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Abstract
Carbon sequestration by application of organic materials and biochar in soil is an important strategy to increase 
soil organic carbon (SOC), but the stability of SOC, particularly humic substances (HS) vary with the types of 
organic material. In this study, cotton straw and its derived compost and biochar were added with equivalent 
carbon content to soil and incubated for 180 days. The structural characteristics of humic acid (HA), fulvic acid (FA) 
and humin (Hu) were investigated using solid-state 13C nuclear magnetic resonance (NMR) and Fourier transform 
infrared (FTIR) spectroscopy. The results showed that biochar treatment increased the aryl C of HA, FA, and Hu by 
1.38%, 1.68%, and 10.46% compared to straw treatment and increased the aryl C of HA, FA, and Hu by 1.46%, 1.99% 
and 2.01% compared to compost treatment. The O-alkyl C of HA was 10.59% and 10.65% in high biochar/straw 
and biochar/compost ratios respectively, while it was 9.81% and 9.61% in low biochar/straw and biochar/compost 
ratios. In addition, the O-alkyl C of FA was 62.83% and 58.48% in high ratios of biochar/straw and biochar/compost, 
respectively, while it was 55.85% and 55.94% in low ratios of biochar/straw and biochar/compost. These results 
suggest that biochar is advantageous for aryl C formation of FA and Hu due to its high aryl C content, whereas 
straw or compost is advantageous for alkyl C formation of HA. The stability of aryl C and O-alkyl C of HA, FA, and 
Hu can be improved in soils by incorporating biochar in combination with straw or compost.
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Introduction
Carbon sequestration in soil is critical to the global car-
bon cycle. Soil contains about 2500 Pg C, which includes 
1500 Pg soil organic carbon (SOC) and 950 Pg inorganic 
carbon [1]. Thus, C storage in soil depends on the for-
mation and decomposition of SOC. The SOC is impor-
tant for the carbon storage in soil, and manure or straw 
returning into the soil can enhance carbon sequestration 
[2]. The organic amendments can enhance the transfor-
mation of organic carbon into mineral-associate carbon 
[3]. The SOC contents are different in soil profile [4]. 
During the decomposition of organic materials, humic 
substances (HS) such as humic acid (HA), fulvic acid (FA) 
and humin (Hu) are formed, which are important in the 
environmental process as well as formation and transfor-
mation of soil organic matter (SOM) [5]. The HS has a 
strong relationship with the SOC [6]. In general, organic 
materials will be decomposed and form HS and HS con-
tents in the large ration of SOC, especially Hu. Therefore, 

HS relates the content of SOC. The decomposition rate of 
SOC or HS depends on their accessibility to soil microbes 
or enzymes. In addition, organic materials such as straw 
or biochar can increase SOC and HS, as well as the SOC 
pool [7–9]. The HS is in a high stability and maybe in a 
fractal-cluster organization [10]. Soil organic carbon pro-
tection mechanisms, such as physical protection of soil 
aggregates and chemical protection via iron/aluminum 
oxides bond with SOC or HS, differ depending on the 
environmental conditions. The hydrophobic functional 
groups attached to HS also protect SOC which leads 
resistant to the accessibility of soil microbes or enzymes. 
The structural stability of HS is a critical component of 
the SOC protection mechanism. The effect of fertilization 
on HS structure was more visible in upland soil than in 
paddy soil [11]. In the long run, manure promoted alkyl 
C sequestration in HA [12]. Aside from physical protec-
tion of soil aggregates, HA has a hydrophobic protection 
in soil [13]. Hu is more stable among all humic fractions 
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and makes up a large proportion of SOC rather than HA 
and FA [14, 15]. Long-term fertilization could change 
the heterogeneous and chemical structure of Hu in soil 
[16]. The 13C isotope trace revealed a significant posi-
tive correlation between increased SOC and increased 
Hu, implying chemical stabilization of Hu in the long run 
[17]. The molecular analysis revealed that Hu primarily 
possessed aliphatic hydrocarbon functionalities [18, 19]. 
Long-term application of organic fertilizer increased the 
O-alkyl C of Hu [20]. The use of biochar can increase the 
relative content of aromatic C in Hu while decreasing the 
relative content of alkyl C and O-alkyl C [13]. In general, 
solid-state 13C nuclear magnetic resonance (NMR) spec-
troscopy and Fourier transform infrared (FTIR) spectros-
copy could be used to investigate the chemical properties 
of SOC or HS [16, 21, 22]. 13C NMR spectroscopy can be 
used to investigate the hydrophobic functional groups of 
HS, such as alkyl C and aromatic C, as well as the hydro-
philic functional groups such as carboxyl C, O-alkyl C 
and methoxyl/N C [23–26]. FTIR spectroscopy can be 
used to investigate the modification of functional groups 
of HS functional groups [27]. Not only the contents 
of SOC and HS, but also the structure of them is very 
important for C sequestration and stability in soil and 
need further research.

According to our previous research, the chemical 
structure of SOC is affected by the type of organic mate-
rials added to the soil, and biochar is more effective at 
increasing aryl C of SOC than cotton straw or cotton 
straw derived compost [28]. Moreover, organic mate-
rials derived C is mainly sequestrated in Hu, and straw 
or compost are more likely to contribute to the forma-
tion of HA and FA in soil, whereas biochar promotes the 
formation of Hu [29]. Han et al. [30] review the litera-
ture and propose that humification in soils is related to 
changes in soil conditions induced by biochar. However, 
the effects of various organic materials on HS stability are 
still unclear. Despite the fact that Hu accounts for more 
than 50% of SOC [25], the limited knowledge is avail-
able related to changes in structural characteristics of Hu 
with different organic material amendments. The differ-
ences in chemical structure of HS amended with crop 
straw, compost and biochar are also not clear, but they 
are critical for understanding the resistance of microbial 
attack and oxidation of SOC, as well as mechanism of C 
sequestration in soils. The structure characteristics of HS 
amended with organic materials need to be investigated 
by multi-technique.

Our previous research has demonstrated the C seques-
tration of straw, compost and biochar in SOC and HS 
using the 13C isotope tracing method [28, 29]. However, 
the effect of cotton straw and its derived compost and 
biochar on the structural stability of HA, FA and Hu, as 
well as their chemical protection mechanism, remains 

unknown. In this study, 13C NMR and FTIR spectroscopy 
were used to investigate the structural characteristics of 
HA, FA, and Hu with cotton straw (straw), cotton straw 
derived compost (compost), and cotton straw derived 
biochar (biochar) after 180 days of incubation.

Materials and methods
Experimental site
This research was based on our previous work, and the 
materials and methods were described by Song et al. [28]. 
Topsoil (0–20  cm) was collected in 2015 in Jilin Prov-
ince (43o48’53” N, 125o19’1” E), which classified as Typic 
Hapludoll [31]. Before incubation, the naturally dried 
soil was sieved through a 2 mm sieve. The soil contained 
1.35 g kg-1 and 16.10 g kg-1 total nitrogen (TN) and SOC, 
respectively.

Organic materials amendment
Cotton straw was collected after cotton harvest, and 
parts of it were pyrolyzed at 500 oC for 4 h before being 
converted to biochar. A portion of cotton straw was com-
posted for 6 months in the field to form compost. The 
straw, compost, and biochar were air dried at room tem-
perature and then passed through a 1 mm sieve. The con-
tents and chemical structure of SOC of organic materials 
were analyzed by wet oxidation method, dry combustion 
method, and 13C solid state NMR spectra [28].

Laboratory incubation
The soil samples were pre-incubated for one week at 
20 oC. The soil samples were then mixed with biochar 
(CB), compost (CC), and straw (CS) on 2% (w: w) carbon 
equivalent basis. In addition, straw or compost mixed 
with CB in the following ratios: 1:2 (CSB1/CCB1), 1:1 
(CSB2/CCB2) and 2:1 (CSB3/CCB3) were incubated. 
Ammonium sulfate was used to adjust the C/N ratio to 
that of the soil before incubation. The moisture content 
of these samples was adjusted and kept at 60% of field 
capacity (FC).

Separation and purification of HS
The HS were extracted and purified using a dilute alkaline 
solution [12, 15]. The water dissolved substances (WSS) 
in soil were first extracted using distilled water (1:10, 
w/v). The humic extractable substances (HE) were then 
extracted using 50:50 (v/v) solution of 0.1 mol/L NaOH 
and 0.1  M Na4P2O7. After bringing the pH of HE to 1 
with 0.5  mol/L H2SO4, then the HA and FA were sepa-
rated as precipitate and solution, respectively. They were 
then dialyzed and freeze-dried. The soil residue was Hu, 
which was washed with distilled water to bring it to pH 7. 
Hu was treated with a mix solution of 30% HF + 30% HCl 
for 24 h at room temperature. The mixture was then cen-
trifuged at 3552 g/min for 10 min before discarding the 
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supernatant. This acidic solution treatment and centrif-
ugation procedure was repeated six times. The Hu was 
then washed with distilled water and the pH was adjusted 
to 6–7 before being air-dried and sieved (0.25  mm) for 
solid-state 13C NMR and FTIR spectroscopy analysis.

Analysis of 13C NMR spectra
The technique of 13C NMR spectra is an essential way 
to investigate the structure of HA, FA and Hu. It can’t 
destroy the samples and get accurately structure informa-
tion of samples. The procedure about the characteriza-
tion of HA, FA and Hu by using the solid-state 13C NMR 
spectroscopy was described by Song et al. [12]. The 13C 
NMR spectra were analyzed using a Bruker AVANCE III 
400 WB spectrometer equipped with a 4  mm standard 
bore CPMAS probehead. The experiments were carried 
out with a contact time of 2 ms and 10,000 scans with a 
recycle delay of 6 s for each sample.

The chemical shift range of 13C CPMAS NMR spec-
tra of HS was divided as follows: 0–45 ppm (alkyl C), 
45–60 ppm (methoxyl C or N-C), 60–110 ppm (O-alkyl-
C), 110–160 ppm (aromatic-C), including 110–145 ppm 
(aryl C) and 145–160 ppm (phenolic C), carboxyl- and 
carbonyl-C (160–190 ppm). The chemical structure of 
straw, compost, and biochar were described by Song et 
al. [28].

FTIR spectroscopy
The FTIR spectroscopy is a traditional technique to 
investigate HS structure. There will be more informa-
tion to be revealed associated FTIR spectroscopy and 13C 
NMR spectroscopy. The detail about functional groups of 
HA, FA and Hu using FTIR spectroscopy is provided in 
a study by Song et al. [32]. A Themo FTIR spectrometer 
was used to characterize HA, FA, and Hu in the mid IR 
range of 4000 to 400 cm− 1. Spectra with a resolution of 
4 cm− 1 and 16 scans per sample were recorded. The spec-
trum was obtained on pellet containing 1 mg of HS sam-
ple and 200 mg of KBr. The software OMNIC version 8.2 
for Windows (Thermo Nicolet Instrument Corp. Madi-
son, WI) was used to analyze the data. The absorbance 
peak area was calculated by integrating the tangents of 
peak’s two trough points.

Statistical analysis
Excel 2010 software was used for data analysis including 
the correlation analysis and two-way ANOVA.

Results
Characteristics of HS determined by 13C NMR spectroscopy
Song et al. [12] described the assignment details of 
HS functional groups, and their 13C NMR spectra are 
shown in Fig. 1. Furthermore, the chemical structure of 
organic materials investigated by 13C NMR spectra was 

demonstrated in a previous study [28]. The signal at 25 
ppm was assigned to short-chain polymethylene and 
linked to aryl C [33, 34]. The peaks at 30 ppm and 33 ppm 
corresponded to amorphous – (CH2) – and crystalline 
– (CH2) – groups in aliphatic compounds [34–39]. The 
peak at 56 ppm was attributed to methoxyl-to-α-amino 
[40] and overlapped with N-alkyl intensity [41]. The peak 
at around 73 ppm corresponded to the overlapping reso-
nances of C2, C3 and C5 carbons in the pyranoside struc-
ture of cellulose and hemicellulose [26]. The signal at 103 
ppm was assigned to the anomeric C1 carbon [42]. More-
over, a broadband around 130 ppm was assigned to lig-
nin, suberin biopolymers or condensed aromatic olefinic 
carbons [43]. The peaks at about 152 ppm and 174 ppm 
indicated a low content of O-substituted ring carbons 
and carboxyl groups, respectively [26, 42].

Hydrophilic and hydrophobic functional groups of HS 
determined by 13C NMR spectroscopy
The relative percentage of functional groups and hydro-
phobic or hydrophilic indexes of HA, FA and Hu were 
shown in Tables  1 and 2. Compared to control treat-
ment, carboxyl C of HA increased by 1.26% in CS treat-
ment, while it decreased by 0.30% and 0.99% for FA and 
Hu, respectively (Fig. 2a). In addition, carboxyl C of HA 
increased by 1.26% and 0.52% in CSB1 treatment and 
CSB2 treatment, while decreased by 3.49% and 2.13% for 
FA in CSB1 treatment and CSB2 treatment. The results 
showed that straw contributed to the transformation to 
hydrophilic C of HA, FA and Hu, especially the HA. The 
O-alkyl C of HA and Hu increased by 1.17% and 6.24% in 
CC treatment, while it decreased by 1% for FA (Fig. 2b). 
However, the methoxyl C of FA increased by 2.02% in 
CC treatment (Fig. 2c). The results showed that compost 
preferred to form O-alkyl C of HA and Hu, but it was 
good for methoxyl C formation of FA. Correspondingly, 
the hydrophilic C of HA and Hu increased by 1.06% and 
16.42% in CS treatment, respectively (Fig. 3a). The results 
showed that straw was good for hydrophilic C formation 
of HA and Hu. In addition, phenolic C of HA and Hu 
increased by 0.46% and 0.68% in CB treatment, respec-
tively (Fig.  2d). But aryl C of FA and Hu increased by 
1.83% and 14.50% in CB treatment, respectively (Fig. 2e). 
The results showed that biochar could transform to 
hydrophobic C of FA too. The aromaticity of HA, FA 
and Hu increased by 2.47%, 1.91% and 17.65%, respec-
tively (Fig. 3b). The alkyl C of HA increased for all treat-
ments, but decreased for Hu in all treatments (Fig.  2f ). 
The aliphaticity of HA and FA increased by 1.28% and 
3.04% in CS treatment, while increased by 3.03% for Hu 
in CB treatment (Fig.  3c). However, the hydrophobic 
C of HA and Hu increased by 2.24% and 11.26% in CB 
treatment (Fig. 3d). Similarly, the hydrophobicity of HA 
and Hu increased by 0.17% and 1.44% in CB treatment, 
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respectively (Fig. 3e). The results showed that the hydro-
phobic C and hydrophobicity of HA and FA were mainly 
affected by aromatic C. The correlation between aryl 

C and HA hydrophobicity was found to be significantly 
positive (R2 = 0.42, P = 0.04, n = 10) (Fig. 4a).

Fig. 1 13C NMR spectra of HA (a and b), FA (c and d) and Hu (e and f) incubated for 180 days
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There was a significant positive correlation between 
aryl C and FA’s hydrophobicity (R2 = 0.69, P = 0.003, 
n = 10) (Fig. 4a).

The correlation between aryl C and hydrophobic C 
of Hu was found to be significantly positive (R2 = 0.95, 
P < 0.001, n = 10) (Fig. 4a).

The significant positive correlation was observed 
between the O-alkyl C of Hu and the hydrophilic C of 
Hu (R² = 0.94, P < 0.001, n = 10) as well as between the 
methoxyl/N-C of Hu and the hydrophilic C of Hu (R² = 
0.51, P = 0.02, n = 10) (Fig. 4b).

Chemical structure of HS investigated by FTIR 
spectroscopy
The FTIR spectra of HA, FA, and Hu are shown in Fig. 
S1. Automatic baseline correction was performed in 
the spectral region of 4000 to 400  cm− 1. Peak heights 
of 3500–3200  cm− 1, 2920  cm− 1, 2850  cm− 1, 1630–
1620  cm− 1, 1450  cm− 1, 1353  cm− 1, 1271  cm− 1, and 
1110  cm− 1 were used in the creation of the map pro-
files. The broad intense band at about 3400  cm− 1 cor-
responded mainly to stretching vibrations of H-bonded 
hydroxyl (O-H) groups of phenol and traces of amine 
(N-H) stretch [22, 44–46]. The weak bands near 

Fig. 2 The increased proportion of functional groups of HA, FA and Hu and for carboxyl C (a), O-alkyl C (b), methoxyl C (c), phenolic C (d), aryl C (e) and 
alkyl C (f) incubated for 180 days
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2920  cm− 1, 2850  cm− 1, 1450  cm− 1 and 1353  cm− 1 were 
assigned to C-H deformations [22, 26]. The broad bands 
near 1630–1620  cm− 1 were assigned to aromatic C = C 
stretching or asymmetric C-O stretching of COO- 
groups in lignin and other aromatics or aliphatic carbox-
ylates [22]. The absorption at 1271 cm− 1 was also linked 
to C-O stretching of phenolic OH [22]. The absorption at 
1100–1000 cm− 1 attributed to C-O band in both polyal-
coholic and ether functional groups, such as those found 
in oligo- and polysaccharide [26].

The absorbance area percentages of the peaks of HA, 
FA, and Hu investigated by FTIR spectra are shown in 
Table S1 and S2. Compared to the control treatment, the 
C-H deformations peak area at 2920 cm− 1 and 2850 cm− 1 
increased, but decreased in the high ratio of straw/bio-
char or compost/biochar. It was in line with 13C NMR 
spectroscopy analysis of alkyl C of HA. The peak area 
of FA at 1271 cm− 1 increased in the high ratio of straw/
biochar or compost/biochar, which was consistent with 
methoxyl C of FA analyzed by 13C NMR spectroscopy. In 

Fig. 3 The increased proportion of hydrophilic C (a), aromaticity (b), aliphaticity (c), hydrophobic C (d) and hydrophobicity (e) of HA, FA and Hu. Notes: 
The calculation were as follows: (1) Hydrophilic =carboxyl C + O-alkyl C + methoxyl C ,
(2) Hydrophobic = aromatic C + alkyl C,
(3) Aromaticity = aromatic C/ (aromatic C + O-alkyl C + alkyl C) × 100,
(4) Aliphaticity = alkyl C/(aromatic C+O-alkyl C+alkyl C) × 100,

(5) Hydrophobicity = (aromatic C+alkyl C)/(carboxyl C+O-alkyl C+methoxyl C)
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addition, the peak of FA at 1620  cm− 1 decreased in the 
high straw/biochar or compost/biochar ratio. It matched 
the results of a 13C NMR spectroscopy analysis of aryl C 
in FA. The H-bonded hydroxyl (O-H) groups of phenol of 
Hu decreased in biochar incorporated straw or compost 
treatments, compared to the CB treatment. However, in 
high biochar/straw ratios, relative content of antisym-
metric CH2 groups of Hu increased, while in low bio-
char/compost ratios, it decreased.

Two-way ANOVA of different functional groups of the 
same HS fractions with organic materials treatments ana-
lyzed by 13C NMR spectra is shown in Table S3. In addi-
tion, the two-way ANOVA for the same functional group 
of HA, FA, and Hu with different treatments analyzed by 
13C NMR spectra is presented in Table S4. There were 
significant differences in the same HS fraction between 
different functional groups. For the same functional 
group of HS, there were significant differences between 
HA, FA, and Hu.

Discussion
Chemical protection of SOC by hydrophobic functional 
groups of HS
Humic substances such as HA and FA are naturally 
occurring organic matter in various environment [47]. 
Hydrophobic compounds are distributed primarily in 
large size humic molecules, whereas hydrophilic compo-
nents are eluted in small size fractions [48]. In this study, 
the results of two-way ANOVA in this study revealed that 
there were significant differences in the same HS frac-
tion between different functional groups. For the same 
functional group of HS, there were significant differences 
between HA, FA, and Hu. In addition, the aryl C of HA 
and Hu was in a higher proportion rather than alkyl C of 
HA and Hu, thus hydrophobicity was significantly corre-
lated to aryl C of HA and Hu. Biochar was mostly com-
posed of aryl C. The aryl C of FA with straw or compost 
incorporated biochar amendments were mainly affected 
by biochar, and thus the hydrophobicity of FA in this 

study was also correlated to aryl C of FA. In addition, 
the results of FTIR spectra matched the results of a 13C 
NMR spectroscopy analysis of aryl C in FA too. There 
was a selective preservation of alkyl C of HA during the 
compost maturation process [26]. Organic materials, on 
the other hand, had an effect on the structural properties 
of SOC [28]. There was more straw or compost-derived 
C sequestered in HA and FA and transferred to FA [29]. 
With crop plants added, the HA had a high aliphatic-
ity [49]. In this study, straw, compost, and biochar were 
found to be beneficial in increasing alkyl C of HA and FA, 
especially in high ratio of straw/biochar or compost/bio-
char. The results of FTIR spectroscopy also showed the 
increase in C-H functional groups and was similar to the 
results of 13C NMR spectroscopy. Though both aryl C 
and alkyl C of FA increased with these organic material 
amendments, the alkyl C of FA was the main hydropho-
bic C of FA. These studies found that straw or compost 
were more favorable to alkyl C formation of HA and FA 
than biochar, but biochar was good for increasing aryl C 
of HA and FA. Furthermore, the hydrophobic C of HS 
may be more stable with straw or compost incorporated 
biochar amendments rather than biochar amendment.

Despite the fact that Hu accounted for more than 50% 
of HS [14], understanding of Hu is limited. Majority of 
solid NMR spectra studies of Hu revealed that Hu had 
similar functional groups in various soils [25]. Hu was 
more stable in biochar treatment rather than straw or 
compost treatment in this study due to chemical protec-
tion of hydrophobic functional groups and it was mainly 
affected when biochar was applied in combination with 
straw or compost. Moreover, biochar promoted aryl 
C and aromaticity in Hu, but straw and compost were 
effective in increasing aliphaticity and alkyl C. The Hu 
was the main fractions of HS and represented a large 
proportion of SOC [15, 29], so the results were similar 
to the structural characteristics of SOC as well [28]. All 
components of SOM eventually decompose, but at differ-
ent rates, and Hu is relatively resistant to decomposition 

Fig. 4 Correlations between aryl C of HA, FA, Hu and hydrophobicity (a) and correlations between methoxyl/N C and hydrophilic C as well as O-alkyl C 
and hydrophilic C of Hu (b)
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[19]. In comparison to straw and compost, biochar con-
tained more aryl groups, and it was also difficult for 
soil microbes to decompose. In addition, more biochar-
derived C was sequestered in Hu [29]. Biochar was stable 
and difficult to be decomposed by soil microbes. There-
fore, lots of biochar as solid materials was kept as Hu in 
soil. Biochar stabilized recalcitrant C of manure organic 
carbon [50]. The results of this study also showed that 
the increasing aryl C improved the structural stability of 
Hu, HA, and FA in a high ratio of biochar/straw or bio-
char/compost. Moreover, the hydrophobicity of HA, FA, 
and Hu increased by the application of straw or compost 
incorporated biochar. With the decomposition of straw 
and compost, however, more phenolic C and alkyl C 
were formed in Hu. The forms of organic materials have a 
large impact on not only the Hu, but also the SOC struc-
ture [28]. In this study, the hydrophobic C of HA was 
increased by the transformation of alkyl C contributed by 
straw and compost, but the hydrophobic C of Hu and FA 
was increased by the transformation of aryl C contrib-
uted by biochar.

Chemical protection of SOC by hydrophilic functional 
groups of HS
Hydrophilic functional groups of HS were not as stable 
as hydrophobic functional groups in general. The O-alkyl 
C region resonances were assigned to monomeric units 
in oligosaccharide and polysaccharide [42, 51]. Straw 
return was an effective method for improving SOC accu-
mulation [52, 53]. Spaccini et al. [42] investigated the 
molecular characterization of compost materials in vari-
ous stages of maturity as well as transformation of labile 
carbohydrates and glycosidic bonds of polysaccharides. 
Carbohydrates, including polysaccharides, were found to 
be involved in a number of oxidative and condensation 
reactions thought to occur during humification [54]. In 
general, straw decomposes faster than compost and bio-
char. Thus, there was more O-alkyl C of Hu, as well as 
polysaccharides formed during the decomposition of 
organic materials, particularly straw. The O-alkyl C of HS 
could rise as result of straw returning to the field [55]. In 
this study, not only HA and FA, but also Hu, increased 
hydrophilic C by increasing O-alkyl C and methoxyl/N 
C primarily through straw and compost amendments. 
The changes of FTIR spectroscopy peak area of FA at 
1271  cm− 1 was consistent with methoxyl C of FA ana-
lyzed by 13C NMR spectroscopy. Therefore, the hydro-
philic C of Hu was positively correlated to O-alkyl C or 
methoxyl/N C. In comparison, the straw or compost 
amendments could increase carboxyl C content of HA, 
FA, and Hu because they decomposed more easily than 
biochar. In general, it was easier to change the O-alkyl 
C of HA [56]. However, the increase in O-alkyl C of HA 
and FA with biochar amendment suggested that biochar 

could improve the stability of hydrophilic C of HA and 
FA in this study. All of these findings suggested that 
organic materials influenced the transformation of HA, 
FA, and Hu functional groups and that there were dif-
ferences between HS fractions. The HA, FA, and Hu in 
soil amended with straw had more hydrophilic functional 
groups, but the Hu in soil amended with biochar or com-
post had more hydrophobic C and were more stable than 
the straw amendment. Biochar favored of aryl C forma-
tion of FA and Hu, whereas straw or compost favored 
alkyl C formation of HA and Hu.

Conclusion
Organic material types affected the transformation of 
functional groups of HA, FA and Hu and there were 
differences between HS fractions. Biochar affected the 
structural stability of HS through hydrophobic C pro-
tection and incorporated straw or compost improved 
hydrophilic C of Hu protection. Biochar favored the 
aryl C formation in FA and Hu, whereas straw or com-
post favored the formation of alkyl C formation in HA 
and Hu. Straw and compost increased more hydrophilic 
functional groups of HS at the same time. It is better to 
apply biochar incorporate straw or compost together and 
increase the stability of HS in soil.

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 3 0 6 5 - 0 2 5 - 0 1 4 1 8 - 0.

Supplementary Material 1

Acknowledgements
Thanks for the assist of Dr. Zijiang Jiang in the analysis of 13 C NMR spectra.

Author contributions
XS contributed to manuscript writing, data curation and finished 13 C NMR 
spectroscopy analysis. YF prepared the samples and assisted to 13 C NMR 
spectroscopy analysis. JL assisted to manuscript revision. YZ provided the 
biochar. XL assisted to the 13 C NMR spectroscopy analysis. QH contribute to 
the manuscript revision and figure drawing. JZ contributed to the statistical 
analysis. DC contribute to the funding and data analysis. All authors read and 
approved the final manuscript.

Funding
This work was supported by Shandong Provincial Natural Science Foundation, 
China (Grant No. ZR2021MD066), National Natural Science Foundation of 
China (Grant No. 41501246), the Key Research and Development Program 
of Shandong Province, China (2021CXGC010804) and Shandong Province 
Modern Agricultural Technology System Innovation Team of Cotton (Grant No. 
SDAIT-03-06).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

https://doi.org/10.1186/s13065-025-01418-0
https://doi.org/10.1186/s13065-025-01418-0


Page 11 of 12Song et al. BMC Chemistry           (2025) 19:53 

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1College of Resources and Environment, Qingdao Agricultural University, 
Qingdao 266109, P. R. China
2Academy of Dongying Efficient Agricultural Technology and Industry 
on Saline and Alkaline Land in Collaboration with Qingdao Agricultural 
University, Dongying 257345, P.R. China
3Shandong Agricultural Technology Promotion Center, Jinan  
250014, P. R. China
4Institute of Soil and Environmental Sciences, Pir Mehr Ali Shah Arid 
Agriculture University, Rawalpindi 46300, Pakistan
5College of Resources and Environment, Jilin Agricultural University, 
Changchun 130118, P. R. China

Received: 7 August 2024 / Accepted: 11 February 2025

References
1. Dungait JAJ, Hopkins DW, Gregory AS, Whitmore AP. Soil organic matter 

turnover is governed by accessibility not recalcitrance. Global Change Biol. 
2012;18:1781–96.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / j  . 1 3  6 5 -  2 4 8 6  . 2  0 1 2 . 0 2 6 6 5 . x.

2. Pei H, Miao Y, Liang A, Liu Q, Hou R. Improving cropland soil water manage-
ment to promote soil organic carbon increase through organic material 
returning in cold black soil areas. Agric Ecosyst Environ. 2025;382:109470.  h t t 
p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . a g e e . 2 0 2 5 . 1 0 9 4 7 0.

3. Li J, Chen L, Zhang C, Han C, Feng B, Ma D, et al. Organic amendments with 
low C/N ratios enhanced the deposition of crop root exudates into stable soil 
organic carbon in a sodic soil. Plant Soil. 2025.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 1 1 0 
4 - 0 2 4 - 0 7 1 7 0 - z.

4. Hu Y, Deng Q, Kätterer T, Olesen JE, Ying SC, Ochoa-Hueso R, et al. Depth-
dependent responses of soil organic carbon under nitrogen deposition. 
Global Change Biol. 2024;30:e17247.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / g  c b . 1 7 2 4 7.

5. Dou S, Shan J, Song X, Cao R, Wu M, Li C, Guan S. Are humic substances soil 
microbial residues or unique synthesized compounds? A perspective on their 
distinctiveness. Pedosphere. 2020;30:159–67.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  1 0 0 
2 - 0 1 6 0 ( 2 0 ) 6 0 0 0 1 - 7.

6. Lugato E, Simonetti G, Morari F, Nardi S, Berti A, Giardini L. Distribution of 
organic and humic carbon in wet-sieved aggregates of different soils under 
long-term fertilization experiment. Geoderma. 2010;157:80–5.  h t t p  s : /  / d o i  . o  r g 
/  1 0 .  1 0 1 6  / j  . g e  o d e  r m a .  2 0  1 0 . 0 3 . 0 1 7.

7. Li L, Yang J, Yu Y, Shakoor A, Virk AL, Li F-M, et al. Crop straw converted to bio-
char increases soil organic carbon but reduces available carbon. Eur J Agron. 
2025;164:127499.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . e j a . 2 0 2 4 . 1 2 7 4 9 9.

8. Zhang L, Chen M, Zong Y, Sun Z, Li Y, Ding X, Zhang S. The response of soil 
organic carbon sequestration to organic materials addition in saline-alkali 
soil: from the perspective of soil aggregate structure and organic carbon 
component. Plant Soil. 2025.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 1 1 0 4 - 0 2 4 - 0 7 1 6 3 - y.

9. Liang H, Wu D, Liu Y, Li J, Ma L. Effect of lignite addition on the production of 
biochemical humic acid in sheep manure. Waste Biomass Valori. 2024.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 2 6 4 9 - 0 2 4 - 0 2 8 4 7 - z.

10. Fedotov GN, Shein EV, Ushkova DA, Salimgareeva OA, Gorepekin IV, Potapov 
DI. Supramolecular formations of humic substance molecules and their 
fractal organization. Eurasian Soil Sci. 2023;56:1007–13.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 3 
4  / S  1 0 6 4 2 2 9 3 2 3 6 0 0 8 6 0.

11. Xu J, Zhao B, Li Z, Chu W, Mao J, Olk DC, et al. Demonstration of chemical dis-
tinction among soil humic fractions using quantitative solid-state 13C NMR. J 
Agr Food Chem. 2019;67:8107–18.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 2 1  / a  c s . j a f c . 9 b 0 2 2 6 9.

12. Song X, Liu J, Jin S, He X, Liu S, Kong X, Dong F. Differences of C sequestra-
tion in functional groups of soil humic acid under long term application of 
manure and chemical fertilizers in North China. Soil till Res. 2018;176:51–6.  h t t 
p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s t  i l l  . 2 0 1  7 .  1 1 . 0 0 4.

13. Zhang J, Wei Y, Liu J, Yuan J, Liang Y, Ren J, Cai H. Effects of maize straw and its 
biochar application on organic and humic carbon in water-stable aggregates 
of a Mollisol in Northeast China: a five-year field experiment. Soil till Res. 
2019;190:1–9.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s t  i l l  . 2 0 1  9 .  0 2 . 0 1 4.

14. Tadini AM, Nicolodelli G, Mounier S, Montes CR, Milori DMBP. The importance 
of humin in soil characterisation: a study on amazonian soils using different 
fluorescence techniques. Sci Total Environ. 2015;537:152–8.  h t t p  s : /  / d o i  . o  r g /  1 0 
.  1 0 1 6  / j  . s c  i t o  t e n v  . 2  0 1 5 . 0 7 . 1 2 5.

15. Song X, Liu S, Liu Q, Zhang W, Hu C. Carbon sequestration in soil humic 
substances under long-term fertilization in a wheat-maize system from North 
China. J Integr Agric. 2014;13:562–9.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  2 0 9 5 - 3 1 1 9 ( 1 3 ) 6 
0 7 1 3 - 3.

16. Zhang J, Dou S, Song X. Effect of long-term combined nitrogen and phos-
phorus fertilizer application on 13C CPMAS NMR spectra of humin in a typic 
Hapludoll of northeast China. Eur J Soil Sci. 2009;20:966–73.  h t t p  s : /  / d o i  . o  r g /  1 
0 .  1 1 1 1  / j  . 1 3  6 5 -  2 3 8 9  . 2  0 0 9 . 0 1 1 9 1 . x.

17. Song X, Li L, Zheng J, Pan G, Zhang X, Zheng J, et al. Sequestration of maize 
crop straw C in different soils: role of oxyhydrates in chemical binding and 
stabilization as recalcitrance. Chemosphere. 2012;87:649–54.  h t t p  s : /  / d o i  . o  r g /  
1 0 .  1 0 1 6  / j  . c h  e m o  s p h e  r e  . 2 0 1 2 . 0 1 . 0 3 8.

18. Celerier J, Rodier C, Favetta P, Lemee L, Ambles A. Depth-related variations 
in organic matter at the molecular level in a loamy soil: reference data for a 
long-term experiment devoted to the carbon sequestration research field. 
Eur J Soil Sci. 2009;60:33–43.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / j  . 1 3  6 5 -  2 3 8 9  . 2  0 0 8 . 0 1 0 8 5 . 
x.

19. Hayes MHB, Mylotte R, Swift RS. Chapter two - humin: its composition and 
importance in Soil Organic Matter. In: Sparks DL, editor. Adv Agron. Burling-
ton: Academic; 2017. pp. 47–138.

20. Xu J, Zhao B, Chu W, Mao J, Olk DC, Xin X, Zhang J. Altered humin composi-
tions under organic and inorganic fertilization on an intensively cultivated 
sandy loam soil. Sci Total Environ. 2017;601–2.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s c  i t o  t 
e n v  . 2  0 1 7 . 0 5 . 2 0 5.

21. Sarker TC, Incerti G, Spaccini R, Piccolo A, Mazzoleni S, Bonanomi G. Linking 
organic matter chemistry with soil aggregate stability: insight from 13C NMR 
spectroscopy. Soil Biol Biochem. 2018;117:175–84.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s 
o  i l b  i o . 2  0 1  7 . 1 1 . 0 1 1.

22. Artz RRE, Chapman SJ, Robertson AHJ, Potts JM, Laggoun-Défarge F, Gogo S, 
et al. FTIR spectroscopy can be used as a screening tool for organic matter 
quality in regenerating cutover peatlands. Soil Biol Biochem. 2008;40:515–27.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s o  i l b  i o . 2  0 0  7 . 0 9 . 0 1 9.

23. Mao J, Cao X, Olk DC, Chu W, Schmidt-Rohr K. Advanced solid-state NMR 
spectroscopy of natural organic matter. Progress Nucl Magn Reson Spectrosc. 
2017;100:17–51.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . p n  m r s  . 2 0 1  6 .  1 1 . 0 0 3.

24. Lichtfouse É, Chenu C, Baudin F, Leblond C, Da Silva M, Behar F, et al. A 
novel pathway of soil organic matter formation by selective preservation of 
resistant straight-chain biopolymers: chemical and isotope evidence. Org 
Geochem. 1998;28:411–5.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  0 1 4 6 - 6 3 8 0 ( 9 8 ) 0 0 0 0 5 - 9.

25. Simpson AJ, McNally DJ, Simpson MJ. NMR spectroscopy in environmental 
research: from molecular interactions to global processes. Progress Nucl 
Magn Reson Spectrosc. 2011;58:97–175.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . p n  m r s  . 2 0 1  
0 .  0 9 . 0 0 1.

26. Spaccini R, Piccolo A. Molecular characteristics of humic acids extracted from 
compost at increasing maturity stages. Soil Biol Biochem. 2009;41:1164–72.  h 
t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s o  i l b  i o . 2  0 0  9 . 0 2 . 0 2 6.

27. Placido J, Capareda S, Karthikeyan R. Production of humic substances from 
cotton stalks biochar by fungal treatment with Ceriporiopsis subvermispora. 
Sustain Energy Techn. 2016;13:31–7.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s e t a . 2 0 1 5 . 1 1 . 0 0 
4.

28. Song X, Li Y, Yue X, Hussain Q, Zhang J, Liu Q, et al. Effect of cotton 
straw-derived materials on native soil organic carbon. Sci Total Environ. 
2019;663:38–44.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s c  i t o  t e n v  . 2  0 1 9 . 0 1 . 3 1 1.

29. Song X, Yang J, Hussain Q, Liu X, Zhang J, Cui D. Stable isotopes reveal the 
formation diversity of humic substances derived from different cotton straw-
based materials. Sci Total Environ. 2020;740:140202.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . 
s c  i t o  t e n v  . 2  0 2 0 . 1 4 0 2 0 2.

30. Han L, Sun K, Yang Y, Xia X, Li F, Yang Z, Xing B. Biochar’s stability and effect 
on the content, composition and turnover of soil organic carbon. Geoderma. 
2020;364:114184.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . g e  o d e  r m a .  2 0  2 0 . 1 1 4 1 8 4.

31. Soil Survey Staff. Key to Soil Taxonomy. Twelfth ed. Washington, DC: USDA-
Natural Resources Conservation Service; 2014.

32. Song X, Li L, Zhang X, Zheng J, Zheng J, Hussain Q, Pan G. Molecular changes 
of ferric oxide bound soil humus during the decomposition of maize straw. 
Chem Biol Technol Agr. 2016;3:1–7.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 8 6  / s  4 0 5 3 8 - 0 1 6 - 0 0 6 
0 - x.

33. Zhang J, Hu F, Li H, Gao Q, Song X, Ke X, Wang L. Effects of earthworm 
activity on humus composition and humic acid characteristics of soil in a 

https://doi.org/10.1111/j.1365-2486.2012.02665.x
https://doi.org/10.1016/j.agee.2025.109470
https://doi.org/10.1016/j.agee.2025.109470
https://doi.org/10.1007/s11104-024-07170-z
https://doi.org/10.1007/s11104-024-07170-z
https://doi.org/10.1111/gcb.17247
https://doi.org/10.1016/S1002-0160(20)60001-7
https://doi.org/10.1016/S1002-0160(20)60001-7
https://doi.org/10.1016/j.geoderma.2010.03.017
https://doi.org/10.1016/j.geoderma.2010.03.017
https://doi.org/10.1016/j.eja.2024.127499
https://doi.org/10.1007/s11104-024-07163-y
https://doi.org/10.1007/s12649-024-02847-z
https://doi.org/10.1007/s12649-024-02847-z
https://doi.org/10.1134/S1064229323600860
https://doi.org/10.1134/S1064229323600860
https://doi.org/10.1021/acs.jafc.9b02269
https://doi.org/10.1016/j.still.2017.11.004
https://doi.org/10.1016/j.still.2017.11.004
https://doi.org/10.1016/j.still.2019.02.014
https://doi.org/10.1016/j.scitotenv.2015.07.125
https://doi.org/10.1016/j.scitotenv.2015.07.125
https://doi.org/10.1016/S2095-3119(13)60713-3
https://doi.org/10.1016/S2095-3119(13)60713-3
https://doi.org/10.1111/j.1365-2389.2009.01191.x
https://doi.org/10.1111/j.1365-2389.2009.01191.x
https://doi.org/10.1016/j.chemosphere.2012.01.038
https://doi.org/10.1016/j.chemosphere.2012.01.038
https://doi.org/10.1111/j.1365-2389.2008.01085.x
https://doi.org/10.1111/j.1365-2389.2008.01085.x
https://doi.org/10.1016/j.scitotenv.2017.05.205
https://doi.org/10.1016/j.scitotenv.2017.05.205
https://doi.org/10.1016/j.soilbio.2017.11.011
https://doi.org/10.1016/j.soilbio.2017.11.011
https://doi.org/10.1016/j.soilbio.2007.09.019
https://doi.org/10.1016/j.soilbio.2007.09.019
https://doi.org/10.1016/j.pnmrs.2016.11.003
https://doi.org/10.1016/S0146-6380(98)00005-9
https://doi.org/10.1016/j.pnmrs.2010.09.001
https://doi.org/10.1016/j.pnmrs.2010.09.001
https://doi.org/10.1016/j.soilbio.2009.02.026
https://doi.org/10.1016/j.soilbio.2009.02.026
https://doi.org/10.1016/j.seta.2015.11.004
https://doi.org/10.1016/j.seta.2015.11.004
https://doi.org/10.1016/j.scitotenv.2019.01.311
https://doi.org/10.1016/j.scitotenv.2020.140202
https://doi.org/10.1016/j.scitotenv.2020.140202
https://doi.org/10.1016/j.geoderma.2020.114184
https://doi.org/10.1186/s40538-016-0060-x
https://doi.org/10.1186/s40538-016-0060-x


Page 12 of 12Song et al. BMC Chemistry           (2025) 19:53 

maize residue amended rice–wheat rotation agroecosystem. Appl Soil Ecol. 
2011;51:1–8.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . a p  s o i  l . 2 0  1 1  . 0 8 . 0 0 4.

34. Li L, Huang W, Peng P, Sheng G, Fu J. Chemical and molecular heteroge-
neity of humic acid repetitively extracted from a peat. Soil Sci Soc Am J. 
2003;67:740–6.  h t t p  s : /  / d o i  . o  r g /  1 0 .  2 1 3 6  / s  s s a j 2 0 0 3 . 7 4 0 0.

35. Mao J, Chen N, Cao X. Characterization of humic substances by advanced 
solid state NMR spectroscopy: demonstration of a systematic approach. Org 
Geochem. 2011;42:891–902.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . o r  g g e  o c h e  m .  2 0 1 1 . 0 3 . 0 
2 3.

36. Chen JS, Chiu CY. Characterization of soil organic matter in different particle-
size fractions in humid subalpine soils by CP/MAS 13C NMR. Geoderma. 
2003;117:129–41.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  0 0 1 6 - 7 0 6 1 ( 0 3 ) 0 0 1 6 0 - 5.

37. Schöning I, Morgenroth G, Kögel-Knabner. I. O/N-alkyl and alkyl C are 
stabilised in fine particle size fractions of forest soils. Biogeochemistry. 
2005;73:475–97.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 0 7  / s  1 0 5 3 3 - 0 0 4 - 0 8 9 7 - 0.

38. Almendros G, Guadalix ME, González-Vila FJ, Martin F. Preservation of aliphatic 
macromolecules in soil humins. Org Geochem. 1996;24:651–9.  h t t p  s : /  / d o i  . o  r g 
/  1 0 .  1 0 1 6  / 0  1 4 6 - 6 3 8 0 ( 9 6 ) 0 0 0 5 6 - 3.

39. Barancíková G, Senesi N, Brunetti G. Chemical and spectroscopic character-
ization of humic acids isolated from different Slovak soil types. Geoderma. 
1997;78:251–66.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  0 0 1 6 - 7 0 6 1 ( 9 7 ) 0 0 0 3 3 - 5.

40. Tinoco P, Gonzalo A, Francisco JGV, Ulrich L, Hans-Dietrich L. Analysis of car-
bon and nitrogen forms in soil fractions after the addition of 15N-compost by 
13C and 15N nuclear magnetic resonance. J Agr Food Chem. 2004;52:5412–7.  
h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 2 1  / j  f 0 4 9 6 6 0 4.

41. González Pérez M, Martin-Neto L, Saab SC, Novotny EH, Milori DMBP, Bagnato 
VS, et al. Characterization of humic acids from a Brazilian oxisol under dif-
ferent tillage systems by EPR, 13C NMR, FTIR and fluorescence spectroscopy. 
Geoderma. 2004;118:181–90.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / S  0 0 1 6 - 7 0 6 1 ( 0 3 ) 0 0 1 9 
2 - 7.

42. Spaccini R, Piccolo A. Molecular characterization of compost at increasing 
stages of maturity. 2. Thermochemolysis-GC-MS and 13C-CPMAS-NMR spec-
troscopy. J Agr Food Chem. 2007;55:2303–11.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 2 1  / j  f 0 6 2 5 4 
0 7.

43. Hatcher PG, Nanny MA, Minard RD, Dible SD, Carson DM. Comparison of 
two thermochemolytic methods for the analysis of lignin in decomposing 
gimnosperm wood: the CuO oxydation method and the method of thermo-
chemolysis with tetramethylammonium hydroxyde (TMAH). Org Geochem. 
1995;23:881–8.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / 0  1 4 6 - 6 3 8 0 ( 9 5 ) 0 0 0 8 7 - 9.

44. Fuentes M, Baigorri R, Gonzalez-Gaitano G, García-Mina JM. The complemen-
tary use of 1H NMR, 13C NMR, FTIR and size exclusion chromatography to 
investigate the principal structural changes associated with composting of 
organic materials with diverse origin. Org Geochem. 2007;38:2012–23.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 0 1 6  / j  . o r  g g e  o c h e  m .  2 0 0 7 . 0 8 . 0 0 7.

45. Solomon D, Lehmann J, Kinyangi J, Amelung W, Lobe I, Pell A, et al. Long-
term impacts of anthropogenic perturbations on dynamics and speciation 
of organic carbon in tropical forest and subtropical grassland ecosystems. 
Global Change Biol. 2007;13:511–30.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / j  . 1 3  6 5 -  2 4 8 6  . 2  0 0 
6 . 0 1 3 0 4 . x.

46. González-Pérez M, Torrado PV, Colnago LA, Martin-Neto L, Otero XL, Milori 
DMBP, Gomes. FH. 13C NMR and FTIR spectroscopy characterization of humic 
acids in spodosols under tropical rain forest in southeastern Brazil. Geoderma. 
2008;146:425–33.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . g e  o d e  r m a .  2 0  0 8 . 0 6 . 0 1 8.

47. Olk DC, Bloom PR, Perdue EM, McKnight DM, Chen Y, Farenhorst A, et al. 
Environmental and agricultural relevance of humic fractions extracted by 
alkali from soils and natural waters. J Environ Qual. 2019;48:217–32.  h t t p  s : /  / d o 
i  . o  r g /  1 0 .  2 1 3 4  / j  e q 2 0 1 9 . 0 2 . 0 0 4 1.

48. Nebbioso A, Piccolo A. Advances in humeomics: enhanced structural identi-
fication of humic molecules after size fractionation of a soil humic acid. Anal 
Chim Acta. 2012;720:77–90.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . a c a . 2 0 1 2 . 0 1 . 0 2 7.

49. Al-Faiyz YSS. CPMAS 13C NMR characterization of humic acids from compos-
ted agricultural Saudi waste. Arab J Chem. 2017;10.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . 
a r  a b j  c . 2 0  1 2  . 1 2 . 0 1 8. S839-S853.

50. Romero CM, Redman A-APH, Terry SA, Hazendonk P, Hao X, McAllister TA, 
Okine E. Molecular speciation and aromaticity of biochar-manure: insights 
from elemental, stable isotope and solid-state DPMAS 13C NMR analyses. J 
Environ Manage. 2021;280:111705.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . j e  n v m  a n . 2  0 2  0 . 1 1 
1 7 0 5.

51. Francioso O, Ciavatta C, Tuganoli V, Sanchez-Cortes S, Gessa C. Spectroscopic 
characterization of pyrophosphate incorporation during extraction of peat 
humic acids. Soil Sci Soc Am J. 1998;62:181–7.  h t t p  s : /  / d o i  . o  r g /  1 0 .  2 1 3 6  / s  s s a  j 1 9  
9 8 . 0  3 6  1 5 9 9 5 0 0 6 2 0 0 0 1 0 0 2 4 x.

52. Liu C, Lu M, Cui J, Li B, Fang C. Effects of straw carbon input on car-
bon dynamics in agricultural soils: a meta-analysis. Glob Change Biol. 
2014;20:1366–81.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 1 1 1  / g  c b . 1 2 5 1 7.

53. Wang J, Fu X, Sainju UM, Zhao F. Soil carbon fractions in response to straw 
mulching in the Loess Plateau of China. Biol Fert Soils. 2018;54:423–36.  h t t p  s : /  
/ d o i  . o  r g /  1 0 .  1 0 0 7  / s  0 0 3 7 4 - 0 1 8 - 1 2 7 1 - z.

54. Vandenbroucke M, Largeau C. Kerogen origin, evolution and structure. Org 
Geochem. 2007;38:719–833.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . o r  g g e  o c h e  m .  2 0 0 7 . 0 1 . 0 
0 1.

55. Ndzelu BS, Dou S, Zhang X, Zhang Y, Ma R, Liu X. Tillage effects on humus 
composition and humic acid structural characteristics in soil aggregate-size 
fractions. Soil till Res. 2021;213:105090.  h t t p  s : /  / d o i  . o  r g /  1 0 .  1 0 1 6  / j  . s t  i l l  . 2 0 2  1 .  1 0 5 
0 9 0.

56. Zhao N, Yang X, Huang G, LÜ Y, Zhang J, Fan Y, et al. Chemical and spectro-
scopic characteristics of humic acid from a clay loam soil in Ontario after 52 
years of consistent fertilization and crop rotation. Pedosphere. 2021;31:204–
13.  h t t p s :   /  / d o  i .  o r  g  /  1 0  . 1 0   1 6  / S 1  0 0 2 - 0 1 6 0 ( 2 0 ) 6 0 0 1 9 - 4.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.apsoil.2011.08.004
https://doi.org/10.2136/sssaj2003.7400
https://doi.org/10.1016/j.orggeochem.2011.03.023
https://doi.org/10.1016/j.orggeochem.2011.03.023
https://doi.org/10.1016/S0016-7061(03)00160-5
https://doi.org/10.1007/s10533-004-0897-0
https://doi.org/10.1016/0146-6380(96)00056-3
https://doi.org/10.1016/0146-6380(96)00056-3
https://doi.org/10.1016/S0016-7061(97)00033-5
https://doi.org/10.1021/jf0496604
https://doi.org/10.1021/jf0496604
https://doi.org/10.1016/S0016-7061(03)00192-7
https://doi.org/10.1016/S0016-7061(03)00192-7
https://doi.org/10.1021/jf0625407
https://doi.org/10.1021/jf0625407
https://doi.org/10.1016/0146-6380(95)00087-9
https://doi.org/10.1016/j.orggeochem.2007.08.007
https://doi.org/10.1016/j.orggeochem.2007.08.007
https://doi.org/10.1111/j.1365-2486.2006.01304.x
https://doi.org/10.1111/j.1365-2486.2006.01304.x
https://doi.org/10.1016/j.geoderma.2008.06.018
https://doi.org/10.2134/jeq2019.02.0041
https://doi.org/10.2134/jeq2019.02.0041
https://doi.org/10.1016/j.aca.2012.01.027
https://doi.org/10.1016/j.arabjc.2012.12.018
https://doi.org/10.1016/j.arabjc.2012.12.018
https://doi.org/10.1016/j.jenvman.2020.111705
https://doi.org/10.1016/j.jenvman.2020.111705
https://doi.org/10.2136/sssaj1998.03615995006200010024x
https://doi.org/10.2136/sssaj1998.03615995006200010024x
https://doi.org/10.1111/gcb.12517
https://doi.org/10.1007/s00374-018-1271-z
https://doi.org/10.1007/s00374-018-1271-z
https://doi.org/10.1016/j.orggeochem.2007.01.001
https://doi.org/10.1016/j.orggeochem.2007.01.001
https://doi.org/10.1016/j.still.2021.105090
https://doi.org/10.1016/j.still.2021.105090
https://doi.org/10.1016/S1002-0160(20)60019-4

	Insight in the characteristics of humic substances with cotton straw derived organic materials amendments
	Abstract
	Introduction
	Materials and methods
	Experimental site
	Organic materials amendment
	Laboratory incubation
	Separation and purification of HS
	Analysis of 13C NMR spectra
	FTIR spectroscopy
	Statistical analysis

	Results
	Characteristics of HS determined by 13C NMR spectroscopy
	Hydrophilic and hydrophobic functional groups of HS determined by 13C NMR spectroscopy
	Chemical structure of HS investigated by FTIR spectroscopy

	Discussion
	Chemical protection of SOC by hydrophobic functional groups of HS
	Chemical protection of SOC by hydrophilic functional groups of HS

	Conclusion
	References


