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ORIGINAL RESEARCH

Preparation of carbon-based material 
with high water absorption capacity and its 
effect on the water retention characteristics 
of sandy soil
Youming Yang1,2, Mingyang Zhong1,2, Xiuqi Bian1,2, Yongjun You1,2 and Fayong Li1,2*   

Abstract 

Biochar has the potential to provide a multitude of benefits when used in soil remediation and increasing soil 
organic matter enrichment. Nevertheless, the intricated, hydrophobic pores and groups weaken its water-holding 
capacity in dry, sandy soils in arid lands. In order to combat this issue, starch-carbon-based material (SB), sodium 
alginate-carbon-based material (SAB), and chitosan-carbon-based material (CB) have been successfully synthe-
sized through the graft-polymerization of biochar (BC). A series of soil column simulations were used to scrutinize 
the microstructure of the carbon-based material and explore its water absorption properties and its effects on sandy 
soil water infiltration, water retention, and aggregation. The results indicated that SB, SAB, and CB achieved water 
maximum absorption rates of 155, 188, and 172 g  g−1, respectively. Considering their impact on sandy soils, SB, SAB, 
and CB lengthened infiltration times by 1920, 3330, and 3880 min, respectively, whilst enhancing the water reten-
tion capabilities of the soil by 18%, 25%, and 23% in comparison to solely adding BC. The utilization of these innova-
tive materials notably encouraged the formation of sandy soil aggregates ranging from 2.0 to 0.25 mm, endowing 
the aggregates with enhanced structural stability. Findings from potting experiments suggested that all three carbon-
based materials were conducive to the growth of soybean seeds. Thus, it is evident that the carbon-based materials 
have been fabricated with success, and they have great potential not only to significantly augment the water reten-
tion capacities and structural robustness of sandy soils in arid areas, but also to bolster the development of soil aggre-
gates and crop growth. These materials possess significant application potential for enhancing the quality of sandy 
soils in arid and semi-arid regions.

Highlights 

• Novel carbon-based materials were prepared using biochar and biodegradable organic matter.
• The novel materials exhibited excellent water absorption capacity.
• The novel materials greatly decreased the water infiltration capacity of sandy soil.
• The novel materials increased the water retention capacity and aggregate size of sandy soils.
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1 Introduction
Land desertification, an alarming environmental issue 
rampant in arid and semi-arid  regions, significantly 
hampers agricultural productivity and human devel-
opment. It rapidly transforms feasible land into sandy, 

unproductive soils (Zhang et al. 2019). Globally, the area 
covered by sandy soils reached 4.99 ×  107  km2, accounting 
for 31% of the global total land area (Hengl et al. 2017). 
Up to 2014, China has had a sandy soil area of 1.72 ×  106 
 km2, or 17.93% of its total area (Pu et al. 2019). Xinjiang 
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province has the  largest sandy soil expanse with a total of 
7.47 ×  105  km2, accounting for two-fifths of the country’s 
sandy soil (Lv et  al. 2022). Owing to its geological and 
climatic conditions, the region experiences scarce rain-
fall and high evaporation rates. Combined with human’s 
irrational utilization of natural resources, these factors 
have significantly deteriorated the soil quality, damaged 
its structure and severely weakened its capacity for water 
retention. Consequently, soil desiccation has become 
markedly more severe (Yu et  al. 2022). Therefore, it is 
crucial to execute forceful measures to combat soil ero-
sion and abate desertification by improving the physical 
and hydraulic properties of sandy soils and boosting their 
water retention ability. In recent years, researchers have 
proposed a handful of approaches for enhancing water 
retention in sandy soils, like application of super-absor-
bent materials (Albalasmeh et al. 2021), organic fertiliz-
ers (Iqbal et al. 2018), and inorganic amendments (Zhang 
et al. 2020) to the sandy soil, which could notably reduce 
water loss and enhance nutrient levels (Huang and Har-
temink 2020). Nevertheless, the majority of absorbent 
materials exhibit resistant to biodegradation and cer-
tain chemical agents used for water storage may harbor 
toxic implications for both plants and soils (Xi and Zhang 
2021), thereby posing potential  risks to human health 
and the environment. Besides, inorganic amendments 
are relatively costly and hence inapplicable for large-scale 
application. As a result, the production of cost-effec-
tive and eco-friendly soil conditioners is of paramount 
importance.

Over the past decade, biochar has garnered substan-
tial attention as an auspicious soil additive, attributed 
to its intricate pore structure, expansive specific surface 
area, and the presence of polycyclic aromatic hydrocar-
bons combined with polar functional groups (Downie 
et  al. 2012; Weber and Quicker 2018). Research has 
found that biochar can increase organic carbon content 
in sandy soils (Parihar et  al. 2016), bolster soil aggre-
gation potential, foster superior soil particle aggre-
gation, and improve soil structure (Baiamonte et  al. 
2019). Furthermore, biochar with higher application 
rates, smaller particle sizes, and high porosity is seen 
to diminish the bulk weight of sandy soils, improve 
their water retention ability, and influence water infil-
tration in sandy soils (Verheijen et  al. 2019; Alghamdi 
et al. 2020; Liu et al. 2016, 2017). However, most exist-
ing research posits that biochar, rather than enhancing, 
actually diminishes the  water retention capability  of 
soil. It has been determined that biochar introduction 
results in a rise in the soil’s saturated hydraulic conduc-
tivity and a reduction in its cumulative infiltration (Mao 
et  al. 2019; Phillips et  al. 2020; Chen et  al. 2022). Bio-
char itself is highly hydrophobic, which increases with 

decreasing particle size and specific surface area, sub-
sequently causing a decrease in biochar’s water-holding 
capacity (Edeh and Mašek 2022). In sandy soils, biochar 
appears to have negligible effects on the water-holding 
capacity, saturated hydraulic conductivity, and effec-
tive plant water content (Wiersma et al. 2020). Chintala 
et al. (2014) discovered that biochar derived from corn 
straw and willow jig exhibits superior hydrophobicity, 
devoid of any water retention capabilities. Addition-
ally, biochar has been found to expedite nutrient leach-
ing from coarse-textured soils, thereby reducing their 
capacity to retain nutrients (Jílková and Angst 2022). In 
short, the influence of biochar on soil hydraulic prop-
erties depends on its raw material, pyrolysis process, 
particle size and application rate, as well as internal 
pore structure, specific surface area and hydrophobic 
groups content, with its capacity to retain water being 
markedly limited. When utilized in sandy soils, biochar 
might potentially exacerbate the loss of soil nutrients 
and water.

Therefore, in order to improve the water retention 
capacity of biochar in sandy soil, this study selected 
starch, sodium alginate, and chitosan polysaccharide 
substances as reaction monomers along with acrylic 
monomers. These substances were grafted onto biochar 
to create water-retaining polymer, thereby increasing the 
water retention capacity of biochar. Starch, sodium algi-
nate, and chitosan polysaccharides offer the benefits of 
sustainability, biodegradability, and non-toxicity (Sutrad-
har et  al. 2015). Rich in hydrophilic functional groups, 
they are the main components of naturally occurring 
complexes with high water-absorbent capacities, charac-
terized by an abundance of hydrophilic functional groups 
(Campos et al. 2015; Guilherme et al. 2015). We hypoth-
esized that the three carbon-based materials prepared in 
this study have undergone successful cross-linking and 
polymerization, resulting in their excellent water absorp-
tion properties. These properties have the potential to 
decelerate water infiltration in sandy soils, enhance the 
water retention capacity of such soils, facilitate the for-
mation of large aggregates, and promote greater stability 
in the soil structure. The primary objectives of this study 
are as follows: (1) to examine the water absorption prop-
erties of the three carbon-based materials, (2) to validate 
the successful grafting of these materials through SEM, 
elemental analysis (EA), FT-IR, and contact angle charac-
terization techniques, and (3) to investigate the impacts 
of the three carbon-based materials on water infiltra-
tion, water retention properties, and soil aggregates in 
sandy soils. Our results showed water retention abilities 
of biochar was enhanced, which can provide theoretical 
and technological support for sandy soil reclamation and 
water and soil conservation in arid areas.
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2  Materials and methodology
2.1  Soil collection and preparation and carbon‑based 

material preparation
2.1.1  Soil collection and preparation
Test soil  was  collected from cotton field in the water-
saving irrigation experimental base of Tarim University, 
Alaer, Xinjiang (40° 20′ 47"–41° 47′ 18" N, 79° 22′ 33"–
81° 53′ 45" E), which was collected from a depth of 0–20 
cm. The collected soil was air-dried at room temperature 
and then sieved using a 2-mm mesh to remove debris 
and larger particles. The resultant soil was stored in a 
dry, clean container until use. It was recognized that the 
soil particle composition consisted of 75.58% fine sandy, 
24.03% silt, and 0.39% clay, with a sandy loamy texture. 
Further analysis showed that the electrical conductivity 
was 1.14 mS  cm−1 and the pH level was 7.40. The soil’s 
organic matter content was 11.14  g   kg−1, while its bulk 
density stood at 1.40  g   cm−3, with a saturated moisture 
level of 43%.

2.1.2  Biochar preparation
The cotton straw was naturally dried indoors before 
being processed in a crusher machine (800A, Multifunc-
tional Crusher, Dongguan Huatai Electric Co., Ltd.) for 
pulverization. The pulverized material was pyrolyzed 
in an oxygen-free environment using a muffle furnace 
(KSW, Box Type Resistance Furnace, Beijing Yongming 
Medical Instruments Co., Ltd.) at a temperature of 600 
°C, with a heating rate of 8 °C   min−1 for 4  h to obtain 
biochar. The biochar was further ground and passed 
through a 60-mesh sieve, then collected and stored  in a  
sealed wide-mouth bottle. It was dried before utilization 
to inhibit the absorption of airborne moisture into the 
material.

2.1.3  Carbon‑based material synthesis
This study attempted to dissolve 0.5 g of chitosan (indus-
trial grade, procured from Shandong Okang Biotechnol-
ogy Co., Ltd.), in 30 mL of 2.0% mass fraction acetic acid 
solution (analytical purity), purchased from Shanghai 
Maclean Biochemical Technology Co., Ltd. This mixture 
was placed on a magnetic stirrer at an 800 r  min−1 speed, 
and the temperature was elevated to 70 °C. Subsequently, 
0.08 g of N,N′-methylene bis(acrylamide) (MBA, analyti-
cal purity), procured from Shanghai Maclean Biochemi-
cal Technology Co., Ltd., and 12 mL of analytical purity 
acrylic acid (AA), provided by Fuchen (Tianjin) Chemi-
cal Reagent Co., Ltd., were integrated. The reaction was 
allowed to proceed for 10 min. Grafting polymerization 
reaction continued with the addition of 0.3 g ammonium 
persulfate (analytical purity, supplied by Tianjin Shen-
gao Chemical Reagent Co., Ltd.) and 0.75  g of biochar, 

and the reaction sustained for 40  min. Finally, sodium 
hydroxide (analytical purity, acquired from Tianjin 
Yongda Chemical Reagent Co., Ltd.) solution was added 
to accomplish hydrolysis, and the complex was cooled to 
the room temperature. The resultant product was a gelat-
inous complex, which was soaked in 99.70% ethanol for 
24 h to remove unreacted monomers. This was followed 
by repeated rinsing with distilled water and drying at 60 
°C. The ultimate chitosan-carbon-based material (CB) 
was obtained by pulverizing the complex into a powdery 
substance below 60-mesh diameter. The carbon-based 
material was subsequently preserved  in a  hermetically 
sealed wide-mouth bottle, and it was dried before utiliza-
tion to inhibit the absorption of airborne moisture into 
the material. Figure 1 shows the grafting polymerization 
process (Baki and Abedi-Koupai 2018; Diao et  al. 2014; 
Liu et al. 2021; Noordin et al. 2020; Wang et al. 2021).

Analogously, starch-carbon-based material (SB) and 
sodium alginate-carbon-based material (SAB) were 
prepared using the above method. However, the differ-
ences were in the solvent used (distilled water) and the 
amounts of N, N’-methylene bis(acrylamide) (MBA), 
acrylic acid (AA), and biochar, with 0.08  g MBA,10  mL 
AA, and 0.75 g biochar for SB, and 0.07 g MBA, 10 mL 
AA, and 0.5 g biochar, respectively, for SAB.

2.2  Material characteristics
2.2.1  Grafting parameters
The grafting rate (G%) and grafting efficiency (E%) as 
parameters for characterizing the copolymer properties 
were ascertained using Eqs. (1) and (2), respectively.

where Wg is the weight of the grafted polymer, W0 is the 
weight of sodium alginate, chitosan and starch, respec-
tively, and W1 is the mass of the monomer.

2.2.2  Material characterization
The functional groups on the surface of carbon-based 
materials were analyzed using Fourier Transform Infra-
red Spectroscopy (FT-IR, Thermo Scientific Nicolet iS20, 
USA) within the frequency range of 4000–500   cm−1. 
The surface morphological structure was assessed using 
Scanning Electron Microscopy (SEM, ZEISS Gemini 300, 
Germany). An Organic Elemental Analyzer (EA, Elemen-
tar UNICUBE, Germany) was utilized to determine the 
percentage of Carbon (C), Nitrogen (N), Oxygen (O), 
and Hydrogen (H) in the samples. Contact angle was 

(1)Grafting ratio% =

Wg −W0

W0

,

(2)Grafting efficiency% =

Wg −W0

W1

,
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Fig. 1 Graft polymerization of biochar with chitosan, starch and sodium alginate, a Graft polymerization of biochar and chitosan, b Graft 
polymerization of biochar and starch, c Graft polymerization of biochar and sodium alginate
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determined with a Surface tension tester (CA, JY-82C, 
China).

2.3  Experimental design
2.3.1  Measurement of water absorption capacity
A total of 0.1 g of BC, SB, SAB, and SB were completely 
immersed in 100  mL of distilled water, tap water and 
0.9 wt% NaCl, respectively, for a period of 12 h at room 
temperature to ensure saturation. The saturated samples 
were subsequently filtered using a 100-mesh sieve to 
separate the saturated, swollen samples from the aqueous 
solution. They were then left to stand for 15 min to allow 
the excess water to be removed, after which both the 
sieve and the swollen samples were weighed simultane-
ously. The water absorption multiplicity was determined 
from the weight difference of the sample before and after 
its equilibrium water absorption and the experiment was 
repeated three times to be calculated as demonstrated by 
Eq. (3) (Xu et al. 2015).

where WA is the water absorption multiplicity per gram 
of dried carbon-based material, g  g−1. Wd and WS are the 
weights of the materials after drying and water absorp-
tion saturation, g, respectively.

2.3.2  Measurement of cyclic water absorption capacity
1.0 g of dry carbon-based material was blended uniformly 
with 100 g of dry soil, and then placed in a ring knife with 
a filter paper lined at the bottom to prevent the mixture 
from leaking. Soil samples that had not been combined 
with biochar or carbon-based materials served as control 
subjects (labeled as control, CK). Afterwards, 150 mL of 
distilled water was added to the sample and left to satu-
rate for 12  h. After achieving saturation, the moistened 
soil sample was then dried at 60 °C until reaching a con-
sistent weight. For the mixed soil sample, an additional 
150 mL of distilled water was consistently poured and left 
to saturate once more for 12 h span, prior to the sample 
being weighed again. This process of swelling, drying, 
and soaking was repeated five times to determine the 
reversibility of the carbon-based material and its water 
reabsorption capabilities. Each treatment was performed 
in triplicate. Finally, the circulating water absorption 
capacity (SR) was calculated using Eq. (3).

2.3.3  Infiltration experiment of carbon‑based material 
in sandy soil

A one-dimensional fixed water head vertical ponding infil-
tration method was employed to evaluate the influence of 
carbon-based materials on soil infiltration. The infiltration 
setup comprised of a soil column and a Mariotte bottle, and 

(3)WA =

WS −Wd

Wd
,

the  soil column was a transparent Plexiglas cylinder, 10 cm 
in diameter and 45 cm in height. To prevent soil particles 
from escaping and to ensure aeration within the column, 
1.0 cm of quartz sand and two layers of filter paper were 
placed at the base of the column. A thin layer of petroleum 
jelly was used to coat the pipe walls of the cylinder to lessen 
any effect of pipe wall effect on infiltration of water.

The experiment included the following five treatments: 
CK, BC, SB, SAB, and CB. The filling height of each soil 
column was 40 cm. BC and carbon-based materials were 
filled in the soil columns between 0–20  cm in amounts 
equivalent to 0.5% and 1.0% of the weight of 0–20 cm soil 
layer. The filling density was maintained at 1.4 g   cm−3, as 
per the soil bulk density observed in the field, and the soil 
was mixed thoroughly to ensure uniformity. We carefully 
filled the layers at 5 cm intervals, and made sure the lay-
ers were closely packed to avoid any stratification during 
the test. A Mariotte bottle with an inner diameter of 10 cm 
and a height of 50 cm was used to provide water to each 
column, with a water head of 25  mm (Additional file  1: 
Fig. S1). After infiltrating, vertical wetting peak’s height of 
movement in the soil column and descent distance of water 
level in the Mariotte bottle were recorded continuously 
over a specific time period. The recording intervals were 
set as follows: every 2 min for the first 0 to10 min, every 
5 min from 10 to 60 min, every 10 min from 60 to 120 min, 
every 30 min from 120 to 420 min, every 60 min from 420 
to 960 min, and then every 120 min for the remaining time. 
The recording ceased when the wetting peak reached the 
base. Water was supplied until the column was saturated 
and then soil samples were taken at 5  cm intervals from 
different layers for drying method analysis of the water 
content in the soil mass. Each treatment was performed in 
triplicate.

The power function (Ning et al. 2019) was employed to 
describe the dynamic process of the transport time and 
height of the wetting peak, which was simulated using 
Eq. (4).

where F is the wetting peak transport distance, cm. t rep-
resents the infiltration time. a and b are empirical con-
stants, a represents the wetting peak transport distance 
in the first time period after the start of infiltration, and 
b represents the decay of the wetting peak transport 
process.

The Philip model (Zhang et al. 2022) was used to simu-
late the infiltration process for different treatments, using 
Eq. (5).

(4)F = atb,

(5)I(t) = St0.5,
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where I(t) is the cumulative infiltration, mm. S is the soil 
permeability rate, mm  min−0.5, and t is the infiltration 
time, min.

2.3.4  Measurement of water retention capacity 
of carbon‑based materials in sandy soils

PVC columns, each with an inner diameter of 10 cm and 
a height of 45  cm, were selected for the test setup and 
soil filling. These sequences were consistent with those 
adopted in Sect. 2.3.3 Subsequently, all soil columns were 
filled with water to saturation and positioned in a reason-
ably steady indoor circumstance to enable natural evapo-
ration. An electronic scale (Precision, 0.20  g) was used 
to weigh the columns on a weekly basis and the weight 
of each column was noted for a period of 91 days. Each 
treatment was replicated three times. Finally, Eq. (6) was 
worked through for computing the water retention rate 
of the soil.

where W  is the weight of the dry soil column, Wi is the 
weight of the soil column after water saturation, and Wt 
is the weight of the soil column after the specified time 
intervals.

2.3.5  Experimental evaluation of carbon‑based materials 
on soybean germination

For this experiment, we used pots as germina-
tion platform, with soybeans as germinating plants. 
Five hundred g of sandy soil was added to each pot 
(10 cm × 10 cm × 9.0 cm), and 5.0 g of BC, SB, SAB, and 
CB  were each thoroughly mixed into the sandy soil. 
Prior to planting, we disinfected the soybeans with 3.0% 
sodium hypochlorite for 5  min, then rinsed them three 
times with distilled water, planting one soybean plant per 
pot. The greenhouse conditions were a constant tempera-
ture of 25  °C an air humidity of 38%. The experimental 
design consisted of five treatments, i.e., Control (CK), 
BC, SB, SAB, and CB, with three replicate groups. Ini-
tial irrigation was set to 40 wt% of the soil. After 10 days, 
plant height was determined, separately.

2.3.6  Measurement of carbon‑based materials affecting 
sandy soil aggregates

After natural evaporation in Sect.  2.3.4, soil samples 
were taken at 10  cm intervals, gently broken along the 
natural plane, air-dried at room temperature, and 50  g 
of aggregates of < 5.0  mm were collected and weighed. 
Subsequently, these soil aggregates were determined by 
wet-sieving with a Soil Aggregate Analyzer (QT-WSI021, 
Beijing Channel Scientific Instruments Co., Ltd.). The 
Analyzer was shaken up and down in water at a frequency 

(6)Water Retention (%) =
Wt −W

Wi −W
× 100,

of 30 times  min−1 for 30  min. After sieving, the resid-
ual aggregates on each sieve were collected, dried and 
weighed  and separated into six particle sizes:> 2.0  mm, 
2.0–1.0 mm, 1.0–0.5 mm, 0.5–0.25 mm, 0.25–0.106 mm, 
and < 0.106  mm. Each treatment was replicated three 
times. Finally, the mean weight diameter (MWD) and the 
geometric mean diameter (GMD) were used for  aggre-
gate  analysis, which were calculated by Eqs.  (7) and (8) 
(Yang and Lu 2021).

where mi is the mass of aggregate fraction i (g), and di is 
the mean diameter of the aggregate fraction i (mm).

2.4  Data processing and analysis
All experimental data were processed using Excel 2021 
software (Microsoft Corp Redmond, USA). Origin 2018 
software (OriginLab Corp., Northampton, USA) was 
employed for graphing. All statistical analyses were 
executed using IBM SPSS 26.0 software (IBM Corp., 
Armonk, NY, USA). One-way ANOVA was used to com-
pare the differences among various treatments, and the 
significance level was set at p < 0.05.

3  Results
3.1  Characterization and analysis of materials
3.1.1  Grafting effect
AA was successfully grafted onto the structural backbone 
of starch, sodium alginate, and chitosan, and  grafted 
onto the surface of BC employing MBA as crosslinker. 
MBA effectively formed a durable polymerization net-
work in each polymer, contributing to the retention of 
moisture inside the polymerization link. Table  1 reveals 
that the G% and E% of CB were the most advantageous, 
suggesting that the grafting of AA and sodium alginate 

(7)MWD =

6
i=1midi
6
i=1mi

,

(8)GMD =

∑6
i=1milndi
∑6

i=1mi

,

Table 1 Comparison of grafting rate (G%) and grafting efficiency 
(E%) of starch-carbon-based material (SB), sodium alginate-
carbon-based material (SAB) and chitosan-carbon-based material 
(CB)

Different lowercase letters in the same column indicate significant differences 
(p < 0.05, LSD test)

Materials G% E%

SB 2107 ± 4.6c 64 ± 1.4a

SAB 2345 ± 17b 64 ± 1.2a

CB 2383 ± 6.3a 74 ± 1.8b



Page 8 of 18Yang et al. Biochar            (2023) 5:61 

onto the BC carrier was less difficult compared to SB and 
SAB. Nevertheless, SB and SAB demonstrated effective 
crosslinking grafting, with G% over 2000% and E% over 
60%.

3.1.2  SEM analysis
Figure 2a, b highlight the distinct porosity and scattered 
pattern of BC. Figure  2c reveals that SB was strongly 
bound with starch, fully encapsulated by the enclosing 
amylose layer. Figure  2d presents a porous structure of 
the surface, displaying a heavily interconnected and vis-
ible pore structure, which improved the swelling rate of 
SB owing to the increased surface area it provided, and 
water absorption channels/sites, thus magnifying its 
water absorption capacity.

In comparison with the distributed BC, a small part 
of small and porous biochar aggregated when encased 
in sodium alginate, suggesting a satisfactory bind-
ing between the sodium alginate and AA monomer, 
and sodium alginate on the biochar’s surface (Fig.  2e). 
The biochar maintained the original porous nature and 
formed a smoother layer, which diminished the hydrogen 
bonding interactions between hydrophilic groups such 
as hydroxyl and carboxyl groups in SAB, allowing more 

hydrophilic functional groups to exist independently, fur-
ther contributing to the absorption of water (Fig. 2f ).

Figure 2g reveals that the biochar embedded within the 
chitosan retained its original porous structure, preserv-
ing its original characteristics, with a bumpy and uneven 
surface that increases its specific surface area, providing 
more sites for water molecules to attach and be retained.

3.1.3  Elemental analysis of carbon‑based materials
After grafting polymerization of BC, the O and H  con-
tents  of the resulting SB, SAB, and CB significantly 
increased (Table 2). The O/C ratios of SB, SAB, and CB 
were 11, 10, and 11 times higher than  that of BC, while 
the H/C ratios also significantly exceeded that of BC. This 
suggests that SB, SAB, and CB  possessed  more oxygen-
containing and hydrophilic functional groups than BC, 
thus significantly improving the hydrophilicity and polar-
ity of BC (Wang et  al. 2015). Moreover, the successful 
grafting of starch, sodium alginate and chitosan onto BC 
was also confirmed.

3.1.4  FT‑IR analysis
The FT-IR of BC with peaks at 3422   cm−1 presented 
peaks mainly representing the stretching vibrations of 
hydroxyl-OH and free carboxylic acid-OH, 2922   cm−1 

Fig. 2 SEM diagram of biochar (BC) (a, b), starch-carbon-based material (SB) (c and d), sodium alginate-carbon-based material (SAB) (e, f) 
and chitosan-carbon-based material (CB) (g, h)

Table 2 Physicochemical properties of biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB)

Different lowercase letters in the same column indicate significant differences (p < 0.05, LSD test)

Materials C (%) N (%) O (%) H (%) O/C (O + N)/C H/C

BC 74.25 ± 0.52a 1.11 ± 0.03a 12.09 ± 0.11d 1.86 ± 0.03d 0.12 ± 0.01d 0.13 ± 0.01c 0.30 ± 0.01d

SB 28.54 ± 0.27d 0.36 ± 0.01d 50.39 ± 0.79a 4.94 ± 0.04a 1.32 ± 0.02b 1.34 ± 0.02a 2.08 ± 0.04a

SAB 31.08 ± 0.34c 0.49 ± 0.01c 49.12 ± 0.40b 4.64 ± 0.04b 1.19 ± 0.02c 1.20 ± 0.01b 1.79 ± 0.01b

CB 32.96 ± 0.58b 0.52 ± 0.00b 45.98 ± 0.55c 4.34 ± 0.08d 1.39 ± 0.04a 1.11 ± 0.02d 1.58 ± 0.03c
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had peaks mainly from the symmetric and asymmetric 
C–H stretching of  CHx groups of alkane compounds, 
and 1547   cm−1 features prominently the free carbox-
ylic acid C=O stretching vibrations (Fig.  3) (Tan et  al. 
2019). The characteristic peaks at 1390, 1245, and 
1040   cm−1 were dominantly C–O and O–H stretching 
vibrations, which disappeared after graft polymeri-
zation, indicating the involvement of C–OH in BC in 
the chemical reaction (Meng and Ye 2017). The char-
acteristic peaks at 693   cm−1 could come from mono-
cyclic and polycyclic aromatic groups (Yao et al. 2011), 
primarily derived from C-H bending vibrations, show-
ing that BC contains  polar groups that can interact 
strongly with substances such as starch, sodium algi-
nate, chitosan, and AA monomers via hydrogen bond 
formation. As Fig. 3 illustrates, the absorption bands of 
hydroxyl and carboxyl groups overlapped in the range 
of 3400–3600   cm−1 and showed broad peaks in the 
three carbon-based materials (i.e., SB, SAB, and CB). 
The occurrence of peaks near 2920   cm−1 for the three 
carbon-based materials might be associated with the 
extension of the –CH2 group in AA (Baki and Abedi-
Koupai 2018). Moreover, the distinctive peaks close to 
1600   cm−1 for the three carbon-based materials were 
mainly attributed to –COOH stretching vibrations, 
indicating the inclusion of AA in the grafted polymer, 
and the characteristic peaks near 1420  cm−1 ascribed to 
the –CH2 symmetric bending of BC indicated the pres-
ence of biochar within the carbon-based materials with 
new characteristic peaks near 620, 1600, and 1150  cm−1  
(Gao et  al. 2023). The appearance of broad peaks in 
the three carbon-based materials further confirms the 

successful grafting of starch, sodium alginate, and chi-
tosan onto biochar through graft polymerization.

3.1.5  Contact angle
The hydrophilic nature of the substances was assessed 
using their respective contact angles. This study inves-
tigated the contact angles of BC, SB, SAB, and CB when 
interacting with water. As Fig. 4 demonstrates, the con-
tact angle for BC was found to be 91.4°, while the con-
tact angles for SB, SAB, and CB were 55.0°, 51.4°, and 
42.6°, respectively. It is noteworthy that SB, SAB, and 
CB  exhibited  a greater degree of hydrophilicity com-
pared to BC, but BC exhibited strong hydrophobicity.

Fig. 3 FT-IR spectra of biochar (BC), starch-carbon-based 
material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB)

Fig. 4 Contact angle of biochar (BC), starch-carbon-based 
material (SB), sodium alginate- carbon-based material (SAB) 
and chitosan-carbon-based material (CB)

Fig. 5 Water absorption capacity of starch-carbon-based 
material (SB), sodium alginate- carbon-based material (SAB) 
and chitosan-carbon-based material (CB) in different solutions. Error 
bars indicate standard deviation; different lowercase letters indicate 
significant differences between the treatments (p < 0.05, LSD test) 
for different carbon-based materials in the same solution
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3.2  Water absorption capacity of carbon‑based materials
3.2.1  Water absorption capacity in different solutions
Figure  5 shows the effect of solutions with different 
ionic concentrations on the water absorption capacities 
of BC, SB, SAB, and CB. These four materials displayed 
different water absorption rates in different solutions. 
Specifically, their water absorption multiplicities were 
4.0, 155, 188, and 172 g  g−1 for BC, SB, SAB, and CB in 
distilled water, 3.0, 95, 124, and 118 g  g−1 in tap water, 
and 2.0, 29, 36, and 34 g  g−1 in a 0.9 wt% NaCl solution.

3.2.2  Water absorption capacity in sandy soils
The cyclic water absorption capacity of carbon-based 
materials in soil was profoundly significant for its practi-
cal application. Figure 6 reveals that BC, SB, SAB, and CB 
can sustain five cycles of swelling-drying water absorp-
tion in sandy soils, indicating that SB, SAB, and CB could 
potentially be recycled in such soils. After each dry-
ing cycle, the sandy soil amended with SB, SAB, and CB 
demonstrated an ability to absorb and retain water suc-
cessively. After the fifth cycle, the water retention capac-
ity of SB, SAB, and CB remained at 39%, 46%, and 51%, 
respectively. This  was 8.0%, 15%, and 20% higher than 
that of CK. On the other hand, CK showed no significant 
difference in water retention capacity when compared 
to CK, with only 1.0% increase in the sandy soil’s water 
retention capacity. Notably, the carbon-based material 
achieved peak water retention capacity during the first 
cycle, and thereafter gradually declined with each succes-
sive absorption cycle.

3.3  Effect of carbon‑based materials on water infiltration 
in sandy soils

3.3.1  Impact on moisture peak transport
Figure  7 illustrates the impact of carbon-based materi-
als on the dynamic process of soil wetting peaks at vari-
ous addition ratios. The depth of wetting peak transport 
increased with infiltration time, leading to substantial 
differences in the time needed to reach a depth of 40 cm 
in the soil for different treatments. For 0.5 wt% of addi-
tion rates, CK, BC, SB, SAB, and CB required 210, 240, 
600, 600, and 570 min, respectively. Compared to CK, BC 
did not significantly alter the infiltration dynamics, while 
SB, SAB, and CB prolonged the infiltration time by 185%, 
185%, and 171%, respectively. At 1.0 wt% of addition, CK, 

Fig. 6 Cyclic water absorption capacity of control (CK), biochar (BC), 
starch-carbon-based material (SB), sodium alginate-carbon-based 
material (SAB) and chitosan-carbon-based material (CB) in sandy 
soil. Error bars indicate standard deviation; different lowercase letters 
indicate significant differences between the treatments (p < 0.05, LSD 
test) for different carbon-based materials in the same cycle

Fig. 7 Dynamic change of soil wetting peaks treated with control (CK), biochar (BC), starch-carbon-based material (SB), sodium 
alginate-carbon-based material (SAB) and chitosan-carbon-based material (CB) at different application rates. Error bars indicate standard deviation
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BC, SB, SAB, and CB required 210, 330, 1920, 3330, and 
3880  min, respectively. Compared to CK, BC, SB, SAB, 
and CB extended the infiltration time by 47%, 814%, 
1485%, and 1509%, respectively. These findings reveal 
that the addition of SB, SAB, and CB to sandy soils can 
hamper the water penetration to deeper soil levels, thus 
increasing the soil’s water content duration and improv-
ing water holding in sandy soils. Additionally, although 
BC  did not have a pronounced effect on delaying water 
infiltration in comparison to SB, SAB, and CB, its influ-
ence on water infiltration in sandy soils can be recog-
nized as the rate of addition increases.

Table 3 presents the fitting of the wetting peak versus 
infiltration time, indicating that the power function suc-
cessfully modeled the wetting peak transport pattern of 
BC and the three carbon-based material treatments in 
sandy soil, with a coefficient of determination (R2) greater 
than 0.98 for each treatment. Parameter a demonstrated 
a trend of SAB < CB < SB < BC < CK for both 0.5 wt% and 
1.0 wt% of addition ratio, which initially decreased and 
subsequently increased. Additionally, the interval of wet 

peak transport of the fitted parameter power index b 
for each treatment did not present a clear pattern. Both 
parameters a and b demonstrate that different materi-
als and levels of additions can visibly impact the initial 
moisture infiltration process dominated by the substrate 
potential.

3.3.2  Impact on cumulative infiltration
The cumulative infiltration of soil water naturally 
increased over time, with each treatment group affect-
ing this process distinctly. The cumulative infiltration of 
SB decreased as the addition ratio increased, whereas 
the cumulative infiltration of BC, SAB, and CB increased 
with an increase in the addition ratio. All four materials 
enhanced the cumulative infiltration of the soil, with CB 
resulting in the highest cumulative infiltration (Fig. 8). In 
comparison with CK, the cumulative infiltration of SB, 
SAB, and CB was notably higher in the 0.5 wt% addition 
group, increasing by 15%, 13%, and 11%, respectively. 
Moreover, the cumulative infiltration of the three car-
bon-based materials did not show significant differences 

Table 3 Effects of biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) and chitosan-carbon-
based material (CB) on soil infiltration

Different lowercase letters in the same column indicate significant differences (p < 0.05, LSD test)

Treatments 0.5 wt% 1.0 wt%

a b R2 a b R2

CK 2.42 ± 0.01a 0.52 ± 0.00b 0.99 2.42 ± 0.01a 0.53 ± 0.00b 0.99

BC 2.38 ± 0.14a 0.52 ± 0.01b 0.99 2.41 ± 0.15a 0.50 ± 0.01c 0.99

SB 1.46 ± 0.13b 0.51 ± 0.01b 0.99 0.80 ± 0.03b 0.51 ± 0.01c 0.98

SAB 0.85 ± 0.02c 0.59 ± 0.00a 0.99 0.35 ± 0.01c 0.58 ± 0.00a 0.98

CB 0.91 ± 0.01c 0.59 ± 0.00a 0.99 0.40 ± 0.04c 0.56 ± 0.01a 0.99

Fig. 8 Effects of control (CK), biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB) on soil cumulative infiltration under different application rates. Error bars indicate standard deviation
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along with the increase of infiltration time. In contrast, 
the cumulative infiltration of BC in the same group had 
no obvious change compared to the CK. However, at 1.0 
wt% addition rate, there was a significant difference in the 
effect of SB, SAB, and CB on cumulative infiltration. CB 
demonstrated the largest cumulative infiltration, showing 
a 41% increase compared to CK. SB and SAB increased 
by 10% and 13% compared to CK, respectively. Mean-
while, BC at 1.0 wt% addition rate showed an increase of 
5.0% in cumulative infiltration relative to CK throughout 
the entire cumulative infiltration process.

The coefficients of determination (R2) for the Philip 
model with cumulative infiltration fitted all exceeded 
0.93 (Table 4), indicating that the application of BC and 
the three carbon-based materials to the 0–20  cm soil 
layer of the sandy soil could bring about a good fit for the 
simulated water infiltration. Moreover, the soil perme-
ability rate S suggested that the addition of SB, SAB, and 

CB significantly decreased the sandy soil’s permeability 
capacity and infiltration capacity (p < 0.05).

3.3.3  Impact on the water content of different infiltrated soil 
layers

For all the treatments, the soil water content decreased 
with increasing soil depth and  remained relatively con-
stant (Fig.  9). When 0.5 wt% SB, SAB, and CB were 
added, the water content in the 0–5  cm soil layer sig-
nificantly increased by 8.0%, 9.0%, and 8.0%, respectively 
compared to the CK, and the 6–10 cm soil layer increased 
by 6.0%, 8.0%, and 6.0% compared to CK, respectively. 
Furthermore, the water content of the remaining soil lay-
ers stayed approximately at 22%, the same as in the CK. 
When 1.0 wt% of the three carbon-based materials was 
applied, the water content also significantly increased, 
with SB, SAB, and CB treatments producing a 15%, 20%, 
and 20% soil content increase in the 0–5  cm soil layer 
when compared to CK, respectively, 9.0%, 18%, and 15% 
water content increase in the 6–10  cm soil layer com-
pared to CK, respectively. The addition of SAB most sig-
nificantly increased the infiltration water content, while 
neither 0.5 wt% nor 1.0 wt% BC exerted a significant 
effect on the water content of the soil.

3.4  Effect of carbon‑based materials on soil water 
retention capacity

The water-holding capacity of soil is vital for assess-
ing the potential of SB, SAB, and CB as soil condition-
ers. Figure 10 shows the variation of water retention rate 
of soil in different treatments with different additions in 
91  days. The results  showed that the soil columns with 

Table 4 Philip infiltration model fitting parameters of biochar 
(BC), starch-carbon-based material (SB), sodium alginate-carbon-
based material (SAB) and chitosan-carbon-based material (CB)

Different lowercase letters in the same column indicate significant differences 
(p < 0.05, LSD test)

Treatments 0.5 wt% 1.0 wt%

S R2 S R2

CK 10.62 ± 1.65a 0.99 10.62 ± 1.65a 0.99

BC 9.80 ± 0.13a 0.99 8.81 ± 0.53b 0.98

SB 7.46 ± 0.04ab 0.95 3.96 ± 0.07c 0.93

SAB 7.26 ± 0.21b 0.98 3.03 ± 0.10c 0.96

CB 7.46 ± 0.13ab 0.98 3.39 ± 0.10c 0.98

Fig. 9 Effects of control (CK), biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB) on soil water content distribution under different application rates. Error bars indicate standard deviation; 
different lowercase letters indicate significant differences between different carbon-based materials in the same soil layer (p < 0.05, LSD test)
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the three carbon-based materials added had higher water 
retention. For an addition of 0.5 wt%, the water retention 
rate of SB, SAB, and CB increased by 2.0%, 1.0%, and 2.0% 
respectively when compared to the control (CK) whereas 
the water retention rate of BC treatment dropped by 2.0% 
in comparison with CK. With a 1.0 wt% addition, water 
retention increased by 18%, 25%, and 23% for SB, SAB, 
and CB, respectively, relative to CK, while the increase 
for the BC treatment was 2.0%.

Figure  11 demonstrates the significant influence of 
BC, SB, SAB, and CB on plant height and root growth 
when sowed in sandy soil for soybean germination. After 
10  days of incubation, the plant heights of CK, BC, SB, 

SAB, and CB were 8.20 ± 0.24, 15.90 ± 0.69, 15.90 ± 0.81, 
19.00 ± 0.65, and 16.50 ± 0.49  cm, and the plant heights 
of BC, SB, SAB, and CB treatments were significantly 
increased by 7.70, 7.70, 10.80, and 8.30 cm compared with 
CK. Furthermore, the primary  roots of plants  applied 
with SB, SAB and CB were noticeably thicker, with addi-
tional lateral root growth.

3.5  Effect of carbon‑based materials on the size 
distribution and stability of soil aggregates

The use of three carbon-based materials (i.e., SB, SAB, 
and CB) affected the distribution of the various-sized 
aggregates in different soil layers (Additional file 1: Figs. 

Fig. 10 Control (CK), biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) and chitosan-carbon-based 
material (CB) at different application rates and their effects on soil water retaining capacity. Error bars indicate standard deviation

Fig. 11 Effect of control (CK), biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB) on plant germination
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S2, S3), which tended to increase and then decrease as 
the soil layer’s depth increased. It was also apparent that 
the carbon-based materials efficiently  promoted  the 
formation of aggregates ranging from 2.0 to 0.25  mm. 
Figure  12 reveals that the SB, SAB, and CB treatments 
resulted in a marked improvement in both the MWD 
and GMD of the aggregates, especially in the 30–40 cm 
soil layer. At a 0.5 wt% application rate, the MWD of SB, 
SAB, and CB had an increase of 0.56, 0.57, and 0.32 mm 
in the 30–40 cm soil layer, respectively, compared to CK 
(Fig.  12a), and the GMD increased by 0.17, 0.22, and 
0.11  mm (Fig.  12b). At the application rate of 1.0 wt%, 
the MWD of SB, SAB, and CB increased by 0.52, 0.38, 
and 0.34  mm in the 30–40  cm soil layer, respectively, 
compared to CK (Fig.  12c), and the GMD of SB, SAB, 
and CB increased by 0.16, 0.21, and 0.10 mm in soil lay-
ers 0–10 cm compared to CK (Fig. 12d). Similarly, for a 
1.0 wt% application rate, the BC treatment resulted in a 
decrease of the MWD and GMD in the 20–30  cm soil 
layer (Fig. 12). Nevertheless, in the other soil layers, the 

enrichment in MWD and GMD by means of the BC 
treatment was not significant when compared to SB, 
SAB, and CB.

4  Discussion
4.1  Water absorption capacity of the carbon‑based 

materials
This study found that SB, SAB, and CB presented excel-
lent water absorption properties. However, significant 
differences were observed in their water absorption char-
acteristics. This could potentially be due to the introduc-
tion of different amounts of BC, MBA, and AA, which 
leads to various levels of hydrophilic functional groups 
on the established polymer network. This has been con-
firmed by Rodrigues et  al. (2012), who argued that the 
water retention materials create a higher density of 
crosslinking sites as the amount of MBA in the formation 
of polymers increases, rendering better structural sta-
bility and greater water retention. AA is the chief influ-
encing factor in the water absorption of water retention 

Fig. 12 Effects of control (CK), biochar (BC), starch-carbon-based material (SB), sodium alginate-carbon-based material (SAB) 
and chitosan-carbon-based material (CB) on aggregate stability in different soil layers under different application rates. Error bars indicate standard 
deviation; different lowercase letters indicate significant differences between the treatments (p < 0.05, LSD test) for different carbon-based materials 
in the same soil layer
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materials, bringing in more hydrophilic functional groups 
(–COOH and –OH) in the main and side chains of the 
formed polymer (Zhong et  al. 2012). These functional 
groups, in combination with water, form water molecules 
between them and are adsorbed on the polymeric net-
work of carbon-based water retention materials, increas-
ing water absorption (Huang et  al. 2022). The various 
water absorption ratios observed in the three solutions 
may be due to the fact that the water absorption capacity 
of carbon-based water retention materials was affected 
by the disparity in osmotic pressure inside and outside 
of the polymer network. This osmotic effect diminishes 
as ion concentration in the solution rises, leading to a 
decrease in water absorption capacity (Xu et  al. 2015). 
Furthermore, the SB, SAB, and CB demonstrated salt tol-
erance, as indicated by their water absorption rates in 0.9 
wt% NaCl solution. Additional file 1: Table S1 provides a 
comparative analysis of the water absorption capacities 
of the carbon-based materials under study, with results 
from other researchers. Compared with other carbon-
based materials, the three carbon-based materials in 
this study have a higher water absorption capacity. This 
suggests that these materials can be utilized to improve 
sandy soils, and even saline sandy soils in extremely arid 
regions. Our study also found that the water absorption 
capacity of these materials declined progressively with 
the extension of the cycling period. This could be due 
to the degradation or alteration in the internal structure 
of the carbon-based material during the drying cycle in 
combination with the soil, where in each carbon-based 
material  the particles were sheathed by soil particles 
in a specific setting and the swelling and water absorp-
tion capability of the carbon-based water holding mate-
rial was limited, ultimately leading to a weakened water 
absorption capacity (Durpekova et  al. 2021). Neverthe-
less, the remarkable cyclic water absorption capacity 
enhances the service life of SB, SAB, and CB, reducing 
costs and presenting promising prospects for the applica-
tion of these materials.

4.2  Effect of carbon‑based materials on soil infiltration
Soil infiltration process is influenced by its inherent char-
acteristics. Sandy soils with their poor structure, low 
soil bulk, high porosity, and high hydraulic conductivity 
present unique challenges (Huang and Hartemink 2020). 
Carbon-based materials, when used as soil condition-
ers, will bring multiple hydrophilic functional groups 
of  their  own, which can alter the hydraulic properties 
of sandy soils. This study highlighted that the three car-
bon-based materials (i.e., SB, SAB, and CB) significantly 
prolonged the infiltration time of sandy soils, with their 
water-holding capacity notably exceeding that of biochar 
in sandy soils. The carbon-based materials introduced 

more oxygen-containing functional groups and hydro-
philic groups to biochar, thereby improving its hydrophi-
licity and polarity. When water infiltrates downwards, the 
carbon-based materials can bind with the soil particles to 
create flocculated soil, therefore raising the viscosity of 
the soil’s liquid phase and enhancing its water retention 
effect.

In addition, the influence of carbon-based materials on 
the water infiltration rate in sandy soils is contingent on 
the application amount. With an application of 1.0 wt%, 
the infiltration time of SB, SAB, and CB carbon-based 
materials in sandy soils were significantly prolonged, 
reaching 1320, 2730, and 3310  min compared to the 
application of 0.5 wt%, possibly due to the carbon-based 
materials enabling the formation of a good surface tex-
ture in sandy soils. Furthermore, the maximum volumet-
ric water content within the sandy soil escalates with the 
utilization of carbon-based material, consequently sup-
pressing the infiltration of water into the sandy soil. The 
excess carbon-based material may block the interstices 
amongst the sandy soils when they absorb and swell, 
resulting in denser soil particle distribution. This situ-
ation slows the water infiltration through both the soil’s 
interior pores and those of the carbon-based material, 
consequently lowering the rate of water infiltration (Zhao 
et al. 2019). The three carbon-based materials examined 
in this study markedly decelerated water infiltration in 
sandy soils at lower application rates. However, the bio-
char results  indicated that, at low application rates, it 
instead facilitated water infiltration in sandy soils. Only 
at high application rates did it inhibit water infiltration, 
thereby enhancing the hydraulic properties of the sandy 
soils (Pu et al. 2019).

4.3  Water retention mechanism of carbon‑based materials 
on sandy soil and plant

Seed germination and the seedling stage are critical 
phases in a plant’s life cycle and are vital to establishing 
plant communities and improving stable, high-yield agri-
cultural crops (Roberts and Ellis 1989). Soil moisture, one 
of the most crucial factors influencing plant seed germi-
nation and seedling growth, regulates seed germination 
and determines seedling survival (Baskin 2017; Lewand-
rowski et al. 2021). In this study, we examined the impact 
of incorporating three carbon-based materials (i.e., SB, 
SAB, and CB) into sandy soil on soybean seed germina-
tion. Our findings revealed that the introduction of SB, 
SAB, and CB had positive effects on early-stage soy-
bean growth. This can be attributed, firstly, to the water-
adsorbing capability of carbon-based materials, enabling 
the sandy soil to retain larger volumes of water and 
release it gradually. Secondly, these carbon-based mate-
rials substances enhanced the sandy soil’s water-holding 
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capacity, thus preserving more water in the soil. Con-
currently, the soil’s volume increased due to the water-
absorption process of carbon-based materials, lowering 
the soil’s bulk density. Consequently, more water became 
available to the plant roots, promoting their growth and 
development. Furthermore, as the soil contracted with 
the loss of water during plant growth, the soil’s internal 
porosity improved, facilitating air circulation within the 
soil and thereby providing a conducive environment for 
plant growth (Eibisch et al. 2015). However, caution must 
be taken to avoid an excessive addition of carbon-based 
materials, as over-saturation could fill the soil’s pores, 
causing undue soil expansion that could hinder crop root 
growth and diminish soil air permeability, potentially 
causing plant root hypoxia and adversely impacting plant 
growth (Guo et al. 2020).

On the other hand, soil aggregates play a pivotal role in 
enhancing soil fertility, promoting soil carbon absorption 
and stability. Our research indicated that carbon-based 
materials were more effective on coalescing sandy soil 
particles than biochar. This resulted  in more robust for-
mation of soil colloids, a larger number of soil aggregates, 
and the development of macroaggregates. As soil depth 
and application rate increased, these aggregates exhib-
ited higher stability, ameliorating the sandy soil’s physical 
structure and mechanical composition (Feng et al. 2020) 
This resulted in an augmented water-holding capacity, 
supplying more water for plant growth.

In summary, among the three carbon-based materials 
(i.e., SB, SAB, and CB), SB excelled  in promoting aggre-
gate formation and enhancing soil stability. CB, on the 
other hand, exhibited  the strongest capability for soil 
water circulation and infiltration, contributing to the 
reduction of water infiltration in sandy soils. Meanwhile, 
SAB possessed better water absorption and retention 
capacities, making it the most effective in fostering plant 
growth. Therefore, for practical applications in sandy soil 
improvement, SAB should be the preferred choice over 
SB and CB.

5  Conclusions
This research has successfully pioneered the synthesis of 
three distinct carbon-based materials conducive to water 
retention: SB, SAB, and CB, employing the technique of 
graft polymerization. An exploration of the water absorp-
tion capacities of these materials was conducted, in 
conjunction with a study of their influence on the water 
retention attributes of sandy soils. Our analysis revealed 
that these materials substantially  augmented the water 
absorption capacity of biochar. The three carbon-based 
materials also markedly prolonged infiltration times, con-
currently amplifying the water retention capabilities of 
sandy soil, superseding the effects of solely incorporating 

BC. Additionally, treatments involving SB, SAB, and 
CB stimulated the growth of soybean seedlings, dra-
matically improving sandy soil aggregates and enhanc-
ing their structural stability. In essence, SB, SAB, and 
CB showcased remarkable water absorption capacities 
and a modicum of salt resistance. They  were  capable of 
minimizing water infiltration in sandy soils, boosting the 
water retention capacity and augmenting the mechani-
cal composition strength of these soils. This underlines 
the significant potential of SB, SAB, and CB in fortifying 
the water retention capacity and soil structure of semi-
arid and arid sandy soils, thereby facilitating vegetation 
restoration and paving the way for potential large-scale 
deployment.
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