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The compound nitrapyrin is easily adsorbed by soil organic matter in high-organic matter soils, and this

results in its effectiveness reducing significantly. In this study, the adsorption characteristics and

mechanisms of nitrapyrin as an adsorptive on humic acid (HA) and fulvic acid (FA) as adsorbents were
investigated. The results showed that the kinetics of adsorption of nitrapyrin on both HA and FA followed

pseudo-second-order kinetic models (R = 0.925, P < 0.05) and the adsorption process included an

initial fast-adsorption stage and a slow-adsorption stage thereafter. The adsorption efficiencies of
nitrapyrin on HA + FA were higher than that on HA or FA alone, and that of HA was higher than that of
FA. The adsorption isotherms of nitrapyrin on HA and FA could be optimally fitted with the Langmuir
equation (R? = 0.982, P < 0.05). The maximum adsorption capacities of nitrapyrin on HA, FA and HA +
FA were 4896.49, 3173.70 and 4925.56 mg kg%, respectively. Synergistic adsorption of nitrapyrin in co-
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existing systems of HA and FA was also observed. The adsorption mechanism of nitrapyrin on both HA

and FA involved hydrogen bonding and hydrophobic interaction. Therefore, HA and FA in the soil

DOI: 10.1039/d0ra08714a

rsc.li/rsc-advances a positive synergistic effect.

1 Introduction

Nitrapyrin was an early-developed nitrification inhibitor with
a remarkable nitrification inhibition effect.* To date, it has been
widely studied and applied in agricultural production.>® The
effectiveness of nitrification inhibitors can be affected by soil clay
composition, soil organic matter, pH, temperature, soil moisture
content and soil microorganisms.”° Soil organic matter is one of
the important factors affecting the effectiveness through the
adsorption of nitrification inhibitors."*** Previous studies have
shown that nitrapyrin was absorbed by organic matter in agri-
cultural soils,'® especially in high-organic matter soils, and its
effectiveness was significantly reduced.”*® Nowadays, the
research in this field is still focused on the following aspects: (1)
the comparative analysis of the application effect of nitrapyrin in
different soil types and (2) the adsorption characteristics of
nitrapyrin on soil with different organic matter contents. For
example, Yan et al*® compared and analyzed the nitrification
inhibition effect of nitrapyrin on sandy and clay soils with
different organic matter contents, and the overall performance
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environment can adsorb a large amount of nitrapyrin and reduce its effectiveness, and they have

was found to be better on sandy soil than on clay soil; Zhang
et al** found that the maximum adsorption capacity and
adsorption constant of nitrapyrin on black soil before and after
organic matter removal showed a significant quadratic function
correlation. Zhang et al.** found that the adsorption kinetics of
nitrapyrin on black soil, chernozem and planosol could be fitted
using the quasi-second-order kinetic equation with a lower active
energy of adsorption. The isotherm was fitted using the Lang-
muir equation. Temperature affected the adsorption of nitra-
pyrin on these three soils, and the maximum adsorption
observed at different temperatures followed the order of black
soil > planosol > chernozem.

The availability and environmental fate of chemical
substances applied to soils are controlled by their adsorption
process, which depends on the physical and chemical proper-
ties of the soil, including the content and composition of the
soil organic matter, particularly the natural macromolecular
organic compounds in soils.** Soil organic matter contains
a large number of carboxyl, hydroxyl, carbonyl and other active
functional groups, which play an important role in the accu-
mulation, migration, transformation and bioavailability of
organic substances in the environment.*»* Similarly, the
effectiveness of nitrification inhibitors entering the soil envi-
ronment is also affected by soil composition.”® For example,
Jacinthe et al*” studied the adsorption mechanisms of nitra-
pyrin on humic acid (HA), pointing out that adsorption mainly
occurs through an ionic bonding mechanism. At present, the
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synergistic effect of HA and fulvic acid (FA) in nitrapyrin
adsorption and the underlying mechanism are still unclear.
Northeast China hosts China's Golden Corn Belt, which is one
of the three major black soil regions in the world. The soil
organic matter content is high. The fertilization method “one
fertilizer application” used by the local farmers results in
a lower utilization rate of nitrogen fertilizer.”®* Under the
nitrogen fertilizer reduction policy formulated by the Chinese
government, chemical fertilizers contain a certain amount of N.
Nitrification inhibitors such as nitrapyrin are an effective tool to
improve the utilization rate of nitrogen fertilizers and reduce
the use of nitrogen fertilizers. Therefore, it is necessary to study
the adsorption of nitrapyrin on soil organic matter with
different components and its mechanism at the molecular level.
In this study, the classical batch equilibrium method and
modern analytical techniques were combined to explore the
characteristics and mechanism of nitrapyrin adsorption on HA
and FA. This will provide a theoretical basis for elucidating the
adsorption mechanism of nitrapyrin in a high soil organic
matter environment.

2 Materials and methods
2.1 HA and FA preparation from black soil

The extraction, separation and purification of HA and FA from
black soil were carried out according to Wen et al.** and Xing
et al® The black soil was obtained from Hailun City, Hei-
longjiang Province (E126°50'55", N47°26'31"). Corn has been
planted there for many years without application of the nitrifi-
cation inhibitor nitrapyrin. The soil was sampled at a depth of
0-20 cm, and the undecomposed plant residues on the soil
surface were removed manually. The underlying physical and
chemical properties of the soil are summarized in Table 1.

2.2 Chemicals and instruments

Ethanol, analytically pure, purchased from the Beijing Chem-
ical Co., Ltd.; acetonitrile, chromatographically pure, obtained
from Shandong Yuwang and World New Materials Co., Ltd;
nitrapyrin raw medicine (98.0%), purchased from the Wuhan
Yuancheng Gongchuang Technology Co., Ltd.; the standard of
nitrapyrin (99.0%), purchased from LGC Labort GmbH Bgm,
Germany; calcium chloride, analytically pure, obtained from the
Huoguo Pharmaceutical Group Co., Ltd. The water used in the
experiments was double-distilled water. High-performance
liquid chromatography (HPLC, Agilent 1260, SB-C18 stainless
steel columns, USA); high-speed refrigeration centrifuge
(z36HK, HERMLE); constant-temperature water bath oscillator
(SHA-C, Huapuda Instrument Co., Ltd.); infrared spectroscopy
(FTIR-IR, Affinity-1S, Japan); scanning electron microscopy

Table 1 Basic physicochemical properties of the black soil
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(JSM-7900F, Japan); X-ray energy dispersive spectrometry (C-
Max, EDS).

2.3 Adsorption kinetics

1.0000 g of HA, FA or HA + FA (1 : 1) was added into a 50 mL
plugged centrifuge tube. 50 mg L™ nitrapyrin was added to
the soil (the solution comprised 0.01 mol L™* CaCl, and an
ethanol/water mixture (v/v = 5:95)), and this was repeated
three times in combination with oscillation under dark
conditions (constant-temperature water bath oscillator, 200
rpm) at 298 K. The acting time was 5, 10, 30, 60, 120, 240, 360,
480, 720, and 1440 min. The samples were centrifuged at
a speed of 10 000 rpm after 5 min. The supernatant was filtered
out by a 0.45 um organic filter membrane and sealed in
a brown spectrographic bottle stored in the dark at 3 °C, to
determine the content of nitrapyrin by HPLC. For further
details on the methods, refer to our previously published
research results.*"??

2.4 Adsorption thermodynamics

1.0000 g samples of HA, FA and HA + FA (1 : 1) were accurately
weighed and placed in a 50 mL plugged centrifuge tube. 25 mL
of nitrapyrin solution (0.01 mol L' CaCl, and an ethanol/water
solution (v/v = 5:95)) was added. The concentration of the
nitrapyrin solution was 0, 5, 10, 15, 25, 50 and 75 mg L™ . The
treatments were repeated three times, and the samples were
placed in a constant-temperature water bath oscillator. The
adsorption experiments were carried out at different reaction
temperatures (298, 308, and 318 K) at a 200 rpm oscillation
speed. After 24 hours, the samples were centrifuged at a speed
of 10 000 rpm. The supernatant was filtered by a 0.45 um
organic filter membrane and sealed in a brown bottle. The
supernatant was stored in the dark at 3 °C, and the content of
nitrapyrin was determined by HPLC. The remaining solid
samples in the centrifuge tube were dried at 50 °C for surface
morphology analysis, and element distribution and functional
group composition determination. For details of the research
methods, refer to our previous published research results.***?

2.5 HPLC conditions

The HPLC conditions were as follows:*** the detector, UV-Vis
(Agilent 1260, US); the wavelength, 285 pm; the chromato-
graphic column, *C column (4.6 x 150 mm, 5 pm, Agilent
Pursuit); the column temperature, 25 °C; the mobile phase,
acetonitrile/water (8/2); the flow rate, 0.8 mL min~'; the injec-
tion volume, 20 pL. The concentration gradient of nitrapyrin
was 2, 4, 8, 10, 15, 25, 50 and 75 mg L%

Soil type pH Organic matter (g kg™")

N(gkg™ P,0; (g kg ") K,0 (g kg™)

Black soil 6.55 48.51

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.6 Characterization of HA and FA

The surface morphology of HA/HA-nitrapyrin and FA/FA-
nitrapyrin complexes was observed using scanning electron
microscopy (JSM-7900F, Japan). The element distribution was
determined by using X-ray energy dispersive spectroscopy (C-
Max, EDS). The infrared spectra of HA/HA-nitrapyrin and FA/
FA-nitrapyrin complexes were recorded using Fourier trans-
form infrared spectroscopy (ftir-IRAffinity-1S, Japan).

2.7 Data processing method

Origin 8.5 software was used to fit the data. An Agilent work-
station (Chem Station Edition for LC and LC/MS systems,
C0.01.05 (ref. 35)) was used to obtain the chromatogram of
nitrapyrin.

(1) Adsorption kinetics model

Quasi-first-order dynamics:
In(ge — q;) = In ge; — kit (1)
Quasi-second-order dynamics:
tq, = Ukaq” + tlge (2)
Elovich equation:
g =a+b, (3)

“q,” is the adsorption amount when time is ¢ (mg kg™ "). “¢” is the
adsorption time (min). “a, k” is a model parameter. “g.” is the
maximum adsorption capacity (mg kg '). “A” is a constant
related to the initial rate of reaction. “b” is a constant related to
the activation energy of adsorption.

(2) Adsorption isothermal equation/adsorption thermody-
namic equation

Langmuir:

Q4 = k1040 Cal(1 + kCy) (4)

Freundlich:
Q4 = keCy'" (5)

Qq represents the adsorption amount (mg kg™'), Cq4 is the
adsorption equilibrium solution concentration (mg L"), Qg is
the maximum adsorption capacity (mg kg™'), and k is
a constant.

(3) Gibbs free energy change of adsorption

AG° = —RTIn k (6)
AH® = R[T>T\[(T, — Ty)], In(kycr,ylkicr,) (7)
AS® = (AH® — AGY)T (8)

AG° is the free energy change (k] mol™'), AH° is the enthalpy
change (k] mol '), AS® is the entropy change (J mol ' K™ '), Ris
the universal gas constant (8.314 ] K~ ' mol '), T is the absolute
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temperature (K), and & is the equilibrium constant (L mol ") of
the Langmuir equation.

3 Results and discussion
3.1 Adsorption kinetics of nitrapyrin on HA and FA

The adsorption of pyridine organic compounds (AM, chlor-
opyralid, etc.) on soil organic matter conforms to an initial rapid
adsorption and a later slow adsorption.***” The adsorption
kinetics of nitrapyrin on HA, FA and HA + FA of black soil at 298
K showed that the adsorption process comprised an initial fast
adsorption stage and a subsequent slow adsorption stage
(Fig. 1). The adsorption equilibrium state was basically reached
at 750 min. The adsorption capacity of HA + FA for nitrapyrin
was greater than that of HA or FA, and that of HA was greater
than that of FA. The nitrapyrin was mainly adsorbed on the
outer surface of HA and FA in the fast adsorption stage. This
process occurs due to the radial movement of nitrapyrin
molecules with the minimum diffusion resistance, and the
adsorption rate is fast. In the slow adsorption stage, due to the
great resistance of HA with a narrow pore size, the diffusion
speed of nitrapyrin through HA and FA was slow, the adsorption
rate was slow, and the adsorption equilibrium state was reached
gradually.

The adsorption kinetics of nitrapyrin on HA, FA and HA + FA
can be fitted by the quasi-first-order kinetic equation, quasi-
second-order kinetic equation and Elovich equation, respec-
tively. Previous studies found that the adsorption kinetics of
organic compounds on soil or soil organic matter conforms to
the quasi-second-order kinetic equation.***”~** The adsorption
kinetics of nitrapyrin on HA, FA and HA + FA fit the quasi-
second-order kinetic equation best (P < 0.05), and the fit equi-
librium adsorption capacity was consistent with the experi-
mental results (Table 2). The quasi-second-order kinetic
equation fitting effect of nitrapyrin on HA + FA was better than
on HA or FA, and that of HA was better than that of FA.

3.2 Thermodynamics of nitrapyrin on HA and FA

The adsorption isotherms of HA, FA and HA + FA at different
temperatures (298 K, 308 K and 318 K) are shown in Fig. 2. With
the increase of nitrapyrin concentration and temperature, the

A Fp

Adsorbed nitrapyrin (mg/kg)

0 % 1 1 1 1
0 250 500 750 1000 1250
Time (min)

1500

Fig.1 Absorption kinetics of nitrapyrin on HA, FA and HA + FA (298 K).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption kinetics model parameters of nitrapyrin on HA, FA and HA + FA

Quasi-first-order dynamic equation

Quasi-second-order dynamic equation

Elovich equation

Treatment ge (mg kg™) k R ge (mg kg™) ky R a b R
HA 616.84 115.9 0.52 747.76 0.00013 0.955 187.44 90.23 0.881
FA 467.39 88.4 0.212 747.70 0.00002 0.925 —113.06 121.98 0.879
HA + FA 638.56 122.4 0.420 752.26 0.00014 0.973 111.12 73.33 0.885
1800.00 1800.00 1800.00
HA FA HA+FA
1600.00 1600.00 1600.00
1400.00 | 1400.00 1400.00 |
% 120000 - %1200.00 L & 120000 |
i 1000.00 ‘;/1000‘00 F ‘:’ 1000.00
= E» k=
% 800.00 2 800.00 | % 800.00
B & ]
S 60000 | < 600.00 < 600.00
[ o (7]
5 40000 | —-208K B 40000 | ——298K T 40000 298K
] ]
- —— -B-308K % 55065 L -m-308K % i -=-308K
318K 318K 318K
0.00 F : : : 0.00 f * . : 0:00 8 ' ' :
000 1000  20.00 30.00  40.00 000 1000 2000  30.00  40.00 000 1000 2000 3000  40.00
Equilibrium concentration of nitrapyrin Equilibrium concentration of nitrapyrin Equilibrium concentration of nitrapyrin
(mg/L) (mg/L) (mg/L)

Fig. 2 Adsorption isotherms of nitrapyrin on HA, FA and HA + FA.

adsorption capacity of HA, FA, and HA + FA for nitrapyrin
increased at different rates.

The adsorption isotherms of nitrapyrin on HA, FA and HA +
FA were fitted using the Langmuir and Freundlich equations,
respectively. Table 3 shows that both the Langmuir and
Freundlich equations can be used to fit the adsorption
isotherms of nitrapyrin on HA, FA and HA + FA (R? > 0.9300, P <
0.05). The maximum adsorption capacities of nitrapyrin on
HA, FA and HA + FA were 4896.49, 3173.70 and 4925.56 mg
kg, respectively. The adsorption capacity of nitrapyrin on HA
was higher than that on FA, which was consistent with the
previous research.”” However, the adsorption capacity of
nitrapyrin on HA + FA was greater than that on HA or FA alone,
indicating that there was a positive synergistic effect on the
adsorption of nitrapyrin due to the co-existence of HA and FA.

Table 3 Adsorption isotherm equation parameters of nitrapyrin on HA,

The constant n > 1 obtained using the Freundlich equation
confirmed that both HA and FA can adsorb nitrapyrin easily,
and leads to an L-type isotherm curve. This indicated that
nitrapyrin molecules occupy the adsorption sites of HA, FA
and HA + FA quickly at the beginning of adsorption, and that
surface adsorption was the main type of adsorption. With an
increase of reaction temperature, the Langmuir isotherm
parameters showed an increasing trend, which indicated that
the increase of temperature could promote the adsorption of
nitrapyrin by HA, FA and HA + FA. For the adsorption of
organic compounds on HA or FA, generally, the Langmuir
isotherm parameters increase with an increase of reaction
temperature.**' The increase of temperature promoted the
diffusion of nitrapyrin molecules, reduced the solution
viscosity, and promoted the entry of nitrapyrin molecules into

FA and HA + FA

Langmuir model

Freundlich model

Temperature
Treatment (K) gm (mg kg ™) kL (Lmg™) R? ky [mg kg™* (L mg™ )] n R
HA 298 4152.17 2024.61 0.998 2249.09 1.14 0.995
308 4708.66 3300.47 0.982 3883.62 1.14 0.974
318 4896.49 7718.63 0.991 5746.09 1.19 0.984
FA 298 2665.34 3849.25 0.995 1150.78 1.25 0.988
308 3046.12 3923.39 0.995 1247.39 1.26 0.998
318 3173.70 5140.42 0.997 1379.93 1.29 0.999
HA + FA 298 4189.56 2058.96 0.993 2263.26 1.19 0.992
308 4793.65 3349.69 0.989 3895.69 1.18 0.980
318 4925.56 7798.36 0.990 5798.62 1.21 0.979

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Thermodynamic parameters of nitrapyrin adsorption on HA,
FA and HA + FA

Adsorption thermodynamic parameters

Temperature  AG° AH® AS°
Treatment  (K) (kmol™) (kmol ") (Jmol 'K
HA 298 —34.77 19.52 292.10
308 -37.19
318 —38.82
FA 298 —36.31 5.01 144.70
308 —37.62
318 —39.57
HA + FA 298 —32.72 20.35 301.21
308 —-35.11
318 —36.85

the internal pores through the outer boundary of the adsor-
bent.*»** In addition, the effect of temperature on the
adsorption of nitrapyrin on HA was greater than that on FA.

The thermodynamic parameters of adsorption obtained by
linear calculation of AG® — T are shown in Table 4. AG° was
negative, and the absolute value of AG°® increased with an
increase of temperature, which indicated that the process of
nitrapyrin chemisorption by HA, FA and HA + FA was sponta-
neous with an increase of temperature. The absolute value of
AG° was less than 40 kJ mol™, which indicated that the
adsorption of nitrapyrin by HA, FA and HA + FA was mainly
physical adsorption.* The enthalpy change of adsorption (AH°)
results indicated that the forces responsible for the adsorption
of nitrapyrin on HA, FA and HA + FA were different, but were
mainly hydrogen bonding, hydrophobic interaction and dipole
interaction. The positive value of AS° indicates that the increase
of entropy change of nitrapyrin not adsorbed by HA, FA and HA
+ FA was greater than that of nitrapyrin adsorbed by HA and FA
in the process of nitrapyrin adsorption.

View Article Online
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3.3 Adsorption mechanism of nitrapyrin on HA and FA

(1) SEM analysis

The SEM images of HA, HA-nitrapyrin, FA and FA-nitrapyrin
are shown in Fig. 3. HA has a fluffy, rough and porous surface
structure (a). After adsorption of nitrapyrin, the surface struc-
ture of HA changed, a granular agglomerated structure formed,
and some sediment appeared on the surface (b). It is possible
that nitrapyrin may undergo chemisorption on the HA surface
and the appearance of surface agglomeration was probably due
to the reaction between the chemical groups on the HA surface
and nitrapyrin, and the formation of new substances attached
to the surface of HA. Fig. 3(c) and (d) show the SEM scanning
results before and after nitrapyrin adsorption on FA. Before
adsorption, FA had an irregular granular structure with a flufty,
rough and porous surface (c); after adsorption of nitrapyrin, the
FA surface structure exhibited agglomeration, the particles
became tightly bound, and the rough porous surface structure
became smooth and compact (d). This indicated that nitrapyrin
underwent physical adsorption on the FA surface and the
appearance of surface agglomeration should be related to
a decrease of the number of negative charges on the surface of
FA after adsorption of nitrapyrin, thus reducing the repulsive
force between molecules.

(2) EDS analysis

According to the elemental results, the unabsorbed HA
contains more carbon and oxygen related functional groups,
with the contents of 19.56% and 35.26%, respectively (Table
5). After adsorption, the mass and atomic percentage of carbon
and oxygen decreased obviously (Table 5), which resulted from
the adsorption reaction of the functional groups containing
carbon and oxygen with nitrapyrin. The mass and atomic
percentage of sodium and aluminum increased, indicating
that the two metal elements were closely combined with the
organic components of HA and were difficult to exchange into
the solution. The mass and atomic percentage of chlorine
increased significantly (Table 5), which also confirmed that

Fig. 3 SEM images of (a) HA, (b) HA—nitrapyrin, (c) FA and (d) FA—nitrapyrin.
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Table 5 Elemental distribution of HA, HA—nitrapyrin, FA and FA—nitrapyrin

Before adsorption

After adsorption

wt sigma Atomic percentage wt sigma Atomic percentage
Treatment Element wt (%) (%) (%) wt (%) (%) (%)
HA C 19.56 1.46 30.57 14.84 2.90 24.35
o 35.26 0.67 41.40 21.05 0.91 32.11
Na 1.15 0.06 0.94 4.03 0.13 3.71
Al 5.90 0.12 4.11 6.55 0.17 4.80
Si 34.72 0.66 23.25 25.74 0.60 18.75
S 0.23 0.04 0.13 2.91 0.11 1.93
Cl 0.77 0.05 0.41 1.85 0.07 1.13
FA C 52.14 1.16 66.02 49.90 1.64 66.00
o 28.24 0.73 26.85 26.14 0.87 25.90
Si 0.09 0.02 0.04 0.20 0.03 0.12
S 4.99 0.16 3.10 6.20 0.22 3.08
Cl 0.86 0.05 0.47 2.00 0.08 0.90

nitrapyrin was adsorbed on HA because nitrapyrin contains
a lot of chlorine.

The contents of carbon and oxygen in the unabsorbed FA
were 52.14% and 28.24%, respectively (Table 5), indicating that
FA contained more carbon and oxygen related functional
groups. After adsorption, the mass and atomic percentage of
carbon and oxygen in FA decreased (Table 5), indicating that the
functional groups containing carbon and oxygen participated in
the adsorption reaction with nitrapyrin. The mass and atomic
percentage of chlorine in FA increased evidently (Table 5),
which indicated that nitrapyrin was greatly absorbed because of
the large amount of chlorine in nitrapyrin attached to FA.

(3) FTIR analysis

Fig. 4(a) shows the infrared spectra of HA and the HA-
nitrapyrin complex, with the band at 3400 cm ™' representing
the -OH bond and N-H stretching vibration, the band at
2920 cm ™' representing asymmetric aliphatic C-H stretching
vibration, the band at 2850 cm ™" belonging to ~-CH,- symmetric
stretching vibration, the band at 1720 cm™' representing

carboxyl C=0 stretching vibration, the band at 1620 cm ™"

representing carboxyl C=O stretching vibration, the band at
1257 cm™ ' representing C-O stretching vibration and O-H
deformation vibration related to the carboxylic acid functional
group, and the bands at 914 cm ™" and 757 cm ™' representing
external bending vibrations of carboxylic acid O-H and
aromatic hydrocarbon C-H groups, respectively. Further, the
band at 617 cm ' represents an external bending vibration
formed by alcohol hydroxyl groups.***® Two new absorption
bands at 2360 cm ™' and 625 cm™ " were found in the spectra of
HA-nitrapyrin, which were attributed to the bonding of
quaternary ammonium salts and the extension of C-C bonding,
respectively. The increase of absorption intensity observed near
2100 cm ™' is a direct effect of nitrapyrin, which produces
a strong absorption band in this region. Fig. 4(b) shows the
spectra of FA and the FA-nitrapyrin complex, with aliphatic
-CH,- asymmetric and symmetrical resonance absorption
peaks at 2920 cm™ " and 2860 cm ', C=C vibration absorption
of the aromatic ring skeleton at 1650 cm™ ' and stretching

humic acid: HERE
humic acid¢nitrapyrin camipléx

-OH
N-H

(b) P fuilvic acid i
i —— fuilvic acid-nifrapytin complex

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

T
500 4000

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4 FTIR spectra of (a) HA and HA—nitrapyrin, and (b) FA and FA—nitrapyrin.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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vibration of -C-O- polysaccharide at 1000 cm ', The special
features of the FA-nitrapyrin spectrum included the disap-
pearance of the shoulder at 1725 cm™ " and a remodeling of the
band near 1400 cm ', indicating that the ~-COOH and -OH
groups of FA participate in the adsorption of nitrapyrin. The
absorption intensity increased at 1650 cm™*, which should be
due to the interaction between the C-O group of FA and the

Fig. 5 Plausible interaction mechanism between HA, FA and nitrapyrin.
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pyridine ring of nitrapyrin. The FA-nitrapyrin complex had
multiple absorption bands at 2320 cm™ ", which was attributed
to the NH stretching effect of the pyridinium salt.

(4) Adsorption mechanism

HA and FA are the main components of soil organic matter,
and they contain various organic functional groups such as
carboxyl and hydroxyl groups and so on (Liu et al., 2017).* The

LR
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presence of these functional groups can lead to complex inter-
actions of HA and FA with nitrapyrin. The adsorption isotherm
study showed that the maximum adsorption capacity of nitra-
pyrin on HA was greater than that on FA, which was probably
due to the fact that the number of oxygen-containing functional
groups in HA was greater than that in FA (Table 2). The
adsorption capacity for nitrapyrin in HA + FA was greater than
that of HA or FA alone, which should be related to a positive
synergistic effect on the adsorption of nitrapyrin due to the co-
existence of HA and FA. Fig. 3 shows that the surface structure
of HA and FA changed significantly before and after adsorption,
indicating that there was strong interaction between some
functional groups of HA and FA and nitrapyrin. The infrared
spectra (Fig. 4) show that O-H (3390 cm™ ") and C-O (1118 cm™ )
are the main components of HA-nitrapyrin and FA-nitrapyrin.
This indicated that the mechanism of adsorption included
hydrogen bond interaction between aromatic carboxyl groups
or hydroxyl groups on HA and FA, nitrogen with lone pair
electrons on nitrapyrin and oxygen in hydrolyzed carboxyl
groups (Fig. 5). The pyridine ring of nitrapyrin contacts with the
benzene ring face-to-face, which results in effective adsorption
of nitrapyrin on HA and FA through hydrophobic interaction
(Fig. 5). Therefore, hydrogen bonding and hydrophobic inter-
action should be the most important adsorption pathways of
nitrapyrin on HA and FA, and the change of adsorption enthalpy
also showed that hydrogen bonding and hydrophobic interac-
tion were the main adsorption forces. Meanwhile, the absolute
values of free energy of nitrapyrin adsorbed on HA, FA and HA +
FA ranged from 34.77 to 39.57 k] mol ', indicating that the
dipole moment, electrostatic interaction and ion exchange
interaction were secondary factors affecting the adsorption of
nitrapyrin on HA, FA and HA + FA.

4 Conclusion

The kinetics of adsorption of nitrapyrin on both HA and FA fol-
lowed pseudo-second-order kinetic models (R* = 0.925, P < 0.05)
and the adsorption process included an initial fast-adsorption
stage and a slow-adsorption stage thereafter. The adsorption
efficiencies of HA + FA for nitrapyrin were higher than that of HA
or FA alone, and that of HA was higher than that of FA. The
adsorption isotherms of nitrapyrin on HA and FA could be
optimally fitted with the Langmuir equation (R*> = 0.982, P <
0.05). The maximum adsorption capacities of nitrapyrin on HA +
FA were the largest. The adsorption of nitrapyrin on co-existing
systems of HA and FA involves a positive synergistic effect. The
adsorption of nitrapyrin on HA and FA occurred through
hydrogen bonding and hydrophobic interaction.
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