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ABSTRACT: Extraction optimization is very important for the quality of humic
acid (HA). In this study, actived HA (HA,,) was extracted from danty via catalytic
oxidation using birnessite as a catalyst and H,0, as an oxidant. Single-factor
experiments and the response surface method were used to optimize the acidic
functional group content of HA,;,. It was found that the maximum acidic functional
group content of HA, can be achieved when danty-crushing time, H,O,
concentration, and birnessite dose were 105.7 min, 20, and 2%, respectively.
Fourier transform infrared spectra showed that HAy had more surface functional
groups than commercial HA (HA.) and HA extracted using the traditional
method of the International Humic Substances Society (HA;). In addition, acidic
functional group titration showed that HAy had 84.3% more acidic functional
groups and 118.9% more carboxyl groups than HA; Additionally, HAy had the
greatest effect on promoting the dissolution of carbonate and bicarbonate,
promoting the settlement of calcaline alkaline soil, and improving the germination rate of wheat seeds under saline and alkaline
stress. This study provides a basis for the efficient extraction of active HA with rich functional groups and its application in
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agriculture and many other fields.

1. INTRODUCTION

Humic acid (HA), a mixture of macromolecular organic acids
generated during microbial degradation and transformation of
animal and plant remnants,"” is made up of aromatics, aliphatics,
and other components.” HA possesses a variety of functional
groups, including quinones, hydroxyl, carbonyl, phenolic and
alcoholic hydroxyls, and methoxyl.” Of all the functional groups,
the acidic ones of phenolic hydroxyl and carboxyl contribute
extremely greatly to the exceptional complexing and ion-
exchanging capacities of HA."

In recent years, HA has been broadly applied as a soil
conditioner.” The addition of HA can increase soil organic
matter content and improve soil physical, chemical, and
biological properties, thereby promoting plant growth and
increasing plant yield.*” The soil quality- and crop yield-
promoting effects of HA are especially significant for such soils
as calcareous soil and saline—alkali soil, which are of low fertility
and productivity.”*

The currently widely employed International Humic
Substances Society (IHSS) method of HA extraction is alkaline
extraction with NaOH solution, followed by HA precipitation at
low pH.” However, it is difficult to control the molecular
weight'* and functional group content'" of HA products due to
the weathering degree of raw materials and extraction methods.
Therefore, much of the research focuses on optimizing the HA
structure and improving HA activity. Tang et al. tried to activate
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the chemical activity of HA through solid-phase activation;'”
Zhang et al. proposed a new sequential dissolution method to
control the composition and structure of HA;'® Sarlaki et al.
purified HA by using membrane ultrafiltration.”” However,
these studies only compared the chemical activities of HA before
and after activation and did not carry out quantitative research
and application verification.

In this study, an oxidant (ie, H,0,) and a catalyst (ie.,
birnessite) were integrated to the IHSS HA extraction method
to obtain HA with rich functional groups and of low molecular
weight. Birnessite, as a manganese oxide with active properties,
' in the environment
(water environment, atmospheric environment), degradation of
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was mainly used to remove heavy metals

organic pollutants,'®'” and sterilization'®'”) and others in the
field of catalytic degradation. The activation of HA molecules is
closely related to the oxidation of side chain groups and the
degradation of macromolecular structures. We discovered that
birnessite has excellent degradation and catalytic properties, and
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for the first time, birnessite was used as a catalyst and H,O, as an
oxidant in the extraction process of HA.

Transmission electron microscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), hydrogen
temperature-programmed reduction (H,-TPR), and oxygen
temperature-programmed desorption (O,-TPD) were em-
ployed to study the morphology, structure, and physicochemical
properties of the birnessite prepared in this study. Single-factor
experiments were first conducted to find out the optimal H,O,
concentration, birnessite dose, and danty crushing time for
maximum acidic functional group content of the extracted HA.
Then, the response surface method was used to fine-tune the
above three factors. Finally, the effects of the extracted HA on
the sedimentation and carbonate and bicarbonate dissolution of
a calcareous soil were investigated. An experiment was also
conducted to investigate the effect of the extracted HA on wheat
seed germination under salt and alkaline stresses. This study
proposes a new method for extracting HA with highly acidic
functional group contents. Such HA can improve soil quality,
which is especially important for soils with poor structure, low
fertility, and low productivity, such as calcareous and saline—
alkali soils.

2. MATERIALS AND METHODS

2.1. Materials. The danty used for HA extraction was
purchased from Xindeli Power Supply Technology Co. Ltd,
Shandong, China. Analytical grade reagents including KMnO,,
H,0,, HCl, and NaOH were purchased from Tianjin Kaitong
Chemical Industry Co., Ltd., Tianjin, China. The commercial
HA (HA,) was purchased from Shandong Xindeli Power Supply
Technology Co., Ltd., Shandong, China. All solutions used in
this study were prepared with deionized water. The soil samples
were obtained from Huantai, Shandong Province, and classified
into Aquic Ustochrepts by the US Department of Agriculture’s
Soil System Classification (ST, 2010). The soil’s physical and
chemical characteristics are as follows: pH: 8.20 (1:2.5 soil to
water ratio) and organic matter content: 16.29 gkg™", Olsen—P:
9.78 mgkg™', NO, —N: 11.97 mg kg™, and NH,"—N: 4.49 mg
kg™

2.2. Birnessite Preparation and Characterization. For
birnessite preparation, 4 g KMnO, was ground and then putina
muffle furnace. The temperature was ramped to 1000 °C in the
first 2 h and held for 5 h. After cooled to room temperature, the
prepared birnessite was washed with deionized water several
timeZ%, dried at 105 °C to constant weight, and stored for later
use.

TEM images of the prepared birnessite were obtained with a
field emission transmission electron microscope (Tecnai G2
F20, USA) at a working voltage of 200 kV. XRD analysis of the
prepared birnessite was performed using an X-ray diffractometer
(D8-Advance, Bruker, Germany) with Ni-filtered Cu Ka
radiation (4 = 1.54 A), scanning from $° to 80° 20 at a scan
rate of 1° min~". O,-TPD was carried out using an AutoChemll
2920 (USA) apparatus equipped with a TCD detector. H,-TPR
was performed using a ChemiSorb 2720 (USA) apparatus
equipped with a TCD detector. The heating rate was 5 °C
min~", and 10 vol % H,—Ar mixture was used at a flow rate of 15
mL min~!. XPS was obtained on a Thermo escalab 250Xi
(USA), using a monochromatic Al Ka radiation source.

2.3. HA Extraction via Catalytic Oxidation and Acidic
Functional Group Optimization. Danty was crushed using a
Retsch MM400 mixer MILL (Verder Instruments and Equip-
ment Co., Ltd.,, Germany) at 30 r s™". Then, § g of the crushed
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danty was mixed with the prepared birnessite, and 25 mL H,O,
was added to the mixture. After 30-min reaction at room
temperature, 0.5 mol L™ NaOH was added at a solid—liquid
ratio of 1:10, and the reaction was carried out at 60 °C for 45
min.”' Then, centrifuged at 3200 r min™" for 15 min to separate
the alkali-soluble HA from the insoluble substances. The
supernatant was adgusted to pH 1 with 6 mol L™ HCI to
precipitate the HA,***’ and the obtained HA was vacuum-dried
at 65 °C to constant weight."”” To dissolve and remove the
impurities, the HA powder was washed several times with
deionized water (Figure S1). Ensure that there was no residual
HCl in the sample until the pH of the HA aqueous solution was
greater than 6 (Figure S2A,B).

To maximize the acidic functional group content of HA,
single-factor experiments were first performed at the same
vibrational frequency and different danty crushing times (0, 30,
60, 90, 120, and 150 min), H,0, concentrations (0.5, 1, 5, 10,
20, and 25%), and birnessite doses (0.3, 0.5, 0.7, 0.9, 1.5, and
2.0%). The three groups of single-factor test parameters are
shown in Table S1. Then, a three-factor three-level response
surface design (Table S2) was adopted based on the BOX—
Behnken design of response surface methodology (RSM) to
fine-tune the three factors using the Design-Expert software
(V8.0.6, State-Ease Inc., Minneapolis, USA).”* The HA
obtained under the optimal danty crushing time, H,O,
concentration, and birnessite dose (HA;) was used for later
characterization, soil sedimentation, and wheat seed germina-
tion experiments. For comparison purpose, HA was also
extracted using the IHSS method (HA;), with danty crushed
for the same time.

2.4. HA Characterization. 2.4.1. Fourier Transform
Infrared (FTIR) Spectroscopy. To identify the functional groups
of danty, HA, HA;, and HA,, approximately 0.5 mg of dried
sample was ground with 100 mg KBr and compacted to form
pellets. FTIR spectra were recorded between 400 and 4000 cm™!
ata resolution of 4 cm™" using an FTIR spectrometer (TENSOR
27, Bruker Co., Germany).

2.4.2. Acidic Functional Group Titration. The content of
acidic functional groups was measured based on the amount of
BaCl, adsorbed by the acidic functional groups.”” The content
of —=COOH groups was determined by potentiometric titration
of the acetic acid released from the reaction with calcium acetate.
The content of phenolic —OH was calculated as the difference
between total acidity and —COOH content.

2.4.3. UV—vis Spectroscopy. The danty, HA_, HA;, and HA,
were dissolved in 0.05 mol L' NaHCO;. The absorbances at
465 nm (E,45) and 665 nm (Eg45) were determined usinga UV—
vis spectrophotometer (T6 New Century, China), and E 45/ Eges
ratio was calculated.”®

2.4.4. Electrospray lonization Fourier Transform lon
Cyclotron Resonance Mass Spectrometry (ESI-FT-ICR-MS).
Before ESI-FT-ICR-MS analysis, the purified danty and HA,
were purified accordinbg to the procedure described by
Melendez-Perez et al,”® dissolved in NH; solution (10%,
analytical grade), and passed through a column packed with
protonated cation exchange resin (Agilent, USA, Bond Elut-
PPL, 1 g 6 mL, 30/PK).”” Then, ultrahigh-resolution mass
spectra were obtained using a SolariX XR mass spectrometer
(Bruker Daltonics, USA) equipped with a 9.4 T super-
conduczt(inzg8 magnet and a dual-mode ESI/MALDI ion
source.

2.4.5. HA Flocculation Test. In tubes containing S mL 0.02 wt
% HA, HA,, and HA; solutions, different volumes (in

https://doi.org/10.1021/acsomega.2c06411
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increments of no more than 0.02 mL) of 0.1 mol L™! CaCl, and
MgSO, solutions were added. Then, about 15 mL of deionized
water was added and the pH was adjusted to maintain the pH
between 8.0 and 8.5 in each tube. Finally, the volume was fixed
to 25 mL with deionized water. The tubes were shaken, left to
stand for approximately an hour, and observed for the
occurrence of flocculation. The flocculation limit (C,y,,,, mmol
mL™") was calculated as follows (eq 1):

c  _ MxVx1000
e 5 (1)

where M is the concentration of CaCl, solution added (i.e., 0.1
mol L), and V is the minimum volume of CaCl, solution
added for the occurrence of flocculation (mL).

2.5. Application HA. 2.5.1. Sedimentation Experiment. In
50 mL plastic centrifuge tubes containing 0.14 g of danty, HA,,
HA,;, and HA;, 10 g calcareous soil, and 25 mL of deionized
water were added. After shaking with water for 10 min,
centrifuged the supernatant to determine the relevant indices,
and then re-added water for extraction, and repeated the above
operation four times. The soil—danty/HA systems was
measured for absorbance at 665 nm after 0.5, 1, 2, 3.5, 15.5,
and 36 h using a UV—vis spectrophotometer (T6 new century,
China). Zeta potential of the soil—danty/HA systems was
measured using a laser particle size analyzer (Zetasizer Nano S,
Malvern, UK). For determination of CO;*~ and HCO;~
contents, 10 mL supernatant with phenolphthalein indicator
added was titrated with the standard sulfuric acid solution (V)
until colorless. After the bromophenol blue indicator was added,
the supernatant was titrated with the standard sulfuric acid
solution (V) again until colorless. The contents of CO;*™ (Cy, g
kg™') and HCO;™ (C,, gkg™") were calculated as follows (eqs 2,
3):

oo Wixex10x3

! 25 X 10 (2)
c - (V, —2V)) X ¢ X 10 X 6.1
2_ 25 X 10 ®3)
where cis the concentration of the standard sulfuric acid solution
(mol L7Y).

2.5.2. Seed Germination Experiment. In this experiment, the
germination of wheat seeds was tested in two media: NaHCO;
(i.e., alkaline stress; pH = 8.41) and NaCl (i.e., salt stress; pH =
6.83). For calcareous soil buffering effect to pH changes brought
on by the addition of acid or alkali, calcareous soil relies on
CO,>"/HCO;", so NaHCO, was used to simulate the alkaline
stress environment to make the environment more suitable for
the calcareous soil itself. For the two media, the concentration of
NaCl and NaHCO; were both 0.1 mol L™'. The aqueous
solutions of five samples, including CK (deionized water), danty
(1gL™"),HA (1gL™"),HA, (1gL™"),and HA; (1 gL™"), were
added to the two media, respectively. Thirty-six wheat seeds
were grown in each medium (6 X 6) with 9 replicates per
treatment. The seeds were then placed in an incubator under
constant growing conditions of 25 °C and humidity of 50—60%.
After 24 and 48 h, the number of germinated seeds was recorded,
and the germination rate was calculated.

3. RESULTS AND DISCUSSION

3.1. Morphological, Structural, and Chemical Proper-
ties of the Prepared Birnessite. The crystal structure of the
prepared birnessite was analyzed using XRD (Figure 1A). The
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Figure 1. X-ray diffraction patterns of (A1) prepared birnessite and
(A2) standard birnessite; transmission electron microscopy images of
(B1 and B2) prepared birnessite.

intense diffraction peaks of 20 located at approximately 12.9°
(001), 25.7° (002), 36.4° (110), and 40.2° (201) can be
assigned to the hexagonal phase (JCPDS no. 80-1098) of the
birnessite structure.””*’ It can be seen from the XRD pattern
that the crystallinity was good. Therefore, the structure of
manganese oxide was ascribed to birnessite with a certain extent
of the amorphous state. The interlayer distance (d) was
calculated according to Bragg’s law: 2dsinf = A, where @ is the
Bragg angle, and 4 is the X-ray wavelength. The diffraction peak
at 12.9° assigned to {001} facet was used to calculate the lattice
distance, and the calculated result (0.71 nm) was consistent with
that observed by TEM (Figure 1B).*° The results indicate that
typical birnessite was synthesized and no additional crystalline
phase was formed.

The catalytic activity of birnessite depends on the average
valence of manganese. The XPS Mn 2p spectrum of the prepared
birnessite displayed two peaks at 642.3 and 654.1 eV, which
were assigned to Mn 2p;/, and Mn 2p, ,, respectively (Figure
2A). The Mn 2p; , peak can be deconvoluted into three peaks at
640.7—640.8, 643.5—643.6, and 642.1—642.3 eV, which were
assigned to Mn?*, Mn>*, and Mn*, respectively.””*” After curve-
fitting, the ratio between Mn*" species (642.9 + 0.1 €V) and
Mn®* species (641.6 + 0.1 eV) was calculated to be 33.95%, and
the binding energy difference (E) of Mn 3s was 4.8 eV (Figure
S3). As the average oxidation state (AOS) of manganese is
calculated as 8.956—1.126E, the AOS of manganese in the
prepared birnessite was 3.55, indicating that manganese can
undergo both oxidation and reduction reactions to facilitate
electron transfer in the prepared birnessite.

The XPS O 1s spectrum of the prepared birnessite is shown in
Figure 2B. The peaks at approximately 529.7—529.8, 530.5—
530.8, and 532.9—533.5 eV corresponded to lattice oxygen
(Opg), surface adsorbed oxygen (Oy,), and surface residual
water, respectively. Surface-adsorbed oxygen readily participates
in oxidation reactions due to its high activity.”’ The surface-
adsorbed oxygen took up 51.6% of the total oxygen in the
prepared birnessite, which indicates that the prepared birnessite
was redox-active.

https://doi.org/10.1021/acsomega.2c06411
ACS Omega 2022, 7, 47192—-47201
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of (A) Mn 2p and (B) O 1s, (C) hydrogen temperature-programmed reduction (H,-TPR)
profile, and (D) oxygen temperature-programmed desorption (O,-TPD) profile of the prepared birnessite.

The reducibility of the prepared birnessite was evaluated by
H,-TPR. As shown in Figure 2C, the TPR profile of the prepared
birnessite can be divided into peaks @, f3, 7, and 6. The reduction
temperature of peak a was 205.3 °C, and the initial reduction
temperature of lattice oxygen represented by peak f was 316.2
°C.”> Representing the consumption of surface-adsorbed
oxygen species, peak a was the desorption peak of surface
chemisorbed oxygen (O, , O, etc.), and the surface adsorbed
oxygen could be converted to surface lattice oxygen. Peak f3, ¥,
and 6, with a peak area ratio of about 1:2:1, represented the
successive reductions of KMnO, — Mn,0; - Mn;0, —
MnO.**** In addition, O,-TPD was used to characterize the
oxygen desorption performance of the catalyst (Figure 2D), and
the result showed that the desorption peak of surface
chemisorbed oxygen was at 141 °C, indicating that the prepared
birnessite was a strong oxidant. The temperature (60 °C) during
HA extraction in this study was below 141 °C (Figure 2B).
Therefore, the birnessite was active during the whole reaction
process.

3.2. Optimization of HA Extraction Condition. The
acidic functional groups such as phenolic hydroxyl and carboxyl
play a crucial role in HA quality. The results of single-factor
experiments showed that the acidic functional group content of
the extracted HA was significantly affected by birnessite dose,
H, O, concentration, and danty crushing time (Figure 3A—C).
Acidic functional group content increased with increasing H,0,
concentration from 0.5 to 20% (Figure 3B) but did not change
significantly when H,0, concentration increased from 20 to
25%. It first increased and then decreased with increasing
birnessite dose, peaking at approximately 1.5% (Figure 3A).
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Similarly, it first increased and then decreased with danty

crushing time, peaking around 100 min (Figure 3C).
The RSM was used to determine the optimal combination of

(A) birnessite dose, (B) H,0, concentration, and (C) danty
crushing time for maximum content of acidic functional groups
of the extracted HA. Birnessite dose, H,O, concentration, and
danty crushing time were set at 1—2%, 20—25%, and 90—120
min, respectively, based on the results of single-factor experi-
ments (Figure 3A—C).

The model of the correlation between HA acidic functional
group content (Y) and (A) birnessite dose, (B) H,0,
concentration, and (C) danty crushing time was obtained
using Design-Expert software (Figure 3D—F). The fitting results
according eq 4 showed that at birnessite dose of 2.0%, H,O,
concentration at 20%, and danty crushing time of 105.7 min, the
content of acidic functional groups of the extracted HA (HA,;)
was the highest, 84.3,102.3, and 115.2% higher than that of HA;,

HA,, and danty, respectively.
The Prob > F value of the model was 0.0017 (P < 0.05),

indicating that the response surface regression model was
significant with a good fit to the data. The coefficient of
determination (R*) was 99.09%, indicating that the regression
model can well explain the variation in acidic functional group

24
content.

https://doi.org/10.1021/acsomega.2c06411
ACS Omega 2022, 7, 47192—-47201


https://pubs.acs.org/doi/10.1021/acsomega.2c06411?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06411?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06411?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06411?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
=75 "-;
] A g
g £
£ 7.0 - U 5
E- e S
& 65 . 4 1=6.1210+1.2024x-0.4235x> £
£ v R2=0.9371 | %
2 =
< s
Z 60 z
2 <
b=t
< 55 " . .
0.0 0.5 1.0 15 2.0 2.5
65 Birnessite dose (%) _
Ao o
> (B g
: £y
: . ___‘ 2-7,0‘5
g 6.0 o -+ g
iy 5 T=5.4124+0.0426x-0.007x2 | §
g [ 2 2
s e R2=0.9604 | %
S 5587 3
= <
3 ! 2
£ g
“
<50 y "
0 5 0 15 20 25 30
H202 concentration (%) =
= 45 or
o C g
& Ex
< .
g e g
sS40 T &
g ';/ . ]
o0 _ 2 °
= 4 £=3.7773+0.0113x-0.00008x 2
g R2-08047 | £
T 35 2
- 3
s <
3
~
< 3.0 - -
0 30 60 90 120 150

Crushing time (min)

D2 Acidic functional group (meq g')
= N

B:H,0, concentration (%)

1.0 1.2 14 1.6 18 20
A:Birnessite dose (%)

Acidic functional group (meq g*)

C:Crushing time (min)

90.0
1.0 1.2 14 L6 1.8 2.0
A:Birnessite dosc (%)
Acidic functional group (meq g')
25.0 ¢ F2

240 |

23.0+

:H,0, concentration (%)

90.0 96.0 1020 1080 1140 120.0
C:Crushing time (min)

Figure 3. Plots of the relationships between (A) birnessite dose, (B) H,0, concentration, and (C) danty crushing time and acidic functional group
content of the extracted HA. Three-dimensional plots and contour maps showing the effects of the interactions between A and B (D1 and D2), Aand C
(E1 and E2), and B and C (F1 and F2) on the acidic functional group content of extracted HA.

Y =014 — 1.385 X 10°A — 1.222 x 10°B
— 1.747 x 10°C + 2.838 X 10 *AB
+ 5.076 X 10°AC — 2.308 X 10 °BC + 0.0134°
+ 4492 X 10°B* + 3.389 x 107*C?
— 9233 X 10 °A’B + 4.462 X 10 °A°C
— 7.357 X 10 °AB® 4)

3.3. HA Characterization. The FTIR spectra of danty, HA,
HA,, and HA,, are shown in Figure 4. The peak at 1708 cm™,
which corresponded to the stretching vibration of C=0 in
carboxyl or keto groups,’ appeared in all four spectra but
showed a much higher intensity in the spectrum of HA,;, than in
the other spectra. The peaks at 3420 and 1601 cm™' were
attributed to the O—H and C=C bonds in aromatic rings,
respectively.” The peak at 1094 cm™" in the spectrum of danty
was due to aliphatic alcohol, ether, or thiol groups, but it was not
observed in the spectra of HA;, and HA.. Though the spectra of
HA; and HA, displayed almost the same peaks, the peaks in the
spectrum of HAy were of much higher intensity, indicating that
HA,, had more surface functional groups.

The contents of acidic functional groups, —COOH group,
and phenolic —OH group and the E,4;/E; ratios of danty, HA,,
HA,, and HA; are summarized in Table 1. Carboxyl and
phenolic hydroxyl groups make up the acidic functional groups
of HA. The higher its acidic functional group content, the more
chemically active the HA.® The acidic functional group

Intensity

T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 4. Fourier transform infrared spectra of the danty used for humic
acid extraction (Danty), commercial humic acid (HA_), humic acid
extracted using the International Humic Substances Society method
(HA,), and humic acid extracted using the catalytic oxidation method of
this study under optimal conditions (HA,).

contents were 7.06, 3.49, and 3.83 meq g, the —COOH
group contents were 6.61, 2.84, and 3.02 meq g~ ', and the
phenolic —OH group contents were 0.45, 0.65,and 0.81 meq g~*
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Table 1. Acidic Functional Group, Carboxyl Group, and
Phenolic Hydroxyl Group Contents, E,s/Es Ratios, and
Flocculation Limits of the Danty Used for Humic Acid
Extraction, Commercial Humic Acid (HA_), Humic Acid
Extracted Using the International Humic Substances Society
Method (HA,), and Humic Acid Extracted Using the
Catalytic Oxidation Method of this Study under Optimal

Conditions (HA,)

property component danty HA. HA; HA,
functional group acidic functional ~ 3.28 349 383  7.06
(meq g_%r group
carboxylic 0.91 2.84 3.02 661
phenolic 2.37 0.65 081 045
UV—vis analysis Egs 0.22 1.42 2.63 2.40
Eees 008 043 055 054
Eyes/ Eggs ratio 259 329 431 440
flocculation limit CaCl, 2.8 2.8 5.6
(mmol L™) MgSO, 360 400 480

in HA,, HA,, and HA,, respectively. Compared with the danty,
HA, had higher contents of acidic and -COOH groups.
Compared with HAj, the acidic functional group content of
HA, increased by 84.3%, which was due to catalytic oxidation.

It is commonly known that the E,s/Eqs ratio of HA is
correlated with its average molecular weight and size and oxygen
content. In addition, E,4s/Egs ratio decreases with an increase in
the condensation of HA. As shown in Table 1, the E,4/Egqs
ratios of danty, HA, HA;, and HA,, were lower than §, displaying

a typical UV—vis property of HA. The E,/E4s ratio of HAy
(4.40) was higher than those of HA, (3.29) and HA; (4.31),
indicating that HA had a lower average molecular weight and a
higher oxygen content than HA_ and HA;. The flocculation
limits of HA,, HA_, and HA; were 5.6, 2.8, and 2.8 mmol L™},
respectively, in CaCl, solution and 48.0, 36.0, and 40.0 mmol
L7!, respectively, in MgSO, solution (Table 1). The higher
flocculation limit values of HA, may be related to the lower
molecular weight caused by catalytic oxidation.
ESI-FT-ICR-MS is a powerful structural analysis technology.
It is widely employed to distinguish substances of similar
sources. The Van Krevelen diagrams illustrate the molecular
compositions of HA,, (Figure SA) and the danty (Figure SB).
According to the H/C and O/C ratios, the HAy and danty were
composed of the following seven groups of components: lipid-
like (H/C: 1.5—2.0; O/C: 0—0.3), protein-like (H/C: 1.5—2.2;
O/C: 0.3—0.67), carbohydrate-like (H/C: 1.5-2.2; O/C:
0.67—1.2), unsaturated hydrocarbon-like (H/C: 0.7—1.5; O/
C: 0—0.1), lignin-like (H/C: 0.7—1.5; O/C: 0.1—0.67), tannin-
like (H/C: 0—1.5; O/C: 0.67—1.2), and condensed aromatic
component (H/C: 0.2—0.7; O/C: 0—0.67) (Figure 5C).**"*’
Compared with the danty, HA, extracted via catalytic oxidation
showed significantly lower relative abundances of lipid, protein,
unsaturated hydrocarbon, and lignin (Figure SA,B). For
instance, lipid and protein relative abundances in the danty
were 4.2 and 0.15%, compared to 0.5 and 0.03% in the HA;. The
relative abundance of unsaturated hydrocarbons in the danty
was 0.2%, which was 10 times that of HA, (Figure SD).
Additionally, the content of lignin in HA,, was reduced by 67.2%
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Figure S. Van Krevelen diagrams of (A) humic acid extracted from danty via catalytic oxidation under optimal conditions (HAy,), (B) danty used for
HA,, extraction, (C) humic acid component classification based on H/C and O/C ratios, and (D) component relative abundances of the danty and

HA,.
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during soil sedimentation in the tubes; (C) zeta potentials of soil—danty/HA systems; (D) HCO;~ content changes with four-time extraction; and (E)

CO,* content changes with four-time extraction.
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Figure 7. (A) Photos showing seeds germinated under salt and alkaline stress; (B) germination rates of wheat seeds in NaCl solution (i.e., salt stress)

and (C) NaHCOj; solution (i.e., alkaline stress).

compared with danty (Table S3). In contrast, the relative
abundances of carbohydrate and condensed aromatic were
higher in HA, than in the danty. For example, the relative
abundance of carbohydrate was 0.04% in the danty, and it was
1.1% in HA,,. This may be related to the significant increase in
the content of functional groups such as carboxyl groups in HA,
(Table 1). The increase of condensed aromatics and reaction
speed in HAy indicated that side chains between the molecule
and the hydrogen of the aromatic ring were decreased (Figure
S4). This could be caused by aromatic ring molecules being
linked to each other by acidic functional groups during catalytic
oxidation,”***”

3.4. Beneficial Effects of HA on Soil and Plant. Figure 6A
shows the sedimentation process of the calcareous soil with
addition of the A shows the sedimentation process of the
calcareous soil with the addition of different samples;,, CK and
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danty, HA, and HA,. After 0.5-h standing, the supernatants in
the tubes with HA, and HA; added were much clearer than those
in the other tubes. After 3.5 h, most of the soil particles in the
tube with HA_added had settled down in the bottom of the tube,
whereas almost all soil particles in the tubes with HA; and HA;
had settled down in the bottom. In contrast, many particles in
the tube with no danty or HA added (CK) were still suspended,
and very few in the tube with the danty added had settled down.
Only after 36 h, clear supernatants were observed in CK and the
tube with danty. Soil settlement is affected by soil properties like
particle size, organic matter content, pH value, and so on.
According to Stokes’ law, the settlement rate of soil particles is
determined by the colloidal dispersion system.”” It can be seen
in Figure 6B that the A4 values of the supernatants in the tubes
with HA added decreased much more rapidly than those in CK
and the tube with danty added. As for the three HA treatments,
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Aggs decreased most rapidly in HAy, followed by HA; and then
HA.. Figure 6A,B demonstrates that HA can accelerate the
sedimentation of calcareous soil, which may be related to its
acidic functional groups of —COOH and phenol —OH.**Figure
6C shows that zeta potential was significantly lower in the HAy
and HA| treatments than in CK and the danty treatment. This
could be explained by the deprotonation of the —OH/—COOH
groups, which generated H* ions to react with the OH™ ions. As
aresult, the electrostatic double layers became thinner, and zeta
potential decreased. As HA and HA; possessed more —OH/—
COOH groups (Table 1),”” their addition to the calcareous
alkaline soil led to larger decreases in zeta potential. It could be
explained that adding HA changed the original properties of the
colloidal dispersion system due to the action of acid functional
groups, thereby accelerating calcareous soil settlement.*®

Calcareous soils have a poor structure because of their high
contents of calcium carbonate and magnesium carbonate, which
are sparsely soluble. The concentrations of HCO;~ and CO;*~
in the extract were always higher in the HAy treatment than in
the other treatments (Figure 6D,E), indicating that HA,
performed better in promoting the continuous dissolution of
calcium carbonate and magnesium carbonate from the
calcareous soil, which would lead to a better structure and
quality of calcareous soils. For soil buffering effect to pH changes
brought on by the addition of acid or alkali, calcareous soil rely
on sodium bicarbonate. The effect of HA on the acid—base
buffer system (HCO;~/CO5>7) can also be used to adjust the
pH of calcareous soil.

Wheat seeds under saline and alkaline stress were shown in
terms of their growth status (Figure 7A) and germination rate
(Figure 7B,C). In the salt stress environment, application of HA
increased the germination percentage of wheat seeds by 15.2—
21.9%, and HA treatment had the best effect. Under alkaline
stress conditions, application of HA promoted wheat germina-
tion significantly in the first 24 h.® After 48 h, the effect of danty
and HA; samples was not statistically different from CK in
germination rate, but HA, was still significantly better than CK.
These findings indicated that HA, extracted via catalytic
oxidation had a significant promotion effect on wheat seed
germination percentage in a saline—alkaline stress environ-
ment.** This could be attributed to the highlong-term
performance of the acidic functional groups (Table 1) and
organic matter components (Figure SA,B).4 42

4. CONCLUSIONS

Birnessite with good crystallinity was prepared in this study. The
lattice contained active oxygen, and with an AOS of 3.55,
manganese had a good catalytic ability. The prepared birnessite
was applied as a catalyst in the extraction of HA from danty, and
the obtained HA had high contents of acidic functional groups.
Extraction conditions were optimized using single-factor
experiments and RSM. The optimal HA extraction conditions
were found to be danty crushing time of 105.7 min, H,O,
concentration of 20.0%, and birnessite dose of 2.0%. The HA
extracted via catalytic oxidation under optimal conditions
performed better than commercial HA and that extracted
using the conventional IHSS method in promoting the
aggregation of calcareous soil. The HA sample extracted by
catalytic oxidation could improve the growth of wheat seeds
under saline and alkaline stress conditions, and it could be
applied in calcareous soils to improve the soil structure by
promoting aggregation, as well as crop growth and agricultural
production.
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