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Abstract: In view of the potential soil leaching risk of the reuse of fertilizer reclaimed from micro-
flush sanitary wastewater, the batch tests of soil adsorption and degradation, soil column percolation
test and multi-stage soil box percolation test were adopted. The characteristics of leachate after the
interaction between reclaimed fertilizer and soil, as well as the changes of soil attributes in the soil box
system, were analyzed. After obtaining the correlation coefficients of solute transport in soil through
the above experiments, the HYDRUS-1D model was constructed to simulate the solute migration
and transformation in the soil with a duration of 1 year and a soil thickness of 5 m. The impacts of
leachate on groundwater and soil were analyzed. The results showed that the adsorption intensity of
total ammonia nitrogen (TAN) ( 1

n = 0.8009) in the tested soil was lower than that of chemical oxygen
demand (COD) ( 1

n = 1.1830). The HYDRUS prediction showed that concentrations of TAN and
COD at the soil depth of 5 m were 0, while total nitrogen (TN) still had a concentration of 0.11 mg/L.
However, the TN leaching into the deep soil mainly came from the soil itself. The TAN at 3.4 m soil
showed an upward trend in the prediction period. In addition, the reuse of reclaimed fertilizer can
expand the soil nutrient inventory, which is conducive to the improvement of soil fertility. It can be
concluded that the soil leaching risk of reuse of reclaimed fertilizer is not significant in the short term
(one year). However, the risk of fertilization on soil with high-nitrogen background value should be
paid attention to in the long term.

Keywords: toilet and kitchen wastewater; reuse of reclaimed fertilizer; soil leaching; groundwater
contamination; HYDRUS-1D prediction; risk control

1. Introduction

Human excreta and kitchen wastes are potential fertilizers for agricultural production
and can be collected by means of ‘Micro-flush Pipeline transportation’ [1–4]. This paper
defined the toilet and kitchen wastewater (toilet cleaning water ≤ 1.5 L/time, and the ratio
of kitchen wastes to water volume is about 1:1) collected by micro-flush pipeline trans-
portation as micro-flush Sanitary Wastewater (SW). Under the circumstances of meeting
the sanitation standards, the micro-flush SW generally needs to be fermented through
the three-compartment septic tank. The liquid discharged from the septic tank and the
sediments cleaned regularly can be used as fertilizer, which is especially suitable for rural
settlements adjacent to farmland ecosystems [5,6]. The water consumption of the micro-
flush toilet is much lower than that of the conventional flush toilet (6 L/time). However,
the water content of micro-flush SW is still very high (about 98%). In view of the high
solvability, fluidity and soil permeability of water, it is necessary to pay attention to the
environmental contamination risk of the liquid fertilizer reclaimed from SW when it is
reused in the field, especially the risk of the nutrients and organic matter in the soil being
leached into the groundwater by the water in the fertilizer [7–9]. In addition, the short-term
reuse of reclaimed fertilizer may not have a significant impact on soil and groundwater,
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but the long-term reuse on the same land will produce risk superposition effect, resulting
in the load of organic matter, nutrients and other substances exceeding the environmental
capacity. Therefore, it is necessary to establish a prediction model to simulate and evaluate
the environmental contamination effect induced by long-term reuse of reclaimed fertilizer.

When studying the solute transport in the shallow vadose zone, the relevant pa-
rameters of soil and hydraulics in the vadose zone and the distribution characteristics of
pollutants can be obtained by experimental means. The laws of migration and transforma-
tion of substances in soil can be preliminarily studied by using soil static adsorption batch
test and soil degradation kinetics test [10,11]. The soil leaching test can not only be used
to determine the components of leachate but also to study the impact of wastewater on
soil attributes [12,13]. However, when taking large-scale area or deep aeration zone as the
object of study, sampling is often difficult. So, it is necessary to carry out simulation calcula-
tions with the help of computer software on the basis of referring to empirical parameters.
HYDRUS-1D software can comprehensively consider the multiple effects of adsorption
and microbial degradation in soil, establishing a one-dimensional numerical model of
solute transport in variable saturated soil according to the different types of soils and
boundary conditions [14]. It solves the solute transport through finite element calculation
by using convection dispersion equation and simulates the migration and transformation
of substances in soil depth profile with time. At present, HYDRUS-1D model is not only
used to evaluate the agricultural problem of irrigation schemes but also the impact of plants
on soil water budget and groundwater recharge [15–17], but also widely applied in the
environmental problem of the migration of different solutes and particles in soil. Most
objects of the research are nitrates, antibiotics and toxic and harmful substances [18–22]. In
addition, the HYDRUS model can estimate or calibrate soil solute transport parameters
based on measured data inversion [23,24]. Since the composition of liquid digestate ob-
tained by different raw materials, anaerobic digestion parameters and treatment methods
is different, it is difficult to compare the migration of various fertilizer in soil. Therefore, it
is necessary to take SW as the research object for targeted analysis.

The content of heavy metals in SW is pretty low [25], and it can be removed fairly well
by anaerobic fermentation [26–29]. Drug residues and hormone components in human
feces and urine need to be removed by expensive technical means, such as electrodialysis,
nanofiltration and advanced oxidation, while conventional municipal sewage treatment
does not usually include such process units. Therefore, it is far-fetched to overemphasize
the pollution risk of these components in SW [30]. In addition, the degradation rate of
sex hormones on cultivated land is very fast [31], and the anaerobic digestion process
of municipal sludge can remove more than 60% of antibiotics and natural estrogen [32].
Hence, these parameters will not be considered. This study will focus on the environmental
pollution path of soil leaching of treated SW. The interception law of nitrogen, phosphorus
and organic matter by soil will be analyzed, and the physical and chemical characteristics
of leachate and the change of soil nutrient content after long-term reuse will be researched.

This study intends to predict the migration and transformation law of reclaimed
fertilizer in the soil within a certain time range through HYDRUS-1D software, so as to
evaluate whether it is a leaching risk to groundwater. Based on the simulation of the
corrected model of HYDRUS-1D, the soil leaching risk of the reuse of fertilizer reclaimed
from SW with soil as the absorption carrier can be evaluated, which will provide scientific
guidance for the prevention and control of the contamination risk.

2. Materials and Methods
2.1. Feedstock

The feedstocks of batch tests, soil column and soil box percolation tests were the
SW treated by micro-mesh septic tank (MMST), which was a treatment facility based on
the traditional septic tank configuration with multi-step micro meshes. MMST had the
functions of anaerobic fermentation and particle interception. The effluent of MMST (the
reclaimed fertilizer) can ensure health safety and biological safety. Before the test, several
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liters of reclaimed fertilizer were collected at one time and stored in plastic barrels for
use. Since the actual SW was used, the properties of fertilizer used in different tests were
different, and the corresponding specific values are shown in Table 1.

Table 1. Characteristics of feedstock in different tests.

Test Adsorption Test Degradation Test Soil Column Test Soil Box Test

pH 8.29 8.92 8.17 8.50 ± 0.10
TAN (mg/L) 622.6 689.8 813.8 602.4 ± 16.6
TN (mg/L) 672.5 652.6 891.9 666.1 ± 60.2
TP (mg/L) 22.5 9.7 29.0 13.0 ± 3.3

COD (mg/L) 1669 557 1457 1209 ± 47
SCOD (mg/L) 961 324 910 892 ± 24

EC (S/m) 0.807 0.508 1.031 0.76 ± 0.02
Note: TAN—Total ammonia nitrogen; TN—Total nitrogen; TP—Total phosphorus; COD—Chemical oxygen
demand; SCOD—Soluble chemical oxygen demand; EC—Electrical conductivity.

The soil used in the tests were the cultivated layer soil taken from the test field (0–20 cm
thick) in Rugao, Jiangsu province (32◦00′–32◦30′ N, 120◦20′–120◦50′ E). The average annual
temperature and precipitation of the test site is 14.9 ◦C and 1052.9 mm·a−1, respectively.
The groundwater level is 3–3.50 m, and the altitude is 2–6 m. The tested soil is sandy loam
with an average bulk density and water content of 1.39 g/cm3 and 17%, respectively. The
organic matter of the soil is 31.78 g/kg.

2.2. Experiment Design
2.2.1. Batch Tests of Soil Adsorption

(1) Adsorption kinetics test

The tested soil was placed into an oven at 105 ◦C for more than 4 h to dry the soil and
minimize the interference of microbial activities [33]. Then, the soil was passed through
a 100-mesh sieve after cooling. The sieved soil was stirred evenly on the enamel plate
and several portions of 60 g soil sample were weighed into 150 mL brown conical flasks
with stopper. After that, 120 mL of reclaimed fertilizer was added to the flasks of each
test group at a soil: water ratio of 1:2. In order to eliminate the influence of nutrients and
organic matter desorption in the tested soil on the equilibrium adsorption concentration, a
control group was set up and 120 mL of deionized water was added [34]. The stoppered
conical flasks were put into a constant temperature oscillation box with a temperature of
25 ◦C and an oscillation frequency of 200 r/min for oscillation and adsorption. At 0, 0.5,
1, 2, 4, 8, 12, 24, 32 and 48 h after the start of oscillation, three samples of the test group
and one sample of the control group were taken out and centrifuged for 5 min under the
condition of 3000 r/min, and the supernatant was taken to detect TAN, TN, TP, COD and
other indicators. The adsorption capacity of soil was calculated with Equation (1) [10].

Q =
(C0 −C)×V

ms
(1)

Q is the adsorption capacity, mg/g. C0 is the initial concentration of pollutants, mg/L.
C is the difference between the concentration of the test group and that of the control group
when the adsorption reaches equilibrium, mg/L. V is the volume of feedstock, L. ms is the
mass of soil sample, g.

(2) Isothermal adsorption test

According to the soil sample treatment method described in Adsorption kinetics test,
after filling soil in brown conical flasks, 120 mL of reclaimed fertilizer was added with
different dilution multiple, respectively. The dilution multiple and concentrations are
shown in Table 2. Three groups of parallel samples for each dilution multiple were set.
An amount of 120 mL of deionized water was added into the flasks of the control group,
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which also had three groups of parallel samples. The conical flasks were put into a constant
temperature oscillation box with a temperature of 25 ◦C and an oscillation frequency of
200 r/min. The flasks were taken out and centrifuged to determine the indexes of the
supernatant after the soil adsorption reached equilibrium. The adsorption equilibrium time
can be obtained according to the results of adsorption kinetics test. The adsorption capacity
of soil sample was calculated with Equation (2).

Qe=
(C0 − Ce)×V

ms
(2)

where, Qe is the equilibrium adsorption capacity, mg/g. Ce is the equilibrium adsorption
concentration, mg/L.

Table 2. Dilution gradient and concentration of fermented sanitation wastewater.

Dilution
Multiple pH EC

(S/m)
TAN

(mg/L)
TN

(mg/L)
TP

(mg/L)
COD

(mg/L)
SCOD
(mg/L)

1 8.33 0.899 757.68 877.29 26.79 1798 788
2 8.34 0.495 385.43 426.63 13.24 751 399
3 8.30 0.335 253.58 282.42 9.17 485 266
4 8.28 0.258 175.80 210.58 6.70 357 195
6 8.25 0.163 122.18 143.07 4.28 233 125
10 8.18 0.102 69.70 78.55 2.53 139 77
20 8.06 0.054 36.17 42.44 1.29 72 38

Note: EC—Electrical conductivity; TAN—Total ammonia nitrogen; TN—Total nitrogen; TP—Total phosphorus;
COD—Chemical oxygen demand; SCOD—Soluble chemical oxygen demand.

2.2.2. Batch Test of Soil Degradation

In order to determine the degradation coefficient of organic matter and nitrogen
compounds in the reclaimed fertilizer by soil microorganisms under anaerobic conditions,
the air-dried soil was passed through 30-mesh screen. Several parts of 60 g soil samples
were weighed and placed in 150 mL conical flasks with stopper. An amount of 120 mL of
reclaimed fertilizer was added to the flasks of each test group, and 120 mL of deionized
water was added to the flasks of the control group. Conical flasks with stoppers were used
to simulate anaerobic condition. The conical flasks were put into a constant temperature
oscillation box with a temperature of 25 ◦C and an oscillation frequency of 200 r/min.
Three flasks of test group and one flask of control group were taken out at regular intervals
for centrifugation and determination. The concentrations of TAN, TN, TP and COD of
the supernatant were detected. At the initial stage of oscillation treatment, 12 h was taken
as the sampling interval, and then extended to 24 h and 2 days gradually. The test lasted
about 20 days.

2.2.3. Soil Column Percolation Test

Gravel (1 cm in diameter) was paved 2 cm high at the bottom of the cylindrical
container with a diameter of 15 cm to slow down the blockage of the soil column. After
sieving the air-dried soil to 1 cm, water was added until the soil was mingled together and
the moisture content of the soil was measured. The tested soil was filled into the cylindrical
container with the filling height of 10 cm, 30 cm and 50 cm. The soil moisture content was
17.50%, 16.79% and 17.03%, respectively. There were several 5 mm diameter perforations at
the bottom of the container to discharge the leachate, and the perforated percentage was
about 60%. The soil column container was placed on the iron frame, and a sampling bucket
with a diameter greater than 15 cm was placed below the container to collect all the leachate
(Figure 1). Based on the size of the soil column container and the loading amount of soil, in
order to ensure that the amount of leachate sample meets the needs of laboratory analysis,
it was designed to feed liquid once a day with a volume of 800 mL [8]. A certain amount of
feedstock was poured into the barrel above the soil column. Under the regulation of the
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flow rate regulator, the fertilizer slowly dripped to the non-woven fabric (average aperture
5 µm) on the surface of the soil column. The function of non-woven fabric was to evenly
distribute the fertilizer. The hydraulic load was 45.27 L/(m2·day), and the volume and
quality of the leachate were measured every day.

Figure 1. Photograph of soil column infiltration test.

2.2.4. Multistage Soil Box Percolation Test

A layer of non-woven fabric with an average aperture of 1 µm was laid at the bottom of
four plastic boxes with hollow bottoms. The size of the boxes was 46 cm × 29 cm × 15 cm.
The air-dried soil was put into the boxes after passing through a 1 cm screen, and the filling
amount was 25 kg/box. The plastic boxes filled with soil were stacked vertically on a
bottom closed plastic box to form two groups of multi-stage soil box percolation system
with soil layer thickness of 30 cm (Figure 2). Among them, non-woven fabric was used to
prevent soil from leaking into the bottom box, and the bottom box was used to collect the
leachate. Before the start of the test, the five-point sampling method was used to collect the
soil in No. 1–4 soil boxes as the initial sample. The soil attributes are shown in Table 3.

Figure 2. Photos of multistage soil box percolation system.
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Table 3. Initial soil attributes.

Box Number pH EC (S/m) N (%) C (%) H (%) S (%)

1 8.10 0.016 0.1003 1.6844 0.5476 0.0640
2 8.11 0.016 0.1085 1.7618 0.5618 0.0435
3 8.08 0.013 0.1018 1.7472 0.5309 0.0355
4 8.22 0.013 0.0996 1.7330 0.5259 0.0305

Average 8.13 0.015 0.1026 1.7316 0.5415 0.0434
Note: EC—Electrical conductivity; N, C, H and S—Content of N, C, H and S elements in soil.

Sijiu Chinese cabbage (Brassica) were sown on the upper layer of the soil box perco-
lation system on 26 October. The method of spot-sowing was adopted with 2 seeds per
hole and a hole spacing of 5 cm. The reclaimed fertilizer was pumped by the diaphragm
pump and fed into two groups of systems through the pipeline erected on the upper
part. Considering evapotranspiration (the FAO-56-PM-24 h model and the reference crop
evapotranspiration double crop coefficient method were used to calculate the actual evapo-
transpiration) [35], the crop fertilizer demand (the nutrients required by the tested crops
during the growth period is about 280 kg N/hm2 and 28 kg P/hm2) [36] and the actual
situation of soil and crops in the boxes, the amount of feedstock was designed. The average
amount of feedstock added within 30 days of operation was 612 mL, and the characteristics
of leachate were continuously investigated.

2.2.5. Model Construction and Parameter Setting

HYDRUS-1D software was used to build a model to simulate the migration and
transformation process of organic matter and nutrients after entering the aeration zone
with the reclaimed fertilizer, that is, the water flow movement and the reaction of solute
in the migration process. Therefore, the model mainly used the water flow module and
solute transport module. Plant growth and root water absorption were not considered in
this study. The time unit, mass unit and length unit of the model was set as d (day), mg and
cm, respectively. The van Genuchten–Mualem model of single pore model was adopted
as the soil flow model without considering the effect of water hysteresis. The soil type
was sandy loam, provided by the software, and the soil hydraulic parameters are shown
in Table 4. The upper boundary of the flow model was the atmospheric boundary, and
the lower one was the free drainage boundary. The maximum ponding depth was set to
20 cm, and the upper and lower boundaries of solute transport were concentration flux
boundary condition.

Table 4. The hydraulic parameters of sandy loam soil.

Parameters Qr Qs α (cm−1) n Ks (cm·d−1) L

Values 0.065 0.41 0.075 1.89 106.1 0.5
Note: Qr—Residual soil water content; Qs—Saturated soil water content; α, n—Parameters in the soil water
retention function; Ks—Saturated hydraulic conductivity; L—Tortuosity parameter in the conductivity function.

2.3. Analytic Methods

This paper focused on the analysis of the properties of water samples after the interac-
tion between reclaimed fertilizer and soil, as well as the changes of soil properties in soil
box system. Reference standard method for water sample property analysis [37]. The pH
of soil was measured by pH meter according to the soil water ratio of 1:2.5, while EC was
measured by conductivity meter according to the soil water ratio of 1:5 [38]. The contents
of N, C, H and S elements were measured by element analyzer (Vario MAX cube).

2.4. Calculations

The quasi second-order adsorption kinetic equation was used to fit the adsorption
kinetics test results, and the formula was as follows:
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t
q
=

1
k2·q2

e
+

1
qe

t (3)

qe and q are the equilibrium adsorption capacity and the adsorption capacity at time t,
respectively, mg·g−1. t is the adsorption time, h. k2 is the quasi second-order adsorption
rate constant, g·mg−1 h−1.

Linear model and Freundlich model were, respectively, used to fit the isothermal
adsorption test results. The linear model formula is as follows:

Qe = aCe + b (4)

Freundlich model formula is as follows:

Qe = KC
1
n
e or lgQe = lgK +

1
n

lgCe (5)

where, Qe is the equilibrium adsorption capacity, mg/g. Ce is the equilibrium adsorption
concentration, mg/L. a and b is the constant of linear equation. K is the adsorption capacity
constant, which reflects the number of adsorption sites on the soil surface and it is a constant
related to the maximum adsorption capacity. The greater the K is, the faster the adsorption
rate [39]. 1

n is the adsorption intensity constant.
The first-order kinetic equation was used to simulate the results of soil biodegradation

test. The formula is as follows:
C = Ae−kt (6)

where, C is the concentration of fertilizer, mg/L, t is the reaction time, d. k is the first-order
kinetic reaction rate constant.

Water dispersion coefficient D (cm2·d−1) is related to longitudinal dispersion of solute
in one-dimensional soil λ (cm), saturated hydraulic conductivity Ks (cm·d−1) and molecular
diffusion coefficient D0 (cm2·d−1):

D = λKs + τ(θ)D0 (7)

Among them, τ is the distortion factor, which has little contribution to D0, so the
molecular diffusion can be ignored [40]. The results of parameter sensitivity analysis in the
literature showed that the simulated concentration is insensitive to D and λ [41]. Therefore,
the water dispersion coefficient D was adjusted according to the particle size distribution
value of each soil recommended in the literature [23]. In this study, D was set as 10 cm.

3. Results and Discussion
3.1. Acquisition of Soil Solute Transport and Reaction Parameters
3.1.1. Adsorption Coefficient

The soil adsorption coefficient was obtained from the batch test of soil adsorption,
in which the adsorbent was soil and the liquid to be adsorbed was reclaimed fertilizer.
The solutes concerned in this paper include nitrogen, phosphorus and organic matter
represented by COD. Figure 3 shows the results of soil adsorption kinetics test. As shown
in Figure 3, during the adsorption period of 0–48 h, the pH value decreased first and
then increased. The change of conductivity, nutrients and organic matter were similar,
showing a process of first fast, then slow and, finally, stable. Specifically, the solute was
rapidly adsorbed by soil particles during 0–4 h, and then the adsorption rate slowed down.
The adsorption reached equilibrium during 12–24 h. After 24 h, the concentration of the
target substance presented an oscillating equilibrium state due to the dynamic process of
adsorption and desorption [42].

Figure 4 shows the dynamic curve of soil adsorption. As shown in Figure 4, the adsorp-
tion of nutrients and organic matters in the reclaimed fertilizer in the tested soil conformed
to the quasi second-order kinetic equation, indicating that its adsorption forms include
physical and chemical adsorption, and the electrostatic interaction between functional
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groups was the driving mechanism of this process [43]. At the initial stage, there were
many adsorption sites on the soil colloids, which can fully contact and quickly adsorb
the solute, making it adhere to the soil surface and then diffuse into the soil macropores.
During this period, the resistance is relatively small. As the solute gradually diffused
from the macropores to the micropores, the adsorption resistance increased, while the
adsorption rate decreased. When the soil adsorption site was saturated, the adsorption
reached equilibrium [10]. Among the nutrients, the adsorption rate of phosphorus was the
fastest, followed by TAN. The concentration of TN in the reclaimed fertilizer fluctuated
greatly after the adsorption was basically balanced. This was because the TN precipitated
from the blank sample of the tested soil (deionized water) was between 150–240 mg/L, in
which TAN was only 10–15 mg/L, while the proportion of nitrate nitrogen was large. Since
the water solubility of nitrate nitrogen is high and the potential locations of its adsorption
are some active sites on the soil surface [44], it is easy to desorb after adsorption, resulting
in relatively poor goodness of fit (R2 = 0.9109).

Figure 3. Variation of (a) pH, (b) EC, (c) nutrients, (d) organics in the soil adsorption kinetics test.
Note: EC—Electrical conductivity; NH3-N—Ammonia nitrogen; TN—Total nitrogen; TP—Total
phosphorus; COD—Chemical oxygen demand; SCOD—Soluble chemical oxygen demand.

The isothermal adsorption test data of the tested soil for substances in reclaimed
fertilizer were fitted with linear and Freundlich models, and the results are shown in
Figure 5. The correlations of linear model to other indexes except TAN were higher than
that of the Freundlich model. However, the differences between the adsorption results
of TP and COD fitted by the two models were not obvious. Because TAN is positively
charged, it is easy to be adsorbed by soil. However, from the Freundlich curve, the 1

n of
TAN was less than 1, indicating that there were some limitations in the effective specific
adsorption sites on the surface of soil particles. With the increase in TAN concentration in
wastewater, the adsorption difficulty increases [45].



Water 2022, 14, 2823 9 of 19

Figure 4. Adsorption kinetic models of (a) nutrients, (b) organics by soil. Note: TAN—Total ammonia
nitrogen; TN—Total nitrogen; TP—Total phosphorus; COD—Chemical oxygen demand; SCOD—
Soluble chemical oxygen demand.

Figure 5. Cont.
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Figure 5. Isothermal adsorption curves of soil to reclaimed fertilizer. (a) TAN fitted with linear
model; (b) TAN fitted with Freundlich model; (c) TN fitted with linear model; (d) TN fitted with
Freundlich model; (e) TP fitted with linear model; (f) TP fitted with Freundlich model; (g) COD
fitted with linear model; (h) COD fitted with Freundlich model; (i) SCOD fitted with linear model;
(j) SCOD fitted with Freundlich model. Note: TAN—Total ammonia nitrogen; TN—Total nitrogen;
TP—Total phosphorus; COD—Chemical oxygen demand; SCOD—Soluble chemical oxygen demand;
EC—Electrical conductivity.

3.1.2. Degradation Coefficient

The degradation coefficient was obtained through the indoor static degradation test.
Since the test focuses on biodegradation in anaerobic conditions, only physical adsorption
is considered for phosphorus removal, and biological removal is not considered. Therefore,
this experiment investigated the anaerobic degradation ability of soil to nitrogen and
organic matter in reclaimed fertilizer. Under anaerobic conditions, TAN in the tested soil is
not prone to nitrification, and the main removal path is soil particle adsorption, of which
the rate is fast. Hence, the correlation of TAN fitted by the first-order kinetic curve was the
worst (R2 = 0.7334). The first-order kinetic reaction rate constants k of TAN, TN, COD and
SCOD were 0.0948 d−1, 0.0824 d−1, 0.3258 d−1, 0.1701 d−1, respectively (Figure 6). Among
them, the COD degradation rate was the fastest.

3.2. Migration Parameter Correction and Model Verification
3.2.1. Soil Column Percolation Test

The purpose of soil column percolation test was to analyze the effect of soil thickness
on the permeability of reclaimed fertilizer, so as to correct the solute parameters. After the
three groups of soil columns of 10 cm, 30 cm and 50 cm were operated, the leachate was
collected and measured every day. Because of the thick soil in 30 cm and 50 cm columns,
the water percolation rate was affected greatly. In addition, continuous liquid inflow led
to the increase in soil water content and the gradual compression of soil pores [46]; hence,
there was no leachate after feeding for 6 consecutive days. The total amount of water
entering the soil column at the end of percolation was 4.8 L.
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Figure 6. Soil biodegradation curve of reclaimed fertilizer. (a) TAN, (b) TN, (c) COD and (d) SCOD
fitted by the first-order kinetic curve. Note: TAN—Total ammonia nitrogen; TN—Total nitrogen;
COD—Chemical oxygen demand; SCOD—Soluble chemical oxygen demand.

Figure 7a–c shows that after the reclaimed fertilizer entered the soil column, the
original nitrogen (mainly nitrate nitrogen) in the tested soil was washed out. As a result, the
TN concentrations of leachate at three heights on the first day were more than 1500 mg/L,
which was much higher than that of influent (666.1 mg/L). As the easily mobile nitrogen
forms in the soil were washed away, the TN concentration in the leachate of 30 cm and
50 cm soil columns decreased day by day. At the end of the experiment, the TN interception
efficiency reached 97.65% and 94.70% respectively. However, the TN in leachate of 10 cm
column decreased first and then increased. At the end of the test, the TN interception
efficiency was only 39.03%, significantly lower than 30 cm and 50 cm soil columns (p < 0.01,
one-way ANOVA analysis). Due to the limited adsorption sites, the increase rate of TAN at
10 cm was higher than the conversion rate, while the TAN at 30 cm and 50 cm fluctuated
between 2.98–16.54 mg/L and 3.50–7.20 mg/L, respectively. The interception efficiency
of TAN in 30 cm and 50 cm soil columns were significantly higher than that of 10 cm
soil column (p < 0.01). During the test, the interception efficiency of TAN in 50 cm soil
column was always larger than 99%. However, the interception efficiency of TAN of 30 cm
and 50 cm soil columns had no significant difference (p > 0.05). In order to prevent the
loss of nitrate nitrogen from the soil itself, attention should be paid to controlling the
amount of liquid fertilizer for fertilization to reduce the mineral nitrogen entering the
groundwater [47].

Figure 7d shows the concentration and interception efficiency of TP in the leachate. TP
concentration at 10 cm soil column increased day by day and reached 3.67 mg/L on the 6th
day with an interception efficiency of less than 90%. The TP concentration at the 30 cm soil
column decreased first and then increased, but the interception efficiency was not less than
99% during the test. TP at 50 cm column generally showed a downward trend, and the
interception efficiency was higher than that of 30 cm soil column at the end of the test. The
phosphorus entering the soil was adsorbed by the soil particles, and the excess part exuded
into the soil column system. Therefore, the interception efficiency of TP increased with the
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increase in the height of the soil column. Since the difference between the three groups
of columns were not significant (p > 0.05), the main interception layer of phosphorus was
0–10 cm soil layer.

Figure 7. Concentration and interception efficiency of (a) TAN, (b) TN, (c) NO3-N, (d) TP, (e) COD
and (f) SCOD in soil column leachate. Note: Con—Concentration; Int—Interception efficiency; 10, 30,
50 represent 10 cm, 30 cm and 50 cm; TAN—Total ammonia nitrogen; TN—Total nitrogen; NO3-N—
Nitrate nitrogen; TP—Total phosphorous; COD—Chemical oxygen demand; SCOD- Soluble chemical
oxygen demand.

The COD concentration of leachate in 10 cm soil column was 751 mg/L on the first
day, and then decreased and stabilized on the following days, with an average interception
efficiency of 79.29%, significantly lower than 30 cm and 50 cm soil columns (p < 0.01). The
change patterns of 30 cm and 50 cm soil columns were similar, but the average interception
efficiencies after stabilization were 89.96% and 94.38%, respectively. The COD in leachate
included the original organic matter of tested soil and the part of reclaimed fertilizer that
had not been intercepted and decomposed. Therefore, the thicker the soil layer in the
initial stage, the higher the COD concentration in leachate. However, the final interception
efficiency also increased with the increase in soil layer thickness. Comparing the three
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groups of data, most reductive substances were adsorbed and degraded in soil layers at
0–10 cm.

Since the parameters, such as the longitudinal dispersivity (λ), cannot be easily mea-
sured in laboratory or in the field [48], the concentrations of various solutes in the leachate
at different soil thicknesses were substituted into the inverse solution program of HYDRUS-
1D with an applied amount of 4.527 cm/d. The corrected solute transport characteristic
parameters were obtained in Table 5. The longitudinal dispersivity of TN is less than other
parameters, indicating that the dispersion of TN in the direction parallel to the water flow
is weaker than that of organic matter [23]. From the perspective of kinetic reaction rate
constant, the degradation of organic matter in soil is faster than nitrogen.

Table 5. Corrected characteristic parameters for solute migration in soil.

Parameters
Diffus. W (D) Disp. L (λ) K(a) 1

n k
cm2·d−1 cm (d−1)

TAN 1364 16.63 0.03312 0.4004 0.1538
TN 1061 10.30 0.0006 - 0.0831

COD 1653 17.50 0.0024 - 0.5301
SCOD 1061 19.06 0.0013 - 0.3666

Note: Diffus. W(D)—Diffusion coefficient; Disp. L(λ)—longitudinal dispersivity; K(a)—First adsorption coef-
ficient; 1

n —adsorption intensity constant; k—first-order kinetic reaction rate constant. TAN—Total ammonia
nitrogen; TN—Total nitrogen; COD—Chemical oxygen demand; SCOD—Soluble chemical oxygen demand.

3.2.2. Soil Box Percolation Test

The corrected model was verified by the results of multistage soil box percolation
test. Since the soil surface area of the soil boxes was larger than that of the soil columns,
and the water inflow was only 1/10 of soil column, sufficient leachate was collected in
the bottom box on the 6th day. Figure 8 shows the concentration of nitrogen and COD in
30 cm soil layer simulated by HYDRUS-1D and the measured values of percolation in soil
boxes. Among them, the simulated value of TAN was quite different from the measured
one, which was reflected by the measured value being far lower than the simulated one
(with a relative deviation of 68.01%). In addition to the higher measured value on the 12th
day, the model had a good simulation effect on TN and COD (with a relative deviation of
12.09% and 18.26%, respectively).

From the results of soil adsorption batch test, it was less difficult to adsorb TAN when
the concentration was low (Freundlich model). The TAN concentration used in the soil
box percolation test (602.4 mg/L) was significantly lower than that in soil column test
(813.8 mg/L). Therefore, there may be some deviation in simulating TAN concentration
with the parameters corrected by the results of the soil column test. On the other hand, the
environmental conditions of the degradation batch test were set as anaerobic, but the topsoil
area of the soil box was much larger than the conical flacks, and the reclaimed fertilizer can
have a partial aerobic reaction on the top layer, and thus it has a better degradation effect.
The measured concentration of TAN was lower than the simulated concentration due to the
above two reasons. It is worth noting that under the actual soil conditions (within the range
of 5 m soil thickness), the nitrification and adsorption of TAN will not be the same as in the
soil boxes with large topsoil areas, so the established model was still used for prediction.
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Figure 8. Simulated and measured values of (a) TAN, (b) TN, (c) COD and (d) SCOD in the soil
layer of 30 cm. Note: TAN—Total ammonia nitrogen; TN—Total nitrogen; COD—Chemical oxygen
demand; SCOD—Soluble chemical oxygen demand.

3.3. Prediction of Soil Leaching Risk of Reclaimed Fertilizer

The adsorption coefficient, biodegradation coefficient, soil water content, dispersion
property parameters and the characteristics of reclaimed fertilizer were input into HYDRUS-
1D software to simulate and predict the migration and distribution of nitrogen and organic
matter in the soil depth profile. Because the phosphorus can be adsorbed and retained
by the soil easily and the phosphorus concentration is not clearly specified in the Chinese
groundwater quality standard, no further study on the migration of phosphorus is carried
out in this study. The model mainly simulated the groundwater contamination risk of
long-term reuse of fertilizer reclaimed from SW, so the simulation time was set as 365 d, and
the simulation results were output in equal time steps (36.5 d). The simulated depth range
was 0–500 cm underground and the soil layer was not divided. The water content of the
soil surface and bottom layer were set as 17% and 29%, respectively (the water content of
the bottom layer was determined according to the operation results of the inverse solution),
the amount of reuse was set to 0.4 cm/d, and the concentration of each substance on the
top layer was set according to the long-term measurement data (Table 6).

Table 6. Concentration setting value of each parameter on the top.

Parameters
Concentration

mg·cm−3

TAN 0.650
TN 0.700

COD 1.2
SCOD 0.9

Note: TAN—Total ammonia nitrogen; TN—Total nitrogen; COD—Chemical oxygen demand; SCOD—Soluble
chemical oxygen demand.
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According to Figure 9, after one year of reuse, the COD concentration under 1.3 m soil
layer can be stabilized within 1 mg/L, and the TAN concentration under 3.4 m soil layer
can be stabilized at 0.02 mg/L. In the soil layer below 3 m, TN concentration can be kept
below 2 mg/L, meeting the Chinese groundwater quality standard.

Figure 9. Predicted values of (a) TAN, (b) TN, (c) COD and (d) SCOD transport in soil. Note: TAN—
Total ammonia nitrogen; TN—Total nitrogen; COD—Chemical oxygen demand; SCOD—Soluble
chemical oxygen demand.

From the simulation data, after 36 days of reuse, the concentrations of COD and SCOD
in 1.3 m soil layer showed a relatively stable trend, so it is unlikely that the bottom layer
will continue to penetrate downward. However, compared with COD, SCOD has stronger
migration potential, which is due to its morphological structure being easily soluble in
water. The TAN concentration at 3.4 m of the soil layer showed an upward trend after
day 292, indicating that the continuous reuse may lead to the extension of the leaching
path of TAN. The fate of TAN in the soil includes soil filtration, soil adsorption, reaction,
crop absorption, etc. If the adsorbed TAN cannot be transformed and absorbed in time, it
will lead to the saturation of soil adsorption sites, so that the continuously input part will
flow into the ground with water. In order to reduce the leaching risk of TAN migration to
groundwater, crops can be planted to accelerate the absorption of TAN [49]. In addition,
fertilizing on demand or adding biochar to the soil can reduce nutrient loss [50,51], and
regularly ploughing the soil can oxygenate the soil to accelerate the nitrification reaction.
According to the prediction, after one year of continuous reuse of reclaimed fertilizer,
the TAN, COD and SCOD of leachate at the depth of 5 m are all 0. However, there is
still a certain residue of TN (0.11 mg/L), and that concentration level remains relatively
stable from the 146th day to the end of the simulation period. Since the feedstock basically
contains no nitrate nitrogen and the TAN concentration at the depth of 5 m is 0, it can be
inferred that the penetrated nitrogen mainly comes from the intermediate products of soil
leaching, ammonia nitrification and denitrification [10].
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3.4. Effect of Reclaimed Fertilizer Reuse on Soil Properties

After 30 days of operation of the multi-stage soil box system, the soil samples in the
boxes were collected again. The soil attributes analysis is shown in Table 7. Compared
with the initial soil (Table 3), the pH decreased significantly (from 8.13 to 7.15), while the
conductivity increased (from 0.015 to 0.162 S/m) after reuse, among which the change
range of soil in box No. 1 and No. 3 were greater. Compared with the initial value, the
contents of C and N elements in soil increased by 4.25% and 60.52%, respectively.

Table 7. Soil attributes after soil box percolation test.

Box Number pH EC (S/m) N (%) C (%) H (%) S (%)

1 7.44 0.171 0.1670 1.8237 0.5402 0.0384
2 7.30 0.064 0.1254 1.8067 0.5305 0.0302
3 6.92 0.337 0.2370 1.8026 0.5555 0.0367
4 6.92 0.077 0.1291 1.7879 0.5352 0.0246

Average 7.15 0.162 0.1646 1.8052 0.5403 0.0325
Note: EC—Electrical conductivity; N, C, H and S—Content of N, C, H and S elements in soil.

Comparing the pH in Tables 3 and 7, the soil changed from weak alkaline to neutral,
which is more conducive to seed germination and crop growth [52,53]. At the same time,
the decrease in pH can also reduce the release of soil phosphorus [54], which is conducive
to the retention of soil phosphorus. C/N close to 10 is more favorable for the formation
of soil organic matter and the prevention of nitrogen loss. The increase in C/H indicated
the increase in organic matter condensation degree and stability [55,56]. The above results
showed that the application of fertilizer reclaimed from SW increased soil fertility and
had a certain effect of soil improvement. The soil change of soil box No. 1 and No. 3 were
more significant, owing to the direct contact with the fertilizer. Therefore, soil particles,
pores and microorganisms can be used to intercept most of the dissolved solids in the
reclaimed fertilizer.

4. Conclusions

It is in line with the requirements of sustainable development to reuse the micro-
flush sanitary wastewater as fertilizer. However, the nutrients and organic matter in the
reclaimed fertilizer and soil itself may be leached during the fertilization process, thus
bringing risk to the groundwater. In this paper, the reclaimed fertilizer of micro-flush SW
was taken as the research object, and the cultivated soil of the test site was taken as the tested
soil. Through batch tests, soil column correction test and soil box verification test, the soil
hydrodynamic parameters, boundary conditions and solute transport parameters required
by HYDRUS-1D were obtained. The model was used to predict the correlation between soil
depth and concentration of leachate under a specific period of time, so as to evaluate the
potential soil leaching risk of reclaimed fertilizer and to put forward suggestions for risk
control to guide the safe reuse of reclaimed fertilizer. It can be concluded that, compared
with COD ( 1

n = 1.1830), the adsorption intensity of TAN ( 1
n = 0.8009) in the tested soil was

relatively low. TAN was more likely to leach into groundwater. HYDRUS-1D predicted
that after one year of continuous reuse, the COD below 1.3 m soil layer and TAN below
3.4 m can meet the class I water standard for underground water. At the depth of 5 m,
the concentrations of TAN, COD and SCOD are all 0, and TN still has a certain residue
(0.11 mg/L) that mainly comes from the soil itself. The TAN concentration at 3.4 m showed
an upward trend in the prediction period. The soil leaching risk of the reuse of reclaimed
fertilizer is not significant in the short term (one year). The risk of fertilization on soil
with high nitrogen background value should be paid attention to in a long-term context.
The reuse of reclaimed fertilizer can increase soil fertility and have a certain effect on
soil improvement.
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