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� A novel two-stage hybrid system was developed and evaluated with better TN removal.
� MSL in horizontal flow mode provided ideal anoxic condition and adequate HRT.
� High C/N ratio improved TN removal.
� High feeding frequency benefited intermittent feeding system for pollutant removal.
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a b s t r a c t

In order to improve nitrogen removal for rural wastewater, a novel two-stage hybrid system, consisting of
a vertical flow trickling filter (VFTF) and a horizontal flow multi-soil-layering (HFMSL) bioreactor was
developed. The performance of the apparatus was observed under various carbon–nitrogen ratios and
water spraying frequencies separately. The maximum removal efficiency of total nitrogen (TN) for the
hybrid system was 92.8% while the removal rates of CODCr, ammonium (NH4

+-N), and total phosphorus
(TP) were 94.1%, 96.1%, 92.0% respectively, and the corresponding effluent concentrations were 3.61,
21.20, 1.91, and 0.33 mg L�1. The horizontal flow mode for MSL led the system to denitrifying satisfacto-
rily as it ensured relatively long hydraulic retention time (HRT), ideal anoxic condition and adequate
organic substrates supply. Also, higher water spraying frequency benefited intermittent feeding system
for pollutants removal. Shock loading test indicated that the hybrid system could operate well even at
hydraulic shock loadings.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rural water pollution has attracted greater attention over the
past few decades (Wang et al., 2011). In developing countries like
China, water pollution loads caused by rural activities are becom-
ing cumulatively prominent because of lacking applicable sewage
management (Chen et al., 2006). In recent years, the technology
of decentralized wastewater treatment has been gaining popular-
ity as a low-cost, low-maintenance and effective alternative in vast
rural areas. A wide range of decentralized wastewater treatment
formats and hybrid combinations have been developed, each with
different performance attributes and area requirements (Vymazal,
2011).

Most decentralized wastewater treatment systems including
conventional septic tank-soil trench systems, land treatment sys-
tems, sand filter systems, constructed wetland systems, etc., can
provide advanced treatment for rural wastewater. Brix and Arias
(2005) studied the vertical constructed wetland system which ful-
filled requirements of 95.0% removal of biochemical oxygen
demand (BOD), 90.0% removal of total phosphorus (TP), and
90.0% nitrification for single dwelling and house in rural regions
of Danish. Luo et al. (2014) developed a two-stage vertical hybrid
system including a trickling filter and a multi-soil-layering (MSL)
biofilter for simulated septic tank effluent in China, and the system
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steadily achieved removal rates of 90.3–95.2% chemical oxygen
demand (CODCr), 85.1–86.9% ammonium (NH4

+-N), and 92.0–
94.0% TP. However, few of them are optimized for total nitrogen
(TN) removal owing to the lack of sufficient denitrification
(Oakley et al., 2010). That is to say, the concentrations of effluent
nitrate from such systems usually keep at a relatively high level,
which still have potential impacts on groundwater.

The insufficient denitrification might result from less ideal
anaerobic condition and shortage of enough retention time (Hao
et al., 2013). Horizontal flow decentralized systems, such as the
horizontal subsurface-flow constructed wetlands which are simple
to operate and have relatively longer residence time, cope well
with fluctuations in loading and usage. Oxygen transporting into
the saturated media of the horizontal flow systems is limited, so
they are predominantly anaerobic systems (Bezbaruah and
Zhang, 2005). While this low level of oxygen availability largely
restricts the nitrifying rates, such anoxic conditions can signifi-
cantly facilitate denitrification achievable in these systems.

Microbial denitrification also requires adequate supply of
organic carbon besides perfect anoxic condition and enough reten-
tion time. Recirculation, which is equivalent to the process of
pre-anaerobic nitrification–denitrification, has been introduced to
enhance the denitrification via repeated contact with inflowing
carbon-rich wastewaters (Gross et al., 2007). The technology of
post-anoxic nitrification–denitrification through uninterrupted
dosing with external organic substrates in anoxic denitrifying reac-
tor following the aeration tank is applied commonly in centralized
plants. Both the approaches mentioned above are effective solution
for TN removal, but not likely to be an affordable and practical
option for on-site and decentralized wastewater treatments with
economic and technical considerations.

High performances of multi-soil-layering (MSL) systems have
been exhibited in many studies on decentralized wastewater treat-
ments including polluted river water (Masunaga et al., 2003), cafe-
teria wastewater (Attanandana et al., 2000) and livestock
wastewater (Chen et al., 2007). MSL system, a novel soil-based
technology, enhances inherent ability of soil via improving the
inside structure (Luanmanee et al., 2001; Sato et al., 2011). In the
MSL, soil mixture block (SMB) layers, surrounded by permeable
layers (PL), are arranged in a brick-like pattern. The PL usually con-
sists of granular zeolite with features of advanced porous structure,
high ion exchange capacity and low density. The SMB is mainly
composed of soil mixed with 20–30% additional materials such
as iron, sawdust, charcoal, etc. Organic materials added to SMB,
such as rice straw, kenalf, corncob and sawdust, can significantly
enhance microbial activity and promote denitrification process
by providing adequate hydrogen suppliers. Wakatsuki et al.
(1993) evaluated the life of the additional organic matter in SMB
for denitrification would be 12.8 years, meanwhile metal iron for
fixation of phosphorus (P) could last for 11.7 years. The system
developed in Japan has been reported to operate at least nine years
and the removal rates of BOD, TN and TP could still keep at 95.0%,
75.0% and 80.0% (Luanmanee et al., 2001). Consequently, the use of
MSL as a denitrification bioreactor will be an option with consider-
able potential, if such system is reasonably designed.

In present study, a novel two-stage system, named as vertical
flow trickling filter–horizontal flow multi-soil-layering (VFTF–
HFMSL) system, was developed to strengthen the TN removal for
rural wastewater treatment. The vertical flow trickling filter
(VFTF), followed by the horizontal flow multi-soil-layering
(HFMSL) bioreactor, was well designed to supply pre-nitrified
wastewater considering that the vertical flow decentralized sys-
tems can promote more efficient nitrification through enhancing
oxygen transfer rate from air to water (Alfiya et al., 2007; Wang
and Yang, 2004). Zeolite, an aluminosilicate mineral with good
ion exchange selectivity for NH4

+, was utilized as the filter media
in VFTF. This study mainly focused on the removal efficiencies
for CODCr, NH4

+-N, TP, and especially the TN in the hybrid system.
The specific objectives were to examine performances and removal
mechanisms of the system under conditions of different C/N ratios
and water spraying frequencies, to figure out the optimal operating
conditions, and then to evaluate the system stability at hydraulic
shock loadings under the referred conditions.
2. Methods

2.1. Experimental apparatus and materials

The VFTF–HFMSL system microcosm is built, as shown in Fig. 1.
Two lidless acrylic boxes filled with different media worked as
VFTF and HFMSL respectively. VFTF (320 mm length � 160 mm
width � 600 mm height), the vertical one with apertured
bottom, was packed with gravel and zeolite. HFMSL (1200 mm
length � 160 mm width � 320 mm height), the horizontal one
divided into three parts by the grid, consisted of inlet pool, outlet
pool, and MSL bioreactor. The MSL bioreactor in HFMSL included
six soil mixture block (SMB) layers surrounded by permeable lay-
ers (PL) in brick-like pattern. Simulated sewage from the storage
tank was pumped intermittently into the system using a sub-
merged pump which was controlled by a time switch (DH48S-S),
dispersed evenly onto the filter media in VFTF through a set of per-
forated pipes, and finally gravitated into HFMSL. The structure of
VFTF and HFMSL is shown in Fig. 2. Table 1 lists the effective mate-
rial compositions of their segments as well as properties of
materials.

Natural zeolite (3–5 mm diameter in VFTF, 1–3 mm diameter in
HFMSL) mixed with iron scraps at the ratio of 95:5 by dry weight
was obtained from Jinyun, Zhejiang province of China. The SMB
was the mixture of clayey soil, sawdust and iron scraps at the ratio
of approximately 65:25:10 by dry weight, respectively
(Luanmanee et al., 2001). The soil got from the Tianma Mountain
in Changsha, China was sifted through meshed screen with 2 mm
mesh size after being air dried and crushed. The lathe iron cutting
scraps were washed in boiled 5% NaOH solution to remove
adsorbed oil and activated in diluted HCl solution for 30 min,
respectively before using.
2.2. Influent wastewater quality and operating conditions

Typically, on-site wastewater treatment for an individual home
simply consists of a septic tank and an effluent dispersal system in
rural regions (Leverenz et al., 2010). Wastewater in experiment
was prepared through dissolving starch, glucose, peptone,
NaHCO3, NH4Cl, KH2PO4, K2HPO4, MgSO4, CaCl2, MnSO4 into
100 L tap water to simulate outflow of the septic tank in rural area.
The simulated wastewater quality, varied in steps according to
requirements in different experiment phases, is listed in Table 2.

The system mainly operated for three phases in which the
effects of C/N ratio, water spraying frequency, and hydraulic shock
loadings on the system removal efficiency were studied. In phase 1,
the apparatus ran at C/N ratio of 5:1, 8:1, 2:1, referred as phase a, b,
c, by stages with water spraying frequency at 16 s/60 min (water
feeding for 16 s per 60 min) for 22 days. In phase 2, the apparatus
ran at water spraying frequency of 8 s/30 min, 4 s/15 min, referred
as phase d, e, step by step with C/N ratio at 5:1 for another 22 days.
In phase 3, the apparatus firstly ran at the optimal operating con-
ditions (C/N ratio of 7:1, water spraying frequency of 8 s/30 min),
referred as phase f, for 22 days after analyzing the previous exper-
imental data in this study and then the stability of apparatus under
hydraulic shock loadings was tested, referred as phase g, for about
10 days. In phase g, the water spraying frequency was kept at



Fig. 1. Schematic showing of the experimental apparatus. Note: (i) the dimension unit is mm. (ii) effluent only discharged from pipe 1# when the apparatus normally
operated and pipe 7# was used for draining the water in HFMSL system when necessary. (iii) pipes 2# to 6# designed for the further research were closed during the whole
experiment.
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8 s/15 min from 16:00 to 19:00 in the afternoon and was set at
8 s/30 min for the rest of the day with C/N ratio at 7:1. The hydrau-
lic loading rate (HLR), measured via dividing water volume decre-
ment in the storage tank per day by area of the apparatus inlet, was
kept approximately at the same rate of 660 L m�2 d�1 through
adjusting the water feeding time in all experiment phases except
in phase g when the HLR was set at about 1300 L m�2 d�1 from
16:00 to 19:00 in the afternoon. The corresponding nominal
hydraulic retention time (HRT) was about 1.8 days.

For microbial growth in the system, simulated wastewater was
pumped into the apparatus under the same operating conditions
with phase a, for almost 4 weeks before the startup of the formal
experiment. Water and ambient temperature were continuously
recorded during the whole study. The maximum, minimum and
average ambient temperatures were 35.2 �C, 25.3 �C, 29.6 �C,
respectively. The maximum, minimum and average water temper-
atures were 23.5 �C, 9.8 �C, 15.8 �C, respectively. To ensure a rela-
tively constant operating condition, the inlet pipes, outlet pipes
as well as the storage tank were cleaned up weekly.
2.3. Water sampling and analysis

Samples of influent, mid effluent and final effluent were taken
from the storage tank, inlet pool in HFMSL and outlet pool in
HFMSL, respectively. Water samples were taken and analyzed
every three days except in phase g when samples were taken at
08, 14, 18, 20, 22 o’clock every day. Chemical analyses of every
batch samples were accomplished in the day.

Analysis methods were summarized as follows: CODCr using the
potassium dichromate method, TP using the potassium persulfate
digestion colorimetric method, NH4

+-N using the Nessler’s
reagent colorimetric method, NO2

�-N by the N-(1-naphthyl)-
ethylenediamine spectrophotometric method, NO3

�-N by the
ultraviolet spectrophotometry method, TN by the potassium
persulfate oxidation-ultraviolet spectrophotometry method, and
water pH was measured using pH meter (PHS-3C) all according
to the standard methods (APHA, 1998).
3. Results and discussion

3.1. Performance of the VFTF–HFMSL system in carbon–nitrogen ratio
and water spraying frequency test

In this part, series of data obtained in phase a, b, c, d, e as well as
phase f were inspected in order to evaluate the performance of the
VFTF–HFMSL system under conditions of different C/N ratios and
water spraying frequencies. Tables 3a–3c showed the average
value of parameters in each experiment phase and would be
referred as Table 3 together when necessary in the article. The
phase a, b, c were observed together as C/N ratio test group
(Table 3a), while the phase a, d, e were assessed together as water
spraying frequency test group (Table 3b). Data of the effluents from
the upper VFTF section and the lower HFMSL section were both
plotted and respectively marked with suffixes of ‘‘mid’’ and ‘‘final’’
in each figure below.
3.1.1. Chemical oxygen demand removal
Fig. 3a and Table 3 presented the COD removal effect. The final

effluent COD concentration of the hybrid VFTF–HFMSL system
steadily kept at 20.54 mg L�1 on average, with the constant mean
COD removal rate of 90.9% despite the varied operating conditions
in phase 1 and phase 2. Even when the influent COD reached
417.47 mg L�1 in days 29–50, corresponding to the maximum
organic loading rate (OLR) of about 275.25 g CODCr�m�2 d�1, the
final effluent COD still kept at fairly low level of 31.18 mg L�1.

The results indicated that the running conditions including dif-
ferent C/N ratios and water spraying frequencies had greater influ-
ences on the mid effluent than the final effluent, which might
result from the longer HRT in the lower HFMSL, ensuring the stable
removal of organic matters through physical and chemical absorp-
tion and subsequent microbial degradation (Sato et al., 2011). In
more details, both the primary COD removal rate in VFTF and the
total COD removal rate in VFTF–HFMSL obviously decreased fol-
lowing the reduction of influent COD in days 57–78 corresponding
to phase c, indicating that the hybrid system might hardly have a



Fig. 2. Schematic of the VFTF–HFMSL system: (a) the structure of VFTF; (b) the structure of HFMSL. Note: the dimension unit is mm.

Table 1
Properties of materials and effective compositions of different system segments.

Zeolite Soil Sawdust Iron scraps

Granularity (mm) 1–3 3–5 <2 <1 1–5
Bulk density (g cm�3) 0.86 0.79 1.20 0.11 0.75

Mass percent by dry weight (%)
VFTF (effective composition) 0 95 0 0 5
SMB 0 0 65 25 10
PL 95 0 0 0 5
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satisfying performance with the continuous operation at low influ-
ent COD. With the water spraying frequency increasing by stages
in days 1–22, 85–106, 113–134 corresponding to phase a, d, e,
the primary COD removal rate enhanced from 74.1% to 80.3%,
and then to 86.8%, which might because the HRT in the upper
VFTF relatively increased (Wang et al., 2009). In phase f, the hybrid
system also showed high COD removal efficiency under the condi-
tions of C/N ratio at 7:1, water spraying frequency at 8 s/30 min. As
a result, the hybrid system designed into such structure can effec-
tively remove the organic matters in wastewater, disregarded of
the changed operating conditions tested.
3.1.2. Phosphorus removal
Excellent system performance in TP removal was exhibited

throughout the whole study (Fig. 3b and Table 3). The effluent TP
always kept at the mean concentration of approximately
0.35 mg L�1. Numerous studies previously reported that phospho-
rus can be chemically absorbed by the Al and Fe hydroxides in filter
media such as the zeolite and soil filled in the current hybrid sys-
tem. The added iron, for instance, will transform into ferrous iron
(Fe2+), and then be oxidized to ferric ion (Fe3+) which aids in the
phosphorus fixing through forming chemical precipitate
(Wakatsuki et al., 1993). Thus, appropriate doses of iron scraps
were added into the system.

Fig. 3b showed that TP removal rates including primary removal
rate and total removal rate were extremely stable when the appa-
ratus ran at a constant HLR of about 660 L m�2 d�1 in each exper-
iment phase, which is in line with the conclusions of Sato et al.’s
(2005) research that phosphorus removal is principally due to
the chemical precipitation, a process mainly confined by the con-
tact time between ferric ion and orthophosphate. The iron scraps
paved in aerobic VFTF had much more effect in phosphorus fixing



Table 2
Simulated wastewater quality in different experiment phases.

CODCr (mg L�1) (n = 8) TN (mg L�1) (n = 8) NH4
+-N (mg L�1) (n = 8) TP (mg L�1) (n = 8) pH (n = 8)

Phase 1 a 255.20 ± 65.12a 49.31 ± 9.91 48.91 ± 7.93 3.91 ± 0.41 6.62 ± 0.31
b 417.47 ± 89.01 49.02 ± 7.74 48.65 ± 6.41 4.22 ± 0.82 6.80 ± 0.32
c 98.68 ± 35.22 49.58 ± 7.23 49.08 ± 6.72 3.93 ± 0.31 6.90 ± 0.44

Phase 2 d 254.31 ± 45.67 49.39 ± 12.95 49.11 ± 9.35 3.76 ± 0.45 7.02 ± 0.12
e 253.63 ± 73.31 49.68 ± 9.21 49.52 ± 8.61 3.88 ± 0.51 6.73 ± 0.36

Phase 3 f 357.78 ± 57.65 50.00 ± 11.33 49.57 ± 10.11 4.11 ± 0.53 6.95 ± 0.21
g 349.46 ± 66.63 50.92 ± 11.12 49.79 ± 9.23 3.93 ± 0.28 6.88 ± 0.26

a Mean value ± standard deviation.

Table 3a
Performance of the hybrid system in carbon–nitrogen ratio test corresponding to phase 1 including phase a, b, c.

Influent (mg L�1) (n = 8) Mid effluent (mg L�1) (n = 8) Final effluent (mg L�1) (n = 8)

Phase a C/N of 5:1
Frequency of 16 s/60 min

CODCr 255.20 ± 65.12 a 66.22 ± 6.52 (74.1) b 19.76 ± 2.11 (92.3)
TN 49.31 ± 9.91 22.14 ± 2.31 (55.1) 5.21 ± 1.05 (89.4)
Nitrate – 8.61 ± 0.51 1.74 ± 0.13
Ammonium 48.91 ± 7.93 13.39 ± 1.12 (72.6) 3.03 ± 0.41 (93.8)
TP 3.91 ± 0.41 1.01 ± 0.05 (74.2) 0.31 ± 0.03 (92.1)

Phase b C/N of 8:1
Frequency of 16 s/60 min

CODCr 417.47 ± 89.01 125.04 ± 21.23 (70.0) 31.18 ± 3.12 (92.5)
TN 49.02 ± 7.74 22.21 ± 2.35 (54.7) 5.17 ± 1.21 (89.5)
Nitrate – 5.75 ± 0.72 0.21 ± 0.01
Ammonium 48.65 ± 6.41 16.19 ± 3.11 (66.7) 4.82 ± 1.02 (90.1)
TP 4.22 ± 0.82 1.08 ± 0.21 (74.4) 0.38 ± 0.03 (91.0)

Phase c C/N of 2:1
Frequency of 16 s/60 min

CODCr 98.68 ± 35.22 40.91 ± 5.23 (58.5) 17.92 ± 2.21 (81.8)
TN 49.58 ± 7.23 29.67 ± 3.52 (40.2) 13.11 ± 1.53 (73.6)
Nitrate – 18.56 ± 2.83 7.09 ± 1.61
Ammonium 49.08 ± 6.72 11.01 ± 1.01 (77.6) 2.91 ± 0.89 (94.1)
TP 3.93 ± 0.31 1.11 ± 0.23 (71.8) 0.32 ± 0.02 (91.9)

a Mean value ± standard deviation.
b The values in the round brackets represent the mean removal rate (%) of the corresponding pollutants.

Table 3b
Performance of the hybrid system in water spraying frequency test corresponding to phase 2 including phase a, d, e.

Influent (mg L�1) (n = 8) Mid effluent (mg L�1) (n = 8) Final effluent (mg L�1) (n = 8)

Phase a Frequency of 16 s/60 min
C/N of 5:1

CODCr 255.20 ± 65.12 a 66.22 ± 6.52 (74.1) b 19.76 ± 2.11 (92.3)
TN 49.31 ± 9.91 22.14 ± 2.31 (55.1) 5.21 ± 1.05 (89.4)
Nitrate – 8.61 ± 0.51 1.74 ± 0.13
Ammonium 48.91 ± 7.93 13.39 ± 1.12 (72.6) 3.03 ± 0.41 (93.8)
TP 3.91 ± 0.41 1.01 ± 0.05 (74.2) 0.31 ± 0.03 (92.1)

Phase d Frequency of 8 s/30 min
C/N of 5:1

CODCr 254.31 ± 45.67 50.11 ± 5.23 (80.3) 17.92 ± 3.11 (93.0)
TN 49.39 ± 12.95 24.23 ± 3.23 (50.9) 6.33 ± 1.21 (87.2)
Nitrate – 15.67 ± 2.72 4.14 ± 0.78
Ammonium 49.11 ± 9.35 8.67 ± 3.62 (82.3) 1.62 ± 0.51 (96.7)
TP 3.76 ± 0.45 1.00 ± 0.21 (73.4) 0.38 ± 0.03 (89.9)

Phase e Frequency of 4 s/15 min
C/N of 5:1

CODCr 253.63 ± 73.31 33.41 ± 5.12 (86.8) 16.67 ± 4.68 (93.4)
TN 49.68 ± 9.21 25.02 ± 3.56 (49.6) 8.19 ± 1.21 (83.5)
Nitrate – 16.83 ± 2.63 6.01 ± 1.32
Ammonium 49.52 ± 8.61 8.21 ± 0.89 (83.4) 1.73 ± 0.11 (96.5)
TP 3.88 ± 0.51 0.91 ± 0.11 (76.5) 0.41 ± 0.02 (89.4)

a Mean value ± standard deviation.
b The values in the round brackets represent the mean removal rate (%) of the corresponding pollutants.
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than those added into SMBs in HFMSL as nearly 74.1% of TP was
removed in the upper stage (Table 3). This might because iron
can more easily transform into ferric ion in the aerobic conditions
according to Luo et al.’s (2014) study which also suggested TP
removal in MSL was mainly restricted by the processes of iron
ion production and diffusion. Furthermore, the structure of the
upper VFTF system provided a relatively high Fe/P ratio at partial
zones, enhancing the phosphorus removal (Fytianos et al., 1998).
The precipitate would subsequently be adsorbed and/or inter-
cepted by the filter media in the hybrid system.
3.1.3. Ammonium removal and nitrification
The influent nitrogen only contained ammonium with the con-

centration of about 50.00 mg L�1 (Table 2). In order to have a more
intuitive demonstration about the effects of operating conditions
on system performance, the histograms were drawn with the order
of C/N ratio at 2:1, 5:1, 8:1 corresponding to phase c, a, b and water
spraying frequency of 16 s/60 min, 8 s/30 min, 4 s/15 min, corre-
sponding to phase a, d, e in Fig. 4a and b.

Judging from Fig. 3c and Table 3, the hybrid system presented
noticeable removal rates for ammonium, especially in water



Table 3c
Performance of the hybrid system under the optimal operating conditions in phase f.

Influent (mg L�1) (n = 8) Mid effluent (mg L�1) (n = 8) Final effluent (mg L�1) (n = 8)

Phase f C/N of 7:1
Frequency of 8 s/30 min

CODCr 357.78 ± 57.65 a 92.18 ± 10.11 (74.2) b 21.20 ± 3.14 (94.1)
TN 50.00 ± 11.33 22.41 ± 4.21 (55.2) 3.61 ± 0.88 (92.8)
Nitrate – 13.02 ± 1.23 1.29 ± 0.31
Ammonium 49.57 ± 10.11 9.29 ± 1.22 (81.3) 1.91 ± 0.44 (96.1)
TP 4.11 ± 0.53 1.10 ± 0.21 (73.2) 0.33 ± 0.05 (92.0)

a Mean value ± standard deviation.
b The values in the round brackets represent the mean removal rate (%) of the corresponding pollutants.

Fig. 3. Pollutant removal efficiency in the hybrid system in phase 1, phase 2 and phase f: (a) CODCr and its removal efficiency; (b) TP and its removal efficiency; (c) ammonium
and its removal efficiency; (d) TN and its removal efficiency.
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spraying frequency test, due to the high adsorption capacity of zeo-
lite and the effective nitrification in VFTF which ensured zeolite
regeneration in adsorption capacity. Fig. 3c also showed that the
ammonium removal rate dramatically decreased merely when
the C/N ratio was 8:1, which might because the heterotrophic bac-
teria had a dominant growth while the growth of autotrophic bac-
teria was inhibited under high C/N ratio, leading to the insufficient
nitrification in the upper VFTF which mainly worked as a nitrifica-
tion bioreactor in the current hybrid system. This phenomenon
was quite in agreement with the previous studies on nitrification/-
denitrification processes in decentralized systems (Van den Akker
et al., 2011). Consequently, the final effluent ammonium would
be relatively high owing to the visible increment of mid effluent
ammonium concentration and the weak nitrification in the lower
HFMSL which was mainly designed for denitrification. Table 3b
indicated that the primary ammonium removal efficiency largely
enhanced from 72.6% to 82.3%, almost 10 percent increments,
when water spraying frequency increased from 16 s/60 min to
8 s/30 min, but only enhanced from 82.3% to 83.4% with the fre-
quency increasing from 8 s/30 min to 4 s/15 min. This revealed
that the optimal water spraying frequency, at least for the ammo-
nium removal, was likely to be 8 s/30 min with the economic and
technical considerations in this study. Moreover, the higher fre-
quency might result in the lower level of COD in mid effluent,
which would restrict the TN removal in the lower HFMSL.

It showed that the final effluent nitrate respectively kept at a
relatively high level of 7.09 mg L�1, 4.14 mg L�1, 6.01 mg L�1 when
C/N ratio was 2:1 in C/N ratio test, and frequency was 8 s/30 min
and 4 s/15 min in water spraying frequency test according to
Fig. 4b, indicating that either the low concentration of influent



Fig. 4. Effluent nitrogen concentration in carbon–nitrogen (C/N) ratio test and water spraying frequency test: (a) mid effluent nitrogen; (b) final effluent nitrogen. Note: (i)
the influent nitrogen only contained ammonium with the concentration of approximately 50 mg L�1. (ii) The histograms were drawn with the order of C/N ratio at 2:1, 5:1,
8:1 corresponding to phase c, a, b and water spraying frequency of 16 s/60 min, 8 s/30 min, 4 s/15 min corresponding to phase a, d, e.
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COD or the high frequency of water feeding would lead to the low
level of mid effluent COD which accordingly had negative impacts
on denitrification in the next stage. As shown in Fig. 4a and Fig. 4b,
the mid effluent nitrite could be neglected throughout the whole
study, and the final effluent nitrite concentration was usually quite
low at about 0.50 mg L�1 except in phase c when the nitrite con-
centration was 3.11 mg L�1 suggesting that large amounts of
nitrate could not be completely reduced to gaseous nitrogen with
the inadequate carbon source (Oakley et al., 2010). Additionally,
the amounts of ammonium removal were constantly higher than
that of nitrate production (Fig. 4a), which proved the existence of
remarkable adsorption and simultaneous denitrification in
the upper VFTF. Krasnits et al. (2013) suggested that the
polyhydroxyalkanoates (PHA) storage bacteria might be the pri-
mary contributor to the visible denitrification as high HLR short-
ened the HRT, supplied more carbon resource and consumed
bulk of dissolved oxygen (DO).

3.1.4. Denitrification and TN removal
In most researches on denitrifying bioreactors, it was reported

that conventional heterotrophic denitrification played a major role
on nitrate (NO3

�) removal, in which the denitrifiers transform
nitrate to nitrogen gases utilizing degradable organic substrates
as electron donor and for growth. Other possible fates for NO3

�

involved anammox, nitrogen immobilization into organic matter,
and dissimilatory nitrate reduction to ammonium (DNRA)



Fig. 5. The 24-h performance of the two-stage hybrid system under hydraulic shock
loadings in phase g.
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(Behrendt et al., 2014; Pant and Adholeya, 2009). However, there
was clear evidence that denitrification was the dominant mecha-
nism of NO3

� removal. For instance, Greenan et al. (2006) found
that the immobilization and DNRA merely accounted for less than
4.0% nitrate removal through using the isotope labeling technique.
Thereby, heterotrophic denitrification was mainly concerned about
in this study.

As shown in Fig. 3d, considerable improvement was achievable
in the hybrid system, compared with the previous studies on TN
removal. The average total TN removal rate was about 85.4% with
the nitrogen mass removal rate of 27.83 g N m�2 d�1 in phase 1
and phase 2 (Tables 3a and 3b), and the removal efficiency was
even high at the rate of 92.8% corresponding to the maximum
nitrogen mass removal rate of 30.62 g N m�2 d�1 in phase f
(Table 3c). The key to achieve a better performance on TN removal
in the current system is to ensure the adequate concentration of
organic substrates and rationalize the distribution of ammonium
and nitrate in mid effluent through adjusting influent C/N ratio
and water spraying frequency. For example, it was reasonable to
keep the concentration of mid effluent nitrate higher than mid
effluent ammonium in phase d when water spraying frequency
was set as 8 s/30 min, considering the major function of each stage
in the hybrid system. Low frequency could result in the insufficient
nitrification in the upper VFTF, while high frequency would require
more influent COD, neither of which benefited for the long-term
removal of TN (Carrera et al., 2004). On the other hand, as dis-
cussed in Section 3.1.3, the total TN removal rate kept at 89.5% in
phase b when the C/N ratio was 8:1, but the mid effluent
ammonium remained a high level which was beyond the removal
capacity of the lower HFMSL. Meanwhile, the relatively low con-
centration of mid effluent nitrate revealed that most nitrogen
might just be removed by the process of physical–chemical absorp-
tion in the form of NH4

+-N, so the high performance in TN removal
would not be sustainable after the added zeolite reached adsorp-
tion saturation (Fig. 4a) (Carrera et al., 2003). As a result, the excess
influent COD, especially with a low water spraying frequency, was
not suitable for this hybrid system in TN removal. According to the
data gained from Table 3, mid effluent C/N ratios were partially fig-
ured out in order to have a more accurate understanding on deni-
trification. The mid effluent C/N ratio was 3:1 in phase a when the
final effluent TN was 5.21 mg L�1 with the removal rate of 89.4%.
Though the determined value was lower than the ideal C/N ratio
for denitrification, the performance was satisfying due to the
release of degradable carbon from carbonaceous media in SMBs
(Schipper et al., 2010; Wu et al., 2013).

At the microbial level, the rate of denitrification was controlled
by the concentrations of oxygen (O2), nitrate and degradable
organic matters (Seitzinger et al., 2006). Aerobic microorganisms
obtain energy via the oxidation of organic compounds utilizing
O2 as the electron acceptor before the environment gradually
becomes energetically favorable for the utilization of NO3

� as the
electron acceptor (Oakley et al., 2010). Fig. 4b showed that the final
effluent nitrate could stay at less than 5.00 mg L�1, when the oper-
ating conditions were moderate, indicating that the denitrifiers
were able to remove nitrate effectively due to the adequate HRT,
relatively anoxic condition and sufficient carbon resource in the
lower HFMSL. So the influent C/N ratio of 7:1 and the water spray-
ing frequency of 8 s/30 min were suggested as the optimal running
conditions according to the performance of the hybrid system and
considering the COD removal rates as well as the nitrate produc-
tion rates in the upper VFTF. Data obtained in phase f subsequently
confirmed the conclusion (Table 3c). However, the demand of
higher C/N ratio in sewage might restrict the application of such
system in rural wastewater treatment, so alternatives for sustain-
able denitrification should be adding more effective carbonaceous
media into SMBs.
3.2. Reliability of the hybrid system against shock loadings

Table 3c showed the high removal efficiency of the apparatus
during phase f. In this part, the stability of apparatus was tested
under hydraulic shock loadings for 3 h from 16:00 to 19:00 in a
24-h cycle basing on phase f.

Fig. 5 presented the performance of the hybrid system against
hydraulic shock loadings in phase g. The results showed that the
average total pollutant removal efficiencies were 93.5% COD,
90.8% TN, 95.8% NH4

+-N, 90.7% TP, respectively though the removal
rates fluctuated when the shock loadings occurred. In more details,
more remarkable fluctuations happened in the upper VFTF stage,
which was in agreement with the performance of the whole sys-
tem in the previous experiment phases. As for the TP, for instance,
the primary removal rate had a sudden and obvious drop following
the HLR increasing to 1300 L m�2 d�1, yet the total removal rate
showed even little correlation with the hydraulic shock loadings.
On the other hand, though the primary pollutant removal efficien-
cies decreased when the shock loadings happened, the perfor-
mance of the hybrid system was still satisfactory because the
HFMSL bioreactor as the second stage showed effective denitrifica-
tion as well as high removal efficiency in COD and TP (Guan et al.,
2012).

Throughout this study, there was little clogging, channeling or
ponding happening during the operation of the apparatus. Most
pollutants were consumed in the upper VFTF stage which also pro-
vided sufficient nitrification, assuring the stable performance of
the lower HFMSL stage. Therefore, the structure of the two-stage
hybrid system showed great reliability in performance against
shock loadings.
4. Conclusions

The HFMSL–VFTF system was developed and evaluated at vari-
ous operation conditions. High C/N ratio in sewage improved TN
removal for the system, while it is recommended that more car-
bonaceous media should be added in SMBs in practical application.
For vertical intermittent feeding system, a high water spraying fre-
quency could enhance the pollutants removal efficiencies except
for TN removal due to the limited availability of carbon source.
The hybrid system showed high TN removal as well as steady
removal for CODCr, NH4

+-N and TP, and could be cost-effective for
rural wastewater treatment.
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