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Abstract

Subsurface flow constructed wetlands (SSFCW) subjected to changing of loading rates are poorly understood, especially when
used to treat swine waste under heavy loads. This study employed a SSFCW system to take pretreated swine effluent at three hydraulic
retention times (HRT): 8.5-day HRT (Phase 1), 4.3-day HRT (Phase II), and 14.7-day HRT (Phase III). Results showed that the
system responded well to the changing hydraulic loads in removing suspended solids (SS) and carbonaceous oxygen demands. The
averaged reduction efficiencies for four major constituents in the three phases were: SS 96-99%, chemical oxygen demand (COD) 77—
84%, total phosphorus 47-59%, and total nitrogen (TN) 10-24%. While physical mechanisms were dominant in removing pollutants,
the contributions of microbial mechanisms increased with the duration of wetland use, achieving 48% of COD removed and 16% of
TN removed in the last phase. Water hyacinth made only a minimal contribution to the removal of nutrients. This study suggested

that the effluent from SSFCW was appropriate for further treatment in land applications for nutrient assimilation.
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1. Introduction

Swine wastewaters contain highly concentrated pol-
lutants, including suspended solids, organics, and nu-
trients, and may deteriorate the quality of aquatic
environments into which they are discharged (Stone
et al., 1998). To lessen the impact, treatment of piggery
wastewater before discharge has been proposed and
further practiced by employing constructed wetlands,
for these systems have significant merits of low capital
and operating costs, and versatile removal mechanisms.
(Hammer et al., 1993; Cronk, 1996; Kadlec and Knight,
1996; Hill and Sobesy, 1998; Humenik et al., 1999;
Neralla et al., 2000; Szogi et al., 2000). Of constructed
wetlands used for swine wastewater treatment, most are
surface flow systems, only a few belong to subsurface
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flow types (Hunt and Poach, 2001). With rising concerns
of sustainable management of bioresource, and more
stringent effluent standards, swine wastewater treatment
by subsurface flow constructed wetlands (SSFCW) can
be a great potential and challenge.

Traditionally, the SSFCW system was employed as
terminal treatment component, where it was designed
and operated at rather low loads for purpose of pro-
ducing effluent that could meet discharged criteria. But
it appeared that this treatment goal could not be
achieved (Finlayson et al., 1987; Sievers, 1997). For
example, Sievers (1997) used an anaerobic lagoon to
pretreat swine wastewaters, giving low loadings of 17-20
kgha=!'d~! BOD on wetland cells, but effluent concen-
trations from their wetlands had difficulty in meeting
discharge limit of 30 mgl~' BOD. Thus, novel ap-
proaches to solve the problem are urgent, and one of
them may be in allowing the SSFCW systems worked as
a part in integrated sustainable management systems.
That is, the SSWCW is operated to fully explore its
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capability in removing suspended solids and organics,
followed by land applications as final disposal for nu-
trient assimilation (Szogi et al., 2000; Hunt and Poach,
2001). As such, polished treatment is not required for
wetland, and neither is dilution of wastewater for soil
treatment (Szogi et al., 2000). In this treatment alter-
native an important issue arises in what and how the
SSFCW perform under heavy loads, to which available
information is very limited.

Another issue in the performance of SSFCW system
under heavy loads is the effects of fluctuations of loading
rates. Though the dynamic loadings occurring frequently
in constructed wetlands, most studies have focused on
experiment with independent cells, where each cell was
operated at a particular load in parallel (Dierberg et al.,
2002). For improving the wetland treatment perfor-
mance during a transition period, it becomes increasingly
important to examine the response of the system to the
changing flow rates and influent concentrations.

In this investigation, a mesocosm SSFCW, built in
southern Taiwan, was tested for its capability in taking
pretreated swine effluent under changes of heavy loads.
Experiments were carried out in three consecutive phases,
and each phase was controlled with a particular hydraulic
retention time (HRT). The specific objectives of this study
were: (i) to examine the wetland performance during
operations at the three high loading rates; and (ii) to
quantify the contributions made by physical, microbial,
and plant uptake mechanisms in removing pollutants.

2. Methods
2.1. Wetland operations

The SSFCW system, located in a livestock farm in
Pingtung County, Taiwan, is schematically illustrated in
Fig. 1. Prior to discharge into the SSFCW reactor, raw
swine wastewater from slatted floor units was pretreated
with a existing three-stage facility, including solid sep-
aration, anaerobic digestion (with hydraulic retention
time, HRT, of 20 days), and aerobic oxidation (HRT of
12 h) followed by final clarification (HRT of 6 h). The
operation of SSFCW was controlled using HRT as main
parameter. There are three phases conducted in this
study over a period of 244 days. Each phase was oper-
ated at a specific HRT, namely, 8.5-day HRT (Phase I),
4.3-day HRT (Phase II), and 14.7-day HRT (Phase III).
The averaged ambient temperatures were 25 °C for
Phase I, 22 °C for Phase II, and 24 °C for Phase III.

2.2. Constructed wetland
As illustrated in Fig. 2, the wetland trench was 0.65 m

deep, 9.5 m long x2.6 m wide at the bottom and 10.3 m
longx4.2 m wide at the top. The empty-bed volume of
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Fig. 1. Schematic diagram of newly built constructed wetland for
treating swine effluent discharged from existing pretreatment units,
including solid separator, anaerobic unit, activated sludge reactor, and
final clarifier.
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Fig. 2. Dimensions of constructed wetland of top view (top) and side
view (bottom).

the wetland cell was approximately 22 m?®. The trench
bottom and walls were lined with 1.5-mm high-density
polyethylene to prevent leakage. Meanwhile, the whole
wetland cell was divided into influent, treatment and
effluent zones, each filled with different gravel media. In
the treatment zone, the media mostly comprised gravel
with a diameter of 1.27-1.91 cm, while the remaining
two zones were filled with gravel, mostly having dia-
meter of 1.91-2.54 cm. Two submerged pumps trans-
ferred the influent wastewater from the existing final
clarifier to the wetland site. Upon entering the influent
zone surface, the wastewater flowed down through the
treatment zone, and discharged from the effluent zone
into a nearby brook. Initially, 30 stems of water hya-
cinth (Eichhornia crassipes) were planted in the treat-
ment zone, which was taken from a nearby lagoon
(=1600 m® in size). The influent to the lagoon was the
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same as to the wetland. Water hyacinth, instead of
commonly used plant species of cattails or bulrush, was
chosen in this study because the information about this
plant in SSFCW systems is still lacking.

2.3. Chemical analyses

Wetland performance was monitored by periodic
sampling at locations of influent and effluent lines dur-
ing the course of study. The dissolved oxygen (DO),
measured by YSI oxygen probe, and oxidation-reduc-
tion potential (ORP), measured by JENCO 6071, were
determined in the field. Meanwhile, other measurements
were performed from field samples that were immedi-
ately transferred to the laboratory. Suspended solids
(SS), biochemical oxygen demand (BODs), ammonia
nitrogen (AN), nitrite nitrogen (nitrite N, NO;—N), ni-
trate nitrogen (nitrate N, NO;-N), total Kjeldahl ni-
trogen (TKN), total nitrogen (TN), orthophosphate
(OP, PO} -P), and total phosphorus (TP), were ana-
lyzed according to standard methods (APHA, 1989).
Finally, chemical oxygen demand (COD) was deter-
mined using a HACH DR/3000 spectrophotometer.

The water hyacinth was analyzed to determine its
chemical composition including water, nitrogen, and
phosphorus. Water content was determined gravimetri-
cally by placing plant samples in the oven at 103 °C
overnight with before and after weighing. Meanwhile,
nitrogen content was ascertained with a procedure
similar to that for determining TKN, as stated above.
To measure phosphorus levels, plant samples were first
digested, and then the digested samples were placed in a
spectrophotometer (Hitachi spectrophotometer U-2000)
to measure the light adsorbed at the 420 nm wavelength.

2.4. Statistical analysis

The mean and standard deviation of the measure-
ments for each tested phase were calculated based on
collected samples (n), where n = 23 in Phase I, » = 21 in
Phase II, and » = 16 in Phase III. Differences in influent,
effluent, and removal efficiency among the three phases
were tested at a significance level of 0.05 with F statistics
(SPSS 10.0, SPSS, Inc., 1999).

3. Results and discussion
3.1. Performance of subsurface flow constructed wetland

The treated swine effluent to the wetland contained
significant amounts of pollutants, though it had been
pretreated to remove some suspended solids and other
constituents (Fig. 3). With highly concentrated pollu-
tants in the influent, the mass loading rates to the
SSFCW (Table 1) was one order of magnitude higher
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Fig. 3. Fluctuations of key pollutant concentrations in the influent and
effluent of the constructed wetland during the operation period of 244
days. The abbreviations for pollutant are: SS, suspended solids; COD,
chemical oxygen demand; BODs, biochemical oxygen demand; TN,
total nitrogen; and TP, total phosphorus.

than applied to most wetlands (Knight et al., 2000). The
averaged measurements in influent over three phases
were: SS 519-873 mgl~!, COD 1115-1160 mg1~!, BODjs
343411 mgl™', TN 200-218 mgl~', and TP 39-44
mgl~! (Table 2).

Before the effects of loading rates on treatment per-
formance were examined, differences in averaged con-
centrations of influent for major pollutants among the
three phases were tested with F statistics. As shown in
Table 3, the influent concentrations of the COD, BODs,
AN, TN, and TP, except SS, were not different signifi-
cantly (p > 0.05). The large variations of averaged in-
fluent SS to this wetland could be negligible because the
wetland was operated sufficiently below the normal SS
loadings. Thus, the strength of the influent to the wet-
land could be considered as the same level over the three
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Table 1
Loading rates to the subsurface flow constructed wetlands

Item® Unit Phase I Phase II Phase III Other wetlands
HRT d 8.5 4.3 14.7 (4.3-7.0)°, (5-10)°
Hydraulic loading rate cmd™! 6 12 3.5 (1.5-2.4)°, (0.6-1.9)°
SS kgha='d™! 312 624 303 (66-90)°, (27-39)°
COD kgha='d™! 700 1370 390 (82-120)°

BODs kgha'd™! 247 474 119 (17-20)°

AN kgha='d™! 110 220 60 (23-32)°

TN kgha 'd-! 125 262 69 (33-52 for KN)*

TP kgha='d™! 24 47 15 (15-24)°, (2.5-3.7)°

#The abbreviations are: HRT, hydraulic retention time; SS, suspended solids; COD, chemical oxygen demand; BODs, biochemical oxygen de-
mand; KN, Kjeldahl nitrogen; AN, ammonium nitrogen (NH;—N); TN, total nitrogen; and TP, total phosphorus.

®Sievers (1997).
¢ Finlayson et al. (1987).

Table 2

Averaged concentrations of influent and effluent for the constructed wetland over three phases of study
Item? Phase I Phase 11 Phase III

Influent®  Effluent®* RE! Influent®* Effluent®* RE¢ Influent®* Effluent®® RE¢

SS 519 (256) 21 (14) 96 519 (271) 6(4) 99 873 (480) 10 (6) 99
COD 1160 (367) 190 (62) 84 1160 (319) 264 (62) 77 1115 (300) 198 (61) 82
BODs 411 (170) 39 (28) 91 394 (68) 56 (16) 86 343 (52) 28 (12) 92
NH;-N 185 (27) 144 (19) 22 184 (41) 183 (28) 1 161 (41) 151 (22) 6
NO;-N 0.06 (0.02)  0.03 (0.01) 50 0.07 (0.10)  0.04 (0.02) 43 0.04 (0.01)  0.03 (0.01) 25
NO;-N 3.7 (3.5) 1.7.(2.2) 54 1.7 (1.6) 1.1(1.1) 35 3.4 (1.6) 1.2 (1.0) 65
TKN 204 (34) 156 (17) 24 216 (47) 196 (31) 9 197 (56) 159 (24) 19
TN 208 (34) 158 (16) 24 218 (47) 197 (32) 10 200 (54) 160 (25) 20
PO; P 28.1 (4.5) 19.2 (4.3) 32 28.9 (5.1) 19.8 (4.3) 31 28.7 (6.7) 17.6 (2.8) 39
TP 40.3 (15.8) 21.2(3.3) 47 39.4 (8.5) 20.9 (4.6) 47 43.6 (9.1) 18.0 (2.8) 59
ORP —-345 (12) =310 (17) - —349 (11) =316 (10) - =323 (22) —296 (16) -
DO 0.12 (0.03)  0.10 (0.01) - 0.15(0.05)  0.13 (0.05) - 0.14 (0.04)  0.13 (0.03) -

4 The abbreviations are: SS, suspended solids; COD, chemical oxygen demand; BODjs, biochemical oxygen demand; TKN, total Kjeldahl nitrogen;
TN, total nitrogen; TP, total phosphorus; ORP, oxidation-reduction potential; and DO, dissolved oxygen.

® Units for water quality indicators are mgl~' except ORP (mV).
¢The number inside the parenthesis is standard deviation.

9RE represents removal efficiency (%).

“Not applicable.

Table 3
F-statistics tests for differences in influent and effluent concentrations,
and removal efficiencies among three phases

Item? F-test®

Influent Effluent Removal

efficiency (%)

SS 6.132* 13.692+* 4.048*
COD 0.176 7.881* 4.049*
BODs 1.523 6.853* 3.692*
NH;-N 2.450 16.789*** 12.503***
TN 0.619 14.704* 6.490*
TP 0.532 3.815* 8.459*

#The abbreviations are: SS, suspended solids; COD, chemical oxy-
gen demand; BODs, biochemical oxygen demand; TN, total nitrogen;
and TP, total phosphorus.

® Difference in influent concentrations among three phases is tested
using F statistics. Significance is expressed as *P < 0.05; *P < 0.01;
and **P < 0.001. Similar testes are also performed for effluent con-
centrations, and removal efficiency.

phases. On the contrary, F-test showed that difference in
the effluent concentrations for the above six measure-
ments differed significantly (p < 0.05). In each phase
treatment performance of the SSFCW is illustrated
below.

3.1.1. Phase I: 8.5-day HRT (day 1-day 109)

The SSFCW system was started with a medium hy-
draulic loading of 8.5 days HRT, but under quite
heavily loads as expressed in mass loading rates, 312
kgha='d! for SS, 700 kgha=!'d~' for COD, and 247
kgha=!'d~! for BOD;s (Table 1). Over a period of 109
days in operation, the wetland produced consistently
good effluent, although the influent concentrations var-
ied to a significant extent (Fig. 3). The averaged effluent
SS was 21 mgl~!, COD was 190 mgl~', and BOD;s was
39 mgl~!, which gave removal efficiencies of 96% for SS,
84% for COD, and 91% for BODs (Table 2). These
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averaged effluent concentrations could achieve effluent,
for example, concentration demand in Taiwan, of
SS<150 mgl™!, COD<250 mgl™!, and BOD;<80
mgl-!.

The removals of nutrients however, were not as good
as those of SS, COD, and BODs. The averaged influent
TN concentration to the SSFCW was dominated by
AN, giving loading rates of 110 kgha='d~! for AN and
125 kgha=!d~! for TN (Table 1). After treatment, the
averaged effluent concentrations in AN were 144 mg1™!
and 158 mgl~' in TN, giving reduction efficiencies of
22% for AN and 24% for TN (Table 2). The SSFCW
system removed about half of TP, giving averaged
effluents in TP 21.2 mgl~', and OP 19.2 mgl~!, even at a
high TP loading rate of 24 kgha='d~'. Though the
SSFCW system removed significant mass of nutrients,
the nitrogen and phosphorus concentrations in the
produced effluent were unacceptable for discharge.
Here, for example, the effluent concentrations of nutri-
ents were about one order of magnitude higher than the
normal discharge permits, 10 mg1~!' for AN and 4 mg1~!
for OP. This large discrepancy implied that it would
be very difficult to achieve effluent nutrient criteria by
manipulating loading. Instead, it can be operated with
heavy loads to fully explore its capability in remov-
ing organics, while reusing nutrients contained in the
effluent.

3.1.2. Phase II: 4.3-day HRT (day 110-day 182)

The hydraulic loading to the SSFCW system was
doubled in Phase II. The system responded well in re-
moving SS, COD, and BODs (Table 1). The averaged
effluent SS achieved was 6 mgl~' (reduction efficiency of
99%), even better than that in Phase I. Nevertheless, the
increasing hydraulic load made the removals of COD
and BODs slightly poorer, leading to the averaged
effluent concentrations of COD increasing to 264 mg1~!
and BODs to 56 mgl™', although the effluent BODs was
still acceptable for discharge. The reduction efficiencies
were down to 77% for COD and 86% for BOD:s.

A very low efficiency appeared in the removals of
nitrogen; the averaged effluent AN abruptly increased to
183 mgl~! and TN to 197 mgl~!, making the removal
efficiencies down to 1% for AN and 10% for TN. The
removals of phosphorus were similar to those in Phase I,
being little affected by the increasing loading rates.

3.1.3. Phase III: 14.7-day HRT (day 183—day 244)

In the last phase, the load to the SSFCW system was
reduced to only half of that in Phase I to examine the
degree to which the removal of pollutants could be im-
proved. The removal efficiency of SS maintained the
same high level of 99%. The COD averaged effluent
concentration was down to 198 mgl~! and removal effi-
ciency up to 82%. The removal of BODs, however, be-
came the highest among the three phases, with an

averaged effluent concentration down to 28 mgl~!, and
removal efficiency increased to 92%.

Though the nitrogen removal efficiencies had recov-
ered from Phase I1, they were still worse than in Phase 1.
The averaged effluent concentrations were 151 mgl™!
(6% reduction efficiency) in AN, and 160 mgl™' (20%
reduction efficiency) in TN. The TP was effectively re-
moved in this phase, with the averaged TP effluent down
to the 18 mgl~!, with removal efficiency the highest at
59%.

3.2. Removal mechanisms

Pollutants in the SSFCW system undergo complex
transport and transformation, involving biotic and
abiotic processes. The contributions to removing pol-
lutants by physical, microbiological, and plant uptake
mechanisms are displayed in Table 4.

The suspended solids were removed entirely by
physical processes, involving sedimentation, filtration,
and adsorption. In this wetland, even at the applied load
of 4.3-day HRT, the physical mechanism removed 618
kgha='d~! of SS mass with efficiency of 99%, indicating
that the applied load had not yet reached its maximum
allowable capacity. However, though the system is ef-
fective in removing SS, appropriate pretreatment to re-
move major portions of SS in the raw swine wastewater
is still necessary, because it can prevent the wetland from
being rapidly clogged.

The excellent COD removal was accomplished by
good cooperation between physical and microbial
mechanisms, where the former mechanism made 52-74%
of contribution, and the latter 26-48% (Table 4). There
are three important features possessed by this SSFCW
system that make the wetland powerful in removing
COD under heavy loads. First, owing to the physical
separation mechanism, the organic solids could be set-
tled out and retained in the wetland cell for a longer time,
thus allowing better hydrolysis of organic solids for
biodegradation to proceed easily. Second, gravel media
placed inside the wetland cell allowed the accumulation
of immense amounts of attached bacteria, which were
very helpful in rapidly catalyzing chemical reactions.
And third, organics biodegradation underwent anaero-
bic pathways. As such, the limitation of oxygen supply
could be avoided, and moreover, maintaining anaerobic
conditions inside the wetland cell provides advantage of
low sludge production, which can largely prevent the
wetland from being clogged by biomass.

While the wetland removed TN at very low efficiency,
the removal rate, 14-30 kgha='d~!, was much higher
than 3 kgha='d~' of TKN loading recommended by
Hammer (1992). In removing TN physical mechanisms
made major contributions of 80-92%. Those TN or-
ganic solids removed by physical mechanisms, except
minor portions of 2-4% lost by stripping, were mostly
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Table 4
Estimated mass removals of key pollutants by various mechanisms

Item? Mechanism Mass removal rate, kgha=! d=! (removal contribution, %)
Phase 1 Phase 11 Phase 111

SS Overall 300 (100) 618 (100) 300 (100)
Physical 300 (100) 618 (100) 300 (100)
Microbial 0 (0) 0 (0) 0 (0)
Plant uptake 0 (0) 0 (0) 0 (0)

COD Overall 582 (100) 1056 (100) 318 (100)
Physical 429 (74) 740 (70) 165 (52)
Microbial® 153 (26) 316 (30) 153 (48)
Plant uptake 0 (0) 0 (0) 0(0)

TN Overall 30 (100) 25.3 (100) 14 (100)
Physical 27.6 (92) 21.5 (85) 11.2 (80)
Stripping® 0.5(2) 1.1 (4) 0.3 (2)
Others? 27.1 (90) 20.4 (81) 10.9 (78)
Microbial 2.0 (7) 3.3 (13) 2.3 (16)
Assimilation® 0.6 (2) 1.9 (8) 0.9 (6)
Nitri/denitri’ 1.4 (5) 1.4 (5) 1.4 (10)
Plant uptake 0.5(2) 0.5(2) 0.5 (4)

TP Overall 11.3 (100) 21.8 (100) 8.8 (100)
Physical 11.1 (98.2) 21.2 (97.2) 8.5 (96.5)
Microbial® 0.2 (1.7) 0.5 (2.3) 0.2 (2.3)
Plant uptake 0.1 (0.1) 0.1 (0.5) 0.1(1.2)

#The abbreviations are: SS, suspended solids; COD, chemical oxygen demand; TN, total nitrogen; and TP, total phosphorus.

® Estimated from the digestion of volatile suspended solids (VSS), expressed in COD equivalent. Assuming 60% of suspended solids were VSS, for
which the digestion efficiency was 60%, and the COD conversion factor was 1.42 mg COD/mg VSS (Gaudy and Gaudy, 1980).

¢ Estimation was based on 0.5% ammonia present in the influent at pH =7.0 (Sawyer et al., 1994).

9Removal mechanisms excluding ammonia stripping, microbial assimilation, nitrification/denitrification, and plant uptake.

¢ Microbial assimilation was based on 12% nitrogen content of biomass yielded, where the bacterial yielded coefficient was assumed 0.05 mg VSS/

mg COD (Metcalf and Eddy Inc., 1991).

fRemoval by nitrification/denitrification processes, in which nitrification was the limiting step. The oxygen transport rate by water hyacinth was
measured around 51.3 g O,d™!, and half of which was proposed for nitrification use (Lee, 1996).

€ Phosphorus content was assumed to be 3% biomass yielded.

retained in the wetland cell. If complete TN removal is
to be carried out, nitrification and denitrification should
be prevailing (Stowell et al., 1981). Unfortunately, in
this wetland, the nitrification was estimated below 1.4
kgha~!'d~!, due to low oxygen supplied by the plants,
although the denitrification could proceed very well, as
shown by the very low effluent nitrate N, 1.1-1.7 mg1~".
The low growth rate of water hyacinth also made the
TN removed by plant uptake very low, only about 0.5
kgha='d~'.

The TP removal was also dominated by physical
mechanisms, with significant removal rates of 8.5-21.2
kgha=!d~! (Table 4). There was only about 1.7-2.3% of
the TP removed by microbial assimilation. And water
hyacinth took only 0.1-1.2% of TP. In physical mecha-
nism, removal of TP was primarily related to the reten-
tion capacity of root bed media (Pant et al., 2001) and
equilibrium phosphorus concentration. In this wetland
the retention capacity of the root bed media was not yet
maturated, but anaerobic conditions made equilibrium
phosphorus concentration increased substantially
(Richardson, 1985; Reedy et al., 1998), thus showing TP
removal efficiency could not be enhanced greatly.

4. Conclusions

The SSFCW applied in swine wastewater treatment
under heavy loads was successfully demonstrated, and
operated with three hydraulic retention times. Consti-
tuents of SS, COD, and BODs, appeared to be effec-
tively removed by the wetland as measured by both
mass removal rates and reduction efficiency. Moreover,
the wetland system responded well to changing loads
from 303 to 624 kgha='d~! for SS and from 390 to
1370 kgha=! for COD. This was attributed to the
wetland having high specific surface area and being
characterized with anaerobic conditions. In regard to
the removals of phosphorus and nitrogen, the wetland
exhibited higher removal rates than most other wet-
lands, although it gave low reduction efficiencies. This
quality of treated effluent suggested the SSFCW system
be suitable in combination with land application for
total management of swine wastewater. Being followed
by land application as terminal treatment, the SSFCW
system can be fully exploited with heavy loads, thus
leading to greatly increase its competitive edge in swine
wastewater treatment.
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