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ABSTRACT: Lower bounds for extraction of pollutants from sewage are investigated for the case of four floating aquatic
macrophytes, water hyacinth (Eichhornia crassipes), water lettuce (Pistia stratiotes), salvinia (Salvinia rotund:foha) and water
primroses (Ludvigia palustris). It is shown that lower bounds of biochemical oxygen demand (BOD), 1.3 mgL‘ chem|ca!
oxygen demand (COD). 11.3 mgL‘ total suspended solids (TSS), 0.5 mgL™", turbidity 0.7 NTU, ammonla 0.2 mgL™, and
phosphorus 1. 4 mgL™" can be established for sewage purlfcatlon with water hya0|nthj| and BOD, 1.8 mgL' COD, 12.5 mgL‘1
TSS, 0.5 mgL‘ turbidity, 0.9 NTU, ammonia, 0.2 mgL™", and phosphorus 1.6 mgL™" with water lettuce. These lower bounds
were reached in 11-17 days of experiments that were performed on diluted sewage with reduced initial contents of the tested
water quality indicators. As expected, water hyacinth exhibited the highest rates and levels of pollutants removal, thereby
producing the best lower bounds of the water quality indicators. Given their initially low levels, the BOD was further reduced by
86.3%, COD by 66.6%, ammonia by 97.8% and phosphorus by 65.0%, after 11 days of a batch experiment. The capacity of

aquatic plants to purify dilute sewage streams opens new options for their application in the water treatment industry.

INTRODUCTION

The high productivity and pollutant removal capability
of aquatic plants in wastewater treatment is well
known (Reddy and DeBusk, 1985; Brix and Schierup,
1989; Kadlec and Knight, 1995). Natural aquatic
systems have created substantial interest as regards
their potential use for wastewater treatment and resource
recovery, using green environments. These systems,
which require low capital and offer competitive
operating cost, are easy to operate and maintain.

Floating Aquatic Plants Systems (FAPS) have the
following positive attributes: (1) high growth rate and
productivity in the case of large-leaf floating plants;
(2) high nutritional value relative to other emergent
species; and (3) ease of harvesting and stocking (Boyd,
1974). Across the world, natural wetlands are
populated by emergent vegetation (Droste, 1997).

In recent years plants such as water hyacinth
(Eichhornia crassipes) and water lettuce (Pistia
stratiotes) have been used for upgrading effluent
quality (US Reddy and DeBusk, 1985; EPA, 1988,
Tchobanoglous et al., 1989; Kadlec and Knight, 1995).

In tropical countries water hyacinth is used because
of its availability and high growth rate (Reddy and
Sutton, 1984). The plants serve as a substrate for
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microbial activity that removes nutrients such as
nitrates, ammonia and phosphates (Wolverton and
McDonald, 1981; Bishop and Eighmy, 1989; Kumar
and Garde, 1990). Among the floating aquatic plants,
water hyacinth, generally considered to be a nuisance
weed, has been extensively researched on laboratory,
pilot and large scales, for nutrient removal from
municipal wastewaters (Reedy and Smith, 1987). Most
of the studies have focused on the treatment of
wastewater. Relatively few studies have been reported
on the use of floating plants for wastewater treatment
with either high organic content (Whitehead et al.,
1987; de Casabianca-Chassany et al., 1992; Polprasert
et al., 1992; DeBusk et al., 1995, Costa et al., 2000;
Sooknah and Wilkie, 2004), or low initial load of
pollutants. As of now, the effectiveness of plants in the
dilute range of pollutants has not yet been determined.
The question, how low can aquatic plants decrease the
water quality indicators still remains open.
Alternatively, it is of interest to determine lower
bounds of pollutants content which can be reached due
to their removal by aquatic plants, and under what
conditions. This reflects on the range of application of
aquatic plants for water purification.

In the purification process a complex variety of
physical, chemical and biological processes is involved
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in the transformation and consumption of organic
matter and plant nutrients (Reddy, 1983, Reddy, 1984,
Gersberg et al., 1986, Reed et al., 1988 and Jorgensen,
1994). It is well known that photosynthetically
generated oxygen, by the water hyacinth, played an
important role in the biodegradation of organic matter
of the wastewater due to the action of aerobic and
facultative bacteria (Polprasert and Khatiwada, 1998).

The use of free-floating water hyacinth is common
place, because of its availability for wastewater
treatment, high density surface coverage and high growth
rate (Reddy and DeBusk, 1985; Reddy and DeBusk,
1987; Brix and Schierup, 1989; Tripathi et al., 1990;
Mishra et al., 1991; Mitsch, 1994; Korner et al., 1998,
Polprasert and Khatiwada, 1998 and Saha and Jana,
2003). In tropical waters, as much as 0.08 g N/m* and
0.15 g P/m” per day can be removed by harvesting water
hyacinth (Casabianca, 1985), at a mean production rate
of 25 mg/m’ per day of dry matter (DeBusk et al., 1981).

The aquatic plants selected for this study included
water hyacinth (Eichhornia crassipes), water lettuce
(Pistia stratiotes) and water primroses (Ludvigia
palustris). Previous studies have shown that, among
the floating macrophytes, these selected plants are
expected to be more effective compared to small-leaf
plants such as salvinia (Salvinia rotundifolia), azolla
(Azolla caroliniana) and duckweed (Lemna minor)
(Reddy er al., 1983). However, water hyacinth and
water lettuce are more sensitive to temperature
(Clough et al., 1987, Aoi and Hayashi, 1996).

In this study, the capacity of the aquatic plants to
produce higher quality water from diluted sewage was
investigated under laboratory conditions. This
addressed the question of the highest purification
levels which can be reached with aquatic plants. These
purification levels are characterized by lower bounds
of the water quality indicators. The lower these bounds
are, the more effective are the plants, and the wider is
their range of application. Furthermore, these lower
bounds may depend on the initial load of pollutants, as
expressed by the values of the water quality indicators
at the start of the purification process. The lower
bounds were compared with the levels of water quality
indicators obtained with plants in fresh water, where,
in the absence of other pollutants, the sole effect is that
of the plants.

METHODS AND MATERIALS

Laboratory Experiments

Four sets of laboratory experiments were performed.
The aquatic plants Eichhornia crassipes, Pistia
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stratiotes, Salvinia and Ludvigia were obtained from
natural specimens grown in fresh water ponds in Israel.
Sample collections and handling procedures were
performed in the control and treated sewage, according
to the proceedings recommended by Standard Methods
(APHA, AWWA and WPFC, 1995). Samples were
drawn by pipettes from the containers. Each BOD,
COD, TSS and turbidity result is given as an average
of two or three measurements taken from the same
sample. The first, second and third sets of laboratory
experiments were performed with 40 L identical
containers (0.45 x 0.7 m® floor area). All tests were
performed with aeration, and 30 min/h of continuous
artificial light at 46004700 lux, 30-50% of daylight
(produced by special lamps for plant growing, Figure
1), in each container during all experiments (24 h per
day). Common practice with plants shows that they
need light at 1000-5000 lux.
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Fig. 1: Schematic layout of laberatory setup

The tests were carried out from 11 tol7 days. After
sewage addition to the fresh water, the COD level of
the diluted water mixture was set at less than 30 mgL™".
In sets 2 and 3 the same volume of sewage was added,
every two or three days, to each container, keeping the
total volume fixed (to this end, the same volume of
water mixture was withdrawn from the containers prior
to sewage addition).

Set No. 1. Three batch experiments were performed,
the first and second with Eichhornia crassipes
and Salvinia, while the third was used as control.
Initially, at # = 0, the containers were filled with 26 L
of fresh water and 1 L of pure sewage (see Figure 1).
Aeration was applied at 0.3 Lmin™', 8-10 hday .
This set up provided the diluted sewage medium with
the required lower initial values of the water quality
indicators.
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Set No. 2. Three batch experiments were performed,
the first and second with Eichhornia crassipes and
Pistia stratiotes, while the third was used as control.
Initially, at ¢ = 0, the containers were filled with 29 L
of fresh water and 1 L of pure sewage. Aeration was
applied at 0.3 Lmin™', 2-3 hday™.

Set No. 3. Three batch experiments were performed,
the first and second with Ludvigia and Salvinia, while
the third was used as control. At the start of the
experiment, the containers were filled with 39 L of
fresh water and 1 L of pure sewage. Aeration was
applied at 0.3 Lmin~', 2-3 hday .

Set No. 4. Three batch experiments were performed,
the first and second with Eichhornia crassipes and
Pistia stratiotes, and the third was used as control.
Initially, at # = 0, the containers were filled with 30 L
of fresh water. After 2 days, 5 L of water were with-
drawn from each container, and 5 L of pure sewage
were added (per container), so as to set the mixture
volume back to the operating level of 30 L in all
containers. The tests were performed in each container
with 0.2 Lmin™ aeration applied at 8-10 hday™.

Set No. 3. Five batch experiments were performed: the
first, second and third with Eichhornia crassipes,
Pistia stratiotes and Salvinia; the fourth and fifth with
Eichhornia crassipes and Pistia stratiotes. Initially, at
t = 0, the containers were filled with 6 L of fresh
water. The tests were performed in each container
without aeration, and no sewage was added. The first
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sampling was performed immediately after planting of
the macrophytes. Table 1 summarizes the type of
plants, water composition, and aeration conditions, in
these experiments.

Outdoors Experimental Setup

The experimental setup, which was constructed in the
yard of the Civil and Environmental Engineering
department, was used to test performance of floating
and emergent plants under different feed conditions of
sewage and fresh water. To this end, use was made of
a three floor section of the pilot pools. The pilot (total
121 m’ floor area) consist of three sections: greenhouse
with aquatic plants—14 m?; free water surface system
with aquatic plants (water hyacinth -Eichhornia crassipes
and pennywort-Hydrocotyle umbellate}—62 m* floor
area; constructed wetland with emergent plants
(papyrus-Cyperus Papyrus cattails-T) g)pha Latifolia and
reed-Phragmites Australisy—45 m” floor area. The
depth of pools was 0.6 m. In this test, two sections
with floating and emergent plants were used. This pilot
unit  facilitates performance of simultaneous
experiments with wastewater recirculation by pump.
Experiments were performed as follows:

- Initially, fresh water was used to support the plants,
followed by dosage of sewage and mixing. Sewage
was added in cycles, 2-2.2 m” /day, during the 55 day
experimental period.

Table 1: Details of Experiments in Containers under Laboratory Conditions

Set Number | Test Number Type of Plants*

Water Composition**, L Aeration Rate, Lmin™

15

e

EC
SR
Control

FW-26,S-1 0.3 (8-10 hday™)

“ “

EC
PS
Control

0.3 (2-3 hday™)

u “

LP
SR
Control

0.3 (2-3 hday™)

“ “w

EC
PS
Control

0.2 (8-10 hday™)

EC
PS
SR
EC
PS

B
A WNa2QA | W= ONN=2 W= W

No aeration

*EC - Eichhornia crassipes; SR — Salvinia.rotundifolia; LP — Ludvigia palustris; PS — Pistia stratiotes;
**FW — fresh water; S — sewage; for example FW - 26, S — 1 means fresh water — 26L, sewage — 1L. “ — same.
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RESULTS

Set No. 1. Figure 2 depicts results of (a) COD and (b)
TSS vs. time. Figure 2 shows that the plants
Eichhornia crassipes and Salvinia are capable of
decreasmg the COD from 25 and 28 mgL ' down to 11
and 13 mgL™ (56.0 .and 53.6% removal) after 3-4
days, respectively. The rate of change of COD with
time, which is highest in day 1, decreases in day 2 until
to vanishes in day 3 and 4 in the presence of Salvinia
and Eichhornia crassipes, respectively. The plants are
significantly more efficient as compared to the control,
as regards the fraction of removed COD and the lowest
COD level reached. Following the first minimum in all
curves, a rise in the COD was observed. In the control,
the rise in day 12 and 13 even excceded the initial
COD value. An important consequence of Figure 2 is
that 34 days of treatment time is optimal, and further
treatment produces less favorable results. Residual
COD levels of 10-15 mgL™ are remarkable when
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compared to the 50~70 mgL™" obtained in many other
tests. For example, Figure 3a depicts typical results for
COD vs. time, obtained with initially higher level of
this water quality indicator. After 8 days in the
presence of Pistia plants, the COD removal (from 1ts
460.5 mgL " initial value) with 01rculat10n set at 40 Lh™
(best result), IS estimated at 42.9 mgL™', as compared
to 72.9 mgL " without circulation, and 78 8 mgL™

the control (with no plants and circulation). After ]4
days with plants and c:rculatlon tested at 10 Lh™', 20
Lh™ 30 Lh™', and 40 Lh™', the COD increased to 53 7
mgL™" (best result) the correspondmg result without
cnrculauon being 70.3 mgL™, as compared to 66.5
mgL™ in the control. Note, that here no further
decrease of COD below 42.9 mgL™ was possible.
Similar behavior was observed in the presence of
Pistia plants and aeration (Figure 3b). After 8 days in
the presence of Pistia plants and 0.2 Lmin™" aeration,
the COD decreased (from its 460.5 mgL ™" initial value)

.0
—O— Eichhomia
2.0
00 4 —0— Salvinia
- 80 | —— Control
=
E g0
oW
()]
= 404
20 I
B At
0123456789DHRBUBBETS
Time, day
(b)

Fig. 2: Results of test in the presence of Eichhomnia crassipes and Salvinia:
(a) COD vs. time; (b) TSS vs. time
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Fig. 3: COD vs. time in the presence of Pistia: a. effect of circulation; b. effect of aeration
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down to 55.7 mgL™ (best result), as compared to
72.9 mgL™" without aeration, and 78.8 mgL™ in the
control (with no plants and aeration). Beyond the 8 day
period, the COD level was slightly increased, in all
tests. Results obtained using high, 460.5 mgL™", initial
COD value in sewage showed that it could not be
reduced below 50 mg/L (Figure 3). The combination
of concentrated influent and the limited capacity of
aquatic plants to handle high COD loads provides
explanation for this fact.

Other water quality indicators behaved similar to
the COD when their lower bounds were tested. In day
4, the TSS level dropped in the presence of Eichhornia
plants, from its initially low level of 11.8 mgL™ to 0.8
mgL™, (93.2% removal) but increased up to 4.8 mgL™'
thereafter, see Figure 2b. With Salvinia plants, the TSS
level dropped from 8.8 mgL™" in day 1 to 0.8 mgL™ in
day 3 (90.9% removal). In the control, the same level
was reach, from the intial 6.0 mgL™" (86.8% removal),
only on day 8. Clearly, in day 1, the plants exhibit
faster kinetics compared to the control, e.g., 10 mgL™
day™, 7 mgL™" day™ and 2 mgL'day™ in the case of
Eichhornia, Salvinia and the control, respectively. The
turbidity level showed similar features (data not
shown). The Eichhornia and Salvinia plants decreased
the turbidity level from its initially low level of 5.8
down to 1.0 NTU (82.8% removal) in day 2. The
lowest level of 0.69 NTU was observed in day 8 and
17 in the presence of Eichhornia plants. The plants
were more efficient compared to the control regarding
the kinetics of the turbidity removal, as well as, the
capacity to prevent its rise with time. The water plants
seem to buffer changes in the pH and keep its level
stable between 7.16 and 7.62 (data not shown). For
example, after 17 days, the pH of the mixture rose
from 7.16 to 7.42 in the presence of Eichhornia plants,
and from 7.16 to 7.62 with Salvinia plants. In contrast,
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a rise in the pH from 7.2 to 8.4 was observed in the
control.

Note that the decrease in water quality indicators
persisted for at least 3 days. Following a minimum an
increase in these indicators was observed. This
observation applies also to the control. The reason for
the increase in the COD, TSS and turbidity levels after
3-4 days is not clear and can be due to changes in the
water due to the activity and death of microorganisms
that develop on the plants roots. The results of this set
of experiments indicate that for diluted sewage, 4 days
or less may be sufficient to achieve optimum results,
whereas longer periods have adverse effects.

Set No. 2. Results of 5 cycles of sewage addition, in 1
L equal doses, each followed by a monotonic decrease
in the COD are shown in Figure 4. The five 1 L doses
of sewage were administered on day 2, 5, 7, 10 and 13.
This appears on the time axis of the plot as two
identical numbers, the first denoting the level reached
by the COD,and the second the rise in COD due to the
dose of sewage. ;

Each dosage, with no exception, produced an
increase in the COD levels. In all cycles (except for the
first one where the initial COD level was too low) the
removal of pollutants with plants was greater
compared to the control, and the gap thus formed
increased with each additional dosage. After 15 days
the COD level, in the presence of Pistia and
Eichhornia plants, increased from 9.2 to 33.2 mgL"l,
as compared to 59.6 mgL™" (Figure 4) in their absence.
In general, the plants were capable to decrease the
COD level by half or more, in all cycles. In contrast,
less then a quarter was removed by the control. Thus
the capacity of the plants to cut the COD levels further,
even when their initial values are low, is established.

O =2NWAROWO

Total sewage dosage, L

01 2 2 3 4556 7 7 8 9101011121313 1415

Time, day

Fig. 4: Results of test in the presence of Eichhornia crassipes and Pistia stratiotes:
COD and total sewage dosage vs. time
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Set No. 3. The results of 4 cycles of sewage addition,
in 0.5-1 L doses, each followed by an increase in the
COD and turbidity are shown in Figure 5a and b,
respectively. The dosages of sewage were
administered on day 2, 4, 7 and 10. As expected, each
dosage produced a local increase in the COD and
turbitity levels. The rise in COD and turbidity reflected
the dosage level (Figure 5a). For example, following
the largest 1 L dose, in day 2, the steepest COD rise
was observed, as expected. Except for day 6, 11 and
12, the COD increased with time in the control. In
contrast, the plants were capable of decreasing the
COD to 10 mgL™ (day 3), 6 mgL™" (day 6) and 10
mgL™ (day 8), with removal efficiencies of 1/3 to 2/3
of the COD level generated by the last dose. This
proves the capacity of the plants to purify water in
these low COD levels. The performance of the
Ludvigia and Salvinia plants is comparable in terms of
kinetic and the COD levels.

The turbidity level showed a trend similar to that of
the COD with monotonic decrease and increase from
cycle to cycle, except for the first dosage where
steeper turbidity rise and drop was recorded (Figure
5b). Superior performance of the plants was observed
in day 3, 4, 6, 8 and 10 with values as low as 0.5 NTU,
compared to 1.0 NTU in the control in day 3, 4 and 6.
In contrast to the fluctuating nature of the curves in the
presence of plants, the control produces monotonic
increase in day 4 to 10.

Set No. 4. Figure 6 depicts results of (a) BOD, (b)
COD, (c) TSS, (d) turbidity, (¢) ammonia, and (f)
phosphorus, vs. time in the presence of Eichhornia and
Pistia. The initial water characteristics were as follows:
BOD 9.5-10.2 mgL™', COD 31.8 —36.5 mgL™, TSS
14.5-16.5 mgL”', ammonia 9.5-102 mgL",
phosphorus 3.8-4.0 mgL ™', and turbidity 5.9-6.2 NTU.
These initially low values were set purposely to test
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the performance of plants in this range. After a
treatment period of 11 days with Eichhornia crassipes,
89.6% of the turbidity, 86.3% of the BOD, 66.6% of
the COD, 96.8% of the TSS, 97.8% of the ammonia
and 65% of the phosphorus were eliminated. High
removal of the BOD and COD were observed already
in day 4 (Figurs 6a and b). Table 2 summarizes the
results in day 11 as compared to day 1.

A treatment period of 11 days in the presence of
plants reduced significantly the BOD, COD, ammonia
and phosphorus from their initially low levels further
down to the following levels: 1.3-1.8 mgL™, 11.9-12.5
mgL™", 0.2 mgL"and 1.4 ~1.6mgL ™", respectively (see
Table 1), whereas in the control the corresponding
changes were: 7.0 mgL™, 21.1 mgL™, 6.4 mgL™" and
3.8 mgL™". Results of TSS and turbidity did not vary
significantly due to the presence of aquatic plants e.g.,
as compared to the control.

The superior kinetic features of aquatic plants for
sewage purification are illustrated in Figure 7 (a—c)
which depicts plots of daily removal of BOD,
ammonia and phosphorus vs. time in the control and in
the presence of the aquatic plants. The initial rate of
daily removal of BOD in the presence of plants (Figure
7a) ranged from 1.5 to 3 mgL'day™' (day 1 and 2). In
the absence of plants the corresponding results were
0.6 —1.1 mgL 'day™. In the presence of plants the rate
of ammonia removal (in day 1 and 2) ranged from 0.9
to 2.4 mgL 'day ™. In the control this rate vanished
(Figure 7b, day 1-4). The same behavior was observed
for the rate of phosphorus removal (Figure 7c). The
general decline in the daily drop is characteristic of the
BOD and ammonia in the presence of plants. The
phosphorous and control of ammonia behaved
differently showing even increase of the daily drop
after day 4 (Figure 7c, Eichhornia, Figure 7b, control).
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Fig. 5: Results of test in the presence of Ludvigia and Salvinia:
(a) COD and total sewage dosage vs. time; (b) Turbidity (NTU) and total sewage dosage vs. time
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Fig. 6: Results of test in the presence of Eichhornia crassipes and Pistia stratiotes: (a) BOD vs. time; (b) COD vs. time;
(c) TSS vs. time; (d) Turbidity vs. time; (e) ammonia vs. time; (f) phosphorus vs. time

Table 2: Decrease of Water Quality Indicators, after 11 Days, %

Indicators Eichhomia Crassipes Pistia Stratiotes Control
Initial Final |Decrease, %| Initial Final |Decrease, %| Initial | Final | Decrease, %
BOD, mgl_'1 9.5 1.3 86.3 10.2 1.8 82.4 9.8 7.0 28.6
COD, mgL’1 356 11.9 66.6 31.8 12.5 60.7 36.5 211 422
TSS, mgL™ 15.5 05 96.8 14.5 0.5 96.6 16.5 1.5 90.9
Turbidity, NTU 6.7 0.7 89.6 59 09 84.7 6.2 1.3 79
Ammonia, mgL'1 9.2 0.2 97.8 9.6 0.2 97.9 9.5 6.4 326
Phosphorus, mgL™ 4.0 1.4 65 38 1.6 57.9 3.8 38 0
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Fig. 7: Results of daily drop of the water quality indicators in the presence of Eichhomia crassipes and Pistia stratiotes:
(a) BOD vs. time: (a1) Eichhomia crassipes, (a2) Pistia stratiotes, (a3) control;
(b) ammonia vs. time: (b1) Eichhornia crassipes, (b2) Pistia stratiotes, (b3) control,
(c) phosphorus vs. time: (c1) Eichhomnia crassipes, (c2) Pistia stratiotes, (c3) control

Set No. 5. Figure 8 depicts results of (a and d) COD,
(b) TSS, and (c) turbidity vs. time. Figure 8 shows that
the plants Eichhornia crassipes, Pistia and Salvinia are
sources for fluctuations as well as increase of COD.
The initial COD level ranged from 5 up to 12 mgL™,
see Figure 8a and d. Five measurements indicated
initial COD levels in the range 10-12 mgL™" and one
5 mgL™. During 14 days, the COD levels in the
presence of three plants tested fluctuated from 4 up to
18 mgL ™. In day 15 a single result of 28 mgL ™" was
recorded. Comparing these results with those obtained
for diluted sewage, shows that in the latter all COD
components originating from the sewage were virtually
removed. This relies on the fact that the recorded
lower bounds of COD agree with the COD levels

which are typical of plants in fresh water. Thus, when
the COD is lowered by a plant from, say, 30 mgL "' to
15 mgL", it can be safety assumed that practically, the
COD level of the same plant in fresh water has been
reached. Furthermore, fluctuations of the COD in a
range around the lower bound is expected and ascribed
to the effect of the plant. The lower bounds of the TSS
and turbidity (Figure 6¢, d) agree with the levels of
those parameters for the tested plants in fresh water
(Figure 8b, ¢). The TSS increased monotonically from
0(atz=0)to 2.8 mgL‘1 (Eichhornia) and 6 mgL_]
(Pistia) in day 13, and then dropped back (day 16) to 1
and 4 mgL ™', respectively.

The turbidity decreased from the initial levels of
1.24 and 1.53 NTU down to 0.3 and 0.5 NTU in day 3,
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Fig. 8: Results of test in the presence of Eichhornia crassipes, Pistia stratiotes and Salvinia:
(a) and (d) COD vs. time; (b) TSS vs. time; (c) Turbidity vs. time

rising to 1.0 and 1.2 NTU in day 18. These ranges of
results conform with the lower bounds of purification
of diluted sewage.

Outdoors Setup

A pilot unit for wastewater treatment by floating and
emergent plants, was designed and constructed as a
close circuit ecological system on the outskirts of the
Civil and Environmental Eng. Dept. of the Technion
(Figure 9). From left to right: greenhouse, floating and
emergent plants sections. Emergent plants (green long
leaves) is also seen growing from the bottom left.

7 e ; ot
# J l 2 EAmrE

Fig. 9: Pilot for wastewater treatment by aquatic plants

The dosage sequence is shown in Figure 10. The
daily dosage of sewage was 2-23 m’/day. An
estimated total of 121 m’ of wastewater was treated in
this test. The plants were capable (under summer
conditions, with air temperature up to 33°C) of holding
the BOD below 20 mgL ™ (Figure 10). Notwithstanding
the considerable changes and fluctuation of the feed
and treated sewage quality, the pilot scale test
confirmed the capacity of the plants to hold reasonably
low levels of BOD. This demonstrated the effectiveness
of this method for purification of sewage during the
summer period.

DISCUSSION AND SUMMARY

Naturally growing aquatic macrophytes can be used to
remove nitrogen, phosphorous, nitrates, phosphates
and heavy metals, by consuming them in the form of
plant nutrients (Agami and Reddy, 1991; Elifantz and
Tel-Or, 2002; Tripathi et al, 1991). An integrated
pond system, consisting of duckweed and algae ponds,
was investigated for treatment of anaerobically treated
domestic wastewater (Van der Steen et al., 1998).
Fifty-six percent of the pond influent nitrogen, mainly
ammonium, was removed.

Our laboratory experimental results confirm the
capacity of aquatic plants Eichhornia crassipes and
Pistia stratiotes, with a well developed root system, to
further purify diluted sewage, with initially low levels
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Fig. 10: Results of semi continuous sewage treatment in the pilot: total dosage and BOD vs. time

of the water quality indicators. Notwithstanding the
considerable fluctuation of the feed and treated sewage
quality, the laboratory scale tests in the presence of
aquatic plants confirm their capacity to reach and hold
exceptionally low levels of COD, TSS, ammonia,
phosphorus and turbidity, i.e., when they are set to
purify diluted sewage with initially low concentrations
of the water quality indicators. This provides an idea
of the lower bounds of the water quality indicators that
can be reached in the presence of the aquatic plants
tested. These lower bounds were confirmed by
recording the levels of water quality indicators set by
plants in fresh water. In the absence of pollutants that
originate from the sewage, the level of water quality
indicators changed as a sole effect of the plants. As
these levels conform with the lower bounds recorded
when diluted sewage was purified, they provide
evidence that no further purification is feasible. This is
due to death and decomposition of part of the plant
roots and bacteria.

In low nutrient habitats water hyacinth can just
maintain itself. The overall nutrient (such as P)
requirement of water hyacinth is very low (Chadwick
and Obeid, 1966; Reddy et al., 1990). This suggests
that the plant can survive in low-P environment. It was
shown experimentally that internal P cycling within
water hyacinth plants, is adequate for its survival in
low-P water (Reddy ef al., 1990). However, if the plant
nutrient concentration drops too low, then part of
nutrients such as N and P will be lost with aged tissues
(Arts, 1996).

Aquatic plants produced better Kinetic features for
sewage purification as compared to the control. This
difference becomes more pronounced when the range
of low levels of the water quality indicators is reached.
In summary the present results confirm the capacity of
a pulsed cascade of aquatic plants, Eichhornia
crassipes and Pistia stratiotes, with circulation and a
well developed root system, to further purify diluted

sewage in shorter periods of time. The lower bounds
for purification are set by the plants and not the
sewage pollutants. This provides a novel approach for
treatment of Israeli wastewater in order to meet
stringent  standards, regulations and reclamation
standards of effluent quality, for example: BOD and
TSS <5 mgL~', ammonia and phosphorus less than 0.5
and 1 mgL', respectively (Rebhun, 2003). Removal of
BOD, TSS and ammonia in our experiments complied
with these requirements. It was shown that the aquatic
plants were capable of overcoming changes in the feed
while still maintaining the required levels of the
measured water quality indicators (the BOD level was
held below 2022 mgL ™).
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