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Abstract 

The artificial humic acids (AHA) approach contributes to achieving the carbon (C) emission peaking and neutrality 
goal through efficient recycling of waste biomasses and promotion of plant photosynthesis. However, the depend-
ence of their production processes and photosynthetic promotion mechanisms on feedstocks remains unclear. In this 
study, waste biomasses including camphor leaves (CL), corn stalks (CS), peanut shells (PS), and mixed cyanobacteria 
(MC) have been respectively converted into artificial humic acids through an environmentally friendly hydrothermal 
humification approach. The dynamic humification process of different feedstocks and the composition, structural 
properties, and electron transfer capacity of AHA products were determined. Moreover, the different AHA products 
were applied to corn to explore their respective photosynthetic promotion mechanisms. High relative contents 
of lignin and C/N in feedstocks are not conducive to the formation of photodegradable substances and the redox 
property in AHA. The application of AHA increased the net photosynthetic rate and biomass C of corn by 70–118% 
and 22–39%, respectively. The AHA produced from higher H/C (0.19) and hemicellulose content (17.09%) in feed-
stocks (e.g., MC) increased corn photosynthesis by improving light energy capture and conversion efficiency 
in the PSII process. In contrast, the AHA produced from a higher content of lignin (19.81%) and C/N (7.67) in feed-
stocks (e.g., CS) increased corn photosynthesis by providing functional enzymes (proteins) and nutrients for leaves. 
This work provides new insights into the utilization of renewable resources, and the artificial humic acids approach 
sheds light on environmental sustainability by constructing a closed loop of C in environments.

Highlights 

• AHA benefits carbon neutrality by C loss reduction and photosynthesis promotion.

• AHA properties depend on lignin content and C/N of feedstocks.

• Photosynthetic promotion mechanisms of AHA are feedstock-dependent.

•  AHAMC increases light capture and conversion efficiency to improve photosynthesis.

•  AHACS provides functional enzymes and nutrients to improve photosynthesis.
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Graphical Abstract

1 Introduction
Humic acids, accounting for about 80% of the soil organic 
matter, are regarded as the key to soil health (Shen et al. 
2021; Yang and Antonietti 2020a). However, the forma-
tion of natural humic acids includes complex microbial 
and chemical reactions and requires quite a long time 
in strict environmental conditions (Yang and Antonietti 
2020b). Therefore, the majority of soils are in deficiency 
of humic acids. Peatlands, which are rich in natural 
humic acids, cover only  less than 3% of Earth’s lands 
(Dargie et al. 2017). Therefore, pure chemical lab synthe-
sis of artificial humic acids, a kind of advanced polymer 
materials, has recently been developed for soil improve-
ment (Yang and Antonietti 2020a, 2020b). Green synthe-
sis of artificial humic acids from waste biomasses reduces 
carbon dioxide  (CO2) emissions from their natural 
decomposition, benefiting the effort to tackle the climate 
crisis by reducing C loss and creating a sustainable envi-
ronment. Moreover, the application of artificial humic 
acids improves C and nutrients fixation, and thus condu-
cive to soil fertility and plant growth.

Hydrothermal humification has received significant 
attention for producing artificial humic acids since it is 
both environmentally and economically friendly (Yang 
et al. 2021). During the hydrothermal humification pro-
cess, a trace amount of  CO2 is released (Manasrah et al. 
2020). Moreover, compared with incineration, convert-
ing straw in each hectare of farmland into artificial humic 
acids brings about $20.4 benefits (Zhi et al. 2022). Dur-
ing hydrothermal humification under an alkaline solu-
tion, macromolecular biomass is firstly decomposed by 
radicals such as •OH into various monomers and then 
condensed into artificial humic acids (Vardon et  al. 

2015). Compared to cellulose, lignin decomposition 
is more difficult due to its recalcitrant alkyl-aromatic 
structure (Shen et  al. 2021; Wu et  al. 2020). Lignin can 
be hydrolyzed into aromatic monomers for subsequent 
condensation; In contrast, cellulose decomposition 
mainly produces aliphatic monomers such as glucose 
(Kamimura et  al. 2019; Ralph et  al. 2019;  Fig. S1). The 
composition of various monomers determines the com-
position and structure of artificial humic acids (Yang 
et al. 2019; Zhi et al. 2022). For example, aromatic mono-
mers play an important role in the electrophilic substitu-
tion reactions of artificial humic acids. In addition, the 
ratio of C to nitrogen (C/N) in feedstocks determines the 
humification efficiency and nutrient contents in humic 
acids (Shen et al. 2021). Therefore, the properties of arti-
ficial humic acids are likely to be feedstock-dependent.

Artificial humic acids show great potential in promot-
ing plant photosynthesis. Due to the strong redox prop-
erties, artificial humic acids promote light energy capture 
and electron transfer of organisms (Zhang et  al. 2020). 
Certain compositions such as coumaric acid and isoci-
trate in artificial humic acids upregulate the expression 
of OsDCL to promote chlorophyll synthesis in plants 
(Zhang et  al. 2020). The catechol and protocatechol in 
artificial humic acids can increase energy metabolism 
(e.g., tricarboxylic acid cycle) in plants (Kamimura et al. 
2019; Vardon et  al. 2015). The nitrogen uptake of crops 
can also be stimulated by artificial humic acids, benefit-
ing the intercellular diffusion and assimilation of   CO2 
and promoting the photosynthetic C fixation of plants 
(Huang et al. 2022). Generally, plant photosynthesis can 
be improved via the following three mechanisms: 1) 
increasing light energy capture capacity, 2) increasing 
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light energy conversion efficiency in Photosystem II 
(PSII) process, and 3) increasing nitrogen content in 
plant leaves (Huang et al. 2022). The mechanisms of dif-
ferent artificial humic acids in promoting photosynthesis 
have not been well understood, which limits their spe-
cific applications in environments. We hypothesize that 
a higher content of lignin in feedstocks leads to a slower 
hydrothermal humification process, and the produced 
artificial humic acids could mainly improve the light 
energy capture ability and light energy conversion effi-
ciency in the PSII process of plants; the feedstocks with 
lower C/N can conduct thorough hydrothermal humifi-
cation processes, and the artificial humic acids products 
may promote photosynthesis by providing more N for 
 CO2 assimilation in plants.

To test our hypotheses, four types of waste biomass 
including camphor leaves (CL), corn stalks (CS), peanut 
shells (PS), and mixed cyanobacteria (MC), which have 
varied C structures and lignocellulose properties, were 
chosen for hydrothermal synthesis of artificial humic 
acids. The dynamic humification process of feedstocks 
was examined and the composition, structural properties, 
and electron transfer capacity (ECT) of artificial humic 
acids were determined. Furthermore, the produced arti-
ficial humic acids were applied for promoting corn pho-
tosynthesis and exploring the associated mechanisms in 
correlation networks. Considering both decreases in the 
natural decomposition of waste biomass and increases 
in plant photosynthesis, the potential of artificial humic 
acids to assist carbon neutrality was briefly calculated. 
This work provides a basis for a better understanding of 
the hydrothermal synthesis of artificial humic acids and 
the environmental implications of this approach. The 
findings will shed light on using renewable resources and 
constructing a closed loop of C in environments.

2  Experimental design
2.1  Artificial humic acids production
Feedstocks were collected locally near Wuxi, Jiangsu, 
China and ground into powders for hydrothermal humi-
fication. The determination method for the contents of 
lignin, cellulose, and hemicellulose in feedstocks was 
referred to Zimmer (1999). Moreover, the elemental 
composition of feedstocks was determined using an ele-
mental analyzer (Unicube, Elementar Analysensysteme 
GmbH, Germany), with sulfanilamide as the standard 
substance. Lignin accounted for 5.47%, 19.81%, 10.42% 
and 4.82% of CL, CS, PS, and MC biomasses, respec-
tively; cellulose was 32.71%, 32.05%, 17.32% and 38.52% 
of CL, CS, PS, and MC biomasses, respectively; and 
hemicellulose was 9.38%, 17.86%, 10.48% and 17.09% of 
CL, CS, PS, and MC biomasses, respectively (Table S1). 

The C/N was 8.01, 7.67, 10.35, and 5.38 for CL, CS, PS, 
and MC, respectively (Table S1).

Hydrothermal humification synthesis of artificial humic 
acids was conducted in a 100 mL autoclave at 200 °C for 
48 hours. The ratio of feedstock solid and alkaline solu-
tion of KOH (initial pH = 13) was 1:20 (Yang et al. 2021). 
To investigate the humification process of different 
kinds of feedstocks, both the undecomposed biomass 
and the produced solution were dynamically sampled at 
0.3, 1, 3, 7, 14, 24, and 48 h, respectively. The liquid sam-
ples were separated from undecomposed biomass using 
qualitative filter membranes (Titan, Shanghai, China) 
and then filtered with a 0.22 μm polyether sulfone filter 
(Titan, Shanghai, China) for characterization. Dynamic 
changes in pH, total organic carbon (TOC) contents, and 
compositions of the liquid samples during humification 
processes were determined using a pH analyzer (Mettler-
Toledo, Shanghai, China), a Total Organic Carbon ana-
lyzer (TOC-VCPH, SSM-5000A, Shimadzu, Japan), and 
a three-dimensional fluorescence spectrometer (F-320, 
Agilent Technologies, USA), respectively. The liquid sam-
ples collected at 48 h were artificial humic acids prod-
ucts, which were named  AHACL,  AHACS,  AHAPS, and 
 AHAMC, representing the artificial humic acids from CL, 
CS, PS, and MC, respectively.

2.2  Artificial humic acids characterization
The composition of artificial humic acids was deter-
mined using a three-dimensional fluorescence spec-
trometer (F-320, Agilent Technologies, USA) and 
ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS/MS) (Thermo Scientific UPLC 
Vanquish, Thermo Fisher Scientific). Specifically, the 
excitation and emission wavelength used for scanning 
of fluorescence spectroscopy ranged from 200 to 450 nm 
at 5 nm intervals and from 200 to 550 nm at 2 nm incre-
ments, respectively. As for UPLC-MS/MS analysis, the 
artificial humic acids were centrifugated at 12,000 g for 
10 minutes to remove impurities and then dissolved in 
dimethyl sulfoxide (Adamas Reagent Company, Shang-
hai). The UPLC conditions were as follows: mobile phase 
of 0.1% formic acid and 0.1% formic acid acetonitrile 
solution with a flow rate of 0.35 mL  min−1; an ACQUITY 
UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm) with col-
umn temperature maintained at 35 °C during analysis; 
and electrospray-time of flight mass spectrometry with 
maximum IT of 100 ms, scanning in a range from 70 to 
1050 m  z−1 and duration of 18 minutes.

The structural property of the artificial humic acids 
was characterized using an X-ray photoelectron spec-
troscopy (XPS) (Thermo Fisher Nexsa, Thermo Fisher, 
USA). The elemental composition including C, N, oxy-
gen (O), and hydrogen (H) in the artificial humic acids 
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was determined using an elemental analyzer (Unicube, 
Elementar Analysensysteme GmbH, Germany) with sul-
fanilamide as standard substances. Contents of nutrients 
such as phosphorus (P), potassium (K), iron (Fe), magne-
sium (Mg), sodium (Na), manganese (Mn), sulfur (S), and 
calcium (Ca) in the artificial humic acids were analyzed 
using an inductively coupled plasma mass spectrometry 
(ICP-MS; iCAP-TQ, Thermo Fisher, Germany) equipped 
with a triple quadrupole.

The redox potential of artificial humic acids was deter-
mined using an Oxidation-Reduction Potential (ORP) 
analyzer (Mettler-Toledo GmbH, Switzerland). Elec-
trochemical analysis of artificial humic acids was con-
ducted in a CHI 660E electrochemical workstation with 
a three-electrode system (Shanghai Chenhua Instrument 
Company, China). Specifically, in the cyclic voltammetry 
experiments, a glassy carbon electrode, a platinum wire, 
and a saturated Ag/AgCl (+ 0.197 V vs. standard hydro-
gen electrode) served as the working, counter, and refer-
ence electrodes, respectively. All tests were conducted in 
27 ml of 0.1 M KCl solution (pH = 7). The working elec-
trode was poised at + 0.42 and − 0.68 V. After the back-
ground currents stabilized, 3 mL of artificial humic acids 
were spiked to the reactor, and the electron transfer 
capacity (ETC, μmol  e− [ml  C]−1) of artificial humic acids 
was calculated by eq. (1).

where Ap (coulomb, C) is the integral based on cyclic 
voltammetric curves,  NA is the Avogadro’s constant with 
6.02 ×  1023  mol−1 in default, e is the amount of electrical 
charge per unit 1.6 ×  10−19 C, V (mL) is the volume of 
artificial humic acids.

2.3  Hydroponic study in a greenhouse
To investigate the potential and mechanisms of artificial 
humic acids to promote plant photosynthesis, a hydro-
ponic study of corn (Shiyu No. 9) was conducted in a 
greenhouse. This avoided the influence of soil properties 
on plant growth, and we will test the interaction between 
different artificial humic acids and soils in our following 
studies. The corn seeds were purchased from Qingdao 
seed station, Qingdao, China. The seeds were sterilized 
with 10%  H2O2 for 10 minutes and then rinsed with deion-
ized water repeatedly before incubation. Seeds were first 
placed at 25 °C in dark for 3 days for germination, and 
then uniform corn seeding was selected and incubated in 
2.5  dm3 ceramic jars with 1/4 Hoagland nutrient solution 
(mmol  L−1): Ca(NO3)2·4H2O, 1.0;  KNO3, 0.25;  NH4H2PO4, 
0.25;  MgSO4·7H2O, 0.5;  MnSO4·H2O, 2.39 ×  10−3;  H3BO3, 
0.012;  ZnSO4·7H2O, 1.91×  10−4;  CuSO4·5H2O, 0.8 ×  10−4; 

(1)ETC = Ap/ e∗V∗NA

 (NH4)6Mo7O24, 0.41 ×  10−6; Fe-EDTA, 0.01. Artificial 
humic acids were applied into the nutrient solution at the 
three leaves and one core stage of corn (for 14 days after 
seed sowing). It was reported that the photosynthesis of 
corn in this stage is commonly the most vigorous, being 
sensitive to the application of fertilizer (Liu et  al. 2020). 
The application volume of artificial humic acids in 2 L of 
nutrient solution is 40 mL, and the final nutrient concen-
tration of the solution is equal to that of 1/4 Hoagland 
nutrient solution (Table S2). A control treatment with 
only Hoagland nutrient solution was conducted at the 
same time. The five treatments are named  PCK (no artifi-
cial humic acids),  PCL (applied with  AHACL),  PCS (applied 
with  AHACS),  PPS (applied with  AHAPS), and  PMC (applied 
with  AHAMC), and each treatment was performed in six 
replicates. All ceramic jars were placed in a greenhouse 
with natural light and a day and a  night temperature of 
25–30 and 15–18 °C, respectively.

Parameters associated with plant photosynthesis were 
determined after 7 days of application of artificial humic 
acids. Specifically, the relative content of Chlorophyll in 
the second top leaf of each plant was measured by Chloro-
phyll Meter (SPAD-502 plus, Konica Minolta Inc., Japan) 
to represent the chlorophyll content of the whole plant. 
During measurement, the ambient  CO2 concentration, 
relative humidity, maximum photosynthetic photon flux 
density, and leaf temperature were 400 μmol  mol−1, 60%, 
500 μmol  m−2  s−1, and 25 °C, respectively. During photo-
synthesis, the fluorescence intensity of the chlorophyll rises 
from an initial minimum fluorescence intensity (Fo) to 
maximal fluorescence intensity (Fm) during 1 s of illumina-
tion with saturating red light (Liu et al. 2020). Fluorescence 
parameters including Fo and Fm of the chlorophyll were 
measured using a chlorophyll fluorescence imaging sys-
tem (Pocket PEA, Hansatech Instruments Ltd., UK). The 
maximum photochemical efficiency (φ[Po]) of the PSII 
process was calculated by Fv/Fm, where Fv is the differ-
ence between Fm and Fo (Niu and Croue 2019). Moreover, 
fluorescence parameters involved in light energy absorp-
tion, energy transfer, conservation, thermal dissipation, and 
PSII photoactivity were also determined using a plant effi-
ciency analyzer (Pocket PEA, Hansatech Instruments Ltd., 
UK). The description of fluorescence parameters is shown 
in Table S3. The net photosynthetic rate (Pn) of each plant 
was determined using a CIRAS-3 portable gas exchange 
system (CIRAS-3, PP-Systems, USA). After the determina-
tion of plant photosynthesis, the plants were collected for 
biomass and length analysis. The content of C and N in corn 
leaves was determined by the elemental analyzer (Unicube, 
Elementar Analysensysteme GmbH, Germany).
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2.4  Potential of artificial humic acids on carbon neutrality
The potentials of artificial humic acids serving for carbon 
neutrality were calculated. Conversion of biomass into 
artificial humic acids mainly avoids C loss during natu-
ral decomposition and human activities. The  CO2 emis-
sion in hydrothermal humification processes is negligible, 
which also supports the green synthesis of the artificial 
humic acid approach (Manasrah et al. 2020). C reuse rate 
(Cr) of feedstocks is calculated by eq. (2); promotion of 
photosynthetic C fixation by artificial humic acids (Pr) 
is calculated by eq. (3); promotion of plant biomass C by 
artificial humic acids (CPr) is calculated by eq. (4). Data 
on the global average atmospheric C pool, terrestrial veg-
etation C pool, and photosynthetic C sequestration are 
referred to (Yang and Antonietti 2020a; Tables S4 and S5).

where  CAHA (g  L−1) is the content of total organic C in 
artificial humic acids;  VAHA (mL) is the volume of artifi-
cial humic acids;  CF (%) is the content of C in feedstocks 
determined by element analysis; and the weight of feed-
stocks used in the hydrothermal humification process is 3 
(g); A and  ACK (μmol  CO2  m−2  s−1) are the net photosyn-
thetic rate of corn in the treatments with artificial humic 
acids applied and in the  PCK, respectively;  CAHA and  CCK 
(%) are the content of C in corn in the treatments with 
artificial humic acids applied and in the  PCK, respectively; 
 BAHA and  BCK (g) are the content of fresh biomass of the 
corn in the treatments with artificial humic acids applied 
and in the  PCK, respectively.

2.5  Statistical analysis
Statistical analysis of the data was performed using 
IBM SPSS Statistics (SPSS v.23.0, IBM, Armonk, NY, 
USA) by a one-way ANOVA with Tukey HSD post hoc 
test after verification of normality and homoscedas-
ticity assumptions, and the a p-value of less than 0.05 
was considered statistically significant. The excitation-
emission matrices (EEMs) based on the results of the 
three-dimensional fluorescence spectrum were decom-
posed by Parallel Factor Analysis (PARAFAC) using the 
DOMFluor toolkit in MATLAB (R2021b) (Henderson 
et  al. 2009). The characteristic substances of artificial 

(2)Cr(%) =
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CAHA ∗
VAHA
1000

�

CF ∗ 3



 ∗ 100

(3)Pr (%) =

[

(AAHA − ACK)

ACK

]

∗ 100

(4)CPr(%) =

[

CAHA ∗ BAHA − CCK ∗ BCK

CCK ∗ BCK

]

∗ 10

humic acids derived from different feedstocks were 
selected by Venn analysis (http:// www. ehbio. com/ test/ 
venn/; Chen et al. 2021). We further performed a path-
way enrichment analysis for these characteristic sub-
stances to investigate their potential effects on plant 
metabolism (http:// www. metab oanal yst. ca/) (Wang 
et al. 2022). Principal component analysis and pair-wise 
correlation analysis were performed in R (v.4.1.2) using 
the “corrplot”, “FactoMineR”, “factoextra”, and “ggplot2” 
packages. Correlation heatmaps were conducted in 
OriginPro (v.2022b) with the Correlation Plot pack-
age. Co-occurrence networks were visualized using 
Cytoscape (v.3.8.2).

3  Results
3.1  Hydrothermal process of different feedstocks
The degradation curves of different feedstocks can be 
well fitted by the pseudo-second-order kinetic model 
(Fig.  1A). A fast biomass decomposition occurs at the 
beginning of the  3-hour of hydrothermal humification 
process with k in the order of CL > CS > PS = MC. After 
48 hours of hydrothermal process, biomass degradation 
achieves equilibrium, and the final degradation ratio 
(Dr.) is in the order of MC > PS > CL > CS (p < 0.05). 
Compared to CS and PS, MC shows a better humifi-
cation process as expressed by a higher humification 
index (HI) value (Fig. 1C) but a more incomplete self-
neutralization process (Fig.  1B). CL shows both poor 
self-neutralization and humification capacity (Fig.  1A 
and B), suggesting that CL would not be a good feed-
stock choice for artificial humic acids production.

The results of PARAFAC indicate that dissolved organic 
matter in solution during hydrothermal humification can 
be divided into seven kinds of substances (Figs. 1D and S2). 
The CL mainly decomposed into HA C-like and FA A-like 
products in the first 20 minutes, and then dominated by 
protein products in the  AHACL (Figs.  1D and S3). The 
transformation pattern of CS and PS during the humifi-
cation process is similar, showing that the feedstocks are 
decomposed into FA A-like products, and then trans-
formed into protein products, and finally condensed into 
artificial humic acids with FA M-like and protein products 
dominated (Figs. 1D and S3). The fluorescence intensity of 
the products derived from CS is stronger than that from 
PS (Fig.  1D), consistent with the results of HI (Fig.  1C). 
The transformation pattern of MC during the humification 
process is different from that of CL, PS, and CS. The MC 
mainly decomposed into FA A-like products in the first 
20 minutes, and then transformed into FA M-like prod-
ucts, and finally condensed into  AHAMC being dominated 
by FA M-like, FA A-like, and HA C-like products (Figs. 1D 
and S3).

http://www.ehbio.com/test/venn/
http://www.ehbio.com/test/venn/
http://www.metaboanalyst.ca/
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Fig. 1 Changes in (a) biomass degradation rate, (b) pH, (c) humification index (HI) and (d) excitation-emission matrix (EEMs) of solutions 
during the hydrothermal humification process of different feedstocks. CL, CS, PS, and MC are the abbreviations of camphor leaves, corn stalks, 
peanut shells, and mixed cyanobacteria, respectively. The lines in Fig. 1A represent the fitting curves based on a pseudo-second-order kinetic 
model, where Ft means feedstock type, Dr. is the degradation ratio of biomass and k is the degradation rate during the humification process. The 
classification of decomposed substances in artificial humic acids in Fig. 1D is based on the results from parallel factor analysis in Fig. S2
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3.2  Properties of different artificial humic acids
Three typical characteristic peaks including C1s, O1s and 
N1s were observed at 531.7, 399.2 and 532.6 eV, respec-
tively, in the XPS spectrum (Fig. S4A). The high-reso-
lution C1s spectra were commonly fitted by four peaks 
corresponding to C=O at 285.5 eV, C-O at 284.9 eV, C-N 
at 284.2 eV and C-C at 283.7 eV in the artificial humic 

acids (Fig. 2A). In addition, the O=C-O at 287.9 eV exists 
in  AHACS,  AHAPS, and  AHAMC; the C-Cl at 287.3 eV 
exists in  AHAPS and  AHAMC; the COOR at 288.4 eV spe-
cifically exists in  AHAPS. The high-resolution O1s spec-
tra were commonly fitted by C-O at 531.2 eV and C=O 
at 530.4 eV in the artificial humic acids (Fig. 2A). Moreo-
ver, there were R-OH at 531.8 eV and O=C-O at 532.5 eV 

Fig. 2 The properties of different artificial humic acids. a X-ray photoelectron spectroscopy high-resolution scan of the C1s, O1s, and N1s signals; 
b the property of carbon structure as reflected by the ratio of other elements and carbon; c contents of photodegradable and biodegradable 
substance in artificial humic acids; d redox potential and electron transfer capacity (ETC) of different artificial humic acids; in Fig. 3C, 
the photodegradable substances include FA A-like, HA C-like, and HA A-like humic acids, and the biodegradable substances include protein-like, 
tyrosine-like, FA A-like, and HA A-like humic acids (Mostofa et al. 2013). Bars in Fig. 2B and D represent the standard error values (n = 3). Different 
letters above each column denote statistical significance among treatments at p < 0.05 level (ANOVA, Tukey’s HSD)
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in  AHACS, which accounted for 54.7% and 19.4% of the 
O peak area, respectively; there were C-OH at 531.9 eV 
in  AHAPS, which accounted for 31.5% of the O peak 
area. There were high levels of N in the MC (Table S1), 
resulting in abundant N-dropped structures in  AHAMC 
(Fig.  2A). The high-resolution N1s spectra of  AHAMC 
were fitted by four peaks corresponding to Amide/pyr-
rol at 401.8 eV, Amide (pyrimidine/peptide N) at 400.2 eV, 
C=N–C at 399.3 eV, and N at 398.2 eV (Fig. 2A).

Compared to  AHAMC, the C/N values of  AHACL, 
 AHACS and  AHAPS were significantly higher (Fig.  2B). 
The H/C of artificial humic acids derived from differ-
ent raw materials did not vary  significantly (Fig.  2B). 
The (O + N)/C and O/C ratios are the lowest in  AHACL, 
implying a high aromaticity, being consistent with the 
XPS analysis results. Moreover, similar to natural humic 
acids, the O/C ratio of all the produced artificial humic 
acids were less than 0.4 (Fig. 2B).

The  AHAMC contains high contents of both photode-
gradable and biodegradable substances (Fig.  2C), con-
sistent with its high HI value (Fig. 1C) and fluorescence 
intensity (Fig.  1D). Moreover, there are higher relative 
contents of photodegradable substances than biode-
gradable substances in  AHAMC, which is contrary to the 
substance compositions in  AHACL,  AHACS and  AHAPS 
(Fig. 2C).  AHACL contains the highest nutrients content 
(Fig. S5). Compared to other kinds of artificial humic 
acids,  AHAMC contains more S (Fig. S5).

The cyclic voltammetry curves of artificial humic acids 
showed redox peaks without typical rectangular fea-
tures (Fig. S4B). In particular, the redox potential and the 
ETC value were the highest in  AHAMC and the lowest in 
 AHACL (Fig. 2D).

3.3  Promotion mechanisms of different artificial humic 
acids on corn photosynthesis

The application of artificial humic acids benefits corn 
growth (Fig. S6). The contents of C in corn leaves but not 
the corn biomass were significantly increased by artificial 
humic acids (Figs. S7 and S8). Therefore, artificial humic 
acids probably promoted the C fixation of plants’ photo-
synthesis. Compared to the  PCK treatment, the net pho-
tosynthetic rate of corn increased by 69.17%, 113.17%, 
69.17%, and 117.84% in the  PCL,  PCS,  PPS, and  PMC treat-
ments, respectively (Fig.  3B). The  AHAMC also signifi-
cantly increased the chlorophyll content (SPAD) in corn 
leaves by 37.89% (Fig. 3A).

In light reaction system, the application of artificial 
humic acids did not improve the state of the photosyn-
thetic apparatus as expressed by  PIabs in corn (Fig.  3C 
and Table S3). The quantum yields for electron trans-
port (φ[Eo]) and thermal energy dissipation (φ[Do]) were 
also not improved by artificial humic acids (Fig. 3E). The 

captured light energy had been consumed for reduction 
of primary plastoquinone electron acceptor in the PSII 
process (ETo/RC) and electron transport in the reac-
tion center (TRo/RC), accompanied by an increased 
thermal energy dissipation (DIo/RC) (Fig.  3G). How-
ever, the application of artificial humic acids significantly 
increased the reduction rate of primary plastoquinone 
electron acceptor in PSII (Mo) but not the volume of 
the plastoquinone pool for PSII reaction (Sm) (Fig.  3F). 
Moreover,  AHAMC specifically improved the φ(Po), the 
efficiency of electron transfer (ψo), and the number of 
electrons for the reduction of primary plastoquinone 
electron acceptor in PSII (N) (Fig. 3D and F), which fur-
ther contributed to the increased light energy absorption 
as expressed by ABS/RC in corn leaves (Fig. 3G).

In dark reaction system, the synthesis of ATP and 
NADPH can be assisted by protons from the cleavage of 
water, while decreased by the  CO2 absorption and con-
version.  AHACL and  AHACS improved the transpiration 
rate (E) and stomatal conductance (Gs) but decreased 
intercellular  CO2 concentration (Ci) and ATP contents 
in corn leaves in  PCL and  PCS treatments.  AHAPS pro-
moted transpiration rate and stomatal conductance of 
corn leaves and inhibited  CO2 conversion, resulting in 
increased ATP contents in corn leaves in  PPS treatment 
(Fig. 3G).

The application of artificial humic acids not only 
changes photochemical parameters in corn leaves, but 
also participates in plant metabolism. The composi-
tions of artificial humic acids are dependent on the lig-
nocellulose content in feedstocks (Fig. S9A and B). All 
the four kinds of artificial humic acids have the poten-
tial to stimulate phenylalanine metabolism in plants 
since they contain photosynthetic components (Fig. 
S9C). Specifically, the  AHACL,  AHACS and  AHAPS can 
also participate in pyruvate metabolism and  AHAMC 
can participate in glyoxylate and dicarboxylate metab-
olism in plants (Fig. S9C).

3.4  Effects of feedstock properties on humification process 
and corn photosynthesis

During the humification process, both the Dr. and k of 
feedstocks were  negatively correlated with the content 
of lignin (Fig. 4A; p < 0.05). Compared to MC feedstocks, 
CS, a kind of typical carbon-rich and lignocellulose-
abundant biomass (Table S1), is not conducive to the 
hydrothermal humification process. The low C/N, high 
H/C, and high cellulose contents in feedstocks are favora-
ble to their hydrothermal humification (Fig. 4A).

The relative abundance of lignin, cellulose and hemi-
cellulose, and the C/N and H/C ratios of feedstocks are 
the main drivers for the compound compositions and 
properties of artificial humic acids (Fig. 4B). Specifically, 
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Fig. 3 Effects of artificial humic acids on corn photosynthesis. a Contents of chlorophyll; b net photosynthetic rate; c performance index  (PIabs) 
of the photosynthetic apparatus; d maximum photochemical efficiency (φ[Po]) and efficiency of electron transfer beyond the reduction of primary 
plastoquinone electron acceptor of PSII (ψo); e quantum yield for electron transport (φ[Eo]) and thermal energy dissipation (φ[Do]); f the number 
of electron for reduction of primary plastoquinone electron acceptor of PSII (N), the volume of plastoquinone pool (Sm) and the rate of reduction 
of primary plastoquinone electron acceptor of PSII (Mo); g schematic diagram of a photosynthetic process as affected by artificial humic acids. 
Bars in Fig. 3A-F represent the standard error values (n = 3). Different letters above each column denote statistical significance among treatments 
at p < 0.05 level (ANOVA, Tukey’s HSD). In Fig. 3G, E, Gs, and Ci represent the transpiration rate, stomatal conductance, and intercellular  CO2 
concentration during photosynthesis of corn leaves, respectively. ABS/RC, TRo/RC, ETo/RC, and DIo/RC indicate the absorption, capture, 
transformation, and dissipation of light energy per unit reactive centers of plant leaves during PSII process, respectively
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high contents of hemicellulose in feedstocks such as MC 
contribute to high H/C, O/C and (O + N)/C ratios but 
low C/N ratio of artificial humic acids (Fig. 4B). In addi-
tion, the photodegradable substances of artificial humic 
acids are mainly produced from the feedstocks with a 
high relative abundance of cellulose and hemicellulose, 
a high H/C ratio but a low C/N ratio. While, the biode-
gradable substances are mainly produced from the feed-
stocks with a high relative abundance of hemicellulose. 
The redox and the ETC of artificial humic acids were sig-
nificantly and  positively correlated with the content of 
hemicellulose and the H/C ratio but negatively correlated 
to the feedstock C/N (Fig. 4B). Therefore, the feedstocks 
with high H/C and hemicellulose content (e.g., MC) are 
prone to produce artificial humic acids with abundant 

photodegradable and biodegradable substances and a 
strong ability for electron transfer. They should be kinds 
of high-quality feedstocks for the production of artificial 
humic acids.

The structures and compound compositions of arti-
ficial humic acids determine their properties and func-
tions (Figs. 2A and S5). Increases in Pn and ABS/RC of 
corn benefited from the FA/HA A-like and HA C-like 
fluorescent substances in artificial humic acids (Fig. 4C). 
HA A-like fluorescent substances, another kind of pho-
todegradable component in artificial humic acids, mainly 
promoted the photochemical efficiency of leaves (φ[Po]). 
The contents of aromatic protein-like, Tyrosine-like 
and FA M-like substances in artificial humic acids con-
tributed to the improved net photosynthetic rate and 

Fig. 4 Dependence of (a) the humification process and (b) the properties of artificial humic acids on feedstock properties, and (c) a co-occurrence 
network of the properties of artificial humic acids and corn photosynthesis parameters. In Fig. 4A, HI is the humification index, Dr. is the degradation 
ratio of biomass and k is the degradation rate during the humification process. The Pho-, Bio-, and ETC in Fig. 4B are the abbreviations 
of photodegradable substances, biodegradable substances, and electron transfer capacity, respectively. In Fig. 4A and B, the properties of feedstocks 
are in black font and that of humification process and artificial humic acids are both in orange font. The red and blue lines in the co-occurrence 
network represent a significant positive and negative relationship between parameters, respectively; only the lines with correlation rate (r) > 0.8 
was illustrated in this network (Gao et al. 2022); the node size of each parameter is in line with the correlation relationship numbers between each 
parameter
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chlorophyll content in leaves. While, the aromatic pro-
tein-like and protein-like substances in artificial humic 
acids were  significantly and  negatively correlated with 
the thermal energy dissipation (φ[Do]) and the quantum 
yields for electron transport (φ[Eo]), respectively. As for 
structural properties of artificial humic acids, their H/C 
and O/C ratios positively correlated with the net photo-
synthetic rate of plants while negatively correlated with 
the volume of plastoquinone pool in PSII (Sm) (p < 0.05); 
their H/C and (O + N)/C ratios significantly positively 
correlated with the reduction rate of primary plastoqui-
none electron acceptor of PSII (Mo) (p < 0.05), and their 
C/N ratio was positively correlated with the light energy 
for reduction rate of primary plastoquinone electron 
acceptor and transport of PSII as expressed by TRo/RC 
and ETo/RC; the (O + N)/C ratio in artificial humic acids 
was also negatively correlated with the volume of plasto-
quinone pool in PSII (Sm) (p < 0.05). The ETC and redox 
potential of artificial humic acids were  positively cor-
related with the net photosynthetic rate (p < 0.05), the 
light energy for reduction rate of primary plastoquinone 
electron acceptor and transport of PSII as expressed by 
TRo/RC and ETo/RC of plants. It is well known that the 
absorption of light energy by chlorophyll initiates the 
light reaction in photosynthesis. The promotion mecha-
nisms of artificial humic acids for plant photosynthesis 
could be attributed to the promotion of light energy cap-
ture and transfer.

4  Discussion
4.1  Properties of artificial humic acids 

and the mechanisms that promote photosynthesis are 
feedstock‑dependent

The hydrothermal humification process is similar to the 
traditional humification of biomasses (Byun et al. 2021). 
The feedstocks with low C/N such as MC can be cracked 
into monomers containing functional groups such as 
amino, which is easy to be condensed, resulting in a 
high HI in the artificial humic acids (Jiménez-González 
et al. 2020). In addition, lignin contains abundant fused-
ring structure and high-energy bonds, making it highly 
resistant to decomposition (Ma et al. 2018; Ralph et al. 
2019). Straw usually has high carbon recycling poten-
tial and it is a main agricultural renewable resource for 
biochar and compost production (Yang and Antonietti 
2020b). However, compared to CS feedstocks, MC is a 
better choice for hydrothermal humification process. 
Moreover, the  AHAMC contains less O=C-O and C-O 
but abundant N-dropped structures (Fig.  2A), resulting 
in a poor aromatization (Jiménez-González et al. 2020). 
Low O/C ratio in  AHAMC is an indicative of abundant 
carboxylic acids or furans structures existing in the 
humic acids (Yang et  al. 2021), being conducive to the 

formation of photodegradable substances and thus ben-
efiting redox reactions during plant photosynthesis. The 
diverse N-dropped structures such as amide (pyrimidine 
and peptide N) and C=N-C in  AHAMC also contribute to 
their high redox potential and ETC (Jiménez-González 
et al. 2020). This kind of artificial humic acids produces 
many electrons and free radicals to favor electron trans-
fer during a redox process (Chen et al. 2016).

The increased photosynthesis by  AHAMC can be partly 
ascribed to the increased light energy capture for the 
reduction of primary plastoquinone electron acceptor 
and transport in PSII process (Fig.  3). Other exogenous 
materials such as  La2O3 nanoparticles can also improve 
plant photosynthesis with the similar mechanisms (Liu 
et al. 2020). In addition, another humic substance, fulvic 
acids, accelerated the absorption rate of photons in thy-
lakoids to promote photosynthesis of chrysanthemums 
(Fan et al. 2014). Moreover, there are abundant nutrients 
including N, P, K, Mg, S, Fe, Na, Ca, and Mn in artificial 
humic acids (Figs. S4 and S6). It is well known that N and 
Mg play important roles in the synthesis of chlorophyll in 
plant leaves (Liu et al. 2020). Sufficient N supply benefits 
 CO2 diffusion (Ci) and the biochemical cycle of nutrients 
in leaves, resulting in strong plant photosynthesis (Huang 
et al. 2022). K is an activator of various enzymes that par-
ticipate in plant photosynthesis (Swift et al. 2021). There-
fore, nutrients supply is another mechanism by which 
 AHAMC promotes corn photosynthesis mostly (Fig. 3).

With the application of artificial materials (e.g., Fe-
based nanoparticles), many energy-consuming path-
ways including photorespiration, alanine metabolism 
and branch chain amino acid biosynthesis had been shut 
down, benefiting plant photosynthesis (Li et  al. 2018; 
Li et  al. 2020). Artificial humic acids can also induce 
metabolism in corn leaves and thereby favouring nutrient 
uptake and plant photosynthesis (Li et al. 2020).  AHAMC 
specifically affects glyoxylate and dicarboxylate metabo-
lism that related to plant C metabolism and photosyn-
thesis (Ma et  al. 2018), which can be ascribed to more 
photodegradable substances and higher redox potential 
in  AHAMC (Fig. 2C and D). Moreover, the aliphatic and 
carboxyl structures in artificial humic acids promote the 
synthesis of nutrients and increase the associated enzyme 
activity in leaves, respectively, both of which benefit plant 
photosynthesis (Byun et al. 2021).

Artificial humic acids produced from the hydrothermal 
humification of waste biomasses show great potential 
in photosynthesis promotion. In this case, the artificial 
humic acids derived from feedstocks with high H/C and 
low content of lignin and C/N can improve light energy 
capture and light energy conversion efficiency in the 
PSII process, increasing plant photosynthesis. In con-
trast, higher content of lignin and C/N in feedstocks can 
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produce artificial humic acids that increase plant photo-
synthesis by providing functional enzymes (proteins) and 
nutrients for leaves. Currently,  CO2 fixation during plant 
photosynthesis contributes less C sequestration in envi-
ronments (Yang and Antonietti 2020a). Improving the C 
fixation ability of plants is crucial for promoting C neu-
trality from the viewpoint of global concern. It is impor-
tant to fully understand the promotion mechanisms of 
artificial humic acids on plant photosynthesis for their 
precise and worldwide application.

4.2  Artificial humic acids show great potential for carbon 
neutrality

Take China as an example, there was about 3.49 Gt of 
discarded biomass C from forests and croplands in 2020, 
which will reach 3.80 Gt by 2030 (https:// www. beipa. 
org. cn/); specifically, the annual biomass yields of CL, 
CS and PS are 0.40, 0.81 and 0.05 Gt, respectively (Table 
S7), and the annual algae production in Taihu Lake in 
China was about 6.8*10-3 Gt in 2018 (http:// www. tba. gov. 
cn/) resulted from the eutrophication of water. However, 
less than 3% of the CS and 0.1% of PS or MC have been 
recycled (Zhi et  al. 2022). The accumulation of a large 
amount of waste biomass causes environmental pollution 
(McDonough 2016). It was reported that 46% of biomass 
C was lost into the atmosphere (Zhang et al. 2022), lead-
ing to climate warming from  CO2 emissions. To achieve 
the ecological goal of C emission peaking and neutrality, 

how to efficiently recycle waste biomasses has been a big 
concern in the world. However, the development of rel-
evant technologies is still in its infancy (Fig. S10).

Producing artificial humic acids from waste biomass 
renders C to enter a closed-loop internal cycle of C rather 
than ending its life (Fig.  5). In the closed-loop C cycle, 
waste biomass C is transformed into active C in artificial 
humic acids through an environmentally friendly hydro-
thermal humification approach (Yang et  al. 2021). On 
one hand, this approach prevents  CO2 emissions during 
the natural decomposition of biomasses. On the other 
hand, based on this study, about 8% of biomass C  (Cr) 
can be converted to active organic C in artificial humic 
acids during the hydrothermal humification of waste 
biomasses (Table S6). Biomass C will be recycled dur-
ing the preparation and the environmental application of 
artificial humic acids and finally be sequestrated in soils 
(Fig. 5). With the application of artificial humic acids, the 
contents of available nutrients and microbial activities in 
soils can be improved (Yang et  al. 2021). The improved 
soil quality enables the promotion of soil C sequestration 
(Fig. 5) and plant growth (Figs. S6 and S7). Improvements 
on soil organic matter are promising in curing the climate 
crisis in a large range of area (Yang and Antonietti 2020a, 
2020b). It was calculated that the  CO2 emissions in the 
atmosphere can be neutralized by increasing approxi-
mately 0.4% of C fixation in soils (Yang et al. 2021).

Due to human activities, the annual  CO2 emissions 
are more than 400 Gt in the world (McDonough 2016). 

Fig. 5 Diagram of the potential of artificial humic acids application for carbon neutrality. It was reported that the carbon pool in the atmosphere, 
land biomass, and soil are 870, 550, and 1500 Gt, respectively, and the annual carbon fixation amount during plant photosynthesis is 220 Gt (Yang 
and Antonietti 2020a). In addition, there are 46% of biomass carbon lost into the atmosphere during its natural decomposition or combustion 
(Zhang et al. 2020a). The 3.49 and 3.80 Gt represent the discarded biomass carbon in 2020 and 2030, respectively, and the data only includes 
the amount of waste biomass carbon in forests and croplands (https:// www. beipa. org. cn/). The data in the diagram of the Future part are based 
on the application outcomes of artificial humic acids, where Cr is the carbon reuse rate of the artificial humic acids from waste biomass carbon, Pr 
and CPr are the promotion of photosynthetic carbon fixation and plant biomass carbon with the help of artificial humic acids, respectively. The data 
of carbon loss in the diagram of Future part is calculated by (46% - Cr)

https://www.beipa.org.cn/
https://www.beipa.org.cn/
http://www.tba.gov.cn/
http://www.tba.gov.cn/
https://www.beipa.org.cn/
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Plant photosynthesis is a key to removing  CO2 from 
the atmosphere and advancing C neutrality in environ-
ments. About 220 Gt of C in the atmosphere is fixed by 
plants during their photosynthesis every year (Yang and 
Antonietti 2020a). However, the photosynthetic C fixa-
tion efficiency of plants is low since the utilization rate 
of plants to natural light is generally less than 1% (Zhou 
et al. 2022). To advance the contributions of photosyn-
thetic C fixation to C neutrality, humans are commit-
ted to planting more and more trees, resulting in a large 
occupation and low-value use of land. We suggest that 
the application of artificial humic acids increased the 
photosynthetic C fixation rate of corns (Pr) by about 
70–118% and the resultant plant biomass C (CPr) by 
about 22–39% (Fig. 5 and Table S6).

A proper application of artificial humic acid technology 
is critical since the hydrothermal humification process, 
the properties of artificial humic acids, and the resultant 
mechanisms of artificial humic acids for promoting plant 
photosynthesis are feedstock-dependent (Figs.  3 and 4), 
and likely to be plant-dependent. Moreover, our previ-
ous study suggested that with the help of catalysts such as 
 FeCl3 and  nFe2O3, the C conversion of feedstocks can be 
improved by 39% and 14%, respectively (Zhi et al. 2022). 
Researchers are calling for the optimization of the hydro-
thermal humification technology for preparing artificial 
humic acids. The potential of artificial humic acids for 
C neutrality can be further increased by optimization of 
preparation technology and precise application.

5  Conclusions
Artificial humic acids show great potential for C neutral-
ity since they can both decrease C emissions from the 
natural decomposition of waste biomasses and increase C 
fixation from plant photosynthesis. However, the proper-
ties and photosynthetic promotion mechanisms of artifi-
cial humic acids are feedstock-dependent. Lower content 
of lignin and C/N and higher H/C in feedstocks lead to a 
higher degree of humification and more abundant photo-
degradable substances in the artificial humic acids. These 
kinds of feedstocks such as MC are high-quality for arti-
ficial humic acids production. The  AHAMC can increase 
plant photosynthesis by improving light energy capture 
and light energy conversion efficiency in the PSII process. 
In contrast, the artificial humic acids derived from feed-
stocks with high content of lignin and C/N (e.g.,  AHACS 
and  AHAPS) can also increase plant photosynthesis by 
providing functional enzymes (proteins) and nutrients for 
leaves. Research on improving the humification process 
of these kinds of feedstocks such as CS and PS should be 
strengthened in future studies.
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