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Abstract Severe eutrophication of surface water has been a
major problem of increasing environmental concern world-
wide. In the present study, economic plant annual ryegrass
(Lolium multiflorum) was grown in floating mats as an eco-
nomic plant-based treatment system to evaluate its potential
after ion implantation for removing nutrients in simulated
eutrophic water. The specific weight growth rate of
L. multiflorum with ion implantation was significantly greater
than that of the control, and the peroxidase, nitrate reductase,
and acid phosphatase activities of the irradiated L. multiflorum
were found to be greater than those plants without ion implan-
tation. Higher total nitrogen (TN) and total phosphorus (TP)
removal efficiencies were obtained for the L. multiflorum
irradiated with 25 keV 5.2×1016 N+ ions/cm2 and 30 keV
4.16×1016 N+ ions/cm2, respectively (p<0.05). Furthermore,
the nitrogen and phosphorus contents in the plant biomass
with ion implantation were also greater than those in the
control and were positively correlated with TN and TP

supplied. L. multiflorum itself was directly responsible for
39–49 and 47–58 % of the overall N and P removal in the
experiment, respectively. The research results suggested that
ion implantation could become a promising approach for
increasing phytoremediation efficiency of nutrients from eu-
trophic water by L. multiflorum.
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Introduction

Severe eutrophication of water bodies in the aquatic ecosys-
tem has resulted in significant impairment of surface waters
and groundwater quality, due to economical constraints in
reducing point sources and to a high proportion of non-point
sources of nutrients (Smith 2003). One ecological method
used for the remediation of eutrophic water containing high
nutrients of nitrogen and phosphorus is bioremoval and
phytoremediation processes (Li et al. 2009; Lu et al. 2010).
Phytoremediation technologies are increasingly employed for
purification of wastewater because of positive greenhouse
results and for being relatively low cost and energy efficient
(Jayaweera and Kasturiarachchi 2004; Pilon-Smits, E. 2005;
Huang et al. 2012). The high productivity and nutrient remov-
al capability of economic plants have created substantial in-
terest in their use for phytoremediation of wastewater and
resource recovery (DeBusk et al. 1995; Abe and Ozaki
1998). The application of economic plants for wastewater
phytotreatment has mainly involved constructed wetlands
(CWs), hydroponic nutrient film technique (NFT) system,
and floating mat economic plant-based treatment systems
(FMETSs) (Vaillant et al. 2003; Sooknah and Wilkie 2004;
Konnerup et al. 2009).
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FMETSs, as a new developing ecological technique used
for phytoremediation of wastewater, have promising potential
for removing and recovering nutrients from wastewater.
Hence, there is increasing use of economic plants in the
biosystems of the FMETS to phytoremediation of wastewater
(DeBusk et al. 1995; Sooknah and Wilkie 2004). In addition
to the advantages cited by Abe and Ozaki (1998) for purifi-
cation of wastewater, the FMETS systems have the following
positive attributes: (1) non-invasive nuisance; (2) abundant in
economic plant species and cultivars; (3) high economical
value of economic plants relative to some aquatic macro-
phytes; and (4) fast growing, large biomass, and high produc-
tivity of many economic plants. Additionally, harvested bio-
mass of economic plants can potentially be used for
composting, soil amendments, anaerobic digestion with meth-
ane, and volatile fatty acid (VFA) production and be processed
for animal feed. Furthermore, harvested economic plant bio-
mass can be mixed with separated manure solids to increase
the amount of nutrients available for exporting off wastewater
(DeBusk et al. 1995; Sooknah and Wilkie 2004).

Among the economic plants, annual ryegrass (Lolium
multiflorum), also known as Italian ryegrass, as a closely
related and interfertile species with perennial ryegrass (Lolium
perenne), is an important economic grass weed of winter
crops. Both are grown all over the world as key for most
widely used cool-season annual forage grasses. They are
among the most palatable and highly digestible grasses for
livestock. This plant species exhibits luxuriant growth and
produced large amounts of aboveground biomass and has
the potential to be used as a source of pasturage and bioma-
terials as well as bioenergy (Kim et al. 2003). Moreover, it
may be useful in phytotreating wastewater and soil pollution
because it grows quickly. The species does not die back in
winter, has little weed potential and grows in adverse situa-
tions, and has been researched at laboratory to evaluate for
nutrients or toxic heavy metals and organic contaminant re-
moval from water and contaminated soil (Abe and Ozaki
1998; Merini et al. 2009; Xian et al. 2010).

However, the nutrient removal efficiency and adversity
resistance of economic plants in the FMETS system are lim-
ited by genetic and environmental factors. Thus, it is essential
to improve the nutrient removal efficiency and resistance
ability under unfavorable environments exposed to the eco-
nomic plants in the FMETS system with various approaches,
e.g., plant breeding. Previous research has also found that low-
energy ion implantation on plants has significant mutation or
irritation effects (Yu 2006). Different energy and doses of ion
implantation on plant can cause obvious stimulation effects,
including hereditary and physiological effects, and induce
damage and inhibit physiological effects (Feng et al. 2006).
Furthermore, charge deposition by ion implantation can also
irritate plant growth and development (Yamaguchi et al. 2003;
Phanchaisri et al. 2012). Thus, a low-energy ion implantation,

as an efficient physical mutagen in crop and microbe breeding
method, could be such a promising new approach to improve
the nutrient removal efficiencies of economic plants in the
FMETS system.

Therefore, the aim of the present study was to explore N+

ion implantation for improving the growth and nutrient re-
moval of N and P efficiency by economic plant annual rye-
grass (L. multiflorum) in eutrophic water. In this work, the
suitability of utilizing ion implantation in combination with
the FMETS system for improving water quality was exam-
ined, and the activities of peroxidase (POD), nitrate reductase
(NR), and acid phosphatase (ACP) enzymes of L. multiflorum
with and without ion implantation were measured.

Materials and methods

Plant materials

The experiments were performed with annual ryegrass
(L. multiflorum) obtained from the Institute of Horticulture
Sciences of Anhui Academy of Agricultural Sciences, Hefei,
China. One cultivar of “gulf” was selected as test plants. The
size, weight, and coat thickness of seeds were about 5–6×
1 mm, 2 g per 1,000 seeds, and 0.6 mm, respectively. Seeds of
L. multiflorum without ion implantation were used as the
control, while other seeds were treated with N+ ion implanta-
tion at the Key Laboratory of Ion Beam Bioengineering,
Chinese Academy of Sciences, China, and then sown into
soil. The seedlings were grown in soil to a height of 12–
16 cm prior to the experiments.

Low-energy heavy ion implantation

The procedure of ion implantation in L. multiflorum is shown
in Fig. 1. N+ ion beams at low energies of 20, 25, and 30 keV
and current of 20 mA were chosen for ion implantation on
L. multiflorum (Yu 2006). For each ion implantation, the seeds
were fixed onto an irradiation dish (diameter of 90 mm)
arrayed with the hila upward being exposed to the beam
incidence direction. The pulse treatment technique was used
(Li et al. 2007; Yu 2006). The pulse time was 10 s with an
interval of 50 s. With each pulse, the applied dose D0 was
2.6×1013 ions/cm2. The dosages applied were counted as
accumulating data (i.e., 0, 1,000, 1,200, 1,600, 2,000, 2,500,
and 3,000 units) multiplied by D0. Pulsed beam modes were
adopted using periodical beam sweeping across the exposure
holes of the sample holder, with each pulse bombarding the
target to a dose of 0, 2.6, 3.12, 4.16, 5.2, 6.5, and 7.8×l016 N+

ions/cm2. The operating pressure in the target chamber was
fixed at approximately 10−3 Pa, while the operating tempera-
ture was kept at 0 °C or lower. Three replicates were used for
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individual species in each experiment, while the experiment
for the cultivar was repeated at least three times.

Floating mat economic plant-based treatment systems

The floating mat economic plant-based treatment systems
(FMETS) were set up as follows: Each planted floating mat
was made of polyethylene foam and had a size of 33×32×
3 cm (in width×length×height). On the bottom of the floating
mats, there were three rows of holes with a diameter of 1 cm,
through which the roots of plants could elongate into water.
The holes were filled with sponge to provide support to the
plants.

The floating mats were then placed in rectangular plastic
containers (46×33×24 cm in length×width×height, respec-
tively) filled with simulated eutrophic water (described later)
and planted with young seedlings grown from the seeds with
and without ion implantation. After measuring the initial fresh
weights, nine plants were transplanted evenly in the corre-
sponding holes of each floating mat. In order to avoid the
medium dilution by rainfall and reduce evaporative losses by
strong solar radiation, all containers were covered by shade
cloth. A constant water level in the containers was maintained
during the experimental period by irrigating weekly with
distilled water to compensate for evaporation and evapotrans-
piration loss. The dilution effect of adding distilled water on
the nitrogen and phosphorus concentration was recorded and
used to calculate the actual removal by the plants.

Simulated eutrophic water

The simulated eutrophic water was made by dilution of a
liquid fertilizer Aquasol (Fengle Agricultural Chemical Co.,
Hefei, China). Aquasol contains nine macronutrients, essen-
tial for plant growth, and other micronutrients, e.g., B, Mo,
Mn, and Zn. Desired amounts of modified Aquasol were
dissolved in distilled water and diluted to the desired total
nitrogen (TN), NO3-N, NH4-N, and total phosphorus (TP),
PO4-P concentrations. The initial TN and TP concentrations
of 4.60 and 0.55 mg/l were used for experiments according to
the evaluation standards for Chaohu Lake eutrophication (Tu
et al. 1990).

Growth of annual ryegrass

The FMETS was used to investigate the potential for the
L. multiflorum to remove nitrogen and phosphorus from eu-
trophic water. The L. multiflorum plants exposed to ion im-
plantation and the unirradiated controls weremaintained in the
standard Hoagland mineral medium for acclimation prior to
the experiments. Six days later, the young plants were trans-
ferred to the growth chamber in the FMETS system. There
were nine plants in each floatingmat, six plant treatments with

different ion implantation dosages, and two controls. There
were three replicates for each treatment and control. Plants
without ion implantation were used as the unirradiated con-
trols. Non-plant control experiment sets contained only simu-
lated eutrophic water without any plant.

The experiments were performed outdoors with a natural
photoperiod and temperature of 8–19 °C from February to
March in Hefei, China. After 28 days of growth, the experi-
ments were terminated.

Sampling and analysis

The initial fresh plant weights were measured at onset of
experiment. Water samples were collected every 2 days from
each container during the course of the experiments. At the
end of the experiments, plants were carefully removed from
the floating mats and gently washed with tap water. They were
blotted with absorbing paper, and the fresh weights were
measured. After drying at 80 °C for 48 h, the dry weights
and water contents were recorded. Plant analysis was per-
formed at initial and final stages of the experiment. The
concentrations of TN and TP in the culture solutions were
measured according to standard methods (APHA 1998). The
POD activity was determined according to the method of
Scalet et al. (1995), whereas the NR and ACP activities were
measured based on the method of Rai et al. (1998) and Shih
and Kao (1998), respectively. The N content of plant materials
was determined by the semimicro Kjeldahl method (Jensen
1991), and the P content was measured following the method
of Christensen and Wigand (1998).

Statistical analysis

The removal of TN and TP in the FMETS system can be
described by the first-order kinetic model (Sooknah and
Wilkie 2004). The first-order reaction rate constants were
calculated from linear regressions using the following inte-
grated rate equation:

In C0=Ctð Þ ¼ kt ð1Þ

where C0 (mg/l) is the initial concentration of a parameter in
plant culture, Ct (mg/l) is the concentration at time t (days),
and k is the first-order reaction rate constant (per day).

The data are expressed as the means of at least three
replications ± standard errors. One-way ANOVA and Tukey’s
comparison of means were performed with Minitab software
(Minitab Inc., PA, USA) to determine the significant differ-
ences. The significance level was set at p<0.05.
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Results and discussion

Biological effect of L. multiflorum with ion implantation

The growth performance of L. multiflorum with and without
ion implantation is shown in Table 1 and Fig. 2.
L. multiflorum exhibited different responses to the varied
energies and doses of N+ ion implantation. The germination
percentage was 86 % for the control, but it was 90 and 92 %
for the seeds exposed to 20 keV 4.16 and 5.2×1016 N+

ions/cm2, respectively. The irradiation at 25 keV 5.2×
1016 N+ ions/cm2 and 30 keV 4.16×1016 N+ ions/cm2 had
a more significant stimulation effect on the germination
percentage than that at the control (p<0.05). Furthermore,
the germination curves of the three doses showed the similar
tendency. This indicates that irradiation at a low dose had no
significant effect, and that irradiation at a moderate dose there
was a stimulation effect on the germination of L. multiflorum,
while a high dose had inhibition effect.

The survival percentages of L. multiflorum irradiated with
different energies and doses showed the same patterns as the
germination percentages (Fig. 2). The N+ ion implantation
affected significantly the growth and development of
L. multiflorum. Moreover, after ion implantation, the
L. multiflorum showed a significant “stimulation effect” for
enhancing plant growth and resulting in an increase of bio-
mass, plant root length, and leaf area (Table 1). Thus,
L. multiflorum treated with 20 keV 5.2×1016, 25 keV 5.2×
1016, and 30 keV 4.16×1016 N+ ions/cm2 was selected and
cultivated. They were later grown on floating rafts to remove
N and P from the eutrophic water. Plants exposed to other

dosages of ion beam were excluded from further investigation
in the work because they showed negligible stimulation
growth or slight inhibitory effects on growth.

Growth characteristics of L. multiflorum cultured in water

The growth characteristics of L. multiflorum cultured in
water are shown in Table 2. After 28-day exposure to hy-
droponic culture, the plant height, leaf length, leaf width,
tillering number, fibrous root length, root range, and fresh
weight of L. multiflorum with ion implantation increased
greatly (Table 2). The best growth performance occurred at
25 keV 5.2×1016 N+ ions/cm2, followed by 30 keV 4.16×
1016, and 20 keV 5.2×1016 N+ ions/cm2, respectively. Com-
pared to control, plants exposed to the three dose groups had
greater root range, fibrous root length, plant height, tillering
number, and fresh weight (shown in Table 2). However, the
growth characteristics of L. multiflorum did not differ signif-
icantly among different dose groups (Table 2). Under hydro-
ponic culture condition, the differences in the growth char-
acteristics between the ion beam treatments and controls
were significant for the cultivar. These results demonstrated
that proper energy and dose ion beam treatment enhanced
and maintained the growth potential of L. multiflorum under
hydroponic culture condition.

N and P removal

The TN removal profiles from the simulated eutrophic water
by the tested cultivar are shown Fig. 3. Compared to control,
the three dose treatments had the higher TN removal

B

C

AFig. 1 The procedure of ion
implantation in L. multiflorum. a
Irradiation dish, b IBBe device for
ion implantation, c floating mats
of L. multiflorum plant-based
treatment systems
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efficiency. Furthermore, the TN removal efficiency was found
to be in the order of 25>30>20 keV among the three dose
treatments (Fig. 3). For the removal efficiencies for TP, the
cultivar had the same order (Fig. 3). In addition, the removal
efficiencies of the L. multiflorum treated with ion beam were
greater than those of the controls. Statistical analysis revealed
significant variation (p<0.05) between the ion beam treatments
and controls. There were small differences in the TN and TP

removals by the L. multiflorum treated with various ion beam
dosages. All treatments showed similar changing patterns in
the concentrations of nitrogen and phosphorus ions.

Biomass production and enzymatic activities

A net increase in the biomass of L. multiflorum treated with
30 keV 4.16×1016 and 20 and 25 keV 5.2×1016 N+ ions/cm2

Table 1 Effect of N+ ion im-
plantation applied at different en-
ergies and dosages on the growth
characteristics of L. multiflorum
before transplanted into the water
(means ± standard error, n=3)

a 20 keV=20 keV 5.2×l016 N+

ions/cm2 , 25 keV=25 keV 5.2×
l016 N+ ions/cm2 , 30 keV=
30 keV 4.16×l016 N+ ions/cm2 ,
control = non-ion-irradiated
treatment

Growth characteristics N+ ion implantation dosagesa

Control 20 keV 25 keV 30 keV

Plant height (cm) 7.8±0.4 8.9±0.8 9.6±0.6 9.0±0.3

Fresh weight (g) 0.18±0.05 0.24±0.06 0.28±0.04 0.25±0.05

Leaf length (cm) 8.6±0.14 9.8±0.15 10.5±0.18 10.1±0.17

Leaf width (cm) 0.46±0.006 0.52±0.017 0.58±0.019 0.54±0.013

Tillering number 4.6±1.2 5.8±1.4 6.9±1.5 6.1±1.3

Fibrous root length (cm) 9.3±0.56 10.4±0.62 11.9±0.58 10.8±0.64

Root range (cm) 1.4±0.12 2.3±0.15 2.8±0.14 2.5±0.17

Fibrous root number 9.4±0.50 11.6±0.80 12.7±0.90 11.9±0.60
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Fig. 2 Germination percentage
and survival percentage of
L. multiflorum seeds after N+ ion
implantation. Data were averaged
from three independent
experiments with 300 seeds
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is shown in Table 2. L. multiflorum with ion implantation
showed an increase in plant biomass, and the yield was always
higher than that of the controls and greatest when
L. multiflorum was treated with 25 keV 5.2×1016 N+

ions/cm2.

In the experiment, the POD activity of L. multiflorum
treated with 25 keV 5.2×1016 was greater than that treated
with 20 keV 5.2×1016 and 30 keV 4.16×1016 N+

ions/cm2, respectively, while the POD activities of the
samples treated with 25- and 30-keV ion implantation were

Table 2 Effect of N+ ion implan-
tation applied at different energies
and dosages on the growth char-
acteristics of L. multiflorum after
28-day batch growth in the water
(means ± standard error, n=3)

a Repeat the same as in Table 1

Growth characteristics N+ ion implantation dosagesa

Control 20 keV 25 keV 30 keV

Plant height (cm) 18.4±1.0 19.5±1.2 21.7±1.4 20.9±1.3

Fresh weight (g) 1.44±0.01 1.79±0.03 1.95±0.02 1.87±0.01

Leaf length (cm) 8.9±0.7 9.1±0.6 9.2±0.8 9.1±0.7

Leaf width (cm) 0.51±0.02 0.54±0.04 0.59±0.06 0.56±0.03

Tillering number 2±0.6 3±0.4 4±0.5 3±0.5

Fibrous root length (cm) 17.5±1.6 18.7±1.8 19.6±2.1 19.2±1.5

Root range (cm) 2.3±0.2 2.7±0.5 3.1±0.7 2.9±0.4

Fibrous root number 16±1.8 19±1.5 22±1.9 20±1.3
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Fig. 3 The TN and TP
concentration profiles in the
water. CK=non-plant control

9622 Environ Sci Pollut Res (2014) 21:9617–9625



greater than those of the controls (Fig. 4). The NR and
ACP activities of all the samples treated with ion implan-
tation were greater than those of the controls (p<0.05)
(Fig. 4). Furthermore, the POD activity of the plants

decreased significantly in the third week, and a higher
POD activity was found in the next week. A similar
phenomenon was observed for the NR and ACP activities
of L. multiflorum (Fig. 4).
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Fig. 4 The peroxidase (POD)
activities (U/g fresh weight),
the nitrate reductase (NR)
activities (μmol NO2

−/h/g
fresh weight), and the acid
phosphatase (ACP) activities
(μmol/min/mg fresh weight) of
L. multiflorum with N+ ion
implantation grown in the
water (means ± standard error,
n=3)

Table 3 Nutrient content present
(% dry weight ± standard error,
n=3) in the tissue of
L. multiflorum with ion implanta-
tion grown in the water for
28 days

a Repeat the same as in Table 1

Nutrient content of plant tissue

(%)

N+ ion implantation dosagesa

Control 20 keV 25 keV 30 keV

Initial N 1.12±0.04 1.16±0.05 1.19±0.06 1.17±0.08

Final N 1.28±0.07 1.41±0.09 1.46±0.12 1.43±0.11

Initial P 0.15±0.03 0.19±0.05 0.21±0.06 0.19±0.04

Final P 0.21±0.02 0.33±0.03 0.39±0.07 0.35±0.04
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N and P bioaccumulation and nutrient storage in plant
biomass

The N and P contents in the biomass of ion-tested
L. multiflorum were significantly greater than those of the
unirradiated controls, in the following order: 25>30>
20 keV (Table 3). Under the ion beam treatment conditions,
the order of N and P bioaccumulation rates was 25>30>
20 keV. Similarly, the nutrient (N and P) storage in plant
biomass of ion-tested L. multiflorum as compared to inflow
was significantly higher than that of the unirradiated controls,
and the order of nutrient storage in plant biomass rates was
25>30>20 keV (Table 4). Correspondingly, the N and P
removal rates were also increased.

Comparison for reduction rate constants

The TN and TP followed a first-order decay model, and all the
rate constants for the regression fits were significant (Table 5).
Differences between the first-order rate constants for the non-
plant control (CK) and the plant in the water culture treatments
were all highly significant (p<0.05). The rate constants for the
ion beam treatments were significantly greater than the corre-
sponding rate constants for the irradiated control (p<0.05)
(Table 5).

In contrast, the plant culture treatments exhibited signifi-
cantly (p<0.05) greater first-order rate constants than the non-
plant control (CK) for all parameters (Table 5). The treatment

of 25 keV also exhibited the highest reduction rates for all
parameters in the experiment compared to other ion beam
treatments, in the following order: 25>30>20 keV (Table 5).

Evaluation to the potential of economic plants with ion
implantation for phytoremediation

The capacity of economic plants to removeN and P fromwater
is usually limited by genetic or environmental factors. Low-
energy ion implantation might be an ideal approach to enhance
such a capacity because of its significant mutation or irritation
effects (Yamaguchi et al. 2003; Feng et al. 2006). Dose of N+

ion beam implantation into plants can cause considerable
contemporary hereditary and physiological effects, and it also
affects the growth and development of plants (Yu 2006;
Phanchaisri et al. 2012). As the first approach, this study
examined the N and P removal of L. multiflorum with N+ ion
implantation and demonstrated the feasibility of applying ion
beam biotechnology to phytoremediation and bioremediation.

The experimental results also show that L. multiflorumwith
ion implantation was very effective in combination with the
FMETS system for removing N and P from water. First, the
productivities of L. multiflorumwith N+ ion implantation were
higher than those of the controls (Table 2). Second, the N and
P contents in the tissue of L. multiflorum treated with ion beam
were also greater than those of the controls (Table 3). Third,
the N and P nutrient storage in plant biomass of L. multiflorum
treated with ion beamwas also greater than that of the controls
(Table 4). As a result, the floating mats planted to
L. multiflorum with ion implantation showed a promising N
and P removal potential under the tested conditions. Finally,
the L. multiflorum treated with N+ ion implantation performed
a greater N and P bioaccumulation rate.

However, several questions still remain to be solved before
this process is applied in practice: (1) the capacity of nutrient
removal by L. multiflorum with ion implantation from real
eutrophic lake water, (2) The genetic stability in the improve-
ment of growth and nutrient metabolism abilities of
L. multiflorum with ion implantation should be explored,
and (3) The possibility of rapid spread of L. multiflorum with
ion implantation. This possibility is of serious concern be-
cause of the ecological risk and economical consequences of
such modification of L. multiflorum. This study raises such
questions that warrant further research.

Conclusions

In conclusion, the N and P removal capacity of the
L. multiflorum with N+ ion implantation was examined, and
the feas ib i l i ty of applying ion implanta t ion to
phytoremediation was demonstrated in the study.
L. multiflorum with N+ ion implantation in combination with

Table 4 Nutrient storage (% N/m2 and % P/m2) in plant biomass of
L. multiflorum with ion implantation grown in the water after 28 days

Nutrient storage in plant biomassa

(%/m2)
N+ ion implantation dosagesb

Control 20 keV 25 keV 30 keV

N 1.05 1.65 1.78 1.71

P 0.40 0.92 1.19 1.05

a Nutrient storage was calculated using mean nitrogen and phosphorus
content of whole plant for each planted treatment
b Repeat the same as in Table 1

Table 5 First-order rate constants for removal of nitrogen and phospho-
rus in the water during 28-day batch growth of L. multiflorum with and
without ion implantation

Treatmentsa kTN (per day) kTP (per day)

CK 0.008±0.001 0.007±0.003

Control 0.062±0.002 0.068±0.001

20 keV 0.075±0.003 0.086±0.001

25 keV 0.078±0.003 0.089±0.002

30 keV 0.076±0.002 0.087±0.002

b Repeat the same as in Table 1
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the FMETS system was found to be effective for rapid remov-
al of N and P from simulated eutrophic water. The productiv-
ities of L. multiflorum treated with N+ ion implantation were
greater than those of the control, while the N and P contents in
these plants were also greater than those in the control. The
floating mats planted with L. multiflorum with N+ ion implan-
tation showed a promising N and P removal potential from
eutrophic water.
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