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Abstract 

Biochar hydrophobicity is crucial for understanding its interaction with environmental substances (e.g., soil, water, pollutants). 
Contact angle (CA) and water droplet penetration time (WDPT) are commonly used methods for assessing biochar hydro-
phobicity. However, occasional inconsistencies between CA and WDPT measurements introduce uncertainties, emphasizing 
the need for more accurate evaluation. This study addressed these temporal inconsistencies by proposing a new method 
using the dynamic contact angle (DCA) to evaluate the hydrophobicity of 17 standard materials and 18 types of biochars. 
The DCA method, which considers droplet diffusion recorded CA changes over 90 s and compared the significance (p < 0.05) 
between initial CA (CA_0) and CA after 90 s (CA_90). Based on this, a new classification of hydrophobicity was established, 
encompassing super-hydrophobic, strongly hydrophobic, ‘pseudo’-hydrophobic and hydrophilic categories. ‘Pseudo’-hydro-
phobic materials exhibited a significant decrease in CA within 90 s, where the CA transitioned from hydrophobic (CA > 90°) 
to hydrophilic (CA < 90°) within this period, revealing their hydrophilic nature. The combination of CA_0 and the rate of CA 
change over time (|k|) was considered as a new criterion for hydrophobicity evaluation. Through a 90-day incubation experi-
ment of biochar and soil, most biochars significantly increased the water repellency of the biochar-amended soil, as evi-
denced by increases in both CA_0 and CA_90. Our DCA method, along with the definition ‘pseudo’-hydrophobicity, resolves 
contradictions between CA and WDPT measurements for both soil and biochar, enhancing the accuracy of hydrophobicity 
assessments.

Highlights 

•	 A droplet diffusion-based dynamic contact angle (DCA) method was newly proposed to evaluate the hydropho-
bicity of biochar.

•	 A new category ‘pseudo’ hydrophobicity was introduced in the classification of hydrophobicity.
•	 The DCA method addressed inconsistencies between contact angle and water drop penetration time measure-

ments.
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Graphical Abstract

1  Introduction
Drylands constitute approximately 41% of the Earth’s 
land area (Schlaepfer et  al. 2017). These regions are 
characterized by unpredictable precipitation patterns, 
exhibiting substantial spatial and temporal variations 
(Ding et al. 2021), alongside high evaporation rates. Such 
conditions render these areas particularly vulnerable to 
drought stress. Moreover, the soils in these areas have an 
inadequate structure and low water retention capacity, 
adversely affecting plant growth (Alghamdi et  al. 2020). 
Consequently, enhancing soil water retention in arid and 
semi-arid regions is of great importance. The current 
techniques for enhancing soil water include the use of 
straw mulching (Wang et al. 2018), the incorporation of 
soil with high water retention capacity, and the addition 

of water-retaining agents. Among these, biochar has 
emerged as a widely used water-retaining agent, with the 
potential to significantly improve soil structure and pro-
mote plant growth (Haddad et al. 2022; Zhang et al. 2023; 
Xu et al. 2024).

Biochar is typically defined as a carbon-rich, solid 
organic material produced through the pyrolysis of bio-
mass under anaerobic or oxygen-limited conditions (Rob-
erts et  al. 2010; Muema et  al. 2024). As a common soil 
conditioner, biochar positively affects soil physicochemi-
cal properties by reducing soil bulk density, increasing 
soil porosity (Baiamonte et al. 2019; Seitz et al. 2020) and 
air permeability (Villagra-Mendoza and Horn 2018), and 
optimizing soil structure (Wang et al. 2019; Yang and Lu 
2021). Its large specific surface area and abundant pore 
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volume contribute to a significant increase in soil water 
holding capacity (Santos et  al. 2022). Additionally, the 
hydrophilic functional groups present in biochar, such 
as carboxyl and hydroxyl, have been shown to directly 
enhance soil water retention (Zhang et al. 2024).

Hydrophobicity, also known as water repellency (WR), 
refers to the phenomenon wherein water encounters dif-
ficulty or even impossibility in wetting a solid surface 
(DeBano 2000). Soil water repellency (SWR) reduces 
the rate of soil infiltration (Li et al. 2018; Paz et al. 2024), 
subsequently leading to a decline in soil water retention 
(Albalasmeh and Mohawesh 2023). The addition of bio-
char into soil can alter SWR (Acharya et al. 2024), which 
may either increase or decrease the water holding capac-
ity of soil depending on the physicochemical properties 
of the biochar (Adhikari et  al. 2022). For instance, Fu 
et  al. (2019) reported that the hydrophobicity of bio-
char inhibits its positive impact on soil water retention. 
In contrast, Mao et  al. (2019) found that hydrophobic 
biochar increased the SWR, and the increment became 
more pronounced with the larger biochar addition. They 
observed that hydrophobic biochar could improve the 
water holding capacity of non-water-repellent soil with 
low organic carbon content. These findings underscore 
the necessity for further investigation to elucidate the 
relationship between biochar hydrophobicity and soil 
water retention. Moreover, leveraging biochar to modu-
late SWR and thereby improve soil water retention repre-
sents a promising strategy for arid and semi-arid regions.

Various methodologies have been developed to assess 
water repellency, among which the contact angle (CA) 
method (Huhtamäki et  al. 2018) and the water droplet 
penetration time (WDPT) method (Doerr et  al. 1998) 
are particularly noteworthy. Each of these techniques 
offers specific advantages and limitations in practical 
additions. The CA method, renowned for its precision, 
is particularly well-suited for meticulous measurements 
in controlled laboratory settings. However, it primarily 
measures the initial CA of water droplets, which delin-
eates the instantaneous water repellency of the solid 
surface. A number of studies have observed a decrease 
in CA of water droplets on solid materials over time 
(Leelamanie and Karube 2009; Papierowska et al. 2018), 
indicating that the initial CA alone may not be adequate 
to represent the sustained hydrophobicity of such mate-
rials. Conversely, the WDPT method is straightforward 
and convenient for field measurements. However, ‌sur-
face tension-induced adhesion between solids and drop-
lets causes measurement inaccuracies (Usevičiūtė and 
Baltrėnaitė 2020). In short, the initial CA reflects instan-
taneous hydrophobicity, while the penetration time pro-
vides insight into persistent hydrophobic characteristics. 
Given the complex nature of biochar, characterized by 

diverse geometries, both widely used methods exhibit 
limitations to varying degrees in accurately determin-
ing its hydrophobicity. Additionally, due to the multifac-
eted interactions at both physical and chemical levels, 
these methodologies may introduce measurement errors 
and result in inconsistencies. In general, soil is con-
sidered water repellent if its CA > 90° or WDPT > 5  s, 
whereas non-water-repellent soil typically shows an 
initial CA < 90° and its WDPT < 5  s, respectively (Buc-
zko and Bens 2006). However, some studies found that 
the mixture of biochar and soil had an initial CA > 90° 
(indicating water repellency), while the corresponding 
WDPT was < 5  s (indicating non-water-repellency) (Liu 
et  al. 2022). The discrepancies between CA and WDPT 
measurements are primarily attributed to structural dif-
ferences between tested materials and the rigid matrix of 
mineral soils, where the widely applied WDPT method 
exhibits significant limitations (Liu et  al. 2022). As 
demonstrated by Müller (2016), WDPT failed to detect 
subcritical SWR—a phenomenon where soils exhibit 
apparent water absorption while remaining influenced by 
water-repellent surface distributions (Hallett et al. 2001). 
Additionally, variations in measurement conditions and 
methods contribute to inconsistent water repellency 
assessments of soils (Aranda et  al. 2016; Cervera-Mata 
et  al. 2021; Hewelke et  al. 2023). However, it is worth 
noting that this contradictory phenomenon may also 
be ascribed to the fact that the initial CA measures the 
instantaneous hydrophobicity of the material surface, 
while the WDPT evaluates hydrophobicity over a longer 
time frame. The temporal discrepancy between the two 
methods necessitates the identification of an appropri-
ate approach to reconcile this paradox. Further analysis 
suggests that the initial CA does not account for diffu-
sion behavior, while the WDPT incorporates this factor. 
Consequently, the emerging paradox can be explained 
by the diffusion of water droplets. Due to these inherent 
limitations, the initial CA is not the optimal criterion for 
determining the hydrophobicity of biochar. Therefore, 
this study emphasizes the importance of combining both 
methods and evaluating hydrophobicity considering both 
contact angle and diffusion processes.

Thus, the diffusion of water droplets on solid surface 
should be taken into account to determine water repel-
lency. To investigate the influence of water diffusion on 
CA measurement of biochar hydrophobicity, this study 
employed dynamic CA to evaluate biochar hydropho-
bicity. Given the heterogeneity of biochar (Zhang et  al. 
2019), the materials with simple structure and homoge-
neous compositions were initially selected to establish a 
new hydrophobicity assessment method. Meanwhile, to 
ensure the representativeness of the hydrophobicity eval-
uation, the CA measurements should cover the range of 
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0°–180°. Considering these factors, 17 standard materi-
als, including metals and their oxides, microplastics, and 
graphite, were selected to observe the CA changes until 
they became constant. The dynamic CA of all materials 
was compared with their initial CA and WDPT, leading 
to an updated category of surface hydrophobicity. A new 
evaluation method for surface hydrophobicity was devel-
oped based on dynamic CA. Using the new approach, the 
hydrophobicity of 18 types of biochar was evaluated. Fur-
thermore, the changes in SWR under different addition 
conditions over a period of 90 days were investigated for 
18 types of biochars using the newly established method. 
This study can accurately assess the hydrophobicity of 
complex and heterogeneous substances, for instance, 
biochar and soil. It offers crucial insights for biochar 
addition in environmental contexts, soil amendments, 
and functional material design.

2 � Materials and methods
2.1 � Standard material selection
Considering the variations in biomass, pyrolysis temper-
atures, residence times, and other factors during biochar 
production, the resulting biochars exhibit complex sur-
face morphologies, diverse shapes, varying particle sizes, 
and high heterogeneity. Establishing a direct evaluation 
method for such a wide range of characteristics is highly 
challenging and may not adequately cover the contact 
angle range of 0° to 180°. Therefore, this study initiated 
with simple pure substances, selecting 17 standard mate-
rials to construct an evaluation framework for assessing 
the hydrophobic and diffusion behaviors of water on sur-
faces with different structures. Information on the purity 
and manufacturer of the standard materials is given in 
Table  S1. Standard materials were named according to 
the convention ‘element/substance name, shape, mesh 
number’. For instance, the name label of "Fe sheet 100" 
represented the pure iron sized at 100 mesh with sheet 
shape. The following abbreviations were used for poly-
mers in this study: polystyrene (PS), polypropylene (PP), 
polytetrafluoroethylene (PTFE), polyethylene (PE), and 
nylon (66) (PA (66)).

2.2 � Biochar preparation
The biomasses were selected according to the utiliza-
tion of sustainable resources, encompassing three rep-
resentative categories of waste materials: agricultural 
residues (wheat straw (WS) and cotton stalk (CS)), for-
estry byproducts (poplar wood sawdust (PT), pinewood 
sawdust (PW), and pine needles (PN)), and household 
biowaste (tangerine peels (TP)).All the six biomasses, 
WS, CS, PT, PW, TP, and PN were pulverized and 
sieved. The sieved biomass was subjected to oxygen-
limited pyrolysis using a muffle furnace (KSL-1200X-M, 

HF-Kejing, China) for 6  h at target temperatures (300, 
500, and 700  °C). After cooling to room temperature, 
the biochar was sieved through a 0.15  mm sieve for 
use. The biochars with different pyrolysis temperatures 
were designated as WS300, WS500, WS700, CS300, 
CS500, CS700, PT300, PT500, PT700, PW300, PW500, 
PW700, TP300, TP500, TP700, PN300, PN500, PN700, 
respectively.

2.3 � Biochar characterization
The elemental composition (e.g., C, H, N, and S) of the 
biochar was determined using an elemental analyzer 
(UNICUBE, Elementar, Germany). The surface func-
tional groups of biochar were analyzed using a Fourier 
transform infrared (FTIR) spectrometer (Nicolet 6700, 
Thermo Scientific, USA). The FTIR spectral range was 
recorded from 400 to 4000  cm−1 with a resolution of 
1  cm−1. The content of O was calculated using the dif-
ference method. Elemental compositions and atomic 
ratios were corrected for ash. The ash content was deter-
mined by pyrolyzing biochar at 800 ℃ for 4 h. The sur-
face area and pore volume of biochar were measured 
by an automatic physical adsorption instrument (ASAP 
2460, Micromeritics, USA) using N2 as a measuring gas. 
The pH was determined by placing biochar in a con-
tainer with ultrapure water at a ratio of 1:20 (w/w), and 
measuring shaking and settling, where the pH of biochar 
was measured by a pH meter (SevenExcellence, Mettler 
Toledo, Switzerland) (Inyang et al. 2012; Xue et al. 2012). 
Relevant data are shown in Table S2.

2.4 � Determination of contact angle and WDPT
The material was evenly spread on the double-sided 
adhesive tape (65 × 15 mm) on the slide. For each mate-
rial (standard material, biochar, biochar-added soil), 
three slides were used and three droplets were placed 
at equal intervals on each slide, resulting in a total of 9 
droplets for CA measurement. A water droplet of 10 μL 
was placed on the material using the electric injection 
system of contact angle meter (SDC-200ST, SINDIN, 
China). According to our preliminary CA measure-
ment, for the majority of standard materials, the CA of 
each droplet did not fluctuate after 80 s, while for oth-
ers it stabilized after 90 s (Fig. S2). Thus, to minimize the 
impact of evaporation on the CA during the test, the CA 
was recorded from 0 to 90 s with an interval of 10 s. The 
CA measured at 0 s and 90 s were defined as initial CA 
(CA_0) and CA_90, respectively. Generally, surfaces with 
contact angles greater than 90° are considered hydropho-
bic. Conversely, surfaces with contact angles between 0° 
and 90° are considered hydrophilic (Doerr et  al. 2000). 
Surfaces with contact angles near or above 150° are 
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classified as super hydrophobic (Zhang et al. 2008). Three 
parallel slides were used for each sample, and three drops 
were placed on each slide. The average CA of the 9 drop-
lets was calculated, ensuring the reliability and reproduc-
ibility of the obtained results.

The WDPT was determined by placing the standard 
materials and biochar uniformly in an aluminum box, 
placing a water droplet (36 μL) on the material surface, 
and recording the complete penetration time of the 
droplets. At least 9 water droplets were used for each 
sample and the penetration time was observed sepa-
rately. The standard materials and biochar were catego-
rized into five groups based on the penetration time: 
WDPT < 5  s (hydrophilic); 5  s ≤ WDPT ≤ 60  s (slightly 
hydrophobic); 60  s < WDPT ≤ 600  s (strongly hydropho-
bic); 600 s < WDPT ≤ 3600 s (severely hydrophobic); and 
WDPT > 3600  s (extremely hydrophobic) (Bisdom et  al. 
1993). Both CA and WDPT methods were performed at 
22 ± 2 ℃ and relative humidity (RH) of 35 ± 2%.

2.5 � Soil sampling and soil‑biochar incubation
The soil utilized in this study was collected from the top-
soil layer (0–20  cm depth) of farmland located within 
the Xinjiang Fukang Desert Ecosystem Observation and 
Research Station of the Chinese Academy of Sciences 
(44°17’ N, 87°56’ E). The soil was air-dried, ground, and 
passed through a 2  mm sieve, and subsequently stored 
in bags for further analysis. The soil pH was measured 
using a pH meter at a soil-to-water ratio of 1:2.5 (w/w). 
A laser particle size analyzer (MasterSizer 2000, Malvern, 
UK) was utilized to determine the particle size distribu-
tion of the soil. The soil bulk density and field capacity 
were determined using the core cutter method. The basic 
physical and chemical properties of the soil are presented 
in Table S3.

All types of biochar were evenly mixed with soil at addi-
tion rates of 1% and 5%, and the mixtures were placed 
in aluminum foil boxes with covers. The soil without 
any biochar addition was set as the control group. Each 
treatment was prepared in three replicates. To mimic 
the condition of agricultural soil in arid and semi-arid 
regions, the soil moisture for the soil-biochar incubation 
was set at 55% of the field capacity. To maintain the soil 
moisture of the incubated soil, distilled water was added 
to the  incubated soil once every 3–5 days to counteract 
water loss from evaporation. The soil-biochar incubation 
was conducted for 3  months, and the soil-biochar mix-
ture was sampled on the day 0 and day 90 of the duration.

2.6 � Measurement of relative porosity, ‘shortest’ flow path, 
and surface roughness

To understand the correlation between the CA of solid 
surface with its physical properties, surface roughness, 

relative porosity, and the shortest water flow paths of 
the standard materials as the typical surficial proper-
ties were analyzed. Relative porosity refers to the area 
occupied by the sample in a certain area. The shortest 
water flow paths are the shortest distances for water 
to spread from the observation center to the observa-
tion edge. A 3D feature scanner (VK-X1000, Keyence, 
Japan) was used to scan the surface roughness of the 
material. Specifically, the material was evenly spread 
on a glass slide and observed under a 5 × magnifying 
lens. The scanning range was set at 1 × 1  mm2, and 
the surface profile was scanned using a laser. Each 
material was scanned 9 times. The analysis was con-
ducted using the automatic roughness analysis appli-
cation (AI-Analyzer) to obtain the Ra value. The slide 
with the sample was placed under a stereo microscope 
(XTL-165, Phenix, China), viewed at 20 × magnifica-
tion, and an image of the material surface was cap-
tured using the accompanying software. The relative 
porosity and ‘shortest’ flow path were determined 
using Image J software. Relative porosity was calcu-
lated by the ratio of the sum of the areas occupied by 
the samples in the image to the total area of the image. 
The ‘shortest’ flow channel was determined by calcu-
lating the captured image for the ‘shortest’ flow chan-
nel in four directions (0°, 90°, 180°, and 270°), of which 
the details are found in Fig. S3.

2.7 � Data analysis
The statistical analysis of the data was conducted using 
SPSS software (IBM SPSS Statistics 20). The Tukey test 
(for homogeneous variance data) or the Dunnett T3 test 
(for heterogeneous variance data) was used to explain the 
significant differences between CA_0 and CA_90. The 
correlation between ΔCA_90 of the biochar-added soil 
and the properties of the biochar was analyzed through 
Pearson correlation analysis (for normally distributed 
data). The correlations between the surface structure and 
chemical properties as well as water repellency (CA_0, 
CA_90) of biochar were obtained through Pearson cor-
relation and Spearman correlation (for non-normally dis-
tributed data).The differences between CA_0 for standard 
materials, biochar, and soil under different biochar addi-
tion rates and incubation periods were compared by 
Duncan’s Multiple Range test within the analysis of vari-
ance (ANOVA). A linear fit was applied to the CA change 
over 90 s for the biochar and standard material to obtain 
the corresponding linear slope |k|. The relative contri-
butions of relative porosity, the ‘shortest’ flow path, and 
surface roughness to the rate of change of contact angle 
were analyzed using a random forest model. All image 
information processing was performed using Image J 
software.
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3 � Results and discussion
3.1 � Hydrophobicity evaluation of standard materials
When comparing the CA_0 of the 17 standard materials 
(Table 1), distinct differences were observed among the 
metals, metal oxides, and polymers. The largest CA_0 
was 147.50°, recorded for Cu dendriform 200, while the 
lowest CA_0 (26.67°) was observed for Al2O3 100–200. 
It should be noted that due to its strongly hydrophilic 
nature, SiO2 100 does not allow for accurate measure-
ments of contact angles and penetration time, and thus 
it is not be discussed further in this study. Notably, the 
CA_0 for Fe sheet 100 (92.93°) was significantly lower 
that for and Fe sheet 200 (105.69°), although, there 
was no significant difference between the CA_0s of Fe 
spheres 100 and Fe spheres 200. Additionally, the Fe in 
sheet form exhibited a significantly larger CA_0 com-
pared to Fe in spherical form. Similar findings were also 
reported in Saha et al. (2020), who found that granular 
biochar is more hydrophobic than powdered biochar. It 
suggested that both size and shape could influence the 
CA_0 of materials, indicating that the regularity of sur-
face morphology may be a factor affecting the CA_0. 
With the same shape and size, the CA_0 of Fe sphere 
200 was significantly lower than that of Cu sphere 200, 
highlighting the effect of chemical composition on sur-
face hydrophobicity of materials.

The mean WDPT and corresponding hydrophobic level 
of the 17 standard materials are presented in Table 1. The 
extremely hydrophobic materials were all the forms of 
Cu and microplastics, while all the forms of Fe and Al2O3 
100–200 were hydrophilic, with the WDPT less than 5 s. 
Interestingly, despite the hydrophilic surface observed in 
Fe sheets based on WDPT, these materials were classified 
as hydrophobic based on their CA_0 (> 90°). This result 
aligns with previous studies (Usevičiūtė and Baltrėnaitė 
2020), such as the study by Liu et al. (2022) which classi-
fied the biochar surface as hydrophilic based on WDPT 
(< 5 s), even though their CA_0 ranged between 105 and 
119°, indicating hydrophobicity. This discrepancy arises 
as CA_0 represents the instantaneous hydrophobicity 
upon droplet contact with solid surface, while WDPT 
reflects the persistence of hydrophobicity over time. 
The lack of temporal alignment between CA and WDPT 
measurements underscores the need to consider the 
dynamic change in CA over time as a more comprehen-
sive measure of hydrophobicity.

3.2 � Dynamic contact angle (DCA) of standard materials
To address the temporal inconsistency between CA and 
WDPT methods, this study measured the CA_0 and con-
ducted sequential CA measurements at 10  s intervals 
for a duration of 90  s. As seen in Fig. S4, the CA_90 of 
those standard materials did not significantly differ from 

their CA_0. However, for Fe sheet 100, Fe sheet 200, PA 
(66) 100, kaolin and CaSiO3 200, the CA decreased with 
time (Fig.  1, Table  S4). Specifically, compared to CA_0, 
the CA_90 of all five materials significantly decreased 
(p < 0.05). This reduction in CA may be due to the occu-
pation of surface nanopores by water vapor upon contact, 
which facilitates diffusion (Gray et  al. 2014). For these 
materials, using CA_0 for hydrophobic evaluation may 
lead to bias. This effect is most pronounced in CaSiO3 
200, where the CA dropped from 106° to 70° within 90 s, 
resulting in a transition from hydrophobic to hydrophilic 
classification.

Broadly speaking‌, water droplets may remain as dis-
crete droplets in confined areas (static state) or spread 
and be adsorbed on the surface (dynamic state). This 
indicates a ‌reduction in the surface tension difference 
between soil and liquid‌ (Chau et  al. 2014). Studies on 
water-repellent porous media (PM)/soil systems have 
demonstrated that ‌ organic hydrophobic molecules 
undergo reorientation‌ during water repellency meas-
urements (Wang and Wallach 2020). Temporal changes 
in CA are recognized as indicators of SWR breakdown‌ 
(Ogunmokun and Wallach 2024), which indirectly sig-
nify ‌progressive weakening of SWR and its transition 
toward non-water-repellency‌ (Leelamanie and Karube 
2009; Chau et al. 2014; Griffo et al. 2024). Consequently, 
a material whose hydrophobicity continually decreases 
within 90  s would be considered as ‘pseudo’-hydropho-
bic. As such material cannot maintain hydrophobicity, 
‘pseudo’-hydrophobicity would be categorized as hydro-
philic. This transition from hydrophobicity to hydrophi-
licity was observed in biochar, where the CA changed 
over time (Liu et al. 2022). It is confirmed that ’pseudo’-
hydrophobicity initially displays temporary hydrophobic-
ity but eventually leads to hydrophilicity. Therefore, the 
potential effects of ‘pseudo’-hydrophobic surfaces on 
environmental processes merit in-depth investigation in 
future studies.

Surface morphology (Tian et al. 2022) and the inter-
action between water and the surface (Monroe et  al. 
2020; Gray et  al. 2014) are related to the variation in 
hydrophobicity. The relative contribution of the rate 
of change of contact angle to the relative porosity, the 
‘shortest’ flow path, and the surface roughness is shown 
in the following equation.

where: x—change rate of CA (°/s); X1—relative porosity 
(%); X2—the ‘shortest’ water flow path (mm); X3—surface 
roughness (μm).

The Random Forest Model data fitting analysis dem-
onstrated that the order of influence is as follows: sur-
face roughness > relative porosity > the ‘shortest’ water 

F(x) = (0.42 X1, 0.03X2, 0.55X3)
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flow path. This indicates that surface roughness and 
relative porosity are pivotal factors in the assessment of 
hydrophobicity through the measurement of dynamic 
contact angle. While recognizing that other chemi-
cal factors may exert a more complex and pronounced 
influence, this study confined its investigation to the 
physical-level influencing factors, which is also the 
direction of further research.

3.3 � Establishment of new hydrophobicity evaluation 
method

Considering the diffusion of water droplets on solid sur-
face and the significant difference between CA_0 and 

dynamic CA_90, this study proposed a new classifica-
tion for surface hydrophobicity (Table 2). The hydropho-
bicity of material surface was set into four categories: (i) 
Super hydrophobic (CA_0 ≥ 150°, with CA_90 not sig-
nificantly different from CA_0); (ii) Strongly hydrophobic 
(CA_0 between 90° and 150°, with CA_90 not signifi-
cantly different from CA_0); (iii) ‘Pseudo’-hydrophobic 
(CA_0 ≥ 90°, with CA_90 significantly different from 
CA_0); (iv) Hydrophilic (CA_0 < 90°). In accordance with 
the new classification, the evaluation method for hydro-
phobicity can be applied to different types of materials in 
consideration of their hydrophobicity. The severity of the 
hydrophobicity of materials followed a descending order: 
group (i) > group (ii) > group (iii) > group (iv). For materi-
als that are super hydrophobic, strongly hydrophobic, or 
hydrophilic, their hydrophobicity can be effectively eval-
uated using CA_90.

The combination of CA_0 and CA_90 provides a quali-
tative analysis of hydrophobicity across various surfaces. 
A more detailed quantitative analysis is warranted for 
materials classified as ‘pseudo’-hydrophobic. In these 
cases, in addition to CA_90, the rate of change in CA 
(|k|) within 90 s is crucial for evaluating hydrophobicity. 
For instance, in this study, the hydrophobicity of ‘pseu-
do’-hydrophobic materials (Fe sheet 100, Fe sheet 200, 
PA (66) 100, Kaolin, CaSiO3 200) was determined by ana-
lyzing the rate of change in CA over 90 s. A linear fitting 
curve was applied to calculate the rate of change in CA 
for these materials, as shown in Fig. 1.

Comparing the slopes (|k|) of the CA curves for ‘pseu-
do’-hydrophobic materials, the hydrophobicity of the 
material surface is inversely proportional to the slope. 
Therefore, a larger |k| indicated weaker hydrophobic-
ity, while a smaller |k| suggests stronger hydrophobicity. 
Based on the combination of CA_90 and |k|, the hydro-
phobicity of the ‘pseudo’-hydrophobic standard materi-
als was ranked as follows: PA (66) 100 > Kaolin > Fe sheet 
100 > Fe sheet 200 > CaSiO3 200. In summary, the direct 
comparison of material hydrophobicity depends on 
their classification into one of the four groups. Within 
the same group (i, ii, and iv), CA_90 could be applied to 
determine the severity of hydrophobicity. For materials 
categorized in group (iii), the rate of change in CA (|k|) 
is the primary criterion, with CA_90 serving as a second 
parameter when for |k| values are the same.

3.4 � Hydrophobicity of biochars based on CA and WDPT
Through the determination of the basic physical and 
chemical properties of biochar, the results indicated that 
the ash content and pH of the biochar exhibited a grad-
ual increase with the elevation of pyrolysis temperature 
(Table  S2). At the same pyrolysis temperature, the ash 
content of straw-based biochar (CS and WS) was higher 

Table 1  WDPT and initial contact angle (CA_0) of 17 standard 
materials

a Standard materials are labelled as ‘substance, shape, mesh number’, 
whereas PS, PP, PTFE, PE, and PA (66) are the abbreviations for polystyrene, 
polypropylene, polytetrafluoroethylene, polyethylene, and nylon (66), 
respectively
b Hydrophobic level here was determined by WDPT method (Bisdom et al. 1993)
c Lowercase letters in the column of CA_0 indicate significant differences of 
CA_0 among the various standard materials (p ≤ 0.05). *indicates that due to its 
strongly hydrophilic nature, SiO2 100 does not allow for accurate measurements 
of contact angles and penetration times

Standard 
materiala

WDPT (s) Hydrophobic 
levelb

CA_0 (°)c

Fe sheet 100 0.74 ± 0.31 Hydrophilic 92.93 ± 3.37f

Fe sheet 200 0.78 ± 0.11 Hydrophilic 105.69 ± 3.17de

Fe spheres 100 1.40 ± 0.62 Hydrophilic 80.29 ± 4.12g

Fe spheres 200 0.60 ± 0.11 Hydrophilic 77.82 ± 6.02g

Cu spheres 200  > 3600 Extremely hydro-
phobic

102.32 ± 3.94e

Cu dendriform 200  > 3600 Extremely hydro-
phobic

147.50 ± 2.31a

Al2O3 100–200 0.62 ± 0.15 Hydrophilic 26.67 ± 2.80h

TiO2 100 389.05 ± 38.59 Strongly hydro-
phobic

91.98 ± 5.66f

CaSiO3 200 8.90 ± 2.33 Slightly hydro-
phobic

106.53 ± 2.02d

PA (66) 100  > 3600 Extremely hydro-
phobic

106.08 ± 1.92de

PS 100  > 3600 Extremely hydro-
phobic

126.25 ± 4.17c

PP 100  > 3600 Extremely hydro-
phobic

139.07 ± 2.97b

PTFE 100  > 3600 Extremely hydro-
phobic

135.61 ± 4.27b

PE 100  > 3600 Extremely hydro-
phobic

136.16 ± 3.32b

Graphite 80–120 137.80 ± 39.06 Strongly hydro-
phobic

136.40 ± 4.28b

Kaolin 100 17.05 ± 3.60 Slightly hydro-
phobic

108.25 ± 1.85d

SiO2 100 * Hydrophilic *



Page 8 of 18Jing et al. Biochar            (2026) 8:38 

than that of other types of biochar. This discrepancy 
may be attributable to variations in the components of 
feedstocks. A pH comparison of the 18 types of biochar 
revealed that the highest pH was observed in WS700 
(10.54), while PN300 exhibited the lowest pH (5.99). FTIR 
analyses of 18 biochars (Fig. S1) revealed that biochars 
produced at lower pyrolysis temperatures possessed 
more abundant surface functional groups compared to 
those prepared at higher temperatures. Specifically, aro-
matic C = C bonds (1590–1610 cm⁻1) and aliphatic CH₂ 
groups (2926, 2853,1450 and 1400  cm⁻1) were detected 
across all pyrolysis temperatures; ester C = O groups 
(1670–1690  cm⁻1) were distinctly observed in biochars 
pyrolyzed at low (300 °C) and intermediate (500 °C) tem-
peratures; whereas carboxyl C = O groups (1315  cm⁻1) 
were exclusively identified in low-temperature biochars. 
In addition,  C–O–C moieties (1159–1175  cm⁻1)—char-
acteristic functional groups of lignocellulose biomass-
derived biochars—were universally detected across all 
biochars.

Among the 18 types of biochars studied, the highest 
and lowest CA_0 were found in PN300 (142.34°) and 

TP700 (86.60°), respectively (Table  3). For the majority 
of the biochars, the CA_0 values at lower pyrolysis tem-
peratures were significantly higher (p < 0.05) than those 
at higher temperatures (Fig. S5). It suggests that, rather 
than high-temperature pyrolyzed biochar, the low-tem-
perature pyrolyzed biochar is more hydrophobic. This 
phenomenon may be attributed to the pyrolysis of cer-
tain hydrophobic functional groups (e.g., –CH₂, Fig. S1) 
at elevated temperatures, leading to a reduction or com-
plete disappearance of their characteristic peak intensi-
ties. Meanwhile, the C–O–C groups exhibit a certain 
degree of hydrophilicity. Correlation analysis revealed 
that the relative abundance of C–O–C groups increases 
with rising pyrolysis temperature (Table S6) and shows a 
negative correlation with CA_0 (Fig. S6), which indirectly 
confirms that biochars produced at lower pyrolysis tem-
peratures have stronger hydrophobicity. It is worth men-
tioning that, similar to the standard materials, biochars 
exhibited contradictory results when assessing the hydro-
phobicity using WDPT and CA methods (Table  3). For 
example, in standard materials such as Fe sheet 100 and 
Fe sheet 200, as well as in biochars like CS500, CS700, 

Fig. 1  Linear fitting of contact angle over time for ‘pseudo’-hydrophobic standard materials, where |k| represents the slope of linear fitting, meaning 
the rate of change in contact angle, SD, and R2 are the standard deviation and coefficient of determination, respectively
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TP500, PW700, and WS700, the WDPT results indi-
cated hydrophilicity, while their CAs were > 90°, suggest-
ing hydrophobicity. There was no significant difference 
between CA_90 and CA_0 for these biochars (Fig.  2). 
However, for six biochars- CS500, CS700, TP500, TP700, 
WS500, and WS700- the CA significantly decreased over 
time (Fig.  3, Table  S5). According to surface properties 
in Table  2, most of these biochars were either ‘pseudo’-
hydrophobic or hydrophilic, considering ultimately 
hydrophilic in nature.

A gradual reduction in CA over time has been 
observed in previous studies (Chen et al. 2022; Hu et al. 
2023; Wang et  al. 2023), whereas transition has been 
observed even from > 90° to < 90° (Wu and Yang 2023; Xu 
et  al. 2023). When investigating the permeation rate of 
surfactant into hydrophobic porous media, Ogunmokun 
and Wallach (2024) found that the CA of porous media 
decreased over time across all treatments, whereas the 
CA_0 value dropped from > 120° to around 90° in 30 s and 
finally dropped to about 70° within 300 s. The rearrange-
ment and orientation of organic hydrophobic molecules 
on the porous media surface are crucial to explain the 
decrease in CA (Ogunmokun and Wallach 2024). Ivanova 
et al. (2023) observed that after 6 years of field trials, the 
CA of aged biochar decreased over time, reaching 0° after 
20 s. In this case, the inherent heterogeneity of material 
surface structure resulted in spontaneous changes in CA. 
To summarize, the decline in CA could be attributed to 
either physical structure or the chemical components on 
material surface, however, the full scope of the influence 
requires further investigation and integration.

Based on our new hydrophobicity evaluation method, 
the hydrophobicity of 18 biochars fell into three out 
of four categories, with no super hydrophobic biochar 
observed. The classifications were as follows: Strongly 
hydrophobic biochar, e.g., CS300, TP300, PN300-700, 
PT300-700, PW300-700, and WS300; ‘Pseudo’-hydro-
phobic biochar, e.g., WS500, WS700, CS500, CS700, and 
TP500; Hydrophilic biochar, e.g., TP700. According to 
this new method, the hydrophobicity of both strongly 
hydrophobic and hydrophilic biochar could be assessed 
by CA_90. Based on linear fitting (Fig.  3), when the 
slopes |k| values of CA were equal, e.g., CS500 vs CS700, 
WS700 vs TP500, then CA_90 should be used to differ-
entiate their hydrophobicity. Consequently, the order of 
hydrophobicity was WS500 > CS700 > CS500 > WS700 > 
TP500. Correlation analysis indicated that most proper-
ties (pore volume, total carbon, specific surface area, and 
ash content) did not show any significant correlation with 
CA_90 or CA_0, whereas a strong negative correlation 
was observed between biochar pH and CA_0 (r = −0.55, 
p = 0.017, n = 18), and  CA_90 (r = −0.68, p = 0.002, 
n = 18). This suggests that CA_0 and CA_90 tend to 
decrease with rising biochar pH. Furthermore, the rela-
tive abundance of surface functional groups on the bio-
char was also linked to CA_0 and CA_90. The functional 
group relative abundance was determined by the ratio of 
characteristic FTIR peak areas between paired functional 
groups (Mao et  al. 2019). Both peak area ratios of ali-
phatic (–CH2)/C = C and ester (–C = O)/C = C groups did 
not significantly correlate to either CA_0 or CA_90 of the 
biochar (Fig. S6). However, the ratio of the O–C–O/C = C 

Table 2  Classification of hydrophobicity based on dynamic contact anglea

a CA_0 and CA_90 present the contact angle measured at 0 s and 90 s, respectively; n.s. and p ≤ 0.05 show that the CA_0 and CA_90 are not significantly and 
significantly different, respectively; Examples are the standard materials labelled the form of composition, shape, and mesh number
b Standard materials are labelled as ‘substance, shape, mesh number’, whereas PS, PP, PTFE, PE, and PA (66) are the abbreviations for polystyrene, polypropylene, 
polytetrafluoroethylene, polyethylene, and nylon (66), respectively

Group Category Hydrophobicity criterion Examples in this study

i Super hydrophobic CA_0≧ 150°
CA_90≈CA_0 (n.s.)

None

ii Strongly hydrophobic 90° ≤ CA_0 < 150°
CA_90≈CA_0 (n.s.)

Cu spheres 200
Cu dendriform 200
TiO2 100
PS100
PP100
PTFE100
PE100
graphite 80–120

iii ‘Pseudo’ hydrophobic 90° ≤ CA_0 < 150°
CA_90 < CA_0 (p ≤ 0.05)

Fe sheet 100
Fe sheet 200
PA (66) 100
CaSiO3 200

iv Hydrophilic CA_0 < 90° Fe spheres 100
Fe spheres 200
Al2O3100-200
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group was significantly negatively correlated with CA_0 
(r = −0.49, p = 0.039, n = 18). For CA_90, significant 
negative correlations were observed for both the C–O–
C/C = C (r = −0.50, p = 0.034, n = 18) and O–C = O/C = C 
(r = −0.55, p = 0.019, n = 18) functional groups. It dem-
onstrated that relatively higher abundance of carboxyl 
groups (O–C = O) and ether groups (C–O–C) correlate 
with stronger hydrophilicity. This aligns with the con-
sensus in most studies as carboxyl groups are strongly 
hydrophilic (Rechberger et  al. 2017; Watson et  al. 2021; 
Zhang et  al. 2025), while ether groups are also recog-
nized as hydrophilic functional groups (Kravchenko 
et al. 2024). By conducting a correlation analysis between 
CA_0 and CA_90, it was found that CA_90 can provide 
a more comprehensive assessment of water repellency. 
This further validates the rationality of the DCA method.

3.5 � Effects of biochar on soil water repellency
The control group of soil exhibited non-water-repellency 
throughout the 90-day period (CA_0 < 90°, WDPT < 5 s). 
Upon initial incorporation of biochar, an addition rate 
of 1% was sufficient to transform non-water-repellent 
soils (CA_0 < 90°) into water repellent (CA_0 > 90°), sig-
nificantly increasing SWR (Fig. S7). Similar trends were 

observed at the 5% addition rate, although the perfor-
mance of TP500 and TP700 was less pronounced. In 
general, the addition of most biochars notably enhanced 
the water repellency of non-water-repellent soils. It is 
worth noting that higher biochar addition rates resulted 
in greater increases in CA_0 (CA_0 > 120°) (Kinney et al. 
2012; Mao et al. 2019; Ebrahimzadeh Omran et al. 2020; 
Liu et  al. 2022). Xu et  al. (2023) investigated the water 
characteristics of sandy soil amended with hydrochar 
derived from food waste, and found that higher addition 
rate increased SWR, though this effect diminished over 
time. Similarly, Shahsavar et al. (2024) indicated that the 
addition rate of biochar significantly affects SWR. These 
findings suggest that the biochar addition can induce 
SWR.

Regarding WDPT, at a 1% addition rate, only CS300 
and PN300 exhibited notable increases in penetration 
time (Fig. S8), although the soils remained non-water-
repellent (WDPT < 5  s). At a 5% addition rate, CS300, 
PN300, PN500, and WS300 markedly extended the 
infiltration time, with all but PN300 transitioning the 
soil from non-water-repellent to water repellent states 
(WDPT > 5 s). However, after 90 days of incubation, the 
effectiveness of most biochars gradually declined (Fig. 
S6). This finding aligns with the observations reported 
by Ojeda et  al. (2024) who identified this following a 
1-year period of soil mixed with biochar. The reduction 
in SWR during incubation may be attributed to multi-
ple mechanisms. Firstly, prolonged incubation induces 
aging-mediated surface oxidation of biochar, facilitating 
its transformation from water repellent to non-water-
repellent particles (Ge et  al. 2024). Additionally, fun-
gal regrowth promotes non-water-repellency through 
preferential degradation of hydrophobic compounds 
(Boak et al. 2025). Furthermore, certain bacterial strains 
contribute to SWR reduction via hydrocarbon removal 
or utilization of hydrocarbons as energy substrates for 
growth and reproduction (Ali et  al. 2023). At the 1% 
addition rate, the impacts of CS and PW biochars were 
negligible, while PN300 significantly increased infiltra-
tion time without altering the soil’s non-water-repellency 
(Fig. S8).

The DCA method confirmed that the original soil was 
non-water-repellent (Fig.  4), consistent with the CA_0 
and WDPT findings. At an addition rate of 1%, regardless 
of incubation duration, most biochars increased the soil 
DCA within 90  s when compared to the control group, 
although the CA_90 remained below 90°. At a 5% addi-
tion rate, the increase in CA was more pronounced than 
that observed at a 1% addition rate, as evident from the 
upward shift of the curve. Despite these increases, the 
soil’s non-water-repellent nature remained unchanged, 
resulting in a ‘pseudo’-water-repellent state. To evaluate 

Table 3  WDPT and initial contact angle (CA_0) of 18 types of 
biochars

a Biochar is labelled as biomass and pyrolysis temperature; where CS, TP, PT, PW, 
PN, WS represented the biomasses of cotton stalk, tangerine peel, poplar wood 
sawdust, pine wood sawdust, pine needle, and wheat straw, respectively
b Hydrophobic level here was determined by WDPT method (Bisdom et al. 1993)
c Lowercase letters indicate significant differences of CA_0 among the various 
types of biochars (p ≤ 0.05)

Biochara WDPT (s) Hydrophobic levelb CA_0 (°)c

CS300  > 3600 Extremely hydrophobic 137.68 ± 2.63bc

CS500 2.65 ± 0.50 Hydrophilic 131.69 ± 4.42d

CS700 1.45 ± 0.40 Hydrophilic 131.68 ± 3.43d

TP300  > 3600 Extremely hydrophobic 139.46 ± 1.99abc

TP500 0.66 ± 0.122 Hydrophilic 90.16 ± 5.10g

TP700 0.55 ± 1.33 Hydrophilic 86.60 ± 3.44h

PW300  > 3600 Extremely hydrophobic 136.63 ± 4.26c

PW500 7.29 ± 1.65 Slightly hydrophobic 138.07 ± 3.23c

PW700 3.52 ± 1.12 Hydrophilic 127.70 ± 4.84f

PT300  > 3600 Extremely hydrophobic 136.94 ± 2.26c

PT500  > 3600 Extremely hydrophobic 136.94 ± 4.32bc

PT700 5.70 ± 0.68 Slightly hydrophobic 121.73 ± 4.57e

PN300  > 3600 Extremely hydrophobic 142.34 ± 1.11a

PN500  > 3600 Extremely hydrophobic 140.93 ± 2.75ab

PN700 110.44 ± 80.27 Strongly hydrophobic 142.13 ± 2.45a

WS300 1887.22 ± 180.61 Severely hydrophobicity 140.63 ± 2.96ab

WS500 38.51 ± 9.76 Slightly hydrophobic 136.66 ± 1.99c

WS700 3.08 ± 0.44 Hydrophilic 136.32 ± 3.06c
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Fig. 2  Contact angle of biochars changed within 90 s, where no significant difference was found between the contact angle at 90 s and the initial 
contact angle. Biochar was labelled as ‘biomass, pyrolysis temperature’, where CS, TP, PT, PW, PN, and WS stand for cotton stalk, tangerine peel, 
poplar wood sawdust, pine wood sawdust, pine needle, and wheat straw, respectively

Fig. 3  The contact angle of ‘pseudo’-hydrophobic biochar (CS500, CS700, WS500, WS700, and TP500) and hydrophilic biochar (TP700) significantly 
decreased in 90 s. Biochar was labelled as ‘biomass, pyrolysis temperature’, where CS, TP, and WS stand for cotton stalk, tangerine peel and wheat 
straw, respectively. |k| represents the slope of linear fitting, meaning the rate of change in contact angle, SD and R2 are the standard deviation 
and coefficient of determination, respectively



Page 12 of 18Jing et al. Biochar            (2026) 8:38 

the influence of biochar hydrophobicity on SWR, a 
comparative analysis was conducted. ‌The CA_90 of soil 
amended with biochar were juxtaposed against those of 
the control soil (as depicted in Fig.  5)‌. Before and after 
incubation, the most biochar-amended soil showed 
positive ΔCA_90, demonstrating the increment of SWR 
owing to biochar addition (Mao et  al. 2019; Liu et  al. 
2022). For the soil amended with 5% biochar, on day 0, 
the ΔCA_90 of both CS and WS biochar-added soils 
exhibited a gradual decrease as the pyrolysis temperature 
increased, however, after a 90d incubation, ‌the decreasing 
tendency was not observed. Compared to other biochars, 
CS and WS biochars exhibited ‘pseudo’-water-repellency 
(Fig. 3), additionally, the ΔCA_0 of soil, but not ΔCA_90, 
showed a significant correlation with the CA_90 of bio-
char (p < 0.001) (Fig.  6). Taken together, these results 
reveal that the effect of ‘pseudo’-water-repellent biochar 
on SWR may be influenced by biochar-water interaction 

during incubation. Furthermore, the ‘pseudo’-water-
repellent nature of biochar could potentially increase 
the complexity of predicting its effects on soil hydrologi-
cal properties. These findings suggest that the efficacy of 
biochar in modifying SWR is influenced by both addition 
rate and incubation duration. The original hydrophobic-
ity of biochar may offer a practical approach for the regu-
lation of SWR across different incubation conditions and 
timeframes.

3.6 � Paradoxical phenomena of CA and WDPT
The discrepancies in water repellency determination 
between CA and WDPT measurements have been dis-
cussed in previous studies, for instance, Ewa et al. found 
the CA of soil ranged from 40° to 90°, with the WDPT 
exceeding 5 s (Papierowska et al. 2018). By analyzing the 
CA and WDPT of 17 standard materials and 18 biochars, 
this study observed a typical paradoxical phenomenon in 

Fig. 4  Dynamic change in contact angle (CA) of biochar-amended soil within 90 s. a and b show the CA of soil with 1% and 5% biochar addition 
rate at day 0, respectively, c and d show the CA of soil with 1% and 5% biochar addition rate at day 90, respectively. The dashed line represents 
the case where CA = 90°. Biochar was labelled as ‘biomass, pyrolysis temperature’, where CS, TP, PT, PW, PN and WS stand for cotton stalk, tangerine 
peel, poplar wood sawdust, pine wood sawdust, pine needle, and wheat straw, respectively
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both standard materials (Fe sheet 100 and Fe sheet 200) 
and biochar (TP500, CS500, CS700, WS700). Generally, 
while the WDPT showed hydrophilicity (WDPT < 5  s), 
the CA_0 results indicated hydrophobicity (CA_0 > 90 s). 
For these six materials, hydrophobicity may be over-
estimated if evaluated solely based on CA_0. When the 
dynamic contact angle (DCA) method was applied, the 
droplets dispersed on the material surface and their 
CA_90 were significantly lower than CA_0. These mate-
rials were categorized as ‘pseudo’-hydrophobic. The DCA 
method provided a more accurate evaluation of actual 
hydrophobicity of materials, reconciling the discrepan-
cies between CA_0 and WDPT measurements (Fig.  6). 

For instance, the WDPT of CS500 was 2.65 s, classifying 
it as hydrophilic, while its CA_0 was 131.69°, suggesting 
strong hydrophobicity. However, CS500 was classified as 
‘pseudo’-hydrophobic (rate of CA change |k|> 0) based on 
our DCA evaluation method, aligning with the WDPT 
measurement. In summary, the combination of DCA 
method and the newly introduced ‘pseudo’-hydrophobic-
ity concept has been demonstrated in our study to over-
come the inconsistency in hydrophobicity assessment by 
CA_0 and WDPT measurements.

‌By comparing the CA_0 and WDPT of biochar-added 
soil, it is evident that at the onset of incubation, the CA_0 
of soil amended with biochar exceeded 90°, indicating 

Fig. 5  The difference of contact angle at 90 s (ΔCA_90) between biochar-amended soil and control soil after 0 and 90 days of incubation. 
The X-label presents the soil amended with different types of biochar. The dashed line represents the case where the CA_90 of CK. The values 
in the figure represent the differences between the biochar and the control soil CA_90. Different colors represent different addition rates. Biochar 
was labelled as ‘biomass, pyrolysis temperature’, where CS, TP, PT, PW, PN and WS stand for cotton stalk, tangerine peel, poplar wood sawdust, pine 
wood sawdust, pine needle, and wheat straw, respectively
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water repellency (Fig. S7). However, WDPT measure-
ments revealed that only soil with a 5% biochar addi-
tion rate (CS300, PN500, and WS300) exhibited water 
repellency (WDPT > 5 s) (Fig. S8). Over the 90d incuba-
tion, the influence of biochar on soil SWR diminished, 
with a notable reduction in the occurrence of discrep-
ancies between CA_0 and WDPT results. However, 
they remained prevalent, particularly for the 5% addi-
tion rate treatments (Fig. S7, S8). Further analysis using 
DCA (Fig. 4) confirmed that the addition of 18 different 
biochars did not alter the non-water-repellent nature of 
the soil. This conclusion is consistent with 97.5% of the 
WDPT results.

Methods for assessing water repellency exhibit dis-
tinct advantages and limitations. WDPT method, despite 
its significant limitations in testing procedures—it only 
provides an indirect assessment of water repellency 
(Bachmann et  al. 2000; Leelamanie et  al. 2008) and is 
susceptible to operator subjectivity due to the com-
plete encapsulation of water droplets by heterogeneous 
surfaces under surface tension (Liu et  al. 2022; Veneris 
and Farid 2024). The sessile drop method is commonly 
employed to determine the wettability of solid surfaces, 
where repeatable advancing contact angles (ACA) and 
receding contact angles (RCA) can be achieved by con-
trolling changes in the volume of the probe liquid. How-
ever, such measurement typically takes 15–20  min to 

complete, and the entire experimental process, including 
replicated experiments, can require 1 to 2 h (Huhtamäki 
et  al. 2018). Time-lapse sessile drop measurements are 
more commonly applied in analyses of surface wetting 
dynamics, primarily involving investigations into evapo-
ration, viscosity, and absorption effects (Hu and Larson 
2002; Wu et al. 2025). Using CA_0 can capture instanta-
neous repellency, while  it may fail to entirely reflect the 
droplet diffusion. Therefore, building upon CA_0, the 
DCA method is proposed to simultaneously account for 
changes in hydrophobicity over time. Consequently, the 
DCA method has a broader scope of application while 
maintaining a high level of accuracy.

Overall, this paradoxical phenomenon was observed 
across three distinct material types in this study, encom-
passing standard materials, biochars, and soils, and its 
frequency increased with the complexity of the subjects. 
The results obtained through the DCA method exhibit a 
high degree of consistency with those derived from the 
WDPT, thereby effectively addressing contradictions in 
the findings (Fig. 7).‌‌

4 � Conclusions
Understanding the level of biochar hydrophobicity is 
crucial for predicting its interactions with water, influ-
encing its application in environmental protection, 
agriculture, and material science. Current methods for 

Fig. 6  Correlation analysis between ΔCA_90 of biochar-amended soil and biochar properties. The numbers in the circle represent the correlation 
coefficient. ΔCA_90 refers to the difference between the contact angle at 90 s (CA_90) of the biochar-amended soil and the control soil 
after incubation, ΔCA0_1% presents the ΔCA_90 at day 0 of soil with 1% biochar addition rate, and CA_90B represents the CA_90 of biochar
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evaluating hydrophobicity, based on principles of CA 
and droplet penetration, are widely used. However, 
discrepancies observed between CA and WDPT meas-
urements underscore the need for a multidimensional 
approach to accurately assess biochar hydrophobic-
ity. This study highlighted the temporal inconsisten-
cies between these two methods and proposed a novel 
approach using DCA measurement to reconcile these 
discrepancies. DCA can represent the diffusion of 
water droplets in alignment with water penetration 
time. In conjunction with DCA, a new classification 
was established by first defining ‘pseudo’-hydropho-
bicity. ‘Pseudo’-hydrophobicity means that the CA of 
hydrophobic solid surface drops below 90° within 90 s 
once the water droplet diffuses on its surface. This 
approach clearly demonstrated a decrease in CA over 
time and the transition from hydrophobic surface to 
hydrophilic surface. This new concept was validated for 
both standard Fe sheets and mid and high temperature 
biochars, where original hydrophilic materials could be 
inaccurately considered as hydrophobic if their CA_0 
was solely considered. The combination of CA_90 and 

rate of change in CA over time (|k|) is suggested as the 
new criterion for hydrophobicity evaluation, particu-
larly for ‘pseudo’-hydrophobic materials. Furthermore, 
the DCA method was employed to evaluate SWR at 
different addition rates and incubation periods. While 
CA_0 indicated that biochar could significantly induce 
hydrophobicity, the DCA indicated that the incubated 
soil remained in a ‘pseudo’-hydrophobic state, retaining 
its fundamental hydrophilic nature, which is consistent 
with WDPT measurements.

Although our study used a 90-s observation period 
for the DCA method, the primary contribution lies not 
in the specific duration but in introducing a novel per-
spective on the temporal dynamics of CA. This approach 
addresses ambiguities in defining the actual hydropho-
bicity, particularly for materials like biochar, where water 
droplets may diffuse over time. We propose that water 
droplet diffusion should be considered a critical factor in 
hydrophobicity across various disciplines, including envi-
ronmental science, agriculture, and materials science. 
In the  future, by using the DCA method to deepen the 
understanding of SWR, it will promote the large-scale 

Fig. 7  a Inconsistences in assessing biochar hydrophobicity between contact angle and water drop penetration time resulted in overlapped 
classification; b The addition of dynamic contact angle method and the introduction of ‘pseudo’-hydrophobicity clearly distinguished 
between hydrophobic and hydrophilic materials
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application of biochar in improving soil water retention, 
achieving multiple benefits, including water conserva-
tion, yield increases, ecological restoration, and vegeta-
tion recovery. It is particularly important to emphasize 
that the agricultural and forestry wastes should be ration-
ally utilized as feedstock of biochar. This approach effec-
tively circumvents ethical concerns such as competition 
with food production. Our DCA method provides a more 
accurate and comprehensive framework for the evalua-
tion of water repellency.
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