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ABSTRACT
Brown earth–based subsurface wastewater infiltration systems (SWISs) inoculated with/without dewatered sludge were 
constructed and operated under the same conditions to boost the application of SWIS in brown soil areas. Start-up period of 
SWIS with dewatered sludge was 28 days, 12 days shorter than that of SWIS without dewatered sludge. COD, NH3-N and TN 
removal efficiencies of dewatered sludge as microbial inoculum for SWIS were higher than that of SWIS without dewatered 
sludge under hydraulic loading rates (HLR) of 0.04, 0.07, 0.1 and 0.13 m3·m−2·d−1. Effluent concentrations of COD, NH3-N 
and TN in the SWIS inoculated with dewatered sludge were 44.51±4.13, 7.35 ± 0.24 and 14.03 ± 0.31 mg·L−1 under HLR 
of 0.13 m3·m−2·d−1, which were simultaneously lower than Chinese criteria for water discharge from municipal wastewater 
treatment plants. The number of bacteria, nitrifying bacteria and denitrifying bacteria in dewatered sludge as microbial 
inoculum for SWIS were higher than that in SWIS without dewatered sludge under the same HLR. The results will be helpful 
in promoting the application of dewatered sludge as microbial inoculum in brown earth–based SWISs for the purpose of 
shortening start-up period, effecting high levels of pollutant removal and recycling waste. 
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INTRODUCTION

Decentralized wastewater treatment is becoming ever more 
critical because 95% of decentralized wastewater around the 
world is currently discharged into the environment without any 
treatment (Li et al., 2011b). Subsurface wastewater infiltration 
systems (SWIS) are an effective way to treat decentralized 
wastewater according to integrated mechanisms of chemical, 
physical and biological reactions, as it passes through the 
unsaturated soil in the infiltration system (Fan et al., 2013). 
SWIS has many advantages compared with conventional 
wastewater treatment plants, including high removal efficiency 
for organics and phosphorus, low construction and operation 
cost and easy maintenance (Li et al., 2011a). It is widely 
used in North America, Europe and Asia (Li et al., 2011b). 
The maximum wastewater hydraulic loading rate of SWIS 
differs across locations because of differences in the soil 
matrix and degree of pre-treatment. In China and Japan, a 
maximum wastewater hydraulic loading rate of 0.1 m3·m−2·d−1 
is recommended. There are no general recommendations for 
the maximum number of inhabitants for the application of 
SWIS. In China, the maximum number of inhabitants for the 
application of SWIS (800 m3·d−1) is reported by Li et al. (2012) 
to be 8 000 (Li et al., 2012). 

Over the past 20 years, SWISs have gained popularity 
in villages and small communities, and in rural areas. In 
these parts there is enough land for building SWISs. The 
infiltration beds can be planted with grass and shallow-rooted 
plants. Whether the SWIS method is suitable depends on 
local wastewater volumes and landscape surface, etc. The soil 
matrix is an important component which can ensure high 
removal efficiencies with limited operational and maintenance 

requirements at relatively low cost (Li et al., 2013). Brown earth 
is the major soil in areas with warm and humid climates. Since 
brown earth has low permeability, which is unsuitable as a 
sole filtration medium for SWIS, coal slag is added as the main 
modifying material (Li et al., 2011b; 2013). However, many 
previous studies have shown that brown earth and coal slag–
based SWIS could not meet the required hydraulic loading rate 
(HLR) related to an increase in population size (Li et al., 2011a; 
2013). Removal performance was generally satisfactory at a low 
HLR of 0.01–0.08 m3·m−2·d−1 (Llorens et al., 2011), but declined 
significantly under high HLR (0.1 m3·m−2·d−1) (Li et al., 2012). 
The hydraulic and purification behaviour of the SWIS can 
be determined from system matrix features, operational 
parameters and environmental conditions (Zou et al., 2009). 
Moreover, unlike the excellent performance for organic and 
phosphorus removal, NH3-N and TN removal efficiencies 
lower than 60% and 40% have been recorded in conventional 
brown earth and coal slag–based SWIS (Li et al., 2011c; Wang 
et al., 2010). 

Nitrification coupled with denitrification is the major 
removal process for nitrogen in SWIS. Nitrification and 
denitrification is usually affected by the nitrifying and 
denitrifying biomass, temperature, operational parameters 
and the characteristics of the matrix (Zou et al., 2009). 
Conventional SWIS combined with bioaugmentation for 
improving the pollutant removal efficiencies is an interesting 
possibility (Zou et al., 2009; Li et al., 2013). Bioaugmentation 
can be explained as a process by which the indigenous or 
wild type or genetically-modified organism is added to the 
bioreactor or to the polluted sites in order to improve the 
performance of the biological processes (Lee et al., 2007). 

Wastewater sludge is a heterogeneous mixture of particles, 
micro-organisms, colloids and cations, the treatment and 
reuse of which is a challenging issue for water industries. 
Nevertheless, very few published studies have focused on 
wastewater sludge as microbial inoculum of the SWIS matrix to 
enhance removal performance.  The main purpose of this study 
was as follows: (i) to assess the start-up performance in two 
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pilot-scale brown earth–based SWISs inoculated with/without 
dewatered sludge, (ii) to identify the effect of dewatered sludge 
as microbial inoculum on pollutant removal under different 
HLRs, and (iii) to explore the microbial quantities involved in 
pollutant removal in two SWIS.

METHODS

System description 

Two pilot-scale SWIS (A and B), made of plexiglass, were 
constructed in Shenyang Normal University in Shenyang, 
Northeast China (Fig. 1). The systems were 1.2 m in length 
and 0.5 m in internal diameter. 10 cm of gravel (10–20 mm, 
diameter) was prepared at the bottom to support the infiltration 
system and evenly distribute the treated water. A distributing 
pipe was installed at a depth of 50 cm below the surface. 
Sampling ports were installed at 50, 80 and 110 cm from the 
top of the SWIS to assess the microbial quantities involved in 
the pollutant removal process. The feed tank was placed at a 
higher position so that influent could flow automatically into 
the SWIS. The treated wastewater was collected at the bottom of 
the column near the outlet. SWIS A was filled with 95% brown 
earth and 5% coal slag by weight. SWIS B was filled with 85% 
brown earth, 5% coal slag and 10% dewatered sludge by weight. 
The optimum ratios of brown earth, coal slag and dewatered 
sludge were determined in a preliminary experiment. Under 
this experimental condition, the removal performance of 
the SWIS was better than for other ratios. Dewatered sludge 
was collected from the sludge-dewatering unit of the Bei Bu 
Wastewater Treatment Plant located in Huanggu District, 
Shenyang, China. The brown earth was collected from the 
top 20 cm of soil at Shenyang Ecological Station. Coal slag, an 
inorganic waste produced in coal combustion, is composed of 
SiO2 33.95 mg·kg−1, Al2O3 3.89 mg·kg−1, CaO 2.80 mg·kg−1 and 
MgO 4.82 mg·kg−1. The matrix components were mixed in a 
blender 5 times for 15 min to ensure uniformity of the matrix. 
The physical characteristics of the matrix in SWIS A and SWIS 
B before the experiments began are shown in Table 1. The soil 
matrix in each SWIS was water-unsaturated. 

After settling pre-treatment, the wastewater from Shenyang 
Normal University Campus was pumped into the SWIS. The 
concentration ranges of wastewater after pre-treatment were 
pH 6.7−7.5, COD 185.3−262.4 mg·L−1, TN 37.9−41.7 mg·L−1, 
TP 4.6−6.3 mg·L−1, and NH3-N 32.3–38.6 mg·L−1. Intermittent 
operation was adopted in this study, and each cycle of the 
intermittent operation included a flooding period of 24 h and a 
drying period of 24 h. Two SWIS were operated under an HLR 
of 0.04 m3·m−2·d−1 for start-up; after start-up, two SWIS were 
operated under four processes, with the HLR gradually elevated 
from 0.04 to 0.07, 0.1 and 0.13  m3·m−2·d−1. Each process lasted 
for 30 days.

Sampling and analytical methods

Water samples were taken from the influent and effluent to 
analyse the transformation of COD, TP, NH3-N and TN, 
according to standard methods (APHA, 2003). Matrix samples 
were collected from sampling ports during the experiment. 
Nutrient agar medium was used to culture bacteria by plate 
counts. The nitrifying and denitrifying bacteria in the soil 
matrix samples were counted using the most probable number 
(MPN) calculation (Alexander and Clark, 1965) once per 
week. One millilitre of serial tenfold sterile dilutions of the 

soil samples were transferred to test tubes containing the 
appropriate medium under aseptic conditions, then incubated 
at 28°C for 14 d (for the nitrifying bacteria) and 15 d (for 
the denitrifying bacteria), respectively. The medium for the 
nitrifying bacteria contained, per litre of distilled water: 
13.5 g Na2HPO4, 0.7 g KH2PO4, 0.1 g MgSO4, 0.5 g NaHCO3, 
2.5 g (NH4)2SO4, 14.4 mg FeCl3 and 18.4 mg CaCl2, pH 8.0. 
The medium for the denitrifying bacteria contained, per litre 
of distilled water: 1.0 g KNO3, 0.1 g Na2HPO4, 2.0 g Na2S2O7, 
0.1 g NaHCO3 and 0.1 g MgCl2, at pH 8.0. MPN analysis was 
performed using statistical tables from Alexander and Clark 
(1965). All samples were taken to the laboratory and analysed 
immediately. All analyses were conducted in triplicate.

RESULTS AND DISCUSSION

Start-up of two SWIS

Figure 2 shows the pollutant removal performance for two 
SWIS during the start-up period. The start-up period can 
be divided into two different phases: Phase 1 for the first 
5 days and Phase 2 for the days that follow. Effluent COD, 
NH3-N and TN concentrations for the two SWIS gradual 
decreased from Day 1 to Day 3, which can be ascribed to the 
adsorption capacity of the matrix. However, effluent COD, 
NH3-N and TN concentrations increased on Day 5 in Phase 

TAbLE 1 
Main characteristics of the matrices in two SWISs

Item  SWIS A SWIS B

Hydraulic conductivity 
(cm·s−1) (1.35 ± 0.3) × 10–3 (1.54 ± 0.1) × 10–3

Surface area (m2·kg−1) 132.6 ± 4.2 224.5 ± 7.4
BN (3.8 ± 0.4) × 104 (4.7 ± 0.3) × 105

NBN (4.8 ± 0.3) × 102 (3.4 ± 0.8) × 104

DBN (6.1 ± 0.2) × 10 (2.9 ± 0.6) × 105

BN: bacteria number (cfu·g−1); NBN: nitrifying bacteria number (cfu·g−1); 
DBN: denitrifying bacteria number (cfu·g−1).

Figure 1 
Schematic diagram of two subsurface wastewater infiltration systems (1) 

submerged pump; (2) wastewater tank; (3) control valve; (4) high-level 
tank; (5) flow meter; (6) infiltration system body; (7) distributing pipe; (8) 

sample port; (9) outlet
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1. This was because the matrix adsorption reached saturation 
and adsorbed pollutants began to be released. SWIS B had 
higher pollutant adsorption capacity than SWIS A, due to 
SWIS B having a higher surface area than SWIS A (Table 1). 
The performances of the two SWIS generally became stable 
in Phase 2 and effluent COD, NH3-N and TN concentrations 
gradual decreased because of microbial biofilm formation 
on the matrix. Organic matter and nitrogen are absorbed 
by the soil, and then broken down by aerobic and anaerobic 
microbial processes (Fan et al., 2013). Matrix adsorption 
would be the dominant process for removal of COD, NH3-N 
and TN at the beginning of operation, and the role of 
adsorption would gradually be replaced by the activity of 
nitrifying and denitrifying bacteria, as there was a smooth 
rate of increase in the quantity of microorganisms in the 
SWIS (Li et al., 2013; Yang et al., 2016). From the beginning 
of the experiment, effluent TP concentration in the two 
SWIS was below the levels prescribed by Chinese criteria 
for water discharge from municipal wastewater treatment 
plants. Phosphorus removal mechanisms include physical 
sedimentation, chemical adsorption and precipitation, and 
biological processes (plant and microbial uptake) in the 
soil (Li et al., 2011b). Physical sedimentation and chemical 
adsorption are the main methods of phosphorus removal in 

SWIS, which could be completed instantaneously (Brooks et 
al., 2000). After 33 days of operation, effluent COD, NH3-N 
and TN concentrations in SWIS A were simultaneously 
lower than the above-mentioned Chinese limits of 50 mg·L−1, 
8 mg·L−1 and 15 mg·L−1, respectively; this was achieved in only 
21 days in SWIS B. Standards for the start-up period in a SWIS 
are not conclusive. It is generally accepted that the system 
has achieved stable operation 1 week after the effluent reaches 
the corresponding discharge standards, which marks the end 
of the start-up period (Li et al., 2013). Therefore, the start-up 
period of SWIS A was 40 days, but was only 28 days for SWIS 
B. After the start-up period, pollutant removal performance 
of SWIS B were better than SWIS A. These results were 
attributed to the fact that SWIS B had more bacteria, 
including nitrifying bacteria and denitrifying bacteria, than 
SWIS A (in Table 1). Due to the differences in the composition 
of the matrix, different adaptive behaviours may have been 
expressed resulting in the SWIS inoculated with dewatered 
sludge developing a biofilm more quickly than the SWIS 
inoculated without dewatered sludge (Li et al., 2013; Yang et 
al., 2016). A rapidly developed biofilm may be beneficial in 
full-scale applications by hastening start-up. Therefore, the 
dewatered sludge was a good microbial inoculum to the brown 
earth–based SWIS in light of the shortened start-up period.

Figure 2 
Pollutant removal SWIS A and SWIS B during start-up period

http://dx.doi.org/10.4314/wsa.v43i3.01
http://www.wrc.org.za
https://creativecommons.org/licenses/by/4.0/


http://dx.doi.org/10.4314/wsa.v43i4.07
Available on website http://www.wrc.org.za
ISSN 1816-7950 (Online) = Water SA Vol. 43 No. 4 October 2017
Published under a Creative Commons Attribution Licence 598

Pollutant removal and main microbial community of two 
SWIS under different HLRs

In this study, HLR of 0.04, 0.07, 0.10 and 0.13 m3·m−2·d−1 were 
presented to test the effects of HLR on pollutant removal 
in two brown earth–based SWISs inoculated with/without 
dewatered sludge. HLR is an important factor influencing 
the performance of a soil treatment system (Zou et al., 2009). 
Relatively high loading rates could not maintain stable 
operation of the system over the long term; keeping loading 
rates relatively low would require that more soil is used. As 
seen from Table 2, COD removal efficiencies for SWIS A 
and SWIS B dropped dramatically from 85.22 ± 2.36% and 
92.99 ± 1.57% under HLR of 0.04 m3·m−2·d−1 to 68.37 ± 2.34% 
and 80.88 ± 1.24% under 0.13 m3·m−2·d−1, respectively. The 
observation indicated that hydraulic loadings affected COD 
removal in the following ways: Firstly, increasing hydraulic 
loading rates leads to a requirement for more matrix surfaces. 
Secondly, increasing hydraulic loading rates means shortening 
hydraulic retention time, so that organic matter is not fully 
degraded. TP removal efficiencies slightly decreased with 
increased HLR in SWIS A and SWIS B. A possible explanation 
might be that longer hydraulic retention time was achieved 
under lower HLR, which increased the exposure time and 
exposed new or hidden sorption/precipitation agents in the 
matrix (Yang et al., 2016). Effluent TP concentrations in the two 
SWIS were below wastewater discharge limits under HLR of 
0.04, 0.07, 0.10 and 0.13 m3·m−2·d−1.

In a SWIS, NH3-N is adsorbed onto the surface of soil 
particles with negative charges, and then transformed into 
nitrate nitrogen via microbial nitrification. Nitrification occurs 
only when oxygen is present at a high enough concentration 
to support the growth of strictly aerobic nitrifying bacteria 
(Li et al., 2011b). The removal efficiencies for NH3-N 
declined from 83.01 ± 1.59% under HLR of 0.04 m3·m−2·d−1 
to 62.79 ± 0.64% under HLR of 0.13 m3·m−2·d−1 for SWIS A 
and from 91.64 ± 0.64% under HLR of 0.04 m3·m−2·d−1 to 
79.53 ± 0.17% under HLR of 0.13 m3·m−2·d−1 for SWIS B. When 
the HLR increased to 0.13 m3·m−2·d−1, soil clogging occurred 
in brown earth and coal slag–based SWIS and resulted in the 
marked elevation of NH3-N concentrations in the effluent (Li 
et al., 2011a). Clogging prevented oxygen from diffusing into 
the soil matrix and lower oxygen levels caused the insufficient 
transformation from NH3-N to NO2-N or NO3-N in SWIS 
A. Nitrogen removal mechanisms in the SWIS include grass 
uptake, soil fixation, ammonia volatilization, nitrification and 
denitrification, etc. (Pan et al., 2015). Nitrification coupled 
with denitrification is the major pathway and nitrification is 

the limiting step for nitrogen removal. Therefore, TN removal 
efficiency decreased with an increase in HLR, due to limited 
nitrification under higher HLR. This result was inconsistent 
with previous studies, which found that removal efficiency for 
NH3-N and TN decreased with an increase in HLR (Li et al., 
2012; Zou et al., 2009).

As seen from Table 2, COD, NH3-N and TN removal 
efficiencies for SWIS B were higher than for SWIS A under 
HLR of 0.04, 0.07, 0.1 and 0.13 m3·m−2·d−1. Effluent COD, NH3-N 
and TN concentrations in SWIS A under HLR of 0.1 and 
0.13 m3·m−2·d−1 were simultaneously higher than wastewater 
discharge criteria. However, SWIS B maintained low effluent 
pollutant concentrations under an HLR of 0.13 m3·m−2·d−1. 
The results imply that it was the dewatered sludge that had 
increased the pollutant removal performances. Many other 
studies have reported a maximum HLR of 0.08 m3·m−2·d−1 
for brown earth and coal slag–based SWISs to treat domestic 
wastewater (Li et al., 2011a; 2012; 2013). Compared with 
previous research, the hydraulic loading capacity of SWIS B 
was relatively higher, due to the use of dewatered sludge as 
microbial inoculum. This practice had further advantages in 
possessing abundant microbes, high hydraulic conductivity 
and supplying a substantial adsorption surface area (Li et al., 
2013). The removal performance and operational lifetime of 
the infiltration system was dependent on the accumulation of 
biofilms within the void spaces (Li et al., 2013). Inoculation 
with dewatered sludge produces a high biomass concentration 
(Kizikaya et al., 2008). Therefore, the start-up period was 
shortened when using dewatered sludge as microbial inoculum, 
hydraulic loading capacity was increased and COD, NH3-N and 
TN removal efficiencies were enhanced simultaneously.

The microbial quantities involved in pollutant removal 
were analysed during the experiment. As seen from Fig. 3, 
the number of bacteria of each layer in the matrix increased 
10-fold when HLR increased by 0.03 m3·m−2·d−1 in the range 
of 0.04 m3·m−2·d−1 – 0.10 m3·m−2·d−1 in two SWISs. Under low 
HLR, it is likely that bacterial growth and reproduction was 
limited by nutrient supply. The number of bacteria in each 
layer of the matrix decreased 10-fold, when HLR increased 
from 0.10 m3·m−2·d−1 to 0.13 m3·m−2·d−1 in two SWIS. Under 
the high HLR, retention time of wastewater was short and 
partial matrix was saturated, which did not favour the 
growth and reproduction of bacteria (Li et al., 2011a; 2012). 
Organic pollutants in the influent are mainly oxidized in 
the upper matrix, given sufficient oxygen in the infiltration 
system, by bacteria, fungus, actinomyces and protozoans, 
etc. (Hsieh et al., 2007; Yang et al., 2016). In this study, COD 
removal efficiency was consistent with the change in bacterial 

TABle 2 
effluent characteristics and removal efficiencies in SWIS A and SWIS B under different HlRs

HlR
0.04 m3·m−2·d−1 0.07 m3·m−2·d−1 0.10 m3·m−2·d−1 0.13 m3·m−2·d−1

SWIS A SWIS B SWIS A SWIS B SWIS A SWIS B SWIS A SWIS B

COD (mg·L−1) 34.41 ± 5.48 16.32 ± 2.03 45.68 ± 2.07 21.77 ± 1.32 51.55 ± 3.69 33.42 ± 2.05 73.74 ± 2.98 44.51 ± 4.13
(%) 85.22 ± 2.36 92.99 ± 1.57 82.33 ± 1.48 90.06 ± 0.75 76.29 ± 0.37 85.64 ± 1.12 68.37 ± 2.34 80.88 ± 1.24
TP (mg·L−1) 0.26 ± 0.02 0.25 ± 0.03 0.32 ± 0.02 0.32 ± 0.03 0.38 ± 0.01 0.36 ± 0.02 0.42 ± 0.01 0.41 ± 0.03
(%) 95.3 ± 0.54 95.56 ± 0.38 94.31 ± 0.32 94.30 ± 0.18 93.33 ± 0.31 93.68 ± 0.45 92.65 ± 0.31 92.81 ± 0.54
NH3-N (mg·L−1) 5.43 ± 1.03 3.12 ± 0.37 7.11 ± 0.87 4.35 ± 0.36 9.46 ± 0.49 5.82 ± 0.31 13.36 ± 1.55 7.35 ± 0.24
(%) 83.01 ± 1.59 91.64 ± 0.93 78.65 ± 2.38 88.78 ± 1.23 73.65 ± 1.24 83.79 ± 0.89 62.79 ± 0.64 79.53 ± 0.17
TN (mg·L−1) 12.82 ± 2.49 8.13 ± 1.21 16.68 ± 0.66 10.45 ± 0.21 21.06 ± 2.32 11.67 ± 1.01 22.58 ± 2.37 14.03 ± 0.31
(%) 62.77 ± 0.36 77.05 ± 0.69 58.09 ± 0.22 73.74 ± 0.65 47.09 ± 1.29 70.68 ± 0.56 43.22 ± 0.98 64.75 ± 1.43
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Figure 3 
Distribution of bacteria, nitrifying and denitrifying bacteria in two SWISs
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type and quantity. The number of nitrifying bacteria in each 
layer of the matrix decreased with an increase in HLR. When 
HLR increased by 0.03 m3·m−2·d−1, the number of nitrifying 
bacteria decreased 10-fold. These observations confirmed 
that HLR could affect the number of nitrifying bacteria in the 
following ways: Firstly, increasing hydraulic loading meant 
shortening hydraulic retention time, which led to a decrease 
in matrix oxidation–reduction potential, limiting the growth 
and reproduction of nitrifying bacteria (Li et al., 2011a; Yang 
et al., 2016). Secondly, high HLR accelerated matrix surface 
biological membrane replacement, which was not conducive 
to the growth and reproduction of nitrifying bacteria because 
of the long generation period of nitrifying bacteria. When 
HLR increased by 0.03 m3·m−2·d−1, the number of denitrifying 
bacteria increased 10-fold at depths of 80 and 110 cm. In 
this study, the number of nitrifying bacteria declined with 
increasing depth, whereas the number of denitrifying bacteria 
increased. Benefiting from the oxygen transferring availability 
of the upper matrix, the zones above 50 cm were the most 
effective nitrifying reaction region and the denitrifying 
bacteria were more active below 80 cm. In an oxygen-limited 
environment, heterotrophic bacteria grow faster and may 
inhibit the development of nitrifying bacteria (Fan et al., 2013).

There was a highly significant difference in microbial 
quantity of the matrix between the two SWISs. At the same 
depth, the number of bacteria in SWIS B was 100 times higher 
than that in SWIS A under the same HLR. These results could 
further explain the higher removal of COD in SWIS B. Li et al. 
(201b) reported that nitrification and denitrification processes 
in the SWIS were affected by microbial biomass. Pan et al. 
(2013) reported that the number of nitrifying bacteria was 
positively correlated with NH3-N removal, and Li et al. (2011c) 
confirmed that the number of denitrifying bacteria were 
positively correlated with TN removal in SWIS. TN removal 
efficiency between 40% and 60% was reported, due to the 
denitrifying biomass usually being too low in a conventional 
brown earth and coal slag–based SWIS (Zou et al., 2009; Li 
et al., 2013). The number of nitrifying bacteria in SWIS B was 
100 times higher than that in SWIS A at 50 cm depth, and 
the number of denitrifying bacteria in SWIS B was 100 times 
higher than that in SWIS A at depths of 80 and 110 cm. These 
results could further explain the higher removal of NH3-N 
and TN in SWIS B. Zou et al. (2009) reported that microbial 
inoculums made with dewatered sludge (e.g. COD oxidizers, 
nitrifiers, denitrifiers) were added to conventional SWIS, which 
could improve pollutant removal rates.

This study suggests that using dewatered sludge as 
microbial inoculum of the matrix in brown earth areas is 
a reliable and innovative approach to achieve a shortened 
start-up period, waste recycling, high pollutant removal and 
strong hydraulic loading capacity. 

CONCLUSIONS

The start-up period of brown earth–based SWIS inoculated 
with dewatered sludge was 28 days, 12 days shorter than 
that of the SWIS inoculated without dewatered sludge. The 
removal efficiencies for COD, NH3-N and TN declined with 
increased HLR in both SWIS. COD, NH3-N and TN removal 
efficiencies for the SWIS using dewatered sludge as microbial 
inoculum were higher than that for the SWIS inoculated 
without dewatered sludge, under HLR of 0.04, 0.07, 0.1 and 
0.13 m3·m−2·d−1. Effluent COD, NH3-N and TN concentrations 
in the SWIS inoculated without dewatered sludge, under the 

HLR of 0.1 m3·m−2·d−1 were simultaneously higher than the 
wastewater discharge limits for China of 50 mg·L−1, 8 mg·L−1 
and 15 mg·L−1 , respectively. Effluent concentrations of COD, 
NH3-N and TN in the SWIS inoculated with dewatered sludge 
were 44.51 ± 4.13, 7.35 ± 0.24 and 14.03 ± 0.31 mg·L−1 under 
the HLR of 0.13 m3·m−2·d−1. Under the same HLR, the number 
of bacteria, nitrifying bacteria and denitrifying bacteria in 
the SWIS inoculated with dewatered sludge were higher than 
that in the SWIS inoculated without dewatered sludge. The 
results suggest that dewatered sludge could be a good microbial 
inoculum to brown earth in light of start-up, pollutant removal 
and hydraulic loading capacity in SWIS.
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