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A decentralized sewage treatment reactor was designed to treat wastewater in rural areas. To examine the factors influencing
nitrogen removal, experiments were carried out at three levels of hydraulic surface load, three sludge concentrations, and three
environment temperatures at low dissolved oxygen concentrations. The rate of denitrification decreased, and the rate of nitrification
increased as the surface load rose. The maximum denitrification rate was 20.01 + 3.02 g/(m3-d) at a surface load of 1.11 +
0.13 m*/(m’h). The total nitrogen (TN) removal, efficiency initially increased and then decreased as the sludge concentration
rose. When the sludge concentration increased to 3.5 + 0.3 g/L, the system showed a good level of TN removal and a denitrification
rate of 28.58 + 1.22 g/(m’-d) was achieved. Low temperature had a negative effect on the removal and transformation of nitrogenous

pollutants.

1. Introduction

The rate of sewage treatment in rural areas in China is low,
and the majority of untreated sewage is discharged directly
into lakes and rivers [1]. Many small communities in rural
areas still lack domestic wastewater treatment facilities [2].
Sewage carries a high loading of organic and hazardous
chemicals and is potentially damaging to human health [3].
Consequently, the treatment of sewage in rural areas in China
has become an urgent task and is receiving much attention.
Several decentralized sewage treatment processes [4-6]
have been developed and applied to sewage treatment in
rural areas. These technologies (and their disadvantages)
include anaerobic processes (ineffective ammonia nitrogen
removal), constructed wetlands (large site area), oxidation
ponds (low treatment efliciency) and soil treatment systems
(low treatment efficiency). These technologies have not been
widely applied in rural areas because of their shortcomings

and are not as effective as aerobic treatment in terms of
effluent quality. Aeration allows organic contaminants to
be completely degraded by microorganisms into carbon
dioxide and water. Aeration is, therefore, suitable for sewage
treatment in rural areas. However, aerobic treatment is not
widely used in rural areas because the aerobic activated
sludge process requires a relatively strict operation and
management regime [7, 8]. In addition, the aeration tank
readily deteriorates without professional maintenance. The
complicated structure, relative high energy consumption,
and difficult management of aerobic treatment systems limit
their application in rural areas.

The key challenge in solving the nonpoint-source pol-
lution problem in China is the development of a treat-
ment process with a simple structure, low operating costs,
and easy management that can match aerobic treatment
in terms of effluent quality. Based on this understanding,
we designed an integrated decentralized sewage treatment



reactor (DSTR). The DSTR consists of a sludge separation
device and an aeration tank. The sludge separation device
has been granted patent rights by the State Intellectual
Property Office of the People’s Republic of China (patent
number 201120250513.X). By combining sludge separation
with an aeration tank, the site area is reduced and a sludge
recirculation system is not needed, thereby decreasing the
operating costs compared with activated sludge reactors.
After start up, DSTRs rarely need operational or manage-
ment input. To evaluate the feasibility of DSTRs in terms
of engineering application, their performance was studied
using small experiments and pilot tests. The average removal
efficiencies of total chemical oxygen demand, NH,*-N, sus-
pended solids and turbidity were 76%, 77.15%, 84.17%, and
83.93%, respectively. The DSTR exhibited good performance
by initial promotion and application in small scale. The
discharge of excess sludge is needed in traditional aerobic
process. But in DSTR, sludge can be discharged periodic to
ensure the sludge concentration in a suitable value. It has
great potential for the treatment of rural sewage on a large
scale.

In aerobic tanks, ammonia nitrogen is usually converted
to nitrate by biological nitrification. Denitrification does not
readily occur in aerobic tanks, and the nitrogen removal effect
is not significant in such systems. The objective of this study
was to investigate nitrogen removal in DSTRs by regulating
and controlling macroscopic operation parameters. The aim
of this study was to enhance simultaneous nitrification and
denitrification (SND) under low dissolved oxygen (DO)
concentrations and to obtain the optimal DSTR operation
parameters. The experimental results should support the the-
oretical basis for the further popularization and application of
DSTRs.

2. Materials and Methods

2.1. Experimental Setup. A set of DSTRs, as illustrated in
Figure 1, was used in this study. The main reactor com-
partments consisted of an influent plastic tank (200L), an
aeration tank (length 1 m, width 0.65 m, height 1 m), and an
integrated sludge separating device (inner cylinder diameter
0.14m, height 0.27 m, external cylinder diameter 0.27 m,
height 0.5m). The sludge separating device was fastened
by four support pillars to the center of the aeration tank.
The distance between the sludgeseparation device and the
bottom of the aeration tank was 0.4 m. Sewage was pumped
by a centrifugal pump (LangHe Company, Shanghai, China)
into the influent plastic tank, and a peristaltic pump (Lange
Company, Baoding, China) was used to control the influent
and effluent flow rates. Two aeration pumps were used to
oxygenate the contents of the reactor. The air was diffused
using several aerators.

Seed sludge collected from Qige wastewater treatment
plant (Hangzhou, China) was incubated and acclimated in
sewage before the experiments. The total suspended solids
(TSS) and volatile suspended solids of the sludge were 8.62
and 4.38 g/L, respectively. The initial inoculation concen-
tration of sludge was 1.5 g/L. Sewage was pumped into the
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reactor. The sewage had a chemical oxygen demand (COD)
of 179-514 mg/L, a suspended solids level of 40-535 mg/L, a
turbidity of 61-370 NTU and NH, " -N levels of 21-42 mg/L.
The DO concentration was maintained at 1.3 + 0.2 mg/L
during the experiments.

2.2. Experimental Design. After the inoculation of sludge, the
reactor was run for about 10 days to allow it to stabilize.
The experiment was then conducted in three stages. First, the
effect of different surface loads was investigated. Surface loads
of 1.11 + 0.13, 1.56 + 0.13 and 1.89 # 0.05 m*/(m*h) were
studied at a sludge concentration of 1.8 + 0.3 g/L. Second,
the influence of sludge concentration on nitrogen migration
and transformation was studied. Sludge concentrations of
1.5+0.2,3.5+0.3 and 4.5+ 0.7 g/L were used at a surface load
0f 2.0 £ 0.5 m>/(m?h). Third, the reactor was run at a surface
load of 2.0 + 0.5 m?/(m?-h) and a sludge concentration of 2.0
+ 0.3 g/L for a period of time to investigate the influence of
ambient temperature on nitrogen transformation.

2.3. Analytical Method. NH,*-N, NO3;™-N, NO, -N, TN,
mixed liquor suspended solid (MLSS) and mixed liquor
volatile suspended solid (MLVSS) levels were measured using
the standard methods [9]. The concentration of Kjeldahl
nitrogen was calculated on the basis of TN, NO3;™-N, and
NO; ™ -N. COD was measured using a DR2800 spectropho-
tometer (HACH Company, Loveland, CO, USA). DO was
measured using a DO meter (INESA Scientific Instrument
company, Shanghai, China) and pH was measured by a pH
meter (Mettler Toledo, Greifensee, Switzerland).

Nitrogen migration and transformation in the traditional
biological nitrogen removal process is as follows:

NH;* -N — NO,” -N —NO3;” -N— NO, -N
—> NO — N,O — N,
(1)

NH;"-N removal is accomplished by nitrification and TN
is removed by denitrification. The rates of nitrification and
denitrification in this study were calculated as follows [10]:

Qin (KNinﬂuent - KNeﬁluent)

P nitrification = (2)
V reactor

_ Qin (TNinﬂuent B TNefﬂuent) 3

¥ denitrification = % > ( )
reactor

where Q,, is the influent flux (L/d), Vyeactor is the volume of
the reactor excluding the sludge sedimentation device (L),
KN is Kjeldahl nitrogen (mg/L), and TN is total nitrogen
(mg/L).

3. Results and Discussion

3.1. Results

3.1.1. NH,*-N and TN Removal. The NH,;*-N and TN
concentrations in the influent and effluent during the oper-
ation period are shown in Figure 2. The effluent NH,"-
N concentration was steady under low surface loads, but



Journal of Chemistry

Influent

Effluent

FIGURE 1: Experimental configuration of a decentralized sewage
treatment reactor (DSTR) system 1, Influent plastic tank; 2, peri-
staltic pump; 3, aeration pump; 4, DSTR reactor; 5, sludge sedimen-
tation device; 6, aerator.
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FiGure 2: TN and NH,4"-N removal in a DSTR system.

it increased considerably at intermediate sludge concentra-
tions. In addition, at high sludge concentrations, the TN
concentration in the effluent was almost the same as that
in the influent. Occasionally, TN was even higher than
that in the influent. This phenomenon was probably caused
by organic nitrogen emission from the system. When the
ambient temperature decreased, the NH,-N concentration
in the effluent increased, indicating that low temperature
adversely affects nitrification. These data suggest that sludge
concentration and temperature have an influence on the
effectiveness of NH;"-N and TN removal.

3.1.2. Effluent NO3 -N and NO,™-N Concentration and
COD Removal. Figure 3 shows the NO3; -N, NO, -N and
COD concentrations in the effluent. The nitrite concen-
tration in the effluent was mostly below 0.6 mg/L, except

for intermediate sludge concentrations. Nitrite accumulation
was not evident. The nitrate concentration in the effluent
was relatively stable during the surface loading stage, but
there were fluctuations during the sludge concentration and
temperature stages. The COD in the effluent followed a
similar trend to that of the nitrate concentration. The effluent
COD concentration was below 70 mg/L, despite variation of
the influent quality, during the surface load stage, and the
system exhibited a good level of organic removal. However,
the sludge concentration and temperature had a great impact
on COD removal.

3.2. Discussion

3.2.1. Effect of Surface Load on Nitrogen Removal. The effect
of surface load on nitrogen migration and transformation is
shown in Table 1. Both the TN and NH4"-N concentrations
in effluent increased as surface loads increased. Table 2 shows
that the maximal denitrification rate of 20.01 + 3.02 g/ (m3-d)
was achieved at a surfaceload of 1.11 + 0.13 m?/(m?-h). When
the surface load increased to 1.89 + 0.05 m>/(m?-h), the rate of
denitrification decreased to its minimum value. In contrast,
the nitrification rate increased as the surface load rose.

Some researchers have found that the efficiency of bio-
logical treatment system depends on operating conditions
such as hydraulic retention time [11]. A huge number of
microorganisms are present in activated sludge systems, and
most of them unite to form a zoogloea. Aerobic heterotrophic
bacteria responsible for carbon removal accompanied by
nitrifiers are in the exterior of the zoogloea. In activated
sludge systems, denitrification is significantly influenced by
oxygen and substrate concentration. At low surface loads,
nutrient is removed by heterotrophic bacteria in the external
layer of sludge flocs; denitrifiers in the inner layer lack an
adequate carbon source. Although the amount of organic
substrate increased as surface load rose, most of it was
degraded by heterotrophic bacteria. The amount of het-
erotrophic bacteria was large and the anoxic zone contracted
as the surface load increased. The denitrifiers were, there-
fore, starved of food. In addition, low DO concentrations
(0.15-0.35mg/L) were beneficial to the SND process [12].
The concentration of DO in this study was maintained at 1.3
+ 0.2 mg/L, and this fact might have restricted the formation
of an anoxic zone and thereby restrained the denitrification
process. During the low surface load phase, both oxygen
and substrate levels were not suitable for denitrification.
The finding that the nitrification rate increased when the
surface load rose indicates that nitrification might not be
carried out by aerobic autotrophic nitrifiers alone. Aerobic
heterotrophic nitrifiers might also be responsible for nitrogen
migration. Heterotrophic nitrification has been shown to
contribute to ammonia removal in wastewater [13, 14]. As the
surface load increased, the heterotrophic nitrification process
was strengthened and this could accelerate the ammonia
oxidation process. And it could be seen from the Figure 3
that the effluent COD was stable as surface load varied [15].
found that the hydraulic retention had no significant effect on
granular sludge biomass in treating textile wastewater.
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TaBLE 1: Nitrogen removal in a DSTR at different surface loads.

TN (mg/L) NH,4"-N (mg/L) _
Surface load (m?*/(m*-h Effluent NO; ™ -N (mg/L
(m/( 2 Influent Effluent Influent Effluent } (mg/L)
1.11+£0.13 49.55 + 2.65 32.60 +1.73 41.26 + 4.64 3.68+1.76 28.19+0.47
1.56 £0.13 40.57 £ 1.50 33.27+1.70 35.80 +2.88 433 +2.41 28.07 + 0.46
1.89 +£0.05 41.04 + 8.87 36.11 + 8.83 34.64 +5.81 10.07 £ 6.18 22.75 +3.57
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FIGURE 3: Effluent nitrate and nitrite concentrations and COD removal in a DSTR system.

TABLE 2: Nitrification and denitrification rates in a DSTR at different
surface loads.

Surface load (m*/(m*h)) 1.11+0.13 1.56+0.13 1.89+0.05
Fnitrification (g/(m>-d)) 53.09+6.41 59.62+2.82 61.44+0.48
T denitrification (g/(m°-d))  20.01+£3.02 11.97+2.39 9.81+3.17

In this study, as the surface load rose, the nitrification
rate increased, whereas the denitrification rate decreased. As
a result, the low surface load of 1.11 + 0.13 m3/(m?-h) was
beneficial to biological nitrogen removal.

3.2.2. Effect of Sludge Concentration on Nitrogen Removal.
TN and NH,*-N levels in the influent and effluent and
NO3 -N and NO, -N levels in the effluent are shown in
Table 3. The NH4*-N and TN concentrations in effluent rose
slightly when the sludge concentration increased from 1.5
+ 0.2 to 3.5 + 0.03 g/L. Nitrite accumulation was observed
in the system. Kim et al. [16] also found that the increased
sludge concentration in the nitrification tank via SRT control
enhanced TN removal. Acceleration of the nitrification and
denitrification rates can be seen in Table 4 when the sludge

concentration increased from 1.5 + 0.2 to 3.5 + 0.03 g/L.
However, when the sludge concentration increased from
3.5+ 0.3t04.5+£0.7 g/L, the TN concentration in the effluent

was higher than that in the influent.
As the sludge concentration increased, the number of

nitrifiers increased, which resulted in an increase of the
volume removal rate of Kjeldahl nitrogen. However, the
removal rate of Kjeldahl nitrogen per gram MLSS decreased,
indicating that nitrification was inhibited. During the nitrifi-
cation process, adequate DO is needed to achieve a good level
of ammonia oxidation [17]. However, the DO was consumed
primarily by aerobic heterotrophic microorganisms, and, asa
result, the rate of nitrification decreased.

When the sludge concentration was maintained at 3.5 +
0.3 g/L, the system achieved its optimum level of denitrifi-
cation. The removal of nitrogen per gram MLSS increased
when the sludge concentration increased from 1.5 + 0.2 to
3.5+ 0.03 g/L. This phenomenon was probably caused by the
consumption of oxygen by aerobic bacteria, which resulted in
an increased anoxic area in activated sludge flocs. However,
when the sludge concentration increased to 4.5 + 0.7 g/L,
the autolysis of sludge likely occurred, leading to a higher
TN concentration in the effluent than in the influent. Based
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TaBLE 3: Nitrogen removal in a DSTR at different sludge concentrations.

"
Sludge concentration (g/L) Inﬂue:tN (mg/]l;,)fﬂuent Inffl?r:t N (n;gélljent Effluent NO3™-N (mg/L) Effluent NO,™-N (mg/L)
1.5+0.2 38.63 £2.00 32.77+2.11 34.00+1.73 6.67+2.52 24.60 £+ 3.80 0.47 £ 0.04
35+£03 4825+ 11.13 34.06+9.76 24.79+4.86 9.45+12.9 25.76 £15.99 1.63 £1.78
4507 35.75+9.74 43.27+4.63 32.83+9.36 6.87+2.23 39.05+0.27 0.58 £ 0.49

TABLE 4: Nitrification and denitrification rates in a DSTR at different sludge concentrations.
Sludge concentration (g/L) 1.5+0.2 3.5+0.03 45+0.7
Foitrification (g/(m°-d)) 57.36 +3.26 80.61 + 19.03 61.87 + 36.34
¥ denitrification (g/(m’-d)) 11.03 +2.20 28.58 +1.22 /
Tnitrification (Mg/(gMLSS-d)) 30+3 205 10+ 8
" denitrification (Mg/(gMLSS-d)) 6+1 714 /

TABLE 5: Nitrification and denitrification rates in a DSTR at different
ambient temperatures.

Temperature (°C) 32+1 22+1 10+3
Foitrification (g/(m°-d))  60.08 £2.22 7147 £23.06 35.87 +0.40
7 denitrification (g/(m3-d)) 10.63 + 1.53 1.43 £ 0.68 0.46 +£0.09

on the removal rates of nitrogen for sludge concentrations
of 1.5+ 0.2 and 3.5 + 0.3 g/L, a linear extrapolation would
suggest a nitrogen removal rate of 38 g/(m’-d) for a sludge
concentration of 4.5 + 0.7 g/L. However, no nitrogen removal
was observed at a sludge concentration of 4.5 + 0.7 g/L.
Therefore, it appears that a high sludge concentration can
have a negative effect on nitrogen removal. From the above
analysis, we suggest that the appropriate sludge concentration
when treating sewage in a DSTR system is 3.5 g/L.

3.2.3. Effect of Ambient Temperature on Nitrogen Removal.
Temperature had a significant impact on nitrogen removal.
Most nitrifiers and denitrifiers are mesophilic microorgan-
isms. The optimal temperature for nitrifiers is 25-30°C [18].
The enzymes present in these organisms have optimal activity
under mesothermal conditions, which is helpful to nitrogen
removal. Yuan et al. [19] deemed that the activity of nitrate
bacteria was inhibited and caused the HNO, accumulation
when the temperature was between 12-14°C or higher than
30°C. While the temperature was between the 15-30°C, a
well nitrification process was achieved.

The effects of ambient temperature on nitrification and
denitrification rates are shown in Table 5. A high temperature
(32°C) was beneficial for denitrification. The rate of denitrifi-
cation achieved at this temperature was 10.63 + 1.53 g/(m*-d).
As the ambient temperature decreased, the denitrification
process was greatly inhibited. The effect of ambient temper-
ature on nitrification showed that mesothermal conditions
are suitable for a good nitrification process. Low tempera-
tures had a significant adverse impact on nitrification also,
underlining that both nitrification and denitrification were
inhibited at low temperatures. However, the COD removal
efficiency was relatively stable as the ambient temperature

changed. Therefore, when the ambient temperature falls,
especially in the winter, the water temperature will need to
be adjusted to a suitable value to achieve adequate nitrogen
removal.

4. Conclusions

The rate of denitrification decreased as the surface load
increased, but the rate of nitrification increased. The low
surface load of 1.11 + 0.13 m*/(m*-h) was the optimum for
nitrogen removal in this study. Atlow DO levels and a sludge
concentration of 3.5 g/L, the system achieved a good level of
nitrogen removal. Neither high nor low sludge concentra-
tions were suitable for nitrification and denitrification. Low
temperatures also had an adverse effect on nitrification and
denitrification. Close consideration of the water temperature
is needed to avoid a decline in nitrogen removal when treating
sewage in DSTRs.
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