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The effective utilization of corn straw is a challenge. Extracting fulvic acid from corn straw compost improves the
utilization rate of corn straw, reduces the use of chemical fertilizers, and supports sustainable agricultural
development. By the response surface, the best alkali solution acid precipitation extraction conditions were
obtained, which involved a KOH concentration of 9.67%, a reaction temperature of 100.32 °C, a reaction time of
9.91 h. Through the Fourier transform infrared spectroscopy (FTIR), it found that BFA contained more oxygen-
containing functional groups than MFA, such as those in aliphatic, hydroxyl, ketone and carbonyl groups.
Compared to the MFA, the BFA included more types of hydrogen and showed a looser superficial structure. The
average molecular model of BFA was constructed with the formula C17H;607 (M=332). BFA has a lower mo-
lecular weight than MFA, which should ensure that BFA is readily absorbed and used by crops. BFA promoted the
growth of rice seeds effectively, and the optimal BFA concentration for seed germination was 0.4%. In this study,
corn straw composting was used as the main object. The molecular structure of BFA extracted from corn straw
compost was established by the alkali solution acid precipitation method. It confirmed that BFA could replace

MFA as a biorenewable, environmentally friendly agricultural product.

1. Introduction

During the 2021-2022 marketing year, the amount of corn (Zea mays
L.) produced globally amounted to more than 1.2 billion metric tonnes
(Statista, Inc). In the past, farmers burned the corn straw in the field
because it was the cheapest and most practical way to dispose of corn
straw. However, the government no longer allows open burning because
it causes air pollution and fire hazards. Therefore, corn straw is com-
posted and degraded by microorganisms to produce fulvic acid and
other fertilizers, which enhances rational utilization. Composting olive
waste and straw yields nitrogen-rich fulvic acid, acidic functional groups
and a higher phenolic hydroxyl content (Baddi et al., 2004). Fulvic acid
was extracted from pulp black liquor and was similar to the lignite fulvic
acid realised through germination of rice seeds (Wang et al., 2020).

Fulvic acid is the most critical part of humic acid because it has the
greatest number of oxygen—containing functional groups with the
lowest molecular weight (Canellas et al., 2015). It is highly water soluble

and easily absorbed by plants (Gong et al., 2022a). As a result, fulvic
acid has been widely applied in many areas. In agriculture, the appli-
cation of fulvic acid can improve crop yield, quality, disease resistance
and resilience (Geng et al., 2020; Nargesi et al., 2022; Zhang et al.,
2021). The other biological materials have been widely used in agri-
cultural production (Riseh et al., 2021a; Pour et al., 2021; Riseh et al.,
2022a; Riseh et al., 2021b; Riseh and Pour, 2021; Riseh et al., 2022b). In
animal husbandry, adding fulvic acid to the diet reduces the thickness of
the back fat in pigs (Chang et al., 2014) and enhances cattle growth and
feed conversion rates (Cusack, 2008). In the medical field, fulvic acid
has shown protective cognitive dysfunction in treatments for Alz-
heimer’s disease (Cornejo et al., 2011). It is also used as an immuno-
modulator to affect the redox states of cells (Winkler and Ghosh, 2018).
For environmental protection, fulvic acid can be combined with metal
ions to protect the soil environment (Zang et al., 2020) and reduce the
toxicities of heavy metals (Shahid et al., 2012).

The methods for extracting fulvic acid include ion exchange, sulfuric
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acid acetone, and alkali solution acid precipitation (Zhang et al., 2018a).
The ion exchange is not suitable to product the fulvic acid because its
operation process is complicated and costly (Zhang et al., 2018b).
Because the acetone is highly toxic and fast-volatile, the sulfuric acid
acetone is not recommended to use (Gong et al., 2022a; Zhang et al.,
2018b). The alkali solution acid precipitation method is simple to
operate and has a high yield in a short time. It also has been widely used
for the extraction of fulvic acid from lignite (Huculak-Maczka et al.,
2018). Recently, the chemical oxygen-based method has become a new
technique for extracting fulvic acid (Gong et al., 2022a). Hydrogen
peroxide, potassium permanganate, and nitric acid were used as
oxidizing agents in the chemical oxygen—based method. These tech-
niques increase fulvic acid yield and enhance the content and physio-
logical activity of the oxygen functional groups contained in fulvic acid
(Lu et al., 2021). Therefore, this study explored the effect of different
oxidation methods on the extraction of BFA.

It was assumed that the functions of fulvic acid from corn straw
compost (BFA) would be similar to those of MFA. To verify this theory,
BFA was extracted from corn straw compost as a benchmark. Their
chemical properties and biological activities were compared with those
of MFA. The BFA and MFA were analysed by Fourier transform infrared
spectroscopy (FTIR), ultraviolet—visible absorption spectroscopy
(UV—Vis), X—ray photoelectron spectroscopy (XPS), 'H nuclear mag-
netic resonance (lH NMR), and 13C nuclear magnetic resonance (13C
NMR). The data obtained from the characterization analyses were
further explored and rice seeds were soaked to determine if the growth-
promoting effect of BFA on plants was similar to that of MFA. The study
provided the technical basis for managing corn straw resources as an
alternative to MFA in agricultural applications.

2. Materials and methods
2.1. Materials

The MFA was purchased from Zhengzhou Qingbei Trading Co., Ltd.
The corn straw compost came from Meilisi Daur District, Qiqihar City,
Heilongjiang Province (123°57’34” E, 47°53'65"" N). A straw decom-
position agent (100-fold dilution) produced by Heilongjiang Heiwudu
Biotechnology Co., Ltd. was applied. The stacking height was 2.5 m, and
the water content was maintained at 60%. In the process of composting,
pile aeration was performed five times, and the composting time was
approximately one year. The basic physical and chemical properties are
shown in Table A.1.

KOH (purity, 85%) was acquired from Tianjin Comiou Chemical
Reagent Co., Ltd. HySO4 (purity, 98%) was obtained from Liaoning
Quanrui Reagent Co., Ltd-HO2 (purity, 30%) was produced by Tianjin
Kaitong Chemical Reagent Co., Ltd. The corn straw compost was dried at
70-80 °C in an oven, crushed (100 mesh), and mixed evenly.

2.2. Optimization of the extraction parameters of fulvic acid from corn
straw compost

2.2.1. Single-factor experiments

First, 100 mL of deionized water, KOH (5%, 10%, 15%, 20%, and
25%) and 10 g of dried compost were added to a 250 mL beaker. Then
stirring uniformly. Finally, different treatments reacted at 60 °C for 11 h.
Each treatment was repeated three times. The experimental reaction
temperatures and reaction times were the same as those described
above. However, the reaction temperatures (20 °C, 40 °C, 60 °C, 80 °C,
100 °C) and the reaction times (7 h, 9 h, 11 h, 13 h, 15 h) were different.

When a reaction was complete, the supernatant was obtained by
centrifuging at 5000 r/min for 5 min with 1 mol/L HSO4 added to
adjust the pH to 2. The BFA concentration was expressed in terms of the
total organic carbon (TOC) content. The TOC content was determined by
a carbon nitrogen analyser (Milti N/C 2100 S, Jena, Germany) (Hiradate
et al., 2006; Sitnichenko et al., 2011).
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2.2.2. Response surface experiments

The Box-Behnken design comprised a controlled set of experimental
factors and measured responses based on one or more selection criteria.
The Box—Behnken was designed with three levels: low (—1), medium
(0), and high (+1). Based on the results of the single-factor experiments,
the response surface experiments were designed with the Design-
—Expert 13 software. Ranges of the three independent variables (KOH
concentration, reaction temperature, and reaction time) were used in
the response surface methodology (Table A.2). The three independent
variables were optimized, and 17 schemes were obtained. The specific
steps of the operations were the same as those of the single-factor ex-
periments; however, the reaction conditions were modified according to
the experimental design (Table A.3).

2.3. Oxidation experiments

Fifty grams of raw material, 10% KOH, and 200 mL of deionized
water were added to a 1-L beaker and stirred evenly. Air pumps (me-
dium 8 W, Changning Co., Ltd., China) with different flow rates (6 L/
min, 8 L/min, and 10 L/min) were used for oxidation. Various reaction
temperatures (20 °C, 40 °C, 60 °C) and times (1 h, 3 h, 5 h) were utilized.
After the reaction, the supernatant was obtained by centrifuging at 5000
r/min for 5 min with 1 mmol/L H3SO4 added to adjust the pH to 2. The
fulvic acid content was determined with a carbon nitrogen analyser.
When H,05 was used in the oxidation experiments, the experimental
stages were the same as the previous ones. The different features were as
follows: different H,O5 concentrations (5%, 15%, 30%), different doses
of HpO3 solution (10 mL, 20 mL, 30 mL), different reaction temperatures
(20 °C, 40 °C, 60 °C), and different reaction times (1 h, 3 h, 5 h).

2.4. Extraction and purification of potassium fulvic acid in corn straw
compost

Extraction and purification of BFA substances followed the method
recommended by the International Humic Substances Society, although
appropriate improvements were made (Jarukas et al., 2021; Lu et al.,
2021). Fifty grams of raw material, 10% KOH, and 200 mL of deionized
water were added to a 500-mL beaker and stirred evenly. Then, the
mixture was exposed to the environment at 20 °C for 24 h. When the
reaction was complete, the supernatant was obtained by centrifuging at
5000 r/min for 5 min with 1 mol/L HoSO4 added to adjust the pH to 2.
Then, the supernatant was dried at 65 °C in an oven (electric drying
oven, GZX—9070MBE, Shanghai Bowen Industrial Co., Ltd.). The solid
substance obtained after drying was potassium fulvic acid. Fulvic acid
was purified as described earlier (Gong et al., 2020), except ethanol was
used instead of acetone in this experiment.

2.5. Characterization of BFA and MFA

Element analyses of BFA and MFA samples were performed with an
element analyser (Elementar Vario, Germany). The elements deter-
mined included C, H, S, and N. Infrared spectra were analysed in the
wavenumber range 4000-400 cm ' by fourier transform infrared
spectroscopy (Bruker Tensor 37, Germany). The UV—Vis spectra were
measured with a Lamda 35 UV spectrophotometer (Perkin Elmer com-
pany, USA), and the scan range was 200-1000 nm. Fluorescence spectra
were determined with a fluorescence spectrometer (F—7000 Hitachi,
Japan). The parameters were EX 200-600 nm and EM 200-600 nm, and
the wavelength sweep speed was 12000 nm/min. The surface mor-
phologies of BFA and MFA were analysed by scanning electron micro-
scopy (SEM) with a model S 3400 (Hitachi, Japan). An ESCALAB250Xi
XPS (Thermo Company) photoelectron spectrometer was used for
elemental analyses and was concentrated on elements C and O. 'H NMR
spectra were analysed with a Fourier transform 600 MHz super-
conducting nuclear magnetic resonance spectrometer (AV600 BH0055,
Brook, USA). The solid-state 13C NMR spectra were determined with an
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Advance 400 M NMR spectrometer from Bruker, Switzerland.
2.6. Establishment of the BFA molecular models

The relevant parameters for BFA molecular modelling were calcu-
lated and described in Table A.4 and Table A.5 (Gong et al., 2020).

2.7. Rice seed germination

Sprouting of the rice seeds was carried out with Dragon japonica 26
seeds. The rice seeds were disinfected with 2.5% sodium hypochlorite
solution for 5 min and 75% ethanol solution for 5 min and then washed
with sterile water 3-5 times until the residual solution was clean. The
seeds were soaked for 24 h in 0.1%— 0.5% BFA and MFA solutions. The
seeds were evenly seeded in a sterilized petri dish containing a double
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layer of filter paper. Each sterilized Petri dish contained twenty seeds.
Each treatment was repeated three times. The seeds were cultivated in a
climate chamber at 30 °C during the day and 18 °C at night. Fresh
weight, root length, germination rate, and germination index were
measured after culturing for ten days. The germination rate and index
were calculated according to the following formulas:

Germination rate = > Gt/T x 100% (@D)]
Germination index = > Gt/Dt* 2)

where Gt is the number of germinations on the tenth day; Dt is the
corresponding germination number; and T is the total number of seeds.

Fig. 1. Optimization of the parameters for extraction of fulvic acid from corn straw compost based on response surface experiments. A: Different KOH concentrations
at 11 h and 60 °C. B: Different reaction times at KOH concentrations of 15% and 60 °C. C: Different reaction temperatures at KOH concentrations of 15% and 11 h. D
and G: Three-dimensional interaction diagram for the KOH concentration and reaction time. E and H: Three—dimensional interaction diagram for the KOH con-
centration and reaction temperature. F and I: Three—dimensional interaction diagram for the reaction temperature and reaction time.
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2.8. Statistical analyses

All data were analysed with SPSS 26 software (SPSS Statistics 26.0,
IBM, United States). Origin 2021 (OriginLab, United States) and
GraphPad Prism 8 (GraphPad Software, United States) were used to
draw graphics. XPS data were fitted and analysed in detail with Peakfit
V4.12. The Gaussian—Lorenz mixed fitting function was selected to
obtain the binding energies and relative contents of surface elements in
different oxidation states (Farzadnia et al., 2017). The spectrum was
corrected with the C—C binding energy of 284.8 eV as an internal
standard (Yang et al., 2019). The average values of these parameters
were compared through Duncan’s multiple range test at P < 0.05.

3. Results and discussion

3.1. Optimization of the parameters for extraction of fulvic acid from
corn straw compost

When the KOH concentration was between 5% and 15%, the TOC
reached a maximum (Fig. 1A). The TOC concentration increased pro-
gressively as the reaction temperature was increased (Fig. 1B). When the
reaction temperature reached 100 °C, the TOC content reached a
maximum. The fulvic acid extraction was optimal at 70 °C when using
the citric acid-ethanol method (Gong et al., 2022a), which different
extraction methods and raw materials might cause. As the reaction time
was increased, the TOC content progressively increased (Fig. 1C), and
the TOC content reached a maximum value at 9 h.

It presented a total of 17 experimental tests in the Box-Behnken,
which were conducted to investigate the effects of various factors on Y
(He et al., 2019). All factors influencing the inhibition efficiencies of the
crystals were nonlinear. The model outcomes were statistically signifi-
cant (Table A.6). The order of the effects for the three factors on the TOC
concentration decreased as follows: reaction time (C) > KOH concen-
tration (A) > reaction temperature (B). The analysis adjusted the actual
equation (Eq. (3)) that used the significant terms.

Y (g/L) = 2-060 — 0-03625 A + 0-0075B - 0-04625 C - 0-0225AB +
0-01500AC - 0-05750 BCE — 0-295A% — 0-228B2 — 0-260 C? 3)

The mathematical model indicated that the optimal conditions
involved a KOH concentration of 9.67%, a reaction temperature of
100.32°C, and a reaction time of 9.91 h, and the corresponding
response was 2.063 g/L. Finally, verification tests were carried out with
the best culture conditions. The mean TOC concentration observed
experimentally was 2.020 g/L, which was close to the model prediction
of 2.063 g/L.

In the MFA extraction process, the four factors influenced the fulvic
acid yield in the following order: HyO, concentration, microwave
power, oxygen—coal ratio, and reaction time (Gong et al., 2022a).
However, this study identified reaction time as the most critical factor
influencing the fulvic acid yield. A potential reason was that the
extraction process varied significantly because of the different sources of
raw materials.

This study used alkali solubilization acid analysis to extract the BFA
from corn straw compost. It differed from MFA extraction, and specific
microbial agents were utilized for composting in advance and then
pulled to obtain BFA. Compared to pretreatments with HNO3, H3PO4 or
HS04, the method was simpler, required fewer extraction steps and
yielded a high product content (Lu et al., 2021). In addition, pre-
processing of the corn straw compost by microbial agents partially
degraded the cellulose and other substances in the corn straw, which
reduced the number of chemicals used in the extraction process and was
also more suitable for the production of fulvic acid.
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3.2. Oxidation experiments with fulvic acid from corn straw compost

A reaction temperature of 60 °C was optimum for HyO, oxidation.
The reaction temperature had no significant impact on the TOC content
produced by air oxidation (Fig. 2A). A reaction time of 5 h was optimal
for air oxidation, and the reaction time had no significant effect on the
TOC content for HyO oxidation (Fig. 2B). Fig. 2C and D show that the
best result was obtained with an air volume of 8 L/min and a H505
content at 15%. The dosage of H>O5 had little effect on the TOC content
(Fig. E).

The fulvic acid extracted from paper mill effluents using hydrogen
peroxide (H203) as an oxidizer and titanium oxide (TiO3) as a catalyst
exhibited a lower molecular weight and more functional groups (Yao
et al., 2019a). The average molecular weight of the fulvic acid was
decreased significantly by ozonation (Shinozuka et al., 2002). Different
mechanisms may have resulted in the development of different in-
termediates (Li et al., 2008). Three oxidant systems (ozone,
ozone-hydrogen peroxide, and catalytic ozone) decreased the content of
dissolved organic carbon and biodegradable dissolved organic carbon in
the fulvic acid solution (Volk et al., 1997). This indicated that oxidation
was essential in extracting fulvic acid. An appropriate oxidizer may
improve the performance and quality of the fulvic acid.

3.3. Characterization of BFA and MFA

3.3.1. Elemental analyses

The elemental analysis results for BFA and MFA are shown in
Table 1. BFA had higher percentages of C and H than MFA, which could
be because more corn straw compost dissolved into the liquid. The MFA
included more sulfur content. A possible reason is that MFA was formed
from the chemical reactions of plant and animal remains that took
millions of years to form (Aida et al., 2022). High percentages of S and N
indicated high biomolecule levels (polypeptides and polysaccharides)
(Baddi et al., 2004), and these findings suggest that BFA might be more
biologically active. The C/H and C/O ratios were higher in the BFA than
in the MFA, indicating that the BFA components were less aromatic and
had more oxygen—containing functional groups (Iimura et al., 2012).
Fulvic acid isolated from the water of Ramsar Lake Mansar also had a
lower percentage of N than the MFA. The C and H percentages were
relatively higher than those of the MFA (Sharma and Anthal, 2022).

The total acid group content was 3.18 in MFA and 1.00 in BFA. BFA
had fewer total acid groups than MFA (Table 2). Functional groups
containing oxygen in BFA were predominantly acidic functional groups,
including carboxylic and phenolic hydroxyl groups. The low content of
acidic functional groups in BFA might be due to low humification levels
(Zhang et al., 2019). The functional groups contained in fulvic acid
exhibited strong complexation, chelating, and surface adsorption ca-
pacities, which reduced the loss of ammonium nitrogen (Wang et al.,
2021). Fulvic acid promoted nutrient uptake in crops and enhanced the
ability of crops to resist adverse environments (Lv et al., 2022). Oxy-
gen—containing functional groups complexed Cu?* in soil (Shi et al.,
2018), which is beneficial for environmental protection. Fulvic acid
might play an essential role in soil remediation due to its sizeable
phenolic hydroxyl content (Sun et al., 2020). Fulvic acid, one of the most
critical components in humic acid, contained the most
oxygen-containing functional groups and had the lowest molecular
weight (Gong et al.,, 2022a). The various extraction processes and
feedstocks impact the contents of the fulvic acid functional groups (Li
et al., 2013).

3.3.2. Spectral characteristics of BFA and MFA

The FTIR spectra of BFA and MFA (Fig. 3A) showed similar patterns
with characteristic peaks for the major functional groups, and the FTIR
spectra were consistent with the standard spectrum of fulvic acid (Yang
et al., 2008). The FTIR data were compared to findings from previous
studies (Gerasimowicz and Byler, 1985; Gong et al., 2020; Hernandez
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Fig. 2. Oxidation experiments with fulvic acid in corn straw compost. A: Different temperatures for the oxidation experiments with a reaction time of 3 h, an air
volume of 8 L/min, and a H,O, concentration of 15%. B: Different times for the oxidation experiments with a reaction temperature of 40 °C, an air volume of 8 L/
min, and a H,0, concentration of 15%. C: different ventilation capacity of the oxidation experiments for a reaction time of 3 h and a reaction temperature of 40 °C. D:
Different H,O, concentrations for oxidation experiments with a reaction time of 3 h and reaction temperature of 40 °C. E: Different doses of H,0, for the oxidation
experiments with a reaction time of 3 h and a reaction temperature of 40 °C. The results are the means of three replicates with error bars showing the standard
deviations. Lowercase letters represent significant differences among treatment groups.

Table 1
Elemental composition of BFA in corn straw compost and MFA in lignite.

Sample Elemental composition

C (%) N (%) H (%) S (%) O (%)* C/H C/0 C/N
BFA 31.45 0.75 2.77.00 3.11 61.92 11.35 0.51 41.93
MFA 21.22 0.97 2.48 9.12 66.21 8.56 0.32 21.88

*This value is the result of subtraction.

Table 2
Content of acidic functional groups in BFA from corn straw compost and MFA
from lignite.

Samples  Total acid Carboxyl Phenolic hydroxyl  Phenol
group (mmol/  (mmol/g) group (mmol/g) hydroxyl ratio
g) (%)
BFA 1.17 +0.02 0.08 £ 0.01 0.93 £ 0.04 98.32£0.11
MFA 3.18 £0.15 0.07 £ 0.02 3.13 £0.03 80.41 £+ 0.01

et al., 1990; May, 1965). Table A.7 and Table A.8 show the peak posi-
tions and intensities of the BFA and MFA. At 1500-1000 cm™ !, the BFA
had more peaks than MFA, which suggested that the BFA contained

more stretching vibrations for C-H, C—O in hydroxyls, and C—O in
phenyl ethers. The assumption has been made that microorganisms
partially decomposed the organic matter during composting of the BFA
(Amir et al., 2005). The BFA and MFA had a distinct strong band at
615 cm™!, which was attributed to the S—O stretching vibrations of
sulfonic groups. This band showed that oxidation led to the formation of
sulfur-containing functional groups (Yao et al., 2019b). The BFA had
more absorption bands than MFA in the region 1600 cm™* — 700 cm ™,
which indicated that BFA had more oxygen—containing functional
groups (such as hydroxyl and carboxyl groups) than MFA (Wang et al.,
2020). A possible reason was that the alkyl side chains of the macro-
molecular structure and the methylene bonds serving as bridges were
oxidized to oxygen—containing functional groups during alkaline
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Fig. 3. Spectroscopic characterization experiments for fulvic acid from corn straw compost. FTIR spectra of BFA and MFA (A). UV—vis absorbance spectra of BFA
and MFA (B). Three—dimensional excitation emission matrix fluorescence spectrum contour map for BFA and MFA (C, D).

hydrolysis of the BFA, such as carbonyls, aldehydes, and carboxylic acids
(Zhang et al., 2019). Similarly, the fulvic acid derived from sewage
sludge also had more oxygen-containing functional groups and fewer
hydrocarbons (lower aliphatic and aromatic degrees) (Li et al., 2013;
Gigliotti et al., 2001). Based on the above analyses, the FTIR data of the
BFA showed many similarities with MFA in terms of spectroscopic data.
However, the BFA had more hydroxide, carboxylic and small active
molecular groups than MFA.

The BFA and MFA displayed similar UV—Vis spectra (Fig. 3B).
Because there were many colour—generating functional groups, blue-
shifts or redshifts and overlap occurred in the different absorption
spectra and resulted in no pronounced absorption peaks (Zhang et al.,
2019). The absorbance peak for BFA at approximately 280 nm was
characteristic of double bonds (C—C, C—=0 and N = N) in aromatic rings
or unsaturated compounds, which may exist in lignin, hydroxycinnamic
acids, aniline derivatives, phenolic arenes and so on (Peuravuori and
Pihlaja, 1997). Obviously, this meant that the BFA contained more ar-
omatic rings or unsaturated compounds than the MFA. The peak
strength at 230 nm for BFA and MFA indicated that the conjugated
system had two double bonds in the molecule. This could come from
unsaturated aldehyde or quinone groups. Previous research has shown
similar results (Gong et al., 2022b). The E4/E6 ratio (the ratio of in-
tensities for the 465-665 nm peaks) is characteristic of fulvic acid. It
may represent the complexity of the molecule and the degree of conju-
gation for the carbonyl group (Ma et al., 2020). The E4/E6 value of the
BFA was higher than that of the MFA (Table A.9), indicating that the
BFA had lower aromaticity, a lower degree of carbonyl conjugation, and

a smaller molecular weight. This might be one of the reasons why the
BFA easy to absorb and use for crops (Zhang et al., 2021).

The three—dimensional fluorescence spectra of BFA and MFA are
shown in Fig. 3C to D. The BFA had a single visible fluorescence peak
located at Agx/Em = 335-370/440-475 nm. The MFA also had a fluo-
rescence peak that was located at Agx/pm = 360-450/425-475 nm. The
peaks were associated with the carboxyl and carbonyl groups (Alberts
and Takacs, 2004). The complex structure of BFA is composed of a va-
riety of groups capable of fluorescence. The overlapping of multiple
peaks led to the strong intensity and wide form of the fluorescence peak.
This result was consistent with the FTIR results (Fig. 3A). The fluores-
cence intensity of BFA was higher than that of MFA in the humic acid
area, indicating that the relative concentration of humic acid in the BFA
was high. The fluorescence index (FI), biological index (BIX), and hu-
mification index (HIX) were calculated to examine the characteristics of
the fulvic acid (Table A.10). FI was generally used in conjunction (Gao
et al.,, 2019; Huguet et al., 2009; Li et al., 2019). The FI of BFA was
observably higher than that of MFA, indicating that it was the result of
both natural and exogenous humus. The BIX of BFA (1.65) was signifi-
cantly higher than that of MFA (0.45), indicating that the proportion of
autogenic organic matter was high. The BFA was more conducive to crop
absorption and utilization (Li et al., 2021). The HIX of MFA (10.51) was
significantly higher than that of BFA (2.73), indicating that the MFA had
a higher degree of organic matter humification. MFA was formed from
animal and plant residues after one or more hundred million years of
humification. However, the humification time for BFA was short (Aida
et al., 2022), and the humification level was low.
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3.3.3. Surface morphology characteristics of BFA and MFA

The SEM image of BFA showed square, irregular lamellar crystals
(Fig. 4A). It was speculated that certain inorganic substances were
formed during drying at a steady temperature. However, the MFA
demonstrated a cluster structure (Fig. 4B). A possible reason was that
MFA was extracted from lignite with a complex oxidation reduction
response during the extraction process (Gong et al., 2022b). Similar
results were obtained with scanning electron microscopy on fulvic acid
(Jiang et al., 2011). In addition, due to the higher E4/E6 ratio, the
molecular weight of MFA was smaller (Wang et al., 2015). Hence, the
looser structure and smaller molecular weight of BFA were the crucial
reasons for better promotion of crop growth (Li et al., 2013).

3.3.4. XPS, 13C NMR and 'H NMR analyses of BFA and MFA

Tables A.11 and A.12 demonstrate the XPS results for BFA and MFA.
The corrected narrow C 1 s XPS data for BFA (Fig. 5A) and MFA (Fig. 5C)
showed that BFA had a higher proportion of the peak at 284.82 eV. The
BFA was higher than the MFA in C—C and C—H contents (Desbene et al.,
1986; Farzadnia et al., 2017). Nevertheless, in the O 1 s spectra (Fig. 5B,
D), there were no significant differences in the various surface com-
pounds. This indicated that the BFA and MFA contained more C-O- and
C=O0 (Yang et al., 2019; Gong et al., 2020). The surface compounds BFA
and MFA were similar (Desbene et al., 1986). The relative contents were
only partly different, which provided a theoretical basis for replacing
MFA with BFA. At the same time, this result also provided a reference for
further study of the mechanisms of action for BFA and MFA.

Fig. SE-F displays the 'H NMR spectra for BFA and MFA. The find-
ings were based on a number of studies (Francioso et al., 1998; Gong
et al., 2020; Javed et al., 2013; Lopez-Martinez et al., 2021; Sharma and
Anthal, 2022). The observed peaks can be found in Tables A.13 (BFA)
and A.14(MFA). The signals with chemical shifts from 0.8 to 4.5 ppm
were partitioned into four groups: (a) aliphatic terminal methyl protons,
from 0.8 to 1.4 ppm (H;); (b) protons with polar functional groups, such
as aromatic rings and carbonyl groups other than beta and beta positions
in aliphatic groups, from 1.4 to 1.8 ppm (Hj); (c) protons with aromatic
functional groups, such as aromatic rings and carbonyl groups in the
alpha position, from 1.8 to 3.3 ppm (H3); and (d) protons carbon-
—Ilinked to heteroatoms, for instance O or N, S, etc., from 3.3 to 4.5 ppm
(Hy). BFA contained more hydrogen species than MFA. The signals were
mainly concentrated in the 1.8-3.3 ppm and 3.3-4.5 ppm regions.
Compared to MFA, BFA had more phenol OHs with 6.27 ppm chemical
shifts. This difference might be due to the different sources and extrac-
tion methods for fulvic acid (Jarukas et al., 2021; Mghaiouini et al.,
2022). Based on the 'H NMR results, it was estimated that the BFA
contained more types of hydrogen (Sharma and Anthal, 2022). This
could be a potential reason why the corn straw compost was degraded
into small molecules by oxidation due to the action of microorganisms.
More alcohols, aldehydes, acids, and other compounds were present in
the BFA (Amir et al., 2005). Shilajit fulvic acid obtained from Shilajit
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capsules also showed similar results (Javed et al., 2013). The data also
concurred with those reported for 1 H NMR studies on natural fulvic
acid (Fujitake et al., 2012).

The CP-MAS '3C solid-state NMR spectra (Fig. 5G-H) resulted in
detailed distributions of C functionality and structural information for
the AFB and MFA. Typical peaks for fulvic acid existed for all fulvic
acids, indicating that they shared similar structural features (Marti-
nez-Balmori et al., 2014). The results were also consistent with those of
other authors (Keeler and Maciel, 2003). Among the spectra, the BFA
spectrum was relatively noisy. This meant that it represented a complex
mixture, while the MFA spectra were smoother, indicating that the MFA
was relatively pure. These interpretations of the spectra (Table A.
15-Table A.16) were based on numerous studies (Amir et al., 2004;
Baddi et al., 2004; Cao et al., 2016; Gondar et al., 2005; Inbar et al.,
1992; Preston, 1996; Ricca and Severini, 1993). The total region for each
spectrum was consolidated and split into the several regions: aliphatic
carbon (0-50 ppm), alkyl carbon substituted by oxygen and nitrogen
(50-110 ppm), aromatic carbon (110-165 ppm) and carboxyl carbon
(165-200 ppm) (Table A.17). Overall, the BFA had fewer C types than
the MFA. However, the BFA contained more carbohydrates than the
MFA in the region between 40 and 105 ppm. Moreover, BFA contained
more protonated aromatic carbons, which accounted for 50% of the
total. This indicated that the BFA contained more aromatic structures.
MFA contained special C types, such as amino aromatic carbons and
amino aromatic carbons (Gong et al., 2020). The proportion of amino
aromatic carbons in the MFA was 18.91%. Due to the high content of
amino aromatic carbons, the sulfur contents in the MFA were higher
than those in the BFA, which was consistent with the elemental analysis
results (Table 1). All 3C NMR signals for BFA and MFA matched those
observed for fulvic acid by other authors (Keeler and Maciel, 2003).

In summary, MFA and BFA characterization analyses showed that
there was little difference between them. The above analysis provides a
theoretical basis for further explorations of BFA and its replacement by
MFA.

3.4. Establishment of BFA molecular models

In this research, the molecular model was made to reveal the struc-
tural features of the BFA, with an average molecular weight under
500 amu as an example.

3.4.1. Calculation of parameters with IR and 13C NMR data

Data based on elemental analysis and FTIR split-peak fitting., the
calculated structural FTIR spectral parameters of BFA are as follows: I
= 1.06,f2', = 0.2750, f,, = 0.5731, and L = 7.5510. The diverse types of
carbon atoms were identified by '*C NMR analyses. The *C NMR pa-
rameters of BFA are displayed in Table A.18.

Fig. 4. Observations of the fulvic acid morphologies from corn straw compost. SEM photos of BFA (A) and MFA (B).
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Fig. 5. Identification of the compounds on the surface in fulvic acid from corn straw compost. X-ray photoelectron spectra (XPS) and NMR spectra of BFA and MFA; C
15 (A, C) and O 1s (B, D) XPS data, "H NMR spectra (E, F), and >C NMR spectra (G, H).

3.4.2. Establishment and optimization of the BFA molecular structure
model

Based on the elemental analysis, molecular weight, and the 1*C NMR
(Table A.18), the average chemical formula of BFA was determined to be
C17H1607 (Mr:332).

Based on the calculated carbon skeleton parameters, approximately
17 carbon atoms were present in benzene rings in the BFA. Therefore,
two cycles of benzene were calculated in the molecular model. In BFA,
the saturated aliphatic chain has five carbon atoms, the aromatic ring

linked by carboxyl groups has two carbon atoms, and the methyl and
methylene groups have three carbon atoms. For BFA, the molecular
model consisted a phenol hydroxyl group, an aryl ether, and two
carboxyl groups. With this assumption, only bit disubstituted benzene
rings can be ignored in BFA. It does contain two tetrasubstituted ben-
zene rings and one fir—substituted benzene ring.

The optimized wedge structure of BFA was obtained by quantum
chemical calculations using Gaussian software, with modifying the
placement and functional groups to match the experimental test data
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Fig. 6. Molecular model constructed for BFA. The structure of BFA (A). The ball—and—stick model of BFA (red spheres: oxygen atoms; grey spheres: carbon atoms;
white spheres: hydrogen atoms) (B). Comparison of the experimental and calculated spectra for BFA (C-D).

(Fig. 6A). The optimized ball—and—stick models of BFA were presented
in Fig. 6B. The average chemical formula was C;7H;607 (Mr=332) in the
BFA. Its main structure was composed of benzene rings, and its tetra—
and fir—substituted. The large number of oxygen-containing functional
groups in BFA, consisting of carboxyl and phenolic hydroxyl groups, had
a high oxygen content. In addition, while most benzene rings were
attached by methyl groups, lots of carboxyl groups situated at aliphatic
carbon chains. This was agreed with the outcomes of the testing and
instrumental analyses. It also discovered that different elements in BFA
were similar to the experimental elemental analysis.

Gaussian software was used to calculate a theoretical FTIR spectrum
for BFA, as shown in Fig. 6. The comparison of the experimental spec-
trum (Fig. 6D) and the calculated spectrum (Fig. 6C). The positions and
intensities of the main characteristic peaks were found to be in good
agreement. This indicated that the created molecular structure model
matched well with the actual molecular structure model. There were a
few differences in absorption peak intensities observed in the experi-
mental spectrum of BFA. As an example, the experimental spectrum
showed a broad and strong absorption peak in the range
1000-1500 cm ™}, mainly due to the vibrations of different types of
oxygen-containing functional groups in the BFA. In the calculated
spectrum, there was a comparatively broad absorption peak between
3000 cm™ ! and 4000 cm™ !. Several small and sharp absorption peaks
were found between 3500 cm™ ! and 4000 cm™ . The minor differences
in these peak positions may be owing to the impact of hydrogen bonding
on the spectral calculations (Yao et al., 2019b). In the calculated spectra,
there were many sharp peaks, while the experimental spectra contained
less and broader peaks. Being the large and broad absorption peaks, the
potential reason was the superposition of multiple absorption peaks for
everyone functional group in the experimental spectrum.

The calculated infrared spectrum highlights the typical peaks for
each functional group in the molecular structure. The other parameters
used to optimize the BFA model are presented in Table A.19-20. The

BFA molecular structure exhibited a smaller molecular weight and more
straightforward molecular structure than the MFA molecular structure
(Gong et al., 2020). Specifically, the MFA molecular structure included
one more nitrogen atom than BFA. The molecular weight of BFA was
half that of MFA. Moreover, there were differences in the degree,
number, and types of substitution. However, the benzene ring was the
main component in the molecular structures of BFA and MFA (Gong
et al., 2020).

In all, the functional groups of BFA and MFA were found to be
similar, as shown in Fig. 6. However, the molecular weights of BFA and
MFA were significantly different, which may be caused by the other
extracting materials. Building molecular models of BFA at various mo-
lecular scales is useful for exploring the physicochemical properties of
BFA.

3.5. Rice seed germination

Several studies have confirmed the efficacy and economic value of
fulvic acid in agricultural production (Braziene et al., 2021). The root
system plays a crucial role in plant growth, especially for nutrient uptake
(Felizeter et al., 2014). Compared with the control group, 0.3% BFA and
0.5% MFA significantly increased the seed root length (Fig. 7A). The
0.4% BFA and 0.3% MFA treatments notably increased the fresh weights
(Fig. 7B). The 0.2%—0.4% BFA, 0.1% MFA, 0.3% and 0.4% MFA
treatments improved the seed germination rates from 50% to more than
60% (Fig. 7C). Similarly, using the fulvic acid for seed dressing, it
increased the final germination percentage and reduced the mean
germination time for spring wheat, spring barley, and sugar beet (Bra-
ziene et al., 2021). The MFA germination index at 0.4% was significantly
different from that of the control group (Fig. 7D). The best treatment was
that with 0.3% MFA and 0.4% BFA (Fig. 7E-F). BFA facilitated the
growth of taproots and lateral roots. The same data showed that soaking
the seeds with fulvic acid accelerated seed metabolism and promoted



M. Chi et al.

Industrial Crops & Products 198 (2023) 116678

Fig. 7. Seed germination experiments with fulvic acid from corn straw compost. The seed germination rate (A), seed germination index (B), seed fresh weight (C),
and seed root length (D) are shown for different treatments with BFA and MFA. Seed germination photos for rice with different proportions of BFA (E) and MFA (F).
The results are the means of three replicates with error bars as the standard deviation. Lowercase letters represent significant differences between treatment groups.

seed rooting and germination (Wang et al., 2020). Straw extraction and
microbial fermentation of fulvic acid enhanced the germination, pro-
duction and yield of vegetables. A potential reason was that fulvic acid
promoted the growth of lateral roots and increased the lengths of the
main roots. As with plant hormones, heightened nutrient uptake is more
likely due to auxin-like substances (Braziene et al., 2021; Wang et al.,
2020; Zhang et al., 2021). BFA contained more oxygen—containing
functional groups, which promoted oxidation—reduction reactions in
the plants, thereby promoting plant growth. It was found that fulvic acid

10

changed the root—to—shoot ratio and significantly increased the
biomass, length, surface area, diameter, and volume of the roots (Wang
etal., 2022). Under salt stress, PFA1-3 promoted the growth of rice (Yao
et al., 2019a). Fulvic acid at 80 mg L ! increased the seed germination
rate by 12.9% and the radical length index and vigour index by 32.2%
and 49.7%, respectively (Zhang et al., 2021). The effects of fulvic acid on
plants depend on the source organic matter, the plant species, and the
growth medium (Calvo et al., 2014). The use of humic acid (WHA),
fulvic acid potassium (FAP), and fulvic acid distillate (FAD) improved
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the quality of lemons to varying degrees (He et al., 2022). Adding fulvic
acid effectively mitigated the combined effect of alkaline salt and
freeze—thaw stresses on plants (Qu et al., 2022).

Based on the above data, BFA and MFA had similar effects. BFA is
capable of use as a substitute for MFA, which has enormous application
prospects in agriculture and other fields. It can also be used as a growth
enhancer with specially coated microcapsules, which is vital for
reducing the use of chemical fertilizers (Pour et al., 2022). The real in-
dustrial production conditions and methods will be optimized in sub-
sequent investigations. Effective microbiological strains should also be
used for the fulvic acid extraction process. A wide range of field ex-
periments should be carried out to determine the dosage and ensure the
stability of the product.

4. Conclusions

In this study, the best alkali solution acid precipitation extraction
conditions were obtained, and the maximum extraction yield of fulvic
acid reached 2.063 g/L. BFA and MFA had similar structures in the
benzene ring as the major carbon skeleton in the molecular structure
model. Both BFA and MFA significantly enhanced rice seed germination
and root length. BFA could reduce the use of nonrenewable resources by
replacing MFA. The results also provided a foundation for extracting
fulvic acid from the corn straw compost in the industry. In the future,
BFA could be used with fertilizer as a new functional synergistic
fertilizer.
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