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The polyculture of different duckweed species is likely to integrate their advantages in removing pollutants

and starch accumulation. Here, pilot-scale comparisons of three duckweed species (Spirodela polyrhiza K1,

Lemna minor K2 and Landoltia punctata K3) in monoculture and polyculture were investigated. Results

showed that the TN (total nitrogen) and TP (total phosphorus) in wastewater decreased from 6.0 and

0.56 mg L�1 to below 0.5 and 0.1 mg L�1, respectively. Namely, the water quality improved to Grade II

under the Chinese standard. The highest TN and TP removal efficiencies were found to be 99.1% and

90.8% in the polyculture. Besides, the starch content of S. polyrhiza K1, L. minor K2, L. punctata K3 and

the polyculture reached 24.8%, 32.3%, 39.3% and 36.3%, respectively. Accordingly, their average starch

accumulation rates were 1.65, 2.15, 3.11 and 2.72 g m�2 d�1, respectively. Our results suggested that L.

punctata K3 was a promising energy feedstock due to it having the highest starch production. The

advantages of different duckweed species were investigated. In the polyculture, the pollutants were

efficiently removed from wastewater, with a high starch accumulation. This study supplies a new insight

into the application of duckweed in eutrophic water advanced treatment coupled with starch production.
1. Introduction

Two thirds of the world's population currently live in areas that
experience water scarcity for at least one month a year.1 In
China and India, around 50% of the people face this level of
water shortage.1 On the other hand, over 80% of wastewater is
discharged into the environment without adequate treatment
around the world.1 Domestic wastewater oen contains high
levels of nitrogen and phosphate. The release of these pollut-
ants can further lower the quality of freshwater and accelerate
the eutrophication of coastal marine ecosystems.2,3 Facing the
ever-growing water demand, the paradigm of wastewater
management has to shi from ‘treatment and disposal’ to
‘reuse, recycle and resource recovery’. Meanwhile, an ecologi-
cally friendly and cost-effective solution is needed.
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Many wastewater treatment processes have been designed to
improve water quality. For example, activated sludge system, as
a conventional microbial treatment process, can convert
ammonia into gaseous nitrogen (e.g., N2, NOx), and remove
phosphorus from wastewater in the form of sludge, thereby
improving water quality.4–6 However, this process cannot facil-
itate the recovery of pollutants from wastewater,5 and waste-
water advanced treatment is of high-cost. Meanwhile, the
growing volume of sludge also increases the burden to envi-
ronment. Aquatic plants, such as water hyacinth, giant reed,
microalgae and duckweed, have shown the capability in
pollutants removal and were potential feedstock candidates for
biofuel production.3,7–10 However, due to the high content of
lignocellulose in water hyacinth and giant reed, their biomass
cannot be easily degraded, the large-scale production is
limited.11 As for microalgae, its commercial application in bio-
fuel is also limited by the high operating costs, low productivity
of algal biomass, and high energy consumption during algal cell
harvest.12,13

Duckweed, a kind of oating aquatic plant, is widely
distributed around the world and comprised of 37 species in 5
genera (Spirodela, Lemna, Landoltia, Wolffia and Wolffiella).3
RSC Adv., 2018, 8, 17927–17937 | 17927
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Duckweed reproduces almost exclusively asexually despite
being owering plants, thereby allocating almost all their
resources to vegetative growth.14 Thus, it grows faster than most
other plants and can double its biomass in 2 days.15–17 Duck-
weed is able to grow on the surface of wastewater and remove
pollutants (especially nitrogen and phosphorous) from waste-
water at high rates. Due to this ability, duckweed has already
been used for the treatment of domestic, industrial, and swine
wastewaters.18–22 In addition, the duckweed system can effec-
tively accumulate high content of starch. The starch content of
64.9% (dry weight) can be achieved in duckweed during nutri-
ents starvation.15,23 Meanwhile, compared with other plants,
duckweed has a lower ber and lignin content.24–26 These
features make it feasible for duckweed to be a feedstock for
bioethanol production. It has been documented that the
ethanol yield could achieve 24.1–30.8 g L�1 converting from
duckweed biomass.25,27 In consideration of the above two
points, duckweed system has the potential to be a coupled
bioreactor for wastewater treatment and energy production.

Huge differences appear for duckweed in recovering pollut-
ants from wastewater and starch accumulation. This is associ-
ated with duckweed species, climate and geographical
isolates.18,28,29 Lemna minor has the advantages in wastewater
treatment, while Landoltia punctata exhibits additional advan-
tage in starch biomass production.29 As such, the polyculture of
different duckweed species make it possible to integrate their
advantages, and to develop a coupled system for wastewater
treatment and energy biomass production. Besides, because the
single duckweed species system is susceptible to be contami-
nated by other species, the time and energy will be spent on
remaining a single species throughout industrial operation.
From the above, it was necessary to evaluate the duckweed in
polyculture of different species.

Most previous studies focused on comparative study of
different duckweed species in single culture,29 or effects of the
combinations of duckweed species in laboratory scale.18

However, there are rarely any comparative evaluations of
different duckweed species between monoculture and poly-
culture in pilot scale, especially about treating eutrophic lake
Fig. 1 The horizontal sections (a) and vertical sections (b) of the duckw

17928 | RSC Adv., 2018, 8, 17927–17937
water. Compared with laboratory research, open eld environ-
ment is relatively more complex, and better represents actual
condition of large-scale duckweed culture. Therefore, pilot-scale
study under eld condition is crucial in industrial applications
of duckweed. For instance, in order to highlight the potential of
duckweed biomass harvested from wastewater treatment plant
for methane production, a pilot system, comprising an anaer-
obic pretreatment and two duckweed ponds designed in series
(10 m2 each), was operated with real domestic sewage.19

Selecting appropriate duckweed from the local species rather
than exogenous species will help to avoid biological invasion
and maximize the growth rate. These are the keys to establish-
ing an effective duckweed cropping system.

On the basis of the above, the objectives of this study are to
evaluate the ability of three local duckweed species (Spirodela
polyrhiza K1, Lemna minor K2 and Landoltia punctata K3) for
eutrophic water advanced treatment and starch production,
either in polyculture or in monocultures at the pilot-scale. In
order to avoid the interspecic and intraspecic competition
among duckweed, a harvest regime of 4 days was adopted
(Experimental section: 2.3 Operation and sampling). While
previous studies focused on the potential of duckweed in
monocultures, this study will offer a new perspective for the
application of duckweed.
2. Experimental section
2.1. Location and pilot-scale system

The pilot-scale duckweed systems were constructed and oper-
ated in the east 100 m of Dianchi Lake and located in Kunming
city, China (longitude 102�470 E, latitude 24�510 N). As one of the
seriously polluted lakes, Dianchi Lake is facing serious chal-
lenge in terms of water pollution controls.

The four parallel duckweed systems are described in Fig. 1:
Spirodela polyrhiza K1-based system, Lemna minor K2-based
system, Landoltia punctata K3-based system, and polyculture
duckweed-based system. Polyculture duckweeds were obtained
by combining three duckweed species (Spirodela polyrhiza K1,
Lemna minor K2 and Landoltia punctata K3). Each pilot-scale
eed-based wastewater treatment systems.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01856a


T
ab

le
1

Li
g
h
t
in
te
n
si
ty
,a

ir
an

d
w
at
e
r
te
m
p
e
ra
tu
re

th
ro
u
g
h
o
u
t
th
e
e
xp

e
ri
m
e
n
t

Pa
ra
m
et
er
s

T
im

e
(d
ay
)

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Li
gh

t
in
te
n
si
ty

(m
m
ol

m
�
2
s�

1 )
19

6–
11

47
95

–9
90

15
7–
92

9
23

6–
82

1
26

5–
41

6
36

2–
13

10
35

8–
68

0
36

9–
65

9
28

1–
84

2
24

1–
17

42
31

7–
12

89
17

6–
15

19
33

5–
15

84
34

0–
14

38
37

3–
16

52
18

5–
14

85

A
ir

te
m
pe

ra
tu
re

(�
C
)

16
.0
–2
2.
5

21
.0
–2
6.
0

20
.0
–2
5.
5

19
.5
–2
8.
5

19
.0
–2

4.
0

23
.0
–2
6.
0

22
.8
–2
6.
5

22
.3
–2
6.
0

22
.0
–2
7.
0

24
.0
–2
6.
0

21
.0
–2
9.
0

18
.5
–2
6.
0

20
.0
–2
8.
5

21
.0
–2
9.
0

22
.0
–2
9.
0

22
.5
–3

0.
5

W
at
er

te
m
pe

ra
tu
re

(�
C
)

15
.0
–2
1.
5

18
.0
–2
4.
0

18
.0
–2
5.
0

24
.0
–2
7.
0

18
.5
–2

3.
0

21
.0
–2
5.
0

20
.0
–2
6.
0

21
.4
–2
5.
5

21
.0
–2
5.
0

20
.0
–2
4.
0

20
.0
–2
7.
0

20
.0
–2
5.
0

18
.5
–2
6.
5

19
.5
–2
8.
0

20
.0
–2
7.
5

21
.5
–3

0.
0

This journal is © The Royal Society of Chemistry 2018

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

4:
02

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
reactor wasmade of steel plate and featured an area of 12 m2 (24
m length � 0.5 m width � 0.5 m water depth). To prevent the
inuence of wind on the duckweed, the water surface of each
reactor was then divided into two equal basins (with a partition
in the middle of each reactor).

2.2. Duckweed species

Three local duckweed species, Spirodela polyrhiza K1, Lemna
minor K2 and Landoltia punctata K3 were collected and culti-
vated from local wastewater ponds. All of them were classied
by Elias Landolt and available on an accessible webpage of
Chengdu Institute of Biology and also on that of Rutgers
University (Rutgers Duckweed Stock Cooperative (RDSC), http://
www.ruduckweed.org/).

2.3. Operation and sampling

The wastewater came from the wetland nearby Dianchi Lake.
Generally, the rural domestic wastewater was discharge into the
wetland and then into Dianchi Lake. Large amounts of nitrogen
and phosphorus in wastewater entered into the lake, and
caused eutrophication. The main characteristics of wastewater
include: NH4

+–N ¼ 5.98 � 0.09 mg L�1, NOx
�–N ¼ 0.03 �

0.00 mg L�1, TN ¼ 6.00 � 0.09 mg L�1, PO4–P ¼ 0.41 �
0.02 mg L�1, TP ¼ 0.57 � 0.02 mg L�1, COD ¼ 29.88 �
6.36 mg L�1, pH ¼ 8.31 � 0.03, turbidity ¼ 12.21 � 0.63.
Besides, some typical heavy metals in the water body were also
determined: Cd ¼ 1.5 � 0.1 mg L�1, Cr ¼ 7.4 � 0.3 mg L�1, As ¼
11.3 � 1.0 mg L�1, Zn ¼ 370.0 � 9.9 mg L�1, Cu ¼ 95.7 � 8.1 mg
L�1. Their concentrations were all very low, and reached the
Chinese standard of Grade II, which is applicable to protected
areas for centralized sources of drinking water. Therefore, the
heavy metals in the water body were not the focus of this study.
The four parallel reactors were lled with the wastewater, and
then the duckweed species were introduced into two basins of
each system, respectively.

Polyculture duckweed was obtained by combining the three
duckweed species in a ratio of 1 : 1 : 1. In order to ensure that
the coverage of inoculated duckweed all were 150%, the inoc-
ulated densities of duckweed were 487.5, 412.5, 375.0 and
425.0 g FW per m2 for S. polyrhiza K1, L. minor K2, L. punctata K3
and the polyculture duckweed, respectively.29 The inoculated
duckweeds were all cultivated under the same condition. Their
moisture content of four inoculated duckweed S. polyrhiza K1,
L. minor K2, L. punctata K3 and the polyculture duckweed were
92.5%, 92.2%, 89.5% and 91.4%. Their starch contents were
5.2%, 4.4%, 9.0% and 6.2%, respectively. The experiment lasted
for 16 days fromMay 26, 2017 to June 11, 2017. The temperature
and light intensity were measured four times a day at 9:00,
12:00, 15:00 and 18:00 (Table 1).

For each duckweed wastewater treatment system, the
wastewater was sampled daily from three points along the
treatment system (Fig. 1) for water quality analysis. To conduct
a quantitative sampling and harvesting of the duckweed
biomass, a harvest regime of 4 days was adopted. Three square
oats (from PVC pipes, F20 mm) with an internal area of 0.1 m2

were released evenly and symmetrically on the surface of each
RSC Adv., 2018, 8, 17927–17937 | 17929
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basin (6 m2), and the fresh biomass inside the squares was
collected, dehydrated and weighed (W1). Then, the fresh duck-
weed density (r1) in the basin was calculated, and the super-
numerary was harvested (DS) by square oats (from PVC pipes,
F20 mm). The mat density of the residual fresh duckweed aer
harvesting was the same as the initial inoculated duckweed
densities (r0).

r1
�
g m�2� ¼ W1ðgÞ

0:3 ðm2Þ

DS
�
m2

� ¼ ðr1 � r0Þ � 6 ðm2Þ
r1
2.4. Analytical methods

The fresh duckweeds were centrifuged (1000 rpm, 2 min) in
a dehydrator to remove the surplus water. To measure the dry
weight (DW), the samples were dried at 60 �C until the weight
was constant. The growth rate was measured as follows:

For each basin, growth rate (g m�2 d�1) ¼ DDW (g)/S (m2)/t

(day).

For each duckweed system, growth rate (g m�2 d�1) is the
average growth rate of two basins.

Biomass production (g m�2) ¼ DDW (g)/S (m2).

DDW: increased biomass of dry weight (g); S: water surface area
in basin (m2); t: culture period (d).

To measure the starch content, 0.03 g dry duckweed powder
was homogenized with 600 mL 6 M HCl in 10 mL centrifuge
tube. Added 2 mL distilled water and vortex to mix thoroughly,
the mixture was boiled for 2 h in water bath. Cooling to room
temperature, adjusted pH to 7.0 � 0.5 with HCl (6 M) or NaOH
(6 M), added 200 mL Pb(CH3COO)2 and diluted with distilled
water to 10 mL, completely suspended the mixture by shaking
centrifuge tube, centrifuged at 5000g for 5 min. Sugars in the
supernatant were analyzed by HPLC (Thermo 2795, Thermo
Corp., USA) with an Evaporative Light-scattering Detector (All-
Tech ELSD 2000, All-tech., Corp., USA). Then the starch
content was determined using the total sugar content (starch
content ¼ glucose content � 0.909).18

Starch accumulation rate (g m�2 d�1) ¼ D(DW � starch content)

(g)/S (m2)/t (day).

For water quality analysis, the wastewater was sampled daily
from three points along the basin. These were then mixed to
produce a composite sample for water quality analysis. Each
sample was in triplicate. The TN, NH4

+–N, NO3
�–N, NO2

�–N
and TP and PO4–P levels in wastewater were determined by the
Spectroquant Analysis System PhotoLab 6100 (WTW, Germany)
17930 | RSC Adv., 2018, 8, 17927–17937
with the matching reagents (Merck, Germany). The digestion of
sample was conducted in Thermoreactor CR 3200 (WTW, Ger-
many). They all were measured according to the standard
method.30

Removal efficiency (%) ¼ (c0 � c)/c0 � 100%.

c0: initial pollutant concentration (mg L�1); c: real-time
pollutant concentration (mg L�1).

2.5. Data statistical analysis

Each data point represents the results of three samples per
experiment. SPSS (Version 15.0, SPSS Inc., US) was used for data
analysis, at a 95% condence level to examine the signicant
differences.

3. Results and discussions
3.1. Nitrogen and phosphorus removal

Nitrogen and phosphorus are the main pollutants which
contribute to the eutrophication of inland water, so the nitrogen
concentration (TN, NH4

+–N and NOx
�–N (NO3

�–N and NO2
�–

N)) and phosphorus concentration (TP and PO4–P) in waste-
water were analyzed to evaluate the water quality.

The initial pollutants concentration of wastewater was 6.00
� 0.09 mg L�1 TN and 0.56 � 0.02 mg L�1 TP (worse than
Grade V according to the Chinese Surface Water Environment
Quality Standard (CSWEQS)). The pollutants in wastewater of
different treatments were measured every two days. Aer 16
days' experiment, TN and TP concentration of all the four
duckweed treatment systems in wastewater were below 0.5 and
0.1 mg L�1, respectively (Table 2). Namely, the water qualities
were improved to Grade II, which is mainly applicable to pro-
tected areas for centralized sources of drinking water according
to CSWEQS. In the duckweed treatment system, pollutants of
wastewater could be removed by duckweed uptake, microbial
conversion, sedimentation and volatilization. Among them, the
contribution of duckweed uptake accounted for above 70%.31,32

Duckweed was reported to be used to treat relatively high
concentration wastewater and exhibited good performance in
nitrogen and phosphorus removals. TN and TP concentrations
of wastewater decreased from 22.2 and 2.2 mg L�1 to 4.5 and
0.4 mg L�1 in 17 days, respectively.19 However, few study
focused on duckweed system treating low-concentration eutro-
phic water in pilot scale. In this study, we rst reported the
water quality of eutrophic water improved to Grade II.

NH4
+–N is the major nitrogen form in wastewater, so TN

removal mainly relies on NH4
+–N removal (Table 2). NH4

+–N
concentration gradually decreased from about 6.0 mg L�1 to
below 0.1 mg L�1 (Table 2), reaching the Grade II according to
CSWEQS. In the duckweed pond, NH4

+–N can be removed by
both duckweed uptake and bacterial transformation (nitrica-
tion/denitrication).31,33–35 Some studies suggested that aquatic
plants promote both nitrication (NH4

+–N to NO3
�–N and

NO2
�–N) and denitrication (NO3

�–N and NO2
�–N to N2) in the

rhizosphere.36–39 In this study, the NOx
�–N concentration

increased in the rst few days. For instance, in S. polyrhiza K1,
This journal is © The Royal Society of Chemistry 2018
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Table 2 The nitrogen and phosphorus concentration of wastewater covered with duckweed at different daysa

Time(day)

Nitrogen and phosphorus concentration (mg L�1)

NH4
+–N NOx

�–N TN PO4
�–P TP

NH4
+–N/PO4–P

removal

(A)
0 6.10 � 0.11 0.03 � 0.00 6.13 � 0.11 0.41 � 0.01 0.58 � 0.01 —
2 5.35 � 0.04 0.07 � 0.00 5.42 � 0.04 0.32 � 0.02 0.48 � 0.00 8.3
4 3.35 � 0.21 0.24 � 0.01 3.59 � 0.21 0.25 � 0.01 0.31 � 0.01 17.2
6 2.83 � 0.02 0.41 � 0.01 3.24 � 0.03 0.07 � 0.00 0.17 � 0.01 9.5
8 1.68 � 0.14 0.71 � 0.00 2.38 � 0.14 0.05 � 0.00 0.13 � 0.00 12.1
10 0.84 � 0.09 0.56 � 0.01 1.40 � 0.11 0.04 � 0.01 0.10 � 0.00 14.2
12 0.30 � 0.07 0.59 � 0.00 0.89 � 0.07 0.04 � 0.00 0.07 � 0.00 15.5
14 0.03 � 0.00 0.21 � 0.04 0.24 � 0.04 0.04 � 0.00 0.08 � 0.00 16.2
16 0.03 � 0.00 0.05 � 0.01 0.08 � 0.00 0.04 � 0.00 0.08 � 0.00 16.2

(B)
0 5.96 � 0.14 0.03 � 0.00 5.99 � 0.14 0.41 � 0.04 0.56 � 0.03 —
2 5.46 � 0.11 0.03 � 0.01 5.49 � 0.12 0.28 � 0.01 0.48 � 0.01 3.8
4 3.81 � 0.07 0.03 � 0.01 3.84 � 0.08 0.31 � 0.00 0.35 � 0.00 20.5
6 3.08 � 0.09 0.03 � 0.00 3.11 � 0.10 0.12 � 0.01 0.23 � 0.00 9.9
8 2.12 � 0.02 0.05 � 0.01 2.16 � 0.01 0.05 � 0.00 0.13 � 0.00 10.5
10 1.58 � 0.07 0.10 � 0.00 1.68 � 0.07 0.04 � 0.00 0.09 � 0.01 11.7
12 0.66 � 0.07 0.22 � 0.02 0.87 � 0.05 0.05 � 0.01 0.07 � 0.00 14.7
14 0.42 � 0.01 0.12 � 0.02 0.54 � 0.03 0.03 � 0.02 0.07 � 0.00 14.4
16 0.05 � 0.01 0.05 � 0.01 0.09 � 0.02 0.03 � 0.02 0.06 � 0.00 15.4

(C)
0 5.94 � 0.05 0.02 � 0.00 5.96 � 0.05 0.41 � 0.04 0.57 � 0.04 —
2 4.91 � 0.18 0.04 � 0.01 4.95 � 0.16 0.20 � 0.03 0.40 � 0.03 5.0
4 3.86 � 0.04 0.03 � 0.00 3.89 � 0.04 0.22 � 0.00 0.30 � 0.00 11.2
6 3.31 � 0.07 0.04 � 0.01 3.35 � 0.06 0.06 � 0.00 0.17 � 0.02 7.5
8 2.53 � 0.08 0.13 � 0.02 2.66 � 0.11 0.04 � 0.00 0.11 � 0.00 9.2
10 1.73 � 0.02 0.18 � 0.00 1.90 � 0.02 0.03 � 0.00 0.07 � 0.00 11.2
12 1.13 � 0.06 0.24 � 0.04 1.37 � 0.02 0.02 � 0.01 0.06 � 0.00 12.3
14 0.48 � 0.11 0.38 � 0.06 0.86 � 0.05 0.02 � 0.01 0.07 � 0.00 14.0
16 0.03 � 0.01 0.23 � 0.01 0.26 � 0.01 0.02 � 0.01 0.06 � 0.01 15.1

(D)
0 5.89 � 0.09 0.03 � 0.00 5.91 � 0.08 0.36 � 0.01 0.55 � 0.00 —
2 4.81 � 0.18 0.03 � 0.00 4.84 � 0.17 0.22 � 0.00 0.40 � 0.00 7.7
4 3.79 � 0.12 0.06 � 0.00 3.84 � 0.12 0.20 � 0.01 0.27 � 0.00 13.1
6 3.07 � 0.01 0.11 � 0.02 3.18 � 0.01 0.05 � 0.00 0.20 � 0.03 9.1
8 2.06 � 0.13 0.21 � 0.01 2.26 � 0.12 0.03 � 0.00 0.13 � 0.00 11.6
10 1.28 � 0.11 0.37 � 0.05 1.64 � 0.06 0.02 � 0.01 0.09 � 0.02 13.6
12 1.02 � 0.01 0.08 � 0.00 1.10 � 0.01 0.02 � 0.01 0.06 � 0.00 14.1
14 0.45 � 0.14 0.29 � 0.02 0.74 � 0.12 0.03 � 0.02 0.07 � 0.00 16.2
16 0.01 � 0.00 0.05 � 0.00 0.06 � 0.00 0.02 � 0.01 0.05 � 0.00 17.0

a (A) Represents the single culture of Spirodela polyrhiza K1; (B) represents the single culture of Lemna minor K2; (C) represents the single culture of
Landoltia punctata K3; (D) represents the polyculture of Spirodela polyrhiza K1, Lemna minor K2 and Landoltia punctata K3. The NH4

+–N/PO4–P
removal ¼ (initial NH4

+–N concentration � real-time NH4
+–N concentration)/(initial PO4–P concentration � real-time PO4–P concentration).
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its NOx
�–N increased from 0.03 to 0.71 mg L�1 in the rst 8 days

(Table 2), indicating that microbial nitrication prevailed over
denitrication in the duckweed systems. This was probably
because aerobic conditions were formed in the rhizosphere by
duckweed photosynthesis, and anaerobic nitrate removal by
denitrifying bacteria was hindered.40 Previous studies reported
that duckweeds preferred to take up NH4

+–N over NO3
�–N when

both nitrogen sources were available.41–44 When NH4
+–N was

consumed, the NOx
�–N gradually decreased in the nal several
This journal is © The Royal Society of Chemistry 2018
days of experiment (Table 2). Duckweed uptake and microbial
denitrication likely contributed to the ultimate removal of
nitrogen.

As evidenced by previous studies, microbial nitrication and
denitrication occurred in duckweed system.20,45 For instance,
Teles et al. found that 40 genera of bacteria exhibited high
abundance in duckweed system, including functional groups as
nitrifying bacteria (Nitrospira and Nitrosomonas) and denitrify-
ing bacteria (Rhodopseudomonas).20 However, unlike activated
RSC Adv., 2018, 8, 17927–17937 | 17931
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sludge system, microbial nitrication/denitrication was the
predominant route of N removal.6 Duckweed uptake, which was
far beyond microbial contribution, was the main way to N
removal in duckweed system.20

In the rst 10 days, the TN concentration in the S. polyrhiza
K1-based system decreased below 1.5 mg L�1 (corresponded to
the standard of Grade IV which is mainly applicable to the water
areas for industrial use according to CSWEQS), while TN
concentrations of L. minor K2, L. punctata K3 and the poly-
culture duckweed were all over 1.5 mg L�1 (Table 2). Then TN
concentration gradually declined to below 1.0 mg L�1 at the end
of the experiment, with the highest TN removal efficiency of
98.8% for S. polyrhiza K1, 98.5% for L. minor K2 and 95.6% for L.
punctata K3 and 99.1% for the polyculture, respectively (Fig. 2).
The results indicated for both monocultures and polyculture,
duckweed treatment systems in this study achieved high
nitrogen removal. Most nitrogen presented as ammonium in
this study. Ammonia nitrogen is easily absorbed by duckweed,46

thereby led to high nitrogen removal efficiency.
Phosphorus is another major pollutant in wastewater. PO4–P

accounted for approximately 70% of TP (Table 2). In this study,
duckweed treatment systems showed a highly efficient removal of
phosphorus. TP concentration reduced to below 0.3mg L�1 (Grade
IV) on day 6 for S. polyrhiza K1 and L. minor K2, on day 4 for L.
punctata K3 and the polyculture (Table 2). Compared with
nitrogen, TP concentration reached Grade IV earlier. Aer four
days, TP concentration decreased to below 0.1 mg L�1, and then
Fig. 2 TN and TP removal efficiency from wastewater in different duckw

17932 | RSC Adv., 2018, 8, 17927–17937
changed little till the end of the experiment. TP removal efficiency
of S. polyrhiza K1, L. minor K2, L. punctata K3 and the polyculture
reached 86.2%, 90.2%, 89.2% and 90.8%, respectively (Fig. 2).
Duckweed had phosphorus hyper-accumulation ability; and plant
uptake was the main way for phosphorus removal.47 So phos-
phorus removal was easily inuenced by duckweed growth. Early
study reported that orthophosphate could be efficiently removed if
duckweed was frequently harvested. The initial phosphate
concentration decreased from 15mg L�1 to 0.5 mg L�1 in 8 days.48

Previous studies have conrmed that the efficient bioreme-
diation of phosphorus required a comparable level of nitrogen,
with an ideal ratio of NH4

+–N/PO4–P uptake was about 7.0.34,49

Because PO4–P concentration gradually decreased to a low level
in rst 8 days and changed little for the remainder in this study,
the ratio of NH4

+–N/PO4–P was discussed for the rst 8 days.
The ratio of S. polyrhiza K1, L. minor K2, L. punctata K3 and the
polyculture was 12.1, 10.5, 9.2 and 11.6, respectively. Duckweed
uptake was the main way for PO4–P removal,34 while NH4

+–N
could also be removed through microbial nitrication in this
study. Therefore, it was reasonable that a higher ratio of NH4

+–

N/PO4–P removal was observed.
As shown in Fig. 2, the removal efficiency for TP is higher than

that for TN in 12 days. This is due to low initial phosphorus
concentration (the initial TN/TP was about 10.6). TN/TP removal
gradually increased with duckweed system operation (Table 2),
and the removal efficiency of TN nally exceeded that of TP in 12–
16 days (Fig. 2). The phosphate removal was lower than that of
eed-based treatment systems.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 The moisture content (a) and growth rate (b) of duckweed in
different wastewater treatment systems. The asterisk indicated that the
growth rate of S. polyrhiza K1, L. minor K2 and L. punctata K3 in single
culture were significantly different from those in the polyculture with p
< 0.05 according to the unpaired Student's t test.
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nitrogen removal in N/P ratio of 4.25, but phosphate removal was
much higher in N/P ratio of 13.2.18 These revealed the importance
of the initial N/P ratio for nutrient removal.

Although all the duckweed systems had promising perfor-
mances for wastewater treatment, the polyculture duckweed
treatment system exhibited a stronger ability to remove pollut-
ants from wastewater. TN and TP removal efficiencies of the
polyculture were the highest, 99.1% and 90.8%, respectively
(Fig. 2). These results suggested that the duckweed species in
polyculture possible promoted the pollutants removal.
Table 3 The duckweed biomass harvested from different duckweed tre

Time (day)

Biomass production (g DW per m2)

S. polyrhiza K1 L. mino

4 46.66 � 1.48 46.90 �
8 21.73 � 0.73 36.85 �
12 22.57 � 1.28 21.96 �
16 12.83 � 0.51 27.96 �
Average value 25.95 � 7.25 33.42 �

This journal is © The Royal Society of Chemistry 2018
3.2. Duckweed growth and biomass production

The duckweed growth rate and the biomass production were
analyzed when three duckweed species were mono-/poly-
cultured in wastewater. Initial inoculated in wastewater, duck-
weed had dark green fronds and short roots and the appearance
changed signicantly when the pollutants were gradually
consumed, nally became pale with long thick roots. When the
nutrients in wastewater decreased, long thick roots made it
feasible that duckweed could get nutrients for plant growth.
Becoming pale was one of hunger sign in plant, suggesting that
duckweed growth was hindered by nutrient deciency.50

A common trend was observed in the four duckweed
systems: the duckweed moisture content gradually decreased
during the 16 days (Fig. 3a). It was reported that duckweed
tended to accumulate more starch in the fronds under nutrient
starvation, the internally stored starch could provide nutrients
for duckweed growth in a certain signicant period.51,52 It was
reasonable that more macromolecular substances were stored
in duckweed led to the decline in moisture content.

In order to analyze the change of duckweed growth, the
growth rate was determined every four days. As shown in
Fig. 3b, the growth rates of S. polyrhiza K1, L. minor K2, L.
punctata K3 and the polyculture were 11.66, 11.72, 17.13 and
13.96 DW g m�2 d�1 in rst 4 days. When the nitrogen and
phosphorus were gradually consumed, growth rate of duckweed
decreased.18 At the end of the experiment, the growth rates of S.
polyrhiza K1, L. minor K2, L. punctata K3 and the polyculture
were 3.21, 6.99, 6.04 and 7.14 g m�2 d�1, respectively (Fig. 3b).

Biomass production is the key consideration as industrial
feedstock. In order to obtain high biomass production, the
duckweeds were harvested at intervals of 4 days from each
duckweed system. Their biomass production from day 4, 8, 12
and 16 were showed in Table 3. Their biomass production
decreased in 16 days. Especially for S. polyrhiza K1, its biomass
production signicantly decreased from 46.66 g m�2 at day 4 to
the lowest of 12.83 g m�2 at day 16. Comparatively, the poly-
culture duckweed system had the highest biomass production
at day 16. The average biomass production of S. polyrhiza K1, L.
minor K2, L. punctata K3 and the polyculture was 25.95, 33.42,
38.02 and 35.94 DW g m�2 (Table 3). According to the results of
average biomass production, an annual yield of the duckweed
could reach 23.7, 30.5, 34.7 and 32.8 DW t ha�1. The biomass
production of wheat grain was estimated to be 2.80 t ha�1 per
year.53 Moreover, as a yardsticks of the practically used bio-
energy crops, corn could produce 1.47–7.90 t ha�1 per year.54–56
atment systems

r K2 L. punctata K3 Polyculture

3.06 68.50 � 4.05 55.86 � 5.19
0.86 33.97 � 0.86 33.61 � 1.47
0.42 25.43 � 0.22 25.73 � 0.90
1.02 24.17 � 0.86 28.57 � 1.23
5.44 38.02 � 10.39 35.94 � 6.84
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Table 4 The harvestable duckweed biomass contributed by the
individual duckweed genera in the polyculture system

Time (day)

Contribution in the polyculture system (%)

Individual
S. polyrhiza K1

Individual
L. minor K2

Individual
L. punctata K3

4 29.8 35.9 34.3
8 25.5 37.8 36.7
12 28.3 35.4 36.4
16 24.8 37.0 38.2
Average value 27.1 36.6 36.4
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According to the statistics from Food and Agriculture Organi-
zation of the United Nations, an annual corn yield of China was
5.95 t ha�1 in 2016.57 Comparison with other crops, duckweed
was thus a suitable candidate as bioenergy feedstock.

In the polyculture system, the harvestable duckweed
biomass contributed by the individual duckweed genera was
measured (Table 4). The contribution of S. polyrhiza K1 to
harvestable duckweed biomass was lower than L. minor K2 and
L. punctata K3. The average contributions of L. minor K2 and L.
punctata K3 were comparable, about 36.4%.
3.3. Starch content and starch production

Besides biomass production, starch content is another essential
trait for duckweed application. In green plants, starch is related
with the balance of carbon, which is mainly accumulated by
photosynthesis and exhausted by respiration. The starch tends
to accumulate when the carbon source import (such as photo-
synthesis) exceeds the export (such as breathing or reproduc-
tion), and vice versa.50,58
Fig. 4 Change of starch content of duckweed in different wastewater t

17934 | RSC Adv., 2018, 8, 17927–17937
Starch content was measured every 4 days in this study. The
initial starch contents of S. polyrhiza K1, L. minor K2, L. punctata
K3 and the polyculture were 5.2%, 4.4%, 9.0% and 6.2%,
respectively. A common trend was observed in the four duck-
weed systems: the duckweed starch content constantly
increased during the 16 days (Fig. 4), and nally reached their
highest levels of 24.8%, 32.3%, 39.3% and 36.3%, respectively.
Namely, the starch content of S. polyrhiza K1, L. minor K2, L.
punctata K3 and the polyculture increased by 375%, 641%,334%
and 485%, respectively. As the cultivation time increased, the N
and P of wastewater were gradually consumed (Table 2),
resulting in nutrition starvation for duckweed. Under nutrition
starvation, the expression levels of enzymes involved in starch
biosynthesis were up-regulated, whereas those involved in
starch degradation showed no signicant difference. This
resulted in more uxes of carbon source into starch, and led to
increased starch content in duckweed.51,59 Duckweed with
24.6% starch was utilized to carry out ethanol fermentation and
could achieve about 30.8 g L�1 of ethanol concentration and
90.04% of fermentation efficiency.27 To our knowledge, the
duckweed with higher starch content is easier to be liqueed
and saccharied for producing alcohol. The starch content in
this study all exceeded 24.6%. Therefore, the duckweeds
cultured in this study were the suitable feedstock for alcohol
fermentation.

Pearson correlation analysis indicated starch content was
negatively correlated with their moisture content, namely, S.
polyrhiza K1 (R ¼ �0.89, p < 0.01), L. minor K2 (R ¼ �0.93, p <
0.01), L. punctata K3 (R ¼ �0.98, p < 0.01) and the polyculture (R
¼ �0.94, p < 0.01). The determination of the moisture content
was simpler and more economical than that of starch content.
Gaining knowledge about the relation between the starch
content and moisture content could be an effective method to
estimate the change of starch content in duckweed starch
reatment systems.

This journal is © The Royal Society of Chemistry 2018
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production. In addition, it was observed that the starch content
in duckweed increased along with the growth rate decreasing
(Fig. 3b and 4), in agreement with an early nding.23 Under
insufficient nutrition, the ow of carbohydrate and energy was
transformed to starch accumulation, rather than duckweed
growth.59

The starch contents of the individual duckweed genera were
measured in the polyculture system. As shown in Table 5, the
starch content of the polyculture duckweed was generally
higher than those of individual S. polyrhiza K1 and L. minor K2,
and lower than that of individual L. punctata K3. These results
indicated that the high starch content of the polyculture duck-
weed mainly attributed to the contribution from duckweed
L. punctata K3.

Starch production of duckweed is the most important
consideration for biofuel production in industrial application.
The starch production of duckweed in mono-/polyculture was
calculated by starch content and biomass production. Starch
accumulation rate was measured every 4 days in this study. The
Fig. 5 The starch accumulation rate of duckweed in different wastewater
rate of S. polyrhiza K1, L. minor K2 and L. punctata K3 in single culture w
according to the unpaired Student's t test.

Table 5 The starch content of the individual duckweed genera in the
polyculture system

Time (day)

Starch content (%)

Individual S.
polyrhiza K1

Individual L.
minor K2

Individual L.
punctata K3 Polyculture

4 9.9 � 0.4 6.6 � 0.2 11.6 � 0.4 9.67 � 0.6
8 21.3 � 0.2 17.4 � 0.2 25.7 � 0.2 21.37 � 0.4
12 22.3 � 0.2 23.7 � 0.2 31.1 � 0.2 25.9 � 1.3
16 27.0 � 0.2 35.1 � 0.3 42.7 � 0.3 36.3 � 1.2

This journal is © The Royal Society of Chemistry 2018
starch accumulation rate of L. punctata K3 was the highest in
the rst 12 days, and then was exceeded by that of the poly-
culture for the remainder (Fig. 5). By the end of the experiment,
the starch accumulation rates of S. polyrhiza K1, L. minor K2,
L. punctata K3 and the polyculture were 1.19, 3.19, 3.69 and
3.93 DW g m�2 d�1, respectively (Fig. 5). Previous reports showed
that the average starch accumulation rates in 8 days were 2.90,
2.43, 1.44 and 0.95 DW gm�2 d�1 respectively for L. punctata 0224,
L. japonica 0223, S. polyrhiza 0225 and W. globosa 0222.29 In
general, the accumulation rate of duckweed rarely went beyond 3.0
DW g m�2 d�1.5,29,58 The starch accumulation rate of the poly-
culture achieved nearly 4.0 DW g m�2 d�1 (3.93 DW gm�2 d�1) in
day 13–16.

In this study, the average starch accumulation rates of S.
polyrhiza K1, L. minor K2, L. punctata K3 and the polyculture
reached 1.65, 2.15, 3.11 and 2.72 DW g m�2 d�1, respectively. It
is notable that the accumulation rate of L. punctata K3 was the
highest than that of the other three duckweed system (p < 0.01),
and exceeded 3.0 DW g m�2 d�1. This suggested L. punctata K3
could rapidly produce starch in this pilot-scale duckweed
treatment system. The result was consistent with previous
studies. Compared with other duckweed species, Landoltia
punctata had signicant advantage in starch accumulation.18,29

According to the data of average starch accumulation rate in
this study, the annual starch yield of L. punctata K3 could reach
11.35 DW t ha�1. It was a promising starch feedstock for alcohol
fermentation. The accumulation rate of the polyculture was
signicantly higher than that of S. polyrhiza K1 (p < 0.01) and
L. minor K2 (p < 0.01). This illustrated the polyculture promoted
starch production compare with single culture of S. polyrhiza K1
and L. minor K2. The promotion observed in the polyculture
system may be due to the existence of L. punctata K3, which
treatment systems. The asterisk indicated that the starch accumulation
ere significantly different from those in the polyculture with p < 0.05

RSC Adv., 2018, 8, 17927–17937 | 17935
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showed highest starch productivity in these three duckweed
species. The average accumulation rate of the polyculture
reached a relatively high level of 2.72 DW g m�2 d�1. It was
equivalent to an annual starch yield of 9.92 DW t ha�1.
According to the data of reports, the corn yield was 3.10–4.16 t
ha�1 per year.53,57,60 Hence, duckweed starch yield, especially in
L. punctata K3 and the polyculture, exceeded signicantly that of
corn. These results strongly suggested them as the starch
feedstock for alcohol production.

From the above, L. punctata K3 had the highest starch
content (39.3%) and accumulation rate (3.11 DW g m�2 d�1).
Previous study reported Lemna minor had the advantage in
wastewater treatment, while Landoltia punctata exhibited addi-
tional advantage in starch production.29 In this study, the
advantages of different duckweed species were integrated in
polyculture. The nitrogen and phosphorus were efficiently
removed from wastewater. Meanwhile, the starch was accu-
mulated rapidly in the duckweed (2.72 DW g m�2 d�1).

4. Conclusions

TN and TP of wastewater decreased from 6.0 and 0.56 mg L�1 to
below 0.5 and 0.1 mg L�1, respectively. That is, the water quality
improved from worse than Grade V to Grade II. Additionally, TN
and TP removal efficiencies of the polyculture reached 99.1%
and 90.8%, which were higher than those of monocultures. On
the other hand, L. punctata K3 had the highest starch content
and accumulation rate, and was a promising starch feedstock
for alcohol fermentation. The advantages of three duckweed
species were integrated. The nitrogen and phosphorus were
efficiently removed from wastewater in polyculture, with a high
starch accumulation. This study provides a possibility for the
dual applications of duckweed in eutrophic water advanced
treatment and starch production.
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