of the test period and
showed up to 80.56� 0.44% of decolorization. The decolorization of MB
by L. minor increased with increasing of exposure time. Our findings
suggest that L. minor has the potential to be used as phytoremediation
agent in treating dye-contaminated wastewater. Further study related to
different dyes types, combination of different aquatic plants, and
extended time exposure will greatly contribute to the knowledge on
phytoremediation of dye-contaminated wastewater.
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