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Abstract

Greenhouse gas (GHG) emissions and their consequent effect on global warming are an issue of global
environmental concern. Increased carbon (C) stabilization and sequestration in soil organic matter (SOM) is
one of the ways to mitigate these emissions. Here we evaluated the role of nanoclays isolated from soil on
C stabilization in both a C rich Andisols and C depleted Cambisols. Nanoclays were analyzed for size and
morphology by transmission electron microscopy, for elemental composition and molecular composition using
pyrolysis-GC/MS. Moreover, nanoclays were treated with H,O, to isolate stable SOM associated with them.
Our result showed better nanoclay extraction efficiency and higher nanoclay yield for Cambisol compared to
Andisols, probably related to their low organic matter content. Nanoclay fractions from both soils were different
in size, morphology, surface reactivity and SOM content. Nanoclays in Andisols sequester around 5-times more
C than Cambisols, and stabilized 6 to 8-times more C than Cambisols nanoclay after SOM chemical oxidation.
Isoelectric points and surface charge of nanoclays extracted from the two soils was very different. However, the
chemical reactivity of the nanoclay SOM was similar, illustrating their importance for C sequestration. Generally,
the precise C stabilization mechanisms of both soils may be different, with nanoscale aggregation being more
important in Andisols. We can conclude that independent of the soil type and mineralogy the nanoclay fraction
may play an important role in C sequestration and stabilization in soil-plant systems.
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1. Introduction

Increased atmospheric carbon dioxide (CO,) is the
principal cause of the ongoing global warming (Lal,
2010). The majority of carbon (C) in terrestrial
ecosystems is known to be present in the soil organic
matter (SOM) (Batjes, 1996), and this pool can act as
a source or a sink for atmospheric CO, (Lal, 2010)
and thereby mitigating or enhancing the overall rise
in atmospheric CO, concentration and associated
climate warming issues.

Natural nanoparticles (< 100 nm) occur widely in
the environment, especially in soils (Calabi-Floody
et al., 2009, 2011; Montreal et al., 2010; Pan and
Xing, 2012). It has been suggested that nanoclays
could be effective in increasing soil water, carbon
(C) and nutrient storage capacities, due to their large
surface area (Khedr et al., 2006; Hiemstra et al.,
2010; Hernandez and Almendros, 2012; Regelink et
al., 2013). The use of nanomaterials with their unique
electronic, kinetic, magnetic and optical properties
may enhance C stabilization in soil (Monreal ef al.,
2010; Calabi-Floody et al., 2011).

Nanomaterials in soils comprise clay minerals as
well as metal oxides. A soil type naturally rich in
nanomaterials is Andisol. These soils derived from
volcanic ash naturally contain nanoclay, among
which allophane is the most abundant (Parfitt et
al., 1983; Wada, 1987; Calabi-Floody et al., 2009).
Allophane is a non-crystalline aluminosilicate, and
occurs as nano-spheres with an outer diameter of
3.5-5.0 nm, with defects in the wall structure that
give rise to perforations of ~ 0.3 nm in diameter. It
has been demonstrated that the extracted aggregates
of Andisol nanoparticles retain a significant amount
of C (11.8 %) against intensive peroxide treatment
(Calabi-Floody et al., 2011). This was attributed to

physical and chemical protection due to the spatial

Journal of Soil Science and Plant Nutrition

et al., 2010; Chevallier ef al. 2010; Calabi-Floody et
al., 2011) and may therefore contribute to long-term
storage of C in soil. However, Andisols represent only
around 0.8% (around 110 to 124 million hectares
at worldwide) of global soil area (FAO, 2001), but
contain 6-8% of total soil C (Batjes, 1996).

The most common global soil type (based on land
area) is Cambisol, it is also one of the major soil
types widely used in food production, covering
1.5 billion hectares (FAO, 2001). Due to intensive
agricultural use these soils are now generally C
depleted and contain only 3% of soil C (Batjes, 1996).
Nanomaterials in this soil type may strongly differ
from those of Andisols and comprise different clay
minerals as well as iron and/or aluminum oxides.
The main objective of this work was to evaluate
the role of the nanoclay fractions on C stabilization
from a C rich Andisols and C depleted Cambisols. In
particular we investigated extraction yields, amounts,
turnover, and the composition of C associated with the

nanoclay fractions of both soils.

2. Materials and Methods

2.1. Soil preparation and clay extraction

The soil samples were collected from a Chilean Andisols
(UFRO experimental site) and French Cambisols (INRA
experimental site, les Closeaux) all under agricultural
management. The Andisols studied were Pemehue
(PEH) (39°04" S and 072°10" W) and Piedras Negras
(PN) (40°23" S and 072°30" W) series in Southern Chile
(Soil Survey Laboratory Staff, 1996), both Andisols
0-20 cm depth were collected in 2011. The agricultural
management in PEH series corresponds to annual crop
(wheat) under traditional tillage, while PN is managed

under permanent grassland (white clover + ryegrass).
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We also sampled an Eutric cambisol (Eu Cam) with
a silt loam texture, located in the “Parc du Chateau
de Versailles” (Centre INRA Versailles-Grignon,
France). This experimental area had been thoroughly
described in Dignac ef al. (2005) and Bahri et
al. (2006). Sampled Cambisols were both under
agricultural annual cropping management; maize
(CM) and wheat (CW). All soil samples were air-
dried (2-3 days at room temperature) and sieved at 2
mm discarding coarse plant residues.

Approximately, 100 g of each soil samples were used
for clay extraction. Briefly, deionized water (180 ml)
was added to 50 g of air-dried bulk soil, and shaken
overnight with 20 glass beads (diameter 5 mm). The
fraction < 50 pm was collected after wet sieving.
It was ultrasonicated applying 7,500 J g7!, using a
Sonics Vibra Cell model VC 550 equipment, the
soil mass (g): water (mL) ratio was 1:10. Around
14 g of soil suspension was placed in a one-liter
measuring cylinder, from which the clay fraction (<
2 pm equivalent spherical diameter), was obtained
by sedimentation under gravity, following Stokes’
law. The separated clay suspension was concentrated
by sedimentation overnight changing the ionic force
achieved 1.8 M with NaCl.

For Cambisol fractionations three soil suspension
cycles and sample sonications were used before clay
isolation. With these standard procedures we were
able to recover 100 % of theoretical amount (Dignac
et al., 2005). We increased de number of cycles to 15
for Andisols and we were then able to recover around
84 % of theoretical content (Mella and Kiihne, 1985).

The clay extractions were performed in triplicate.
2.2. Nanoclay extraction
The nanoclay fraction was extracted using the

methodology as described by Calabi-Floody et al.
(2011). Briefly, 5 g of the clay was suspended in 100

mL of 1 M NaCl, ultrasonicated at 5,600 J g, and
centrifuged at 1350 g for 40 min and 25 °C. The first-
round supernatant was discarded in order to remove
vegetal and mineral impurities. The pellet was
suspended in 50 mL of deionized water applying 750
J g'. The supernatant was collected, while the pellet
was resuspended (in deionized water) by sonication
and centrifuged, this stage was repeated 11 times
for Andisols and 5 for Cambisols. The collected
supernatants, containing the nanoclay, were dialyzed
(1000 kDa membrane) against deionized water until
the conductivity of the water reached 0.5-0.8 uS cm™'.
The dialyzed material was freeze-dried to yield solid
nanoclays. The nanoclay extractions were performed

in triplicate.

2.3. Transmission electron microscopy (TEM)

A drop of the clay or nanoclay suspension (1 pg
mL™") was evaporated on a carbon-coated copper
grid. TEM images were obtained with a Jeol-1200
EXII instrument operating at 120 kV, equipped with
a Gatan 782 camera for image digitization. Electron

diffraction (ED) was made at 60 cm from the focus.

2.4. Elemental analyses and turnover

Carbon and nitrogen contents were determined by
dry combustion using a CN Elemental analyzer
(CHN NA 1500, Carlo Erba). Stable C isotope ratios
(8"C) were determined with a CHN analyser coupled
with a SIRA10 isotopic ratio mass spectrometer
(Micromass). The results for isotope abundance
are reported in per mil (%o) relative to the Pee Dee
Belemnite standard. Accuracy of the elemental
analysis was £0.1 mg g' for C and £0.05 mg g”' for N
content. The accuracy of isotope 3*C measurements
was +0.3%o. Calculation of mean residence times of

C was carried out using the carbon isotope signatures
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of the Cambisol under permanent wheat and after
9 years of maize cultivation. The proportion (F) of
incorporated maize C in bulk and nanoclay fraction

was calculated using the isotopic mass balance:

F= (5I3C50i1 wheat control —5|3C soil 9yrs |nﬂi7c)/(513C\\‘hca['513Cmaiz¢)

where 3"3Csoil is the stable C isotope ratio of

wheat control
soil sampled under continuous wheat and 8"3C soil oyrs
aire 18 the stable C isotope ratio of soil sampled after
9 years of maize cultivation, 3°C , -8"C__ are the
stable carbon isotope ratios of the wheat and maize
plants respectively, these values were took from
Dignac et al. (2005) who facilitated the Cambisol
samples. From these data we then calculated the C
incorporation per year and the mean residence time

(MRT) as 1/incorporation rate.
2.5. Chemical reactivity and electrophoretic mobility

A portion of the nanoclay fractions was treated
with 30% hydrogen peroxide (H,0,) to remove the
associated organic matter. This was done by adding
H,0, to the soil fractions at a H,O,: suspension ratio
of 1:2, acidifying to pH 2 with 0.1 M HCI, and heating
at 60 °C for 16 h with stirring. The suspensions were
neutralized by adding NaOH (0.1 M) and dialyzed
(1000 kDa membrane) against deionized water
to remove excess H,0,. To determine chemical
reactivity, C and N contents were determined before
and after the oxidation.

Electrophoretic mobility measurements were made at
25 °C using a Zetasizer Nano ZS apparatus (Malvern
Instruments) with a re-usable dip cell (Malvern
EZ 1002). The associated software allowed zeta
potentials to be derived from electrophoretic mobility
data, using the Smoluchowski and Hiickel equations
(Hunter, 1981). Briefly, 1 mg of the clay or nanoclay
(before and after treatment with H,0,) was suspended
in 1 mL of 0.001 MKCI by immersion in an
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ultrasonic bath for 5 min. Measurements were carried
out over a range of pH values (between 1 and 12),
adjusted by careful addition of either 0.01 M HCI or
0.01 M NaOH.

2.6. Chemical characterization of soil organic matter

The molecular composition of the SOM associated with
the clay and nanoclay fractions were determined by
analytical pyrolysis coupled with gas chromatography
mass spectrometry (GC-MS), using samples that had
been freeze-dried and ground to a fine powder. Curie
-Point pyrolysis was carried out by heating the samples
to the Curie -Point temperature of 650 °C. The pyrolysis
products were analyzed by GC-MS, carried out with a
pyrolysis unit (GSG Curie -Point Pyrolyser 1040 PSC)
coupled to a gas chromatograph (Hewlett Packard
HP 5890) and a mass spectrometer (Hewlett Packard
HP 5889; electron energy 70 eV), using a polar silica
capillary column. The temperature in the GC oven was
raised from 30 °C to 250 °C at 4 °C per minute.

2.7. Statistical analysis

Data were analyzed by a multivariate analysis of variance
(MANOVA), and comparisons were carried out for each
pair with Tukey test by SPSS software (SPSS, Inc.)
and the values were given as means + standard errors.
Differences were considered significant when the P value

was less than or equal to 0.05.

3. Results

3.1.  Extraction yield and nanoclay size and
morphology

Significantly more nanoclay could be extracted (p <
0.05) from Cambisols than from Andisols, amounting
to 87.0+0.6 and 88.5+1.5 g kg'soil for CW and CM
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respectively, while in Andisols recovery ranged
29.3£0.7 and 55.3+£0.5 g kg'soil for PN and PEH,
respectively.

Transmission electron microscopy (TEM) showed that
nanoclays obtained from the two Andisols principally
consisted of spherical aggregates of allophane with main
diameter about 100 nm (Figure la, b). The nanoclays
from the two Cambisols were crystalline nanoparticles
according to observed in electron diffraction patterns
with pseudohexagonal morphology (Figure 1c), typically
reported for Kaolinite (Cravero et al., 1997; Qui et al.,
2014). Their main size was ~ 50 nm of external diameter
(Figure 1d). TEM results showed that nanoclay fractions
in the studied soils ranged from 100 — 50 nm and were

smaller in Cambisol as compared to Andisol.

3.2. Carbon and nitrogen content and C turnover

The C and N content in bulk soil were higher in Andisols
than Cambisols, ranging from 12.5+0.02 to 106.2+1.1 g
kg! for C and 1.9£0.4 to 10.24+0.2 g kg for N (Table
1). The nanoclay fractions in the two soil types were
enriched in both C and N (p< 0.05) with 41.4+0.6 to
200.7+2.0g C kg'and 5.5+£0.2 to 21.9+0.6 g N kg'', for
Cambisols and Andisols, respectively. The C/N ratio of
the nanoclay fractions did not differ from the bulk soils
for both soil types under cropland, although C/N ratios
of the nanoclay fraction were lower compared to the bulk
soil for the Andisol under grassland (Table 1).

The MRT of C was calculated for the Cambisol using
stable C isotope ratios using the natural abundance
tracing technique The MRT of nanoclays showed a
turnover time of 135.7+10.5 years; which was higher
than for C in the bulk soil (94.8 years).

3.3 Chemical reactivity

After chemical oxidation, significant proportions (p <

0.05) of C and N were removed from nanoclays.

In general, highest C and N contents were recorded
for nanoclays after chemical oxidation compared
to all other fractions (data not shown). They ranged
between 8.1£1.7 to 65.2+0.7 g kg!' for C and
2.5+0.4 to 12.2+0.3 g kg for N. They were higher
for nanoclay extracted from Andisols compared to
Cambisols (Table 1).

The surface determinations showed that nanoclay
from Cambisols had permanent negative charge
(around -35 mV) before and after chemical oxidation
of organic matter, while Andisols had variable charge
(Table 2). We found an isoelectric point (IEP) in
nanoclays with organic matter of 3.4 + 0.2 to PN and
2.2 £ 0.7 to PEH, after chemical oxidation of organic
matter the nanoclay showed an IEP of 5.1 + 0.6 to PN
and 5.4 + 1.2 to PEH.

3.4. Chemical characterization of soil organic matter

More pyrolysis products were released from bulk soil
and nanoclay fractions of Andisols than Cambisols
(Appendix A).

The results of the pyrolysis GC/MS analysis
(Appendix A and Figure 2) showed that the most
important compounds found in Andisol and
Cambisol were released from aromatic compounds
of unspecific origin (25 to 32%), compared with
13-21% for polysaccharide-derived compounds
and 15-42% for N-containing compounds. The
contribution of isoprenoid, lipid, black carbon and
lignin-derived compound was generally lower
(1-14%).

In the Andisol fraction the pyrolysis products were
chemically similar between bulk and nanoclay, while
in Cambisols the nanoclay fractions did reveal higher
contribution of N-containing compound respect to
bulk, and lower lignin-derived and unspecific origin

compounds.
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The black carbon content in Andisol fractions had abundance of C derived from black carbon for Andi-
higher relative contributions than in the Cambisol sols fractions compared with 4 to 6 % for Cambisols
fractions, i.e. between 8 to 14 % of relative (Figure 2).

Figure 1. Transmission electron micrographs and electron diffraction patterns: (a) close-up of nanoclay Andisol;

(b) nanoclay Andisol; (c) close-up of nanoclay Cambisol; and (b) nanoclay Cambisol.

Table 1. Mass recovery and C and N content before and after chemical oxidization of soil organic matter
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* Percentage of total C, calculated as [C (Treated with H,0,)x100/ C (Untreated samples)]
® Media + standard error

¢ n.d = not determined, single measurement only

Journal of Soil Science and Plant Nutrition



Role of Nanoclays in Carbon stabilization in Andisols and Cambisols 593

4. Discussion

4.1. Nanoclay extraction yields and morphology

Cambisols nanoclay was extracted with fewer wash-
ing steps than Andisols (5 instead of 11). Despite the
faster extraction procedure, nanoclay yields were
significantly higher (p < 0.05) for Cambisols than
Andisols (Table 1), comprising around 90 g nano-
clay kg'soil, while for Andisols we recovered be-
tween 29.3+07 and 55.3+0.5 g nanoclay kg' soil
(Table 1). Thus, between 54 to 56 % of clay frac-
tion in Cambisols is nanoclay, in line with results
reported by Eusterhues et al. (2005).

In Andisols, the nanoclay contribution to the clay
fraction ranged between 22 to 28%. This is in con-
trast to the theoretical content of nanomaterials in
Chilean Andisols, which is much higher with quoted
values of around 117 and 72 g nanoclay kg™ soil for
PN and PEH, respectively (only considering allo-
phane and ferrihydrite content reported by Vistoso et
al., 2009). Transmission electron microscopy (TEM)
showed that the nanoclay from Andisols were larger
than nanoclay from Cambisols, consisting of spheri-
cal aggregates of allophane with a diameter of about
100 nm (Figure 1b). Chevallier et al. (2010) found
similar results for Andisols and suggested that inti-
mate association of OM and minerals through aggre-
gation at small scale is an important mechanism for
C stabilization in Andisols.

The TEM images of nanoclay from Cambisol showed
that the methodology proposed by Calabi-Floody et
al. (2011) was useful for nanoclay extractions also
from this soil type. In contrast to nanoclay from An-
disol, the one which was extracted from Cambisol
was smaller and contrasting morphology, indicating
crystalline pseudohexagonal nanoclays with mainly
size ~ 50 nm of external diameter (Figure 1c), com-

monly described for kaolinite (Cravero et al., 1997,

Qui et al., 2014). The differences in the morphology
and the sizes of the nanoclays obtained could be ex-
plained by the nature of the organo-mineral interac-
tions operating in both soil types. In Andisols there
are strong interactions between OM and allophane,
due to low permeability of the fractal allophane
aggregate (Huygens et al., 2005; Chevallier et al.,
2010), as well as Al-Fe-Humic complexes (Mora
and Canales, 1995a; Dahlgren et al., 2004; Matus
et al., 2014). These strong interactions generate an
incomplete disruption of organo-mineral complexes
leading to larger size of nanoclay fractions isolated
from Andisols than Cambisols. The allophane aggre-
gate formation may also be the reason for the lower
extraction yields. Thus, higher levels of dispersion
are required for Andisols compared to Cambisols to
achieve complete aggregate dispersion (Asano and
Wagai, 2014). It is widely accepted that nanopar-
ticles have different properties respect to its bulk
material, becoming highly interesting at industrialist
level (Patel et al., 2006; Haider and Kang, 2015),
their potentiality in nanotechnology have been pro-
posed as a key role in the current society (Qian and
Hinestroza, 2004), and is one of the most important
tools in modern agriculture (Sekhon, 2014). For ex-
ample, nanoparticles were recently reported to be
potentially useful carrier for enzymes and could be
used for fertilizer development (Calabi-Floody et
al., 2012; Menezes-Blackburn et al., 2014), to con-
trol nitrate (Cai et al., 2014) and pesticide migration
(Xiang et al., 2014).

According our results, we suggested that in terms of
extraction, nanoclays from Cambisols could be more
interesting for future nanotechnological applications,
due to faster and easily nanoclay extraction proce-
dure and much larger yield, while nanoclays from
Andisols could be interesting in terms of higher re-

activity of he allophane.
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Table 2. Zeta potentials as a function of suspension pH for nanoclays before and after peroxide treatment. Deter-

mination of isoelectric point and surface charge
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* For Andisols the charge reported were after IEP and for Cambisols the main charge were reported

® Media + standard error

4.2. Carbon and nitrogen content

In the nanoclay fractions extracted from both soils,
we observed an enrichment of C compared with bulk
soil, around 2-fold for allophanic nanoclays and more
than 3-fold for kaolinite nanoclays. Their C content
ranged between 20 and 4% for Andisols and Cam-
bisols (Table 1). These results are in line with those
reported by Mikutta et al. (2005), Calabi-Floody et al.
(2011) and Asono and Wagai (2014), all suggested a
possible important role of nanoclay for C sequestra-
tion and stabilization independent of soil type. While
the smallest particle size fraction (0-2um) containing
high amounts of iron oxides was found to be impor-
tant for C sequestration, due to stable organic-mineral
associations in Cambisols (Mikuta et al., 2005; Eu-
sterhues et al., 2005; Kogel-Knabner et al., 2008).
Nano materials (<100nm) have been recently identi-
fied as being potentially important for C sequestra-
tion in C rich soils such as Andisols (Chevallier et al.,
2010; Calabi-Floody et al., 2011; Hernandez and Al-
mendros, 2012) and Mollisols (Monreal ef al., 2010).
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Nanoclays may be important for soils C storage be-
cause of their high surface area, surface reactivity
and their associated properties such as adsorbing
or binding to organic and trace metal contaminants
(Tsao et al., 2013). However, allophanic nanoclays
showed a significantly higher C and N content than
kaolinitic nanoclays, around 5-fold more C and
3-fold more N (Table 1).

These differences could be explained due to higher
specific surface area of short-range-order minerals
content of Andisols compared to Cambisols (Saggar
et al., 1994; Chevallier et al., 2008; 2010) and their
observed behavior as natural gels (Woignier ef al.,
2006; Chevallier et al., 2008; 2010). Therefore, in
the nanoclay fraction of Andisols most probably OM
is protected from microbial decay by physico-chem-
ical mechanisms in the pore structure of Andisols.
To determine if the nanoclay fraction is also impor-
tant for SOM stabilization in Cambisols both soils
were also subjected to chemical oxidation, which is
known to isolated old stabilized SOM (Eusterhues
et al., 2005).
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Figure 2. Total relative abundance of the different group of identified pyrolysis products on the bulk and nanoclay

from Andisol and Cambisol. Where; Ps: Compound derived from polysaccharides, Lg: Compound derived from

lignin, N: N-containing compounds, I: Isoprenic compounds, Lp: Compound derived from lipids, Ar: Aromatic

compound and BC: Black carbon
4.3. Chemical oxidation and C stabilization

After chemical oxidation, the C and N contents were
significantly reduced (p < 0.05). Hydrogen peroxide
removed between 67 and 80% of C and 33 to 56% of
N (Table 1). Both soil showed similar losses and bulk
soils were not different from the nanoclay fractions.
After C chemical oxidation of soil fractions, the signifi-
cant influence of nanoclay fractions on C stabilization
clearly was observed (Table 1). The nanoclay fractions
from Andisols were C enriched 2.6-fold for PN and 1.3
for PEH respect to bulk soils. The nanoclay from Cam-
bisols showed C enrichment around 2-fold. The N con-
tent after H,O, treatments were also enriched in nano-
clay fractions around 2.5-fold suggesting that aromatic
nitrogen compounds are involved in C sequestration.
The SOM oxidation released active sites on nanoclays
surface thereby increasing the IEP values to the typical
allophane and iron oxide coating as discussed by Mora
and Canales (1995b). Furthermore, the high IEP values
ofnanoclays from PEH treated with H,O, indicated that

C was less stabilized than in PN nanoclays fraction. On

the contrary, the low IEP in PN nanoclays fraction after
C chemical oxidation suggesting that fraction. On the
contrary, the low IEP in PN nanoclays fraction after C
chemical oxidation suggesting that he allophane (Al)-
humus complexes are able to stabilize more C in this
Andisol (Mora and Canales 1995a). In both Cambisols
we observed a trend to reduce the negativity of zeta
potential with C chemical oxidation, these results are
in agreement with our results of the C with the same
content being removed from these soils (see Table 1).

The nanoclay fraction plays an important role in C
stabilization in Andisols (Chevallier et al., 2010, Cal-
abi-Floody e al., 2011; Kdgel-Knabner and Amelung.
2014). Taking account, the results presented in Table
1 we observed a higher amount of remained C in PN
than PEH nanoclays. Vistoso et al. (2009) reported
that allophane content was around 2-fold higher in
PN (96.50+0.45 g kg!) than PEH (54.60+0.44 g kg™),
instead that ferrhydrite content was similar for both
soils (20.20+0.60 and 17.50+0.70 g kg, respectively).
These results may suggest that the presence of allophane

does play a leading role of C stabilization in Andisols.
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These findings agree with data reported by Mikutta e/
al. (2005) who found that surface complexation be-
tween mineral surface hydroxyls and carboxylic These
results may suggest that the presence of allophane does
play a leading role of C stabilization in Andisols. These
findings agree with data reported by Mikutta e/ al.
(2005) who found that surface complexation between
mineral surface hydroxyls and carboxylic group of OM
was the main mechanism for C stabilization and poorly
crystalline minerals explained 84% of the variability of
stable C in fine clay fractions.

Our data indicated that also in Cambisols the C stabi-
lization was mainly attributed to nanoclay (Table 1).
These results could be explained by the adsorption of
strongly humified organic material to the smallest soil
particles (Rumpel et al., 2004). The MRT calculated
for nanoclays (135.7+10.5 years) from Cambisols was
higher than for bulk soil of 94.8 years, suggesting that
it takes longer to replace C present in the nanoclay frac-
tion compared to bulk soil. These values are much low-
er than what was generally reported for mineral associ-
ated stable soil C, which can have MRTs up to several
thousand years (e.g. Moni et al., 2010). However, these
‘stable’ compounds are rarely found in topsoils (Bol et
al., 2009). Our data suggest that association of SOM to
nanoclay may have the potential to lower C turnover of

topsoil in the range of several decades.

4.4. Chemical characterization of nanoclay associated SOM

Organo-mineral complexes were studied by pyroly-
sis, the pyrolysates produced by soils fractions from
Andisols were richer pyrolyzable material than those
from the Cambisols (Appendix A). Similar results were
shown by Gonzalez-Pérez et al. (2007) for bulk soil
samples.

The pyrolysis analysis (Figure 2) in general showed
that the studied soils were enriched in compounds

from unspecific origin, polysaccharide-derived and
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N-containing compounds. The relative abundance of
pyrolysis compound showed no difference chemical
nature between nanoclay and bulk fractions, while
in Cambisols, the nanoclay fraction showed a higher
relative abundance of N-derived compounds than
bulk. More than 50% of N-containing compounds
of this soil were benzoxazoles and long-chain alkyl
nitriles (Appendix A), which appear to be soil spe-
cific (Schulten and Schnitzer, 1998). Pyridines were
the next abundant group in N-containing compounds
for Cambisols. In particular, pyridines have been re-
ported to be derived from microbial decomposition
of plant lignins and other phenolics in the presence
of NH, (Schulten and Schnitzer, 1998; Buurman et
al., 2007), they but could also be pyrolysis products
of chlorophyll (Dignac et al., 2005, Gonzalez-Perez
et al., 2007, Buurman et al., 2007). In Andisols, the
N-containing compounds contributing were mainly
derived from pyridines and pyrroles (Appendix A).
Pyrroles can be derived from plant proteins and sub-
stituted pyrroles are formed readily through porphy-
rin pyrolyzes, which is an essential component of the
chlorophyll (Bracewell ez al., 1987; in Schulten and
Schnitzer, 1998). This could indicate that the nano-
clay fraction contains transformed plant derived com-
pounds rather than microbial products. This hypoth-
esis is supported by the high contribution of unspe-
cific compounds in Andisol fractions; showing that
nanoclay associated SOM compounds could be more
recalcitrant. The benzene and phenols are commonly
formed upon pyrolysis of large macromolecules such
as organo-complexes, lignins and tannins. The pheno-
lic and carboxylic group present in these compounds
may be responsible for the high functional group
content of this fraction, which could be make it used
for biotechnological applications. Parfitt et al. (1999)
and Nierop et al. (2005) suggest that polysaccharides
may be temporarily stabilized by the presence of allo-

phane, explained the high abundance relative in these
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soil fractions. The molecular chemistry of the organic
fractions indicates a strong decomposition of plant-
derived organic matter and a strong contribution of
microbial sugars and N-compounds to soil organic C
(Schulten and Schnitzer, 1998; Buurman et al, 2007).
The findings of this study indicate a relatively higher
contribution of BC in nanoclay fraction from Andis-
ols. The small differences observed in BC content on
the different Andisol fractions (Figure 2) could be at-
tributed to the fact that the stable C in Andisol was
mainly in the nanoclay fraction due to high allophane
content (Chevallier et al., 2010; Calabi-Floody et al.,
2011), which have strong organo-mineral interactions
(Mora and Canales, 1995a; Chevallier et al., 2010;
Calabi-Floody et al., 2011; Rumpel et al., 2012; Ma-
tus et al., 2014). Moreover, BC compounds in soil are
known to be stabilized by interaction with minerals
(Brodowski et al., 2005, Rumpel et al., 2012), con-
tributing to the long-term soil C storage (Rumpel et
al., 2008). In Cambisol (Figure 2), we did not observe
a strong influence of nanoclay fractions on the BC,
considering that around 50% of clay fraction cor-
responds to nanoclay fraction. The results showed a
trend of a direct correlation of BC content with size
fractions. This could be attributed to the mineralogy
of the Cambisol. These results are in accordance with
the weak organo-mineral interactions observed in the
soil fractionation and facilitation of the nanoclay ex-

tractions in Cambisols.

5. Conclusions

Nanoclay fractions from both soil types have contrast-
ing characteristics in terms of size, morphology, or-
ganic matter content, composition as well as surface
reactivity. However, overall chemical composition of
SOM was similar for both soil types, highlighting the
importance of nanoclay fraction for C stabilization.
Stable isotope analyses indicated a decadal stabiliza-

tion for SOM associated with nanoclay isolated from

Cambisol topsoil, which did not show a strong ag-
gregation of the nanoclay fraction. For Andisol, the C
stabilization potential may be higher in Andisol due to
the spatial arrangement of minerals and SOM in nano-
size structures, which could be efficient in contribut-
ing to the long-term soil C storage.

The applied nanoclay extraction methodology was
more suitable for Cambisols than for Andisols, in-
dicated by faster and easily nanoclay extraction and
much larger yield obtained (~50 % of clay fraction).
Low nanoclay yields for Andisols did show that it is
necessary to further improve the nanoclay extraction
procedure for this soil type considering the potential
of allophanic nanoclay for use in future nanotechno-
logical and biotechnological applications (Calabi-
Floody et al., 2009, 2012; Garrido-Ramirez et al.,
2010; Menezes-Blackburn et al., 2011).
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Appendix A. Relative abundance of different classes of identified main pyrolysis products on the different soil fractions from
Andisols and Cambisols. Where; Ps: Compound derived from polysaccharides, Lg: Compound derived from lignin, N: N-
containing compounds, I: Isoprenic compounds, Lp: Compound derived from lipids, Ar: Aromatic compound and BC: Black
carbon. The peak areas were calculated based on total abundance, considering the summation of the areas of all peaks as 100%

of the total ion chromatogram.
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Appendix continued
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Appendix continued
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Teirudecans Lpl? Catls 1582 B - o2 -

| -Tenriad ez erie [FELE CuHa 193 h L1 ] - -
2-Temrslecens, (E}- L1y L - 12 - - - 1.z
T-Hexadecens, (Z)- Lp2i CigHia M. - - - 0k
| Pemadeczns Lp2l CisHs 2102 4 - 04 1By
redi i diie: I22 CwHe 213 h 0a T -
Bilethyl 7 5wirsdec adiernd sthear Lp23 gyl 2102 " = - 0z
2 A-Feendiene, 2, 5-dimethyl- Lp24 Clyy (e (L - - -
B-Heplsdos oy Lp2s il IR3 - - - i1
| Hexpdsrene Lpiil CwHae 3.3 (13 - 02 4
Lizpiadecans Lp2? Ciallg 2403 kH . - 0%
Cicladecanes Lp2& CuHa 5.3 B3 - - 0.i
| I rndoe e Lp2a CgHy 25X 3 h LTS T -
Monedecane Lp30 CrHeg ! e . . e .

| -Momadecene Lp3l Crlla e - - LT -
0Nk [p32 CpHe 2661 it : ol .
E-5Moradecen: Lp3s CpHg 2663 L 5 0z £
5 Eiposeme, (E}- Lp3d CuHe 2E03 . . o4 .
i Lp3s CyHey 053 - - [ -
Butanal. 3-methyl- Arl CaHyelk B&1 4 - - -
Risire e T CaHa TE | 1.3 - 32 2R
Hemzene, rrlll."ﬂ1:|I|- Ars LCaHq h.r. | 4.6 1l |-+ 4 5%
Denxene, ethyl- Ard Cllyg LA 12 15 i4 14
Bemaene, 1. 3=limethyl- Ars Ty 10 | 1.3 - oy 1
Blisume e, I.,I-d|r|'n!'lh:|'|- Ak ey T | - as 13 -
p=lvlene ArT Cllys {4 | 1.7 I - 1.5
Phwmnl, 3-methyl- ArE CaH g e | - 0l - -
Bisene, 1,2-dimethyl- Arf) CH, 1051 1.5 . 5 na
Henzene, 1.3-dimethyl- Arld [ 7 T | . [ il .
Denxene, |-efhnd-2-methyl- Arll Loz 1 k7 - - -
RAemer, |-t Fmelhyl- Al oz 10| - - 04 0.5
Bemzens, 1,3 5-arimethyl- Arl3 O, 1301 1 - - -
Styrene $5 Benzene, ethenyl- Arld CgHy 1. | 1.8 e 15 1.5
Bemaene, 1-mihnd-2-methyl- Arl s Collya 1301 - na - -
Remrene, 1-ctnd-d-metiyl- Arlé CH,,  1ml - 4 o4 5
Benzene, 2-propemyl- ArlT CHy  11E1 £ 0z < Z
Benxene, 1,14 -trimeshd- ArilE L 13 7 L] - 0.k
Bimzeng, 1-muhod-1-propyl- Al Caly 1H1 k2 - - -
Bemreres, {1 -rrﬂh_-.'lj'tnp_l,'lln- Aran CaHu 1341 2 - - %
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Appendix continued

Rlimoane, |-propinyl- Ar2l CHy R 2 z ol 5
Bisseiie, D-propayl- ArZ2 My 1R : ik 02 0z
Benrene, cyclopropyl- Ay Cllis 1141 3 . - .
aipha-Meihyl=rme Artd L | 1 (A - - - 0%
Rimsanie, |-yl S-mthyl- AFTE M, 1311 5 - 03 n4
Bemzeng, 1-ethal-Z3-dimethyl- Ardd C i 1341 - - al -
Benzene, |-ethemd-3-methyl- ArET ol (NEA| - - - 0z
Biemeens, £-wihyd- 1 1-fimethyl- ArTE i 1H - - - 0.1
Riirene, 1-cllend-3-micthyi- AFER Lo | 1181 - - (] -
1SIE THY La2aPHERMN Y LY CLOPRIFANE 2 A CsHia 1521 1] " = a
Benzene, 2-bukenyl- Akl Cldiz 131 2 - - -
24D ihy Byrene Ar3T a2 1321 - - - .1
Bemrene, 1-methyl-4-2-methyl propylp- A3 CnHi 1421 - a 5 .7
Demzzne, |-propymyl Arky Cally 111 . . 1 04
|-METHYL-2-PHENYLCYCLOPROFANE | Ar3f CHyz 1311 (LY - - -
Acszene, | A-dimethyl-2-4{2-sethylpeopd)- AR CgHe 1621 E £ & 4
Hemzene, hexyl- ArYT His 15621 2 - = 0.2
Bemzaldehyde ArkE Tl 1z - - - 0.E
Rivcne, 1-balymyl- Aris CaHie 13401 - - - 0.z
Bemzzne, hepyl- A0 CiyHa 1Ta2 - - - 1.1
Henzene, 1,3-butadienyl- Ardl CuHis 1301 : . (41 .
Dencaldehyde, T-methyl- Ardl Cyllglr 131 . - - 0.1
Remealichyd:, T-hvdrny- Ardl CHO. 122 E E 2 01
Benrene, | | =methyl:| Soasemdl= Ardd CiiHiy 1k, 1 2 s = s
[ 1=Pelbethy Ibomiza- |, 5 -divmyd Thenzeme Ard s CuHiz 144.1 A - - -
Phemil, 2 f-dimethyl- ArdE CgHD 1230 4 0y 4 )
Plicsicl ArdT CaH ¥ o 3.3 al o4 a7
Phenal, 2-ethyl- ArdE CgHl ol 11 5 - - -
Bemeene, || -hexolberphd)- Ards C i 0 - - - 04
Phesinl, S-methyl- AP0 C.Hgd 1 1.8 % = §
Phenol, l.ul-dlrrr:m:.ll- Arl CgH, b 121 4 - - -
Phenol, 5-ethyl- Aril Cighly el 1Xx1 k7 - - -
Bumeenc, {1 -methybdod ve vl - 53 Crz e L - - - 16
T ioa; BC1 Calg &1 14 L& - ¥
| H-Indene, 1 -mesthyl- BLZ CHi 1301 il 13 o4 .3
Maphtealene, 1., 2-dihydo. BCE CaHig 1301 . . (il

I i-Indene, 1, 1-dimethyl - BC4 Culliz 14,1 1.2 - 03 -
IH-C yclupropafblnaphiiub, 1a.2.7,7s- BCS CuHia 1441 3 - :
I H=Indene, 4, 7-dimethyl- GG iz [EE| (L - - -
Maphtialene RCY [T 1351 1.3 12 ng 06
Maphikalene, |-sethyl- BLH ChHy 1421 1.1 03 g 1.2
I H-Inden -1 -ore, 23 -dilydro-3.methyl- BCY CigHe 1481 ' Ll . .
Maphthalene, | 3 -dimethyl- BC IO CHyz 1561 - - 03 -
1, 1" Aigdiesy RC11 CHpg 151 w5 g - 4k
Maphtholzne, 1.'I'-d|ml-|:h:|ll- BL1Z [ - P 138 1 - - - .z
Maphthalens, 2 6-dimethyl- Bl C iz 1581 L - - -
| H-Inabers= B -, 2.3 -cilpdrg- BC14 CaHglk 1351 {11 13 - -
Fliiinein: B15 CeHa T8l 5 i - -
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