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Abstract Groundwater contamination due to the failure of
septic tank systems is a vital concern in environmental
health. Active on-site wastewater treatment counts on the
use of pumps to sustain the aerobic condition in the process
and promote the nitrification which might not be sustainable
in terms of energy saving. In current practice, passive on-site
wastewater treatment processing is deemed a cost-effective
option to improve the nutrient removal. The recirculation
filtration tank (RFT) is an intermediate process installed
to trigger or promote the proper nitrification/denitrification
process between the septic tank and the drain field. However
quantification of the nitrification remains difficult. To ex-
plore the structure and function of the microbiological com-
munity in the RFT, two types of sands—fine and coarse—
were used in two consecutive phases for elucidating the ni-
trification and denitrification effects. With the aid of real-
time PCR, the growth of nitrifiers and denitrifiers in sand
was monitored in the RFT without adding any external car-
bon source to the sand. Further, phosphorus removal from
the wastewater and the ability of limestone for phosphorus
removal were also confirmed in the RFT. Fine sand with
limestone mixture performed better in nutrient removal if
clogging was overcome by using a grinder pump for dos-
ing. On average, removal efficiencies of 60.54% ammonium,
49.48% total Kjeldahl nitrogen (TKN), 42.57% total nitro-
gen (TN), 92.06% soluble reactive phosphorus (SRP) and
87.16% total phosphorus (TP) were achieved by the RFT
with fine sand. The E. Coli removal efficiency by the RFT
was 99.9% in both phases.
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1 Introduction

Removal of the nutrients from septic tank wastewater is of
crucial importance in maintaining the sustainability of the
aquatic ecosystem and human health. According to USEPA,
unionized ammonia (NH3) is very toxic for salmonid and
non-salmonid fish species (USEPA 1993). Fish mortality,
health and reproduction can be hampered by the presence
of 0.100 mg/L to 10.00 mg/L of ammonia (USEPA 1993).
Nitrite is more toxic than nitrate and can cause human health
problems such as liver damage and even cancers (Gabel
et al. 1982; Huang et al. 1998). Nitrate/nitrite can bind with
hemoglobin causing oxygen deficiency known as methe-
moglobinemia (MHB) by forming methemoglobin in in-
fant’s bodies. If the methemoglobin concentration rises to
>10%, it can result in cyanosis (“blue-baby” syndrome).
MHB affects infants under 6 months of age. The most char-
acteristic symptom is an ashen, bluish (cyanotic) hue to the
skin and nails (WHO 2003; WEF 2005). Nitrate is also re-
sponsible for a wide range of tumors in the human body
(Mirvish 1991; Aslan and Türkman 2003). Nitrate is also
responsible for formation of N-nitroso compounds in the di-
gestive system (WHO 2003; Rocca et al. 2005). These com-
pounds are considered carcinogens. Nitrite can react with
amines chemically or enzymatically to form nitrosamines
that are very potent carcinogens (Sawyer et al. 2003). Nitrate
can inhibit iodine uptake and harmfully affect the thyroid
gland (WHO 2003). Wastewater also has different phospho-
rus species which have a significant harmful impact on water
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bodies. Both nitrogen and phosphorus can trigger eutrophi-
cation in water bodies through excessive growth of algae.

According to USEPA, about 25% of US homes depend
on OWTS due to the unavailability of a centralized waste-
water treatment system; this number is increasing over time
(USEPA 2002, 2003). Among these, about one third do not
reach their expected life or fail to treat the wastewater as they
should (Smith et al. 2008). But all these systems are operated
by an active process that consumes a large amount of energy
for the aeration pumps. Untreated or improperly treated sep-
tic tank wastewater is a major source of groundwater conta-
mination. Due to widespread septic tank failure, scientists,
engineers, and manufacturers in the wastewater treatment
industry have developed a wide range of alternative pas-
sive technologies designed to address increasing hydraulic
loads, energy saving requirements, and water contamination
by nutrients and pathogens in on-site wastewater treatment.
These alternative systems with new materials and methods
require increased focus on system performance, pollutant
transport and fate, resultant environmental impacts, and an
integration of the planning, design, siting, installation, main-
tenance, and management functions. Passive on-site waste-
water treatment is defined by the Florida Department of
Health (FDOH) as a type of on-site sewage treatment and
disposal system that excludes the use of aerator pumps and
includes no more than one effluent dosing pump with me-
chanical and moving parts and uses reactive media to assist
in nitrogen removal. Nutrient removal, including both nitro-
gen and phosphorus species, is the main focus of our study
in performance-based passive on-site wastewater treatment
systems (OWTSs). Under “performance-based” we under-
stand the efficiency of nutrient removal, the longevity of
sorption media, etc.

The Florida Keys On-site Wastewater Nutrient Reduction
Systems (OWNRS) Demonstration Project was initiated in
1995 to demonstrate the use of OSTS to reduce the con-
centrations of nutrients discharged to the coastal region of
the Keys (Anderson et al. 1998). Five treatment trains had
been adopted for testing in that study, including: (1) a sep-
tic tank followed by a recirculating sand filter (RSF) and an
anoxic bio-filter (ABF) with effluent discharged to an un-
lined drip irrigation field, (2) a septic tank with effluent dis-
charged to a lined drip irrigation field, (3) a fixed-film acti-
vated sludge (FAS) treatment known as the Bio-Microbics
FASTTM aerobic treatment unit (ATU) and an anoxic bio-
filter (ABF) with effluent discharged to an unlined drip ir-
rigation field, (4) a suspended growth biological treatment
system operating a continuous feed cyclic reactor (CFCR),
which is known as the AES BESTEP-IDEATM system simi-
lar to a sequencing batch reactor (SBR), with effluent dis-
charged to an unlined drip irrigation field, and (5) a ro-
tating biological contactor (RBC) and an anoxic bio-filter

(ABF) with effluent discharged to an unlined drip irriga-
tion field. Additional unit operations, such as chemical pre-
cipitation, supplemental carbon addition for denitrification,
and additional phosphorus adsorption media, were available.
Twenty-four-hour flow composite samples were collected
from the influent mix tank and from each of the three treat-
ment process effluents. Samples were analyzed according
to Standard Methods (APHA 1992) for biochemical oxy-
gen demand (BOD5), carbonaceous biochemical oxygen de-
mand (CBOD5), total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), nitrate–nitrogen (NO3–N), nitrite–nitrogen
(NO2–N), and total phosphorus (TP). Total nitrogen (TN)
was obtained by summation. However, without chemical
precipitation, the quality of the effluents did not meet the
Florida advanced wastewater treatment (AWT) standards of
5 mg/L for CBOD and TSS, 3 mg/L for TN, and 1 mg/L
for TP.

Septic tanks followed by lined and/or unlined subsurface
wetlands in sequence had also been used for on-site waste-
water treatment in the last decade (Mankin and Powell 1998;
Thom et al. 1998; Sun et al. 1998). The University of
West Florida installed a constructed wetland in 1994 to
treat 1.89 m3/day (500 gpd) residential wastewater. The
system utilizes a hybrid approach which combines subsur-
face and free-water surface flow designs. It consists of one
3.78 m3 (1000 gallon) primary treatment septic tank and a
0.76 m × 0.76 m (30′ × 30′) cell of wetland subdivided into
three compartments. The removal efficiency of TSS, total
phosphates (TPO4), NH3, BOD5, TKN, and fecal-coliform
were 98%, 88%, 60%, 94%, 77%, and 97%. These tests
proved the potential of using wetland as a means to polish
the septic tank effluents without involving the use of com-
plicated aerobic/anaerobic wastewater treatment technolo-
gies, such as AES BESTEP-IDEATM and Bio-Microbics
FASTTM. However, Florida’s current septic tank regulations
require subsurface flow of wastewater effluents.

If the RFT cannot fulfill full nitrification, disposal fa-
cilities in an OWTS may act as supplemental installations,
which include many options such as absorption trenches, ab-
sorption beds, elevated mounds, and even injection wells.
Drain field modifications also provide a good channel for
denitrification. Many other commercial units were devel-
oped such as the Waterloo Biofilter® combined with a leach-
ing trench and NITREXTM and a drain field as a whole.
The former uses a trickling filter for aeration with foam me-
dia; the latter is used to separately perform the nitrification
and denitrification in two units in sequence. This config-
uration was arrived at after testing fifteen technologies in
Oregon. An anoxic attached growth reactor was used to fos-
ter the denitrification. It is also known that the use of sulfur
and limestone may create a similar anoxic environment for
denitrification in the drain field (Shan and Zhang 1998). In
terms of nutrient removal Chang et al. (2009a) compared
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astatula sand with builders’ washed sand in two traditional
drain fields. It was found that both sands had similar perfor-
mance in terms of nitrification and denitrification. Chang et
al. (2009b) further tested an innovative underground drain
field filled with a mixture of sorption media for nutrient re-
moval to improve the nitrification and denitrification in the
drain field.

A septic tank generally creates an anoxic/anaerobic en-
vironment with time due to accumulation of oil/scum layer
on the top portion of the tank (Bounds 1997). As a conse-
quence, a septic tank can support the denitrification process
but it may not support the nitrification process due to the
lack of oxygen diffusion in the scum layer. A 24-hour hy-
draulic retention time is generally assumed for the sludge
accumulation and scum forming process (USEPA 1980). An
RFT may be used to support the nitrification process before
the treated wastewater goes to the drain field. A combina-
tion of septic tank and RFT is chosen for this study as a
passive treatment system. The process was slow in winter
due to slow bacterial activity at low temperature. Up to now,
little has been reported about the nitrification and denitri-
fication performance of the RFT in passive OWTS. Hence
this kind of studies is expected to have a great impact on de-
centralized wastewater treatment systems. In the early stage,
the overall passive OWTS can remove 96.52% TSS, 95.46%
TKN, 47.58% TN and 92.84% TP (Anderson et al. 1997).
Healy et al. (2004) found removal efficiencies of 83.2% TN,
100% NH4–N, 43.3% P and 100% SS from dairy parlor
washing with 6.6 days hydraulic retention time (HRT) and
recirculation ratio of 3.0 associated with the RFT. If prop-
erly operated, an RFT can remove 87% of NH3–N, 96% of
BOD, 96% of TSS, and 50% of TP (IDNR 2007). Urynow-
icz et al. (2007) tried to evaluate the performance of the RFT
in terms of nitrogen removal from septic tank wastewater
and found 72.0% nitrogen removal with a recirculation ratio
of 5.0 and 63.0% nitrogen removal with a recirculation ratio
of 3.7 (Urynowicz et al. 2007). There is a potential problem
of clogging in the sand filter due to physical (i.e. solid accu-

mulation), chemical (i.e. precipitation reaction) and biolog-
ical (i.e. biofilm growth or slow decomposition of organic
matter) activities occurring in the filter (Venhuizen 1998;
Hurst 2006). An RFT may be a chamber for simultaneous
nitrification and denitrification if properly designed. But the
denitrification process could be slow in an RFT (USEPA
1980). The objective of this paper is to present an exhaus-
tive examination of the RFT functionality in a passive on-
site wastewater treatment system for nutrient removal with
the emphasis on an intercomparison between fine and coarse
sand. The analysis via using the real-time Polymerase Chain
Reaction (PCR) will deepen understanding of the nitrifica-
tion and denitrification effects in a septic tank system. Phos-
phorus and pathogen removal was not the focus although it
is briefly discussed in the paper.

2 Materials and Methods

2.1 Rationale of Nitrification in the RFT

Although different physical–chemical–biological processes
are available for removal of nitrogen species from waste-
water, biological processes are the most common due to
their environmentally sound nature and cost effectiveness.
Nitrification and denitrification are the two most common
components of the biological wastewater treatment process.
In the nitrification process, ammonium is converted to ni-
trite, and nitrite to nitrate. In the denitrification process, ni-
trate/nitrite is converted to nitrogen gas in a stepwise man-
ner by heterotrophic bacteria in an anoxic environment with
the presence of an organic carbon source. Nitrite is an inter-
mediate product in both the nitrification and denitrification
processes. For this reason, maintaining an anoxic environ-
ment is very important in the denitrification process to en-
sure the complete removal of nitrate. A typical septic system
diagram is shown in Fig. 1 in which the nitrification can be
promoted in the RSF while denitrification mainly occurs in

Fig. 1 The septic system
including the RFT (Venhuizen
1998; Chang et al. 2007, 2009a)
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the septic tank and drain field. The nitrification and denitrifi-
cation mechanisms (i.e. (1)–(4)) can be expressed as below.
For simplification, (3) is just the combination of (1) and (2):

• Nitrification:

2NH+
4 + 3O2 → 2NO−

2 + 4H+ + 2H2O (1)

2NO−
2 + O2 → 2NO−

3 (2)

NH+
4 + 2O2 → NO−

3 + 2H+ + H2O (3)

• Denitrification:

C10H19O3N + 10NO−
3

→ 5N2 + 10CO2 + 3H2O + NH3 + 10OH− (4)

2.2 System Description of the UCF Pilot Plant

A septic tank with a capacity of 5.110 m3 (1350 gallons) re-
ceived sewage from the 15-person BPW scholarship house
on campus at University of Central Florida (UCF), USA. An
HRT of 24 h was applied in the septic tank. The septic tank
then discharges the sewage to a dosing tank. The capacity
of the RFT was about 3.975 m3 (1050 gallons). It has been
reported that multiple dosing is very effective in increasing
removal efficiency (USEPA 1980). Multiple dosing means
that wastewater will be discharged to the RFT intermittently.
The multiple dosing concept is also rational with the waste-
water generation pattern in a household. The recycled flow
from the RFT went to the septic tank and mixed with the
fresh sewage flow, promoting further denitrification. This
RFT was basically designed to support nitrification. The
RFT received hourly dosing from the dosing tank. The dos-
ing tank sent the flow into two directions: one part went to
the distribution tank as feed-forward flow and the other three
parts went to the RFT as recycled flow (see Fig. 1). Thus,
the recycling ratio was about 3:1. The RFT has a depth of
about 1.2 m (4 feet) and it was filled with filter medium up
to 0.914 m (3.0 feet) in total. It is configured as a three-layer
medium: the top layer is a gravel layer, the middle layer is a
fine or coarse sand mixture layer with depth of 0.6 m (2 feet),
and the bottom layer is a gravel layer with depth of 0.152 m
(0.5 foot). The fine sand mixture layer includes a mixture
of 80% fine sand and 20% limestone in Phase I. The sys-
tem was initially operated for two months to ensure equilib-
rium. In Phase I, the performance of the RFT was evaluated
for about three months from September to November, 2008.
Then, in Phase II, the middle layer was replaced with course
sand to compare the performance against its previous coun-
terpart. In Phase II, samples were collected for additional
three months (February to April, 2009) for comparison.

From the distribution tank, the wastewater went to the
two drain fields in equal volumes so that each drain field

filled with either astatula sand or builders’ washed sand re-
ceived about 50% of the total flow from the dosing tank.
The size of each drain field was 6.09 × 4.57 × 1.22 m
(20×15×4 feet). Each drain field was filled with native soil
on the top, to a depth of 0.61 m, and the remaining 0.61 m
was filled with astatula sand or builders’ washed sand. In this
paper the performance of builders’ washed sand drain field
was evaluated as an integral part of the system assessment.

To sample the infiltrate and proceed with water quality
monitoring in the vadose zone, three lysimeters (e.g., Soil
Moisture Equipment Corporation) were installed in each of
the two standard drain fields. The lysimeter equipment col-
lects water from the unsaturated or vadose zone by a porce-
lain cup. The water from a lysimeter was collected using a
vacuum pump. The lysimeters were placed at three differ-
ent depths: 20.3 cm (8 inches), 40.6 cm (16 inches), and
61 cm (24 inches) after the top 61 cm. In this way the po-
sition of the lysimeters covered the entire depth of washed
builders’ sand. A schematic diagram of the system layout
at the UCF Test Center is shown in Fig. 2. Samples were
taken at 10 sampling points (Fig. 2, denoted S1–S10). Sam-
ples from points S5–S10 were collected by the lysimeters
directly. Sampling points S5, S6, and S7 were situated in
the drain field filled with astatula sand; sample points S8,
S9, and S10 in drain fields filled with washed building sand.
For this study, a composite sampling method was applied
for sample collection. Samples were collected biweekly in
the morning (from 6:00 to 8:00 am), at mid-day (from 11:00
am to 1:00 pm), and in the evening (from 5:00 to 7:00 pm).
Major nutrients of concern included NH3–N, NOx–N (the
sum of nitrate and nitrite), NO−

2 –N, organic nitrogen, TN,
SRP, organic phosphorus, TP, fecal coliforms, and E. coli.
All samples were analyzed by a certified laboratory (e.g.,
Environmental Research & Design Inc., ERD) in Orlando,
Florida.

The pH, temperature, conductivity, dissolved oxygen
(DO) were measured on-site using a HACH HQ40d multi-
parameter instrument. Dissolved organic carbon (DOC) was
determined using a Phoenix 8000 UV-per sulfate TOC an-
alyzer at UCF. The data was analyzed by using TOC Talk
3.0 software. The sample was filtered by 0.45 micron mem-
brane filter before performing the DOC analysis. It was very
difficult to get absolutely organic carbon free distilled (DI)
water. The standard curve and the dilution for DOC analysis
were carried out using ultrapure DI water (DOC 0.3 mg/L).
This concentration was subtracted from the result for the
standard curve and sample.

2.3 Real-Time PCR for Microorganism Identification and
Quantification

The nature of the microorganism population can affect the
effluent water quality in a biological wastewater treatment
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Fig. 2 Schematic diagram of the septic tank system at UCF

Table 1 The oligonucleotide
sequences of the primers Ammonium monooxygenase

(amoA)
amoA-1F GGGGTTTCTACTGGTGGT Rotthauwe et al. (1997)

amoA-2R CCCCTCKGSAAAGCCTTCTTC

16S rRNA Nitrospira sp.
(NSR)

NSR 1113F CCTGCTTTCAGTTGCTACCG Dionisi et al. (2002)

NSR 1264R GTTTGCAGCGCTTTGTACCG

Nitrite reductase (nirK) nirK 876 ATYGGCGGVAYGGCGA Braker et al. (1998)

system (Hurst 2006). To confirm the presence of nitrifiers
and denitrifiers in the system, Real-time PCR (i.e., Ap-
plied Biosystem, Step One real-time PCR system) was used
to determine the presence of nitrifiers and denitrifiers. The
samples for PCR analysis were collected in 1.5 mL micro-
centrifuge tubes from three locations in the RSF: (1) from
the top of the middle layer, (2) from the half way point of
the middle layer, and (3) from the bottom of the middle
layer. The samples were kept at −20°C for a short period
before extracting the DNA. The DNA of the microorgan-
isms was extracted from the sand sample by following the
procedure described in the SoilMasterTM DNA extraction
kit (e.g., EPICENTER Biotechnologies). It was possible to
get about 300 µL of DNA sample by following this proce-
dure. Subsequently the samples were analyzed in the PCR
by a using specific primer; the remaining samples are kept
frozen at −20°C for future use. Real-time PCR quantifica-
tion was done to amplify amoA gene (ammonia monooxy-
genase gene) from ammonia oxidizing bacteria (AOB), NSR

gene (nitrite reductase gene) from nitrite oxidizing bacteria
(NOB) in nitrification and nirK gene (nitrite reductase gene)
from nitrite reductase denitrifiers. The oligonucleotide se-
quences of the primers are shown in Table 1.

Table 2 shows the PCR mixture for amplification of a
different gene. The PCR protocol for AOB was as follows:
first stage—2 min at 50°C, 10 min at 95°C; second stage—
with 40 cycles of 45 s at 95°C, 60 s at 55°C and 45 s at
72°C (Okano et al. 2004). The PCR protocol for NSR was
as follows: first stage—2 min at 50°C, 10 min at 95°C;
second stage—with 35 cycles of 15 s at 95°C and 30 s at
63°C (Harms et al. 2003). The PCR protocol for nirK was
as follows: first stage—120 s at 50°C, 600 s at 95°C; sec-
ond stage—with 6 touchdown cycles consisting of 15 s at
95°C for denaturation, 30 s at 63°C for annealing, 30 s at
72°C for extension and 15 s at 80°C for the final data cap-
ture step. The annealing temperature was decreased by 1°C
from the second cycle up to 58°C, the last cycle with a an-
nealing temperature of 58°C was repeated 40 times (Henry
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Table 2 The composition of
PCR mixture for amplification
of different gene

amoA (Ammonia
oxidizing bacteria)

NSR (Nitrite
reductase nitrifiers)

nirK (Nitrite
reductase denitrifiers)

SYBR Green 12.5 12.5 12.5

Primer 1.5 1.5 1.0

Standard DNA or template DNA 2.0 2.0 1.0

DEPC water 9.0 9.0 10.5

Total 25.0 25.0 25.0

et al. 2004). Step One v2.1 software developed by Applied
Biosystem was used for the PCR data analysis. Since the
standard curve was developed based on the gene copy num-
ber per µL, the copy number of amoA, NSR and nirK can be
calculated using the standard curve.

3 Results and Discussion

3.1 Phase I Testing Results

The overall performance of the nutrient removal system
wide is shown in Tables 3 and 4. RFT had a significant role
in the removal of nitrogen species. The removal efficiencies
of NH3–N, TKN and TN in RFT were 60.54%, 49.48% and
42.57%, respectively. As fine sand was used in the RFT, an
increase in the HRT was expected since the nitrifiers had
more time to perform the nitrification process. Generally, the
optimal condition for nitrification may occur at pH 7.5 to 8.0
with the DO concentration > 0.5 mg/L (Metcalf & Eddy,
Inc et al. 2003). In our case, the pH was about 7.49 and DO
concentration was about 0.67 mg/L in the RFT sample. In
addition, the alkalinity all over the system was >119.0 mg/l
(i.e., 322 mg/l in the RFT influent and 236 mg/L in the RFT
effluent), which supports the nitrification functionally. A de-
creasing trend in the alkalinity further confirmed the pres-
ence of nitrification process in the system. To some extent,
increasing ammonium concentrations (i.e. about 14.22%) in
the septic tank effluent were observed. It may be due to accu-
mulation of ammonium or decomposition of organic nitro-
gen or microorganism cells in the septic tank. The drain field
showed some potential for nutrient removal. The overall re-
moval efficiencies of NH3–N, TKN and TN by the system
were about 97.74%, 86.90% and −10.20%, respectively.
The negative value of TN implies an increase rather than
a decrease of these complements in the effluent mainly due
to the increase of nitrate concentration via the nitrification
process. The alkalinity concentration was about 164.5 mg/L
in the drain field. The DO and pH range in the drain field
was about 3.49–4.87 mg/L and 7.49–8.29, respectively. So
alkalinity and DO should not be the limiting factors in the
drain field for nitrification in such a favorable pH range. The
high DO level might act as an inhibitor for a nitrate reductive

pathway in denitrification process. The septic tank alone re-
moved about 99.22% of E. Coli, so decomposition of E. Coli
cells might also contribute some ammonium. According to
real-time PCR analysis, as shown in Table 5, the AOB pop-
ulation decreased with depth. A significant number of AOB
was detected at the bottom of the middle layer. It was ob-
served that the ammonium concentration was 14.8 mg/L,
DO was 0.67 mg/L, alkalinity was 236 mg/L and the pH
was 7.49 in the effluent of the RFT in Phase I. Given these
conditions, the presence of some nitrifiers at the bottom is
possible.

The nitrite concentration had increased due to ammo-
nium conversion to nitrite. Growth of NOB might interact
with AOB. The AOB might also outcompete the NOB in
terms of substrate consumption (i.e. CBOD) in the sense
that the NOB population was not sufficient to produce the
nitrate. As nitrite transformed from ammonium at the top of
RFT could not reach the middle layer due to the lower per-
meability of the fine sand, the NOB at the top layer of the
RFT had time to consume nitrite and increase its popula-
tion in that portion. The NOB population decreased with the
availability of nitrite in the middle layer. The TKN removal
was therefore satisfactory (i.e. 86.89%) due to the initial am-
monification in the system, but this was not the case in TN
removal (i.e. −10.2%) due to the increase of nitrate and ni-
trite concentrations in the system. The temperature during
the sampling program varied from 25.3°C to 29.05°C, which
should not be the key limiting factor in both nitrification and
denitrification.

There was little or no denitrification in the system due
to the lack of organic carbon in the fine sand. Thus sand
alone was not capable of supporting full denitrification and
organic carbon available in this wastewater was not suffi-
cient for fostering denitrification. The average DOC con-
centration in the wastewater was about 59.9 mg/l. During
denitrification, the pH can be generally elevated due to alka-
linity production and a pH range of 7.0 and 8.0 is sufficient
to start the denitrification process (Metcalf & Eddy, Inc et
al. 2003). In this system, the pH range was 6.88 to 7.95 but
there was no increasing trend of pH in the system. Although
the DO concentration in the influent was about 0.25 mg/L,
no denitrification was observed in the septic tank with an
HRT of 24 hours.
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Table 3 (a) Nitrogen removal
(µg/L) in Phase I.
(b) Phosphorus removal (µg/L)
in Phase I

# NOx–N = NO−
2 N + NO−

3 –N

(a)

Location NH3–N NOx–N NO−
2 –N NO−

3 –N TKN TN

S1 (i.e. wastewater influent) 32 864 11 8 3 46 259 46 270

S3 (i.e. septic tank effluent) 37 538 41 32 9 42 704 42 745

S4 (i.e. RFT effluent) 14 813 2978 1635 1343 21 571 24 549

S8 (Sample from drain field) 2193 32 579 935 31 644 9516 42 095

S9 (Sample from drain field) 15 60 200 33 60 167 4870 65 070

S10 (Sample from drain field) 20 41 947 9 41 938 3803 45 750

Average of S8, S9 & S10 742.7 44 909 325.7 44 583 6063 50 972

(b)

Location SRP (µg/L) Dis. Org. P (µg/L) Par. Org. P (µg/L) TP (µg/L)

S1 (i.e. wastewater influent) 4928 32 2240 7200

S3 (i.e. septic tank effluent) 4271 1254 915 6440

S4 (i.e. RFT effluent) 339 92 396 827

S8 (Sample from drain field) 3411 69 55 3535

S9 (Sample from drain field) 2332 33 65 2430

S10 (Sample from drain field) 4972 93 95 5160

Average of S8, S9 & S10 3572 65 71.7 3708

Table 4 (a) Nitrogen removal
(%) in Phase I. (b) Phosphorus
removal (%) in Phase I

# NOx–N = NO−
2 N + NO−

3 –N
aRemoval from influent to RFT
i.e. S1 to S4
bRemoval by RFT alone i.e. S3
to S4
cRemoval from influent to
builders’ wash sand drain field
(here average data of S8, S9,
S10 is used)

(a)

Location NH3–N (%) NOx–N (%) NO−
2 –N (%) NO−

3 –N (%) TKN (%) TN (%)

aRemoval from influent
to RFT (%)

54.93 −26 973 −20 338 −44 666.70 53.40 46.90

bRemoval by only RFT
(%)

60.54 −7163.40 −5009 −14 822.20 49.50 42.60

cRemoval from influent
to washed builders’
sand drain field (%)

97.74 −408 161 −3971 −1 486 000 86.90 −10.20

(b)

Location SRP (%) Dis. Org. P (%) Par. Org. P (%) TP (%)

aRemoval from influent to RFT (%) 93.10 −19 82.30 88.50
bRemoval by only RFT (%) 92.10 92.70 56.70 87.20
cRemoval from influent to washed builders’
sand drain field (%)

27.50 −103.10 96.80 48.50

Table 5 The population of microorganism in the middle layer of the RFT in Phase I (Chang et al. 2010)

Target gene Sample location Gene copy number/g
sample

Standard Curves

Slope Y-Intercept R2

NSR (Nitrite reductase denitrifiers) Top of the middle layer 9.8 × 104 −3.25 32.65 0.99

Middle of the middle layer 1.6 × 104

Bottom of the middle layer 1.5 × 104

amoA (Ammonia oxidizing bacteria) Top of the middle layer 4.1 × 109 −3.45 49.15 0.99

Middle of the middle layer 3.3 × 108

Bottom of the middle layer 1.8 × 109
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Nevertheless, phosphorus removal was much better than
nitrogen removal. In the RFT, SRP and TP removal effi-
ciencies were about 92.06% and 87.16%, respectively. This
might be due to the presence of limestone in the RFT. Lime-
stone undergoes a precipitation reaction with phosphorus
and also has the capability to adsorb it. So it can remove
phosphorus in both physical and chemical processes. Obvi-
ously, the phosphorus removal was not good at all before
and after the RFT. Besides, the RFT pH (i.e. 7.49) favored
the phosphorus removal by adsorption or chemical precipi-
tation. Yet this was not the case in the drain field. One pos-
sible reason for the lower phosphorus removal in the drain
field was that phosphorus might be accumulated in the drain
field over time.

E. Coli removal was about 100.00% through the whole
system. Obviously, fine sand was good enough for pathogens
removal too. But it may cause clogging very quickly if not
appropriately handled. In our system, clogging became no-
ticeable after six months of running the RFT with fine sand.
Clogging might happen in the system due to solid accumu-
lation or precipitation of hydroxylapatite (end product of
phosphorus and calcium precipitation reaction) as indicated
by the fact that about 64.28% of the total suspended solids
(TSS) were removed by RFT alone during Phase I. This
caused the replacement of fine sand with coarse sand to pre-
vent clogging in Phase II testing. Appendix summarizes the
mass balance of the overall OWTS system in Phase I. It is
obvious from this appendix that the total N and the total
P concentrations are not being conserved. This is proba-

bly due to the accumulation occurring within certain system
units being hard to quantify. For this reason, this appen-
dix provides only an indication of the conditions during the
treatment process.

4 Phase II Testing Results

The nutrient removal data in Phase II were presented in
Tables 6 and 7. When the middle layer was replaced with
course sand in the RFT, the overall nutrient removal effi-
ciency deteriorated. Ammonium removal efficiencies in the
RFT and the whole system were about 26.60% and 99.73%,
respectively. As coarse sand was used, the HRT might be
decreased due to the higher permeability. Consequently, mi-
croorganisms had less time to consume ammonium and form
the biofilm on the surface of the coarse sand. The TNK re-
moval efficiency was also decreased due to poor removal of
ammonium in the RFT. In the RFT, there was a decreasing
trend of alkalinity (i.e. 264 to 200 mg/L) and the suitable
pH (i.e. 6.8–6.9) was maintained. The overall performance
of the system for NH3–N, TKN and TN removal was about
99.73%, 31.21% and 95.12%, respectively. So if it is possi-
ble to increase the HRT, the system may be able to increase
the nitrification in the RFT. Some nitrification also appeared
in the septic tank. Table 8 presents the microorganism pop-
ulation in the RFT. Growth of AOB in the RFT was oppo-
site to the previous observation. Generally it is believed that
AOB may grow better in upper portion of the system due

Table 6 (a) Nitrogen removal
(µg/L) in Phase II.
(b) Phosphorus removal (µg/L)
in concentration in Phase II

# NOx–N = NO−
2 N + NO−

3 –N

(a)

Sampling location NH3–N NOx–N NO−
2 –N NO−

3 –N Org. N TKN TN

S1 (i.e. wastewater influent) 41 884 48 31 17 3016 44 900 44 948

S3 (i.e. septic tank effluent) 30 316 15 12 3 9380 39 696 39 711

S4 (i.e. RFT effluent) 22 253 3570 1147 2423 2626 24 879 28 449

S8 (Sample from drain field) 197 30 364 18 30 346 990 1187 31 551

S9 (Sample from drain field) 73 34 983 11 34 972 3708 3781 38 764

S10 (Sample from drain field) 69 35 596 13 35 583 1526 1595 37 191

Average of S8, S9 & S10 113 33 647.7 14 33 633.7 2074.67 2187.67 35 835.3

(b)

Sampling location SRP Org. P TP

S1 (i.e. wastewater influent) 3164 3694 6858

S3 (i.e. septic tank effluent) 5577 639 6216

S4 (i.e. RFT effluent) 6354 909 7263

S8 (Sample from drain field) 7086 216 7302

S9 (Sample from drain field) 7196 773 7969

S10 (Sample from drain field) 6852 500 7352

Average of S8, S9 & S10 7044.67 496.333 7541
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Table 7 (a) Nutrient removal
(%) in Phase II. (b) Data of the
nutrient removal (%) in Phase II

(a)

Location NH3–N NOx–N NO−
2 –N NO−

3 –N TKN TN

aRemoval from influent to RFT (%) 46.90 −7337.50 −3600 −14 153 12.90 44.60
bRemoval by only RFT (%) 26.60 −23 700 −9458.30 −80 667 72 37.30
cRemoval from influent to Builder’s wash
sand drain field (%)

99.73 −69 999 54.84 −197 745 31.21 95.13

(b)

Location SRP Dis. Org. P Par. Org. P TP

aRemoval from influent to RFT (%) 36.70 −100.80 75.39 −5.90
bRemoval by only RFT (%) 28.40 −13.90 −42.30 −16.80
cRemoval from influent to washed builders’
sand drain field (%)

20.27 −122.65 86.56 −9.96

Table 8 Microorganism population in the middle layer of the RSF in Phase II

Target gene Sample location Gene copy
number/gram sample

Slope Y-Intercept R-square

nirK (Nitrite reductase denitrifiers) Top of the middle layer 10 932.3 −3.31 39.12 0.99

Middle of the middle layer 66 392.84

Bottom of the middle layer 21 233.5

NSR (Nitrite reductase nitrifiers) Top of the middle layer UD −3.75 35.06 0.98

Middle of the middle layer 65 761.4

Bottom of the middle layer 60 714.3

amoA (Ammonia oxidizing bacteria) Top of the middle layer 8.68E+10 −3.04 55.21 0.99

Middle of the middle layer 9.44E+10

Bottom of the middle layer 1.20E+11

to the presence of oxygen. However, during Phase II, the
AOB population increased with depth in the RFT (i.e., 8%
increase in the middle layer and 27% increase in the bot-
tom layer). The ammonium concentration was 22.25 mg/L,
DO was 1.96 mg/L, alkalinity was 116 mg/L, and pH was
6.85 in the RFT effluent. The DO, alkalinity and pH range
in the drain field was 2.83–4.48 mg/L, 95–128 mg/L and
6.98–7.44, respectively. So the drain field provided a favor-
able environment to support the nitrification process. All the
possible conditions were present for the growth of nitrifiers
in the bottom of the RFT to support the possible outgrowth
of nitrifiers at the bottom of the RFT. The NOB population
at the top of the RFT was very low because in the top layer
it had almost no/little nitrite to survive.

Denitrification was also hampered by the lack of organic
carbon in both the RFT and the drain field. The only OC
source was wastewater itself. The high porous area of coarse
sand in the RFT could contain a higher concentration of
DO (i.e. 1.96 mg/L). Although the presence of denitrifiers
was shown in real-time PCR, those denitrifiers were us-

ing organic carbon from wastewater and consuming oxy-
gen rather than nitrate due to their facultative nature. This
is one of the reasons why the top portion still contained
some denitrifiers. But it was observed that some denitrifi-
cation was in progress in the septic tank with a DO con-
centration of 0.47 mg/L and a pH of 7.75. This result was
consistent with other literature (Pochana and Keller 1999;
Metcalf & Eddy, Inc et al. 2003). Hence, if a suitable envi-
ronment is present in the septic tank, then that itself can start
the simultaneous nitrification and denitrification processes.

Figure 3 shows a comparison of the microorganism pop-
ulation in the RFT over two phases. Since we are not certain
of the trend between the data points over the depth of the
RFT, the dashed and solid lines shown provide only an in-
dication. The AOB growth in Phase II was higher than in
Phase I due to high mass flow of ammonium in Phase II (i.e.
41.88 mg/L > 32.86 mg/L). As Phase II used coarse sand,
this sand has a higher porosity for a high mass flow of am-
monium such that the AOB population was probably greater
than the other two population groups. Because ammonium
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Fig. 3 Comparison of
population of microorganisms in
the RFT

is the first nitrogen species to be involved in the nitrification
process, AOB has the first opportunity to grow in the RFT.
As a consequence, other microorganisms had less space to
grow their colony in a specific volume. But Phase II had a
lower ammonium removal efficiency with its higher AOB
population due to the smaller HRT encountered in the RFT.
During Phase II, no significant clogging problem was ob-
served but the decrease in nutrient removal was substantial.
Figure 4 shows comparative delineation of population dy-
namics over depth across both phases.

The removal of phosphorus deteriorated significantly due
to the absence of limestone in the RFT. The coarse sand used
in the RFT probably had no other minerals like Fe, Al or Ca
that could support the phosphorus removal in RFT. The sys-
tem was leaching noticeable amounts of SRP and TP. This
might happen due to phosphorus accumulation with time or
microorganism/pathogens decay in the system. Moreover,
the conversion of organic P (i.e. about 73.26% organic P
removal in the whole system) into an inorganic form also
raised the inorganic P concentration in the system. The E.
Coli removal in the system was about 100%. Although no

clogging was observed, the RFT removed 21.88% TSS dur-
ing Phase II.

Figure 4a and b illustrates the removal of nitrogen species
relative to the alkalinity changes over five sampling loca-
tions (i.e., S1, S2, S3, S4, and 4B as shown in Fig. 2) in the
treatment process. It clearly indicates that nitrification did
occur from S1, to S2, to S3, to S4, and to 4B as evidenced by
the generally decreasing trend of alkalinity. Both phases fol-
low a very similar trend in nitrogen removal. If denitrifica-
tion is substantial, the alkalinity level at 4B should gradually
increase. This reverse trend did not happen due to the lower
level of denitrifiers present in the RFT. One of the reasons
is the lack of a carbon source as electron donor to trigger
the denitrification. Extended research focusing on the use of
different treatment media as electron donors, such as saw-
dust, zeolites, tire crumbs, oyster shell, and spodosols, for
improving nutrient removal from alternative on-site waste-
water treatment technologies will become the focus in the
future. Figure 5a and b summarizes the removal of phospho-
rus species over the same sampling locations. Obviously, the
performance of phosphorus removal in Phase I is much bet-
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(a)

(b)

Fig. 4 Comparative nitrogen removal over two phases: a removal of nitrogen species in Phase I; b removal of nitrogen species in Phase II

ter than in Phase II due to the limited adsorption capacity in
the RFT that may be already exhausted in Phase I.

5 Conclusions

This study confirms that the removal of nutrients by the RFT
occurs by a combination of physicochemical and microbio-
logical processes. An RFT can be judged cost-effective in

terms of nitrification/denitrification processes if an appro-
priate design is developed. The lack of organic carbon in
the effluent is responsible for the failure of denitrifiers to
grow in the RFT since the sand itself cannot fully support
the growth of denitrifiers without a source of organic car-
bon. Using either fine or coarse sand brings about advan-
tages/disadvantages in terms of nutrient removal and clog-
ging potential. When limestone was used in the RFT, phos-
phorus removal was significant. But no phosphorus removal
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(a)

(b)

Fig. 5 Comparative phosphorus removal over two phases: a removal of phosphorus species in Phase I and b removal of phosphorus species in
Phase II

was observed without limestone in the second phase. In
these two phases, a septic tank might act as a potential deni-
trification chamber. However, the fresh wastewater had only
a very low NOx–N concentration. It was observed that the
major portion of ammonia started to convert to nitrate af-
ter treatment in the septic tank as the remaining nitrification
was not excessive in the RFT.

At the end of this study, we can establish that the pas-
sive OWT with the inclusion of the RFT presents a higher

removal efficiency of nutrient species. Overall, both the
RFT and drain field were considered as possible nitrifica-
tion zones in these two phases if the NOB population is not
high enough in the RFT. Nevertheless, it is possible to fur-
ther modify the RFT as a reactor to implement simultaneous
nitrification and denitrification if a suitable organic carbon
source can be added. For this reason, any special media mix-
ture to be introduced in the RFT as a sustainable source of
organic carbon to trigger denitrification, should be placed at
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the bottom of the tank as long as this portion can remain

permanently submerged.
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Appendix

Figures 6, 7, 8, 9 and 10 show free body diagrams of mass
balance in the septic tank system in Phase I. Mass balance of
Phase II can be carried out similarly. Evaporation of water
and physical or chemical changes in the dosing and distrib-
ution tanks are considered negligible. The flow is measured
by a flow meter placed in the inlet of the tank. These dia-

Fig. 6 Free body diagram for
septic tank mass balance

Fig. 7 Free body diagram for
dosing tank mass balance
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Fig. 8 Free body diagram for
RSF mass balance

Fig. 9 Free body diagram for
distribution tank mass balance

Fig. 10 Free body diagram for
drain field mass balance
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grams can help clarify average changes of nutrient concen-
trations in inflow and outflow of each unit.
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