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Abstract

In this study, soil samples under long term OW treatments were collected to analyze the changes
in soil humic acid composition. The treatments in this study included a control (CK), fodder grass
(FG), mushroom (MR), maize straw (MS) and tree leaves (TL) wastes. Soil HA structure was analyzed
using (FTIR) and (*C- NMR). The results from the study showed that treatments TL, MS, FG, and MR
increased soil organic carbon (SOC) by 23.45%, 13.83%, 11.90%, and 5.76%, respectively. Similarly,
the contents of humic carbon (HAC) increased in all the OW treatments. Moreover, there was a positive
relationship between O-alkyl C and SOC, alkyl C, soil HA contents while a negative relationship
was observed between O-alkyl C and aromatic C, and carbonyl C. Compared with other treatments,
TL and FG were also recorded as having the lowest E4/E6 ratio, AlogK value, and hydrophobic
carbon (C)/hydrophilic carbon (C) ratio of soil HA. In conclusion, the OW treatments improved the
structural characteristics of soil humic acid where the most effective treatment was TL as it higher the

accumulation of SOC, soil HA, and made the structure of HA more complex and stable.
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Introduction

Black soil is the most fertile and productive soil in
China. The black soil is widely distributed in Northeast
China and provides a crucial source of fertile soil
to support feed and food production for China and
other countries. The black soil possesses high fertility
and superior physicochemical properties. Over the
years, SOC has decreased as a result of crop residues
removal [1, 2]. Different types of OW can change the
chemical composition of SOC in the soil [3, 4]. Dou
and Wang [5] showed that the interaction between soil
micro-organisms and humus can lead to complete or
partial decomposition of humus which results in the
production of new organic matter (OM) to increase the
SOC content. However, the chemical nature of the OW
conceivably affects the release rates of these organic
nutrients. Characteristics of soil HA depend on the
humified (OM) content and fertility of the soil [6, 7].
According to the general classification of humus, it can
be separated into humic acid (HAc), fulvic acid (FAc).
Each type of humus structure has a special chemical
composition and plays a specific role in soil fertility [8-
10]. Many studies have been carried out on how the OW
application affects soil HA composition. For example,
in North China, the addition of both manure and
chemical fertilizer at different rates under long term
studies increased the concentration of SOC, HAc, FAc
and additionally contributed to carbon (C) sequestration
in soil [11]. Chen, et al. [12] reported that integrated
straw residues increased carbohydrates derived O-alkyl
C double-cropping systems form of corn residues. The
application of organic manure reduced the relative
contents of the aromatic C and alkyl C/O-alkyl C ratio
of SOC after four years of continuous fertilization [13].
Study in semiarid areas under OW application, by [14]
also suggests that increased alkyl C, aliphatic C and
aliphatic soil C/aromatic C HA, while found lower
than o-alkyl C and aromatic C was ascribed to the
decrease in methoxyl C and carbohydrate C. Another
study showed that the use of chemical and organic
fertilizers in China black soil of increases of O-alkyl C
and improves the microbial community [15]. Variable
results in previous studies indicate the need for a better
understanding of how the long-term application of OW
affects soil HA in black soil of Northeast China. The
utilization of different methods to compare the effects
of OW on soil HA characterization plays an effective
role in the management of agricultural systems [14,
16]. Several studies have widely utilized FT-IR and
BC-NMR technologies to analyze the main components
of soil HA and study the chemical composition of
the components [17,18]. In this study, we used FT-IR
analysis and C-NMR to analyze soil HA and also
discuss the effects of long term application of different
OW on the composition and molecular structure of
soil HA in black soil [15]. This is because few studies
have been conducted on the changes in the structure
and elemental composition of soil HA after long-term

application of different OW in black soil. The objective
of this study was to examine the effects of long-term
solid OW application on the composition of soil HA
in black soil by using the FT-IR and "“C-NMR. We
hypothesized that the long-term application of solid OW
can increase the soil HA levels and make the soil HA
structure complex.

Materials and Methods
Field Experiment

In April 2018, soil samples were collected from the
Jilin Agricultural University Research Farm, Northeast
China (43°48'N, 125°23'E; km). Soils were classified
as Udic Mollisol (according to USA soil taxonomy).
The average annual temperature is 5.9°C while the
precipitation per year is between 500 and 600 mm.
The experiment was established in 2010 and followed a
randomized block design consisting of 15 plots (25 m?)
with five treatments in three replicates. The treatments
for the study included an annual input of chemical
fertilizer and organic amendments at the surface of
the soil. The treatments were: control (CK), fodder
grass (FG), mushroom (MR), maize straw (MS) and
tree leaves (TL) wastes. Application rates of OW were
adjusted to similar amounts of (2600 Mg OM ha). The
chemical fertilizers: N, P, and K were added annually
at a rate of 165, 82.5, and 82.5 (kg) respectively. Soil
samples were taken from the surface layer of the soil
(0-20cm) in each of the amended plots. The initial soil
characteristics were as follows: OM 19.96 g kg™', TN
1.26 g kg™!, TP 19.26 mg kg™',TK, 127.02 mg kg™, pH
(H,0) 6.85. Both chemical fertilizers and OW were
applied once every year before the sowing of soybean in
spring. Table 1 contains information about the OW used
in the present study.

Chemical and Humic Composition Analysis

The content of (SOC) was determined by the
oxidation method H,SO, - K,Cr,0, followed by the
FeSO, titration [19]. TN was determined by the Kjeldahl
method while the pH was measured by using a pH
meter. The available phosphorus (P) was analyzed using
sodium bicarbonate-molybdenum antimony colorimetry
[20] and available potassium (K) was analyzed using
a flame photometer [21]. The composition of the soil
humic was analyzed using [22]. Successive extraction
of soil samples with distilled water and 0.1 M NaOH
+ 0.1 M Na,P,O, solution was obtained for humic
fractions. After isolating the alkaline supernatant up to
pH 1.0, the (HAc) was isolated from (FAc) fraction.

Extraction of Soil HA

Soil HA has been collected by the International
Humic Substances Society (IHSS) according to the
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approved procedures [23,24] with some modifications Statistical Analyses

in the THSS methods described by [25]. In this process,

100 g of soil was firstly suspended in distilled water and Statistical package program (SPSS 17.0) and

0.01 molL" HCI followed by extraction using NaOH
solution of 0.1 molL " and 5 percent (w/v) Na,SO,, and
0.1 mol L' Na,P,O_.10H,0 at 25°C for 48 h. Using
6 mol L' HCI (pH = 1.0), soil HA was separated and
extracted. Finally, ash was removed, and the extracted
samples were dialyzed to remove excess salts and
then freeze-dried (Christ Alpha 1-4). An Elemental
Analyzer was used to conduct the elemental (C-H-N
contents) analysis of the soil HA, while O+S contents
were determined by subtraction procedure. The soil
HA solution E4/E6 ratio was measured as a measure
of solution absorbances, 2.0 mg of HA was dissolved
in 10 mL 0.05 M NaHCO, (pH = 8.3) was dissolved
and 0.05 M NaOH. The absorbance ratio for E4
and E6 was therefore at 465 and 665 nm respectively
[26]. The AlogK value of soil HA (the logarithm of
the absorbance at 400 and 600 nm) was calculated as
logk ,,, nm — logK - nm.

FTIR Analyses

Soil HA sample for each treatment was analyzed
using FTIR and the KBr technique. All samples were
prepared as follows: 2 mg of HA was mixed with
200 mg of KBr, finely ground in an agate mortar, and
then pressed into a pellet for FTIR spectral analysis.
Spectra were acquired in the 4000-400 cm™ range
with a 2 cm™ resolution, and 32 scans were performed
on cach acquisition. The spectral data were processed
with origin software version 8.0 including baseline
corrections and atmospheric correction for H,O and
CO,.

BC- NMR of Soil HA

Soil HA solid-state (*C- NMR) was obtained on a
Lexington spectrometer (FT-80A version) at 100 MHz.
The rate was 8 kHz/50 Hz, the contact time was 20
ms, the spinning rate was 8 kHz, and the relaxation
delay time was 20 seconds with a pulse of 90°. Semi-
quantification was performed by integration using
MestReNova 5.3.1 software (Mestrelab Research S.L.,
Santiago de Compostela, Spain).

Table 1. Basic information about the OW used in the present study

Excel 2010 were used to perform statistical analysis
of the data. One-way analysis of variance (one-way
ANOVA) with Duncan multiple range tests were
used to determine the significant differences between
treatments. Relationship analyses were conducted to test
the relationships between the treatments. The obtained
data were presented as mean value and =+standard
deviation (SD). The significance level was calculated at
p-value<0.05.

Results

Effects of Solid Organic Waste on SOC
and Humic Acid Carbon Content

Long-term application of different OW increased
carbon concentration in the soil (Table 2). Different
amounts of carbon and N were applied for the different
treatments as shown in (Table 1). The concentration of
carbon in the various treatments varied and followed a
descending order of MS>TL>FG>MR>CK respectively.
Comparing the application rate of N in the experiment,
slightly more N was applied in treatment TL compared
with other OW treatments (Table 1). However, the
different OW treatments (TL, MR, FG, and MS) had
similar application rates of carbon (Table 1). As shown
in Table 2, the concentrations of SOC were higher in
all the OW treatments comparing with the control.
Treatments TL, MS, FG, and MR increased SOC in soil
by 23.45%, 13.83%, 11.90%, and 5.76%, respectively.
Similarly, the contents of HAC increased in all the OW
treatments. The level of HAC followed the trend of
TL>MS>FG>MR respectively. Additionally, HEC and
HAC/FAC increased in treatment TL comparing with
the control as shown in (Table 2). In contrast, FAC did
not have a similar pattern as HEC, carbon concentration
and HAC. The trend for FAC was TL>MS>MR>FG and
the highest content of FAC was recorded in treatment
TL, which was 27.33% higher than the control.
Furthermore, the ratios of HAC/FAC were 48.97% and
32.69% higher for TL and MR respectively comparing
with the other treatments. Moreover, the results of

Treatments FG MR MS TL
PH 40, 6.69 6.34 6.15 6.89
Organic C kg! 347 429 336 398
Ngkg! 15.75 8.62 9.65 16.65
Pgkg' 1.34 1.25 1.06 1.02
Kgkg! 12.59 5.99 12.24 4.05

FG, fodder grass treatment; MR, mushroom treatment; MS, maize straw treatment; TL, tree leaves treatment
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Table 2. SOC and soil humic composition under the different OW treatments.

Treatments SOC (gkg") HAC(gkg") FAC (gkg") HEC(gkg") HAC/FAC
CK 16.48+1.86 d 3.21+0.03 ¢ 2.27+0.38bed 5.484+0.41d 1.43£0.23ab
FG 18.44+0.95 b 4.5240.11b 2.66+0.03 ab 7.14+0.27bc 1.68+0.90ab
MR 17.43+0.26bc 4.48+0.31b 2.14+0 .5bed 6.66:+0.14¢ 2.13+0.30a
MS 18.76+0.50 ab 4.64+0.13b 2.79+0.07 a 7.344+0.34d 1.62+0.09ab
TL 20.34+0.37 a 5.36+0.00a 2.79+0.09 a 8.09+0.09 a 1.90+0.06ab

Mean values in the same column followed by the same superscript for the different treatments are not significantly different at
P<0.05. Values presented are the mean and +standard deviation of the means.

Table 3. Results of Principal component PCA analysis of SOC,
HAC, FAC, HEC and HAC/FAC under different OW treatments

PC1 PC2

Eigenvalue 3.72 1.24
Percentage 74. 40 25.00
Cumulative 74. 40 99.40

Eigenvectors coefficient

SOC 0.508 -0.114
HAC 0.507 0.186
FAC 0.406 -0.552
HEC 0.518 0.010
HAC/FAC 0.227 0.805

Table 4. Correlations matrix (R2) of soil humus composition
under different OW treatments

SOC HAC FAC HEC
HAC 0.927"
FAC 0.835™ 0.640
HEC 0.971™ | 0.980™" | 0.779™
HAC/FAC 0.311 0.615 -0.209 | 0.448

Correlation is significant at the 0.05 level; ** Correlation is
significant at the 0.01 level, *** Correlation is significant at
the 0.001 level

(Table 3) showed that PC1 accounted for 74.40% of the
total contribution rate variance while PC2 accounted
for 25%. The cumulative contribution rate of these two
principal components accounts for 94.90% of the total
variance contribution rate. This indicates the relevance
of using these two main components to characterize the
original spectrum. In addition, there were no differences
among SOC, HEC, HAC, FAC fractions for the PCI,
whereas FAC showed negative correlations with other
components PC2 (Table 3). HEC was more significantly
correlated to HA, while FA mainly correlated to SOC
and HAC/FAC meant a higher rate contribution to soil
OW faster decomposition (Table 4).

Effects of Solid Organic Waste on (C, N, H, O),
E/E, Ratios, and AlogK Values of Soil HA

The C, N, and H content of soil HA under different
OW treatments were as follows: C content was 48.44
to 51.51%, O content was 43.05-45.34%, N content was
2.52-3.15%, and H content was 3.46-3.68% (Table 5).
Compared with the control, the C contents of soil HA
were 6.33%, 4.74%, 3.24%, and 2.31% higher for TL,
MS, FG, and MR respectively while the O contents of
HA were 7.58%, 4.76%, 3.66%, and 2.27% lower for
TL, FG, MS, and MR respectively. This indicated that
the soil HA consists mainly of elements C and (S+O).
Treatments TL, MS, FG, and MR respectively produced
4.89%, 4.26%, 4.24%, 1.92% higher H/C ratios of HA
compared to the control. The C/N ratio of HA in OW
treatments followed the order of MR>MS>TL>FG
(Table 5). In addition, the C/N ratio decreased in FG,

Table 5. Elementary composition, E /E, ratio and AlogK values of soil HA under the different treatments.

Treatments C (%) H (%) [(O+S)(%)| N (%) C/N H/C (O+S)/C E,/E, AlogK
CK 48.44 3.50 45.34 2.52 19.36 0.07 0.93 4.20 0.62
FG 50.01 3.46 43.18 3.15 15.87 0.06 0.86 3.90 0.59
MR 49.56 3.65 4431 2.28 21.68 0.07 0.89 4.25 0.62
MS 50.74 3.51 43.68 2.69 18.86 0.06 0.86 3.84 0.59
TL 51.51 3.54 41.90 2.85 18.02 0.06 0.81 3.07 0.48
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Table 6. *C- NMR analysis of soil HA in under long-term OW treatments.

© Aliphatic C/
Aromatic
C

0.61

0.69
0.64
0.69
0.76

@ Alkyl C/
O-Alkyl
C

0.96

1.01

1.09
1.05
1.00

© Hydrophobic C/
Hydrophilic C

1.66

1.50

1.60
1.59
1.51

®Aliphatic C

29.39

30.98
29.77
31.35
33.28

Carbonyl C (%)

22.60

24.53

24.22
23.25

23.10

Aromatic C (%)

47.99

44.47

45.99

45.39

43.61

O-alkyl C (%)

14.94

15.40

14.22
15.22
16.63

@Alkyl C (%)

14.45

15.58

15.55
16.13

16.65

Treatments

CK

FG

MR

MS

TL

a) (0-50 ppm- Alkyl C), (50-110 ppm -O-alkyl C), (110-160 ppm aromatic C), (160-200 ppm -carbonyl C).

b) Aliphatic C

Alkyl C+ O-alkyl C.

(Alkyl C+ Aromatic C)/ (O-alkyl C +Carbonyl C).

¢) Ratio of hydrophobic C/hydrophilic C
d) The ratio of Alkyl C/ O-alkyl C.
e) Ratio of Aliphatic C/aromatic C

(Alkyl C + O-alkyl C) Aromatic C.

TL, MS while it increased in MR treatments compared
with CK. The E/E, ratios and AlogK values of HA
samples are listed in (Table 5). The E/E, ratios and
AlogK values of soil HA followed the order of MR>
FG>MS>TL.

FTIR Analysis

The FT-IR spectra of soil HA for each treatment
and their corresponding absorbing peaks are
shown in Fig. 1 and Table S1. The peak absorption
positions were approximately identical among
the treatments. The strongest peak was found at
2920-2850 cm™ for the detection of aliphatic C-H and
1720-1640 cm™ for aromatic C = O in soil HA. The
bands at about 2920-2850 c¢cm™' vibration of HA was
more intense for treatments TL, MS, FG, and MR
compared with CK. Moreover, treatments TL and MR
had a higher C-H/C=0 ratio whereas treatments FG
and MS had a lower C-H/C=O0 ratio compared with the
control.

(3C-NMR) Characteristics of Soil HA

These spectra were characterized by the presence
of many signals in the area of (0-50 ppm Alkyl C),
(50-110 ppm- O-alkyl C), (110-160 ppm aromatic
C), (160-200 ppm, carbonyl C). The aromatic-C and
alkyl-C proportions differed significantly along the
gradient height, while carboxyl-C and O-alkyl-C had
similar proportions (Table 4). Compared with treatment
CK, the other OW treatments (TL, MS, FG, and MR)
increased the ratio of aliphatic C to aromatic C and that
of alkyl C to O-alkyl C in soil HA. Compared with
the control the aliphatic C of soil HA was 15.22%,
11.62%, 7.82%, and 7.61% higher for TL, FG, MS, and
MR respectively (Table 6). The proportion of O-alkyl
C in soil HA ranged from 14.9% to 16.6%, aromatic
C ranged from 47.9% to 43.1%, carbonyl C ranged
from 22.6% to 24.53% while the aliphatic C ranged
from 29.3% to 33.2%. Compared to the control, a
higher aliphatic C/aromatic C ratio was observed
for TL, FG, MS, and MR. Among all the treatments,
TL recorded the highest aliphatic C/aromatic C ratio
and alkyl C/O-alkyl C ratio in soil HA. The ratio of
hydrophobic C to hydrophilic C in soil HA followed
the order of MR>MS>FG>TL respectively. The
results from Fig. 3, Table 5, and Table 6 showed that,
O-alkyl C was positively correlated with SOC R2
= (0.74, P<0.05), alkyl C (R2 = 0.50, P<0.0I), and
soil HA contents (R2 = 0.82, P<0.05), while it was
negatively correlated with aromatic C (R2 = 0.51,
P<0.01), carbonyl C (R2 = 0.10, P<0.0I), C/N ratio
(R2 =0.76, P < 0.05), E4/E6 ratio (R2 =0.96, P<0.01)
and H/C (R2 = 0.65, P<0.01).
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Fig. 1. FT-IR analysis of soil HA under long-term OW treatments.
Discussion comparing with the control. The obtained data indicated
that the application of OW is an effective tool for
Soil HA Composition under the Different OW building and improving soil organic matter in agro-
Treatments in Black Soil ecosystems [27-29]. Long term OW treatments lead
to an increase in SOC, which culminates in a better
The results of this study showed that the long balance of the requirements for plant growth and results
term application of OW significantly increased SOC in higher productivity [30]. In this study, among the

MS

N
. M
,J\/\m/\

CK

T T T T
350 300 250 200 150 100 50 0 -50 -100
1 (pper)

Fig. 2. 3C- NMR analysis of soil HA under long-term OW treatments.
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Fig. 3. Relationship between O-alkyl C and a) SOC, b) alkyl C, ¢) aromatic C, d) carbonyl C, ¢) soil HA content, f) C/N ratio, g) E4/E6
ratio, h) H/C ratio.

OW treatments, TL recorded the highest SOC content lower than TL (Table 2). This may be as a result of the
compared with MR, FG, and MS. The other treatments high lignin content in TL. The microbial community
also had significant increases in the concentrations plays an important role in the process of nutrient
of SOC; however, the increasing rate was relatively transformation in soil [31] and contributes to all the
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major processes of SOC cycling [32]. Yang, et al. [33]
Found that organic residues decomposer faster after
the NPK with organic matter amendments, because the
higher biological conquest found in NPK with organic
matter amendments. The composition of humic acid is
heterogeneous and has a high molecular weight [34, 35].
In the present study, TL recorded the highest amount
of extractable HAC, FAC, and HEC compared with the
other OW treatments. The use of different OW increased
SOC and HAC content as shown in (Table 2). In this
study, an increase in the rate of OW addition resulted in
relatively higher humus content. This observation was
mainly due to the fact that carbon was preferentially
converted to HAC instead of FAC in the different OW
treatments [11, 36, 37]. In addition, the OW treatments
had higher molecular weight and polymerization
of HAC compared to FAC, as the amount of
polymerization is strongly related to the humification
degree [38, 39]. Moreover, the transformation of
FAC into HAC enhances and increases SOC stability
[40]. The findings of our study showed that the HAC/
FAC and HAC/HEC ratios increased in the OW
treatments, leading to an increase in the humification
level. The HAC/HEC ratio was used as an indicator
of humidification, where a higher ratio indicates
higher weights, more complex molecular structures
and higher quality of soil HA [41, 42]. The higher
HAC/FAC and HAC/HEC ratio gave a good reflection
of the degree of humification for the treatments used in
this study [43]. Additionally, our findings showed that
the ratios of HAC/FAC and HAC/HEC were higher in
FG, TL, and MR treatments due to their higher degree
of humification. This was in line with the study of
Chen, et al. [44], Fan, et al. [45].

Elemental Analysis of Soil HA and E /E,
Ratios under Different OW Treatments
of Black Soil

Elemental analysis is one of the simplest and
important methods for assessing humus structure
and characteristics. The proportion of each element
(C, N, H, O) in soil HA is usually used to explain
the trends in its regularity to best analyze the effects
of organic wastes treatments [15, 46]. In this study,
the high N content in FG, MS, and TL whereas low
N content was recorded in MR. This means that the
organic wastes (FG, MS, and TL) were decomposed by
microorganisms thereby producing highly humified OM
[47]. In general, Condensation and oxidation levels in
soil HA represent the H/C and O/C ratios, respectively.
The decrease in H/C and O/C ratios for TL, MS, and
FG indicated high stability of soil HA, a high degree
of condensation of soil HA, and highly humified OM
[48, 49] and [50]. Plaza, et al. [51] reported that the
C/N ratios of soil HA increased with the application of
animal manure, leading to lipids enhancement in soil
HA. These differences in C/N ratios of soil HA may be
due to the nature of the OW that was applied during the

nine years [52,53]. The effects of OW on soil microbial
communities are different due to the difference in
the C/N ratio [54]. Also, lower soil ventilation leads
to low OW decomposition, leading to more carbon
accumulation [55]. Low H/C and C/N ratio values
resulted in a high level of stabilization and condensation
of the soil HA and an increased humification of the OM
as similar results were reported by [56]. The AlogK and
E4/E6 are used as indexes for soil HA humification
level [57,58]. In the following study, we found that the
E4/E6 and AlogK values of TL, MS, and FG treated
soils were lower than the control. The lower E4/E6 ratio
was due to a more complex composition of soil HA
[59]. This indicated that OW treatments especially TL
and FG improved the aromatic condensation degrees of
soil HA, and made the molecular structure complex, as
clearly observed in treatment TL. This was consistent
with the findings of [14,60], who studied soil HA under
plastic mulch conditions in northeast China. In addition
to intrinsic aromas and condensation, the AlogK and
E4/E6 are used to denote particles and molecular sizes
of the soil HA [50]. In comparison with the control
and the other treatments, the E4/E6 and AlogK ratios
of treatment MR were relatively higher since the soil
HA became more aliphatic and complex following the
application of MR.

Soil HA of FTIR Analysis Different (OW)
Treatments of Black Soil

The FTIR spectrum of soil HA for the different
treatments and the corresponding absorbing peaks
have been shown in Fig. 2 and Table Sl respectively.
In the current study, the results of the OW treatments
on soil function groups of soil HA were markedly
different. The C-H and C=0 bonds were higher in the
OW amended plots than control where the OW with
manure contained the highest amino compounds, since
soil HA residues contained the maximum hydroxyl and
aliphatic compounds [61]. It was confirmed that the soil
HA changes are largely due to the high HA content
in the maize straw which is released to the soil
following application [62]. This made the molecular
structure of black soil HA become aliphatic, complex
and stable. Furthermore, the analysis of FT-IR indicated
that different types of OW increased the length of
aliphatic chains in soil HA however the different
types of OW affected the C=H/C=O ratio differently
Table S1. Long term application of different organic
and chemical fertilizers in black soil increased the
area of aliphatic bonds in soil HA, as the ratio of
C-H increased in the amended plots when compared
with the control [15]. The general increase in the
C=H/C=0 ratio may be due to increased microbial
activity under aerobic conditions, which could boost
the content of hydroxyl and aliphatic groups [63].
Similar results have also been obtained by previous
studies where the black soil was modified by different
manure quantities [64]. This finding shows the greater
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efficiency of OW treatments in black soil and increased
soil organic carbon activation [65]. Overall, the results
of FT-IR spectrum analysis for soil HA were in
agreement consistent with the elemental analysis of soil
HA [66].

BC-NMR Characteristics of Soil HA under Nine
Years OW Treatments of Black Soil

In this study, we used the “C- NMR technique to
study the effects of different OW amendments on soil
HA and the results have shown that the OW application
may cause changes in chemical characteristics of soil
HA. Similar results have been recorded by [8, 67]. The
application of maize straw causes a decline in alkyl C
and carbonyl C, while O-alkyl C and aromatic C of
soil HA increases in long-term fertilization [45]. Dou,
Zhang and Li [64] also found a significant increase
of alkyl C in hydrophobic components and aliphatic
features after the application of OW in black soil. In
the present study, OW treatments decreased the amount
of aromatic C and increased alkyl C, O-alkyl C, and
carbonyl C content. Almendros, et al. [68] found that
O-alkyl C was related to organic acids including fatty
acids and peptide structures after the application of
OW. The functional group composition of soil HA in
this study was consistent with [69] who reported that
the application of OW increased O- alkyl C, aliphatic
C / aromatic C ratios while it decreased hydrophobic C
and aromatic C ratios. This was due to the presence of
high carbohydrates in the O-alkyl C [50]. In addition,
higher alkyl C in OW may be due to the lipids found
in different OW compounds [70]. The higher aliphatic
C in the OW treatments is mainly due to the process
of decomposition of the OW which resulted in the
production of aliphatic compounds [71] . In this study,
we also found that O-alkyl C was positively associated
with SOC, alkyl C, and soil HA contents, and negatively
correlated with aromatic C, carbonyl C, C/N ratio, E4/
E6 ratio, and H/C ratio, demonstrating that a good
percentage of O-alkyl C was contained in soil HA.
Soil HA substance it derives mostly from plant residue
decomposer and made up the cellulose and lignin in the
soil organic matter together with derived from primary
and secondary compounds from crop residues, and
microbial community [72, 73]. This O-alkyl C fraction
was primarily due to the cellulose and hemicellulose
in the OW [74, 75] and a good indicator of soil HA
molecular composition [76]. Li, et al. [77] showed that
the relationship between alkyl C, O-alkyl C, aromatic
C, and carbonyl C content of the cellulose-degrading
microbial community are of effective relevance in
terms of SOC change in agriculture soil. The same
author indicated that O-alkyl C content was strongly
linked with the composition of the cellulose-degrading
microbial community in soil layers. The significant
positive relationship between O-alkyl C and SOC, alkyl
C and soil HA content showed that the functional groups
originated from the OW that was applied [78]. Our

results showed that soil HA increased the decomposition
of OW treatments and the hydrophobic C/hydrophilic
C ratio showed greater stability than CK, particularly
for treatments TL and FG. This means that the O-alkyl
group consisted of various C types that could efficiently
be absorbed by the soil microbial community [79]. In
addition, the negative relationship between O- alkyl C
and aromatic C, carbonyl C, C/N ratio, E4/E6 ratio, and
H/C ratio showed that the OW amendments could have
a greater effect on the accumulation SOC and molecular
composition of soil HA making the structure of soil
HA more complex and stable. Similar results have also
been obtained by previous studies where positive and
negative relations occurred between 13C- NMR analysis
and elemental composition in the amended plots [80,
81]. This was mainly due to the high stability of soil
HA, the high degree of intensification of soil HA, and
high humification of soil HA [80].

In addition [74] studied the effect of long-term
straw returning in soil and reported that the O-alkyl C
correlated positively with SOC fractions and negatively
with carbonyl C and alkyl C, which increases the
capacity to preserve SOC [13]. The C/N ratio was known
to affect the decomposition of OW rate, a negative
relationship from this present study between O-alkyl
C indicated that the O-alkyl C was the first component
decomposed by the microorganism [82]. He, He, Xu,
Zhang, Yang and Huang [78] reported that positively
correlated SOC stock and four functional groups with
cumulative C input and the conversion rate was highest
in O-alkyl C. This was mainly due to fertilize soils
under long term by OW such as maize, manure, and
plant residue. The same author suggested that *C- NMR
defined functional groups were primarily governed by
soil characters C/N ratio, pH, and clay content. Our
findings suggest that the positive correlation O-alkyl
C with SOC, alkyl C, soil HA content indicted that
these OW amendments could have a greater effect on
the accumulation SOC [81]. Finally, changes in the
chemical composition of soil HA and SOC are largely
attributable to optimized conditions for the humification
process delivered from soil OW amendments under the
long term (nine years) [83].

Conclusions

The application of OW significantly changed the
humus, SOC and soil HA characteristics compared to
(CK) in black soil from the study. In order to study
the dynamics of the soil structure and the compound,
elemental composition, FTIR, and 13C- NMR were
used under the effect of the long term application of
OW in black Soil. Analysis of soil HA under OW
treatments in black soil indicated that the lowest E,/E,
ratio, AlogK value, and the hydrophobic C/hydrophilic
C ratio of soil HA were recorded in TL whereas the
lowest C/H ratio was recorded in the OW treatments
with the exception of treatment MR, which recorded
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high C/H ratio. The negative relationship between
O- alkyl C and aromatic C, carbonyl C, C/N ratio,
E4/E6 ratio, and H/C ratio showed that the OW
amendments had a greater effect on the accumulation
of SOC and improving the molecular composition of
soil HA during the nine years. The application of OW
appeared to be an important factor that resulted in
the variation of soil HA composition and quality. TL
was the most effective treatment in this study for the
improvement of SOC accumulation and the strength
and stability of the HA soil structure. In conclusion, the
effect of long term (nine years) application of OW in
this study was highly beneficial in increasing SOC and
soil HA contents in black soil. This leads to sustainable
development, soil fertility enhancement, plant growth,
and improved productivity.
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Table S1. Relative intensities of peak heights in FTIR analysis of
soil HA under the different treatments.

Treatments C-H C=0 C-H/C=0 ratio
CK 0.359 0.703 0.510
FG 0.646 1.953 0.330
MR 0.610 1.112 0.549
MS 0.738 2.165 0.340
TL 0.893 1.623 0.550

C-H bonds in the 2920-2850 cm! region, C=0 bonds in the

1720-1640 cm™ region and ratio of C-H/C=0.



