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ARTICLE INFO ABSTRACT

Handling Editor: Jan Willem Van Groenigen Nitrogen (N) immobilization controls the N availability in soil, however, mechanisms involved in the chemical N

fixation into soil organic N (SON) through reactions of reactive N compounds with soil organic matter (SOM) is

Keywords: not clear. Knowledge about the composition and stability of chemically produced SON is limited, which impedes
C}}er_nical nitrogen immobilization understanding of the interplay of N and carbon (C) cycles at both the local and global scale. Here, we studied the
ls\gglsi anic matter chemical N immobilization of nitrite in soils from grassland, cropland, and forest with '°N labelling technique.
Ami deg And solid state °N- and '3C NMR spectroscopies were applied to further explore the structure of chemically

immobilized SON. We found that the chemical retention rate of nitrite did not differ significantly between land-
uses, while the fulvic acid fraction was the SOM component most reactive to nitrite. In contrast to the common
assumption that amides are mainly of biological origin and that black N compounds are formed from organic N
compounds at high temperature during fires, our study revealed that amides and black N in the form of pyrroles
were the main products of chemical reactions of nitrite with SOM. These findings indicate that chemical pro-
cesses play a key role in biogeochemical N cycling, and provide new insight into the mechanisms of C—N in-
teractions in soil.

Black nitrogen

1. Introduction

Nitrogen (N) is an essential element for living organisms and a
growth-limiting nutrient of agricultural crops. To promote food pro-
duction, industrial N fertilizers have been widely used since the Haber-
Bosch process was invented in the early 20th century, and the amount of
N fertilizer applied in agriculture increased to about 100 Tg N yr~! until
the 1990s (Gruber and Galloway, 2008). Generally, <65 % of N fertilizer
applied can be used by crops, and a considerable amount of unused N is
released into atmosphere as nitrogenous gases such as ammonia (NH3),
nitrous oxide (N20), and nitrogen oxides (NOx) (Wei et al., 2020).
Nitrogenous gases in the atmosphere participate in the formation of
cloud and N contained is deposited back to terrestrial (e.g. grassland and
forest) and oceanic surface. Due to the huge input of anthropogenic
reactive N into the environment, the global N cycle has been strongly

accelerated, associated with an increase in the global N deposition from
34 Tg N yr-1 in 1860 to 100 Tg N yr-1 in 1995 (Galloway et al., 2008).
When N compounds are deposited to soils, they are quickly incorporated
into an insoluble organic pool resulting in N retention (Lewis and Kaye,
2012). It is assumed that about 50 % of deposited N in forests will be
biologically and chemically sequestered, and that global N deposition
contributed to approximately 10 Tg N yr-1 of N retention in 2001-2010
(Zaehle, 2013).

Processes of nitrogen retention in soils highly depends on the species
of prevalent inorganic N compounds, e.g. the retention of ammonium
(NH4+) and nitrate (NO3-) largely depends on the biological uptake by
microbes and plants, while abiotic reactions with soil organic matter
(SOM) contribute mostly to the retention of nitrite (NO2-) (Lewis and
Kaye, 2012). Nitrite is highly chemically reactive to transition metals
and SOM in soils, especially at pH < 7. Isobe et al. (2012) found that
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17.8 % of NO2- was incorporated into dissolved organic matter within
4 h when applied to a forest soil. Typical products of abiotic NO3 re-
actions with SOM are heterocyclic N compounds, which are receiving
more and more interest due to their low biological decomposition rate
(Leinweber et al., 2009b). Heterocyclic N, represented by pyrrole and
pyridine, is also called black N since it is most often found in fire-affected
soils and char. During a wildfire, organic compounds go through
condensation and cyclization to form a new pyrogenic organic matter
containing black N. However, except for fire-affected soils, black N
compounds have also been detected in various natural humic substances
(Thorn and Cox, 2009), and the content of heterocyclic N was found to
increase during humification (Abe et al., 2005). Therefore, abiotic re-
actions of NO2- with SOM could play an important role in the long-term
N retention in soils.

Nitrite is an intermediate in both nitrification and denitrification,
and it exists widely in terrestrial ecosystems. Generally, NO2- is regar-
ded as the direct precursor of both biotic and abiotic production of nitric
oxide (NO), and its contribution to abiotic nitrous oxide (N20) emission
has also received attention (Venterea, 2007). Under acidic conditions of
pH < 7, NO2- combines with a proton to form nitrous acid (HNO2),
which can further react with SOM through N-, C-, or O-nitrosation to
form NO, N20, and nitrogenous organic compounds (Austin, 1961).
Nitrosophenol, p-diazoquinone, and o-diazoquinone were identified in
the reaction of NO2- with phenol under mildly acidic conditions of
pH < 7 (Kikugawa and Kato, 1988). Nitrosonaphthol and nitronaphthol
were also found as the products of abiotic reaction of NO2- with
naphthol in soil suspensions at pH 6.5 (Azhar et al., 1989). Rousseau and
Rosazza (1998) found that NO2—-N was incorporated into 7-hydroxy-6-
methoxy-1,2(4H)-benzoxazin-4-one in the reaction with ferulic acid at
pH 2.

The SOM is a complex mixture consisting of both simple molecules
and macro polymers that plays a key role in abiotic N fixation. According
to 13C NMR analysis, O-alkyl-C assigned to amides and polysaccharides
dominates in SOM, followed by alkyl-C and C/O-substituted alkyl-C,
which correspond to chain aliphatic C from lipids and aromatic C from
lignin, respectively (Fontaine et al., 2007). It has been reported that
aromatic C as well as methylene C and N are reactive sites for nitrosation
in the reaction of SOM with NO2- (Thorn and Mikita, 2000). Thorn and
Mikita (2000) confirmed the formation of nitrophenol, imine, and
indophenol from the reactions of fulvic and humic acid with NO3
through '°N NMR analysis. Nevertheless, it is still an open question
whether these reactions occur in natural soils or not, and if so, how much
they contribute to N retention in natural systems. Therefore, more
research is needed to bridge the gap between reactions in chemical as-
says and N retention in natural soils.

In this study, abiotic N retention resulting from NO3-SOM reactions
was investigated in three soils from different land uses (forest, grassland,
and agriculture) with different soil pH and organic carbon content
(Table 1). Solid-state cross-polarization magic angle spinning (CP-MAS)
I5N-nuclear magnetic resonance spectroscopy (NMR), 3C NMR, and
pyrolysis-field ionization (Py-FI) mass spectrometry were used for
structure analysis of immobilized N. Influence of microbial processes on
abiotic NO2-SOM reactions was also explored by introducing soil sus-
pension with living soil microbes into the reaction microcosm.

Table 1
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2. Materials and methods
2.1. Soils and soil parameter analysis

Forest soil (Cambisol) and grassland soil (Cambisol) were sampled
from the top 20 cm of Wiistebach catchment (50°30'15”N, 6°18'15"E)
and Rollesbroich grassland (50°37'0"N, 6°26'0"E), respectively. These
field sites are within the German interdisciplinary research and obser-
vation network TERENO (Zacharias et al., 2011). Agricultural soil
(Cambic Luvisol) was sampled from the top 30 cm of the Achterwehr
field (54°19'05”N, 9°58'38"E), Hohenschulen experimental farm, Kiel,
Germany. Three sites in each field were sampled, and soils from each site
was immediately air-dried, sieved at 2 mm, and then homogenously
mixed.

Soil pH was determined according to the ISO 10390 method (ISO,
2005): 1 M potassium chloride (KCI, analytical grade, VWR, Germany)
solution was mixed with freeze-dried soil at a ratio of 1:5 (w/v) for 2 h,
centrifuged at 3500 rpm for 20 min, then the suspension was measured
with a pH meter (multi 340i, WTW GmbH, Germany). The total N
content (TN) and total organic carbon (TOC) were determined using an
elemental analyzer (vario EL Cube, Elementar Analysensysteme GmbH,
Hanau, Germany) and a multiphase carbon and hydrogen/moisture
analyzer (RC612, LECO Instrumente GmbH, Moenchengladbach, Ger-
many), respectively. The contents of iron (Fe) and manganese (Mn) were
determined by inductively coupled plasma optical emission spectros-
copy (ICP-OES, iCA 7600, Thermo Fisher Scientific, Oberhausen, Ger-
many) after microwave digestion by the mixture of nitric acid (HNOs,
guaranteed reagent, VWR, Germany), hydrofluoric acid (HF, analytical
grade, VWR, Germany), and hydrogen peroxide (H20g, analytical grade,
VWR, Germany).

The texture of soils used in this study includes silty clay loam (forest
soil), sandy loam (agricultural soil), and silty loam (grassland soil), soil
pH ranges from 3.6 to 6.0, and SOC content varies from 1.7 % to 16.4 %
(Table 1). Forest soil is characterized by the lowest soil pH and highest
SOC content, while agricultural soil by the highest soil pH and lowest
SOC content. The ratio of carbon-to-nitrogen (C/N) in tested soils covers
a wide range from 3.2 (grassland soil) to 12.1 (agricultural soil), while
contents of Fe and Mn varies from 11.7 to 33.5 and 0.5 to 2.2 mg g™,
respectively.

2.2. Abiotic NO3 immobilization in soils and SOM fractions

Abiotic NO3 immobilization was analyzed in autoclaved soil sam-
ples. To improve the efficiency of autoclaving, 5 g of air-dried soil was
rewetted with 5 ml of deionized water in a 22.5-ml glass vial to activate
the soil microbes 1 d before autoclaving. Afterwards, the soil was
autoclaved for 30 min at 121 °C under a pressure of 300 kPa. The
effectiveness of sterilization was confirmed by an agar test where no
microbial colony appeared in an agar medium amended with extracts of
sterilized soil after 7 d of incubation at room temperature. To achieve
significant NMR signals, a much higher amount of sodium nitrite
(NaNO,, 10 atom% N, analytical grade, VWR, Germany) solution than
natural soils was applied to the soil at a ratio of 3.5 ug N g ! soil on a dry
weight basis. Then, the glass vial was immediately sealed with an
aluminum cap to avoid any microbial contamination, and incubated in a
clean bench at room temperature for 4 d.

Properties of soils used in this study. Data are presented as mean =+ standard error. SOC, soil organic carbon; TN, total nitrogen; WHC, water holding ability; Fe, content

of iron; Mn, content of manganese.

Soil soil texture pH soc? TN WHC* Fe¢ Mn®

%) (%) ) (mg g™ (mg g™
Forest silty clay loam 3.6 £ 0.0 16.4+ 1.3 1.46 + 0.00 137 +£ 0.1 29.0 + 3.0 22+0.1
Agriculture sandy loam 6.0 +£ 0.2 1.7 £0.2 0.14 + 0.01 35.0 + 4.2 11.7 £ 0.2 0.5+ 0.0
Grassland silty loam 5.1 + 0.0 4.1+0.1 1.28 + 0.10 80.0 + 4.2 335+1.5 1.4+ 0.4
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After incubation, the soil was transferred to a 50-ml sterilized
centrifuge tube and mixed with 20 ml of 1 M KCI (analytical grade,
VWR, Germany) solution in a clean bench. Before usage, the KCl solution
was passed through a 0.2 um syringe filter to avoid introduction of
microbes into the soil. The mixture was centrifuged at 3500 rpm for
20 min to remove the supernatant. The washing procedure with KCl
solution was repeated three times to remove remaining >N compounds
that were not fixed by the SOM. In the blank control, the same volume of
deionized (MilliQ) water instead of '°NOj solution was applied to the
soil. After washing, the soil was immediately freeze-dried and stored at
room temperature till analysis. To confirm that no microbial contami-
nation occurred during the whole procedure, 0.1 pl of supernatant after
washing was transferred to an agar plate for microbial activity test, and
no bacterial colony was observed after 7 d of incubation at room tem-
perature. All the treatments were prepared in triplicate.

To compare the chemical N fixation ability of fulvic acid and humus
(i.e. the sum of humic acid and humin), the soil was fractionated with
hydrochloric acid (HCl, VWR, Germany) and hydrofluoric acid (HF,
VWR, Germany): firstly, soil samples were treated with 1 M HCI for 2 h
at room temperature to remove inorganic carbon, then washed with
deionized water until a pH 4-5 was reached, and afterwards freeze-
dried; secondly, the soil was treated three times with a mixture of
35 % HF and 5 % HCI for about 16 h at room temperature to separate
fulvic acid and humus; then, fulvic acid in the mixed solution of HF and
HCl was recovered by solid phase extraction (Bond Elut-PPL, 500 mg,
6 ml, VWR, Germany); lastly, the remaining humus after HF-HCI treat-
ment was washed with deionized water to pH 4-5, and then freeze-dried
for further analysis (Stevenson, 1995; Wei et al., 2017).

Both C and N content and isotope analysis were performed with an
elemental analyzer coupled to an isotope-ratio mass spectrometer (EA-
IRMS, Flash EA 2000 and Delta V Plus; Thermo Fisher Scientific, Bre-
men, Germany). For organic C content and its §'3C value determination,
0.2-5 mg of sample (!°N enriched bulk soil, fulvic acid or humus)
equivalent to about 100 ug C was used, while 0.1-5 mg of sample con-
taining approximately 35 pg N for determination of organic nitrogen
content and its °N enrichment. The N immobilization ratio (Rim) in soils
was calculated as the proportion of >N immobilized in soil organic ni-
trogen (SON) of the total applied 15N

(_ PNewr X SONpwy = PNipe X SONjo) X Myt

T x100% (1)

Rim (%) =

where PN, and ®Nj,. (atom %) denote the '°N enrichment of SON in
15NO'2 amended and blank control treatment, respectively; SONep, (%) is
the SON content in ">NO> amended soil, and SONjq. is the SON content
in the blank control; Mg, (5 g freeze-dried soil) represents the total
amount of soil used in each treatment; 15Nt0t (17.5 pg) is the total
amount of '°N applied to the soil. The SOC content of the soil, yields of
fulvic acid and humus, as well as their §'3C value, are listed in Table 2.

Table 2
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2.3. Structure analysis of immobilized organic N compounds

To enhance the intensity of >N NMR signals of immobilized organic
N compounds, forest humus (FOM) and grassland humus (GOM) were
reacted with Na'>NO, (99 atom% '°N, analytical grade, VWR, Germany)
for a second time. To be precise, 0.4 g of FOM or GOM was mixed with
0.2 g of Na'®NO, dissolved in 10 ml of sterilized water in a sterilized 25-
ml centrifuge tube, and incubated in a clean bench for 6 d at room
temperature. Instead of sterilized water, 10 ml of soil suspension with
living microbes obtained from a Cambisol soil planted with Aloe arbor-
escens was used in microbial treatments to test the effect of soil microbes
on the abiotic N immobilization. For the preparation of soil microbial
suspension, 20 g of fresh soil from the rhizosphere of Aloe arborescens
was suspended in 40 ml of MilliQ water, and the mixture was incubated
in a shaker at room temperature for 24 h, afterwards the suspension was
passed through a 80-120 pm Whatman filter paper to remove soil par-
ticles and permit most soil microbes remine in the suspension. Humus
instead of original soils was used in this experiment, the live soil or-
ganisms had been sterilized and the original soil structure had been
destroyed, therefore, limitations of inoculation of soil microbial sus-
pension from one soil to other ones were neglected. After reactions of
humus with Na'®NO,, the mixture was centrifuged at 4000 g for 20 min,
and the liquid phase was carefully decanted into another 25-ml steril-
ized tube. Both liquid and solid phase were freeze-dried for further
analysis.

The solid-state '°N- and '3C NMR spectra were obtained with a
Bruker Advance III HD 400 MHz Wideboard (Bruker, Billerica, Massa-
chusetts, United States) operating at resonance frequencies of
40.56 MHz and 100.63 MHz, respectively. 0.3-0.5 g of samples were
placed into zirconium rotors of 7 mm and 4 mm O.D. with KEL-F-caps for
I5N- and '3C NMR analysis, respectively. The cross polarization magic
angle spinning (CP-MAS) technique was applied with a spinning speed
of the rotor at 6 kHz and 14 kHz for >N- and '3C NMR spectra,
respectively, with a pulse delay of 200 ms. A ramped 1H-pulse was used
during a contact time of 1 ms in order to circumvent spin modulation of
Hartmann-Hahn conditions. A contact time of 1 ms and a 90° 1H-pulse
width of 3.5 s were used for all spectra. The 1°N-chemical shifts were
calibrated with glycine (-346.7 ppm) against nitromethane (0 ppm),
while the '3C-chemical shifts were calibrated with glycine (176.04 ppm)
against tetramethylsilane (=0 ppm). The relative intensities of the peaks
were obtained by integration of the specific chemical shift ranges with
an integration routine with MestreNova 10 (Mestrelab research, San-
tiago de Compostela, Spain). The I5N- and '3Cc NMR spectra were
assigned to corresponding N- or C-compounds according to Knicker
(2011b).

For pyrolysis-field ionization mass spectrometry (Py-FIMS) analysis,
about 0.4 mg of the samples were degraded by pyrolysis in the ion
source (emitter: 4.7 kV, counter electrode —5.5 kV) of a double-focusing
Finnigan MAT 95. Samples were heated in a vacuum of 10-4 Pa from
50 °C to 650 °C, in temperature steps of 10 °C over a time period of
15 min, recording spectra over the mass range 15 to 900 m/z for each of

The soil organic carbon (SOC) content and its §'>C value in bulk soils, fulvic acid, and humus before and after >NO5 application.

Bulk soil Fulvic acid Humus
soc 5'3C vs PDB (%o) Yield 3"3C vs PDB (%o) Yield 3"3C vs PDB (%o)
(%) (% SOC-C)* (% SOC-C)
Forest before 16.4 + 1.3 —25.9+0.2 2.1+0.0 —-26.7 £ 0.1 76.6 £ 0.5 —25.5+ 0.4
after 17.4 + 3.5 —26.0 + 0.1 1.6 + 0.0 —26.7 £ 0.1 78.0 + 4.4 -25.9+0.3
Grassland before 41+0.1 —28.4+0.1 1.2+ 0.0 -28.1+0.1 43.6 + 0.3 —29.7 £0.2
after 4.2+0.3 —28.4+0.2 1.5+ 0.0 —28.4+ 0.0 46.8 + 0.7 —29.6 + 0.2
Agriculture before 1.7 £ 0.2 —27.6 £ 0.5 0.5+ 0.0 —27.3+ 0.0 46.5 + 1.0 —28.7 £ 0.2
after 1.5+ 0.1 —27.9+ 0.0 0.3 + 0.0 -27.3+0.0 39.3+7.8 —29.0 £ 0.1
Note:

a

calculated as the percentage of the total carbon content in fulvic acid to the soil organic carbon (SOC) in bulk soil. No significant differences of SOC content, fulvic
acid and humus yields, as well as their 5!3C value were found before and after 1>NO3 application.
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the 60 temperature steps. Between magnetic scans the emitter was flash
heated to remove residues of pyrolysis products (Leinweber et al.,
2009a; Schnitzer and Schulten, 1992).

2.4. Statistical analysis

Triplicates are low to reliably test normal distribution and in-
homogeneity of variance, therefore, one-way analysis of variance
(ANOVA) with Tukey-B test was conducted using OriginPro 8.0 (Ori-
ginlab Corporation, Wellesley Hills, MA, USA), which is less susceptible
to inhomogeneity and non-normality (Reichel et al., 2018). The signif-
icance threshold for the comparisons was set at p = 0.05.

3. Results
3.1. Abiotic NO3 retention

Recovered fulvic acid and humus accounted for 0.3-2.1 % and
39.3-78 % of the total SOC, respectively, and >NO3 application did
neither significantly (p > 0.05) alter their proportion nor their 3C
enrichment (Table 2). Yield of fulvic acid was positively correlated to
the SOC content in bulk soils, and decreased in the order of forest soil,
grassland soil, and agricultural soil.

After 4 d of incubation under sterilized conditions, 6.3-7.6 % of NO3
was immobilized in the soil, and there was no significant (p > 0.05)
difference in N retention among the three types of soils and land uses
despite their distinct SOC content (Fig. 1a). In contrast, N immobiliza-
tion varied largely in different SOM fractions. Even though fulvic acid
only accounted for 0.3-2.1 % of the SOC (Table 2), the I5N enrichment
of fulvic acid was 2-3 times higher than that of the corresponding humus
and bulk soil (Fig. 1b), which indicates that fulvic acid is highly reactive
to NOa.

3.2. >'N NMR spectroscopy of immobilized N compounds

According to the solid-state CP-MAS N NMR spectra, the major
peak from —230 to —285 ppm, representing amide-N, accounted for
49-66 % of the total N in °NO3; amended humus, while the peak from 50
to —50 ppm, representing nitrate-N, nitro-N, and oxime-N, accounted for
10-30 % of the total N in 15NO'2 amended humus (Fig. 2). The downfield
shoulder from 50 to 10 ppm represents the monoximes, and the peak at
—2 ppm represents nitrate (Fig. 2). The pyridine and nitrile-N signals
generally occur at frequency from —50 to —180 ppm. No pyridine was
found in any treatment, while a nitrile peak from —100 to —160 ppm
was found in the solid phase of 15NO'2 treated forest humus (Fig. 2).
However, black N represented by pyrroles at the frequency of —180 to
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—230 ppm was found in 1°NO3 amended treatments (Fig. 2). The peak
from —230 to —285 ppm corresponds with amides. Different from mi-
crobial amides in natural humus that peaked at —257 ppm, chemically
formed amide-N peaked at around —270 ppm in NOj3 treated humus
(Fig. 2).

Even though GOM was characterized by amide-N and FOM by both
amide- and pyrrole-N, the composition of the newly fixed N components
after 15NO'2 amendment was similar in the SOM of both soils (Fig. 2).
Due to the higher C content of forest humus (Table 2), about 6 ug °N
kg~ OM more was fixed by FOM than that by GOM, most of which in the
form of amide-, nitro-, and pyrrole-N (Table 3). After 15NO'2 amendment,
the liquid phase contained 12-20 % less nitro/oxime-N and 14-17 %
more amide-N compared with the solid phase, while the contents of
other products were similar in the two phases (Fig. 2, Table S1). Notably,
neither the forms of abiotic SON products nor their quantity was affected
by the introduction of microbes (Fig. 2, Table S1).

3.3. Impact of N immobilization on SOC structure revealed by 1°C NMR

Eight groups of SOC were detected according to °C NMR, i.e.
aldehyde-/ketone-C (225-185 ppm), carboxyl-/amide-C
(185-160 ppm), aryl-O-/aryl—N—C (160-140 ppm), aryl-C/olefinic-C
(140-110 ppm), acetal-/ketal-/aromatic-C (110-90 ppm), alkyl—O—C
(90-60 ppm), aliphatic C—N/methoxyl-C (60-45), and Alkyl-C
(45-0 ppm) (Fig. 3). Grassland humus was dominated by alkyl-C,
which accounted for >30 % of the total 3C NMR signal, followed by
alkyl—O—C and aryl- and olefin-C (Fig. 3a). By contrast, aryl- and
olefin-C, accounting for >40 % of the total 13C NMR signal, were the
major SOC species in forest humus, followed by alkyl-C and alkyl—O—C
(Fig. 3b). In parallel to the formation of amide and pyrrole revealed by
15N NMR, the amendment of 1°NOj significantly increased the content
of aryl- and olefin-C by >22 % in both forest and grassland humus
(Table 3).

3.4. Pyrolysis-field ionization (Py-FI) mass spectrometry of immobilized
N compounds

The summed and averaged Py-FI mass spectra of forest and grassland
OM, without and with addition of soil microbes, all showed intensive
spectra in the mass range m/z 30 to > 780 (Fig. 4). Mass signals in the
lower mass range indicate the presence of carbohydrates (e.g., m/z 98,
126, 163). Most prominent in the higher mass range were signals from
homologues of n-Cy¢ to n-Cs4 fatty acids (m/z 256, 284, .... 508) and
alkyl monoesters (m/z 676, 704, 732 and 760). Less prominent signals
can be assigned to compound classes that are always found in soil
organic matter, such as phenols and lignin monomers, lignin dimers,

10 300+ .
@) . (b) soil
~ _ |humus
S g 250 - c fulvic acid
g .
g £ 2004
4 e ¢
B z . .
3 5 150
% g
T 44
g Z100-
= %=
5 b
£ 2 :
o 50
0 T T T 0 =T = T
Agricultural soil  Forest soil Grassland soil Agriculture Forest Grassland

Fig. 1. Abiotic N retention of NO3 in agricultural, forest, and grassland soil (a) and 5'°N values of bulk soil, fulvic acid, and humus in '°>NO3 amended soils (b).
Different letters in (b) indicate significant (p < 0.05) differences of >N enrichment among bulk soil, fulvic acid, and humus in the same land use type.
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1

Fig. 2. Solid-state CP-MAS 15N NMR spectra of forest humus (FOM, a) and grassland humus (GOM, b) with or without amendment of 15NO'2 and microbes (M).

lipids, alkyl aromatic sterols, peptides and suberin. The comparison of
thermograms of total ion intensity (TII) indicates differences between
FOM and GOM, with the latter showing much higher ion intensities
almost over the whole temperature range. These differences between
sites obviously were much more pronounced than differences between
samples with and without microbes, which had rather similar TII curves
and spectral patterns.

Forest humus had a much higher proportion of substances thermally
stable at 450 °C, which were bound in soil aggregates, while grassland
humus was characterized by a higher proportion of organic compounds
with lower thermal stability at 250-300 °C (Fig. 5). A multivariate
statistical evaluation, first using all m/s signals (not shown), and sub-
sequently only those with significant differences in ion intensities
(Fig. 6), showed a clear separation of the samples according to their
origin (forest vs grassland), and within the groups of same origin, with
and without microbes. Along PC 1, which accounted for 96 % of the
difference, the samples were separated according to origin, while sep-
aration according to microbial influence occurred along PC 2, which

accounted for only 1.1 % of the overall differences among spectra. Thus,
it is clear that the site differences were much more pronounced than the
differences between treatments.

The volatile matter in the range of about 55 to 75 % (w/w) confirms
that the samples were mostly organic, which is not surprising given the
HCI/HF treatments. Overall, the samples from grassland soil yielded a
much larger TII than those from the forest soil (Table 4). The assignment
of marker signal to important compound classes of SOM showed that
lipids and alkyl aromatics were the most abundant compound classes in
samples from the forest soil, while free fatty acids and lipids were most
abundant in samples from the grassland soil. According to this assign-
ment, the order of abundances was phenols/lignin monomers > free
fatty acids > carbohydrates > peptides (grassland), and alkyl
aromatics > phenols/lignin monomers > carbohydrates > peptides.
Significantly larger TII proportions were obtained for phenols/lignin
monomers, lignin dimers, lipids, alkyl aromatics, peptides at the expense
of suberin and free fatty acids in the samples from the forest compared to
the samples from the grassland soil. An influence of microbial
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Table 3
Content of different N-compounds (ug 15N kg’1 OM) and C-compounds (mg C kg’1 OM) in grassland (GOM) and forest (FOM) humus before and after 15NO;
application.
Range (ppm) FOM*" Gom"
+15N03¢ +15NO3+M ¢ - +15N03 +15N03 + M
15N NMR
50 to —50 (nitro/nitrate-N) - 7.45 - 4.15 4.7
—100 to —180 (pyridine/nitrile-N) - 0.74 - 1.54 1.18
—180 to —230 (pyrrole-N) 0.34 2.26 - 1.58 1.43
—230 to —285 (amide-N) 0.6 12.28 0.78 9.45 9.19
—285 to —320 (amino-N) - 1.92 - 1.53 1.51
Total 0.94 24.65 0.78 18.26 18.01
13¢ NMR
225-185 (aldehyde-/ketone-C) 9.01 5.83 7.35 3.10 4.10 7.08
185-160 (carboxyl-/amide-C) 41.01 34.40 36.67 20.23 26.81 27.50
160-140 (aryl-O-/aryl—N—C) 35.21 32.18 34.92 12.03 13.27 15.12
140-110 (aryl-C/olefinic-C) 213.02 259.44 265.50 35.46 47.60 50.37
110-90 (acetal-/ketal-/aromatic-C) 36.00 33.41 30.43 17.76 21.43 20.86
90-60 (alkyl—O—C) 87.07 78.30 65.59 56.01 78.95 76.70
60-45 (aliphatic C—N, methoxyl-C) 36.54 28.39 27.17 30.63 38.59 37.27
45-0 (Alkyl-C) 123.90 111.06 115.38 109.48 171.29 167.11

Note:
°NO; amendment;
2 Forest humus;
b Grassland humus;
4 NOj3 and microbes amendment.

inoculation is reflected by significantly larger proportions of carbohy-
drates at the expanse of suberin in the GOMmS sample (Table 4).

Detecting >N enrichment in individual molecules is outmost
complicated since the label eventually is distributed among many single
molecules at completely unknown quantities. Nevertheless, by using the
instrument in high resolution mode, it was possible to find indications
for the incorporation of nitrite-N into organic N compounds, depending
on the presence of microbes. The mass distributions of nominal mass m/z
84 in Fig. 7 shows peaks of two N-compounds (84.04 and 84.07) that are
formed by pyrolysis of peptides. Given that these peaks originated from
the source °N-nitrite, a peak should appear at 85.037 with the intensity
of 5 x 10°. In the spectrum of GOMS sample this is within the noise level,
but in the spectrum of GOMmS a distinct peak is clearly visible at m/z
85.037. This indicates that in the inoculated sample some of the 1°N-
nitrite had been transformed into glutamine/glutamic acid, but no so in
the non-inoculated sample.

4. Discussion
4.1. Mechanisms involved in chemical N immobilization

In this study, 15NO'2 was immobilized in soil humus as nitro-, nitrile-,
pyrrole-, amide-, and amino-N compounds involving a series of organic
chemical reactions (Table 3). At pH < 7, NO3 combines with a proton to
form nitric acid (HNO) and further reacts with aromatic compounds to
form nitrosophenols through nitrosation, and oximes derived from the
nitrosophenols via tautomeric rearrangement (Reaction (1)) (Thorn and
Mikita, 2000; Wei et al., 2019). After nitrosation, also nitro compounds
can be formed through the oxidation of the nitroso-compounds (Reac-
tion (2)) (Thorn and Mikita, 2000).

OH OH 0
+HONO
= @
\
o g N=0 N-OH
OH NO NO,
HNO, o, @

Nitriles can be formed through Beckmann fragmentation of ketox-
imes and quinone monoximes (Reactions 3 and 4) at acidic conditions of
pH < 7, while pyrroles and pyridines can be formed through Knorr
pyrrole synthesis (Thorn et al., 1992; Thorn and Mikita, 2000). The
hydrolysis of nitriles (Reaction 5) or the Beckmann rearrangement of
oximes (Reaction 6) lead to the formation of amides (Thorn and Cox,
2016).

o +
R4+ H
h/J\R — R—CEN+R'CO,H ©)
O-NH
(o]

N—OH

= COOH
" )

— _~—CN

RCN 222, RCONH, 5)

N-OH (R

&, &,
CHy W NH-CH,4 6)
—_—

Thorn and Mikita (2000) investigated the reaction of NO3 with In-
ternational Humic Substance Society peat humic acid using liquid-phase
ACOUSTIC °N NMR; nitrosophenol- and oxime-N represented about
76 % of the total products, while amides only accounted for about 7 %.
In the present study, the samples were reacted for 6 d, which was much
longer than the formerly used 24 h, so there was sufficient time for
oximes to undergo the following Beckmann rearrangement, Beckmann
fragmentation, and hydrolysis to finally form amides. This could explain
the much higher content of amides in this study. In addition, nitro
compounds instead of nitroso compounds were prevalent in this study,
because nitroso compounds are not stable and can be easily oxidized to
nitro compounds or transformed to amides at pH < 7. By contrast,
Rousseau and Rossazza (1998) reported the formation of 2-methoxy-4,6-
dinitrophenol and 2-methoxy-6-nitrophenol from the reaction of NO3
with ferulic acid, which resulted from the oxidation of their corre-
sponding nitrosophenols.
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Fig. 3. Solid-state CP-MAS 13¢c NMR spectra of grassland humus (GOM, a) and forest humus (FOM, b) with or without amendment of 15N05 and microbes (M).



J. Wei et al.

1.5 100
(@) -; s0
FOM+15NO, £z o

£ w A

1.0 = "E 20 // \

0 200 400 600

&
h
.

Relative Intensity (% TII)

676704 760[53
2.0 256 100
© 80 AN
[\ \
GOM+5NOy @ /
157 w1 IN
| \
20 [
» \

0 200 400 600

1.0 368396

Relative Intensity (% TII)

648 704 760
7

0 100 200 300 400 500 600 700 800 900

m/z

Geoderma 429 (2023) 116274

100
(b) 80 1
FOM+15NO,+M 60 1
40 1 .
r/-/‘
1 3 20 1 s \\L
\

0 200 400 600

@

GOM+SNO, +M

0 100 200 300 400 500 600 760 800 900
m/z

Fig. 4. Summed and averaged Py-FI mass spectra of sterile forest humus with °NO; (FOM+!°NO3), microbially inoculated forest humus with >NO;
(FOM-+'°NO3+M), sterile grassland humus with 15NO3 (GOM+!°NO3), and microbially inoculated grassland humus with 15NO3 (GOM+!°NO3+M).
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Fig. 5. The thermal curves of the ion intensities in non-inoculated forest humus with 15NO5; (FOM+!°NO53), inoculated forest humus with >NO3 (FOM+!°NO5+M),
non-inoculated grassland humus with 15NO; (GOM+'°NO3), inoculated grassland humus with 5NO3; (GOM+°NO3+M). The total ion intensity (TII) always cor-
relates closely with the organic content, therefore TII% represents relative proportions of the organic.

4.2. Factors affecting abiotic N immobilization

The SOC content and pH are generally regarded as main factors
controlling the chemical immobilization of NO3 in soils (Dail et al.,
2001). Under acidic condition of pH < 7, NO2™ can be protonated to
HNO2 which is highly reactive to SOM and transition metals, hence it is
thought that chemical NO2- immobilization is favored by acidic pH
(Riordan et al., 2005). But on the other hand, the competitive reaction of
chemodenitrification of nitrite is also higher at lower pH, leading to
higher gaseous N losses in the form of NO, NO2 and HONO (Su et al.,
2011; VanCleemput and Samater, 1996). Islam et al. (2008) found that
abiotic NO3 immobilization did not occur any more when the pH

increased to 8.

In addition, the content of SOC, i.e., the substrate of abiotic NO>-
SOM reactions, was found to be significantly positively correlated with
the chemical N retention in various soils (Fitzhugh et al., 2003b).
However, the N retention in forest soil was not significantly higher
compared with agricultural and grassland soils in spite of its markedly
lower pH and higher C content in the present study (Fig. 1), indicating
that not only the amount of SOC but also its quality play an important
role in abiotic N immobilization (Wei et al., 2020).

The content of transition metals, including Fe and Mn in mineral
aggregates, is another factor controlling the chemical reactions of NO2—
with SOM. Transition metals in mineral aggregates can quickly reduce
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NO2- to nitrous oxide (N20), nitric oxide (NO), and dinitrogen (N2),
therefore, higher contents of transition metals generally lead to larger
emission of nitrogenous gases but lower N immobilization (Wei et al.,
2020). The abiotic N retention of NO3 in this study is comparable to the
10 % N retention found in Canton soils at pH 3.9-5.0 (Dail et al., 2001),
but substantially lower than the 20 % in a sandy loam soil with SOC
content of 6 % and pH of 3.8-4.0 (Islam et al., 2008) and the 65-80 % in
an Inceptisol soil with SOC content of 30 % and pH of 3.4-3.9 (Fitzhugh
et al., 2003a). The lower N retention ratio in this study compared with
that in Islam et al. (2008) and Fitzhugh et al., (2003a) could be
explained by its much higher transition metal (Fe and Mn) contents.
Forest soil was finer textured with silty clay loam compared to that of
agricultural and grassland soils (Table 1), while no significant (p > 0.05)
differences of chemical N retention were found among the three soils
(Fig. 1). Similarly, chemical reactions of NO3 with SOM were not
significantly affected by soil texture according to Islam et al. (2008) and
Fitzhugh et al., (2003a, b). Different from ammonium immobilization
dominated by physical adsorption by soil mineral surfaces, NO2—
immobilization was controlled by it chemical reactions occurring
quickly within several minutes to hours, and reactive points are more

Data evaluation of Py-FI mass spectra: Volatile matter (VM, % w/w) and total ion intensities (TII, 10° counts mg '), and proportions of important compound classes in
FOM (forest humus), FOMm (inoculated forest humus), GOM (grassland humus) and GOMm (inoculated grassland humus). (Data are shown as mean (standard de-
viation), CHYDR = carbohydrates, PHLM = phenols and lignin monomers, LDIM = lignin dimers, LIPID = lipids, ALKY = alkyl aromatics, NCOMP = heterocyclic
nitrogen containing compounds, PEPTI = peptides, SUBER = suberin, FATTY = free fatty acids).

Treatment M TII CHYDR PHLM LDIM LIPID ALKY NCOMP PEPTI SUBER FATTY
FOM 54.6 (8.4) 684.9 (65.3) 5.1 (0.7) 8.2 (0.8) 3.7 (0.4) 9.4 (0.2) 9.2 (0.1) 1.5 (0.1) 4.1(0.3) 0.9 (0.0) 6.8 (0.5)
FOMm 58.0 (13.6) 691.0 (42.6) 4.8 (0.4) 7.9 (0.7) 4.0 (0.5) 9.4 (0.3) 9.4 (0.6) 1.5 (0.1) 3.8 (0.2) 0.9 (0.1) 7.0 (1.1)
GOM 61.7 (3.1) 2255.0 (393.2) 3.8(0.1) 4.7 (0.2) 2.1 (0.0) 7.6 (0.0) 5.2 (0.2) 1.6 (0.1) 3.2(0.1) 1.8 (0.0) 12.1 (0.3)
GOMm 74.6 (9.3) 2113.4 (125.5) 4.1 (0.1) 5.6 (0.5) 2.5 (0.4) 7.8 (0.3) 6.1 (0.6) 1.7 (0.1) 3.5 (0.0) 1.6 (0.0) 11.6 (1.7)
— GOMmS
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Fig. 7. Highly resolved spectral pattern in the mass range mz 84 to 84.12 (a) and 85 to 85.12 (b) of °N-nitrite treated grassland soil samples with (GOMmS) and

without (GOMS) microbial inoculation.



J. Wei et al.

than enough regardless of their soil texture (Nelson, 1967).

Fulvic acid is composed of aromatic macromolecules with lower
molecular weight and aromaticity than humic acid and humin (Ste-
venson, 1995). Furthermore, it is generally characterized by relatively
higher C/N ratio, more alkyl-C and carboxyl-C than humic acid (Gondar
et al., 2005; Weber and Wilson, 1975). These characteristics make fulvic
acid much more reactive to NO2- than dissolved organic matter, humic
acid, and humin (Wei et al., 2017). Due to the high reactivity of fulvic
acid, its chemical reaction with NO2- was found to contribute the most
to abiotic N immobilization and also to abiotic N20 emission in soil (Wei
et al., 2017).

4.3. Significance of abiotic N immobilization in soil

Amide- and amino-N are the most abundant N species in natural soils
(Knicker, 2011b). In the present study, we demonstrated that chemical
reactions of NO3 and SOM introduced amide and amino compounds to
the soil humus fraction (Fig. 2). This is possible since aromatic C com-
pounds derived from lignin offer abundant reactive sites for the incor-
poration of NO>-N into SOM to form amides, as already proposed by
Schmidt-Rohr et al. (2004).

Black N, represented by pyrrole and pyridine, is abundant in burned
soils, peat, and biochar (Thorn and Cox, 2009), therefore, it was pro-
posed that the high temperature during burning may be a prerequisite
for the formation of black N (Knicker, 2007). However, our results
proved that chemical N immobilization at ambient temperature could be
an alternative pathway of black N formation, especially during periods
of NO3 accumulation in soils with high aromatic C content (Table 3). It
was reported that the content of black N was positively correlated with
the aromaticity of SOM and increased during humification (Abe et al.,
2005; Gillespie et al., 2009). Therefore, a series of chemical reactions
between aromatic C and reactive N compounds during humification
could contribute to the formation of black N compounds in soil, and
thereby add substantial variety to the large number of biologically
produced heterocyclic organic N compounds (Leinweber et al., 2013).

The formation of oximes is the key step for N incorporation into
SOM, not only in the reactions of SOM with NO2-, but also with hy-
droxylamine, ammonia, and nitric acid, while nitriles and amides are the
products of the following Beckmann rearrangement or fragmentation
(Thorn et al., 1992; Thorn and Cox, 2016; Thorn and Mikita, 1992).
Amides were found as the main forms of fixed N in our study, while
black N, including indoles and pyrroles, was mainly produced from
chemical reactions of fulvic and humic acids with ammonia through the
polymerization of amino N (Thorn and Mikita, 1992). Therefore, abiotic
N retention could be much more prevalent in soil than assumed until
now.

Microbial inoculation did neither reduce the abiotic N immobiliza-
tion nor the composition of immobilized N in this study (Table 3, Fig. 2).
High concentrations of NO3 are toxic to microbes (Bollag and Hen-
ninger, 1978), the activities of microbes could be depressed due to the
large applied NO3, which is very likely the reason why we observed no
significant impact of microbial inoculation on abiotic N immobilization.

4.4. Soil N and C interplay

Nitrogen is not only the essential element for biological C assimila-
tion, but also acts as important N-joint to connect C moieties in SOM,
implying that soil N and C sequestration interact with each other via
biological and chemical processes (Cassman et al., 1998; Said-Pullicino
et al., 2014; Knicker, 2011a). Heterocyclic C—N compounds represent
the most recalcitrant C and N compounds in soil, whose residence time
can be up to hundreds of years (Lopez-Martin et al., 2017). Lignin dimers
and aromatic compounds have good ability to incorporate N fertilizer
into SON and reduce its availability (Reichel et al., 2018; Wei et al.,
2020), the structure of immobilized N might be black and amide-N
found in this study.
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Comparing GOM and FOV, it was found that SOM rich in black N
demonstrated relatively higher thermal stability, lower volatile matter
proportion and total ion intensity, while SOM with lower black N con-
tent shew higher volatile matter proportion and total ion intensity, but
lower thermal stability (Fig. 5 and Table 4). However, it needs to be
further tested that to how much extend the black N contributes to the
thermal stability of SOM, as well as how the SOM thermal stability af-
fects its bioavailability.

5. Conclusion

The abiotic NO3-SOM reactions in this study led to a retention of
approximately 6 % of nitrite-N added to forest, grassland, and agricul-
tural soils, in which fulvic acid exhibited a much higher ability to
immobilize NO3 than the humus as a whole. According to the solid-state
CP-MAS >N NMR analysis, chemically immobilized N in SOM existed
mainly in the form of amides and pyrroles. And Py-FI mass spectroscopy
revealed that forest humus, which was enriched in black N, contained
more lignin dimers and aryl- and olefin-C and shew relatively higher
thermal stability compared with grassland humus. Our results revealed
that the role of chemical reactions in soil N retention cannot be
neglected, since chemical N immobilization not only reduces the
bioavailability of N, but also plays a significant role in soil C and N
interplay.
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