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and soil amelioration: A case study in loess plateau
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Abstract: Land improvement technology effectively addresses the challenges of arable land shortages, soil degradation, and the
food crisis. Graphene-structured biochar (G-biochar) emerges as a promising soil conditioner among the innovative solutions
due to its unique properties and lower cost. This study conducted field experiments to monitor and evaluate soil quality
recovery at various maize growth stages in loess. The results indicate that the lamellar structure of G-biochar enhances soil
aggregation, reduces water evaporation, and increases soil moisture content by 17.6% compared to the control. Due to the
interactions with cations through delocalized 7 electrons, G-biochar leads to the enrichment of nitrogen cations and adsorption
of phosphate, specifically, the concentration of nitrate nitrogen and available phosphorus improved by 25.0% and 178%,
respectively. The maize treated with G-biochar has a higher yield, nutrition, and germination rate. Additionally, G-biochar
demonstrates remarkable performance in altering the abundance and composition of soil microbial communities. G-biochar
significantly improves soil moisture content, quality, nutrient utilization, and modulates the soil microbiome in the test loess
plateau, it may be used as a promising soil conditioner. This research provides a case analysis of G-biochar’s impact on the
maize-loess system. It explores the mechanisms underlying its function as a soil conditioner, offering theoretical support for its
application in land improvement strategies.
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1 Introduction

Farmland plays a crucial role in ensuring food security and
contributing to national prosperity!. However, agriculture faces
numerous challenges due to its substantial resource demands,
including a shortage of cultivated land, soil degradation, and an
ongoing food crisis®”. A report highlights a concerning trend in
China, where the total area of arable land has diminished from
130 million hm?* in 1995 to 127.5 million hm® in 2022%. To address
these challenges and safeguard national food security, it is
imperative to enhance the efficiency and productivity of land use,
thereby supporting the sustainable development of agriculture.
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Currently, land improvement technology primarily relies on the
application of both natural and artificial soil amendments, such as
cellulose and polyacrylonitrile, to enhance soil particle formation
and improve soil structure*”. Additionally, alkaline substances like
lime, sodium carbonate, and saltpeter ash are utilized to neutralize
soil acidity”. Among these amendments, carbon materials have
emerged as having significant potential for soil improvement due to
their exceptional mechanical properties, electrical conductivity, and
energy storage capabilities'”.

Biochar, for instance, is known to enhance soil quality by
boosting microbial and enzyme activity, increasing soil organic
carbon content, and improving the retention and availability of
nutrients®™.  Similarly, carbon nanotubes contribute to water
retention, temperature regulation, and nutrient supply”. Despite
these promising applications, the production and processing of
carbon materials remain complex and require advanced technology
and costly equipment”. Furthermore, the effects and mechanisms
of carbon materials on soil are not yet fully understood,
necessitating comprehensive and systematic safety evaluations and
monitoring. To achieve the desired effects in soil treatment, it is
crucial to select and optimize the appropriate carbon material based
on the specific characteristics of different soils. Graphene, a notable
carbon material, is widely utilized in land improvement and soil
remediation due to its exceptional properties, including excellent
thermal and electrical conductivity, a high specific surface area, and
adjustable porosity!""”l. The high specific surface area and pore
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structure of graphene enhance soil adsorption capacity, thereby
reducing water loss and evaporation when used as a soil
conditioner!"*", Furthermore, these properties provide numerous
active sites for the effective absorption and fixation of pollutants,
such as heavy metals, organic pollutants, and pathogens, making
graphene an effective soil remediation agent'”. Additionally,
graphene’s good electrical conductivity facilitates its participation
in electrochemical reactions within the soil, aiding in the
degradation or transformation of contaminants'”. This conductivity
also promotes electron transfer, thereby improving the redox
conditions of the soil.

Graphene and its derivatives have been shown to influence the
elemental composition of soil, playing a significant role in
regulating maize growth!"®. Graphene oxide (GO), for instance, has
the dual capability of preventing soil water evaporation and
maintaining soil pH levels'"”. Despite these promising properties,
the high cost of pristine graphene restricts its large-scale application
in soil improvement. Furthermore, existing field studies on
graphene-based amendments have been predominantly conducted in
plain regions, with scant attention paid to the Loess Plateau, an
ecologically vulnerable area prone to severe erosion and nutrient
deficiency. This study developed a cost-effective graphene-
structured biochar (G-biochar) and conducted a field experiment in
a representative maize-loess system. Specifically, this study aimed
to evaluate the effects of G-biochar on key soil physicochemical
properties, assess the subsequent impacts on maize agronomic
performance, and elucidate the underlying mechanisms of G-
biochar action, with a focus on its modulation of rhizosphere
microbial community structure and composition. By addressing
these objectives, a comprehensive scientific basis was provided for
the application of G-biochar as a low-cost and effective soil
conditioner in degraded loess regions.

2 Materials and methods

2.1 G-biochar and soil

G-biochar, supplied by Changzhou 2D Carbon Technology Co.,
Ltd., plays a crucial role in this project. The G-biochar was made by
lignin, and the flash Joule heat device was operated with a pulse
voltage of 190 V and a pulse duration of 2500 ms. An electrical
pulse was then discharged through the powders, causing the sample
to reach ~3000 K rapidly. A prominent two-dimensional (2D)
Raman peak was observed at approximately 2707 cm’ in the
Raman spectrum of G-biochar synthesized at 190 V, with an
LD/I_ G intensity ratio of 0.67, consistent with the characteristic
spectral signature of graphene-like carbon materials (Figure 1). The
surface area of G-biochar was measured to be 411 m*g, and the
average pore diameter was 16.9 nm, significantly higher than that of
typical biochar™. The project site is situated in Ma Town, Fugu
County, Shaanxi Province (111.056 984°E, 39.374 374°N), within
the Loess Plateau’s hinterland and the Yellow River’s earth and
stone mountains. This area is characterized by its arid and semi-arid
climate, which, combined with complex natural geographical
conditions, contributes to significant challenges such as severe soil
erosion, low fertility, and declining soil quality. The farmland in
this region is predominantly abandoned, re-cultivated, or altered
from slopes, and is largely scattered. These factors collectively
underscore the need for innovative solutions to address the poor
performance of the soil, exacerbated by windy sand and soil
conditions.
2.2 Experimental design

The G-biochar was uniformly applied to the abandoned land.

The soil was then leveled and plowed in accordance with standard
management practices. At the surface layer, amendments and soil
were thoroughly mixed through plowing, with the application rate
calculated per hectare. On average, 0.56 t of G-biochar was required
per hectare. Unified field management practices, such as land
irrigation, mechanical sowing, fertilizer application, weed removal,
and other conventional field operations, were implemented on both
improved and unimproved farmland by an agricultural investment
company. The experimental group, which incorporated graphene,
was designated as the T group, while the control group, devoid of
graphene, was referred to as the CK group.
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Figure 1 Raman spectrum of G-biochar

2.3 Sample collection

Prior to the application of G-biochar, a comprehensive soil
quality survey was conducted to gather soil samples from the
cultivated layer. In each plot, three blocks measuring 10 mx10 m
were randomly selected. A five-point sampling method was
employed within these areas, with soil samples collected from a
depth of 0-20 cm using drills. The collected soil samples were then
sealed and stored in the laboratory for further analysis. Initially, the
soil was sieved through a 2 mm diameter mesh to remove impurities
such as animal residues, small pebbles, plant twigs, and weeds.
Approximately one-third of the soil was set aside for air drying,
which facilitated the determination of its physical and chemical
characteristics. The remaining soil samples were allocated for DNA
sequencing to analyze microbial species. Furthermore, additional
soil quality surveys were conducted during the maize growth period
and after harvest, utilizing the same sample collection method as
previously described.

At the maturity stage of maize, ten neighboring maize plants
were selected from each plot for measurement of plant height.
Following this, the maize samples were collected and divided into
stover and grain portions. The weights of these portions were
recorded, and the yield was calculated based on the sampled area.
Subsequently, all the stalks and grains were thoroughly washed with
tap water followed by ultrapure water. The samples were then dried
at a temperature of 60°C-65°C until a constant weight was
achieved. Then the samples were crushed using a stainless steel
grinder and stored for further analysis.

Fresh roots were collected at the maize maturity stage from
three randomly selected plants per plot. Root samples were gently
rinsed with sterile phosphate-buffered saline to remove loosely
attached soil particles, then fixed in 2.5% glutaraldehyde for 4 h at
4°C, followed by dehydration through a graded ethanol series (30%,
50%, 70%, 90%, and 100%). The samples were stored for further
analysis.
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2.4 Quality determination of soil and plant end sequencing on an Illumina MiSeq PE300 platform (Illumina,
The moisture content of the samples was determined using the San Diego, USA), adhering to the standard protocols provided by
drying method. Organic carbon content was assessed using the Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
potassium dichromate capacity method. The total nitrogen (TN), 2.6 Scanning electron microscope (SEM)
total phosphorus (TP), and total potassium (TK) contents were The specimens were gold-coated and examined using a
analyzed after digestion with a microwave digestion instrument scanning electron microscope (GeminiSEM 300, Germany) at 50,
(MARS6, CEM Corporation, USA) through Kjeldahl nitrogen 100, 500, and 1000 times magnifications by using an acceleration
determination, vanadium-molybdenum yellow colorimetric method, voltage of 3 kV. Biofilm coverage was qualitatively assessed by
and flame photometer method, respectively. Ammonium and nitrate visually comparing SEM images from CK and T groups.
concentrations in the samples were extracted with 0.5 mol/L K,SO, 2.7 Statistical analysis
and determined by the indophenol blue method and the vanadium Mapping and data analysis were conducted using Origin2021
oxidation method®'. Available phosphorus was extracted using (Original Laboratory, Northampton, USA) and SPSS 19.0 (IBM
0.5 mol/L NaHCOj (Olsen method) and quantified by the vanadium- Corporation, Armonk, USA) software. Prior to statistical analysis,
molybdenum yellow colorimetric method. The total protein content the data underwent assessments for normality and homogeneity of
of maize grain was determined by Kjeldahl method, while the total variance. In cases where the data did not follow a normal
fat content was measured using Soxhlet extraction. The distribution, non-parametric tests were employed. All results are
concentration of total starch content, total cellulose, total dietary presented as mean values with their corresponding standard errors.
fiber, insoluble dictary fiber, and soluble dictary fiber were Additionally, microbial analysis was performed using the Majorbio

determined according to the method proposed by Lv et al.” The Cloud platform (Majorbio Bio-Pharm Technology Co. Ltd.).
composition and content of fatty acids were analyzed using gas . .
chromatography-mass spectrometry (GC-MS, 7890, Agilent 3 Results and discussion

Technologies, USA). Additionally, the microstructure of maize 3.1 Effect of G-biochar application on soil quality

roots was examined using a scanning electron microscope The results of the study demonstrate that the application of
(GeminiSEM 300, Germany). graphene significantly enhances soil water retention capacity.
2.5 DNA extraction, PCR amplification, and Illumina MiSeq Specifically, the soil moisture content increased from 7.24%+0.17%
analysis of soil microbial communities in the control group to 8.51%+0.23% in the treatment group,
Microbial DNA was extracted from 0.5 g of stored soil samples representing a 17.6% improvement with G-biochar treatment. Loess
using a Soil DNA Kit (Mobio Laboratories, Carlsbad, CA, USA) soil, being loose and porous, is prone to water loss. However, the
following the manufacturer’s protocols. The extracted DNA was lamellar structure of G-biochar increases soil density, effectively
then assessed for quality by running it on a 1% agarose gel, and its reducing the evaporation and escape of water molecules, thereby
concentration and purity were measured using a NanoDrop 2000 maintaining soil moisture content and providing adequate water for
UV-vis spectrophotometer (Thermo Scientific, Wilmington, USA). maize growth.
All DNA samples were subsequently stored at —80°C to preserve In addition to improving water retention, G-biochar also
their integrity. For the amplification of the hypervariable region V3- enhances soil fertility by increasing nutrient concentrations. Before

V4 of the bacterial 16S rRNA gene and the fungal ITS gene, primer G-biochar application, baseline soil properties were comparable
pairs 515F and 806R, as well as ITS1 and ITS2, were employed, between the CK and T plots (0.55-0.65 g/kg). After the
respectively. The PCR amplification process followed the incorporation of G-biochar and base fertilizer, soil samples were
methodology described by Li et al.”* Post-amplification, the PCR collected immediately before sowing. At this stage, the T group

products were extracted from a 2% agarose gel and purified using exhibited significantly higher levels of TN, TK, ammonium
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union nitrogen (NHj-N), and nitrate nitrogen (NO;-N) than the CK
City, CA, USA) according to the manufacturer’s instructions. group, with values of 2.80+0.22 g/kg, 15.07+0.50 g/kg, 1.59+

The purified DNA was quantified using a Quantus™ 0.11 mg/kg, and 4.69+0.20 mg/kg, respectively, compared to
Fluorometer (Promega, USA). Subsequently, the purified amplicons 1.59+0.05 g/kg, 12.53+0.35 g/kg, 0.64+0.10 mg/kg, and 3.84+

were pooled in equimolar concentrations and subjected to paired- 0.15 mg/kg in the CK group (Figure 2).
Organic carbon/g-kg™' |  After fertilization s = After harvest
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Note: *Significantly different at the 0.05 probability level; **Significantly different at the 0.01 probability level; ***Significantly different at the 0.001 probability level.
The same as below.

Figure 2 Nutrient concentration of the soil after fertilization and harvest in CK and T group

After a maize growing season of approximately four months accompanied by significant enhancements in soil nutrients: total
(120 d), the soil moisture content in the T group increased by 17.6% nitrogen, total phosphorus, and total potassium levels rose by
compared to the CK group. This increase in moisture was 25.60%, 58.80%, and 2.93%, respectively. Notably, the levels of
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ammonium nitrogen, nitrate nitrogen, available phosphorus, and
total organic carbon improved by 13.20%, 25.00%, 178.00%, and
6.76%, respectively (Figure 2). The substantial increases in nitrate
nitrogen and available phosphorus, which are readily available
fertilizers for plants, were particularly noteworthy. In the CK group,
nitrate nitrogen and available phosphorus levels were 5.41+0.32 and
2.47+0.10, respectively, whereas in the T group, these levels rose to
6.76+0.29 and 6.86+0.32, indicating a significant enhancement.

The results of G-biochar application on soil quality suggest that
G-biochar possesses excellent capabilities for retaining soil
fertilizer. The soil treated by G-biochar provides sufficient nitrogen
to support plant and microorganism growth”. G-biochar possesses a
large specific surface area (411 m*g) and abundant delocalized =
electrons on its graphene-like basal planes. These features enable
strong cation-n interactions with ammonium (NHj}), leading to its
surface enrichment and reduced leaching™*. This is consistent with
the observed 13.2% increase in NH}-N. However, nitrate (NO5) is
an anion and does not directly bind to n electrons. The observed
25.0% increase in NO;-N is more likely indirect, perhaps resulting
from G-biochar’s improvement of soil aeration and water retention,
which may enhance nitrification by aerobic ammonia-oxidizing
microorganisms. Additionally, the retention of NH; provides a
larger substrate pool for subsequent nitrification. These possibilities
warrant further investigation.

Adequate phosphate availability promotes vigorous root and
above-ground growth, facilitates biochemical cycling, and improves
water-use efficiency”. The remarkable increase in available P can
be attributed to multiple factors. The alkaline nature of loess soil
(pH ~8.2) typically limits P availability due to Ca-P precipitation.
However, G-biochar addition may locally lower pH or provide
organic ligands that compete with phosphate for Ca* binding sites,
thereby releasing occluded P. Meanwhile, G-biochar could directly
adsorb and then slowly release phosphate, acting as a P reservoir.
Further studies are needed to partition these contributions.

3.2 Effect of G-biochar application on maize growth

The study’s findings indicate that G-biochar significantly
enhances various stages of maize growth. During the germination
stage, maize in the treatment group germinated 1-3 d earlier than the
control group, with an increase in seedling emergence rate by 10%-
30%. Furthermore, maize seedlings treated with G-biochar
exhibited enhanced robustness, demonstrating strong resistance to
late frosts, improved fiber quality in later stages, and a high degree
of lignification. The dark color of G-biochar absorbs more energy,
raising soil temperature and further promoting plant germination
and growth within the maize-loess system. G-biochar significantly
enhances various stages of maize growth. Due to its dark black
color, G-biochar particles can absorb solar heat energy, leading to
an increase in soil temperature. This rise in temperature is
particularly beneficial in breaking the dormancy of maize seeds,
thereby accelerating germination and improving the rate of seedling
emergence. These effects are especially pronounced in soils with
lower fertility and arid conditions. Additionally, graphene facilitates
water absorption by penetrating the seed shell, further aiding in seed
germination”’.

During the elongation stage of maize growth, significant
differences were observed between the CK group and the T group.
In the CK group, maize height ranged from 42 to 70 cm, whereas in
the T group, it ranged from 90 to 110 cm. Additionally, the number
of emerged plants per 9 m* was 41-44 in the CK group, compared to
47-50 in the T group. The application of G-biochar treatment
resulted in increased seedling emergence, taller and more uniformly

emerged maize plants, as well as wider leaves and more vigorous
growth. Notably, the water content in the T group was significantly
higher than in the CK group, with a 47.9% increase in the
rhizosphere water content. This enhancement in water retention can
be attributed to G-biochar’s large specific surface area, which
effectively adsorbs water in the soil. In Fugu County, where the soil
is characterized by a high sand content and softness, G-biochar
plays a crucial role in reducing water evaporation from the soil
surface, preventing water seepage, and maintaining soil moisture.

In the maturity stage of maize, significant improvements were
observed in plants grown in G-biochar treated soil compared to the
CK group. Maize stalks from the G-biochar treatment were notably
taller, coarser, and brighter in color. Specifically, the fresh weight,
dry weight, moisture content, and height of these stalks were 111%,
78.6%, 9.70%, and 15.4% higher, respectively, than those in the CK
group. Additionally, the maize root system in the T group exhibited
an increase in fresh weight of 139% (p<0.05) and in moisture
content of 22.1% (p<0.001) compared to the CK group. Although
the root dry weight showed an apparent increase of 50.0%, this
difference did not reach statistical significance (p=0.178; Table 1),
possibly due to biological variation among replicates. Nevertheless,
the substantial increase in root fresh weight and moisture content
suggests that G-biochar primarily enhanced root water uptake
capacity, which may indirectly contribute to the observed trends in
biomass accumulation. This is consistent with the observed 22.1%
increase in root moisture content (Table 1) and the improved
rhizosphere water availability noted in section 3.1.

Table 1 Weight and c¢ content of maize stalks and roots at the
maturity stage

Maize Group Fresh weight/g Dry weight/g Moisture content/% Height/m

Stalk CK 375.3+£64.3 148.0+21.7 60.0+3.2 2.20+0.04

T 791.0+84.1 264.7+21.3 65.7+5.2 2.57+0.01

p-value 0.017* 0.018* 0.407 0.001**
Root CK 203.0+34.4 76.3+13.9 61.1£0.8 -
484.7+61.3 113.7+18.2 76.2+1.0 -
p-value 0.016* 0.178 0.0003*** -
. CK 280.7+51.0 183.7+34.3 34.7+1.1 -

Grain

478.0429.2  248.3+34.6 48.6+4.1 -
p-value 0.028* 0.255 0.030* -

*Significantly different at the 0.05 probability level; **Significantly different at
the 0.01 probability level; ***Significantly different at the 0.001 probability level.
The same as below.

Although G-biochar particles may interact with the root surface
and potentially endocytosis at the root hair apex to enter the
outermost cell layers®, direct evidence for such internalization in
the present maize-loess system is unavailable. Nevertheless, the
observed acceleration of root growth and cell division in the root
end meristematic tissue is likely mediated by G-biochar-induced
improvements in rhizosphere water and nutrient availability rather
than by direct physical penetration of graphene nanostructures into
root cells.

3.3 Effect of G-biochar application on plant and grain
nutrition

The application of G-biochar has significantly enhanced the
nutrient and water supply in previously abandoned land, thereby
promoting the growth of maize. This improvement is evident in the
increased content of total nitrogen, total phosphorus, and total
potassium in maize stalks. Specifically, in the CK group, the TN,
TP, and TK contents were 2.06+0.03, 0.20+£0.01, and 10.13+0.84,
respectively. In contrast, the T group exhibited higher values of
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3.04+0.10 for TN, 0.24+0.01 for TP, and 14.37+0.93 for TK. This
represents an increase of 47.81%, 20.34%, and 41.78% in TN, TP,
and TK content, respectively, with the application of G-biochar
(Figure 3). The enhanced nutrient availability stimulates maize
growth, resulting in more robust aboveground vegetative structures.
This growth is reflected in increased plant height, stem thickness,
and number of leaves, maize ears, and grains, ultimately providing
more nutrients for the maize.
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Figure 3 TN, TP, and TK content of maize stalk in CK
and T group

In comparison to the CK group, the maize grains harvested in
the T group exhibited enhanced fullness and nutritional value.
Specifically, the total protein, total fat, total starch, total cellulose,
and total dietary fiber content increased by 8.66%, 4.48%, 0.69%,
12.70%, and 5.90%, respectively. Additionally, the insoluble and
soluble dietary fiber contents rose by 5.80% and 1.94%,
respectively (Figure 4). The content of unsaturated fatty acids,
including methyl myristate, methyl palmitate, methyl cis-10-
heptadecenoate, methyl heptadecanoate, methyl linoleate, elaidic
acid methyl ester, methyl oleate, methyl cis-11-eicosenoate, methyl
docosanoate, and methyl tetracosanoate, increased by 69.4%,
18.1%, 8.40%, 10.0%, 10.9%, 7.23%, 11.7%, 32.5%, 5.07%,
29.0%, and 5.66%, respectively (Table 2). The maize grain’s
protein, total fiber, and unsaturated fatty acid content (using
linoleate methyl ester as an example) increased by 4.2 g/kg,
3.6 g/kg, and 522 mg/kg, respectively. When calculated based on
the edible portion of maize being 80%, the nutritional value per
hectare increased by 250 kg for protein, 29 kg for fiber, and 35 kg
for unsaturated fatty acids. The moderate increases in total protein
(+8.66%) and fat (+4.48%), coupled with the negligible change in
total starch (+0.69%, p>0.05), suggest a shift in carbon allocation
toward nitrogen- and lipid-rich storage compounds under G-biochar
treatment. This pattern may be attributed to G-biochar-enhanced
nitrogen availability, which preferentially supports protein
synthesis, as well as potential changes in starch metabolism gene
expression induced by graphene exposure. This pattern aligns with
observations in other biochar-amended cropping systems, where
biochar application often increased grain protein and oil content
while causing variable effects on starch™.

3.4 Response of soil microbial communities to G-biochar
application

The diversity of soil microorganisms plays a crucial role in
maintaining the functionality of plant-soil systems®**". In this study,
a comparison of bacterial species richness between the CK and T
groups revealed significant differences at the genus level, as
indicated by the ace index and confirmed by a Student’s t-test
(»<0.05). The coverage index for each group exceeded 0.97,
indicating that the test results accurately reflect the actual conditions
of the samples.

Figure 5 illustrates the composition of the microbial community

at the phylum level in both the CK and T groups. The results reveal
that the soil
Actinobacteriota,

microorganisms  predominantly  comprise
Proteobacteria, Bacteroidota,  Chloroflexi,
Ascomycota, and Chytridiomycota, among others. Especially, the
microbial community structure underwent significant changes
following treatment with G-biochar. A comparative analysis of the
phylum-level differences between the two groups shows that the
abundance Chloroflexi, Myxococcota, and
Basidiomycota was significantly higher in the CK group than in the
T group. Conversely, the abundance
Deinococcota, GALIS5, Methylomirabilota, Planctomycetota, and
Chytridiomycota was considerably greater in the T group (p<0.05).

The enhanced water retention capacity of G-biochar increases the

of Bacteroidota,

of  Cyanobacteria,

soil’s moisture content, thereby promoting the growth of
Cyanobacteria and Chytridiomycota, which thrive in humid
environments. Additionally, the observed increase in Deinococcota
is more likely attributable to indirect ecological shifts within the soil
microbial community.
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Figure 4 Nutrient composition of maize grain in CK and T group

Table 2 Fatty acids composition of maize grain in CK

and T group
Index CK T p-value
Methyl myristate/mg-kg™ 7.9+0.3 13.4+0.02  0.0003™
Methyl palmitoleate/mg-kg™ 23.6+5.1 27.9£2.9 0.508

2509.2+350.7 2719.9+98.0  0.594
19.942.5 21.8+1.4 0.522
4.8+1.5 5.4+1.5 0.819
7215.4+844.3 7736.84312.3 0.594

Methyl palmitate/mg-kg™"

Methyl cis-10-heptadecenoate/mg-kg™!
Methyl heptadecanoate/mg-kg™
Methyl linoleate/mg kg™

Elaidic acid methyl ester/mg-kg™ 1015.6£71.5 1134.1£97.9  0.384
Methyl oleate/mg-kg™ 269.3£16.8 356.8+9.5 0.011°
Methyl stearate/mg-kg™' 425241227  390.0+44.1 0.800
Methyl cis-11-eicosenoate/mg-kg™ 28.7+10.9 30.142.1 0.902
Methyl arachidate/mg-kg™ 67.3+£27.2 66.4+7.6 0.976
Methyl docosanoate/mg-kg™ 15.3£3.1 19.7+8.8 0.661
Methyl tetracosanoate/mg-kg 72.548.5 76.6+3.4 0.677

The analysis of microbial communities in soil samples from the
CK and T groups revealed no significant differences in the overall
abundance of Actinobacteriota, Proteobacteria, and Ascomycota,
which were the most abundant phyla. However, a more detailed
examination indicated significant compositional differences
between the two groups in Acidobacteriota, Actinobacteriota,
Proteobacteria, and Ascomycota. Lefse analysis provided insights
into the microbial community composition from the phylum to the
genus level (Figure 6). Notably, Xanthomonadales, a member of

Proteobacteria known for containing numerous phytopathogenic
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bacteria, were more prevalent in the CK group than in the T group.
In contrast, Metarhizium, an Ascomycota fungus known for its
ability to infect maize pests, was significantly more abundant in the
T group than in the CK group. Additionally, the order
Spizellomycetalean, part of the Chytridiomycetes class and known
for its beneficial roles in nutrient recycling and parasitism of plant-
attacking organisms, was found in higher abundance in the T group.
The higher abundance of Cyanobacteria in the T group is consistent
with the known ecology of these microorganisms, which form
biological crusts in response to increased surface moisture™.
Similarly, the enrichment of Chytridiomycota is ecologically

plausible, as their zoosporic reproduction requires free water*.
SEM observation of the root surface revealed a substantial
reduction in bacterial biofilm coverage in the T group compared to
the CK group (Figure 7). This qualitative observation suggests that
G-biochar may help mitigate the risk of bacterial root infections,
although quantitative assessments (e.g., crystal violet staining or
colony-forming unit counts) are needed to confirm this effect. The
observed reduction in biofilm formation could be attributed to the
effects

combined of improved root health and potential

antimicrobial properties of G-biochar.
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Figure 5 Heatmap analysis of microbial community in the CK and T group

Furthermore, the bacterial biofilm in the root system was
significantly reduced in the T group compared to the CK group
(Figure 7), effectively mitigating the risk of bacterial infectious
diseases. These findings suggest that G-biochar has a potential role
in plant disease prevention. The lamellar structure of G-biochar has
been shown to exhibit antimicrobial activity, where nanoscale sharp
edges can physically disrupt bacterial cell membranes™*. It is
plausible that a similar mechanism may contribute to the

suppression of certain phytopathogenic bacteria in the present soil
system. However, whether G-biochar particles retain their sharp-
edge morphology and remain accessible to bacterial cells in the
complex soil matrix, where they can be coated by organic matter or
clay minerals, requires further validation. The observed reduction in
pathogenic taxa such as Xanthomonadales may also result from
indirect effects, including G-biochar-induced improvements in soil
water and nutrient status that promote plant health and root
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exudation patterns unfavorable for pathogen colonization. Thus,
while the direct antimicrobial mechanism cannot be ruled out, the

relative contributions of direct and indirect effects in modulating
soil microbial communities remain to be quantified.
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Figure 6 Lefse analysis of microbial community in the CK and T group

3.5 Integrated mechanisms of G-biochar action and
environmental considerations

The application of G-biochar in loess soil has been shown to
positively influence maize growth, as previously discussed.
Specifically, G-biochar amendment accelerates seed germination
and enhances vegetative development, evidenced by increased plant
height, improved biomass accumulation, and elevated tissue

concentrations of essential nutrients (e.g., nitrogen, phosphorus, and

potassium). These physiological improvements are underpinned by
G-biochar’s multifaceted influence on key soil properties: notably,
enhanced water retention capacity, augmented nutrient availability,
and modulation of soil microbial community composition and
function (Figure 8).

Loess soil is inherently characterized by low bulk density, high
porosity, and poor water-holding capacity, factors that predispose it
to rapid moisture loss via evaporation and percolation. G-biochar’s
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two-dimensional lamellar architecture increases soil particle
cohesion and reduces interstitial pore space, thereby impeding water
vapor diffusion and minimizing evaporative losses. Concurrently, G-
biochar’s high surface absorptivity, attributable to its dark color,
enhances solar energy capture, leading to moderate increases in soil
temperature. This thermal effect synergistically supports early-stage
seed germination and root metabolic activity in maize.

As a two-dimensional carbon nanomaterial with exceptional
electron delocalization and aromatic stability, G-biochar exhibits
strong cation-binding affinity via m—cation interactions. This
facilitates the surface enrichment and stabilization of bioavailable
nitrogen cations, thereby improving cation exchange capacity and
mitigating leaching losses. Furthermore, G-biochar-mediated
complexation between phosphate anions and metal cations (e.g., Fe,
Al, Ca) can modulate phosphorus speciation and bioavailability,
influencing long-term nutrient cycling dynamics. Collectively, these
physicochemical modifications establish a more favorable edaphic
environment for both maize root development and beneficial
rhizosphere microbiota.

In addition, G-biochar’s atomically thin, edge-rich lamellar
morphology confers intrinsic antimicrobial properties. Its nanoscale
sharp edges can physically penetrate and disrupt the integrity of
bacterial cell ~membranes. By suppressing
phytopathogenic microbes while preserving or promoting beneficial
taxa (e.g., G-biochar
contributes to a more resilient and functionally balanced soil
microbiome, ultimately reinforcing maize health and productivity.

While the present results demonstrate clear short-term benefits
of G-biochar application on soil quality, maize productivity, and
microbial community modulation, it is equally important to consider
the potential environmental implications of introducing this carbon

selectively

plant-growth-promoting  rhizobacteria),

nanomaterial into agricultural soils. As with other engineered
nanomaterials, G-biochar particles may persist in the soil matrix
over extended periods, and their gradual accumulation could
potentially pose risks to non-target soil organisms through physical
interaction or oxidative stress pathways, as reported for certain
graphene-based materials in controlled exposure systems?®".
Additionally, the long-term fate of G-biochar remains largely
unknown, including its potential fragmentation, chemical
transformation, or vertical migration into deeper soil layers and

groundwater. In the current field trial, visual phytotoxicity

symptoms in maize plants were not observed. Nevertheless, these
preliminary observations do not constitute a comprehensive
ecological risk assessment. Future studies should systematically
evaluate the dose-dependent, chronic, and food-web-level effects of
G-biochar, as well as its interactive behavior with co-occurring soil
contaminants, to ensure its safe and sustainable application in land
improvement strategies.

Figure 7 Macrostructure and microstructure of maize roots in CK
and T group

;o
g

Reduce water loss

Lethal to bacteria

Figure 8 Behavior of G-biochar in the maize-loess soil system
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4 Conclusions

This study examines the effects of G-biochar on maize growth,
soil quality, and soil microorganisms within the maize soil system.
The findings indicate that applying an appropriate amount of G-
biochar to the soil enhances soil quality and structure while
increasing the content of available nutrients and regulating the
composition of the microbial community. Furthermore, G-biochar
facilitates crop rooting and germination, leading to significant
improvements in maize yield and fruit fullness. This research
contributes to the understanding of the regulatory mechanisms of G-
biochar in soil environments and its growth-promoting effects on
crops. However, further investigation is needed to assess the long-
term effects of G-biochar materials on the soil environment and
explore the impact of G-biochar on other crops.
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