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Adsorption Characteristics of Three
Types of Soils on Biogas Slurry
Ammonium Nitrogen
Zichen Wang1,2, Liping Zhang1, Guofeng Sun1, Wei Zhou1, Jing Sheng1, Xiaomei Ye1,
Ademola O. Olaniran2 and E. B. Gueguim Kana2*

1Key Laboratory of Crop and Livestock Integrated Farming, Ministry of Agriculture and Rural Affairs, Institute of Agricultural
Resources and Environment, Jiangsu Academy of Agricultural Sciences, Nanjing, China, 2Discipline Microbiology, School of Life
Sciences, University of KwaZulu-Natal, Pietermaritzburg, South Africa

Using farmland to digest biogas slurry is an effective measure to overcome the bottleneck
of sewage treatment in livestock and poultry farms. However, there is limited research on
the soil adsorption characteristics of biogas slurry ammonium nitrogen (NH4

+-N). In
addition, the maximum adsorption capacity (Qm) of farm soil is unclear. In this study,
three typical farmland tillage layer soils (silty loam, loam, and sandy loam) were used to
analyze adsorption characteristics through adsorption kinetics experiments (adsorption for
0.25, 0.5, 1, 2, 4, 6, 12, 18, or 24 h with NH4

+-N concentrations of 42.90 mg/L) and
thermodynamic experiments (adsorption for 3 days with NH4

+-N concentrations of 54.25,
88.66, 105.85, 133.71, 178.80, 273.54, and 542.87 mg/L). The Qm value was fitted by
models, and its relationship with soil properties was discussed. The results showed the
following: 1) the adsorption of biogas slurry NH4

+-N by the three types of soils was a
composite kinetic process that comprised two stages of rapid and slow reactions. Rapid
adsorption predominantly occurred within 0–1 h, and the adsorption capacity accounted
for 35.24%–43.55% of the total adsorption. The ExpAssoc equation produced a good fit
for the adsorption kinetic behavior in the three soil types. 2) The equilibrium adsorption
could be described by the Langmuir equation, the Freundlich equation, the PlPlatt model,
and the Langevin model isotherm, amongwhich the Langevin model had the best fit, with a
coefficient of determination R2 close to 1. The theoretical saturated Qm fitting results of
NH4

+-N were 1038.41–1372.44mg/kg in silty loam, 840.85–1157.60 mg/kg in loam, and
412.33–481.85 mg/kg in sandy loam. The optimal values were 1108.55, 874.86, and
448.35mg/kg for silty loam, loam, and sandy loam, respectively. 3) The Qm value was
significantly positively correlated with soil organic matter, total nitrogen, available
phosphorus, available potassium, cation exchange capacity, and particle content of
0.02–0.002mm (p < 0.01), but significantly negatively correlated with soil pH (p <
0.05). This study can provide a reference for the safe application of biogas slurry on
farmland.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Biogas slurry is the residual liquid substance produced by
anaerobic fermentation in biogas engineering using
biodegradable organic wastes, such as human and livestock
manure or various agricultural and forestry wastes. It is
produced together with methane, carbon dioxide, and other
gases under certain conditions of water content, temperature,
and the action of methane bacteria in closed containers (Han
et al., 2014). Biogas production has become an important energy-
saving and emission-reduction technology for the harmless
treatment and energy utilization of livestock and poultry
manure in China. According to recent estimates, the biogas
slurry produced by the anaerobic fermentation of livestock
and poultry manure is more than 1.3 billion tons each year
(Lu et al., 2010; Zhu and Huang, 2010). Returning biogas slurry to
farmland soil as fertilizer is an effective method of economical
use (Bradford et al., 2008; Ning et al., 2019; Liu et al., 2020).
However, unreasonable application will not only reduce the
use efficiency of biogas slurry, but it will also cause the
environmental pollution of farmland water and the
reduction of crop yields (Gao et al., 2011; Chen et al., 2013;
Wang et al., 2016). The safe utilization of biogas slurry
resources is expected to become an increasingly important

topic in agriculture, energy use, and environmental protection
and thus urgently needs to be investigated.

Biogas slurry is rich in a variety of nutrients required for plant
growth and development, such as nitrogen, phosphorus,
potassium, copper, zinc, organic acids, hydrolases, and amino
acids. The total nitrogen (TN) content of biogas slurry is
0.53–3.24 g/kg (Jin et al., 2011; Ni and Zhang, 2017). Many
researchers have studied the use of biogas slurry nitrogen as a
measurement parameter for farmland reuse and discussed the
safe dosage for fertility enhancement, yield, quality improvement,
and environmental emission reduction. For example, Wang et al.
(2010) found that applying biogas slurry equivalent to 2–3 times
the amount of chemical fertilizer could obtain a pepper yield
similar to that of conventional chemical fertilizer treatment, as
well as improve pepper quality, increase the contents of soil
organic matter (SOM), TN, available nitrogen, phosphorus, and
potassium, and save on fertilizer costs. Yang et al. (2017) showed
that compared with chemical fertilizer, the application of an equal
amount of biogas slurry nitrogen led to no significant differences
in the rice yield, nitrogen utilization rate, or soil residual
inorganic nitrogen, while the ammonia volatilization per unit
rice yield was significantly reduced by 22.6%. Most of these
studies were based on the nitrogen fertilizer required for crop
growth and replaced chemical nitrogen fertilizer with different
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proportions of biogas slurry nitrogen, but they did not consider
whether the applied biogas slurry nitrogen exceeded the
maximum nitrogen adsorption capacity of the topsoil.

Ammonium nitrogen (NH4
+-N) is the main component of

biogas slurry nitrogen, accounting for 46.42%–92.86% of TN
(Ham and DeSutter, 1999; Jin et al., 2012; Ni and Zhang, 2017).
In addition to being consumed and retained by ammonia
volatilization, biological absorption (Li X. et al., 2021), and
soil adsorption, a considerable portion of NH4

+-N over-applied
to soil can leach into deep soil through nitrification or into the
water table along with surface runoff, thus causing nitrogen
pollution in groundwater and surface water (Kithome et al.,
1998; Wang et al., 2016; He et al., 2021). A large number of
studies reported that the nitrate content in the areas adjacent to
concentrated animal feeding operations exceeded the safety
standards, thereby creating a bottleneck for livestock and
poultry feeding development (Ciravolo et al., 1979;
Feinerman et al., 2004). Considering the environmental
behavior of NH4

+-N, adsorption is an important process that

can block and delay the further migration and transformation of
nitrogen in order to inhibit nitrogen loss (Li W. et al., 2021).
Studies of the soil adsorption of NH4

+-N have focused on the
use of a single chemical ammonium salt solution to explore the
adsorption mode, deduce the adsorption mechanism, and
estimate the adsorption capacity, generally using NH4Cl
solution (Xue et al., 1996; Li et al., 2009; Tian, 2011; Cong
et al., 2017). Solutions of NH4NO3, (NH4)2SO4, and NH4H2PO4

have also been used (Dalal, 1975). Furthermore, the soils used in
previous research were mostly vermiculitic-type clay loam,
kaolinitic sandy soils, and some tropical soils (Dalal, 1975;
Lumbanraja and Evangelou, 1994; Wang and Alva, 2000;
Kumar and Kothiyal, 2011). There are few studies on the
adsorption characteristics of ammonium nitrogen biogas
slurry solutions co-existing with complex components
(Kumar and Kothiyal, 2012; Zhao et al., 2013), and there is a
lack of research on the adsorption characteristics of ammonium
nitrogen from biogas slurry in common agricultural production
land topsoil.

FIGURE 1 | Site image of manure and sewage treatment facilities in the pig farm.

TABLE 1 | Chemical composition of biogas slurry.

pH TN
(mg/L)

NH4
+-N

(mg/L)
NO3

−-N
(mg/L)

TP
(mg/L)

TK
(mg/L)

COD
(mg/L)

EC
(mS/cm)

TS
(g/L)

Biogas slurry (unfiltered) 7.95 630.29 558.72 42.40 23.97 380 636.67 5.15 2.25
Biogas slurry (filtered through a 0.25-mm mesh
screen)

7.97 624.53 550.41 42.36 23.70 375 626.67 5.12 2.24

TN, total nitrogen; NH4
+-N, ammonium nitrogen; NO3

−-N, nitrate nitrogen; TP, total phosphorus; TK, total potassium; COD, chemical oxygen demand; EC, electrical conductivity; TS,
total solid.
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Studying the adsorption characteristics of biogas slurry
ammonium nitrogen in typical farmland soils and predicting
the maximum adsorption capacity of the cultivated layer soil are
significant for guiding the safe digestion of biogas slurry in
farmland. In this study, three types of common farmland soils
were collected: silty loam, loam, and sandy loam. Through
analyses of adsorption kinetics and adsorption
thermodynamics, the adsorption characteristics of these soils
for biogas slurry ammonium nitrogen were analyzed, kinetic
models were fitted, and the relationships between soil physical
and chemical properties and adsorption capacity were explored to
provide a scientific basis for the safe application of biogas slurry in
farmland and the prevention and control of water pollution.

MATERIALS AND METHODS

Materials
Biogas slurry was collected from a large pig farm (Jiangsu Yangyu
Ecological Agriculture Co., Ltd.) in Xinjie Town of Taixing City,
China (Figure 1). The pig farm has 138 standardized brick-and-
concrete pens with a structure area of more than 100,000 m2. The
farm produces around 120,000 commercial pigs annually. It has
sewage collection tanks of 1,200 m3, fermentation tanks of
4,000 m3, oxidation ponds of 35,000 m3, one sewage treatment
system, and a high-efficiency organic fertilizer farm with an
annual output of more than 10,000 tons. The biogas slurry
sample was generated from pig feces through primary
anaerobic fermentation in a continuous stirred tank reactor
(CSTR) and a secondary anaerobic fermentation using a black-
film-sealed storage process. Once collected, the samples were
stored in sealed plastic barrels and were mixed well and filtered
through a 0.25-mm mesh screen before the analysis. Samples

were then diluted corresponding to the NH4
+-N concentration

with deionized water for backup use. The basic quality indices of
the biogas slurry are shown in Table 1.

The experimental soils were collected from the 0–20 cm
plough layer of basic farmland in the plain water network area
of the Yangtze River Basin in China. The soil textures were silty
loam, loam, and sandy loam. The soils were dried naturally, while
stones, plant roots, and other DEBRIS found in the soils were
removed. The soils were then crushed with a round wooden stick,
sieved through a 2-mm mesh screen, and finally fully mixed and
placed into a clean plastic storage box for future use. The particle
composition and basic physical and chemical properties of the
soils are listed in Tables 2, 3.

Adsorption Kinetics Experiments
Soil samples (10 g) were weighed and placed in 250-ml conical
bottles. Two hundred milliliters of biogas slurry (NH4

+-N
concentration 42.90 ± 0.66 mg/L) was added to each conical
bottle at a soil:water ratio of 1:20, and three drops of toluene were
added to inhibit microbial activity. Biogas slurry without soil was
used as a blank control. The conical bottles were sealed with a
silica gel plug, placed in a thermostatic oscillator (set temperature
25 ± 1°C), and oscillated at 140 r/min for 0.25, 0.5, 1, 2, 4, 6, 12, 18,
or 24 h. The conical bottles were taken out for biogas slurry
sample collection, and a 20-ml biogas slurry sample was taken
each time. The biogas slurry sample was centrifuged at a speed of
3800 r/min for 10 min. The concentration of NH4

+-N in the
supernatant was determined by an automatic flow analyzer
(SKALAR SAN++). The above experiments were carried out
through destructive sampling. Three batches of experiments
were set up. Each batch was set up with nine replicates for
each treatment, and one bottle was taken out from the
thermostatic oscillator for each round of sampling, which was

TABLE 2 | Soil particle composition of three soils.

Soil
number

2–0.2 mm
(%)

0.2–0.05 mm
(%)

0.05–0.02 mm
(%)

0.02–0.002 mm
(%)

<0.002 mm
(%)

Soil
texture

Soil
classification

system
of China

Sampling
point

Xinbei 0.64 29.90 22.54 30.39 16.54 Silty loam Wushan soil Dongnancun, Xixiashu,
Xinbei

Jintan 0.53 34.96 19.70 30.64 14.17 Loam Permeable paddy
soil

Luocun, Xuebu, Jintan

Taixing 0.27 61.56 22.58 10.14 5.45 Sandy
loam

High sandy soil Lidangcun, Xinjie, Taixing

TABLE 3 | Physical and chemical characteristics of three soils.

Soil
number

pH SOM (g/kg) TN (g/kg) NH4
+-N

(mg/kg)
NO3

−-N
(mg/kg)

TP (g/kg) AP (mg/kg) AK (mg/kg) CEC (cmol/kg) EC (μS/cm)

Xinbei 6.45 29.09 1.16 8.93 56.97 0.57 13.10 122.91 16.27 492.67
Jintan 5.43 19.70 0.79 25.58 26.26 0.31 7.98 126.45 9.57 244.67
Taixing 8.19 5.27 0.16 3.17 10.50 0.54 6.29 65.70 5.83 174.97

SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; AK, available potassium; CEC, cation exchange capacity; EC, electrical conductivity.

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9422634

Wang et al. Adsorption Characteristics of Soils

7

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


then discarded after sampling. The average value was taken, and
the amount of NH4

+-N adsorbed onto the biogas slurry was
calculated after the blank was deducted according to the
difference in NH4

+-N concentration before and after adsorption.

Adsorption Thermodynamic Experiments
A 2.5 g soil sample was mixed with 50ml biogas slurry with initial
diluted concentrations of NH4

+-N of 54.25, 88.66, 105.85, 133.71,
178.80, 273.54, and 542.87 mg/L in a polyethylene centrifuge tube.
Two drops of toluene were added to inhibit microbial activity, and
different concentrations of biogas slurry without soil samples were
used as blank controls. The sealing cover of the centrifuge tube was
tightened, and samples were mixed with a vortex oscillator and
oscillated at 180 r/min on a thermostatic oscillator (set temperature
25 ± 1°C) for 1 h. Samples were then incubated in a thermostat at the
same temperature for 3 days, oscillating twice a day at an interval of
12 h for 1 h each time. After cultivation, the samples were
centrifuged at 3800 r/min for 10min. The concentration of
supernatant NH4

+-N was measured by an automatic flow
analyzer (SKALAR SAN++). Each experiment was repeated three
times. The amount of NH4

+-N absorbed by the tested soil was
calculated based on the differences between the initial and final
NH4

+-N concentration in the supernatant.

Calculation Methods
Adsorption Capacity Calculation Formula

Q � (C0 − Ct) · V
M

. (1)

In the formula, Q is the adsorption capacity of NH4
+-N

(mg/kg); C0 is the initial concentration (mg/L); Ct is the
concentration of the solution at the time of measurement
(mg/L); V is the volume of the solution (ml); and M is the
soil sample weight (g).

Adsorption Fitting Equations
The fitting equations of adsorption kinetics are shown in Table 4.
Fitting equations for adsorption thermodynamics are shown in
Table 5.

Data Processing
Microsoft Office Excel (2010) software was used for test data
processing and table drawing, Origin 2017 software was used for
drawing and curve fitting, and the significance of Pearson
correlations between variables was tested by IBM SPSS
Statistics 13.0 version (IBM Corp., NY, United States).

TABLE 4 | Four models of soil adsorption kinetics.

Model Equation

Elovich equation Qt � a + b ln t. . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. (2)
Parabolic diffusion equation Qt � a + bt1/2. . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. (3)
First-order reaction equation ln(Qe − Qt) � lnQe − kt. . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. (4)
ExpAssoc equation Qt � y0 + A1(1 − e−t/a) + A2(1 − e−t/b). . . .. . .. . .. . .. . .. . .(5)
Qt is the adsorption capacity of NH4

+-N at time t (mg/kg); Qe is the adsorption capacity of NH4
+-N at adsorption equilibrium (mg/kg); and a, b, k, y0, A1, and A2 are constants used to

characterize the adsorption coefficient, where their size indicates the adsorption strength.

TABLE 5 | Four thermodynamic models.

Model Equation Adjustable model parameters

Langmuir Ce
Qe

� 1
QmKl

+ Ce
Qm
. . . .. . .. . .. . .. . .. . .. (6) Kl is a constant used to characterize the adsorption performance of the soil; and MBC = Qm × Kl, representing

the maximum buffer capacity of the soil (mg/kg).
Freundlich Qe � KfC1/n

e . . . .. . .. . .. . .. . .. . .. . .. (7) Kf is a constant that represents the strength of soil adsorption force; and 1/n represents the heterogeneity
factor related to adsorption strength or surface heterogeneity, reflecting the nonlinear degree of adsorption.

Plplatt Qe � Qm · tanh(A·Ce
Qm

). . . .. . .. . .. . .. . .. . .. . .. . .. (8) A is a constant.

Langevin Qe � a + b · (coth(Ce−k
s ) − s

Ce−k).. . .. . .. . .. . .(9) a, b, k, and s are constants, Qm = a + b.

Qe is the adsorption capacity of NH4
+-N at adsorption equilibrium (mg/kg); Ce is the NH4

+-N concentration of biogas slurry at adsorption equilibrium (mg/L); and Qm is the theoretical
saturated adsorption capacity of NH4

+-N per unit soil (mg/kg), representing the capacity factor. MBC, maximum buffer capacity of the soil.

TABLE 6 | Biogas slurry ammonium nitrogen (NH4
+-N) adsorption rate of three types of soils.

Soils Adsorption rate at different stage (mg/(kg•h))
0–0.25 h 0.25–0.5 h 0.5–1 h 1–2 h 2–4 h 4–6 h 6–12 h 12–18 h 18–24 h

Silty loam (Xinbei) 279.20 131.04 41.65 18.30 17.68 9.47 5.47 3.47 5.61
Loam (Jintan) 165.65 34.85 53.84 22.23 19.82 7.94 1.54 1.59 3.80
Sandy loam (Taixing) 136.91 81.92 25.40 21.65 9.81 7.90 3.33 1.98 2.67
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RESULTS AND ANALYSIS

Adsorption Kinetic Characteristics
The adsorption rates of three types of soils on biogas slurry
ammonium nitrogen (NH4

+-N) are shown in Table 6. The
adsorption process of NH4

+-N from biogas slurry was a
composite kinetic process comprising two stages of initial rapid
adsorption followed by slow adsorption. The initial rapid adsorption
generally occurred within 0–1 h. The ratio of the rapid adsorption
amounts to the total amount of adsorption was 35.24%–43.55%.
After 1 h, the process entered the slow adsorption stage. The total

adsorption amounts in order from highest to least were adsorbed
onto silty loam, loam, and sandy loam.

Adsorption Kinetic Model Fitting
Figures 2A–D shows the fitting results for the adsorption kinetics
of NH4

+-N in the three kinds of soils obtained by the Elovich
equation, a parabolic diffusion equation, a first-order reaction
equation, and the ExpAssoc equation. The four equations could
effectively simulate the dynamic adsorption process. The fit of the
ExpAssoc equation with relevant parameters produced a
confidence interval for R2 (0.9923 < R2 < 0.9966) that was

FIGURE 2 | Fitting of adsorption kinetics models: (A–D) show the fitting results for the adsorption kinetics of NH4
+-N in the three kinds of soils obtained by the

Elovich equation, a parabolic diffusion equation, a first-order reaction equation, and the ExpAssoc equation, respectively.

TABLE 7 | Fitted parameters in the adsorption kinetics fitting equations.

Soils Elovich equation Parabolic diffusion
equation

First-order reaction
equation

ExpAssoc equation

A b R2 a b R2 Qe k R2 y0 A1 a A2 b R2

Silty loam (Xinbei) 120.38 108.62 0.97 83.86 41.39 0.97 267.93 0.30 0.78 66.29 8.70 1.79 99.76 1.62 0.99
Loam (Jintan) 84.73 82.49 0.98 57.14 31.51 0.81 185.88 0.37 0.92 23.66 1.23 5.92 121.64 1.93 0.99
Sandy loam (Taixing) 73.17 69.66 0.99 32.74 29.30 0.96 164.82 0.37 0.91 15.73 65.84 0.79 114.37 15.30 1.00
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better than for the other models (Table 7). Therefore, the
ExpAssoc equation was used to fit the adsorption kinetics of
NH4

+-N in the three kinds of soils.

Adsorption Thermodynamic
Characteristics
The isothermal adsorption curves of the three soils for biogas
slurry NH4

+-N at a temperature of 25 ± 1°C are shown in
Figure 3. With the increase of the initial biogas slurry NH4

+-N
concentration, the adsorption isotherms of three soils on
NH4

+-N increased, primarily due to the increase of initial

biogas slurry NH4
+-N concentration and the increase of the

driving force of the soil itself as an adsorbent, an effect that
was conducive to the generation of adsorption. When the
initial biogas slurry NH4

+-N concentration was less than
200 mg/L, the NH4

+-N adsorption capacity of the three
soils increased significantly with the increase of initial
concentration; when the initial concentration of NH4

+-N in
biogas slurry was greater than 200 mg/L, the NH4

+-N
adsorption capacity increased slowly and tended to balance
with the increase of initial concentration. When the initial
biogas slurry NH4

+-N concentration was low, the adsorption
sites of the soil itself were not completely occupied. As the

FIGURE 3 | Fitting effects of adsorption thermodynamic models: (A–D) show the fitting results for the adsorption thermodynamics of NH4
+-N in the three kinds of

soils obtained by the Langmuir equation, the Freundlich equation, the Plplatt equation, and the Langevin model, respectively, at a temperature of 25 ± 1°C.

TABLE 8 | Related parameters in the adsorption thermodynamic fitting equation.

Soils Langmuir equation Freundlich equation Plplatt equation Langevin Model

Qm Kl MBC R2 Kf 1/n R2 Qm A R2 a k b s R2

Silty loam 1372.44 0.0086 11.79 0.95 90.13 0.41 0.89 1038.41 7.64 0.94 606.06 96.24 502.49 36.31 0.98
Loam 1157.60 0.0093 10.80 0.98 64.25 0.45 0.93 840.85 7.39 0.96 529.26 93.68 345.60 21.83 1.00
Sandy loam 481.85 0.0294 14.18 0.89 131.39 0.21 0.86 412.33 6.52 0.65 352.64 99.99 95.71 16.05 1.00
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initial biogas slurry NH4
+-N concentration increased, the

unused adsorption sites were gradually occupied and thus
were unable to be used, ultimately reaching a saturated state so
that the soil and the NH4

+-N solution tended to balance, and
the soil adsorption capacity of NH4

+-N reached its
maximum value.

Adsorption Thermodynamic Model Fitting
The Langmuir equation and Freundlich equation are classical
models used to study the thermodynamic characteristics of soil
NH4

+-N adsorption. The Plplatt equation and the Langevin
model were the equations selected in this experiment to
achieve better fitting. Figures 3A–D shows the fitting
results of four equations on the adsorption thermodynamics
of biogas slurry NH4

+-N at a temperature of 25 ± 1°C. When
fitting the theoretical saturated maximum adsorption capacity
(Qm) values of biogas slurry NH4

+-N for the three kinds of
soils, the Qm value fitted by the Langmuir equation was
highest, and the Qm value fitted by the Plplatt equation was
closer to the measured average value. From the R2 values
(Table 8), the adsorption thermodynamic behavior of
biogas slurry NH4

+-N in this experiment was best fitted by
the Langevin Model. The optimal theoretical saturated Qm

values calculated by the sum of the parameters a and b were
1108.55, 874.86, and 448.35 mg/kg for silty loam, loam, and
sandy loam, respectively.

Correlation Between Adsorption Capacity
and Soil Physical and Chemical Properties
Correlations between adsorption characteristic parameters
and soil properties are shown in Table 9. The Qm of the
soil for biogas slurry NH4

+-N was positively correlated with
SOM, TN, available phosphorus (AP), available potassium
(AK), cation exchange capacity (CEC), and the proportion
of 0.02–0.002 mm particles (p < 0.01), while it was negatively
correlated with soil pH (p < 0.05). The adsorption constant Kl

was negatively correlated with SOM, TN, AP, AK, and the
content of particles with the particle size of 0.02–0.002 mm
(p < 0.01), negatively correlated with soil NH4

+-N and CEC
(p < 0.05), and positively correlated with soil pH (p < 0.01).
The maximum buffer capacity (MBC) of the soil was negatively
correlated with SOM, NH4

+-N, AP, AK, and the content of
particles with the particle size of 0.02–0.002 mm (p < 0.01),
negatively correlated with soil TN (p < 0.05), and positively
correlated with soil pH (p < 0.01).

DISCUSSION

Adsorption Mechanism
Adsorption can be defined as the accumulation of solutes at the
solid–liquid interface. This process includes the transfer of solute
molecules from the solution, the removal of solvent molecules
from the solid surface, and the process of solute molecules
attaching to the solid surface (Stumm, 1992). Farmland soil
media are heterogeneous aggregates with complex structures.T
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A large number of organic and inorganic colloids and oxides are
interlaced and mixed (Li W. et al., 2021). There are electric fields
and residual force fields on the surface of the media that have
extremely high surface energy. They can interact with ions,
protons, and molecules in the soil liquid and gas phases, and
they have strong adsorption on ammonium nitrogen. There are
many kinds of active groups in the media, and all kinds of organic
and inorganic groups can interact with ammonium. Therefore,
the adsorption behavior of ammonium nitrogen in farmland soil
media is complex, and the adsorption behavior in different types
of media is significantly different (Krishnamoorthy and
Overstreet, 1950). At present, the adsorption mechanism of
ammonium nitrogen in soil media is mainly discussed at the
macro and micro levels. Most macroscopic research has focused
on distinguishing the different active surfaces of soil media using
the differences in the extraction capacity of different extractants
(Lumbanraja and Evangelou, 1994; Wang and Alva, 2000).
Microscopically, the occurrence of ammonium in the medium
can be identified at the molecular level using X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and
other spectral means (Sherman and Smulovitch, 1970; Saruchi
and Kumar, 2020). Generally, the adsorption mechanism cannot
be accurately described through only a single means. The present
study characterized the adsorption characteristics of the three
soils, and conducted a preliminary discussion based on the factors
affecting the adsorption (Shen et al., 1997), but did not conduct
an in-depth study of the adsorption mechanism. This will require
further study.

Characteristics of Adsorption Kinetics
Soil is an important site for nitrogen circulation and
transformation, and the only way for nitrogen to enter
groundwater (He et al., 2021; Li X. et al., 2021). The
adsorption of NH4

+-N in the soil shows corresponding
regularity with time change, which is one of the important
characteristics of soil chemical reaction kinetics. The study of
kinetics can reveal the limiting factors and control conditions
that affect the adsorption rate. Commonly used adsorption
kinetics equations include first-order reaction equations,
second-order reaction equations, the Elovich equation, the
parabolic diffusion equation, and the ExpAssoc equation.
The Elovich equation reflects not only a simple adsorption
process but also a complex process involving soil expansion,
the activation and deactivation of adsorption sites, and surface
diffusion (Sparks and Jardine, 1984). In the present
experiment, the coefficient R2 for the three types of soil
adsorption data was the highest for the Elovich equation,
indicating that adsorption was a heterogeneous diffusion
process. Further analyzing the restrictive factors of the
process revealed that the goodness of fit of the parabolic
diffusion equation (0.81 < R2 < 0.97) was higher than that
of the first-order reaction equation (0.78 < R2 < 0.92)
(Table 7), indicating that the chemical adsorption process
was not the rate-limiting step of the process, while the intra-
particle diffusion was the main rate-limiting step. Due to the
differences in soil media and environmental conditions, the
relationship between adsorption capacity and time often

differed during the adsorption process. Previous studies
have shown that different kinetics models or the same
model have different fits with different soils. In the present
study, the best fitting models for the soil adsorption of NH4

+-N
were the first-order reaction equation and the Elovich equation
(Xue et al., 1996). The adsorption of NH4

+-N in silty sand,
sandy silt, silt, and silty clay of four typical soils primarily
occurred during 0–2 h, and the adsorption kinetics conformed
to the second-order reaction equation (Tian, 2011). However,
the fitting effect of the adsorption kinetics curve with the
ExpAssoc equation was the best (Zhao et al., 2013). The
results of this study were consistent with those of Zhao
et al. (2013).

Adsorption Thermodynamic
Characteristics
The adsorption of NH4

+-N by soil is a dynamic equilibrium
process. Under the same constant temperature, the curve of the
adsorption amount (Q) with the equilibrium concentration
(C) of the solution is normally referred to as the adsorption
isotherm, and the corresponding mathematical expression is
called the adsorption isothermal formula. This equation
reflects the specific relationship between the adsorbent and
the adsorption capacity, as well as the influence of different
NH4

+-N concentrations on the ability of the soil to adsorb
NH4

+-N. At present, the Langmuir equation, the Freundlich
equation, the Henry equation, and the Temkin equation are
commonly used to describe the adsorption of NH4

+-N in soil.
The Langmuir equation assumes that the medium surface is
uniform and the adsorption is performed by single molecules;
this model can be used to calculate the corresponding
maximum saturated adsorption capacity, adsorption
coefficient, and MBC, as well as to evaluate and predict the
adsorption of NH4

+-N in the soil. In this experiment, the
Langmuir equation had a high degree of fit, indicating that the
isothermal adsorption of NH4

+-N in the three soils was mainly
monolayer adsorption, while multi-molecular layer adsorption
was of secondary importance. The Freundlich equation is often
used to describe the adsorption of non-uniform surfaces, but
the maximum saturated adsorption capacity cannot be
calculated. The fitting parameter 1/n of the Freundlich
equation in this study was between 0 and 1, indicating that
the isothermal adsorption of NH4

+-N by the three kinds of
soils was relatively efficient. The Henry equation is suitable for
low concentrations and weak adsorption, while the Temkin
equation is only suitable for chemical adsorption. As the latter
two models had poor fits to the experimental data, the fitting of
these two equations was not presented in this paper. At the
same time, in order to further improve the application and
evaluation of the fitting results, for the maximum saturated
adsorption capacity, the analysis screened out the Plplatt
equation whose fitting Qm value was close to the measured
average value, and the Langevin model whose fitting curve was
more optimal. Although the adaptability of the assumptions
that the adsorption model established to soil adsorption
characteristics of NH4

+-N was worthy of further validation,
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the law summarized by the analysis of the experimental data
was basically consistent with the adsorption characteristics
reflected by the empirical adsorption isotherm. Therefore, it
was effective to use empirical adsorption isotherms to
quantitatively describe the thermodynamic behavior of the
soil adsorption of NH4

+-N.

Soil Factors Affecting Adsorption
The NH4

+-N Qm of soil is affected by soil texture,
environmental temperature and humidity, artificial
fertilization, and crop rotation. The Qm obtained by the
Langmuir equation reflected the maximum saturated
adsorption capacity of NH4

+-N in the soil, as well as the
number of soil adsorption sites. Li et al. (2009) found that Qm

was significantly negatively correlated with soil pH and CEC,
while it was significantly positively correlated with soil C:N.
Research by Cong et al. (2017) showed that Qm was
significantly positively correlated with soil pH and CEC,
while it was significantly negatively correlated with SOM
and TN content. Wang et al. (2015) reported that the
greater the organic matter content, the greater the NH4

+-N
adsorption capacity of albic soil. Xue et al. (1996) found that
the adsorption capacity of NH4

+-N increased with the
increase of soil CEC and soil clay content to varying
degrees. The results of the present study showed that the
Qm value was significantly negatively correlated with soil pH,
consistent with the results of Li et al. (2009). A possible reason
was that the biogas slurry was alkaline, and the pH values of
weakly acidic soils in Xinbei and Jintan were neutralized,
resulting in the release of adsorption sites originally occupied
by H+ and thereby reducing the competition between H+ and
NH4

+ for adsorption sites. There was a significant positive
correlation between the Qm value and CEC, consistent with
the results of Cong et al. (2017), Xue et al. (1996), and Shen
et al. (1997). Qm was positively correlated with SOM,
consistent with the results of Li et al. (2009) and Wang
et al. (2015). This might be because organic matter had a
large number of different functional groups (Liu et al., 2010), a
higher CEC, and a larger specific surface area (Khorram et al.,
2015; Acosta et al., 2016; Kumar, et al., 2016); these were all
factors that could increase the adsorption capacity of NH4

+-N
through surface complexation, ion exchange, and surface
precipitation. These results have been verified in many
studies aimed at the improving soil adsorption of NH4

+ by
biochar (Yao et al., 2012).

Jiang (2004) showed that the finer the soil particles, the lower
the percentage of sand powder with a particle size of ≥0.01 mm,
while the higher the percentage of clay particles with a particle
size of <0.005 mm, the stronger the adsorption. Xue et al. (1996)
reported that NH4

+-N adsorption capacity was mainly affected by
clay content, with clay > loam > sandy soil. Cong et al. (2017)
showed that the NH4

+-N adsorption capacity of soil was in the
order of light clay > light loam. The results of this study showed
that the Qm value of silty loam > loam > sandy loam was
consistent with the above research results. Wan et al. (2004)
found that there was a very significant positive correlation
between fixed ammonium and clay content <0.01 mm, with

clay content of 0.005–0.01 mm, and with clay content of
0.001–0.005 mm, but there was no significant correlation with
clay content <0.001 mm. The results of this study showed that
there was a significant positive correlation between the Qm value
and the content of particles with particle size of 0.02–0.002 mm in
the soil. The same trend was observed in the results of Wan et al.
(2004). Therefore, it is speculated that the increase of soil fixed
ammonium content is a characteristic that can be further verified
based on the fact that the fixed ammonium soil content increased
with the increase of ammonium ion concentration (Liang and
MacKenzie, 1994; Juang et al., 2001). In addition, there was a very
significant positive correlation between the Qm value and soil TN
content, as well as a significant correlation with soil nitrate
nitrogen. This may be the reason for the positive and negative
electrical adsorption, and may be responsible for maintaining the
balance between soil new ammonium nitrogen and nitrate
nitrogen. The Qm value was positively correlated with the soil
AK. This was because active K+ ions could provide adsorption
sites and interlayer solid localization for NH4

+ ions in external
soil, which was in line with cation exchange theory (Rich and
Black, 1964; Kittrick, 1966). The Qm value was positively
correlated with soil AP in this experiment. There were two
possible reasons: the positive and negative charge adsorption,
and the combination of NH4

+ ions and PO4
3− ions to form

[(NH4) PO4]
2−, subsequently forming complex precipitates

Mg(NH4)[PO4]·6H2O with the Mg2+ and Ca2+ plasma in the
soil, thereby increasing the adsorption of NH4

+-N. The
correlation between the Langmuir equation adsorption
constant Kl value, the MBC value, and soil property-related
indicators, and the correlation between the Qm value and soil
property-related indicators were opposite (Li et al., 2009; Cong
et al., 2017), indicating that the adsorption strength and the
adsorption capacity were complementary. In other words, when
the adsorption capacity is high, the adsorption strength is low. In
addition, the fitted Qm values of the NH4

+-N adsorption of the
soils in this study were lower than the fitted value of a single
chemical ammonium salt solution, thus indicating that the rich
complex components of the biogas slurry interfered with the
adsorption of ammonium nitrogen in the soil as described in
Zhao et al. (2013). While a preliminary demonstration has been
achieved in the present research, the specific mechanism of action
requires further study.

CONCLUSION

The soil adsorption of biogas slurry NH4
+-N predominantly

occurred within 0–1 h, and the adsorption capacity within
0–1 h accounted for 35.24%–43.55% of the total adsorption.
The ExpAssoc equation produced a good fit for the adsorption
kinetic behavior. The optimal theoretical saturated adsorption
capacity (Qm) values fitted by the Langevin model were
1108.55, 874.86g, and 448.35 mg/kg for silty loam, loam,
and sandy loam, respectively. The Qm was significantly
positively correlated with SOM, TN, AP, AK, CEC, and
particle content of 0.02–0.002 mm, but significantly
negatively correlated with soil pH.
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In this report, eco-friendly and low-cost pyrite tailings are utilized as

denitrification materials, while pyrite and magnetite are used as the control

experimental groups to explore the denitrification performance of pyrite

tailings. The results show that the removal effect of pyrite tailings on NO3
− is

slightly lower than that of pyrite. However, the concentration of NH4
+

decreased, and the effluent SO4
2- concentration was lower than that of

pyrite. In addition, pyrite with different particle sizes is prepared by the ball

milling method, and the effect of particle size on the denitrification

performance of pyrite is studied. The results show that with the decrease in

particle size, microorganisms are more likely to use S in tailings as electron

donors, the denitrification rate is faster, and the denitrification effect was better

at the same time.

KEYWORDS

pyrite tailings, denitrification, ball milling, secondary effluent, resource utilization

Introduction

Lake eutrophication is a global water ecological environment problem (Hans W.

Paerl, et al., 2015), and it is also one of the main challenges to water ecological

environment governance and protection in China (Chen and Li. 2006). In recent

years, lake eutrophication caused by excessive input of nitrogen and phosphorus has

become increasingly prominent, seriously threatening the ecological security and

drinking water security of lake basins (Farshad Shafiei. 2021). At present, although

domestic sewage treatment has reached the drainage standard, there is no nitrogen

OPEN ACCESS

EDITED BY

Shengsen Wang,
Yangzhou University, China

REVIEWED BY

Chuan Chen,
Harbin Institute of Technology, China
Lingzhao Kong,
Chinese Academy of Sciences (CAS),
China

*CORRESPONDENCE

Shuguang Zhu,
zhushuguang@ahjzu.edu.cn

SPECIALTY SECTION

This article was submitted to Water and
Wastewater Management,
a section of the journal
Frontiers in Environmental Science

RECEIVED 21 May 2022
ACCEPTED 29 June 2022
PUBLISHED 05 August 2022

CITATION

Mao J, He M, Qin Y, Chen Y, Wang X,
Che H, Cheng C, Wang T, Wang W,
Sun B and Zhu S (2022), Resource
utilization of waste tailings: Simulated
removal of nitrogen from secondary
effluent by autotrophic denitrification
based on pyrite tailings.
Front. Environ. Sci. 10:949618.
doi: 10.3389/fenvs.2022.949618

COPYRIGHT

© 2022 Mao, He, Qin, Chen, Wang, Che,
Cheng, Wang, Wang, Sun and Zhu. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 05 August 2022
DOI 10.3389/fenvs.2022.949618

16

https://www.frontiersin.org/articles/10.3389/fenvs.2022.949618/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.949618/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.949618/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.949618/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.949618/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.949618&domain=pdf&date_stamp=2022-08-05
mailto:zhushuguang@ahjzu.edu.cn
https://doi.org/10.3389/fenvs.2022.949618
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.949618


and phosphorus environmental capacity for the eutrophic

water (Chen. 2020). Therefore, with the development of

cheap and efficient denitrification and dephosphorization

materials and technology (Song. 2021), the municipal

sewage treatment plant secondary effluent more strict

denitrification and dephosphorization processes can

ensure the ecological environment of water (Cao, et al.,

2020).

Secondary effluent of municipal wastewater treatment plants

is typical low C/Nwastewater (Sun et al., 2019). The conventional

heterotrophic denitrification process requires the addition of

external carbon sources, which increases the treatment cost

and complexity of operation (Fu, 2022). However, autotrophic

denitrification does not require organic carbon sources and can

use inorganic carbon and reducing sulfur compounds as

electronic donors, which can reduce the operating cost of

municipal wastewater treatment plants and effectively remove

NO3
− in secondary effluent with low treatment cost. According to

different electron donors, autotrophic denitrification can be

divided into hydrogen autotrophic denitrification, iron

autotrophic denitrification, and sulfur autotrophic

denitrification (Zhou et al., 2022). Sulfur autotrophic

denitrification with elemental sulfur as the electron donor has

a fast denitrification rate, but a large amount of reaction by-

product SO4
2- will be produced during the reaction process,

which affects its promotion in practical application (Jiaoyang,

2014). In recent years, pyrite (FeS2) has also been found to be an

electron donor for chemical autotrophic denitrification (Pang,

et al., 2020). Garcia-Gil et al. (Garcia-Gil, et al., 1993) found that

adding FeS to the sediments of the Rhone Delta in France could

change the denitrification rate and monitor the oxidation process

of S2- in FeS. Haaijer et al. (Haaijer et al., 2007) reported that

autotrophic denitrification based on iron sulfide can remove

nitrate in freshwater system and compared the denitrification of

two different iron sulfides (pyrite and ferrous sulfide) as

substrates, proving that ferrous sulfide can remove nitrate

more effectively under the action of denitrifying bacteria.

Bosch et al. (Bosch et al., 2012) proposed that while

thiobacillus denitrificans use sulfur in iron sulfide as an

electron donor, they may also use iron in iron sulfide as an

electron donor to reduce nitrate. Yang et al. (Zhang et al., 2020)

also found that synthetic or natural pyrrhotite (FeS) autotrophic

denitrification (PAD) had excellent simultaneous nitrogen and

phosphorus removal performance. At present, many scholars

have turned their attention toward the autotrophic

denitrification technology using pyrite as the electron donor

to remove NO3
− in water (Kong, et al., 2015), or the

autotrophic denitrification and heterotrophic denitrification

combined with pyrite and elemental sulfur or other mineral

materials to remove nitrogen and phosphorus in sewage (Wang,

et al., 2019). However, pyrite is an important mineral resource,

and if directly used in a large amount of water treatment, there is

also a large economic cost. Mine tailings have become the most

produced and stored solid waste in China. The total amount of

metal mine tailings accounts for 34% of general industrial solid

waste and is a major hazard and pollution source (Kong, et al.,

2016). A large number of tailings are piled up in the tailings pond

and cannot be used, resulting in a large amount of waste of

resources. The accumulation of these wastes also seriously affects

the ecological environment and threatens people’s health (Theo.

2021). Pyrite tailings, by-products after mining, contain the same

effective components as pyrite, which can provide electrons for

autotrophic denitrification, while tailings, as substrates for

denitrification reaction, provide a new way for waste

utilization of tailings (Tong, et al., 2021). Therefore, in this

study, pyrite tailings were selected as autotrophic denitrifying

electron donors, and pyrite and magnetite were used as control

groups to explore the feasibility of removing nitrogen and

phosphorus substances from secondary effluent from tailings.

At the same time, this study obtained pyrite tailings with different

particle size scales using the ball milling method and discussed

the influence of particle size scales on their nitrogen and

phosphorus removal performance.

Materials and methods

Materials

Raw pyrite and pyrite tailings were obtained from

Longqiao Mine in Tongling, Anhui province, China, while

magnetite tailings were collected from Zhangzhuang Mine in

Huqiu, Anhui Province, China. Then, the tailings were

grounded into particles with a size of 0.10–0.15 mm using a

high-speed blender, washed in deionized water several times

to clarify the supernatant, followed by ultrasonic shock for 1 h,

and washed in deionized water again. Finally, the mineral

particles were dried at 70°C for 6 h in the oven. Nitrogen

removal reaction system with pyrite, pyrite tailings, and

magnetite tailings as the substrate was denoted by PM, PT,

and MT, respectively.

Preparation of materials

Preparation of pyrite tailings
The pyrite tailings were mixed with water at the mass ratio

of 1:1, and the mixed solution was poured into the planetary

ball mill and mixed with large beads (3 mm) and small beads

(2 mm) at a ratio of 1:1. Three kinds of pyrite tailings with

different particle sizes were prepared by different operation

settings of the ball mill. The mixture was transferred into the

beaker after the ball grinding and made to stand for half an

hour, then the supernatant was collected and washed in

deionized water several times to clarify, and then, the

mineral particles were dried at 70°C.
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TABLE 1 Water quality analysis methods.

Analysis indicator Analysis method Analytical instrument Instrument model

NO3
--N UV spectrophotometry Ultraviolet-visible spectrophotometer UV-5100

NO2
--N N-1-Naphthylethylenediamine dihydrochloride spectrophotometry

NH4
+-N Nessler reagent spectrophotometry

PO4
3--P Molybdenum antimony resistance spectrophotometry

SO4
2- Ion chromatography Ion chromatography ICS-900DionexIonPac

FIGURE 1
SEM images and elemental mappings of pyrite (A), pyrite tailings (B), and magnetite tailings (C).
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Simulation of sewage quality
The secondary effluent of the laboratory simulated sewage

plant was prepared with deionized water. The simulated

sewage quality was configured according to the actual

secondary effluent concentration of the sewage plant. The

concentration of nitrate–nitrogen in the experimental sewage

prepared by potassium nitrate was 15 mg/L; and the

concentration of ammonia nitrogen prepared by

ammonium chloride was 10 mg/L. Sodium bicarbonate was

used as an autotrophic denitrification carbon source with a

concentration of 90 mg/L.

Methods

A total of 800 ml synthetic sewage was added to a 1000 ml

conical flask, and 30 g mineral particles and 5 ml cleaned

sludge were added to the flask, respectively. After the rubber

plug was fastened, the flask was placed in a constant

temperature shaker, which continued to run at 150 r/min

and 30°C. Samples were taken at 0, 12, 24, 36, 48, 60, 84, 108,

and 132 h, respectively, and the concentrations of NO3
−-N,

NH4
+-N, NO2

−-N, and SO4
2− in the water were measured.

Three parallel experiments were set up for each group.

Thirty grams of mineral particles with different particle

sizes were weighed and placed in a 1000 ml conical flask,

800 ml simulated secondary effluent was added, and then 5 ml

cleaned sludge was added. After the rubber plug was fastened,

the particles were placed in a constant temperature shaker,

which continued to run at 150 r/min and 30°C. Samples were

taken at 0, 12, 24, 36, 48, 60, 84, 108, and 132 h, respectively,

and the concentrations of NO3
−-N, NH4

+-N, NO2
−-N, and

SO4
2− in the water were measured. Three parallel experiments

were set up.

Characterization

To analyze the structure and element composition of the

three minerals, the micromorphology and the element

composition of the three mineral particles were observed

using scanning electron microscopy equipped with an energy

dispersive spectrometer (SEM-EDS). The mineral particles

mixed with water after drying were collected, and the mixed

solution was slowly added to the laser particle size analyzer at a

speed of 2200 r/min. The dried mineral particles were placed in

an X-ray powder diffractometer (XRD) for crystal structure

analysis, and the angle of diffraction (2θ) was set in the range

of 10–80°. The dried mineral particles were mixed with deionized

water, and the mineral surface potential was determined using

the Zeta potential analyzer.

Water sample analysis was performed according to Water and

WaterMonitoring Analysis Method 4th Edition (2002). The specific

indicators and analysis methods are shown in Table 1.

Results and discussions

Study on nitrogen removal from the
secondary effluent by autotrophic
denitrification of three minerals

Characterization of three minerals
SEM images and elemental mappings of PM, PT, and MT

are shown in Figure 1. SEM images clearly indicated that PM

has a smooth, crystalline surface with large particles, while

PT has a rough, granular surface with small particles.

Meanwhile, elemental mappings verified that the areas of

S in PM and PT were significantly larger than that of Fe,

further confirming the pyrite structure. In addition, the

surface of MT was rough, granular, and larger, and the

mineral contained less Fe, which was due to the fact that

the tailings contained less Fe2O3.

XRD analysis of PT, PM, and MT was conducted for crystal

structure analysis, and it can be seen from Figure 2 that all of the

three minerals have obvious crystal structures. The diffraction

peaks (2θ) of PT and PM at 28.6°, 33.1°, 37.2°, 40.9°, 47.6°, and

56.4° are assigned to the (111), (200), (210), (211), (220), and

(311) crystal planes of FeS2 (JCPDS card no. 01-1295),

respectively. Moreover, the diffraction peak position (2θ) of

MT is 15.2°, 24.8°, 26.7°, 26.8°, 28.7°, 47.0°, 57.6°, and 50.4°,

corresponding to the orthorhombic crystal structure; all the

diffraction peaks were well matched with JCPDS card no: 89-

2810.

Variation of effluent nitrogen and sulfate
concentration

In order to explore the denitrification effect of pyrite

tailings, we conducted a comparative study on the NO3
−-N,

FIGURE 2
XRD spectrum of pyrite, pyrite tailings, and magnetite.
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NO2
−-N, and NH4

+-N removal performance of simulated

sewage by three reaction systems of PM, MT, and PT. It

can be seen from Figure 3A that the concentration of

NO3
−-N in PT, PM, and MT reaction systems first

increased and then decreased at the initial stage of

microbial growth and adaptation. During the 24–36 h

period, the concentration of NO3
−-N in the three systems

reduced rapidly for a short time, which is probably due to the

heterotrophic denitrification caused by the sewage with a low

content of organic carbon. Subsequently, the concentration of

NO3
−-N in PT and PM shows a stable downward trend, while

the concentration of NO3
−-N in MT shows no significant

change. After 132 h of reaction, the NO3
−-N removal rates of

PT, PM, and MT were 60.0, 69.0, and 36.94%, respectively.

Figure 3B reveals the variation of effluent NH4
+-N

concentration over time in the reaction system. The

effluent NH4
+-N concentration of the three reaction

systems shows a great difference. During the 24–36 h stage,

the concentration of NH4
+-N in PT, PM, and MT decreased

from 3.10, 2.20, and 4.80 mg/L to 0.96, 0.76, and 3.50 mg/L,

respectively. After 36h, the concentration of NH4
+-N in the

three reaction systems increased, which may result from the

increase in NH4
+ concentration caused by the death of

heterotrophic microorganisms after the completion of

heterotrophic denitrification. Furthermore, the autotrophic

denitrification of PT and PM requires partial utilization of

NH4
+; so, the concentration of NH4

+ in PT and PM gradually

descended at the later stage of the reaction. Moreover,

compared with PT, PM has a high content of FeS2 and

more electron donors, and its demand for NH4
+ is lower.

Therefore, it can be seen from Figure 3B that PT has higher

removal efficiency for NH4
+-N. We simultaneously recorded

the NO2
−-N changes of three reaction systems. It can be

observed from Figure 3C that NO2
− was first accumulated

and then reduced in all three systems, mainly because

microorganisms reduced NO3
− preferentially, and NO3

−

had an inhibitory effect on the synthesis and activity of

NO2
− reductase. However, at the end of the reaction, the

FIGURE 3
Variation of NO3

−-N concentration (A), NH4
+-N concentration (B), NO2

−-N concentration (C), and SO4
2−concentration (D) in denitrification

system of three minerals.
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accumulation of NO2
−-N in PT and PM was 1.02 mg/L and

1.50 mg/L, respectively. The concentration of NO2
−-N in MT

was reduced to below the detection limit, and MT had the best

removal effect on NO2
−-N. Figure 3D reveals the

concentration of SO4
2-- in the three systems. As one of the

products in the process of sulfur autotrophic denitrification,

the massive accumulation of SO4
2- is the limitation for the

application of elemental sulfur autotrophic denitrification. In

consequence, we monitored the concentration of SO4
2- in the

three reaction systems, and the experimental results implied

that the concentration of SO4
2- in MT did not change

significantly over time, which was attributed to the fact that

MT contained no sulfur element and could not undergo

autotrophic denitrification of sulfur. On the contrary, the

concentration of SO4
2- in PT and PM ascended gradually

along with time, but the formation of SO4
2- in PT declined

relatively, indicating that the use of pyrite tailings as nitrogen

and phosphorus removal materials can reduce the amount of

SO4
2-, without changing the water quality significantly.

Influence of particle size on nitrogen
removal

Characterization of three tailings with different
particle sizes

Based on the fact that pyrite tailings have a certain

nitrogen removal effect, we were then interested in

FIGURE 4
Particle size distribution spectrum (A) and XRD spectrum (B), Zeta potential (C) of pyrite tailings with different sizes.
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studying the effect of particle size of tailings on nitrogen

removal from effluent. By grinding the mineral for 30, 25,

and 20 min, three tailing samples with different particle sizes

were obtained (denoted as PT-1, PT-2, and PT-3,

respectively). The particle size distribution is shown in

Figure 4A, and the particle sizes (D50) of three kinds of

minerals are 3.80, 7.59, and 2.89 μm, respectively. As the

ball milling process is accompanied by high temperature

and high pressure, the crystal structure of the minerals may

be changed; so, XRD analysis was conducted on three kinds of

minerals. It can be seen from Figure 4B that all of the minerals

had obvious crystal structure, and the diffraction peaks (2θ) at
28.6°, 33.1°, 37.2°, 40.9°, 47.6°, and 56.4° correspond to the

(111), (200), (210), (211), (220), and (311) crystal planes of

FeS2, respectively. XRD results indicated that particle size had

no influence on the crystal structure of the minerals. However,

Zeta data (Figure 4C) demonstrated that the surface potential

of the three groups of minerals was 4.34 mV, −0.12 mV,

and −0.72 mV, respectively, indicating that the surface

charge distribution of minerals would be changed during

the mechanical stripping process of minerals by ball milling.

Variation of effluent nitrogen and sulfate
concentration

According to the XRD results, we confirmed that the

change in particle size had no effect on the crystal

structure of pyrite tailings. Therefore, we further

investigated the feasibility and difference of NO3
−-N, NO2

−-

N, and NH4
+-N removal from secondary effluent of tailings

with three different particle sizes. Variations in NO3
−-N

concentration of the three systems are shown in Figure 5A.

At the initial stage of microbial growth and adaptation, the

reaction rates of the three systems are relatively low. During

36–84 h period, the concentrations of NO3
−-N in the three

systems show a stable decreasing trend, and the reduction

rates are 1.95, 2.40, and 2.43 mg/(L*d), respectively. The

NO3
−-N reduction rate decreased with the increase in

pyrite particle size. At this stage, a heterotrophic

FIGURE 5
Variation of NO3

−-N concentration (A), NH4
+-N concentration (B), NO2

−-Nconcentration (C), and SO4
2−concentration (D) in three granular

denitrification systems of pyrite tailings.
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denitrification reaction mainly occurred. The results indicate

that the larger the pyrite tailing particles are, the more difficult

it is to be utilized by autotrophic microorganisms, which leads

to the slowdown of autotrophic denitrification rate and affects

the NO3
−-N removal in the water. As the reaction progressed,

the death of some heterotrophic microorganisms was due to

the inadaptability to the solution, releasing nitrate nitrogen

and slightly increasing the concentration of NO3
−-N in the

solution. According to these results, we consider that particle

size has no significant impact on the NO3
−-N removal ability

of pyrite tailing particles. Figure 5B displays that the change in

NH4
+-N concentration in the three systems is similar, and it

rises at the initial stage of the reaction. Subsequently, the

concentrations of NH4
+-N in the three systems decrease

because a part of NH4
+ is consumed in the heterotrophic

denitrification stage, while a part of NH4
+ is also consumed by

the growth of microorganisms themselves. At the end of the

reaction, the concentrations of NH4
+-N in the three systems

rise, which is attributed to the fact that the dissimilatory

nitrate reduction to ammonium (DNRA) process occurs in

the autotrophic denitrification stage, which transforms NO3
−

into NH4
+. In the system, the processes affecting the

concentration of NH4
+ mainly include the synthesis and

utilization of microorganisms and the DNRA. It can be

seen that the particle size of pyrite has no significant

influence on the abovementioned processes. The

accumulation amount of NO2
−-N is shown in Figure 5C.

All of the concentrations of NO2
−-N in the three systems

reach the maximum accumulation amount at 72 h, and there

is little difference in NO3
−-N concentration in the three

systems at this time, indicating that the particle size of

pyrite tailings did not affect the concentration of NO3
−-N,

which may inhibit the synthesis and activity of NO2
− reductase

in the denitrification system. As can be seen from Figure 5D,

the accumulation amounts of SO4
2- in the three systems within

12–132 h are 93.46, 97.64, and 96.52 mg/L, respectively. With

the decrease in particle size, the larger the contact surface

between particles and air, the more easily S on the surface is

oxidized into SO4
2-, leading to the higher concentration of

SO4
2- in the initial reaction. Therefore, at the end of the

experiment, more SO4
2- particles were produced.

Conclusion

In conclusion, we compare the denitrification effects of three

kinds of mineral materials. The results show that magnetite had a

limited ability to remove nitrogen in water and mainly depended

on heterotrophic denitrification. Pyrite has the best effect on

NO3
− removal in water, but there is still a certain amount of NO2

−

in water after the reaction, and the concentration of NH4
+ in

water fluctuates within a certain range, which is almost the same

as the initial value. However, the NO3
− removal effect of pyrite

tailings is slightly worse than that of pyrite, but the overall NH4
+

concentration in the reaction process shows a downward trend,

and the effluent SO4
2- concentration is lower than that of the

pyrite experimental group. Therefore, in view of the economic

benefits of pyrite tailings, it has greater potential in the

application of denitrification and nitrogen removal in

wastewater. In addition, pyrite tailings with different particle

sizes are prepared using the ball milling method to study the

effect of particle sizes on nitrogen removal. Through XRD and

Zeta potential analysis, it can be seen that the main composition

of the pyrite tailings after ball milling process does not change

except particle size. With the decrease in particle size,

microorganisms are more likely to use S in tailings as electron

donors, and the denitrification rate will be faster and the

denitrification effect will be better at the same time.
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Tracking chlorinated
contaminants in the subsurface
using analytical, numerical and
geophysical methods
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In recent years, many research methods have been developed for the

traceability of groundwater contamination source, in which the numerical

simulation and analytical methods are the most common methods to study

on groundwater flow and solute transport. However, the establishment and

solution of an optimizationmodel is a very complex inverse problem. Given that

many decision variables are needed to be identified, two relatively simple

analytical and numerical methods are applied for the prediction of chloride

migration range and duration process in source area, then the geophysical

prospecting and drilling sampling analysis are also used for the verification,

moreover, the source center is determined based on the difference between

predicted results and measured results. In addition, the influence of the

observation points layout, hydrodynamic dispersion parameters and

groundwater flow rate on the traceability effect are also analyzed. The

results show that located observation points can reflect the chloride

distribution accurately, hydrodynamic dispersion parameters and

groundwater flow rate have more significant impacts on the traceability

effect compared with other factors. Lastly, the proposed model application

process is also discussed in the limited scale site, and it provides the reference

for source traceability and subsequent remediation design under the similar

hydrogeological conditions.

KEYWORDS

analytical solution, numerical simulation, contamination range, traceability,
geophysical methods

1 Introduction

Generally, the distribution of contamination sources and the emission of

contamination concentration need to be found out before the contamination is

treated and remediated effectively. However, groundwater contamination has the

characteristics of concealment, hysteresis and irreversibility, which makes it

impossible to detect contamination sources in time after contamination occurs with
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continuous spreading. Therefore, tracing, locating and removing

contamination sources are important steps for the site risk

management. The key problem is to determine the

contamination sources accurately and timely. Therefore, it is

important to identify the location of groundwater contamination

sources, contaminant emission concentration and development

history, so as to take effective measures to cut off the

contamination sources and avoid the contamination of

groundwater in a wider range, furthermore, it has an

important impact on the efficiency and cost of subsequent

remediation (Mangold and Tsang, 1991; Bashi-Azghadi et al.,

2010; Lapworth et al., 2012; Mahsa and Bithin, 2013).

Traceability of groundwater contamination is to trace the

history of contaminant discharge and determine the location

of contamination sources through limited observation data

(Mahar and Datta, 1997; Alexander et al., 2006; Zoi and

George, 2009). At present, the main methods of

groundwater contamination traceability are mathematical

analysis method (Gongsheng et al., 2006; Yu et al., 2012;

Long et al., 2014; Gurarslan and Karahan, 2015),

simulation optimization method (Ellen and Pierre, 2007;

Mirghani et al., 2009; Manish and Bithin, 2013; Xiao et al.,

2016; Li et al., 2017; Chakraborty and Prakash, 2020),

hydrochemical traceability analysis (; Rashid et al., 2019),

isotope traceability analysis (Palau et al., 2014; Sturchio

et al., 2014; Nigro et al., 2017; Wang and Zhang, 2019;

Zimmermann et al., 2020) and geostatistics method (Mark

and Peter, 1997; Juliana and Amvrossios, 2001; Ilaria and

Maria, 2003; Anna and Peter, 2004; Ilaria et al., 2012; Liu et al.,

2021). The contamination factors mainly occur convection,

dispersion and microbial reactions after the contaminants are

released into subsurface (Jordi and Yoram, 1996). While the

traceability of contamination sources can be solved as a

reverse problem by combining the information of

groundwater contamination plume with the law of

contaminant migration (Gurarslan and Karahan, 2015), in

addition, the most commonly used methods are numerical

method and analytical method based on the mathematical

model of contaminant migration in saturated-unsaturated

porous media.

The numerical simulation of groundwater contamination

is mainly to study the temporal and spatial variation of the

concentration of various solutes in porous media, and predict

the distribution of contaminants qualitatively or

quantitatively (Song et al., 2020; Banaei et al., 2021). For

example, the convection-dispersion model has a wide range

of applications, which can be used for isotropic or anisotropic,

homogeneous or heterogeneous porous media (Wu et al.,

1997; Zhu and Liu, 2001). It can reflect the movement

process of solute in groundwater comprehensively under

the initial conditions and boundary conditions, and it has

become a very important method to solve the problem of

groundwater contamination with the continuous and rapid

development of science technology. In addition, it is widely

used in the field of hydrogeology with its convenient, efficient

and flexible characteristics (Xue, 2010). However, the

establishment of numerical model requires much higher

accuracy of hydrogeological data than the analytical

method, and more detailed data are needed for the model

identification and verification. For example, the number of

monitoring wells in the field investigation stage is relatively

small in the internal area of chemical plants which facilities

have been completed, thus, it is often not desirable to drill new

monitoring wells, therefore, the analytical method is still

widely used under above conditions.

In this paper, taking the actual site as an example,

mathematical models are established through the

generalization of practical problems, and the analytical

method is applied to trace the emission process of

contamination sources, and then the location and emission

process of contamination sources are inverted. In addition,

the influence of observation point layout, hydrodynamic

dispersion coefficient and actual velocity on the traceability

results is discussed by numerical simulation.

Then, the numerical method and analytical method are used

to predict the spatial range and diachronic process of chloride in

contamination sources, and the results are verified by the

geophysical prospecting and drilling sampling analysis,

moreover, the diffusion range and diachronic process of

chloride are determined based on the analysis of the

difference between the predicted results and the measured

results. Finally, the suitability of the analytical method in this

region is discussed, indicating that the method proposed in this

paper is effective, and also it provides a feasible tool for solving

the problem of contamination source research in-scale sites,

furthermore, it provides a feasible technically and reasonable

economical method for contamination source traceability and

remediation design under such hydrogeological conditions.

2 Materials and methods

2.1 Study area overview

The research site is located in the central and eastern part of

Hefei, Anhui Province, China (Figure 1). In order to investigate

the stratigraphic characteristics of the region, high-density

resistivity method and ground penetrating radar method were

used in this detection, and the hydraulic crawler multifunctional

engineering investigation rig was used for drilling. The soil core

samples were collected and the corresponding soil samples were

obtained. According to the above survey results, the target area is

mainly divided into two layers, 1) the principal component of

miscellaneous fill layer is clay, surface soil plant roots are more

developed and the layer thickness is about 2 m. 2) the thickness of

clay layer exceeds 10 m under natural conditions.
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2.2 Analytical method

According to the actual survey and test data, the migration

trend of chloride in GMW2 monitoring point is mainly vertical

migration. Therefore, the analytical solution of one-dimensional

migration model is applied with constant concentration in

porous media. The main conditions of the model are as

follows: 1) The research domain is a semi-infinite porous

medium column, and the medium is homogeneous and

isotropic. 2) The flow field is uniform with constant velocity,

and the actual groundwater velocity is constant. 3) There is no

contaminant in the study area at the initial time. 4) The initial

contaminant concentration is constant (C0) without considering

adsorption and decay. 5) Water content, seepage velocity and

dispersion coefficient are constants. The selected model is as

follows:

(Ⅰ)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

zC

zt
� z

zz
(Dz

zC

zz
) − vz

zC

zz
(0< z< +∞, t> 0) (1)

C(z, t)|t�0 � 0 (z> 0) (2)
C(z, t)|z�0 � c0 (t> 0) (3)
C(z, t)|z�∞ � 0 (t> 0) (4)

For the selected mathematical model (I), where C (mg/L) is

pollutant concentration, C0 (mg/L) is continuous point source

concentration under Dirichlet boundary condition, Dz (m
2/d) is

vertical dispersion coefficient, vz (m/d) is vertical seepage

velocity, z (m) is vertical transport distance.

The analytical solution of the above model by Laplace

transform is:

C � C0

2
erfc(z − vzt

2
���
Dzt

√ ) + C0

2
exp(vzz

Dz
)erfc(z + vzt

2
���
Dzt

√ ) (5)

where, erfc ( ) is a residual error function. For formula (5), the

larger the distance between the calculated point and the

boundary, the smaller the error of the second item at the

right end (Chen et al., 2016; Shi et al., 2018), when the

contribution of the second item is ignored, formula (5) is

changed as,

C � C0

2
erfc(z − vzt

2
���
Dzt

√ ) (6)

For contaminant risk screening criteria or detection criteria

λ, let Cs (zj,tj) = λC0, u is set as,

u � z − vzt

2
���
Dzt

√ (7)

In addition, erfc (u) is a monotonically decreasing function.

According to formulas, it can be determined that the smaller the

u value is, the larger the λ becomes, which reflects the role of

erfc(u) function.

By formula (7), the traceability of contamination sources can

be solved as a reverse problem,

ztj � 2u
����
Dztj

√
+ vztj (8)

where, ztj is defined as the maximum vertical migration depth

corresponding to the migration time tj. In practical problems, tj
can be used as the survival time of the contamination source. For

any standard λ, the contamination source is not detected beyond

the area, when the migration distance satisfy z > ztj.

FIGURE 1
Locations of the soil sampling points and groundwater monitoring wells in the study.
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2.3 Numerical method

The scope of the simulation area is mainly determined

according to the hydrogeological conditions and the

groundwater flow field. Taking GMW2 as the center, the

model is set around the fixed head boundary, the east-west

boundary is basically perpendicular to the contour line, and

the north-south boundary is roughly horizontal with the contour

line (Figure 1). In addition, the model is generalized to two layers.

The first layer is miscellaneous fill and the thickness is 2 m. The

second layer is mainly clay, and the thickness is more than 15 m,

which its bottom is an impervious boundary. The vertical source-

sink term is atmospheric precipitation infiltration and phreatic

evaporation. The groundwater flow direction is from north to

south, the water depth is about 1.5 m, and the average annual

precipitation is about 1,100 mm (rainfall infiltration coefficient

is 0.3).

The three-dimensional unsteady seepage mathematical

model of groundwater flow can be described as in Equation (Ⅱ):

(Ⅱ)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ss
zH

zt
� z

zxi
(Kij

zH

zxj
) +W (i, j � x, y, z) (9)

H(x, y, z, t)∣∣∣∣t�0 � H0(x, y, z) (x, y, z) ∈ Ω (10)
H(x, y, z, t)∣∣∣∣Γ1 � H1(x, y, z, t) (x, y, z) ∈ Γ1, t> 0 (11)

Kij
zH

zn

∣∣∣∣∣∣∣Γ2 � q(x, y, z, t) (x, y, z) ∈ Γ2, t> 0 (12)

where, H (m) is the groundwater head, H0 (m) is the initial head,

H1 (m) is the head of the first boundary Γ1, q is the flow of the

second boundary Γ2, Ss (1/m) is the water storage rate, W is the

source and sink term, Ω is the research domain, Kij (m/d) is the

permeability coefficient tensor, n is the outer normal direction of

the boundary Γ2.
The three-dimensional mathematical model of solute

transport without considering adsorption and attenuation can

be described as in Equation (Ⅲ):

(Ⅲ)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Rθ
zC

zt
� z

zxi
(θDij

zC

zxj
) − z(θviC)

zxi
+ I (i, j � x, y, z) (13)

C(x, y, z, t)∣∣∣∣t�0 � C0(x, y, z) (x, y, z) ∈ Ω (14)
C(x, y, z, t)∣∣∣∣Γ1 � C1(x, y, z, t) (x, y, z) ∈ Γ1, t> 0 (15)

θDij
zC

zn

∣∣∣∣∣∣∣Γ2 � f(x, y, z, t) (x, y, z) ∈ Γ2, t> 0 (16)

where, C (mg/L) is the contaminant concentration, C0 (mg/L)

is the initial contaminant concentration, C1 (mg/L) is the

concentration of the first boundary Γ1, f is the dispersion flux

of the second boundary Γ2, R is the retardation coefficient, θ is the

porosity, vi (m/d) is the actual groundwater flow rate, I is the

source and sink phase, Dij (m
2/d) is the dispersion coefficient

tensor.

The FEMWATERmodule in Groundwater Modeling System

(GMS) software is selected for this calculation. Hydrogeological

parameters are mainly determined according to the field test and

geological exploration results, the values of hydrogeological

parameters of the model are shown in Table 1.

3 Results

3.1 Field investigation

According to the building layout and production process, soil

sampling (SSP) and groundwater sampling (GMW) points were

set in Figure 1, where GMW2 was the monitoring point of soil

and groundwater. In the later period, five soil and groundwater

monitoring points (NMW) were added. The above sampling

results showed that only the chloride concentration in

GMW2 exceeded the standard value of class III (250 mg/L) in

Chinese groundwater quality standards. In order to identify the

contamination status of chloride, it is necessary to study the

traceability andmigration range of potential contaminant source.

Magnetotelluric method is an electromagnetic technique that

uses the earth’s natural field to map the electrical resistivity

changes in subsurface structures. The Magnetotelluric data is

used to investigate the shallow to deep subsurface geoelectrical

structures and their dimensions for the high penetration depth of

the electromagnetic fields in this method (Filbandi Kashkouli

et al., 2016). Thus, two geophysical methods of high density

electrical method (DUK-2A MIS-60 system) and ground

penetrating radar method (GSSI-SIR20 geological radar

system TG1067) were used to verify the vertical distribution

of strata, and the representative results are shown in Figures 2A,B

and Figures 3A,B.

In Figures 2A,B, according to the apparent resistivity results,

the depth within 1.5 m shows high resistance, and the apparent

resistivity is 10–60Ω▪m. The apparent resistivity changes widely,

indicating that the soil in this layer is inferior in uniformity and

contains impurities. It is speculated that this layer is a mixed fill

soil layer. The depth below 1.5 m within the detection range

shows low resistance, and the apparent resistivity is 5–10Ω▪m.

The variation range of apparent resistivity is relatively small, and

the distribution of apparent resistivity in the layer is not

obviously layered, which indicates that the soil quality of the

layer is relatively uniform, and there is no obvious horizontal

stratification of apparent resistivity distribution of artificial plain

fill layer. It is inferred that the soil layer is a natural soil layer, and

the water content of the soil layer is larger than that of the upper

miscellaneous fill layer.

In Figures 3A,B, according to the radar detection results, the

radar reflected wave intensity within the detection range is

inferior, and the same axis is relatively continuous without

obvious abnormal reflection, indicating that the stratum in the

field is relatively uniform. From Figures 3A,B, it is clearly shown

that the distribution depth of miscellaneous fill layer is less than

1.5 and 2.5 m, respectively, and the average depth of upper layer
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is 2 m. The clay layer is distributed below the depth of 1.5 m, and

the soil is uniform. It is speculated that the soil layer is natural.

According to the detection results of high density electrical

method and ground penetrating radar method, it is speculated

that there are miscellaneous fill soil layers and cohesive soil

layers distributed from top to bottom within the detection

depth of the site. 1) The distribution depth of miscellaneous

filling soil layer is within 2 m, and the soil quality of this layer

is inferior and contains impurities. 2) The cohesive soil layer is

distributed below the depth of 2 m, and the soil quality of this

layer is relatively uniform. The apparent resistivity

distribution of the artificial fill layer is characterized by

TABLE 1 The value of hydrogeological parameters.

Layer Hydraulic conductivity Porosity Storage
rate

Dispersion
coefficient

Molecular
diffusivity

KH

(m/d)
KV

(m/d)
θ Ss (1/m) Dz (m

2/d) D* (m2/d)

First layer 0.17 1.7 0.42 0.010 0.0036 1.73 × 10–4

Second layer 0.15 1.5 0.34 0.006 0.0034

FIGURE 2
The test results of typical high density electrical method (the red dotted line represents the tested stratigraphic boundary).

FIGURE 3
The test results of typical ground penetrating radar method (the purple dotted line represents the tested stratigraphic boundary).
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obvious horizontal stratification. It is speculated that this layer

is a natural soil layer, and the water content of the soil layer is

larger than that of the upper miscellaneous fill layer.

The above results are based on the analysis results of high

density electrical method and ground penetrating radar detection

results. In addition, in order to further verify the stratigraphic

characteristics, the depth of soil sampling was about 15 m in this

study. The hydraulic crawler multifunctional engineering survey

rig was used for drilling, the soil core was sampled and the

corresponding soil samples were obtained, the process is shown

in Figure 4. According to the drilling sampling analysis, the

results are basically consistent with the geophysical survey

results.

It can be seen from Figure 5, chloride ions content curve that

the values of chloride content are mainly above 400 mg/L at

GMW2 sampling point, and are basically concentrated in the

range of 2–10 m. The sampling curves of GMW2 and

NMW2 showed the same concentration variation trend, that

is, it increased with the increase of depth in the range of 0–2 m,

while it decreased with the increase of depth in the range of

2–10 m, in which NMW2 is the background sampling. The

imaginary line in the diagram is a traceable historical

contamination curve, and the regional construction caused the

inverted triangle area in the shallow range of 0–2 m. The

measured concentration of the surface layer is relatively lower

due to the development of the plant’s root system and

microorganisms influence, in addition, the rainfall and

contaminant leaching infiltrate into the surface soil after the

construction disturbance.

3.2 Analytical method

In the actual site, there are six soil and groundwater

monitoring points (NMW1—5 and GMW2). Due to the

limitation of site scale and the monitoring results, the position

of GMW2 is the center area of potential contamination sources,

and vertical dispersion coefficient and vertical penetration

velocity are the main parameters according to the analytical

FIGURE 4
Drilling site and soil core sampling process.

FIGURE 5
Curve diagram of measured vertical concentration change of
chloride ions (the red dotted line is traceable historical
contamination curve, and the red solid line is measured
concentration change trend after surface disturbance).

FIGURE 6
Relationship between maximum vertical migration depth (ztj)
and measured values of chloride ions under different detection
criteria. (△) and (◇) represent the measured chloride ions depth of
GMW2 and NMW2, respectively; The black solid line
represents ztj under different detection criteria.
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formula (8). From the field test, the value of vertical dispersion

coefficient Dz is 0.0034–0.0036 m2/d. The value of vertical

penetration velocity vz is 0.015–0.017 m/d based on the

observation data and model parameters calibration. Then, the

ztj of chloride is calculated by Formula (8). The calculation results

are shown in Figure 6.

Figure 6 shows that the calculation results accord with the actual

situation according to two groups of chloride ions vertical

concentration values, and NMW2 is used as the background value

for verification. The vertical dispersion coefficient Dz is 0.0035m
2/d

and the vertical penetration velocity vz is 0.016 m/d, at this time, the

source concentration value of GMW2 was about 1,500 mg/L (the

measured value was 1,130 mg/L), and the ztj was about 14m after

720 days. Since the corresponding depths of all measured values were

located within the ztj curve of chloride ions, the calculation method

proposed was effective by analytical method of ztj.

In order to study the ztj under different screening standards

or detection standards, two typical standards were selected for

comparative analysis. For example, the groundwater quality class

III standard value is 250 mg/L (λs = 0.17) and the average

chloride concentration is 600 mg/L (λav = 0.40) in the depth

of 2–10 m range, and the calculation results are shown in

Figure 7.

From Figure 7, the ztj is about 14 m after 720 days when

λs = 0.17, while ztj is about 12 m when λav = 0.40, and the ztj is

larger by the former calculation standard, that is, the smaller

the detection standard, the safer the calculation results. In

addition, the relative deviation decreases with the extension of

source longevity time. The relative deviation is about 10%

when the source longevity time reaches 900 days. In addition,

the red dotted line in Figure 7 represents the maximum

penetration depth of chloride ions with the corresponding

time in the actual site, which can reflect the comprehensive

characteristics of the site. Therefore, in the practical

application of the analytical method, it is necessary to

clarify the screening standard or the detection standard,

and then calculate the ztj under different source

concentrations and migration time.

3.3 Numerical method

According to the hydrogeological generalization model, the

mathematical model has been adjusted and fitted to reflect the

actual conditions. Since the source concentration, migration time

and ztj are determined by analytical method, six observation

points (OBS1-6) have been added with the groundwater flow

direction.

In order to meet the accuracy requirements of actual project,

the simulation results are combined with the measured values,

and the fitting result is shown in Figure 8.

The fitting result shows that the calculated chloride ions

concentration is basically consistent with the measured

value. Moreover, the plane and vertical distribution of

chloride ions concentration were predicted after 720 days

with GMW2 as the source center, the results are shown in

Figure 9.

From the numerical simulation results (Figure 9), the

influence distance of chloride ions is about 6 m along the

groundwater flow direction from the source center, the

lateral distance is about 4 m, and the ztj is about 15 m at

the end of 720 days, in this condition, the groundwater

quality class III standard value is used as the detection

standard. The above prediction results are consistent with

the measurement results, which shows that the numerical

method is basically correct and can reflect the simulation

process. In addition, the sources distribution characteristics

can be basically reflected by arranging observation points

FIGURE 7
Vertical migration depth of chloride ions under different
detection standards, δ is the relative deviation between λav and λs.

FIGURE 8
The fitting results of chloride ions measured concentration
and calculated concentration.
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upstream, downstream and laterally of groundwater flow

direction, respectively.

4 Discussion

In the actual site, given that many decision variables are needed

to be identified, two relatively simple methods are applied for the

prediction of chloride migration range and duration process in

source area, then the geophysical prospecting and drilling sampling

analysis are also used for the verification, moreover, the source

center is determined based on the difference between predicted

results and measured results. Based on the above study, three main

points are discussed as follows:

1) The influence of observation point layout on traceability

position. The detailedness of the observed data is an

important factor affecting the difficulty of solving the

traceability problem (Mirghani et al., 2009). In practical

applications, the number and location of observation points

are restricted by construction site or costs. In order to design

the appropriate number and location of observation points, it is

necessary to analyze the influence of the number and location

of observation points on the traceability effect. In this study, the

observation points are arranged along the direction and vertical

direction of groundwater flow, then the predicted results are

verified by the specific observation points.

2) The influence of model parameters on traceability effect. The

hydrodynamic dispersion coefficient is determined by the

dispersion of medium parameters, the actual water velocity and

the molecular diffusion coefficient of contaminant in the medium.

Although the hydrodynamic dispersion coefficient can be obtained

by experimentalmethod, which is often determined in the process of

calibration of mathematical model (Zheng and Gordon, 2009; Fetter

et al., 2011), moreover, the actual average velocity affects the

convection and dispersion, because the corresponding

measurement error and model uncertainty will be introduced into

the traceability processes (Xue, 2007). Therefore, it is necessary to

consider both the measured data and the model parameter

adjustment method, so as to obtain better traceability results.

3) Comparative analysis of different calculation methods. The

traceability problem in the analytical method is a typical

inverse problem, and the small changes of important

factors will cause great differences in the calculation

results. While in the simulation calculation method, the

accuracy generalized model can reflect the actual solute

migration, and key hydrogeological parameters determined

is more important in the model calculation, therefore, it is

necessary to verify the results of multiple methods.

5 Conclusion

In this paper, taking the actual site as an example, the

numerical, analytical and geophysical method are used to

predict and study the spatial range and diachronic process of

chloride ions from source area.

The main conclusions are as follows, firstly, analytical

method is simple and suitable for relatively simple

hydrogeological conditions. Although the calculation

FIGURE 9
Prediction results of chloride ions concentration: (A) plane distribution; (B) vertical distribution.
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results basically meet the requirements of single-point

source analysis, however, for the application scope of the

proposed analytical method, comparative analysis and

research with existing models are required, and the error

size needs to be explained in the future applications.

Secondly, in the process of practical application, the

traceability results are greatly affected by regional factors

(groundwater flow rate, dispersion coefficient, observation

point layout and concentration measurement error, etc.),

and the above factors often affect the accuracy of the

traceability and prediction results, thus, it is necessary to

further study the parameter sensitivity in the future. Finally,

the combined application of analytical method and

numerical method is more conducive to the study of

contamination source tracing and the range simulation.

The proposed method can meet the actual situation better,

and provide reference for source effective control and

subsequent remediation design under the similar

hydrogeological conditions.
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The recovery of nutrients from livestock manure has generated a lot of interest

in biosolids value-adding. There is now more research on manure with high

solids content but less study on manure with lower solids content. This study

used swine manure slurry as the research object and comprehensively

examined the characteristics of organic matter conversion, nitrogen,

phosphorus, and metals release during the catalytic-thermal hydrolysis (TH)

process. It was found that ammonia nitrogen showed a continuous increase

with increasing temperature while inorganic phosphorus showed a rising and

then decreasing trend. The addition of HCl and H2O2 (TH-HCl-H2O2) promoted

the hydrolysis of organic matter, showing the best nitrogen and phosphorus

release performance, releasing 62.2% of inorganic phosphorus and 50.8% of

nitrogen. The release characteristics of nutrients and metals from the TH

process were significantly affected by the addition of HCl and H2O2,

according to structural equation modelling study. The data analysis

demonstrated that the liquid fertilizer produced by TH did not surpass the

environmental risk associated with nutrients or the ecological risk associated

with heavy metals. This study would offer theoretical justification for biowaste

conversion for agricultural applications.

KEYWORDS

swine manure slurry, thermal hydrolysis, catalytic, nutrients, metals

1 Introduction

Resource shortage has become an inevitable common problem for human beings in

the current era of rapid population, economic and technical growth (Zhang et al., 2020a).

Nitrogen and phosphorus, as nutritional resources, are essential elements for the life

activities of living organisms. Among them, phosphorus is a non-renewable resource,

phosphate resources may be depleted in the coming decades with the increase in

consumption (Karunanithi et al., 2015). With the development of scale and
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intensification of livestock and poultry farming, a huge number

of livestock and poultry manure is produced (Bolan et al., 2010;

Pan and Chen, 2021). China’s swine production accounts for

50% of the world, and China produces 3.8 billion tons of swine

manure every year (Song et al., 2020), which have high nitrogen

and phosphorus contents and can pose a threat to the

environment and lead to eutrophication of water bodies (He

et al., 2021). Therefore, the recovery of nitrogen and phosphorus

from swine manure is of great significance for environmental

pollution control and nutrient recycling.

The main conversion processes used today to treat livestock

manure are biological and thermochemical. Biological

conversion is based on aerobic composting and anaerobic

digestion (Khatun et al., 2020; Zheng et al., 2022), but the

composting cycle is long, occupies a large area of land and

releases large amounts of greenhouse gases (Joardar et al.,

2020; Li et al., 2022). There are many thermochemical

conversion methods (Wu et al., 2020), such as gasification,

direct combustion, thermal hydrolysis, and liquefaction. The

recovery of nitrogen and phosphorus from manure resources

is currently hampered by two issues. First, it is necessary to

release nitrogen and phosphorus into the supernatant to facilitate

recovery, such as proteins, amino acids (Bolyard and Reinhart,

2017), DNA, phospholipids, simple phosphate monoesters and

phytic acid (Ekpo et al., 2016). Moreover, a recovery method with

high selectivity for nitrogen and phosphorus is required because

livestock manure contains a variety of complex substances. The

use of thermal conversion technology allows the recovery of large

amounts of nutrient resources, deodorization and elimination of

pathogens. Among them, thermal hydrolysis (TH) (Zhang et al.,

2019; Zhang et al., 2020b; Zhang et al., 2020c) to recover nitrogen

and phosphorus from swine manure has now become a targeted

area of research.

In recent years, TH has received widespread attention in

livestock manure treatment because of its direct treatment of wet

waste biomass (Deng et al., 2019; Shi et al., 2018). Nevertheless,

energy consumption has become a major limiting factor in the

promotion and application of TH technology. According to some

studies, adding chemicals like acids, bases, or oxidants (H2O2)

can effectively reduce energy consumption by facilitating the

release and conversion of nitrogen and phosphorus (Ding et al.,

2021; Xu et al., 2021; Zhang et al., 2020d). Previous studies have

confirmed that HCl-assisted degradation (Zhang et al., 2020d) as

well as H2O2-assisted oxidation (He et al., 2022; Zhang et al.,

2020a) can catalyze the TH process to improve the release of

nitrogen and phosphorus in the liquid phase and reduce energy

consumption.

In addition, liquid fertilizer is an economical,

environmentally-friendly and efficient fertilizer. Liquid

fertilizer has the characteristics of low production cost,

pollution-free production process, convenient application,

high fertilizer efficiency and easy absorption and utilization by

plants (Lu et al., 2021). It is well known that three main plant

nutrients used for soil fertilization are nitrogen, phosphorus, and

potassium. Furthermore, nitrogen and phosphorus can now be

used as liquid organic fertilizer because TH treatment has been

shown to increase their solubility in the liquid phase. Studies have

demonstrated the fertilizer potential of hydrolysis liquor

produced from thermal hydrolysis of food waste (Gao et al.,

2021). Therefore, with the improvement of production

technology, liquid fertilizer has broad development and

application prospects.

Our hypothesis is that the addition of chemicals to the TH

process for catalytic oxidation may enhance the efficiency of

nitrogen and phosphorus release in manure slurries. We used a

combination of geochemical, and integrated spectroscopic and

microscopic approaches to verify our hypothesis and ultimately

provide an understanding of the fundamental mechanisms that

control the nitrogen and phosphorus recovered by TH processes.

In this study, the TH processes was used to optimize the nutrient

and metal release transformation processes by varying

temperature and adding chemicals. The structural equation

modelling was used to study the effects of temperature and

chemicals on the release of nitrogen, phosphorus, and metals.

Finally, environmental risk analyses were performed to evaluate

the ecological risk of nutrients and metals. These investigations

can provide new insights into the optimization of TH processes

and the use of liquid fertilizers in crop production.

2 Materials and methods

2.1 Materials

Swine manure was collected from a swine farm in the suburb

of Beijing. The samples were dried, ground, sieved through

TABLE 1 Physical and chemical properties of swine manure.

Items Value (%)

Moisture content 3.23 ± 0.8

Organic dry matter 41.8 ± 0.2

TP 2.59 ± 0.05

TN 2.63 ± 0.03

C 42.2

H 5.93

S 0.88

Al 0.05

Ca 1.80

Mg 1.04

Fe 0.27

Cu 0.02

Cr 0.01

Zn 0.08
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40 mesh and sealed in a dry place for later use. The physical and

chemical properties of swine manure are shown in Table 1.

2.2 Methods

12.0 g of dried swine manure was accurately weighed in a

high-pressure reaction kettle, and 200 ml of deionized water was

added to prepare swine manure slurry with a solids content of

6%. The transformation of swine manure in liquid phase during

TH processes is studied under different HCl concentrations,

H2O2 concentrations, and temperatures.

2.2.1 Thermal hydrolysis (TH) process
Prepared samples with a solids content of 6%, fixed HCl

(2.5 M) addition ratio of 5%, and set corresponding seven

reaction temperature gradients, i.e., 60°C, 80°C, 100°C, 120°C,

140°C, 160°C, 180°C, reaction time of 0.5 h after reaching the

corresponding temperature and rotation speed of 400 rpm.

Configured the sample with a solids content of 6%, fixed

reaction temperature of 140°C, no H2O2, 0%–13% volume

fraction of HCl (2.5 M), reaction time of 0.5 h after reaching

the corresponding temperature, and rotation speed of 400 rpm.

Samples with a solids content of 6% were prepared, the fixed

reaction temperature was 140°C, HCl (2.5 M) addition ratio was

5%, H2O2 (30%) with a volume fraction of 0%–13% were added

respectively reaction time was set to 0.5 h after reaching the

corresponding temperature, and the rotation speed was set to

400 rpm. After a batch of experiments was finished, the samples

were uniformly filtered and the supernatant was taken for

subsequent analysis.

2.2.2 Chemical analysis
The total nitrogen and ammonia nitrogen content were

determined according to the Kjeldahl method and Naxalite

reagent spectrophotometry, respectively (Mahimairaja et al., 1990).

The analysis for total phosphorus and inorganic phosphorus

concentration was referred to the molybdenum-antimony anti-

spectrophotometry (Murphy and Riley, 1962). Metal ions were

analyzed by ICP-OES after digestion inAquaRegia (3: 1HCl/HNO3).

2.2.3 The fluorescence excitation-emission, EEM
spectral analysis

Swine manure water samples were analyzed by three-

dimensional fluorescence (EEM, F-7000, Hitachi, Japan)

spectroscopy. All the analyzed samples were diluted 125 times.

The actual measurement wavelength ranges Ex and Em were

200–700 nm and 200–600 nm, respectively, scanning interval

was 10 nm, scanning speed was 12,000 nm/min, slit width was

5 nm, scanning voltage was 600 V, and blank water samples were

ultrapure water. The fluorescence region integration method

(FRI), proposed by (Chen et al., 2003), can be used to

qualitatively analyze the fluorescence spectrum of water. The

three-dimensional fluorescence spectrum data formed by

emission and excitation wavelengths are divided into five

regions, representing five different types of organic substances,

including aromatic protein I, aromatic protein II, fulvic acid,

soluble microbial metabolites, and humic acid.

2.2.4 Input electrical energy calculation
The thermal hydrolysis process of dissolving swine manure

organic matter to release nutrients requires energy consumption,

and the electrical energy (EE/O) consumed by each process can

be used to calculate the energy consumption in the TH process.

The total EE/O includes the sum of the electrical energy of the

TH process (EE/OTH) and the electrical energy consumed by the

catalyst (EE/OCatalyst). The equations were modified as follows

(Guo et al., 2018).

EE/O � EE/OTH + EE/OCatalyst(KW hm−3) (1)

EE/OTH � CMΔT/3600 × 1000
V × − log(N/N0) (KW hm−3) (2)

EE/OCatalyst � EqCatalyst ×
CCatalyst × 1000

−log(N/N0) (KW hm−3) (3)

where C is the specific heat capacity of the liquid

(4.2 KJ kg−1°C−1), M is the mass of the liquid (kg), ΔT is the

change in temperature of the TH system (°C), V(L) is the total

volume of the system, (N/N0) is the percentage solubility of the

nutrient P or N, CCatalyst (M) is the concentration of the catalyst,

and EqCatalyst is the equivalent electrical energy consumption per

mole of catalyst produced. More detailed information is provided

in Supplementary Appendix Section 2.2.4.

2.2.5 Environmental risk evaluation
The environmental risk evaluation method for fertilizers was

designed and optimized by the environmental risk assessment

method for heavy metal pollution proposed by Hakanson (1980).

The model designed by Lars Hakanson produces a composite

environmental risk index that is a positive number greater than 1.

The larger the value, the higher the risk level, and there is no

upper limit, so it is not easy to compare the environmental risk of

pollution of different types of ions. In contrast, the

environmental risk index model (Cai et al., 2018) used in this

work has a value between 0 and 1, with upper and lower limits of

the risk level, which facilitates the understanding and

comparison of the risk level. The environmental risk index

values are calculated using the following calculation equations:

Rt � ∑n
i�1
qiRi (4)

Ri � ( Fi

Fi +mTi
)2ui

(5)

where Rt is the total index of environmental risk index of

fertilizer; Ri represents the environmental risk index of
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nitrogen and phosphorus, (i = N, P); qi is the weighting

coefficient of environmental pollution of nitrogen and

phosphorus. Ti is the safety threshold of nitrogen and

phosphorus fertilizer application. Fi is the intensity of

nitrogen and phosphorus fertilizer use in a certain year,

which is the actual fertilizer used in agricultural

production in that year. ui represents the fertilizer

utilization efficiency (50%) and m represents the

replanting index (1). From Eqs 4, 5, we can see that Ri and

Rt are between 1 and 0. When Ri = 0.5, Fi and Ti are equal,

which is the critical point for environmental safety. In this

study, the fertilizer use intensity of 250 kg ha−1 was set as the

environmental safety threshold, and with reference to the

current nitrogen, phosphorus and potash fertilization ratio of

1:0.5:0.5 in developed countries, the environmental safety

thresholds for nitrogen and phosphorus were determined to

be 125, 62.5 kg ha−1, respectively (Kulikowska and Gusiatin,

2015).

The potential ecological risk factor (Er) for metals was

calculated using the Eq. 6:

Er � Tri × (Ci

Cni
) (6)

where Tri is the toxic-response factor for a given metal (Zn = 1;

Cr = 2; Cu = 5); Ci is the total metal concentration and Cni is the

threshold limit value for a given metal (Cu = 500 mg kg−1, Zn =

1,200 mg kg−1, Cr = 150 mg kg−1) (Kulikowska and Gusiatin,

2015).

2.3 Statistical analysis

Structural equation modelling (SEM) was used to test the

effects of temperature, H2O2 concentration and HCl

concentration on total phosphorus (TP), total nitrogen (TN)

and metals. SEM analysis was carried out the maximum

likelihood evaluation method of AMOS 24.0 (AMOS, IBM,

United States). All statistical analyses were performed with

SPSS 25.0 (SPSS, IBM, United States).

3 Results and discussion

3.1 Influence of different temperature
treatments on swine manure

3.1.1 3D-EEM analysis
The 3D-EEM of the manure slurry treated at different

temperatures is shown in Figure 1. It can be seen that the

position of fluorescence peak altered with the change of

temperature. The fluorescence peaks were mainly located in

the regions I, II, III, and IV under the treatment conditions

with lower temperatures. With the increase of temperature, the

fluorescence intensity of regions I, II and IV firstly increased and

then decreased from 160°C, while the fluorescence intensity of

regions III and V increased gradually, which indicates that the

substance concentrations of aromatic protein I, aromatic protein

II and soluble cell metabolic by-products increased first and then

FIGURE 1
3D-EEM analysis in TH systems at different temperatures [(A) 60°C; (B) 80°C; (C) 100°C; (D) 120°C; (E) 140°C; (F) 160°C; (G) 180°C].
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decreased during the reaction process. Starting from 160°C,

aromatic protein was degraded in large quantities, and humic

acid and fulvic acid-like substances increased significantly.

The integral standard volume of fluorescence region and

integral standard volume ratio of fluorescence region were

estimated using FRI calculation method (Figure 2). Through

the analysis, the integral standard volumes ∅t,n of the total

fluorescence region can be obtained, showing a trend of

increasing first and then decreasing, which indicates that the

relative content of organic matters in manure slurry increases

first and then decreases with the change of temperature. At the

same time, the relative content of humic acid and fulvic acid-like

substances increased greatly with the increase of temperature.

3.1.2 Nitrogen release
The experimental results of nitrogen release with different

temperatures are shown in Figure 3A, the thermodynamic model

of the release process is shown in Supplementary Appendix

Section 3.1. At 60°C–140°C, the change of ammonia nitrogen

with temperature is not obvious. After reaching 140°C, the

concentration of ammonia nitrogen increases sharply with

temperature, with a release rate of 66.4%, which is mainly due

to the hydrolysis of soluble proteins in the process of

hydrothermal hydrolysis, which generates polypeptides,

dipeptides and amino acids. The amino acids were further

decarboxylated and deaminated to produce organic acids,

ammonia and carbon dioxide (Zhang et al., 2020d). Therefore,

the concentration of ammonia nitrogen increases with the

increase of hydrothermal hydrolysis temperature and time.

From the three-dimensional fluorescence related data, it can

be seen that at the temperature range of 60°C–140°C, the

aromatic protein in the liquid phase increases greatly with the

increase of temperature, and from 140°C–160°C, the aromatic

protein in the liquid phase starts to decrease sharply. This reveals

that the hydrolysis process is mainly accompanied by: 1)

degradation of protein substances in solid increasing soluble

protein substances in liquid phase; 2) hydrolysis of soluble

organic proteins in liquid phase.

3.1.3 Phosphorus release
As shown in Figure 3A, under the influence of the change of

phosphorus release with temperature, pH of manure slurry

decreased slightly. This is mainly due to the continuous

degradation of organic substances and formation of low

molecular acids during the reaction, resulting in the decrease

of pH value (Khan et al., 2021). In addition, with the increase of

temperature, phosphorus concentration in the aqueous phase

tended to increase first and then decrease, similar to the results of

the thermodynamic model fitting (Supplementary Appendix

FIGURE 2
The distribution of organic matter in TH systems at different
temperatures.

FIGURE 3
Effects of temperature on different elements [(A) nitrogen
and phosphorus release, (B) metal cations].
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Section 3.1). At 80°C, the phosphorus release concentration

reached a maximum, and then started to decrease, and the

release rate decreased from 49.5% to 21.0%. The release of

phosphorus and calcium (Ca) showed a synchronous change

pattern (Figure 3B). Some studies have shown that as the

temperature increases, organic phosphorus (phytate,

polyphosphate, etc.) hydrolyzes to produce orthophosphate,

causing the phosphate concentration in the liquid phase to

increase, and as the reaction proceeds, phosphate and

multivalent metal cations form precipitates, allowing

phosphate to be retained in the solid phase (Deng et al.,

2020). However, the pH decreased continuously during the

reaction process, which inhibited the precipitation of

phosphate as Ca compounds. With the increase of

temperature, the proportion of humus in the solution

increased continuously (Figure 2). And the abundant Ca,

magnesium (Mg) and other metals in solution may react with

phosphorus and facilitate the formation of humic acid (HA)- Ca-

phosphorus complexes with humic acid, resulting in a

simultaneous decrease of Ca and phosphorus in solution

(Aragón-Briceño et al., 2021).

3.1.4 Changes in metal cations
Figure 3B shows the variation of metal cations in liquid

phase with temperature change. It can be seen that with the

change of temperature, the Ca concentration in solution is

consistent with the changing trend of phosphorus, and Mg

concentration remains constant with temperature. Heavy

metals including Zn, Cu, and Cr, in the liquid phase show a

regular trend of decreasing at first and then increasing, and the

turning point was 100°C. The decrease of heavy metals is

related to the increasing humic acid content in the solution,

resulting in the complexation of metals. From the 3D

fluorescence data, it can be seen that with the increase of

temperature, the concentration of humic acid substances in

the solution increases continuously.

Studies have shown that humic acid contains a variety of

oxygen-containing functional groups, mainly in the form of

carboxyl, alcoholic hydroxyl, phenolic hydroxyl, carbonyl and

methoxy, which can interact with metal cations in the

environment through adsorption, complexation, redox, etc.

(Du et al., 2020). Studies have shown that humic acid can

passivate heavy metals (Chassapis et al., 2009), and its

saturated adsorption capacity for heavy metals changes with

pH change. With the increase of reaction temperature, a large

number of humic acids are continuously produced. Humic acid

surface functional groups provide a large number of active sites,

with which heavy metals are combined, thus reducing the

concentration of heavy metals in solution (Bolan et al., 2011).

With the further increase of temperature, the pH in the liquid

phase decreases, resulting in the increased competition of H+

with heavy metals for binding sites, thus causing heavy metals in

the solution to increase.

3.2 Influence of different acidity
treatments on swine manure

3.2.1 Nitrogen release
Figure 4A shows the results of ammonia nitrogen

concentration with HCl addition. With increasing

concentration of HCl addition, it can be seen that ammonia

nitrogen concentration shows a trend of first rising, then falling,

and then rising. The increase in ammonia nitrogen concentration

in the initial rising stage is mainly due to the addition of acid

which promoted the breakdown of organic particle structure of

swine manure. With the rapid decrease of pH, the concentration

of ammonia nitrogen began to decrease, reaching the lowest

value when HCl was added at 7%, but it was still higher than that

without HCl. Then the concentration of ammonia nitrogen

increased with the amount of HCl added.

Analyzing the reasons for the change in ammonia

concentration with increasing HCl addition, when the HCl

FIGURE 4
Effects of HCl addition on different elements [(A) nitrogen
and phosphorus release, (B) metal cations].
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addition is in the range of 0%–4%, the structure of organic

particles in swine manure is effectively destroyed by HCl,

increasing the soluble protein in the solution and promoting

the hydrolysis of ammonia nitrogen. When the HCl addition is in

the range of 4%–6%, the pH reached a range of 3.03–3.75.

Proteins are amphoteric electrolytes, and the dissociation state

and degree of protein molecules are affected by the pH value of

the solution. By changing the pH value of the solution, the charge

property of the solution can be altered, the double electric layer

and the hydration membrane on the surface of the protein

molecule can be destroyed, this will result in an increase in

the intermolecular gravitation, so that the solubility of the protein

decreases, causing the precipitation of protein. Pan et al. (2022)

showed that the solubility of the protein in sewage sludge is the

lowest at about pH 3.3. At this point, the pH value is close to the

isoelectric point of the protein, which affects the dissolution of

the protein, so even the released protein is precipitated in the

solid, thus affecting its hydrolysis and causing the concentration

of ammonia nitrogen to drop. When the HCl content is 7%–13%,

the acidity of the solution is too strong, which will further

promote the destruction of organic particles, and at the same

time will promote the hydrolysis process of a large number of

soluble proteins to amino acids and to ammonia nitrogen (Yadav

et al., 2020).

3.2.2 Phosphorus release
Figure 4A shows the liquid phase phosphate concentration at

different HCl additions. The inorganic phosphate release ratio

was maximized at 79.6% when the addition amount (v/v%) of

HCl was 13%. The phosphate content rapidly increased as HCl

addition was raised from 3% to 6%, and then the rate of increase

decreased until the phosphate release amount gradually reached

the maximum value under our experimental condition. The

trend of total phosphorus content is consistent with inorganic

phosphate. It illustrated that the HCl addition had a significant

influence on the phosphate release as reported by other research

work (Zhang et al., 2020d).

Phosphorus in manure is mainly present as solid-phase P, as

shown by the strong linear relationships between manure P

content and solids content. And various phosphorus fractions

in manure have remarkably different chemical characteristics. For

the first stage of the phosphate release content curve, the insoluble

organic phosphorus (phospholipids and phosphate monoesters)

can be decomposed to PO4
3−-P, which increases the concentration

of PO4
3−-P in the liquid phase. In the second stage, it could be

surmised that when the addition amount of HCl was over 4%, the

structure of the phosphorus-containing solid manure particles

began to be significantly broken and dispersed. The formation of

protons (H+) by HCl increased as the HCl content continued to

increase, resulting in an enhanced dissolution and degradation

reaction of organic matter in the liquid phase (Wang et al., 2017).

On the one hand, protons (H+) lead to chain reactions, resulting in

continuous degradation of organic phosphate (Zhang et al.,

2020a). On the other hand, these protons react with inorganic

chemical components of P (Ca/P, Fe/P, Al/P) to release phosphate

and metal ions. The organic substances released in the liquid with

the TH-HCl process, such as humic acid-like substances could

react with metal ions (Ca2+) to form complexes, and promote the

dissolution reaction to continue.

3.2.3 Changes in metal cations
From the results in Figure 4B, it can be seen that the content

of metal cations, Ca and Mg increased continuously with the

increase of HCl addition, which on the other hand indicates that

phosphorus in swine manure may form corresponding

precipitates with metal cations. However, due to the increase

of acidity the phosphate precipitation is likely to dissolve to

release metal ions (Song et al., 2020). After the thermal reaction,

it can be seen that the release of Cu, Zn, and Cr did not increase

much and remained relatively constant.

FIGURE 5
Effects of H2O2 addition on different elements [(A) nitrogen
and phosphorus release, (B) metal cations].
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3.3 Influence of H2O2 on the properties of
swine manure

3.3.1 Nitrogen release
Figure 5B shows the change of ammonia nitrogen

concentration with the addition of H2O2. It can be seen that

the ammonia nitrogen concentration also increases first and

then decreases with the concentration of hydrogen peroxide.

The ammonia nitrogen concentration reaches the maximum

rate of 50.8% when the H2O2 addition amount was 7%. Then

ammonia nitrogen concentration began to decline, which

shows that with the increase of H2O2 concentration, the

organic nitrogen in the solution is continuously hydrolyzed,

thus increasing the ammonia nitrogen. Compared to the TH-

HCl process (Figure 4A), the addition of H2O2 resulted in a

more than 3 times increase in the concentration of ammonia

nitrogen, indicating that the chemical oxidant can further

promote the conversion and dissolution of nitrogen. Then

due to the increase of hydrogen peroxide concentration, it

will undergo hydroxyl radical scavenging reaction, thus

reducing the ammonia nitrogen concentration, as discussed

further in Section 3.3.2.

3.3.2 Phosphorus release
The change of phosphorus concentration with the addition of

hydrogen peroxide is depicted in Figure 5A. As can be seen, as the

addition of hydrogen peroxide increased, so did the phosphorus

release. When the addition amount reached 6%, the

concentration of P release reached the maximum of 62.2%.,

and the concentration of phosphate then started to decline.

The concentration of phosphate was still higher even with the

addition of 13% hydrogen peroxide than in the absence of

hydrogen peroxide addition.

In the process of hydrothermal hydrolysis, the organic matter

is degraded mainly by the generation of free radicals (Liu et al.,

2021). Adding an appropriate amount of hydrogen peroxide in

the process of hydrothermal hydrolysis could significantly

increase the oxidation of free radicals in the liquid phase and

start a chain reaction (Eqs 4–6); As the amount of hydrogen

peroxide increases, the oxidative radicals generated also have

more decomposition effect on organophosphorus. When the

amount of hydrogen peroxide is too much, the self-

decomposition effect of hydrogen peroxide will take place,

releasing ·OH, and when the amount of ·OH in the reaction

system is too much, the hydroxyl radical scavenging reaction will

take place (Han et al., 2022). Moreover, it has been shown that

the coupling of HCl and H2O2 can reduce the capture of ·OH by

OH- and ensure the oxidation efficiency (Zhang et al., 2020a).

H2O → ·H + ·OH (7)
·OH + Organophosphorus compounds → PO3−

4 +H2O + CO2

(8)

·H + ·OH → H2O (9)
·H + ·H → H2 (10)

H2O2 + ·OH → ·H2O +HO2· (11)
HO2 · + · OH → H2O + O2 (12)

3.3.3 Changes in metal cations
The concentration of metal cations increased gradually

with the increase of hydrogen peroxide addition

(Figure 5B). The concentration of Mg did not change

with the increase of hydrogen peroxide, while Ca

increased slightly with the increase of hydrogen

peroxide, and the concentration of Cu did not increase

at 0%–5%. When the concentration of H2O2 is 7%, the

concentrations of Cu, Zn and Cr increased by 98.1%, 49.8%

and 88.0%, respectively. This is mainly because the addition

of H2O2 under high temperature and pressure reaction

conditions generates more free radicals, which could

effectively promote the oxidative decomposition of the

organic particle structure of swine manure (Zhang et al.,

2020d), thus releasing the heavy metals from the organic

particles. In addition, with the addition of hydrogen

peroxide, the organic substances in the liquid phase are

continuously degraded into low molecular organic

acids (Kulikowska and Gusiatin, 2015), and the

pH in the liquid phase is synchronously

reduced, which also promotes the release of heavy metal

cations.

3.3.4 Input electrical energy
As mentioned earlier, thermal hydrolysis of swine manure

can dissolve the nutrients in the liquid phase and be used as a

liquid fertilizer. To be commercialized as a fertilizer product,

its economic feasibility must be considered. As measured by

the consumption of electrical energy per unit of phosphorus

released, it was calculated that the TH process consumed

more electrical energy as the temperature increased, ranging

from 102.35–1462.46 KW h m−3. At 140°C, the TH-HCl-

H2O2 process consumed a total electrical energy (EE/O) of

1314.79 KW h m−3, with the energy consumption followed:

EE/OH2O2 (552.60 KW h m−3)>EE/OHCl (387.57 KW h m−3)

>EE/OTH (374.62 KW h m−3), with the catalyst H2O2

consuming the largest equivalent electrical energy

contribution. Previous studies have shown that the

addition of alkaline reagents leads to a significant increase

in the input electrical energy (Zhang et al., 2020d). At a unit

price of $0.07 for 1 KW h, the TH-HCl-H2O2 process costs

$92.04 to treat one ton of swine manure, which is more

economical than other processes, such as the extraction of

phosphorus from anaerobic sludge by the HIR sequence,

which costs $114.01 per ton of sludge treated (Vardanyan

et al., 2018).
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3.4 The relationship between nutrients,
metals and reaction conditions

Structural equationmodelling (SEM) can linkmultiple causal

variables to form a composite system and test the hypothesis of

relationships in the system (Yang et al., 2022). In this study, the

effects of thermal hydrolysis temperature, H2O2 concentration

and HCl concentration on TP, TN and metals were investigated

using SEM (Figure 6). The overall goodness of fit of the model fit

is indicated by the chi-square value/degree of freedom (Chi/DF =

1.501), relative fit index (NFI = 0.928), and root mean square

error of approximation (RMSEA = 0.268) (Zhang et al., 2017).

The continuous arrows, dashed arrows, and dot underlined

arrows indicate positive significant relationship, non-

significant relationship and negative significant relationship,

respectively.

The results of structural equation modelling showed that

H2O2 and HCl concentrations showed significant positive

correlation with TP content in aqueous phase (λ = 0.93, p <
0.001; λ = 0.99, p < 0.001), which may be attributed to the

decomposition of organic matter of swine manure and release

phosphorus with increasing H2O2 and HCl concentrations

(Chen et al., 2003); while temperature showed a significant

negative correlation with TP in aqueous phase (λ = −0.84, p <
0.001), which may be attributed to the gradual transfer of

phosphorus from the liquid phase to the solid phase with

increasing temperature. Both the increase in temperature and

HCl concentration significantly increased the release of TN (λ =

0.93, p < 0.001; λ = 0.97, p < 0.001), probably prompting the

hydrolysis of soluble proteins (Zhang et al., 2020a), however, the

addition of H2O2 had no significant effect on TN content. The

influence of the thermal hydrolysis process on the content of the

metals mainly results from three aspects: temperature, H2O2

concentration and HCl concentration, as shown in Figure 6.

Temperature showed a significant negative correlation with

metals (λ = −0.89, p < 0.001), which is attributed to the

generation of a large amount of humic acid, which adsorbs

metals and makes the content of the metals decrease in

aqueous phase. H2O2 and HCl showed a significant positive

correlation with metals (λ = 0.99, p < 0.001; λ = 0.88, p < 0.001),

however, the processes of metals release promoted by H2O2 and

FIGURE 6
Effects of reaction conditions on nutrients and metal ions
during thermal hydrolysis.

FIGURE 7
Environmental risk under different treatment conditions [(A)
Risk index, (B) Ecological risk, (C) Hardness].
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HCl were different. The addition of H2O2 may promote the

deconstruction of organic substances during thermal hydrolysis

(Kulikowska and Gusiatin, 2015), thus releasing metals, while the

addition of HCl may make the content of the metals increase by

dissolving the phosphate precipitation produced during thermal

hydrolysis. Therefore, to regulate the elemental release

characteristics during thermal hydrolysis, multiple influencing

factors need to be considered simultaneously.

3.5 Environmental risk evaluation

The ultimate purpose of thermal hydrolysis is to dissolve the

nutrients in swine manure into the liquid phase and then apply it

to agricultural soil as a liquid fertilizer. To avoid excessive

application of fertilizer, which may cause water and air

pollution by leaching, fixation and volatilization of nutrients

into the environment, it is necessary to conduct environmental

risk assessment of fertilizer to accurately grasp the risk level of

fertilizer application and strengthen the management of fertilizer

application. The nutrients environmental risk index (Ri) and the

total risk index (Rt) were calculated for different reaction

conditions assuming 60 kg of swine manure to be treated for

the preparation of liquid fertilizer and 100 m2 of test soil

(i.e., 6,000 kg swine manure per hectare). As seen in

Figure 7A, phosphorus in liquid fertilizers generates greater

environmental risk, with excess hydrochloric acid (HCl

addition ratio >6%) causing phosphorus fertilizer intensity to

exceed environmental thresholds and reach light risk (Ri = 0.5)

(Hakanson, 1980).

To ensure stable and efficient crop growth and to avoid

possible environmental risks, heavy metal content in fertilizers

is often regulated in agriculture. The ecological risk factor (Er)

of heavy metals was calculated for different temperatures,

different acidity and different catalyst concentrations (Wu

et al., 2021). As seen in Figure 7B, the ecological risks

associated with thermal hydrolysis were mainly due to Zn

and Cu. The ecological risk factor (Er) inevitably changed

with the increase of temperature due to the decrease and

then increase of the heavy metal content, as explained in the

previous section. At the end of thermal hydrolysis, the

ecological risk factors (Er) for the three treatment groups

were 2.32, 5.91, and 6.66, respectively, none of which

exceeded the low ecological risk threshold (<40) (Qu et al.,

2020), and these values suggest that metals in liquid fertilizers

after catalytic thermal hydrolysis exhibit low ecological risk and

can be used as soil conditioners.

Similarly, when liquid fertilizers are applied to the soil, Mg2+

and Ca2+ may combine with CO3
2− in the soil to form

precipitates, thus affecting their uptake and utilization by

plants and reducing their biological effectiveness (Broadley

and White, 2010), therefore, attention should be paid to soil

characteristics when applying liquid fertilizers. It is important

to note that the risk of soil erosion may lead to an increase in

water hardness due to ions entering the water body, therefore,

the evaluation of the ecological risk indicator for liquid

fertilizers Mg2+ and Ca2+ can be analogous to the hardness

indicator for water, which in engineering practice is defined as

the sum of Mg2+ and Ca2+ concentrations (Tang et al., 2021).

The hardness of the liquid fertilizer was calculated for different

conditions (Figure 7C), but the concentration of Mg2+ and Ca2+

decreases significantly after absorption and utilization by

plants, thus reducing their environmental pollution due to

the risk of loss.

4 Conclusion

Thermal hydrolysis (TH) of swine manure resulted in the

hydrolysis of organic matter in swine manure and promoted the

release of phosphate and ammonia nitrogen. The addition of

HCl and H2O2 further accelerated the hydrolysis process of

organic phosphorus and protein, compared to the TH process

(140°C), the release rates of phosphate and ammonia nitrogen

were increased by 17.5% (5% HCl, 6% H2O2) and 26.9% (5%

HCl, 7% H2O2), respectively. According to SEM analysis, the

concentrations of nutrients and metals increased significantly

when the concentrations of HCl and H2O2 were increased.

Moreover, calculations showed that applying the thermally

hydrolysed swine manure liquid phase to the soil as a liquid

fertilizer does not cause environmental risks. It should be

emphasized that metal cations show an increasing trend

during TH process of swine manure, but still do not exceed

the minimum ecological risk threshold. In order to recover the

nutrients nitrogen and phosphorus, this study demonstrates a

possible route for the TH of livestock manure as a liquid

fertilizer. Thus, TH process of animal manures is may be a

feasible and sustainable strategy to add value to this waste

resource.
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Numerical simulation study of
oil–water separation based on a
super-hydrophilic copper net

Kun Bai*, Weinan Liu, Maoyu Zhao, Kaifang Li and Yiming Tian

School of Advanced Manufacturing Engineering, Hefei University, Hefei, China

Green and environmentally friendly oil–water separation is an important

technique for reducing environmental pollution. In this study, the oil–water

separation effect of the super-hydrophilic copper net was optimized through

numerical simulation and orthogonal experiments. To be specific, a super-

hydrophilic copper net was prepared using the solution etching method to

perform oil–water separation experiments, and a favorable oil–water

separation effect was achieved. First, the influences of oil–water flow

velocity, copper net mesh size, and surface wettability on the oil–water

separation effect of the super-hydrophilic copper net were explored via

single-factor experiments. The results showed that the oil resistance of the

super-hydrophilic copper net degraded, and its oil–water separation effect

became poor due to the increasing oil–water flow velocity, enlarged copper net

mesh size, and reduced oil contact angle on the surface of the super-

hydrophilic copper net. On this basis, the optimized oil–water separation

parameters were obtained through orthogonal experiments. The optimized

process parameters were as follows: velocity = 0.1 m/s, copper net mesh size =

30 μm, oil contact angle = 150°, and oil removal rate = 95.7%. Furthermore, the

copper net was etched using sodium hydroxide and sodium persulfate mixed

solution to prepare a 500-mesh super-hydrophilic copper net for the oil–water

separation experiment and then the oil removal rate reached 96.4%. The study

results provide a theoretical basis, method, and means for the practical

application of super-hydrophilic copper nets.

KEYWORDS

super-hydrophilic, copper net, oil–water separation, numerical simulation, contact
angle

1 Introduction

With economic development, oily wastewater discharge and treatment difficulties are

continuously aggravated. The economical and efficient treatment of oily wastewater can

not only save resources and promote resource recycling but also be conducive to

environmental protection (Zhang and Zhang, 2018; Chen, 2019; Lu et al., 2020).

Oily wastewater mainly comes from the petroleum industry and food processing industry

(Song and Wang, 2011; Yu, 2015; Hu et al., 2021; Xu, 2021; Liu et al., 2022). Oil–water

separation technology mainly includes gravity separation, centrifugal separation, membrane

OPEN ACCESS

EDITED BY

Tao Zhang,
China Agricultural University, China

REVIEWED BY

Fang Li,
Donghua University, China
Chamindra L. Vithana,
Southern Cross University, Australia

*CORRESPONDENCE

Kun Bai,
baikun@hfuu.edu.cn

SPECIALTY SECTION

This article was submitted to Water and
Wastewater Management,
a section of the journal
Frontiers in Environmental Science

RECEIVED 16 May 2022
ACCEPTED 05 August 2022
PUBLISHED 03 October 2022

CITATION

Bai K, Liu W, Zhao M, Li K and Tian Y
(2022), Numerical simulation study of
oil–water separation based on a super-
hydrophilic copper net.
Front. Environ. Sci. 10:945192.
doi: 10.3389/fenvs.2022.945192

COPYRIGHT

© 2022 Bai, Liu, Zhao, Li and Tian. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 03 October 2022
DOI 10.3389/fenvs.2022.945192

47

https://www.frontiersin.org/articles/10.3389/fenvs.2022.945192/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.945192/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.945192/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.945192&domain=pdf&date_stamp=2022-10-03
mailto:baikun@hfuu.edu.cn
https://doi.org/10.3389/fenvs.2022.945192
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.945192


separation, electrolysis separation, and air flotation separation (Hu

et al., 2015; Shao and Zhong, 2015; Zhang et al., 2017; Zhang et al.,

2021). The membrane separation technology is more effective and

less costly to operate, but it is prone to blockage when treating oily

wastewater with a high oil content, resulting in membrane

contamination. Superwetting materials are capable of rapid

efficient oil–water separation by virtue of oil–water wettability

difference, without secondary pollution, which has been deeply

investigated by scholars. Zhang et al. (2018a) experimentally

prepared a stainless steel net with super-hydrophobic and super-

oleophilic characteristics to explore its oil–water separation ability

and self-cleaning ability; Jung and Bhushan (2009) established a

model and used to predict the oil drop contact angle in water by

studying the wetting behaviors of water drops and soil in a three-

phase interface; Zhang et al. (2018b) ablated the Al, Fe, Cu, Mo, and

stainless steel surfaces using lasers and prepared rough micro-

nanocomposite surfaces. With the inherently high surface energy,

Al, Fe, Cu, Mo, and stainless steel surfaces all showed super-

hydrophilic and underwear super-oleophobic properties. The

previously mentioned scholars used the prepared super-wettable

materials to separate oil and water and achieved excellent results.

However, the actual oil–water separation environment is often harsh

and superwetting materials do not give good oil–water separation

results in practice. With further research, more and more results

showed that when the superwetting material is impacted, the

oil–water separation effect will be affected (Pi et al., 2017; Zhao

et al., 2018). In recent years, computer simulation theories of fluid

andmaterial properties have been gradually developing. Liu and Yu,

(2010) constructed a super-hydrophobic microchannel flow model

and studied its flow characteristics via the numerical simulation

technique; Qin (2013) explored the oil–water separation effect of a

super-hydrophobic membrane-based spiral oil–water separator

through the numerical simulation technique.

In this study, the flow field conditions on the water drop–oil

drop contact surface of a super-hydrophilic copper net were

simulated via FLUENT software. The influences of three

factors—oil–water flow velocity, copper net mesh size, and oil

contact angle—on oil–water separation were mainly studied. On

this basis, the aforementioned influencing factors were subjected

to an orthogonal experiment, and optimized process parameters

were obtained. The super-hydrophilic copper net was prepared

according to the process parameters, and oil–water separation

experiments were conducted to verify the reasonableness of the

simulation results.

2 Materials and methods

2.1 Procedure of the simulation study

2.1.1 Modeling
The wettability of materials is greatly influenced by their surface

microstructure. Periodic rough surfaces, aperiodic rough surfaces, and

composite rough surfaces can be prepared through laser ablation and

chemical etching (Pan et al., 2010; Cui et al., 2017). In this study, the

surface microstructure of the super-hydrophilic copper net was

simplified into a periodically distributed groove to simplify the

calculation, and a 2D structure of its cross section was taken to

establish a 2Dmodel through Gambit software, as shown in Figure 1.

When simulating the oil–water separation of the super-

hydrophilic copper net, the influences of three factors—velocity,

net mesh size, and oil contact angle on the copper net surface—on

the oil–water separation effect were mainly explored. The volume of

fluent model (VOF model) (Feng and Yao, 2012; Zhang and Yan,

2013) can be used to acquire clear interfaces between different

phases by setting their surface tension andwall surface contact angle.

Hence, the VOF model was chosen to simulate the oil–water

separation of this super-hydrophilic copper net by abiding by the

conservation law of mass, momentum, and energy, with the basic

governing equation as follows:

The continuity equation of the VOF model is:

zρ

zt
+ ∇(ρ]) � 0. (1)

The continuity equation of the volume fraction is:

zαi
zt

+ ]∇(αi) � 0. (2)

The momentum conservation equation is:

z(ρ])
zt

+ ∇(ρ]]) � −∇P + ∇[μ(∇] + ∇]T)] + ρg + F, (3)

where ρ is the density, kg/m3; ] denotes the velocity vector, m/s; t

represents time, s; ∇ is a mathematical operator notation; αi is the

volume fraction of phase i ; is the dynamic viscosity of fluid; g is

the gravitational acceleration, m/s2; P is the pressure intensity,

Pa; and F represents the equivalent body force form of surface

tension, N.

2.1.2 Numerical calculation method and
boundary conditions

In this study, the flow field condition on the oil drop–water drop

contact surface of a super-hydrophilic copper net was simulated. To

simplify the calculation, a laminar flow model was selected. Given

that a transient problemwas the simulation object, pressure-implicit

with the splitting of operators (PISO) algorithm was selected to

accelerate the convergence rate of single iterative steps during

FIGURE 1
Schematic diagram of the groove structure for the super-
hydrophilic copper net.
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transient calculation, harvesting a good convergence effect. As for

the selection of the discretization method, the body force weighted

schemewas chosen for pressure, second-order upwind discretization

format for momentum, and geometric reconstruction format for the

volume fraction. The initialization value of the sub-relaxation factor

was set to default.

In this simulation, gravitational acceleration was set at 9.8 m/s2,

initial operating pressure at 101,325 Pa, and water contact angle at

0°. Three-phase (oil, water, and air) fluids were involved in the

simulation of oil–water separation for a super-hydrophilic copper

net. To clearly observe the flow field conditions on the oil

drop–water drop contact surface of this super-hydrophilic copper

net, the three-phase computational domains were divided through

patch function, where air was set as the primary phase, and the

volume fractions of all the three phases in their respective

computational domains were set at 1. The tensions on oil and

water surfaces were set at 0.029 and 0.072 N/m, respectively.

2.1.3 Range analysis

Range analysis was performed according to the orthogonal

experimental results. The experimental results corresponding to

the m level of factors in column j as well asKjm and its mean value

jm were calculated. Moreover, the range Rj of factors in column j

was calculated based on the jm value:

η � C1−C2

C1
(4)

Here, R reflects the variation range of experimental results in

case of changes in the factors in column j. A greater R-value

manifested a greater influence of this factor on experimental

indexes, so the sequence of influencing factors could be judged

according to R.

2.2 Procedure of Cu net mesh and
oil–water separation

The reagents required for the preparation of the super-

hydrophilic copper net and super-hydrophobic copper net

experiments are shown in Table 1.

A 500-mesh red copper net with a mesh size of 30 µm was

selected as the substrate, and an etching solution was prepared

by mixing 25 ml of 1 mol/L sodium hydroxide solution and

25 ml of 0.15 mol/L Na2S2O8 solution. The dried red copper net

was placed in the etching solution for reaction at room

temperature for 60 min and then taken out and washed

using deionized water. Subsequently, it was dried up in a

blast air oven to prepare a super-hydrophilic copper net.

The hydrophilicity of the super-hydrophilic copper net was

examined using the OCA15EC optical contact angle meter and

SU8010 scanning electron microscope, and the testing process

was as follows: when measuring the contact angle of the

prepared copper net surface, the SNS syringe needle was

selected, and the dosing volume was set to 3 μL. The water

was dropped at a dosing rate of 1 μL/s, and a thin film was

formed on the surface of the copper net. The indirect contact

angle was measured to be 0°, indicating that the copper net is

super-hydrophilic, as shown in Figure 2.

The copper net was cut into 10 mm × 10 mm specimens, and

the surface morphology of the prepared copper net was

characterized using a cold field emission scanning electron

microscope electron gun at an acceleration voltage of 15 KV.

The surface morphologies of this super-hydrophobic copper net

were characterized as shown in Figure 3. After etching through

the mixed solution, many tiny clusters attached on the copper net

matrix and presented ordered growth around. It could be

observed that micrometer needle-like structures were

generated on the surface of the copper net substrate, which

was mutually crossed and grew around in an unordered way.

These clusters and micrometer needle-like structures formed

composite micro-nanostructures on the copper net surface,

thus greatly increasing the roughness of the copper net

surface and endowing it with super-hydrophilicity.

To test the oil–water separation effect of this 500-mesh super-

hydrophilic copper net, an oil–water separation device was designed

TABLE 1 Experimental reagents and substrates.

Reagent Specification

Na2S2O8 Analytically pure

Na(OH) Analytically pure

C2H6O Analytically pure

H2O -

Cu 500-mesh

FIGURE 2
Surface contact angle of the super-hydrophilic copper net.
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as shown in Figures 4, 5. Using restaurant oily wastewater as the

separation object, it was first treated by air flotation and the

measured animal and vegetable oil content was 54.5 mg/L, and

the oil content was still high. Then, the secondary treatment of this

oily wastewater was carried out by using a super-hydrophilic copper

net. Before the oil–water separation experiment, the super-

hydrophilic copper net was fully wetted using water. Next,

500 ml of oily restaurant wastewater pretreated through air

flotation was taken and made to flow into the vessel slowly along

the inner wall to prevent the oil–water separation effect from being

impacted by too high oil–water flow velocity.

3 Results and discussion

3.1 Calculated results and analysis of the
simulation study

3.1.1 Oil–water flow velocity
The flow field conditions when oil and water drops contacted

the super-hydrophilic copper net were simulated at simulation

velocities of 0.1, 0.5, and 1 m/s under the net mesh size of 10 µm

and oil contact angle of 150°. At the left was the aqueous phase

and at the right was the oil phase, as shown in the following

Figure 6.

It could be known from Figure 6 that water drops could

completely wet and penetrate through this super-hydrophilic

copper net. At a velocity of 0.1 m/s, oil drops failed to wet the

super-hydrophilic copper net and were intercepted above it, thus

realizing the goal of efficient oil–water separation. As the velocity

was elevated to 0.5 m/s, the dynamic pressure was elevated, and

oil drops were forcibly extruded into the groove structure on the

partial copper net surface, but they did not completely wet the

copper net, which was still oleophobic to some extent. When the

velocity was increased to 1 m/s, oil drops were forcibly extruded

into the groove structure on the copper net surface and passed

FIGURE 3
Surface morphologies of the super-hydrophilic copper net.

FIGURE 4
Schematic diagram of the oil–water separation device.

FIGURE 5
Experimental separation device.
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FIGURE 6
Cloud picture of the oil–water volume fraction at a velocity of
0.1, 0.5, and 1 m/s.

FIGURE 7
Cloud picture of the oil–water volume fraction under the
copper net mesh size of 10, 40, and 70 µm.

FIGURE 8
Cloud picture of the oil–water volume fraction under the oil
contact angle of 90°, 120°, and 150°.

FIGURE 9
2D model drawing of the super-hydrophilic copper mesh.
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through the net via meshes, and this super-hydrophilic copper

net could not realize efficient oil–water separation under this

circumstance.

3.1.2 Copper net mesh size
The flow field conditions when oil and water drops contacted

the super-hydrophilic copper net were simulated at the velocity of

0.5 m/s under the oil contact angle of 150° and the copper net mesh

size of 10, 40, and 70 μm, respectively, as shown in the following

Figure 7.

It could be known from Figure 7 that the copper net mesh size

had a bearing on its oleophobic properties. When the copper net

mesh size was continuously enlarged, oil drops would finally pass

through this super-hydrophilic copper net. As the copper net mesh

size gradually increases, the area of the super-hydrophilic copper

mesh also increases, and its impact resistance will be weakened, so

the effect of oil–water separation will become worse. Hence, it is

important to select an appropriate copper net mesh size in order to

enhance the oil–water separation effect.

3.1.3 Contact angle
The flow field conditions when oil and water drops contacted

the super-hydrophilic copper net were simulated at the velocity

of 0.1 m/s under a copper net mesh size of 70 µm and oil contact

angles of 90°, 120°, and 150°, respectively, as shown in the

following Figure 8.

As shown in Figure 8, at the velocity of 0.1 m/s and copper

net mesh size of 70 μm, water drops could freely pass through the

super-hydrophilic copper net at contact angles of 90°, 120°, and

150°. As the oil contact angle was gradually enlarged, the contact

area between oil drops and super-hydrophilic copper net was

smaller. At the oil contact angle of 90°, partial oil drops

penetrated through this super-hydrophilic copper net. When

the oil contact angle increased to 150°, oil drops were nearly

completely obstructed above the super-hydrophilic copper net,

with its oleophobic properties gradually enhanced, which was

better for improving the oil–water separation effect.

3.1.4 Three-factor three-level orthogonal
experimental analysis

The aforementioned simulation results revealed that velocity,

net mesh size, and oil contact angle exerted important influences on

the oil–water separation effect of this super-hydrophilic copper net.

Based on the simplified 2D super-hydrophilic copper net surface

structure, a 2D numerical simulation model of this super-

hydrophilic copper net was constructed (Figure 9). Then, a three-

factor three-level orthogonal experiment was carried out to further

explore the influencing degrees of velocity, copper netmesh size, and

contact angle on the oil–water separation effect of the super-

hydrophilic copper net. The factor levels in the orthogonal

experiment are listed in Table 2, and the orthogonal experiment

and its results are presented in Table 3.

TABLE 2 Factor levels in the orthogonal experiment.

Level Copper net mesh size
(µm)

Velocity (m/s) Oil contact angle (°)

1 100 0.1 90

2 70 0.5 120

3 30 1 150

TABLE 3 Orthogonal experiment and results.

No. Copper net mesh size
(µm)

Velocity (m/s) Oil contact angle (°) Oil removal rate (%)

1 100 0.1 90 28.3

2 100 0.5 120 24.6

3 100 1 150 35.3

4 70 0.5 150 43.2

5 70 0.1 120 64.7

6 70 1 90 10.1

7 30 0.5 90 26.7

8 30 1 120 31.6

9 30 0.1 150 95.7
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During numerical simulation, outlet flow monitoring was set

in FLUENT software. A stable outlet flow indicated that the

oil–water separating flow field of this super-hydrophilic copper

net was stable. In this case, the mass flow data of inlet and outlet

oil were, respectively, recorded, and the oil removal rate was

calculated accordingly through the following formula:

Rj � max(Kj1, Kj2, ...Kjm) −min(Kj1, Kj2, ...Kjm) (5)

where η oil removal rate;

C1 mass flow of inlet oil, kg/s; and

C2 mass flow of outlet oil, kg/s.

The range analysis of orthogonal experimental results is

presented in Table 4. It could be known from the range

analysis that the sequence of factors influencing the oil

removal effect of this super-hydrophilic copper net was as

follows: oil–water flow velocity > oil contact angle > copper

net mesh size. The orthogonal experimental results reflected that

the oil removal rate reached the highest value (95.7%) at the

velocity of 0.1 m/s, oil contact angle of 150°, and copper net mesh

size of 30 µm. Figure 10 is drawn under the aforementioned

process parameters. As shown in Figure 10, oil was basically

intercepted above the super-hydrophilic copper net, while only a

small quantity of oil passed through this net, which showed good

oil resistance and water drainage functions under this

circumstance.

3.2 Results of the oil–water separation
experiment using the newly synthesized
Cu net mesh

The animal and vegetable oil concentrations in water before and

after the experiment were measured using an infrared oil meter

FIGURE 10
Cloud picture of the oil-phase volume fraction.

TABLE 4 Range analysis of orthogonal experimental results.

Index Level Copper net mesh size
(µm)

Velocity (m/s) Oil contact angle (°)

1 88.2 188.7 65.1

2 118 94.5 120.9

3 154 77 174.2

1 29.4 62.9 21.7

2 39.3 31.5 40.3

3 51.3 25.7 58.1

Optimal level 3 1 3

21.9 37.2 36.4

Sequence Velocity > oil contact angle > copper net mesh size
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(Table 5). Through the treatment using a 500-mesh super-

hydrophilic copper net, a good oil removal effect was achieved at

a reasonable oil–water flow velocity, and the content of animal and

vegetable oils was reduced to 1.98 mg/L, with the oil removal rate

reaching 96.4%, whichwas approximate to the numerical simulation

result. The water qualities before and after the treatment were

compared as shown in Figure 11.

The oil removal rates mentioned in Sun et al. (2018) were 98.8,

98.75, 99, 99.5, and 99.95%. Further experiments were conducted

with three such oil–water separation devices connected in series, and

it was measured that the content of animal and vegetable oils was

reduced to 0.34 mg/L, and the oil removal rate could reach 99.4%,

which is better or close to several membrane separation techniques

mentioned in the reference (Sun et al., 2018).

4 Conclusion

In this study, the surface structure of the super-hydrophilic

copper net was simplified and three single-factor simulation

experiments of oil–water flow rate, copper mesh pore size,

and oil contact angle were conducted separately using

FLUENT software. The simulation results show that all three

factors have an important effect on the oil–water separation

effect of the super-hydrophilic copper net. On this basis, the

process parameters of oil–water separation using the super-

hydrophilic copper net were optimized by orthogonal tests.

The super hydrophilic copper net was prepared by etching the

copper mesh with a mixture of sodium hydroxide and sodium

persulfate, and the oil–water separation experiment was

conducted, and then a better oil–water separation effect was

obtained. The main conclusions are as follows:

1) With the increase in the oil–water flow velocity and copper

net mesh size and the reduction of the oil contact angle on the

surface of this super-hydrophilic copper net, its oil resistance

performance is degraded, thus failing to achieve efficient

oil–water separation.

2) The range analysis of orthogonal experimental results reveals

that the oil–water flow velocity has the greatest influence on

the oil–water separation effect, followed by the oil contact

angle and the copper net mesh size. The optimized process

parameters were as follows: velocity was 0.1 m/s, copper net

mesh size was 30 μm, oil contact angle was 150°, and oil

removal rate reached 95.7%.

3) Through the oil–water separation experiment through 500-

mesh super-hydrophilic and super-hydrophobic copper

nets, the oil removal rate reached 96.4%, being

approximate to the numerical simulation result.

Therefore, the reasonability and feasibility of the

simulation experiment were further proved.

4) The oil removal rate can reach 99.4% by connecting three

super-hydrophilic copper net oil–water separation devices

in series. This technology has a high oil removal

rate and a simpler method of membrane material

preparation.
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Evaluating water resources
carrying capacity of Pearl River
Delta by entropy weight-TOPSIS
model

Yueying Zhou1, Zufa Liu2, Bowei Zhang1 and Qiannan Yang1*
1School of Resources and Planning, Guangzhou Xinhua University, Guangzhou, China, 2School of Civil
Engineering, Sun Yat-sen University, Guangzhou, China

To understand the spatio-temporal changes in the water resources carrying

capacity (WRCC) of Pearl River Delta (PRD), 19 indicators were selected from

three subsystems (water resources, socio-economic, and eco-environment),

and the entropy weight-TOPSIS model was employed to analyze the WRCC of

each cities in PRD from 2015 to 2020. As the result shows, the water resources

subsystem (WRS) had the largest weight in the evaluation system, followed by

the socio-economic subsystem (SES), and the eco-environmental subsystem

(EES); among these indicators, economic density, water resources per capita,

annual precipitation, and new soil erosion treatment area had the highest

weights; the PRD had a low WRCC score overall, with considerable regional

differences; the capacity score changed with time, but the ranking of cities

remained largely the same, with Shenzhen, Zhaoqing, and Huizhou marking

higher scores, whereas Zhongshan, Foshan, and Zhuhai achieving lower scores.

It was also found that Shenzhen had a high score for SES, whichmade up for the

shortage of natural water resources there; cities like Huizhou, Jiangmen, and

Zhaoqing which boast rich water resources and extensive development

achieved high scores for WRS and EES. As the PRD develops, it is important

to optimize dispatch of water resources, boost green economy, and promote

ecological wellbeing.

KEYWORDS

entropy weight-TOPSIS model, Pearl River Delta, water resources carrying capacity,
regional differences, green economy

Introduction

Water resources play a significant role in national economy and living-standard

improvement. “Water resources-based planning” is a planning strategy that takes water

resources as the primary constraint in control of urban area expansion and restructuring

of industry layouts. Though cities often boast rich water resources in the early stage of

development, problems like water shortage, water pollution, and ecological degradation

rear their ugly heads as the economy takes off and the population grows, hobbling urban

development (Wu et al., 2020). Researches show that there is no consensus on the

definition of water resources carrying capacity (WRCC) among researchers, and relevant
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studies often have varied focuses. For instance, Falkenmark and

Lundqvist (1998) put forward the term “available water,” and

probed into the problem of water security from the perspectives

of policy determination and human adaptation. Clarke (2002)

maintained that WRCC is closely related to population growth

and resource depletion. Milano et al. (2013) used the “water

supply/demand ratio” to assess whether the water resources in

the Ebro basin would meet the current and future demands of

water in the region. Given our research goals,WRCC is defined as

the capacity of water resources to meet the needs of human

activities in a region within a given time frame, which is subject to

impacts from comprehensive factors including water resources

abundance, economic-technological strength, and ecological

quality (Lin et al., 2020; Zhao et al., 2020; Wang et al., 2022).

Evaluating the regional WRCC is a crucial step in urban planning

and construction (Buckerfield et al., 2020).

WRCC has been extensively studied. In terms of the research

object, most of these studies focused on regions with a certain

economic scale like basins, provinces, cities, and economic

circles, which rely heavily on water resources and are likely to

suffer water shortage, whether rich or lack of natural water

resources. As reported by Kang et al. (2019), the Haihe River

basin has a low agricultural WRCC; the agricultural WRCC in

Shanxi, Inner Mongolia, and Liaoning is also small, though there

is no overload problem; the WRCC in Beijing, Tianjin, Hebei,

Henan, and Shandong is overloaded, and hence it is necessary to

optimize groundwater development and adjust the effective

irrigation area. Magri and Berezowska-Azzag (2019) evaluated

the water carrying capacity (WCC) of Oran, Algeria, based on

four scenarios from the aspects of urban water resources

sustainability, urban economy, society and environment, and

believed that compared with improving water supply, rational

development and recycling of water resources is the solution to

maintainWCC.Wang et al. (2022) found that under the scenario

of rapid economic development, the WRCC and coupling

coordination degree of Guangzhou city are the worst, the

water environment protection scenario and water conservation

scenario are better, and the comprehensive scenario performs the

best. Wang et al. (2021) analyzed the current and future WRCC

of the Chang-Ji economic circle, and pointed out the major

problems of water resources there—water shortage and poor

water quality.

Studies that built WRCC evaluation indicator systems

turn out to be similar as most involve indicators in the

subsystems such as the water resources, the socio-

economic, the eco-environmental and so on, though these

indicators differ from each other in the natural and social

conditions of the studied area or their research focuses (Li

et al., 2021; Meng et al., 2021; Wei et al., 2021). Regarding the

research methods, as WRCC evaluation involves many

indicators that play varied roles in the evaluation system,

researchers often need to assign weights to the indicators and

then obtain a comprehensive WRCC score based on the

weighted mean. Such methods are legion. Wang et al.

(2014a) simulated the impact of economic advances and

population growth on water consumption in Tongzhou

District, Beijing by the system dynamics (SD) model, and

found that the region suffered from severe water shortage and

the current water supply could not meet the future needs. Peng

et al. (2021) proposed the Driver-Pressure-Engineering water

shortage-State-Ecological Basis-Response-Management

(DPESBRM) concept, and employed the cloud model to

calculate the weights of WRCC indicators, which fully

considers the randomness and fuzziness of the evaluation

object; their method was used to evaluate the WRCC of

karst areas in Guiyang, China, and the evaluation results

were found to be in line with the TOPSIS-based evaluation

outcomes. Deng et al. (2021) quantified the WRCC of Han

River basin in 2010–2016 by set-pair analysis, and forecasted

the WRCC of the basin in 2035 by the soil and water

assessment tool (SWAT) model. Other evaluation methods

include analytic hierarchy process (AHP) (Lu et al., 2017),

system dynamics (SD) models, neural networks (Wang et al.,

2014b), and TOPSIS models (Lin et al., 2020).

Despite the extensive studies on WRCC, few probed into

the WRCC in the urban agglomeration of Pearl River Delta

(PRD), and even less combined the spatial and temporal

dimensions for comprehensive analysis (Xu et al., 2019).

Compared with northern China, the PRD is rich in water

resources, however, due to the large population, water

resources-reliant industries, urban area expansion, and

monotonous water sources in the eastern part, the PRD is

plagued by water shortage as it develops. To strike a balance

between water resources, environment, and economy, manage

water resources in a scientific manner, and promote ecological

wellbeing the PRD, we believe it is imperative to

comprehensively analyze the spatio-temporal changes in

the WRCC of the PRD. Based on the present work, collect

data from 2015 to 2020 in the PRD, taking into account the

differences in water resources, economic development and

ecological environment, an WRCC evaluation index model

was established, and the entropy weight-TOPSIS model was

employed to perform empirical research from spatial and

temporal dimensions. Suggestions were proposed based on

the research findings and the differences of each cities, to

provide a basis for sustainable and quality development of the

PRD, and to expand the meaning of WRCC to a certain extent.

Research area overview

The PRD (111.35°E–115.43°E, 21.56°N–24.40°N), located

in the mid-south of Guangdong province and the lower

reaches of Pearl River (Figure 1), borders on South China

Sea and is subject to the subtropical monsoon climate, with an

annual average temperature of 21.4°C–22.4°C, and annual
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precipitation of 1,600–2,300 mm. The PRD accommodates

nine cities, i.e., Guangzhou, Shenzhen, Zhuhai, Foshan,

Huizhou, Dongguan, Zhongshan, Jiangmen, and Zhaoqing,

taking up an area of 55,400 km2, which is less than one-third of

the total area of Guangdong province. As one of the earliest

regions that were opened up to the outside world in China, the

PRD remains an economic hub for the country and the major

part of the Guangdong-Hong Kong-Macau Greater Bay Area.

In 2020, the PRD reached an urbanization rate of 85%, and the

GDP there reached $1.4 trillion (over 80.8% of the total of

Guangdong province). The PRD is at the confluence of Xijiang

River, Beijiang River, and Dongjiang River, with rich dense

network of waterways.

Research methodology

In the present work, WRCC evaluation index system is

constructed, the entropy weight method is used to calculate

the weight of each indicator, and the TOPSIS model is used to

calculate the annual WRCC and scores of the three subsystems

of each city from 2015 to 2020. The weights of indicators, the

spatio-temporal changes in the WRCC, and the spatio-

temporal changes in the subsystems are discussed, and

suggestions for improving the WRCC of PRD is proposed.

Constructing the water resources carrying
capacity evaluation index system

Water resources are a vital form of natural resources that

social and economic advances hinge on. Developing and

utilizing water resources need financial support, and a good

environment is the foundation for regeneration of water

resources. Thus, to assess regional WRCC, we need to build

a multi-layered evaluation system that fully considers factors

of water resources, economy, and the natural environment. By

referring to relevant works (Xu et al., 2019; Lin et al., 2020;

Zhao et al., 2020; Wang et al., 2022) and considering data

availability, we constructed a WRCC evaluation indicator

FIGURE 1
Geographical location of the PRD.
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system for PRD. PRD is the confluence of three rivers, where

cities vary considerably from each other in terms of local water

yield and inflow water volume, and it is challenging to develop

inflow water resources, so the water resources subsystem

discussed in the present work focuses on the volume and

development potential of local water resources, with the

volume of water resources per capita and water yield

modulus as the evaluation indicators for this subsystem.

Population growth and increased water consumption will

pose pressure to water resources, but development of water

resources utilization facilities and protection of water

resources require large economic investment, so such

indicators as population density and economic density as

selected to assess the socio-economic subsystem of WRCC.

Factors that affect water quality like water quality control rate

of water functional zone and forest coverage are selected to

assess the eco-environmental subsystem of WRCC. Table 1

shows the 19 indicators selected in the present work.

Determining indicator weight by the
entropy weight method

A diverse and complex collection of factors contribute to

WRCC. The weights should be assigned to the indicators in an

objective manner to avoid subjectivity in calculation of weights.

In the present work, the entropy weight method that could

objectively reflect information in the indicators was employed

to resolve the problem of subjectivity of weight assignment.

Generally, a smaller entropy of the indicator means a larger

entropy weight and hence more importance of the indicator

(Kang et al., 2019). With the dimension of time considered, the

weight of indicator is calculated as follows:

1) Normalization of the indicators

The primary evaluation matrix of regional WRCC is set as

follows:

TABLE 1 WRCC evaluation index system for PRD.

Objective layer Rule layer Indicator layer Calculation Code Attri-
bute

WRCC evaluation
index system

Water resources
subsystem (WRS)

Volume of water resources per capita (m3/
person)

Total volume of water resources/total
population

C1 P

Water yield modulus (10,000 m3/km2) Total volume of water resources/total area C2 P

Water supply per capita (m3/person) Volume of water supply/total population C3 P

Surface water ratio (%) Volume of surface water resources/total
volume of water resources

C4 P

Water resources utilization rate (%) Volume of water supply/total volume of
water resources

C5 N

Annual precipitation (100 million m3) — C6 N

Socio-economic
subsystem (SES)

Population density (person/km2) Total population/total area C7 N

Natural population growth rate (‰) — C8 N

GDP per capita (10,000 CNY) GDP/total population C9 P

Economic density (100 million CNY/km2) GDP/total area C10 P

Urbanization rate (%) Urban population/total population C11 P

Water consumption per 10,000 CNY of
GDP (m3)

Total water consumption/GDP C12 N

Water consumption per 10,000 CNY of
industrial production (m3)

Industrial water consumption/10,000 CNY
industrial production

C13 N

Urban domestic water consumption per
capita (L/d)

Urban water consumption/total population C14 N

Eco-environmental
subsystem (EES)

Water quality control rate of water
functional zone (%)

— C15 P

Forest coverage rate (%) — C16 P

Domestic sewage discharge per capita (L/d) Volume of domestic sewage discharge/total
population

C17 N

Ecological water use rate (%) Volume of ecological water use/total water
consumption

C18 N

New soil erosion treatment area (km2) — C19 P

Note: P means positive, N means negative; “—” indicates that the indicator is directly extracted from relevant references.
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X � {xtij}p×m×n
(1≤ t≤p, 1≤ i≤m, 1≤ j≤ n (1)

There are both positive and negative indicators for

WRCC evaluation. These indicators are normalized as

follows:

For positive indicators:

ytij � (xtij −min xj)/(maxxj −minxj) (2)

And for negative indicators:

ytij � (maxxj − xtij)/(maxxj −minxj) (3)

where xtij is the j-th indicator for the city i and the year t; maxxj
and minxj mean the maximum and minimum of the j-th

indicator.

2) The weight of each indicator is:

Ytij � ytij/∑p

t�1∑m

i�1ytij (4)

3) The entropy of each indicator can be obtained by the

following equation:

ej � − 1
ln(p × m)∑p

t�1∑m

i�1Ytij ln Ytij (5)

And if Ytij � 0, then Ytij lnYtij � 0.

4) The weight of each indicator can be obtained by the following

equation:

Wj � (1 − ej)/∑n

j�1(1 − ej) (6)

where Wj means the entropy weight coefficient; a larger Wj

means more information the corresponding indicator conveys,

and a more important role this indicator plays in comprehensive

evaluation.

TOPSIS model

The technique for order of preference by similarity to ideal

solution (TOPSIS) model is a comprehensive evaluation method

which can make the best of all primary information to accurately

reveal the gaps between different evaluation schemes. The

TOPSIS modelling process is as follows:

1) Positive processing is performed on the primary evaluation

matrix: xij → xij′; and the normalized decision-making matrix

bijcan be obtained by the following equation:

btij � x′tij / �������∑m

i�1x′
2
tij

√
(7)

2) The weighted normalization matrix can be obtained as

follows:

ctij � wj · btij (8)

3) The positive ideal solution and the negative ideal solution can

be calculated:

c+j � {maxctij} (9)
c−j � {minctij} (10)

4) The Euclidean distance is employed to calculate the distance

of the evaluation object from the positive ideal solution and

the negative ideal solution:

s+ti �
�������������∑n

j�1(ctij − c+j )2
√

(11)

s−ti �
�������������∑n

j�1(ctij − c−j )2
√

(12)

5) The closeness between the evaluation object and the positive

and negative ideal solutions is calculated as follows:

fti � s−ti/(s−ti + s+ti) (13)

And the closer fti is to 1, the better the evaluation object is,

which means the score of WRCC is higher.

Data source

The data used in the present work are from the water

resources bulletins, annual statistical year books for cities in

the PRD, as well as the water resources bulletins, and soil and

water conservation bulletins of Guangdong Province in

2015–2020. The calculation method of some indicators is in

Table 1.

Results and analysis

Indicator weight

Based on primarily processed data, the entropy weight

method was employed to calculate the weight of each

indicator, as shown in Table 3. The weights for the WRS, the

SES, and the EES are 0.4052, 0.3470, and 0.2478, respectively. The

WRS has the largest weight, which means the natural reserve of

water resources and water supply engineering capacity are the

major contributors to the WRCC of the PRD, and although the

geographical distribution of natural water resources cannot be

changed, a reasonable WRCC can be maintained through

scientific development of water resources and control of

population; the SES has the second largest weight, only
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0.06 less than WRS, which means economic growth not only

relies on the natural reserve of water resources, but plays a role in

improving the regional WRCC; the EES has the smallest weight,

which may be because the impact of changes in the ecological

environment on the WRCC is lagging, but a good ecology can

sustain the regular water cycle and promote rational

development of water resources, and hence the EES is an

indispensable part in WRCC evaluation. Indicators with the

largest weights in each subsystem are C1, C10, and C19. In

this logic, rational development of water resources, acceleration

of economic growth, and ecological improvement initiatives are

effective measures to improve WRCC.

Table 2 shows the 19 indicators selected in the present work for

WRCC evaluation; these indicators are sequenced, as shown in

Figure 2. The top-ranking six indicators, C10, C1, C6, C19, C9,

and C16, are positive indicators, and two for each subsystem. The

weight of C10 is the largest, and C9 ranks fifth, indicating that in the

relatively developed PRD, economic investment is particularly

important for the utilization and protection of water resources.

C1 and C6 take the second place, indicating that natural water

resources are the most basic component ofWRCC. The treatment of

soil erosion and the improvement of forest coverage are conducive to

maintaining a good watershed ecology and normal hydrological

cycle. That is to say, to improve the WRCC of PRD, we need to

fully consider the three subsystems.

Analysis of water resources carrying
capacity evaluation results of Pearl River
Delta

1) The TOPSIS model was employed to calculate the mean

scores of WRCC of the PRD in 2015–2020. The natural breaks

method is used to divide the nine cities into three grades according

to the scores.With reference to Lin et al. (2020), the connotation and

status of WRCC of each grade are explained, as shown in Table 3

and Figure 3 presents the annual changes in WRCC there. As

Table 3 reveals, the overall WRCC of the PRD remained small, and

the mean score of each city ranges from 0.137 to 0.479; only

Shenzhen and Zhaoqing scored higher, followed by Huizhou,

Jiangmen and Guangzhou, while Dongguan, Zhuhai, Foshan, and

Zhongshan scored relatively lower. As Figure 3 shows, cities along

the borders of the PRD including Zhaoqing, Huizhou, Jiangmen,

and Shenzhen had the highest WRCC, whereas the five cities in the

central region of the PRD had a lower WRCC, demonstrating

considerable regional differences. Shenzhen, due to its

economic strength, reaches the highest score (0.497), and

Zhaoqing, with its rich reserve of water resources and good

ecology, has the second largest score of WRCC (0.425),

whereas Zhongshan has the lowest score (0.137), and

Foshan has the second smallest score (0.174). As Figure 4

shows, in 2015–2020, despite the changes in the WRCC of

each city, the ranking of cities remained the same; Foshan,

Zhaoqing, and Guangzhou showed stable changes, whereas

Shenzhen, Dongguan, and Haizhu presented an upward trend

in the evaluation score. As the PRD witnessed a normal and

relatively dry year in 2020, with the annual precipitation

staying at merely 1,609 mm, all cities in the PRD had a

smaller WRCC score in 2020 than in 2019; except

Shenzhen and Zhongshan, all other cities had a larger

WRCC in 2016 and 2019 than in other years, which is

attributed to the rich rainfall in these 2 years and hence a

high volume of water resources per capita. The WRCC of the

PRD is positively correlated to the precipitation, especially in

Guangzhou, Huizhou, Zhongshan, Jiangmen and Zhaoqing,

the correlation coefficient is more than 0.72, while Zhuhai is

0.57. To resolve the problem of overdependence of WRCC on

natural rainfall, we need to reserve water in the wet years to

resolve water shortage in the dry years.

2) The TOPSIS model was used to calculate the score of each

subsystem in the WRCC evaluation system for the PRD, and the

mean score from 2015 to 2020 was obtained: the mean score for

TABLE 2 Weights of the 19 indicators for WRCC evaluation of the
study area.

Indicator C1 C2 C3 C4 C5 C6 C7

Weight 0.1169 0.0386 0.0384 0.0550 0.0489 0.1078 0.0128

Indicator C8 C9 C10 C11 C12 C13 C14

Weight 0.0184 0.0640 0.1496 0.0320 0.0214 0.0347 0.0140

Indicator C15 C16 C17 C18 C19

Weight 0.0196 0.0622 0.0475 0.0245 0.0939

FIGURE 2
Ranking of WRCC evaluation indicators for the PRD.

Frontiers in Environmental Science frontiersin.org06

Zhou et al. 10.3389/fenvs.2022.967775

61

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.967775


WRS, SES, and EES was 0.329, 0.220, and 0.331, respectively.

Figure 5 shows the mean WRCC score of each city in the PRD

from 2015 to 2020. For cities including Guangzhou, Zhuhai,

Foshan and Zhongshan, the score for each subsystem shows little

difference; for Shenzhen, however, the SES has a far larger score

than the other two subsystems; for Huizhou, Jiangmen, and

Zhaoqing, the scores for WRS and EES are far higher than that

for the SES. Though Shenzhen had a low volume of water resources

per capita (C1), a small annual precipitation (C6), a high population

density (C7), and a high ecological water utilization rate (C18), it

ranked top among all cities in the PRD in terms of the economic

density (C10), urbanization rate (C11), water use volume per

10,000 yuan of GDP (C12), and water use volume per

10,000 yuan of industrial production (C13), which makes up for

the lows inWRS and EES. In future urban planning of Shenzhen, it

is necessary to better allocate water resources, maintain water

diversion projects, improve the ecology, and seek new sources of

water supply. For Huizhou and Zhaoqing, the score for SES is far

smaller than that for WRS and EES. Thus, these two cities should

make the fullest of their rich water resources and good environment

TABLE 3 Mean WRCC of cities in the PRD from 2015 to 2020.

City Evaluation
score

Evaluation
level

Ranking Connotation Capacity

Shenzhen 0.497 I 1 Reasonable supply of water
resources

The WRCC is moderate, and there is still some potential for
further development

Zhaoqing 0.425 I 2 Reasonable supply of water
resources

Huizhou 0.352 II 3 Water shortage The WRCC reaches the warning threshold, and the potential for
further development is limitedJiangmen 0.332 II 4 Water shortage

Guangzhou 0.271 II 5 Water shortage

Dongguan 0.195 III 6 Severe water shortage The WRCC reaches the upper limit, and there is very limited
potential for further developmentZhuhai 0.179 III 7 Severe water shortage

Foshan 0.174 III 8 Severe water shortage

Zhongshan 0.137 III 9 Severe water shortage

FIGURE 3
Distribution of mean WRCC in PRD in 2015–2020.
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to restructure the industries and boost economic growth. In sum,

cities in the PRD, which constitute one the most important urban

agglomerations in China, should cooperate with each other to

achieve optimized transfer of industries and resources, and join

hands to improve the natural environment.

3) The subsystems for WRCC evaluation in the PRD show

considerable differences, which implies the problems like uneven

distribution of water resources, unbalanced economic growth, and

varied efforts for ecological improvement in this region. By the score

of the WRS in WRCC evaluation, the cities are ranked as follows:

Zhaoqing> Jiangmen>Huizhou>Guangzhou>Zhuhai> Foshan>

Zhongshan > Dongguan > Shenzhen, and the gap between the

maximum (0.817) and the minimum (0.063) is 0.754, which

shows varied possession of water resources among cities.

Zhaoqing, Huizhou, and Jiangmen boast rich rainfall, with the

volume of water resources per capita reaching 3,700, 2,700, and

2,900m3/person; besides, with a low water resources utilization rate,

the score for theWRS in these three cities is higher than in other cities,

indicating the great potential for development of water resources in

these cities. For Guangzhou, despite the high precipitation and water

supply per capita, the volume of water resources per capita there is

only half that of the PRD, and the water utilization rate is high, so the

city achieves a score merely at 0.275. Zhuhai, because of its low

volume of water resources per capita and small annual precipitation,

reaches a score of mere 0.188 in WRCC evaluation. Foshan,

Zhongshan, Dongguan, and Shenzhen feature a low annual

precipitation and large population, with a volume of water

resources per capita at merely 190–590m3/person, and hence

achieving small scores in WRCC evaluation, at 0.136, 0.121, 0.080,

and 0.063, respectively.

By the score of the SES in WRCC evaluation, the cities in the

PRD are sequenced as follows: Shenzhen > Dongguan >
Guangzhou > Foshan > Zhuhai Zhongshan > Huizhou >
Jiangmen > Zhaoqing. The top ranking four cities have a high

urbanization rate, all with a rate higher than 90% except Guangzhou,

and the rate in Shenzhen even approaches 100%. Besides, these four

cities have a high economic density and a high GDP per capita; in

particular, Shenzhen has an economic density of $186 million/km2,

and a GDP per capita of $28,000/year; besides, the city’s strong

initiatives towards green economy and low-carbon economy have

contributed to coordinated development of water resources and

economy. Zhaoqing, which ranks the last among all the cities in the

PRDwith a score at mere 0.042, has an urbanization rate lower than

50%, and a per-capita GDP of merely $8,000/year, less than 1/3 of

that in Shenzhen. These can be attributed to the low GDP in

Zhaoqing, the large area of land, its irrational industrial layout,

defective industrial chains for themanufacturing and service sectors,

and a low water utilization rate of industries. Therefore, in future

planning of Zhaoqing, it is necessary to balance resources and

economic growth.

By the score of EES in WRCC evaluation, the cities in the PRD

are ranked as follows: Zhaoqing > Huizhou > Jiangmen >
Guangzhou > Zhuhai > Zhongshan > Dongguan > Shenzhen >
Foshan. The cities have varied degrees of environmental quality and

ecological treatment efforts, and cities with a higher score often have a

larger area. Jiangmen and Zhaoqing have water functional areas with

a high water quality control rate; Zhaoqing and Huizhou has a large

forest coverage rate and large areas of new soil erosion treatment.

Cities with lower scores generally have a smaller area: Foshan, Zhuhai,

and Guangzhou have a high domestic sewage discharge per capita;

Zhongshan, Foshan, and Zhuhai have a small forest coverage rate.

Therefore, cities with a high score in WRCC evaluation need to

maintain good environment, strengthen pollution treatment, and

promote the pollution accountability systems; for cities with a large

FIGURE 4
Changes in WRCC of cities in the PRD in 2015–2020.

FIGURE 5
Mean score of subsystems in WRCC evaluation of cities
in PRD.
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population and a small area of land, ecological improvement can only

play a limited role in increasing the regionalWRCC, so it is necessary

to find new solutions for environmental treatment and achieve

harmony between human and nature.

Analysis of the three subsystems inWRCC evaluation show that

cities including Shenzhen, Dongguan, Zhongshan, and Foshan need

to make better use of their limited water resources and optimize

spatial and temporal allocation of water resources; cities like

Zhaoqing, Jiangmen, Huizhou, and Zhongshan should promote

industry upgrading, encourage green production and boost

economic growth; Cities including Foshan, Shenzhen, Dongguan

and Zhongshan need to curb blind expansion of urban areas and

reserve more area for the “lucid waters and lush mountains.”

4) As Figure 6 shows, as the time proceeds, the score of theWRS

in WRCC evaluation varied from 2015 to 2020, registering a slight

decrease overall. The scores for Zhaoqing, Jiangmen, and Huizhou

varied considerably, whereas the scores for other cities remained

stable. The score for the SES remains stable, with a slight increase;

the score for Shenzhen saw a rapid rise, followed by Dongguan and

Guangzhou. Under the impact of the Covid-19 pandemic, however,

the score for all cities stayed low in 2020. For most cities in the PRD,

the score for EES in WRCC evaluation presented an upward trend,

though with slight fluctuations; Guangzhou, however, witnessed a

dropped score due to its reduced new soil erosion treatment area and

increased utilization rate of water for ecological purposes. Though

economic growth and ecological treatment can improve regional

WRCC, uneven distribution of water resources and increased water

demand along with economic growth will still reduce the regional

WRCC. Therefore, we need to proceed with strict water resources

management policies, encourage water-saving efforts, and transfer

water resources in water-rich regions to water-short areas to achieve

coordinated development among regions.

Conclusion and suggestions

Conclusion

In the present work, the WRCC of cities in PRD was

discussed, and the following conclusion were reached:

1) The three subsystems are sequenced as follows by the weight

they have in WRCC evaluation: WRS > SES > EES. Indicators

including economic density, C10, C1, C19, C9, and C16 contribute

considerably to the regionalWRCCof the PRD.Rationally developing

water resources, boosting economic growth, and improving the

environment are effective measures to improve the regional WRCC.

2) From 2015 to 2020, the WRCC of the PRD remained low

overall, with significant regional differences. Cities along the

borders of the PRD like Zhaoqing, Huizhou, Jiangmen, and

Shenzhen reached a high score in WRCC evaluation, whereas

cities in the central area of the PRD achieved a lower score.

Though theWRCC of each city changed over time, the ranking of

cities by the score of WRCC remained largely the same. The

WRCCwas found to be positively correlated to precipitation. The

scores of WRS, SES, and EES were 0.3288, 0.2202, and 0.3306,

respectively. For cities including Guangzhou, Zhuhai, Foshan

and Zhongshan, the subsystems achieved similar scores in

WRCC evaluation; in Shenzhen, SES achieved a far higher

score than the other two subsystems in WRCC evaluation; for

Huizhou, Jiangmen, and Zhaoqing, WRS reached a far higher

score in WRCC evaluation than the other two subsystems.

FIGURE 6
Changes in the score of the WRS, SES, and EES in regional
WRCC evaluation of cities in PRD from 2015 to 2020.
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3) As further analysis of the three subsystems shows, Zhaoqing,

Huizhou, and Jiangmen boast a rich reserve of water resources and

considerable potential for further development; Shenzhen, Dongguan,

Zhongshan, and Foshan are in short supply of water; Shenzhen,

Dongguan, Guangzhou, and Foshan enjoy considerable economic

strength, which contributes to coordinated development of the water

environment and economy. Zhaoqing, which ranks last in theWRCC

evaluation, is less developed than other cities. Zhaoqing,Huizhou, and

Jiangmen have a large area of land and good ecology, whereas other

cities should paymore attention to promote coordinated development

between economic growth and ecological wellbeing.

Suggestions

As the construction of the Guangdong-Hong Kong-Macau

Greater Bay Area moved forward, the PRD is bound to see

population and economic growth, which will pose tangible

challenges to the sustainable development of water resources. In

the future, cities in the PRD should cooperate with each other to

optimize spatial and temporal allocation of water resources. For

example, optimizing the allocation of water resources in the

Dongjiang River, and transferring water to water scarce cities in

the eastern PRD by Xijiang River diversion project. In order to drive

the social-economic development of Zhaoqing, Jiangmen, and

Huizhou, green economy and industry configuration should be

encouraged. On the basis of comprehensively promotion of the

pollution accountability systems, and pursue ecological wellbeing,

we should attach importance to the governance of urban rivers in

Guangzhou, Zhongshan, and Foshan, and strengthen the

monitoring and assessment of environmental health risks.

Furthermore, we should push forward the initiatives to build a

water-saving society, taking advantage of the economic of the PRD,

with further improvement of water resources utilization efficiency.

We can also incorporate more data and set thresholds for the

evaluation indicators to capture changes in regionalWRCC, thereby

providing a scientific basis for sustainable development of water

resources, economic growth, and ecological improvement in PRD.

Contributions, limitations, and future
research

In the present work, 19 indicators were selected, and the entropy

weight-TOPSIS model was employed to calculate the WRCC score

of cities in the PRD from 2016 to 2020 with relation to WRS, SES,

and EES. The distribution pattern of WRCC was analyzed, and

contributing factors to regional WRCC were explored on the

temporal and socio-economic dimensions. Moreover, suggestions

were proposed to promote harmony between water resources and

human in PRD.

Nonetheless, there are some limitations in our work. First,

the water resources system is complex and constantly changing,

and WRCC has such characteristics as diversity, dynamic

changes, and fuzziness. Evaluation of WRCC in our work,

however, is static evaluation based on historical data and a

limited set of indicators; the interactions between subsystems

are overlooked; and the results are applicably only to the years

between 2015 and 2020. In future works, it is necessary to

improve the evaluation indicator system by introducing new

indicators related to water conservation and the water

environment, increase the basis data to make the research

result more scientific and practical; in addition, scientific

methods should be adopted to predict the impacts of different

urban development plans on the future WRCC of PRD.
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Comprehensive recycling of
fresh municipal sewage sludge to
fertilize garden plants and
achieve low carbon emission: A
pilot study
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Recycling nutrients in municipal sewage sludge (MSS) to soil would support

sustainable development. In this study, a comprehensive recycling using

specific plants able to grow in the fresh MSS and an indirect application

technique was developed. Fresh MSS was placed in permeable containers

next to Handroanthus chrysanthus plants to provide indirect fertilization.

Sludge treatment plants (Alocasia macrorrhiza and Pennisetum hybridum)

were grown directly on the Fresh MSS to produce plant biomass and treat

MSS. The basal diameters of theH. chrysanthus plants were markedly increased

by the treatment. Nutrients were extracted from MSS more readily and more

biomass was produced by the P. hybridum than the A. macrorrhiza plants. The

heavy metal contents of the soil did not increase significantly and not generate

potential ecological risk, but the organic matter, nitrogen, and phosphorus

contents increased markedly. The fresh MSS leachate met the relevant fecal

coliform and heavymetal irrigationwater standards. At the end of the treatment,

the MSS mass had markedly decreased and the treated MSS was used as a

seedling substrate for two garden plant seedlings. The net carbon emissions

from the comprehensive recycling are estimated as -15.79 kg CO2e (CO2

equivalent) per ton fresh sludge, in contrast, the emissions from composting

treatment are estimated as 8.15 kg CO2e. Themethod allows nutrients inMSS to

be recycled without causing heavy metal pollution and without net carbon

emission, while gives gardening products with commercial value.

KEYWORDS

municipal sewage sludge, indirect application, garden plant, greenhouse gas
emissions, sludge treatment plant

OPEN ACCESS

EDITED BY

shengsen wang,
Yangzhou University, China

REVIEWED BY

Guodi Zheng,
Institute of Geographic Sciences and
Natural Resources Research (CAS),
China
jose navarro pedreño,
Miguel Hernández University of Elche,
Spain

*CORRESPONDENCE

Qi-Tang Wu,
wuqitang@scau.edu.cn

SPECIALTY SECTION

This article was submitted to Water and
Wastewater Management,
a section of the journal
Frontiers in Environmental Science

RECEIVED 19 August 2022
ACCEPTED 26 September 2022
PUBLISHED 11 October 2022

CITATION

Lin X, Chen C, Li H, Hei L, Zeng L, Wei Z,
Chen Y and Wu Q-T (2022),
Comprehensive recycling of fresh
municipal sewage sludge to fertilize
garden plants and achieve low carbon
emission: A pilot study.
Front. Environ. Sci. 10:1023356.
doi: 10.3389/fenvs.2022.1023356

COPYRIGHT

© 2022 Lin, Chen, Li, Hei, Zeng, Wei,
Chen and Wu. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 11 October 2022
DOI 10.3389/fenvs.2022.1023356

67

https://www.frontiersin.org/articles/10.3389/fenvs.2022.1023356/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1023356/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1023356/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1023356/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1023356/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.1023356&domain=pdf&date_stamp=2022-10-11
mailto:wuqitang@scau.edu.cn
https://doi.org/10.3389/fenvs.2022.1023356
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.1023356


1 Introduction

Municipal sewage sludge (MSS) is a solid waste produced

during sewage treatment processes and contains large

amounts of nutrients that could be utilized. However, MSS

also contains relatively large amounts of harmful substances,

and appropriate disposal of MSS is challenging but must be

achieved to protect human and environmental health.

Researchers around the world have been developing

methods for treating and disposing of MSS for many years

(Parr et al., 1978). Such methods involve phosphorus

recovery, co-incineration, building material production, and

anaerobic fermentation (Chang et al., 2020; Liang S. et al.,

2021; Liang Y. et al., 2021; Iglesias-Iglesias et al., 2021; Zat

et al., 2021; Ottosen et al., 2022). There are many excellent

techniques for treating and disposing of MSS, but many are

too expensive to be used in developing areas. The focus has

previously been on disposing of MSS in economically

developed areas, but MSS disposal in developing areas

should not be ignored.

It is expensive to use advanced MSS treatment methods.

Installing a MSS dehydration and incineration plant in China

costs US$ 578,000/ (t MSS) before operating costs (Hao et al.,

2019). There are additional costs involved in using MSS ash. Yu

et al. (2021) calculated the cost of recovering phosphorus from

MSS ash and found that, excluding the cost of producing the MSS

ash and building a phosphorus recovery system, the reagents

required to produce 1 kg of hydroxyapatite (Ca5(PO4)3OH) cost

US$ 32.2 whereas producing 1 kg of hydroxyapatite from

phosphate ore cost only US$ 1.0 ± 0.3. These methods may

be able to be used in large developed cities but cannot be afforded

in developing areas. Many areas in China and other developing

countries are economically developing. Local economic

conditions clearly need to be considered when selecting a MSS

disposal technique (Lu et al., 2019).

Applying MSS to land is a cheap disposal technique that

has been used for a long time (Guoqing et al., 2019). This

returns soil-derived nutrients in MSS to the soil and creates a

circular flow of nutrients (Gronman et al., 2016). Sludge

applications in forests can be environmentally sound if

application rates are matched to site characteristics

(Zasoski et al., 1984). Badza et al. (2020) assessed the use

of MSS in agricultural processes using the characteristics of

MSS from 18 wastewater treatment plants in South Africa and

found that applying MSS to land was the best option.

However, hazardous substances in MSS pose risks to soil,

plants, and humans. In particular, heavy metals in MSS tend to

accumulate in soil (Zhang et al., 2021), can enter the food

chain through surface water and groundwater, and can be

absorbed by crops (Zeng et al., 2019), so direct application of

MSS to land is controversial (Hei et al., 2016). Composting

MSS does not decrease the total amount of heavy metals in the

MSS (Wei Y. et al., 2020), so heavy metals can be released into

the soil when MSS compost is applied to soil. Riaz et al. (2018)

found Cd concentrations higher than the relevant limits in rice

grown in soil to which MSS compost and MSS had been

applied at an application rate of 1% of the soil mass.

The heavy metals contamination issue is being attracted

much attention in China because the soils in south China are

acid and the capacity for heavy metals is low. This was why the

MSS compost is being banned since 2021 by the Chinese

Ministry of Agriculture to be an “organic fertilizer” to apply to

agricultural lands via the organic fertilizer standards (NY/T

525–2021). Accordingly, an indirect application technique

(IAT) allowing MSS to be used to fertilize crops while

preventing heavy metal contamination of the soil was

proposed (Lin et al., 2021b). This technique uses permeable

bags to contain the sludge and, after the release of nutrients

such as N, p, K via leaching by rainfall or spread irrigation, the

most part of heavy metals (less soluble than major nutrients) is

recovered and taken away from agricultural lands with the

solid residue of sludge. It has previously been found that

nutrients leached more readily than heavy metals from MSS

(Xu et al., 2015; Lin et al., 2021a). Considerably less heavy

metal pollution therefore occurs when the IAT is used than

when normal MSS application methods are used. It was found

in a nine-year study that the IAT is a cheap and simple method

for using MSS to fertilize crops that provides nutrients for

plants such as bananas, papayas, and corn and does not cause

the soil to become contaminated with heavy metals (Lin et al.,

2021b). It has been found that specific plants (later called

sludge treatment plants) can be grown on fresh MSS and that

the plant products can safely be harvested and used. Samake

et al. (2003) found that Alocasia macrorrhiza can be grown on

MSS. It has been found that A. macrorrhiza stabilized MSS in

~5 months, during which time the number of Escherichia coli

markedly decreased and the cress seed germination index

reached 100%. Hei et al. (2016) found that Pennisetum

hybridum seedlings transplanted with substrate into fresh

MSS survived and that the harvested P. hybridum was

economically valuable. Combining the IAT with sludge

treatment plants could allow MSS to be used to cheaply

generate economic benefit while disposing of the MSS.

In this study, we developed a comprehensive recycling

method to recycle MSS using the IAT and sludge treatment

plants. The aim was to develop a low-carbon, cheap, and safe

MSS disposal technique that will allow MSS to be treated of in

developing areas. The fertilization effect and safety of the IAT

were assessed at a high MSS application rate (720 t/ha fresh

MSS) using the garden tree species Handroanthus

chrysanthus. Sludge treatment plants (A. macrorrhiza and

P. hybridum) were concurrently grown in the MSS and the

products were harvested to give additional value. The treated

MSS was then recycled and used as a substrate in a plant

nursery to ensure that the resource was completely utilized.

Finally, the carbon emission or the greenhouse gas emissions
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(GHGE) of the comprehensive recycling of MSS were also

estimated.

2 Materials and methods

2.1 Experiment one: comprehensive
treatment of MSS on land in a garden

2.1.1 Experimental site and materials
The experimental site, which had mountainous lateritic red

soil, was in a forest of one-year-old H. chrysanthus. The site was

~900 m2 and was far from any heavily populated areas (N

23o19′32.05″, E 113o46′5.79″). The MSS used in the

experiment, later called MSS I, was collected at a sewage

treatment plant in a residential area near the BYD Auto Co.

Plant in Huizhou, Guangdong Province, China. The sewage

treatment plant used the A2/O method to treat domestic

sewage, and the MSS was dehydrated through mechanical

compression. The physicochemical properties of MSS I are

shown in Table 1. In southern China, there are less Hg and

As in MSS, the main heavy metals with high contamination risk

are Cd, Cu, Pb, and Zn (Guo et al., 2014), so this study focuses on

these four heavy metals.

The P. hybridum plants were obtained from the Ecological

Experiment Base of the South China Agricultural University

(Guangzhou, Guangdong Province, China). Old stems of P.

hybridum with similar diameters and strengths were selected,

and stem segments with two tillering nodes were cut. Seedlings

were cultivated in small pots for 2 weeks and then transplanted

with the nursery substrate into the MSS used in the experiment.

The A. macrorrhiza plants were obtained from the green belt of

the South China Agricultural University. Newly grown A.

macrorrhiza seedlings were selected and grown in small pots.

Two weeks later, the seedlings were transplanted with nursery

substrate into fresh MSS.

The MSS utilization method that was used is called an

indirect application technique (IAT; Lin et al., 2021b). Briefly,

a permeable mesh was laid over the soil, then a cylindrical

container was formed on the permeable mesh using a root

controlling material that is commonly used in gardens (Peter,

2000). MSS was added to the container to allow the MSS to

indirectly fertilize the H. chrysanthus plants. Sludge treatment

plants (A.macrorrhiza and P. hybridum) were planted in theMSS

to further utilize the nutrients in the MSS (Figure 1).

The experimental design is shown in Figure 1. The ~900 m2

forested land containingH. chrysanthuswas divided into nine rows.

Treatments were randomly assigned to the rows. Three rows were

used for each treatment, and there were three treatments (control

(CK), AM (indirect fertilization ofH. chrysanthus and planting with

A. macrorrhiza on MSS), and PM [(indirect fertilization of H.

chrysanthus and planting with P. hybridum onMSS)]. The CK rows

received no treatment, meaning natural H. chrysanthus growth

occurred. For the AM and PM treatments, a black fiber mesh

was laid on the ground and four sludge containers, each with a

diameter of 1 m, were placed around each tree. Fresh MSS (250 kg)

was added to each container, and 4 A. macrorrhiza or P. hybridum

seedlings were planted in the fresh MSS (about five plants per m2 of

sludge surface). The surface of the fresh MSS was covered with 1 kg

of mature composted MSS after planting to prevent harmful

organisms and gases being released to the air. MSS was applied

to 48 trees, and 48 t of MSS was used to treat the trees. The basal

diameter, diameter at breast height, height, and crown width of each

H. chrysanthus tree were determined before and after the

experiment to assess growth.

2.1.2 Sample collection and analysis
Surface soil (0–20 cm) andMSS samples were collected from the

experimental area before and after the experiment. The N and p

contents of the soil and MSS samples were determined using

established methods (Lu, 2000). The Cd, Cu, Pb, and Zn contents

of the soil and MSS were determined by atomic absorption

spectrophotometry after digestion in a microwave according to a

Chinese environmental standard method (HJ 832–2017, HJ means

the method is certified by Ministry of Environmental Protection of

China) and using the standard substance (GBW-07405: GSS-5) for

analysis quality control. The germination index (GI) of MSS was

determined using a method proposed by the Chinese sludge

standards (GB/T 23,486–2009) using the Chinese cabbage seed

germination test. This test is similar to the cress seed germination

test, which is internationally recognized as a measure of the

phytotoxicity of the sludge material (Zucconi et al., 1981), and

calculates this parameter using the following equation:

GI = (seed germination rate (%) X root length) of treatment/

(seed germination rate (%) X root length) of water control.

TABLE 1 Municipal sewage sludge (MSS) and soil characteristics.

Index MSS I MSS II Soil

a WC (%) b 87.98 ± 0.70 86.69 ± 0.50 -

a FC 0.0300 ± 0.0100 0.0005 ± 0.0003 -

a GI 0.08 ± 0.09 1.32 ± 0.16 -

pH 6.82 ± 0.11 5.84 ± 0.02 5.41 ± 0.15

a OM (g/kg) 435.6 ± 18.3 364.2 ± 9.8 17.9 ± 2.5

N (g/kg) 42.55 ± 0.76 34.25 ± 0.84 0.94 ± 0.08

p (g/kg) 30.09 ± 1.02 26.87 ± 0.59 0.61 ± 0.11

K (g/kg) 10.95 ± 0.06 5.37 ± 0.32 15.07 ± 2.83

Cd (mg/kg) 0.841 ± 0.075 1.466 ± 0.018 0.037 ± 0.008

Cu (mg/kg) 120.5 ± 2.2 3602.1 ± 99.8 14.1 ± 3.2

Pb (mg/kg) 44.72 ± 6.82 77.58 ± 2.49 57.15 ± 2.86

Zn (mg/kg) 389.9 ± 61.8 880.0 ± 19.5 75.6 ± 7.8

aWC, is water content in fresh weight (FW) basis; FC, is fecal coliform value (g−1.

FW); GI, is germination index of Chinese cabbage seeds; OM, is organic matter content;

OM, and elements contents are all in dry weight (DW) basis.
bAll data values represent the means ± standard error (n = 3).

Frontiers in Environmental Science frontiersin.org03

Lin et al. 10.3389/fenvs.2022.1023356

69

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1023356


The fecal coliforms in MSS were detected using the

fermentation method (GB 7959–2012, GB means the method

is National Standard Method of China).

Once the experiment had started, samples of A.

macrorrhiza and P. hybridum grown on MSS were collected

from random four sludge container under two H. chrysanthus

trees per treatment in months 1, 2, 3, and 6 to allow the

optimal harvest times for A. macrorrhiza and P. hybridum to

be determined. Plant samples collected in month 6, were

deactivated at 105°C for 30 min, and then dried at 65°C for

48 h. The dry samples were ground and then the nutrient and

heavy metal contents were determined. The plant samples

were digested in H2SO4 and H2O2 and then the N and p

contents were determined using the methods proposed by

Chinese Society of Soil Science (Lin et al., 2021b). The K and

heavy metal contents (Cd, Cu, Pb, and Zn) of the plant samples

were determined by atomic absorption spectrophotometry

(GB/T 5009.15–2014) and using a standard substance

(GBW-10013: GSB-4) for quality control.

2.1.3 Evaluation of the potential ecological risk of
soil heavy metals

Hakanson potential ecological risk assessment was used to assess

the risk of heavy metal pollution in the soil (Hakanson, 1980). The

potential ecological risk index for single heavymetal (E) and all heavy

metals (RI) were calculated using the following equation:

E � Ti ×
Ci

Cs
(1)

RI � ∑n

i�1Ei (2)

where Ci is the measured value of soil heavy metal i; Cs is the

reference value (the natural background value of soil in

Guangzhou city, they are 0.14, 13.6, 42.9, and 58.1 mg/kg for

Cd, Cu, Pb, and Zn, respectively); and Ti is the toxicity coefficient

of heavy metal i (Cd = 30, Cu = 5, Pb = 5, and Zn = 1).

The heavy metals evaluated in this study were different from

the original method, so a correction was required (Li et al., 2015).

Among the four heavy metals, Cd has the largest T (30),

FIGURE 1
Layout of the experimental site and treatments (CK: control without MSS addition; AM: added MSS with A. macrorrhiza phyto-treatment; PM:
added MSS with P. hybridum phyto-treatment).
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according to which the limit value of the first grading standard

(Low) of E in this study is 30, and the limit value of the grading

standard of each grade of E is obtained by multiplying by two in

turn. In the original method, the first level limit value of RI (150)

is divided by the sum of all heavy metals E (133) to obtain the

coefficient 1.13. The sum of four heavy metals E in this study is

41, multiplying 41 by 1.13 and taking tens place, the first level

limit value of RI in this study can be obtained (1.13 × 41 = 46.33˜
50), which is multiplied by two in turn to obtain each level of RI.

The corrected grading criteria used to define ecological risk of

this study are shown in Table 2.

2.2 Experiment 2: simulation of leaching
from MSS

MSS I contained a relatively low number of fecal coliforms, so it

did not represent the health risks posed by IAT of most MSS. A

leaching experiment was therefore performed using a sample called

MSS II that contained larger amounts of harmful microorganisms

(with a fecal coliform bacteria value of <0.01; Table 1). Fecal

coliforms and the heavy metal concentrations in the leachate

samples were determined and compared with the Chinese

national standard for irrigation water quality (GB 5084–2021) to

indirectly determine whether fresh MSS that did not meet sanitary

indicator standards could be used in the IAT.

MSS II was collected from the Heshan Sewage Treatment Plant

in Jiangmen, Guangdong Province. The experimental site was at the

Ecological Farm of the South China Agricultural University in

Tianhe District, Guangzhou (N 23o09′57.21″, E 113o21′37.78″).
The experimental system (shown in Supplementary Figure S1)

consisted of a leachate collection vessel with an upper surface

area of 0.12 m2 on which 5 kg of fresh MSS II in a black fiber

mesh bag was placed. Three control vessels without MSS bag were

also set-up to collect rainwater. The experiment started on 13 April

and rainwater was collected for the first time on 16 April. Leachate

was collected three times in 30 days. The pH, chemical oxygen

demand, fecal coliform concentration, and Cd, Cu, N, p, Pb, and Zn

concentrations in the rainwater and leachate samples were

determined. The pH was determined using a glass electrode.

Fecal coliforms were detected using a rapid paper strip method

(HJ 755–2015). The chemical oxygen demandwas determined using

the dichromate method (HJ 828–2017). The Cd, Cu, Pb, and Zn

concentrations were determined by atomic absorption

spectrophotometry (GB 7475–1987).

2.3 Experiment 3: investigation of follow-
up utilization of MSS

At the end of Experiment one, Jasminum sambac and H.

chrysanthus seedlings were planted in the MSS that had been

treated by growing plants in it to investigate follow-up recycling

uses of MSS. J. sambac seedlings 15 cm tall were purchased from

Jianye Jasmine Base in Nanning, Guangxi, China. H. chrysanthus

seedlings 50–60 cm tall were obtained from the Garden Company of

the South China Agricultural University. The J. sambac plants were

planted on Xinwei Road in Zengcheng District, Guangzhou

(N23°19′32.05″, E113°46′5.79″), and the H. chrysanthus seedlings

were planted at the Ecological Farm of the South China Agricultural

University (N23°09′57.21″, E113°21′37.78″).
In the experiment using J. sambac, it was grown in two types of

treated MSS (AM and PM) (10 kg/pot), one that had previously

been used to grow P. hybridum (i.e., from the Experiment I PM

group) and the other that had previously been used to grow A.

macrorrhiza (i.e., from the Experiment I AM group). J. sambac was

also grown in control soil (CK) (10 kg/pot), which was soil collected

from a mountain near the experimental site. For each treatment,

10 replicates were performed. The J. sambac plants were grown for

3 months. At the end of the experiment, J. sambac plant survival and

height were recorded.

In the experiment in which H. chrysanthus seedlings were

planted, 20 kg of the treated MSS was mixed with 20 kg of soil to

investigate whether a mixture of MSS and soil could be used as a

seedling substrate. Three treatments were performed: 1) CK: Control,

soil (40 kg) from local ordinary farmland without fertilizer or sludge.

2) CF: soil (40 kg) fertilized with chemical fertilizers (4 g N, 4 g P2O5,

and 4 g K2O added with a 15–15–15 compound fertilizer). 3) PM:

mixture of soil and an equal mass of MSS on which P. hybridum

plants had previously been grown (i.e., from the Experiment I PM

group). Four replicates of each treatment were performed. The plants

were grown for 6 months. The H. chrysanthus plant heights were

recorded once each month.

2.4 Net greenhouse gas emissions
estimation

Greenhouse gas emissions (GHGE), also called carbon

emissions, are generally calculated in terms of carbon dioxide

equivalents (CO2e). Net GHGE consist of three main

components: direct carbon emission, indirect carbon emission

and carbon emission reduction. The comprehensive treatment

TABLE 2 Potential ecological risk index grading criteria.

Category Hakanson Corrected

E RI E RI

Low <40 <150 <30 <50
Moderate 40–80 150–300 30–60 50–100

High 80–160 300–600 60–120 100–200

Very high 160–320 ≥600 120–240 ≥200

Extremely strong ≥320 - ≥240 -
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proposed in this research use green plants and sunlight, might have

less carbon emission, and the P. hybridum produced in the

treatment process could be used as fuel biomass, which could

replace fossil fuels to achieve carbon reduction. Similar to aerobic

composting treatment, the comprehensive treated MSS could use as

an organic fertilizer. Therefore, comparing the net GHGE of the

comprehensive recycling with the aerobic composting treatment can

measure the carbon emission level of the integrated method. This

study assessed the net GHGE according to the accounting guidelines

given in Intergovernmental Panel on Climate Change (IPCC, 2019).

2.4.1 Direct carbon emission
MSSmay release CH4 and N2O during the treatment process.

Therefore, the direct carbon emissions in the treatment process

are calculated as follows:

ED, CO2 � M × (ECH4 × GWPCH4 + EN2O × GWPN2O) (3)

Where: ED, CO2 is the direct carbon emission, kg CO2e; M is

the mass of treated MSS, t; ECH4 is the CH4 emission of the

treatment, kg/t; GWPCH4 is the 100-year global warming

potential (GWP) for CH4, 25 (IPCC, 2007); EN2O is the N2O

emissions of the treatment, kg/t; GWPN2O is the 100-year GWP

for N2O, 298 (IPCC, 2007).

2.4.2 Indirect carbon emission
The treatment of MSS consumes fuel and electricity, which

indirectly generates carbon emissions are calculated as follows:

EI, CO2 � (M/ML) × S × φt × EFD +WE × EFE (4)

Where: EI,CO2 is the indirect carbon emission, kg CO2e; M is the

transport mass of MSS, t;ML is the transport vehicle load, 10 t; S

is the transport distance, km; φt is the vehicle fuel consumption,

0.17 kg/km (Wang et al., 2022); EFD is the carbon emission

factor for diesel, 3.0956 kg CO2/kg (MEE, 2020);WE is the power

consumption of the treatment, kWh/t; EFE is the carbon

emission factor of electricity, 0.8042 kg/kWh (MEE, 2020).

2.4.3 Carbon Reduction

Both treatments are capable of producing fertilizer that can

replace the carbon emissions from the production of chemical

fertilizers, calculated as follows:
EN,CO2 � −(MLU × wN × EFN) (5)

Where: EN,CO2 is the carbon reduction from fertilizer

substitution, kg CO2e; MLU is the mass of treated MSS, kg;

wN is the mass fraction of elemental nitrogen;EFNis the nitrogen

fertilizer carbon emission factor, 2.041 kg CO2e/kg (Chen et al.,

2015).

As an energy plant, the use of P. hybridum as a fuel can offset

carbon emissions from fossil fuel combustion, calculated as

follows:

EP,CO2 � −(MP × QP

Qs
× EFs) (6)

Where: EP,CO2 is the carbon emission reduction from P.

hybridum as a fuel, kg CO2e; MP is the dry mass of P.

hybridum, kg; QP is the calorific value of P. hybridum, which

is taken as the average of energy plants, 17,350 kJ/kg (Nazli et al.,

2020); Qs is the calorific value of standard coal, 29,300 kJ/kg

(Wang et al., 2022); EFs is the carbon emission factor of standard

coal, which is 2.493 kgCO2/kg (Wang et al., 2022).

2.5 Statistical analysis

SPSS 22 (SPSS Inc., Chicago, IL, United States) was used to

conduct statistical analyses. The normality of distribution and

homogeneity of variance were tested before performing ANOVA.

Significant differences between the treatments were analyzed using

ANOVA and Duncan’s multiple range tests. Significance was

accepted at p < 0.05. For the principal component analysis

(PCA), Bray-Curtis dissimilarities were calculated using the vegan

package (v.2.5.4) in R (v.3.6.3). Barplot was generated using the

ggplot2 package (v.3.3.3).

3 Results

3.1 Growth of H. chrysanthus

We measured the basal diameters, diameters at breast height,

heights, and crown widths of the H. chrysanthus trees before and

after the experiment and then calculated the amounts by which the

four measurements had increased. The results are shown in Table 3.

After a year, the basal diameters and diameters at breast height had

increased by only 2.13 and 1.43 cm, respectively, for the trees in the

control (CK), but 3.06 and 2.61 cm for the trees in the AM

treatment, 3.26 and 2.83 cm for the trees in the PM treatment.

The basal diameters and diameters at breast height for the trees in

the three treatments were significantly different (n = 24, p = 0.05).

The crown widths and tree heights were also higher for the trees

treated with MSS than for the CK trees but the differences were not

significant (n= 24, p = 0.05).We concluded that the IAT and sewage

plant treatment had a favorable effect on H. chrysanthus growth.

3.2 Effects on the sludge treatment plants

3.2.1 Optimal sludge treatment plants harvest
times and yields

The sludge treatment plants needed to be harvested regularly

to maximize MSS utilization. The planting times that gave the

highest plant yields were identified by harvesting and weighing

the sludge treatment plants at different times. TheA.macrorrhiza
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and P. hybridum plants were harvested and weighed in months 1,

2, 3, and 6. The yields in months 1, 2, 3, and 6 were converted into

annual yields by multiplying the yields by factors of 12, 6, 4, and

2, respectively, to allow the yields to be compared. P. hybridum

harvested in month three gave the highest annual yield (100 ±

25 t/ha). A. macrorrhiza harvested in month 6 gave the highest

annual yield (9.0 ± 1.4 t/ha). The annual yields at the same

harvesting times were significantly higher for P. hybridum than

A. macrorrhiza (n = 4, p = 0.05). For example, the annual yield

was 18.5 times higher for P. hybridum than A. macrorrhiza when

the plants were harvested in month 3 (Supplementary Figure.S2).

This indicated that more biomass could be harvested if P.

hybridum was planted than if A. macrorrhiza was planted in

the MSS.

3.2.2 Nutrient extraction by the sludge treatment
plants

The measured K, N, and p contents (dry weight) of the P.

hybridum biomass were 27.12 ± 7.15, 15.11 ± 3.67, and 5.56 ±

1.42 g/kg, respectively, and the K, N, and p contents of the A.

macrorrhiza biomass were 45.40 ± 10.37, 27.84 ± 1.77, and 5.31 ±

0.07 g/kg, respectively. Under the optimal harvest time as previously

mentioned (annual yield 100 and 9.0 t/ha respectively for P.

hybridum and A. macrorrhiza), the P. hybridum plants extracted

annually 2712, 1511, and 556 kg/ha of K, N, and p, respectively, from

the MSS. The A. macrorrhiza plants extracted 408.6, 250.6, and

47.8 kg/ha of K, N, and p, respectively. More than 6.6, 6.0 and

11.6 times of K, N, and p were extracted when P. hybridum was

planted than whenA.macrorrhizawas planted in theMSS, meaning

P. hybridum is more suitable than A. macrorrhiza for use as a sludge

treatment plant to recycle the MSS nutrients into animal feed or

organic fertilizer.

3.2.3 Heavy metal contents of the sludge
treatment plants

Both A. macrorrhiza and P. hybridum are inedible by

humans, so the risks posed to humans by directly planting A.

macrorrhiza and P. hybridum in MSS are relatively low.

However, we determined the heavy metal contents (dry

weight) of the A. macrorrhiza and P. hybridum plants to

evaluate possible subsequent uses of the sludge treatment

plant biomass. The Cd, Cu, Pb, and Zn contents of the P.

hybridum dry biomass were 0.082 ± 0.015, 5.88 ± 0.11, 0.50 ±

0.02, and 38.21 ± 2.22 mg/kg, respectively. The Cd, Cu, Pb, and

Zn contents of the A. macrorrhiza dry biomass were 0.568 ±

0.121, 9.26 ± 0.90, 2.32 ± 0.97, and 196.53 ± 4.76 mg/kg,

respectively. The Cd, Cu, Pb, and Zn contents were lower for

A. macrorrhiza than P. hybridum. The Cd and Pb contents of the

P. hybridum andA.macrorrhiza biomass were below the relevant

limits for organic fertilizers (Cd ≤ 3 mg/kg, Pb ≤ 50 mg/kg;

standard NY 525–2021, Chinese Ministry of Agriculture) and

feed (Cd ≤ 1 mg/kg, Pb ≤ 10 mg/kg; standard GB 13078–2017).

This indicated that the sludge treatment plant biomass produced

on the MSS was safe, in terms of the Cd and Pb contents, for use

as animal feed or as raw material for producing organic fertilizer.

3.3 Effects on the soil

3.3.1 Effects on the soil pH and heavy metal
contents

After 1 year of the comprehensive treatment, there were no

significant differences in the soil pH and the Cd, Cu, Pb, and Zn

contents of the soil for the three treatments (n = 3, p = 0.05,

Table 4). The Cd, Cu, Pb, and Zn contents of the soil in the AM

TABLE 3 Changes in growth indicators of H. chrysanthus.

Treatment Basal diameter (cm) Diameters at breast
height (cm)

Crown width (m) Height (m)

Before treatment

a CK b 9.80 ± 0.64 7.05 ± 0.50 2.86 ± 0.18 4.87 ± 0.02

AM 9.56 ± 0.75 6.81 ± 0.38 2.82 ± 0.16 4.81 ± 0.16

PM 9.44 ± 0.82 6.72 ± 0.51 2.90 ± 0.15 4.75 ± 0.16

After treatment

CK 12.15 ± 0.84 8.41 ± 0.64 4.21 ± 0.43 6.26 ± 0.23

AM 12.53 ± 1.18 9.42 ± 0.59 4.25 ± 0.47 6.11 ± 0.40

PM 12.61 ± 1.24 9.47 ± 0.89 4.58 ± 0.12 5.97 ± 0.25

Increases in various indicators

CK 2.13 ± 0.61a 1.43 ± 0.64a 0.69 ± 0.46a 0.76 ± 0.32a

AM 3.06 ± 0.90b 2.61 ± 0.74b 0.95 ± 0.74a 1.16 ± 1.17a

PM 3.26 ± 0.87b 2.83 ± 0.91b 0.76 ± 0.69a 0.88 ± 0.48a

aCK: Control without MSS, addition, AM: added MSS, with A. macrorrhiza planting, PM: added MSS, with P. hybridum planting.
bData are mean ± standard deviation, different lowercase letters indicate that the difference was significant between the treatments according to Duncan’s multiple range test (p = 0.05,

n = 24).
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and PM treatment areas were all below the relevant Chinese soil

environmental quality standard limits (GB 15618–2018). As

shown in Figure 2A, principal component analysis indicated

that there were no differences between the results for the CK,

AM, and PM treatments after 1 year, indicating that the IAT and

sludge treatment by plants posed little risk of soil pollution.

The assessment of the potential ecological risk of the soil also

indicated that the comprehensive treatment poses little risk of

soil contamination. According to Eqs 1, 2, ECd, ECu, EPb, and EZn
for the AM treatment were 14.14, 4.69, 5.70, and 1.27,

respectively, and the RI was 25.80; ECd, ECu, EPb, and EZn for

the PM treatment were 16.50, 5.26, 6.00, and 1.37, respectively,

and the RI was 29.13. Comparing the corrected grading criteria

(Table 2), it can be found that the potential ecological risk to the

soil for both treatments is the lowest grade.

3.3.2 Effects on soil nutrients
In the year in which the comprehensive treatment was

applied, H. chrysanthus grew well while the N and p contents

of the soil also increased significantly in the PM treatment areas

than in the CK area, as shown in Table 4. However, the K content

did not follow the same trend because the K content was lower for

the MSS than the soil (Table 1). The principal component

analysis indicated that, in general, the K, N, OM, and p

contents of the soil after the experiment were different for the

three treatments (Figure 2B) indicating that different amounts of

TABLE 4 Characteristics of soils and municipal sewage sludge (MSS) after planting.

Soil pH c OM g/kg Cd g/kg Cu g/kg Pb g/kg Zn g/kg N g/kg P g/kg K g/kg

a CK b 6.13 ± 0.10a 20.63 ± 2.33a 0.053 ± 0.001a 11.46 ± 1.88a 56.00 ± 1.48 a 75.13 ± 1.76a 1.00 ± 0.06a 0.94 ± 0.05a 15.41 ± 1.77a

AM 6.21 ± 0.53a 25.25 ± 4.47a 0.066 ± 0.007a 12.75 ± 1.06a 48.89 ± 5.60 a 73.75 ± 7.47a 1.30 ± 0.21 ab 1.00 ± 0.05b 12.40 ± 3.42a

PM 5.91 ± 0.33a 29.03 ± 5.11a 0.077 ± 0.021a 14.30 ± 1.18a 51.51 ± 3.46 a 79.56 ± 1.08a 1.56 ± 0.28b 1.61 ± 0.13b 15.25 ± 0.24a

d Standards - - ≤0.3 ≤50 ≤90 ≤200 - - -

MSS N + P2O5+K2O
c FC c GI

Raw sludge 6.82 ± 0.11a 438.83 ± 18.29a 0.841 ± 0.075a 120.5 ± 2.2a 44.72 ± 6.82a 389.9 ± 61.8a 114.25 ± 2.51a 0.03 ± 0.01a 0.08 ± 0.09a

AM 5.40 ± 1.29 ab 415.34 ± 32.55a 0.854 ± 0.056a 140.6 ± 15.1a 67.20 ± 11.29b 570.0 ± 95.3a 94.24 ± 12.01b 0.03 ± 0.00a 0.87 ± 0.16b

PM 4.77 ± 0.39b 395.22 ± 20.97a 0.794 ± 0.050a 136.3 ± 20.6a 65.84 ± 5.90b 549.0 ± 184.1a 94.16 ± 4.28b 0.11 ± 0.05b 0.77 ± 0.24b

d Standards 6.5–8.5 ≥250 ≤5 ≤800 ≤300 ≤2000 ≥30 ≥0.01 ≥0.70

aCK: control without sludge addition, AM: added sludge with Alocasia macrorrhiza planting, PM: added sludge with Pennisetum hybridum planting.
bData are mean ± standard deviation, different letters indicate that the difference was significant between the treatments according to Duncan’s multiple range test (p = 0.05).
cOM, is organic matter content; FC, is fecal coliform value (g/MPN, in fresh weight basis); GI, is germination index of Chinese cabbage seeds.
dThe soil standard is Soil Environmental Quality Standard of China (GB, 15618–2018); the MSS, standard is Quality of Sludge Used in Gardens or Parks of China (GB/T 2348–2009).

FIGURE 2
The effect of comprehensive treatment on soil, where: (A) shows the principal component analysis of heavy metals (Cd, Cu, Pb, Zn) in soil after
the experiment; (B) shows the principal component analysis of soil nutrients (N, P, OM, K) after the experiment.
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nutrients were leached from theMSS into the soils of the different

treatments.

3.4 Changes in MSS properties

3.4.1 Decreases in MSS mass
Each H. chrysanthus plant was treated with 1000 kg of MSS.

After 1 year, the total remaining MSS masses for the AM and PM

treatments were determined and the decreases in the MSS masses

were calculated. TheMSSmasses in the AM and PM treatments had

decreased by 84.42% and 85.37%, respectively, at the end of the year.

The IAT and sludge treatment plants treatment transformed the

fresh MSS into a soil-like substrate (Supplementary Figure.S3) that

still had nutrient value, as shown in Table 4, and could be

conveniently transported for further use.

3.4.2 Changes in the MSS pH and heavy metal
contents

The pH of the MSS I decreased markedly after it had been

applied, as shown in Table 4. The change in pH would have been

affected by various factors, including precipitation and OM

mineralization and nitrification. Plant root exudates could also

have changed the MSS pH (Xu and Coventry, 2003). The heavy

metal contents of theMSS increased during the experiment, as shown

inTable 4. Therewere nomarked differences between the heavymetal

contents of the MSS in the AM and PM treatments. A. macrorrhiza

and P. hybridum could have absorbed heavymetals and decreased the

heavy metal contents of the MSS. However, A. macrorrhiza and P.

hybridum are not hyperaccumulators, so they would not have

absorbed very large amounts of heavy metals. Decomposition of

OM and leaching of nutrients would have decreased the MSS mass

and would have increased the heavy metal contents of the MSS.

However, the Cd, Cu, Pb, and Zn contents of the MSS after the plant

treatments were lower than the legal limits for MSS to be used in

gardens or parks in China (GB/T 2348–2009).

3.4.3 Nutrient and hygiene indicators
Using the recovered MSS as a substrate for growing seedlings

required the nutrient and sanitary indicators of the MSS to be

assessed. The OM content of the MSS in the AM and PM

treatments after 1 year of indirect MSS utilization and plant

treatment was ~400 g/kg (i.e., >250 g/kg; Table 4). The total

nutrient (N + P2O5+K2O) content of the treated MSS was

~94 g/kg (i.e., >30 g/kg). There were no significant differences

between the OM and total nutrient contents of the AM- and PM-

treated MSS. The nutrient contents of the AM- and PM-treated

MSS met the requirements for using the treated MSS in

landscaping applications.

The seed germination index (GI) was used to indicate the

toxicity of the MSS to plants. The AM and PM treatments

strongly improved the GI. The GIs for the AM and PM

treatments were 0.87 ± 0.16 and 0.77 ± 0.24, respectively,

whereas the GI of the raw MSS was 0.08 ± 0.09, as shown in

Table 4. The GIs for the AM- and PM-treated MSS met the

requirements for the MSS to be used in gardens or parks in China

(GB/T 2348–2009).

The fecal coliform bacteria value (FC) is the minimum sample

size required to allow coliforms to be detected. The larger the FC the

cleaner theMSS. The Chinese “Quality of SludgeUsed inGardens or

Parks” standard (GB/T 2348–2009) stipulates that the FC for MSS

must be ≥ 0.01 (equivalent to <100 MPN/g). The FCs for the AM-

and PM-treated MSS after 1 year were 0.03 ± 0.00 and 0.11 ± 0.05,

respectively. The FC for the PM-treated MSS was significantly

different from the FCs for the AM-treated and untreated MSS

(n = 3, p = 0.05). This indicated that the PM treatment markedly

improved the sanitary level of the MSS.

3.5 Harmful substances in the MSS
leachate

It can be seen from Table 1 that the FC for MSS II was above

the relevant limit of 0.01 in standard GB/T 2348–2009 and

reached 0.0005 ± 0.0003 (equivalent to 2.0×103 MPN/g).

However, as shown in Table 5, the fecal coliform

concentration in the first leachate was only 160 MPN/L. The

fecal coliform concentration limit specified in the Chinese

standard for irrigation water (GB 5084–2021) is 4.0×104

MPN/L. This indicated that microorganisms were retained

well by the MSS in the mesh package because the fecal

coliform concentration was expected to be higher for the first

MSS leachate than for later MSS leachates.

The Cu content of the MSS II, 3602 ± 100 mg/kg (Table 1),

was higher than the limit specified in Chinese standard GB/T

2348–2009. The Cu concentration in the leachate caused by

rainfall was only 0.584 ± 0.285 mg/L (Table 5), which was

lower than the Chinese limit of 1 mg/L for irrigation water

(standard GB 5084–2021). The Cd, Pb, and Zn concentrations

in the leachates were very low. Similar results were found in a

previous study. Xu et al. (2015) performed multiple leaching tests

lasting up to 9 months (n = 30) using polluted MSS with a Cd

content of 4.92 ± 0.09 mg/kg. They found low Cd concentrations

of between 0 and 0.00156 mg/L in the leachate.

3.6 Subsequent MSS utilization

3.6.1 Growth of J. sambac planted in treatedMSS
The MSS that had been used to grow A. macrorrhiza and P.

hybridum in experiment one (see section 2.1) was used to grow

J. sambac plants. The J. sambac plants grown in the AM- and PM-

treatedMSS survived well, the survival rates all being 100% (n = 10).

The J. sambac seedlings were ~15 cm tall at the beginning of the

experiment. Three months after being planted, the J. sambac plants

grown in the AM- and PM-treated MSS were >70 cm tall (70.11 ±
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4.58 and 75.35 ± 13.11 cm, respectively) and the plants grown in soil

were only ~50 cm tall (49.33 ± 6.66 cm). The J. sambac plants grown

in the AM- and PM-treated MSS were significantly taller than the

J. sambac plants grown in soil (n = 10, p = 0.05).

3.6.2 Growth of H. chrysanthus seedlings
fertilized with treated MSS

The heights of the H. chrysanthus plants from the three

treatments are shown in Figure 3. The seedling heights were

significantly different for the different treatments in month 4 (n =

4, p = 0.05). The plants from the chemical fertilizer treatment and

PM (i.e., P. hybridum treated MSS) treatment were significantly

taller than the plants from the CK treatment, but the plants from

the chemical fertilizer and PM treatments were not significantly

different (n = 4, p = 0.05). The PM-treatedMSS performed as well

as or better than the chemical fertilizer treatment, indicating that

P. hybridum treated MSS provided a good degree of fertilization.

3.7 Carbon emission

The net GHGE is estimated for 1 t fresh MSS. The properties

of MSS were referred to MSS I (87.98% water content, 43.56%

organic matter, and 4.26% total nitrogen), and theMSS reduction

was 85% for the comprehensive recycling and 63% was taken for

the composting treatment (Liu et al., 2014). Only the carbon

emissions in the treatment processing are considered, excluding

the carbon emissions generated during the sludge concentration

and dewatering in sewage treatment plant and the subsequent

utilization/ application of sludge products.

The emissions of CH4 from aerobic composting treatment can

be taken as 0.2 kg/t (Wang et al., 2022), and are negligible in the

comprehensive treatment due to the small volume of MSS in each

planting unit. The emission of N2O during aerobic composting was

taken as 0.043 kg/t (Liu et al., 2014). The denitrification of the

comprehensive treatment is weak, and the production of N2O

should not exceed that of the composting treatment. The value

taken is consistent with that of composting, 0.043 kg/t. Therefore,

according to the calculation of Eq. (3), the direct carbon emission

from composting treatment is 17.81 kg CO2e, and the

comprehensive treatment is 12.81 kg CO2e.

The garden forestry site of the comprehensive treatment is

usually farer than that of composting site, so the transport

distance for the comprehensive treatment is taken as 50 km,

while the composting treatment is taken as 30 km. The

composting process consumes electrical energy with a

TABLE 5 Main properties of municipal sewage sludge leachate of the first collections.

Index pH a FC a COD (mg/L) N (mg/L) p
(mg/L)

Cd (mg/L) Cu (mg/L) Pb (mg/L) Zn (mg/L)

Rainwater 5.26 ± 0.09 0 ± 0 0 ± 0 0.11 ± 0.19 0.20 ± 0.05 0.0001 ± 0 0.0168 ± 0.001 0.0029 ± 0.0009 0.028 ± 0.018

Leachate 6.59 ± 0.17 160 ± 157 19.3 ± 4.7 16.86 ± 6.12 7.73 ± 1.98 0.0002 ± 0 0.5840 ± 0.285 0.0023 ± 0.0005 0.060 ± 0.017

b Standard 5.5–8.5 ≤40,000 ≤200 - - ≤0.01 ≤1 ≤0.2 ≤2

aFC, is fecal coliform number (MPN/L); COD, is chemical oxygen demand; Data values represent the mean ± standard deviation (n = 3).
bThe standard is Agricultural Irrigation Water Standard of China (GB, 5084–2021).

FIGURE 3
Plant heights of H. chrysanthus seedlings grown in soil with or without sludge addition (CK: the seedlings were grown in soil; CF: the seedlings
were grown in soil with chemical fertilizers; PM: the seedlings were grown in soil amended by an equal mass of P. hybridum phyto-treated sludge.
Different letters indicate that the difference was significant in the height between the treatments according to Duncan’s multiple range test
(n = 4, p = 0.05)).
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consumption of about 10.06 kWh/t (Liu et al., 2014), while the

comprehensive treatment has no electrical energy consumption.

Therefore, the indirect carbon emission of composting treatment

is 9.67 kg CO2e and the comprehensive treatment is 2.63 kg

CO2e, calculated according to Eq. (4).

According to the reduction rate of MSS after treatment, the

sludge mass after composting is 370 kg, and the comprehensive

recycling is 150 kg. The loss rate of N in composting treatment is

about 40% (Wang et al., 2019), then the N content of composting

treatment is calculated as 2.56%, and the comprehensively treated

MSS is measured as 2.60%. In addition, the comprehensive recycling

is capable of producing plant products, for example, 1 t fresh MSS

can produce about 16 kg of dry matter in the case of P. hybridum.

Therefore, according to the calculation of Eqs 5, 6, the carbon

reduction of composting treatment is -19.33 kg CO2e and the

comprehensive recycling is -31.22 kg CO2e.

As a result, the carbon emissions of the two treatments are

shown in Figure 4. The net GHGE from the composting

treatment was 8.15 kg CO2e and the comprehensive recycling

was -15.79 kg CO2e. This means that the comprehensive

recycling of MSS is carbon-negative and contributes to the

reduction of carbon emission.

4 Discussion

Comparison between the comprehensive recycling and the

conventional land application in environmental benefits.

The comprehensive recycling could fully utilize the nutrients in

fresh MSS. A water-permeable material was used to separate the

MSS from the soil. Nutrients could be leached from the MSS for use

by theH. chrysanthus trees but heavymetals weremainly retained by

the MSS. The method effectively decreased the amounts of heavy

metals that were released from the MSS into the soil (Lin et al.,

2021b). In addition, both A. macrorrhiza and P. hybridum could

strongly grow on theMSS, so these species could be used to treat the

MSS and therefore offer economic benefits. The conventional

method for utilizing MSS on land is the application of

composted MSS. Organic pollutants in MSS can be decomposed

during the composting process (Zhang et al., 2019) and the bio-

availabilities of heavy metals can decrease (Chen et al., 2019).

However, composting cannot fundamentally solve the problems

caused by heavy metals in MSS. Applying MSS compost can still

cause heavy metals to accumulate in soil and plants (Papafilippaki

et al., 2015). Repeated applications of MSS compost to soil can

markedly increase the amounts of heavy metals leached from the

MSS-treated soil and pose the risk of underground water becoming

polluted (Fang et al., 2017). The comprehensive treatment could

decrease the amounts of heavy metals released into the soil. Our

results indicated that the heavy metal contents of the soil did not

increase markedly when large amounts of MSS were utilized by

comprehensive treatment, as shown in Figure 2A and Table 4.

China has currently proposed two goals of carbon peaking

and carbon neutrality, which set a higher standard for how

MSS should be treated. The carbon emissions of composting

treatment and the comprehensive recycling were also

calculated. The emission of N2O of the comprehensive

treatment was set to equal to aerobic composting and the

emissions of CH4 was omitted, due to the lack of available

data. Wang et al. (2022) calculated net carbon emissions from

different treatment processes for MSS (40–50% OM) and

found that composting treatment had lower net carbon

emissions than landfills, incineration, pyrolysis, and

anaerobic digestion. This study shows that the net carbon

emissions of the comprehensive recycling are even lower than

those of composting (Figure 4). The comprehensive recycling

achieves carbon reduction and is conducive to achieving the

dual carbon goals.

In addition, the comprehensive treatment also facilitated the

fixation of CO2 by H. chrysanthus. The carbon stock was estimated

to be 50% of the total biomass (IPCC 2005) which consist of above

ground biomass (AGB) and below ground biomass (BGB). The

BGB was estimated from AGB using a root-shoot ratio of 0.26 and

the AGB of the trees can be estimated as Khadanga and Jayakumar

(2020) proposed. The formula is as follows:

AGB (kg) � ρ × exp ( − 0.667 + 1.784 × lnD + 0.207 × (lnD)2
− 0.0281 × (lnD)3) (7)

where ρ is the wood specific gravity, 1.096 g/cm3 (Castellanos and

Ramón, 2018), ln is the natural logarithm, and D is the diameter

at breast height, cm.

According to Table 3, the diameter at breast height was from

7.05 ± 0.50 cm to 8.41 ± 0.64 cm for the CK treatment, andwas from

FIGURE 4
Comparison of the carbon emissions of a composting
treatment and the comprehensive treatment.
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6.72 ± 0.51 cm to 9.47 ± 0.89 cm for the PM treatment. Therefore,

according to Eq. (7), the increased biomass of one H. chrysanthus

tree in the CK treatment can be estimated as 20.41 kg and the PM

treatment can be estimated as 43.89 kg. The biomass of each H.

chrysanthus tree in the PM treatment increased by 23.48 kg over the

CK treatment. The planting density of the PM treatment is

800 plants/ha, which means an additional 18.78 t of biomass and

9.39 t of carbon sequestration per hectare of land can be obtained.

The comprehensive recycling achieves more carbon fixation, which

likewise contributes to the dual carbon goal.

Comparison between the comprehensive recycling and the

conventional land application in economic benefits.

The proposed comprehensive recycling does not require a

large investment but does require a large area of garden forestry

lands (including fruit forestry). However, the garden forestry

lands do not affect its productivity by additional sludge phyto-

treatment, the garden trees even grow better than the control as

shown in this study. In addition, the comprehensive recycling can

produce economic benefits in a number of ways: 1) Nutrients for

garden plants are provided, meaning smaller amounts of mineral

fertilizers need to be purchased; 2) The system markedly

improves the nutrient contents of the soil under the indirect

application device and improves the soil; 3) Sludge treatment

plants growing in the MSS can be used as organic fertilizer or

animal feed or plant fuel even for papermaking; 4) After the

utilization process is complete, the MSS is fully mature and can

be used as organic fertilizer or substrate for garden plants; 5)

Carbon emission reductions from MSS treatment can be traded

in the carbon trading market.

The main methods to dispose MSS are land application,

incineration, disposal in sanitary landfills and making building

materials, which accounted for 29.3%, 26.7%, 20.1%, and 15.9%,

respectively, of the total amount of MSS disposed of in China in

2019 (Wei L. et al., 2020). The comprehensive recycling used in

this study is in the ‘land application’ category. The ultimate goal

of any land application system is to make use of the nutrients in

MSS, it means less expenditure on chemical fertilizers and more

economic value generation. Gouin (1985) reported that

composted sewage sludge could replace a complete fertilizer to

get comparable growing of Chrysanthemums. The

comprehensive recycling reuses directly and comprehensively

the nutrients in freshMSS, and is suitable in gardening developed

areas such as Guangdong Province of China.

5 Conclusion

The main conclusions are drawn as follows:

(1) The comprehensive recycling increased the growth of H.

chrysanthus.Good levels of biomass production and nutrient

extraction were achieved when P. hybridum was planted in

fresh sludge and harvested in month 3.

(2) The heavy metal contents of the soil did not markedly

increase during the experiments but the N, OM, and P

contents increased markedly, the comprehensive recycling

has little impact on potential ecological risk to the soil.

(3) The MSS became mature by the end of the process and was

suitable for use as a substrate for cultivating flower

seedlings.

(4) Even fresh MSS that exceeded the relevant standards gave

leachate with fecal coliform and Cu concentrations that met

the standards for irrigation water.

(5) The comprehensive recycling, which has lower carbon

emissions than composting, is carbon-negative and

suitable in gardening developed areas.
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Characteristics of denitrification
and anammox in the sediment of
an aquaculture pond

Xingguo Liu1,2*, Meiyun Gao3, Jie Wang1,2, Zhaojun Gu1,2 and
Guo-feng Cheng1,2

1Fishery Machinery and Instrument Research Institute, Chinese Academy of Fisheries Sciences,
Shanghai, China, 2Key Laboratory of Aquaculture Facilities Engineering, Ministry of Agriculture and
Rural Affairs, Shanghai, China, 3Shanghai Ocean University, Shanghai, China

Denitrification and anaerobic ammonium oxidation (anammox) are the key

processes of nitrogen removal in aquaculture pond sediment. However, the

reaction characteristics remain unclear. In this study, considering the sediment

of conventional freshwater fishponds as the object, we set the optimal

conditions of organic carbon, temperature, and total nitrates for

denitrification and anammox. We found that the abundance and diversity of

denitrifying bacteria and anammox bacteria in the two groups were significantly

different. Candidatus brocadia is the most important bacteria in aquaculture

pond sediments. The removal efficiencies of nitrite (NO2
−-N), nitrate (NO3

−-N),

ammonia nitrogen (NH4
+-N), and total organic carbon (TOC) in the anammox

optimal conditions group were 97.99%, 93.05%, 54.92%, and 58.82%,

respectively; however, those in the denitrification optimal conditions group

were 99.82%, 86.10%, 45.74%, and 70.76%, respectively. Comparing each

optimal condition, the removal efficiency of NO2
−-N and TOC in the

denitrification optimal condition groups was higher, whereas those of NO3
−-

N and NH4
+-N were higher in the anammox optimal condition groups. We

provide a reference for resolving nitrogen pollution in aquaculture pond

sediments.

KEYWORDS

Anammox, denitrification, sediment, pond aquaculture, regulation effect

1 Highlights

1) Denitrification and anammox in pond aquaculture are mainly regulated by organic

carbon content, temperature, and nitrite.

2) Denitrification has higher removal efficiency of NO2--N and TOC, and anammox has a

higher removal efficiency of NO3--N and NH4+-N.

3) In the optimal conditions for denitrification and anammox, denitrification has higher

nitrogen removal efficiency, but the role of anammox cannot be ignored.

4) Candidatus brocadia is the most important bacteria for nitrogen regulation in

aquaculture ponds.
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2 Introduction

Nitrogen pollution is the main cause of water quality

deterioration in pond aquaculture. The sediment includes

pollutants collected from the area of pond aquaculture.

Nitrogen cycling in polluted water sediments includes

ammoniation, nitrification, denitrification (Table, 1984;

Sauthier et al., 1998), and anaerobic ammonium oxidation

(anammox) (Van de Graaf et al., 1996). Denitrification and

anammox are two transformation pathways which

permanently remove fixed nitrogen from the system by

converting it to gaseous nitrogen (N) (Castine 2013). Since

the nitrogen conversion processes require various

microorganisms, the conditions for denitrification and

anammox are highly specific. Biological nitrogen removal

processes that have been identified to date include

denitrification, anammox, and denitrification-dependent

anaerobic methane oxidation (Damo) (Hinrichs et al., 1999).

Except for a few denitrifying bacteria that can denitrify the

sediment in an aerobic environment, almost all denitrification

processes are carried out in low oxygen or anaerobic

environments; anaerobic ammonia oxidation and denitrifying

anaerobic methane oxidation especially can be performed only at

oxygen concentrations of <2 μM. The three denitrification

processes are collectively referred to as biological anaerobic

denitrification (Thamdrup 2012). Denitrifying microorganisms

widely exist in marine, river, soil, wetland, and other ecosystems

and have a high taxonomic diversity (Tiedje 1988). Ten different

families of bacteria, fungi, and archaea exhibit denitrifying

properties (Verbaendert et al., 2011). Many studies of

denitrification have been reported to date, but they mainly

focus on environments such as oceans and wetlands. In recent

years, with the increased aquaculture environmental pollution,

research on denitrification and anammox in aquaculture

environments has gradually increased and become a research

hotspot.

Pond aquaculture undeniably offers coniderable potential for

food production worldwide. In China, 48.79% aquatical

production is from pond aquaculture (FAMA, 2022).

However, with the continuous pursuit of high yield, a large

number of feeds and fertilizers are used in aquaculture, which

leads to the accumulation of organic matter in pond aquaculture

sediment and the production of a large amounts of nitrites,

ammonia, and other substances, causing a deterioration of water

quality and endangering aquaculture animals (Sun et al., 2017;

Wei 2017). Sediment is the main sink of eutrophication-related

nutrients in pond aquaculture. It results from the sedimentation

of particulate matter. In the soil layer below 15 cm, with the

increase in the depth of the soil layer, the total phosphorus (TP)

content increases, whereas the total nitrogen (TN) shows a

downward trend. Organic matter is mainly concentrated at

5–10 cm, and nitrogen-containing organic matter is the main

pollutant in the pond sediment (Liu 2011). In ponds with

intensive production of staple carp, sludge deposition is

~10–12 cm per year (Zhang 1989). In grass carp aquaculture

ponds, the mud (air-dried sample) generally contains 3% organic

matter, ~0.01–0.1% available nitrogen, 0.2% of TN, 0.2% of TP,

and ~0.7–1% of potassium (Yao 2010). A study showed that the

sediment comprises ~14–53% of N and ~39–67% of P from feed

(Christopher et al., 2003). The organic matter produced by

aquaculture is deposited on the pond bottom, and during

denitrification, NO3
−-N is reduced to nitrogen (N2) and

NH4
+-N. Generally, the lack of oxygen in the sediment is

favorable for denitrification and inhibits nitrification, resulting

in the accumulation of more NH4
+-N in the sediment (Yue &

Huang 2003). Under the activity of bacteria, excessive NH4+-N,

NO2--N, methane (CH4), H2S, and other toxic substances, which

are harmful to fish, are produced, affecting the safety of

aquaculture (Boyd 1995). Nitrogen cycling in pond sediments

is a complex process, and the reaction efficiency greatly varies.

Guo et al. (2011) found that the denitrification rate of Grasscarp

culture sediment ranges from 0 to 734.15 μmol/(m2. d), with an

ammoniation rate 0–41.25 mmol/(m2. d) (Guo et al., 2011). The

anammox process contributed 1.2%–15.3% to sediment

dinitrogen gas production (Shen et al., 2016).

Nitrogen regulation is an important method to maintain a

good water environment for pond aquaculture. For example,

Wang et al. (2013) found that the aquaculture environment and

season have a significant impact on the structure of anammox

bacteria in the sediment of ponds (Wang et al., 2013). Gao et al.

(2018) found that organic carbon can inhibit anammox bacteria

in the sediment of ponds and promote denitrifying bacteria. A

temperature of 25–35°C is conducive for denitrification and

anammox (Gao et al., 2018). Liao and Wu found that there

was a synergistic association between ammonia-oxidizing

bacteria and anammox bacteria in the surface sediments of

ponds (Liao and Wu, 2013). Nowadays, denitrification has has

become a key research topic in the field of water treatment (Shi Y

et al., 2022; Shitu A et al., 2022). Numerous studies have shown

that organic carbon, temperature, and nitrite are the basic

conditions for controlling denitrification and anammox.

However, denitrification and anammox have different

requirements for organic carbon, temperature, and nitrite. The

same organic carbon, temperature, and nitrate conditions cannot

meet the needs of denitrification as well as those of anammox (Yu

et al., 2016). Under low concentrations of organic carbon,

anammox bacteria and denitrifying bacteria can cooperate to

remove nitrogen, and excess organic carbon inhibits the activity

of anammox bacteria (Liu et al., 2014). Because nitrite controls

denitrification and anammox, a higher denitrification effect in

the water environment is observed only within a specific

concentration range of nitrate. Beyond this concentration

range, denitrifying bacteria are inhibited, thereby reducing the

denitrification effect (Li et al., 2013). The bacteria in the

anammox process are autotrophic, absorbing and fixing CO2

as a carbon source (Mulder et al., 1995). All studies show that it is
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difficult to synchronize denitrification and anammox in aquatic

environments. Thus, controlling the synchronous reaction of

denitrification and anammox is a research challenge.

In this study, we used gene cloning libraries, real-time

fluorescence quantitative PCR, and diversity analysis to reveal

the characteristics of denitrification and anammox in pond

sediments. We hope that our study will provide a theoretical

basis for the regulation of nitrogen in sediment and suggest an

important way to alleviate nitrogen pollution in aquaculture

ponds and improve aquaculture efficiency.

3 Materials and methods

3.1 Sediment collection and processing

The pond sediment was taken from Maogang aquaculture

farms (N30°57′1.89″, E 121°08′52.21″), Shanghai, China. The
pond aquaculture species were Ctenopharyngodon Idella

(Grass carp), Malobrama amblycephala (Bream),

Hypophthalmichthys molitrix (Silver carp), and Aristichys

Nobilis (Bighead carp). The maximum culturing density

was 0.82 kgm−3. We collected 0–10 cm surface sediment

using a Peterson mud collector, immediately placed the

samples in sterile plastic bags after collection, removed air,

and transported the samples to the laboratory to be stored in

cold storage.

3.2 Experimental equipment and methods

According to the effects of organic carbon, temperature,

and nitrite on denitrification and anammox in ponds (Gao

et al., 2018), we set up two experimental groups: a

denitrification group and an anammox group. Each group

consists of three 500-ml triangular flasks. Before the

experiment, 100 g of sediment was dried under natural

conditions, and 500 ml of purified water was inoculated in

each triangular flask of the two groups; in this process, only

water was added not inoculated (Van de Graaf et al., 1996).

The optimal reaction conditions of the denitrification group

were set as 28°C, 150 mg/L NaNO2, and 150 mg/L starch. In

the anammox group, the optimal conditions were set as 34°C

and 300 mg/L NaNO2. Thereafter, each bottle was purged with

N2 for 10 min to eliminate the influence of O2 on

denitrification and anammox reactions. To control the

temperature and other conditions, we put the two groups

of experimental triangular flasks in different intelligent

artificial climate incubators (RHQ-1000).

According to Chen et al. (2009) and Yang et al. (2012), we

set the experimental period as 20 days. After the start of the

experiment, three water samples were repeatedly collected in

the triangular flasks once a day to measure the physical and

chemical indicators. When the nitrite (NO2
−-N) in the

denitrification and anammox groups was less than 0.1 mg/

L, we added 150 mg/L NaNO2 to the denitrification groups

and 300 mg/L NaNO2 to the anammox groups. Two grams of

the sediment were collected every 5 days and used to detect

physical and chemical indicators and flora. For each

experimental system, we collected four types of sediment.

3.3 Physical and chemical indices of water
determination

NO3
−-N levels were determined using ultraviolet

spectrophotometry, NO2
−-N levels were determined using

N-(1-Naphthyl) ethylenediamine spectrophotometry, and

NH4
+-N levels were determined using Nessler’s reagent

(SEPA and AQSIQ, 2002). TOC was analyzed using the

Multi N/C2100 system, with the measurement range being

0–30000 ppm and the maximum carbon content of solids

being 150 mg. The spectrophotometer was a Model

721 spectrophotometer produced by Shanghai Precision

Scientific Instruments Co., Ltd.

3.4 DNA extraction and PCR amplification

Total DNA was extracted using the FastDNA spin kit for

soil (Mpbio, United States) from matrix samples (collected

sediments). DNA quality was detected by 1% agarose gel

electrophoresis. A total of 8 samples were obtained and

divided into 2 parts, one for the analysis of flora structure

and diversity, and the other for quantitative analysis.

The nirS gene of denitrifying bacteria and the 16S rRNA gene

of anammox bacteria were amplified by nested PCR. The primer

pair Cd3aF-R3cdR used in the nested denitrification method is

referred to in the reported literature (Lipsewers et al., 2016). The

primer pair Pla46f-630r was used in the first round of anaerobic

ammonia oxidation, and the primer pair Amx368f-Amx820r was

used in the second round. The PCR reaction system includes

Premix Ex Taq 12.5 μl, forward primer 1 μl, reverse primer 1 μl,

formwork 1 μl, and ddH2O 9.5 μl (Zhu et al., 2011).

3.5 Clone library construction and
sequencing

After separating the nested PCR sample by agarose gel

electrophoresis, a specific fragment size was cut from the gel,

purified using the GeneJET Gel Extraction Kit (Thermo),

ligated using a pEASY-T1 cloning kit, and then

transformed into Trans1-T1 competent cells. Transformed

cells carrying the target gene were cultured for 1 h in LB

medium without ampicillin and then inoculated on solid LB
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medium containing ampicillin and the blue spot detection

reagent. After overnight culture of each sample, 20 single

colonies were obtained. Positive clones were detected by

colony PCR, from which 18 were selected, inoculated in

1 ml LB liquid medium with ampicillin, cultured at 37°C

for 10 h, and then, sent to Shanghai Invitrogen Co., Ltd.

for sequencing.

3.6 Real-time PCR and data analysis

The nirS copy numbers in denitrifying bacteria were

quantified in eight samples using the nirS-specific primers,

Cd3aF and R3cdR levels and the 16SrRNA copy numbers in

anammox bacteria were quantified using the specific primers,

AMX-808-F and AMX-1040-R. The PCR conditions have

been described previously (Noredal et al., 2007; Dang et al.,

2009). The PCR reaction volume was 20 μl and included the

following: 1 μl template DNA, 0.8 μl forward and reverse

primers each, 2 × Master mix (Roche) 10 μl, and 7.4 μl ddH2O.

3.7 Colony structure and diversity analysis

The sequence was edited using DNAStar software; the carrier

sequence was removed, and the operational taxonomic units

(OTUs) were determined using Mothur software. Each

representative OTU sequence was selected as an OTU, and

similar sequences were searched and downloaded using the

NCBI-BLAST alignment tool. MEGA5.05 was used to align

similar sequences with representative sequences through

multiple sequence alignments, and a phylogenetic tree was

constructed using the neighbor-joining method. The Shannon

index (Xu et al., 2011), Simpson index, species richness (Chao)

(Cui 2011), and coverage ratio were calculated to analyze

microbial diversity.

3.8 Data processing

The diversity level and water index data were analyzed using

Statistical Product Service Solutions (SPSS 20.0) software.

4 Results

4.1 Abundance of denitrifying bacteria and
anammox bacteria

Through molecular biology experiments, we found that

the total abundances of denitrifying bacteria in denitrification

and anammox groups under optimal conditions for organic

carbon content, temperature, and nitrite were 2.43 × 1011

copies g−1 and 2.04 × 1011 copies g−1, respectively, while the

abundances of anammox bacteria were 6.16 × 108 copies g−1

and 9.49 × 108 copies g−1, respectively.

In the denitrification group, the abundances of denitrifying

bacteria in the four samples were 2.60 × 1010 copies g−1, 5.86 ×

1010 copies g−1, 8.06 × 1010 copies g−1, and 7.78 × 1010 copies g−1,

respectively. In the anammox group, the abundances of

anammox bacteria in the four samples were 1.35 × 108

copies g−1, 2.10 × 108 copies g−1, 4.16 × 108 copies g−1, and

1.88 × 108 copies g−1, respectively. The results showed that the

total abundance of denitrifying bacteria in the denitrification

group was significantly higher than that in the anammox group

(Figure 1A). Similarly, the total abundance of anammox bacteria

in the anammox group was significantly higher than that in the

denitrification group (Figure 1B). Thus, the denitrification group

was positive for denitrifying bacteria while the anammox group

was suitable for anaerobic ammonia-oxidizing bacteria.

4.2 Diversity of denitrifying bacteria

4.2.1 Diversity level of the nirS gene
Using Mothur to analyze the sequence data of denitrifying

bacteria in the denitrification and anammox groups, we found

the clone coverage rate of the nirS gene in the two groups to be

over 95%, indicating that the results of this clone library indeed

represent the diversity level of denitrifying bacteria. The Shannon

index of the denitrifying bacteria in the denitrification group was

higher than that of the denitrifying bacteria in the anammox

group, whereas the Simpson index showed the opposite trend,

indicating that the diversity level of denitrifying bacteria in the

denitrification group was relatively high. The diversity of

denitrifying bacteria in the four sediments of denitrification

and anammox groups did not show an increasing trend with

time (Table 1).

4.2.2 Phylogenetic analysis of nirS genes
β-Proteobacteria was the most dominant group in the nirS

gene library. The four sediments collected from denitrification

and anammox groups (represented in the table as N1, N2, N3,

and N4, and A1, A2, A3, and A4, respectively) were sequenced,

and 156 valid sequences were obtained. The OTUs were divided

based on Mothur’s 3% variance (97% sequence similarity for

clustering OTUs), resulting in 20 OTUs. Among them, the

number of OTUs from N1, N2, N3, N4, A1, A2, A3, and

A4 samples was 4, 5, 5, 4, 2, 4, 6, and 4, respectively,

indicating that denitrifying bacteria in the denitrification

system showed little difference in OTU numbers at different

times.

Phylogenetic analysis was performed to compare and analyze

the denitrifying nirS genes obtained from denitrification and

anammox systems (Figure 2). From the phylogenetic tree,

overall, 156 valid sequences could be classified into the
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phylum pseudomonadota, including the classes

Alphaproteobacteria, Betaproteobacteria, and

Gammaproteobacteria and the genera Dechloromonas,

Burkholderiaceae, Thiothrix, Thauera, Azoarcus, Brachymonas,

and Azospirillum. In the nirS gene cloning library, two OTUs

belonged to Alphaproteobacteria and were 98% identical to the

most similar nirS gene sequence in GenBank. Most of the similar

sequences were derived from similar environments, such as the

Pearl River estuary in China, the San Francisco Bay estuary

(Mosier and Francis, 2010), and the Yangtze River estuary in

China (Zheng et al., 2015). Two OTUs belonged to

Gammaproteobacteria; the OTU and GenBank strain of the

denitrifying bacteria Thiothrix sp. AS (KC855765.1) showed

99% sequence similarity with other sequences in the group,

the most similar sequence being derived from the estuaries of

San Francisco Bay (Mosier and Francis, 2010) and Jiaozhou Bay,

China (Dang et al., 2010), and the Haihe River, China.

4.3 Diversity of anammox bacteria

4.3.1 Diversity level of the 16S rRNA gene
The diversity of anammox bacteria in the four sediments

of denitrification and anammox groups was analyzed using

the Mothur method. Results showed the cloning coverage

ratio of the 16S rRNA gene in anammox bacteria to be

above 95% in the two groups (Table 2), indicating that the

clone library represents the diversity level of anammox

bacteria quite well. The Shannon index of anammox

bacteria in the anammox group was higher than that in the

denitrification group, and the Simpson exponent of the

denitrification group was larger, indicating that the

diversity of anammox bacteria in the anammox group was

relatively high. The diversity levels of anammox bacteria in all

four sediments of the anammox group tended to increase

with time.

TABLE 1 Diversity level of denitrifying bacteria in the two groups.

Sample name Simpson/D Shannon-weiner/H Chao Coverage (%)

A1 0.142 ± 0.006a 1.921 ± 0.076h 2 99

A2 0.058 ± 0.002 abcde 2.194 ± 0.088g 4 98.5

A3 0.016 ± 0.001bce 2.830 ± 0.113a 6 100

A4 0.053 ± 0.002bcde 2.528 ± 0.101d 4 99.5

N1 0.067 ± 0.003abcd 2.788 ± 0.112b 4 99

N2 0.032 ± 0.001bcde 2.524 ± 0.101de 5 99

N3 0.037 ± 0.001bcde 2.524 ± 0.101df 5 99

N4 0.079 ± 0.003abcd 2.597 ± 0.104c 4 100

Note: The letters in the table represent multiple comparisons (p < 0.05). A1, A2, A3, A4, N1, N2, N3, and N4 represent the four sediments collected from anammox and denitrification

groups each. Different lowercase letters with shoulder marks in the same column indicate significant differences.

FIGURE 1
Abundance of denitrifying and anammox bacteria in the two conditions (A) denitrifying bacteria. (B) anammox bacteria. N: denitrification
group. A: anammox group. C1, C2, C3, and C4 indicate the four sediments collected.
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4.3.2 Phylogenetic analysis of 16S rRNA gene
The four sediments collected from the denitrification and

anammox groups (represented in the tables as N1, N2, N3, and

N4, and A1, A2, A3, and A4, respectively) were sequenced, and

157 effective sequences were obtained. The OTUs were divided

into 15 units based on a 3% variance in Mothur. Among them,

FIGURE 2
Denitrifying nirS genes in the denitrification and anammox groups.
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TABLE 2 Diversity level of anammox bacteria in the two groups.

Sample name Simpson/D Shannon-weiner/H Chao Coverage (%)

A1 0.900 ± 0.036a 0.199 ± 0.08gh 3 100

A2 0.300 ± 0.012f 1.192 ± 0.048c 3 98.5

A3 0.237 ± 0.009g 1.488 ± 0.060a 4 99

A4 0.568 ± 0.023c 0.800 ± 0.032d 4 99

N1 0.721 ± 0.028b 0.5180.021 ± f 2 99

N2 0.363 ± 0.015e 1.340 ± 0.054b 6 100

N3 0.900 ± 0.036a 0.199 ± 0.008gh 2 99

N4 0.479 ± 0.019d 0.688 ± 0.028e 2 99

Note: The letters in the table represent multiple comparisons (p < 0.05). A1, A2, A3, A4, N1, N2, N3, and N4 represent the four sediments collected from anammox and denitrification

systems each. Different lowercase letters with shoulder marks in the same column indicate significant differences.

FIGURE 3
The Anammox bacterial 16S rRNA genes in the denitrifying and anammox groups.
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the number of OTUs in N1, N2, N3, N4, A1, A2, A3, and A4 were

2, 6, 2, 2, 3, 3, 4, and 4, respectively. The results showed that

anammox bacteria had differences in OTU numbers at different

times in the anammox group and that there were considerable

differences with time in the denitrification group. Phylogenetic

analysis was used to compare and analyze the anammox bacterial

16S rRNA genes obtained from the denitrifying and anammox

groups (Figure 3). The denitrifying and anammox groups mainly

contained two types of anammox bacteria: Candidatus brocadia

and Candidatus anamomoxoglobus. Ten OTUs belonged to

Candidatus brocadia, and their similarity with the most

similar 16S rRNA gene sequence in GenBank was 96%.

Among them, OTU2 showed the highest abundance across all

OTUs in the clone library, similar to that of anammox bacteria

found in constructed wetlands, with a similarity of 99% (Lee

et al., 2014). A higher abundance of OTU (OTU5) was similar to

that of anammox bacteria found in recirculating aquaculture

groups, with a similarity of 100% (Van et al., 2011). Most of the

similar sequences in the remaining taxa were derived from

Chinese estuaries, rivers, and lakes (Wang et al., 2013).

Sequence similarity of anammox bacteria

among OTU10, OTU12, OTU13, and OTU14 and those in

deep-water sediments in the lake was 94–97% (Schwarz et al.,

2007).

4.4 Nitrogen removal efficiency of
denitrification and anammox groups

Before the experiment, we measured the air-dried sediment

samples. The results showed that the contents of NO2
−-N, NO3

−-

N, NH4
+-N, and TOC were 45.87 mgL−1, 14.97 mgL−1,

66.1 mgL−1, and 108.67 mgL−1, respectively. Figure 4 shows the

changes in NO2
−-N, NO3

−-N, NH4
+-N, and TOC in

denitrification and anammox groups, respectively. The

removal rates ((initial concentration - last concentration)/

initial concentration) for NO2
−-N, NO3

−-N, NH4
+-N, and

TOC in the denitrification group were 99.82%, 86.10%,

45.74%, and 70.76%, respectively (Figure 4A). The removal

rates for NO2
−-N, NO3

−-N, NH4
+-N, and TOC in the

anammox group were 97.99%, 93.05%, 54.92%, and 58.82%,

respectively (Figure 4B). The removal rates for NO2
−-N and

NO3
−-N in the denitrification and anammox groups were over

97% and 85%, respectively. Theoretically, the removal times for

NO2
−-N, NO3

−-N, and NH4
+-N in the denitrification group were

approximately 5, 7, and 14 days, respectively, whereas those in

the anammox group were approximately 7, 8, and 12 days,

respectively. The removal rate for NO2
−-N and TOC were

significantly higher in the denitrifying group than in the

anammox group, whereas those for NO3
−-N and NH4

+-N in

the anammox group were significantly higher than those in the

denitrifying group. In conclusion, the denitrification efficiency

was higher in the denitrification group, and ammonia oxidation

was higher in the anammox group.

5 Discussion

Sediment is an important part of the aquaculture pond

ecosystem. Sediments store nitrogen, phosphorus, and other

substances in aquaculture ponds. Excessive accumulation of

sediment causes deterioration of water bodies and increases

the incidence of diseases in the farmed animals. Sediments are

rich in microorganisms, and denitrifying bacteria and

anammox bacteria can convert ammonia nitrogen into

nitrogen. Thus, the study of the denitrification and

anammox of pond sediment has attracted significant

attention.

In this study, we found that the Shannon index for

denitrifying bacteria in the denitrification group was larger

than that in the anammox group, whereas the Simpson index

showed the opposite trend. This further indicated the rates of

FIGURE 4
The NO2

−-N, NO3
−-N, NH4

+-N, and TOC in denitrification and anammox groups (A) denitrifying group; (B). anammox group.
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denitrification and anammox to be regulated by organic carbon

content, temperature, and nitrite.

In the experiment groups, we found that most sequences of

the anammox bacterial 16S rRNA gene clone library belonged to

Candidatus brocadia, and the most similar sequences were

derived from constructed wetlands. This may be attributed to

the abundance and diversity of anammox bacteria related to

nutrient input from aquaculture ponds (Zeng et al., 2016). Fewer

species have been found in these locations compared to those in

nearby waters, and this may be attributed to the small scale, and

single structure of the aquaculture pond on one hand, and a large

number of nutrients added to the aquaculture pond on the other,

resulting in the anammox oxidizing bacteria Candidatus

brocadia becoming the dominant genus in the aquaculture

pond. Some sequences in the library constructed in this study

belonged to Dechloromonas, Burkholderia-ceae, Thiothrix,

Thauera, Azoarcus, Brachymonas, and Azospirillum, which

have been reported in other studies. In this study, we found

two types of known anammox bacteria, Candidatus brocade,a

and Candidatus kuenenia. It may also be that the aquaculture

pond has more nutrients, which makes the Candidatus brocadia

anammox bacteria become the dominant genus of the

aquaculture pond.

In this study, we found that the removal efficiency of

NO2
−-N and TOC in the denitrification optimal conditions

was higher, whereas that of NO3
−-N and NH4

+-N was higher

in the anammox optimal conditions. This study provided a

reference for resolving nitrogen pollution in the aquaculture

pond sediment, and it further indicates that the organic

carbon, temperature, and nitrate could regulate

denitrification and anammox.

This study also suggests that, when regulating pond

sediment, in addition to the collaborative application of

denitrification and anaerobic ammonia oxidation, we

should explore the role of denitrification and anammox,

such as establish sequential batch reactions of

denitrification and anammox to reduce nitrogen pollution.

Overall, our study revealed the characteristics of the

denitrification and anammox reactions in pond sediment

and provided a reference for resolving nitrogen pollution in

the culture environment, which will have great significance in

green aquaculture in the future.
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UV/sulfite process without oxygen has been extensively explored and used for the
degradation of many micro-pollutants. In the present work, a UV/sulfite process in
the presence of oxygen was applied to degrade a widely used pharmaceutical
compound, metformin (MET). The results showed that the oxygen-involved UV/
sulfite process could efficiently degrade MET. At an initial concentration of 2.5 mg/L,
86.0% of MET was removed from the contaminated water within 180min irradiation
at a sulfite dosage of 10 mM, solution pH of 9, and UV intensity of 4,092 μW/cm2. In
addition, sulfate radical (SO4•-), hydroxide radical (•OH), hydrogen atom (•H), and
hydrated electron (eaq

−) were found to be the dominant active species contributing
to MET removal in the studied process through scavenging experiments. The
increase in UV intensity, sulfite dosage, solution pH, and reaction temperature
enhanced MET degradation in the investigated process to a certain extent,
whereas the introduction of bicarbonate and fulvic acid slightly suppressed MET
degradation. Finally, the degradation products of MET were identified. The oxygen-
involved UV/sulfite process exhibited a remarkable denitrification capacity (>80%) in
MET. The findings of this study may offer a novel approach for treating emerging
contaminants.

KEYWORDS

sulfite, UV, oxygen, metformin, AOPs

1 Introduction

Pharmaceutical and personal care products (PPCPs) comprise diverse organic substances,
including antibiotics, analgesics, hormones for pharmaceuticals and cosmetics, antibacterial
agent, preservatives for personal care products (Zhang et al., 2022). Metformin (MET), a
common antidiabetic drug used for type Ⅱ diabetes treatment, has been ranked among the most
widely used PPCPs because more than 200million people are suffering from diabetes worldwide
(Yu et al., 2022). The widespread use of MET inevitably results in its emission into the
environment through wastewater discharge as conventional wastewater treatment approaches
(i.e., flocculation, activated carbon filtration, and bio-degradation) are ineffective for MET
removal (Scheurer et al., 2009). Thus, the occurrence of MET in sewage, effluent in sewage
treatment plants, and surface water is frequently reported (Ambrosio-Albuquerque et al., 2021).
For example, a relatively high concentration of MET ranging from 70 to 325 μg/L was found in
the effluent of a Portuguese sewage treatment plant (Gaffney et al., 2017). The potential bio-
toxicity of MET, such as causing estrogenic effects or acting as an endocrine disruptor, has been
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reported in some literature (Niemuth and Klaper, 2015; Crago et al.,
2016). Hence, MET has become an emerging pollutant in aquatic
environments.

Several attempts have been made to alleviate MET contamination,
including graphene oxide adsorption, photo-oxidation, and electro-
oxidation (Zhu et al., 2017; Karimiana et al., 2020). Owing to the
operational simplicity and cost-efficiency of light sources, photo-
oxidation methods (i.e., UV/Fenton, UV/H2O2, and UV/TiO2) have
become the most favored treatment techniques for organic pollutants
degradation (Zhou et al., 2017; George et al., 2022).

In recent decades, the UV/sulfite system has gained increasing
attention as an often-mentioned advanced reduction process (ARP)
because of the production of various reductive species, such as
hydrated electron (eaq

−, E = –2.9 V) and hydrogen atom (•H, E =
–2.3 V) (Vellanki et al., 2013; Ding et al., 2022). Several halogenated
organic pollutants decomposition by the UV/sulfite system have
already been investigated. For instance, Song et al. (2013) reported
that perfluorooctanoic acid (PFOA), which is an extremely recalcitrant
halogenated contaminant, can be completely decomposed in the UV/
sulfite system after 1 h reaction, and a high defluorination efficiency of
approximately 90% could be obtained by extending the reaction time
to 24 h. Liu et al. (2015) achieved nearly 40% degradation efficiency of
atenolol (20 μM) even at a neutral solution pH. In the above-
mentioned degradation process, eaq

− was manifested the dominant
reductive species contributing to the decomposition of the target
pollutants, and oxygen was previously removed from the reaction
system by purging nitrogen, because oxygen can react with eaq

− and
lead to superoxide radical (O2•–) generation. Nevertheless, once
oxygen is applied in the sulfite mediated UV photolysis system,
another mild radical, namely sulfite radical (SO3•–), is likely to be
transformed into a highly reactive oxidant sulfate radical (SO4•–)
(Deister and Warneck, 1990), indicating that the oxygen-involved
UV/sulfite system can be regarded as a prospective advanced oxidation
process (AOP) (Huang et al., 2018; Li et al., 2020). Recently, (Chen
et al. (2021) developed a synergetic-photoelectric sulfite mediated
system where oxygen was continuously produced through water
electrolysis. The combined effect of electrolysis and photolysis on
sulfite brings about a large number of active species generation. The
steady-state SO4·– concentration was determined as ranging from .2 ×
10–12 to 1.1 × 10–12 M. Correspondingly, this reaction system had
extraordinary oxidative capacity in removing micro-pollutants such as
ibuprofen and bisphenol A. Although several researchers have
explored treatment efficiency of the oxygen-involved UV/sulfite
system towards some emerging contaminants (i.e., atrazine,
bisphenol A, trichlorophenol) (Cao et al., 2021a), the systematic
investigation on the degradation efficiency of the antidiabetic drug,
namely MET, was still scanty. Furthermore, investigation of the
oxygen-involved UV/sulfite system on target pollutant removal in
the real water matrix was also scarce.

Herein, a UV/sulfite system with the co-presence of oxygen was
built and utilized for MET degradation. The crucial species
contributing to MET degradation were ascertained. The impact of
several common factors such as pH value of testing solution, reaction
temperature, sulfite dosage and co-present compounds on MET
degradation was evaluated. In addition, MET degradation in a real
water matrix was monitored. The degradation products of MET as
well as the bio-toxicity change of the testing solution were also
determined. Outcomes in the present work suggests a distinctive
treatment technology for emerging contaminants.

2 Materials and methods

2.1 Materials

Metformin hydrochloride (MET, 97.0%, C4N5H11•HCl), sodium
sulfite (98.0%, Na2SO3), tertiary-butanol (TBA, ≥99.5%, C4H10O),
methanol (MeOH, >99.9%, CH3OH), fulvic acid (85.0%, FA),
potassium nitrate (>99.0%, KNO3), superoxide dismutase
(SOD, ≥1,400 units/mg dry weight), and sodium bicarbonate
(99.7%, NaHCO3) were purchased from Aladdin Co., LTD.
(Shanghai, China) or Sigma-Aldrich Co., LTD. (Guangzhou,
China). A Millipore purification system (Millli-Q IQ 7000,
Darmstadt, Germany) was employed for the generation of
ultrapure water and subsequent preparation for diverse reaction
solution.

2.2 MET degradation experiments

MET degradation experiments were conducted in a 3-L cylindrical
glass vessel (Supplementary Figure S1). A mixed solution containing
MET and sulfite was filled into the vessel and magnetically stirred
during the degradation process. In addition, the testing solution was
purged with air or nitrogen gas (1 L/min) for 180 min. Apart from
investigating the impact of solution pH on MET removal, the solution
pH was maintained at approximately 9 with 10 mM phosphate buffer.
A monochromatic low-pressure lamp (λ = 254 nm, 10 W, Dongguan,
China) with a quartz sleeve enclosure was used as the irradiation
source. The UV lamp was ignited and warmed for 30 min before
commencing the irradiation experiments to obtain a stable output.
MET batch degradation experiments were carried out at a constant
temperature (25°C) through a thermostatic recirculation system
(THD-1015, Ningbo, China). KNO3 (5 mM), NaNO2 (5 mM),
MeOH (300 mM), TBA (300 mM), and SOD (3.3 mg/L) were
introduced as scavengers to ascertain the contribution of different
active species to MET degradation. Sulfite dosage was changed from
2.5 mM to 15 mM to study the impact of the sulfite dosage on MET
removal. To reveal the impact of UV intensity on MET degradation
efficiency, the UV lamp was wrapped with a few aluminum foil to
change UV light emitted into the reaction solution (Li et al., 2014). The
maximum UV intensity (100% I0) entering into the reaction solution
was measured to be 4,092 μW/cm2 using a UV irradiatometer
(Linshang Co., LTD., Shenzhen, China). Additionally, effect of the
coexisting constituents such as HCO3

− and natural organic matter
(NOM) on MET removal was monitored by adding diverse
concentrations of HCO3

− (0–2.0 mM) and FA (0–15 mg/L) to the
reaction system. Additionally, two surface water samples from Dasha
River in Nanshan District (Shenzhen, China) was obtained and used to
evaluate MET degradation efficiency in a real water matrix. Water
quality parameters of the surface water samples were listed in
Supplementary Table S1. Samples were withdrawn at the preset
intervals for immediate analysis. All experiments were performed
in triplicate, and the mean values were presented.

2.3 Analysis procedures

MET concentration was analyzed by using a Waters high-
performance liquid chromatography which was equipped with a
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reversed C18 column (5 μm, 4.6 × 250 mm, Phenomenex, Torrance,
United States) and a UV detector. The separation conditions were set
as follows: A mixed solution which contained .1% acetic acid (80%)
and MeOH (20%) was employed as mobile phase. The flow rate of
mobile phase was determined as 1.0 mL/min. The wavelength of the
UV detector for MET concentration measurement was 246 nm.

A pH meter (Mettler Toledo, Shanghai, China) was employed for
solution pH determination. Inorganic degradation products of MET
such as nitrite and ammonia nitrogen were detected through a
colorimetric method. The detection of organic intermediates was
performed in a ultra high-performance liquid chromatography
(UPLC, Agilent 1290, CA, United States) coupled with time-of-
flight mass spectrometry (AB SICEX Tripe TOF 4600, CA,
United States). The mobile phase was a mixture of acetonitrile
(10%) and .1% formic acid (90%) with a flow rate of .8 mL/min.
The column temperature and injection volume of sample were set at
30°C and 10 μL, respectively. Bio-toxicity of the testing solution was
determined by the luminescent bacteria toxicity test referring to the
guideline from ISO standard (quality, 2007), and the relative

inhibition rate towards luminescent bacteria was used as an
indicator to reflect bio-toxicity of the testing solution.

3 Results and discussion

3.1 MET degradation in direct UV and UV/
sulfite systems

MET degradation in four different reaction systems was
monitored, and the results were shown in Figure 1A, B. 62.0%
MET removal was obtained after 180 min irradiation in the
oxygen-involved UV/sulfite system at sulfite dosage of 10 mM,
whereas negligible MET removal (<5%) was achieved in direct UV
and sulfite systems, which was ascribed to the weak absorption ofMET
in the UV-C region and poor reduction capacity of sulfite (Maćerak
et al., 2018; Karimiana et al., 2020). Although the oxygen-free UV/
sulfite system behaved better MET treatment efficiency, it needed
constant purging of nitrogen gas, which made it unpractical for real
wastewater treatment. MET degradation kinetics in the two UV/sulfite
system were found to fit the pseudo first-order model, and observed
rate constants (kobs) were .0205 min−1 and .0318 min−1, respectively.
Comparison between this work and previous investigations
concerning about MET removal by photolytic methods was
conducted (Table 1), and kobs of MET degradation in this work
was a bit faster than that of previous studies. Additionally, energy
consumption needed for MET removal to half of its initial
concentration was calculated as .1 kJ/μmol, which was at least
1–2 order of magnitude lower than that of other emerging
contaminants (i.e., PFOA, ICMs) degraded by photolytic
techniques (Vecitis et al., 2009; Gu et al., 2022). The obtained
results suggested the studied oxygen-involved UV/sulfite process
was promising for practical MET-containing wastewater treatment.

The extraordinary MET degradation performance in the UV/
sulfite system was ascribed to the generation of reactive species.
When sulfite undergoes UV photolysis, reactive species like eaq

−,·H,
and SO3·– have been reported to be produced before (Milh et al., 2021).
In addition, the studied system was continuously purged with air, thus
oxygen was likely to react with SO3·– and lead to SO4·– generation (Eqs.
1–4). According to Yang et al. (2015), hydroxyl radical (·OH) can be
transformed from SO4·– in the testing solution. Hence, at least five
kinds of reactive species, namely eaq

−,·H, SO3·–, SO4·–, and ·OH, were
likely to exist in the studied system. Scavenging reactions were
conducted to determine the primary active species that contributed
to MET removal.

As shown in Figure 2, the introduction of both MeOH and TBA
inhibited MET degradation. However, the inhibition effect of
MeOH was more obvious, indicating that both SO4·– and ·OH
contributed to MET degradation. Because MeOH reacted quickly
with both SO4·– and ·OH at a comparable rate constant, whereas
TBA merely efficiently quenched ·OH (Supplementary Table S2).
Moreover, nitrate and nitrite were employed in the reaction system
to uncover the role of reductive species (i.e., eaq

−,·H) played in MET
removal, and MET degradation was apparently suppressed in the
presence of nitrate and nitrite, where nitrite exhibited a more
obvious inhibition. When 5 mM of nitrate and nitrite were
introduced into the reaction system individually, MET
degradation ratio decreased by 13.0% and 44.7% after 180 min
irradiation, respectively. It is well documented that both nitrate

FIGURE 1
(A) MET degradation efficiency in different reaction processes; (B)
Pseudo first-order rate constants for MET degradation with or without
oxygen by the UV/sulfite process. Experimental conditions: [MET]0 =
10 mg/L, [SO3

2-]0 = 10 mM, pH = 9.
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and nitrite can efficiently scavenge eaq
− at 109 M−1s−1 level (Buxton

et al., 1988). Nevertheless, nitrite reacts with ·H approximately
500 times as fast as that for nitrate (Buxton et al., 1988), which led

to a similar eaq
− concentration but a much lower ·H concentration.

The different ·H and eaq
− concentration was thus used to identify

their impact on MET removal. Results in Figure 2 indicated both ·H
and eaq

− participated in the MET degradation process. Considering
another mild oxidant, SO3·– (E0 = .63 V, pH = 7) (Buxton et al.,
1988), many studies have reported its negligible contribution to
target pollutant decomposition in sufite-based UV photolytic
system (Li et al., 2012; Gu et al., 2016). Notably, the generated
SO3·– can be transformed into highly oxidative SO4·– when co-
present with oxygen, as demonstrated in the above discussion by
alcohol inhibition experiments. Consequently, participation of
SO3·– in MET degradation can be excluded. In the presence of
oxygen, eaq

− may be quickly quenched and resulted in O2
−

generation (Deister and Warneck, 1990). Therefore, SOD was
selected as the quencher and applied to the reaction solution to
evaluate the contribution of O2·– to MET degradation. Negligible
MET suppression (<5%) was observed when SOD was introduced
into the UV/sulfite process, suggesting an insignificant role of O2·–.
In summary, it is highly probable that reactive species, including
SO4·–, ·OH, ·H and eaq

−, mainly accounted for MET degradation in
the oxygen-involved UV/sulfite system.

SO3
2− + h] → SO3·− + eaq

− (1)
HSO3

− + h] → SO3·− + ·H (2)
SO3·− + O2 → SO5·− (3)

SO5·− + SO3
2− → SO4·− + SO4

2− (4)

TABLE 1 Summary of previously reported literature for photolysis of MET.

Degradation methods Reaction conditions Removal ratio (%) Time (min) ka (min−1) Reference

UV/Fenton [MET]0 = 1,027 ng/L 43 10 — Cruz et al. (2012)

[H2O2]0 = 50 mg/L

[Fe2+]0 = 5 mg/L pH near neutral

light source UV254

UV/H2O2 [MET]0 = 2 μM ≈45 60 .0152 Neamţu et al. (2014)

[H2O2]0 = 300 μM pH 6.5 τ1/2 = 45.6 min

UV/TiO2 [MET]0 = 10 mg/L 31 30 — Quintão et al. (2016)

[TiO2]0 = 120 mg/L light source UV254

UV/TiO2/PDS [MET]0 = 5 mg/L 91.6 210 .013 Nezar and Laoufi, (2018)

[TiO2]0 = 100 mg/L τ1/2 = 53.3 min

[K2S2O8]0 = 1,000 mg/L

pH free

VUV/Fe2+/PMS [MET]0 = 50 mg/L 89.7 30 — Karimiana et al. (2020)

[Fe2+]0 = .05 mg/L

[PMS]0 = 50 mg/L pH 6.3

light source VUV

Oxygen-involved UV/sulfite system [MET]0 = 10 mg/L 62.0 180 .0205 This work

[SO3
2-]0 = 10 mM pH 9 τ1/2 = 33.8 min

light source UV254

FIGURE 2
The effect of different scavengers on MET degradation.
Experimental conditions: [MET]0 = 10 mg/L, [SO3

2-]0 = 10 mM, pH = 9,
[TBA]0 = 300 mM, [MeOH]0 = 300 mM, [KNO3]0 = 5 mM, [NaNO2]0 =
5 mM, and [SOD]0 = 3.3 mg/L.
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3.2 Influence of incident UV intensity

In the UV photolytic process, the incident UV intensity is a major
factor determining the reaction rate between target pollutant and
reactive species generated. Zhang et al. (2013) found methylene blue

removal rate in a UV/TiO2/H2O2 system was positively proportional
to the UV intensity. Similar results were reported by Liu et al. (2014) A
higher UV intensity was found beneficial for enhancing
dichloroethane removal in a UV/sulfite system, and the observed
rate constant of dichloroethane removal showed a linear relationship

FIGURE 3
The effect of different water quality or operating parameters (A) UV intensity; (B) sulfite dosage; (C) solution pH; (D) reaction temperature; (E) initial MET
concentration onMET degradation by the oxygen-involved UV/sulfite system. Experimental conditions: [MET]0 = 10 mg/L, [SO3

2-]0 = 10 mM, pH= 9, T = 25°C.
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with UV intensity (R2 > .99). MET degradation experiments at
different UV intensity were carried out and results were presented
in Figure 3A. MET degradation ratio was obviously enhanced by
increasing UV intensity. MET degradation efficiency altered from
47.6% to 62.0% after 180 min reaction when UV intensity varied from
33% I0 to 100% I0. MET degradation in the UV/sulfite system followed
pseudo first-order kinetics (R2 > .98) (Supplementary Table S2). The
observed rate constants of MET degradation at 100% I0 was almost
doubled when compared with that at 33% I0. When UV intensity
entering the testing solution increased, the amount of generated
radicals increased accordingly, which in consequence led to a faster
MET removal. Referring to previous investigations, the generation
rates of eaq

− and SO3·– are proportional to UV intensity under alkaline
pH conditions when sulfite undergoes UV photolysis (Song et al.,
2013). eaq

− and SO4·– which was produced through chain reactions
between O2 and SO3·–, were manifested the governing active species
accounting for MET degradation in Section 3.1. Thus an increase in
UV intensity would benefit MET transformation in the studied
reaction system.

3.3 Influence of sulfite dosage

Different sulfite concentrations were introduced to monitor their
influence on MET removal at an initial MET concentration of 10 mg/
L, and the results were presented in Figure 3B. MET degradation was
apparently enhanced by increasing sulfite dosage. As depicted in
Figure 3B, increasing sulfite dosage from 2.5 mM to 15 mM led to
a higher degradation ratio of MET, increasing from 46.9% to 75.5%
after 180 min irradiation. The obvious promotion on MET removal at
higher sulfite dosage further confirmed the negligible role of direct
photolysis. If direct photolysis governs the MET degradation process,
the augmentation of sulfite dosage may result in a decrease in UV
intensity, which otherwise would be absorbed by MET, and thus
causing a reduction in kobs (Liu et al., 2014). As depicted in Figure 3B
and Supplementary Table S3, the optimal sulfite dosage was 10 mM,
and further increasing the sulfite concentration slowed MET
degradation rate. At a constant solution pH and UV intensity, the
reactive species (i.e., eaq

− and SO3·–) production was positively
correlated with sulfite dosage (Yoon et al., 2014), thereby causing
the difference in MET degradation kinetics. When sulfite dosage was
changed from 2.5 mM to 10 mM, a 1.1 fold increase in kobs was
observed (Supplementary Table S3). Nevertheless, a further increase in
sulfite dosage to 15 mM led to a decline in kobs to .0175 min−1. At
higher sulfite dosages, the scavenging reactions between the generated
reactive species (e.g., ·H, eaq

−) and co-present constituents became
vigorous, thus enormous reactive species were quenched, and their use
in MET degradation was limited (Fu et al., 2010; Yazdanbakhsh et al.,
2018). Consequently, sulfite dosage exhibited less of enhancement
effect on MET degradation, which was reflected by the reduction
in kobs.

3.4 Influence of solution pH

Apart from sulfite dosage, the solution pH also affected the
degradation of target pollutants in the sulfite mediated photolysis
process. Figure 3C presented the effect of solution pH on MET
removal at a sulfite dosage of 10 mM. MET degradation was

substantially facilitated when the solution pH was changed from
neutral to alkaline conditions. The optimal solution pH was at 9,
further increasing the solution pH brought about slight enhancement
both in degradation efficiency and rate of MET. Moreover, MET
degradation kinetics in the investigated solution pH range was well
depicted by the pseudo first-order model (Supplementary Table S3),
which was in accordance with previous studies (Li et al., 2012; Liu
et al., 2015).

Two main reasons can be used to explain the impact of solution
pH on MET removal in the UV/sulfite system. On one hand, sulfite
distribution would change along with the alteration of solution pH. As
shown in Supplementary Table S4, the major form of sulfite at neutral
pH condition is HSO3

−, and its proportion gets declined with the
increase of solution pH, which means the reactive species generated
fromHSO3

− photolysis would accordingly decreased. On the contrary,
the production of eaq

− can be enhanced because of the increase of
SO3

2– proportion. Therefore, a dramatic promotion on MET
degradation was obtained when solution pH was adjusted from
pH seven to pH 9. SO3

2– species accounts for more than 98% of
sulfite species at pH 9, thus further increase of solution pH shows little
effect on target pollutant degradation. On the other hand, solution
pH also affected the transformation between ·H and eaq

−. The
transformation from ·H to eaq

− was promoted at a higher
pH condition (Eq. 5). Since eaq

− was verified an important
contributor for MET removal in the investigated system, the higher
eaq

− concentration would certainly lead to better MET treatment
efficiency.

·H + OH− → eaq
− +H2O (5)

Moreover, the distribution of MET molecule was strongly
dependent on the solution pH. As reported by (Scheurer et al.
(2009), the principal existing form of MET was its neutral
molecule when solution pH was above 12, whereas the protonation
reaction occurred at two amino groups accompanied with a decrease
in solution pH, which was nearly accomplished at pH 8. The change in
the charged MET species may also impact its reaction with various
oxidative or reductive species in the studied system, and then caused
different MET degradation efficiency.

3.5 Influence of reaction temperature

Temperature is of great importance when determining the rates of
chemical reactions. Hence the impact of reaction temperature on MET
degradation was explored, and the results were shown in Figure 3D.MET
degradation was remarkably enhanced with the increase in reaction
temperature. When we transformed Figure 3D to semilog plots, it was
found that during the studied temperature range, MET degradation was
well fitted with a pseudo first-order model (R2 > .97) (Supplementary
Table S3). Additionally, the MET degradation rate increased 1.1–1.8 folds
when the reaction temperature was raised by increments of 10°C. Based
on the Van’t Hoff equation, the reaction rate of a common chemical
process increases approximately 2–4 folds when the reaction temperature
is increased by 10°C. Apparently, the impact of temperature on MET
removal in the oxygen-involved UV/sulfite system was weakened, hinting
the photo-chemical process played a key role during MET degradation.
Moreover, the activation energy was calculated as 27.8 kJ/mol, which was
comparable to that of a commonly used PPCPs, atenolol, treated by the
sulfite-mediated UV irradiation process (Liu et al., 2015).
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3.6 Influence of initial MET concentration

MET concatenation was varied in different water matrix
(Ambrosio-Albuquerque et al., 2021), thus it’s necessary to evaluate
the effect of initial MET concentration on MET degradation in the
present system. As depicted in Figure 3E, approximately 86.0% MET
was removed from the aqueous media at initial MET concentration of
2.5 mg/L, and the degradation ratio gradually decreased to 53.0% as
the initial MET concentration increased to 15 mg/L. Under the
circumstance of lower MET concentration, the produced reactive
species in the oxygen-involved UV/sulfite system were such
sufficient that most of MET could be degraded. As the initial MET
concentration increased, the effective collision frequency between
MET molecule and the reactive species was decreased.
Additionally, more intermediates of MET would be generated when
a higher initial MET concentration was employed in the investigated
system, which also might compete for the reactive species with MET
and accordingly slackened MET degradation (Shah et al., 2014).

3.7 Influence of co-present compounds

In real aqueous environments, many compounds are co-present
with MET, and their presence may impact MET degradation capacity
in the UV/sulfite system. HCO3

− and FA are ubiquitously present in
natural water, thus they were selected as representative inorganic and
organic substance, respectively, to investigate the water quality effect
on MET degradation. The results are presented in Figure 4. In general,
the introduction of HCO3

− to the UV/sulfite system slightly
suppressed MET removal, and the suppression effect of HCO3

−

was aggravated with an increase in HCO3
− concentration. MET

degradation ratio decreased from 62.0% to 52.6% when HCO3
−

dosage was increased by 2.0 mM after 180 min irradiation. The
inhibitory effect of HCO3

− on MET removal was ascribed to the
following reasons. Firstly, it was reported that HCO3

− can act as a
quencher for ·OH (Eq 6) (Buxton et al., 1988), thus the introduction of

HCO3
− to the reaction solutionmay result in ·OH consumption, which

was attested to be responsible for MET degradation and further caused
the reduction of MET degradation efficiency. Secondly, HCO3

− could
also react with another vigorous species, eaq

−, in the studied system,
thus a certain amount of eaq

− may be consumed by HCO3
− and

consequently cause an inhibition effect on MET removal.
Nevertheless, the rate constant between HCO3

− and eaq
− (or ·OH)

was relatively slow (k ≈ 106 M−1 s−1) (Buxton et al., 1988), which was at
least 10 times smaller than that between perfluorooctanoic acid, a
notorious persistent contaminant, and eaq

− (Huang et al., 2007).
Therefore, the co-presence of 2 mM HCO3

− only led to a 10.2%
decrease in MET removal in the UV/sulfite process during 180 min
reaction.

HCO3
− + ·OH → CO3·− +H2O k � 8.5 × 106 M−1 s−1 (6)

Similarly, the introduction of FA resulted in a weak suppression on
MET degradation. For instance, at the highest FA dosage of 15 mg/L,
MET removal ratio was reduced by only 6.2%. These results differed
slightly from those of other researches, which reported that the
introduction of NOM to the sulfite-mediated UV photolysis
process considerably reduced the target pollutant removal. Xiao
et al. (2017) stated BrO3

− removal ratio was evidently reduced in
the sulfite-mediated UV photolysis process when humic acid was
simultaneously added. They reported that the BrO3

− removal ratio
dramatically decreased from approximately 60.0%–44.8% and 17.0%
at humic acid concentrations of 2 mg/L and 5 mg/L, respectively. The
distinguishing behavior of the target pollutant removal in the
investigated system was caused by the various water characteristics
(i.e., DO and pH) and the different NOM used (Peldszus et al., 2004).
The slight suppression of NOM in our study can be attributed to the
following reasons. Firstly, NOM is rich in chromophores (Lyu et al.,
2015), hence behaved competitively for UV light, which resulted in less
UV light being absorbed by sulfite and the subsequent reduction of
produced oxidative or reductive species. Moreover, several oxidative
reactive species (i.e., ·OH, 1O2, H2O2) were produced in the process of
NOM photolysis, which may react quickly with reductive species such

FIGURE 4
MET degradation with co-presence of (A) HCO3

− and (B) FA. Experimental conditions: [MET]0 = 10 mg/L, [SO3
2-]0 = 10 mM, UV intensity = 100% I0, and

pH = 9.
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as eaq
− (Lester et al., 2013) and reduce the proportion of eaq

− used for
MET degradation, thus causing an inhibition effect on MET removal.
Nevertheless, some of the generated oxidative reactive species, such as
·OH, have been demonstrated to be beneficial for MET removal in the
oxygen-involved UV/sulfite processes. Consequently, the impact of
NOMonMET removal during the investigated process is complicated.

MET degradation experiments in a real water matrix were also
performed, and the results were portrayed in Figure 5. In general, MET
degradation was partly restrained in surface water samples when
compared to the previous studied synthetic matrix. Several reasons
may account for this phenomenon. Firstly, the solution pH of two
surface water samples were less than 9 (Supplementary Table S1),
which may result in less sulfite exist in the form of SO3

2- and
accordingly less eaq

− generation. Secondly, NOM and inorganic
ions were co-present in the surface water samples with certain
extent (Supplementary Table S1). Their detrimental effect on target
pollutants degradation in the UV/sulfite system has also been reported
by other researchers (Cao et al., 2021b; Liu et al., 2022). Hence, MET
degradation by the studied process in real water samples was impaired.
Nevertheless, nearly 80% of MET was removed after 180 min
irradiation, which suggested the studied oxygen-involved UV/sulfite
process was prospective for MET-bearing wastewater treatment.

3.8 MET degradation products

In order to investigate the degradation pathway of MET in the
oxygen-involved UV/sulfite system, the degradation products were
detected. Nitrite and ammonium ions were the dominant inorganic
degradation products (Supplementary Figure S2), among which
ammonium accounted for the majority. The calculation of nitrogen
balance indicated most of the nitrogen (>80%) in MET molecule was
transformed into inorganic nitrogen species. Due to the relatively low
concentration and small molecule weight, the organic intermediates of
MET degradation were difficult to be determined. Therefore, MET
degradation experiment at a higher initial MET concentration (1 g/L)

and longer reaction time (8 h) was conducted to better ascertain these
organic intermediates, and the results were shown in Supplementary
Table S5. Three organic N-containing products with lower molecule
weight were detected with m/z at 125, 115, and 87, respectively. Referring
to previous investigation (Badran et al., 2019; Carbuloni et al., 2020), their
molecule structures were also given. The same degradation intermediates
were also reported in another literature (Quintão et al., 2016), whereMET
degradation occurred in three oxidative reaction systems (i.e., sodium
hypochlorite, ozonation, photocatalysis). A previous study by Trouillas
et al. (2013) have explored the ·OH induced oxidative degradation of
MET, in which ·OH was produced through water radiolysis reaction.
There were totally four kinds of intermediates determined by using
HPLC/MS, which included 4-amino-2-imino-1-methyl-1,2-dihydro-
1,3,5-triazine (compound 2 in this study), methylbiguanide
(compound 3 in this study), hydroperoxide of metformin and 2-
amino-4-methylamino-1,3,5-triazine. ·H abstraction, electron transfer
and ·OH addition were three main reaction pathways when MET was
primarily attacked by ·OH. The bond dissociation enthalpies at C8 and
C9 in MET molecule were very close, which hinted the two methyl
functional groups were equal targets for ·OH attacking, and further
causing MET converted to methylbiguanide. In addtion, the
production of methylbiguanide was reported primarily occurred in the
alkaline pH value, which was in good agreement with the reaction
condition of our study (pH 9). Additionally, the bio-toxicity of the
testing solution during the target pollutant degradation was monitored
and presented in Figure 6. The bio-toxicity of the testing solution
gradually declined along with MET degradation in general. Overall,
the oxygen-involved UV/sulfite process exhibited a remarkable
denitrification capacity in MET.

4 Conclusion

This work explored MET degradation in the oxygen-involved UV/
sulfite process under different experimental parameters. A relatively
higher degradation efficiency and kobs were achieved in the

FIGURE 5
MET degradation in the real water matrix. Experimental conditions:
[MET]0 = 2.5 mg/L, [Sulfite]0 = 10 mM, UV intensity = 100% I0.

FIGURE 6
Bio-toxicity change of the testing solution during MET degradation
process. Experimental conditions: [MET]0 = 10 mg/L, [Sulfite]0 = 10 mM,
UV intensity = 100% I0.

Frontiers in Environmental Science frontiersin.org08

Gu et al. 10.3389/fenvs.2022.1071963

98

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1071963


investigated process, where SO4·–, ·OH, eaq− and ·H were manifested the
major contributors to MET removal. Alkaline conditions (pH ≥ 9) were
favorable to the degradation of MET. The MET degradation efficiency
was positively correlatedwith the incidentUV intensity, sulfite dosage and
reaction temperature, and negatively correlated with the initial MET
concentration. The co-existed bicarbonate and FA slightly suppressed
MET degradation. The oxygen-involved UV/sulfite system exhibited an
extraordinary denitrification capacity in MET. Nitrite, ammonium ions
and three kinds of N-containing organic compounds were detected as the
dominant intermediates for MET degradation. This study offered a novel
approach for treating emerging contaminants.
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The South-to-North Water Division Middle Route Project (MRP) is currently the
longest inter-basin water diversion project in the world. It benefits a large
population and its water quality has attracted much attention. In this study,
seasonal investigations on 11 sampling sites along the MRP were conducted
from 2018 to 2019; water temperature, pH, turbidity, transparency, CODMn,
dissolved oxygen, total phosphorus, phosphate, total nitrogen, ammonia,
nitrate, and chlorophyll a were determined synchronously. Single leakage
distance clustering analysis identified the spatio-seasonal heterogeneity of
physiochemical parameters. The trophic level index (TLI) and the water quality
status were assessed: TLI increased and WQI decreased from south to north; TLI
andWQI had seasonal differences (p < 0.001), the best water quality was observed
in autumn, and the lowest TLI was observed in winter. The trophic level was
“oligotrophic to mesotrophic”; water quality status was “good.” Themultiple linear
stepwise regression analysis confirmed that total nitrogen (TN), Chl a, and CODMn

were the driving factors in water quality. These factors were applied to build the
simplified WQI model, which was confirmed as a reliable method of water quality
assessment for the MRP and a fitting substitute for TLI and WQI. The results
provided support for the water quality evaluation of the MRP.

KEYWORDS

South-to-North Water Division Middle Route Project, water quality, physiochemical
parameters, trophic level index, heterogeneity

1 Introduction

Adequate amounts of sustainable freshwater resources are important to guarantee
ecological integrity and the survival of human society (Wu et al., 2018). However, with
rapid social and economic development and continuous accretion of the population (Barakat
et al., 2016), the increasing consumption of water resources has led to freshwater reserve
scarcity. China is facing serious uneven distribution and shortage of water resources,
especially in the northern area (Xin et al., 2015). In addition to this, because of
multifaceted effects, such as hydraulic alteration (Nazeer et al., 2018), land use change
(Giri et al., 2016), and inputs of toxic chemicals and nutrients (Ding et al., 2019), water
quality deterioration has also become severe, which has resulted in some water bodies being
abandoned as they could not be used as drinking water resources anymore. Thus, water
quality determines the ecological service function of water bodies. On this account,
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monitoring and assessing water quality is necessary to safeguard
freshwater resources (Pesce et al., 2000), which could help us
instantly understand the status of water quality.

There are multiple statistical approaches to assessing water
quality. The simplest index is the single factor index, which is
easily compared between different water bodies (Sánchez et al.,
2007). Conventional water quality evaluation was based on the
comparison of measured water quality parameters with existing
standards for kinds of water bodies (Pesce et al., 2000; Chang et al.,
2020). Such assessments might not provide a fully accurate water
quality evaluation method (Tziritis et al., 2014). Hence, systematic
methods, including multi-parameters, must be used to acquire a
rational description of the water quality status. A water quality index
(WQI) has been widely used as one of the most effective approaches,
integrating multiple measured water quality parameters to yield a
single dimensionless number formula to perform water quality
assessment (Horton et al., 1965). The minimum WQI model
(WQImin) applies several key parameters that can express water
quality directly and easily to evaluate water quality (Akkoyunlu et al.,
2012). Mostly, the parameters chosen for a WQImin calculation
ought to represent other unselected environmental parameters and
must be easy and quick to measure (Pesce et al., 2000). Furthermore,
the trophic level could also indicate water quality conditions and
provide information on the structure and function of an ecosystem
(Wang et al., 2019). The Carlson method evolved into the trophic
level index (TLI) method, which has been established based on Chl a
and other parameters by desirable, correlation-generated
consequences (Burns et al., 2005; Wang et al., 2019). The trophic
index has been broadly applied to the eutrophication assessment of
surface water, such as the Suez Canal (El-Serehy et al., 2018) and
Lake Taihu (Wang et al., 2019). Though there were many assessment
methods for water quality, the integrated methods of trophic level
and water quality are still needed.

China has built the longest inter-basin water diversion project in
the world, the South-to-North Water Division Middle Route Project
(MRP) (Wang, et al., 2021), which is a man-made concrete channel
with a total length of 1,432 km (including 155 km of Tianjin
division) (Huang et al., 2021) that aims to solve the serious water
shortage in the northern districts of China. As the MRP has been
running, it has alleviated the supply and demand issues of water
resources in districts along the MRP, alleviated the groundwater
over-exploitation in the water-receiving area, and played a vital role
in society by creating economical and ecological benefits. At present,
some studies have revealed the spatial and temporal dynamics of the
bacterioplankton community structure in the MRP (Luo et al.,
2019), eutrophication of water supplied to lakes, heavy-metal
pollution (Guo et al., 2020a), fish community structure (Guo
et al., 2020b), and physical and chemical statuses of some
sections of the MRP (Nong et al., 2019; Nong et al., 2020).
However, a comprehensive water quality assessment in the MRP
is still lacking. It is necessary to carry out constant water quality
monitoring and assessment in the MRP.

The main aims of this study were 1) to illustrate the spatio-
temporal variations of parameters in the MRP, 2) to assess the
trophic level, and water quality status of the MRP based on TLI and
WQI methods, and 3) to address the key factors to establish a fast
and cost-effective water quality model. This study was conducted to
establish a simple WQImin model for the assessment of water quality

after the utilization of the MRP; the WQImin model proved to be the
most valuable and reliable evaluation method for long-distance
water diversion projects worldwide.

2 Materials and methods

2.1 Study area and sampling stations

The middle route of the South-to-North Water Diversion
Project is located between 32.68°N–39.99°N and
111.72°E–116.27°E, which spans eight latitudes and three
temperature zones (subtropical zone, warm temperate zone, and
temperate zone) from south to north (Luo et al., 2018), with a length
of 1,432 km; it needs 2 weeks to divert water from the original
reservoir to terminal water bodies. The MRP originates from
Danjiangkou Reservoir, which crosses two provinces—Henan
(HN) and Hebei (HB), and arrives at Beijing (BJ), the capital of
China, and Tianjin (TJ). Water flows aided by gravity along the
channel from Danjiangkou Reservoir (whose storage has been
expanded) through the intake gate of the Taocha headwater.
Along the middle route, canals pass the west Tangbai River
region, the watershed between the Yangtze River basin and the
Huaihe River–Fangcheng Pass, run across the Yellow River Basin,
and finally arrive in BJ. This inter-basin project solves the problem of
water shortage and provides clean water for production, living,
industry, and agriculture for at least 20 large- and medium-sized
cities along the route (Wang, et al., 2021). The MRP canal was closed
and separated from the land, so the local catchment cannot influence
the water quality, but the rainwater and dry/wet settlement from the
air to the channel could affect the water quality. By December 2020,
the MRP supplied a total of 34.8 billion cubic meters of water
transported northward, benefiting 69 million people (Office of the
South-to-North Water Diversion Project Construction Committee,
State Council, PRC).

There were 11 monitoring sites chosen to represent the MRP,
covering four main provinces including the headstream and
terminal places (as shown in Figure 1). The 11 sampling sites
were set almost at equal distances; the regional aspect was also
considered in the sample site design. S1 (Taocha) was located in the
Henan Province, which is the source of headwater. S2 (Shahe), S3
(Lushan), S4 (Chuanhuang South), and S5 (Chuanhuang North)
were all located in the HN Province. S6 (Zhanghe North), S7
(Guyunhe), and S8 (Xiheishan) were located in the HB Province.
Xiheishan was an intersection site where the main channel divides
into two branches: one flows to S9 (Waihuanhe) in TJ and the other
flows to S10 (Huinanzhuang station) and S11 (Tuanchenghu) in BJ;
the detailed sampling information is given in Supplementary
Table S1.

2.2 Sample collection and parameter
determination

The investigation was conducted every quarter. Parameters
including WT, DO, and pH were obtained using a water quality
analyzer (YSI, proplus, United States). Velocity and discharge were
recorded using a flowmeter (Flowatch, Switzerland). The turbidity
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was determined using a turbidimeter (WGZ-200S, China). A Secchi
disc tool measured SD. The water samples (from a surface depth of 0
cm–50 cm) were collected in 550 mL acid-cleaned plastic bottles and
rinsed with surface water before sampling (three replications in each
monitoring site). The samples needed to be stored in an icebox and
were transferred to the lab to be determined as soon as possible.
Samples used for the measurement of PO4-P, NO3-N, and NH4-N
were filtered using a GF/C membrane (Whatman GF/C), and then
the membrane filters were soaked in 10 mL, 90% acetone solution to
extract Chl a. Furthermore, TN and TP were digested at 120°C for
30 min and tested using a UV-spectrophotometer (UV-1780), and
chemical oxygen demand (CODMn) was determined; the
aforementioned parameters were determined following the
standard methods for the examination of water and wastewater
(APHA., 2017).

2.3 Trophic level index algorithms

To understand the trophic condition of MRP, TLI values were
used, which were given a weighting sum based on the correlation
between TP, TN, CODMn, SD, and Chl a (China Environmental
Monitoring Station., 2001). These parameters were applied for

calculating the TLI, and the qualification formulas of five
parameters were established, which was the calculation result of
the investigation of 26 major lakes (reservoirs) in China (Jin et al.,
1995).

The TLI has a scale from 0 to 100, with a high value indicating a
high trophic level, and was used to assess the eutrophication level of
monitoring sites of the MRP. The trophic level is classified into five
classes according to the score of TLI (∑): the oligotrophic level (TLI
(∑) < 30), mesotrophic level (30 ≤ TLI (∑) ≤ 50), light eutrophic
level (50 < TLI (∑) ≤ 60), middle eutrophic level (60 < TLI (∑) ≤ 70),
and hyper eutrophic level (TLI (∑) > 70) (Wang et al., 2019).

2.4 Water quality index algorithms

The water quality index (WQI) is a widely used method to
evaluate water quality and reflect the comprehensive impact of
different environmental parameters, as well as obtain an objective
assessment of the comprehensive water quality without neglecting
the overall water quality status because of the deviation of individual
factors that were put forward by Pesce et al. (2000). The WQI has
been widely used as one of the most effective approaches to
performing water quality assessments, integrating multiple

FIGURE 1
Locations of eleven sampling sites for the middle route of the South-to-North Water Diversion Project, China.
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measured water quality parameters. In this study, 15
physicochemical parameters collected from eleven sampling sites
were selected as evaluation objects to form a 15 × 11 matrix. The
principal component formula was deduced by calculating the
eigenvalues and the coefficient matrix to quantify the factors.
Then, stepwise multiple linear regression analyses were carried
out to figure out the key factors affecting WQI and then develop
the WQImin model, which helps to select the influencing key factors.

According to the results of factor analysis and correlation
analysis, 11 environmental parameters were selected and
weighted. Every single parameter was assigned a weight based on
its potential effect on the water quality (Wu et al., 2018). T, DO, pH,
CODMn, Tur, Chl a, TP, PO4-P, TN, NH4-N, and NO3-N were used
to compute the WQI. The formula used was as follows:

WQI � ∑n
i�1
Ci × Pi/∑n

i�1
Pi, (8)

where n is the amount of the selected parameters, Ci is the normalized
value of parameter I, Pi is the weight of parameter I, the minimum
value of Pi was one, and the maximum weight allocated to parameters
that influenced the water quality most was four (Supplementary Table
S2). These values have been demonstrated in published studies (Koçer
et al., 2014; Sun et al., 2016; Tian et al., 2019). The WQI has a scale
from 0 to 100, with high values predicting good water quality
conditions of each monitoring site of the MRP. Based on the
grade of the WQI, the water quality was categorized into five
grades: excellent (100–90), good (90–70), medium (70–50), bad
(50–25), and very bad (25–0) (Tian et al., 2019).

In order to assess the water quality of the MRP in an easy and
effective way, a WQImin model built during a previous research study
was used (Pesce et al., 2000). This model usually uses 3–5 important
parameters to evaluate the water quality, per the following formula:

WQImin � ∑n
i�1
Ci/n. (9)

Here, n is the total number of parameters included in the study; Ci is
the normalized value of parameter i (Supplementary Table S2). The
selected parameters were introduced intoWQImin on the basis of the
results of linear regression analysis. All samples collected from the
four seasons were applied for calculating the selected environmental
parameters and the relation between WQI with TLI and WQImin.

Although the water velocity could influence the water quality
significantly, spatio-temporal differences in the water velocity of the
MRP were not significant, so the water velocity was not used to
compute the WQI.

2.5 Statistical procedures

All data analyses were conducted with SPSS 22.0 (IBM SPSS
statistical), PAST 3.0 (Paleontological Statistics), and R (Corrplot).
Considering the heterogeneous distribution of sampling sites, inverse
distance weighting (IDW) interpolation was applied to reveal the
spatial variation of physicochemical parameters. ArcGIS 10.2 (Esri
Inc., US) was used for the spatial data treatment. The Kruskal–Wallis
method was used to evaluate significant differences between the mean
of parameters at the spatial and temporal scales. The variations of
environmental parameters in the seasonal changes were found using
the Kendall test. For grouping the sampling sites, cluster analysis was
carried out using single-linkage distance and square-root data
transformation. A Spearman correlation analysis was conducted to
study the relationship and dependence between environmental
factors. Principal component analysis (PCA) is a quantitative
analysis of multi-dimensional factors in the system, which can
compress multiple variables into individual comprehensive

FIGURE 2
Box plots of seasonal variations of environmental parameters in the middle route of South-to-North Water Diversion Project. (A) Box plot of T; (B)
box plot of pH; (C) box plot of Turb; (D) box plot of SD; (E) box plot of CODMn; (F) box plot of DO; (G) box plot of Chl a.
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variables that reflect the problem (Tripathi et al., 2019). Stepwise
multiple linear regression analyses were carried out to find the key
factors affecting TLI and WQI and to develop the WQImin model,

which helps to select the influencing key factors. Based on the Pearson
correlation analysis between WQI, TLI, and WQImin, the slope has
explanatory significance.

FIGURE 3
Spatio-temporal distribution of phosphorus and nitrogen in the middle route of South-to-North Water Diversion Project. (A) Spatio-temporal
distribution of TP; (B) spatio-temporal distribution of PO4-P; (C) spatio-temporal distribution of TN; (D) spatio-temporal distribution of NH4-N; (E) spatio-
temporal distribution of NO3-N.
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3 Results

3.1 Physicochemical parameters

The average water temperature (WT) was 18.79°C ± 8.78°C, the
maximum value was 30.36°C in summer, and the lowest was 6.79°C
in winter (Figure 2A). The Kruskal–Wallis test showed significant
differences between seasons inWT (p < 0.001). The pH ranged from
7.34 to 9.16, and the mean value was 8.56 ± 0.30 (Figure 2B). The
average turbidity was 4.32 ± 5.17 NTU, and the maximum was 7.58
NTU in spring (Figure 2C). In addition, SD ranged from 0.40 m to
6.00 m, and the mean value was 3.19 ± 1.68 m (Figure 2D). The
Pearson analysis found that the turbidity and SD had a negative
relationship (R2 = −0.79) (Supplementary Figure S1).

CODMn was in the range of 0.80 mg·L−1–3.34 mg·L−1, the mean
value was 2.15 ± 0.80 mg·L−1, and the lowest value was 1.02 mg·L−1 in
winter (Figure 2E). The Kruskal–Wallis test showed that CODMn in
summer had differences in autumn and winter (p < 0.01). There
were significant differences between values in spring and winter (p <
0.01). Pearson correlation analysis illustrated that there was a
positive correlation between CODMn and Chl a (R2 = 0.57)
(Supplementary Figure S1). DO ranged from 4.76 mg·L−1 to
18.10 mg·L−1 (Figure 2F). Pearson correlation analysis showed a
negative correlation between DO and CODMn (R

2 = −0.69) and WT
(R2 = −0.83) (Supplementary Figure S1). The content of Chl a was in
the range of 0.260 μg·L−1–27.681 μg·L−1, with an average of 4.079 ±
4.760 μg·L−1 (Figure 2G); it first increased and then decreased from
south to north. The order of Chl a concentration by season was

summer > spring > autumn >winter (p < 0.05). Themaximum value
of Chl a was 27.681 μg·L−1 at Chuanhuang North in summer. It
could be seen that Chl a had notable spatial differences in spring,
summer, and autumn (p < 0.05).

3.2 Nutrient concentration

TP varied from 0.001 mg·L−1 to 0.077 mg·L−1, with a quarterly
value of 0.025 ± 0.024 mg·L−1 (Figure 3A). TP increased significantly
from south to north in spring, with an average of 0.063 ± 0.006
mg·L−1, while it was stable in the other three seasons, with an average
value of 0.012 ± 0.010 mg·L−1. The Kruskal–Wallis test showed
significant differences between spring and the other three seasons
(p < 0.01). The concentration of PO4-P was 0.001 mg·L−1–0.143
mg·L−1, with a quarterly mean value of 0.024 ± 0.028 mg·L−1
(Figure 3B), and the maximum was 0.055 ± 0.007 mg·L−1 at
Lushan in spring.

The maximum value of TN was 2.216 mg·L−1, measured at
Tuanchenghu during spring. The average TN was 1.786 ± 0.124
mg·L−1 in spring, which was higher than that in summer (1.493 ±
0.190 mg·L−1) (Figure 3C). Meanwhile, TN in the channel showed an
increasing variation in spring from south to north (Supplementary
Table S3). The range of NH4-N was 0.001 mg·L−1–0.143 mg·L−1, and
the average was 0.068 ± 0.042 mg·L−1. Ammonia (NH4-N)
accounted for 5% of TN (Figure 3D), and there was a notable
difference between spring and summer (p < 0.01) as well as in the
relationship between autumn and winter (p < 0.01). NO3-N

FIGURE 4
Dendrogram showing two clusters of sampling sites in four seasons using a single-linkage distance.
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occupied 70% of TN, and other forms of nitrogen had a percentage
of 30%. NO3-N varied from 0.155 mg·L−1 to 1.696 mg·L−1, with a
seasonal average of 0.871 ± 0.457 mg·L−1 (Figure 3E). There were
differences between summer, autumn, and spring (p < 0.01). In
terms of spatial variation, there was a notable increase in trend along
the MRP in spring (Supplementary Table S3).

3.3 Spatio-temporal heterogeneity of
parameters

Single leakage distance clustering analysis showed all samples
were clustered into four groups, which reflected a clear seasonal
change in the water quality. All samples were bunched into two
branches in each season, which indicated notable spatial differences
(Figure 4). Thus, water quality has a distinct characteristic of spatio-
temporal differences.

3.4 Water quality assessment

3.4.1 Trophic level assessment
The average TLI was 35.00 ± 6.84, and the trophic level was

“mesotrophic”. The mean value in spring was 42.82 ± 4.64, which
was notably higher than that in summer (36.89 ± 4.13), autumn

(32.58 ± 3.79), and winter (27.71 ± 3.23) (p < 0.01) (Figure 5A). The
order of TLI by seasons was spring > summer > autumn > winter.
Therefore, TLI first decreased and then slowly increased. The
Kendall test results showed that TLI increased significantly in
summer, autumn, and winter, except in spring (Supplementary
Table S3). Among the samples, only Tuanchenghu in spring had
light eutrophication, and 98% of the samples were at the level of
“oligotrophic to mesotrophic.”

3.4.2 Water quality assessment
There were 11 parameters selected to calculate the WQI. The

results showed that the WQI ranged from 66.67 to 89.58, the
quarterly average value was 79.53 ± 5.49, and the water quality
grade was “good.” Among all samples, 93% showed good water
quality, 7% of the samples showed medium water quality, and the
minimumWQI appeared at Taocha in summer. The order of TLI by
season was autumn (86.55 ± 1.87) > winter (83.22 ± 0.99) > summer
(74.24 ± 3.62) > spring (74.09 ± 2.12) (Figure 5B). The water quality
showed seasonal heterogeneity. In this study, Pearson correlation
analysis results showed that TN (R2 = −0.92) and WT (R2 = −0.69)
had a significant negative correlation with the WQI.

3.4.3 WQImin model establishment
PCA showed that the two main axes of the principal

components explained were 51.74% and 31.40%, respectively

FIGURE 5
Spatio-temporal distribution of TLI and WQI in the middle route of South-to-North Water Diversion Project. (A) Spatio-temporal distribution of TLI;
(B) spatio-temporal distribution of WQI.
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(Figure 6A). According to the matrix table, the first principal
component (PC1) consisted of TN, WT, Chl a, DO, and CODMn.
The second principal component (PC2) described TP, PO4-P, NO3-
N, NH4-N, pH, Tur, and SD. It demonstrated that PC1 mostly
explained the variation of the environmental parameters among
seasons in the MRP.

The multiple stepwise linear regression model was applied to
screen the key factors affecting WQI (Table 1). The results showed
that TN was the first chosen parameter in the model and contributed
the most to WQI in the training (R2 = 0.841, p < 0.001). TN values
showed an increasing trend. Then, Chl a was introduced into the
model and increased R2. CODMn is an indicator of organic and
inorganic oxidizable substances, having the third-highest
explanatory power with regard to WQI in the MRP. Therefore,
TN, Chl a, and CODMn were selected to calculate the
WQImin model.

According to regression analysis, Pearson correlation results
indicated that WQImin had a negative relation with TLI (R2 = −0.501,
p < 0.01) (Figure 6B-1), and theWQImin model also had a strong positive
relationship with WQI (R2 = 0.864, p < 0.001) (Figure 6B-2)). It showed
that the selected key environmental factors had an important impact on
the WQImin model, and the results of the WQImin model were accurate.

4 Discussion

4.1 Spatio-temporal pattern of water quality

Water quality describes the state of the aquatic environment and
measures the availability and suitability of water (El-Serehy et al.,

2018). The status and variations of water quality can be assessed,
which is critical for identifying its spatial and temporal pattern (Wu
et al., 2018). According to the TLI and WQI assessment, the trophic
level index and the water quality status were classified as
“mesotrophic” and “good” in the MRP, respectively. However, a
study found that the water quality still had a risk of deterioration
from upstream to downstream; TLI and WQI in spring were worse
than those in other seasons, which indicated the spatio-temporal
heterogeneity of the water quality in the MRP.

A previous study also found that spring had the lowest WQI in
the MRP (Nong et al., 2019). This was consistent with our results,
that the highest TLI and the lowest WQI were in spring (Figure 5),
which indicated that the water quality confronted more risks in
spring than in other seasons. The water quality was rated as “poor”
in the dry season and as “good” in the wet season in the Aksu River
(Şener et al., 2017); WQI was higher in summer than in other
seasons in the Luanhe River (Tian et al., 2019); TLI in the wet season
reached a lightly eutrophic level, which was higher than that in the
dry season in Wuli Lake (Wang et al., 2019). The water quality in
these waters exhibited a distinct seasonal variation compared to that
of the MRP. A concerning result showed the trophic index and the
water quality level reflecting temporal heterogeneity in the MRP,
especially during spring.

In terms of spatial variation, it was verified that different regions
could show distinct water quality characteristics. It was found that
high pollution mainly happened at the beginning and the end of
rivers, whereas less pollution occurred in the middle parts of rivers
(Hajigholizadeh et al., 2017). In the upstream of the Luanhe River,
the water quality was rated as “good,” which was better than that in
the downstream, evaluated as “bad” (Tian et al., 2019). WQI

FIGURE 6
Principal component analysis and the relationship between WQI, TLI, andWQImin based on the environmental parameters. (A) Principal component
analysis; (B) linear regression between TLI, WQI, and WQImin: (B-1) TLI with WQImin; (B-2) WQI with WQImin.
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classified the Dongjiang River as follows: upstream sites as “good”
(WQI = 79.1–83.2) and downstream sites as “medium” (WQI =
63.6–64.1) (Sun et al., 2016). This spatial heterogeneity was also
observed in our study. The MRP, with a length of 1,432 km, spans
different latitudes and tends to form different regions with different
aquatic conditions (McLean et al., 2016). TLI increased and WQI
decreased from south to north; the end section (Tuanchenghu) had
light eutrophication. The water quality might deteriorate from the
initial headwater source (upstream) to terminal water bodies
(downstream). In addition, the Chuanhuang project was divided
into two parts according to the variation of environmental
parameters. Previous research studies revealed that the Yellow
River crossing projects as a culver tunnel with a length of 4,250
m; an internal diameter of φ7 m (Chuanhuang South to
Chuanhuang North) produced a distinguished difference in the
water quality before and after. The special hydraulic project
might have a certain impact on the aquatic environment (Luo
et al., 2019). In summary, both geographical and seasonal effects
resulted in the spatio-temporal pattern of the water quality in
the MRP.

4.2 Reliability of WQImin

WQImin simplified water quality assessment by using key
parameters based on WQI and TLI, contributing to a more rapid
and efficient evaluation of water quality statuses (Wu et al., 2018)
and making it easy to obtain and represent the major environmental
parameters (Pesce et al., 2000). The most influential parameters in
the arithmetic of WQImin were N and CODMn in Lake Taihu
(China) (Wu et al., 2018), which were also emphasized in the
Dongjiang River (China) (Sun et al., 2016) and the Aksu River
(SW-Turkey) (Şener et al., 2017). CODMn and Chl a played
important parts and were included in the WQImin of the Luanhe
River (China) (Tian et al., 2019). In Dianchi Lake (China), TN, Chl
a, and CODMn were selected in the water quality assessment model,
whichmade great contributions (Yang et al., 2018). It concluded that
some factors such as TN, Chl a, and CODMn had been widely
introduced into WQImin models because of their great impact on
water quality assessment.

Comprehensive and full consideration of the weights of
selected parameters improved the accuracy of WQImin, which
was verified in previous studies (Koçer et al., 2014; Barakat et al.,
2016; Tripathi et al., 2019). Compared to other water bodies, the
proposed WQImin model in this research was composed of three
vital parameters, i.e., TN, Chl a, and CODMn, and evaluated the
water quality of the MRP, constructing stricter standards on the

spatial and seasonal analysis of the water quality. WQImin could
provide simpler measurement methods and lower analytical
assumptions (Wang et al., 2019), which has a worthy
application for saving testing parameter costs and improving
evaluation efficiency.

Conclusion

Water quality in the MRP was “good” throughout the year but
was worse in summer than in other seasons. The trophic level was
“oligotrophic to mesotrophic”; only Tuanchenghu was in the
“mesotrophic” level in spring. WQI decreased and TLI increased
significantly from south to north along the MRP. TN, Chl a, and
CODMn were the driving factors of the water quality and can be
included to establish the reliable WQImin model for water quality
assessment.
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