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Abstract: Agricultural non-point source pollution has emerged as a significant driver of declining
global water quality in recent years. Ditch systems hold considerable promise for trapping and
purifying pollutants. However, the persistent challenge has been the limited availability of carbon
sources in drainage water, which significantly hinders nitrogen (N) removal in ditches. This study
investigated the dynamic changes in ammonia (NH4

+) and nitrate (NO3
−) levels caused by three

cellulosic carbon additions (rice straw, coir, and sawdust) during both winter and summer seasons.
Water column devices were used as containers, and the impacts on environmental factors and water
denitrification rates were explored. Results demonstrated that the addition of straw exhibited the most
effective N removal in winter and summer, and significantly enhanced water denitrification rates in a
short timeframe, with the maximum denitrification rate reaching 1482.42 µmol·L−1·h−1. However,
there was an observed accumulation of NH4-N and chemical oxygen demand (COD) in summer.
Also, the addition of sawdust resulted in a notable increase in greenhouse gas emissions during the
summer test. In conclusion, during the cooler seasons of winter and spring when temperatures are
not as high, the combined use of various cellulosic carbon sources has the potential to enhance water
denitrification and mitigate adverse environmental impacts, offering valuable applications for water
quality improvement.

Keywords: drainage purification; rice straw additional; nitrogen removal; greenhouse gas emission;
denitrification rate

1. Introduction

As a major agricultural nation, China boasts an abundance of theoretical straw re-
sources, estimated at over 805 million tons [1]. However, an alarming trend persists, with
more than 20 billion tons of crop straw being either incinerated or left unused on-site each
year. This not only leads to substantial resource wastage but also contributes to environ-
mental pollution. Moreover, the long-standing practice of straw incineration poses threats
to human health and social stability [2]. Cellulosic carbon, rich in lignin and cellulose-like
compounds, typically possesses a robust texture and is hailed as a high-quality, slow-release
solid carbon source due to its ample availability, cost-effectiveness, and its potential to
enhance denitrification [3].

The hydrolysis of cellulose and hemicellulose in plant materials, triggered by soaking,
results in the breakdown into various monosaccharide and polysaccharide molecules,
which, in turn, provide energy for microbial decomposition. It is worth noting that the
rate and quantity of carbon release vary among different types of plant materials [4,5].
Zhao et al. (2011) conducted a comparison of various ecological wetlands and found that
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wetland systems with a higher C/N ratio (greater than 5) exhibited significantly higher N
removal rates [6]. An optimal C/N ratio supports enhanced N removal, but excessively
high C/N ratios may lead to unstable electron consumption rates of denitrifying enzymes,
causing more NO3

−-N to convert into incomplete denitrification intermediates, NO2
−-N

and NO, thus inhibiting enzyme activity [7]. Moreover, Zhang et al. (2020) suggested
that an increase in COD/N results in a higher peak accumulation of NO and N2O during
denitrification, with accumulated concentrations of NO and N2O reaching 5.3 mg·L−1 and
32.8 mg·L−1, respectively, at a COD/N ratio of 10:1 [8]. According to He’s study (2015),
ensuring a C/N ratio higher than 4:1 is crucial for complete denitrification in practical
wastewater treatment. Cameron and Schipper compared nine organic carbon media and
found that the highest nitrate removal rates were achieved with the addition of maize cobs
(15.0~19.8 g N m−3·d−1) [9]. However, NH4

+ and BOD concentrations experienced early-
stage elevations, exceeding 10 and 100 mg·L−1, respectively [10]. The decomposition of
straw also triggers a rapid increase in dissolved organic matter (DOM) in the water column,
including various phenolic substances, leading to odors and potential toxicity, ultimately
impacting plant photosynthesis and causing damage to plant roots and leaves. On the other
hand, incomplete denitrification carries the risk of gas accumulation, particularly N2O, a
potent greenhouse gas and potential ozone-depleting substance [11]. Thus, it is crucial to
investigate the release of organic substances and greenhouse gas emissions, such as N2O
and CH4, resulting from the addition of cellulosic carbon sources for practical applications.

Agricultural non-point source pollution has become an important driver of global
water quality declining in recent years. Drainage ditches play a critical role in reducing
N and phosphorus (P) nutrient levels in farmland drainage through processes like soil
adsorption, plant uptake, and biodegradation. This helps to lower the overall nutrient
load that enters receiving water bodies, thus mitigating the issue of eutrophication [12]. In
contrast to paddy fields, dry land runoff and leachate tend to exhibit relatively high NO3

−

concentrations. Fan’s study (2015) found that NO3
− losses in runoff were often higher than

those of NH4
+, sometimes reaching as high as 10 kg·hm−2 [13]. The application of cellulosic

carbon source materials in ditches to promote denitrification of dry land drainage water and
reduce N concentrations is an intriguing prospect. Yet, the potential risks associated with
such applications remain uncertain and underexplored in current studies. In this study, we
conducted a static water column experiment to focus on N removal and transformation in
water bodies during both summer and winter, employing three carbon sources (rice straw,
coir, and sawdust). We also assessed greenhouse gas emissions and their environmental
impacts. This paper addresses the following issues:

(1) Investigate the dynamic changes in ammonia/nitrate and greenhouse gas emissions
in water bodies resulting from the addition of three cellulosic carbon sources during
summer and winter.

(2) Compare denitrification rates with different cellulosic carbon additions in simulating
dry land drainage.

(3) Assess environmental effects, primarily concerning phenolic acid and COD, associated
with the introduction of cellulosic carbon.

2. Materials and Methods
2.1. Experiment Design

The experiment was carried out in a steel-framed shed located at the Jiangsu Academy
of Agricultural Sciences in China. Rice straw, coir, and wood chips were used as cellulosic
carbon sources. The rice straw was obtained from plant stalks preserved after the rice
harvest at the experimental base. The coir was processed from coir bricks purchased from
the market, and the wood chips were made from common pine shavings. These materials
were cut into pieces of approximately 2–3 cm in length, and 200 g of each material was
placed in a net bag. The net bags were then positioned at the bottom of a water column with
a 355 mm inner diameter and a height of 500 mm (as shown in Figure 1). A tray containing
2 kg of quartz sand was placed on top of the net bags to ensure that the cellulosic carbon
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materials sank to the bottom. Subsequently, 10 g of pre-cultivated Vallisneria natans were
planted in the quartz sand. Four treatment groups were established: Straw—with rice straw
addition, Coir—with coconut shred addition, Sawdust—with wood chip addition, and
CK—the control group with quartz sand and Vallisneria natans. The N, P, and potassium
contents of the cellulosic carbon used in the experiment are presented in Table 1. Each
treatment was replicated three times.
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Figure 1. Schematic diagram of test device (a) water column and (b) static box. Note: 1©—The sink,
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collection port.

Table 1. N, P, and K of carbon sources in each treatment group (g·kg−1).

Group N P K

Straw 4.572 ± 0.959 0.823 ± 0.075 22.924 ± 1.630

Coir 3.349 ± 0.265 0.345 ± 0.232 0.959 ± 0.018

Sawdust 0.569 ± 0.123 0.109 ± 0.012 6.550 ± 1.483

To simulate dry land drainage, potassium nitrate (analytically pure) was dissolved
in tap water to achieve a total nitrogen (TN) concentration of 15 mg·L−1. The formal
experiment began after allowing the influent to stand in the test device for 12 h. The
experiment was divided into a winter test and a summer test (water temperature variations
in the two seasons are given in Figure S1). To assess the long-term performance of the
carbon sources, two stages were conducted for each test, each lasting for 15 days. At the end
of the first stage, the water level in the container was reduced to approximately 200 mm,
while keeping the carbon material and plants submerged in water.

Water samples were collected concurrently with greenhouse gas sampling. During the
first three days of each stage, samples were collected daily, followed by one-day intervals,
resulting in a total of nine sampling events for each stage. In the winter test, Stage I took
place from 14 December to 18 December 2020, and Stage II occurred from 12 January to
26 January 2021, with sampling conducted between 13:00 and 15:00. In the summer test,
Stage I was conducted from 16 June to 30 June 2021, and Stage II was carried out from
8 July to 22 July 2021, with sampling taking place between 8:00 and 10:00.

2.2. Sample Collection and Determination

Gas samples were collected and analyzed using the static box method. For the initial
three days of the experiment, continuous monitoring was conducted over 72 h, and de-
tection was limited to daytime hours (7:00–19:00) for the subsequent four days. Sampling
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was performed at two-hour intervals. The static tank, constructed from plexiglass, was
equipped with a thermometer and a sampling port (as shown in Figure 1). A 5 cm wide
water trough encircled the upper part of the water column. The static box was placed
within this trough, and it was sealed with water during sampling. A double-headed valve
was installed in the sampling port to ensure that the gas within the box remained isolated
from the external atmosphere. Gas samples were withdrawn from the tank using a 20 mL
syringe at 0, 10, 20, and 30 min after the tank was sealed. Before storage in a vacuum
glass bottle, the syringe was pumped back and forth 3–4 times. These samples were subse-
quently transported to the laboratory for analysis. Simultaneously, the temperature inside
the chamber was recorded. The concentrations of greenhouse gases were determined using
an Agilent 7890A gas chromatograph with an FID detector for CH4 and an ECD detector
for N2O. The detection temperature was set at 300 ◦C for both detectors, and 60 ◦C was set
for the column chamber. Greenhouse gas emission fluxes were calculated as follows [14]:

F = ρ·h·dc/dt·273/(273 + T) (1)

where:
F represents the greenhouse gas emission or absorption flux (mg·m−2·h−1),
ρ is the standard density of the gas (kg·m−3),
h is the effective height of the static box (m),
dc/dt is the change rate of the greenhouse gas concentration in the box with time,
T is the average temperature in the box (◦C),
273 is the ideal gas constant.
The formula for calculating cumulative GHG emissions [15] is as follows:

En = ∑n
i=1

(
Fi+1 + FI

2

)
× (ti+1 − ti)× 24 (2)

where:
En is the cumulative emission of the measured gas (mg·m−2),
Fi is the emission flux of the greenhouse gas at the ith measurement,
(ti+1 − ti) represents the number of days between two adjacent samples, in days.
It is important to note that the global warming potentials of CH4 and N2O on a

100-year scale (GWP) are 25 and 298 times that of CO2, respectively [15]. Therefore, the
combined greenhouse effect of these gases is calculated as follows:

GWP = En(N2O) × 298 + En(CH4) × 25 (3)

A sampling port was established 200 mm from the top of the water column, equipped
with a silicone tube (50 cm) for water sampling. The silicone tube was sealed with a water
stopper. During sampling, the water stopper was opened to slowly collect approximately
100 mL of water samples into a sampling bottle, which was then stored in a refrigerator at
4 ◦C after filtration. The TN, NO3

−-N, and NH4
+-N concentrations in the water column

were determined using a SKALAR SAN++ SYSTEM flow analyzer (Netherlands SKALAR
COMPANY, Breda, The Netherlands, purchased from Huizhou, Guangdong). COD was
determined using a HACH COD analyzer (DR 1010 COD, Beijing, China), and phenolic
acid was determined through a colorimetric method [16].

2.3. Denitrification Test

The assessment of denitrification rates was conducted through static tests during the
summer. In-situ water samples were collected for isotope incubation treatment. Follow-
ing incubation, the samples were refrigerated and subsequently analyzed for N2 isotope
fraction using a membrane injection mass spectrometer.
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2.3.1. Sample Collection and Cultivation

Water samples were collected at three different time points during each stage: day 1,
day 7, and day 15. This was done using a rubber catheter and sealed 12 mL culture bottles
(Labco Exetainer, Wycombe, UK) equipped with rubber gaskets. Before taking samples,
the water stopper was opened to allow some water to flow out of the catheter, ensuring
the absence of air bubbles and maintaining a uniform flow rate. Subsequently, the outlet
pipe was extended to the bottom of the culture bottle, allowing water to gently fill the
bottle from the bottom until it overflowed to occupy roughly half of the culture bottle’s
volume. Afterward, the catheter was slowly withdrawn to eliminate any air bubbles inside
the bottle. If air bubbles were observed, the samples were retaken. For each replicate, four
samples were collected. Out of these four samples, one served as a blank sample, while the
remaining three were designated for three different incubation periods: 0 h, 12 h, and 24 h.

To create an incubation system with a 15NO3
− abundance of approximately 20%, a

60 µmol·L−1 solution of K15NO3
− (with a 15N atomic abundance of 98.50%, obtained from

the Shanghai Research Institute of Chemical Technology, Shanghai, China) was injected into
the culture flask using a microinjection needle. The flask was kept airtight throughout this
process. The reaction was halted by adding 10 µL of saturated ZnCl2 to the blank sample
and the sample incubated for 0 h immediately. For the remaining samples, ZnCl2 was
added at the end of each respective incubation period to deactivate and store the samples.
The pre-incubation procedures were conducted in the absence of light, and the incubation
phase was carried out at room temperature in a thermostat while protecting the samples
from light.

2.3.2. Calculation of the Conversion of Electronic Signal Values and Concentrations

A Membrane Inlet Mass Spectrometer (MIMS) is an analytical instrument used to
analyze gas components in a sample, typically water. It functions by passing the sample
through a semi-permeable membrane within a vacuum chamber. Since the concentration
of the specific component on the vacuum side of the semi-permeable membrane is virtually
zero, volatile and gaseous components can naturally permeate through the semi-permeable
membrane. The permeated gas is then introduced into the mass spectrometer, either
through an inlet or helium flow. The mass spectrometer subsequently quantifies and
analyzes the gas components.

The M(28N2) values obtained through MIMS represent the standard electron signal
values of pure water at 20 ◦C with a salinity of 0. These signal values may vary with time
during the sample measurement, which is denoted as t. The variation can be described
as a curve: y = At + B. By substituting the sample measurement time into this curve, the
calibrated standard electron signal value for 28N2 at that specific time can be determined.
This value is then directly recorded as M(28N2)t. The actual corrected concentration of 28N2
is calculated by multiplying the value of S1/M(28N2)t by the concentration of 28N2 in pure
water, denoted as c(28N2)s. Similar calculations are performed to obtain the concentrations
of c(29N2) and c(30N2) based on corresponding ratios [17].

The equation for converting electronic signal values into concentrations is as follows:

c(28N2) = M(28N2)t × [c(28N2)s]/At + B

c(29N2) = c(29N2) × M(29N2)t/M(28N2)t

c(30N2) = c(29N2) × M(30N2)t/M(28N2)t (4)

In these equations, M(28N2)t, M(29N2)t, and M(30N2)t represent the actual measured
electron signal values for 28N2, 29N2, and 30N2 at time t. While c(28N2), c(29N2), and c(30N2)
denote the actual corrected concentrations of 28N2, 29N2, and 30N2 at time t, expressed in
µmol·L−1.
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The N2 produced through denitrification in this incubation system is considered to
originate from N atoms in NOx

−. The ratio of production rates for 28N2, 29N2, and 30N2
is consistent with the ratio of 14N to 15N in NOx

− within the system. This ratio can be
calculated as follows:

Dtotal = D30/FN
2, D30 = c(30N2) (5)

In these equations, Dtotal represents the denitrification rate in µmolL−1h−1, FN
2 is the

ratio of 14N to 15N abundance, and c(30N2) is the actual concentration as obtained from
Equation (4).

2.4. Data Processing and Analysis

The data were analyzed and processed using Excel 2016. To test for significant differ-
ences among treatments, a one-way ANOVA (Analysis of Variance) was conducted in SPSS
(Statistical Package for the Social Sciences, IBM SPSS Statistics 27.0.1). Plots and graphical
representations were created using Origin 9.1

3. Results
3.1. N Removal
3.1.1. Winter Test

The changes in N dynamics within the water column during stage I in winter are
depicted in Figure 2a,b. Notably, the NO3

−-N concentration in the straw treatment group
decreased by 7.57% on day D15 when compared to the initial straw concentration. In
contrast, the coir and wood chips treatments exhibited an increase in NO3

−-N levels, rising
by 19.55% and 11.99%, respectively (Table S1). The NH4

+-N content in the water column
remained consistently at a low level, with a similar trend observed across all treatment
groups. There was a notably sharp decrease in NH4

+-N levels on day D3.
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In stage II, the N dynamics of each treatment group are presented in Figure 2c,d.
During this stage, all three N groups experienced a significant decrease on D2, surpassing
the rate observed in the control group (CK). The NO3

−-N removal rates ranged from 40.6%
to 80.5% (Table S1), indicating a substantial improvement compared to stage I. Furthermore,
the removal effect of NH4

+-N also showed a slight increase in the straw treatment, ranging
from 91.6% to 98.1%.

3.1.2. Summer Test

The N removal in the water column during the summer is described as follows. In
Figure 3a,b, we observe the dynamics during stage I. Specifically, the NO3

−-N levels in the
straw group exhibited a slight increase from D1 to D3, followed by a significant drop from
15.4 mg·L−1 to 0.9 mg·L−1 between D3 and D5. Subsequently, the concentration remained
consistently low, staying below 1 mg·L−1.

Agronomy 2023, 13, x FOR PEER REVIEW 8 of 16 
 

 

 

 

Figure 3. Dynamic changes of N at two stages in summer. (a) (NH4+), (b) (NO3−)-stage I, (c) (NH4+), 
(d) (NO3−)-stage II. Note: Straw, Coir, Sawdust represent the addition of cellulosic carbon of straw, 
coir, and sawdust, respectively; CK is the control group. 

3.2. Greenhouse Gas Emission 
In the winter experiment, there were no significant differences in the cumulative 

emissions of N2O among treatments in both of the two stages (Table 2). However, there 
were some interesting trends in terms of Global Warming Potentials (GWPs). The GWPs 
of straw and coir increased by 2.4 and 3.1 times from stage I to stage II, respectively, while 
they decreased in the sawdust and CK groups. In general, all treatments showed a trend 
of decreasing CH4 emissions, but only straw and coir displayed a trend of increasing N2O 
emissions from stage I to stage II. Figure S2 shows the greenhouse gas emission fluxes in 
winter. 

The cumulative emission fluxes and GWPs of different treatment groups in the sum-
mer test are presented in Table 3. The GWP value of straw increased by 12.8% from stage 
I to stage II, while the GWP value of coir and CK remained relatively stable. The GWP 
value of sawdust was significantly higher than that of other treatments in stage I but de-
creased to almost one-tenth in Stage II. Notably, CK had negative GWP values in both 
stages. Figure S3 shows the greenhouse gas emission fluxes in winter.  

  

Figure 3. Dynamic changes of N at two stages in summer. (a) (NH4
+), (b) (NO3

−)-stage I, (c) (NH4
+),

(d) (NO3
−)-stage II. Note: Straw, Coir, Sawdust represent the addition of cellulosic carbon of straw,

coir, and sawdust, respectively; CK is the control group.

Regarding NH4
+-N concentration, both the coir and wood chip groups displayed

a pattern similar to that of the CK. They increased to their maximum values on D11
and then decreased to approximately 2 mg·L−1 by D15, slightly higher than their initial
values. Notably, the straw group showed a distinct NH4

+-N pattern, reaching 23.0 mg·L−1

on the first day of the experiment, peaking at 28.5 mg·L−1 on D3, and then gradually
decreasing. However, even at its lowest point, the concentration in the straw group
remained significantly higher than in the other treatments.

In Figure 3c,d, we shift to stage II. During this stage, the NO3
−-N concentrations in the

straw group were lower, with a removal rate of 10.0% (Tabel S1). In contrast, the NO3
−-N

concentrations in the coir, sawdust, and CK groups increased by 44.6%, 28.8%, and 29.7%,
respectively, reaching levels above 20 mg·L−1 by D15. The removal rates for each group
were lower than those observed in stage I.
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For NH4
+-N, the straw group exhibited a maximum concentration of 13.0 mg·L−1

on D7, which was 54.3% lower than the peak concentration observed in stage I. The coir
and sawdust groups peaked at D3 and D7, respectively, but their overall trends were more
in line with CK. The NH4

+-N removal rates for the straw, coir, sawdust, and CK groups
reached 21.9%, 31.7%, 38.1%, and 39.2%, respectively (Tabel S1).

3.2. Greenhouse Gas Emission

In the winter experiment, there were no significant differences in the cumulative
emissions of N2O among treatments in both of the two stages (Table 2). However, there
were some interesting trends in terms of Global Warming Potentials (GWPs). The GWPs of
straw and coir increased by 2.4 and 3.1 times from stage I to stage II, respectively, while
they decreased in the sawdust and CK groups. In general, all treatments showed a trend of
decreasing CH4 emissions, but only straw and coir displayed a trend of increasing N2O
emissions from stage I to stage II. Figure S2 shows the greenhouse gas emission fluxes
in winter.

Table 2. Cumulative emissions of N2O and CH4 in two stages in winter (mg·m−2).

Straw Coir Sawdust CK

Stage
I

Total emission of N2O 15.22 ± 5.33a 6.87 ± 5.49a 11.78 ± 4.55a 5.87 ± 3.01a

Total emission of CH4 23.28 ± 5.96ab 16.08 ± 14.88b 27.03 ± 10.73ab 50.41 ± 24.88a

GWP 5117.56 ± 1737.34a 2449.26 ± 2008.02a 4186.19 ± 1624.15a 3009.51 ± 1518.98a

Stage
II

Total emission of N2O 40.37 ± 6.29a 24.89 ± 8.41a 9.54 ± 23.43a 4.49 ± 9.28a

Total emission of CH4 8.19 ± 3.15a 7.72 ± 0.28a 1.57 ± 20.64a 0.19 ± 2.01a

GWP 12,235.01 ± 1953.17a 7610.22 ± 2513.18a 2882.17 ± 7498.14a 1342.77 ± 2815.69a

Note: Different letters in the same column meant a significant difference at 0.05 level.

The cumulative emission fluxes and GWPs of different treatment groups in the summer
test are presented in Table 3. The GWP value of straw increased by 12.8% from stage I to
stage II, while the GWP value of coir and CK remained relatively stable. The GWP value of
sawdust was significantly higher than that of other treatments in stage I but decreased to
almost one-tenth in Stage II. Notably, CK had negative GWP values in both stages. Figure
S3 shows the greenhouse gas emission fluxes in winter.

Table 3. Cumulative emissions of N2O and CH4 in two stages in summer (mg·m−2).

Straw Coir Sawdust CK

Stage
I

Total emission of N2O 11.11 ± 3.37b 4.18 ± 0.51bc 43.03 ± 5.41a 1.02 ± 0.95c

Total emission of CH4 10.18 ± 0.39a 3.26 ± 1.45ab −35.51 ± 5.32c −12.66 ± 12.43b

GWP 3565.28 ± 1014.01b 1327.14 ± 188.23bc 11,935.19 ± 1745.18a −12.54 ± 593.85c

Stage
II

Total emission of N2O 8.71 ± 2.21a 2.35 ± 0.28b 7.00 ± 1.37b −3.53 ± 2.59c

Total emission of CH4 11.32 ± 7.33a 19.29 ± 5.01a −14.40 ± 9.97b 17.17 ± 4.55a

GWP 4022.90 ± 2138.13a 1245.13 ± 247.43b 1726.00 ± 657.51b −622.69 ± 885.57c

Note: Different letters in the same column meant a significant difference at 0.05 level.

3.3. Changes in Total Phenolic Acid and COD

Figure 4 illustrates the dynamic changes in total phenolic acid and COD in the two
stages of the summer test. From Figure 4a,b, we observe that the total phenolic acid
content in the water column of the straw group increased rapidly from 2.3 mg·L−1 on
D1 to 17.8 mg·L−1 on D7. This value was significantly higher than all other treatment
groups. However, it then decreased to 4.4 mg·L−1 by D15. In contrast, the total phenolic
acid content in the CK was the lowest in stage I. In stage II, the total phenolic acid content



Agronomy 2023, 13, 3044 9 of 15

for all treatments did not exceed 2 mg·L−1, with the maximum value observed in the straw
group on D15 (1.6 mg·L−1). This was a 91.0% reduction compared to stage I.
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Referring to Figure 4c,d, the COD concentrations in each treatment showed an increas-
ing trend in stage I, with the order of straw > sawdust > coir > CK. The COD values for
straw and sawdust on D15 reached 148.0 mg·L−1 and 147.7 mg·L−1, respectively, repre-
senting substantial increases of 371.3% and 358.6% compared to the initial levels. The COD
values for the other treatments did not exceed 60 mg·L−1. In stage II, the COD values did
not change significantly from D1 to D7. However, they increased notably from D7 to D15,
with the order of straw > sawdust > CK > coir in the end.

3.4. Variation in Denitrification Rate of the Water Body

Figure 5 provides a comparison of denitrification rates for each treatment after 24 h of
incubation on D1, D7, and D15 in the two stages of the summer test. Figure 5a reveals that
all three carbon sources had varying degrees of promotion on denitrification rates on the
first day of the test (straw > sawdust > coir), and all treatments displayed an increasing
trend during the incubation period. The denitrification rate in the coir and sawdust
groups reached the maximum values of 20.99 and 60.87 µmol·L−1·h−1, respectively, at
24 h; these were higher than those of CK. The promotion of denitrification was even more
significant in the straw group, with the denitrification rate rapidly increasing from 0 to
1397.34 µmol·L−1·h−1 at 12 h and reaching 1482.42 µmol·L−1·h−1 at 24 h.
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In Figure 5b, the denitrification rate of the straw group showed a slight decrease
from 0 h to 24 h of incubation on D7 but remained significantly higher than that of coir
and sawdust. On D15 of stage I, the straw group’s denitrification rate remained high,
the sawdust group’s rate was close to that of CK, while coir’s rate was slightly higher
(Figure 5c).

The results of stage II differed from those of stage I, with denitrification intensity much
weaker (Figure 5d–f). The denitrification rate of the straw group was only
(2.32 ± 0.10) µmol·L−1·h−1, lower than the other treatments. The denitrification rates
of the sawdust group and CK were similar in magnitude and variation pattern, while
the coir group’s denitrification rate slightly increased from 12 to 24 h. Specifically, the
denitrification rates on D7 in stage II were as follows: coir (5.96 ± 0.54 µmol·L−1·h−1) >
CK > straw > sawdust, with CK’s rate reaching 4.78 µmol·L−1·h−1. On D15’s incubation,
the denitrification rates of the coir and sawdust groups were higher than those on D7, with
rates of (9.29 ± 0.97) and (6.15 ± 0.51) µmol·L−1·h−1, respectively, surpassing those of
straw and CK.

3.5. Correlation Analysis of Denitrification Rate and Environmental Factors

Table 4 presents the correlations between denitrification rates in stage I and stage II
and various environmental factors and N elements. The analysis reveals several signifi-
cant associations:
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Table 4. Correlation analysis of denitrification rate and environmental factors.

Rate of
Denitrification Stage I Stage II

Analysis Index C/N pH DO Temperature NO3−-N NH4
+-N C/N pH DO Temperature NO3−-N NH4

+-N

Straw
P 0.128 0.977 0.970 0.092 0.025 * 0.758 0.853 0.965 0.070 0.421 0.985 0.705

r2 −0.980 −0.036 0.047 −0.989 0.999 0.371 0.229 0.055 −0.994 0.789 0.024 0.448

Coir
P 0.267 0.612 0.118 0.008 ** 0.037 * 0.300 0.768 0.161 0.741 0.988 0.025 * 0.652

r2 −0.913 −0.572 0.983 −1.000 0.998 −0.891 0.357 0.968 −0.396 −0.019 0.999 −0.519

Sawdust
P 0.188 0.097 0.006 ** 0.053 0.975 0.123 0.106 0.076 0.871 0.902 0.344 0.282

r2 −0.957 −0.988 1.000 −0.997 −0.040 −0.981 0.986 0.993 0.201 −0.153 0.857 −0.903

CK
P 0.879 0.860 0.282 0.814 0.400 0.967 0.811 0.898 0.825 0.081 0.721 0.691

r2 0.188 0.218 0.903 0.288 0.809 0.052 0.292 0.160 −0.272 0.992 −0.424 0.466

Note: * in the table indicates a significant correlation at the p < 0.05 level; ** indicates a significant correlation at
the p < 0.01 level.

In stage I, the denitrification rates of the straw and sawdust groups exhibited a signifi-
cant positive correlation with NO3

−-N concentration (p values of 0.025 and 0.037, respec-
tively). The denitrification rate of the sawdust group showed a highly significant positive
correlation with dissolved oxygen (DO), with an r2 of 1.000 (p = 0.006). The denitrification
rate of the coir treatment displayed a significant negative correlation with temperature,
with an r2 of −1.000 (p = 0.008). The denitrification rates of both the straw and sawdust
groups showed strong negative correlations with the C/N ratio and temperature, although
these relationships did not reach significance. The denitrification rate of the coir group was
positively correlated with DO and negatively correlated with NH4

+-N concentration.
In stage II, the denitrification rates of the coir treatment were significantly and posi-

tively correlated with NO3
−-N concentration, with an r2 of 0.999 (p = 0.025). The denitrifi-

cation rate of the straw group exhibited a strong negative correlation with DO. The coir
group showed a positive correlation with pH. The denitrification rate of the sawdust group
was positively correlated with C/N ratio, pH, and NO3

−-N concentration, and negatively
correlated with NH4

+-N concentration.

4. Discussion
4.1. Effect of Cellulosic Carbon Addition on N Removal from Water Bodies

The varying carbon release capacities of different cellulosic carbon source materials are
attributed to the structural composition of the agricultural waste, which directly impacts
denitrification and N removal processes. In a study by [18], four plant carbon source
materials were compared in artificial wetlands. It was found that corn straw had a higher
carbon release rate initially, but it also introduced more N and P into the water, which was
detrimental to water purification. In contrast, despite having a lower carbon release rate,
the addition of reed stalks enhanced TN removal rates to 60% to 85% in the system.

In the current study, the highest NO3
−-N removal rate was achieved by adding straw

(80.5%) in the winter test, while coir and sawdust achieved removal rates of only about 42%.
However, in the summer test, the addition of rice straw led to high NO3

−-N removal but
NH4

+ accumulation. This suggests that rice straw addition can promote nitrate removal
in the water column with an appropriate carbon release rate when the temperature is low
or moderate.

Research has indicated that nitrification rates are significantly inhibited below 10 ◦C
and decrease sharply to stagnation below 6 ◦C [19], while denitrification rates exhibit
significant differences in performance below 15 ◦C and above 20 ◦C [20]. Additionally,
lower DO levels are beneficial for biological denitrification under conditions of lower C/N
ratios or lower organic matter concentration. In this experiment, the accumulation of
NO3

−-N in stage I led to an increase in TN in all treatment groups, and only the straw
group had relatively low TN and NO3

−-N concentrations. This may be due to the slow
growth and reduced activity of microorganisms under low-temperature winter conditions,
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which inhibited nitrification and denitrification to some extent, thereby slowing down the
N transformation process.

4.2. Effect of Cellulosic Carbon Addition on Denitrification

The addition of cellulosic carbon source materials is essential for providing the neces-
sary electrons required for denitrification. However, the impact of denitrification promotion
varies among different materials due to differences in carbon release performance [21].
In this experiment, the straw group exhibited high denitrification intensity in the early
stage, but with the sudden decrease in NO3

−-N concentration on the fifth day, NO3
−-N

became the primary factor limiting denitrification under conditions of high carbon source
availability. The intensity of denitrification in the straw group significantly declined during
stage II, which might be attributed to the water being emptied from all the treatments at
the end of stage I. Coir and sawdust are slow-release carbon sources, and they showed
low denitrification rates throughout the experimental period. With proper pretreatment
methods to destroy their lignin structure, the carbon release rates could be accelerated.

Numerous factors can influence the denitrification process. While it is generally
accepted that a neutral or weakly alkaline pH favors denitrification [22,23], some studies
have suggested that pH does not strongly correlate with denitrification intensity [24]. Her
and Huang’s (1995) study indicated that the optimal C/N ratio for complete denitrification
varies significantly among different carbon sources [25]. It is the easily utilized and readily
soluble effective carbon that can quickly impact the microorganisms, rather than the
large organic molecules. She et al. (2017) suggested that the main factors influencing
denitrification in agricultural drainage ditch systems in Taihu Lake, China, are inorganic N
concentration and water temperature, and the denitrification process is influenced by the
integrated impact of environmental factors [26]. The present study revealed that higher
C/N and water temperature in the early stage of cellulosic carbon addition were not
conducive to denitrification, with NO3

−-N concentration being the primary limiting factor.
In the later stage, the influence of environmental factors such as pH and DO became
more prominent.

4.3. Environmental Impact of Carbon Source Addition

The addition of a carbon source can indeed increase the C/N ratio and contribute
to the removal of N from the water column. However, when the COD is too high, the
conversion of NO3

−-N can become biased towards the nitrate isomerization reduction to
ammonium (DNRA) process, leading to higher NH4

+-N concentrations and a deterioration
in water quality [27]. Straw and other cellulosic materials contain numerous small organic
molecules that are easily hydrolyzed on the surface [28]. These small surface molecules are
rapidly released into the water column upon addition, and the organic matter within the
material also diffuses into the water through the pores after the material dissolves upon
immersion. A study by Zhang et al. (2020) concluded that the release of dissolved organic
matter (DOM) increased continuously for 30 days following rice straw addition and then
reached a dynamic equilibrium at 46.2 mg·C·g−1 [29]. The total phenolic content of rice
straw addition in this experiment showed a significant increase during the middle of the
summer test. This indicates that organic acids are released at a faster rate following the
addition of rice straw to the water column, and the amount of carbon release, measured
by COD, also exhibited a rapid and continuous increase. Therefore, caution should be
exercised when applying straw-based carbon sources in high-temperature conditions to
avoid a rapid increase in NH4

+-N and COD concentrations in the water column.
Another significant concern is greenhouse gas emissions following the addition of

cellulosic carbon sources. Given that N2O has a global warming potential 298 times that
of CO2, and CH4 is 25 times that of CO2 [15], N2O emissions need to be taken seriously.
The release of N2O is primarily driven by nitrification and denitrification processes, and
environmental factors such as pH, C/N ratios, etc., can lead to variations in greenhouse
gas emissions by influencing biochemical reactions. In the present study, the cumulative
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emissions of N2O with straw and coir were higher than in other treatments during the
winter, but these values were significantly lower than those with sawdust in the summer.
This highlights the importance of combining different cellulosic carbon sources to achieve
a mitigation effect on greenhouse gas emissions.

Agricultural production areas typically exhibit relatively high greenhouse gas emis-
sions. For instance, Hasegawa et al. (2000) determined that the maximum N2O emis-
sion flux in a river in an agricultural area of Japan reached 56.5 mg·m−2·h−1, while
Dong et al. (2015) noted that CH4 and N2O emission fluxes from canals in hilly areas
of the Mianyang region in China were in the range of −0.04~44.8 mg·m−2·h−1 and
0.0012~0.4415 mg·m−2·h−1, respectively, without external carbon sources [30,31]. In the
present study, the greenhouse gas emission fluxes (N2O, CH4: −0.0136~0.3241 mg·m−2·h−1

and −0.7157~0.6606 mg·m−2·h−1, respectively) did not increase much after the addition of
carbon sources under high-temperature conditions in the summer (Figure S3), compared
to previous studies. However, special attention should be given to N2O emissions in the
initial stage with sawdust addition.

5. Conclusions

The study investigated the impact of adding cellulosic carbon sources on N removal,
greenhouse gas emissions, and environmental factors in both winter and summer drainage
systems. The key conclusions drawn from the study are as follows:

(1) Seasonal Differences: Seasonal variations were observed in the effects of cellulosic
carbon addition on N removal and greenhouse gas emissions. The addition of straw
was effective in removing NO3

−-N in both seasons. However, in summer, it led to a
significant release of NH4

+-N in the early stages of the experiment.
(2) Greenhouse Gas Emissions: With the exception of sawdust addition, the introduction

of cellulosic carbon did not significantly increase greenhouse gas emissions in summer.
This suggests that, when properly managed, the addition of these materials can help
improve N removal without substantially contributing to greenhouse gas emissions.

(3) Denitrification Rate: The addition of straw significantly increased the denitrification
rate, with a rapid initial increase to more than 1400 µmol·L−1·h−1, followed by a
sustained promotion of denitrification at a rate of about 300 µmol·L−1·h−1 for an
extended period. These denitrification rates were much higher than those achieved
with coir and wood chips.

(4) Environmental Impact: Unfortunately, the addition of straw in the summer led to
an increase in COD and total phenolic acid concentrations in the water, indicating a
negative environmental impact in terms of water quality. In contrast, cellulosic carbon
sources were found to be more effective and less environmentally impactful in lower
temperature seasons.

In summary, the study suggests that the combination use of cellulosic carbon sources
can be a valuable strategy for promoting denitrification and N removal in drainage systems,
especially during colder or milder seasons.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13123044/s1, Table S1: Removal rates of NH4

+-N
and NO3

−-N in winter and summer; Figure S1: Water temperature variations in (a) winter and
(b) summer; Figure S2: Greenhouse gas emission fluxes in winter; Figure S3: Greenhouse gas
emission fluxes in summer.
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