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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 (NH,*-N). In
addition, the maximum adsorption capacity (Q.,) 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 NH,*-N concentrations of 54.25,
88.66, 105.85, 133.71, 178.80, 273.54, and 542.87 mg/L). The Q., value was fitted by
models, and its relationship with soil properties was discussed. The results showed the
following: 1) the adsorption of biogas slurry NH,*-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 PIPlatt model,
and the Langevin model isotherm, among which the Langevin model had the best fit, with a
coefficient of determination R? close to 1. The theoretical saturated Q. fitting results of
NH,4*-N were 1038.41-1372.44 mg/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
448.35 mg/kg for silty loam, loam, and sandy loam, respectively. 3) The Q, 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
etal,, 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
(Luetal,, 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

Frontiers in Environmental Science | www.frontiersin.org

June 2022 | Volume 10 | Article 942263


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

Wang et al.

Adsorption Characteristics of Soils

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

TABLE 1 | Chemical composition of biogas slurry.

pH TN NH,*-N

(mg/L) (mg/L)

Biogas slurry (unfiltered) 7.95 630.29 558.72
Biogas slurry (filtered through a 0.25-mm mesh  7.97 624.53 550.41

screen)

NO;™-N TP TK CcOoD EC TS
(mg/L) (mg/L) (mg/L) (mg/L) (mS/cm) (g/L)
42.40 23.97 380 636.67 5.15 2.25
42.36 23.70 375 626.67 5.12 2.24

TN, total nitrogen; NH,*-N, ammonium nitrogen; NOz™-N, nitrate nitrogen; TP, total phosphorus; TK, total potassium; COD, chemical oxygen demand; EC, electrical conductivity; TS,

total solid.

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 (NH,"-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 NH,"-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 NH,*-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 NH,"-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 NH,Cl
solution (Xue et al, 1996; Li et al, 2009; Tian, 2011; Cong
etal., 2017). Solutions of NH,NO3, (NH,),SO,, and NH,H,PO,
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.
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TABLE 2 | Soil particle composition of three soils.

Adsorption Characteristics of Soils

Soil 2-02mm  0.2-0.05mm  0.05-0.02mm  0.02-0.002 mm  <0.002 mm Soil Soil Sampling
number (%) (%) (%) (%) (%) texture classification point

system

of China
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 1417 Loam Permeable paddy Luocun, Xuebu, Jintan
soil
Taixing 0.27 61.56 22.58 10.14 5.45 Sandy High sandy soil Lidangcun, Xinjie, Taixing
loam

TABLE 3 | Physical and chemical characteristics of three soils.
Soil pH SOM (g/kg) TN (9/kg) NH;*-N NO;™-N TP (9/kg) AP (mg/kg) AK (mg/kg) CEC (cmol/kg) EC (uS/cm)
number (mg/kg) (mg/kg)
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.

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 m*. The
farm produces around 120,000 commercial pigs annually. It has
sewage collection tanks of 1,200 m>, fermentation tanks of
4,000 m®, oxidation ponds of 35,000 m?, 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 NH,"-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 0-20cm
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 (NH,"-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 24h. 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 NH,*-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
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TABLE 4 | Four models of soil adsorption kinetics.

Model Equation

Elovich equation Qir=a+bint. oo (2)

Parabolic diffusion equation Qr=a+bt" (9

First-order reaction equation INQe—Q)=INQg =Kt .oooeiviiiiiiiie . (4)
ExpAssoc equation Qr=yo+Ai(1-et+A(1-e), . .............(5

Q is the adsorption capacity of NH,*-N at time t (mg/kg); Qe is the adsorption capacity of NH,*-N at adsorption equilibrium (mg/kg); and a, b, k, yo, A4, and A, 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 % = QWK + %e, i (B) K is a constant used to characterize the adsorption performance of the soil; and MBC = Q. x K|, representing
oo the maximum buffer capacity of the soil (mg/kg).
Freundlich Q. = Kfc;/”, i (D) K 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 Qo =Qp-tanh(3). . ..o (8)  Alis @ constant.
Langevin Q. =a+b- (Com(cesfk) “ e 9) a, b, k, and s are constants, Qy, = a + b.

Q. Is the adsorption capacity of NH*-N at adsorption equilibrium (mg/kg); Ce is the NH*-N concentration of biogas slurry at adsorption equilibrium (mg/L); and Qp, is the theoretical
saturated adsorption capacity of NH,;*-N per unit soil (mg/kg), representing the capacity factor. MBC, maximum buffer capacity of the soll.

TABLE 6 | Biogas slurry ammonium nitrogen (NH,*-N) adsorption rate of three types of soils.

Soils Adsorption rate at different stage (mg/(kgeh))

0-0.25 h 0.25-0.5h 0.5-1h 1-2h 2-4h 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
then discarded after sampling. The average value was taken, and ~ Calculation Methods
the amount of NH,"-N adsorbed onto the biogas slurry was  Adsorption Capacity Calculation Formula
calculated after the blank was deducted according to the

. . + . .
difference in NH,"-N concentration before and after adsorption. (Co-C))-V
Q= — (1)

Adsorption Thermodynamic Experiments

A 2.5 g soil sample was mixed with 50 ml biogas slurry with initial
diluted concentrations of NH,*-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
12h for 1h each time. After cultivation, the samples were
centrifuged at 3800 r/min for 10 min. The concentration of
supernatant NH,"-N was measured by an automatic flow
analyzer (SKALAR SAN™). Each experiment was repeated three
times. The amount of NH,"-N absorbed by the tested soil was
calculated based on the differences between the initial and final
NH,4"-N concentration in the supernatant.

In the formula, Q is the adsorption capacity of NH,"-N
(mg/kg); Co is the initial concentration (mg/L); C, 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).
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FIGURE 2 | Fitting of adsorption kinetics models: (A-D) show the fitting results for the adsorption kinetics of NH,*-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 First-order reaction ExpAssoc equation
equation equation
A b R? a b R? Q. k R? Yo A, a A, b R?
Silty loam (Xinbei) 120.38 108.62 0.97 83.86 4139 097 26793 030 078 66.29 8.70 1.79 99.76 1.62 0.99
Loam (Jintan) 84.73 82.49 098 57.14  31.51 0.81 185.88 037 0.92 23.66 1.23 5.92 121.64 1.93 0.99
Sandy loam (Taixing) 73.17 69.66 099 3274 2930 0.96 164.82 037 091 1573 6584 0.79 114.37 15.30 1.00

RESULTS AND ANALYSIS

Adsorption Kinetic Characteristics

The adsorption rates of three types of soils on biogas slurry
ammonium nitrogen (NH,"-N) are shown in Table 6. The
adsorption process of NH,-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 1h, 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 NH,"-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 R* (0.9923 < R® < 0.9966) that was

Frontiers in Environmental Science | www.frontiersin.org

June 2022 | Volume 10 | Article 942263


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

Wang et al.

Adsorption Characteristics of Soils

A 1 B Silty loam (Xinbei) B ] W Silty loam (Xinbei)

1200 — @® Loam (Jintan) 1200 —| ® Loam (Jintan) N

Sandy loam (Taixing) i Sandy loam (Taixing)

1000 — 1000 —

) il ) 7 §
=4

% 800 L] < 800
£ 1 g |
< 600 S

400 — 400 —

| , ®
200 \ \ \ \ \ \ 200 \ \ \ \ \ \ \
0 100 200 300 400 500 600 0 100 200 300 400 500 600
C, (mg/L) C, (mg/L)
Cc ) B Silty loam (Xinbei) D 1 W Silty loam (Xinbei)
1200 — ® Loam (Jintan) 1200 —| @® Loam (Jintan) N
Sandy loam (Taixing) Sandy loam (Taixing)

1000 — I 1000 —

0] 1 @ 7
=4

=, 800 < 500 |
E ] E ]
S 600 S 600

400 — 400 —

200 \ \ \ \ \ \ 200 \ \ \ \ \ \ \

0 100 200 300 400 500 600 0 100 200 300 400 500 600
C, (mg/L) C, (mg/L)
FIGURE 3 | Fitting effects of adsorption thermodynamic models: (A-D) show the fitting results for the adsorption thermodynamics of NH,*-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

Qnm K, MBC R? K¢ 1/n R? Qm A R2 a K b s R?
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

better than for the other models (Table 7). Therefore, the
ExpAssoc equation was used to fit the adsorption kinetics of
NH,"-N in the three kinds of soils.

Adsorption Thermodynamic

Characteristics

The isothermal adsorption curves of the three soils for biogas
slurry NH,"-N at a temperature of 25 + 1°C are shown in
Figure 3. With the increase of the initial biogas slurry NH,"-N
concentration, the adsorption isotherms of three soils on
NH,"-N increased, primarily due to the increase of initial

biogas slurry NH,"-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 NH,"-N concentration was less than
200 mg/L, the NH,"-N adsorption capacity of the three
soils increased significantly with the increase of initial
concentration; when the initial concentration of NH,*-N in
biogas slurry was greater than 200 mg/L, the NH,"-N
adsorption capacity increased slowly and tended to balance
with the increase of initial concentration. When the initial
biogas slurry NH,*-N concentration was low, the adsorption
sites of the soil itself were not completely occupied. As the
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-0.559 -0.382
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0.974* 0.951*
-0.909**

-0.732**
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-0.917*
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-0.763*

0.877
0.983**
SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; AK, available potassium; CEC, cation exchange capacity; EC, electrical conductivity. *--P<0.05; **--P<0.01.

Qn
Ki
MBC
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initial biogas slurry NH,"-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 NH,*-N solution tended to balance, and
the soil adsorption capacity of NH,"-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
NH,"-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 NH,"-N at a temperature of 25 + 1°C. When
fitting the theoretical saturated maximum adsorption capacity
(Qm) values of biogas slurry NH,"-N for the three kinds of
soils, the Q,, value fitted by the Langmuir equation was
highest, and the Q,, value fitted by the Plplatt equation was
closer to the measured average value. From the R* values
(Table 8), the adsorption thermodynamic behavior of
biogas slurry NH,"-N in this experiment was best fitted by
the Langevin Model. The optimal theoretical saturated Q,,
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 Q. of the
soil for biogas slurry NH,"-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 K,
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 NH,"-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, NH,"-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.
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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 NH,"-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 R*> 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 < R*> < 0.97) was higher than that
of the first-order reaction equation (0.78 < R*> < 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
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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 NH,"-N
were the first-order reaction equation and the Elovich equation
(Xue et al., 1996). The adsorption of NH,"-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 NH,"-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
NH,"-N concentrations on the ability of the soil to adsorb
NH,"-N. At present, the Langmuir equation, the Freundlich
equation, the Henry equation, and the Temkin equation are
commonly used to describe the adsorption of NH,"-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 NH,*-N in the soil. In this experiment, the
Langmuir equation had a high degree of fit, indicating that the
isothermal adsorption of NH,"-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 NH,"-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 Q,,, 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 NH,"-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 NH,"-N Q,, of soil is affected by soil texture,
environmental temperature and humidity, artificial
fertilization, and crop rotation. The Q,, obtained by the
Langmuir equation reflected the maximum saturated
adsorption capacity of NH,"-N in the soil, as well as the
number of soil adsorption sites. Li et al. (2009) found that Q,,
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 Q, 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 NH,"-N
adsorption capacity of albic soil. Xue et al. (1996) found that
the adsorption capacity of NH,"-N increased with the
increase of soil CEC and soil clay content to varying
degrees. The results of the present study showed that the
Q. 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
NH," for adsorption sites. There was a significant positive
correlation between the Q,, value and CEC, consistent with
the results of Cong et al. (2017), Xue et al. (1996), and Shen
et al. (1997). Q. 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 NH,"-N
through surface complexation, ion exchange, and surface
precipitation. These results have been verified in many
studies aimed at the improving soil adsorption of NH," 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 NH,"-N adsorption capacity was mainly affected by
clay content, with clay > loam > sandy soil. Cong et al. (2017)
showed that the NH,*-N adsorption capacity of soil was in the
order of light clay > light loam. The results of this study showed
that the Q,, 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
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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 Q,, 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 Q,,, 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 Q,, value was positively correlated with the soil
AK. This was because active K" ions could provide adsorption
sites and interlayer solid localization for NH," ions in external
soil, which was in line with cation exchange theory (Rich and
Black, 1964; Kittrick, 1966). The Q, 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 NH," ions and PO,’” ions to form
[(NH,) PO,]*, subsequently forming complex precipitates
Mg(NH,)[PO4]-6H,O with the Mg>* and Ca®" plasma in the
soil, thereby increasing the adsorption of NH,"-N. The
correlation between the Langmuir equation adsorption
constant K; value, the MBC value, and soil property-related
indicators, and the correlation between the Q,, 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 Q,, values of the NH,"-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 NH,"-N predominantly
occurred within 0-1h, and the adsorption capacity within
0-1h 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 (Q,,) values fitted by the Langevin model were
1108.55, 874.86g, and 448.35mg/kg for silty loam, loam,
and sandy loam, respectively. The Q, was significantly
positively correlated with SOM, TN, AP, AK, CEC, and
particle content of 0.02-0.002mm, but significantly
negatively correlated with soil pH.
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