
sustainability

Article

Effects of Returning Granular Corn Straw on Soil
Humus Composition and Humic Acid Structure
Characteristics in Saline-Alkali Soil

Xiaodong Chen, Jinggui Wu * and Yaa Opoku-Kwanowaa
College of Resources and Environment Sciences, Jilin Agricultural University, Changchun 130118, China;
chenxiaodongyes@126.com (X.C.); yokwanowaa@gmail.com (Y.O.-K.)
* Correspondence: wujinggui@jlau.edu.cn

Received: 8 January 2020; Accepted: 22 January 2020; Published: 30 January 2020
����������
�������

Abstract: Returning straw plays an important role in protecting the environment and maintaining
the sustainable development of agriculture. In this research, we explored the effects of returning
granular corn straw on soil humus composition and humic acid structural characteristics in a typical
saline-alkali soil. This study was conducted in Jilin province. A randomized block design consisting
of nine plots with three treatments in three replicates was used for this study. The treatments were
granular corn straw (GS), coarse corn straw (CS), and control (CK). The results show that treatments
GS and CS both increased the contents of soil humus and its components in the soil compared to
CK. However, treatment GS recorded the highest significant increase in soil humus carbon (HEC),
fulvic acid carbon (FAC), and humic acid carbon (HAC) by 17.59%, 8.32%, and 26.51%, respectively.
Comparing the two straw treatments, it was found that the relative intensities of treatment GS at
2920 and 2850 cm−1 were higher than treatment CS by 1.58% and 72.49%, respectively. The relative
intensities of treatment GS at 1720 cm−1 and 1620 cm −1 were lower than treatment CS by 52.2% and
30.43%, respectively. Moreover, an analysis of soil humic acid (HA) through an infrared spectrum,
fluorescence spectrum, and principal components analysis (PCA) showed that the application of
straw makes the structure of HA aliphatic, simple, and younger, and also promotes the continuous
renewal of humus. In this study, the application of granular corn straw effectively improved the soil
humus content and humic acid structural characteristics and is thus highly recommended.

Keywords: fluorescence spectrum; fourier transform infrared spectroscopy (FTIR) spectrum; humic
acid; principal components analysis; granular corn straw; primary saline-alkali soil

1. Introduction

Corn straw is the residue left after harvesting corn. It contains a lot of organic matter and nutrients,
which serve as a valuable biological resource [1]. The annual total amount of corn straw in China is
huge, but the utilization rate is low [2]. In some instances, there is improper utilization, which causes
a waste of resources and environmental pollution [3]. Therefore, it is better to return corn straw to
the field to be applied as fertilizer since it can enhance soil fertility by increasing soil organic matter
content (SOM), which is the major source of nutrients required for plant growth and the energy source
for microbial activities [4]. SOM plays a significant role in soil fertility, environmental protection, and
sustainable agricultural development [5]. Soil humus (HS) is an important part of SOM, which can
be effectively increased with the application of straws [6]. Soil humus is mainly composed of soil
humic acid (HA) and soil fulvic acid (FA). It is a component of soil organic matter that happens to be
highly available in the soil, easily decomposed and mineralized by soil microbes, and directly affects
nutrient supply in plants. It plays a key role in maintaining soil fertility, improving soil quality, and
maintaining soil carbon pool balance [7].
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HA forms the main constituent of humus (HS) and any changes in the structure and number of HA
are closely associated with soil fertility [8]. Many studies have shown that there are many functional
groups on the surface of HA molecules [9–11]. These functional groups have strong potentials to
bind with soil nutrients, which can effectively retain soil nutrients and reduce nutrient loss in the
soil [10]. HA also plays an important role in soil environmental health by influencing the transport and
passivation of heavy metals in the soil [12]. Numerous studies have shown that returning crop straws,
such as corn straws, to the field can affect the content and structure of humic acid in the soil [13,14].
In China, the main ways of returning straw include applying it as mulch, plowing the straw into the
soil, and burying the straws deep into the soil [15]. However, these modes of returning straw are not
effective in paddy fields since the straw can easily float when applied as mulch. Additionally, burying
the straw deep in paddy fields is difficult to operate, involves high costs, and, most importantly, delays
the decomposition process due to reduced soil aeration and microbial activity [16]. Therefore, in this
experiment, the straw was returned to the field (0–20 cm depth) by shortening the length of the straw,
which can accelerate the decomposition of straw, and also reduce carbon loss as the small straws can
be protected by soil aggregates and clay particle [17].

Different types of soil respond differently to the application of organic materials [18]. The native
saline-alkali soil is characterized by thin tillage, poor nutrients, and high salinity [19]; thus, applying
corn straw for organic fertilization is very important in improving the fertility of native saline soil.
However, few studies have been done to evaluate the effects of soil organic fertilizer on saline-alkali
soil, especially to evaluate whether returning corn straw can improve the fertility of saline-alkali soil
and its effectiveness in enhancing the humus content of the soil.

The purpose of this paper is to evaluate the changes in HA content and the structure of native
saline-alkali soils under rice-planting conditions after corn straw application. The results of the study
will help to provide knowledge on the effects of returning corn straw on soil humus and its related
components. The results will, again, provide a basis for comparing the differences in the effects of
different shapes of corn straw to ensure the sustainable use of straw in agricultural production and
protecting the environment. We hypothesized that corn straw application increases the content of soil
humus and its related components, while different shapes of straw can also have different effects on
soil humus and its related components.

2. Materials and Methods

2.1. Experimental Site

This study was conducted in Haituo, Jilin province, which is located in Daan City (124◦1′48” E,
45◦19′47”N). The study site is dry and has a temperate continental monsoon climate. The average
annual precipitation, temperature, and the frost-free period are approximately 413.7 mm, 4.3 ◦C, and
157 d, respectively. The average yearly evaporation potential is 1702.44 mm, which is four times the
average annual precipitation in the region. The average annual sun exposure is 3012.8 h, while the
effective accumulated temperature of ≥10 ◦C is about 2921 ◦C [20]. The soil type is a typical halosol
(classified according to the international soil taxonomy system). The drought and the saline-alkali
nature of the soil creates an unsuitable condition for agricultural development. The main soil nutrients
and properties of the study area are listed in Table 1.

Table 1. The main soil properties of the study area.

Soil Alkali
Hydrolyzable

Nitrogen
(g·kg−1)

Organic
Matter

(g·kg−1)

Available
Phosphorus
(mg·kg−1)

Available
Potassium
(mg·kg−1)

Total Salt
(g·kg−1)

pH Clay % Silt % Sand %

11.28 ± 0.02 2.91 ± 0.03 20.61 ± 0.04 143.33 ± 2.32 3.39 ± 0.03 9.94 ± 0.05 40.5% 18.3% 41.2%

Note: Values are mean ± standard deviation.
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2.2. Experimental Design

In this experiment, field studies were conducted in Haituo town for three years. A randomized
block design consisting of nine plots with three treatments in three replicates was used for this study.
The area of each plot was 6 × 5 m2 and the treatments were granular corn straw (GS), coarse corn
straw (CS), and control (CK). The granular corn straw was produced by breaking down the corn straw
using a high-efficiency granulator and finally compacting them into 3–5 cm particles. The working
motor power of the machine was 132 KV, the granulation temperature was 80 ◦C, and the granulation
pressure was 606 kPa (Figure 1). Properties of the corn straws used are presented in Table 2. In total,
the amount of corn straw that was applied to the field was adjusted in order to control the carbon to
nitrogen ratio and also to prevent or solve the problem of nitrogen depletion. Hence the standard
straw application rate (7500 kg/ha) was applied in this study. All organic materials (corn straws) were
applied once in May 2016 before sowing the rice.
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Figure 1. Picture showing the treatments used in this study; (a) coarse corn straw (CS), (b) granular
corn straw (GS).

Table 2. Basic properties of organic materials.

Materials Organic
Matter (g·kg−1)

Total Nitrogen
(g·kg−1)

Total
Phosphorus

(g·kg−1)

Total
Potassium

(g·kg−1)
pH

Corn Straw and
Granular Straw 493 ± 2.16 8.33 ± 0.07 1.12 ± 0.02 12.3 ± 0.12 6.42 ± 0.08

In June 2018, soil samples were collected in 0–20 cm depth using a manual soil coring tube. Five
sampling points were randomly selected in each plot, and soil samples were taken using the “S”
method. Soil samples from each plot were combined and thoroughly mixed to form composite soils
followed by air-drying. After air-drying the samples, stones and crop residues were removed, and the
samples were sieved through a 2-mm mesh sieve.
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2.3. Sample Determination

2.3.1. Extraction and Analysis of Humus

The composition of soil humus was analyzed following the method described by Dou [21].
The content of C in the humic substance was also determined using the K2Cr2O7 external heating
method [22]. The E4/E6 ratio of soil HA was calculated as the ratio of the absorbances of solutions
at 465 nm and 665 nm [23]. The 4logK value of HA was the absorbances of solutions in 400 nm and
600 nm, which was calculated as logK 400 nm/logK 600 nm.

2.3.2. Isolation and Purification of HA

The HA was isolated and purified following the method described by the International Society
of Humic Substances [24]. The general steps involved are as follows: (1) decalcifying the soil with
HCl; (2) leaching the decalcified soil with NaOH solution, followed by centrifuging. The resulting
supernatant was HE. (3) The HE solution was then acidified to pH 1.0 and precipitated to HA after
acidification. (4) The obtained HA was purified by dialysis. After lyophilization, the next relevant
measurement was performed.

2.3.3. Infrared Spectrum Analysis

The HA infrared spectrum was analyzed by using the American AVATAR 360 Fourier transform
infrared spectrometer. Using a microbalance, 0.5~2 mg of the HA sample was weighed, pulverized,
and ground to <2 µm. The sample and KBr powder were mixed together in an agate mortar at a ratio
of 1:100. The resulting mixture was pressed and measured in the wavelength range of 4000 to 500 cm−1.
The infrared spectrum was finally analyzed by Omnic software [25]. Following the research conducted
by Senesi et al. [26] and Zhang et al. [27], the major series bands were assigned as follows: where
2920 cm−1 represents an asymmetric aliphatic CH stretching vibration peak, 2850 cm−1 represents a
-CH2- symmetric aliphatic CH stretching vibration peak. The band at approximately 1720 cm−1 was
assigned to C=O stretching of COOH. The band, at approximately 1620 cm−1, was assigned to aromatic
C=C vibrations, H-bonded C=O of conjugated ketones, and C=O stretching of the amide groups.

2.3.4. Principal Component Analysis (PCA)

Usually, SPSS 16.0 software is used to reduce the dimensionality of the infrared spectrum data
during PCA analysis. The PCA analysis helps to linearly transform multiple variables in order to select
a small number and important variables for the establishment of a minimum data set. Multivariate
statistics were used to multiply the indicators [28].

2.3.5. Fluorescence Emission Spectrum Analysis

The fluorescence emission spectrum of the soil humic acid sample was measured on a Hitachi
F4500 fluorescence spectrophotometer with a wavelength range of 400–800 nm and a wavelength
frequency of 5 nm. Finally, the software for the Hitachi F4500 fluorescence spectrophotometer was
used to analyze the characteristic peaks of the spectral lines [29].

2.4. Data Analysis

The data collected were recorded and summarized in Excel 2003. Using SPSS version 16.0, the
data collected was subjected to Variance Analysis (ANOVA) after performing a correlation analysis.
The statistical significance level was used at 5% to test the variation between treatments. Origin
software version 9.0 was used to present the results.
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3. Results

3.1. Humus Content and Composition

Table 3 shows the organic carbon content of the soil humus components in each treatment.
Comparing treatment CS with treatment CK, treatment CS recorded a significant increase in soil humus
carbon (HEC), fulvic acid carbon (FAC), and humic acid carbon (HAC) by 34.68%, 19.43%, and 53.55%,
respectively. Comparing treatment CK with treatment GS, treatment GS significantly increased the
HEC, HAC and, FAC by 58.36%, 94.26%, and 29.36%, respectively. Comparing treatment GS and CS
with CK, the HAC/FAC of treatment CS and treatment GS increased by 28.59% and 50.12%, respectively.
This indicates that the content of soil humus increased with the application of corn straw. This helps to
promote the degree of polymerization of the soil humus and also increases the degree of humification.
Comparing the two corn straw treatments, the results show that treatment GS recorded a significant
increase in HEC, HAC, FAC, and HAC/FAC by 17.59%, 26.51%, 8.32%, and 16.75%, respectively, as
compared to treatment CS. As such, significant differences were observed in the effects of different
shapes of the same organic materials on soil humus, where granular corn straw significantly increased
the soil humus content.

Table 3. Soil humus composition relative to treatments.

Treatments HEC (g·kg−1) HAC (g·kg−1) FAC (g·kg−1) HAC/FAC

CK 0.819 ± 0.023 c 0.366 ± 0.011 c 0.453 ± 0.015 c 0.808 ± 0.021 c
CS 1.103 ± 0.027 b 0.562 ± 0.013 b 0.541 ± 0.014 b 1.039 ± 0.014 b
GS 1.297 ± 0.022 a 0.711 ± 0.018 a 0.586 ± 0.017 a 1.213 ± 0.022 a

Note: Values with different lowercase letters denote significant differences among different treatments at 5% levels.

3.2. E4/E6 Ratios and 4logK Values of HA

The E4/E6 ratios of HA corresponding to treatment GS and CS were 15.22% and 3.8% higher
(p < 0.05) than treatment CK, respectively, as shown in Figure 2. The 4logK values of HA under
soils treated with GS and CS were 32.43% and 13.51% higher, respectively, (p < 0.05) than the control
(CK). Comparing the two straw treatments, the E4/E6 ratio under treatment GS was 10.99% higher
(p < 0.05) than treatment CS. The 4logK value of HA for treatment GS was 16.67% higher (p < 0.05)
than treatment CS.
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3.3. FTIR Spectrum of HA

Figure 3 shows the fourier transform infrared spectroscopy (FTIR) spectrum of soil HA. The infrared
spectra of each treatment were similar in shape and structure, but the intensity of the absorption peaks
of some key functional groups was different. The difference in the relative intensity of the absorption
peaks of these infrared spectra also indicates that the application of different shapes of corn straws led
to the difference in the presence of soil HA.
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Comparing treatment GS and CK, GS recorded higher relative intensities of the aliphatic group
bands at 2920 and 2850 cm−1 with increasing rates of 87.99% and 85.44%, respectively. This indicates
that returning straw into the soil increases the relative content of aliphatic compounds in soil HA.
Comparing treatment GS and CS with treatment CK, treatment GS and CS had a significant increase
in the relative intensities at 1620 cm−1, with an increasing rate of 14.51% and 64.61%, respectively.
This indicates that returning the straw increased the content of aromatic carbon in soil HA. However,
at 1720 cm−1, the relative intensities of treatment GS and CS were lower than treatment CK, with a
decreasing rate of 63.78% and 24.22%, respectively. This shows that the application of straw reduces
the relative content of carboxyl groups in soil HA. Comparing the two straw treatments, it was found
that the relative intensities of treatment GS at 2920 and 2850 cm−1 were significantly higher than
treatment CS by 1.58% and 72.49%, respectively. The relative intensities of treatment GS at 1720 cm−1

and 1620 cm−1 were lower than treatment CS by 52.2% and 30.43%, respectively.

3.4. PCA of Soil HA Infrared Spectroscopy

The principal component analysis was performed on the infrared absorption spectra of the
three treatments. The absorbance of the three treatment samples on all wavenumber segments was
used as a variable, and all sample data were clustered by principal component analysis. The results
are shown in Table 4. From Table 4, the results showed that principal component 1 accounted for
86.532% of the total variance contribution rate while principal component 2 accounted for 13.462%.
The cumulative contribution rate of these two principal components accounts for 99.994% of the
total variance contribution rate. This indicates that the use of these two main components can better
represent the original spectrum. The main positive peaks of PC1 in Figure 4a are 2920 cm−1, 1620 cm−1,
which are the absorption peaks of asymmetric aliphatic carbons and aromatic carbons respectively.
The main positive peaks of PC2 in Figure 4b are 2920 cm−1, 2850 cm−1, and 1620 cm−1, which represents
asymmetric aliphatic carbons, symmetric aliphatic carbons, and aromatic carbon absorption peaks
respectively. The results showed that the application of corn straw serves as one of the main sources of
aliphatic carbon and aromatic carbon in the soil.
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Table 4. Principal component, eigenvalues, and contribution rate results.

PC Eigenvalues Contribution Rate% Accumulated
Contribution Rate%

PC1 4.327 86.532 86.532
PC2 0.613 13.462 99.994
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3.5. The Fluorescence Emission Spectra of HA

From Figure 5, the fluorescence emission spectra of HA treated by different shapes of corn straws
were similar in shape. The peak wavelengths were similar; however, each had a unique peak at a long
wavelength. There were similar fluorophores in different treatments of HA. Comparing the CK-treated
HA fluorescence peak position (580 nm) with that of GS and CS-treated HA fluorescence peak positions,
the HA fluorescence peak positions for treatment GS and treatment CS were blue-shifted at 570 nm
and 575 nm, respectively.

Sustainability 2019, 11, x FOR PEER REVIEW 8 of 12 

 

Table 4. Principal component, eigenvalues, and contribution rate results. 

PC Eigenvalues Contribution Rate% Accumulated 
Contribution Rate% 

PC1 4.327 86.532 86.532 
PC2 0.613 13.462 99.994 

3.5. The Fluorescence Emission Spectra of HA 

From Figure 5, the fluorescence emission spectra of HA treated by different shapes of corn 
straws were similar in shape. The peak wavelengths were similar; however, each had a unique peak 
at a long wavelength. There were similar fluorophores in different treatments of HA. Comparing the 
CK-treated HA fluorescence peak position (580 nm) with that of GS and CS-treated HA fluorescence 
peak positions, the HA fluorescence peak positions for treatment GS and treatment CS were 
blue-shifted at 570 nm and 575 nm, respectively. 

 
Figure 5. Fluorescence emission spectra of HA. 

Table 5 shows the changes in the fluorescence intensity of HA treated with different shapes of 
corn straws. Comparing the fluorescence intensity of HA in treatment CK to treatment GS and 
treatment CS, the fluorescence intensity of HA in treatment GS and CS decreased by 14.85% and 
10.24%, respectively. Comparing the HA fluorescence intensity of treatment GS with treatment CS, 
the HA fluorescence intensity of treatment GS was higher than treatment CS. The HA fluorescence 
intensity for treatment CS decreased by 5.14%. 

Table 5. The intensity of peaks of HA fluorescence emission spectra. 

Treatments Fluorescence Intensity 
CS 37.97 
CK 42.3 
GS 36.02 

4. Discussion 

Humus is a special form of organic matter in the soil [30] and an increase in soil humus is of 
great relevance to maintaining soil fertility, improving soil quality, and maintaining soil carbon 

Figure 5. Fluorescence emission spectra of HA.



Sustainability 2020, 12, 1005 8 of 11

Table 5 shows the changes in the fluorescence intensity of HA treated with different shapes of corn
straws. Comparing the fluorescence intensity of HA in treatment CK to treatment GS and treatment CS,
the fluorescence intensity of HA in treatment GS and CS decreased by 14.85% and 10.24%, respectively.
Comparing the HA fluorescence intensity of treatment GS with treatment CS, the HA fluorescence
intensity of treatment GS was higher than treatment CS. The HA fluorescence intensity for treatment
CS decreased by 5.14%.

Table 5. The intensity of peaks of HA fluorescence emission spectra.

Treatments Fluorescence Intensity

CS 37.97
CK 42.3
GS 36.02

4. Discussion

Humus is a special form of organic matter in the soil [30] and an increase in soil humus is of great
relevance to maintaining soil fertility, improving soil quality, and maintaining soil carbon pool balance.
Comparing the three treatments, the treatments that involved returning straw (GS and CS) increased
the soil humus and its components. This was consistent with the study conducted by Fan et al. [31].
The main reason for this observation can be attributed to a large amount of carbon source materials
found in straws. After applying straw to the field, they decompose and release carbon in the form of
carbon dioxide or organic carbon fixed in the soil [32]. These carbon source materials are the main
source of soil humus. In addition, an increase in microbial metabolism could be a reason for the
increased soil humus and its components. This is because studies have reported that the decomposition
of fresh straw increases the activity and abundance of soil microbial communities, which promotes the
metabolism of microbial communities and the accumulation of their products [33,34]. Soil microbial
residues and their products are important carbon sinks. The amino sugars (AS) in the microbial cell
wall are composed of 2%–7% carbon, which is closely related to the turnover of carbon-containing
organic matter, such as soil organic matter [33]. The increase in microbial activity, in turn, promotes the
decomposition of straw, and it is generally believed that fungi are more effective in the decomposition
of straw [35]. This was also consistent with the findings of Liu et al. [36].

The E4/E6 ratio and ∆logK values are optical properties that reflect the complexity of the molecular
structure of soil HA [37]. The higher the E4/E6 ratio and ∆logK value, the smaller the optical density,
aromaticity, and the degree of soil HA humification. In this experiment, the application of corn straw
increased the E4/E6 ratio and ∆logK value of soil HA, which resulted in a reduction of the optical
density, aromaticity, and the degree of soil HA humification. The molecular structure of HA was also
reduced to a simple structure.

The functional groups on the surface of humic acid molecules in the soil have bands which are
characterized by their obligatory characteristics in the infrared spectrum. The infrared spectroscopy
can be used to analyze the functional group composition of soil humic acid [11]. Principal component
analysis (PCA), is considered to be an important method in establishing a minimum data set. PCA
mainly transforms multiple indicators into a few indicators through dimensionality reduction, which
eliminates the correlation between multiple indicators and makes them independent [38]. The PCA
results reveal that the application of corn straw is one of the primary sources of aliphatic carbon,
aromatic carbon, and amino compounds in the soil. The results also show that the application of
straw caused a reduction in aromaticity, the degree of condensation, and the degree of oxidation of
soil humic acid structure. However, the aliphaticity was enhanced, and the humic acid structure
appeared to be aliphatic, simple, and young. Through the analysis of the soil fluorescence spectrum,
it was observed that returning straw to the field caused the blue shift phenomenon, which indicates
that the degree of humification is low. The simplified molecular structure of HA is a result of the
reduction in fluorescence intensity [39]. Most studies obtained similar results. Al-Faiyz [30] analyzed
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the structural characteristics of soil humic acid after composting with different organic materials by 13C
NMR. The results of this study showed that the aliphaticity and aliphatic content of humic acids were
high under the corn straw treatments. These observations were directly attributed to the application of
corn straw. Brunetti et al. [40] also reported a decrease in the degree of condensation of HA structure
in the soil after applying organic fertilizer, however, the aliphaticity increased and the HA structure
appeared to be aliphatic. The application of straw can increase the organic carbon source [41] and also
contribute to the improvement of soil microbial activity [42]. Generally, the formation of humus is
closely related to the activities of microorganisms. The interaction between soil microbes and stable
humus can completely or partially decompose humus, produce fresh humus, and continuously renew
the soil organic matter pool [43].

Comparing the two straw treatments, treatment GS increased the amount of humus and its
components as compared to treatment CS. The soil humic acid structure for treatment GS appeared to
be aliphatic, simple, and young. This could be attributed to the damaged surface layer of the corn
straw during the pulverization process, which accelerated the transformation of the straw materials
that are difficult to decompose [44]. The granular corn straw (treatment GS) was pulverized and
compacted, which makes it absorb water to form a loose porous structure. This increases the contact
area between microorganisms and the straw and creates better growth and development conditions for
the microorganisms, which greatly promotes the microbial activity and microbial decomposition of the
corn straw, producing humus [45].

5. Conclusions

The initial hypothesis of the study can be accepted since the application of straw increased the
content of soil humus and its related components. This affected the humic acid structure by making it
appear to be aliphatic, simple, young and also promotes the continuous renewal of humus. The relative
content of aliphatic carbon in soil humic acid increased, and the relative content of the carboxyl group
in soil humic acid decreased. The results show that the granular straw reduced the condensation and
oxidation of humic acid structure, enhanced the aliphatic group, decreased the aromaticity, and made
the humic acid structure tend to be aliphatic, simplified, and young. Therefore, it can be concluded
that different shapes of corn straw have different effects on soil humus and its related components,
and the effect of granular corn straw is better and highly recommended. This study also shows that
corn straw can be used for the organic fertilization of barren, native saline-alkali land, to promote
sustainable agricultural development.
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