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ABSTRACT

Nitrogen pollution in aquaculture wastewater can pose a significant health and
environmental risk if not removed before wastewater is discharged. Biological
denitrification uses external carbon sources to remove nitrogen from wastewater;
however, these carbon sources are often expensive and require significant energy.
In this study, we investigated how six types of agricultural waste can be used as solid
carbon sources in biological denitrification. Banana stalk (BS), loofah sponge (LS),
sorghum stalk (SS), sweet potato stalk (SPS), watermelon skins (WS) and wheat husk
(WH) were studied to determine their capacity to release carbon and improve
denitrification efficiency. The results of batch experiments showed that all six
agricultural wastes had excellent carbon release capacities, with cumulative chemical
oxygen demands of 37.74-535.68 mg/g. During the 168-h reaction, the carbon
release process followed the second-order kinetic equation and Ritger-Peppas
equation, while carbon release occurred via diffusion. The kinetic equation fitting,
scanning electron microscopy, and Fourier transform infrared spectroscopy results
showed that LS had the lowest ¢, and the maximum ¢,,, values and only suffered a
moderate degree of hydrolysis. It also had the lowest pollutant release rate and
cumulative chemical oxygen demand, as well as the most efficient removal of total
phosphorous (TP) and total nitrogen (TN). Therefore, we concluded that LS has
the lowest potential risk of excess carbon release and capacity for long-lasting and
stable carbon release. The WS leachate had the highest TN contents, while the SPS
leachate had the highest TP content. In the 181-h denitrification reaction, all six
agricultural wastes completely removed nitrate and nitrite; however, SS had the
highest denitrification rate, followed by LS, WH, BS, SPS, and WS (2.16, 1.35, 1.35,
1.34, 1.34, and 1.01 mg/(L-h), respectively). The denitrification process followed a
zero-order and first-order kinetic equation. These results provide theoretical
guidance for effectively selecting agricultural waste as a solid carbon source and
improving the denitrification efficiency of aquaculture wastewater treatment.
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INTRODUCTION

Aquaculture is the primary source of aquatic products due to the decrease in wild fishery
resources. In 2018, the total output of aquatic products in China expanded to 47.6 million
tons, and accounted for 58% of global aquaculture production (Food and Agriculture
Organization of the United Nations (FAO), 2020). Intensive culture methods generally use
significant quantities of feed. However, approximately 75% of the nitrogen in the feed is
retained in aquaculture water, mainly as soluble nitrogen, owing to low feed-utilization
rates during cultivation (Fang et al., 2017). At the same time, fish generate a substantial
amount of excreta, which accumulates in water and negatively affects the quality of aquatic
products, as well as causes serious environmental problems. The Second National
Pollution Sources survey showed that there was a total of 99,100 tons of nitrogen emissions
from aquaculture in 2017 (Ministry of Ecology ¢ Environment of the People’s Republic of
China, 2020). Therefore, to protect the environment and human health, it is important to
remove nitrogen from aquaculture wastewater before its discharge into surrounding
waters.

Biological denitrification is considered to be the most effective and promising
technology for removing nitrogen from wastewater (John, Krishnapriya ¢ Sankar, 2020).
It employs denitrifying bacteria, which use NO3-N as terminal electron acceptors
and organic substances as electron donors and energy to maintain the growth of
microorganisms and remove nitrogen from water in the form of N, (Liu et al., 2017b).
The denitrification rate is highly dependent on the carbon-nitrogen ratio (C/N) of the
substrates used (Liu et al., 2017a). However, the C/N ratio of aquaculture wastewater is
usually below four and does not contain enough carbon to ensure sufficient electron
donors for the denitrification process. This limits the effect of denitrification (Ryu ¢ Lee,
2009; Khursheed et al., 2018).

Conventionally, external carbon sources, such as methanol, acetic acid, and glucose, are
added to the wastewater to enhance the denitrification process (Huang et al., 2012;
Zheng et al., 2018). However, these carbon sources are generally expensive and have
high energy and operating requirements. In contrast, using agricultural waste as a carbon
source has significant economic advantages and is highly efficient (Huang, 2017). To date,
several agricultural waste types, such as corncob (Liu et al., 2017a), peanut shell (Xiong
et al., 2019), rice straw (Zhou et al., 2019), rice husk (Fu et al., 2014), and wheat straw
(Tao et al., 2020), have been investigated for their application as solid carbon sources to
denitrify municipal sewage and industrial wastewater. These agricultural waste types
have excellent carbon release abilities with chemical oxygen demands (CODs) of
100-250 mg/g and promising denitrification potentials of 0.42-0.67 mg NO;-N/h (Xiong
et al., 2020 Ling et al., 2021).
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Extensive research has confirmed that adding agricultural waste to municipal sewage
and industrial wastewater can effectively improve denitrification efficiency. However, it
remains unclear whether the impact of agricultural waste on denitrification in aquaculture
wastewater treatment is fast and long-lasting. Furthermore, the six kinds of agricultural
wastes selected in this study have a large output, and there are few reports in previous
studies. A study by Li, Sun ¢ Song (2019) has shown that maize cobs enhance nitrogen
removal from effluents of marine recirculating aquaculture system in saline constructed
wetlands. Therefore, we hypothesize that agricultural waste can promote denitrification
efficiency during aquaculture wastewater treatment. The main objective of this study was
to investigate the feasibility of utilizing six common agricultural wastes as external carbon
sources to enhance denitrification efficiency in aquaculture wastewater treatment.

The investigated wastes were banana stalk (BS), loofah sponge (LS), sorghum stalk (SS),
sweet potato stalk (SPS), watermelon skins (WS) and wheat husk (WH). Each agriculture
waste was subjected to a comprehensive investigation of the organics released, surface
properties, carbon release kinetics, and denitrification kinetics using batch experiments.
These results provide guidance for the selection of agricultural waste as an additional
carbon source to improve denitrification efficiency in the treatment of aquaculture
wastewater.

MATERIALS AND METHODS

Materials

Four common agricultural wastes, LS, SS, SPS, and WH, were obtained from a household
in the rural areas in Binzhou, China, while BS and WS were obtained from a rural area
in Guangzhou, China. The BS, SS, SPS, LS and WS were trimmed into approximately 1 cm’®
cubes in the laboratory, while the WH was not treated. After this, they were washed
twice with deionized water to remove surface dust and other impurities and dried at 60 °C
in an oven until the weight was constant (Xiong et al., 2020). Then, they were stored into
sealed bags for use in subsequent experiments.

Carbon source release experiment
Five grams of each agricultural waste was added to an Erlenmeyer flasks (1,000 mL), along
with 900 mL of ultrapure water (Yang et al., 2015). The Erlenmeyer flasks were sealed with
rubber stoppers and left to stand at room temperature (22 + 2 °C) without shaking and
under a light intensity of 355 + 31 Lux. This process was repeated to produce three
replicates of each waste type. Five milliliter water samples from the Erlenmeyer flasks were
taken after 1, 2, 4, 8, 12, 24, 48, 72, 96, 120, 144 and 168 h to measure the concentrations of
COD, total nitrogen (TN), and total phosphorus (TP). After each sampling, the same
volume (5 mL) of ultrapure water was added to the Erlenmeyer flasks. Second-order and
Ritger-Peppas (R-P) kinetic equations were fitted to the carbon release process of each
agricultural waste.

The second-order kinetic equation is as follows:

dc/dt = kc* (1)
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where ¢ is the cumulative COD concentration at time ¢, mg/(g-L); k is the constant of
carbon release rate; and t is time, h. Equation (1) is equivalent to the following equation:

1/c—1/cm = k/t (2)

where c,, is the ultimate cumulative COD concentration, mg/(g-L). When K = 1/k, then
Eq. (2) can be written as follows:

1/c—1/ecm =K't (3)

where K is the mass transfer coefficient, mg/(h-g-L), which reflects the resistance
encountered during the release process. Equation (3) is equivalent to the following
equation:

K= Cm/tl/Z (4)

where t,, is the time required for the concentration of carbon to decrease to half of its
maximum concentration, h.
The R-P kinetic equation is written as follows:

M, /M., = kt" (5)

where M, is the cumulative COD concentration at time ¢, mg/(g-L); M.. is the ultimate
cumulative COD, mg/(g-L); k is the constant of carbon release; and # is the carbon release
index, which represents the mechanism of carbon release. When # is less than 0.45 or
greater than 0.89, the main mechanisms of carbon release are diffusion and disintegration,
respectively. When 7 is between 0.45 and 0.89, the main mechanisms of carbon release are
diffusion and disintegration both (Jing et al., 2019).

Biological denitrification experiment

Synthetic aquaculture wastewater was prepared according to the method of Li et al.
(2019) and Zhu et al. (2015), and its composition is shown in Table 1. The mass
concentration of NO3-N in the wastewater was 50 mg/L. Inoculation denitrification sludge
was collected from a pond with a culture history at the Pearl River Fisheries Research
Institute in Guangzhou, China. The collected sludge black and viscous. It was filtered with
gauze (16 mesh) to remove impurities, washed twice with ultrapure water, and then
concentrated (100 r/min, 2 min) (Xu, Dai ¢ Chai, 2019).

Five grams of selected agricultural waste, 50 mL of concentrated denitrification sludge,
and 900 mL of synthetic aquaculture wastewater were placed in Erlenmeyer flasks
(1,000 mL) (Xiong et al., 2019). An Erlenmeyer flask without agricultural waste addition
was used as a control group, and three flasks were prepared for each agricultural waste.
Five milliliters of water samples were collected after 0, 4, 8, 13, 18, 23, 30, 37, 49, 61, 85,
133 and 181 h to measure the concentrations of COD, TN, NO;5-N, NO;-N and TP. After
each sampling was taken, the same volume of synthetic aquaculture wastewater were
added to the Erlenmeyer flasks. The experiments were carried out at room temperature
(22 £ 1 °C) and at a light intensity of 355 + 31 Lux.
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Table 1 Composition of synthetic aquaculture wastewater.

Manufacturers

Purity
specification

Component Concentration
(mg/L)
KNO; 360.0
NH,Cl 212
NaNO, 12.3
KH,PO, 44.0
K,HPO, 78.0
MgSO,7H,0 44.0
KCl 37.0
Trace element 0.2% (V/V)
EDTA 640.0
FeSO4-7H,0 550.0
ZnSO47H,0 230.0
MnSO4-H,O 340.0
CuSO,4-5H,0 75.0
Co (NOs3),:6H,0O 47.0

(NH4)6M07024'4H20 25.0

Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd

Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd
Shanghai Macklin Biochemical Co., Ltd

Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent

Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent
Analytical Reagent

Note:

“Trace element 0.2% (V/V)” indicates that the volume ratio of trace elements to all elements is 0.2%.

Kinetic equation of denitrification
The NO3-N variation curves (the stage of NO;-N concentration above 0.5 mg/L) for the

six agricultural wastes followed the zero-order and first-order kinetic equations.

The zero-order kinetic equation is as follows:

ct/co = kit

(6)

where c, is the NO3-N concentration of the influent at time ¢, mg/L; ¢, is the initial NO3-N

concentration, mg/L; ¢ is time, h; and k; is the zero-order rate constant (Wen et al., 2010).

The first-order kinetic equation is as follows:

In(co/c;) = kat

where k; is the first-order rate constant (Contrera et al., 2014).

Characterization method of carbon source structure
The surface morphology of the six types of agricultural waste (dried at 60 °C) were

(7)

determined before and after leaching using scanning electron microscopy (SEM)
(QUANTA 250, Servicebio Co., China). The absorption intensity of the agricultural waste
at different wavelengths of infrared light represented different the functional groups.

To analyze the functional groups of each agricultural waste before and after soaking,

the samples were measured using Fourier transform infrared (FTIR) spectroscopy

(Model FTIR-650, Servicebio Co., Hubei, China) at a rate of 16 times/min, in the range of

0-4,000 cm ™',
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Figure 1 COD released of six agricultural wastes. Each data point indicates the average COD release of
each agricultural waste with time. BS, banana stalk; SS, sorghum stalk; SPS, sweet potato stalk; WH, wheat
husk; LS, loofah sponge; WS, watermelon skins. Full-size k4] DOT: 10.7717/peerj.13339/fig-1

Analysis methods

All water samples were filtered using a 0.45 pum filter (PALL, China) before the
determination of NO3-N, and NO;-N. The concentrations of COD, TN, TP, NO;-N, and
NO;-N were determined according to the methods of Zhang et al. (2020) and Tu et al.
(2010). The COD concentration was determined using the acidic potassium dichromate
oxidation method (HACH heating system, DR 900, DRB 200; HACH Co., Loveland,
CO, USA); TN and TP concentrations were measured using the potassium persulfate
digestion method; NO3-N and NO;-N concentrations were measured using the phenol
disulfonic acid and Griess-Saltzman methods, respectively.

All data were analyzed by one-way analysis of variance (ANOVA) and presented as
mean values + SD (standard deviation). Significant differences in the means between
treatments were determined by Duncan’s multiple range tests. Probabilities of P < 0.05
were considered significant. GraphPad Prism 8.0.2 and Origin 2019b were used to plot the
data.

RESULTS

Carbon release performance

Amount of released carbon

In this experiment, the amount and change trend of carbon release of each agricultural
waste mixed with ultrapure water are shown in Fig. 1, the different agricultural wastes had
similar trends in COD release, but the amounts of COD released were significantly
different (P = 0.0000-0.0004). The cumulative concentration of COD released by WS, SPS,
BS, SS, WH, and LS were 535.68 + 15.59, 317.04 + 10.75, 276.72 + 1.18, 129.12 + 1.86,
79.68 £ 6.07, and 37.74 + 3.61 mg/g, respectively. These values show that the COD release
of WS and SPS was significantly higher than that of the other four agricultural wastes
(P = 0.0000-0.0004). The COD release process of WS, SPS, BS, and SS included two main
stages. In the first 4 h, the COD concentrations of WS, SPS, BS, WH, and SS increased
rapidly, and between 4 and 168 h, the COD release rates gradually decreased and finally
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Table 2 Kinetic fitting equation of carbon release process.

Carbon source Second-order fitting equation Ritger-Peppas fitting equation
R? Cin K ti2 Equation R? n
BS 1/¢ = 0.0007/f + 0.0032 0.61 312.50 1,428.57 0.22 M,/M., = 0.7687 >%° 0.98 0.05
SPS 1/¢ = 0.0013/t + 0.0027 0.93 370.37 769.23 0.48 M,/M.. = 0.8028 >%* 0.95 0.04
WH 1/c = 0.0118/t + 0.0137 0.72 72.99 84.75 0.86 M,/M.. = 0.4266 >'* 0.93 0.14
WS 1/c = 0.0014/t + 0.0016 0.97 625.00 714.29 0.87 M,/M., = 0.7225 {>% 0.91 0.06
SS 1/¢ = 0.0056/f + 0.007 0.96 142.86 178.57 0.80 M,/M., = 0.6248 >%° 0.87 0.09
LS 1/c = 0.1426/t + 0.0391 0.88 25.58 7.01 3.65 M,/M.. = 0.1174 >4° 0.99 0.40
Note:

Each data used in the fitting equation is the average value of COD released by each agricultural waste within 168h. BS, banana stalk; SS, sorghum stalk; SPS, sweet potato
stalk; WH, wheat husk; LS, loofah sponge; WS, watermelon skins.

stabilized at very low levels. However, the COD release of LS increased slowly and then,
maintained a stable release rate throughout the carbon release process.

Kinetic equation of carbon release

The released CODs were fitted using kinetic Eqs. (2) and (5). The kinetic equation
along with the correlation coefficients (R?), carbon release indexes (), mass transfer
coefficient (K), and other relevant parameters are listed in Table 2. The carbon release
processes of the six agricultural wastes were in accordance with the second-order reaction
and R-P kinetic equation. According to the fitting results of the R-P calculation, the
carbon release indices were all less than 0.45, meaning that the selected agricultural wastes
released small molecular organic matter that was transferred to the solution through
diffusion. It also indicates that the lignocellulosic framework was stable. The t;,, values of
the agricultural wastes ranged from 0.22 to 3.65, indicating that they could release large
amounts of organic matter in a short period of time. BS, WS, and SPS had the highest ¢,
values (312.50, 625.00, and 370.37, respectively), followed by SS and WH (142.86 and
72.99, respectively). LS had the lowest c,, value (25.28), resulting in the lowest risk of
excessive effluent carbon release in the initial denitrification process. In addition, for LS,
the relative maximum t;,, (3.65) indicated that the carbon release process was more
uniform and conducive to lasting carbon release.

Release characteristics of secondary pollutants

The amount and change trend of secondary pollutants release of each agricultural waste
mixed with ultrapure water are shown in Fig. 2, The TN and TP were rapidly released
from the six agricultural wastes in the first 2 h, after which the release rate dropped to very
low levels (2-168 h). Figure 2A shows that the amount of TN released depended on the
type of agricultural waste. The highest amount of TN was released from WS, followed by
WH, BS, SPS, SS, and LS (7.41 + 0.07, 4.58 £ 0.71, 4.25 £ 0.07, 2.84 + 0.08, 2.13 £ 0.09, and
0.28 £ 0.01 mg/g, respectively). Under practical application, excessive TN release from
agricultural waste may lead to incomplete denitrification and excessive nitrogen emissions.
The largest accumulative concentration of released TP was achieved by WS and SPS
leachate (1.62 + 0.01 and 1.66 + 0.01 mg/g, respectively) while the lowest occurred in LS
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Figure 2 The TN and TP released by six agricultural wastes. Each data point represents the average
content of TN (A) and TP (B) released by each agricultural waste during the 168-h reaction. BS, banana
stalk; SS, sorghum stalk; SPS, sweet potato stalk; WH, wheat husk; LS, loofah sponge; WS, watermelon
skins. Full-size K&] DOT: 10.7717/peerj.13339/fig-2

leachate (0.16 + 0.07 mg/g). As a result, LS has the lowest risk of secondary pollution.
In addition, visual observation showed that the chroma in the leachate of WS and SPS was
heavier than that of the others.

Surface characteristics before and after carbon release

The surface morphologies of agricultural waste will affect the growth and reproduction of
microorganisms. By analyzing the microstructure changes of agricultural waste before
and after the immersion, it is helpful to evaluate its possibility as carbon source and
microbial carrier. As shown in Fig. 3, the raw LS, BS and WS were comprised of smooth
fibrils with low porosity, while the surfaces of fresh SS and SPS were uneven. The surface of
WH was dense, with conical protrusions. The microscopic surface morphologies of the
six agricultural wastes changed after soaking. WS lost its original structure, indicating that
it had the most soluble substances, which is also one of the reasons for the highest

COD release. For this reason, we conclude that WS is unsuitable for long-term carbon
release. The surfaces of BS, SS, and SPS were uneven after soaking, with obvious void
structures. This is conducive to the growth and adhesion of bacterial, but it is also the
reason for the excessive release of COD. In contrast, WH maintained a dense surface

Gao et al. (2022), PeerdJ, DOI 10.7717/peerj.13339 8/20


http://dx.doi.org/10.7717/peerj.13339/fig-2
http://dx.doi.org/10.7717/peerj.13339
https://peerj.com/

Peer

Before After

Figure 3 SEM images of six agricultural wastes before and after the carbon release experiment. Each
figure indicates the surface structure before and after carbon release of each agricultural waste, with a
magnification of 500 times. BS, banana stalk; SS, sorghum stalk; SPS, sweet potato stalk; WH, wheat husk;
LS, loofah sponge; WS, watermelon skins. (A) WH; (B) SS; (C) SPS; (D) LS; (E) BS; (F) WS.

Full-size K&l DOT: 10.7717/peerj.13339/fig-3
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structure, which limited the penetration of microorganisms into the WH. The hydrolysis
of LS was relatively moderate, and the surface roughness increased. This was conducive to
the attachment and growth of bacteria.

FTIR analysis

By analyzing the FTIR results of agricultural wastes before and after soaking, it is helpful to
understand the changes of their composition and evaluate the structural stability of
agricultural wastes. Figure 4 shows that the absorption peaks of each agricultural waste had
the same wavenumber before and after the soaking assay. However, the absorbance of
the functional groups differed before and after the soaking assay due to the different
contents of lignin, cellulose, and hemicellulose in each agricultural waste. BS has higher
absorbance to hydrophilic functional groups such as -OH and C-O-C, indicating that it
is conducive to the growth of microorganisms. Further, the strong absorbance of BS to
C-O-C also indicates that it contains more cellulose for microbial hydrolysis, while the
cellulose content of WS is lower. In addition, the difference of FTIR spectra of WS before
and after carbon release is the largest, which also shows that its structure is unstable and is
not conducive to continuous carbon release, which is consistent with the SEM results.
On the contrary, SPS and LS had the most similar FTIR spectrum before and after soaking,
indicating that their structure remained the most stable. The higher absorption peaks of
SPS and WS at 2,916 cm™" were caused by the C-H stretching vibration of saturated
hydrocarbons, indicating that they contain more organic compounds, which may lead to
higher carbon release, which is consistent with the COD release results. BS, LS, and
WH experienced a reduction in the absorption of infrared light below 900 cm ™" after
soaking, indicating that the carbon release process led to the destruction of many ring
structures. However, SS experienced an increase in the absorption of infrared light
below 900 cm™! and in the range of 3,000 to 3,500 cm indicating the presence of a large
amount of bound water on their surfaces. After soaking, the COOH bond absorption peak
of WS increased and the lignin content increased, which was caused by the release of a
large amount of water-soluble organic matter.

Nitrogen removal

Variations in NO3-N, NO3-N, TN, TP, and COD concentrations

To investigate how the agricultural wastes could act as a carbon source to enhance
denitrification, a denitrification experiment was carried out for 181 h. The COD in the
denitrification process has similar characteristics to that of the carbon release process,
as shown in Fig. 5E. WS had the highest cumulative COD, followed by SPS, BS, WH, SS,
LS, and CG (3,119.33 £ 54.7, 2,679.67 + 9.03, 1,299.67 + 13.10, 892.17 + 4.59, 780.17 + 4.59,
763.33 + 40.84, and 2.67 + 1.89 mg/L, respectively). Compared to the soaking experiment,
denitrification showed an increase in COD for all the agricultural wastes, except for

BS. This shows that the addition of denitrifying sludge accelerated the release of carbon.
In addition, compared with CG, during denitrification, all of the agricultural wastes
significantly increased the nitrate and nitrite removal efficiency by 100% (Fig. 5A and
Fig. 5B). This indicates that each agricultural waste provides sufficient organic matter to
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Figure 5 Denitrification performance of each agricultural waste during nitrogen removal
experiment. The changes of NO3-N concentration (A), NO;-N concentration (B), TN concentration
(C), TP concentration (D) and COD concentration (E) of six agricultural wastes. BS, banana stalk; SS,
sorghum stalk; SPS, sweet potato stalk; WH, wheat husk; LS, loofah sponge; WS, watermelon skins; CG,
Control group. Full-size K&l DOT: 10.7717/peer;j.13339/fig-5

achieve complete denitrification. One-way analysis of variance showed that there was no
significant difference in COD between SS and LS (P = 0.53), but there were significant
differences among the other wastes (P = 0.0000-0.0009), indicating that SS and LS have the
lowest risk of excessive accumulated COD.

Figure 5B shows that nitrate removal mainly occurred in the initial 37 h. NO;-N
accumulated in this stage as an intermediate product of denitrification. From 0 to 4 h, the
NO;-N concentrations increased rapidly and then, stabilized at approximately 6.00 mg/L.
The NO;-N concentrations decreased when the NO3-N concentrations were low, until
all the NO;-N was removed. Nitrate was completely removed from SS after 23 h; LS, WH,
BS and SPS after 37 h, and WS after 49 h, with corresponding nitrate removal rates of
2.16, 1.35, 1.35, 1.34, 1.34, and 1.01 mg NO;-N/(L-h), respectively. Hence, the sequence
of the complete removal of nitrate was the same as that of nitrite. For SS, the nitrate
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Table 3 Kinetic equation fitting of denitrification process.

Carbon source Zero-order equation k; R? First-order equation k, R?

BS ¢ =-14449 t + 52508 -144 098 In(c)=-0.1102t+4.63 -0.1102 0.74
SPS ¢ =-14739 t+53.761 -147 098 In (c) = -0.0948 t+ 446  —0.0948 0.89
WH ¢ =-15931 ¢+ 54022 -1.59 096 In(c)=-0.1508¢+4.92 -0.1508 0.83
WS ¢ =-1.1447 t + 50.792 -1.14 0.96 In (c;) =-0.0858 t +4.53 —0.0858 0.86
SS € =-24967 t + 54.826 -2.50 093 In(c)=-022281¢+479 02228 0.84
LS ¢ =—-14706 t + 53.039 -147 098 In(c)=-0.1375t+ 489 -0.1375 0.71

Note:

Each data used in the fitting equation is the average nitrate concentration of each agricultural waste in the stage before
nitrate is completely removed (NO3-N > 0.5 mg/L). Where c; is the nitrate concentration at t, mg/L; t is time, h; k; is the
zero-order rate constant; k; is the first-order rate constant. BS, banana stalk; SS, sorghum stalk; SPS, sweet potato stalk;
WH, wheat husk; LS, loofah sponge; WS, watermelon skins.

removal rate was higher than that of the other agricultural wastes, indicating that the
denitrification start-up time was shorter. The shape of the TN removal curves was
similar to that of the NO3-N removal curves (Fig. 5C). After 181 h, the TN removal
efficiencies of SS, WH, LS, BS, WS, and SPS were 96.94 + 0.35, 96.52 + 0.53, 96.23 + 0.45,
95.72 £ 0.16, 94.20 * 0.56, and 92.76 + 1.10%, respectively. SS, LS, WH, and BS also had
significantly higher TN removal efficiencies than SPS (P = 0.0006-0.0072). Furthermore,
LS had the highest TP removal efficiency, followed by BS, SPS, WH, SS, and WS

(83.35 £ 0.17%, 79.19 + 0.21%, 76.81 + 0.16%, 75.60 + 0.18%, 72.73 + 0.28% and

70.40 * 0.23%, respectively). The differences in these values was determined to be
significant (P = 0.0000) (Fig. 5D).

Kinetics analysis of denitrification

The kinetics of the NO3-N removal process (the stage of NO;-N concentration above
0.5 mg/L) is described in a simple form by Egs. (6) and (7) and is presented in Table 3.
The results showed that there was a higher correlation between the denitrification process
and zero-order kinetics (R* > 0.9) than first-order kinetics (0.71 < R? < 0.89). The k;,
value of SS (-2.50) was significantly lower than that of other agricultural wastes, indicating
that the start-up time of the denitrification of SS was shorter. Based on the above results,
we conclude that SS is suitable for the fast start-up stage of denitrification, while LS is
suitable for long-lasting denitrification.

DISCUSSION

COD indicates the amount of oxidant that is consumed by reducing substances that are
easily oxidized by strong oxidants and can be used to characterize the carbon release
capacity of different agricultural wastes. The six agricultural wastes in this study, with the
exception of LS, had two stages in the carbon release processes. These stages included
the carbon release start-up stage (0-4 h) and the carbon release stable stage (4-168 h), with
cumulative CODs of 79.68-535.68 mg/g. Ling et al. (2021) reported that the carbon release
process of rice straw, wheat straw, corn stalk, corncob, soybean stalk, and soybean
could also be divided into two phases; the quick release stage (0-6 h) and release stable
stage (6-120 h), with cumulative CODs of 227.69-1,680.84 mg/(g-L). Similar results have
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also been reported for corn straw, reed, cattail, rice husk, loofah, cotton and coconut
fiber (Yang & Wang, 2013; Lyu et al., 2020; Tao et al., 2020; Zheng et al., 2021). This
two-stage release process can be attributed to the following reasons: in the first stage, a
large amount of small and water-soluble molecular organic matter in agricultural wastes is
dissolved with swelling; however, in the second stage, insoluble organic matter, such as
cellulose and lignin, are slowly released into the solution under the action of bacteria
hydrolysis (Cao et al., 2016). COD release in LS increased slowly and then, maintained a
stable release rate throughout the carbon release process, attributing to the presence of less
small and water-soluble molecular organics than the other agricultural wastes. LS also
had lower c,, and the higher ¢;,, values than the other agricultural wastes, indicating that
the amount and velocity of carbon release was lower. In this study, WS had a higher ¢,
value than the other wastes, indicating that it contained more small and water-soluble
molecular organics. This makes it a bad carbon source for the initial denitrification
process, due to its excessive COD. SEM and FTIR results also demonstrate that the
structure of WS was seriously damaged after carbon release, indicating that more
water-soluble substances were dissolved as the cellulose degraded. This indirectly explains
why WS had the highest COD release. It should be noted that the hydrolysis plays a
key role in carbon release process, which is mainly caused by hydrolytic enzymes excreted
by the microorganisms. In this study, we used agricultural wastes mixed with pure water in
carbon source release experiment, which is a limitation for carbon release, so the
application research of these agricultural wastes using real field aquaculture wastewater
should be carried out in the next study.

In this study, the six agricultural wastes significantly enhanced the nitrate removal
process compared to the control group. Denitrification rates ranged from 1.01 to
2.16 mg/(L-h), which were higher than the previously studied rates of rice straw
(0.83 mg/(L-h)) (Zhu et al., 2021), reed (0.33 mg/(L-h)), cattail (0.29 mg/(L-h)) (Zheng
et al., 2021), and hemp fiber (1.2 mg/(L-h)) (Yang ¢ Wang, 2013). However, they were
lower than the denitrification rate of corncob, which Zhong et al. (2019) found to reach
6.25 mg/(L-h). Previous studies have shown that the denitrification rate is not only
affected by COD release but is also related to the following factors: (1) iron and manganese
release from agricultural waste (Labbe, Parent ¢ Villemur, 2003); (2) the relative
proportion of COD from organics easily utilized by microorganisms (such as volatile fatty
acids, carbohydrates, and sugars) (Gao et al., 2020); (3) the quality of the inoculated sludge,
its reaction conditions, and the characteristics of the wastewater (Xiong et al., 2019).
For example, Yang et al. (2015) found that although the COD release of rice straw is lower
than that of loofah and corncob, it had higher denitrification rates. In this study, SEM
images showed that the dense cavity structure on the surface of SS after immersion can
provide a larger breeding space for microorganisms, which promotes the decomposition
and utilization of the carbon source; this allows nitrate to be removed first. The relatively
dense surface structures of WH and LS delayed the occurrence of this process. SEM
and FTIR results demonstrate that the structure of WS was the most severely damaged
after immersion, resulting in the loss of attachment and growth conditions of
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microorganisms. In addition, its high TN release also increased the nitrate load, resulting
in the longest nitrate removal time.

Nitrite is the intermediate product of denitrification, and its concentration increased
with a decrease in nitrate content. NO3-N reductase competes with NO;-N reductase for
matrix electrons and inhibits the activity of NO;-N reductase. Therefore, nitrite
concentration will continue to be reduced when nitrate concentration low (Gan, Zhao ¢
Ye, 2019). As a result, the nitrite removal sequence of the six agricultural wastes was the
same as that of nitrate, which is similar to the results of Gao et al. (2020). After 181 h,
nitrate and nitrite were completely removed, indicating that the six agricultural wastes
released sufficient organic matter to achieve complete denitrification. However, the TN
removal efficiency of WS and SPS were relatively low. On the one hand, the excessive COD
release of WS and SPS led to a higher number of electron donors in the water than the
receptors (nitrate). Furthermore, the NO;-N was dissimilated and reduced to NHj -N,
resulting in a lower TN removal efficiency. Similar results were found in a study by Ling
et al. (2021). On the other hand, the higher TN release of WS led to a lower TN removal
efficiency, which has also been observed in the study by Guan et al. (2019). In addition, the
different carbon, nitrogen, and phosphorus release of the six agricultural wastes led to
different C/N/P ratios in the water. Huang et al. (2019) and Zhen et al. (2019) confirmed
that different C/N/P ratios lead to different TN and TP removal efficiencies. In future
research, we can further explore the effect of the C/N/P ratios on the denitrification
performance of six agricultural wastes.

In this study, the six types of agricultural wastes were found to have excellent
denitrification performance and completely removed both nitrate and nitrite. Many
previous studies have showed similar improved denitrification performance by adding
agricultural waste to a denitrification system. When woodchips were added to a baffle
subsurface flow constructed wetland, the removal rate of nitrate reached 63.6-96.1% (Yuan
et al., 2020). Lu et al. (2021) reported that they designed a composite filter bed reactor
integrating sulfur, iron (II) and shaddock peel, which can improve the denitrification
efficiency up to more than 90%. Li, Sun ¢» Song (2019) has shown that maize cobs enhance
nitrogen removal from effluents of marine recirculating aquaculture system in saline
constructed wetlands. Loofa sponge had the lowest pollutant release rate and cumulative
COD, as well as the highest removal rates of TP and TN, thus it is the most suitable
waste to use as a solid carbon source for aquaculture wastewater treatment with a low C/N
ratio. However, in the future, the specific impacts of each of the six agricultural wastes as
external carbon sources on the aquaculture wastewater treatment system in practical
application needs to be further studied.

CONCLUSIONS

(1) The COD release of WH, SS, SPS, WS, BS and LS ranged from 37.74 to 535.68 mg/g,
with WS having the highest carbon release. Of these agricultural wastes, LS was found to
have lower risks of excessive carbon release. Of the leachate from the six agricultural

wastes, WS and SPS had the highest TN and TP content, respectively. Visual observation
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showed that the chroma in the leachate of WS and SPS was heavier than that of the others.
In contrast, LS had the lowest TN and TP released amount, as well as the lowest risk
of secondary pollution.

(2) The carbon release process of the six agricultural wastes conforms to the R-P and
second-order kinetic equations, with the main carbon release mechanism being diffusion.
LS had the minimum c,, and the maximum ¢;,, values, which is conducive to continuous
and stable carbon release, and avoids exceeding the effluent COD. SEM and FTIR results
showed that the structure of WS was seriously damaged after immersion in water and
did not have the ability to continuously release carbon. However, the degree of hydrolysis
of LS was relatively moderate, and its roughness increased after carbon release, which is
conducive to microbial adhesion.

(3) In the 181-h denitrification process, nitrate and nitrite can be completely removed from
the six agricultural wastes. The process also conforms to the zero-order and first-order
kinetic equations. SS, LS, and WH had the highest TN removal efficiencies, while LS had
the highest TP removal efficiency and the lowest accumulated COD.

As a result, LS was more suitable as a solid carbon source for denitrification than the other
five agriculture wastes. In practical applications, long-lasting carbon release capacity,
high TN and TP removal efficiency, and low excessive carbon release and secondary
pollution risks can be obtained in the aquaculture wastewater treatment if LS is applied as
the external carbon source.
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