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(111.9 m2  g−1) than the bulk clay (67.9 m2  g−1). 
According to total C, FTIR, and zeta potential results, 
the nanoclay was enriched with 1.4 times more C 
than the bulk clay after peroxide treatment, indicating 
enhanced soil C stabilization in the nanoclay. About 
45% of the peroxide-resistant SOM in the nanoclay 
was associated with N-containing compounds, indi-
cating that these compounds contribute to SOM sta-
bility. The results demonstrate important role of nan-
oclay in soil C sequestration in Vertisols.

Keywords  Nanotechnology · Soil organic carbon 
stabilization · Soil organic matter,·2:1 clays,·Zeta 
potential

Introduction

Global progressive industrialization and urbaniza-
tion has resulted in substantial harmful environmen-
tal effects that threaten the sustainability of humanity. 
The combustion of fossil fuels and wide-spread defor-
estation have exponentially increased the emissions of 
carbon dioxide (CO2) into the atmosphere in the past 
century (Kumar et al., 2020). Loss of soil organic car-
bon (SOC) due to modern agricultural practices such 
as tillage is another major source of atmospheric CO2 
(Lal et  al., 2015). Increasing atmospheric concen-
trations of CO2 results in global warming and asso-
ciated climate change; thus, it is imperative to take 

Abstract  Mitigation of global climate change by 
means such as soil carbon (C) sequestration has 
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known regarding the C sequestration ability of nano-
clay extracted from Vertisols in semi-arid regions. 
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characterize nanoclay and bulk clay from a Verti-
sol from Iran, in terms of physicochemical surface 
properties and resistance of SOM to chemical oxida-
tion. The clay fractions were studied before and after 
H2O2 treatment by total C analysis, scanning electron 
microscopy (SEM), transmission electron microscopy 
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Fourier transform infrared (FTIR) spectroscopy, spe-
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and SEM images showed that the diameter of the 
extracted nanoclays was 16–46  nm and their mor-
phology was more porous than bulk soil clay. The 
nanoclay had a much greater specific surface area 
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necessary measures to reduce CO2 in the atmosphere 
(Ghosh et al., 2023).

In the global carbon (C) cycle, soil is considered a 
major source and sink of atmospheric C, and able to 
absorb 20% of anthropogenic C emissions (Minasny 
et al., 2017; Powlson et al., 2011; Yang et al., 2021). 
Soil C sequestration is not only important for reduc-
ing greenhouse gases and mitigating climate change 
(Churchman et  al., 2020; Paustian et  al., 2019), but 
also plays a key role in improving fertility, soil health, 
and the sustainability of agriculture (Lal et al., 2015).

As an abundant adsorbent in nature, clay is the 
most reactive soil fraction in stabilizing organic mat-
ter and plays a central role in SOC sequestration 
(Singh et  al., 2018). Recent studies show that up to 
90% of soil organic matter (SOM) is associated with 
soil minerals and that this mineral-associated organic 
C fraction is the most persistent in soils (Ahmat et al., 
2017; Chen et al., 2018; Cortrufo & Lavallee, 2022; 
Schrumpf et  al., 2013). Many researchers suggest 
that SOC can be stabilized by binding to clay min-
eral surfaces or being trapped between microaggre-
gates (Angst et al., 2017; Cortrufo & Lavallee, 2022; 
Lützow et  al., 2006; Zayed et  al., 2018). Clay min-
erals can chemically bind with SOM through ligand 
exchange, polyvalent cation bridging, electrostatic 
attraction, H-bonding, and van der Waals forces 
(Sarkar et al., 2018; Singh et al., 2018). Much of the 
SOM is trapped between the clay layers, and therefore 
soils dominated by 2:1 layer silicate clay minerals, 
especially smectites, sequester C more efficiently than 
those dominated by 1:1 minerals (Churchman et  al., 
2020; Feng et al., 2013; Six et al., 2002).

Nanoclays (diameter < 100  nm) are much more 
reactive than larger clay particles due to their higher 
specific surface area, surface charge density and reac-
tivity, and porosity (Calabi-Floody et al., 2009, 2011; 
Pramanik et al., 2020). Nanoclay fractions are the pre-
ferred sites for the accumulation of stabilized SOM 
(Calabi-Floody et  al., 2011, 2015; Monreal et  al., 
2010). Monreal et  al. (2010) examined the nature 
and stability of C associated with nanoclay and clay 
from a cultivated Canadian Chernozem (mainly 2:1 
layer silicate clays). They observed a greater thermal 
and chemical stability of C associated with nanoclays 
than soil clays. Calabi-Floody et al. (2015) examined 
the C sequestration ability of nanoclay extracted from 
an Andisol (mainly allophane) and Cambisol (mainly 
kaolinite). They found that the Andisol nanoclay 

sequestered and stabilized C to a much greater extent 
than the Cambisol nanoclay due to differences in clay 
mineralogy.

Vertisols occupy approximately 2.3 to 2.8% of 
the world’s land area, with 30% and 60% of them 
located in subtropical and tropical regions, respec-
tively (Blum & Eswaran, 2004; Coulombe et  al., 
1996; Pal et al., 2012). Vertisols are very fertile and 
have a high clay content of the smectite type (Najafi 
Ghiri & Abtahi, 2011). About 70,000 ha of agricul-
tural land in Iran consists of Vertisols, mostly located 
in the four provinces of Fars, Kermanshah, Lorestan, 
and Ardabil (Heidari & Mahmoodi, 2005). As Ver-
tisols are important soils for agricultural production 
in semi-arid regions, it is critical to investigate the 
mechanisms of clay mineral SOC stabilization. There 
is currently little information about the role of nano-
clay from Vertisols in SOC sequestration. Therefore, 
the objectives of the present study were (i) to evaluate 
the capacity of extracted clay and nanoclay to seques-
ter C in Vertisols using chemical oxidation (H2O2) 
treatment and (ii) to characterize the physicochemical 
properties of clay and nanoclay before and after H2O2 
treatment.

Materials and methods

Soil sample collection and clay extraction

Based on the previous studies of the distribution 
of Vertisols in Fars province, the Vertisols of Sepi-
dan region, southern Iran (30° 16′N 51° 59′E), were 
chosen as a representative of the Vertisols in Fars 
province, due to their typical vertic characteristics 
and high clay content (51%) (Najafi Ghiri & Abtahi, 
2011). Three soil samples from the mentioned Verti-
sols of Sepidan region were collected from a surface 
horizon (0–30 cm). The selected soils were classified 
as fine, smectitic, mesic, Typic Haploxererts. Soils 
were air-dried and passed through a 2-mm sieve prior 
to analysis. The characteristics of the selected soils 
determined using the standard methods. Soil parti-
cle size analysis was determined by method of Row-
ell (1994). The cation exchange capacity (CEC) was 
measured by using sodium acetate at pH 8.2 (Chap-
man, 1965). Soil organic C (SOC) was determined by 
wet oxidation with chromic acid followed by titration 
using ferrous ammonium sulfate (Nelson & Sommers, 
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1982). Calcium carbonate equivalent (CCE) was 
determined by a titration process (Salinity Laboratory 
Staff, 1954). Soil pH in soil saturated paste and elec-
trical conductivity (EC) in soil saturated extract was 
determined using glass-electrode pH-meter and EC-
meter, respectively (Salinity Laboratory Staff, 1954). 
The characteristics of the selected soils are shown in 
Table 1.

Extraction of clays was carried out using the pro-
cedure proposed by Calabi-Floody et  al. (2015). 
To separate the clay fraction, 180  ml of deionized 
water was added to 50  g of the soil samples, and 
the samples were shaken overnight. Particles with 
size less than 50 µm were separated by a wet sieve. 
The soil suspension was dispersed by probe sonica-
tion (SONOPULS HD-4200, Germany) by applying 
150 kW s−1. The soil suspension was then placed in 
1-l cylinders and the clay fraction (less than 2 µm) of 
the soil was separated based on Stokes’ law (Eq. 1), 
where v is the velocity of a particle falling in a liquid 
(cm s−1), g is the acceleration of gravity (cm s2), r is 
the particle radius (cm),  is the particle density (g 
cm−3),  is the fluid density (g cm−3), and  is the 
fluid viscosity (g cm−1 s−1). The suspension was then 
dried at 60 °C.

Nanoclay extraction

Nanoclays were extracted from the clay fraction using 
the method of Calabi-Floody et  al. (2015). In short, 
5 g of bulk clay was dissolved in 1 M NaCl solution 
and sonicated for 3 min at a power of 21.4 kJ and then 
centrifuged (Hermle Z446) to separate the nanoclay. 
The time required for the sedimentation of a given 
diameter of particles under centrifugal acceleration 
was calculated based on the below equation (Eq.  2) 
where time in minutes is shown as tmin, Nm is the rotor 
speed in rpm, R is the radius of rotation of the upper 

(1)

part of the sediment in the tube (cm), S is the radius 
of rotation of the surface of the suspension in the tube 
(cm), Dμm is the particle diameter in micrometers, 
and ΔS is the contrast between the dissolved par-
ticles and the suspension fluid expressed as specific 
gravity. (R/S) was estimated to be 7 mm, consider-
ing the speed driven in the angular centrifuge (Paul 
et al., 2017). The time required to separate nanopar-
ticles less than 100 nm was calculated to be 4 min at 
6000 rpm under the conditions of the experiments. In 
the first round of centrifugation the supernatant was 
separated, and after the second round of centrifuga-
tion, the supernatant containing the nanoclay was 
collected.

Organic C oxidation treatment

An aliquot of the clay and nanoclay in three replicates 
were treated with 30% hydrogen peroxide (H2O2) to 
oxidize the organic matter. The suspended clays were 
first acidified to pH 2.0 with 0.1  M HCl. The H2O2 
was then added to soil at a ratio of 1:2 H2O2 to acidi-
fied clay suspension, and then heated at 60  °C with 
stirring for 16  h. After peroxidation, 0.1  M NaOH 
was used to neutralize the suspensions and the excess 
peroxide was removed using dialysis (1000  kDa 
membrane tubing) in deionized water (Calabi-Floody 
et al., 2011).

X‑ray diffraction (XRD)

For layer silicate mineralogical identification, the 
clay fraction was extracted and pre-treated to remove 
organic matter and free iron oxides according to the 
method of Mehra and Jackson (1958). Aliquots of the 
pre-treated clay were then saturated with Mg2+ and 
K+ as described in the standard procedure for soil 

(2)

Table 1   Selected chemical and physical characteristics of the studied Vertisol A horizon (0–30 cm) (EC, electrical conductivity; 
CEC, cation exchange capacity; SOC, soil organic carbon; CCE, calcium carbonate equivalent)

pH (1:2) EC (dS m−1) SOC (%) CCE (%) CEC cmol(+) kg−1 Texture class Clay (%) Silt (%) Sand (%)

7.3 0.4 1.2 3 34 Clay 51 36 13
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clay mineral identification by Whittig and Allardice 
(1986). The Mg-saturated clay sample was analyzed 
before and after treatment with the solvent ethylene 
glycol in order to identify smectites. The K-saturated 
sample was analyzed before and after heating to 
550  °C in order to identify kaolinite. The radiation 
type was CuKa (λ = 1.5418  Å), voltage 40  kV, tube 
current 30 mA, and 2 theta in the range 2–80°. Min-
eralogical identification of the bulk clay fractions 
was determined using X-ray diffraction (XRD) with 
a Philips Pw 1130/00 diffractometer (Phillips, Neth-
erlands). Semi-quantification of the identified miner-
als in the diffractograms was performed using UPEX 
software (Mehrabadi & Faghihian, 2018).

Transmission electron microscopy (TEM)

Transmission electron microscopic (TEM) images 
were taken to determine the size of clay and nano-
clay and to confirm the presence of nanoclay. Firstly, 
the clay and nanoclay were suspended in deionized 
water and then 10 µL of the suspensions was placed 
on a copper grid covered with a thin carbon film and 
allowed to dry. The TEM images were then taken 
with a (Philips 906E instrument, Germany) operating 
at a voltage of 120 kV.

Surface area and porosity analysis

N2 adsorption and desorption isotherms of the clay 
and nanoclay samples were performed at 77  K and 
liquid nitrogen at − 196  °C with a BELSORP MINI 
II (Verder Scientific, Germany) surface area and pore 
size distribution analyzer. Prior to measurement, sam-
ples were degassed for 2  h at 120  °C with a BEL-
PREP VAC II (Verder Scientific, Germany). Specific 
surface area and mean particle diameter of clay and 
nanoclay were calculated using BET and Barrett-
Joyner-Halenda (BJH) methods, respectively (Barrett 
et al., 1951; Brunauer et al., 1938).

Total C content and pyrolysis‑mass spectrometry

The total C content in the clay and nanoclay fractions 
was determined in three replicates by dry combustion 
with a (SERIES II 2400 analyzer, PERKINELMER, 
USA). Molecular composition of SOM associated 
with clay and nanoclay was performed using a gas 
chromatography/mass selective detector (GC/MSD) 

Agilent 7890B [split injector, 250 °C; flame ioniza-
tion detector (FID) at 300 °C] (Agilent Technolo-
gies, USA). First, clay and nanoclay samples before 
and after H2O2 treatment dissolved in ethanol were 
entered into the device. The products are then sepa-
rated using a fused silica column (HP-5, 30 m × 0.32 
mm × 0.25 µm (19091J-413)). The initial temperature 
(75 °C) of the GC oven was raised to 280 °C at a rate 
of 3 °C min−1.

Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectra of the extracted clay and nanoclay 
before and after H2O2 treatment were performed on 
attenuated total reflectance (ATR)-FTIR spectrom-
eter (Tensor II Bruker, Germany) to confirm the pres-
ence of functional groups. The samples were scanned 
between 400 and 4000 cm−1.

Scanning electron microscopy (SEM)

For the scanning electron microscopy (SEM) study, 
clay and nanoclay were sonicated at 150  kW for 
5 min before and after H2O2 treatment. Ten microlit-
ers of the sonicated suspension was then applied to a 
freshly cleaned silicon wafer and allowed to evaporate 
near the Petri dish under ambient conditions. Scan-
ning electron microscope (TESCAN-Vega 3, Czech 
Republic) at 20.0  kV and high torque vacuum was 
used to obtain SEM images of the clay samples.

Electrophoretic mobility and dynamic light scattering 
(DLS) measurements

Zeta potentials of the clays were measured at pH val-
ues of 2, 4, 6, and 8, which were obtained by adjust-
ment of the solution with 0.01  M HCl and NaOH. 
Briefly, 1 mg of extracted clay and nanoclay, before 
and after H2O2 treatment, was dispersed in 0.001 M 
NaCl in an ultrasonic bath. Subsequently, the average 
diameter and zeta potential of the clay and nanoclay 
particles were measured using a HORIBA-SZ-100 
(Japan) apparatus.

Statistical analysis

A comparison of the C sequestration potential of 
bulk clay and nanoclay was tested. Analysis of vari-
ance (ANOVA) was performed using SPSS ver. 16.0 
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(SPSS Inc., Chicago, IL, USA). A mean comparison 
test was performed at a 0.05 significant probability 
level using Duncan’s method through SPSS ver. 16.0.

Results and discussion

Soil chemical, physical, and mineralogical 
characteristics

The soil chemical and physical properties are shown 
in Table  1. The clay-textured soil (51% clay) had a 
slightly alkaline pH (7.3), and CCE of 3%. The SOC 
and CEC were 1.2% and 34 cmol(+) kg−1, respectively 
(Najafi Ghiri & Abtahi, 2011).

The X-ray diffractograms of the extracted bulk 
clay fraction is shown in Fig. 1. The peak at 1.8 nm 
of the Mg-saturated ethylene glycol treated sample 
compared to the Mg treatment indicates the presence 
of swelling smectite minerals (Whittig & Allardice, 
1986). The presence of illite in all treatments (Mg, 
Mg-saturated ethylene glycol, K, K-heat at 550  °C) 
was indicated by a peak at 1 nm. The disappearance of 
the peak at 0.7 nm in the K-saturated treatment heated 
to 550 °C indicates the presence of kaolinite in the 
soil (Whittig & Allardice, 1986). The bulk extracted 
clay fraction of the soil was estimated to be composed 
predominantly of smectite (50%), with some kaolinite 

and illite (21%) also present. In general, about 67% 
of the minerals in Vertisols are related to 2:1 smectite 
minerals (Das et al., 2022). Smectite was also found 
to be the dominant mineral in Indian Vertisols (Paul 
et al., 2021).

Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) pat-
terns revealed that the bulk extracted clay particles 
had a rounded edge morphology (Fig.  2A). Accord-
ing to the images obtained by TEM, the clay parti-
cles had bent layers with thin edges, some were flat 
amorphous crystals and some had rounded edges 
(Fesharaki et al., 2007). However, nanoclay extracted 
from the Vertisol consisted primarily of grains that 
were coarse in the middle and smooth at the edges 
(Fig.  2B, C, D) (Carbajal de la Torre et  al., 1998). 
Particle size analysis of the TEM images of the nano-
clay showed that the nanoparticle size ranged from 16 
to 46 nm, which is similar to the dimensions reported 
for montmorillonite nanoclay (22–45  nm) separated 
from bentonite (Atigh et al., 2021).

Dynamic light scattering (DLS) particle size analysis

Approximately 90% of the nanoclay separated from 
the soil was 38.8 nm in size (Fig. 3), which confirms 

Fig. 1   X-Ray diffracto-
grams of the extracted bulk 
clay (Mg-saturated (Mg); 
Mg-saturated with ethylene 
glycol treatment (Mg-e); 
K-saturated (K); K-satu-
rated with heating treatment 
at 550 °C (Kt))
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the effective separation of nanoclay. This is also in 
agreement with the nanoclay particle size analysis 
obtained by TEM image analysis. The bulk clay size 
ranged from 806 to 2101 nm.

Specific surface area (SSA) and porosity analysis

The SSA, pore volume, and pore size distribution 
of the bulk clay and nanoclay are shown in Table 2. 
The nanoclay (111.9 m2 g−1) had a much higher SSA 
than bulk clay (67.9 m2  g−1). The SSA of the bulk 
clay is reported to have similar values with a smec-
tite clay (61–66 m2 g−1) using the N2 gas adsorption 
measurement method (El Miz et  al., 2017; Macht 
et  al., 2011) which measures only external surface 
area of clays. The SSA obtained for smectite was in 
accordance with those reported by the other inves-
tigators and felt within their reported wide ranges 
of 50 to 130 m2 g−1 (Kaufhold et al., 2010; Macht 

et al., 2011). The average pore diameter of bulk clay 
and nanoclay were 8.473 and 5.637  nm, respec-
tively. According to the International Union of Pure 
and Applied Chemistry (IUPAC) classification, pore 
size is divided into three categories: macropores 
(> 50 nm), mesopores 2–50 nm, and micropores < 2 
nm. As a result, bulk clay and nanoclay were in the 
range of mesopore size. The pore size results of this 
study are consistent with those of previous stud-
ies. Tarekegn et  al. (2022) reported average pore 
sizes of 2.81 and 3.83 nm for nanoclay and iron-
impregnated nanoclay, respectively, placing them in 
the mesopores category. Based on the BJH analy-
sis results, the average nanopore diameter of bulk 
clay and nanoclay was 1.21 nm, and the total pore 
volume of bulk clay and nanoclay was 0.1437 and 
0.1576 cm3  g−1, respectively. The nitrogen (N2) 
adsorption–desorption isotherm of the extracted 
bulk clay and nanoclay at 77 K is shown in Fig. 4. It 

Fig. 2   Transmission electron microscopy images of the bulk clay (A) and nanoclay (B, C, and D)
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is clear from Fig. 4 that in the vapor pressure range 
below 0.1, the amount of N2 adsorption in nanoclay 
(Fig. 4B) was higher than that of bulk clay. This is 
attributed to the higher proportion of micropores 
(high energy binding sites) in the nanoclay than that 
of bulk clay. As an energetic binding site, micropo-
res are filled before other pores at very low pres-
sure (Lowell et  al., 2006). Researchers found that 
nanoclay adsorbs more N2 than iron-saturated nano-
clay at very low relative pressure (Tarekegn et  al., 

2022). At low relative pressures, a lower content 
of adsorbed N2 (Fig. 4A) indicates the presence of 
mesopores in the absorbent structure (Geroeeyan 
et al., 2021). According to the IUPAC classification 
system, the bulk clay and nanoclay had the proper-
ties of type III isotherm and hysteresis loop H3. The 
type of H3 hysteresis loop of bulk clay and nanoclay 
is typically related to non-hard particles and plate-
like particles (e.g., clays) (Geroeeyan et  al., 2021; 
Khajeh & Ghaemi, 2019).

Fig. 3   Dynamic light scat-
tering (DLS) images of (A) 
bulk clay and (B) nanoclay

Table 2   Specific surface 
area, volume, and pore 
size of extracted clay 
and nanoclay particles 
determined by BET and 
BJH analysis

Sample BET plot BJH plot

The specific surface 
area, αs BET (m2g−1)

Total pore volume p/
p0 = 0.990 (cm3g−1)

Mean pore 
diameter 
(nm)

Average 
nanopore 
diameter(nm)

Clay 67.86 0.1437 8.473 1.21
Nanoclay 111.85 0.1576 5.638 1.21
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Total C analysis and pyrolysis GC–MS analysis

The total C content of clay and nanoclay fraction 
before and after H2O2 treatment is shown in Fig.  5. 
The C content of the clay before H2O2 treatment was 
1.3 and that of the nanoclay was 1.6 (wt%). This indi-
cates that the C content by mass in nanoclay was 1.2 
times higher than that of bulk clay. Calabi-Floody 
et  al. (2015) found that Andisol nanoclay contained 
1.8–2.0 times more C than the bulk clay, while the 
Cambisol nanoclay contained 2.8–3.0 times more C 
than the bulk clay. Observed differences between the 
studies are likely due to differences in clay mineral-
ogy, land use and climate.

After peroxide treatment, the C content of the 
clay fraction was reported to be 0.58 wt%, suggest-
ing that chemical oxidation had a significant effect 
on the reduction of C content. In the nanoclay frac-
tion, chemical oxidation caused a significant decrease 

Fig. 4   Nitrogen adsorp-
tion–desorption isotherms 
of (A) bulk clay and (B) 
nanoclay and the BJH pore 
size distribution plot of 
extracted (C) bulk clay and 
(D) nanoclay

Fig. 5   Total C content of the extracted clay and nanoclay 
before and after treatment with H2O2. Treatments followed by 
a letter are not significantly different with a probability of error 
of 5% in Duncan’s test
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(0.82 wt%) in C content, which implies a 1.4 times 
enrichment factor in peroxide-resistant C in the nano-
clay compared to the bulk clay. Thus, the SOC associ-
ated with the nanoclay was more resistant to chemical 
oxidation than the bulk soil clay. Calabi-Floody et al. 
(2015) reported a peroxide-resistant C enrichment 
factor of 1.3–2.6 times for Andisol nanoclay com-
pared to bulk clay, and 2.2–2.6 times for Cambisol 
nanoclay compared to bulk clays.

The quantified compositions of the pyrolysis prod-
ucts of the bulk and nanoclays are shown in Fig.  6. 
Aromatic, organosilicon, N-containing compounds, 
hydrocarbons, isoprenoids, and carboxylic acid were 
identified in bulk clay and nanoclay. Before H2O2 
treatment, aromatic compounds had a high relative 
abundance (more than 90%) in bulk clay and nano-
clay, which agrees with the results of Wattel-Koek-
koek et  al. (2001). They found that the pyrolysis of 
SOM associated with smectite was rich in aromatic 
and phenolic compounds. It has also been previ-
ously shown that Vertisols have a high content of 
N-containing compounds, which consist of pyrrole, 
pyridine, and indole functional groups (Leinweber 
& Schulten, 1999). After H2O2 treatment, there was 
a substantial enrichment of the clay and nanoclay 
with N-containing functional groups and isopre-
noids (Fig.  6). However, the H2O2-treated nanoclay 
had a much higher content of N-containing com-
pounds (45%) than the H2O2-treated bulk clay (30%) 
fraction. A lower extent of removal of N-containing 
organic matter compared to C against H2O2 treatment 

is the result of protection in microaggregates and the 
stronger interaction of N with the mineral surface 
(Helfrich et al., 2007).

Fourier‑transform infrared (FTIR) spectroscopy

The FTIR spectra of clay and nanoclay fractions 
before and after treatment with H2O2 are shown in 
Fig. 7. In both spectra of the clay and nanoclay frac-
tions, distinct absorption bands at the range of 3616 
to 3696 cm−1 were observed, representing the stretch-
ing vibration of hydroxyl groups associated with clay 
minerals and quartz (Peltre et  al., 2014). A broad 
band was observed at 3383–3388  cm−1, which was 
attributed to the hydroxyl group (-OH) of several 
compounds such as phenol, alcohol, and carbox-
ylic acid and N–H vibrations of amides and amides 
(Baumann et al., 2016; Bornemann et al., 2010; Pel-
tre et  al., 2014). The observed peaks at wave num-
bers 910 and 990  cm−1 indicate vibrational stretch-
ing of Al–OH and Si–O associated with the presence 
of layer silicate clay minerals such as kaolinite and 
smectite. Peaks at 700 and 800 cm−1 represent quartz 
(Borges et al., 2015; Churchman et al., 2010; Pacuła 
et  al., 2006; Peltre et  al., 2014). SOM consists of 
polyaromatic, aliphatic acids, amines, esters, and 
sugars. The interaction of these functional groups 
leads to the formation of broad peaks near 1600 and 
1400 cm−1 (Nguyen et al., 1991). The observed peaks 
at 1600–1650 cm−1 indicated C = C stretching vibra-
tion and asymmetric stretching of -COO in ketones, 
carboxyl, and lignin (Bartos et  al., 2020; Demyan 
et al., 2012; Margenot et al., 2017).

The spectra of the clay and nanoclay before treat-
ment with H2O2 are similar. However, in the bulk clay 
sample (Fig. 7A), the adsorption peak at 1362 cm−1, 
which represents the symmetric vibrations of car-
boxylate ions, was removed after treatment with 
H2O2, whereas the peak at 1380 cm−1 in the nanoclay 
fraction spectrum was still visible after H2O2 treat-
ment, indicating that nanoclay lost less carboxylate 
organic matter than the clay. Similarly, the carboxyl 
group peak at 1632  cm−1 decreased in intensity to a 
greater extent in the clay compared to the nanoclay 
after H2O2 treatment. Thus, the absorption bands due 
to organic matter were less affected by peroxide treat-
ment in the nanoclay than in the bulk clay sample 
(Calabi-Floody et  al., 2011), which is in agreement 
with the total C results.

Fig. 6   Relative abundance of pyrolysis products identified by 
GC–MS of the extracted clay and nanoclay before and after 
treatment with H2O2
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SEM results

Morphological characteristics of clay and nano-
clay fractions before and after treatment with H2O2 
obtained by scanning electron microscopy (SEM) are 
shown in Fig. 8. Based on the SEM images (Fig. 8C), 
the aggregates of the nanoclay fraction were smaller 
and more porous than that of the bulk clay frac-
tion, which implies greater absorption of soil solu-
tion (Calabi-Floody et al., 2011; Okada et al., 2008). 
Before peroxide treatment, the clay and nanoclay 
aggregates have a simpler shape with smoother sur-
faces and edges. However, after peroxide treatment, 
the oxidation of organic matter resulted in a more 

irregular and uneven surface morphology, and a 
decrease in the number of aggregates and mesopore 
volume (Fig.  8B and 8D) (Brodowski et  al., 2005; 
Falster et al., 2018; Li et al., 2019; Suazo-Hernández 
et al., 2021). Calabi-Floody et al. (2011) also reported 
that peroxide treatment of Andisol clay and nanoclay 
fractions resulted in more distinct shapes and bounda-
ries, attributed to the oxidation of organic matter.

Zeta potential

The plot of the zeta potential of clay and nano-
clay before and after treatment with H2O2 over 
a pH range of 2 to 8 is shown in Fig.  9. The zeta 

Fig. 7   Fourier-transform 
IR spectra of the bulk clay 
(A) and nanoclay (B) before 
and after treatment with 
H2O2
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potential value decreased to more negative values 
as the pH of the suspension increased. The negative 
zeta potential of clay minerals and organic matter 
increases with increasing pH, due to the deprotona-
tion of mineral edge and acidic organic groups pro-
ducing greater negative charge. High organic mat-
ter content increases negative charge, resulting in 
a more negative soil zeta potential (Marchuk et  al., 

2013). After treatment with H2O2, the zeta potential 
was observed to decrease in both fractions due to the 
oxidation of organic matter, but to a greater extent 
in the bulk clay fraction (Fig.  9A). Peroxide treat-
ment increased the isoelectric point (IEP) of the clay 
from 2.2 to 3.3 (Fig.  9A) and of the nanoclay from 
2.0 to 2.2 (Fig. 9B). The lower IEP of the peroxide-
treated nanoclay compared to the bulk clay indicates 

Fig. 8   Scanning electron micrographs sequence of (A) untreated and (B) H2O2- treated bulk clay, and (C) untreated and (D) H2O2 
-treated nanoclay
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a relatively higher content of organic matter (Calabi-
Floody et al., 2011). The lower IEP of the peroxide-
treated nanoclay also indicates greater chemical sta-
bilization of the organic matter in the nanoclay with a 
higher surface area (Calabi-Floody et al., 2015). Clay 
minerals with high specific surface area and expand-
ing layers, such as smectite and vermiculite, have a 
high affinity for carbohydrates and aliphatic organic 
matter and have the most important organic matter 
stabilizing ability (Dong et  al., 2018; Loehr & Ken-
nedy, 2014). The uncharged microsites of smectites 
can adsorb nonpolar or uncharged organic groups 
(e.g., alkyl-C and aromatic groups) by Van Der Waals 
forces (Sarkar et al., 2018).

Conclusions

The nanoclay extracted from the Vertisol was domi-
nated by 2:1 layer silicates and had an estimated 
particle size between 16 and 46  nm. It had a much 
greater surface area which was more porous than the 
bulk clay. The nanoclay contained 1.2 times the C 
content of the bulk clay prior to peroxide treatment. 
However, the nanoclay was enriched with 1.4 times 
more C than the bulk clay after peroxide treatment, 
indicating that SOC was more stabilized in the nano-
clay. This was also confirmed by the FTIR and zeta 
potential results. About 45% of the resistant organic 
material in the nanoclay was identified with N-con-
taining compounds, indicating that these compounds 

contribute to organic C stability. The results demon-
strate the important contribution of nanoclay in soil C 
sequestration in semi-arid Vertisols.
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