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Abstract: In the process of phosphate fertilizer production, adding humic acid to produce humic-
acid-value-added phosphate fertilizer can improve fertilizer efficiency and promote crop growth.
Although studies have primarily focused on investigating the impact of humic acid’s structure and
function on phosphorus availability in humic-acid-added phosphate fertilizers, there is limited re-
search on the regulatory effects of phosphorus fertilizer structure and the synergistic mechanisms
involving microorganisms. Therefore, this study aimed to examine the chemical and biological
mechanisms underlying the increased efficiency of humic-acid-added phosphate fertilizers by im-
plementing various treatment processes. These processes included physically blending humic acid
with phosphate fertilizer (HA+P), chemically synthesizing humic acid phosphate fertilizer (HAP),
using commercially available humic acid phosphate fertilizer (SHAP), employing ordinary potassium
phosphate fertilizer (P), and implementing a control treatment with no phosphate fertilizer (CK).
Investigating the synergistic mechanism of humic-acid-added phosphate fertilizers holds significant
importance. The results showed that during the preparation of HAP at high temperature, a new
absorption peak appeared at 1101 cm−1, and a new chemical bond -O- was formed. The hydroxyl
fracture in humic acid combined with phosphoric acid to form a phosphate ester (P-O-C=O) structure.
HAP residues were concentrated on the surface and loaded with more soil minerals. The content of
highly active oxygen-containing functional groups—such as aromatic C-O, carboxyl/amide carbon
and carbonyl carbon—increased significantly, while the content of alkyl carbon, oxyalkyl carbon, and
aromatic carbon decreased. Upon combining humic acid with potassium phosphate, the carboxyl
group and calcium ions formed the HA-m-P complex, increasing the content of soluble phosphate
(H2PO4

−) in the soil by 1.71%. Compared to HA+P treatment, HAP treatment significantly increased
the soil’s available P content by 13.8–47.7% (P < 0.05). The plant height, stem diameter, and above-
ground biomass of HAP treatment were increased by 21.3%, 15.31%, and 61.02%, respectively, and
the total accumulations of N, P, and K nutrient elements were increased by 6.71%, 31.13%, and 41.40%,
respectively, compared to the control treatment. The results of high-throughput sequencing showed
that the rhizosphere soil of HA+P and HAP treatment was rich in bacterial groups, the soil microbial
structure was changed, and the bacterial community diversity was increased under HAP treatment.
The number of genes encoding phytase and alkaline phosphatase associated with organophosphorus
dissolution increased by 3.23% and 2.90%, respectively, in HAP treatment. Humic acid phosphate
fertilizer forms phosphate esters in the process of chemical preparation. After application, the soil’s
microbial community structure is changed, and soil enzyme activity related to phosphorus transfor-
mation is improved to promote tomatoes’ absorption of soil nutrients, thus promoting tomato plant
growth and nutrient accumulation.
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1. Introduction

In global agricultural production, phosphorus (P) ranks as the second-most limiting
nutrient for crop yield after nitrogen [1]. As an essential nutrient for crop growth, P
serves various crucial functions throughout the plant’s lifecycle [2,3]. The application of
phosphate fertilizers (such as TSP, SSP, FCMP, DAP, MAP) has been proven to promote crop
growth, development, and ultimately to increase yield [4–7]. However, after the application
of phosphate fertilizer, soil buffer capacity decreases, and phosphorus is absorbed by
soil colloidal particles and metal ions, gradually forming non-available phosphate that is
difficult for crops to absorb and utilize [8,9] because of the poor mobility of phosphorus in
soil [10]. At present, the utilization rate of phosphate fertilizer in China is about 10–20% [11].
In pursuit of high yield, excessive application of phosphate-based fertilizer will lead to
the depletion of phosphorus reserve resources and cause environmental problems [12].
Therefore, improving the use efficiency of phosphate fertilizer in agricultural production
systems will still be a major challenge in the future. Increasing the solubility and availability
of soil and improving the utilization efficiency of phosphate fertilizer are the key to solving
the persistent and global phosphorus crisis. The development of highly efficient phosphate
fertilizers through microbial, physical, and chemical modification methods holds promising
potential in alleviating the global phosphorus crisis [13–15].

Humic acid, a naturally occurring macromolecular organic substance, is formed through
the decomposition and transformation of animal and plant remains by a variety of microor-
ganisms as well as through various physical and chemical processes in nature [16,17]. It exists
widely in nature and plays an important role in improving soil health and plant growth [18].
The basic structure of humic acid macromolecules is an aromatic ring and a lipid ring,
and the rings are connected with carboxyl, hydroxyl, carbonyl, and other active functional
groups, so it has a variety of functions. For example, humic acid can increase the availability
of phosphorus in soil and fertilizer by chelating metal ions [19] and competing with phos-
phate for adsorption sites on soil particles’ surfaces [20–22]. Humic acid has positive effects
on crop seed germination, seedling root and stem growth, enzyme activity in soil [23], crop
yield and quality, etc. Therefore, humic acid is always applied in large quantities to the soil.

In recent years, ordinary phosphate fertilizer (organic phosphate fertilizer) combined
with trace plant biohormones has become an emerging method of improving the efficiency
of phosphate fertilizer [24], and the fertilizer made is called value-added phosphate fertilizer.
Humic acid has become a popular carrier in the development of synergistic fertilizers
based on its structural characteristics and good effects [25]. The effect of humic acid
on phosphate fertilizer is closely related to its dosage, type, functional group structure,
and molecular weight [26]. Jing et al. [27] showed that humic acid phosphate fertilizer
prepared at high temperature increased the contents of carboxyl groups and low molecular
components, but reduced hydrophilicity or inappropriate addition amount would lead
to insignificant synergy of humic acid with phosphate fertilizer and crops. Through soil
column experiments, Wu et al. [28] found that humic acid limited the adsorption of PO4

3−

by goethite to varying degrees, and higher concentrations of humic acid usually led to
a lower adsorption capacity of goethite. However, the chemical structure, molecular
morphology, binding mechanism, and biological synergistic mechanism of humic acid
organic phosphate fertilizer are still unclear in view of the current technological level.
Based on this phenomenon, combined with the properties of humic acid, we analyzed the
structural changes after the chemical combination of humic acid and phosphate fertilizer,
and the synergistic mechanism was explored from the chemical and biological perspectives
to explain the growth and nutrient absorption of tomato plants.
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Therefore, this paper delves into different combination processes of humic acid and
phosphate fertilizer regulating the transformation of phosphorus and improving the effec-
tiveness of phosphorus and the microcosmic mechanism by using advanced characterization
techniques. It has important research significance for improving the crop absorption and
utilization efficiency of phosphorus, contributing to the production of the phosphate fertilizer
effect, promoting green agricultural production and ecological environment protection.

2. Methods
2.1. Preparation for Materials

Extracting humic acid (HA) from weathered coal. Firstly, the ground and screened
weathered coal were mixed evenly with 0.5 M NaOH at a solid–liquid ratio of 1:10. After
the solution was stirred at room temperature for 24 h, the impurities were removed via
centrifugation at 8000 r/min for 10 min to obtain humic acid solution. The pH of the humic
acid solution was adjusted to 1 with 6.0 M HCl, and the solution was left standing for 24 h.
After centrifugation at 8000 r/min for 10 min, the supernatant was discarded to obtain the
crude extracted humic acid. Then, the crude extracted humic acid was mixed evenly with
0.1 M HCl+ 0.3 M HF solution; the solid–liquid ratio was always 1:10, and the inorganic
substances were removed by shaking for 24 h and washing 3 times to purify the crude
humic acid. Similarly, Cl− was removed by washing with deionized water 3 times at a
solid–liquid ratio of 1:10. Finally, the purified humic acid was freeze-dried to obtain humic
acid powder, which was dried and stored for later use.

Preparation of physical blended humic acid phosphate fertilizer (HA+P) and chemi-
cally synthesized humic acid phosphate fertilizer (HAP) for the test fertilizer. Humic acid
material accounting for 10% of the total mass of phosphoric acid solution and potassium
hydroxide (the molar to mass ratio of phosphoric acid to potassium hydroxide was 1/2)
was added to the phosphoric acid solution and stirred well. Then, potassium hydroxide
was added—followed by rapid stirring, grinding, sieving, and drying for preservation—to
obtain the humic acid phosphate fertilizer used in the test through high temperature acid–
base reaction. Humic acid cracking small molecules may be combined with phosphoric
acid to form new substances through acid–base neutralization reactions. The phosphate
fertilizer made of humic acid is codenamed HAP, and the ordinary phosphate fertilizer
without humic acid added, codenamed P. The ordinary phosphate fertilizer P was physi-
cally blended with the same mass of humic acid material as above to obtain the physical
blending of humic acid phosphate fertilizer used in the test, recorded as HA+P.

2.2. Plant Material and Test Methods
2.2.1. Materials and Test Procedure

The pot trials were conducted in the experimental greenhouse of Anhui Agricultural
University’s Nongcui Garden, Anhui Province, China. The test soil was taken from the
0–20 cm cultivated layer of the 3-year cultivated shed in the vegetable science and tech-
nology demonstration garden in He County, Anhui Province, China. Basic physical and
chemical properties of the soil were as follows: pH: 6.66, organic matter: 19.10 g·kg−1,
total nitrogen: 1.20 g·kg−1, available phosphorus: 76.0 mg·kg−1, available potassium:
443 mg·kg−1.

Five treatments were set up in the experiment: (1) no phosphate fertilizer treatment
(CK); (2) common phosphate fertilizer treatment (P); (3) chemical synthetic humic acid
phosphate fertilizer treatment (HAP); (4) physical blending humic acid phosphate fertilizer
treatment (HA+P); (5) market humic acid phosphate fertilizer treatment (SHAP, Sinochem
Fertilizer Co. Ltd., Beijing, China).

Tomato seeds (Jingfan 308F1) were sterilized with 10% H2O2 for 30 min and incubated
in warm broth in a water bath at 35 ◦C for 2 h, followed by dark incubation in a light
incubator until the seeds showed white. The seeds were incubated at 27 ◦C and 60%
humidity. After germination, seedlings were sown in the substrate for seedling develop-
ment. The soil was dried, ground, and sieved. Urea and potassium sulfate (N:0.2 g·kg−1,
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K2O:0.15 g·kg−1 soil) were mixed into the soil at the same time, and phosphorus fertilizer
for the test was placed in a dialysis bag according to the principle of equal phosphorus
amount (P2O5:0.15 g·kg−1 soil) and buried in the soil. The tomato seedlings were trans-
planted after 10 days of growth. Normal water management was carried out daily, and
plants were harvested after 40 days of growth.

2.2.2. Sampling and Test Methods

The residual materials in the HA+P- and HAP-treated dialysis bags were collected
and characterized. Rhizosphere soil samples from the 5th, 12th, 22nd, and 40th days of
tomato culture were dried, ground, and screened. The content of available phosphorus in
soil was determined via 0.5 mol·L−1 NaHCO3 extraction and the molybdenum–antimony
resistance colorimetric method. Fresh soil samples collected on the 5th and 40th days
of HAP and HA+P treatments were stored at −20 ◦C for DNA extraction, and high-
throughput sequencing, and bioinformatic analysis of microbial community. Rhizosphere
soil samples collected by HA+P and HAP on the 5th day were denoted as HA+P5 and
HAP5, respectively, and rhizosphere soil samples which were collected on the 40th day
were denoted as HA+P40 and HAP40, respectively.

The above-ground part of tomato plant samples was separated from the underground
part. After washing and drying, the biomass indexes such as seedling height, stem diameter
and dry weight were measured. The dried samples were boiled with H2SO4-H2O2, and
the total nitrogen content of plants was determined by Kjeldahl method. The content of
total phosphorus was determined by molybdenum-antimony resistance colorimetry. The
content of total potassium in plants was determined by flame spectrophotometry.

2.3. Characterization Methods

Scanning electron microscopy-Energy dispersive spectrometer. The surface morphologies
of HA+P and HAP residues were scanned using a scanning electron microscope (Hitachi
S-4800), and the self-contained energy spectrometer analyzed HA+P and HAP residues to
determine elemental composition.

Fourier-transform infrared spectroscopy. The functional group structure of the test phos-
phate fertilizer was analyzed using an infrared spectrometer (Bruker VERTEX 70). Test
conditions: approximately 2 mg of sample and 200 mg of potassium bromide were mixed
and pressed, and the infrared spectral characteristics of the sample in the wave number
range 4000–400 cm−1 were recorded using an FT-IR spectrometer. Baseline correction of
the spectra and data smoothing correction were performed using OMINC 8.2 software.
Plotting was performed using Origin 2018 software.

X-ray photoelectron spectroscopy. XPS (Thermo Scientific K-Alpha, the United States of
America) was used to characterize the composition of HA+P and HAP residue materials as
well as the chemical state of each component and to quantitatively analyze the content of
each component.

Solid-state 13C-nuclear magnetic resonance spectroscopy. The detailed distribution of
HA+P and HAP residues’ carbon functional groups was elucidated via NMR technique
(Bruker 400 M). The carbon types were divided into alkyl carbons (CAlk, 0–65 ppm), O-alkyl
carbons (CAlk-O, 65–100 ppm), aromatic carbon (CAr-H,R, 100–140 ppm), O-aromatic carbon
(CAr-O,140–156 ppm), carboxyl carbon (CCOO-H,R, 156–190 ppm), and carbonyl carbon
(CC=O, 190–250 ppm) [29,30].

2.4. High-Throughput Sequencing and Bioinformatic Analysis of Microbial Community

The detection of soil microbial community was performed according to previous
study [31]. Soil total DNA was extracted from 0.5 g of fresh soil using a FastDNA Spin Kit
for Soil (MP Biomedicals, Santa Ana, CA, USA). Primer sets 799F/1193R and ITS1f/ITS2
were used for PCR amplification of the V5-V7 region of bacterial 16S rRNA gene and
the ITS (internal transcribed spacer) of fungal rRNA genes, respectively. The 25-µL PCR
system contained 12.5 µL PCR premix (ExTaqTM; Takara, Shiga, Japan), 0.5 µL (10 µm)
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of the forward and reverse primers, 0.5 µL DNA template (20 ng/µL), and 11 µL sterile
double-distilled water. PCR was performed with the thermocycle of initial denaturation
at 94 ◦C for 10 min, 30 cycles of denaturation at 94 ◦C for 30 s, annealing at 55 ◦C/56 ◦C
(16S rRNA/ITS) for 45 s, extension at 72 ◦C for 1 min, and a final extension at 72 ◦C
for 10 min. High-throughput sequencing of the PCR products was performed using the
Illumina HiSeq2000 platform (Illumina, San Diego, CA, USA).

Bioinformatic analysis was performed using the VSEARCH package (version 2.21.1)
as described in previous studies [32,33]. Briefly, the paired-end reads were merged, and
low-quality sequences (errors per base greater than 0.001 or length < 150 bp) were fil-
tered. Next, chimeric reads were detected and removed using the UCHIME algorithm
(uchime3_denovo). Then the high-quality reads were denoised using the UNOISE algo-
rithm (version 3), and ZOTUs (zero-radius operational taxonomic units) were generated.
Taxonomic assignment of the ZOTUs was performed using a Sintax algorithm [34] based on
the reference of the SILVA rRNA database (version 138) and the UNITE database (version
8.3). After removing the ZOTUs that could not be assigned as bacteria or fungi, bacterial
and fungal OTU tables were rarefied to 130,000 and 85,000 reads per sample, respectively,
for downstream analysis.

PICTUSt2 [35] (phylogenetic investigation of communities through reconstruction of
unobserved states) was used to predict the functional profiles of the bacterial community.
The genes involved in P transformation were selected to detect bacterial phosphorus
transformation functional potential [36].

2.5. Calculation and Statistical Analysis

The characterization results were analyzed using corresponding software. Data statis-
tical analysis was performed using the R package (version 4.2.2) as described in previous
studies [37,38]. One-way ANOVA was used to detect the significance of differences be-
tween treatments. Principal coordinate analysis (PCoA) based on Bray–Curtis distance was
performed using a “vegan” library to show the difference between microbial communities
under different P treatments. α diversity of microbial communities was determined using
a “vegan” library. IBM Statistics SPSS 22.0 software (Duncan) was used, and all data were
the means of three observations. Origin 2022 was used for illustration.

3. Results and Discussion
3.1. Structural Characterization of Synthetic Fertilizers

Figure 1 shows the surface morphology of HA+P and HAP. Under different magnifica-
tion electron microscopy scans, HA+P and HAP showed some differences, with a smoother
surface compared to HAP, and both exhibited loose and rich pore structures which were
similar to the structure of humic acid previously reported in the literature [39,40]. Compar-
ing HA+P and HAP by magnifying the image 20,000 times, HAP has more mesh structure
on its surface and more mineral particles attached. Many depressed pores were formed
on its surface under the effect of high-temperature reaction. The results showed that the
chemical binding process of HA+P with phosphate fertilizer increased the surface area of
HAP and revealed more binding sites, while its amorphous structure was well preserved.

In addition, we also characterized synthetic materials using infrared spectroscopy.
Figure 2 shows the FT-IR spectra of P, HA+P, and HAP fertilizers. The FT-IR spectra of all
three fertilizers are similar. The peaks at 3415 cm−1 are caused by the stretching of the -OH
in alcohol and phenols. The peaks at 2489 cm−1 are skewed because of the stretching of
PO-H, and the peak at 1631 cm−1 is shifted to 1654 cm−1 due to the vibration stretching of
the -COOH. Moreover, HAP produced a new vibrational peak at 1101 cm−1 compared to P
and HA+P, indicating the formation of a new chemical bond, -O-. The vibrational intensity
of the peak of HAP at 980–500 cm−1 was lower than those of the other two materials,
indicating the reduction of ash content in HAP. These FT-IR spectroscopy results show that
the main functional groups of humic acid were not changed during the high-temperature
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preparation of HAP, and new chemical bonds -O- were generated through bond cleavage
and generation, which combined with phosphorus molecules to form phospholipid bonds.
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3.2. Mechanism of Chemical Synergistic Effect of Humic acid Phosphate Fertilizer on
Phosphorus Availability

It can be observed from Figure 3 that the addition of humic acid had a greater effect
on the available phosphorus content of the soil, showing a trend of first increasing and
then decreasing, which is consistent with the nutrient release law of phosphorus in the
soil. It was significantly increased compared to the application of common phosphorus
fertilizer alone, which is because humic acid contains a variety of functional groups with
strong ion exchange and adsorption ability, which can activate insoluble phosphorus
in soil and increase the effectiveness of phosphorus [41]. The HAP treatment reached
significant levels at different sampling periods, increasing by 13.8%, 21.2%, 47.7%, and
28.7% compared to the HA+P treatment. Among them, the soil fast-acting phosphorus
content reached a maximum in all treatments at day 12. The combination of humic acid with
phosphorus fertilizer had a high EC value within the phosphorus fertilizer microdomain,
which alleviated the direct decomposition of humic acid by microorganisms and also
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affected the phosphorus effectiveness and the phosphorus uptake by plants [42]. The
results showed that the application of humic acid phosphate fertilizer prepared with humic
acid had an increased effect on phosphorus effectiveness in the soil.
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Figure 4 shows the SEM-EDS diagram of the residue of the dialysis bag after pot
culture of HA+P and HAP. Some humic acid pieces and particles can be seen from it. Both
materials have rough surfaces, and HAP surface particles are small in size. The surface of
HAP (Figure 4b) shows an aggregation state, which is caused by the reaction of functional
groups on the HAP surface with mineral ions to form some complexes, resulting in the
loading of more materials onto the HAP surface.
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As can be seen from the EDS analysis diagram, the EDS microregion element analysis
of the convex and concave points of the two materials contains C, O, K, and P, indicating
that they are the composite parts of HA and potassium phosphate. The weight ratios of K
and P in HAP are 2.9% and 0.3%, respectively, which are lower than that of HA+P (Table 1).
After the application of chemical synthetic humic acid phosphate fertilizer in soil, a variety
of physicochemical reactions caused the phosphate ester bond to break, release phosphorus,
and increase the content of soil available phosphorus.

Table 1. Mass fraction of HA+P and HAP residue elements as percentages.

Treatments
Mass Fraction of HA+P and HAP Residue Elements (%)

C O K P

HA+P 69.8 25.6 3.8 0.8
HAP 78.0 18.7 2.9 0.3

The FT-IR spectra of HA+P and HAP after soil incubation are shown in Figure 5. The
strong and broad absorption peak at 3439 cm−1 is a hydroxyl group bonding stretching
vibration. The bimodal peak near 2925 cm−1 represents the -CH stretching vibration of
-CH2 and -CH3 in the aliphatic alkane structure [43], for which the intensity of the bimodal
peak of HAP is significantly higher than that of HA+P, indicating that HAP has more
aliphatic chains. The absorption peaks of the stretching vibration of C=O in the carboxyl
and carbonyl groups are at 1617 cm−1. The vibrational absorption peak of the phospholipid
bond is around 1110 cm−1. Presumably, the breakage of the phospholipid bond causes the
disappearance of the absorption peak of HAP at 1114 cm−1. The stretching vibration peak
of (Si) O-H or (Ca, Mg, Fe, A1) with an -OH stretching vibration peak is 540 cm−1 [44].
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Figure 6 shows the solid-state 13C-NMR spectra of HA+P- and HAP-treated residues,
and the carbon types of the two materials are analyzed. The spectral displacement peaks
of HA+P and HAP are roughly the same, and the highest peaks occur at 100–140 ppm,
indicating that the carbon types of the two materials mainly exist in the form of aromatic
compounds. By integrating the peak areas of 13C-NMR spectra (Table 2), the alkyl carbon
contents of HA+P and HAP are 8.04% and 7.51%, respectively; those of oxygen alkyl
carbon are 1.64% and 1.44%, respectively; those of aromatic carbon are 63.86% and 63.22%,
respectively; and those of aromatic C-O are 6.99% and 7.49%, respectively. Those of
carboxyl/amide carbon are 12.87% and 13.66%, respectively, and those of carbonyl carbon
were 6.60% and 6.68%, respectively. Compared to HA+P, the contents of alkyl carbon,
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oxyalkyl carbon, and aromatic carbon in HAP treatment decreased by 0.53, 0.20, and
0.64 percentage points, respectively. The contents of aromatic C-O, carboxyl/amide carbon,
and carbonyl carbon in HAP were higher than those in the HA+P treatment, and the content
of carboxyl/amide carbon increased the most—by 0.79 percentage points. This indicates
that more active functional groups are involved in the interaction with the phosphate ester,
thus effectively preventing the fixation of phosphorus.
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Table 2. Relative contents of functional groups containing carbon in different displacement regions
of HA+P and HAP.

Treatments

Relative Content of Functional Groups Containing Carbon (%)

CAlk
0–65 ppm

CAlk-O
65–90 ppm

CAr-H,R
90–140 ppm

CAr-O
140–156 ppm

CCOO-H,R
156–190 ppm

CC=O
190–250 ppm

HA+P 8.04 1.64 63.86 6.99 12.87 6.60
HAP 7.51 1.44 63.22 7.49 13.66 6.68

Four elements—C, O, K, and P—were detected in the XPS spectra of both HA+P
and HAP (Figure 7a), which confirmed the presence of P and K in the reacted humic acid
material. The XPS spectra were fitted to C1s, N1s, O1s, and P2p according to the literature
as well as the humic acid characteristics [45].

Combined with the analysis of Figure 7b and Table 3, the P2p spectra of XPS all show
three sub-peaks: 132.18 eV, 132.82 eV, and 133.66 eV in HA+P treatment and 132.26 eV,
133.10 eV, and 133.78 eV in HAP treatment. They are PO4

3−, HPO4
2−, and H2PO4

−,
respectively [46,47]. The relative content of H2PO4

− in HAP treatment residues is 31.83%,
which is 1.71% more than that in HA+P treatment residues, and the relative content
of phosphate in HPO4

2− is 38.95%, which is 6.99% less than that in HA+P treatment
residues. The figure shows the C1s spectra of HA+P and HAP with binding energy peaks
concentrated at 284.38, 284.78, 286.38, and 288.18 eV for HA+P and 284.48, 284.88, 286.38,
and 287.88 eV for HAP, which can be assigned to C-C, C-H, C-O, and C=O, respectively.
The fitted N1s peaks for HA+P and HAP appear in pyrrole N-5 and pyridine N-6, with
binding energies of 400.28 and 400.18 eV, respectively, for pyrrole N-5 and of 399.18 eV
for both for pyridine N-6. The O1s spectrum of XPS confirmed that HAP has more C=O
as carboxyl groups, while no hydroxyl groups were detected in HAP—probably due
to the high-temperature reaction producing bond breakage and generating new bonds,
which is consistent with the FT-IR results—while the carboxyl group in humic acid may
complex with metal ions and phosphate ions to form HA-M-P complexes. The results
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showed that different binding processes of humic acid phosphate fertilizer could effectively
activate insoluble phosphate in soil and that the availability of soil phosphorus could be
changed through morphological transformation [48]. Soluble phosphate (H2PO4

−) content
in HAP treatment was higher, and the promotion effect of HAP treatment on phosphorus
availability was more significant than that of HA+P.
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Table 3. Relative contents of different phosphorus forms in P 2p spectra as percentages.

P Type
HA+P HAP

Binding Energy (eV) Relative Content
(%) Binding Energy (eV) Relative Content

(%)

H2PO4
− 133.66 30.12 133.78 31.83

HPO4
2− 132.82 45.94 133.10 38.95

PO4
3− 132.18 23.94 132.26 29.22

3.3. Biological Enhancement Mechanism of Phosphorus Effectiveness by Humic Acid
Phosphate Fertilizer

Bacterial communities in the study’s soil were primarily constituted by Myxococcota,
Planctomycetota, Verrucomicrobiota, Firmicutes, Gemmatimonadota, Chloroflexi, Actinobacteriota,
Acidobacteriota, Bacteroidota, and Proteobacteria, which accounted for 97.02% (HA+P5), 96.75%
(HAP5), 95.30% (HA+P40), and 96.49% (HAP40) of the total community, respectively, in
relative abundance from Figure 8. However, the relative abundance of these taxa varied
between different treatments and incubation stages. The variation of microbial community
between HA+P and HAP treatments is further depicted by the 2D plot of PCoA. At the early
incubation stage, soil bacterial communities in HA+P and HAP were clustered together,
showing the high similarity of bacterial communities in the two treatments. However,
after 40 days of incubation, the two treatments were separated from each other clearly,
indicating the great variation of the bacterial communities. These results showed that
although bacterial taxonomic composition varied little under different treatments, bacterial
community structures were distinctly impacted by different treatments.
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Microbes are the primary drivers for soil P transformation [49]. The results of func-
tional prediction showed the different impacts of HA+P and HAP on bacterial functional
profiles involved in P transformation (Figure 9). For single genes encoding organic phos-
phorus mineralization and inorganic phosphorus solubilization processes, the combination
of humic acid and phosphate fertilizer chemistry in the soil increased the number of phytase
and PQQGDH genes compared to the HA+P treatment (P < 0.01). The number of genes
encoding alkaline phosphatase was increased by 3.23% (The HAP and HA+P treatments’
numbers of genes were 60,327 and 58,439, respectively) compared to HA+P treatment. The
results showed that the addition of HAP increased the number of microorganisms related
to phosphorus transformation in the soil, which may be due to the fact that humic acid
fertilizers promote the growth and development of crop roots, increase the number of crop
roots and their exudates [50,51], and improve the soil microenvironment, thus increasing
the number of microorganisms in the soil.
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differences between HA+P and HAP treatments (** P < 0.01, * P < 0.05).
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3.4. Growth and Nutrient Absorption Analysis of Tomato Plants

Baghaie et al. [52] showed that the addition of humic acid could improve the nutri-
tional quality and fruit yield of tomato plants but did not investigate whether structural
changes in the combination of HAP could promote the growth of tomato seedlings. In
this study, the application of phosphorus fertilizer could promote the growth of tomato
seedlings and increase their plant height, stem diameter, and biomass (Table 4). Compared
to CK, plant height after HA+P and HAP treatment increased by 10.3% and 21.3%, respec-
tively, and HAP treatment showed a significant difference (P < 0.05). Stem diameter with
HAP treatment was 15.31% higher than that of CK treatment, but the difference was not sig-
nificant (P > 0.05). HAP dry weight increased by 61.02% and 177.18%, respectively, which
were significantly higher than those of CK treatment (P < 0.05). Under the same humic
acid addition concentration, HA+P and HAP treatments had similar stimulation effects on
tomato plants, but there was no significant difference between them (P > 0.05). In addition,
as can be seen from Figure 10, stem and leaf forks of tomatoes treated with HAP are more
numerous, and their growth status is obviously better than that of other treatments.

Table 4. Effects of different treatments on plant height, stem diameter, and biomass of tomato plants.

Treatments
Plant Height

(cm)
Stem Diameter

(cm)

Biomass (g·Plant−1)

Shoot Root

CK 36.95 ± 3.35 b 6.27 ± 0.70 a 3.31 ± 0.31 b 0.18 ± 0.05 b
P 41.10 ± 0.70 ab 7.33 ± 0.68 a 5.20 ± 0.69 a 0.44 ± 0.14 a

HAP 44.83 ± 1.46 a 7.23 ± 0.51 a 5.33 ± 1.33 a 0.50 ± 0.05 a
HA+P 40.77 ± 2.06 ab 6.37 ± 2.00 a 4.70 ± 0.31 ab 0.34 ± 0.10 ab
SHAP 42.10 ± 3.32 a 6.50 ± 0.53 a 4.87 ± 0.73 a 0.36 ± 0.12 ab

Notes: Different lowercase letters indicate significant differences between treatments (P < 0.05).
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Figure 10. Growth of tomato plants under different treatments.

The application of P fertilizer was beneficial to the accumulation of plant nutrients,
and the contents of P and K in the above-ground and underground parts of tomato plants
were increased by each P application treatment, but there was no significant effect on the
nitrogen content in each part of tomato plants (P > 0.05) (Table 5). Compared to other
phosphorus application treatments, HAP promoted the absorption of P and K elements
more significantly in tomatoes, and the accumulations of P and K elements in the shoot
reached 1.49 g·plant−1 and 16.05 g·plant−1, respectively, which are consistent with the
results of Jing et al. [27]. HAP treatment had the highest phosphorus accumulation in
the ground. The phosphorus uptake of tomato under SHAP treatment was the highest
(2.50 g·plant−1), which was significantly increased by 38.89% compared to the CK treatment
(P < 0.05), but there was no significant difference between other treatments and the CK
treatment (P > 0.05). Humic acid can stimulate the root growth of crops, which is related
to the auxin-like effect of humic acid, which promotes the absorption of nutrients by
promoting root elongation [53]. However, the accumulation effect of phosphorus in the



Agronomy 2023, 13, 1581 13 of 17

underground part of tomato treated with SHAP is more significant, which may be because
the synthesis technology of humic acid phosphate fertilizer on the market is more mature,
and the trace elements in the synthesis process will also affect the root growth and nutrient
absorption of plants [54].

Table 5. Accumulation of N, P, and K elements in tomato plants under different treatments.

Treatments

Plant Underground Part Plant Above-Ground Part

N
Accumulation

(g·Plant−1)

P
Accumulation

(g·Plant−1)

K
Accumulation

(g·Plant−1)

N
Accumulation

(g·Plant−1)

P
Accumulation

(g·Plant−1)

K
Accumulation

(g·Plant−1)

CK 0.82 ± 0.10 ab 0.77 ± 0.23 c 5.53 ± 2.86 b 0.67 ± 0.21 a 1.80 ± 0.17 b 26.14 ± 1.20 a
P 0.82 ± 0.04 ab 1.22 ± 0.13 ab 15.12 ± 5.92 a 0.78 ± 0.02 a 1.85 ± 0.18 b 28.69 ± 2.06 a

HAP 0.82 ± 0.03 ab 1.49 ± 0.24 a 16.05 ± 1.44 a 0.77 ± 0.01 a 1.88 ± 0.21 b 28.73 ± 1.49 a
HA+P 0.90 ± 0.02 a 1.17 ± 0.17 abc 12.76 ± 2.89 ab 0.78 ± 0.01 a 1.92 ± 0.21 b 27.89 ± 2.01 a
SHAP 0.79 ± 0.03 b 0.93 ± 0.32 bc 12.59 ± 5.27 ab 0.70 ± 0.20 a 2.50 ± 0.35 a 29.9 ± 2.82 a

Notes: Different lowercase letters indicate significant differences between treatments (P < 0.05).

4. Discussion

The form of phosphorus in soil is closely related to its availability. The FT-IR spectra
of chemically synthesized humic acid phosphate fertilizer (HAP) prepared in this study
showed a new absorption peak at 1088 cm−1, which was inferred to be the formation of
-O-, which combined with phosphoric acid to form a phosphate ester (P-O-C) structure.
It is believed that through physical or chemical interaction, humic acid and phosphorus
fertilizer could form new phosphorus forms that could not be fixed easily, thus improving
the availability of phosphorus. In this study, HAP treatment increased the soil available P
content by 13.8–47.7% compared to HA+P treatment at different periods, indicating that
chemical synthesis of humic acid phosphate fertilizer was more effective in improving the
availability of soil phosphorus in the fertilizer sphere. This may be related to the double de-
composition reaction between humic acid and phosphate, which was proven by the double
decomposition reaction between humic acid and ammonium phosphate, which promoted
the phosphoric acid in insoluble calcium phosphate and calcium dihydrogen phosphate
to become water-soluble ammonium phosphate and phosphoric acid and improved the
availability of phosphorus.

XPS analysis results of fertilizer residues showed that HAP treatment did not detect
the presence of hydroxyl or that the content of hydroxyl was very low. 13C-NMR results
showed that the contents of aromatic C-O, carboxyl/amide carbon, and carbonyl carbon
with high activity oxygen functional groups increased significantly, while the content of
alkyl carbon, oxyalkyl carbon, and aromatic carbon decreased. This may all be related to
the process of the high-temperature preparation of phosphate fertilizer. The temperature
rises abruptly due to acid–base neutralization, and the hydroxyl group in humic acid
reacts with phosphoric acid [55]. In this study, O1s of X-ray photoelectron spectroscopy
confirmed that HAP had more C=O, and precise analysis of phosphorus morphology of
phosphate residues by XPS revealed that HAP treatment had 1.71% more H2PO4

− than
HA+P treatment. All the above results indicate that the soluble phosphate content in HAP
treatment residues was higher. The carboxyl group in humic acid may be complexed with
calcium ions and phosphate ions to form a HA-M-P complex, which reduces the fixation
of phosphorus by metal ions and increases the content of soluble phosphate, which is
conducive to absorption by tomatoes. Gerke [56] and Erro et al. [57] found that humic
acid can chelate iron, calcium, and other metal ions and form ternary complexes with
phosphate to maintain high bioavailability and reduce the fixation of phosphorus. In short,
increasing organophosphates can reduce the fixation of orthophosphate by metal ions,
and the formation of HA-M-P complex by complexation is conducive to absorption and
utilization by plants. These two methods can not only reduce the fixation of phosphorus
but also be easily absorbed and utilized by plants.
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Humic acid can significantly activate soil and improve the quantity and diversity
of soil microorganisms. Soil microorganisms directly or indirectly participate in almost
all biological and chemical reactions in soil, and their quantity, type, and related enzyme
activities are directly related to soil quality [50]. It has been reported that the application of
humic acid phosphate fertilizer can significantly affect the bacterial community’s structure.
The results of this study are consistent with those of previous studies. The application
of humic acid phosphate fertilizer with different combination technologies can improve
the species abundance and quantity of soil rhizosphere microorganisms and also change
the bacterial microbial community’s structure. The relative abundances of Proteobacteria,
Acidobacteriota, Gemmatimonadota, and Firmicutes were changed. In this study, a large
number of genes related to organic phosphate mineralization and inorganic phosphorus
dissolution were expressed. Meanwhile, the metabolome analysis of soil microorganisms
showed that the number of genes encoding phytase and alkaline phosphatase increased
by 3.23% (number of ppa genes) and 2.90% (number of phoD genes) compared to HA+P
treatment. The mineralization of organophosphorus is inseparable from microorganisms.
The results of this study indicated that humic acid phosphate fertilizer mainly promoted
the utilization of organophosphorus such as phosphate ester by soil microorganisms.

In this study, no matter how humic acid was combined with phosphorus fertilizer,
it promoted the growth of tomato plants and increased plant height, stem diameter, and
biomass. Compared to the control, plant height, stem diameter, and above-ground and
underground biomass of HAP-treated tomato increased by 21.3%, 15.31%, 61.02%, and
177.18%, respectively. Izhar et al. [2] also came to the same conclusion when exploring
the influence of humic acid on wheat growth. Humic acid can promote the growth of
plants not only in the above-ground part of the plant but also in root growth and nutrient
absorption. Humic acid phosphate fertilizer with different combination techniques could
promote the accumulation of nutrient elements in tomatoes. The total accumulation of
N, P, and K in HAP treatment was increased by 6.71%, 31.13%, and 41.40%, respectively,
compared to the control treatment. In conclusion, the effects of chemically synthesized
phosphorus humate (HAP) fertilizer on tomato growth and nutrient absorption can be
attributed to the following reasons: by changing the chemical structure of phosphorus
fertilizer, the transformation of phosphorus form in soil was promoted, the content of
H2PO4

− phosphorus was increased, and the soil’s nutrient status was improved. HAP
changes the rhizosphere soil microbial community structure, promotes organic phosphate
mineralization and then promotes tomato root growth and nutrient absorption.

5. Conclusions

The high temperature generated during the preparation of humic acid phosphate
fertilizer (HAP) induces structural changes in humic acid, resulting in the formation of
new chemical bonds (-O-) between humic acid and phosphate. This process leads to the
formation of phosphate esters, an increased specific surface area of humic acid, and the
exposure of additional binding sites. Consequently, the formation of HA-M-P complexes
occurs, which slows down the release of phosphorus in the soil and reduces its fixation.
These mechanisms contribute to the enhanced effectiveness of phosphorus. Furthermore,
humic acid stimulates the growth and uptake of nitrogen (N), phosphorus (P), and potas-
sium (K) by tomato seedlings. The combined use of HAP with phosphorus fertilizer yields
the most significant results due to the formation of HA-M-P complexes, which further
amplify phosphorus effectiveness. Additionally, humic acid enriches soil bacteria involved
in phosphorus transformation, leading to increased soil phosphorus availability through
enhanced phosphorus mineralization and solubilization. Future experiments will delve
into the metabolic pathways through which microorganisms secrete relevant proteins to
augment soil phosphorus effectiveness.
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