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Abstract. Subsurface wastewater infiltration systems (SWIS) are one of the important sources of nitrous oxide (N,O) pro-
duction; understanding the biological processes and contributions of N,O will help control the amount of N,O produced.
To quantitatively reveal the contribution of nitrification and denitrifiaction processes, 8 g potassium nitrate with 99.99 atom
% 5N (i.e. >N accounts for 99.99% of the total N) was dissolved in the influent (concentration: 3.3 g/L). Results showed
that nitrification released more N,O within 0-12 h, accounting for 79.6 + 2.4%. The denitrification process accounted for
88.5 + 1.3% for N,O generation after the 12" hour. Thus, in order to effectively control the release of N,O, the denitrifica-
tion process should be given more attention. The maximum release rate of N,O was 8.45 + 0.8 mg/m?>h, which occurred
near the end of the first wetting-drying cycle. Since then, peaks appeared periodically, mostly in the “rest” periods.
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Introduction

Subsurface wastewater infiltration systems (SWIS) offer a
promising opportunity to transform municipal wastewater
into renewable energy with significantly reduced energy
consumption (Pan et al., 2016a; Jiang et al., 2017). Gener-
ally, the SWIS process is a soil-based sewage treatment
technology. Purification mechanisms involve biological,
physical and chemical processes (Li et al., 2017b). The in-
let pipe is usually set at a depth of 40-50 cm. The sewage
infiltrates the 60-70 cm support layer under the action
of gravity, and then climbs up to a depth of 20-25 cm
driven by capillary force. When gravity is greater than the
capillary force, sewage infiltrates into the bottom and is
collected. According to the literature (Zhang et al., 2015),
aerobic, anoxic and anaerobic states are sequentially dom-
inant from top to bottom, thus the organic matter can be
degraded through different biochemical reactions specific
to each of those zones(Lloréns et al., 2011).

Although several studies have reported that the SWIS
processes can effectively perform nitrogen biotransforma-
tion, it has been found to be a source of nitrous oxide
(N,0). According to Kong et al. (2002), SWIS emits 3.3-
5.0 g N,O/m? in China (the total nitrogen concentration
was 87 mg/L). Furthermore, the aerobic—anaerobic state is
closely related to the generation of N,O. Since then, many

researchers expressed their interests in N,O generation
from the SWIS process. Li et al. (2017b) confirmed via
field study that the generation of N,O was under the in-
teraction of nitrification and denitrification processes. To
solve the problem regarding N,O sampling, Li et al. (2018)
introduced a layered sampling method. Moreover, many
operational parameters affecting N,O generation, such as
hydraulic load, organic load and intermittent cycle were
revealed by Pan et al. (2016b), Jiang et al. (2017), Li et al.
(2017a), Li et al. (2018) and Sun et al. (2018). These re-
ports acquainted us with N,O generation flux from SWIS.
However, the contribution of different biofilm layers and
biological processes to the release of N,O remains undis-
closed.

The isotopic tracer method is a microanalytical meth-
od for labeling subjects using radionuclides as tracers. This
technology has the advantage of high sensitivity, conveni-
ent operation and accurate test results. Moreover, using
isotopic techniques, the contribution of nitrification and
denitrification processes to N,O release was successfully
revealed in the Eastern Tropical South Pacific (Ji et al.,
2015). Thus, the aim of this paper is to explore our current
understanding and knowledge gaps of the role of nitrifica-
tion and denitrification in N,O generation in the SWIS
process, and to provide a basis to effectively control the
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release of N,O by regulating biological processes. To this
end, using isotopic technique, the release rate of N,O was
presented and discussed according to the calculation of
stable N isotope concentration in the key processes.

1. Materials and methods

1.1. System, substrate and influent quality description

Four parallel SWIS simulators (plexiglass columns) were
constructed, 130 cm high and 30 cm in diameter (Fig-
ure 1). The inlet pipe was located at a depth of 50 cm be-
low the soil surface. From top to bottom, each column
was filled with farmland soil, mixed matrix and gravel in
sequence (Li et al., 2018).
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Figure 1. Experimental columns of subsurface wastewater
infiltration system

Farmland soil (meadow brown soil, filled in 0-30 cm)
was sampled from Shenyang Agro-ecosystem Station.
Mixed matrix (filled in 30-110 cm) was composed of fine
sand (0.1-1.0 mm in diameter), coal slag (0.1-0.5 mm in
particle size) and farmland soil mixed in volume ratio of
1:2:7. Gravels (filled in 110-130 cm, 1-2 cm in diameter)
were placed at the bottom to support the matrix and mini-
mize the risk of clogging of outlet. A comparison of the

properties of meadow brown soil (MBS) and mixed matrix
(MM) (Table 1) revealed their substantial differences in
porosity and permeability.

Five oxidation reduction potential (ORP) probes
(FJA-3) were installed at depths of 40, 60, 80, 100 and
120 cm, respectively, giving information on aerobic, facul-
tative and anaerobic conditions. Influent was the blended
sewage of campus. The main indexes (Table 2) indicated
that the wastewater needed further treatment to meet the
discharge standards.

1.2. Experimental operation

A flow meter was used to control the influent to 0.09 +
0.01 m3/(m?-d). Intermittent operation was adopted with
wetting-drying ratio of 1:1 (i.e., SWIS was fed continu-
ously for 12 h followed by a “rest” period for 12 h). During
the “rest” period, the system can be reoxygenated (espe-
cially for the upper layer), providing conditions that made
the biological oxidation of NH,*-N and organics possible.

After the effluent quality steadily satisfied the first class
A criteria of the “Discharge Standard of Pollutants for
Municipal Wastewater Treatment Plant” (GB18918-2002)
for 5 consecutive days (GB18918-2002: COD < 50 mg/L,
BOD; < 10 mg/L, NH,*-N < 5 mg/L, TN < 15 mg/L and
TP < 0.5 mg/L), 8 g KI°NO; with 99.99 atom % °N was
dissolved in influent (concentration: 3.3 g/L) within 2 h.
Compared with the added '°N isotope, the concentration
of nitrate in raw water was negligible. Gas samples were
taken before the introduction of >N isotope and every
60 min after the addition. At each sampling time, a col-
lection hood (20 cm high) was placed on the soil surface
for 20 min and gases were collected using 25-mL plastic
syringes. Then the samples were stored in pre-evacuated
20-mL vials and analyzed within 24 h. Influent, effluent
and mixed matrix samples were collected and analyzed
as well.

1.3. Analytical method

Water samples were analyzed according to standard
methods (APHA, 2005). N,O concentration was deter-
mined using a Shimadzu GC-2014 gas chromatograph

Table 1. Comparison of properties between MBS and MM

1 1 0,
. Organic Porosity/ Permeability/ Granular grading/%
tem pH matter/ % /
% o (cm/s) >1 mm 1-0.05mm | <0.05mm
MBS 6.8 3.96 52.5 8.9x107° 2.0 31.1 66.9
MM 7.2 4.99 56.8 1.1x1073 27.6 23.4 49.0
Table 2. Main influent quality indexes
Indexes COD/(mg/L) BOD/(mg/L) NH,*-N/(mg/L)

Mean value + deviation 3222+9 190 + 12 347 +9
Indexes NO;™-N/(mg/L) NO, -N/(mg/L) TN/(mg/L)
Mean value + deviation 1.9+0.1 0.52+0.1 53.1+£0.2




90 Y.-H. Li et al. Identification of nitrous oxide generation in subsurface wastewater infiltration system filled with...

manufactured by Shimadzu Corporation (Japan). The de-
tector was a 63Ni electron capture detector (ECD) and
the chromatographic column is an 80/100 mesh Porapak
Q packed column. High purity nitrogen (99.999%) was
used as the carrier and back flushing gas at a flow rate
of 50 mL/min. The analysis of 1°’N-N,O was performed
at Stable Isotope Laboratory in Institute of Applied Ecol-
ogy, Chinese Academy of Sciences (Shenyang, China), de-
termined using a Trace Gas Pre-concentrator and a mass
spectrometer (IsoPrimel00) (Xi et al., 2016). The water
and soil isotopic abundance were determined using a Eu-
ropa Integra continuous flow isotope ratio mass spectrom-
eter (Europa Scientific, Seron, Cheshire, UK). The analysis
was performed in triplicate, and error analysis was carried
out by SPSS 18.0.

1.4. Calculation method

N,O generation rates were estimated using formula (1)
(Maucieri et al., 2017):

Fy o =Hx(C,-C))/At. (1)

In the above equation, Fy o was the generation rate of
N,O, mg/(m?-h); H was the height of gas collection hood,
m (0.2 m here); At was the time interval between two con-
secutive sampling, h; C; and C, werethe concentration of
N,O in two consecutive samples, mg/m?>.

I>N-N,O generation rate was calculated by formu-
la (2), proposed by Xi et al. (2016):

15 _
FNZO = FN20 X AN20 . (2)
In the above equation, Fﬁys o Was the generation rate
2
of "N-N,0, mg/(m*h), Ay was the abundance of
I5N-N, 0, obtained on the samples,%.
N,O generation rates from denitrification and nitri-

fication were calculated using formulas (3)-(4) (Xi et al,,
2016):

D _rl5

oo =Eo s 3)
N _ D

Feyo =Hv,0 ~Fyo- (4)

In the above equations, EP . was the generation rate

N,0
of N,O in denitrification process, mg/ (m2h); F, was the
abundance of '>’N-NOj;" in the mixed matrix, obtained on
. N . .
the samples, %; FN20 was the generation rate of N,O in

nitrification, mg/(m?h).

2. Results and discussion

2.1. The fate of nitrate nitrogen in the influent

For the SWIS process, nitrate nitrogen (NO5") in influ-
ent will be discharged, used by microorganisms and con-
verted into gaseous nitrogen (Pan et al., 2016a). In order
to quantitatively analyze its fate,nitrate concentration in
effluent and soil, N,O generation rate, 1°N abundance in

soil, effluent and N,O were analyzed and calculated (Fig-
ure 2). All data was corrected from the background value.

As shown in Figure 2a, at 0 h, NO;™-N in the efflu-
ent was as low as (7.5 + 1.4) mg/L. Considering that the
concentration of NO;™-N in the soil was closely related to
that in the wastewater (Han et al., 2017), the concentration
of soil NO;™-N was also low at the beginning (Figure 2b).
As the operation progressed, hydraulic load shock was the
main reason for the significant increase of NO;™-N con-
centration in both effluent and soil (Lyu et al., 2017). After
5 wetting-drying cycles (amounts to 120 h), the concentra-
tions of NO;™-N in effluent and soil came gradually close
to the control groups (11.6 + 0.8 mg/L and 5.1 + 0.3 mg/kg,
respectively). As the system was dosed in the 12 hour on-
12 hour off cycle and then repeated, it was expected to
see a nitrate spike at 24-36, 48-60, 72-84, 96-108 and
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Figure 2. (a) Nitrate concentration and '>’N-NO;~ abundance
in effluent, (b) Nitrate concentration and >’N-NO;~ abundance
in soil and (c) N,O release rate and 'N-N,O abundance
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120-132 hours. But an almost continuous decline was
found in effluent (Figure 2a). The reason may be that the
nitrate in influent was continuously utilized by microor-
ganisms and converted into amino acids and proteins (Pan
et al., 2016b; Jiang et al., 2017; Li et al., 2017a). To prove
this, organic matter contents of MM were analyzed at 30,
54,78, 102 and 126 h, respectively. The results showed that
during the experimental period, the organic matter con-
tent increased slightly from 4.99 (0 h) to 5.06 (30 h), 5.11
(54 h),5.12 (78 h), 5.15 (102 h) and 5.19 (126 h), indicat-
ing that the missing nitrate was likely to be bio-converted
into organic substances.

With regard to N abundance, between 0 and 1 h, it
was close to 0.366% of natural abundance in N,O, indi-
cating that 1’NO;~ didn’t participate in the denitrification
process within the first 1 h, and even failed to reach the
bottom at all. This was mainly due to the special hydraulic
flow pattern in the SWIS process, as described in Intro-
duction section. Compared with the sand filtration system
and constructed wetlands, the special flow pattern of cap-
illary flow (up-flow) and gravity flow (down-flow) led to
the longer retention time and higher removal rate of total
nitrogen (Zhang et al., 2015; Han et al., 2017; Maucieri
etal., 2017; Li et al., 2018). Consequently, in the early stage
of water intake (especially 0-1 h), low >N abundance was
observed in effluent and N,O. As the water labeled with
5N gradually reached the outlet, the abundance of effluent
I5>N-NO;7, soil I°N-NO;~ and °N-N,O increased rapidly.
After 19-20 h, >N-NO;~ in soil and 1°N-N,O reached the
maximum, which were (80.1 + 2.2)% and (74.6 + 1.6)%,
respectively. Since then, 1°N labeled water was discharged
gradually from the system. As a result, soil ’N-NO;~ and
I>N-N,O decreased and remained at around (40.2 + 2.0)%
and (6.7 + 0.6)%, respectively. Based on the °N isotope
tracer experiment, it can be concluded that (52.3 + 1.7)%
nitrate in influent was discharged with effluent. Soil mi-
crobial utilization and biotransformation accounted for
(40.2 £ 2.0)%. Nitrogen additioncan induce promising ef-
fects in the soil by enhancing microbial transformation of
native inorganic and organic nitrogen bound (Wu et al.,
2017). As a result, the decomposition of labile organic
matter in soil was accelerated as indicated by the higher
N,O emissions.

109 <4———Ist wetting cycle

1st drying cycle

N0
N “NN,O

Emission rate of N,O and 'SN-NZO/(mg/mz'h)
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Operation time/h

2.2. Nitrous oxide emissions over time

Although only a small fraction of influent nitrate was con-
verted to N,O through biological denitrification directly,
it represented a permanent removal of nitrogen (Li et al.,
2019). Therefore, after introducing >N, N,O and '>N-
N,O were sampled every 60 min and their emission rates
were found to have a linear positive correlation (Figure 3).

The maximum generation rate of N,O occurred at
the end of the first wetting-drying cycle (24 h), consist-
ent with the cumulative peak of soil nitrate (as shown in
Figure 2b). Then the generation rate of N,O slowed down.
The results suggested that soil nitrate concentration was
one of the influencing factors of N,O generation. Given
that nitrate was the electron acceptor in the denitrification
process (Sabba et al., 2015), its availability was listed as
one of the fundamental prerequisites of N,O production.
However, the process of denitrification, which basically
occurs in the bottom layers where the dissolved oxygen
concentration is close to zero, requires the consumption of
a relatively large number of organic carbon. The reduction
of 1 g nitrate to N, needs 2.86 g BOD (Mander et al., 2014;
Sabba et al., 2015). If all nitrates were reduced to N,O, the
demandfororganic carbon would not be much less than
the case of N,. Actually, about 60-80% organics in the
influent were removed in the upper layers in the SWIS
process (Li et al., 2017b, 2019), resulting in a decrease in
N,O generation.

Additionally, it is noted that the average generation
rate of N,O during drying cycles was higher than that in
wetting cycles (Figure 3a). For example, during the first
wetting cycle (0-12 h), the N,O generation rate was 3.2
0.4 mg/m%h, 3.4 + 0.3 mg/m*>h lower than that of the
subsequent drying cycle (12-24 h). Due to the increas-
ingly saturated conditions during wetting cycles, N,O
generated by the denitrification process found it hard to
escape from the bottom layer. Instead, during the drying
cycles, the unsaturated soil pores encouraged N,O to es-
cape. There are three benefits to setting up the drying pe-
riod of the system. One is that the upper layer of soil has
sufficient reoxygenation to help the degradation of organic
matter, the other is to help drain the accumulated water in
the lower layers, and the third is to encourage the biologi-
cal metabolic gas (such as N,O) escape from the system

y=a+bx
3.54 086453
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3.0 Intercept 021859 0.0829
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Figure 3. (a) N,O and ®N-N,O release rate over time and (b) Linear correlation between N,O and *N-N,O release
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(Zhang et al,, 2015; Pan et al,, 2016a; Sun et al., 2018; Li
et al., 2019). The generation rate of 1’N-N,O came close
to zero at the beginning (0-6 h), which had positive cor-
relation with the °N-NO;~ abundance in soil (as shown in
Figure 2b). With extended running time, 1’N-NO;~ abun-
dance in soil increased and provided sufficient electron ac-
ceptor for denitrification (Ji et al., 2015). Thus, the genera-
tion rate of >’N-N,O increased significantly and reached
a maximum at 20 h. In brief, N,O generation rate was
as low as 0.33 + 0.1 mg/m?>h at the beginning. Its maxi-
mum generation was 8.45 + 0.8 mg/m?>h, occurring near
the end of the first wetting-drying cycle (24 h). Then, its
generation decreased with increasing running time until
it was close to the control group. Furthermore, there was
a positive correlation between N,O and °N-N,O genera-
tion rate (R? = 0.86) (Figure 3b).

2.3. Contribution to nitrous oxide release

Micro-environmental differentiation of soil profiles can be
done by measuring the ORP (Li et al., 2016). The zones
with ORP higher than 400 mV and less than -200 mV
are defined as aerobic and anaerobic zones, respectively.
While when ORP is between —200 mV and 400 mV, this
area is considered to be a facultative zone. Even if a small
part of the areas fluctuated between aerobic and facul-
tative or facultative and anaerobic (Figure 4), the upper
layer (above 75 cm) was in aerobic state, and the lower
layer (below 105 cm) was soil saturated, which was an
anaerobic zone. During nitrification (which occurs in the
upper layers), N,O can be generated due to the oxidation
of NH,*-N and hydroxylamine (NH,OH) (Sun et al,,
2018). When the dissolved oxygen availability is limited,
NO, -N accumulates and exerts toxicity to microbial cells
(Domingo-Félez et al., 2017). In this case, heterogeneous
nitrite reductase is produced and reduces NO,™-N to N,O
(Zhang et al., 2009; Lyu et al,, 2017). Due to the incom-
plete reduction of NO,™-N, the denitrification process
(which occurs in the lower layers) is another main con-
tributor of N,O generation (Kong et al., 2002).

In this study, the source of N,O is categorized into
denitrification and nitrification processes, namely FI\II)20
and FI\I;IZ o - According to Eq. (3) and (4), FI\?Z o and FI\Z}Z o
were calculated (Figure 5). Due to the lack of nutrients
and electron acceptorduring the “rest” period (i.e. the dry-
ing period) (Domingo-Félez et al., 2017), FI\LI)2 o Was very
low. With the addition of denitrifying substrate and en-
hanced activity of denitrifying bacteria, FI\IT)z o increased
to 0.85 + 0.1 mg/m*h at 12 h and reached a maximum
of 4.5 + 0.5 mg/m>h at 24 h. An increase in the soil ni-
trate concentration accelerated the denitrification reaction
(Pan et al,, 2016b; Xi et al., 2016; Wu et al., 2017), leading
to an increase in FI‘?z o - As a result, when the concentra-
tion of nitrate in the soil decreased, decline in Fl\ll)z o Was
also noted. Overall, in the first 12 h, nitrification process
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was the main pathway for N,O generation, accounting for
79.6 +2.4%. After 12 h, 88.5 + 1.3% of N,O was generated

from the denitrification.

The experiments provided practical proof that the den-
itrification process accounted more for N,O generation in
SWIS processes, especially with the extension of the op-
eration time. The results also indicated that considering
the long-term operation of the system, the denitrification
process should be given more attention. In view of the
mechanism of N,O generation during the denitrification
process (incomplete reduction of nitrite), it is important
to maintain the activity of the related enzymes, such as
nitrous oxide reductase. However, SWIS is equivalent to
a complex bioreactor, and various microbial processes co-
exist. Therefore, in addition to the nitrification and deni-
trification processes, whether and how the other processes
contribute to the release of N,O needs further research.

Conclusions

This study revealed the contribution of nitrification and
denitrification processes to the release of N,O from the
SWIS process. After 12 hours of operation, more N,O
was generated in the lower layer, accounting for 88.5 *
1.3%. But in the early stage, the aerobic zone (above
75 cm) was the place where more N,O was generated.
Considering the ever-expanding scale of SWIS appli-
cations, how to effectively control the release of N,O
from the denitrification process will become the focus
of attention. Furthermore, the amount of N,O generated
during the drying period was higher than that during
the wetting period. And the highest release rate(8.45 +
0.8 mg/m?.h) occurred near the end of the first wetting-
drying cycle (24 h). The results suggested that once meet-
ing the effluent requirements, the drying cycle should be
shortened as much as possible.
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