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A B S T R A C T

Soil organic matter (OM) plays a vital role in regulating specific surface area (SSA) and nanopore structure. 
However, the respective contributions of particulate organic matter (POM) and mineral-associated organic 
matter (MAOM) to SSA and nanopore characteristics remain poorly understood. In this study, five representative 
soils with varying organic carbon (OC) content (1.74–3.73%) and different mineralogies collected from grassland 
(G), paddy field (P), forestland (F), cropland (C), and vegetable field (V) were physically fractionated into coarse 
(53–2000 μm) and fine (< 53 μm) particles. The SSA measured by N2 and H2O adsorption (SSAN2 and SSAH2O), 
micropore and mesopore volumes (Vmicro and Vmeso), as well as N2 hysteresis characteristics were measured 
before and after OM removal. Results showed that OM exerted a stronger masking effect on SSAN2 in fine 
fractions, especially in soils rich in 2:1 clay minerals. In contrast, OM enhanced SSAH2O in coarse fractions and 
kaolinite-dominated fine fractions (e.g., P), whereas its effect on SSAH2O in fine fractions rich in 2:1 clays 
remained ambiguous. OM removal significantly increased both Vmicro and Vmeso in most soils, with a more 
pronounced effect in fine fractions, particularly those with initially abundant nanopores. The extent of nanopore 
reduction was positively correlated with OC content, indicating that OM-induced pore blocking depends on both 
pore abundance and OM load. Furthermore, OM increased hysteresis effects, especially in mesopores, by nar
rowing pore throats and decreasing pore connectivity. These findings reveal how OM, influenced by particle size, 
mineralogy, and OC content, regulates soil microstructure, providing a basis for enhancing carbon stabilization, 
water retention, and ecological functioning.

1. Introduction

Soil surface area (SSA) and nanopore (< 50 nm) characteristics are 
key parameters of soil microstructure, directly influencing its physical, 
chemical, and biological functions. The soil surface provides critical 
interfaces for interactions among water, air, and microorganisms, while 
nanopores regulate essential soil processes such as water retention, 
carbon sequestration, and microbial habitat availability (Pennell, 2002; 
Kaiser and Guggenberger, 2003; Kleber et al., 2015; Song et al., 2022). 
This synergistic interplay is fundamental to sustaining soil health, 
fertility, and resilience under environmental change and agricultural 
intensification. Thus, advancing knowledge of SSA and nanopore dy
namics is critical for designing sustainable soil management strategies, 
enhancing land productivity, and mitigating global challenges such as 
climate change and soil degradation. A major factor influencing the 
development of SSA and nanopore structures is soil organic matter 

(OM), which evolves through dynamic processes such as the 
decomposition-humification cycle of plant and animal residues and 
microbial metabolism. OM plays a critical role in regulating these 
microstructural features, further impacting essential soil processes.

The SSA is commonly measured using adsorption methods based on 
non-polar molecules (e.g., N2) or polar molecules (e.g., ethylene glycol 
monoethyl ether [EGME], ethylene glycol [EG], methylene blue [MB], 
or H2O) (de Jong, 1999; Pennell, 2002; Heister, 2014). Non-polar ad
sorbates, such as N2, primarily interact with the external surfaces of 
mineral particles, reflecting the mineral surface area. In contrast, polar 
adsorbates like H2O and EGME interact with hydrophilic sites and can 
penetrate interlayer spaces, providing a measure of the total surface 
area. This dual-adsorbate approach is essential for distinguishing be
tween the effects of mineral surface masking by OM and the hydrophilic 
properties of the surface, thus offering a more comprehensive under
standing of SSA. Previous studies reported that OM can reduce the SSAN2 
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by coating mineral surfaces in discrete patches, blocking pores, and 
gluing mineral particles to form microaggregates (Williams et al., 1967; 
Kaiser and Guggenberger, 2003; Mayer and Xing, 2001; Wagai et al., 
2009). In contrast, SSA measured using polar probe molecules such as 
EGME and H2O, which can penetrate the interlayer spaces of expansive 
clay minerals, thus providing a measure of the total SSA (Heister, 2014). 
The influence of OM on SSA based on polar molecules remains uncertain 
due to OM's ability to alter mineral surfaces and adsorb polar molecules. 
Several studies have observed that OM can increase SSA, as measured by 
various methods (e.g., EG, H2O, and EGME), in soils with high organic 
carbon (OC) content (Pennell et al., 1995; Kirschbaum et al., 2020; 
Arthur et al., 2023). However, in montmorillonite-rich soils, OM has 
been found to reduce SSA, likely due to the adsorption of OM onto clay 
mineral surfaces, which may block access to interlayer spaces or occupy 
them, limiting the soil's ability to adsorb polar molecules (Bu et al., 
2019; Arthur et al., 2023). Soil nanopores can be effectively character
ized using N2 adsorption. Small molecular organic compounds (e.g., 
sugars, amino acids) and humic substances can diffuse into nanopores 
and accumulate at pore throats through a combination of physical 
entrapment and chemical interactions, particularly with densely 
distributed hydroxyl functional groups near pore entrances in these 
confined spaces (Kaiser and Guggenberger, 2003; Mikutta and Mikutta, 
2006; Kleber et al., 2015; Zhao et al., 2023). As a result, the presence of 
OM may fill, coat, or block nanopores, thereby decreasing their number 
and connectivity.

Particulate organic matter (POM) and mineral-associated organic 
matter (MAOM) are two primary forms of soil OM that differ signifi
cantly in their decomposition rates, sources, and composition. Existing 
studies have mainly focused on the influence or contribution of total OM 
on SSA and nanopore characteristics (Kaiser and Guggenberger, 2003; 
Mikutta and Mikutta, 2006; Kirschbaum et al., 2020; Arthur et al., 
2023), with little attention paid to disentangling the respective roles of 
POM and MAOM. The integrated approach that combines physical 
fractionation (POM vs. MAOM), dual-adsorbate SSA characterization 
(N2 and H2O), and hysteresis behavior of N2 adsorption offers a distinct 
advantage. It not only enables the differentiation between surface 
masking effects and hydrophilicity-driven phenomena, but also allows 
for the inference of nanopore characteristics, including pore number, 
throat constriction, and connectivity. This approach, seldom employed 
in previous studies, offers a comprehensive and integrated insight into 
how POM and MAOM contribute differently to SSA and nanopore 
structure. In this study, we hypothesize that the relatively weak 
attachment of POM to mineral phases limits its impact on SSAN2 and 
nanopores, while its influence on SSAH2O is more pronounced. In 
contrast, MAOM, due to its stronger binding to mineral surfaces and 
higher reactivity, exerts a more significant effect on SSAN2 and SSAH2O, 
as well as on nanopore characteristics. Thus, the main objective of this 
study was to elucidate the respective impacts and underlying mecha
nisms of POM and MAOM on mineral SSA and nanopores. To achieve 
this, five representative soils with OC contents ranging from 1.74% to 
3.73%, representing different land use types, were selected and physi
cally fractionated into coarse (53–2000 μm) and fine (< 53 μm) particle 
fractions. The selection of these specific soils ensures that we are 
examining a representative spectrum of soil types with varied OC con
tent and mineralogy. This diversity allows us to evaluate how different 
levels of OC and contrasting mineral compositions interact with OM and 
influence soil structure and function. For each fraction, SSAN2, SSAH2O, 
micropore and mesopore volumes (Vmicro and Vmeso), N2 adsorption- 
desorption isotherms, and associated hysteresis characteristics were 
measured both before and after OM removal. These measurements 
allowed for the quantification of the respective contributions of POM 
and MAOM to SSA and soil nanopore architecture, ensuring the findings 
are broadly applicable to soils with differing OC contents and mineral 
compositions.

2. Materials and methods

2.1. Sample collection and treatments

Five representative soils with varying OC content (1.74–3.73%) were 
collected from the top 0–20 cm layer in grassland (G), paddy field (P), 
forestland (F), cropland (C), and vegetable field (V). These soils were 
selected through random sampling to capture variation in OC content, 
land use types, and mineral composition. The samples were air-dried, 
ground, and passed through a 2-mm sieve. The geographic locations 
and corresponding field photographs of the sampling sites are presented 
in Table 1 and Fig. 1. Based on the physical fractionation method for 
POM and MAOM, the air-dried soils were separated into coarse 
(53–2000 μm) and fine (< 53 μm) particle fractions (Carter and Gre
gorich, 2007). Briefly, 25 g of air-dried soil samples were dispersed by 
shaking with 100 mL of 0.5% sodium hexametaphosphate solution for 
16 h. To eliminate the potential influence of residual dispersant on 
subsequent analyses of surface properties and nanopore structures, 
excess salts were removed via dialysis. The resulting slurry was rinsed 
through a 53 μm sieve using deionized water. The samples retained on 
the sieve were designated as the coarse particle fraction, while the 
samples that passed through were collected as the fine particle fraction. 
Both fractions were oven-dried at 60◦C to a constant weight and sub
sequently passed through a 2 mm sieve.

To investigate the effect of POM and MAOM on the SSA and nano
pore characteristics of mineral particles, the OC in both coarse and fine 
fractions was removed using H2O2 treatment (Wang et al., 2011; Song 
et al., 2022). Specifically, ~300 mL of 30% (mass fraction) H2O2 were 
added to 100 g of either coarse or fine particle fractions in a beaker. The 
mixture was then stirred and allowed to react completely for approxi
mately 10 h. After the reaction, the mixture was heated to 80◦C to 
decompose and remove excess H2O2. Finally, the treated samples were 
air-dried, ground, and passed through a 2-mm sieve.

2.2. Laboratory measurements and analysis

Particle size analysis was performed using the pipette method (Gee 
and Or, 2002). The OC of bulk soil, coarse, and fine particle fraction was 
determined by an elemental analyzer (Multi N/C 2100S, Analytik Jena, 
Germany) after carbonate was removed by using hydrochloric acid. 
Oriented clay specimens were prepared for both qualitative and semi- 
quantitative analysis of clay minerals. Specifically, soil samples were 
pretreated with dilute HCl to remove carbonates and with concentrated 
H2O2 to eliminate OM, followed by ultrasonic dispersion of the resulting 
suspensions. Clay particles (< 2 μm) were then separated via gravita
tional settling based on Stokes' law. The clay particles were then satu
rated with Mg2+ and treated with glycerol prior to X-ray diffraction 
(XRD) analysis. Oriented slides were scanned using a Rigaku Ultima IV 
diffractometer (Rigaku Corporation, Tokyo, Japan) with a Cu target (40 
kV, 40 mA), with a step size of 0.02◦ and a scanning rate of 2◦/min. Clay 
mineral phases were identified by comparing the observed d-spacings 
and relative peak intensities with standard reference patterns from the 
ICDD database.

The N2 adsorption-desorption isotherms at 77 K were measured over 
a relative pressure (P/P0) range of approximately 0 to 0.99 with a 
Surface Area and Microporous analyzer (PM2–1510, BeiShiDe, China). 
Prior to analysis, the samples were degassed at 150◦C for 6 h to remove 
adsorbed water. This degassing temperature and duration were selected 
to effectively remove adsorbed water without compromising the sta
bility of OM or the integrity of clay minerals. A temperature of 150◦C 
and a duration of 6 h are commonly used in the literature for similar 
physisorption measurements, ensuring the removal of adsorbed water 
while maintaining the stability of OM, as OM typically remains stable at 
temperatures below 200◦C (Kučerík et al., 2018). Soil water vapour 
adsorption isotherms were determined with a fully automated AquaLab 
Vapour Sorption Analyzer (METER Group Inc., Pullman, WA, USA). The 
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measurements were performed at 25◦C with an air flow rate of 100 mL 
min− 1 and a water activity (aw) resolution of 0.02 over an aw range of 
0.05–0.93. The sample preparation steps, including fractionation and 
OM removal, were performed once for each soil sample. The instru
mental measurements, including N2 and H2O adsorption and desorption 
isotherms, were performed in triplicate to ensure the accuracy and 
reproducibility of the results. The SSA was determined using the N2 and 
H2O adsorption isotherms. For both adsorbates, the P/P0 or aw range of 
0.05–0.35 was used to fit the Brunauer-Emmett-Teller (BET) equation 
(Brunauer et al., 1938). To ensure the reliability of the BET fit, the 
linearity of the BET plot was evaluated using the Rouquerol consistency 
criteria (Rouquerol et al., 2007). Only data points that satisfied these 
criteria were included in the final fits. Typically, at least five consecutive 
points within the selected P/P0 or aw range were used to calculate the 
SSA. The SSA based on N2 (SSAN2) was calculated by applying the 
Brunauer-Emmett-Teller (BET) equation to the adsorption data at P/P0 
= 0.05–0.35 (Brunauer et al., 1938). The micropore (Vmicro, < 2 nm) and 
mesopore (Vmeso, 2–50 nm) volumes were calculated using the nonlocal 
density functional theory (NLDFT) based on N2 adsorption isotherms. To 
quantitatively evaluate the contribution of OC to SSA, the difference in 
SSA before and after OC removal was normalized by the initial OC 

content, thereby indicating the SSA contribution per unit mass of OC 
(m2 g− 1 per % OC).

The difference in N2 adsorbed capacity between the desorption and 
adsorption branches at the same P/P0 was defined as the local hysteresis 
(H) (Song et al., 2022). As the measurement points of the adsorption and 
desorption isotherms did not coincide, a Piecewise Cubic Hermite 
Interpolating Polynomial (PCHIP) was applied at selected P/P0 values to 
generate corresponding data pairs. The starting point of P/P0 was set to 
0.4, with a step size of 0.04, and the endpoint was set to 1. Due to the 
divergence between the N2 adsorption and desorption isotherms within 
the P/P0 range of 0.45–0.99; the shoelace method, a numerical tech
nique for calculating the area of closed polygons, was employed to 
calculate the area enclosed by the two branches (HA) (Weisstein, 2023), 
providing a quantitative measure of the overall hysteresis magnitude. 
Fig. 2 presents a schematic diagram illustrating the calculation of H and 
HA.

2.3. Statistical analysis

To investigate the effect of POM and MAOM on SSA and nanopore 
characteristics under different grouping strategies, a one-way analysis of 

Table 1 
Sampling locations, soil types (FAO soil classification system), and physicochemical properties of the five investigated soils.

Soil ID Sampling location Soil classification Sand (%) 
50–2000 μm

Silt (%) 
2–50 μm

Clay (%) 
< 2 μm

< 2 μm mineral content % OC (%)

Mon IL KAO Hal Ver Qua Oxi

G
Neimenggu, China 
(120◦9′E, 49◦27′N)

Haplic Chernozeme 26 60 13 21 22 23 – 5 4 24 3.73

P Jiangxi,China 
(116◦53′E,28◦14′N)

Ferric crisol 31 37 31 – 4 40 19 13 1 18 3.22

F
Jilin,China 
(124◦15′E,43◦18′N) Haplic Chernozem 27 60 12 43 7 19 – 3 2 26 2.15

C
Jilin,China 
(124◦7′E,43◦20′N) Haplic Chernozem 23 38 37 37 11 20 – 4 4 24 1.86

V
Jilin,China 
(124◦14′E,43◦19′N)

Haplic Chernozem 24 61 13 34 14 22 – 4 3 23 1.74

Note: G, P, F, C, and V represent soils collected from grassland, paddy field, forestland, cropland, and vegetable field; Mon, IL, KAO, Hal, Ver, Qua, and Oxi represent 
montmorillonite, illite, kaolinite, halloysite, vermiculite, quartz, and oxides.

Fig. 1. Field photographs of the sampling sites for the five soils used in this study.
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variance (ANOVA) was performed using SPSS 24.0 software. Statistical 
significance was assessed at the 0.05 level.

3. Results

3.1. Soil organic carbon

Fig. 3 presents the OC in coarse and fine particle fractions across five 
soil types. In coarse particles, OC ranged from 0.51% to 2.71%, with the 
following order: G and P > V > C > F (P < 0.05) (Fig. 3a). In fine par
ticles, OC ranged from 2.05% to 5.33%, following the order: G > P and 
V > F and C (P < 0.05) (Fig. 3b). Overall, the OC in the fine fraction was 
96.6% to 300.6% higher than that in the corresponding coarse fraction.

3.2. Specific surface areas

Fig. 4 presents the SSAN2 and SSAH2O for coarse and fine particle 
fractions of five soils, measured before and after OC removal. For coarse 
particle fractions, SSAN2 ranged from 2.64 to 6.28 m2 g− 1 prior to OC 
removal, and from 2.16 to 10.47 m2 g− 1 following OC removal (Fig. 4a). 
Except for C, SSAN2 increased significantly by 18.67% to 66.70% after 
OC removal (P < 0.05). The extent of SSAN2 increase was positively 
related to both the initial SSAN2 value and the OC of coarse particles, 

with the greatest increase observed in G and the smallest in F. For fine 
particle fractions, SSAN2 ranged from 16.44 to 41.89 m2 g− 1 before OC 
removal, and increased to 17.32 to 64.29 m2 g− 1 after OC removal 
(Fig. 4b). Compared to pre-removal values, SSAN2 in fine particles 
increased significantly by 5.32% to 145.67% following OC removal (P <
0.05), with the most pronounced increase in G and the smallest in P.

For soils G, F, C, and V, the reduction in SSAN2 per unit of OC in 
coarse particle fractions was less than 1.68 m2 g− 1 per % OC, whereas in 
fine particle fractions the corresponding values exceeded 5.24 m2 g− 1 

per % OC (Fig. 5a). This indicates that the masking effect of OC on SSAN2 
is significantly more pronounced in fine particles than in coarse parti
cles. Additionally, the SSAN2 reduction per unit OC in the fine fractions 
of G and F was lower than that observed in C and V. In contrast, P 
exhibited minimal reductions in SSAN2 per unit OC in both coarse and 
fine fractions, with values below 0.74 m2 g− 1 per % OC.

For coarse particle fractions, SSAH2O ranged from 15.65 to 30.29 m2 

g− 1 prior to OC removal, and decreased to 10.17 to 19.67 m2 g− 1 

following OC removal (Fig. 4c). Relative to pre-removal values, SSAH2O 
decreased significantly by 41.12% to 62.93% following OC removal, 
with the most substantial reduction in P, and the smallest in V. For fine 
particle fractions, SSAH2O ranged from 39.38 to 83.66 m2 g− 1 before OC 
removal, and ranged from 28.16 to 77.72 m2 g− 1 after OC removal 
(Fig. 4d). Notably, the removal of OC significantly reduced SSAH2O in P 
and F by 39.85% and 23.83%, respectively (P < 0.05). In contrast, OC 
removal had minimal influence on SSAH2O in the fine particle fractions 
of G, C, and V.

Across the five investigated soils, the increase in SSAH2O per unit OC 
ranged from 3.53 to 10.47 m2 g-1 per % OC for coarse fractions and from 
1.69 to 6.16 m2 g-1 per % OC for fine fractions. For G, F, C and V, the 
increase in SSAH2O per unit OC was 1.7-4.1 times higher in coarse 
fractions than in fine fractions, indicating a greater contribution of OC to 
SSAH2O in coarse particles. In contrast, for P, the increase in SSAH2O per 
unit OC was comparable between coarse and fine fractions.

3.3. Pore characteristics

Fig. 6 presents the Vmicro and Vmeso of coarse and fine particle frac
tions of five soils, measured before and after OC removal. For coarse 
particle fractions, Vmicro and Vmeso ranged from 0.0011 to 0.0028 mL g− 1 

and 0.0025 to 0.0174 mL g− 1, respectively, prior to OC removal, and 
from 0.0009 to 0.0045 mL g− 1 and 0.0031 to 0.0206 mL g− 1 after OC 
removal (Fig. 6a and c). In these coarse fractions, Vmeso was 1.6 to 7.7 
times greater than Vmicro. Following OC removal, the coarse particles 
from G, P, and V exhibited significant increases in Vmicro (34.5%–63.9%) 
and Vmeso (18.4%–56.0%) (P < 0.05). For fine particle fractions, Vmicro 
and Vmeso ranged from 0.0069 to 0.0193 mL g− 1 and 0.0145 to 0.0479 
mL g− 1, respectively, prior to OC removal, and from 0.0073 to 0.0276 

Fig. 2. A schematic diagram illustrating the calculation of local hysteresis (H) 
and hysteresis loop area (HA). H is defined as the difference in N2 adsorption 
capacity between the desorption and adsorption branches at the same relative 
pressure (P/P0), and HA represents the area enclosed between the 
two branches.

Fig. 3. The organic carbon content (OC) in coarse and fine fractions (53–2000 μm and < 53 μm) of soils collected from grassland (G), paddy field (P), forestland (F), 
cropland (C), and vegetable field (V). Different letters above the bars indicate significant differences at P < 0.05.
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mL g− 1 and 0.0293 to 0.0622 mL g− 1 after OC removal (Fig. 6b and d). In 
these fine fractions, Vmeso was 1.3 to 8.6 times greater than Vmicro. The 
fine particle fraction of P exhibited a relatively low Vmicro (< 0.0073 mL 
g− 1), and no significant change was observed after OC removal. In 
contrast, OC removal significantly increased the Vmicro of fine particles 
in G, F, C, and V by 131.9%, 23.7%, 35.0%, and 44.1%, respectively (P 
< 0.05). Additionally, OC removal led to a significant increase in the 

Vₘₑₛₒ of fine particles across all soils, with the highest increase in G 
(137.2%) and the lowest in P (29.9%). These findings indicated that 
mesopores were more prevalent than micropores in both coarse and fine 
particle fraction, and that both Vmicro and Vmeso were higher in fine 
particles than in coarse ones. Generally, OC removal increased Vmicro 
and Vmeso in both particle fractions, with a more pronounced effect on 
the nanopores abundance of fine particles. Among all soils, the coarse 

Fig. 4. Specific surface area determined by N2 and H2O adsorption (SSAN2 and SSAH2O) for coarse (53–2000 μm) and fine (< 53 μm) particles of five soils from 
grassland (G), paddy field (P), forestland (F), cropland (C), and vegetable field (V) before and after organic carbon (OC) removal. Error bars indicate standard error 
(n = 3). Different letters (lowercase for before OC removal and uppercase for after) indicate significant differences among samples (P < 0.05). * indicates significant 
differences before and after OC removal for the same sample (P < 0.05).

Fig. 5. Contribution of organic carbon (OC) to specific surface area determined by N2 and H2O adsorption (SSAN2 and SSAH2O) for coarse (53–2000 μm) and fine (<
53 μm) particles of five soils from grassland (G), paddy field (P), forestland (F), cropland (C), and vegetable field (V).

Z. Deng et al.                                                                                                                                                                                                                                    Catena 268 (2026) 110072 

5 



and fine particle fractions of G exhibited the greatest increase in both 
Vmicro and Vmeso following OC removal.

Fig. 7 and Fig. 8 show the N2 adsorption/desorption isotherms and H 
of coarse and fine particles for five soils before and after OC removal. 
According to the IUPAC classification, the hysteresis loops observed in 
both particle fractions correspond to type H3, indicating that the 
dominant pore morphology was slit-shaped, typically associated with 
planar structures. For coarse particle fractions, OC removal significantly 
reduced the H in G and P, whereas it had little effect on those of F, C, and 
V. Specifically, the HA of G and P decreased by 25.2% and 36.6%, 
respectively, following OC removal (Fig. 9). For fine particle fractions, 
OC removal significantly reduced the hysteresis in P, F, C, and V, with 
HA decreasing by 28.4%, 47.0%, 19.9%, and 41.4%, respectively. In 
contrast, for fine particles of G, OC removal led to a 10.0% increase in 
the HA (Fig. 9). Additionally, it increased H within the relative pressure 
range P/P0 = 0.45–0.65 and decreased H in the range of P/P0 =
0.65–0.99 (Figs. 7 and 8).

4. Discussion

4.1. Effect of organic matter on surface areas

In coarse particle fractions, POM primarily comprises partially 
decomposed plant residues (e.g., lignin, cellulose), root exudates, and 
microbial residues (Cotrufo et al., 2013), and exists either in a free form 
or is loosely associated through hydrogen bonding and hydrophobic 
interactions (Kleber et al., 2015). In contrast, MAOM in fine particle 
fractions primarily consists of low-molecular-weight metabolic 
byproducts derived from microbial decomposition (Sollins et al., 1996; 
Chenu and Plante, 2006), and is typically bound or tightly associated 
with minerals through chemical adsorption, forming stable complexes, 
and organic-mineral composites (Schmidt et al., 2011). As OM has a 
relatively low capacity to adsorb N2, and N2 molecules cannot enter the 
interlayer domains of clay minerals, SSAN2 primarily reflects the 
external SSA of soil mineral particles (Heister, 2014; Liu et al., 2024). 
The above discussion indicates that a portion of POM and MAOM can be 

adsorbed onto mineral surfaces, thereby masking some of the adsorption 
sites. Consequently, the presence of POM and MAOM generally led to a 
reduction in SSAN2 of mineral particles.

Coarse particles are predominantly composed of dense minerals such 
as quartz and feldspar, which are characterized by simple mineral 
structures, smooth surfaces, and relatively low SSAN2 (Hillel, 2003). 
POM within these coarse fractions largely exists in a free form (Kleber 
et al., 2015), so its influence on SSAN2 is minimal (Fig. 5a). This implies 
that the effect of POM on the SSAN2 of coarse particles is largely 
dependent on the intrinsic SSA of the coarse particles themselves. In 
contrast, fine particles are primarily composed of clay minerals. These 
particles are small, have high external SSA, and exhibit rough surfaces, 
with the edges of layered clay minerals contributing a large amount of 
edge surface area (Tombácz and Szekeres, 2006). Compared to coarse 
particles, fine particles have more OM adsorption sites, and the OM in 
these fractions is largely mineral-associated. Thus, for G, F, C, and V, the 
presence of MAOM led to a more pronounced reduction in the SSAN2 of 
fine particles than in their coarse counterparts (Fig. 4a and b).

In fine particle fractions, the change in SSAN2 per unit of OC can 
reflect the amount of OM distributed across a unit surface area. A larger 
reduction in SSAN2 indicates a lower OM load per unit surface area. 
Previous studies on the adsorption of dissolved OM by clay minerals 
reported that the maximum adsorption capacity of OM per unit area 
follows the sequence: kaolinite > illite > montmorillonite (Feng et al., 
2005; Kahle et al., 2004; Saidy et al., 2013). This trend is attributed to 
the low surface area and limited permanent charge distribution on the 
basal planes of kaolinite. OM adsorption in kaolinite occurs primarily 
through the interaction between the octahedral edge Al-OH sites and 
organic functional groups, with adsorbed OM typically consisting of 
relatively large molecules. In contrast, illite and montmorillonite have 
larger surface areas and more permanent negative charge distributions, 
which lead to weaker selective adsorption of OM, and resulting in the 
retention of OM with a broader range of molecular weights (Chorover 
and Amistadi, 2001; Feng et al., 2005). Thus, compared to fine particle 
fractions dominated by 2:1 clay minerals (G, F, C, and V), those domi
nated by 1:1 clay minerals (P) showed a lower reduction in SSAN2 per 

Fig. 6. The micropore and mesopore volumes (Vmicro and Vmeso) for coarse (53–2000 μm) and fine (< 53 μm) particles of five soils from grassland (G), paddy field 
(P), forestland (F), cropland (C), and vegetable field (V) before and after organic carbon (OC) removal. Letters and asterisks in this figure follow the same significance 
notation as in Fig. 4.
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unit of OC (Fig. 5a).
Soils containing OM adsorb H2O not only through mineral surface 

hydration but also through the interaction with hydrophilic functional 
groups of OM (e.g., carboxyl, hydroxyl groups). Additionally, H2O 
molecules can penetrate the interlayers of expansive clay minerals (Lu 
and Zhang, 2020). Thus, SSAH2O reflects the total SSA of the soil. The 
influence of OM on SSAH2O includes: (i) the direct H2O adsorption by 
OM itself, leading to an increase in SSAH2O; (ii) the coverage of mineral 

surfaces by OM, resulting in a decrease in SSAH2O of mineral surfaces; 
(iii) the blocking of mineral interlayer domains or nanopores by OM, 
causing a reduction in SSAH2O (Kaiser and Guggenberger, 2003; Song 
et al., 2023; Liu et al., 2024). In coarse particle fractions, the interaction 
between minerals and OM is relatively weak, and OM typically exhibits 
a higher water adsorption capacity per unit mass than mineral particles. 
As a result, the presence of OM enhanced the SSAH2O of coarse particles 
(Fig. 4c). Furthermore, the increase in SSAH2O per unit of OC for the 

Fig. 7. The N2 adsorption-desorption isotherms for coarse (53–2000 μm) and fine (< 53 μm) particles of five soils from grassland (G), paddy field (P), forestland (F), 
cropland (C), and vegetable field (V) before and after organic carbon (OC) removal. Error bars indicate standard error (n = 3).

Z. Deng et al.                                                                                                                                                                                                                                    Catena 268 (2026) 110072 

7 



coarse particle fractions was greater than 3.53 m2 g− 1 per % OC 
(Fig. 5b).

For fine particle fractions dominated by 2:1 clay minerals (G, F, C, 
and V), both mineral surfaces and OM exhibit strong capacity for H2O 
adsorption. Consequently, the net effect of OM on SSAH2O and the 
change in SSAH2O per unit of OC are complex and depends on the specific 

interactions between OM and mineral surfaces. For example, in fine 
particle fractions, the presence of OM had a minimal effect on SSAH2O 
for G, C, and V, but increased SSAH2O for F (Fig. 4d). The previous 
experimental results on SSAN2 suggested that a portion of the surface of 
fine particles was covered by OM, leading to a significant reduction in 
the surface area of G, F, C, and V minerals. This indicated that for G, C, 

Fig. 8. The local hysteresis (H) for coarse (53–2000 μm) and fine (< 53 μm) particles of five soils from grassland (G), paddy field (P), forestland (F), cropland (C), and 
vegetable field (V) before and after organic carbon (OC) removal. Error bars indicate standard error (n = 3).
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and V, the SSAH2O of the OM itself is comparable to that of the under
lying mineral surfaces masked by organic coatings. In contrast, for F, the 
SSAH2O of OM itself is greater than that of the mineral surfaces covered 
by OM. This may explain why the contribution of unit OC to the SSAH2O 
for F was higher than that for G, F, and V. Fine particle fraction domi
nated by kaolinite, which is characterized by a low SSA and limited 
surface charge, resulting in a weaker capacity to adsorb water molecules 
compared with OM. Consequently, the presence of OM increases the 
SSAH2O in the fine fractions of P (Fig. 4d).

4.2. Effect of organic matter on pore characteristics

Nanopores associated with mineral soil particles primarily consist of 
microfractures along mineral surfaces, interparticle voids resulting from 
the aggregation of platy particles, and interlayer spaces within clay 
minerals (Aringhieri, 2004; Mikutta and Mikutta, 2006). However, as N2 
molecules cannot access the interlayer domains of clay minerals, the 
effects of OM on pore characteristics discussed in this study explicitly 
excluded these interlayer domains. Low-molecular-weight organic 
compounds (e.g., sugars and amino acids) derived from root exudates, 
microbial metabolism, and decomposition of OM, as well as humic 
substances, can infiltrate soil nanopores through diffusion and adsorp
tion processes (Mikutta and Mikutta, 2006). At the pore necks of these 
nanopores, OM tends to accumulate due to physical entrapment and 
chemical adsorption facilitated by densely distributed hydroxyl func
tional groups within the confined spaces (Kaiser and Guggenberger, 
2003; Mikutta and Mikutta, 2006; Kleber et al., 2015; Zhao et al., 2023). 
Consequently, the presence of OM may lead to the filling, coating, or 

blockage of nanopores, thereby reducing the total number of nanopores 
in soil. Although nanopores are present in both coarse and fine particle 
fractions, their abundance is significantly lower in coarse particles. 
Therefore, OM-induced nanopore reduction is more pronounced in fine 
than in coarse fractions.

Compared to coarse particles F and C, the presence of OM caused a 
greater reduction in both Vmicro and Vmeso in coarse particles G, P, and V. 
This difference may be primarily attributed to the higher initial abun
dance of nanopores in G, P, and V relative to F and C. Similarly, the 
limited impact of OM on the Vmicro of the fine particle fraction in P, 
which is dominated by kaolinite, is also due to the relatively low number 
of micropores in this sample. These findings suggest that the effect of 
OM on soil nanopores is closely linked to the initial nanopore abun
dance, and the greater the number of nanopores, the more pronounced 
the reduction in nanopores caused by OM accumulation, coating, or 
blockage. Fine particle fractions (G, F, C, and V) dominated by 2:1 clay 
minerals contain a relatively high abundance of micropores and meso
pores. In these samples, the presence of OM significantly reduced the 
number of nanopores. Moreover, the extent of nanopore reduction was 
significantly and positively correlated with OC (Fig. 10), indicating that 
the effect of OM is associated not only with the initial nanopore abun
dance but also with the quantity of OM. In samples with abundant 
nanopores, higher OM is associated with a more pronounced decrease in 
nanopore abundance.

The hysteresis behavior of N2 adsorption in soils can serve as a proxy 
indicator, reflecting the morphology and connectivity of soil nanopores 
(Sing, 1985; Thommes, 2010; Wang et al., 2021). In this study, N2 
hysteresis predominantly occurred at P/P0 > 0.45, indicating that the 

Fig. 9. The N2 hysteresis loop area (HA) for coarse (53–2000 μm) and fine (< 53 μm) particles of five soils from grassland (G), paddy field (P), forestland (F), cropland 
(C), and vegetable field (V) before and after organic carbon (OC) removal. Letters and asterisks in this figure follow the same significance notation as in Fig. 4.

Fig. 10. Relationship between the increase ratio of micropore and mesopore volumes (Vmicro and Vmeso) after organic carbon removal and the organic carbon content 
(OC) in the fine particle fractions of four soils from grassland (G), forestland (F), cropland (C), and vegetable field (V).
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observed hysteresis is primarily associated with mesopore structures and 
their interaction with OM. A larger hysteresis corresponds to poorer 
connectivity among soil mesopores. When pore throats and walls are 
coated or filled with OM, the effective pore throat diameters in origi
nally connected pores become narrower, thereby enhancing the ink- 
bottle effect (Kunimitsu, 2013). Consequently, the presence of OM 
increased hysteresis in coarse particle fractions G and P, as well as in fine 
particle fractions P, F, C, and V. Overall, the influence of OM on hys
teresis was greater in fine particles than in coarse particles, likely due to 
the higher abundance of mesopores in fine particles and the predomi
nance of MAOM in these fractions. In coarse particle V and fine particle 
G, the presence of OM significantly reduced the number of mesopores 
(Fig. 6). However, OM had little effect on the HA in coarse particle V, 
while it decreased the HA in fine particle G. This may be attributed to the 
complete blockage of nanopores by OM, as well as the differential effects 
of OM on mesopores with different pore sizes.

4.3. Innovation and limitations

In contrast to previous studies that have reported varying trends in 
the effect of total OM on SSAN2, SSAH2O, and nanopore number (Pennell 
et al., 1995; Mayer and Xing, 2001; Kaiser and Guggenberger, 2003; 
Wagai et al., 2009; Song et al., 2023; Arthur et al., 2023), this study 
provides a significant advancement by integrating multiple approaches. 
A key innovation is the separation of OM into two distinct fractions 
(POM and MAOM), allowing a more precise assessment of their indi
vidual impacts on soil properties. This approach offers a clearer under
standing of how OM influences both SSA and pore characteristics. The 
dual-adsorbate SSA characterization (using both N2 and H2O) further 
enhanced our ability to understand the impact of OM on mineral surface 
area and water adsorption sites. Specifically, we found that MAOM had a 
more pronounced effect in reducing the SSAN2 of fine particles, partic
ularly in soils dominated by 2:1 clay minerals. In contrast, both POM in 
coarse particles and MAOM in kaolinite-dominated fine particles 
contributed to an increase in SSAH2O, although the extent of this effect 
varied depending on mineral composition and OM content. Another 
innovative aspect of this study is the use of hysteresis behavior in N2 
adsorption, which has not been widely applied in soil OM research. We 
demonstrated that the presence of OM, particularly MAOM, significantly 
reduced the number and connectivity of nanopores, with these effects 
being more pronounced in fine particles compared to coarse ones. 
Overall, this study advances our understanding of how specific in
teractions between OM and mineral surfaces influence OM distribution, 
nanopore characteristics, and the soil's water adsorption capacity. By 
providing a clearer framework for OM-mineral interactions, it refines 
previous findings and clarifies the complex relationship between OM 
and soil properties. It also contributes to a better understanding of soil 
structure, carbon dynamics, and nutrient retention in soils with varying 
mineral and OM compositions.

This study has several methodological limitations. First, the physical 
fractionation methods used to separate POM and MAOM do not fully 
distinguish between fine particulate organic matter (fPOM) and MAOM 
in the fine fraction, or between mineral-associated OM and POM in the 
coarse fraction (Poeplau et al., 2025). Additionally, the H2O2 oxidation 
method, while standard for OM removal, may alter mineral components 
(Mikutta et al., 2005), introducing uncertainty when attributing changes 
in SSA and porosity solely to OM. The assumption that H2O2 treatment 
uniformly removes OM across coarse and fine fractions may also intro
duce bias if removal is incomplete or differential (Xu et al., 2022). 
Furthermore, the N2 adsorption method does not access interlayer 
porosity in expandable clays or the internal porosity of OM (Heister, 
2014), limiting our understanding of the full soil pore structure. Finally, 
mechanistic interpretations, such as surface masking and pore throat 
narrowing, are based on indirect indicators (SSAN2, SSAH2O, Vmicro, 
Vmeso, H, and HA) and need confirmation through direct structural 
analysis. Future research should incorporate mineralogical checks, use 

techniques to probe additional porosity features, and employ direct 
imaging methods to address these limitations and improve the reliability 
of the findings. Another limitation is the narrow range of OC content in 
the five soils selected (1.74–3.73%). While this range reflects typical OC 
levels in many agricultural and natural soils, it restricts the applicability 
of the findings to soils with very low (< 1%) or very high (> 5%) OC 
content, which may exhibit different mineral-organic matter in
teractions and physicochemical properties. Consequently, the general
izability of the conclusions is limited, and further research with a 
broader OC range is needed to enhance the applicability of the findings.

5. Conclusions

This study distinguishes the contributions of POM and MAOM to 
SSAN2, SSAH2O, and nanopore structure, as evaluated through N2 
adsorption. The effect of POM and MAOM on SSA and nanopore char
acteristics is influenced by particle size, mineral composition, and OC 
content. MAOM significantly reduced SSAN2 in fine particle fractions, 
especially in those dominated by 2:1 clay minerals. In contrast, both 
POM in coarse particles and MAOM in kaolinite-dominated fine particles 
increased SSAH2O, but MAOM had mixed effects on SSAH2O in fine 
fractions dominated by 2:1 clay minerals. The presence of OM reduces 
both the number and connectivity of nanopores, with the extent of 
reduction positively correlated with the initial pore abundance and OC 
content. MAOM causes a greater reduction in nanopore number and 
connectivity in fine particles than POM in coarse particles. Overall, the 
study highlights the critical role of POM and MAOM in modifying soil 
microstructure and provides a basis for understanding its role in soil 
carbon stabilization, hydrological regulation, and ecological 
functioning.
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