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Abstract

The potential of three floating aquatic macrophytes to improve the water quality of anaerobically digested flushed dairy manure
wastewater (ADFDMW) was evaluated. In undiluted ADFDMW (total chemical oxygen demand 2010 mg/l), growth of water
hyacinth Eichhornia crassipes) was inhibited and both pennywot ydrocotyle umbellata) and water lettuceRjstia stratiotes)
failed to grow. In a 1:1 dilution of ADFDMW, all three plants grew successfully. However, growth of pennywort and water
lettuce was limited while water hyacinth growth was robust. High salinity appears to be the principal reason for inhibition, as
well as possibly uncharacterized soluble compounds.

In terms of reductions in nutrients, chemical oxygen demand (COD), solids and salinity, water hyacinth performed better than
water lettuce and pennywort in diluted ADFDMW. Reduction in nutrients and COD followed first-order kinetics, with water
hyacinth exhibiting the highest rates. For water hyacinth, total Kjeldahl nitrogen was reduced by 91.7%, ammonium by 99.6%,
total phosphorus by 98.5%, and soluble reactive phosphorus by 96.5% in 31-day batch growth. A polyculture of the three plant
species in 1:1 diluted ADFDMW exhibited the next best performance. The high biomass yield of the diluted water hyacinth
culture corresponded with high EC andNeeductions, suggesting that EC measurement might be a simple tool to monitor
performance of water hyacinth growth and nutrient reduction under high plant growth rate conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction waters from diffuse or non-point sources associated
with surface runoff and from point sources typi-
Excess nutrients from agricultural operations can cally associated with concentrated farming activities
result in significant impairment of surface and ground- such as the production of livestocKright et al.,
water quality. These pollutants often enter surface 2000. Management practices that target excess nu-
trients from animal manure include oxidation ponds,
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The high productivity and nutrient removal ca- application of water hyacinthE{chhornia crassipes)
pability of aquatic plants have created substantial and duckweedlemna spp.) in the treatment of pig
interest in their use for wastewater treatment and re- and dairy manure-based wastewath(tehead et al.,
source recovery. The application of aquatic plants for 1987; de Casabianca-Chassany et al., 1992; Polprasert
treatment of animal wastes has mainly involved con- et al., 1992; DeBusk et al., 1995; Costa et al., 2000
structed wetlands. Currently, livestock producers in at DeBusk et al. (1995ound that water hyacinth failed
least 26 states across the USA use constructed wet-to thrive on undiluted flushed dairy manure from a
lands to treat animal production wastewatéu(t and primary lagoon, but obtained satisfactory growth rates
Poach, 200L Constructed wetlands have an appeal on 1:1 diluted primary lagoon effluent. None of the
as a farm waste management practice because theyeported studies have employed FAMTS on anaer-
are a low cost, simple technology, and ideally require obically digested flushed dairy manure wastewaters
little maintenance or management after construction (ADFDMW).

(Hammer, 199p The objective of the current study was to compare

Floating aquatic macrophyte-based treatment sys- the potential of three floating aquatic macrophytes,
tems (FAMTS) also have potential for removing and along with a polyculture of the three, in reducing the
recovering nutrients in wastewaters from animal-based nutrient, salinity and organic content of effluent from
agricultural operations. In addition to the advantages an anaerobic digester receiving flushed manure from a
cited byHammer (1992for wetlands, FAMTS have  dairy farm. Since anaerobic digestion reduces the or-
the following positive attributes: (1) high productivity —ganic content and increases the availability of manure
of several large-leaf floating plants; (2) high nutritive nutrients Wilkie and Mulbry, 2002, the combination
value of floating plants relative to many emergent of anaerobic digestion and FAMTS for flushed dairy
species; and (3) ease of stocking and harvesting manure treatment may provide an effective integrated
(Boyd, 1974. An efficient harvesting system is a waste management system.
necessary requirement for large-scale FAMTS. In the  The aquatic plants selected for this study included
context of engineered aquatic treatment systems, longwater hyacinth Eichhornia crassipes), water lettuce
rectangular channels with aspect ratios (length:width) (Pistia stratiotes), and pennywort Hlydrocotyle um-
of 4-15:1 are usually recommendétthobanoglous,  bellata). Previous studies have shown that, among the
1987. Such a design allows harvesting by lifting floating macrophytes, the selected plants were more
the plants from the edge of the channels by hand, productive than small-leaf plants such as salvinia
crane or mechanical conveyors. Much of the work on (Salvinia rotundifolia), azolla @zolla caroliniana)
harvesting, processing and drying of aquatic plants and duckweedl(emna minor) (Reddy et al., 1983
has been carried out bBagnall (1979) Harvested However, water hyacinth and water lettuce are sen-
biomass of floating macrophytes can potentially be sitive to temperatureGlough et al., 1987; Aoi and
used for composting, soil amendments, anaerobic di- Hayashi, 1995 Freezing temperatures for a sustained
gestion with methane production, and processing for period of more than 24 h can result in plant death. To
animal feed. Further, harvested aquatic biomass could overcome this problem, cold tolerant plants can be
be mixed with separated manure solids to increase used in polycultures along with these plants. Penny-
the amount of nutrients available for exporting off wort was found to be an effective counterpart to water
the farm. hyacinth for the winter seasoflpugh et al., 198y

Among the floating aquatic plants, water hyacinth ~ Wastewater treatment in aquatic macrophyte sys-
(Eichhornia crassipes), a nuisance weed, has been ex- tems occurs by several mechanisms including: solids
tensively researched at laboratory and pilot scale and settling, plant uptake of contaminants, biotransfor-
has been evaluated on a large scale for nutrient removalmation, and physico-chemical reactions. This paper
from wastewatersReddy and Smith, 1987However, compares the biomass yield, nutrient removal, or-
most of the studies have focused on the treatment ganic matter reduction, and salinity reduction within
of municipal wastewater. Relatively few studies have the culture media for the selected floating aquatic
been reported on the use of floating plants in animal macrophytes in batch growth on diluted and undiluted
manure-based wastewater treatment. They include theADFDMW.
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2. Methods

2.1. Batch studies

Batch studies under greenhouse conditions were ini-

tiated in June 2002. The experiment consisted of two
sets of five rectangular plastic containers (0.5 m length
x 0.36 m widthx 0.4 m height) with a working depth
of 0.3m each, a surface area of 0.18amd a capac-
ity of 50 L of wastewater. One set contained undiluted
ADFDMW and the other set had the wastewater di-
luted with tap water in a 1:1 ratio. The flushed dairy
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aquatic plants. The plants were collected from Lake
Alice, which is located on the University of Florida

campus (Gainesville, FL). To allow for some adapta-
tion, the plants were grown in media of 1:4 diluted
anaerobic digester effluent for 1 month prior to the
start of the experiment.

The experiment was conducted over a 1-month pe-
riod, during which observations were made of changes
in appearance and growth of the plants. The temper-
atures of the cultures were recorded on the days of
sampling. The minimum and maximum daily air tem-
peratures and total daily radiation for the period of the

manure underwent mechanical solids separation andstudy were downloaded from the Florida Automated

settling prior to being pumped into a 406 fixed-film

Weather Network FAWN, 2009. Losses in culture

anaerobic digester operating at ambient temperaturevolume due to evapotranspiration were countered by

and a 2-day hydraulic retention timgVilkie, 2003).
The characteristics of the ADFDMW are presented in
Table 1

Both diluted and undiluted treatments consisted
of five sub-treatments without replication. These in-
cluded: monocultures of water hyacinthi¢hhornia
crassipes), water lettuce Ristia stratiotes), and pen-
nywort (Hydrocotyle umbellata), a polyculture of the
three plants, and a container with no aquatic plants,
referred to as “control/algal” culture, since the growth

addition of deionized water to the original level every
other day, by which time the level had generally de-
creased by about 1 cm. Water sampling was performed
on the second day following the volume adjustment
such that deionized water additions would minimally
impact measurements.

The containers were initially stocked with plants
such that half of the surface area was covered. In or-
der to obtain the initial biomass dry weight, two sets
of plants of similar fresh weight were taken for each

of algae was apparent in both containers that lacked sub-treatment at the beginning of the experiment. One

Table 1
Characteristics of anaerobically digested flushed dairy manure
wastewater

Parameter Units Mean value S.D.
TKN mgl/l 257 +16
NHz—N mgl/l 136 +8
NOs-N mgl/l 0 nd
TP mg/| 34 +2
SRP mg/l 10 +1
TCOD mgl/l 2010 +52
SCOD mg/l 942 +12
Acetic acid mg/l 166 +24.9
TS mgl/l 3530 +35
VS mgl/l 2260 +10
SS mg/l 1020 +11
VSS mg/l 905 +8
pH pH units 7.89 nd
EC wS/cm 2510 +10
ORP mVv —320 nd
DO mg/l 0 nd
Alkalinity mg CaCQy/l 1260 +96
Nat mg/l 59.1 +6.1

S.D., standard deviation of triplicate subsamples; nd, no data.

set was used for the experiment, while the other was
dried for 72 h at 70C and this measured weight was

used to estimate the initial operational density. The
final biomass dry weight per square meter was calcu-
lated using the dried weight of the harvested biomass.

2.2. Sampling and analysis

The treatments were evaluated by measuring the
physical and chemical parameters in grab samples,
which were consistently taken during mid-morning.
Samples were obtained by dipping a 100 ml graduated
cylinder at three places across the surface of the con-
tainer and combining them. Care was taken to mini-
mize disturbance of the plants. The wastewater in each
container was sampled 8 times over a 31-day period,
ondays O, 3,7, 11, 15, 20, 24, and 31. The parameters
measured included temperature, electrical conductiv-
ity (EC), dissolved oxygen (DO), oxidation—-reduction
potential (ORP), pH, alkalinity, total solids (TS), sus-
pended solids (SS), volatile solids (VS), volatile sus-
pended solids (VSS), total chemical oxygen demand
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(TCOD), soluble chemical oxygen demand (SCOD), The performances of the control/algal systems were

total Kjeldahl nitrogen (TKN), ammonium (NA+N), compared to those of the plant cultures by performing
nitrate (NG—N), total phosphorus (TP), soluble reac- a Student'st-test to determine if the differences be-
tive phosphorus (SRP) and sodium (Naon. tween thek values were statistically significant using

Dissolved oxygen, EC, pH, alkalinity, ORP, TS, the method of independent samples and unequal vari-
VS, SS, VSS, TCOD and SCOD were measured ac- ances $teel and Torrie, 1980The same test was con-
cording to standard method®\RHA, 1999. EPA ducted to compare the performance of water hyacinth
methods 350.1, 351.2, 353.2, 365.1, 365.4, and 200.7with the other plant cultures in the diluted treatments.
(USEPA, 1983 were used for the analyses of DN,

TKN, NOs—N, SRP, TP, and N@a respectively. Or-

ganic acids were determined by high-performance 3. Results

liquid chromatography (Hewlett-Packard 1090 series

Il chromatograph equipped with refractive index and 3.1. Experimental conditions

UV210 detectors) with a Bio-Rad Aminex HPX-87H

ion exclusion column. The treatments were analyzed The average wastewater temperature during sam-

for both nonvolatile organic acids (oxalic acid, ox- pling for the undiluted and diluted control/algal cul-

alacetic acid, fumaric acid, pyruvic acid, malonic acid, tures and the diluted pennywort culture was°23

methyl malonic acid, succinic acid, and lactic acid) while the other plant cultures had an average tempera-

and volatile organic acids (formic acid, acetic acid, ture of 27°C. The lower temperature in the plant cul-

propionic acid, isobutyric acid, butyric acid, isovaleric tures, except for pennywort, was due to the plant cover,

acid, valeric acid, isocaproic acid, and caproic acid). which shaded the wastewater. The average minimum
and maximum ambient temperatures during the study

2.3. Satistical analysis period were 20.4 and 30°€, respectively, and the
temperature fluctuations ranged from 16.4 to 3&6

First-order kinetic equations were used to describe The total daily radiation ranged between 6.51 and
TKN, NH4—N, TP, SRP, TCOD, SCOD and EC re- 27.28 MJ/ng (FAWN, 2002.
duction in the plant cultures and control/algal systems.

First-order rate constants were calculated from linear 3.2. Visual observations
regressions using the following integrated rate equa-

tion: The leaf margins of water lettuce and pennywort

Co plants in the undiluted treatments started crisping and

lnF =kt (1) browning by the second day of the experiment and
t

became necrotic before finally wilting by the end of
whereCy (mg/l) is the initial concentration of a pa- the first week. These signs first appeared on the older
rameter in plant cultureC, (mg/l) is concentration at  leaves and progressed to the younger ones. Since
timet (days), and is the first-order rate constant (per water lettuce and pennywort did not survive in the
day). undiluted treatments, these systems along with the
In the case of EC, the parameter was scaled to a undiluted polyculture were not monitored for the rest
background level of 150 mS/cm prior to the rate pa- of the study.
rameter estimate. The parameter data and sampling The plants established rapidly in the 1:1 dilution,
times were entered into an MS Excel spreadsheetwith the surface area of the containers being com-
and the linearized form of the data was calculated in pletely covered by the second week of the experiment,
accordance with equation (1). The LINEST function except for the pennywort monoculture. Compared to
without an intercept was used to estimate the rite ( water hyacinth and water lettuce which can float as
using simple linear regression and to obtain the stan- individual plants prior to establishing a mat, penny-
dard error and degrees of freedom for this estimate. A wort has a long creeping stem that prevents individual
Student’'d-test was performed on the rate constants to plants from floating freely until a dense mat of inter-
ascertain the validity of the first-order kinetic model. twined stems is formed, which explains the late start
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Table 2
Biomass yield of floating aquatic macrophytes after 31-day batch growth in anaerobically digested flushed dairy manure wastewater
Treatment Dilution Initial biomass  Final biomass Biomass yield Productivity Average growth
(gdrywt.nr2) (gdrywt.nr2) (gdrywt.nr2) (gdrywt.nT2 per day)  rate (per day)
Water hyacinth 0 283 1050 767 24.7 0.087
Water hyacinth 11 292 1900 1608 51.9 0.178
Pennywort 11 160 240 80 2.6 0.016
Water lettuce 1:1 90 120 30 1.0 0.011
Polyculture 11 190 880 690 22.3 0.117

in its growth. In addition, the presence of the algae
Chlorella was detected in the pennywort culture. In
the polyculture, the water hyacinth provided support
for the creeping stem of pennywort and helped the
plant to establish more rapidly. This was visible from
the harvested biomass, where it was difficult to sep-
arate the intertwined water hyacinth and pennywort
plants. The vertical growth of water hyacinth and pen-
nywort shaded the water lettuce in the polyculture and
consequently resulted in reduced growth of the lat-
ter plant. In the diluted plant cultures, the wastewater
color changed from dark green to light rust-brown over
the 31-day period.

Algae established in the diluted control treatment

3.3. Biomass production

The initial and final biomass operational densities
(g dry wt./n?), biomass yields, productivities and av-
erage growth rates for the plant cultures are listed in
Table 2 While the diluted and undiluted water hy-
acinth cultures started with similar plant densities, the
biomass yield of water hyacinth in the diluted cul-
ture was double the yield for the undiluted culture
indicating that growth was inhibited in the undiluted
ADFDMW. Although the initial biomass densities for
pennywort and water lettuce were substantially lower
than that for water hyacinth, it is apparent that their
low biomass yields were partly due to their lower aver-

by the end of the second week and by the end of the age growth rates. The polyculture exhibited a biomass

third week in the undiluted control. The color of the

yield and average growth rate at levels intermediate

wastewater also changed from dark green to brown due between these extremes.

basically to the settling of particulate matter, before
turning pale green as a result of algal growth. Algae
in the undiluted control were identified as single-cell
green algae, while the diluted control contailgptae-
rocystis.

3.4. Nutrient reduction

The percent reductions of nutrients for both undi-
luted and diluted treatments are showrTable 3and

Table 3
Percent reduction of parameters in anaerobically digested flushed dairy manure wastewater after 31-day batch growth of floating aquatic
macrophytes
Parameter Control/algal Water hyacinth ~ Control/algal Water hyacinth  Pennywort Water lettuce  Polyculture
undiluted undiluted 1:1 dilution 1:1 dilution 1:1 dilution 1:1 dilution 1:1 dilution
TKN 84.0 84.4 82.1 91.7 87.5 87.6 88.5
NHs—N 99.9 99.6 99.8 99.6 99.0 99.2 94.9
TP 89.9 82.0 86.5 98.5 71.3 64.2 92.6
SRP 83.7 60.6 84.7 96.5 60.9 48.5 84.5
TCOD 65.2 74.0 65.8 80.5 72.2 79.6 73.4
SCOD 73.7 59.0 53.3 67.6 58.9 61.0 59.5
SS 72.6 80.6 56.7 92.0 74.3 80.6 81.7
VSS 72.4 90.7 59.3 96.1 85.5 88.6 89.2
EC 45.8 52.2 43.2 89.2 29.7 37.1 50.8
Nat 22.4 31.3 32.2 93.5 39.5 35.5 42.4
Alkalinity ~ 20.6 16.7 38.5 61.5 7.7 38.5 38.5
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Table 4 )
Initial and final levels of parameters in anaerobically digested flushed dairy manure wastewater after 31-day batch growth of floating agquatitesnacroph o
Parameter Control/algal Water hyacinth Control/algal Water hyacinth Pennywort Water lettuce Polyculture g
undiluted undiluted 1:1 dilution 1:1 dilution 1:1 dilution 1:1 dilution 1:1 dilution §

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final ;

TKN (mg/l) 257 41.2 227 35.3 164 29.2 164 13.6 160 19.9 162 20.1 173 199¢
NHz—N (mg/l) 136 0.12 130 0.43 61 0.10 69 0.29 69 0.66 69 0.56 69 3.53%
NO3z—N (mg/l) 0 0.00 0 0.20 0 0.00 0 0.00 0 0.20 0 0.00 0 0.84 2
TP (mg/l) 33.9 341 32.0 5.74 19.7 2.66 16.5 0.24 17.7 5.08 16.6 5.95 18.1 1.30
SRP (mgll) 9.97 1.63 11.48 4.52 7.95 1.22 9.61 0.34 9.01 3.52 9.92 5.11 8.08 1.%
TCOD (mg/l) 2007 698 1860 483 1023 350 1103 215 935 260 985 201 1030 275 S
SCOD (mgl/l) 943 248 783 321 409 191 354 115 398 164 395 154 413 167 %
SS (mgll) 1018 279 800 155 497 215 487 39 432 111 463 90 518 95 2
VSS (mgll) 905 250 723 67 435 177 440 17 385 56 405 46 465 50 32
pH 7.89 8.89 7.81 8.00 7.91 8.50 7.81 8.32 7.80 8.00 7.90 7.72 7.81 8.0%_
EC (uS/cm) 2510 1360 2510 1200 1450 824 1450 157 1450 1020 1450 912 1450 7138
Nat (mg/l) 60.6 47 52.4 36 30.4 20.6 30.8 1.99 33.2 214 34.4 20.8 34.7 20 N
ORP (mV) -320 92 -320 71 —250 70 —285 113 —260 102 —280 145 —250 90 S
DO (mg/l) 0 2.3 0 1.3 0 25 0 1.8 0 3.6 0 24 0 2.3 §
Alkalinity 1259 1000 1200 1000 650 400 650 250 650 600 650 400 650 400 N
(mg CaCQ/l) %
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Fig. 1. Levels of TKN, NH-N, TP and SRP in 1:1 dilution of anaerobically digested flushed dairy manure wastewater during 31-day
batch growth of floating aquatic macrophytes.

the initial and final levels of TKN, NN, NOs—N, hyacinth. While the control/algal culture exhibited a
TP and SRP are given ifflable 4 The course of  similar TKN reduction compared to water hyacinth
nutrient reductions is shown ifig. 1 for the di- in the undiluted treatments, in the diluted treatments

luted treatments. The highest level of TKN reduction all the plant cultures yielded a higher TKN reduc-
(Table 3 occurred in the diluted culture of water tion compared to the algal control. Ammonium levels
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reached low values in all treatments by the end of the Algal growth in the control/algal systems led to an
study, with 99.9 and 99.8% NHN reduction in the increase of SS in the wastewater, as showfim 2

undiluted and diluted controls, respectively, within (days 20-24). In both the diluted and undiluted treat-
31 days. Among the plant cultures, both water hy- ments, plant cultures exhibited higher levels of TCOD

acinth systems had the greatest reduction of,N¥j and SS reductions compared to the corresponding con-
at 99.6% for the same periodgble 3. trol/algal cultures Table 3.
None of the treatments had any initial NEN, but Initially, the wundiluted ADFDMW averaged

some nitrification was detected during the experiment 942 mg/l of SCOD Table ) and was composed of
in all treatments except for the diluted water hyacinth 166 mg/l acetic acid (equivalent to a COD of 177 mg/I
culture and the two control/algal cultures, where none or 18.8% of SCOD) and trace amounts of propionic
was detected (data not shown). At the end of the ex- acid, with none of the other organic acids present at
periment, NQ-N was detected only in the undiluted detectable levels<{1 mg/l detection limit). The re-
water hyacinth culture and the diluted cultures of maining fraction of SCOD was presumably comprised
pennywort and the polyculturd4ble 4. The highest of phenolic residues from tannin derivatives inherent
level of NOs—N detected was 9.6 mg/l on day 24 for in the wastewater. After day 3, none of the acids,
the undiluted water hyacinth culture (data not shown). including acetic acid, were detected in either diluted

Water lettuce exhibited the second highest N® or undiluted treatments. The undiluted control/algal
level of 8 mg/l, also on day 24, but this decreased to culture exhibited higher SCOD reduction compared
undetectable levels by the end of the experiment. to water hyacinth. In the diluted treatments, SCOD

The highest levels for both TP and SRP reductions reduction in the plant cultures was higher than in the
occurred for the water hyacinth culture grown in the control (Table 3.
diluted ADFDMW, with TP reduction of 98.5% and
SRP reduction of 96.5%Téable 3. In the undiluted 3.6. Changes in EC, ORP, DO, pH, alkalinity
treatments, the control/algal culture exhibited higher and Na™
TP and SRP reductions compared to water hyacinth.
In the diluted plant cultures, only water hyacinth and Fig. 3depicts the evolution of EC, ORP and DO in
the polyculture gave a higher TP reduction compared the diluted treatments and the course of pH is shown
to the control/algal culture and only water hyacinth in Fig. 2 The initial and final levels for these parame-
exhibited a higher SRP reduction than the control/algal ters, as well as alkalinity and Nafor both the undi-
culture. The SRP in the diluted water hyacinth culture luted and diluted treatments are listedTable 4 The
was reduced by 90% within 20 days, whereas SRP percent reduction of EC, Naand alkalinity is shown
was reduced by only 70% in the control/algal culture in Table 3 The initial EC of the undiluted treatments

during the same period-{g. 1). was 251QuS/cm, while initial EC of the 1:1 dilutions
was 145Q.S/cm. Since EC provides a measure of
3.5. Suspended solids and COD reduction the dissolved salt content of a solution, the uptake of

ions from solution would consequently have a bear-

The initial and final levels of TCOD, SCOD, SS, ing on conductivity readings. Reduction of EC due to
and VSS for both undiluted and diluted treatments algal activity was similar in both controls. Among the
are given inTable 4and the percent reductions of aquatic plants, the greatest reduction in conductivity
these parameters are listedTable 3 The course of  was achieved with water hyacinth, where EC was
TCOD and SS, along with pH, is shown kig. 2 reduced at the end of the study by 52.2 and 89.2%
for the diluted treatments. In general, TCOD changes in the undiluted and diluted cultures, respectively
over time followed the same trend as changes in SS. (Table 3.
Around 50% of the decrease in these parameters oc- The undiluted wastewater had an ORR-@&20 mV,
curred within the first week of the experiment. This while the initial ORP recorded for the diluted treat-
reduction was mainly brought about by sedimentation ments ranged from-285 to—250 mV (Table 4. These
in the control/algal systems and additionally by fil- values reflect the anaerobic state of the digested dairy
tration through the root systems in the plant cultures. wastewater. As dissolved oxygen was detected in the
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Fig. 2. Levels of TCOD, SS, and pH in 1:1 dilution of anaerobically digested flushed dairy manure wastewater during 31-day batch growth
of floating aquatic macrophytes.

various treatments, the ORP shifted from negative to fourth day of the study. The plant cultures had a lower
positive Fig. 3J). DO concentration compared to the control/algal sys-

Initially, no DO was detected in the cultures as the tems. Among the 1:1 diluted monocultures, the pen-
wastewater originated from an anaerobic digester. Dis- nywort culture had a higher concentration, with DO
solved oxygen was detected in most treatments by theranging from 1.0 to 3.6 mg/l (days 7-31) compared
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Fig. 3. Levels of EC, ORP and DO in 1:1 dilution of anaerobically digested flushed dairy manure wastewater during 31-day batch growth
of floating aquatic macrophytes.

to 0.4-2.8mg/l in the water hyacinth culture and alkalinity in these cultures decreased by 38.5 and
1.0-2.6 mg/l in the water lettuce culturgig. 3). 20.6%, respectively, which most probably resulted

The pH level in the control/algal systems increased from the consumption of carbonate during algal pho-
from 7.91 to 9.64 in the diluted wastewatdtid. 2) tosynthesis. An average pH of 8.0 was recorded for the
and from 7.89 to 9.12 in the undiluted treatment. The aquatic plant cultures. The alkalinity reduction was



Table 5

First-order rate constants for reduction of nutrients, COD and EC in anaerobically digested flushed dairy manure wastewater during 31-dayttbaiicflogitovg aquatic

macrophyted

kscop (per day) kec (per day)

krcop (per day)

ksrp (per day)

krp (per day)

knng—N (per day)

krkn (per day)

Treatment

Undiluted®

0.020 £0.001) 0.010 £0.001)

0.019 £0.002)

0.029+£0.001) 0.094 £0.009) 0.036 £0.003) 0.025 £0.002)

Control/algal

0.0260.001) 0.047 £0.009) 0.026 £0.002) 0.0134£0.001)  0.024£0.002) 0.013 £0.002) 0.01@sc (£0.001)

Water hyacinth
1:1 dilutiorf

0.104 £0.015) 0.031 £0.002) 0.03040.002)  0.020 £0.003) 0.014 £0.002) 0.010 £0.000)
0.042 £0.010)
0.005 £0.001)
0.007 £0.001)

0.03040.003)

Control/algal
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0.086 £0.009) 0.053 £0.006) 0.044 £0.005) 0.030 £0.003) 0.015 £0.008)

0.04040.003)

Water hyacinth
Pennywort

0.011 £0.002)

0.023s¢ (+0.002)
0.026 £0.002)

0.008 £0.001)

0.020 £0.001)
0.017 £0.001)

0.042 £0.007)

0.028 (+0.001)
0.03@c (+£0.001)

0.035+£0.002)

0.057 £0.008) 0.012 £0.001) 0.013 (+0.001)

Water lettuce
Polyculture

0.014sc (£0.001)  0.01Asc (£0.001)

0.018 £0.003)  0.02540.003)

0.028sc (+£0.003)

0.049 £0.006)

2 Values in parentheses are standard errors of rate constants.

b A Student'st-test was performed to compakevalues of control/algal with those of water hyacinth. Klialue differences were highly significant & 0.01), except

for those bearing the subscript: nsc (not significantly different compared to control).
¢ A Student'st-test was performed to compakevalues of control/algal with those of plant cultures dndalues of water hyacinth with those of the other plant culture

All k value differences were significant & 0.05), except for those bearing the subscript: nsc (not significantly different compared to control).
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highest (61.5%) in the diluted water hyacinth culture
(Table 3.

The initial Na* levels in the undiluted control/algal
and water hyacinth cultures were 60.6 and 52.4 mg/l,
respectively, and were only slightly reduced after 31
days {Table 4. In the diluted water hyacinth culture,
the Na" levels were reduced to less than 2 mg/| com-
pared to much smaller reductions in all other plant
cultures and the controlTable 4.

3.7. Comparison of reduction rate constants

Total Kjeldahl nitrogen, Niz—N, TP, SRP, TCOD,
SCOD, and EC followed a first-order decay model and
all the rate constants for the regression fits were sig-
nificant (@ = 0.05) using a Student'stest (Table 5.
Differences between the first-order rate constants for
the control/algal culture and the water hyacinth cul-
ture in the undiluted wastewater were all highly sig-
nificant @ = 0.01), except for EC. Except for TCOD
and EC, the rate constants for the control/algal culture
were all greater than the corresponding rate constants
for the water hyacinth cultureT@ble 5.

In contrast, for the diluted wastewater, the water
hyacinth culture exhibited significantlyx(= 0.05)
greater first-order rate constants than the control/algal
culture for all parameters except N reduction
(Table 9. The water hyacinth culture also exhibited
the highest reduction rates for all parameters in the
1:1 diluted experiment compared to all other plant
cultures.

4, Discussion
4.1. Visual observations

The water hyacinth plants that survived in the undi-
luted culture had some of the older leaves becoming
necrotic around the margin during the initial days of
the study. Plant growth was reduced compared to the
diluted water hyacinth culturééble 2 and the leaves
exhibited chlorotic symptoms, being light to yellow
green compared to dark green in the 1:1 dilution. The
roots of the harvested plants also showed marked dif-
ferences, with those in the undiluted wastewater being
shorter and brown in color compared to longer black-
ish roots in the diluted treatment.
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The leaves of water lettuce and pennywort suffered
necrosis in the undiluted cultures when the leaf mar-

gins started crisping and browning by the second day.
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Wedding, 1960; Azov and Goldman, 1982; Caicedo
et al., 2000. However, in their study on the effect
of total ammonia N and pH on duckweeghirodela

These symptoms are similar to those described by polyrrhiza) growth, Caicedo et al. (2000¢oncluded

Haller et al. (1974)n a study conducted on the ef-
fect of salinity on growth of aquatic macrophytes.
Haller et al. (1974)reported toxic effects in water

that both forms of ammonium caused growth inhi-
bition in duckweed. The growth inhibition by N§¥
was attributed to saturation and depolarization of cell

lettuce and water hyacinth when these plants were membranes, which inhibit anion transport.

exposed to diluted seawater with salt concentrations

of 1660 and 2500 mg/kg, respectively. Since a com-
mon measure of salinity is EC, an EC level was es-
timated for these figures using a conversion factor
of 1000 mg/kg= 1616uS/cm, calculated from val-
ues given byHaller et al. (1974) The calculations
give a conductivity of 2683.S/cm as a toxic level
for water lettuce and 4040S/cm for water hyacinth.
These values could explain the survival of water hy-
acinth versus the toxicity effect on water lettuce in
the undiluted culture, which had an initial conduc-
tivity of 2510uS/cm. For terrestrial plantdyRCS
(1999) gives soil conductivity values of 20Q05/cm
or less as being low in salts and suitable for all crops,
while values above 4000S/cm affect plant growth
for all but the more tolerant crops. For the aquatic
plants used in this study, the lake water from which
the plants originated had an average conductivity of
466p.S/cm.

Since the EC of the undiluted wastewater (258J

However, in a study conducted lie Casabianca-
Chassany et al. (1992)f water hyacinth grown on
three ammonium-containing effluents (pectin produc-
tion, carcass-treatment, and pig manure wastewaters),
the authors found that optimal biomass production was
obtained at NIF-N concentrations of 100-150 mg/l.
The conductivity of the effluents for this range of
NHs—N was 760-216@4.S/cm. Inhibitory effects on
growth were observed at NHN concentrations of
200mg/l (EC ranged from 1025 to 28f&/cm).
The pH was 8.5 in all the effluentde Casabianca-
Chassany et al. (199®)dicated that sodium appeared
to be one of the inhibitory elements affecting differ-
ences in productivity among the effluents. Growth
inhibition occurred when the Naconcentration was
77 mg/l for pectin production wastewater, 63 mg/| for
carcass-treatment wastewater and 108 mg/l for pig
manure wastewater. Conversé¥yporhead (1986je-
ported water hyacinth growth at Naconcentrations
of 1100 mg/l, where the plants were grown on the

cm) was much less than the estimated toxic value of effluent of an anaerobic digester receiving water hy-

4040p.S/cm, the reduced water hyacinth growth in

acinth as feedstock. The plant also survived in textile

the undiluted culture could be attributed to stress due wastewater having Naconcentrations of 2550 and

to the high initial concentration of NA4N (130 mg/I)
in the wastewater. High levels of NHN (>200 mg/l)
from feedlot runoff and methane digester effluent

2900 mg/l [Trivedy and Gudekar, 1987
The nature of the organic matter in the wastewater
could provide another explanation for the growth

have been reported as a factor that may inhibit aquatic inhibition of the plants. A wide range of soluble

plant growth Reddy et al., 1983 They are also
often implicated in plant death in animal wastewa-
ter treatment wetlandsCgonk, 199§. Baldwin and
Davenport (1994yeported that wastewater killed al-
most all the newly transplanted vegetation at a dairy
in Maryland. Ammonium levels of 188 mg/l and or-
ganic N levels of 114mg/l were considered high
levels of N for constructed wetlands celkafpiscak

et al., 1999.

Most of the reports in the literature indicate that the
toxic effect is due to the un-ionized form of ammonia,
NHas, the concentration of which depends on the disso-
ciation of NHs+, which is a function of pHVines and

organic compounds, some from the anaerobic decom-
position of cellulose and lignin, has been reported to
be toxic to plants Ratrick et al., 1964 Barko and
Smart (1983¥ound that aquatic sediments receiving
refractory organic matter retained growth inhibit-
ing properties for longer than those receiving labile
organic matter. The presence of inhibitory soluble
organic compounds could explain the failure of water
hyacinth to thrive in undiluted primary dairy lagoon
effluent encountered bpeBusk et al. (1995)espite
an EC of 163@S/cm and NH-N of 53.8 mg/I.
Therefore, despite the survival of the water hyacinth
in the undiluted culture, the combined effect of initial
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salt concentration (EG= 2510uS/cm), initial Na"
concentration (52.4 mg/l), initial Nf+N concentra-
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isms, which may establish a symbiotic relationship
with the plants. In this study, the support provided

tion (130 mg/l), and the presence of uncharacterized by the roots of the aquatic plants and the transport

soluble compounds likely stressed the plants and lim-
ited their ability to grow and develop as compared to
the 1:1 diluted culture (with initial EG= 1450.S/cm,
Na™ = 30.8 mg/l and NH—-N = 69 mg/l).

4.2. Biomass growth

While the varying initial biomass operational den-
sities of the different aquatic macrophyte cultures
(Table 2 may have influenced the extent of N and P
removal, the average productivities of the plants sug-
gest that growth of pennywort and water lettuce was
limited in the diluted wastewater during this study. The
productivity for pennywort was 2.6 g dry wt.TA per
day, and for water lettuce it was only 1.0 g dry wt.fn
per day. By contrast, the productivity for water hy-
acinth was 24.7 g dry wt. i per day in the undiluted
wastewater and 51.9gdrywt.Th per day in the
diluted wastewateiReddy et al. (1983)eported pro-
ductivity ranges for water hyacinth, pennywort, and
water lettuce of 38—64, 5-20, and 19—-40 g dry wt2m
per day, respectivel\DeBusk et al. (1995jneasured
the summertime productivity of water hyacinth in
a 1:1 dilution of primary dairy lagoon effluent and
found that it averaged 33.2gdrywtTh per day.
Thus, the water hyacinth growth rates in the current
study were similar to previous measurements, while
growth rates for pennywort and water lettuce were
lower.

4.3. Wastewater treatment

Reduction of TKN Fig. 1) in the plant cultures
would mainly be due to plant uptake of NHN,
volatilization of NHs, nitrification, entrapment of
particulate matter (organic nitrogen) by the extensive
root system, and settling. The detection of N® in
the plant cultures indicates that nitrification occurred

of oxygen to the roots may have provided more fa-
vorable conditions for nitrifying bacteria to establish

in the plant cultures compared to the control/algal
systems. Nitrate was likely taken up by the plants as
levels of NHi—N decreased. In the control/algal sys-

tems, nitrification probably did not occur due to the

lack of support for the nitrifying biofilm to grow.

In addition to NH—N uptake for algal growth in the
control/algal systems, volatilization would have been
the likely mechanism by which NHN was reduced,;
the process being enhanced by the increasing pH levels
(7.9-9.6) in these two treatments, as showfkrig 2
for the diluted control/algal system. However, ammo-
nia loss through volatilization is a concern because
of its impact on atmospheric chemistry and acid de-
position, conveying an advantage to floating aquatic
macrophytes over algae-based nutrient removal sys-
tems. NH—N removal in the plant cultures may have
been primarily due to plant uptake and nitrification,
along with a lesser level of volatilization given that
these systems had a less alkaline pH.

The reduced growth of water hyacinth in the undi-
luted wastewater could explain the lower TP and
SRP removal compared to the undiluted control/algal
system Table 3. However, in the diluted cultures,
water hyacinth had the highest removal of TP and
SRP {able 3; it also had the highest growth rate
(Table 2. It can be assumed that SRP reduction was
principally due to algal uptake in the control/algal
systems and due to plant uptake in the plant cultures.
The complete coverage of the surface area in the water
lettuce culture and the small change in reduction of
SRP from day 15 onward-{g. 1) indicates that either
harvesting was necessary to improve SRP removal or
else SRP concentration was low enough to limit re-
moval in the later days of the experiment. Reduction
in TP would have been mainly due to uptake of solu-
ble P, filtration of particulate matter through the roots,

in these treatments, whereby ammonia was oxidized and settling. Despite the relatively good performance

to NOz—N by nitrifying bacteria. These nitrifiers form
part of a consortium of microorganisms that may es-
tablish themselves on the aquatic plant roots, which
provide a large surface area for microbial attachment.
A major part of the degradation of pollutants (COD)
in the wastewater is attributed to these microorgan-

of the control/algal system for nutrient removal in
undiluted wastewater compared to water hyacinth,
aquatic plants may have a practical advantage over
algal systems in their ease of harvesting.

The relatively poor reduction in SCODdble 3
could be attributed to the refractory nature of the
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soluble organic matter. Considering that the flushed A comparison of percentage reduction in EC with
dairy manure had undergone anaerobic digestion, biomass yield Tables 2 and Bindicates that the re-
most of the biodegradable compounds would have duction in EC may be related to root biomass rather
been degraded during that process, leaving a pre-than standing crop biomass, especially when consid-
dominance of refractory components in the effluent. ering the results for pennywort and water lettuce. The
In particular, the phenolic residues that make up the water lettuce has a longer and more extensive root sys-
largest portion of the wastewater SCOD are likely not tem compared to pennywort, which therefore would
very degradable and account for the persistence of explain the higher reduction in EC despite a lower
SCOD after 31 daysTable 4. biomass yield. The reduction in EC in relation to root
The higher DO concentrations in the control/algal biomass could be due to the ability of the roots to take
systems resulted from the increased photosynthetic up certain ions. Water hyacinth has the ability to ab-
oxygen production rate of algae compared to their sorb and accumulate or translocate metal, organic and
respiration rate during the daytime. Lower DO con- inorganic substances through its rooRinfo et al.,
centrations in the plant cultures could be explained by 1987. The marked decrease in N&oncentration in
reduced oxygen diffusion from the atmosphere into the diluted water hyacinth culture indicates that the
the water column due to the plant cover, higher root uptake of sodium ion during plant growth was sub-
respiration rates, and oxygen uptake by microorgan- stantial Table 4.
isms attached to the roots. The high biomass vyield of the diluted water
Differences in DO levels among the plant cultures hyacinth culture, which corresponded with high EC,
were due to their different rate of exchange of oxygen nutrient and N& reductions, suggests that EC mea-
from aerial tissue into the root zone. A study conducted surement might be a simple tool to monitor the
by Moorhead and Reddy (1988 evaluate oxygen performance of water hyacinth growth and nutrient
transport into the root zone for several floating and reduction. To further examine this correspondence,
emergent aquatic macrophytes showed that the high-the reduction rate constants for ECable 5 were
est transport rates were associated with plants havingcompared using a Student'sest to the correspond-
a small root mass. As root mass increased, the rate ofing reduction rate constants for TKN and SRP, and the
oxygen transport decreased for the plants evaluated,differences between the rates were not significant for
suggesting that older plants and plants with extensive the diluted water hyacinth culture. However, the EC
rooting systems probably consume more of the trans- reduction rates for all other treatments (controls and
ported oxygen due to higher respiration rates. This plants) were found to be statistically different than
phenomenon is clearly depicted in the present study their TKN and SRP reduction rates. This suggests
with the highest DO concentration in the pennywort that the use of EC measurements to monitor nutrient
culture, which had the smallest root system compared uptake may be valid only in FAMTS employing water

to water hyacinth and water lettuce. hyacinths at high growth rates similar to that in the
Electrical conductivity reduction in FAMTS has diluted water hyacinth culture.
been reported mainly for water hyacintiloorhead The percentage reduction of nutrients and physico-

(1986) found that for an initial EC of 230QS/cm, a chemical parameters of the wastewater in the various
decrease of 1100S/cm (48% reduction) was obtained treatments at the end of the study demonstrates the
in a 22-day hydraulic retention time plant culture relative efficiency of the four plant cultures for use in
grown on the effluent of an anaerobic digester receiv- wastewater remediatiorifgble 3. Among the plant
ing water hyacinth as feedstock. At a higher level cultures using the 1:1 dilution, the water hyacinth
of salinity (initial EC = 3750uS/cm), Trivedy and had the best performance in terms of nutrient re-
Gudekar (1987Yyeported a decrease of 1725/cm moval, SS and VSS reduction as well as reduction in
(46% reduction) at a 4-day hydraulic retention time dissolved solids, as shown by the EC and SCOD val-
when the water hyacinth was grown in textile waste- ues. However, in environments where colder weather
water. These results compare to EC reductions of 52 could impact water hyacinth growth, the potential
and 89% for water hyacinth cultured in undiluted and of alternate plants and polycultures is worthy of
diluted ADFDMW, respectively, in the present study. consideration.
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5. Conclusion

This study evaluated the potential of water hyacinth
(Eichhorniacrassipes), water lettuceRistia stratiotes)
and pennywortKlydrocotyle umbellata) in improving
the water quality of ADFDMW. The growth of water
hyacinth was inhibited in undiluted ADFDMW and
both pennywort and water lettuce failed to grow in this
undiluted medium. In a 1:1 dilution of ADFDMW, all
three floating aquatic macrophytes grew successfully.
However, growth of pennywort and water lettuce was
limited while water hyacinth growth was robust in the
diluted medium. High salinity levels appear to be the
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of such a system for year-round performance, further
investigations need to be undertaken during the colder
months.

The controls, in which algae flourished, exhibited
the highest rate and level of NHN reduction, and the
undiluted control/algal culture exhibited higher levels
of TP, SRP, SCOD, and alkalinity reduction than the
undiluted water hyacinth culture. The high reduction
of nutrients in the undiluted control/algal treatment
would tend to make such a system more favorable than
floating aquatic macrophytes. However, issues such as
the environmental impact of ammonia volatilization
and the ease of harvest for aquatic plants compared to

principal reason for inhibited growth, along with the algae justify consideration of floating aquatic plants
presence of uncharacterized soluble compounds mak-for renovating dairy wastewater. While the dilution of
ing up a significant fraction of the wastewater SCOD. ADFDMW required to achieve plant growth presents

In terms of nutrient, COD, solids and salinity re- a challenge to the application of this technology, in
ductions, water hyacinth performed better than water practice, effluent from the aquatic plant treatment sys-
lettuce and pennywort in improving the water quality tems could be used for dilution water to mitigate the
of diluted ADFDMW. The polyculture exhibited the effects of high salinity. However, the role of unchar-
next best performance compared to the other aquaticacterized soluble organics in plant growth inhibition
plants. The high biomass yield of the diluted water requires further research in order to confirm the fea-
hyacinth culture corresponded with high EC andNa  sibility of this approach. In addition, year-round ex-
reductions, suggesting that EC measurement might beperiments should be conducted to evaluate variability
a simple tool to monitor performance of water hy- of performance due to seasonal changes in light and
acinth growth and nutrient reduction under high plant temperature.
growth rate conditions.

Reduction in nutrients and COD followed first-order
kinetics, with water hyacinth exhibiting the highest
rates of removal among the plant cultures (1:1 di-
lution). For water hyacinth, TKN was reduced by
91.7%, NH—N by 99.6%, TP by 98.5%, and SRP
by 96.5%. Nitrification occurred in most plant cul-
tures, with NQ-N being rapidly consumed at low
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